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Kurzfassung 

Hochtemperatur-Festelektrolytzellen stellen für die Kopplung verschiedener Energiesektoren 

eine vielversprechende Technologie dar. Diese können im Elektrolysebetrieb mithilfe von 

erneuerbaren Energien Wasserstoff generieren, welcher in nachfolgenden Prozessketten zur 

Erzeugung wertvoller Chemikalien genutzt oder in Tanks für mobile Anwendungen gespeichert 

werden kann. Somit lassen sich saisonal bedingte Schwankungen der Verfügbarkeit von erneu-

erbaren Energien ausgleichen. Die Speicherung und häufig auch Nutzung des Wasserstoffs 

erfolgt dabei bei höheren Betriebsdrücken und erfordert eine Kompression auf das benötigte 

Druckniveau. Insbesondere die erste Stufe einer mechanischen Verdichtung stellt sich dabei als 

besonders energie- sowie kostenintensiv heraus. Bisher verfügbare kommerzielle Systeme 

werden bei nahezu atmosphärischen Druckbedingungen betrieben. Im Hinblick auf die optimale 

Integration in die Prozesskette soll das Druckniveau der Hochtemperatur-Elektrolyse erhöht 

werden, um eine Steigerung der Kosteneffizienz zu ermöglichen. Hochtemperatur-

Festelektrolytzellen können umgekehrt im Brennstoffzellenbetrieb Wasserstoff nutzen. Eine 

Kopplung mit einer Gasturbine ermöglicht hierbei eine Steigerung der Leistungsdichte im 

Überdruckbetrieb. 

Die Bereitstellung einer wettbewerbsfähigen Leistungsfähigkeit eines Systems mit Hochtempe-

ratur-Festelektrolytzellen erfordert die serielle Verschaltung einer Vielzahl an Zellen. Im Rah-

men dieser Arbeit wird ein kleinflächiger Ausschnitt einer solchen Zelle elektrochemisch cha-

rakterisiert und modelliert. Dabei lassen sich durch eine gezielte Variation der 

Betriebsbedingungen verschiedene Zustände im später eingesetzten Zellstapel abbilden. Ziel ist 

es dabei, die verschiedenen Verlustprozesse der Zelle mithilfe der elektrochemischen Impe-

danzspektroskopie sowie der Verteilung der Relaxationszeiten zu charakterisieren und modellie-

ren. In Vorgängerarbeiten wurde hierzu eine Vielzahl an Studien unter atmosphärischem Druck 

durchgeführt. Die Erhöhung des Druckniveaus auf 11 bara in dieser Arbeit erfordert die Erwei-

terung und den Umbau von vorhandener Prüfstandstechnologie am Institut für Angewandte 

Materialien – Elektrochemische Technologien. Aus der Literatur bekannte Prüfstände für den 

Druckbetrieb sind mit einem Drucktank ausgestattet, wobei der brenngas- sowie luftseitig 

anliegende Druck ausgeglichen wird, um ein mechanisches Versagen der Zelle sowie der Ab-

dichtung zu unterbinden. Im Rahmen dieser Arbeit wurde ein neuartiges Konzept im Labormaß-

stab im Hinblick auf die Abdichtung der Zelle sowie Druckregelung ohne Verwendung eines 

Drucktanks entwickelt sowie experimentell erstmals demonstriert. Dabei kommt ein neuartiges 

metallisches Zellgehäuse zum Einsatz, welches durch Glaslot und mechanische Kompression 

abgedichtet wird. Differenzdrücke zwischen Brenngas- und Luftseite werden durch eine der 

Zelle nachgeschaltenen Brennkammer minimiert.  

Dies erfordert eine Reihe an Voruntersuchungen und Referenzmessungen bei atmosphärischen 

Druckbedingungen in bereits vorhandenen Prüfständen. Zunächst wird eine elektrolyt-gestützte 

Zelle mit einer Nickel/Gadolinium-dotierten Ceroxid Brenngaselektrode sowie 3 mol.% Yttri-

um-stabilisierten Zirkonoxid Elektrolyt und La𝑤Sr𝑥Co𝑦Fe𝑧O3−𝛿 Luftelektrode unter atmosphä-

rischen Bedingungen charakterisiert. Dies wird durch eine Überlagerung von Prozessen der 
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Brenngas- sowie Luftelektrode erschwert, weshalb symmetrische Zellen eingesetzt werden. 

Hinzu kommt eine weitere aus der Literatur bekannte Überlagerung der Gasdiffusions- sowie 

Aktvierungspolarisation der Brenngaselektrode. Hier wird die Entfaltung der Gasdiffusion 

mithilfe eines Brenngasgemisches mit Stickstoff und Helium überwunden, sodass die Zelle 

parametriert werden kann. Somit wird ein impedanz-basiertes 0-dimensionales Kennlinienmo-

dell für den Betrieb mit Wasserstoff/Wasserdampf sowie Kohlenstoffmonoxid/-dioxid vorge-

stellt und validiert. Mithilfe des Kennlinienmodells lässt sich das Strom-Spannungsverhalten 

unter erhöhten Betriebsdrücken vorhersagen. Für den in dieser Arbeit entwickelten Druckmess-

platz ist eine stack-nahe Kontaktierung mit metallischen Interkonnektoren vorgesehen. Hieraus 

ergeben sich zusätzlich zu den intrinsichen Zellverlusten weitere durch Chrom-Verdampfung 

und – Vergiftung der Luftelektrode sowie Limitierungen in der Gasversorgung und erhöhte 

Kontaktwiderstände. Diese Einflüsse werden ebenfalls in Vorversuchen unter atmosphärischen 

Bedingungen analysiert. 

Zunächst wurden drei verschiedene metallische Interkonnektoren (Crofer 22 APU/AISI 

441/UNS S44330) mit und ohne Auftragung einer Cer-Cobalt-Schutzschicht untersucht. Es 

konnte gezeigt werden, dass unabhängig vom Stahl mithilfe der Schutzschicht eine nahezu 

ideale Leistungsfähigkeit der Zelle möglich ist. Die Beschichtung verringert dabei signifikant 

die Kontaktwiderstände. Durch mikrostrukturelle Untersuchungen der beschichteten metalli-

schen Interkonnektoren wurde gezeigt, dass sich hierbei ähnliche Chromoxidschichten ausbil-

den sowie ein Cobalt-Mangan-Spinell an der Oberfläche vorliegt. Anhand einer mikrostruktu-

rellen Untersuchung der Luftelektrode konnte gezeigt werden, dass Chromverdampfung und die 

daraus resultierende Vergiftung der Elektrode durch die Beschichtung minimiert werden konnte. 

Abschließend konnte erstmalig der Druckbetrieb einer elektrolytgestützten Zelle ohne Druck-

tank in einem eigens in dieser Arbeit entwickelten Prüfstandsaufbau gezeigt werden. Hierbei 

wurde in einer ersten Version ein aluminiumoxidbildender Stahl für das Zellgehäuse verwendet, 

sodass ein Einfluss durch Chromvergiftung der Zelle durch das Gehäuse minimiert wird. Das 

auf Glaslot basierende Abdichtungskonzept konnte dabei Druckgradienten von 10 bar im Ver-

gleich zur Atmosphäre selbst nach einem Thermozyklus standhalten. Darüberhinaus wurden 

Erwartungen auf Basis von Vorsimulationen und Literatur bestätigt wobei die Leerlaufspannung 

sowie Leistungsdichte signifikant mit höherem Druck steigen. Die Leistungsdichte im Brenn-

stoffzellenbetrieb stieg dabei um 20% in Wasserstoff/Luft bei 850 °C und 11 bara. Weiterhin 

wurde das Konzept auf eine anoden-gestützte Zelle mithilfe eines zusätzlichen Dichtrahmens in 

einem unbeschichteten Crofer 22 H Zellgehäuse erweitert, welches sich ebenfalls mit Glaslot 

abdichten lässt. Das Crofer 22 H erweist sich dabei im Hinblick auf die Fertigung als vorteilhaft 

im Vergleich zum aluminiumoxidbildenden Stahl. Hierbei durchgeführte Tests in einem unbe-

schichteten Crofer 22 H Zellgehäuse zeigen jedoch negative Einflüsse durch Chromverdamp-

fung auf die Zelle und erfordern eine weitere Optimierung.  
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Abstract  

High-Temperature solid oxide cells represent a promising technology with regard to the cou-

pling of different energy sectors. In electrolysis mode solid oxide cells are able to generate 

hydrogen or syngas, which can be used in several chemical downstream processes or stored in 

tanks for mobile applications. Thus, fluctuations in seasonally occuring energy supply can be 

balanced out. Downstream processes operate at higher pressures which requires compression of 

the hydrogen as commercially available high temperature electrolyzers operate at pressures 

close to atmospheric conditions. The first stage of the mechanical compression of hydrogen is 

especially energy and cost intensive. Thus, the pressurization of solid oxide electrolysis cells is 

a promising factor for increasing the overall process efficiency. In addition, solid oxide cells can 

be reversely operated in the fuel cell mode, and when coupled with a gas turbine, power density 

can be increased in the pressurized mode.  

To achieve competitive power densities, a large number of cells need to be serially connected in 

a stack. The present work electrochemically characterized and modeled small scale solid oxide 

cells in the atmospheric and pressurized mode. With systematic variation of operating parame-

ters such as temperature or gas composition, different positions of the cell in the stack could be 

mimicked. By means of electrochemical impedance spectroscopy and the subsequent distribu-

tion of relaxation times, individual performance limiting loss mechanisms of the cell were 

characterized and modeled. Pressurized testing of single cells up to 11 bara required the modifi-

cation and extension of existing solid oxide cell testing technology at the Institute for Applied 

Materials – Electrochemical Technologies. All pressurized test sites known from literature are 

equipped with a heavy and voluminous pressure vessel and the need to align fuel, oxidant and 

vessel pressure to avoid a mechanical failure of the cell and/or stack. This usually results in a 

complex differential pressure control system. In the present work, a new concept based on a 

new glass ceramic sealed metallic cell housing was therefore developed for pressurized opera-

tion without a pressure vessel. In addition, a unique pressure regulation system based on a 

downstream combustor was demonstrated to minimize pressure gradients between fuel and air 

side.  

Initially, this testing set-up required a series of pre- and reference measurements. At first, an 

electrolyte-supported cell with a Nickel/Gadolinia-doped ceria fuel electrode, 3 mol.% yttria-

stabilized zirconia and La𝑤Sr𝑥Co𝑦Fe𝑧O3−𝛿 air electrode was characterized at atmospheric 

pressure with an existing test bench. This was performed with an ideal contacting in order to 

solely observe the intrinsic losses of the cell. An overlap of processes of fuel and air electrode 

was observed and solved with the characterization of symmetrical cells. With respect to the fuel 

electrode, a severe overlap of processes has been reported in the literature for gas diffusion and 

activation polarization losses and impedes an unambiguous process assignment of fuel electrode 

processes in the impedance spectra. Thus, the deconvolution of gas diffusion polarization was 

solved with a symmetrical cell as well as a fuel gas mixture based on nitrogen and helium. 

Subsequently, a zero-dimensional impedance-based direct current performance model was 
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developed for H2/H2O in comparison to CO/CO2 operation and validated for technically relevant 

operation conditions.  

Within the new metallic housing for pressurized testing, a stack-like contacting was applied. 

Thus, further loss processes may come into effect such as increased contact losses, limitations in 

gas supply and chromium poisoning. The stack-like contacting was therefore also characterized 

at atmospheric pressure with three different metallic interconnectors (Crofer 22 APU/AISI 

441/UNS S44330) and a Cerium-Cobalt protective coating. Irrespective of the metal, the ideal 

cell performance was reached with coated metallic interconnectors as they decreased the contact 

resistance significantly in comparison to the uncoated state. The coated samples were investi-

gated on a microstructural level and showed a similar chromium oxide scale with a Cobalt-

Mangan spinell layer at the surface. In addition, as shown by microstructural analysis, the 

coating effectively blocked the chromium evaporation and subsequent chromium poisoning of 

the air electrode. 

Finally, a similar stack-like contacting was applied for the new pressurized test bench. Here, an 

aluminium oxide forming steel grade was used in a first step to minimize negative impacts on 

the cell related to chromium poisoning. As a result of this work, an electrolyte-supported solid 

oxide single cell was operated up to 11 bara without pressure vessel within a specifically de-

signed testing environment in this work. Here, the sealing concept could withstand pressure 

gradients of up to 10 bar and a full thermal cycle. The open-circuit voltage as well as power 

density increased as expected from literature and were confirmed by theoretical predictions. In 

fuel cell mode at 11 bara and 850 °C with hydrogen/air, an increase of power density by 20% 

was observed. The set-up was then also applied to testing of anode-supported cells with the help 

of an additional ceramic sealing frame in an uncoated Crofer 22 H cell housing. Although easier 

machinability and weldability of Crofer 22 H in comparison to the aluminium oxide forming 

steel grade was beneficial, chromium poisoning of the cell was assumed and further optimiza-

tion required. 
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1 Introduction1 

This work investigates the transition from atmospheric to pressurized solid oxide cells (SOCs) 

and is based on the characterization of intrinsic as well as stack-like cell behavior at atmospher-

ic conditions. This knowledge is then transferred to a newly developed test bench enabling tests 

under pressurized operating conditions. The motivation behind this work and its scope are 

described in the following chapter. 

1.1 Motivation 

For a carbon-neutral economy, hydrogen (H2) is needed for multiple conversion technologies 

within the chemical, cement, steel and transportation industries (Figure 1) and is clearly an 

important link between different sectors of industry. 

 

Figure 1 Principal sketch of hydrogen coupled to different conversion technologies and its usage 

in industry, households and mobility. Graphic taken from Ref. [1].  

The “Green Deal” [3] of the European Union (EU) aims for Europe to become the first climate 

neutral continent. Based on this, the goals from the Paris agreement [4] in 2015 are to reduce 

                                                      
1 Parts of the introduction have been published in M. Ivanova, …, C. Grosselindemann et al., Angew. Chem., 62, 

e202218850 (2023) [1] and C. Grosselindemann et al., J. Power Sources, 614, 234963 (2024) [2]. 
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global warming to ideally 1.5 °C in comparison to the pre-industrial era. Here, the generation 

and use of green hydrogen (H2) based on renewable energies can play a key role by linking 

different energy sectors for the decarbonization of value chains (see Figure 1). Thus, the Ger-

man government developed the National Hydrogen Strategy (NHS) [5] in 2020 in order to 

accelerate the market ramp up. In the context of the Russian aggression against Ukraine, this 

need was sharpened in 2023 as unilateral energy imports proved to be insufficient for the securi-

ty of the national energy supply. Thus, a more independent and diverse energy mix is clearly 

needed. The compression of hydrogen is crucial to the different value chains from generation to 

the use of hydrogen (Figure 2). Hydrogen is used in the chemical industry at elevated pressures 

as shown for the ammonia synthesis, a crucial chemical for fertilizers and ship fuel, whose 

production runs at pressures up to 300 bara. When hydrogen is stored in a tank for a car, it needs 

to be compressed up to 700 bara.  

 

Figure 2 Pressure levels of hydrogen in the supply chain. Graphic taken from Ref. [1]. 

Up to now, the majority of H2 is mainly generated by steam reforming of methane resulting in 

high emissions of carbon dioxide (CO2) and is labeled as grey H2. In contrast, a variety of 

technologies exists at different Technology Readiness Levels (TRL, ranging from fundamental 

research (1) to a mature technology (9)) in order to generate pure and compressed hydrogen 

from solar power. High TRL values are reached for alkaline (TRL 8 − 9), polymer exchange 

membrane (TRL 8 − 9) and solid oxide cell-based water electrolysis (TRL 6 − 7). Further 

technologies such as photoelectrochemical or thermochemical water splitting (both TRL 5), 

pyrolysis of hydrocarbons (turquois H2, low TRL), plasma conversion technology (TRL 2 − 4) 

and electrochemical H2 separation and compression (TRL < 5) still need significant improve-

ment towards commercial application [1]. Considering the TRL, a focus was recently put on 
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water electrolysis applications and the NHS targets were raised in 2023 to at least 10 GW 

electrolysis capacity in Germany by 2030 [5]. Further demands need to be supplied by imports 

of hydrogen. In case of a gaseous supply of hydrogen in the importing country, liquified hydro-

gen represents the most efficient import option [6]. In addition, the availability of renewable 

energies and levelized costs for the production of hydrogen are highly dependent on the position 

around the globe. However, a large-scale production of electrolysis units is needed. Among the 

various types of water electrolysis, a key technology offering the highest efficiencies for H2 

production is solid oxide cell based water electrolysis [1] which is in the focus of this work. 

These cells also have the ability to run reversely in the fuel cell mode so that electrical energy 

can be generated and are not limited to hydrogen/steam (H2/H2O) fuel gas mixtures. Among a 

large fuel flexibility [7] operation with carbon monoxide/-dioxide (CO/CO2) and reformate 

mixtures of H2/H2O/CO/CO2 is possible for fuel cell and electrolysis mode. In case of co-

electrolysis a synthesis gas consisting of H2 and CO can be generated, which can be fed into 

chemical reactors creating valuable chemical products.  

SOCs are mostly operated close to atmospheric pressure as the ceramic cells and available high 

temperature sealants are sensitive towards pressure gradients, which leads to problems regarding 

gas tightness and pressure regulation [8]. However, it has been known for a long time that 

pressurized operation of a solid oxide fuel cell (SOFC) enables a higher power density and 

efficiency and coupling with a gas turbine can further increase system performance [9–12]. In 

the case of electrolysis, the produced hydrogen has to be compressed to a level meaningful for 

the specific application. Mechanical hydrogen compressors are a well-developed technology 

[13]. However, they still have considerable limitations as they are quite bulky and require a high 

energy input. In particular, the first compression step from ambient pressure to several bara (bara 

is used for absolute pressure) is critical. Previous studies have shown a decrease of approx. 4 −

5% energy efficiency considering a downstream compressor for H2 to 30 bar [14,15]. Thus, 

through bypassing the first compression step for the downstream processes the overall process 

efficiency can be increased. In literature, SOC systems and testing devices for cells and stacks 

were realized with a pressure vessel [8,16–26], resulting in voluminous, costly and heavy sys-

tems. As cells and sealants used in stacks are considered to be limited to pressure gradients in 

the range of a few hundred mbara, a complex pressure control strategy is required to align ves-

sel-, fuel- and oxidant pressures. [2] This shall be targeted in this work of which scope is de-

scribed below. 

1.2 Scope of this Work 

The electrochemical characterization and modeling of SOCs is crucial in order to further lift the 

TRL towards the commercialization of this technology. SOCs need to be further optimized so 

that longevity and high performance is guaranteed. In this work, a SOC was characterized by 

electrochemical impedance spectroscopy and the subsequent distribution of relaxation times 

with respect to the intrinsic losses of the cell in an ideal contacting environment with 1 cm2 

single cells at atmospheric pressure. Based on this the cell was parametrized to develop an 

impedance-based zero-dimensional (0D) direct current (dc) performance model in H2/H2O and 

CO/CO2 mode. In a real SOC stack, the cells are contacted with metallic interconnectors which 
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results in limitations in gas supply, increased contact losses as well as chromium poisoning. 

Thus, a stack-like contacting of the SOC with metallic flow fields was investigated with three 

different steel grades (Crofer 22 APU/ AISI 441/ UNS S44330) and characterized based on a 

method by Kornely et al. [27]. Here, the impact of a protective Cerium-Cobalt (CeCo) coating 

was analyzed electrochemically as well as on a microstructural level.  

These investigations under atmospheric pressure provided a basis for a newly developed pres-

surized test bench, which is based on existing SOC testing technology [28] at the Institute for 

Applied Materials – Electrochemical Technologies. In this thesis, a new concept for pressurized 

testing of single cells without pressure vessel was designed including a glass-ceramic sealed 

metallic housing. In addition, a unique pressure regulation with a single downstream pressure 

controller was introduced. For the first time, a solid oxide cell was operated without pressure 

vessel up to 11 bara in a stack-like environment. The theoretical predictions of the open-circuit 

voltage and impact of pressure on the polarization resistance will be shown. The developed 

concept is fully transferable to stack-level. 

 



 

5 

2 Fundamentals 

In this chapter the theoretical background related to this thesis is summarized. Solid oxide cells 

can reversely be operated in fuel cell as well as electrolysis mode, which is useful for H2-based 

energy storage systems [1]. The working principle is explained in the fuel cell mode. With 

respect to electrolysis mode, all processes run vice versa. 

2.1 Working Principle1 

SOFCs are operated in a temperature range of 600 –  900 °C as the oxygen ion conductivity of 

the solid electrolyte is activated at these temperatures. In contrast, cells based on proton con-

ducting ceramic electrolytes are operated at a comparably lower temperature between 400 −

650 °C [1]. This work focusses on cells with oxygen ion conducting electrolytes. In Figure 3, 

the working principle schematic of the SOFC is shown. In general, a three-layer set-up can be 

seen with two porous electrodes at the air and fuel side. In between a gas tight solid electrolyte 

is placed which separates the gas phase from fuel and air side. Hydrogen is supplied at the fuel 

side via gas channels and air at the air side. At the three-phase boundary, the reaction zone 

evolves between gas phase/electronic- and ionic conducting phase. 

 

Figure 3 Working principle schematic of a solid oxide fuel cell. Adapted and modified from 

Ref. [29,30]. 

The overall reaction is described in equation (1).  

 H2(g) +
1

2
O2(g) ⇌ H2O(g)  (1) 

In equation (2), oxygen (O2) is reduced by two electrons to an oxygen ion at the air electrode, 

which migrates through the electrolyte due to a concentration gradient of the oxygen partial 

                                                      
1 Parts of this chapter have been published in M. Ivanova, …, C. Grosselindemann et al., Angew. Chem., 62, 

e202218850 (2023) [1].  
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pressure 𝑝O2 between air and fuel side. The oxygen partial pressure at the fuel side 𝑝O2,FE re-

sults from the equilibrium of the fuel gas mixture between hydrogen (H2) and steam (H2O) [31], 

which can also be described with equation (1). 

 
1

2
O2(g) + 2e

− ⇌ OElectrolyte
2−   (2) 

Subsequently, the electrooxidation of hydrogen (H2) as shown in equation (3) takes place. Here 

steam (H2O) is generated by releasing two electrons.  

 OElectrolyte
2− + H2(g) ⇌ H2O(g) +  2e

− (3) 

In this work, ideal gases are assumed and the ideal gas law is shown in equation (4) with 𝑉 

denoting the volume and 𝑁𝑖 the amount of substance regarding the species 𝑖. 

 𝑝𝑖𝑉 = 𝑁𝑖𝑅̃𝑇 (4) 

The partial pressure 𝑝𝑖 of the species 𝑖 is described by Dalton´s law in equation (5) with the 

molar fraction 𝑦̃𝑖 and the absolute pressure 𝑝. 

 𝑝𝑖 = 𝑦̃𝑖 ∙ 𝑝 (5) 

2.2 Open-circuit Voltage 

In the open-circuit state an electrochemical equilibrium results since electrons from the elec-

trooxidation do not migrate via the external load. An electrical field evolves in the opposite 

direction to the diffusion of oxygen ions in the electrolyte. This can be described based on 

equation (6) for the Nernst-voltage 𝑈N with 𝑅̃ denoting the universal gas constant, 𝑇 the tem-

perature, 𝑧 the number of transferred electrons (here 𝑧 =  2), 𝐹 the Faraday constant and 𝑝O2,𝑒𝑙 

the oxygen partial pressure at fuel (FE) and air electrode (AE) respectively. 

 𝑈N = 
𝑅̃𝑇

𝑧𝐹
∙ ln (

𝑝O2,AE

𝑝O2,FE
)

0.5

 (6) 

With the law of mass action the Nernst-equation, which equals the open-circuit voltage 𝑈OCV, 

can be expressed with the molar fractions of hydrogen 𝑦̃H2,FE and steam 𝑦̃H2O,FE at the fuel side 

as well as oxygen 𝑦̃O2,AE at the air side with the absolute pressure 𝑝 in equation (7). ΔR𝐺0(𝑇) 

denotes the free standard reaction enthalpy [32]. 

 𝑈N =  𝑈OCV  = −
ΔR𝐺0(𝑇)

𝑧𝐹
 −
𝑅̃𝑇

𝑧𝐹
∙ ln (

𝑦̃H2O,FE

(𝑦̃O2,AE ∙ 𝑝)
0.5
∙ 𝑦̃H2,FE

) (7) 
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The theoretical dependency of the OCV [33] as a function of the overall pressure is shown in 

Figure 4 based on equation (7) for exemplary conditions at 𝑇 = 800 °C with 50% H2 (balance 

H2O) and air as the oxidant up to 15 bara. With increasing pressure, the OCV is increasing. This 

is the case for double-sided pressurization (fuel + air side). As can be seen by the Nernst-

equation (7), only the air side pressure is relevant. So in case of a single-sided pressurization of 

the fuel, the increase of OCV can be excluded [34]. 

 

Figure 4 Simulated OCV as a function of the overall pressure 𝑝 at 𝑇 = 800 °C with 50% H2 

(balance H2O) and air as the oxidant. 

The simulation of the current voltage behavior when the cell is operated under load requires an 

OCV minus losses model [35], which is described in the following section. 

2.3 Current-Voltage Characteristics 

When the cell is operated under load, the current-voltage characteristics describe the direct 

current (dc) behavior of the SOFC. An example is shown in Figure 5. Starting from 𝑈OCV the 

cell voltage 𝑈cell is decreased by different physical loss mechanisms as shown in equation (8). 

These include ohmic losses 𝜂ohm, activation losses 𝜂act,𝐸𝐿 and gas diffusion losses 𝜂diff,𝐸𝐿 of 

the electrodes (𝐸𝐿) at fuel and air side respectively. The theoretical open-circuit voltage 𝑈th is 

lowered since leakage in the system or cell can occur. Furthermore, fuel utilization correspond-

ing to the conversion of the fuel gas mixture can occur as well. However, fuel utilization is 

neglected in this work as small-scale cells with an active area of 1 cm2 and high gas flow rates 

prevent significant gradients in temperature and gas conversion. 

 

 

𝑈cell = 𝑈OCV − 𝜂ohm − 𝜂act,FE − 𝜂act,AE − 𝜂diff,FE − 𝜂diff,AE (8) 

An OCV minus losses model predicts the cell performance and provides quantitative infor-

mation about different loss mechanisms which are limiting the cell performance [35].  
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Figure 5 Current-voltage curve with schematic voltage losses in electrolysis as well as fuel cell 

mode. 

2.4 Loss Mechanisms2 

The individual loss mechanisms are described in the following section. 

2.4.1 Ohmic Losses 

In equation (9) ohmic losses are described by the ohmic law with a proportional character of the 

current density 𝑗 and the ohmic resistance 𝑅ohm. 

 𝜂ohm =  𝑗 ∙ 𝑅ohm (9) 

𝑅ohm can be expressed by an Arrhenius approach in equation (10) with the material specific 

constant 𝐵ohm. 

 𝑅ohm(𝑇) =  
𝑇

𝐵ohm
∙ exp (

𝐸act,ohm

𝑅̃𝑇
) (10) 

2.4.2 Activation Losses 

In addition, the Butler-Volmer approach is applied for the fuel and air electrode in order to 

describe activation losses 𝜂act,𝐸𝐿 caused by the charge transfer reaction in equation (11). Here, 

                                                      
2 Loss mechanisms have been described in detail by Leonide et al. [36] and are summarized here. Parts of this 

chapter have also been presented in a master thesis by C. Grosselindemann [30] and published in C. Grosselindemann 

et al., ECS Trans., 103, 1375-1393 (2021) [37] as well as C. Grosselindemann et al., J. Electrochem. Soc., 168, 

124506 (2021) [38]. 
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𝑗0,𝐸𝐿 denotes the exchange current density, which describes the catalytic activity of the elec-

trode. Further, the charge transfer coefficient 𝛼𝐸𝐿 of the electrodes (EL) specifies the symmetry 

of the energy barrier of the activation in case of a positive or negative overpotential. 

 𝑗 =  𝑗0,𝐸𝐿 [exp (𝛼𝐸𝐿
𝑧𝐹𝜂act,𝐸𝐿

𝑅̃𝑇
) − exp (−(1 − 𝛼𝐸𝐿)

𝑧𝐹𝜂act,𝐸𝐿

𝑅̃𝑇
)] (11) 

The exchange current densities for fuel 𝑗0,FE and air electrode 𝑗0,AE are shown in the equations 

(12) and (13) respectively. At this point, the reference pressure (𝑝ref = 1.013 bara) is needed as 

well as an exponential prefactor 𝛾𝐸𝐿 and the activation energy 𝐸act,𝐸𝐿 of the corresponding 

electrode. Here, the dimensionless exponents 𝑎 and 𝑏 describe the hydrogen and steam partial 

pressure dependency of the fuel electrode´s exchange current density, whereas 𝑚 denotes the 

oxygen partial pressure dependency of the air electrode´s exchange current density. The impact 

of overall pressure 𝑝 becomes obvious in equation (12) and (13). 

  𝑗0,FE = 𝛾FE (
𝑦̃H2,FE ∙ 𝑝

𝑝ref
)
𝑎

(
𝑦̃H2O,FE ∙ 𝑝

𝑝ref
)
𝑏

exp (−
𝐸act,FE

𝑅̃𝑇
) (12) 

  𝑗0,AE = 𝛾AE (
𝑦̃O2,AE ∙ 𝑝

𝑝ref
)
𝑚

exp (−
𝐸act,AE

𝑅̃𝑇
) (13) 

2.4.3 Gas Diffusion Losses 

Gas diffusion as well as convection define the two mechanisms for mass transport. In a system 

for SOCs fuel and air are supplied by a convective flow based on a pressure gradient towards 

the cells in a stack. Within the porous electrodes of the cells, this gradient can be neglected, so 

that gas diffusion is the dominant mechanism based on a concentration gradient between gas 

channel and the active reaction sites at the electrodes. Different phenomena of gas diffusion 

need to be considered in terms of the porous three-dimensional structure of the electrodes. Thus, 

gas transport is limited by collisions of gas molecules with each other (molecular gas diffusion), 

but also possibly by collisions of gas molecules with the edges of the pores. Here, the Knudsen 

number 𝐾𝑛 in equation (14) is a critical measure, if Knudsen gas diffusion needs to be consid-

ered as well (𝐾𝑛 ≫ 1). Λ represents the mean free path and 𝐿C a characteristic length. 

 𝐾𝑛 = 
Λ

𝐿C
 (14) 

As shown in the work by Joos et al. [39], Knudsen gas diffusion needs to be considered as pore 

diameters of 400 − 600 nm were identified in electrodes of solid oxide cells.  

The molar gas diffusion coefficient of a binary gas mixture with the gas species 𝑖 in 𝑗 (𝐷mol,𝑖𝑗) 

can be described by the Chapman-Enskog theory [40] in equation (15). Here, 𝑀̃𝑖/𝑗 defines 

molar mass of each species, 𝜎𝑖/𝑗 the Lennard-Jones-length and ΩD the collision integral. Further 

information about the calculation of 𝜎𝑖/𝑗 and ΩD can be found in the appendix 7.1 and 7.2. As 



2  Fundamentals 

10 

can be seen, the 𝐷mol,𝑖𝑗 is correlating with 𝑇1.5 to the temperature and is inverse proportional to 

the absolute pressure. The parameters needed for the calculation of the molecular gas diffusion 

coefficient are listed in the appendix in Table A 1 - Table A 3.  

 
𝐷mol,𝑖𝑗 =  1.86 ∙ 10

−3 ∙

𝑇1.5 ∙ √𝑀̃𝑖
−1 + 𝑀̃𝑗

−1 ∙ atm ∙ Ȧ2 ∙ cm2√g mol−1

𝑝 ∙ 𝜎𝑖𝑗
2 ∙ ΩD ∙ K

1.5 ∙ s
 

(15) 

In case of a ternary gas mixture, the Wilke-Ansatz [41] can be applied in equation (16). 

 
𝐷mol,𝑖 = 

1 − 𝑦̃𝑖

∑ (
𝑦̃𝑗

𝐷mol,𝑖𝑗
)𝑗≠𝑖

 
(16) 

If Knudsen gas diffusion needs to be considered, then the gas diffusion coefficient is calculated 

with equation (17) and the pore diameter 𝑑p. The Knudsen gas diffusion coefficient shows a 

temperature dependency of 𝑇0.5 and is independent of pressure.  

 𝐷Kn,𝑖 =
𝑑p

3
√
8𝑅̃𝑇

𝜋𝑀̃𝑖
 (17) 

With the help of the Bosanquet-approach [42], molecular and Knudsen gas diffusion can be 

seen as parallel resistors and are combined to 𝐷𝑖 in equation (18). 

 
1

𝐷𝑖
= 

1

𝐷mol,𝑖
+

1

𝐷Kn,𝑖
 (18) 

An effective gas diffusion coefficient is calculated in equation (19) by considering the micro-

structure parameter Ψ𝐸𝐿. The latter is defined as the ratio of porosity 𝜀𝐸𝐿 to tortuosity 𝜏To of the 

porous electrode in equation (20). 

 𝐷eff,𝑖 = Ψ𝐸𝐿 ∙ 𝐷𝑖 (19) 

 Ψ𝐸𝐿 = 
𝜀𝐸𝐿
𝜏To

 (20) 

2.4.3.1 Gas Transport at the Fuel Side 

Based on the Nernst-equation the overpotential at the fuel electrode of gas diffusion 𝜂diff,FE is 

presented in equation (21). Based on this a gas diffusion resistance shall be derived as shown in 

Ref [43].  

 𝜂diff,FE = 
𝑅̃𝑇

2𝐹
ln(

(𝑝H2O,FE)
TPB

∙ 𝑝H2,FE

𝑝H2O,FE ∙ (𝑝H2,FE)
TPB
) (21) 
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A film model is needed in order to derive a term for the partial pressures of hydrogen 

(𝑝H2,FE)
TPB

 and steam (𝑝H2O,FE)
TPB

 at the three-phase boundary (TPB). This requires the 

following assumptions: 

• Stationary mass transport 

• Stagnating film volume 

• Concentration gradient located in the film 

• Linear character of concentration gradient 

• In bulk volume no concentration gradient 

• Any convective flows are neglected 

The molar flow density 𝑛̇𝑖 is shown in equation (22) based on Fick´s law of gas diffusion in a 

linear approach. 𝑐̃𝑖 denotes the molar concentration (𝑐̃𝑖 =
𝑁𝑖

𝑉
=

𝑝𝑖

𝑅̃𝑇
∙ 𝑃corr), 𝑃corr a conversion 

factor of 105 Pa bar-1 and 𝑠 the length of the gas diffusion path. In addition, the gas diffusion 

coefficient is assumed to be independent of the concentration. 

 𝑛̇𝑖 = −𝐷eff,𝑖
𝛿𝑐̃𝑖
𝛿𝑠

 (22) 

The transport direction of hydrogen is opposite to the one from steam and thus an additional 

flux according to the Dusty-Gas-Model [42] is not required [44]. In equation (23), the absolute 

value of the mass transport density of hydrogen |𝑛̇H2| and steam |𝑛̇H2O| is equal and proportion-

al to the current density 𝑗 based on Faraday´s law. 

 |𝑛̇H2| = |𝑛̇H2O| =
𝑗

2 ∙ 𝐹
 (23) 

With the help of equation (22) and (23) as well as integrating over the gas diffusion length 𝐿FE 

the partial pressures of hydrogen and steam are resulting at the three-phase-boundary in (24) and 

(25) respectively. 

 (𝑝H2,FE)
TPB

= 𝑝H2,FE −
𝑅̃𝑇𝐿FE

2𝐹𝐷eff,H2𝑃corr
∙ 𝑗 (24) 

 (𝑝H2O,FE)
TPB

= 𝑝H2O,FE +
𝑅̃𝑇𝐿FE

2𝐹𝐷eff,H2O𝑃corr
∙ 𝑗 (25) 

Based on the equations (21) - (25) the gas diffusion losses 𝜂diff,FE are shown in equation (26) 

[43,44].  

𝜂diff,FE = 
𝑅̃𝑇

2𝐹
ln

(

 
1 +

𝑅̃𝑇𝐿FE
2𝐹𝐷eff,H2O𝑝H2O,FE𝑃corr

∙ 𝑗

1 −
𝑅̃𝑇𝐿FE

2𝐹𝐷eff,H2𝑝H2,FE𝑃corr
∙ 𝑗
)

  (26) 

The resulting gas diffusion resistance 𝑅diff,FE at the fuel electrode under OCV conditions is 

shown in equation (27). 
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 𝑅diff,FE = (
𝑅̃𝑇

2𝐹
)

2

∙ 𝐿FE ∙
1

𝑝
∙ (

1

𝐷eff,H2 ∙ 𝑦H2,FE
+

1

𝐷eff,H2O ∙ 𝑦H2O,FE
)
1

𝑃corr
 (27) 

With regard to the impact of pressure on the gas diffusion resistance, the different gas diffusion 

regimes need to be considered [45]. In case of pure molecular gas diffusion, the gas diffusion 

coefficient is inversely proportional to the overall pressure 𝐷mol,𝑖𝑗 ~ 
1
𝑝⁄ . Thus, the influence of 

pressure is leveled out when inserting 𝐷mol,𝑖𝑗 to equation (27). Considering combined molecular 

and Knudsen gas diffusion according to equation (18), an impact of pressure towards the gas 

diffusion resistance needs to be considered for comparably low pressures as shown in Ref. [45]. 

2.4.3.2 Gas Transport Air Electrode 

The overpotential related to gas diffusion at the air electrode 𝜂diff,AE can be described with the 

Nernst-equation in (28) as well. (𝑝O2,AE)
TPB

 denotes the oxygen partial pressure at the three-

phase boundary. 

 𝜂diff,AE = 
𝑅̃𝑇

4𝐹
ln(

𝑝O2,AE

(𝑝O2,AE)
TPB
) (28) 

At the air electrode, an additional flux (𝑦̃O2 ∙ 𝑛̇) needs to be considered based on the Dusty-Gas-

Model theory since oxygen is consumed without generating a gaseous product. 𝑦̃O2 denotes the 

molar fraction of oxygen. [44] The total molar flux density 𝑛̇ corresponds to 𝑛̇O2 in equation 

(29) since nitrogen is not affecting the electrochemical reaction. 

 𝑛̇O2 = −𝐷eff,O2
𝛿𝑐̃O2
𝛿𝑠

+ 𝑦̃O2 ∙ 𝑛̇ ≡ −𝐷eff,O2
𝛿𝑐̃O2
𝛿𝑠

+ 𝑦̃O2 ∙ 𝑛̇O2 (29) 

The molar flow density of oxygen 𝑛̇O2 is equally proportional to the current density as shown in 

equation (30). 

 |𝑛̇O2| =  
𝑗

4 ∙ 𝐹
 (30) 

The oxygen partial pressure at the three-phase boundary in equation (31) can be derived based 

on the same model assumptions as for the fuel electrode. 

 (𝑝O2,AE)
TPB

= 𝑝O2,AE − (1 −
𝑝O2,AE

𝑝
)

𝑅̃𝑇𝐿AE
4𝐹𝐷eff,O2𝑃corr

∙ 𝑗 (31) 

Subsequently, 𝜂diff,AE can be described based on equation (28) and (31) which evolves in (32). 

 
𝜂diff,AE = 

𝑅̃𝑇

4𝐹
ln

(

 
 1

1 −
𝑅̃𝑇𝐿AE(1 − 𝑝O2,AE 𝑝⁄ )
4𝐹𝐷eff,O2𝑝O2,AE𝑃corr

∙ 𝑗
)

 
 

 
(32) 
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The resulting gas diffusion resistance is calculated with the help of the ohmic law under OCV 

conditions in equation (33). 

 𝑅Diff,AE = 
𝛿𝜂Diff,AE
𝛿𝑗

|
𝑗=0

= (
𝑅̃𝑇

4𝐹
)

2

∙
𝐿AE

𝐷eff,O2 ∙ 𝑝
(
1

𝑦̃O2
− 1)

1

𝑃corr
 (33) 

Regarding a cell exhibiting a Ni/YSZ fuel electrode, the abovementioned equations were suita-

ble to simulate the current-voltage behavior. However, additional terms might become essential 

for a Ni/GDC fuel electrode. The required modifications of the dc performance model are 

discussed in chapter 5.1 [38]. 

2.5 Electrochemical Impedance Spectroscopy 

The loss mechanisms individually described in chapter 2.4 can only be seen in summary in the 

current-voltage curve as shown in Figure 6. Thus, the overall resistance 𝑅 can be extracted only 

at a characteristic operating point. To deconvolute the individual losses of the cell, electrochem-

ical impedance spectroscopy can be applied [46,47]. Either in OCV or a stationary operating 

point, the cell is excited at a certain frequency 𝑓 with a sinusoidal signal either in galvanostatic 

or potentiostatic mode. Finally, the corresponding response signal can be measured. In addition, 

a pseudo-potentiostatic mode can be chosen as well, where the voltage response is pre-defined 

and a corresponding current amplitude is set and vice versa a pseudo-galvanostatic mode.  

 

 

Figure 6 Current-voltage curve of an electrochemical system with excitation of a current signal 

and measured voltage response. Modified from Ref. [30,48]. 

With regard to the galvanostatic mode, the excitation can be expressed with 𝑗(𝑡) =  𝑗0 ∙ sin(𝜔𝑡). 

Here, 𝑗0 denotes the current amplitude of the signal, and 𝜔 = 2𝜋𝑓 the angular frequency. Based 

on the stimulus, a phase-shift is resulting 𝜙(𝜔) as well as a change in the voltage ampli-

tude 𝑢0(𝜔). Thus, the resulting voltage response can be expressed as 𝑢(𝑡, 𝜔) =  𝑢0(𝜔) ∙

sin(𝜔𝑡 + 𝜙(𝜔)). Small excitations are applied to linearize the system in the operating point, 

which is beneficial to investigate the impedance spectra [28]. In equation (34) the complex 
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impedance is described as the ratio of voltage response and excitation amplitude. This can be 

also expressed with the real part 𝑍′(𝜔) as well as imaginary part 𝑍′′(𝜔) of the complex imped-

ance. 

 
𝑍(𝜔) =  

𝑢(𝑡, 𝜔)

𝑗(𝑡)
=  
𝑢0(𝜔)

𝑗0
∙ 𝑒𝑖𝜙(𝜔) = |𝑍(𝜔)| ∙ 𝑒𝑖𝜙(𝜔)

= 𝑍′(𝜔) + 𝑖 ∙ 𝑍′′(𝜔) 

(34) 

The frequency is varied between a set minimum (𝜔 ⟶ 0) and maximum (𝜔 ⟶∞) to obtain 

the entire impedance spectra with characteristic loss processes covered, as exemplified in Figure 

7. Here, the negative imaginary part is plotted as a function of the real part to show the capaci-

tive behavior of the electrochemical system. Depending on the testing environment and operat-

ing conditions, inductive loops can evolve as well [49,50]. The overall resistance is defined as 

the sum of ohmic and polarization resistance with 𝑅 = 𝑅ohm + 𝑅pol. With respect to the ohmic 

resistance, it can be extracted at the intercept of the spectra at high frequencies (𝜔 ⟶ ∞) with 

the real part axis. 

 

Figure 7 Exemplified Nyquist-plot with separation of ohmic 𝑅ohm and polarization resistance 

𝑅pol. Adapted from Ref. [30,38]. 

An optimal signal to noise ratio (SNR) is needed for the amplitude so that noise by a rather too 

small amplitude as well as information loss by a comparably too large amplitude can be avoid-

ed. The validity of a measured spectra needs to be confirmed with a Kramers-Kronig test to 

verify a linear, causal, time-invariant and finite system [51]. 

The impedance spectra can be described with equivalent circuit models, of which elements are 

introduced in the following section. 

2.5.1 Electrochemical Equivalent Circuit Elements 

A comprehensive description of equivalent circuit elements is already given in Ref. [29,36]. 

Thus, the elements needed in this work are shown and summarized. In general, it is the goal to 

model each loss process of the cell with an electrochemical equivalent circuit element. All 

processes therefore need to be separable in the spectra and differ in their time constants. The 

simplest element is provided as an ohmic resistor, which can describe charge transport losses. 



2.5  Electrochemical Impedance Spectroscopy 

15 

This basic element can be used in parallel with a capacitance (C) to model an electrochemical 

process by an RC-Element in Figure 8 (a). Every electrochemical system can be described with 

a series of RC-elements [52]. In order to account for deviations from the ideal electrode as they 

occur in a real system, an RQ-Element as described below is used. [46,47] 

2.5.1.1 RQ-Element 

With the help of the RQ-Element as shown in equation (35), inhomogeneities caused by materi-

al properties, microstructure and operating conditions can be considered. Instead of a capaci-

tance, a constant phase element (Q) as shown in Figure 8 (b) is used. The difference between an 

ideal and real system can be expressed with the exponent 𝑝RQ, which varies between 0 and 1. 

The case of 𝑝RQ = 1 represents the ideal case with an RC-Element. For a real electrode with 

𝑝RQ < 1 the shape of the curve is shrinked.  

 𝑍RQ(𝜔) = 𝑍R‖𝑍Q =
𝑅RQ

1+(𝑖𝜔∙𝜏RQ)
𝑝RQ
 , mit 0 ≤ 𝑝RQ ≤ 1 (35) 

Based on the locally distributed time constants, a mean value of 𝜏RQ results in equation (36) 

with the characteristic frequency 𝑓RQ. 

 𝜏RQ =
1

2π ∙ 𝑓RQ
  (36) 

 

Figure 8 (a) Modeled RC-Element and (b) RQ-Element with 𝑝RQ = 1 and 𝑝RQ = 0.75. Modi-

fied from Ref. [30]. 

2.5.1.2 Warburg-Element 

Voltage losses caused by gas diffusion in the electrodes were extensively described in chapter 

2.4. The impedance of this loss process can be expressed as a generalized Finite-Length-

Warburg-Element (G-FLW) in equation (37). Here, 𝑅WB denotes the resistance of the G-FLW 

and 𝜏WB the time constant. This element represents a Transmission-Line-Model (TLM) with the 

capacitive pore volume of the electrode. The ideal case of 1-dimensional (1D) gas diffusion is 

defined with 𝑛WB = 0.5. Deviations as they occur in a real system are accounted for 0 ≤

𝑛WB ≤ 0.5. [46,47] 
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 𝑍G−FLW(𝜔) = 𝑅WB ∙
tanh[(𝑖𝜔∙𝜏WB)

𝑛WB]

(𝑖𝜔∙𝜏WB)
𝑛WB

 , mit 0 ≤ 𝑛WB ≤ 0.5 (37) 

For the ideal case, the characteristic time constant 𝜏WB,ideal is provided in equation (38) with 

the characteristic gas diffusion length 𝐿C and the effective gas diffusion coefficient 𝐷eff. 

 𝜏WB,ideal =
𝐿C
2

𝐷eff
 with 𝑛 =  0.5 (38) 

The characteristic frequency is calculated with equation (39). 

 𝑓WB =
2.53

2π ∙ 𝜏WB
  (39) 

Figure 9 (a) shows two modeled G-FLW with the exponents 𝑛 =  0.35 and 𝑛 =  0.5 respec-

tively. 

2.5.1.3 Gerischer Element 

The Gerischer element [53] represents a TLM as well with its impedance shown in equation 

(40) including the corresponding resistance 𝑅Gerischer as well as 𝜏Gerischer. In numerous previ-

ous studies it was used to describe the surface exchange of O2 coupled with oxygen ion transport 

in the bulk of the air electrode [36,54].  

 𝑍Gerischer(𝜔) =
𝑅Gerischer

√1 + 𝑖𝜔 ∙ 𝜏Gerischer
  (40) 

In Figure 9 (b), an exemplary shape of the Gerischer element is presented.  

 

Figure 9 (a) Exemplary modeled Warburg-Element with 𝑛WB = 0.35 and 𝑛WB = 0.5 and (b) 

exemplary modeled Gerischer-Element. Modified from Ref. [30]. 

The detailed description of a SOC with a Transmission-Line-Model is out of the scope of this 

work and thus referred to corresponding contributions in literature [55–59]. 

An equivalent circuit model can describe the measured spectra. However, various circuit models 

are theoretically possible in order to replicate the spectra. In addition, processes in the imped-

ance spectra can overlap, which makes an unambiguous deconvolution more difficult. The 

distribution of relaxation times (DRT) was therefore developed at this institute [60]. With the 
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help of the DRT a physically motivated equivalent circuit model of the measured electrochemi-

cal system can be determined.  

2.5.2 Distribution of Relaxation Times 

The DRT represents a mathematical transformation of the measured impedance spectra in order 

to visualize the individual loss processes. This method takes advantage of the individual time 

constant of each loss process. The impedance in equation (41) can be described with a continu-

ous distribution function 𝛾𝜏 with the relaxation times 𝜏 since any capacitive system can be 

expressed with RC-elements. 

 𝑍(𝜔) = 𝑅ohm + 𝑅pol ∙ ∫
𝛾𝜏

1+𝑖𝜔𝜏
𝑑𝜏

∞

0
 , mit ∫ 𝛾𝜏𝑑𝜏 = 1

∞

0
 (41) 

For reasons of simplicity, the integration of the polarization contribution is solved with a series 

of 𝑁 RC-elements and described in a discrete function in equation (42) with logarithmically 

distributed relaxation times 𝜏𝑛. 

 𝑍(𝜔) = 𝑅ohm + 𝑅pol ∙ ∑
𝛾𝑛

1+𝑖𝜔𝜏𝑛

𝑁
𝑛=1  , mit ∑ 𝛾𝑛 = 1

𝑁
𝑛=1  (42) 

This equation needs to be solved numerically and represents a mathematic ill posed problem. A 

regularization by Tikhonov [61] can be applied to stabilize and smooth the solution with the 

help of the regularization parameter 𝜆DRT. Noise from measurements and artifacts can be mini-

mized. An optimum of 𝜆DRT is needed, since parameters chosen too high can result in a loss of 

crucial information about the loss processes. This optimum needs to be identified for each 

system of interest individually. The numerical distribution function is denoted as 𝑔(𝜏). In Figure 

10 (a), an exemplary DRT is shown with two ideal processes described with two RC-Elements. 

The DRT calculation results in Dirac pulses 𝛿(𝑓 − 𝑓n) at the frequencies 𝑓n. For an ideal RC 

process, one characteristic peak frequency is found and provides information of the correspond-

ing relaxation time of the process. In case of real electrodes with inhomogeneities in e.g. micro-

structure, a distribution of relaxation times around a characteristic peak frequency is found. The 

resistance of the processes corresponds with the area enclosed underneath the peak (Figure 10 

(b)). However, processes with similar relaxation times can overlap in the DRT as well, which 

needs to be considered in the process assignment. As shown in previous works [36,62], operat-

ing parameters such as temperature and/or gas compositions need to be systematically and 

independently varied in a sensitivity analysis to trigger characteristic properties of the loss 

processes to clearly deconvolute them.  
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Figure 10 Schematic principle of the DRT with two ideal processes in (a) and two real processes 

in (b). Adapted from Ref. [29,30,32]. 

2.5.3 Complex Non-Linear Least Square Fit 

Once a physically meaningful equivalent circuit model is found, the parameters of the individu-

al elements which determine the shape and location of the modeled process e.g. resistance, 

characteristic frequency need to be approximated to the experimental data. Thus, the complex 

non-linear least square (CNLS) fit is introduced in this section. Based on the calculated DRT 

and shape of peaks, characteristic starting values can be extracted for the fitting procedure. The 

fit runs until a pre-defined stop criterion 𝑆 reached a minimum (Min) in equation (43) and the 

fitting result reaches the targeted quality. As an alternative, a pre-defined number of iterations 

can be set as well. In equation (43), the error 𝑟𝑖 of the DRT as well as real 𝑍′ and imaginary 𝑍′′ 

part can be weighted with the factor 𝑊𝑖 [63]. The ratio of 𝑍′: 𝑍′′: DRT is at least set to 2: 1: 1. 

The errors are calculated in equation (44) and (45) as a function of all parameters 𝑥⃑ in the 

equivalent circuit model. 

 𝑆 = ∑ [𝑊𝑍′ ∙ 𝑟𝑍′,𝑚1
2 +𝑊𝑍′′ ∙ 𝑟𝑍′′ ,𝑚1

2 +𝑊DRT ∙ 𝑟DRT,m1
2 ]

𝑀

𝑚1=1

⟶𝑀𝑖𝑛.  (43) 

 𝑟Z,m =
𝑍Meas(𝜔m) − 𝑍Mod(𝜔m, 𝑥⃑)

|𝑍Meas(𝜔m)|
 (44) 

 𝑟DRT,m =
𝛾Meas(𝜔m) − 𝛾Mod(𝜔m, 𝑥⃑)

|𝛾Meas(𝜔m)|
 (45) 
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3 Materials, Designs and Operation 
of Solid Oxide Cells3 

Material selection for SOCs and stacks is based on chemical and thermomechanical compatibil-

ity with the solid electrolyte, i.e., fluorites, perovskites, etc. [1,64]. The high operating tempera-

tures enable the use of cost-saving precious metal-free electrocatalysts as well as electrolytes 

free of per- and polyfluoroalkyl substances (PFAS) [65]. On the other hand, thermally activated 

aging is accelerated, so current research is aimed at lowering the operating temperature [66,67]. 

This expands the possibilities of a more cost-effective material selection for stack and peripheral 

components, e.g., for interconnects, heat exchangers, etc. SOCs are not limited to H2 fuel: they 

can be fed with reformate gas mixtures, ammonia or even internally reform hydrocarbons 

[7,68,69]. In the electrolysis mode, syngas or carbon monoxide can be produced for subsequent 

chemical processes applying electricity and heat from solar power. [1,70,71]. SOCs can be 

manufactured with different mechanical support layers resulting in electrolyte-, anode- or metal-

supported cells. A large variety of SOC designs and materials exist and have been investigated 

in literature. In Ref. [72] a comprehensive overview about materials and designs of SOCs is 

given. In this work, a summary of relevant materials is provided below. 

3.1 Electrolyte 

For the electrolyte, ceramic materials such as yttria-stabilized zirconia can be used. The oxygen 

ion conductivity based on the Hopping mechanism depends on the doping concentration of 

yttria and thus the number of oxygen vacancies. 3 mol.% yttria stabilized zirconia (3YSZ) has a 

comparatively lower ionic conductivity, but higher mechanical stability in comparison to 8 

mol.% yttria-stabilized zirconia (8YSZ). Other electrolyte materials are investigated such as 

scandia stabilized zirconia [72]. Zirconia-based electrolytes fulfill the requirements for negligi-

ble electronic conductivity, which is not the case for alternative electrolytes such as Gd- or Sm-

doped ceria [1,72]. In addition, proton conducting ceramic cells (PCCs) [73,74] also represent a 

promising alternative electrolyte material since in this case dry H2 can be generated in electroly-

sis mode. Thus, steam does not need to be removed anymore in comparison to cells with an 

oxygen ion conducting electrolyte. In addition, the operating temperature can be significantly 

decreased to 400 − 650 °C [1]. However, due to the comparatively low TRL value and lack of 

reproducibility and longevity of PCCs, this work focuses on state-of-the-art oxygen ion conduc-

tion electrolytes.  

Electrolyte processes of the cell type investigated in this work were investigated by Kullmann et 

al. [75]. Temperatures as low as 350 °C were chosen to shift the dielectric polarization of the 

                                                      
3 Parts of this chapter have been published in M. Ivanova, …, C. Grosselindemann et al., Angew. Chem., 62, 

e202218850 (2023) [1]. 
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electrolyte into an accessible frequency range. Two main contributions resulting from grain 

boundary and grain resistance were identified. It was demonstrated that with electrochemical 

impedance spectroscopy various processes from low frequencies e.g. gas diffusion to high 

frequencies with grain processes can be analyzed with this method [75]. 

3.2 Fuel Electrode4 

Fuel electrodes conventionally consist of a porous cermet with nickel and one of the aforemen-

tioned ceramic electrolyte materials. The main challenges are associated with achieving high 

electrocatalytic activity, ionic conductivity and low degradation at the same time [1]. For a cell 

with a Ni/YSZ fuel electrode this means an electronic conducting nickel phase as well as ion 

conducting YSZ phase. This material is already commercially applied in cells manufactured at 

e.g. Elcogen [76] and Solydera [77]. Nickel / yttria-stabilized zirconia (Ni/YSZ) fuel electrodes 

represent state-of-the-art electrodes in order to reach out for high performance and durability. 

However, the resistance towards Ni coarsening or depletion as well as the redox stability can be 

further improved [72]. This can be achieved by applying a nickel / gadolinium-doped ceria 

(Ni/GDC) cermet leading to more resilient electrodes towards carbon deposition [78], sulfur 

poisoning [79,80] and redox stability [81] as well as improved electro-catalytic activity [72]. 

The higher robustness of Ni/GDC electrodes is due to the mixed electronic/ionic conductivity of 

GDC [82,83] at high temperatures and reducing atmosphere [84]. In comparison to Ni/YSZ fuel 

electrodes, the charge transfer reactions are no longer restricted to active three phase boundaries 

that are necessarily in direct contact with the nickel-, the electrolyte- and the pore-matrix [84] as 

shown in Figure 11. Contact losses within the Ni-matrix are compensated by the electronic 

conductivity of the GDC phase. Nevertheless, there is a demand for nickel as a catalyst [85–87]. 

In addition, a pure GDC-layer results in a drastic increase of the polarization resistance by about 

two orders of magnitude [88]. In the work by Kullmann et al. [59] it was shown, that an infiltra-

tion of nickel particles into GDC fuel electrodes leads to a decrease of the polarization re-

sistance by a factor of four.  

Furthermore, a GDC layer between the Ni/GDC electrode and YSZ electrolyte increases per-

formance and tolerance against poisoning effects [88,89]. Unachukwu et al. [90] stated, that the 

interlayer may have a significant impact on the electrochemical behavior. 

                                                      
4 Parts of this chapter have been published in C. Grosselindemann et al., ECS Trans., 103, 1375-1393 (2021) [37] and 

C. Grosselindemann et al., J. Electrochem. Soc., 168, 124506 (2021) [38]. 
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Figure 11 (a) Scheme of Ni/YSZ (adapted from Ref. [57]) and (b) Ni/GDC fuel electrode. 

In contrast, the work by Nenning et al. [91], Uecker et al. [92,93] and Shaur et al. [58] state the 

feasibility of a single-phase GDC fuel electrode. Yet the role of three phase boundaries at 

Ni/GDC electrodes compared to double phase boundaries of pure GDC electrodes in electro-

chemical performance is not completely clarified. TLM modeling of a single phase GDC fuel 

electrode with a single phase Ni-contact layer was shown by Kullmann et al. where the gas 

diffusion could be neglected [55]. 

SOCs with a Ni/GDC fuel electrode are commercialized for electrolyte-supported cells (ESC) 

by e.g. Kerafol Keramische Folien GmbH & Co. KG [94] or Sunfire SE [95]. Due to the chemi-

cal expansion of the GDC, an ASC purely based on Ni/GDC is not feasible. Thus, research 

groups are working on a concept of an ASC with Ni/YSZ mechanical support layer and a 

Ni/GDC functional layer as shown by Lenser et al. [96]. In the work by Klitkou [97] such type 

of cells were manufactured with a reduced sintering temperature to avoid interdiffusion. How-

ever, both studies concluded that a significant performance increase in comparison to state-of-

the-art ASCs with Ni/YSZ fuel electrodes is still needed. 

3.3 Air Electrode5 

Common air electrodes are perovskite-type lanthanum manganites, ferrites and cobaltites and 

commonly consist of a ABO3 structure [1,54,72,98,99]. La1−𝑥Sr𝑥MnO3−𝛿/8YSZ is a well-

known material for SOC air electrodes [100,101]. Here, the active reaction sites are limited to 

the three-phase boundaries [72]. Thus, a performance increase can be achieved with a mixed 

ionic and electronic conductor such as La𝑤Sr𝑥Co𝑦Fe𝑧O3−δ, a state-of-the-art material already 

applied in commercialized cells [36,38]. However, in case of strontium (Sr) in LSCF air elec-

                                                      
5 Parts of this chapter have been published in M. Ivanova, …, C. Grosselindemann et al., Angew. Chem., 62, 

e202218850 (2023) [1]. 
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trodes, the formation of secondary phases of SrZrO3 (SZO) significantly effects the performance 

of the air electrode [102], which is avoided by applying GDC interlayers. 

3.4 Designs6 

Due to the all-solid-nature of SOCs, various designs [103] have been developed in the last 

decades. In addition to (micro-) tubular designs, planar types consisting of flat multilayer struc-

tures are the most common type nowadays [72], being electrolyte-supported (ESC), fuel elec-

trode-supported (ASC) and metal-supported cells (MSC). [104–107] To obtain technically 

meaningful current and voltage levels for a system, individual cells are connected in series in a 

stack. In a planar SOC stack design, the cells are stacked between metallic interconnectors (see 

chapter 3.7), that ensure bipolar contact with the electrodes of the neighboring cells. Contacting 

and gas supply are realized by flow field structures, while protective coatings (chapter 3.7) are 

required to prevent corrosion of the metallic interconnects and to reduce Cr evaporation, that is 

harmful for the air electrode. Glass, glass ceramics, metallic solders or compressive gaskets are 

applied for a gas-tight seal. [1]  

Various SOC cell and stack designs have been used in commercial or pre-commercial SOFC-

systems. The largest market to date is the Combined Heat and Power (CHP) systems developed 

by various companies [10,76,108–114]. Even though most of these companies have started 

developing cells, stacks and systems for solid oxide electrolysis cell (SOEC) applications, the 

number of commercially available high-temperature electrolyzers remains limited. An example 

is the Sunfire SOEC-system [95,108] with H2 production rate of 750 mN
3 h-1 at up to 850 °C, 

conversion efficiencies above 84% (considering the lower heating value), a consumption of 

3.6 kWh mN
−3 produced H2 with purity above 99.95% after an additional purification stage. 

While SOFC lifetimes of 4 − 10 years have been achieved with different cells, stacks and 

systems, the proven lifetimes of SOECs are mostly below 20 kh [115], which is mainly related 

to the fact that the intensive SOEC development only started in the last decade. [1] The straight-

forward approach of using SOFC cells and stacks for SOEC applications has proven to be 

critical in terms of lifetime and durability. Thus, new electrode, cell and stack concepts for 

electrolysis operation are being developed. In addition, another research focus is on improve-

ments at the system level, e.g., through external heat coupling [116] or reduced water quality 

requirements (seawater) [1,117,118]. A recycling process for ceramics in SOCs was shown by 

Sarner et al. [119]. 

                                                      
6 Parts of this chapter have been published in M. Ivanova, …, C. Grosselindemann et al., Angew. Chem., 62, 

e202218850 (2023) [1]. 
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3.5 Operation in H2/H2O7 

In the case of full cells exhibiting a Ni/GDC fuel electrode and an LSCF/GDC air electrode, an 

unambiguous process assignment by electrochemical impedance spectroscopy (EIS) measure-

ments and subsequent distribution of relaxation times (DRT) analysis was not achieved up to 

now, since different processes in fuel and air electrodes strongly overlap in the spectrum. As a 

first step, symmetrical cells can be used in order to separate fuel and air electrode processes. 

Alternatively, in the work by Hagen et al. [120], a LSM-YSZ air electrode was used to move the 

corresponding loss processes away from Ni/GDC loss processes in the spectra, so that the 

resistance of the Ni/GDC could be identified and quantified. However, the charge transfer and 

gas diffusion at the Ni/GDC fuel electrode also strongly overlap in the impedance spectra 

[56,79,89,121]. The latter is caused by the oxygen non-stoichiometry of GDC, which results in a 

large chemical capacity, shifting the relaxation frequency of the charge transfer process to lower 

relaxation frequencies [82,121]. To overcome this issue and visualize the gas diffusion process, 

gas mixtures containing different inert gases can be applied as shown for Ni/YSZ [122] and 

Ni/GDC [56,123,124] in previous studies.  

Based on the modeling approach by Leonide et al. [36] this work strives for the characterization 

of an electrolyte-supported solid oxide cell with Ni/GDC fuel electrode, 3 mol-% yttria-

stabilized zirconia (3YSZ) electrolyte and LSCF/GDC air electrode as well as the development 

of a zero-dimensional cell model for fuel cell and electrolysis mode [36,125]. Therefore, a 

comprehensive understanding and quantification of the individual loss processes occurring in a 

solid oxide cell is needed, which is also crucial regarding targeted cell development [57]. In 

order to deconvolute the individual loss mechanisms in a solid oxide cell, EIS and the subse-

quent DRT analysis represent powerful methods. This approach has been successfully demon-

strated for electrolyte-supported cells [60,122], anode-supported cells [36] and metal supported 

cells [126,127]. Applying this methodology, the physicochemical loss processes occurring in 

the cells can be identified by their relaxation frequencies and characteristic operating parameter 

dependencies. The quantification is realized by means of complex non-linear least square 

(CNLS)-fitting. Based on the obtained results, zero-dimensional dc cell models, which are based 

on common electrochemical approaches as Butler-Volmer and Fick´s laws, can be developed 

and parameterized. 

In this study, a method for the deconvolution of gas diffusion and activation polarization within 

the Ni/GDC fuel electrode of an ESC by EIS measurements is presented. By quantifying the 

associated electrochemical losses, a zero-dimensional cell model is parameterized, which is 

capable for predicting the cell performance over a wide technically relevant SOC operating 

range.  

                                                      
7 Parts of this chapter have been published in C. Grosselindemann et al., ECS Trans., 103, 1375-1393 (2021) [37] and 

C. Grosselindemann et al., J. Electrochem. Soc., 168, 124506 (2021) [38]. 
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3.6 Operation in CO/CO28 

Among the various types of fuel cells and electrolyzers [1], only solid oxide cells show a high 

fuel flexibility and can, next to hydrogen, operate on carbon monoxide and reformate/syngas 

[7,129–132]. Physicochemical cell models that are able to simulate the cell behavior within a 

wide range of technically relevant operating conditions are a useful tool to optimize the cell 

design, evaluate optimum operating strategies and simulate the cell behavior on stack and 

system level [104,125,133–135]. In the work by Leonide et al. this was developed separately for 

hydrogen/steam (H2/H2O) and carbon monoxide/carbon dioxide (CO/CO2) fuel gas mixtures 

[104,136]. There, the operation with CO/CO2 fuel gas mixtures leads to a significant impact on 

the electrochemical behavior of the anode-supported cell with Ni/8YSZ fuel electrode resulting 

in a higher activation energy of the fuel electrode with 𝐸act,FE,CO/CO2 = 118.64 kJ mol-1 in 

comparison to 𝐸act,FE,H2/H2O =  105.04 kJ mol-1 [104,136]. Further, the gas diffusion losses in 

the 1 mm thick anode substrate are increasing due to the substrate thickness and the low effec-

tive gas diffusion coefficients [136]. In the work by Shaur et al. [58] TLM modeling was shown 

for a single-phase GDC electrode in CO/CO2 mode.  

However, gradients with respect to temperature and gas conversion along the gas channels are 

not considered and require a multiphysics modeling environment. This is provided in the work 

by Russner et al. [137] for a two-dimensional gas-channel model based on a finite element 

method for an ASC and ESC design, which shows the impact of individual loss contributions 

towards a distribution of temperature in a stack layer operated with reformate gas mixtures. 

Also, a single channel model for electrolysis of CO2 in a SOC is proposed in Ref. [138]. In the 

field, so far the solid oxide electrolysis of CO2 is applied in eCOstm developed by Topsoe [139–

141] and in the Mars Oxygen In Situ Resource Utilization (Moxie) Experiment [142]. 

In this work, the focus is on comparing the electrochemistry of an electrolyte-supported cell 

with a Ni/GDC fuel electrode (FE) in H2/H2O in comparison to CO/CO2 fuel gas mixtures. This 

study shall furthermore provide a basis for the investigation of Ni/GDC electrodes in reformate 

respectively syngas mixtures [68,129,143–145] and was performed in the work by Esau et al. in 

another contribution [146]. 

3.7 Metallic Interconnectors9 

Metallic interconnectors (MICs) [148,149] are crucial for the contacting of planar SOCs [72] in 

a stack in order to reach out for large scale industrialization for the production of electricity 

(SOFC), hydrogen (H2) and/ or mixtures of hydrogen and carbon monoxide (synthesis gas) 

[1,68,150]. MICs have an economic benefit regarding material and manufacturing costs as well 

as easier machinability in comparison to ceramic flow fields [148,149,151–153]. These can be 

made of chromia based alloys or ferritic stainless steels with the ability to form a chromium (Cr) 

                                                      
8 Parts of this chapter have been published in C. Grosselindemann et al., Fuel Cells, 23, 442-453 (2023) [128]. 
9 Parts of this chapter have been published in C. Grosselindemann et al., J. Electrochem Soc., 171, 054508 (2024) 

[147]. 
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oxide layer [154–157]. Ferritic stainless steels take advantage in machinability, costs, mechani-

cal properties and have a moderately conductive oxide scale [155,158,159]. The formation of 

the solid (s) chromium oxide layer 𝐶𝑟2𝑂3(𝑠) in oxidizing atmosphere is shown in equation (46) 

and schematically in Figure 12 where chromium 𝐶𝑟(𝑠) from the metallic interconnector reacts 

with oxygen [160].  

 4Cr(s) + 3O2(g)  → 2Cr2O3(s) (46) 

In addition, Cr2O3(s) also reacts with oxygen and evaporates to CrO3(g) or together with 

oxygen and steam to chromium(oxy-)hydroxides CrO2(OH)2(g) in equation (47) and (48).  

 2Cr2O3(s) + 3O2(g) = 4CrO3(g) (47) 

 2Cr2O3(s) + 3O2(g) + 4H2O(g) = 4CrO2(OH)2(g) (48) 

Both chromium species can be precipitated at the air electrode by an electrochemical reaction 

which is thus poisoning the electrode in equation (49) and (50). Finally, the catalytic activity of 

the air electrode is reduced [160]. In addition, limitations in gas supply underneath the contact 

rib can occur as shown in Figure 12 [161]. 

 4CrO3(g) + 12e
− → 2Cr2O3(s) + 6O

2− (49) 

 2CrO2(OH)2(g) + 6e
−  → Cr2O3(s) + 2H2O(g) + 3O

2− (50) 

The steel grade Crofer 22 APU, tailormade for MIC, is extensively studied and used in com-

mercialized stacks for fuel cell as well as electrolysis mode [108,159,162]. In order to minimize 

Cr-evaporation and corrosion from the MIC, protective coatings need to be applied especially 

on the air side [158,163,164]. This decreases chromium poisoning of the air electrode and the 

contact resistance between electrode and MIC. Different techniques are available in order to 

apply various types of coatings [148,165–167]. They can be applied by physical vapor deposi-

tion (PVD) [163], wet powder spraying (WPS) [168], atmospheric plasma spraying (APS) 

[166,169,170], screen printing [171–174], electrophoretic deposition [175] and sol-gel pro-

cessing [176]. 

Numerous steel grades such as AISI 441, 444, 430, 409 and others were investigated in litera-

ture [177–182] with respect to a stack-like contacting of the SOC. Long-term stability for 40 kh 

of operation was shown in Ref. [183–185] for Crofer 22 APU fully coated with a (Co, Mn, 

Fe)3O4 spinel oxide. Different contact layers at the air side were investigated by Kusnezoff et al. 

[186]. A self-healing effect was observed for a manganese-cobalt-iron oxide coating applied by 

APS [169,187]. In addition, chromium evaporation also needs to be considered from balance-of-

plant components upstream to the air electrode such as heat exchangers [188,189]. Furthermore, 

hydrogen embrittlement [190] occurs as a reversible process in a comparably narrow tempera-

ture window below approx. 100 °C [191,192]. In the work by Kniep et al. [193], it was stated 
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that hydrogen embrittlement may become into effect for SOC systems with respect to start-up 

phases or flexible operation regarding peak loads. 

In this work, 3 different steel grades (Crofer 22 APU, AISI 441, UNS S44330) are investigated 

in the uncoated and coated state. A protective coating of cerium-cobalt (CeCo) is applied by a 

PVD-process. The CeCo protective layer is a commercialized product (SanergyTM HT) by 

Alleima AB [194] (former Sandvik Materials Technology), which can be applied in a high 

volume large scale roll to roll coating process on any ferritic stainless steel grade. The protective 

layer consists of a top layer of metallic Co with approx. 600 nm and a Ce layer in the range of 

10 − 20 nm [163]. This type of coating was proven to be suitable for stable long-term operation 

of nearly 40 kh [195] and also holds self-healing properties [196]. In the work by Norrby et al. 

[197] a CeCo coated steel grade (AISI 441) was exposed at 800 °C in air in a box furnace for 

87700 hours and showed no sign of breakaway corrosion. 

In a previous study by Reddy et al. [177] different steel grades (AISI 441, 444, 430, 409) were 

investigated in the uncoated and coated (CeCo) state by time-resolved mass gains, chromium 

evaporation (denuder technique [198]) and measurements of the area-specific resistance (ASR). 

A different oxidation rate as well as Cr-evaporation was found between the uncoated steels. By 

applying a commercialized PVD coated CeCo layer the Cr-evaporation rate was reduced by 

60 − 100% [177]. For the uncoated steels in Ref. [177] a chromium manganese ((Cr,Mn)3O4) 

layer is formed at the surface of the MIC. In comparison, a cobalt manganese ((Co,Mn)3O4) 

layer at the surface results from the coated samples [177]. 

To analyze the performance on the single cell level [57,199] effects resulting from the MIC like 

chromium poisoning [101,179,200–202], corrosion [153,203] as well as increased contact and 

gas diffusion losses need to be omitted. This requires the application of an inert testing envi-

ronment with ceramic flow fields and noble metal contact grids in order to analyze the ideal cell 

performance as described in chapter 4.2.1 [125,204,205]. 

In addition, to investigate the different impacts of a stack-like contacting on the cell perfor-

mance, individual effects can be mimicked in a single cell test. This can for example be realized 

by an upstream chromium source [101] or a metallic flow field in combination with a noble 

metal contact mesh [179] that avoids further impacts related to increased contact and gas diffu-

sion resistances or a stack-like flow field made from noble metal that just mimics limited gas 

diffusion and inhomogeneous contacting of the electrode [27]. 

This work focusses on the investigation of loss contributions related to the interconnector mate-

rial, coatings and cell contacting / gas supply. Single cells were tested with a stack-like contact-

ing applying a single metallic flow field geometry made from three different steel grades 

(Crofer 22 APU (1.4760), AISI 441 (1.4509), UNS S44330 (1.4622)) with and without a ceri-

um-cobalt PVD-coating [167,177,206]. Cell performance and losses are evaluated by IV-

characteristics, impedance spectroscopy and DRT-analysis. Based on a method developed by 

Kornely et al. [27] the contact loss between the MIC and the electrode is evaluated. The results 

of the electrochemical characterization are correlated to the Cr-oxide scale formed on the inter-

connectors and the existence of Cr-compounds in the air electrode. Microstructural analysis 

[177] of the different tested metallic interconnectors is performed by scanning-electron-
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microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDXS). The air electrodes are 

investigated by SEM-EDXS as well as TEM-EDXS when in contact with all un-/coated MICs 

of this work. 

3.8 Glass Ceramic Sealings 

In a commercial SOC stack, numerous cells and metallic interconnectors need to be sealed 

before its operation with a lifetime of up to 100 kh [207]. The operating environment with high 

temperatures (600 − 900 °C) as well as reducing and oxidizing atmospheres demands high 

requirements for the sealing. Different types of high-temperature sealings [208,209] are availa-

ble on the market. Glass ceramic sealings are already applied in commercialized SOC stacks 

[210] and were investigated in literature [211–216]. A comprehensive introduction for glass 

ceramic sealings can be found in Ref. [216]. Here, a summary is provided with relevant infor-

mation for this work. These sealings are provided as glass powders which are then mixed with a 

liquid binder to form a paste which can be directly applied by a dispensing process or casted to 

a tape and is placed outside of the active area of the cell between MIC and electrolyte. Once the 

stack with MICs, cells and sealing is in place, a thermal treatment is needed. A characteristic 

property is the glass transition temperature 𝑇g. At this temperature, the degree of deformation is 

changing since a rigid glass turns into a rather soft state. Different cell types such as ASCs, 

ESCs or MSCs come along with different material configurations in their electrodes, electro-

lytes and mechanical support layers. Thus, various glass ceramic sealings need to be tailored for 

the specific operating range of the individual cells. This results in different material configura-

tions to match the specific requirements. Common network formers are SiO2 as well as Al2O3 

which are needed to adjust the viscosity of the sealant in order to stabilize it [216]. However, Si-

species are known to poison the electrodes as shown in Figure 12 [217,218] and inhibit electro-

chemical reactions resulting in a significant performance loss of the cell. Thus, the applied 

amount of glass ceramic sealing needs to be minimal and optimized. Most importantly the 

coefficient of thermal expansion (CTE) needs to be harmonized between glass ceramic sealing, 

the electrolyte as well as MIC to guarantee its integrity in the stack. Otherwise mechanical 

stresses can cause a severe failure of the joined set-up and cause a high leakage. Also, a high 

electrical resistivity is needed. However, interactions between the MIC and glass ceramic seal-

ant also need to be considered. Depending on the steel grade, MICs form different chromium 

containing oxide scales as described in the previous chapter 3.7, which also has an impact on 

the functionality and longevity of the glass ceramic sealing since conducting phases can be 

formed. In addition, short circuits can be generated by the formation of alkaline or earth alkaline 

chromates and also increase gas permeability. Volatile species can be released and lead to pore 

formation and thus an increased leakage rate [216]. In addition, temperature gradients need to be 

considered with respect to the mechanical stability during thermal cycling as well as gradients 

along the stack during its operation [216].  



3  Materials, Designs and Operation of Solid Oxide Cells 

28 

 

Figure 12 Schematic evaporation of Cr- and Si-species from the metallic interconnector and 

glass ceramic sealing respectively with subsequent poisoning of the air electrode as well as 

limitations in gas supply. 

3.9 Pressurized Operation10 

A comprehensive techno-economic analysis about the pressurized operation of SOECs was 

performed by Nami et al. [14]. Nowadays SOECs are only cost-competitive in comparison to 

grey hydrogen by steam reforming when a CO2 tax is considered [14]. This can change in the 

future, as the authors stated, that pressurized SOEC is economically beneficial even if the sys-

tem capital expenditure (CAPEX) increases by 20%. The cost of hydrogen was estimated for 

2050 to 1.4 € kg-1 H2 for pressurized SOEC in comparison to 1.6 € kg-1 H2 for close to atmos-

pheric SOEC by assuming free steam. A deviation of 0.2 € kg-1 seems comparatively small. 

However, with respect to the hydrogen demands of 95 − 130 TWh (approx. 2.85 − 4.05 Mio. t 

H2) estimated for 2030 in Germany alone [5], the economic benefit is obvious. In addition, 

hydrogen will be carried in large quantities by ammonia. The cost of producing ammonia by 

using a pressurized SOEC was estimated to 495 € t-1 and represents the cheapest option in 

comparison to its operation at ambient pressure [219]. 

Regarding SOEC operation under atmospheric pressure, the downstream mechanical compres-

sion of hydrogen can cause an efficiency loss of approx. 5% as shown in Ref. [15]. Therefore, 

bypassing especially the first mechanical compression stage is crucial. Thus, the coupling of a 

pressurized SOEC followed by a chemical reactor in a power-to-X process has been discussed 

as a concept and modeling basis in literature [220–222]. However, an experimental coupling of 

a pressurized SOEC and methanation was so far only shown in the work by Gruber et al. [223]. 

The pressurized operation of a solid oxide fuel cell enables a higher power density and efficien-

cy as shown in simulative works [45,224–226] as well as experimentally for single cells 

[16,17,227,228] and stacks [18,229–231]. 

A detailed theoretical study about the influence of the pressure towards SOC performance and 

loss mechanisms is provided in literature [33]. In this work, the 0D-dimensional impedance-

                                                      
10 Parts of this chapter have been published in C. Grosselindemann et al., J. Power Sources, 614, 234963 (2024) [2]. 
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based performance model is used to theoretically predict the current voltage behavior under 

pressurized conditions and provides a reference for the first experimental results. 

Until now, experiments under elevated pressure were performed in fuel cell and electrolysis 

mode. On cell [16,21–23,227,228,232–237] and stack level [19,24,25,230,231,238], the operat-

ing pressures were mainly set in a range of ~1 −  10 bara with limited studies [8] performed 

above 10 bara. Although, there is one case reported by Jensen et al. [18], which operated a stack 

at pressures as high as 25 bara. Generally, the increase of the open-circuit voltage 𝑈OCV with 

increasing pressure is beneficial for fuel cell mode as shown in the work by Henke et al. [239]. 

The authors stated with the shown improvement of power density, that pressurized operation 

can decrease costs, weight and volume of SOFC systems as the number of cells can be mini-

mized. Further, Cadigan et al. [230] reported the most significant results in electrochemical 

performance when operating a SOFC stack with metal-supported cells up to 4 bara. In the work 

by Shy et al. [234] and Hung et al. [240], a pressurized ammonia-fueled SOFC was demonstrat-

ed as a candidate for coupling with a micro gas turbine. In Ref. [241] a unique 3D printed SOC 

is presented with embedded channels into the cell and enhanced mechanical stability targeted 

for pressurized operation. In addition, microtubular cells also seem promising for pressurized 

operation [242]. 

For electrolysis [243], an increase in 𝑈OCV at higher pressures results in a slightly higher power 

input. Bernadet et al. [233] and Sun et al. [16] showed with tests of fuel electrode supported 

cells that this can be leveled out at elevated pressures of up to 10 bara and at higher current 

densities. In the work by Riedel et al. [24] fuel-electrode supported cells were compared in 

electrolysis mode with electrolyte-supported cells (ESC) on stack level with pressures up to 

8 bara. It was found, that the stack with ESCs only showed a minor influence towards pressuri-

zation. In comparison, a performance gain of 3% at 8 bara could be achieved for the stack with 

fuel electrode-supported cells. Nevertheless, the authors emphasized that other properties of the 

cell such as mechanical or redox stability need to be considered for the system design [24]. The 

negative increase of OCV for SOEC operation can be avoided by a single-sided pressurization 

of the fuel side and leaving the air side atmospheric as shown in Ref. [34]. However, this results 

in a differential pressure between fuel and air side, which causes high mechanical stresses on the 

cell. The experimental feasibility of such operation still needs to be further evaluated. 

To the date of publishing the new test bench developed in this work in Ref. [2], all known 

pressurized SOC systems and testing devices for cells and stacks were realized with a pressure 

vessel [8,16–26], resulting in voluminous, costly and heavy systems. As cells and sealants used 

in stacks are considered to be limited to pressure gradients in the range of a few hundred mbara, 

a complex pressure control strategy is required to align vessel-, fuel- and oxidant pressures. In 

the meantime, a dome less testing set-up was shown in the work by Langerman et al. [244] as 

well.  

In this work, a SOC is operated at pressures of up to 11 bara in a glass-ceramic sealed cell 

housing without a pressure vessel. A newly developed test bench and metallic cell housing for 

single cell testing of SOCs with a unique pressure regulation and without external pressure 

balancing is introduced. 
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4 Experimental 

The testing of experimental cells with respect to ideal and stack-like contacting as well as test-

ing under atmospheric and pressurized conditions is described in the following section.  

4.1 Experimental Cells1  

In this work planar electrolyte-supported cells with an active cell area of 1 cm2 were investigat-

ed. The cells exhibited a Ni/GDC fuel electrode, a 3 mol-% YSZ (3YSZ) electrolyte substrate 

and an LSCF air electrode. Additional GDC layers were placed in between electrodes and 

electrolyte. The layer thicknesses were analyzed by scanning electron microscopy (SEM) yield-

ing in a thickness of approx. 24 µm for the fuel electrode, approx. 85 µm for the electrolyte and 

approx. 30 µm for the air electrode. Furthermore, a SEM image of a focused ion beam (FIB) 

polished fuel electrode cross section is presented in Figure 13. The FIB-polishing and SEM-

imaging was performed in a SEM/FIB Thermo ScientificTM Helios G4FX DualBeamTM (Thermo 

Fisher Scientific, Waltham, Massachusetts, USA) instrument. Further information about the 

equipment can be found in Ref. [245]. Three different cell layers become visible in this SEM 

image, namely the 3YSZ electrolyte 1 (cf. Figure 13), a GDC interlayer 2 and a Ni/GDC fuel 

electrode 3. In the latter, Ni depicts the darker grey particles and GDC the lighter grey ones with 

black pores in between. It can be observed that the Ni particle size and amount varies from 

bottom to top of the electrode. This further demands the investigation of the role of three phase 

boundaries at Ni/GDC electrodes compared to double phase boundaries of pure GDC electrodes 

regarding the electrochemical performance. In order to study the processes at cathode and anode 

individually, symmetrical cells with nominally identical electrodes on both sides of the electro-

lyte were applied. Further details about the microstructure can be found in Ref. [75]. The re-

quired dimensions for placing the cell in the test bench for atmospheric testing are shown in 

Figure 15 (b). With respect to experimental ESCs for pressurized testing, small adjustments 

related to the new test bench were necessary and are described in chapter 4.3. 

In addition, planar fuel electrode-supported cells (Figure 15 (a)) were analyzed with an active 

area of 1 cm2. The cell is mechanically supported by a Ni/3YSZ substrate layer (500 µm thick-

ness) and exhibits a Ni/8YSZ active functional layer (12 µm thickness) on a 8YSZ electrolyte 

(4 µm thickness). A GDC layer (≈ 2 µm thickness) is placed between the electrolyte and the 

LSCF air electrode (48 µm thickness). [246,247] The electrochemical characterization and 

parametrization under atmospheric conditions was performed similar to Leonide et al. [36] 

without changing the methodology and is therefore summarized in the appendix 7.3. 

 

                                                      
1 Parts of this chapter have been published in C. Grosselindemann et al., ECS Trans., 103, 1375-1393 (2021) [37] and 

C. Grosselindemann et al., J. Electrochem. Soc., 168, 124506 (2021) [38]. 
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Figure 13 SEM image of a FIB-polished fuel electrode cross-section with a 3YSZ electrolyte in 

cell layer 1, a GDC interlayer 2 and a Ni/GDC fuel electrode 3 with Ni particles (darker grey), 

GDC particles (lighter grey) and black pores in between; mirror detector, electron energy: 

5 keV, electron beam current: 0.4 nA. Taken from Ref. [38]. 

4.2 Testing under Atmospheric Pressure 

Testing of SOCs under atmospheric pressure (assumed to be 1 bara in this work) is extensively 

described in Ref. [28] and summarized here. In addition, the stack-like contacting with metallic 

interconnectors is shown in chapter 4.2.2.  

4.2.1 Ideal Contacting23 

The fuel is supplied by a gas mixing unit via mass flow controllers providing gas mixtures of 

hydrogen (H2), oxygen (O2) as well as the inert gases nitrogen (N2) and helium (He), respective-

                                                      
2 Parts of this chapter have been published in C. Grosselindemann et al., ECS Trans., 103, 1375-1393 (2021) [37] and 

C. Grosselindemann et al., J. Electrochem. Soc., 168, 124506 (2021) [38]. 
3 Parts of this chapter have been published in C. Grosselindemann et al, J. Electrochem Soc., 171, 

054508 (2024) [147]. 
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ly, as shown in Figure 14 (a). A total flow rate of 250 sccm is set at each electrode side. Steam 

is produced in an upstream combustion chamber by mixing oxygen to the fuel (Figure 14 (d)). 

This enables a stable fuel humidification of up to 100 % H2O. Alternatively, fuel gas mixtures 

of carbon monoxide (CO) and carbon dioxide (CO2) can be set. In addition, reformate gas 

mixtures of H2/H2O/CO/CO2 can be generated as well. However, this is not part of this study 

and considered in other works [68,143,146]. The test bench is shown by a CAD-model (de-

signed in Autodesk Inventor Professional 2023) in Figure 14 (b) with a view inside the furnace. 

Here, a ceramic (Al2O3) hood is placed above the cell housing on a fully ceramic mechanical 

support structure and can be flushed with N2. Below, the fuel gas mixture and oxidant are sup-

plied with ceramic gas lines towards the cell housing. The ceramic hood is removed in Figure 

14 (c) so that the ceramic cell housing placed in the middle of the furnace as well as ceramic 

sealing weights (approx. 750 g) become visible. 

 

Figure 14 (a) Flowchart schematic of gas supply for the test bench under atmospheric pressure. 

(b) View into furnace with mounted ceramic hood for N2-flushing. (c) View into furnace with-

out ceramic hood. (d) Cross section of the H2-burner with Pt catalyst mesh. 

A schematic sketch of an experimental ASC with Ni/8YSZ fuel electrode and Ni/3YSZ sub-

strate and ESC with Ni/GDC fuel electrode is shown in Figure 15 (a) and (b) respectively. Ideal 
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contacting is realized by an inert testing environment with respect to a ceramic (Al2O3) cell 

housing and flow fields as shown in Figure 15 (c) [28]. Regarding the small-scale active area of 

1 cm2 a gradient free system with respect to temperature and gas conversion can be assumed in 

comparison to cell sizes used in commercialized stacks. The cell is placed between the housing 

blocks for fuel and air side respectively as shown in Figure 15 (c) and (d) by a cross section of 

the CAD-model. Contacting of the electrode is realized by finely meshed double-layered grids 

with Ni at the fuel and gold at the air electrode (Figure 15 (c) and (d)). At the top of the test 

bench (Figure 14 (b)), contact weights (200 g) are placed on the thermocouple (type S) which is 

connected to the ceramic flow field at the air side and supplying the required contact force for 

the Au-grid onto the air electrode. The flow field is decoupled from the ceramic housing (Figure 

15 (c) and (d)). Similarly, this is applied at the fuel side (bottom housing block). Contact losses 

resulting from this setup can be neglected [28,38,205]. The cell voltage 𝑈cell results from the 

difference in electrical potential between the Ni grid (𝜑mesh,FE) and gold grid (𝜑mesh,AE). The 

contact meshes are connected with electrical feedthroughs within a ceramic capillary visible in 

Figure 15 (c), (d) and (e) enabling a four-point measurement set-up. In addition, smaller elec-

trodes are placed before and after the cell to monitor the OCV. These are connected with two 

gold-pins at the air side (Figure 15 (d)) and Ni-meshes at the fuel side (Figure 15 (e)). Cell 

mounting begins with prepared meshes at the fuel side (Figure 15 (f)) and placing the cell on top 

afterwards (Figure 15 (g)). An Au-sealing frame is placed between the cell and housing at the 

air side (Figure 15 (h)). In combination with the ceramic weights, sufficient sealing of the test 

bench is reached. 

After mounting the cell in the test rig, a predefined startup procedure was performed. Here, 

crucial steps like the reduction of NiO in the fuel electrode need to be conducted as the micro-

structure determines the cell performance significantly [248]. In the following testing phase, 

impedance spectra and CV-characteristics were measured at systematically varied operating 

conditions. The spectra were acquired by a frequency response analyzer using a pseudo-

potentiostatic mode (amplitude ≤ 12 mV regarding the polarization resistance [28]). The fre-

quency was varied in between 30 mHz and 105 Hz (Zahner Zennium E) or 1 MHz (Solartron 

1260) with 12 points per decade. All experiments were conducted under open circuit conditions 

(OCV), except for the determination of the charge transfer coefficients 𝛼. The voltage cap was 

set between 0.6 − 1.4 V. 

In case of operating with CO/CO2 [128], the thermodynamic stability of the fuel gas mixtures 

needs to be considered. This was checked with the open-source program Cantera [249] in order 

to prevent carbon deposition in the fuel electrode. In addition, the voltage cap for electrolysis 

mode was limited to 1.2 V. [128] 

The validity of the measured spectra was verified by a Kramers Kronig Test [51]. Regarding 

testing under ideal contacting, ageing effects were excluded by reference measurements.  
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Figure 15 (a) Schematic experimental ASC with Ni/8YSZ fuel electrode and (b) ESC with 

Ni/GDC fuel electrode (adapted from Ref. [38]). CAD model cross sections of the Al2O3 hous-

ing in (c) and (d) of ideal cell contacting with OCV monitors. (e) Ideal contacting with Ni 
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contact grid and OCV monitors at the fuel side. (f) Housing cross section at the fuel side and 

subsequent cell mounting in (g). Sealing with Au-frame in (h). 

4.2.2 Stack-like Contacting4 

With respect to a stack-like contacting as shown in Figure 16 (a) metallic flow fields exhibiting 

a model geometry were manufactured from different steel grades Crofer 22 APU, AISI 441 and 

UNS S44330 by milling. To enable a uniform coating by physical vapor deposition (PVD) a 

flow field geometry with round channels (0.5 mm radius) was chosen. The chemical composi-

tion of the specific batches of the three steel grades is listed in the appendix in Table A 6 and 

Table A 7. In comparison, Crofer 22 APU has the highest content of chromium and AISI 441 

has the least. To minimize Cr evaporation from uncoated parts of the samples [251], CeCo (10 

nm/600 nm) was deposited on all sides and edges of the sample. The depositions were done by 

Alleima AB (SanergyTM HT) using a batch PVD coater which realizes thin films in the nanome-

ter range by evaporation of metallic Ce and Co in vacuum. Such a coating can be applied on any 

ferritic stainless-steel grade. 

To establish a stack like contacting between electrode and metallic flow field, additional contact 

layers are applied. A single-layered Ni-grid is point welded onto the MIC at the fuel side. Re-

garding the air side, an LSCF contact paste is screen printed onto the air electrode and mounted 

in the liquid state. In Ref. [252] the impact of an initial dry contact paste is discussed.  

For the fuel electrode side potential probes are connected to the nickel mesh as well as to the 

MIC at the fuel side as shown in Figure 16 (c). The potential difference between metallic inter-

connector 𝜑MIC,FE and contact mesh 𝜑mesh,FE results in the contact voltage loss 𝜂contact,FE at 

the fuel electrode (FE) in equation (51). 

 𝜂contact,FE = 𝜑MIC,FE − 𝜑mesh,FE (51) 

The resulting contact losses related to the contact between air electrode and MIC, i.e. mainly 

due to oxide scales on the steel, can be quantified with a measuring technique introduced by 

Kornely et al. [27]. At the air side the potential is likewise measured at the MIC. To access the 

potential of the LSCF contact layer, a ceramic capillary with a gold wire ending on top of the 

contact layer surface is plugged through a drilled hole in the MIC (Figure 16 (b) and (c)). Thus, 

the potential at this point can be measured and likewise the corresponding voltage loss 

𝜂contact,AE is defined in equation (52) by the difference between the metallic interconnector 

𝜑MIC,AE and the probe 𝜑probe,AE at the air electrode (AE). 

 𝜂contact,AE = 𝜑MIC,AE −𝜑probe,AE (52) 

                                                      
4 Parts of this chapter have been published in C. Grosselindemann et al., ECS Trans., 111 (6), 533-546 (2023) [250] 

and C. Grosselindemann et al, J. Electrochem Soc., 171, 054508 (2024) [147]. 
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It should be noted that 𝜂contact,AE includes the contact losses and the losses resulting from the 

in-plane conduction in the air electrode [27]. In case of an LSCF electrode and additional LSCF 

contact layer the latter can be neglected [161]. 

Furthermore, Figure 16 (d) shows a variation of the contact set-up with a metallic flow field at 

the fuel side and a ceramic flow field at the air side in order to allocate the impact of enhanced 

gas diffusion at the MIC-contacted fuel electrode. 

 

Figure 16 (a) CAD model cross section of Al2O3 housing and (b) with metallic flow fields and 

Au-pin for potential measurement at the air electrode. (c) Stack-like contacting with metallic 

interconnectors with welded Ni-grid (fuel side) and screen printed LSCF contact paste layer (air 

side) with potential probes. (d) MIC with welded Ni-grid at the fuel side and a ceramic flow 

field with gold mesh at the air side. Graphic (c) and (d) adapted and taken from Ref. [147]. 

Sufficient drying and sintering of the initially liquid LSCF contact paste was realized at 850 °C 

in air for 24 h. In the following testing phase, impedance spectra and IV-characteristics were 

measured at systematically varied operating conditions. 

Degradation effects during the rather short test of approx. 200 h were evaluated from reference 

measurements at start and end of test. The ideal contacted cell as well as all experiments with 

coated MICs showed nearly no performance change (<  5%), whereas a significant degradation 

(10 –  40%) was observed in case of uncoated MICs. For comparison spectra and IV-

characteristics of tests with uncoated MICs were taken at the start of test.  
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4.2.2.1 Post test analysis of Metallic Interconnectors 

The tested un-/coated metallic interconnectors were analyzed post-mortem by preparing cross-

sections with a Leica EM TIC 3X Broad Ion Beam (BIB) milling system. The microstructure of 

the oxide layers was investigated by a JEOL JSM-7800F Prime SEM with an Oxford Instru-

ments Energy-Dispersive X-ray spectrometer using 10 kV for imaging and 15 kV for EDXS. 

In addition, EDXS of the electrodes was performed with a Quanta FEG 650 scanning electron 

microscope equipped with a Bruker Quantax 400 SSD energy-dispersive X-ray detector. Pro-

cessing of data was performed using the Bruker ESPRIT software package. 

Furthermore, samples were prepared for investigation in a transmission-electron microscope 

(TEM) by preparing lamellas with a focused-ion-beam (FIB) in a SEM. The preparation of the 

lamella was done with a Thermo ScientificTM Helios G4 FX Dual-Beam (Thermo Fisher Scien-

tific). Afterwards, it was investigated in the OSIRIS ChemiStem TEM from Thermo Fisher 

Scientific at 200 kV. 

4.3 Pressurized Single Cell Testing5 

Test bench design, cell dimensions, pressure regulation and electrochemical characterization are 

described in the following sections. 

4.3.1 Gas Supply and Pressure Regulation 

The gas supply is realized via a gas mixing unit as described for the test bench under atmospher-

ic pressure in chapter 4.2.1 [28]. Likewise, an upstream combustion chamber is located inside 

the fuel gas line as can be seen in Figure 17 (a) (H2-burner). Here, steam is produced by mixing 

oxygen to the fuel. This enables up to 100% steam in the fuel gas. A total flow rate of 250 sccm 

per electrode is set as well. In this test bench a new pressure control concept is applied that is 

based on a single pressure controller, removing the need to control the differential pressure 

between fuel and air side as shown in the flowchart schematic in Figure 17 (a). No further 

pressure tank is needed in order to balance the pressure. Additionally, in comparison to Figure 

14 (a) and Ref. [28] here the off-gas from the fuel and air side is united in a downstream com-

bustor as shown in Figure 17 (a). Thus, only one gas phase is remaining after the off-gas burner. 

For a reliable, oscillation free operation of the downstream pressure regulator the steam needs to 

be removed, which is realized by a water separator [253]. 

4.3.2 Pressurized Test Bench 

The new test bench is based on existing SOC testing technology [28] described in chapter 4.2 

which was redesigned to enable pressurized operation without a pressure vessel or complex 

pressure control strategies. The designing and engineering process as well as mounting with 

                                                      
5 Parts of this chapter have been published in C. Grosselindemann et al., J. Power Sources, 614, 234963 (2024) [2]. 
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demonstration of functionality was a key part in this thesis. The pressurized test bench devel-

oped in this thesis is shown with a CAD-model (designed in Autodesk Inventor Professional 

2023) in Figure 17 (b) with a front view and (c) side view. A view inside the furnace is present-

ed in Figure 17 (d). In comparison to Figure 14 and Ref. [28], a metallic cell housing enabling a 

cell integration by glass-ceramic sealants is designed. The commonly used fully ceramic set-ups 

with gold or ceramic sealants are critical regarding gas tightness at elevated pressures as tubes 

are simply plugged together. The metallic cell housing is made of APMT (Kanthal® [254]) as 

this material combines high stability and creep strength under oxidizing and reducing atmos-

pheres with low Cr-evaporation due to the Al2O3 oxide scale. This material was chosen to 

maintain inert testing conditions as good as possible in comparison to the ideal contacting set-up 

described in chapter 4.2.1. The fuel (bottom) and the air side (top) of the housing were ma-

chined from 30 mm APMT sheets. The APMT gas lines for fuel and air supply inside the fur-

nace are welded to the fuel and air side housing. Welding of APMT represented a major chal-

lenge in this work, since a well-defined welding protocol has to be considered [254]. It is of 

great importance to avoid a localized heat impact by open flames on the APMT material to 

avoid the formation of cracks. Thus, homogeneous heating needs to be performed accordingly 

in a suitable furnace regarding housing and tube dimensions. This includes a pre-heat treatment 

of 250 °C (+/− 50 °C) followed by welding at 250 °C (not allowed below 200 °C) and an 

immediate post-heat treatment at 850 °C (+/− 20 °C) for 1 h. Another pre-oxidation at 1050 

°C for 8 h was carried out. Alternatively, tubes made of Alloy 600 could be soldered with silver 

(XPAg8CuO0,5Cu/S, Innobraze GmbH) into the APMT housing. 

Fuel and air supply in the housing plates is realized via milled gas lines schematically shown in 

Figure 17 (e-f). The metallic housing blocks are compressed between two Al2O3-plates by two 

Al2O3 rods (Figure 17 (e)). It is recommended to get the Al2O3-plates manufactured in the final 

shape already and strictly avoid milling afterwards with respect to crack formation. The ceramic 

rods (35 mm in diameter) are fixed at the test rig outside of the furnace. From the top an inflata-

ble boot provides the force for compression in order to withstand the driving force from the gas 

phase at the electrodes as shown in Figure 17 (e). Depending on open (unsealed) cell area and 

operating pressure level this force has to be adjusted. In this study a pressure of 7 bara was 

applied to the inflatable boot corresponding to a force of approx. 8 kN. The Al2O3 plates be-

tween ceramic rod and APMT housing block distribute the clamping force equally. With this, a 

critical point force from the ceramic rod into the metal housing block can be avoided, as the 

metal would be bended regarding its lower toughness. However, a decoupled contact force on 

the flow field towards the cell cannot be applied in this set-up as it is realized for atmospheric 

test benches (see chapter 4.2.1). 

In this work, fuel and air side are pressurized equally. As shown in Ref. [14,34], it is the further 

goal to pressurize the fuel side only, so that the increase of OCV can be avoided. An operation 

of the test bench with differential pressure having the fuel side pressurized and the air side 

atmospheric is in general possible and can be investigated in a future work. 
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Figure 17 (a) Flowchart schematic with one pressure regulator only. (b) CAD-model front view 

as well as (c) side view and (d) view into furnace of pressurized test bench. (e) Schematic 
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compression with inflatable boot and ceramic rods. (f) Scheme of pressurized lines without a 

pressure vessel. Graphic taken from Ref. [2]. 

4.3.3 Cell Mounting Electrolyte-supported Cell 

Planar electrolyte-supported cells with an active electrode area of 1 x 1 cm2 as described in 

chapter 4.1 were investigated (see Figure 18 (a)). Even though the APMT is an Al2O3-former 

and thus electrically insulating at the surface, the area of the electrolyte sheet of 100 mm x 100 

mm is equal to the metallic cell housing (see Figure 18 (g)). This further ensures electrical 

insulation between the two metallic housing parts. The contacting was adapted from the previ-

ous chapter 4.2.2 regarding a stack-like contacting with metallic flow fields shown in Figure 18 

(b) and (e). Here, a CeCo protective coating is also applied at the air side.  

In Figure 18 (d) a cross section of the metallic housing is shown with the CAD model. As the 

Al2O3 oxide scale on the APMT-housing is insulating, the metallic flow fields are contacted in a 

four-point measurement setup via Pt-wires and electrical feedthroughs to ensure a reliable 

electrical connection. The feedthroughs are realized by platinum wires insulated by Al2O3 

capillaries towards the metallic housing plates (Figure 18 (c)). A gas- and pressure tight sealing 

is realized by silver soldering (XPAg8CuO0,5Cu/S, Innobraze GmbH) the capillary and like-

wise Pt wire into the metallic housing block. This worked well during first tests in terms of 

sealing as the silver fills up small gaps of approx. 0.1 mm. However, the Pt wires became brittle 

with time, so that longterm testing with several mounted cells becomes impossible. Thus, the Pt-

wires were subsequently sealed with glass ceramic sealing paste as well (G018-392). The glass-

ceramic sealing paste requires a comparably larger sealing gap of approx. 1 mm. 

An additional ceramic tube is placed inside the APMT fuel gas line, which does not fulfill 

criteria in terms of sealing but serves as a thermal protective layer with respect to the upstream 

H2-burner. The metallic flow fields are placed on exchangeable positioning blocks enabling a 

high flexibility regarding single cell contacting as shown in Figure 18 (d) and (e). 

Prior to cell mounting, a LSCF contact paste is screen printed onto the air electrode as described 

in chapter 4.2.2 and shown in Figure 18 (b). The metallic flow field at the fuel side is in contact 

with a 3D flexible Ni-knit ensuring a good contacting of the fuel electrode even without the 

well-defined contacting pressure available in the atmospheric test bench (Figure 18 (b)). Contact 

layers at fuel and air side have to provide a sufficient flexibility during mounting. The gas- and 

pressure tight sealing of the cell is realized by a glass ceramic sealing paste based on the glass 

powder G018-281 (SCHOTT AG, [209]) for ESCs that is applied outside the active cell area 

onto the metallic housing (Figure 18 (f)) prior to cell mounting. The cell is then placed on the 

housing in Figure 18 (g). Afterwards another layer of glass ceramic sealing is applied onto the 

cell in Figure 18 (h) to ensure gas tightness between the air side and the metallic cell housing. 

Thus, the pressurized area in Figure 18 (i) inside the housing is minimized to an area of 

4.48 cm². The maximum sealing width in this setup is 34 to 43 mm, which is significantly 

larger than a typical sealing width in stacks. A pre-defined thermal protocol for binder burnout 

and sealing is performed prior to cell testing.  
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Figure 18 (a) Single cell dimensions and (b) schematic contacting with metallic flow fields. (c) 

CAD-model cross section with Pt contact wires in ceramic capillary and (d) CAD model cross-

section of metallic cell housing. (e) Stack-like contacting with metallic flow fields, positioning 

blocks and Pt contact wires. (f) Glass ceramic sealing at the fuel side before mounting the cell in 
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(g). Glass ceramic sealing at the air side in (h) after cell mounting with pressurized cell area in 

(i). Graphic taken and adapted from Ref. [2]. 

After cell testing and cooling down to ambient temperature, the two metallic housing plates and 

the cell were still connected by the glass ceramic sealing, which required further efforts for de-

mounting and cleaning of the metallic cell housing. Next to the metallic housing made of 

APMT, a housing made of Crofer 22 H (18 mm sheets) with welded gas tubes made of AISI 

Alloy 600 was manufactured and tested in this work (welded with VDM FM 625). Here, the 

material combination was chosen as welding is not as critical in comparison to APMT. In addi-

tion, Crofer 22 H represents “the” steel grade for SOC technology.  

In comparison to the reference test benches exhibiting full ceramic housings and contacting by 

gold and Ni-meshes respectively [28], the metallic housing and flow fields and the application 

of the glass ceramic sealant might affect the cell performance by Cr- or Si-species poisoning the 

electrode. Effects from the stack-like contacting set-up are discussed in chapter 5.3. Poisoning 

effects from Si-components from the glass ceramic sealing need to be considered [255] and 

investigated. 

4.3.4 Cell Mounting Anode-supported Cell 

The newly developed test bench is designed to test any type of planar SOC, such as ASCs as 

well. Differences in comparison to cell mounting of an ESC in chapter 4.3.3 are described in the 

following section.  

For the ASC the same cell dimensions are applied as in Figure 15 (a) with the 50 mm x 50 mm 

electrolyte area, which is smaller in comparison to Figure 18 (a) for the ESC. The comparatively 

thick and porous anode-support layer needs to be sealed as well, which would not be possible 

having a 100 mm x 100 mm area. However, the active cell area remains 1 cm2. Here, an addi-

tional ceramic sealing frame is needed and placed onto the metallic housing block at the fuel 

side in Figure 19 (a), which should have the same thickness as the cell. Subsequently the exper-

imental cell is mounted in the center (Figure 19 (b)). The gap between ceramic frame and cell is 

filled with glass ceramic sealing (G018-392) (Figure 19 (c)), resulting in the pressurized cell 

area in (d). 
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Figure 19 CAD model cross sections with placing a ceramic sealing frame in (a), mounting the 

cell in (b), applying the glass ceramic sealing in (c) and the indicated pressurized cell area 

in (d). 

 



 

45 

5 Results and Discussion 

In the following section the results of ideal contacting in H2/H2O mode are compared with 

CO/CO2 operation as well as stack-like contacting. In addition, results with the newly developed 

pressurized test bench are shown. 

5.1 Ideal Contacting H2/H2O1 

Regarding a first analysis of processes under an ideal contacting environment at the air and fuel 

electrode, impedance spectra of a full cell shall be compared with those of the electrodes taken 

from symmetrical cell measurements. Figure 20 (a) shows the spectrum of the full cell, (b) of 

the LSCF air electrode and (c) of the Ni/GDC fuel electrode. It should be noted that in (b) and 

(c) the spectrum of a single electrode is displayed, i.e. the measured spectrum of the symmet-

rical cell divided by two, whereas in the further figures the full spectra and the related DRTs of 

the symmetrical cells are displayed. The different ohmic resistances can be explained by differ-

ent electrolyte thicknesses of the cells. The visible deviation between the full cell and the addi-

tion of fuel and air electrode impedance taken from symmetrical cell measurements might 

originate from minor leakages in the full cell measurement that can be excluded in symmetrical 

cell measurements as well as minor temperature differences.  

A more detailed analysis of the LSCF air electrode is shown in chapter 7.4 of the appendix as 

similar properties and parameter dependencies as reported in [104] were observed. Recapitulato-

ry, for low oxygen partial pressures a peak at frequencies between 0.3 −  10 Hz becomes 

visible in the DRT. It strongly depends on the oxidant composition but shows approximately no 

operating temperature dependency, and thus is attributed to the gas diffusion process in the air 

electrode. It should be noted that the related resistance is negligibly small for technically mean-

ingful operating conditions. In addition, a coupling of the charge transfer with the solid-state 

diffusion of oxygen ions could be identified in a process around 2 − 500 Hz, which corresponds 

to the oxygen reduction in the mixed electronic-ionic conducting LSCF-cathode modelled by a 

Gerischer element [256].  

This work focuses on results obtained from symmetrical cells with Ni/GDC electrodes in order 

to identify and quantify the processes in the fuel electrode. The challenge to overcome here is 

illustrated in the DRT of a temperature variation with a fixed gas mixture of 80% H2 and 20% 

H2O in Figure 21. The temperature covers a range of 600 °C to 900 °C. According to previous 

studies [82,146], the DRT can be divided into two major peaks in the low frequency 𝑃LF1,s and 

middle frequency range 𝑃LF2,s as indicated in the DRT in Figure 21. These contributions include 

gas diffusion, charge transfer reactions in the electrode and ionic transport in the GDC-matrix of 

                                                      
1 Results of this chapter were partly generated in the master thesis by C. Grosselindemann (2020) [30] and re-worked 

in the beginning of the PhD with finally publishing in C. Grosselindemann et al., ECS Trans., 103, 1375-1393 (2021) 

[37] and in C. Grosselindemann et al., J. Electrochem. Soc., 168, 124506 (2021) [38]. 
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the electrode. Obviously, all visible peaks in the DRT are thermally activated. Since a gas 

diffusion process should exhibit a 𝑇0.5 temperature dependency, the direct correlation of one of 

those two DRT-peaks to the gas diffusion process is impossible [104]. As gas diffusion is an 

unavoidable process in the fuel electrode, the observed temperature dependency of the DRT-

peaks suggest that the gas diffusion process is covered by the thermally activated electrochemi-

cal processes [56,79,89,121]. Furthermore, three minor peaks are visible at frequencies 

above 100 Hz (PHF,s), which are not further analyzed in this study. Suggestions for their origin 

are given in Ref. [82]. 

 

Figure 20 (a) Spectra of full cell and sum of fuel and air electrode (T = 800 °C, fuel gas mixture 

of 65% H2 (balanced with H2O) and synthetic air at the air electrode), (b) the LSCF air elec-

trode (T = 800 °C, synthetic air as oxidant) and (c) a Ni/GDC fuel electrode (T = 806 °C, fuel 

gas mixture of 65% H2 (balanced with H2O)). Graphic formatted and taken from Ref. [38]. 

5.1.1 Gas Transport Conditions 

The fuel gas supply of the symmetrical cell is shown in Figure 22. Gas transport processes will 

occur in the gas channels of the flow field (convective and diffusive), the contact mesh (pre-

dominantly diffusive) and the porous fuel electrode (diffusive). This complex 3D setup is sim-

plified to a virtual gas diffusion layer with a thickness 𝐿, whose impact on the gas diffusion 

resistance is modeled with the approach described in Ref. [43]. The dimensions of the gas 

channel, Ni contact mesh [257] as well as the porous fuel electrode are shown in Table 1. It 

becomes obvious that the thickness of the fuel electrode differs by more than one order of 

magnitude compared to the contact mesh and even more compared to the thickness of the gas 
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channel. Since the gas diffusion resistance represents a function of the thickness of the gas 

diffusion layer 𝐿 [43], which is dominated by the anode substrate in ASCs [205], the gas diffu-

sion inside the just 24 µm thick porous fuel electrode in the investigated ESC presumably can 

be neglected [82], whereas gas diffusion in the Ni mesh and the gas channels has to be consid-

ered. 

 

Figure 21 DRTs of spectra measured during a temperature variation between 600 °C and 

900 °C with a gas mixture of 80% H2 and 20% H2O of a symmetrical cell with Ni/GDC fuel 

electrodes. Adapted from Ref. [38]. 

With respect to “pore” diameters > 100 µm in gas channel and contact mesh, Knudsen diffusion 

can be neglected and the gas diffusion coefficients 𝐷𝑖 are based on molecular gas diffusion 

solely. The Knudsen number Kn has been calculated for a temperature of 800 °C with a gas 

mixture of 50% H2 and 50% H2O and is shown in Table 1. 

 

Therefore, the binary gas diffusion coefficients can be calculated by Chapman-Enskog [258]. 

Gas diffusion coefficients for components in a gas mixture with more than two components on 

total are calculated by Wilke [41].  

Table 1 Dimensions and microstructural parameters of gas channel, Ni contact mesh [257] and porous 

fuel electrode as well as Knudsen criteria Kn. ((c)SEM, (d)estimated) 

 Thickness 

 

µm 

Width, 

pore diameter 

µm 

Porosity 

𝜀por 

- 

Kn 

 

- 

Gas channel 1000 1000 1 4.4 ∙ 10−4 

Ni contact mesh [257] ≈ 240 ≈ 250 ≈ 0.64 18 ∙ 10−4 

Porous fuel electrode ≈ 24(𝑐) < 0.6(𝑑) ≈ 0.35(𝑑) 0.73 
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According to Primdahl et al. [43], the gas diffusion resistance 𝑅diff,FE at the fuel electrode can 

be calculated by equation (27).  

In our setup the microstructure parameter Ψ and the thickness 𝐿 represent unknown parameters, 

which can be summarized in an effective gas diffusion parameter 𝐺eff accounting for an aver-

aged diffusion length 𝐿 in a (macroporous) medium with effective gas diffusion properties Ψ 

described by equation (53). 

 
𝐺eff =

Ψ

𝐿
 

(53) 

This parameter, which is solely depending on geometrical and microstructural features of the 

test setup and the cell, is not depending on temperature or gas composition and thus can be used 

to calculate 𝑅diff,FE for arbitrary operating conditions. 

 

Figure 22 Sketch of the gas transport along the cell´s surface in the cell test setup. In the 1 cm² 

test benches a gas supply via gas channels with Al2O3 flow fields is employed. Details can be 

found in [28]. Graphic taken from Ref. [38]. 

5.1.2 Quantification of the Gas Diffusion Process 

In the following section a procedure in order to overcome the overlap of activation and gas 

diffusion polarization in the spectrum with similar time constants is suggested. The subsequent 

experiment by the application of symmetrical cells with Ni/GDC fuel electrodes is designed to 

enlarge the gas diffusion resistance 𝑅diff,FE at the fuel electrodes (FE) with the help of equa-

tion (27) [43]. 

To analyze the gas diffusion process and quantify 𝐺eff, a high accuracy test should be performed 

at operating conditions enlarging the gas diffusion resistance 𝑅diff,FE. As 𝑅diff,FE is proportional 

to 𝑇0.5, a high operating temperature of 850 °C is preferable, which also leads to a decrease of 

all thermally activated polarization processes. Also, low partial pressures of the reactant 

10% H2 and the reaction product 5% H2O with an appropriate balancing by inert gases, nitrogen 

and helium, are selected. This ensures reducing atmospheres to avoid Ni-oxidation and a suffi-

cient content of steam to keep the charge transfer resistance at a low level. Based on the princi-

ples of the kinetic gas theory, two ternary gas mixtures with different gas diffusion properties 

can be applied as hydrogen and steam diffuse with different velocities in nitrogen or helium 

respectively. The molecular gas diffusion coefficients at 852 °C for hydrogen diffusing in the 
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above-mentioned steam/nitrogen- and steam/helium-mixture differ by a factor of about 2: 

𝐷H2,(H2O,N2) =   0.70 ∙  10−3 m2 s-1 and 𝐷H2,(H2O,He) =   1.38 ∙  10−3 m2 s-1. 

The measured EIS spectra with corresponding DRT are shown in Figure 23 for a symmetrical 

cell with Ni/GDC fuel electrodes. The application of two different inert gases results in a differ-

ence of the polarization resistance of 37 mΩ cm2 at a temperature of 852 °C. As the two inert 

gases are electrochemically inactive, other processes such as charge transfer and ionic charge 

transport are not affected and the difference in the spectra relies on gas diffusion solely, as 

shown by Sonn et al. [122] for the Ni/YSZ fuel electrode. This experiment proves the existence 

of a gas diffusion process, which is predominantly attributed to gas diffusion in the Ni mesh and 

the flow field. Observing the DRT of the symmetrical cell in Figure 23 (b), the gas diffusion 

process becomes visible in a frequency range of 0.4 −  100 Hz and thus strongly overlaps with 

the charge transfer process in the fuel electrode. It should be noted that the large gas diffusion 

contribution observed in the spectra is related to the selected operating conditions i.e. a highly 

diluted fuel.  

 

Figure 23 (a) Impedance spectra and (b) DRT of a symmetrical cell with Ni/GDC fuel elec-

trodes with two ternary gas mixtures with the inert gases nitrogen and helium respectively 

(T = 852°C, gas composition: 10% H2, 5% H2O, 85% inert gas). Adapted from Ref. [37,38]. 
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The effective gas diffusion geometry parameter 𝐺eff shall be obtained from the difference of the 

polarization resistances indicated in Figure 23 (a). Based on the assumptions described above it 

is claimed that the difference of the polarization resistance between the gas mixture with nitro-

gen 𝑅pol,N2 and helium 𝑅pol,He equals the difference of the gas diffusion resistance in 

equation (54).  

 𝑅pol,N2 − 𝑅pol,He ≡ 𝑅diff,N2 − 𝑅diff,He = Δ𝑅diff (54) 

The unknown geometry parameter 𝐺eff can now be determined in equation (55). 

 
𝐺eff = (

𝑅̃𝑇

2𝐹
)

2

∙
1

Δ𝑅diff
∙
1

𝑃corr
∙ … 

(55)  
[

1

𝐷H2,(H2O,N2) ∙ 𝑝H2
+

1

𝐷H2O,(H2,N2) ∙ 𝑝H2O
−

1

𝐷H2,(H2O,He) ∙ 𝑝H2

−
1

𝐷H2O,(H2,He) ∙ 𝑝H2O
] 

With the help of the effective geometry parameter 𝐺eff it is now possible to predict the gas 

diffusion resistance for any set of operating conditions using equation (27). To evaluate repro-

ducibility appropriate impedance measurements were conducted at different temperatures. The 

resulting differences in the polarization resistances Δ𝑅pol,FE of the symmetrical cells as well as 

the subsequent determined geometry parameters are listed in Table 2. Also, the mean value and 

the standard deviation at each temperature are shown. The calculation of the resulting effective 

gas diffusion geometry parameter 𝐺eff is conducted with halved resistances to account for one 

electrode. 

Table 2 Difference of the polarization resistances  Δ𝑅pol,FE of the symmetrical cells with Ni/GDC fuel 

electrodes for sym-an1 and sym-an2 for a gas mixture of 10% H2, 5% H2O, balanced with N2 and He 

respectively. The calculation of the resulting effective gas diffusion geometry parameter 𝐺eff is conduct-

ed with halved resistances to account for one electrode. 

sym-an1 sym-an2 Mean 

value 

Standard 

deviation 

𝑇 
°C 

Δ𝑅pol,FE 

mΩ cm2 

𝐺eff 
m-1 

𝑇 
°C 

Δ𝑅pol,FE 

 mΩ cm2 

𝐺eff 
m-1 

𝐺̅eff 
m-1 

𝜎 
m-1 

753 43 627.66 755 42 642.93 635.30 7.63 

803 38 719.32 804 41 666.85 693.09 26.24 

852 37 747.75 853 40 691.84 719.80 27.96 

902 38 736.87 902 38 736.87 736.87 0 

 

It should be noted that the observed deviations in 𝐺eff are related to rather small variations of 

the measured polarization resistance (< 5 m cm²). Furthermore, the resulting 𝑅diff,FE is much 

smaller than the overall resistance of the cell and will become even smaller for realistic fuel 

mixtures without 85% of inert gases. As discussed above, the accuracy in determining 𝐺eff is 

increasing with increasing operating temperatures. Thus, the values at 902 °C with 
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𝐺eff =  736.87 m-1 are more reliable than those at much lower temperatures, where the activa-

tion polarization dominates the polarization resistance. 

5.1.3 Determination of the Activation Polarization Resistance 

With the objective of establishing a dc cell model, polarization contributions in the impedance 

spectra of the electrodes can be simplified by RQ-elements [205] and more complex approaches 

as transmission line models [57,199] can be avoided. To quantify the activation polarization 

resistance 𝑅act,FE of the Ni/GDC fuel electrode, the low (PLF1 + PLF1b) and middle frequency 

(PLF2) processes including the gas diffusion are summed up to obtain 𝑅pol,FE. To account for 

one electrode the values from the CNLS-fit are divided by 2. Then the gas diffusion resistance 

𝑅diff,FE is calculated according to (27) and subtracted in equation (56). 

 𝑅act,FE = 𝑅pol,FE − 𝑅diff,FE (56) 

It is now possible to quantify the activation resistance of the Ni/GDC fuel electrode 𝑅act,FE, 

which enables the further parameterization in order to develop a zero-dimensional cell mod-

el [104,125]. In comparison to a direct fitting of the spectra this approach provides a higher 

accuracy as 𝐺eff is previously determined under ideal conditions enabling a precise calculation 

of 𝑅diff,FE for technically relevant operating points. 

5.1.4 Activation Energy Fuel Electrode 

Figure 24 shows the resulting ASR values for activation processes of a single fuel electrode for 

a variation of temperature between 600 °C and 900 °C in steps of 50 °C with a gas mixture of 

80% H2 and 20% H2O according to the spectra in Figure 21. The resistance of the fuel elec-

trode´s activation indicates an Arrhenius behavior and therefore this approach is applied in order 

to determine the activation energy of the fuel electrode 𝐸act,FE. The latter can be extracted by 

the slope of fitting equation (57) to the measured data. 

 
𝑅act,FE(𝑇) = 𝐵FE ∙ exp (

𝐸act,FE

𝑅̃𝑇
) 

(57) 

This results in an activation energy of the fuel electrode of 𝐸act,FE = 90.54 kJ mol-1 (0.94 eV) 

and a cell specific constant of 𝐵FE = 2.9517 ∙ 10
−6 Ω cm2. Hagen et al. [120] found an activa-

tion energy of 46 kJ mol-1 for the Ni/GDC fuel electrode.  
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Figure 24 Arrhenius-Plot of a temperature variation between 600 °C and 900 °C in steps of 

50 °C with a gas mixture of 80% H2 and 20% H2O, using the ASR values of a single fuel 

electrode. Formatted and taken from Ref. [38]. 

5.1.5 Exponent a 

The determination of the exponent 𝑎 in order to describe the hydrogen partial pressure depend-

ency of the fuel electrode´s exchange current density follows the approach by Le-

onide et al. [104]. Thus, the exponent 𝑎 is extracted by a variation of the hydrogen partial pres-

sure with a fixed amount of steam by adding nitrogen as an inert component to the fuel gas 

mixture. Therefore, a variation of the hydrogen (80%, 40%, 20%, 10%) with a constant steam 

content of 20% and balanced with N2, at 𝑇 = 754 °C is shown in Figure 25 (a) for a symmet-

rical cell. After determining the activation resistance 𝑅act,FE by subtracting the calculated gas 

diffusion resistance from the overlapping resistance it can now be plotted as a function of the 

hydrogen molar fraction in a double logarithmic scale in Figure 25 (c). According to Leonide et 

al. [104], the exponent 𝑎 can now be identified by the negative value of the slope in Figure 25 

(c) at 598 °C,  658 °C, 754 °C,  804 °C,  853 °C, and 902 °C. 

On the contrary, in case of the Ni/YSZ fuel electrode the exponent 𝑎 was not depending on 

temperature according to Ref. [104], whereas in case of the Ni/GDC fuel electrode a significant 

temperature dependency of the exponent 𝑎 is observed. 

The resulting exponents are listed in Table 3. The differences are ranging over an order of 

magnitude with the accentuation of two temperature dependent plateaus ranging from approx. 

600 °C to 750 °C and from 800 °C to 900 °C respectively.  
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Table 3 Temperature dependency of the exponent 𝑎 

between 600 °C and 900 °C. 

Temperature 𝑎 

°C - 

598 0.019 

658 0.035 

754 0.051 

804 0.166 

853 0.139 

902 0.178 

 

At comparatively low temperatures a mean value of 𝑎(𝑇 =  600 −  750 °C) =  0.035 with a 

standard deviation of 0.013 and for higher temperatures a mean value of 𝑎(𝑇 =  800 −

900 °C) = 0.161 with a standard deviation of 0.016 was determined. The temperature depend-

ency can be explained by the assumptions related to the application of a generalized Butler-

Volmer (BV) approach in [104]. The coupling of charge transfer and ionic transport in the 

active electrode volume is described by the overall activation resistance 𝑅act,FE, which is subse-

quently used to calculate the parameters of the BV-equation. This approach was suitable for the 

Ni/YSZ-fuel electrode as the electrochemical reaction is limited to the three phase boundaries 

and the ionic conductivity of the YSZ-matrix is not affected by the oxygen partial pressure. For 

the Ni/GDC fuel electrode the situation is different. Ionic and electronic conductivity of GDC 

are depending on the oxygen partial pressure at the fuel electrode, i.e. the fuel gas composition 

and furthermore the electrochemical activity of the GDC-surfaces will be affected by gas com-

position and temperature. These complex interactions presumably result in the observed temper-

ature dependency of the exponent 𝑎. The unexpected discontinuous temperature dependency 

cannot be further explained on the given data basis. A more comprehensive investigation of this 

observed temperature dependency has to be carried out.  

5.1.6 Exponent b 

Subsequently, the determination of the exponent 𝑏 in order to describe the steam partial pressure 

dependency of the fuel electrode´s exchange current density was carried out by a variation of 

the steam content with a fixed amount of hydrogen and balanced with nitrogen [104]. In Figure 

25 (b) DRTs of the symmetrical cell are shown for a variation of steam with 30%, 20%, 12%, 

8% and 4% with a constant amount of 60% H2 and balanced with N2 at 𝑇 = 755 °C. The acti-

vation resistance 𝑅act,FE is determined by equation (57). Similarly, impedance measurements 

under these conditions have been performed at 598 °C, 658 °C, 706 °C, 755 °C, 804 °C, 

853 °C and 902 °C. The results are plotted in Figure 25 (d) and also reveal a temperature 

dependency of the exponent 𝑏.  

In addition, the resulting exponents are shown in Figure 26 as a function of temperature and 

reveal a linear character. 

This can be linearly fitted and described by equation (58). 
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𝑏 =

0.0012

K
∙ 𝑇 − 0.9892 

(58) 

 

Figure 25 DRTs of a symmetrical cell with Ni/GDC fuel electrodes for a variation of (a) 80%, 

40%, 20%, 10% H2 and a constant steam content of 20% balanced with N2, at 𝑇 = 754 °C and 

(b) with a variation of 30%, 20%, 12%, 8% and 4% steam and 60% H2 balanced with N2, at 

𝑇 = 755 °C. (c) Determination of the exponent 𝑎, and (d) of the exponent 𝑏, at temperatures 

between 600 °C and 900 °C in steps of approx. 50 °C using the ASR-values of a single elec-

trode. Adapted from Ref. [38]. 
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Figure 26 Temperature dependency of the exponent 𝑏 with a linear fit (𝑅2 = 0.9435). Taken 

from Ref. [38]. 

5.1.7 Prefactor γFE 

The prefactor 𝛾FE can be described by equation (59) including the cell specific con-

stant 𝐵FE [104]. 

 
𝛾FE =

𝑅̃𝑇

2𝐹𝐵FE
∙ [(
𝑝H2,FE

𝑝ref
)
𝑎

(
𝑝H2O,FE

𝑝ref
)
𝑏

]

−1

 
(59) 

The above-mentioned evaluation for the cell specific constant 𝐵FE has been operated for a fuel 

gas mixture of 80% H2 and 20% H2O by varying temperature at atmospheric pressure. There-

fore, these conditions are applied in order to determine the prefactor 𝛾FE [104]. In addition, a 

temperature dependency of the exponents 𝑎 and 𝑏 has been identified as shown above, which 

has to be included when calculating 𝛾FE in equation (60).  

 𝛾FE(𝑇) = 1.46 ∙ 10
5(A m−2K−1) ∙ [(0.8)𝑎(𝑇) ∙ (0.2)𝑏(𝑇)]

−1
∙ 𝑇 (60) 

The fuel electrode is now fully parametrized except for the charge transfer coefficient.  

5.1.8 Charge Transfer Coefficient 

In contrast to the previously discussed parameters obtained from symmetrical cells at OCV, the 

charge transfer coefficient 𝛼𝐸𝐿 has to be determined from full cells in a polarized state. Consid-

ering a cell exhibiting a Ni/YSZ fuel electrode, different charge transfer coefficients have been 

found for SOEC and SOFC mode [104,125]. This shall also be examined for the full cell with a 

Ni/GDC fuel electrode. 
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In this study, the charge transfer coefficient of the LSCF air electrode 𝛼AE could not be charac-

terized adequately, because the polarization resistance of the air electrode is smaller compared 

to the fuel electrode and being overlapped by the latter in the spectrum. Therefore, the charge 

transfer coefficient of the air electrode is assumed to be equal to the one determined by Leonide 

et al.  [104] as it is the same type of electrode and thus 𝛼AE = 0.65 is assumed. 

Regarding the SOEC mode a current density of −0.1 A cm-2, −0.2 A cm-2, −0.4 A cm-2 as well 

as −0.6 A cm-2 with a fuel gas mixture of 38% H2 (balance H2O) with synthetic air at the air 

electrode at 𝑇 = 745 °C was set, which is shown in the DRT in Figure 27 (a). Further, for 

SOFC mode a fuel gas mixture of 80% H2 (balance H2O) with pure oxygen at the air electrode 

at 𝑇 = 750 °C by varying the load starting from 0.05 A cm-2 up to 0.25 A cm-2 in steps of 

0.05 A cm-2 was applied. Pure oxygen is used in order to minimize processes at the air elec-

trode. The corresponding results are appearing in Figure 27 (b). Also, measurement artifacts 

have been omitted at frequencies larger than 104 Hz. 

Here, the two main contributions in the lower and middle frequency range are summarized to 

𝑅load which is plotted for the two modes in Figure 28 (a) and (b) respectively. It can be de-

scribed by a second-degree polynomial fit as a function of the current density 𝑗 in equation (61). 

 
𝑅load(𝑗) =

𝜕𝜂load
𝜕𝑗

= 𝑞1 ∙ 𝑗
2 + 𝑞2 ∙ 𝑗 ∙ +𝑞3 

(61) 

The corresponding coefficients 𝑞1, 𝑞2 and 𝑞3 are listed in Table 4. 

Table 4 Coefficients of the second-degree polynomial describing 𝑅load as a function of the current densi-

ty 𝑗. 
Operating-mode 𝑞1 𝑞2 𝑞3 

SOEC 0.0294 0.0344 0.1212 

SOFC -0.1057 0.0015 0.1138 

 

The integration of equation (61) leads to an overpotential in equation (62). In order to obtain the 

activation overpotential at the fuel electrode, the overpotential for gas diffusion at the fuel 

electrode and activation at the air electrode is calculated and subtracted at the corresponding 

current density. In this case, the gas diffusion at the air electrode is neglected. Under OCV-

conditions (𝑗 = 0) results 𝜂act,FE(𝑗 = 0) = 0 and therefore, 𝑞4 levels zero. 

 
𝜂act,FE(𝑗) =

1

3
∙ 𝑞1 ∙ 𝑗

3 +
1

2
∙ 𝑞2 ∙ 𝑗

2 + 𝑞3 ∙ 𝑗 + 𝑞4 − 𝜂diff,FE(𝑗) − 𝜂act,AE(𝑗) 
(62) 

With the help of equation (62) the activation overpotential can now be calculated as a function 

of the current density 𝑗 and is plotted in Figure 28 (c) and (d) for SOEC and SOFC mode re-

spectively. These curves can be described with the Butler-Volmer equation and with the help of 

the Matlabtm-solver fsolve the charge transfer coefficients can be extracted. 

Regarding the SOEC mode a charge transfer coefficient of 𝛼FE,SOEC = 0.59 and for SOFC 

mode 𝛼FE,SOFC = 0.76 resulted. 
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Figure 27 (a) DRT of the variation of the electrical load in SOEC mode with a fuel gas mixture 

of 38% H2 (balance H2O) with synthetic air at the air electrode at 𝑇 =  745 °C and (b) DRT of a 

variation of the electrical load in SOFC mode with a fuel gas mixture of 80% H2 (balance H2O) 

with pure oxygen at the air electrode at 𝑇 =  750 °C. Formatted and taken from Ref. [38]. 
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Figure 28 (a) Resistance Rload(j) as a function of the current density in SOEC mode with a fuel 

gas mixture of 38% H2 (balance H2O) with synthetic air at the air electrode at 𝑇 = 745 °C. (c) 

Determination of the charge transfer coefficient in SOEC mode. (b) Resistance Rload(j) as a 

function of the current density in SOFC mode with a fuel gas mixture of 80% H2 (balance H2O) 

with pure oxygen at the air electrode at 𝑇 = 750 °C. (d) Determination of the charge transfer 

coefficient in SOFC mode. Taken from Ref. [38]. 

5.1.9 Ohmic Losses 

In order to quantify the ohmic losses the thermal behavior of the area specific ohmic resistance 

𝑅ohm(𝑇) is investigated for a full cell. For this purpose, a fuel gas mixture of 80% H2 (balance 

H2O) as well as synthetic air at the air electrode was set at temperatures of 

600 °C, 651 °C, 700 °C, 750 °C, 800 °C, 850 °C, and 897 °C. The validation of the zero-

dimensional model has also been examined with this full cell. Thus, the logarithm of tempera-

ture divided by the area specific ohmic resistance is plotted in Figure 29 corresponding to the 
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logarithm of the ionic conductivity times temperature as a function of temperature. By assuming 

a temperature independent activation energy of the ohmic losses it can be determined by the 

slope of the linear fit with the help of the Arrhenius equation for the area specific ohmic re-

sistance (10). As can be seen in Figure 29, this cannot be sufficiently applied, because a slight 

deviation can be seen at temperatures higher than 800 °C and subsequently two sections of 

temperature are observed in order to describe the Arrhenius behavior. A non-linear description 

is therefore necessary in order to quantify the ohmic losses. 

 

Figure 29 Plot of the temperature divided by the area specific ohmic resistance 𝑅ohm of a full 

cell as a function of temperature with separate linear fits in two sections of temperature with 

(i) 600 − 800 °C and (ii) 800 − 900 °C with a fuel gas mixture of 80% H2 (balance H2O) as 

well as synthetic air at the air electrode. Formatted and taken from Ref. [38]. 

Thus, considering that the ohmic losses are dominating in an electrolyte-supported compared to 

a fuel electrode-supported cell and combined with less doping of the 3YSZ compared to 8YSZ, 

the temperature dependency of the ohmic activation energy cannot be neglected. Therefore, the 

ohmic resistance shall be described by a parabola-fit. At first, equation (10) is transferred di-

mensionless in equation (63) by Ω cm2 in order to take the logarithm of it. Subsequently, it shall 

be equaled with 𝑦 =  𝑘1𝑥
2 + 𝑘2𝑥 + 𝑘3 in equation (64), where the variable 𝑥 denotes 𝑥 =

1000K

𝑇
 

with K denoting the unit Kelvin.  

 
𝑦 = ln (

𝑅ohm(𝑇)

Ω cm2
) = ln (

𝑇

𝐵ohm
∙
1

Ω cm2
) +

𝐸act,ohm

𝑅̃𝑇
 

(63) 

 
ln (
1000K

𝐵ohm
∙
1

Ω cm2
∙
1

x
) +

𝐸act,ohm

1000K ∙ 𝑅̃
∙ 𝑥 = 𝑘1𝑥

2 + 𝑘2𝑥 + 𝑘3 
(64) 

It is assumed that the original approach by extracting the ohmic activation energy 𝐸act,ohm from 

the linear slope can be transferred to the parabola likewise in order to extract the ohmic activa-
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tion energy from the slope of the parabola. Therefore, equation (64) is derived by 𝑥 and solved 

for 𝐸act,ohm in equation (65). The latter can now be described as a function of temperature. 

 
𝐸act,ohm = 1000K ∙ 𝑅̃ (2𝑘1𝑥 + 𝑘2 +

1

𝑥
) 

(65) 

Subsequently, the cell specific parameter 𝐵ohm can be obtained by solving equation (64) to 

equation (66). 

 
𝐵ohm =

1000K

𝑥

1

Ω cm2
∙ exp (−(𝑘1𝑥

2 + 𝑘2𝑥 + 𝑘3 −
𝐸act,ohm

1000K ∙ 𝑅̃
∙ 𝑥)) 

(66) 

Finally, the parabola fit is shown in Figure 30 with a sufficient agreement to the ohmic re-

sistance. 

 

Figure 30 Arrhenius-plot of the area specific ohmic resistance 𝑅ohm for a temperature variation 

of 600 °C, 651 °C, 700 °C, 750 °C, 800 °C, 850 °C, and 897 °C with a second-degree poly-

nomial fit for a fuel gas mixture of 80% H2 (balance H2O) and synthetic air at the air electrode. 

Formatted and taken from Ref. [38]. 

By applying the introduced method, the polynomial coefficients can be obtained and are listed 

in Table 5. 

Table 5 Polynomial coefficients for an active area of 1 cm2 in order to describe the ohmic resistance in 

the Arrhenius plot in Figure 30. 

Experimental full cell 𝑘1 𝑘2 𝑘3 

 3.8374 1.9162 −5.5970 
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5.1.10 Model Parameters 

The relevant parameters in order to model the current-voltage behavior in a zero-dimensional 

approach are listed in Table 6. Apart from the adaptions described above, no further changes in 

the model and its parameterization [104] were necessary. Furthermore, the parameters have 

been varied independently in order to investigate their sensitivity towards the model. The exper-

imentally obtained voltage at a current density of 0.5 A cm-2 with a gas mixture of 65% H2 

(balanced with H2O) at a temperature of 850 °C was chosen as a reference. Therefore, the last 

column in Table 6 indicates the deviation from the simulated voltage in relation to the measured 

voltage, when the parameter is varied by ± 20 % in its value and thus showing the sensitivity 

towards the model. 

Table 6 Model parameters of the zero-dimensional cell model [104] adapted to a solid oxide cell with 

Ni/GDC fuel electrode, 3YSZ electrolyte and LSCF air electrode. (𝑇1 = 600 − 750 °C; 𝑇2 =  800 −
900 °C) 

Parameter Unit Value Sensitivity  

+ 20 %,−20 % 

𝐸act,ohm J mol-1 1000K ∙ 𝑅̃ (2𝑘1𝑥 + 𝑘2 +
1

𝑥
) with 𝑥 =

1000K

𝑇
 - 

𝐵ohm K (Ω m2)-1 
1000K

𝑥

104

Ω m2
∙ exp (− (𝑘1𝑥

2 + 𝑘2𝑥 + 𝑘3 −
𝐸act,ohm

1000K ∙ 𝑅̃
∙ 𝑥)) + 4.4 %,− 8 % 

𝑘1 - 3.8374 - 

𝑘2 - 1.9162 - 

𝑘3 - −5.5970 - 

𝐸act,FE kJ mol-1 90.54 − 9.3 %,+1.6 % 

𝐵FE Ω m2 2.95 ∙ 10−10 − 1 %, 0 % 

𝑎(𝑇1) - 0.035 - 

𝑎(𝑇2) - 0.161 − 0.6 %,− 0.6 % 

𝑏(𝑇) - 
0.0012

K
∙ 𝑇 − 0.9892 − 0.5 %,− 0.7 % 

𝛾FE(𝑇) A m-2 1.46 ∙ 105(A m−2K−1) ∙ [0.8𝑎(𝑇) ∙ 0.2𝑏(𝑇)]
−1
∙ 𝑇 - 

𝛼FE,SOEC - 0.59 - 

𝛼FE,SOFC - 0.76 − 0.4 %,− 0.7 % 

𝐺eff m-1 736.87 − 0.5 %,− 0.6 % 

𝐸act,AE kJ mol-1 144.54 − 1.7 %,− 0.5 % 

𝐵AE Ω m2 1.5185 ∙ 10−14 − 0.6 %,− 0.6 % 

𝑚 - 0.42 − 0.6 %,− 0.6 % 

𝛾AE(𝑇) A m-2 5.47 ∙ 109(A m−2K−1) ∙ 𝑇 - 

𝛼AE  - 0.65 [104] − 0.6 %,− 0.6 % 

ΨAE - 0.048 − 0.6 %,− 0.6 % 

 

It becomes obvious, that the model is mostly sensitive towards the cell specific constant regard-

ing the ohmic losses 𝐵ohm. The ohmic losses in this particular case with the empirical determi-

nation presented above are independent of the ohmic activation energy. Another parameter with 

high impact represents the activation energy of the fuel electrode 𝐸act,FE. All other parameters 

only show a rather small influence when varied by ± 20 %. 
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5.1.11 Model Validation 

The cell voltage can now be modeled with equation (8) as all of the unknown parameters are 

determined. The model covers operating temperatures from 600 °C to 900 °C with arbitrary 

fuel mixtures of hydrogen and steam in a cell voltage range from 600 to 1400 mV. To obtain 

an excellent agreement with measured CV-characteristics the temperature increase due to self-

heating of the cell has to be considered in the model. This was realized by using the cell temper-

ature measured by a thermocouple approx. 2 mm above the cell surface. Furthermore, the meas-

ured open-circuit voltage is used in order to correct minor leakages below 2% in the test bench. 

Exemplary, a validation is shown for a fuel gas mixture of 65% H2 in Figure 31 (a) and 35% H2 

in (b) (balanced with H2O) and synthetic air at the air electrode.  

The developed zero-dimensional cell model represents the measured current-voltage behavior in 

excellent agreement with a deviation ≤ 3 % for both SOFC and SOEC mode. The remaining 

deviation between calculated and measured current-voltage curves is most probably caused by 

the difference between the internal cell temperature (electrolyte temperature) and the measured 

temperature [259].  
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Figure 31 Variation of temperature between 600 °C and 900 °C with measured as well as 

simulated (continuous line) current-voltage characteristics for SOEC and SOFC mode with a 

fuel gas mixture of 65% H2 (a) and of 35% H2 (b) balanced with H2O and synthetic air as the 

oxidant. Formatted and taken from Ref. [38]. 

It is now possible to quantify the individual loss contributions (Figure 32). Regarding the inves-

tigated ESC the ohmic losses are dominating the cell performance as expected. An about one 

order of magnitude smaller overvoltage has to be attributed to the activation losses at the fuel 

electrode. The fuel and air electrodes gas diffusion losses as well as the air electrode activation 

losses (testing with synthetic air) are in the range of a few mV only and thus can almost be 

neglected. Gas diffusion losses in the air electrode can only be analyzed at very low oxygen 

partial pressures in the applied setup. It should be noted that this can change drastically if the 

cell is contacted by a thin contact layer in a stack [260]. 
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Figure 32 Absolute values of the ohmic 𝜂ohm, activation 𝜂act,FE/AE as well as gas diffusion 

losses 𝜂diff,FE/AE as a function of the current density 𝑗 in SOEC and SOFC mode with a fuel gas 

mixture of 65% H2 (balanced with H2O) and synthetic air at the air electrode with 𝑇OCV =

850 °C. Taken from Ref. [38]. 

5.2 Ideal Contacting H2/H2O vs. CO/CO22 

This chapter focusses on fuel gas mixtures of CO/CO2 and the related processes at the Ni/GDC 

fuel electrode. Fuel electrodes exhibiting a Ni/GDC fuel electrode reportedly show an overlap of 

electrochemical processes and gas diffusion in the spectra [56,79,82,89,121]. In a previous 

study the operation with CO/CO2 fuel gas mixtures resulted in a shift of the gas diffusion to-

wards lower frequencies in the spectra [261]. Figure 33 shows a DRT with a temperature varia-

tion between 𝑇 = 750 °C and 𝑇 = 900 °C of a symmetrical cell with Ni/GDC fuel electrodes 

with 50% CO (balance CO2). All peaks in the DRT indicate a thermally activated behavior. 

Thus, none of the peaks can solely be related to gas diffusion, which shows a comparatively low 

dependence on temperature (𝑇0.5). In the spectra, the expected contribution of the CO/CO2 gas 

diffusion process is not clearly visible, which suggests that the thermally activated electrochem-

ical process at the fuel electrode overlaps with the gas diffusion process. This overlap of several 

processes needs to be deconvoluted with the method described in chapter 5.1.2 and 5.1.3 so that 

the activation and gas diffusion polarization processes can be quantified.  

In the impedance spectra, quantifying polarization contributions with rather complex transmis-

sion line models [56,57,199] shall be avoided and thus, they are simply quantified by RQ-

Elements [38,205]. The values of the CNLS-fit are divided by two accounting for one electrode. 

Thus, by subtracting the simulated gas diffusion resistance [43] from the measured overall 

                                                      
2 Parts of this chapter have been published in C. Grosselindemann et al., Fuel Cells, 23, 442-453 (2023) [128]. 
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polarization resistance, the activation polarization can be quantified [38]. The subsequent inves-

tigation of parameter dependencies is shown in the following. 

 

Figure 33 DRT with a variation of temperature of a symmetrical cell with Ni/GDC fuel elec-

trodes with 50% CO (balance CO2) between 𝑇 = 750 °C and 𝑇 = 900 °C. Graphic formatted 

and taken from Ref. [128]. 

5.2.1 Activation Energy Fuel Electrode 

The area specific resistance (ASR) values of the activation 𝑅act,FE are plotted as a function of 

temperature in Figure 34. A temperature range between 650 °C and 900 °C in steps of 50 °C 

for a gas composition with 40% CO (balance CO2, triangle symbol) is shown. An Arrhenius 

behavior of the fuel electrode´s activation resistance can be observed. Therefore, the activation 

energy can be determined by the slope of the linear fit. An activation energy of 𝐸act,FE,CO/CO2 =

111.51 kJ mol-1 (1.16 eV) was found with a cell specific constant 

𝐵FE,CO/CO2 =  3.0295 ∙  10−7 Ω cm2. For comparison the values from the operation in H2/H2O 

mode between 600 °C and 900 °C in steps of 50 °C are also presented in Figure 34 with 80% 

H2 (balance H2O, square symbol). For the operation in H2/H2O an activation energy of 

𝐸act,FE,H2/H2O = 90.54 kJ mol-1 (0.94 eV) and a cell specific constant of 𝐵FE,H2/H2O = 2.9517 ∙

10−6 Ω cm2 was extracted [38]. In the work by Unachukwu et al. [262] an activation energy of 

99 ± 2  kJ mol-1 was found and correlated with the ad-/desorption processes as well as charge 

transfer on the fuel electrode in overlap with the surface exchange on the oxygen electrode. 
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Figure 34 Arrhenius-plot of a temperature variation between 650 °C and 900 °C in steps of 

50 °C for a gas composition with 40% CO (balance CO2, triangle symbol) and between 600 °C 

and 900 °C for 80% H2 (balance H2O, square symbol) [38], using the ASR values of a single 

electrode. Graphic formatted and taken from Ref. [128]. 

5.2.2 Exponents c and d 

The partial pressure dependency of the fuel electrode´s exchange current density towards CO 

and CO2 can be described with the exponents 𝑐 and 𝑑. These are determined similarly to Le-

onide et al. [104,125,136,205] by varying one of the fuel components individually by keeping 

the other species on a constant level and balancing with the inert component N2. Figure 35 

shows the DRTs of a symmetrical cell with a Ni/GDC fuel electrode for a variation of (a) the 

carbon monoxide molar fraction of 10%, 20%, 30%, 40%, and 50% CO, with a constant 

carbon dioxide content of 20% CO2 and balanced with N2, at 𝑇 =   850 °C and (b) a variation 

of the carbon dioxide content of 20%, 30%, 40%, 50% and 60% CO2 with a constant CO of 

40% and balanced with N2, at 𝑇 =  850 °C.  
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Figure 35 DRTs of a symmetrical cell with Ni/GDC fuel electrodes for a variation of (a) carbon 

monoxide content of 10%, 20%, 30%, 40%, and 50%, with a constant amount of carbon diox-

ide of 20% and balanced with N2, at 𝑇 =   850 °C and (b) a variation of the carbon dioxide 

partial content of 20%, 30%, 40%, 50% and 60% with a constant amount of CO of 40% and 

balanced with N2, at 𝑇 =  850 °C. (c) Determination of the exponent 𝑐, and (d) of the exponent 
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𝑑, at temperatures between 750 °C and 900 °C using the ASR-values of a single electrode. (e) 

Temperature dependency of the exponent 𝑐 and (f) 𝑑 for operation with CO/CO2 and H2/H2O. 

Graphic formatted and taken from Ref. [128]. 

Processes at relaxation frequencies exceeding 100 Hz are hardly affected by the fuel gas com-

position. The corresponding ASR values from a single electrode resulting from the CNLS-fit are 

plotted as a function of the (c) CO partial pressure and (d) CO2 partial pressure for temperatures 

between 750 °C and 900 °C in Figure 35. The exponents 𝑐 and 𝑑 respectively, can then be 

obtained by extracting the negative value of the slope of the linear fit. In agreement with 

H2/H2O atmospheres [38] a temperature dependency of the exponents can be observed in Figure 

35 (e) and (f) for CO/CO2 mode as well. By a linear approximation the equations (67) and (68) 

describe the temperature dependency of 𝑐(𝑇) and 𝑑(𝑇), respectively with K as the unit Kelvin. 

𝑐(𝑇) =
0.0017

K
∙ 𝑇 − 1.6136 (67) 

𝑑(𝑇) =
0.00063

K
∙ 𝑇 − 0.5527 (68) 

5.2.3 Ohmic Losses 

The area specific ohmic resistance 𝑅ohm(𝑇) needs to be analyzed for a full cell by the thermal 

behavior. Similar to chapter 5.1.9, the ohmic activation energy and cell specific constant was 

examined. The equations with polynomial coefficients are displayed in Table A 5 in the Appen-

dix. Compared to chapter 5.1.9, different polynomial coefficients were found. The cells tested 

for H2/H2O and CO/CO2 originate from the same type and were tested in the same test bench. 

Nevertheless, small deviations in the electrolyte thickness as well as operating temperature 

might result in a rather small discrepancy of the ohmic losses. 

5.2.4 Model Parameters 

Table 7 represents selective model parameters related to the fuel electrode of the ESC with 

Ni/GDC fuel electrode investigated here and an ASC with Ni/YSZ fuel electrode in H2/H2O and 

CO/CO2 mode respectively [36,38,62,136]. 

Furthermore, the full parameter set required for modeling the current-voltage behavior in a zero-

dimensional dc performance model for CO/CO2 fuel gas mixtures is listed in the Appendix in 

Table A 5. No changes to the model were necessary compared to the methods applied for the 

parametrization in H2/H2O operation [38]. With respect to parameters not shown here (e.g. 

charge transfer coefficients: 𝛼FE,SOEC = 0.67 and 𝛼FE,SOFC = 0.42), no significant changes 

were found in comparison to chapter 5.1.8 [38]. Parameters for the ASC in H2/H2O and CO/CO2 

mode were determined in Ref. [36,62,104,125,136]. 
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Table 7.  Selective model parameters of the zero-dimensional cell model for the fuel electrode of the 

ESC with Ni/GDC fuel electrode and the ASC with Ni/YSZ fuel electrode in H2/H2O and CO/CO2. 

Parameter Unit ESC with Ni/GDC ASC with Ni/YSZ  

𝐸act,FE,H2/H2O kJ mol-1 90.54 [38] 105.04 [104] 

𝐸act,FE,CO/CO2  kJ mol-1 111.51  118.64 [136] 

𝑎(𝑇 = 600 − 750 °𝐶)  - 0.035 [38] −0.10 [104] 

𝑎(𝑇 = 800 − 900 °𝐶)  - 0.161 [38] −0.10 [104] 

𝑏(𝑇)  - 0.0012

K
∙ 𝑇 − 0.9892  [38] 0.33 [104] 

𝑐(𝑇) - 
0.0017

K
∙ 𝑇 − 1.6136 

−0.058 [136] 

𝑑(𝑇) - 
0.00063

K
∙ 𝑇 − 0.5527 

0.25 [136] 

 

5.2.5 Model Validation 

In Figure 36 measured and simulated (continuous line) IV-curves are shown in a temperature 

range between 𝑇 =  700 °C and 𝑇 =  900 °C with different gas compositions of 30% CO (a) 

and 50% CO (b) (balance CO2) with synthetic air at the air electrode. A voltage range of 600 to 

1200 mV is covered. The model represents an excellent agreement with the experimentally 

measured IV-curves (deviation of less than 4%). Considering that the actual model is isothermal 

and does not consider self heating effects and the relevant parameters are obtained at OCV, the 

slightly higher / lower predicted voltages in the SOEC- and SOFC-mode respectively are to be 

expected [263]. 
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Figure 36 Variation of temperature between 𝑇 =  700 °C and 𝑇 =  900 °C with experimental 

and simulated (continuous line) IV-curves in SOEC as well as SOFC mode with a fuel gas 

mixture of (a) 30% CO and (b) 50% CO (balance CO2) with synthetic air at the air electrode. 

Graphic formatted and taken from Ref. [128]. 

5.2.6 Simulation Studies 

This approach enables a differentiated investigation of the individual loss mechanisms 

[122,125,136]. The simulated absolute values of the ohmic losses 𝜂ohm, activation 𝜂act,FE as 

well as gas diffusion losses 𝜂diff,FE are shown in Figure 37 as a function of the current density 

for the operation with a fuel mixture of 50% CO (balance CO2) and synthetic air at the air 

electrode at 𝑇 =  850 °C. The ohmic losses remain dominant as expected for an electrolyte-

supported cell. The largest relative difference between CO/CO2 and H2/H2O mode can be ob-

served for the gas diffusion losses, since CO and CO2 molecules exhibit a comparably lower gas 

diffusion coefficient. In any case, as the electrode thickness of the investigated ESCs is rather 

low, the overall gas diffusion losses are below ohmic and activation losses, which might be 

different for fuel electrode supported cells. Visible differences in the ohmic losses were already 

discussed above.  



5.2  Ideal Contacting H2/H2O vs. CO/CO2 

71 

 

Figure 37 Simulated absolute values of the ohmic 𝜂ohm, gas diffusion 𝜂diff,FE and activation 

overpotentials 𝜂act,FE in electrolyzer and fuel cell mode for the operation with 50% CO (balance 

CO2) as well as 50% H2 (balance H2O) with synthetic air at the air electrode at 𝑇 =  850 °C. 

Graphic formatted and taken from Ref. [128]. 

The deviations between the two atmospheres become more obvious by subtracting the losses for 

activation and gas diffusion losses for H2/H2O from the corresponding losses for CO/CO2 opera-

tion in Figure 38. 

 

Figure 38 Difference of the simulated absolute values of gas diffusion Δ𝜂diff,FE and activation 

overpotentials Δ𝜂act,FE in electrolyzer and fuel cell mode for the operation with 50% CO (bal-

ance CO2) as well as 50% H2 (balance H2O) with synthetic air at the air electrode at 𝑇 =

 850 °C. Graphic formatted and taken from Ref. [128]. 
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In Figure 39 simulated IV-curves of an ASC with Ni/YSZ fuel electrode [136] and the ESC 

with Ni/GDC fuel electrode investigated in this study are compared for 40% H2 (balance H2O, 

dashed line) and 40% CO (balance CO2) at 𝑇 =  800 °C. However, there is only a minor dif-

ference between H2/H2O and CO/CO2 fuel for the ESC with Ni/GDC fuel electrode, a larger 

impact can be observed for the ASC with Ni/YSZ fuel electrode. Especially for higher current 

densities a significantly higher performance loss is seen for the CO/CO2 fuel. This is related to 

higher gas diffusion losses as a result of the 1 mm thick porous fuel electrode substrate of the 

fuel electrode supported cell [136]. In case of CO2-electrolysis the gas diffusion results in a 

gradient in CO-ratio towards the anode functional layer. At −1.5 A cm-² and 1.38 V the CO-

ratio increases from 40% in the gas channel to 92% in the electrochemically active functional 

layer. The higher CO-ratio leads to the formation of approx. 2.8 mol.% carbon based on a 

thermodynamic calculation in Cantera [249]. The ESC shows a less pronounced influence when 

operating on CO/CO2 fuel mixtures. 

 

Figure 39 Simulated IV-curves of an ASC with Ni/YSZ fuel electrode and ESC with Ni/GDC 

fuel electrode with 40% H2 (balance H2O, dashed line) and 40% CO (balance CO2) and air at 

the air electrode at 𝑇 =  800 °C. Graphic formatted taken from Ref. [128]. 

5.2.7 Current Voltage Characteristics of H2/H2O and CO/CO2 

The comparison of the performance between H2/H2O and CO/CO2 mode shall further be illus-

trated in Figure 40 for an electrolyte-supported cell with Ni/GDC fuel electrode by measured 

IV-curves with 50% H2 (balance H2O) as well as 50% CO (balance CO2) and air at the air 

electrode at 𝑇 =  850 °C. The electrochemical conversion of CO/CO2 seems to perform on a 

similar level as for H2/H2O. Further, the abovementioned discussed differences of activation and 

gas diffusion polarization still do not have a major impact compared to the ohmic losses regard-

ing this cell design. 

The comparison of the behavior of the fuel gas mixtures H2/H2O to CO/CO2 separately delivers 

a basis for further investigations of reformate gas mixtures [68,143], where the water-gas-shift 

reaction needs to be considered as well as reforming reactions. In addition, further analysis as 

shown for an ASC with Ni/YSZ fuel electrode by Kromp et al. [68] was performed by Esau et 
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al. [150] in order to judge if CO/CO2 behaves electrochemically active in the presence of 

H2/H2O.  

 

Figure 40 Measured current voltage characteristics in electrolyzer and fuel cell mode for the 

operation with 50% H2 (balance H2O) as well as 50% CO (balance CO2) and air at the air 

electrode at 𝑇 =  850 °C. Graphic formatted and taken from Ref. [128]. 

The characterization with ideal contacting is crucial regarding insights towards the intrinsic 

losses and the subsequent optimization of the cell. However, in a SOC-stack when the cells are 

contacted with metallic interconnectors, effects like chromium poisoning, increased contact 

resistances and limitations in gas supply need to be considered [161,260].  

5.3 Stack-like Contacting3 

In the following section, the impact of the protective coating for the stack-like contacting is 

shown by measured IV-characteristics and compared to the defined ideal case.  

5.3.1 IV-Characteristics 

Figure 41 shows that the ideal contacting with ceramic flow fields reaches the highest perfor-

mance. The lowest benchmark was defined for stack-like contacting with uncoated Crofer 22 

APU flow fields without LSCF contact paste at the air side (denoted Crofer 22 APU*). Subse-

quently, it indicates the lowest performance as seen in Figure 41. As expected, all other configu-

rations of contacting perform between the higher and lower benchmark. The uncoated steel 

                                                      
3 Parts of this chapter have been published in C. Grosselindemann et al., ECS Trans., 111 (6), 533-546 (2023) [250] 

and C. Grosselindemann et al., J. Electrochem Soc., 171, 054508 (2024) [147]. 
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grades show a substantial deviation from ideal behavior. Uncoated AISI 441 indicates a some-

what higher performance as compared with uncoated Crofer 22 APU and UNS S44330. The 

application of the CeCo protective coating on the MICs generates a significant performance 

increase. All coated MICs reach a maximum current density that is similar to the ideal behavior 

and thus cannot be clearly separated from each other. The performance variations are in the 

range of nominally identical ideally contacted cells (+/− 0.02 A cm-² at 1.4 V) and thus should 

not be related to the applied steel grade. 

 

Figure 41 IV-characteristics of ideal contacting, Crofer 22 APU* (uncoated and without contact 

paste), un-/coated Crofer 22 APU, AISI 441 and UNS S44330 in electrolysis mode at 𝑇 =

850 °C with 20% H2 (balance H2O) and air at the air electrode. Graphic taken from Ref. [147]. 

In order to analyze the impact of the MIC-contacting on the fuel side, an ideal contacting of the 

air side was combined with the stack like contacting at the fuel side (Figure 42). When measur-

ing the voltage between gold mesh (AE) and MIC (FE), a similar performance results when 

measured between gold mesh (AE) and nickel grid (FE). The stack-like contacting at the air side 

is mainly responsible for the performance decrease, which might be related to Cr-poisoning and 

an enhanced contact resistance related to oxide scales on the MIC.  
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Figure 42 IV-characteristics of AISI 441 (MIC both sides uncoated and MIC uncoated fuel side 

only) in electrolysis mode at 𝑇 = 850 °C with 20% H2 (balance H2O) and air at the air elec-

trode. Graphic taken from Ref. [147].  

5.3.2 Contact Loss Air Side 

Further investigations with targeted measurements of potential probes at fuel and air side were 

conducted in order to determine the individual contact losses. In case of an ideal contacting the 

resistance between gold mesh / LSM-electrode and Ni mesh / Ni-YSZ electrode at 850 °C is <

 3 mcm² and <  2 mcm² respectively[204]. In comparison to LSM air electrodes, the con-

tact loss becomes even smaller for LSCF electrodes due to the higher conductivity [161].  

With respect to the fuel side, the point-welded nickel mesh on the metallic flow field is in 

contact with the nickel rich contact layer of the fuel electrode. Contact losses measured between 

2 − 5 m cm² are not shown here. Thus, the point welded finely meshed Ni-grid provides 

sufficient contacting of the fuel electrode´s surface.  

Figure 43 presents voltage losses in electrolysis mode due to contacting at the air side at 𝑇 =

850 °C with 20% H2 (balance H2O) and air at the air electrode and compares un-/coated 

Crofer 22 APU as well as AISI 441. Coating of the MICs with CeCo shows a significant de-

crease of the measured contact loss with a comparably larger decrease for Crofer 22 APU. Here, 

𝜂contact,AE includes the contact losses and the losses resulting from the in-plane conduction in 

the air electrode [27]. The latter can be neglected for an LSCF electrode and additional LSCF 

contact layer [161]. The corresponding contact resistances extracted from the slope 

(𝑅contact,AE =   
𝜕𝜂contact,AE

𝜕𝑗
) are summarized in Table 8. Additionally, the difference of the 

contact resistance ∆𝑅contact,AE between un-/ coated MICs is given. Similar results were ob-

served in fuel cell mode as well and are not shown here. 
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IV-characteristics of ideal contacting are again shown in Figure 44 in comparison to the result-

ing voltage of the potential difference between 𝜑MIC,FE and 𝜑MIC,AE as well as 𝜑mesh,FE and 

𝜑probe,AE of uncoated Crofer 22 APU. When regarding the difference between the mesh at the 

fuel side 𝜑mesh,FE and the probe at the air side onto the air electrode 𝜑probe,AE the contact 

losses of the MICs are excluded. Thus, a performance like the ideal case can be observed. The 

decrease of performance is thus mainly dominated by the contact loss 𝜂contact,AE at the air side 

of uncoated Crofer 22 APU. Similar results were observed for AISI 441 and UNS S44330. 

 

 

Figure 43 Contact loss of un-/coated Crofer 22 APU and AISI 441 in electrolysis mode at 𝑇 =

850 °C with 20% H2 (balance H2O) and air at the air electrode. Graphic taken from Ref. [147]. 

To further evaluate the loss contributions, coated MICs are compared with uncoated MICs as 

well as ideal contacting by electrochemical impedance spectroscopy and the subsequent analysis 

of the distribution of relaxation times. 
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Figure 44 IV-characteristics of ideal contacting and uncoated Crofer 22 APU with measured 

potential difference between 𝜑MIC,FE and 𝜑MIC,AE as well as 𝜑mesh,FE and 𝜑probe,AE in electrol-

ysis mode at 𝑇 = 850 °C with 20% H2 (balance H2O) and air at the air electrode and corre-

sponding contact loss 𝜂contact,AE indicated in grey area. Graphic reformatted and taken from 

Ref. [147]. 

5.3.3 Impedance Analysis 

Figure 45 shows the impedance spectra in (a) for Crofer 22 APU and (b) for AISI 441 at 𝑇 =

850 °C with 95% H2 (balance H2O) and air at the air electrode. The ohmic resistance is signifi-

cantly decreased by the applied CeCo coating for both MICs (Crofer 22 APU 36%, AISI 441 

22%). 

5.3.3.1 Ohmic Resistance: Impedance vs. Potential Probes 

The difference of the ohmic resistance ∆𝑅0,EIS extracted from the impedance measurements 

between un-/coated MICs is given in Table 8 and should be related to the difference of contact 

resistance between un- and coated MICs. For Crofer 22 APU, the determination of the differ-

ence of the contact resistance at the air side ∆𝑅contact,AE by potential probes results in a devia-

tion of 67 mΩ cm2 in comparison to ∆𝑅0,EIS. However, for AISI 441 both methods deliver 

similar values. 

5.3.3.2 Polarization Resistance 

The corresponding distribution of relaxation times (DRT) are shown in Figure 45 (c, d). With 

respect to cells exhibiting a Ni/GDC fuel electrode an overlap of processes in the spectra needs 

to be considered [55,56,79,82,89,120,121,128]. Several processes are overlapping underneath 

the lowest frequency peak such as gas diffusion and activation polarization at the fuel side. Gas 

diffusion losses at the air side might also be coming into effect [161,260]. In the mid frequency 
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range from 10 Hz to approx. 103 Hz the stack-like contacting with CeCo coating shows a 

decrease in the polarization resistance by approx. 30%. Typically, the surface exchange process 

at the air electrode can be found in this frequency range [38,104]. The lower polarization re-

sistance might be referred to less Cr-evaporation of the MIC at the air side due to the protective 

coating and thus a lower negative impact. However, in terms of process assignment of the 

peaks, those cannot be fully dedicated to the air electrode as processes of the fuel side overlap as 

well [38]. The overall polarization 𝑅pol resistance is summarized in Table 8. 

 

Figure 45 (a) Impedance spectra and (c) DRT of Crofer 22 APU (un-/coated) and (b) and (d) of 

AISI 441 (un-/coated) at 𝑇 = 850 °C with 95% H2 (balance H2O) and air at the air electrode. 

Graphic taken from Ref. [147]. 

Table 8.  Extracted contact resistance 𝑅contact,AE related to Figure 43 for un-/coated Crofer 22 APU and 

AISI 441 with calculated difference between un-/coated MICs ∆𝑅contact,AE at 850 °C. Difference of the 

ohmic resistance ∆𝑅0,EIS related to Figure 45 by impedance spectroscopy at 850 °C. 

 Uncoated Coated   

 𝑅contact,AE ∆𝑅contact,AE ∆𝑅0,EIS 
Material [Ω cm2] [Ω cm2] [Ω cm2] 

Crofer 22 APU 0.325 0.021 0.304 0.237 

AISI 441 0.132 0.013 0.119 0.112 

 

In the following section, the electrochemical results will be correlated to the oxide scales 

formed on the different MICs and chromium in the air electrode. 
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5.3.4 Microstructure Analysis – Metallic Interconnectors 

With the help of the microstructural analysis of the metallic interconnectors, further insights on 

the basis of the electrochemical characterization can be obtained. Figure 46 shows SEM cross 

sections of the uncoated and coated MICs of the three different steel grades with un-/coated in 

(a, d) Crofer 22 APU, (b, e) AISI 441, and (c, f) UNS S44330. Uncoated samples show signifi-

cant variation in thickness and microstructure of the oxide scales. In comparison, the coated 

samples show quite similar thickness and microstructures of the oxide scales. Here, the compar-

atively very thin Ce oxide-layer (10 − 20 nm) of the PVD-coating [163] appears as indicated in 

Figure 46. This behavior is similar to earlier findings by Reddy et al.[177]. 

 

Figure 46 SEM backscattered electron micrographs of the air side of un-/coated (a, d) 

Crofer 22 APU, (b, e) AISI 441, (c, f) UNS S44330 tested for approx. 200 h. Graphic taken 

from Ref. [147]. 

The EDXS-results are presented in Figure 47 with (a-c) un- and (d-f) CeCo coated Crofer 22 

APU, AISI 441 and UNS S44330. Starting from the iron (Fe)-rich bulk of the MIC appearing in 

green, different oxide (O) layers become visible at the surface. In case of all uncoated MICs in 

Figure 47 (a-c), a chromium-rich oxide layer is found that is significantly thicker for uncoated 

UNS S44330 in comparison to uncoated Crofer 22 APU and AISI 441. In addition, a manganese 

(Mn) rich layer is visible at the surface due to formation of a Cr-Mn-spinel at the surface of the 

different MICs as observed by Reddy et al. [177]. 

As shown in Figure 47 uncoated AISI 441 exhibits the thinnest Cr-oxide layer which can be 

correlated to the lower contact resistance (Table 8) in comparison to Crofer 22 APU. 

With respect to the CeCo coated metallic interconnectors, similar thickness of Cr2O3 oxide scale 

can be observed in Figure 47 (d-f). This supports the electrochemical measurement since coated 

MICs show a performance and contact loss close to the ideal, chromium free contact set-up with 

ceramic flow fields. Moreover, the thinner chromia scale and lower Cr outward diffusion into 

the cathode in the presence of CeCo coating resulted in improved contact resistance compared 

to the uncoated MICs. In contrast to the uncoated samples, a cobalt (Co) layer is visible for all 

CeCo coated samples indicating the formation of a Co-Mn spinel layer at the surface, as also 

observed by Reddy et al. [177]. This Co-Mn layer has a higher conductivity [264] in compari-

son to a Cr-Mn spinel for the uncoated samples. The thin (10 − 20 nm) cerium oxide layer is 
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not visible in the EDXS. Further, strontium (Sr) and lanthanum (La) can be observed above the 

Co-Mn rich oxide layer for Crofer 22 APU and UNS S44330, which is presumably related to 

the application of the LSCF contact layer and the sintering process during the start- and heat-up 

phase prior to cell testing. 

 

Figure 47 EDXS-Analysis of the air side oxide scale of un-/coated (a, d) Crofer 22 APU, (b, 

e) AISI 441, (c, f) UNS S44330. Graphic taken from Ref. [147]. 

5.3.5 Cr-poisoning Air Electrode 

The air electrode was investigated in more detail by a TEM-analysis with respect to Cr-

poisoning when in contact with an uncoated MIC made of Crofer 22 APU. 

5.3.5.1 TEM-EDXS Analysis 

Figure 48 shows a TEM image of the LSCF current-collector layer in (a). Here, the rather thick 

boundary between LSCF and LSCF/GDC area results from a stabilization of the TEM-sample. 

In addition, EDXS is presented in Figure 48 (b) – (j). The presence of Cr is clearly visible in the 

LSCF layer with a formation of SrCrO4 as expected from Ref. [265,266]. 
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Figure 48 EDXS-TEM of the LSCF current-collector layer. 

In Figure 49 the interface between LSCF and GDC is investigated. It can be observed, that Cr 

predominantly is present in the LSCF as well as GDC phase. 

 

Figure 49 EDXS-TEM of the LSCF/GDC layer. 

No Cr-species were found in the GDC barrier layer between electrode and electrolyte, which 

may need further investigation and might be related to the rather short testing time of approx. 

200 h. 

With the help of the TEM, only small areas can be investigated. Regarding a quantification of 

Cr-poisoning, a SEM-EDXS analysis is shown in the following section. 

5.3.5.2 SEM-EDXS Analysis 

With respect to the SEM-EDXS measurements, different locations of the LSCF layer were 

investigated with overall areas between approx. 3000 − 5000 µm2 for each cell. Thus, an 

extraction of the energy-dispersive X-ray spectra is shown as a mean value between the differ-

ent locations in Figure 50 for un-/coated (a) Crofer 22 APU, (b) AISI 441 and (c) UNS S44330. 

For comparability, all spectra are normalized to the peak of lanthanum (La), as it is assumed that 

all samples have the same amount of La in the dedicated LSCF layer. Un-/coated Crofer 22 

APU (Figure 50 (a)) has the smallest difference in the spectra in comparison to the other two 
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MICs. For the peak of Cr, a clear difference can be observed in Figure 50 (b) and (c) between 

un-/coated AISI 441 and UNS S44330. 

 

Figure 50 Extraction of energy-dispersive X-ray spectra of the LSCF air electrode contacted 

with un-/coated (a) Crofer 22 APU, (b) AISI 441 and (c) UNS S44330. Graphic modified and 

taken from Ref. [147]. 

Table 9 shows the quantitative analysis of the EDXS measurements with the mean value of the 

Cr content 𝑥̅Cr in the LSCF layer. Of note, the measurement technique was performed within 

certain limits as shown by the standard deviations 𝜎Cr in Table 9.  

Table 9.  Overall polarization resistance 𝑅pol of the cell at 850 °C with 95% H2 (balance H2O) in contact with un-/ 

coated Crofer 22 APU, AISI 441 and UNS S44330. Mean values of the Cr content 𝑥̅Cr as well as standard deviation 

𝜎Cr in the LSCF layer by EDXS analysis.  
Crofer 22 APU AISI 441 UNS S44330 

 
𝑅pol 𝑥̅Cr 𝜎Cr 𝑅pol 𝑥̅Cr 𝜎Cr 𝑅pol 𝑥̅Cr 𝜎Cr  
[Ω cm2] [at.%] [at.%] [Ω cm2] [at.%] [at.%] [Ω cm2] [at. %] [at.%] 

uncoated 0.242 3.12 (+/-) 2.91 0.242 9.35 (+/-) 4.57 0.425 11.08 (+/-) 0.98 

coated 0.160 0.62 (+/-) 0.48 0.153 0.66 (+/-) 0.32 0.163 0.56 (+/-) 0.48 
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Nevertheless, similar polarization resistances with almost no chromium in the LSCF layer are 

found in case of coated MICs. The CeCo coating blocks the Cr-evaporation effectively. Also, 

neglectable amounts of chromium were found in the fuel electrode and are not shown here. 

The findings from this work with respect to an ideal as well as stack-like contacting under 

atmospheric pressure deliver a basis for the new pressurized test bench since a similar stack-like 

contacting with CeCo-coated MICs is applied there. 

5.4 Pressurized Testing of Solid Oxide Cells 

Pressurized testing on single cell level is shown for an electrolyte- as well as an anode-

supported cell in the following. 

5.4.1 Pressurized Testing of an Electrolyte-supported Cell4 

First measurements with the modified test bench set-up for pressurized testing are shown in the 

following for the metallic housing made of APMT and the electrolyte-supported cell with 

Ni/GDC fuel electrode. 

5.4.1.1 N2 Pressure Test 

Gas tightness of the glass ceramic sealing of the new pressurized test bench was confirmed with 

a nitrogen (N2) pressure test. Here, at 850 °C with 250 sccm N2 per electrode the pressure was 

increased stepwise up to 11 bara absolute pressure as shown in Figure 51. After a holding time 

of 30 min., the gas flow was switched off resulting in a pressure drop of approx. 6 bara h-1, 

which corresponds to an average leakage rate of 3 sccm. Once the gas flow is switched back on 

again, the 11 bara are reached again after approx. 6 min. This shows sufficient compression and 

sealing of the cell which was achieved via the inflatable boot and the glass ceramic sealing. 

Thermal cycling experiments revealed that even after a full thermal cycle the pressure of 11 bara 

could be achieved again. Within the testing phase, the pressure should be changed with a rate of 

3 –  5 mbara s-1 to avoid pressure gradients between anode and cathode resulting from different 

gas volumes and flow rates to both compartments. 

                                                      
4 Parts of this chapter have been published in C. Grosselindemann et al., J. Power Sources, 614, 234963 (2024) [2]. 



5  Results and Discussion 

84 

 

Figure 51 Pressure test at 850 °C with 100% N2 and increase of absolute pressure up to 11 bara 

with glass ceramic sealing G018-281. Graphic reformatted and taken from Ref. [2]. 

5.4.1.2 Open-circuit Voltage 

Figure 52 (a) shows the dependency of the open-circuit voltage as a function of the absolute 

pressure 𝑝 at 850 °C with 100% H2 at the fuel side and synthetic air at the air side. An open-

circuit voltage of 1.352 V was reached at atmospheric pressure which corresponds to a leakage 

<  0.015% H2O in H2 for measurement #1. The pressure was then increased up to 9 bara abso-

lute pressure resulting in an 𝑈OCV = 1.42 V. By calculation of the Nernst-equation, the meas-

ured increase of 𝑈OCV can be described in good agreement with a steam content of 0.0125% 

H2O and a relative error of <  1%. Considering these comparably low steam contents, the 

Nernst-equation behaves sensitive to small changes. For measurement #2, the pressure was 

raised to 11 bara with a slightly higher but still tolerable leakage resulting in 0.135% H2O in the 

fuel. Here, at pressures above 5 bara the deviation from the Nernst-equation increases with a 

relative error of < 2%. Likewise, this is shown in Figure 52 (b) for a set fuel gas mixture of 

50% H2 (balance H2O) and synthetic air at the air side with up to 4 bara absolute pressure. The 

measured voltages correspond to a steam content of 52.5%. This deviation in the steam content 

most probably originates from an off-set of the flow controllers. The observed impact of pres-

sure on the open-circuit voltage is in good agreement with the Nernst equation and findings in 

previous studies [16,33]. 
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Figure 52 (a) Measured and simulated OCV as a function of the absolute pressure 𝑝 with 

100% H2 at the fuel side (simulation with 0.0125% H2O leakage for measurement #1 and 

0.135% H2O leakage for measurement #2) and synthetic air at the air side at 850 °C. (b) OCV 

as a function of the absolute pressure with 50% H2 (balance H2O, simulation with 52.5% H2O) 

and synthetic air at the air side. Graphic taken from Ref. [2]. 

5.4.1.3 IV-Characteristics 

First results of IV-characteristics and power density 𝑃cell in SOFC mode at 850 °C with 

100% H2 at the fuel side and synthetic air at the air side are shown in Figure 53 (a). As expected 

from previous works [16,18], the increase in open-circuit voltage with pressurization is benefi-

cial for SOFC mode as a higher performance is observed with increasing pressure. 
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Figure 53 (a) IV-characteristics and power density 𝑃cell in SOFC-mode at 850 °C with 

100% H2 and synthetic air at the air side between 1 − 11 bara. (b) Power density 𝑃cell as a 

function of the absolute pressure 𝑝 at 850 °C with 100% H2/synthetic air at 0.7 V with loga-

rithmic fit. (c) IV-characteristics at 850 °C with 50% H2 (balance H2O) and synthetic air at the 

air side between 1 − 4 bara. Graphic taken from Ref. [2]. 

The power density 𝑃cell at 0.7 V (850 °C with 100% H2 and synthetic air) is shown in Figure 

53 (b) as a function of the absolute pressure 𝑝 between 1 − 11 bara. In comparison to atmos-

pheric pressure an increase of approx. 20% can be achieved at 11 bara regarding a cell voltage 

of 0.7 V, which can be confirmed by calculations with the performance model developed in 

chapter 5.1. The major increase of power density was observed between atmospheric conditions 

and 5 bara. The positive impact of pressure on the power density was proved in a number of 

previous experimental works [229,239]. In the work by Henke et al. [239] it was also shown, 

that with an increase of pressure the highest influence can be seen at low pressures. In Figure 53 
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(b) the power density with increasing pressure was interpolated according to equation (69) 

similar to Ref. [239] with the variables A and B. The authors stated a logarithmic behavior of 

power density with increasing pressure, which was confirmed in this work in Figure 53 (b) 

(goodness of fit: R2 =  0.902). 

 𝑦(𝑥) = 𝐴 ln(𝑥) + 𝐵 (69) 

Figure 53 (c) shows the IV-characteristics at 850 °C with 50% H2 (balance H2O) and synthetic 

air at the air side between 1 − 4 bara. As expected from the theoretical study [33], the increase 

of 𝑈OCV appears positive for the fuel cell and disadvantageous for electrolysis mode. A higher 

performance at 4 bara can be observed in comparison to atmospheric pressure in fuel cell mode, 

which is also consistent with previous studies [233,239]. With respect to an electrolyte-

supported cell design, the effect of pressure in electrolysis mode is comparably small and simi-

lar to findings by Riedel et al. [24]. 

5.4.1.4 Impedance Analysis 

To evaluate the impact of the stack like contacting, reference measurements at atmospheric 

pressure were conducted with identical cells and air electrode contacting. Figure 54 displays 

impedance spectra and corresponding DRTs for 21% O2 (balance N2) and 5% O2 (balance N2) 

at the air side and 50% H2 (balance H2O) at the fuel side at 850 °C in (a) and (c).  

 

Figure 54 Impedance spectra of a stack like contacted cell at atmospheric pressure in (a) for 

21% O2 (balance N2) and 5% O2 (balance N2) at the air side and with 50% H2 (balance H2O) at 

the fuel side at 850 °C with corresponding DRT in (c). Impedance spectra at atmospheric pres-
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sure in (b) with 5% O2 (balance N2 or He) at the air side and with 50% H2 (balance H2O) at the 

fuel side at 850 °C with corresponding DRT in (d). Graphic taken from Ref. [2]. 

In previous studies [38,75,146] analyzing ideally contacted cells, the different peaks in the DRT 

were attributed to physicochemical processes. In summary, it was found that PLF1 contains 

overlapping contributions of fuel and air electrode. This includes the surface reaction coupled 

with ionic transport in superposition with the gas diffusion process at the fuel electrode as well 

as surface exchange and ionic transport in the air electrode [147,205]. PLF2 and PHF were identi-

fied as processes related to charge transport in the GDC-phase and at the GDC / YSZ interfaces.  

In case of the stack like air electrode contacting at the given conditions, an additional peak PLF0 

becomes visible (Figure 54 (a,c)). PLF0 and the air electrode contribution to PLF1 are both affect-

ed by the oxygen partial pressure. An inert gas variation [38,122,146] of the oxidant (Figure 54 

(b,d)) reveals that only PLF0 is affected. Thus, PLF0 can be attributed to gas diffusion polarization 

at the air side. In the work by Geisler et al. [161] it was found that in-plane gas diffusion in the 

contact and cathode layers underneath the ribs of the flow field has a significant impact on cell 

performance. In order to quantify the impact of gas diffusion in this study, a method from 

chapter 5.1.2 is adapted. The difference of the polarization resistance Δ𝑅pol (see equation (54)) 

between the gas mixture with nitrogen 𝑅pol,N2 and helium 𝑅pol,He is assumed to be equal to the 

difference of the gas diffusion resistance Δ𝑅diff between the two gas mixtures as shown in 

chapter 5.1.2. 

Here, the concept of an effective gas diffusion parameter 𝐺eff is adapted to the air electrode 

(equation (70)). ΨAE denotes the microstructure parameter and 𝐿AE an averaged gas diffusion 

length. 

 𝐺eff,AE =
ΨAE
𝐿AE

 (70) 

The gas diffusion resistance at the air side 𝑅diff,AE can be calculated according to equation (71) 

with 𝑅̃ denoting the universal gas constant, 𝑇 the temperature, 𝐹 the faraday constant, 𝐷O2 the 

binary gas diffusion coefficient, 𝑦̃O2,AE the molar fraction of oxygen and 𝑃corr an conversion 

factor 105 Pa bara
-1. Based on Ref. [39], molecular combined with Knudsen gas diffusion is 

considered. Thus, 𝐷O2 is based on the Bosanquet-approach (equation (18)) and the molecular 

gas diffusion coefficient 𝐷mol,O2 is calculated by Chapman-Enskog (equation (15)) [258]. 

 𝑅diff,AE = (
𝑅̃𝑇

4𝐹
)

2

∙
1

𝐺eff,AE
∙

1

𝐷O2 ∙ 𝑝
(

1

𝑦̃O2,AE
− 1) ∙

1

𝑃corr
 (71) 

On the basis of equation (54) and (71) the effective gas diffusion parameter can be determined 

with equation (72) resulting in 𝐺eff,AE = 188.74 m-1 with a Δ𝑅pol = 21.8 mΩ cm2 in Figure 

54 (b). 
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The first impedance measurements of pressurized testing with the new test bench are presented 

in Figure 55 (a) with the distribution of relaxation times in Figure 55 (b). The spectra were 

measured at 850 °C with 50% H2 (balance H2O) and synthetic air at the air side at pressures of 

1 and 4 bara.  

The increase in pressure results in a decrease of the ohmic resistance by about 5 mΩ cm2. Here, 

a number of effects discussed in literature might have contributed to this behavior. In the work 

by Momma et al. [228], a decrease of the ohmic resistance with increasing pressure was report-

ed and attributed to the conductivity of the air electrode material [267] and a lower contact 

resistance between air electrode and current collector. Previous investigations (chapter 

5.3.2) [147] of the stack like contacting revealed a contact resistance of 13 mΩ cm2, which 

might decrease at higher pressures. Further, the conductivity in the GDC bulk in the fuel elec-

trode and within the GDC interlayer at the air side may be influenced. The conductivity of GDC 

is depending on the oxygen partial pressure. Based on Wang et al. [31] the impact at the air side 

is assumed to be neglectable since at comparably higher oxygen partial pressures no significant 

change in conductivity can be observed. Regarding the fuel electrode, the oxygen partial pres-

sure calculated with Cantera [249] at 850 °C and 50% H2 (balanced with H2O) is independent 

of pressure and thus no impact from here is expected. Additionally, the conductivity of the 

oxide scale of the metallic flow field exhibiting a Co-Mn spinel layer [147,177] may play a 

comparably larger role here. This needs to be investigated in more detail in future work. 

The polarization resistance is decreasing by approx. 8 mΩ cm2, which can be related to reduced 

activation and/or gas diffusion polarization resistances [16]. At first, the impact of pressure on 

the gas diffusion process at the air side PLF0 is discussed. The gas diffusion resistances at atmos-

pheric pressure (𝑅diff,AE,atm = 9.4 mΩ cm2) and 4 bara (𝑅diff,AE,4bar𝑎 = 6.9 mΩ cm2) are calcu-

lated with the help of equation (71), revealing a difference of 2.5 mΩ cm2 that is contributing to 

the decrease in the overall polarization resistance. 

The peak PLF1 in Figure 55 (b) at approx. 10 Hz is mostly affected by the change in pressure. In 

Ref. [33,45] it was shown that the gas diffusion regime determines the impact of pressure re-

garding the electrochemical behavior. In comparison to the air side, here a finely meshed Ni-

grid is applied for contacting. Thus, based on a chapter 5.1.2 gas diffusion in the porous fuel 

electrode structure with molecular and Knudsen gas diffusion was neglected due to the small 

electrode thickness. Instead a gas diffusion layer above the electrode with pure molecular gas 

diffusion inside the contact mesh and gas channel can be assumed at the fuel side. The resulting 

gas diffusion resistance 𝑅diff,FE at the fuel side is independent of pressure for molecular gas 

diffusion as shown in chapter 2.4.3.  

Subsequently, the impact of pressure on PLF1 should solely result from a decrease of the activa-

tion polarization at the fuel and/or air electrode. The activation resistance 𝑅act,𝑒𝑙 for the elec-

trodes (el) is provided in equation (73). Here, 𝑗0,𝑒𝑙 denotes the exchange current density of the 
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electrodes. It´s dependency on the pressures is shown in equation (12) and (13) for fuel and air 

electrode respectively. 

 𝑅act,𝑒𝑙 =
1

𝑗0,𝑒𝑙
∙
𝑅̃𝑇

2𝐹
 (73) 

The dependency of the exchange current density becomes obvious and can be calculated with 

the parameters from Table 6.  

Based on this, the activation resistance at the fuel side is calculated for atmospheric pressure 

(𝑅act,FE,atm = 37.5  mΩ cm2) as well as at 4 bara (𝑅act,FE,4 baraa = 18.2  mΩ cm2). This results 

in a difference of 19.2 mΩ cm2. As shown in the appendix in Figure 67, the activation re-

sistance at the air side is neglectable under atmospheric pressure at 850 °C and air at the air 

side. The calculated impact of pressure towards the activation resistance is larger than the meas-

ured value of 8 mΩ cm2 minus the gas diffusion at the air electrode of 2.5 mΩ cm2. However, 

the model parameters were determined at atmospheric pressure and might not be valid for 

higher pressures. Processes underneath PLF2 seem to be affected with pressure as well, which 

may result from the coupling of PLF1 and PLF2 in a transmission line model. Processes above 103 

Hz (PHF) do not seem to be impacted by increasing pressure as they are related to bulk process-

es.  

 

Figure 55 (a) Impedance spectra and (b) DRT at 850 °C with 50% H2 (balance H2O) and syn-

thetic air at the air side between 1 bara and 4 bara. Graphic reformatted and taken from Ref. [2]. 

Based on this analysis the physicochemical backgrounds of the DRT-peaks and their pressure 

dependencies are summarized in Table 10. 
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Table 10. List of physical processes at fuel and air electrode with corresponding frequency range and 

indication of pressure dependency. 

Peak Frequency 

range 

Physical process Pressure 

dependency 

- [Hz] Fuel electrode Air electrode - 

PLF0 0.5 − 3 - Gas diffusion Yes 

PLF1 3 − 30 Surface reaction coupled with 

ionic transport in the GDC 

phase, overlap with gas diffu-

sion [146] 

Oxygen surface exchange 

coupled with O2- diffusion 

in the bulk of the air 

electrode [205] 

Yes 

PLF2 30 − 2000 Ionic transport in the GDC 

phase coupled with surface 

reactions + interfacial processes 

[146] 

Dominated by O2- diffusion 

in the bulk of the air 

electrode coupled with 

oxygen surface exchange 

[205] 

Yes 

PHF > 2000 Interfacial and bulk processes 

[146] 

Non-surface related pro-

cesses, possibly resistive 

interfacial processes [38] 

No 

 

5.4.2 Pressurized Testing of an Anode-supported Cell 

An anode-supported cell with Ni/YSZ fuel electrode was tested with the metallic cell housing 

made of Crofer 22 H under pressurized operating conditions and results are shown in the fol-

lowing section. 

5.4.2.1 Atmospheric vs. Pressurized Test Bench 

Figure 56 shows a comparison of (a) impedance spectra and (b) DRT of an ASC with Ni/YSZ 

fuel electrode between the test bench for atmospheric and pressurized conditions at 𝑇 =

 800 °C with 50% H2 (balance H2O) and synthetic air at the air side. The measurements were 

performed at atmospheric conditions and prior to pressurization at the pressurized test rig. In 

Figure 56 (a) and (b) the spectra deviate in the low frequency region at approx. 1 Hz. This might 

be related to a comparably larger gas diffusion process at the air side [161] with respect to a 

stack-like contacting in the pressurized test bench in comparison to ideal contacting in the 

atmospheric test bench (see chapter 5.3.3). Processes in the DRT above 10 Hz remain in a 

similar frequency region.  
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Figure 56 (a) Impedance spectra and (b) DRT of an ASC with Ni/YSZ fuel electrode between 

the test bench for atmospheric and pressurized conditions at 𝑇 =  800 °C with 50% H2 (bal-

ance H2O) and synthetic air at the air side at atmospheric conditions.  

5.4.2.2 Open-Circuit Voltage 

The open-circuit voltage is shown as a function of the absolute pressure which is increased up to 

6 bara in Figure 57 for 90% H2 (balance H2O) and synthetic air at the air side at 700 °C, 750 °C 

and 800 °C. With a simulated leackage of 1.3% H2O the increase of OCV with increasing 

pressure can be described with a relative error of < 1%. 
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Figure 57 OCV as a function of the absolute pressure at 90% H2 (balance H2O) and synthetic air 

at the air side at 700 °C, 750 °C and 800 °C (simulation with 1.3% leackage H2O).  

5.4.2.3 Impedance Analysis 

Reference measurements of the test were taken at atmospheric conditions and 𝑇 =  800 °C 

with 50% H2 (balance H2O) and synthetic air at the air side and are presented in Figure 58 with 

impedance spectra in (a) and DRT in (b) with the extracted ohmic 𝑅0 and polarization resistance 

𝑅pol in (c). These measurements were conducted at the beginning (denoted: 1), after approx. 

23 h (denoted: 2), 40 h (denoted: 3) and at the end of the test (denoted: 4). As shown in Figure 

58 (a) and (c) the ohmic resistance is increasing by a factor of ≈ 14 within 100 h of testing 

time. The polarization resistance increases within the first 40 h of testing and then decreased to 

0.4 Ω cm2 again without reaching the initial value of 0.098 Ω cm2. In between the first and 

second reference measurement an unstable pressure setting caused voltage cycling between 

0.68 V and 0.97 V which might be partly responsible for a pronounced degradation of the cell. 

However, the ohmic resistance and polarization resistance continue to increase afterwards as a 

variation of pressure at 𝑇 =  800 °C between 1 − 6 bara was conducted. For a fuel gas mixture 

of 90% H2 (balance H2O) and synthetic air at the air side this is shown in Figure 59 (a) for the 

DRT. At approx. 102 Hz the peak seems to increase with increasing pressure which is contra-

dictory to the expected impact of pressure towards the cell behavior. The peak at 102 Hz is 

usually assigned to the oxygen surface exchange coupled with O2- diffusion in the bulk of the air 

electrode [205] and should decrease with pressure [33]. This is the case for 𝑇 =  750 °C in (b) 

and (c) at 𝑇 =  700 °C. With respect to the reference measurements, the cell behavior cannot 

be related to the change in pressure independently. Regarding the uncoated Crofer 22 H cell 

housing sealed with a glass ceramic sealing, an impact of Cr- and/or Si-poisoning of the air 

electrode cannot be excluded. 
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Figure 58 (a) Impedance spectra and (b) DRT of an ASC with Ni/YSZ fuel electrode at 

𝑇 =  800 °C with 50% H2 (balance H2O) and synthetic air at the air side at atmospheric condi-

tions. 
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Figure 59 DRT of a pressure variation between 1 –  6 bara in steps of 1 bara with 90% H2 (bal-

ance H2O) and synthetic air at the air side in (a) at 𝑇 =  800 °C, (b) at 𝑇 =  750 °C and (c) 

at 𝑇 =  700 °C. 

5.4.3 Optimization Remarks 

In this work, a new test bench for pressurized testing without pressure vessel was designed and 

demonstrated for the first time. It is based on existing testing technology [28], which was devel-

oped and optimized for several decades. Thus, the optimization process for pressurized testing is 

not finished with this work and will be continued in the future. In the following, the experience 

with the first tests is summarized with remarks on optimization.  

5.4.3.1 Flow Field Contact Force 

The test bench for atmospheric conditions (see chapter 4.2) is equipped with a decoupled mech-

anism to apply a defined contact force onto the flow field towards the cell. In terms of sealing at 

higher pressures, this was not yet solved for pressurized operation yet. In addition, the clamping 
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of the metal cell housing with Al2O3-plates and rods inhibits a similar solution compared to 

chapter 4.2. In this work, a liquid contact paste was applied during cell mounting, which sup-

ports a sufficient contacting between flow field and electrode. However, with respect to an 

initial dry contact layer during cell mounting a defined contact force on the flow field is needed 

as shown in Ref. [252]. 

5.4.3.2  Sealing 

In a first step, sealing was realized with a glass ceramic sealing paste. As shown by the meas-

urements of the open-circuit voltage in Figure 52 and Figure 57, this works well for the planar 

cells. However, the required efforts for cleaning the metallic housing after testing remain a 

disadvantage for quick re-mounting of the next cell for testing. Other sealing concepts and 

materials such as compression gaskets are also of interest [268,269]. However, a higher leakage 

rate is expected for these sealants and needs to be tolerated. This will be investigated in future 

works with this test bench. 

5.4.3.3 Testing with Crofer 22 H Housing 

The application of the Crofer 22 H cell housing requires a modification in order to minimize an 

impact of the cell housing towards the cell behavior. Thus, the metallic surface of the gas tubes 

needs to be minimized to avoid Cr-evaporation and subsequent poisoning of the air electrode. 

The inside of the metallic housing is replaced by a ceramic inlay as shown in Figure 60 (a) and 

(b) with an ideal contacting to create more inert conditions for cell testing, which will be tested 

in future work. 

Alternatively, the metallic surface of the Crofer 22 H needs to be covered with a protective 

coating. However, due to the complex shape with inner gas channels a homogeneous application 

of such coating remains critical. 
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Figure 60 Modification of cell housing made of Crofer 22 H with ceramic inlay. 
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6 Conclusion and Outlook 

In this thesis, solid oxide cells were electrochemically characterized and modeled on the way 

towards pressurized stacks. This included development of appropriate testing methodologies 

and test benches and the analysis of intrinsic losses of the cell as well as the impact of stack-like 

and pressurized conditions. 

First, the intrinsic losses of an electrolyte-supported cell with Ni/GDC fuel electrode were 

described under atmospheric conditions based on a zero-dimensional dc performance model. 

The model precisely predicts the current-voltage characteristics over a wide temperature and gas 

composition range with its parametrization based on electrochemical impedance spectroscopy. 

In order to deconvolute the gas diffusion polarization of the Ni/GDC fuel electrode with a 

subsequent quantification, symmetrical cells were applied. Further, it required a method to 

isolate the gas diffusion process by changing a ternary inert gas mixture with nitrogen and 

helium respectively. An effective gas diffusion geometry parameter was defined and quantified 

by the difference in polarization resistance between the two inert gas mixtures. This allowed the 

calculation of the gas diffusion resistance for various operating conditions. For the first time, the 

loss contributions of gas diffusion and activation within a Ni/GDC fuel electrode were success-

fully separated and quantified in this work. This aproach was later on applied in the analysis of 

various Ni/GDC electrodes. The model demonstrated an excellent capability for accurate cell 

performance prediction, which was validated with experimental IV-curves over a wide range of 

operating conditions in both SOFC and SOEC mode. In addition, it was extended from H2/H2O 

to CO/CO2 fuel gas mixtures for fuel cell and electrolyzer mode. Here, an excellent concordance 

of simulated IV-curves compared to measurements was achieved over a wide temperature range 

and varying gas compositions. Gas diffusion and activation losses were only slightly larger for 

CO/CO2 operation compared to H2/H2O mode. Finally, the ohmic losses of the electrolyte-

supported cell remained dominant, so that a comparable similar performance between H2/H2O 

and equivalent mixtures of CO/CO2 was observed. 

In a SOC stack the cells are in contact with metallic interconnectors resulting in additional loss 

mechanisms besides the intrinsic losses of the cell. Thus, different steel grades (Crofer 22 APU, 

AISI 441, UNS S44330) were investigated with a stack-like contacting of single cells. Here, 

metallic interconnectors were investigated with respect to their electrochemical behavior in the 

un- as well as CeCo coated state. Uncoated metallic interconnectors showed severe performance 

and contact losses, and based on a post-mortem analysis differences in performance could be 

correlated to different Cr-oxide scale layers of the MICs at the air side. A performance similar 

to the ideal contacting with ceramic flow fields could not be reached as an effective cap layer to 

avoid Cr poisoning of the LSCF electrode was missing. In comparison, metallic interconnectors 

coated with a CeCo PVD coating performed closely to the ideal contact set-up irrespective of 

the steel grade as similar Cr-oxide scales as well as Co-Mn-Oxide layers are formed at the air 

side. The contact resistance was decreased significantly by the coating of the metallic intercon-

nector. In addition, due to less Cr-evaporation and subsequent poisoning of the air electrode, the 

polarization resistance was decreased by coating the interconnector. Finally, the correlation of 
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electrochemical measurements and microstructural analysis of the metallic interconnectors and 

the air electrode by SEM-EDX-analysis revealed that a protective coating is mandatory for 

high-performing solid oxide cell stacks. 

The knowledge gained regarding the intrinsic losses as well as stack-like contacting is crucial 

for pressurized testing as the same cell type and similar stack-like contacting were utilized. In 

this work, a new pressurized single cell test site without pressure vessel was developed based on 

existing SOC testing technology. The cells were sealed in a newly developed metal housing 

made of an aluminium oxide forming steel grade by a glass ceramic sealant that enabled pres-

surization of fuel and air compartments up to 11 bara. In addition, a new and unique pressure 

regulation concept was designed and applied to minimize the differential pressures between the 

fuel and air sides. In comparison to complex differential pressure control strategies, a single 

pressure controller is applied behind a downstream off-gas burning unit which unites fuel and 

oxidant flow. The glass-ceramic sealed metal housing could withstand thermal cycling without 

mechanical failure as well as pressure variations between 1 to 11 bara. Predictions based on 

literature and the Nernst-equation regarding the pressure dependency were confirmed and 

excellent sealing with OCV values of up to 1.42 V were reached. An increase of power density 

of up to 20% was observed in SOFC-mode which was in good agreement with simulation 

results of the zero-dimensional performance model. As expected, the increase in OCV resulted 

in a slightly higher electrical power demand for SOEC. Pressurization resulted in an expected 

decrease of the different polarization processes, as shown by impedance spectroscopy and the 

subsequent distribution of relaxation times. The sealing concept was also adapted to enable 

testing of anode-supported cells with the help of a ceramic frame, which was sealed with a glass 

ceramic sealing. Here, an uncoated Crofer 22 H housing was applied. However, due to Cr-

evaporation and subsequent poisoning of the air electrode, a protective coating or shielding by 

ceramic parts needs to be applied in a future version of the Crofer 22 H housing.  

All in all, the sealing concept developed for single cells in this work could be transferred to 

pressurized solid oxide cell stacks in a future work. 
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7 Appendix 

In the following appendix the parameters needed for calculating the gas diffusion coefficients 

are summarized from Ref. [258]. 

7.1 Lennard-Jones-Energy 

In relation to the Boltzmann constant 𝑘B the Lennard-Jones-energies 𝜁𝑖 are listed in Table A 1 

for the species 𝑖 including hydrogen (H2), steam (H2O), oxygen (O2), nitrogen (N2), heli-

um (He), carbon monoxide (CO) and carbon dioxide (CO2) [258]. 

Table A 1.  Lennard-Jones-Energies for hydrogen (H2), steam (H2O), oxygen (O2), nitrogen 

(N2), helium (He), carbon monoxide (CO) and carbon dioxide (CO2) [258]. 

Parameter Unit H2 H2O O2 N2 He CO CO2 

𝜁𝑖
𝑘B

 K 59.7 809.1 106.7 71.4 10.2 91.7 195.2 

 

According to equation (74), the Lennard-Jones-Energy can be calculated for a binary mixture 

𝜁𝑖𝑗 with the components 𝑖 and 𝑗.  

 𝜁𝑖𝑗 = √𝜁𝑖 ∙ 𝜁𝑗 (74) 

The defined collision integral ΩD in equation (75) is needed for calculating the diffusion coeffi-

cient by Chapman-Enskog with the coefficients 𝐴, 𝐵, 𝐶, 𝐷, 𝐸, 𝐹2 and 𝐺 as well as the reduced 

temperature 𝑇∗. The latter is shown in equation (76) depending on the Boltzmann constant 𝑘B, 

Lennard-Jones-Energy 𝜁𝑖𝑗 and Temperature T. 

 
ΩD =

𝐴

(𝑇∗)𝐵
+

𝐶

𝑒𝑥𝑝(𝐷 ∙ 𝑇∗)
+

𝐸

𝑒𝑥𝑝(𝐹2 ∙ 𝑇
∗)
+

𝐺

𝑒𝑥𝑝(𝐻 ∙ 𝑇∗)
 

(75) 

 𝑇∗ =
𝑘B ∙ 𝑇

𝜁𝑖𝑗
 (76) 

The coefficients of the collision integral are listed in Table A 2. 

Table A 2. Coefficients for the collision integral. 

A B C D E F2 G H 

1.06036 0.15610 0.19300 0.47635 1.03587 1.52996 1.76474 3.89411 
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7.2 Lennard-Jones-length 

The Lennard-Jones-Length 𝜎𝑖 is also required for calculating the gas diffusion coefficient. The 

values for hydrogen (H2), steam (H2O), oxygen (O2), nitrogen (N2), helium (He), carbon monox-

ide (CO) and carbon dioxide (CO2) are listed in Table A 3. 

Table A 3. Lennard-Jones-lengths for hydrogen (H2), steam (H2O), oxygen (O2), nitrogen (N2), 

helium (He), carbon monoxide (CO) and carbon dioxide (CO2) [258]. 

Parameter Unit H2 H2O O2 N2 He CO CO2 

𝜎𝑖 𝐴̇ 2.827 2.641 3.467 3.798 2.55 3.69 3.941 

Considering the Lennard-Jones-Length of a binary mixture, equation (77) is applied. 

 
𝜎𝑖𝑗 =

𝜎𝑖 + 𝜎𝑗

2
 

(77) 

7.3 Parametrization and Modeling of an ASC with 
Ni/YSZ Fuel Electrode 

The ASC with Ni/YSZ fuel electrode was characterized at atmospheric conditions on the basis 

of Ref. [36], where an impedance-based zero-dimensional dc performance model was devel-

oped. This was adapted to the cell used in this work with the same equivalent circuit model and 

is thus only summarized here.  

Figure 61 demonstrates the need for an updated parametrization of the cell used in this work 

since a performance increase in comparison to the former cell can be observed in electrolysis 

mode at 750 °C with 50% H2 (balance H2O) and air at the air side. 

 

Figure 61 IV-characteristics in electrolysis mode for an ASC with Ni/YSZ fuel electrode meas-

ured in this work in comparison to a simulation from a former work [36,125] at 𝑇 =  750 °C 

with 50% H2 (balance H2O) and synthetic air at the air side. 
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The model parameters found in this work are compared with Ref. [36,62] in Table A 4. 

Table A 4.  Model paramters for an ASC with Ni/YSZ fuel electrode, 

8YSZ electrolyte and LSCF air electrode from this work in comparison to a 

former work. 

Parameter Unit Former work This work 

𝐸act,ohm kJ mol-1 90.31 [36] 79.06 

𝐵ohm S·K·m-2 4.19 ∙  1012 [36] 1.4 ∙  1012 

𝐸act,FE kJ·mol-1 105.04 [36] 86.3 

𝐵act,FE Ω·m2 3.83 ∙  10−11 [36] 1.61 ∙  10−10 

𝑎 - −0.1 [36] −0.1 

𝑏 - 0.33 [36] 0.04 

𝛼FE - 0.727 [62] 0.72 

𝜓FE - 0.13 [36] 0.072 

𝐿FE µm 1000 [36] 500 

𝐸act,AE kJ·mol-1 139.86 [36] 141.6 

𝐵act,AE Ω·m2 4.03 ∙  10−13 [36] 3.53 ∙  10−13 

𝑚 - 0.22 [36] 0.11 

𝛼AE - 0.726 [62] 0.53 

𝜓AE - 0.022 [36] 0.025 

 

The partial pressure of H2 is varied for measured (symbols) and simulated (line) current-voltage 

characteristics in Figure 62 at 𝑇 =  750 °C with 20%, 40%, 50%, and 60% H2 (balance H2O) 

and synthetic air at the air side. 



7  Appendix 

104 

 

Figure 62 IV-characteristics in electrolysis mode measured (symbols) and simulated (line) for 

an ASC with Ni/YSZ fuel electrode at 𝑇 =  750 °C with 20%, 40%, 50%, and 60% H2 (bal-

ance H2O) and synthetic air at the air side. 

A variation of temperature between 𝑇 = 700 °C, 750 °C and 800 °C with 50% H2 (balance 

H2O) and air at the air side is shown in Figure 63. The simulated current-voltage curve is exper-

imentally validated with an error of less than 2%. 

 

Figure 63 IV-characteristics of the ASC with Ni/YSZ fuel electrode measured and simulated 

(black line) at 𝑇 =  700 °C, 750 °C and 800 °C with 50% H2 (balance H2O) and synthetic air 

at the air side. 

The resulting voltage losses are shown in Figure 64 at 𝑇 =  750 °C with 50% H2 (balance 

H2O). For this cell, ohmic losses have the largest impact on performance. In addition, activation 

losses at fuel and air side have a larger influence in comparison to gas diffusion losses.  
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Figure 64 Individual voltage losses of the ASC with Ni/YSZ fuel electrode in electrolysis mode 

at 𝑇 =  750 °C with 50% H2 (balance H2O) and synthetic air at the air side.  

7.4 Characterization of a symmetrical Cell with LSCF 
Electrodes1 

The characterization of the air electrode follows the approach by Leonide et al. [104] with no 

further extension regarding the extraction of the model parameters. In addition, no further 

significant results were observed during this work. For this reason, this part is shown in the 

appendix with the determination of the microstructure parameter ΨAE, the activation energy 

𝐸act,AE, the exponent 𝑚 and the prefactor 𝛾AE of the air electrode. 

7.4.1 Equivalent Circuit Model Air Electrode 

Processes occurring at the LSCF air electrode are described with the equivalent circuit model 

developed by Leonide et al. [104], which has been used in previous studies [68,256]. Though, 

gas diffusion is described by an RQ-element. Furthermore, the coupling of charge transfer and 

solid-state diffusion of oxygen ions is specified by a Gerischer-element [53]. As mentioned 

above, processes at higher frequencies are accounted for the ohmic resistance. 

7.4.2 Microstructure Parameter Air Electrode 

In this work an LSCF air electrode similar to Leonide et al. [104] is applied. The loss mecha-

nisms at the air electrode become isolated by observing symmetrical cells. Figure 65 (a) shows 

the DRT of a variation of the oxygen partial pressure of a symmetrical cell with LSCF elec-

                                                      
1 Results of this chapter were partly generated in the master thesis by C. Grosselindemann (2020) [30] and re-worked 

in the beginning of the PhD with finally publishing in C. Grosselindemann et al., ECS Trans., 103, 1375-1393 (2021) 

[37] and in C. Grosselindemann et al., J. Electrochem. Soc., 168, 124506 (2021) [38]. 
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trodes with a gas mixture of 5%, 2% and 1% oxygen (balanced with N2) at a temperature of 

800 °C. The gas diffusion process is apparent in a frequency range of 0.5 − 10 Hz [104] and 

it´s contribution to the polarization resistance is extracted with a CNLS-fit. The resulting gas 

diffusion resistance using the ASR values of a single electrode are shown in a double logarith-

mic plot in Figure 65 (b).  

 

Figure 65 (a) DRT of a variation of the oxygen partial pressure of a symmetrical cell with LSCF 

electrodes with a gas mixture of 5%, 2% and 1% oxygen (balanced with N2) at a temperature of 

800 °C and (b) gas diffusion resistance from CNLS-fit using ASR values of a single electrode. 

Taken from Ref. [38]. 

The trend of the gas diffusion resistance as a function of the oxygen partial pressure can now be 

approximated with the help of equation (33) using a solver with a least-squares method in order 

to determine the unknown microstructure parameter ΨAE of the air electrode.  

The gas diffusion length in this case remains unknown. Although, the gas diffusion within the 

gold-mesh is contributing to it as well [257], for the purpose of comparison to the work of 

Leonide [104], the gas diffusion length is set to the thickness of the single air electrode of 

47 µm from the symmetrical cell. In addition, Knudsen-Diffusion needs to be considered in this 

case [104]. Therefore, the gas diffusion coefficient for oxygen is calculated by the Bosanquet-

approach with the help of the molecular gas diffusion coefficient (𝐷O2,mol = 1.7879 ∙  10
−4 m2 

s-1, 𝑇 = 800 °C) as well as Knudsen-Diffusion coefficient 𝐷Kn,O2. An estimated pore radius of 
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600 nm was set for the determination of 𝐷Kn,O2 resulting to 𝐷Kn,O2 = 3.3705 ∙ 10
−4 m2 s-1 at a 

temperature of 800 °C. 

Finally, a microstructure parameter of ΨAE = 0.048 is determined. In this case, the trend of the 

measured gas diffusion resistance cannot be described precisely enough with equation (33). The 

latter can presumably be explained by the application of a revised generation of LSCF elec-

trodes with a likely higher porosity. Imprecision also might be explained by an estimated pore 

diameter. The application of a pore size distribution was beyond of the scope of this work. 

7.4.3 Activation Energy Air Electrode 

In order to determine the activation energy of the air electrode 𝐸act,AE a variation of temperature 

between 600 °C and 900 °C in steps of 50 °C with a gas mixture of 21% O2 (balanced with N2) 

of a symmetrical air electrode is shown in Figure 66. At comparably low frequencies between 

10 − 20 Hz the gas diffusion process is apparent, as it only shows a slight correlation with 

temperature. In a frequency range between 100 − 400 Hz the activation process of the air 

electrode indicates a clear activation by temperature. In the equivalent circuit model, this pro-

cess is described by a Gerischer element [256]. By extracting the activation resistance with a 

CNLS-fit, it can be plotted in an Arrhenius-plot in Figure 67 using the ASR values of a single 

air electrode. Here, a grey area is marked with resistances of less than 10 mΩcm2, indicating the 

possibility of measurement imprecisions as the boundaries of the frequency response analyzer 

are reached. However, this does not seem to have an influence yet. 

The linear trend leads to Arrhenius behavior resulting in an activation energy of the air electrode 

of 𝐸act,AE = 144.54 kJ mol-1 from the value of the slope. In addition, the cell specific constant 

yields to 𝐵AE = 1.5185 ∙ 10
−10 Ωcm2. In comparison, the LSCF electrode characterized by 

Leonide [104] holds values of 𝐸act,AE = 139.86 kJ mol-1 and 𝐵AE =  4.032 ∙  10−9 Ωcm2. The 

deviation between the activation energies is less than 3% and with regard to a state-of-the-art 

electrode comparably small. Further, the cell specific constant in this case is smaller, which 

presumably can be explained by the application of synthetic air with 21% O2 and 79% N2. 

Thereby, contaminants present in air from the environment can be neglected. 
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Figure 66 DRT of a temperature variation between 600 °C and 900 °C in steps of 50 °C with a 

gas mixture of 21% O2 (balanced with N2) of a symmetrical air electrode. Taken from Ref. [38]. 

 

Figure 67 Arrhenius plot for a temperature variation from 600 °C to 900 °C in steps of 50 °C 

using the ASR values of a single fuel electrode with a gas mixture of 80% H2 (balance H2O) 

and a single air electrode with 21% O2 (balance N2). Taken from Ref. [38]. 

In addition, the activation resistances of the fuel electrode (using the ASR values of a single 

electrode) are also displayed and differ by an order of magnitude to the air electrode. Therefore, 

the activation process of the latter can presumably be neglected when simulating the dc mode as 

shown above. 
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7.4.4 Exponent m 

The extraction of the exponent 𝑚 describing the oxygen partial pressure dependency of the air 

electrode´s exchange current density follows the approach by Leonide et al. [104] as well. In 

Figure 68 (a) the DRT of a symmetrical cell with LSCF air electrodes is shown at a temperature 

of 𝑇 = 800 °C. The data is based on a variation of the oxygen partial pressure with 

21%, 12%, 5%, 2%, 1% (balanced with N2). Subsequently, in Figure 68 (b) the resulting activa-

tion resistance using the ASR values of a single air electrode is plotted in a double logarithmic 

scale as a function of the oxygen partial pressure and fitted with a power law approach. The 

exponent 𝑚 is then extracted by the negative value of the slope of the fit resulting in a value of 

𝑚 = 0.42. In comparison to Leonide et al., the exponent 𝑚 in this case is larger by about a 

factor of two. 

 

Figure 68 (a) DRT of a variation of the oxygen partial pressure at a temperature of 𝑇 =  800 °C 

with 21%, 12%, 5%, 2%, 1% (balanced with N2) and (b) determination of the exponent 𝑚 using 

the ASR values of a single electrode. Taken from Ref. [38]. 

7.4.5 Prefactor γAE 

The exponential prefactor 𝛾AE can be determined with the help of equation (78) [104]. The 

above-mentioned evaluation of the variation of temperature was performed with 21% O2 at 
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atmospheric pressure. Thus, these conditions were set in order to determine the prefactor 𝛾AE. 

With the above-mentioned exponent 𝑚 and the cell specific constant 𝐵AE a value of 

𝛾AE(𝑇) =  5.47 ∙  109 (A m−2 K−1) ∙ 𝑇 was determined compared to 

𝛾AE(𝑇) =  1.52 ∙  108(A m−2K−1) ∙ 𝑇 from Leonide et al. [104]. 

 
𝛾AE =

𝑅̃𝑇

2𝐹𝐵AE
∙ [(
𝑝O2
𝑝ref

)
𝑚

]
−1

 
(78) 

 

7.5 0D Model Parameters CO/CO2
2 

Table A 5.  Model parameters of the zero-dimensional cell model adapted to a solid oxide cell with 

Ni/GDC fuel electrode, 3YSZ electrolyte and LSCF air electrode for operation in CO/CO2. 

Parameter Unit Value 

𝐸act,ohm J mol-1 1000 K ∙ 𝑅̃  (2 𝑘1 𝑥 + 𝑘2 +
1

𝑥
) with 𝑥 =

1000 K

𝑇
 [38] 

𝐵ohm K Ω-1 m-2 
1000 K

𝑥

104

Ω m2
∙ exp (− (𝑘1 𝑥

2 + 𝑘2 𝑥 + 𝑘3 −
𝐸act,ohm

1000 K∙𝑅̃
∙  𝑥)) [38] 

𝑘1 - 13.2739 

𝑘2 - −16.643 

𝑘3 - 3.5519 

𝐸act,FE kJ mol-1 111.51 

𝐵FE Ω m2 3.0295 ∙  10−11 

𝑐(𝑇) - 
0.0017

K
∙ 𝑇 − 1.6136 

𝑑(𝑇) - 
0.00063

K
∙ 𝑇 − 0.5527 

𝛾FE(𝑇) A m-2 1.42 ∙ 106 (A m−2 K−1) ∙ [0.4𝑐(𝑇) ∙ 0.6𝑑(𝑇)]
−1
∙ 𝑇 

𝛼FE,SOEC - 0.67 

𝛼FE,SOFC - 0.42 

𝐺eff m-1 736.87 [38] 

𝐸act,AE kJ mol-1 144.54 [38] 

𝐵AE Ω m2 1.5185 ∙ 10−14 [38] 

                                                      
2 Parts of this chapter have been published in C. Grosselindemann et al., Fuel Cells, 23, 442-453 (2023) [128]. 
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𝑚 - 0.42 [38] 

𝛾AE(𝑇) A m-2 5.47 ∙ 109 (A m−2 K−1) ∙ 𝑇 [38] 

𝛼AE  - 0.65 [104] 

ΨAE - 0.048 [38] 
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7.6 Chemical Composition MICs3 

The chemical composition of the three steel grades is listed in the appendix in Table A 6 and 

Table A 7 [147]. 

Table A 6.  Chemical composition of the uncoated steel grades [147]. 

Material C Si Mn P S Cr Ni Ti 

- % % % % % % % % 

Crofer 22 APU 0.004 0.02 0.44 0.003 <0.002 22.6 0.02 0.06 

AISI 441 

(1.4509) 

0.017 0.41 0.39 0.025 0.001 17.6 0.14 0.13 

UNS S44330 

(1.4622) 

0.015 0.47 0.39 0.029 <0.001 21 0.2 0.14 

 

Table A 7.  Part II Chemical composition of the uncoated steel grades [147]. 

Material Nb N Cu Mo Al Mg La Fe 

- % % % % %   % 

Crofer 22 APU <0.01 0.002 0.01 <0.01 0.013 <0.01 0.1 Bal. 

AISI 441 

(1.4509) 

0.384 - - - - - - Bal. 

UNS S44330 

(1.4622) 

0.36 0.015 0.33 - - - - Bal. 

 

7.7 Pathways to generate Hydrogen 

Green hydrogen: generated by electrolysis of water with electricity from renewable energies. 

CO2 free. [270] 

Grey hydrogen: Generated by fossil fuels. Approx. 10 t CO2 per 1 t H2. CO2 emissions in at-

mosphere. [270] 

                                                      
3 Parts of this chapter have been published in C. Grosselindemann et al., J. Electrochem Soc., 171, 

054508 (2024) [147]. 
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Blue hydrogen: Likewise, to grey hydrogen, but CO2 is separated and stored, Almost CO2-

neutral overall. [270] 

Turqoise hydrogen: generated by thermal splitting of methane (methane pyrolysis). Solid carbon 

is generated instead of CO2. [270] 
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11 Nomenclature 

Latin letters  

𝑎 Exponent describing hydrogen partial pressure dependency of the fuel electrode´s 

exchange current density (-) 

𝑏 Exponent describing steam partial pressure dependency of the fuel electrode´s ex-

change current density (-) 

𝐵ohm Cell specific constant for ohmic resistance (K Ω-1 m-2) 

𝐵𝐸𝑙 Cell specific constant for electrodes (Ω m2) 

𝑐̃𝑖 Molar concentration (mol m-3) 

𝐷mol,𝑖 Molecular gas diffusion coefficient of the component 𝑖 (m2 s-1) 

𝐷𝑖 Gas diffusion coefficient of the component 𝑖 (m2 s-1) 

𝐷𝑖𝑗𝑘 Ternary gas diffusion coefficient with the components 𝑖, 𝑗 and 𝑘 (m2 s-1) 

𝐷Kn,𝑖 Knudsen-Diffusion coefficient (m2 s-1) 

𝑑P Pore diameter (m) 

𝐸act Activation energy (J mol-1) 

𝐹 Faraday constant (As mol-1) 

𝐺eff Effective gas diffusion parameter (m-1) 

ΔR𝐺0(𝑇) Free standard reaction enthalpy (J mol-1) 

𝑗 Current density (A m-2) 

𝑗0,𝑒𝑙 Exchange current density (A m-2) 

𝑘1, 𝑘2, 𝑘3 Polynomial coefficients  

𝐿FE Gas diffusion length fuel electrode (m) 

𝑚 Exponent describing oxygen partial pressure dependency of the air electrode´s ex-

change current density (-) 

𝑀̃ Molar mass (g mol-1) 

𝑁 Amount of substance (mol) 
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𝑛̇ Molar flux density (mol m-2 s-1) 

𝑝 Overall pressure (bara) 

𝑝ref Reference pressure = 1.013 bara 

𝑝𝑖 Partial pressure of the component 𝑖 

𝑃corr Conversion factor 105 (Pa bara
-1) 

𝑃LF1 Low frequency process (-) 

𝑃LF1,b Second low frequency process (-) 

𝑃LF2 Middle frequency process (-) 

𝑃HF Higher frequency processes (-) 

𝑞1, 𝑞2, 𝑞3 Polynomial coefficients 

𝑅̃ Universal gas constant 8.314 (J mol-1 K-1) 

𝑅diff Gas diffusion resistance (Ω m2) 

𝑅pol Polarization resistance (Ω m2) 

𝑅act Activation resistance (Ω m2) 

Δ𝑅diff Difference of the gas diffusion resistance (Ω m2) 

Δ𝑅pol Difference of the polarization resistance (Ω m2) 

𝑅ohm Ohmic resistance (Ω m2) 

𝑠 Variable length (m) 

𝑇 Temperature (K) 

𝑈OCV Open circuit voltage (V) 

𝑈cell Cell voltage (V) 

𝑈th Theoretical voltage (V) 

𝑉 Volume 

𝑥 Variable 

𝑦 Variable 

𝑦̃ Molar fraction gas phase 
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𝑧 Number of exchanged electrons (-) 

𝑍′(𝜔) Real part of impedance (Ω m2) 

𝑍′′(𝜔) Imaginary part of impedance (Ω m2) 

  

Greek letters  

𝛼 Charge transfer coefficient (-) 

𝛾 Exponential prefactor (A m-2) 

𝛿 Concentration of oxygen lattice vacancy (-) 

𝜀 Porosity (-) 

𝜂 Overpotential (V) 

𝛾𝜏 Continuous distribution function 

𝜆DRT Regularization parameter 

𝜏To Tortuosity (-) 

𝜏 Relaxation time (s) 

𝜎 Standard deviation 

𝜎𝑖/𝑗 Lennard-Jones length (m) 

ΩD Collision integral 

𝛹 Microstructure parameter (-) 

𝜔 Angular frequency (s-1) 

  

Subscripts  

act Activation 

AE Air electrode 

cell Cell 

corr Correction 

diff Gas diffusion 

eff Effective 
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EL Electrode 

FE Fuel electrode 

H2 Hydrogen 

H2O Steam 

He Helium 

Kn Knudsen 

load Electrical load 

mol Molecular 

N2 Nitrogen 

OCV Open-circuit voltage 

ohm Ohmic 

pol Polarization 

por Pore 

s symmetrical cell 

WB Warburg 

 

Abbreviations  

Al2O3 Aluminum oxide 

APS Atmospheric plasma spraying 

ASC Anode-supported cell 

ASR Area specific resistance 

AE Air electrode 

BV Butler-Volmer 

CAPEX Capital expenditure 

CHP Combined Heat and Power 

CTE Coefficient of thermal expansion 

GDC Gadolinium-Doped Ceria 
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CNLS Complex non-linear least square 

CV Current-voltage 

dc Direct current 

DRT Distribution of relaxation times 

EDXS Energy-dispersive X-ray spectroscopy 

EIS Electrochemical impedance spectroscopy 

EL Electrode 

ESC Electrolyte-supported cell 

FE Fuel electrode 

FIB Focused ion beam 

G-FLW Generalized Finite-Length-Warburg-Element 

He Helium 

H2 Hydrogen 

H2O Steam 

lin Linear 

LSCF La𝑤Sr𝑥Co𝑦Fe𝑧O3−𝛿 

Meas Measured 

Mod Modeled 

MIC Metallic interconnector 

Min Minimum 

MSC Metal-supported cell 

N2 Nitrogen 

O2 Oxygen 

OCV Open-circuit-voltage 

PCC Proton conducting ceramic cell 

PFAS Per- and polyfluoroalkyl substances 

PVD Physical vapor deposition 
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RQ Parallel connection of ohmic resistance and constant-phase element 

SEM Scanning electron microscopy 

SOC Solid oxide cell 

SOEC Solid oxide electrolyzer cell 

SOFC Solid oxide fuel cell 

SZO SrZrO3 

sym-an1 Symmetrical cell with Ni/GDC fuel electrodes 1 

sym-an2 Symmetrical cell with Ni/GDC fuel electrodes 2 

TEM Transmission electron microscopy 

TLM Transmission-Line-Model 

TPB Three-phase boundary 

TRL Technology Readiness Level 

WPS Wet powder spraying 

3D Three-dimensional 

3YSZ 3 mol.% yttria-stabilized zirconia 

8YSZ 8 mol.% yttria-stabilized zirconia 
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