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Abstract 

The current energy transition is a key driver for the continuous development of fuel cells and 

electrolyzers due to the rapid growth of the clean energy demand and the need to overcome 

the intermittency of the power supply of renewable energy sources, such as wind and solar 

energy. In this regard, solid oxide cells (SOC) are promising systems that allow to overcome 

such fluctuations: they convert renewable electrical energy into chemical energy in the form 

of hydrogen and valuable fuels and chemicals, while they can also repower the grid by 

converting fuels and hydrogen into electrical power. This feature in reversibility has attracted 

the interest among Power-to-X technologies, which can be exploited by operating SOCs in 

fuel cell (SOFC), electrolysis (SOEL) and reversible (rSOC) modes. Nevertheless, SOCs are 

not yet a mature technology due to limitations on the performance of their electrolyte and 

electrodes. Typical fuel electrodes made of Ni-based cermets are in contact not only with 

hydrogen, but also with reactants such as natural gas, biogas, steam and carbon dioxide, 

leading to important operation issues related to high temperatures and poisoning tolerance, 

which significantly detriment the performance of these systems. 

Due to the urgent need for the development of sustainable SOC systems in clean energy 

scenarios, this thesis aims to cover the Ni cermets issues related to SOCs operation, such as 

nickel agglomeration, nickel migration, structural cell damage and carbon deposition. 

Therefore, with the motivation to propose alternative fuel electrode materials to the state-of-

the-art Ni cermets, formulations of perovskite chromite-based fuel electrodes were 

investigated in different SOC operating conditions.   

Firstly, different perovskite compositions were investigated by X-ray diffraction (XRD) to 

ensure the desired phase. With these crystal structure characterizations, the lanthanum-

chromite perovskite with Ni doping (LSCrN) was selected as candidate fuel electrode material 

with the compositions La0.7Sr0.3Cr0.85Ni0.15O3-δ (L70SCrN) and La0.65Sr0.3Cr0.85Ni0.15O3-δ 

(L65SCrN). These materials were synthetized by the glycine-nitrate combustion method and 

ceramic powder morphology was characterized by scanning electron microscopy (SEM). An 

experimental protocol for the cell manufacturing process was designed and the electrolyte-

supported-cells (ESCs) were produced by screen-printing, drying and sintering processes. 

ESCs were tested in different operating SOC modes: fuel cell (SOFC), steam electrolysis 

(SOEL), steam and carbon dioxide co-electrolysis (co-SOEL), as well as in reversible mode 
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(rSOC) and even in dry carbon dioxide electrolysis operation. In situ electrochemical 

characterizations were performed by evaluating the voltage – current response and the 

electrochemical impedance spectroscopy (EIS). In parallel, the exsolution of nickel particles 

from the produced LSCrN ceramic powders was investigated by means of temperature 

programmed reduction (TPR), X-ray spectroscopy (XPS) and XRD techniques. It was shown 

that the introduction of A-site deficiency promoted the reduction of metallic nickel particles 

on the perovskite surface. The particle distribution was found to be dependent on the 

temperature, the atmosphere and the overpotential. In co-SOEL operation, cells with the 

developed L65SCrN electrode showed a comparable performance to the ones with state-of-

the-art Ni cermets, e.g. – 0.8 A·cm-2 at 1.32 V and 860 °C.  

The long-term stability (~ 1000 hours) suggested that under strongly reducing atmospheres, 

such as in SOEL at 860 °C, the L65SCrN electrode suffered from accelerated performance 

degradation due to an alteration of the transport properties. Nonetheless, it was found that a 

decrease in operating temperature (below 830 °C) could be a suitable strategy to mitigate this 

durability issue. These findings are related to a gain in performance of the perovskite 

electrodes against the state-of-the-art Ni electrodes at temperatures between 770 °C and 830 

°C, possibly due to lower reaction energy barriers. These outcomes were used as basis for a 

scale-up analysis from the cell level up to the system level, i.e. up to the MW scale, by 

analyzing a real case application of SOEL-based systems for hydrogen production. This 

analysis suggested that the implementation of perovskite electrodes in SOEL systems, 

together with a decrease of the system operating temperature, would lead to a significant 

reduction of the number of cells in the stacks and hence of the system components, 

simplifying the system layout. Additionally, the required amount of Ni raw material would 

also be significantly decreased, which would mitigate future supply chain issues that the 

mineral market may experience in the upcoming years. This study paves the way for future 

alternative electrode development for SOC applications while suggesting potential benefits at 

the system scale.  

 

 



Zusammenfassung │ 

XI 

 

Zusammenfassung 

Die derzeitige Energiewende ist aufgrund des raschen Anstiegs der Nachfrage nach sauberer 

Energie und der Notwendigkeit, die Schwankungen der Stromversorgung aus erneuerbaren 

Energiequellen wie Wind- und Sonnenenergie zu überwinden, ein wichtiger Motor für die 

kontinuierliche Entwicklung von Brennstoffzellen und Elektrolyseuren. In dieser Hinsicht 

sind Festoxidzellen (SOC) vielversprechende Systeme, die es ermöglichen solche 

Schwankungen zu überwinden: Sie wandeln erneuerbare elektrische Energie in chemische 

Energie in Form von Wasserstoff oder Synthesegase (Wasserstoff zusammen mit 

Kohlenmonoxid) um, die Ausgangsstoffe für die Herstellung von Brennstoffen sowie 

Chemikalien sind. Gleichzeitig können sie das Netz durch die Umwandlung von Brennstoffen 

und Wasserstoff in elektrische Energie wieder mit Strom versorgen. Diese Eigenschaft der 

Reversibilität hat das Interesse für die Anwendung als P2X-Technolgie geweckt, wobei SOCs 

im Brennstoffzellen- (SOFC), Elektrolyse- (SOEL) und reversiblen (rSOC) Modi genutzt 

werden können. Dennoch sind SOCs bisher noch keine ausgereifte Technologie, da die 

Leistungsfähigkeit ihrer Elektrolyte und Elektroden begrenzt ist. Typische 

Brenngaselektroden aus Ni-Cermets kommen nicht nur mit Wasserstoff, sondern auch mit 

Reaktanten wie Erdgas, Wasserdampf und Kohlendioxid in Kontakt. Dies führt zu 

erheblichen Problemen beim Betrieb im Zusammenhang mit hohen Temperaturen und 

Vergiftungstoleranzen, was die Leistung dieser Systeme erheblich beeinträchtigt. 

Aufgrund des dringenden Bedarfs an der Entwicklung nachhaltiger SOC-Systeme in sauberen 

Energieszenarien, zielt diese Dissertation darauf ab die Probleme von Ni-Cermets im 

Zusammenhang mit dem Betrieb von SOCs zu behandeln, wie z. B. Nickelagglomeration, 

Nickelmigration, strukturelle Zellschäden und Kohlenstoffablagerungen. Mit dem Ziel 

alternative Brenngaselektrodenmaterialien zu den hochmodernen Ni-Cermets vorzuschlagen 

wurden daher Zusammensetzungen von Brenngaselektroden auf Perowskit-Chromit-Basis in 

verschiedenen SOC-Betriebsbedingungen untersucht.   

Zunächst wurden verschiedene Perowskit-Zusammensetzungen mittels Röntgenbeugung 

(XRD) untersucht, um die gewünschte Phase sicherzustellen. Anhand dieser 

Kristallstrukturcharakterisierungen wurde der Lanthan-Chromit-Perowskit mit Ni-Dotierung 

(LSCrN) mit den Zusammensetzungen La0.7Sr0.3Cr0.85Ni0.15O3-δ (L70SCrN) und 

La0.65Sr0.3Cr0.85Ni0.15O3-δ (L65SCrN) als Brennstoff-Elektrodenmaterial ausgewählt. Diese 
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Materialien wurden durch die Glycin-Nitrat-Verbrennungsmethode synthetisiert und die 

Morphologie des Keramikpulvers wurde durch Rasterelektronenmikroskopie (REM) 

charakterisiert. Ein Versuchsprotokoll für den Zellherstellungsprozess wurde entworfen und 

die Elektrolyt-gestützten Zellen (ESCs) wurden durch Siebdruck-, Trocknungs- und 

Sinterungsprozesse hergestellt. Die ESCs wurden in verschiedenen SOC-Betriebsmodi 

getestet: SOFC, (SOEL, Dampf- und Kohlendioxid-Ko-elektrolyse (ko-SOEL) sowie im 

rSOC und sogar im Trockenelektrolyse-Betrieb mit Kohlendioxid. In-situ elektrochemische 

Charakterisierungen wurden durch Auswertung des Spannungs-/Stromverhaltens und der 

elektrochemischen Impedanzspektroskopie (EIS) durchgeführt. Parallel dazu wurde die 

Herauslösung von Nickelpartikeln aus den hergestellten LSCrN-Keramikpulvern mittels 

Temperaturprogrammierter Reduktion (TPR), Röntgenspektroskopie (XPS) und XRD-

Techniken untersucht. Es zeigte sich, dass die Einführung von A-Leerstellen die Reduktion 

von metallischen Nickelpartikeln auf der Perowskit-Oberfläche fördert. Dabei wurde 

festgestellt, dass die Partikelverteilung von der Temperatur, der Atmosphäre und der 

Überspannung abhängig ist. Bei nominaler Betriebstemperatur (~ 860 °C) war die 

elektrochemische Leistung der entwickelten L65SCrN-Elektroden vergleichbar mit den 

modernen Ni-Cermet Elektroden, d.h. – 0.8 A·cm-2 bei 1.32 V. 

Die Langzeitstabilität (~ 1000 Stunden) deutet darauf hin, dass die L65SCrN-Elektrode unter 

stark reduzierenden Atmosphären, wie z. B. in SOEL bei 860 °C, unter einer beschleunigten 

Leistungsverschlechterung aufgrund einer Veränderung der Transporteigenschaften leidet. Es 

wurde jedoch festgestellt, dass eine Senkung der Betriebstemperatur (unter 830 °C) eine 

geeignete Strategie sein könnte, um dieses Problem der Lebensdauer abzumildern. Diese 

Ergebnisse stehen im Zusammenhang mit einem Leistungsgewinn der Perowskit-Elektroden 

gegenüber den modernen Ni-Elektroden bei Temperaturen zwischen 770 °C und 830 °C. Dies 

ist möglicherweise auf niedrigere Reaktionsenergiebarrieren zurückzuführen. Diese 

Erkenntnisse wurden als Grundlage für eine Scale-up-Analyse von der Zellebene bis zur 

Systemebene, d. h. bis zum MW-Maßstab, verwendet, indem ein realer Anwendungsfall von 

SOEL-basierten Systemen für die Wasserstofferzeugung analysiert wurde. Diese Analyse 

ergab, dass der Einsatz von Perowskit-Elektroden in SOEL-Systemen, zusammen mit einer 

Senkung der Betriebstemperatur des Systems, zu einer erheblichen Verringerung der Anzahl 

der Zellen in den Stacks und damit der Systemkomponenten führen würde. Darüber hinaus 

würde auch die benötigte Menge an Ni-Rohstoff deutlich sinken, was künftige Probleme in 
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der Versorgungskette, mit denen der Mineralienmarkt in den kommenden Jahren konfrontiert 

sein könnte, entschärfen würde. Diese Dissertation ebnet den Weg für die künftige 

Entwicklung alternativer Elektroden für SOC-Anwendungen und weist gleichzeitig auf 

potenzielle Vorteile im Systemmaßstab hin. 
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 Introduction 

The Intergovernmental panel on climate change (IPCC) reported that between the years 1880 

and 2012 the global average surface temperature has increased 0.85 °C. Until today, human 

and natural systems have been significantly altered with extreme weather phenomena, such 

as droughts, floods and sea level rise, as well as with biodiversity loss. All in all, these changes 

are producing unprecedent risks for human populations. The increase of fossil-fuel-based 

materials consumption and the dynamic changing lifestyles are major drivers of the rising of 

greenhouse gases emissions. For instance, the global carbon dioxide (CO2) concentration has 

risen since year 2000 for about 20 ppm per decade, which is up to 10 times faster than any 

rise in CO2 during the past 800.000 years [1].  

The secondary-energy sector, i.e. electricity and heat generation as well as petroleum products 

and synthetic fuel production [2], represents three-quarters of the current greenhouse gas 

emissions and holds the key to avoid devastating effects on climate change. This great 

challenge that human kind is facing, is consistent with the significant reduction of CO2 

emissions to net zero by 2050. With this, the long-term increase in the average global 

temperature to 1.5 °C could be limited, which will require a complete transformation of the 

energy sector in terms of how we produce, transport and consume energy [3]. To address this 

problem, a considerable deployment of clean and efficient energy technologies is required. 

Scale-up of solar and wind energy sources would definitely contribute to the solution [3]. 

However, they are location-specific and intermittent energy sources and for this reason,  

energy storage is a vital aspect for the supply and demand in future renewable energy 

scenarios [4]. For instance, seasonal storage would be very relevant if the set of energy storage 

technologies would be broader and therefore would support the stability of power grids [3]. 

In vision of this and the Paris Agreement, the European Union launched the Hydrogen 

Strategy for a climate-neutral Europe in July 2020, with the main purpose to efficiently use 

hydrogen as energy carrier for power generation and energy storage, as well as on plenty of 

applications in the industry, transport, mobility and building sectors [5] [6] [7]. Also, other 

countries such as Chile [8] and Colombia [9] have published their hydrogen roadmaps in 2020 

and 2021, respectively.  
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A key aspect of the green hydrogen production via water electrolysis is that disregarding the 

electrolysis technology, the required input of electricity derives from low CO2 (renewable) 

sources [10], making it essential to reach the carbon neutrality by 2050 [5]. Hydrogen plays 

a vital role in the energy transition since it serves as energy carrier allowing renewable energy 

to be stored in a flexible way, while supporting the balance in energy supply and demand [10]. 

In the frame of current energy transition, fuel cells and electrolyzers are gaining significant 

interest due to their potential to generate power and also to store electrical energy in the form 

of valuable chemicals via electrolysis operation.  

 Fuel cells, for instance, are devices that convert chemical energy stored in fuels into electrical 

energy via redox reactions. An analogy with continuous stirring chemical reactors could be 

applied for fuel cells, because they will continue to yield a product (in this case electricity) as 

long as the raw material (fuel) is continuously supplied. This is the main difference between 

fuel cells and batteries, since the fuel cell is not consumed when electricity is produced [11]. 

A fuel cell consists of two electrodes that are spatially separated by an electrolyte. Their 

underlying operation principle can be explained with the following steps [11], as sketched in 

Figure 1:  

1. Flow of reactants (fuel and air) into the fuel cell through the two porous electrodes 

which are isolated and spatially separated by the electrolyte.  

2. Electrochemical reactions. 

3. Ionic conduction (cations or anions) through the electrolyte – electronic conduction 

through an external circuit. 

4. Products removal from the fuel cell (exhaust from each electrode compartment). 

 

Figure 1 Electrochemical cell operating in power generation mode: (1) reactants transport, (2) electrochemical 

reaction interfaces, (3) ionic and electronic conduction and (4) products removal. Adapted from [11]. 
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Based on the same fundamental principles, there are different types of electrochemical cells, depending on the 

type of fuel, materials components and operating temperature. Among them, there are five main types which 

are classified by the nature of their electrolyte’s materials: phosphoric acid fuel cell (PAFC), polymer 

electrolyte membrane fuel cell (PEMFC), alkaline fuel cell (AFC), molten carbonate fuel cell (MCFC) and 

solid oxide fuel cell (SOFC) [11]. In this regard, the polymer electrolyte- and the alkaline-based cells, as well 

as the solid oxide cells (SOC) are technologies that currently are gaining more attention due to the possibility 

to also operate in electrolysis modes. Their broad range of operating temperatures starts from ~ 60 °C (for the 

alkaline systems) and from 80 °C up to ~ 200 °C for the polymer-based, and jumping to 600 up to 900 °C for 

SOC [11].  For the electrolysis operation, PEMEL stands for polymer electrolyte membrane electrolysis cells 

and AEL for alkaline electrolysis cells. For the case of SOFC another more general convention is used as solid 

oxide cells SOC, meaning that when these cells operate in electrolysis mode they are mostly known as SOEC, 

solid oxide electrolysis cells. However, it is important to note that SOC have the unique feature to operate in 

both modes with the same material configurations. For this reversibility in operation between fuel cell and 

electrolysis modes, these cells are mostly known as rSOC – reversible solid oxide cells.  

In the frame of the energy transition and the importance of overcoming the peaks of energy 

demand with sustainable technologies, fuel cells and electrolyzers play a very important role 

due to their availability to generate power and to store energy in the form of valuable 

chemicals. In this sense, the concept of Power-to-X (P2X) technologies entails the conversion 

of renewable electrical energy in the form of fuels and chemicals [12]. Also, terms known as 

Power-to-gas and Power-to-heat are part of these technologies. Power-to-chemicals is related 

to the production of relevant raw materials for important industrial processes, such as carbon 

monoxide, formate/formic acid, ethylene or methanol [13] [14]. Power-to-fuel or also Power-

to-liquid refer to the production of synthetic fuels, such as aircraft and freight fuels, by using 

carbon dioxide captured from the atmosphere or from industrial processes, such as steel and 

cement production, as well as industrial waste from coal power plants. Among the electrolysis 

technologies, solid oxide electrolysis (SOEL) benefit from kinetic and thermodynamic 

efficiencies by converting steam into hydrogen at high temperatures typically between 700°C 

and 900°C, in comparison to the low temperature technologies, such as AEL and PEMEL (< 

200°C) [15]. Beyond electrolysis operation, importance should be given also to the co-

electrolysis of H2O and CO2 at high temperature in order to produce syngas (H2 + CO), which 

is considered a key feedstock that can be used as raw material for the Fischer-Tropsch (F-T) 

process for liquid fuels production [14] [16]. Due to the hydrocarbon-rich mixtures that are 

present in reactants and products streams in SOCs, substantial efforts on Research & 



Introduction │ 

4 

 

Development (R&D) are being made with the main purpose to improve the performance and 

availability of these systems on the long-term for plenty of P2X applications.  

A primary concern of the R&D in SOC is the fuel electrode performance due to the variety 

of fuel and exhaust gases. Ni-based fuel electrodes have been widely studied and implemented 

at industrial scales due to the good catalytic activity for SOC operation, making them crucial 

for the performance, efficiency and durability of the SOC-based systems. However, SOC fuel 

electrodes are prone to irreversible microstructural alterations in atmospheres oscillating 

between reducing and oxidizing conditions [17], and also susceptible to sulfur poisoning and 

carbon deposition [18, 19] [20]. Other poisoning mechanisms that not only involve the fuel 

electrode, but also the oxygen electrode are chromia and silica poisoning [21].  

This thesis focuses on the development and evaluation of a perovskite chromite-based fuel 

electrode for SOCs as alternative to replace the Ni cermet fuel electrodes on different SOC 

operating modes. The stability in dual atmospheres (i.e. oxidative and reducing) was 

evaluated, as well as in long-term experiments. The electrochemical performance was 

compared to the state-of-the-art fuel electrodes, for which comparable results were achieved. 

Among the first chapters of this thesis (Chapters 2 – 5), the fundamentals, the motivation and 

scientific approach, the materials and methods and the characterization techniques 

implemented are detailed and explained. In Chapter 6 a general discussion about the scientific 

context of SOCs and the role of perovskite fuel electrodes is thoroughly discussed, in which 

advantages, disadvantages and key aspects for further up-scaling of are addressed. As closure, 

the key results and the conclusions of this thesis are summarized in Chapter 7, followed by 

Chapter 8 with the perspectives and follow-up research activities.  
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 Fundamentals 

In this chapter, the fundamentals of thermodynamics in high temperature fuel and electrolysis 

cells are explained. Theoretical concepts of the electrode kinetics, as well as a description of 

the different types of SOC architectures and typically used materials are also presented. 

Figures of merit that relate the thermodynamic properties with the electrochemical 

performances of these high temperature cells are also detailed.   

 High temperature electrochemical cells  

The following sketch explains these two types of operating modes: fuel cell (power 

generation) and electrolysis (energy storage), as depicted in Figure 2. 

 

Figure 2 a) Fuel cell mode SOFC (power generation). b) Electrolyzer cell SOEC in electrolysis mode SOEL 

(energy storage). 

In SOFC operation, porous fuel electrodes host the electrochemical oxidation of fuels, such 

as H2, depleting oxygen anions O2- and providing a significant concentration gradient of 

oxygen. This gradient is the driving force (or chemical potential) that is converted to electric 

potential to drive the electron flow from the fuel electrode to the oxygen electrode via an 

external circuit [22], as shown in Figure 2a.  
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On the contrary in SOEL operation, the porous fuel electrode hosts the water (steam) and/or 

CO2 splitting reactions by electrolyzing these gases with (renewable) electrical energy, with 

the aim to yield H2 and/or CO, providing an oxygen gradient concentration, leading to 

transport of O2- anions from the fuel electrode through the electrolyte towards the oxygen 

electrode (Figure 2b). Oxygen electrodes are responsible for the electrochemical reduction of 

O2 to O2-, which are transported through the electrolyte between the electrodes in both SOFC 

and SOEL operating modes [22].  

In the following section, the thermodynamic and kinetics theories applied to the various SOC 

operating modes are explained and discussed.  

 Thermodynamics  

The performance of an electrochemical cell is mainly described by thermodynamic and 

electrochemistry principles. The kinetics of redox reactions as well as the mass and energy 

transport phenomena within these cells determine their extent of operation and applications. 

These aspects are strongly influenced by operating parameters such as the pressure, 

temperature and gas compositions [23]. By taking an electrochemical cell as a control volume, 

the enthalpies of the reactants are equivalent to the sum of the enthalpies of the products, the 

net generated or consumed heat (including heat losses from the surroundings), as well as the 

DC power input/output [23].  

 Nernst potential on electrochemical cells 

From a thermodynamic perspective, the maximum electrical work output is related to the free-

energy change of a half-cell reaction at a constant temperature and pressure. The free energy 

change of such reaction is indicated by equation (1) [23]: 

 Δ𝐺 =  −𝑧𝐹𝐸𝑟𝑒𝑣 (1) 

Where Δ𝐺 is the change in the free energy at a given temperature and pressure (also known 

as the chemical potential), z the number of moles of electrons involved in the reaction, 𝐸𝑟𝑒𝑣   

the ideal cell potential and F the Faraday’s constant [23]. The Nernst equation gives the 

relationship between the ideal cell potential at standard conditions 𝐸°and the ideal equilibrium 

cell potential 𝐸𝑟𝑒𝑣 at different temperatures and pressures. For a system with an arbitrary 

number of reactants and products, the Nernst equation (2) takes the following form: 
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𝐸𝑟𝑒𝑣 = 𝐸° −

𝑅𝑇

𝑧𝐹
𝑙𝑛

∏ 𝑎𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑣𝑖

∏ 𝑎𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
𝑣𝑖

 
(2) 

Where the R is the universal gas constant, T the cell temperature and 𝑎 the activity of each 

species with their corresponding stoichiometric coefficient 𝑣𝑖 [11]. On an electrochemical 

cell, the Nernst equation describes the electrode potential, and the difference between both 

electrodes’ potential, when no electric current flows through the cell, is known as reversible 

voltage (𝑉𝑟𝑒𝑣) or open circuit voltage OCV.  

 High temperature fuel cells  

In fuel cell operation the following half-reactions in equations (3) and (4) are considered: 

 𝐹𝑢𝑒𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒: 𝐻2 + 𝑂2− ↔ 𝐻2𝑂 + 2𝑒− (3) 

 
𝑂𝑥𝑦𝑔𝑒𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒: 

1

2
𝑂2 + 2𝑒− ↔ 𝑂2− (4) 

Due to the high operating temperatures, educts and products are gaseous species and may be 

considered as ideal gases. Their activity coefficients are thus equivalent to their partial 

pressures, turning Nernst equation for the SOFC case as:  

 
𝑉𝑟𝑒𝑣,𝑆𝑂𝐹𝐶 =

Δ𝐺°

𝑧𝐹
−

𝑅𝑇

𝑧𝐹
𝑙𝑛

𝑝𝐻2𝑂

𝑝𝐻2
𝑝𝑂2

1/2
   (5) 

 High temperature steam electrolysis cells  

In SOEL operation, the Nernst equation may be applied with the corresponding partial 

pressures, but having in mind the sign of the equation terms, since electrolysis operation 

implies input of electrical energy. The fuel and oxygen electrodes corresponding half-

reactions are described by equations (6) and (7) respectively: 

 𝐹𝑢𝑒𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒: 𝐻2𝑂 + 2𝑒− ↔  𝐻2 + 𝑂2− (6) 

 
𝑂𝑥𝑦𝑔𝑒𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒: 𝑂2− ↔  

1

2
𝑂2 + 2𝑒− (7) 

In this case the 𝑉𝑟𝑒𝑣,𝑆𝑂𝐸𝐶  is given by equation (8) [24]: 

 
𝑉𝑟𝑒𝑣,𝑆𝑂𝐸𝐶 = −

Δ𝐺°

𝑧𝐹
+

𝑅𝑇

𝑧𝐹
𝑙𝑛

𝑝𝐻2
𝑝𝑂2

1/2

𝑝𝐻2𝑂

     
(8) 
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For electrolysis operation, ∆𝐺𝑟
𝑇,𝑃

 is also considered as the minimum electric energy supply 

required for the water electrolysis reaction, which is related to the change in reaction enthalpy 

∆𝐻𝑟
𝑇,𝑃

 and reaction entropy Δ𝑆𝑟
𝑇,𝑃

 at a given temperature 𝑇 and total pressure 𝑃 [23] [25] [26]:  

The relation between these thermodynamic parameters in a broad range of temperature is 

shown in Figure 3 for the steam electrolysis reaction. This plot shows that the electric demand 

(∆𝐺𝑟
𝑇,𝑃) decreases while the heat energy demand (𝑇Δ𝑆𝑟) increases with temperature 

increment [25].  

  

Figure 3 Thermodynamic properties and corresponding voltages for water electrolysis as a function of the 

temperature. Adapted from [27]. 

Other important cell voltages can be calculated from these relations: the thermoneutral cell 

voltage 𝑉𝑡ℎ and the reversible cell potential 𝑉𝑟𝑒𝑣 [27], as shown in equations (10) and (11): 

 
𝑉𝑡ℎ =

∆𝐻𝑟
𝑇,𝑃

𝑧𝐹
 

(10) 

 
𝑉𝑟𝑒𝑣 =

∆𝐺𝑟
𝑇,𝑃

𝑧𝐹
 

(11) 

Where 𝑉𝑡ℎ corresponds to the required voltage for adiabatically operation, where no heat is 

lost or added to the cell. 𝑉𝑟𝑒𝑣 corresponds to the minimum cell voltage required for a reversible 

process when heat is provided by the surroundings [27]. For SOEL for instance at 860 °C and 

atmospheric pressure as in equation (12), the enthalpy of reaction ∆𝐻𝑟,𝑆𝑂𝐸𝐶
𝑇=860 °𝐶,1 𝑏𝑎𝑟

 is 249 

 ∆𝐺𝑟
𝑇,𝑃 =  ∆𝐻𝑟

𝑇,𝑃 − 𝑇Δ𝑆𝑟
𝑇,𝑃     (9) 
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kJ/mol. So by applying this value in equation (10), the thermoneutral voltage for steam 

electrolysis is 1.29 V [28].  

 
𝐻2𝑂(𝑆𝑡𝑒𝑎𝑚) → 𝐻2 +

1

2
𝑂2 ,            ∆𝐻𝑟

860°𝐶,1 𝑏𝑎𝑟 = 249
𝑘𝐽

𝑚𝑜𝑙
 (12) 

At the typical SOEL operating temperatures, 𝑉𝑡ℎ remains relatively constant. Only below the 

boiling point of water would result in significantly different values [27], as shown with the 

blue-area in Figure 3. At the thermoneutral voltage the cell can be operated at thermal 

equilibrium with an electrical efficiency 𝜖𝑒𝑙 of 100%. The operation below this voltage 

corresponds to an endothermic regime where the electric energy is lower than the enthalpy of 

reaction and the heat must be supplied. Above the thermoneutral voltage, exothermic mode 

is achieved, where electrical efficiencies below 100% are obtained [25]. The electrolysis 

electrical efficiency is defined as the thermoneutral voltage divided by the measured cell 

voltage 𝑉𝑐𝑒𝑙𝑙 [27]: 

 
 𝜖𝑒𝑙 =

𝑉𝑡ℎ

𝑉𝑐𝑒𝑙𝑙

 (13) 

The applied cell voltage required for water electrolysis is not only a function of 

thermodynamic parameters, but also of additional overpotentials that are related to different 

losses within the cell, that could also affect the cell performance [27].  

 High temperature CO2 electrolysis cells   

Besides the electrochemical reactions that take place within a SOC in operation, important 

factors such as parallel thermodynamic reactions should be considered. Due to the fuel 

flexibility on both SOFC and SOEL operation, specifically with hydrocarbon-based fuels, 

carbonaceous species could lead to the formation of solid clusters of carbon within the fuel 

electrodes. In SOECs, carbon dioxide could also be electrolyzed to produce oxygen and 

carbon monoxide, which is an important raw material for a wide range of industrial 

applications, e.g., for the production of commodity and specialty  chemicals [29]. The oxygen 

electrode half-reaction is the same as for steam electrolysis - as shown in equation (15). On 

the fuel electrode, the carbon dioxide electrolysis takes place as described by equation (14) 

[29]:  

𝐹𝑢𝑒𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒: 𝐶𝑂2 + 2𝑒− ↔  𝐶𝑂 + 𝑂2− (14) 
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𝑂𝑥𝑦𝑔𝑒𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒: 𝑂2− ↔  
1

2
𝑂2 + 2𝑒− (15) 

Hence, in this case the Nernst equation is as follow (16): 

 
𝑉𝑟𝑒𝑣,𝐶𝑂2𝑆𝑂𝐸𝐶 = −

Δ𝐺°

𝑧𝐹
+

𝑅𝑇

𝑧𝐹
𝑙𝑛

𝑝𝐶𝑂𝑝𝑂2

1/2

𝑝𝐶𝑂2

     
(16) 

Similarly to water electrolysis, the evolution of the thermodynamic properties as a function 

of temperature is depicted for CO2 electrolysis in Figure 4. This plot also shows how the 

electric demand decreases as the heat energy demand increases, while increasing the 

temperature. For instance, at 860 °C the enthalpy of reaction for CO2 electrolysis 

∆𝐻𝑟,𝐶𝑂2𝑆𝑂𝐸𝐶
𝑇=860 °𝐶,1 𝑏𝑎𝑟

 is ~ 283 kJ/mol (equation (17)), which does not change significantly in the 

broad range of temperatures.  

 
𝐶𝑂2 → 𝐶𝑂 +

1

2
𝑂2 ,            ∆𝐻𝑟

860°𝐶,1 𝑏𝑎𝑟 = 283
𝑘𝐽

𝑚𝑜𝑙
 (17) 

From equation (10) the thermoneutral voltage is calculated as ~ 1.47 V, which can also be 

observed as the ∆𝐻𝑟
𝑇,𝑃

 data in Figure 4 (right axis).  

 

Figure 4 Thermodynamics and corresponding voltages of the CO2 electrolysis reaction as a function of the 

temperature. Adapted from [29].  
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 High temperature H2O - CO2 co-electrolysis cells 

In regard to H2O and CO2 co-electrolysis operation at high temperature, both endothermic 

reactions, equations (6) and (14) take place simultaneously at the fuel electrode, resulting in 

equation (18) .  

 𝐻2𝑂(𝑆𝑡𝑒𝑎𝑚) +  𝐶𝑂2 → 𝐻2 + 𝐶𝑂 + 𝑂2     (18) 

Furthermore, this electrochemical reduction reaction is linked to the reverse water gas shift 

reactions (RWGS) shown in equation (19), which is also endothermic [28]. The production 

of oxygen takes place at the oxygen electrode [26], as depicted in equation (20). 

 
𝑅𝑊𝐺𝑆: 𝐻2 + 𝐶𝑂2 → 𝐻2𝑂(𝑆𝑡𝑒𝑎𝑚) + 𝐶𝑂,         ∆𝐻𝑟

860°𝐶,1 𝑏𝑎𝑟 = 34
𝑘𝐽

𝑚𝑜𝑙
 (19) 

 𝑂𝑥𝑦𝑔𝑒𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒: 2𝑂2− ↔  𝑂2 + 4𝑒− (20) 

The estimation of the Nernst voltage for H2O and CO2 co-electrolysis from the products and 

reactants at the fuel electrode results difficult if the gas composition is not at equilibrium, 

given the influence of the RWGS - WGS reactions. Due to the presence of the RWGS reaction 

on the fuel electrode, it is still not completely clear if this reaction contributes to the CO 

production [26]. However, Stempien et al. reported that the direction of this reaction depends 

mainly on the temperature of the steam and carbon dioxide mixture: below 827 °C the water 

gas shift reaction (WGS) will take place, favoring the production of hydrogen and carbon 

dioxide [30]. Additionally, the authors also calculated an equilibrium potential for high 

temperature H2O and CO2 co-electrolysis, by combining the Nernst equations for both H2O 

electrolysis and CO2 electrolysis reactions as a function of the coverage of each species  [31]. 

The authors assumed an adsorption process that follows the Langmuir isotherm, in which the 

number of active sites available for adsorption on the fuel electrode is required [31].  

Due to the lack of data about such constants in lanthanum-chromites with doping of nickel on 

the B-site, this approach was not considered in this thesis. Nevertheless, the Nernst voltage 

could also be calculated as a function of the oxygen species. Such voltage is simplified 

because operating parameters such as temperature, pressure and species do not vary, i.e. there 

is no chemical potential difference (Δ𝐺°~ 0). Hence, the Nernst voltage could be calculated 

with the partial pressure of oxygen on both sides of the cell, as [31]: 
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𝑉𝑟𝑒𝑣,𝑂2𝑐𝑜−𝑆𝑂𝐸𝐶 =

𝑅𝑇

𝑧𝐹
𝑙𝑛

𝑝𝑂2 𝑓𝑢𝑒𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

𝑝𝑂2 𝑜𝑥𝑦𝑔𝑒𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

     (21) 

In this thesis, the thermodynamic tool and database Cantera [32] was used to calculate the 

values of the thermodynamic properties in equilibrium (G, H and S) of the gases in the fuel 

electrode and oxygen electrodes, depending on a specific fuel gas mixture, as well as 

including the air. At equilibrium, the gas compositions and thus the partial pressures were 

also calculated for both electrodes. From those results, the oxygen partial pressures at the fuel 

and oxygen electrodes were taken at a specific temperature and absolute pressure, which 

allowed to calculate the Nernst voltage for co-electrolysis operation, as in equation (21). 

Important to note is that for this Nernst calculation, the number of electrons z corresponds to 

4 instead of 2, as equation (20). This is explained by combining the electrolysis reactions on 

the fuel electrode (6) and (14) with the reaction on the oxygen electrode (20). 

This approach was also corroborated by calculating the Nernst voltage for each electrolysis 

reaction separately by 3 ways:  

(i) with the Nernst voltage for steam electrolysis reaction in equation (8), 

(ii)  for carbon dioxide electrolysis reaction in equation (16) and  

(iii) with the oxygen production in equation (21).  

These 3 equations resulted in the same values for the Nernst voltage in co-electrolysis 

operation, which is expected from Hess law.  

In general, the thermoneutral voltage assumes that the gases are in thermodynamic 

equilibrium. The relation of the thermodynamic properties in co-electrolysis operation can be 

also observed in a wide range of temperature as shown in Figure 5.  In this thesis, the enthalpy 

values used for this calculation were also calculated from Cantera [32].  

Similarly, to the other electrolysis operating modes, the thermoneutral voltage can be 

calculated by applying equation (10) as following: 

𝑉𝑡ℎ𝑐𝑜−𝑆𝑂𝐸𝐶 =
∆𝐻𝑟

𝑇,𝑃

𝑧𝐹
=  

( 𝐻𝐻2

𝑇,𝑃 + 𝐻𝐶𝑂
𝑇,𝑃 + 0.21 ∗ 𝐻𝑂2

𝑇,𝑃 − 𝐻𝐶𝑂2

𝑇,𝑃 − 𝐻𝐻2𝑂
𝑇,𝑃 )

4𝐹
= ~1.32 𝑉 (22) 
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Figure 5 Thermodynamic properties of H2O and CO2 co-electrolysis reaction as a function of the 

temperature. Adapted from [28]. 

However, an important challenge during co-electrolysis operation is to avoid the risk given 

by carbon deposition in the fuel electrode via the Boudouard equilibrium reaction, in equation 

(23): 

𝐵𝑜𝑢𝑑𝑜𝑢𝑎𝑟𝑑: 2𝐶𝑂 ↔ 𝐶𝑂2 + 𝐶(𝑠) ,              ∆𝐻𝑟
860°𝐶,1 𝑏𝑎𝑟 = −169

𝑘𝐽

𝑚𝑜𝑙
 (23) 

 

This reaction could lead to the formation of carbon, sometimes in the form of nanotubes or 

whiskers on the Ni surface, causing fatal failure of the SOC. The evolution of the reaction 

towards solid carbon is favored at lower temperatures and is catalyzed by metallic nickel. 

Owing the fast reaction rates of reforming reactions, it is possible to assume that the carbon 

formation regime is governed by the thermodynamic equilibrium of the C-H-O mixtures as a 

function of the composition, pressure and temperature [28], as shown in the ternary 

equilibrium diagram of C-H-O mixtures (Figure 6). Hence, careful selection of the operating 

conditions is essential to avoid operando carbon deposition on the fuel electrode [28]. 
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Figure 6 C-H-O ternary diagram with equilibrium compositions. Temperature profiles were adapted from [33]. 

 

Beyond thermodynamic properties, the cell performance is governed by the kinetics of the 

electrochemical reactions that take place within the electrodes, which are typically 

represented as voltage losses. These concepts are explained in the next section, starting with 

the current-voltage i-V characteristic theoretical concepts.  

  Kinetics 

2.8.1 Current-voltage (i-V) characteristics  

The performance of an electrochemical cell can be evaluated with the current-voltage (i-V) 

characteristics curve (Figure 7). Typically, these curves are plotted in terms of the current 

density at a given voltage [11]. Ideally, an electrochemical cell would supply/consume a 

constant amount of current while maintaining a constant voltage defined by thermodynamics. 

However, the more current is supplied/consumed by the cell, the greater these losses. The 

three main type of losses are [11]: 

• Activation losses 𝜂𝑎𝑐𝑡: due to the electrochemical reaction kinetics on the fuel 

electrode and oxygen electrode. 
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• Ohmic losses  𝜂𝑜ℎ𝑚𝑖𝑐: due to ionic conduction on the electrolyte, electronic 

transport in the electrodes, current collection and interfacial resistances.  

• Concentration losses 𝜂𝑐𝑜𝑛𝑐: due to the mass transport limitations. 

These losses are commonly referred as overpotentials 𝜂, and the sign should be adjusted as a 

function of the operating mode. If the cell voltage in SOFC mode is calculated, then the 

overpotentials should be subtracted from the ideal thermodynamic voltage (OCV) and if the 

cell is operating in SOEC, the overpotentials should be summed to the OCV, as described in 

equation (24): 

 𝑉𝑐𝑒𝑙𝑙 =  𝑉𝑟𝑒𝑣 ±  𝜂𝑎𝑐𝑡 ± 𝜂𝑜ℎ𝑚𝑖𝑐 ± 𝜂𝑐𝑜𝑛𝑐 (24) 

 

Figure 7 Current-voltage (i-V) characteristics curve for SOFC and SOEC operating modes. The cell voltage is 

depicted, as well as the different predominance regions of the overpotentials. Adapted  from [11].  

In a first approximation, the cell voltage is described by Ohm’s law as a function of the OCV, 

the total area specific resistance 𝐴𝑆𝑅𝑡𝑜𝑡𝑎𝑙  (Ω·cm2) and the current density 𝐽, as stated in 

equation (25):  

 𝑉𝑐𝑒𝑙𝑙 =  𝑉𝑟𝑒𝑣 ± 𝐴𝑆𝑅𝑡𝑜𝑡𝑎𝑙 ∗ 𝐽 (25) 

Furthermore, the 𝐴𝑆𝑅𝑡𝑜𝑡𝑎𝑙   is also a function of the different overpotentials on the cell, which 

can be expressed in terms of the corresponding 𝐴𝑆𝑅 for each overpotential, as described by 

equations (26) and (27): 
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𝐴𝑆𝑅𝑡𝑜𝑡𝑎𝑙 =

| 𝜂𝑎𝑐𝑡 + 𝜂𝑜ℎ𝑚𝑖𝑐 +  𝜂𝑐𝑜𝑛𝑐|

𝐽
 (26) 

 𝐴𝑆𝑅𝑇𝑜𝑡𝑎𝑙 = (𝐴𝑆𝑅𝑎𝑐𝑡) + (𝐴𝑆𝑅𝑜ℎ𝑚𝑖𝑐) + (𝐴𝑆𝑅𝑐𝑜𝑛𝑐) (27) 

These losses could be further deconvoluted in terms of the different electrodes and interfaces 

on the cell, as shown in equation (28). For instance, the activation area specific resistance 

𝐴𝑆𝑅𝑎𝑐𝑡 can be deconvoluted as a function of the fuel and oxygen electrode as 𝐴𝑆𝑅𝐹𝐸  and 

𝐴𝑆𝑅𝑂𝐸 respectively. The ohmic losses 𝐴𝑆𝑅𝑜ℎ𝑚𝑖𝑐 could be written in terms of the area specific 

resistance of the electrolyte 𝐴𝑆𝑅𝐸 and the current collection interfaces 𝐴𝑆𝑅𝐶𝐶𝐼, and the 

concentration loss contribution is related to the area specific resistance of the gas diffusion 

and transport limitations, 𝐴𝑆𝑅𝐺𝑎𝑠.  

𝐴𝑆𝑅𝑇𝑜𝑡𝑎𝑙 = (𝐴𝑆𝑅𝐹𝐸 + 𝐴𝑆𝑅𝑂𝐸) + (𝐴𝑆𝑅𝐸 + 𝐴𝑆𝑅𝐶𝐶𝐼) + (𝐴𝑆𝑅𝐺𝑎𝑠) (28) 

Well-designed cells typically give an 𝐴𝑆𝑅𝑡𝑜𝑡𝑎𝑙 between 0.05 and 0.1 Ω·cm2, for which the  

𝐴𝑆𝑅𝑜ℎ𝑚𝑖𝑐 term mostly accounts for the electrolyte resistance and thickness. In case the 

electrolyte thickness cannot be reduced, the ohmic term could be decreased with highly ionic 

conductors [34]. 

2.8.2 Kinetic/activation overpotential  

The produced/consumed current i that corresponds to the amount of electrons involved in the 

electrochemical reaction per unit of time, depends on the reaction rate, which is a relevant 

parameter for the cell performance [35]. From Faraday’s law, the current can be expressed as 

equation (29) [35]: 

 
𝑖 =

𝑑𝑄

𝑑𝑡
 (29) 

Where Q is the charge (in C) and t is time. Assuming that each electrochemical reaction is the 

transfer of z electrons, then equation (29) can be written as [35]: 

 
𝑖 = 𝑧𝐹

𝑑𝑁

𝑑𝑡
 (30) 

Where dN/dt is the rate of electrochemical reaction rate (mol/s) and F corresponds to the 

Faraday’s constant (96.485 C/mol) [35]. Electrochemical reactions deal with the charge 

transfer between an electronic conductor and a chemical species. In SOCs, the electrode has 

to be porous to enable the gaseous chemical species to be in contact with the electronic 
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conductor and the electrolyte [35]. Current density allows to measure the electrochemical 

reaction rate per interface area 𝐽 (A·cm-2) as the normalized value of the current by unit area-

basis, i.e. by the active cell area A, as shown in equation (31): 

 
𝐽 =

𝑖

𝐴
 (31) 

 
𝑟 =

1

𝐴
 
𝑑𝑁

𝑑𝑡
=

𝑖

𝐴𝑧𝐹
=

𝐽

𝑧𝐹
 (32) 

The area-normalized reaction rate r (mol/cm2·s) in terms of the current density could be 

expressed as in equation (32). However, the produced/consumed current is also limited. 

Electrochemical reaction rates are finite because an energy barrier (also called activation 

energy barrier) impedes the conversion of reactants into products [35]. As illustrated in Figure 

8, the reactants should overcome a hill in order to be converted into products, in which the 

probability that the reactants can overcome such barrier determines the rate at which the 

reaction takes place [35].  

 

Figure 8 An activation energy barrier (Δ𝐺1
∗) impedes the conversion of reactants to products. Adapted from 

[35]. 

Hence, the produced/consumed current by an electrochemical reaction is the variable of 

outmost interest. Knowing that current density J and reaction rate r are related by equation 

(32) as J=zFr, then the current density in the forward direction and reverse direction could be 

expressed respectively as equations (33) and (34) [35]: 

 
𝐽1 = 𝑧𝐹𝑐𝑅𝑓1𝑒−

Δ𝐺1
∗

𝑅𝑇  (33) 

 
𝐽2 = 𝑧𝐹𝑐𝑅𝑓2𝑒− 

(Δ𝐺1
∗−Δ𝐺𝑟

∗)
𝑅𝑇    (34) 

Under thermodynamic equilibrium conditions, the forward and reverse current densities are 

balanced 𝐽1 = 𝐽2 = 𝐽𝑜, where 𝐽𝑜 is also known as the reaction exchange current density [35].  



Fundamentals │ 

18 

 

In electrochemical reactions, charged species are present as either reactants or products, where 

their free energy is a function of the cell voltage. If the cell voltage is modified, the activation 

energy barrier would be also. When the activation overpotential 𝜂𝑎𝑐𝑡 is applied to the cell, the 

activation energy barrier of the forward reaction is favored by a factor of 𝛼𝑧𝐹𝜂𝑎𝑐𝑡, while the 

activation energy barrier of the reverse reaction is decreased by a factor of (1 − 𝛼)𝑧𝐹𝜂𝑎𝑐𝑡 

[35]. The coefficient 𝛼 quantifies how to the change in electrical potential across the reaction 

interface affects the size of the forward versus reverse activation energy barriers, which for 

most electrochemical reactions lies between 0.2 and 0.5 [35]. Therefore, including the 𝜂𝑎𝑐𝑡 

contribution to the current density expression for both forward and reverse reactions, the 

respectively current densities could be written as [35]: 

 
𝐽1 = 𝐽𝑜𝑒

𝛼𝑧𝐹𝜂𝑎𝑐𝑡
𝑅𝑇  (35) 

 
𝐽2 = 𝐽𝑜𝑒

−(1−𝛼)𝑧𝐹𝜂𝑎𝑐𝑡
𝑅𝑇    (36) 

Hence, the net current 𝐽 = (𝐽1 − 𝐽2) known as the Butler-Volmer equation corresponds to: 

 
𝐽 = 𝐽𝑜 [𝑒

𝛼𝑧𝐹𝜂𝑎𝑐𝑡
𝑅𝑇 − 𝑒

−(1−𝛼)𝑧𝐹𝜂𝑎𝑐𝑡
𝑅𝑇 ] (37) 

This equation is considered as the cornerstone of electrochemical kinetics and it is used as the 

starting point to describe the relation between current and voltage in fuel cells and 

electrolyzers. This equation predicts that the exchange current density is proportional to the 

electrochemical reaction rate at a given activation overpotential, either for the fuel electrode 

or for the oxygen electrode. Meaning that such electrochemical reactions lead to voltage 

losses that are represented by 𝜂𝑎𝑐𝑡.The Butler-Volmer equation can be simplified with two 

approximations for the two extrema of 𝜂𝑎𝑐𝑡 [35]: 

• For small 𝜂𝑎𝑐𝑡 (for 𝜂 < ~15 mV) an expansion of a Taylor series of the exponential 

terms can be applied as: 

 
𝐽 = 𝐽𝑜

𝑛𝐹𝜂𝑎𝑐𝑡

𝑅𝑇
 (38) 

• For large 𝜂𝑎𝑐𝑡 (for 𝜂 > ~50 - 100 mV), the second exponential term of the Butler-

Volmer equation is considered as negligible. Then, the forward reaction dominates, 

yielding an irreversible reaction process with 𝜂𝑎𝑐𝑡 as: 



Fundamentals │ 

19 

 

 
𝜂𝑎𝑐𝑡 = −

𝑅𝑇

𝛼𝑛𝐹
ln (𝐽𝑜) +

𝑅𝑇

𝛼𝑛𝐹
ln (𝐽) (39) 

Where 𝐽𝑜 and 𝛼 could be estimated by linear fitting of 𝜂𝑎𝑐𝑡 versus 𝑙𝑛 (𝐽) or 𝑙𝑜𝑔 (𝐽) 

yielding the following expression known as Tafel equation, where b is called the Tafel 

slope [35]:  

 𝜂𝑎𝑐𝑡 = 𝑎 + 𝑏 𝑙𝑜𝑔 (𝐽) (40) 

In order to improve the kinetic performance on an electrochemical cell, the main parameter 

to influence (and to increase) would be 𝐽𝑜, which is related to the rate of exchange between 

reactants and products in their equilibrium states. Three main forms to increase 𝐽𝑜 are 

described as following (for the forward reaction) [35]: 

• Increase the reactant concentration 𝑐𝑅. 

• Decrease the activation energy barrier Δ𝐺1
∗. 

• Increase the temperature T. 

• Increase the number of reaction sites: related to the increment of the reaction surface 

interface.  

However, here is important to mention the role of 𝛼, which would also be affected by the 

selected catalyst. The Butler-Volmer equation also predicts that the increment in 𝛼 would 

yield a higher current density. Ergo, a catalyst with high 𝛼 values should be targeted, since 

the cell performance would significantly improve with higher current densities [35].  

Ideally, SOCS electrodes with highly porous 3D structures should guarantee contact sites 

between: (i) the gas-phase (through the pores), (ii) the electrical conductive phase and (iii) the 

electrolyte [35]. These reaction sites are known as triple-phase zones or triple-phase 

boundaries (TPBs), which state that the electrochemical reaction could only occur where the 

three following phases are in contact: electrolyte particles, gas and electrically connected 

catalyst (for the case of the cermet-based electrodes). With perovskite electrodes, typically 

mixed ionic and electronic conductors (MIEC) are used, in which the electrochemical reaction 

takes place at the double-phase boundaries (DPBs) between gas particles and mixed ionic and 

electronic conductive particles. A sketch for the TPBs and DPBs is shown in Figure 9, where 

a cermet fuel electrode and a MIEC-based fuel electrode are depicted. Concerning the 



Fundamentals │ 

20 

 

materials selection (both on the fuel and oxygen electrodes), relevant characteristics should 

be considered [35] [36]: 

• Dual atmosphere tolerant (oxidative and reducing)  

• High porosity 

• High catalytic activity (high 𝐽𝑜) 

• High electrical conductivity 

• Good mechanical strength 

• Good manufacturability 

 

Figure 9 Simplified sketch for the TPBs and DPBs on (a) a cermet-based fuel electrode and (b) a MIEC-based 

fuel electrode.  

Beyond 1D interactions, the catalytic thickness within the electrode is also another relevant 

parameter. Typically, the thickness of most of the active catalyst layer is comprised between 

~10 and 50 µm. On one hand, a thin layer favors the gas diffusion and fuel conversion, and 

on the other hand thicker layers incorporate higher catalyst loading which yield to more TPBs 

and therefore a catalyst layer optimization requires a complex balance between mass transport 

and catalytic activity [35]. 

2.8.3 Ohmic overpotential  

Besides the energy loss that fuel cells need to undergo in order to favor their kinetics, a 

relevant overpotential is associated to the intrinsic resistance of the cell’s conductors to charge 

flow. Such loss obeys Ohm’s law and therefore is denoted as Ohmic loss. As mentioned in 

section 2.8.1, ohmic losses, denoted by  𝜂𝑜ℎ𝑚𝑖𝑐, are mostly due to ionic conduction in the 

electrolyte, the current collection (dependent on the electrical conductivity of the collector 
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material) and interfacial resistances. Following the Ohm’s law linear behavior of the cell 

voltage in terms of the current, this conductor resistance 𝑅𝑜ℎ𝑚𝑖𝑐 corresponds to the slope of 

Ohm’s law 𝑉 = 𝑖𝑅, which could also be expressed in terms of the conductor length L, cross-

sectional area A and conductivity 𝜎 as in equation (41). However, this expression could also 

be written in terms of the electronic 𝑅𝑒𝑙𝑒𝑐 and the ionic 𝑅𝑖𝑜𝑛𝑖𝑐 resistance contributions as 

equation (42), where the ionic contribution tends to dominate due to the difficulty of ionic 

charge transport towards electronic charge transport. The contact resistance RCCI associated 

to the interfaces between electrolyte and electrodes should also be considered, as well as the 

current collection contribution [34].  

 
𝜂𝑜ℎ𝑚𝑖𝑐 = 𝑖𝑅𝑜ℎ𝑚𝑖𝑐 = 𝑖 (

𝐿

𝐴𝜎
) (41) 

 𝜂𝑜ℎ𝑚𝑖𝑐 = 𝑖𝑅𝑜ℎ𝑚𝑖𝑐 = 𝑖(𝑅𝑒𝑙𝑒𝑐 + 𝑅𝑖𝑜𝑛𝑖𝑐 + RCCI) (42) 

On electrochemical cells, ohmic losses could be minimized by implementing thin electrolytes 

with high (ionic) conductivity materials [34].  

2.8.4 Concentration overpotential  

In electrochemical reactions, the concentration losses (𝜂𝑐𝑜𝑛𝑐) could be represented as the 

reactants depletion and products accumulation at the catalyst layer within the electrode. This 

phenomenon can be explained with Figure 10, where the concentration of the reactants 𝑐𝑅
∗  at 

the catalyst layer is less than the concentration of reactants 𝑐𝑅
0 (meaning within the gas flow 

channel): 𝑐𝑅
∗ < 𝑐𝑅

0. Whereas for the products concentration 𝑐𝑃
∗  at the catalyst layer is greater 

than the concentration of the products at the flow channel 𝑐𝑃
0: 𝑐𝑃

∗ > 𝑐𝑃
0. Such concentration 

gradient influences the electrochemical cell performance with the following aspects [37]: 

1. Nernstian losses: As described by the Nernst equation, the cell voltage would decrease 

due to the depletion of reactant concentration at the catalyst layer with respect to the 

concentration on the gas bulk.  

2. Reaction losses: The activation losses related to the electrochemical reaction kinetics 

would also increase because of the reactant concentration decrement, while the product 

concentration at the catalyst layer increases, as predicted by the Butler-Volmer 

equation.  
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Therefore, the cumulative contribution of these losses is what is typically referred as 

concentration losses or mass transport losses [37].  

 

Figure 10 Simplified sketch of the mass transport phenomena within a SOC fuel electrode. Convective flows 

of reactants and products within the fuel gas channel correspond to the species concentration outside the 

diffusion layer (electrode), as 𝑐𝑅
0 and 𝑐𝑃

0. Adapted from [37].  

Having these contributions in mind, the operating current density of the cell could be written 

as equation (43): 

 
𝐽 = 𝑧𝐹𝐷𝑒𝑓𝑓

𝑐𝑅
∗ − 𝑐𝑅

0

𝑙
 

(43) 

Where 𝐷𝑒𝑓𝑓 (cm2/s) is the effective reactant diffusivity within the catalyst layer (also 

dependent on the electrode porosity and tortuosity) and 𝑙 is the electrode thickness, which in 

this case is assumed to be the diffusion layer thickness. However, a situation in which the cell 

performance could considerably decrease, would be when the reactant concentration at the 

active sites drops to zero, which corresponds to the limiting case for mass transport. In such 

situation, the fuel cell could not stand a higher current density than the one that causes this 

reactant starvation. Such current density is denoted as the limiting current density 𝐽𝐿 which 

can be calculated as equation (44), when 𝑐𝑅
∗ = 0 [37]: 
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𝐽𝐿 = 𝑧𝐹𝐷𝑒𝑓𝑓

𝑐𝑅
0

𝑙
 

(44) 

With these parameters, the concentration overpotential could be expressed in terms of the 

Nernstian and reactions losses, as:  

 𝜂𝑐𝑜𝑛𝑐 = 𝜂𝑐𝑜𝑛𝑐,𝑁𝑒𝑟𝑛𝑠𝑡 + 𝜂𝑐𝑜𝑛𝑐,𝐵𝑉 (45) 

The Nernstian losses can be written as equation (46): 

 
𝜂𝑐𝑜𝑛𝑐,𝑁𝑒𝑟𝑛𝑠𝑡 =

𝑅𝑇

𝑧𝐹
𝑙𝑛

𝐽𝐿

𝐽𝐿 − 𝐽
 (46) 

Analogous to the Nernst equation, the reaction losses can be expressed as: 

 
𝜂𝑐𝑜𝑛𝑐,𝐵𝑉 =

𝑅𝑇

𝛼𝑧𝐹
𝑙𝑛

𝐽𝐿

𝐽𝐿 − 𝐽
 (47) 

Hence, the total concentration overpotential yields: 

 
𝜂𝑐𝑜𝑛𝑐 =

𝑅𝑇

𝑧𝐹
(

𝛼 + 1

𝛼
) 𝑙𝑛

𝐽𝐿

𝐽𝐿 − 𝐽
 (48) 

In SOCs not only mass (concentration) losses take place, but other transport mechanisms are 

also relevant, such as the gas convective transport along the flow channels that are adjacent 

to the porous electrode. Such mass transport loss is a function of: (i) the viscosity of the gas 

mixture within the channels (also function of pressure, temperature and compositions), (ii) 

the pressure drop along the channels, (iii) the velocity of the gas flow, (iv) and the geometry 

of the gas channels [37]. The nature of the gas flow distribution may differ significantly on 

different cell architectures. The fuel gas flow distributes perpendicular to the surface of the 

fuel electrode (diffusive mass transport), but also parallel along the gas channels (from inlet 

to outlet). Regardless the flow distribution on the gas channels, the perpendicular gas flow 

may exhibit a higher resistance on anode-supported-cells (ASC) than on electrolyte-

supported-cells, just because the electrode (diffusive) layer is significantly larger, meaning 

that the gas flow should diffuse across a larger path. Cross-section and side views of the fuel 

gas flow distribution on these cell architectures are depicted in Figure 11. Details about the 

different cell architectures employed in SOCs are explained in the following section. 
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Figure 11 Simplified fuel gas flow distribution for electrolyte-supported cells (a and c) and for cathode/anode-

supported cells (b and d).  

Hence, it is possible to assume that while convective gas transport dominates in the flow 

channel, the diffusive mass transport dominates in the diffusion layer (within the porous 

electrode), where only the perpendicular direction of diffusion is considered. The convective 

contribution to 𝜂𝑐𝑜𝑛𝑐 could be minimized by careful selection of the gas channels geometry. 

Parallel-flow designs provide an overall low pressure drop between the gas inlet and outlet 

[37]. However, such contribution is not considered in equation (48). 

Despite the different contributions to the voltage losses, different performance indicators are 

typically used to compare technologies, e. g. between high and low temperature electrolysis 

technologies, with the aim to evaluate the performance at a specific operating point. Hence, 

the following figures of merit were used within this thesis, mainly for the case of the 

electrolyzers.  

 Performance figures of merit  

Typical figures of merit (FOM) for electrolyzers, such as the specific energy consumption 

[38] and the normalized hydrogen production are commonly calculated  at the thermoneutral 

voltage. The specific energy consumption can be calculated with the consumed cell power 

𝑃𝑐𝑒𝑙𝑙  and the produced hydrogen mass flow 𝑚 ̇ in terms of the cell voltage and the faradaic 

efficiency, assuming 𝜖𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 of ~1 for SOEL [29]. The latter term is calculated with the 
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measured charge to yield the product 𝑞𝑝𝑟𝑜𝑑𝑢𝑐𝑡, and with the total theoretical charge 𝑞 [38] 

[39]: 

 𝜖𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 =
𝑞𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑞
 (49) 

Then, the specific energy consumption is expressed as [38]: 

 𝑃𝑐𝑒𝑙𝑙

�̇�
=

−𝑧𝐹𝑉𝑐𝑒𝑙𝑙

𝜖𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐𝑀
 (50) 

, and the normalized hydrogen production 
�̇�

𝐴
  (kg H2/cm2·h) calculated at thermoneutral 

voltage is expressed by equation (51), where M and �̇� stand for hydrogen molecular weight 

and hydrogen molar flow, respectively.  

 �̇� 

𝐴
=   �̇�𝑀

𝐼

𝑧𝐹𝐴
=   

�̇�𝑀𝐽

𝑧𝐹
                 (51) 

Another relevant FOM for the performance of an electrolyzer is the specific energy 

requirement (kWh/kg H2). In SOEL, this is calculated as the ratio between the consumed 

power 𝑃𝑐𝑒𝑙𝑙  and the produced hydrogen mass flow 𝑚 ̇ , with  𝜖𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐  ~1. An analytical 

expression to obtain this FOM from the current, cell voltage and power consumption is 

described with equations (52) to (57): 

 𝑃𝑐𝑒𝑙𝑙 = 𝑉𝑐𝑒𝑙𝑙 ∗ 𝐼      (52) 

 
𝑉𝑐𝑒𝑙𝑙 = 𝑉𝑟𝑒𝑣 + (𝐴𝑆𝑅𝑇𝑜𝑡𝑎𝑙) ∗

𝐼

𝐴
 (53) 

 
𝑃𝑐𝑒𝑙𝑙 = (𝑉𝑟𝑒𝑣 + (𝐴𝑆𝑅𝑇𝑜𝑡𝑎𝑙) ∗

𝐼

𝐴
) ∗ 𝐼 ,      𝐼 = �̇�𝑧𝐹 (54) 

 
𝑃𝑐𝑒𝑙𝑙 = 𝑉𝑟𝑒𝑣 ∗ �̇�𝑧𝐹 +

(𝐴𝑆𝑅𝑇𝑜𝑡𝑎𝑙)

𝐴
∗ (�̇�𝑧𝐹)2,   �̇� =

�̇�

𝑀
  (55) 

 
𝑃𝑐𝑒𝑙𝑙 =

�̇�

𝑀
∗ [𝑉𝑟𝑒𝑣 ∗ 𝑧𝐹 +

(𝐴𝑆𝑅𝑇𝑜𝑡𝑎𝑙)

𝐴
∗

�̇�

𝑀
(𝑧𝐹)2] (56) 

 𝑃𝑐𝑒𝑙𝑙

�̇�
= 𝑉𝑟𝑒𝑣 ∗

𝑧𝐹

𝑀
+

�̇�

𝐴
∗ (𝐴𝑆𝑅𝑇𝑜𝑡𝑎𝑙) ∗ (

𝑧𝐹

𝑀
)

2

 
(57) 

Typical values of  
𝑃𝑐𝑒𝑙𝑙

�̇�
 for SOEL are around 37 kWh/kg H2 at cell level while it  can be as 

high as 40 – 44 kWh/kg H2 at the stack level [40] [41].  



Fundamentals │ 

26 

 

The cell performance is not only related to the thermodynamic characteristics of the different 

operating modes, but also to the cell architecture. The ohmic and the concentration 

overpotentials are significantly affected by the thickness and morphology of the electrolyte 

and the electrodes. Following, different SOC architectures are detailed. 

 SOC cell architectures 

SOCs have been developed in tubular and planar architectures since the decade of 1960s. The 

SOFC system coupled to a gas turbine from Siemens Westinghouse, was based on a tubular 

design, having promising results for that time. However, the planar architectures have 

received more attention during the last decade due to their  performance approximately twice 

as high as for tubular structures [39]. Different planar cell architectures have been classified 

in terms of their mechanical support: electrolyte-supported cells (ESC), cathode/anode-

supported cells (ASC) and metal-supported cells (MSC) [42], as depicted in Figure 12. The 

ESCs operate with a thick electrolyte layer (100 µm – 1 mm) that provides the mechanical 

strength with thin porous electrodes. Due to the high ohmic contribution from the electrolyte, 

these ESCs are operated at high temperatures (850 °C – 1000 °C) to favor the electrolyte’s 

ionic conductivity. On the ASC designs the operating temperature is reduced to ~ 800 °C or 

below due to the thin electrolyte layer (typically ~50 µm).  

 

Figure 12 Electrochemical cell architectures. a) Electrolyte-supported cell (ESC). b) Anode-supported cell 

(ASC). c) Metal-supported cell (MSC). 

Nevertheless, the ESC and ASC present an important drawback due to their brittle mechanical 

support, which are made of ceramic materials, as well as of composites between ceramic and 

metal – cermets [42]. By contrast, MSC designs consist of thin ceramic layers for the 
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electrochemical reactions (electrodes and electrolyte), but with an additional mechanical 

porous support, typically made of robust metallic materials [42]. In the frame of this thesis, 

electrochemical characterizations were performed in ESC architecture, from which their 

typical materials are discussed in the following section.  

 Typical materials for ESC 

2.11.1 Electrolyte 

Crystalline oxide ceramic electrolytes conduct oxygen ions by defect hopping mechanisms 

that take place at high temperatures. Yttria-stabilized zirconia (ZrO2), samaria- and gadolinia-

doped ceria (CeO2), known as YSZ, SDC and GDC/CGO respectively, are ceramic oxides, 

with crystalline fluorite structure, that are widely used as electrolytes in SOC [43]. 

YSZ is so far the state of the art electrolyte material for SOCs [43] [44]. YSZ stands for the 

doped ZrO2 with a certain amount of Y2O3, typically with 3 or 8 mol %, corresponding to 

3YSZ and 8YSZ, respectively. Despite the lower oxide ion conductivity of 3YSZ, this choice 

is advantageous due to its outstanding mechanical stability [44], which is required for instance 

on ESC architectures. By contrast, SDC and CGO electrolytes offer higher ionic conductivity 

than YSZ, but in reducing conditions they also present electronic conduction (above ~ 600 

°C), which could cause an electronic current leakage through the electrolyte under operation 

[44]. The optimal dopant concentrations for SDC and CGO are typically around 10 and 20 %. 

A commonly used formulation is Ce0.9Gd0.1O1.95, which is referred as CGO10 [43].  

Besides the fluorite structure, perovskite oxides such as lanthanum gallates (LSGM) also 

exhibit good ionic conductivities. However, they present important issues such as the 

evaporation of Ga in reducing atmospheres, the poor compatibility with Ni and NiO (present 

in the typical fuel electrodes), the low mechanical stability and the expensive costs of gallium 

[44]. Furthermore, other alternative of doping zirconia with scandium instead of yttrium has 

also been studied with the aim to increase the ionic conductivity. Hence, Sc-doped ZrO2 

(ScSZ) electrolyte are very promising for reducing the operating temperature in SOCs. 

Nevertheless, the price and availability of scandium are relevant limitations [44]. 

Nowadays, commercial references of ESCs and stacks implement 3YSZ electrolytes with a 

CGO barrier layer coating, mainly to avoid chemical reactions between the electrolyte and 

the oxygen electrode (typically made of iron-doped lanthanum strontium cobaltites) [45]. In 



Fundamentals │ 

28 

 

this thesis, commercial 3YSZ 90 µm-thick electrolytes with a CGO20 barrier (5 µm) coated 

in both sides were used (Kerafol GmbH, Eschenbach, Germany). 

2.11.2 Perovskite oxides fundamentals 

Before introducing the oxygen and fuel electrodes used in SOC, it is relevant to introduce the 

perovskites oxides in general. SOC electrodes should  ideally be porous and both mixed ionic 

and electronic conductors (MIEC) to allow the electrochemical reactions to occur at the 

double-phase boundaries (DPB) and triple phase boundaries (TPB), where molecules, ions 

and electrons gather [36]. In this regard, perovskite oxides present this unique MIEC 

characteristic, making them very suitable for SOC electrodes. Their properties are strongly 

depending on their elementary composition ABO3. For instance, by varying the composition 

on their A and B sites, significant changes can be tuned in regard to their transport properties, 

catalytic activity and their stability in oxidizing and reducing conditions [22]. An ideal 

perovskite structure is depicted in Figure 13. This structure could be seen as the BO6 

octahedron forming a center of a cube with a larger A atom at the corners, or as cube 

consisting of corner-sharing BO6 octahedra with A atoms at the center. The coordination 

number of A and B cations are 12 and 6, respectively. The ideal relation between ionic radii 

is given by equation (58) [46], where 𝑟𝐴, 𝑟𝐵 and 𝑟𝑂 represent the ionic radii of the atoms A, B 

and O respectively: 

 𝑟𝐴 + 𝑟𝑂 =  √2(𝑟𝐵 + 𝑟𝑂) (58) 

 

Figure 13 Left: Cubic perovskite crystal structure with A-center surrounded by 8 BO6 octahedra. Right: Cubic 

perovskite crystal structure with a BO6 octahedron center and A atoms on the corners. Crystal structures were 

generated with software VESTA [47].  

However, this ideal cubic structure is rarely maintained. Typical distortions of the ideal cubic 

crystal structure are represented by orthorhombic and rhombohedral crystal systems, among 
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less common arrangements such as tetragonal, monoclinic and triclinic. Therefore, the 

tolerance factor t, is a measure of the distortion and varies typically between 0.75 and 1 (cubic 

structure), which can be calculated as follow [46]: 

 
𝑡 =

𝑟𝐴 + 𝑟𝑂

√2(𝑟𝐵 + 𝑟𝑂)
 (59) 

2.11.3 Electrodes 

In general, the electrochemical reactions take place on the TPBs (as mentioned in section 

2.8.2) and DPBs (for MIEC electrodes), which constitute catalytic active sites (or regions) 

where electrons, gaseous reactants and O2- react. Preferably, the electrodes present a porous 

structure with the following properties [43] [22]: 

• Oxygen anion conductivity 

• Electrical conductivity 

• Chemical stability and compatibility 

• High temperature compatibility with the electrolyte and interconnect materials 

(thermal expansion matching with limited reactivity) 

• Durability at high temperatures and under thermal cycling 

• Mechanical strength (trade between porosity and mechanical support) 

• Catalytic activity  

• For the fuel electrode: fuel flexibility and tolerance to impurities and coking in 

operation with hydrocarbon fuels (in SOFC and CO2 electrolysis in SOEL), as well as 

with high contents of steam (silica impurities) in SOEL operation 

• Low costs 

2.11.4 Oxygen electrode 

The oxygen electrode should provide high electrochemical activity for the reduction of 

oxygen. MIEC materials are great candidates for these electrodes, providing DPB regions and 

regions for this reaction to take place [43]. Such mixed conducting properties could be 

achieved with a cermet composite, where the metallic phase contributes with the high 

electronic conduction. However, due to the oxidizing conditions of the oxygen electrodes, the 

cermets are not adequate for SOC oxygen electrodes. Only ceramic materials that are stable 

at high temperatures and high pO2 atmospheres may be considered.  
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Because of this, perovskites oxides such as strontium-doped LaMnO3 (LSM) have been 

implemented as oxygen electrode due to their good physical and chemical stability, as well 

as good electrical conductivity, but with an important drawback, which is its lower oxygen 

ion conductivity [43]. Namely, iron-doped lanthanum cobaltites have been actively 

investigated because the incorporation of Fe on the LaCoO3 avoids chemical interaction with 

the YSZ electrolyte, which could lead to the formation of insulating phases such as La2Zr2O7 

and CoO [43]. La1-xSrxCo1-yFeyO3-δ (LSCF) - typically with a concentration of Fe ~80% - is a 

state-of-the-art material for SOC operation due to its good MIEC properties at high 

temperatures. For instance, at 800 °C its electrical conductivity is ~ 100 S/cm and its ionic 

conductivity relatively high, with values from 0.01 up to 1 S/cm. These conductivities may 

vary in function of the Sr and Fe concentrations [43]. In this thesis, the oxygen electrode 

composition that was used in the electrochemical tests corresponds to the commercial 

reference from Heraeus: La0.58Sr0.4Fe0.8Co0.2O3-δ (LSCF). 

2.11.5 Fuel electrode 

Ni-YSZ cermet have been widely studied as fuel electrodes in ASC architectures for SOFC 

operation. These materials have provided satisfactory performances in the temperature range 

of 800 °C and 1000 °C [22]. They are typically prepared by sintering NiO and YSZ powders 

together, yielding a NiO/YSZ composite. Upon exposure to reducing atmospheres, the NiO 

phase is reduced to Ni, resulting in a porous Ni-YSZ fuel electrode [43]. Ni provides electrical 

conductivity and catalytic activity, while the YSZ phase provides ionic conductivity, as well 

as the structural framework of the electrode, acting also as inhibitor for the coarsening of Ni 

during preparation and operation [43]. However, these cermets present several disadvantages 

that are mostly related to Ni coarsening, agglomeration and re-oxidation, leading to a 

reduction of the TPB lengths and hence also a decrement on the electrical conductivity. 

Furthermore, important issues by fueling the cells with reformates, include low tolerance to 

sulfur impurities and propensity to carbon deposition. In the case of sulfur poisoning, the TPB 

lengths are substantially reduced due to the absorption of H2S on the active sites of the nickel.  

As for carbon deposition, the high catalytic activity of nickel towards the carbon-carbon bond 

favors the formation of carbon deposits, blocking the electrochemical reactions on the fuel 

electrode. If large amounts of steam are added to the fuel gases in SOFC operation on a steam 

to carbon ratio (S/C) of ~2-3, this issue could be mitigated. However, the OCV would 
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decrease, as well as the power density [48]. Nevertheless, high amounts of steam could also 

accelerate Ni agglomeration and reduce the performance due to fuel dilution [43], but also 

due to loss of electrical percolation and diminution of the triple-phase-boundary (TPB) length 

[49] [17]. Additionally, there are other known phenomena from SOEL operation such as the 

enhanced evaporation of Ni(OH)2 [49] [17] [50] and silicon poisoning of the fuel electrode, 

both due to higher H2O contents (~ 10% - 90% ) in the fuel gas, supplied with a non-extra 

pure steam feed [50] [51]. In SOEL operation, degradation phenomena have been observed 

mainly because of the larger pO2 gradient across the electrolyte, resulting in a dominant 

driving force of different diffusion processes, causing Ni depletion near to the electrolyte [17].  

In contrast, CGO-based fuel electrodes – commonly in ESC architectures –  have been 

recently studied due to their MIEC properties, but also due to their ability to suppress carbon 

deposition [43] [52]. Their performance could be significantly improved by adding Ni, Co or 

also noble metals to the CGO ceramic phase, resulting in a cermet composite. For instance, 

even with pure hydrogen, Ni-CGO cermets outperform Ni-YSZ [43], and due to its coke 

tolerance, they outperform also in in H2O-CO2 co-electrolysis and dry CO2 electrolysis 

operation. However, by reason of the large content of metallic Ni, such Ni-CGO composites 

are also sensitive to microstructure variations caused by grain coarsening upon redox cycling, 

which detriments their electrical conductivity [53]. Hence, redox cycling is still challenging 

on conventional Ni-CGO electrodes, due to the dimensional expansion of Ni/NiO upon 

oxidation, leading also to Ni grain coarsening, as well as electrode delamination [54]. With 

the aim to improve its dimensional stability, Ni nanoparticles infiltration into the ceramic 

backbone has shown an initial good performance, unfortunately also with a rapid Ni 

coarsening at high temperatures, leading to high degradation rates [54, 55].  

Therefore, a key aspect of the cell performance is the optimization of the fuel electrode in the 

operation window of the SOCs. Kinetic and thermodynamic behaviors depend on how 

suitable is the fuel electrode for operating with the different typical gas mixtures in SOC. 

Besides of having a good catalytic activity towards electrolysis and oxidation reactions, 

tolerance against sulfur poisoning and carbon depositions, as well as stability in dual 

atmospheres (i.e. oxidative and reducing), are key aspects that could be optimized in the fuel 

electrodes.  
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2.11.6 Perovskites as target for Ni exsolution on SOC fuel electrodes 

Alternative fuel electrode materials for the Ni cermets on ESC are the perovskite-based oxides 

(ABO3). They have been explored due to their remarkable stability in redox conditions and 

their promising catalytic properties on a wide range of compositions. This has been achieved 

by doping their A-sites with lanthanides and alkaline-earth metals and their B-sites with 

transition metals, such as Mn, Co, Fe, Ni, Cr and Ti [56]. Outstanding performance has been 

shown in H2O electrolysis with strontium titanates fuel electrodes with B-site doping of Ni 

and Fe by the exsolution method.  

The exsolution of metallic nanoparticles takes place when catalytically active metals are 

embedded on the perovskite lattice under oxidizing conditions and then released as 

nanoparticles on the surface in reducing conditions [57] [58] [59] [60], as shown in Figure 

14: 

 

Figure 14 a) A-site deficient perovskite-based fuel electrode. b) Exsolution of metal B nanoparticles on the 

perovskite surface after exposure to reducing atmosphere at high temperatures and/or cathodic overpotential. 

Perovskite networks were generated with the software VESTA [47].  

Exsolution is favored upon A-site deficiency because when the oxygen vacancy concentration 

is high enough, the perovskite lattice partially destabilizes due to the high deficiency on A- 

and O-sites. Hence, metal particles from the B-site exsolve while charge balance of the lattice 

is maintained [61] [62]. Recently Neagu et al. investigated Ni exsolution on A-site deficient 

lanthanum-calcium doped titanates and lanthanum-cerium doped titanates by in situ 

observation with environmental transmission microscopy (ETEM). They found that the 
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exsolution phenomena and thus the shape of the resulting nanoparticle are significantly 

affected by the temperature and the oxygen partial pressure (pO2), [62] being important 

operating parameters for SOC systems [57]. Nevertheless, such titanate electrodes with Ni 

exsolution have mainly been investigated at the button cell scale (~1 cm2 of active cell area) 

and not yet been compared to state of the art Ni- based cermet electrodes in operation with 

equivalent boundary conditions [54]. 

Besides titanates, other perovskite families, such as lanthanum chromites have been also 

considered as fuel electrodes in SOC. On one hand, LaCrO3-based oxides have been studied 

as interconnect materials for SOFCs due to their high electrical conductivity and stability in 

both reducing and oxidizing conditions at high temperatures, as well as their low activity 

toward carbon deposition  [54] [63] [64]. On the other hand, lanthanum chromites can also 

host B cations and exsolved them as metallic nanoparticle on their surface, just as 

(La,Sr)(Cr,M)O3 perovskites (M= Mn, Fe, Co and Ni) [57]. Among them, Ni was identified 

as very promising B-site dopant with good (electro)catalytic activity [64] [65]. Stoichiometric 

and A-site deficient formulations of these chromites have been recently investigated in H2O 

electrolysis, CO2 electrolysis and co-electrolysis [57] [59] [66] [67] [68] [69]. Sun et al. 

investigated A-site deficient Ni-doped lanthanum chromites and their application in SOFC in 

small button cells at 800 °C. They reported an increased performance of an A-site deficient 

chromite La0.6Sr0.3Cr0.85Ni0.15O3-δ fuel electrode in comparison to the stoichiometric 

formulation (La0.7Sr0.3Cr0.85Ni0.15O3-δ) [70]. However, they also observed a significant 

performance degradation within the first 24 hours of operation, which was related to Ni 

particle coarsening, but redox cycling showed to fully recover the performance [54] [70]. 

Nevertheless, Ni exsolution behavior on lanthanum chromites upon temperature and pO2 

variation, as well as their electrochemical reactions in SOC operating modes are not yet fully 

understood.  

In the following chapter, the motivation to investigate alternative perovskite fuel electrode in 

SOCs is presented, as well as the scientific approach that was followed for the completion of 

this thesis. The pertinent research questions are also addressed.  
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 Motivation & scientific research approach  

SOC technologies are by far one of the most promising alternatives for low-emission-power 

generation and -energy storage. However, these technologies are not yet completely mature 

and are currently competing with the low temperature technologies [15].  

The scientific research and development in the SOCs materials field is strongly dominated by 

the Ni cermets fuel electrodes and hence meaningful knowledge has been acquired in the last 

40 years. Despite the promising catalytic properties of these Ni cermets for the most of the 

SOCs applications, these materials exhibit important issues during operation that endanger 

the performance of the SOC-based systems [17, 43, 49, 50, 52-55].   

Furthermore, their main raw material, nickel (and hence nickel oxide) is considered by the 

International Energy Agency (IEA) as a critical mineral for the energy transition [71], not 

only due to possible shortage supply in the next 20 – 30 years, but also due to social and 

environmental aspects that are correlated to its toxicity. Therefore, the motivation to replace 

this material, or to decrease significantly its use, is an important driver for the SOCs 

technologies deployment on the current energy transition. 

Having these aspects in mind, the main motivation of this thesis is to develop and evaluate an 

alternative fuel electrode material for SOCs. For this, a perovskite-based fuel electrode is 

proposed with the aim to achieve a catalytical performance as good as the Ni cermets, as well 

as a stable operation and durability in the different SOC operating modes. Also, an important 

feature would be to evaluate if the implementation of such perovskite-based fuel electrode 

would require significantly lower amounts of Ni/NiO raw material than the state-of-the-art 

cermets. This would also be a relevant outcome for the deployment at larger scales (~ MW) 

of power generation and energy storage SOC-based systems. 

In this thesis, the main focus is given to the formulation and implementation of a Ni-doped 

lanthanum strontium chromite decorated with Ni exsolution as fuel electrode on ESC 

architecture. Namely, with the purpose to electrochemically evaluate this fuel electrode in 

different SOC operating modes with respect to the typical Ni cermets fuel electrodes. 

 

Taking as a reference the study by Sun et al. with a Ni partial substitution on the B site of 

15% [70], and going beyond SOFC operation, in this thesis the nominal A-site deficiency 
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was considered only on the Lanthanum content. The Sr concentration was kept constant in 

30% because of the following reports: 

• For stoichiometric lanthanum chromites, Sr was found to increase the electrical 

conductivity [64] [65], where optimal values were reported with 30-40 % Sr content 

on the A-site [72].  

• Sujatha Devi and Subba Rao reported in La1-xSrxCrO3 formulations increments in the 

conductivity up to a Sr-doping level of x ≤ 0.3, which were attributed to the formation 

of Cr4+ ions as a result of charge compensation and conduction. However, they also 

found that further increase in the Sr content, i.e. for x beyond 0.35, led to a decrement 

in the conductivity [73]. 

Considering the above, this thesis focused on the formulations of LaxSr0.3Cr0.85Ni0.15O3-δ 

(LSCrN) with lanthanum contents between 0.50 ≤ x ≤ 0.70. 

 Scientific questions 

The research questions that are addressed by this thesis are: 

i) How can a perovskite-based fuel electrode compete with the state-of-the-art Ni-

cermets in the different SOC operating modes? 

ii) What could be the benefits to operate SOCs with this perovskite-based fuel electrode 

over the state-of-the-art Ni cermets? 

With the aim to address and answer the above proposed research questions, a four stages-

scientific approach was considered, as detailed in Figure 15. These stages encompass different 

facets of materials science and engineering in order to select, formulate, synthesize and 

characterize a reliable perovskite-based fuel electrode for SOC. The scientific results obtained 

during all the stages of this thesis are presented in three main publications labelled as Articles 

I, II and III. Additional publications are also mentioned across this thesis (see Chapter 11 and 

Chapter 12).  
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Figure 15 Sketch of the different stages of the proposed scientific approach.  

The different stages of the proposed scientific approach are detailed as following: 

• First and second stages – Synthesis and characterization of candidate material 

In these stages, different LaxSr0.3Cr0.85Ni0.15O3-δ formulations with 0.50 ≤ x ≤ 0.70 were 

investigated. Characterization techniques allowed to define to which extent the 

proposed formulations were chemically stable. Thermal behavior was also evaluated 

with the aim to design and propose the most relevant parameters for the cells 

manufacturing processes. Once the perovskite formulations were defined, commercial 

purchase of the proposed formulations (~ 1 kg) were inquired in order to implement a 

manufacturing process protocol with enough stock of raw materials (Article I and 

Article II).  

• Third stage - Implement the selected material into functional solid oxide cells and 

asses the electrochemical performance 

With the commercial raw perovskite materials, relevant manufacturing processes and 

methods were performed: ceramic ink preparation, electrode screen-printing and 

sintering. Important parameters such as electrode thickness and sintering temperatures 

were varied, as well as different contacting materials. The cell performance was 

evaluated and compared with state-of-the-art cells, for which the best combination of 

processing parameters for the manufactured perovskite-based cells was identified. 

(Article I, and Article II). The manufactured cells were tested in different operation 

1. Synthesize a candidate material

2. Provide inital characterization of the features

3. Implement the material into functional cells and 
asses the electrochemical performance

4. Identifiy potential operational benefits in a 
scenario of up-scaling to the MW level
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modes characteristic from SOC systems. For all of them, the cell performance at 

different temperatures and gas compositions was evaluated. Electrochemical 

characterization techniques gave insights about the performance and limitations of the 

proposed perovskite-based electrode under different operating conditions. Redox and 

long-term stability were also evaluated. It was important to note in this stage, that there 

was a synergy of different characterizations techniques and the electrochemical testing 

of these cells, which allowed to build a comprehensive understanding of the behavior 

and the performance of these perovskite electrodes (Article I, Article II and Article 

III). 

• Fourth stage – Identification of potential operational benefits in a scenario of up-

scaling to the MW level 

In this final stage, feasible aspects for the scale-up were evaluated with the 

performance results at the cell level reported on [74]. Advantages and disadvantages 

in regard to the further use of these electrodes were identified. Alternative pathways 

and different approaches in regard to the identified limitations were proposed for the 

scale-up of perovskite electrodes to the MW scale.  

The main publications of this thesis could also be graphically described with the diagram in 

Figure 16. Different SOC operating modes were evaluated within these publications, by 

presenting the evaluation of the proposed perovskite-based fuel electrode, also with the 

benchmarking of the state-of-the-art fuel electrodes.  

 

Figure 16 Sketch of the different operating SOC modes that were addressed in the frame of this thesis with 

the three main publications (Article I, Article II and Article III). 
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 Materials & methods 

In this chapter, the experimental methods and procedures performed in this thesis are 

described. Starting with the perovskite ceramic powder synthesis, the respective ceramic ink 

preparation and with the following experimental procedures, such as screen-printing and 

sintering, which all in all encompass the cells manufacturing process. Different types of 

samples were produced and characterized along this thesis:  

i) perovskite powders in oxidized and reduced form 

ii) symmetrical-button cells (2 cm diameter) 

iii) square electrolyte-supported cells (5 cm x 5 cm) 

 Powder synthesis 

The glycine nitrate combustion method was implemented for the synthesis of the ceramic 

precursors LSCrN, as explained in [70] [57]. Once the stoichiometry was fixed, only the 

content of La was varied and four different compositions were prepared as shown in Table 1: 

Table 1 LSCrN powder formulations with different La deficiency on A-site. 

Abbreviation La deficiency (%) A - site deficiency (%) Formulation 

L70SCrN - - La0.7Sr0.3Cr0.85Ni0.15O3-δ 

L65SCrN 7 5 La0.65Sr0.3Cr0.85Ni0.15O3-δ 

L60SCrN 14 10 La0.6Sr0.3Cr0.85Ni0.15O3-δ 

L50SCrN 29 20 La0.5Sr0.3Cr0.85Ni0.15O3-δ 

 

For the preparation of these powder formulations, stoichiometric amounts of the nitrate 

precursors were weighed and dissolved in deionized water and further mixed with glycine 

(J.T.Baker™), with a molar ratio of 2:1 with respect to the total content of metal cations). 

Then, these mixtures were stirred and heated at 80°C on a hot plate until a dark-green colored 

gel was formed, as shown in Figure 17: 
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Figure 17 Steps for the glycine nitrate combustion method for the preparation of LSCrN precursors.  

However, in order to determine the temperature in which the self-combustion was taking 

place, thermogravimetric measurements in synthetic air were performed on these gels, 

indicating that the exothermic self-combustion reaction was taking place at 220°C. (These 

measurements are explained in section 5.3). Therefore, once the gel was formed, it was heated 

up to 220 °C in an oil-bath configuration, as shown in Figure 18:  

 

Figure 18 Setup for the production of LSCrN ceramic precursor from the self-combustion reaction of the 

formed gel at ~ 220°C under stirring in an oil bath.  

After the self-combustion reaction occurred, the resulting ceramic precursor was calcined in 

air with a heating ramp of 3 °C/min up to 1400 °C with a holding time of 1 hour. This 

temperature was selected because it was the minimal point at which the perovskite phase was 

achieved [75], consistent also with other studies on lanthanum chromites [76]. The obtained 

perovskite powder LSCrN is shown in Figure 19: 
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Figure 19 Left: Ceramic precursor after self-combustion reaction. Right: After firing in air at 1400 °C for 1 

hour, the LSCrN ceramic powder was obtained.  

The self-made L65SCrN and L70SCrN powders were mainly composed of a LSC perovskite 

phase and a secondary phase of NiO (corresponding ca. to the targeted nominal A-site 

deficiency) , as verified by XRD in [57]). Customized synthesis of large quantities was made 

by the company Marion Technologies for the two powder compositions L65SCrN and 

L70SCrN. For each composition, 1 kg of powder was manufactured.  The LSCrN-powder 

samples that were herein produced were further characterized by different techniques, which 

are explained and detailed in chapter 5.  

 Ceramic ink preparation 

Ceramic inks of the L65SCrN and L70SCrN powders were prepared at a powder-to-solution 

proportion of 2:1, starting with a solution of α-Terpinol (94 wt %) and ethyl cellulose (6 wt 

%). The ceramic powder was then slowly added into the vehicle ink and mixed by hand. Then, 

such ceramic suspensions were mixed with the 3-roll milling machine EXAKT 80E EL 

(Figure 20) with the parameters depicted in Table 2 (starting with the mode 1): 

Table 2 Experimental parameters for preparing the LSCrN ceramic inks on the 3-roll milling machine EXAKT 

80E EL. 

Gaps between rolls Distance between rolls (µm) 

Mode Mode 1 Mode 2 Mode 3 

First Gap 45 30 15 

Second Gap 15 10 5 

# of repetitions 4 2 2 

After passing the ink through the 3 rolls, fixing the distance between rolls for each mode 

(mode 1 to 3), the mixing process finalized by applying the “Force Mode” and passing the 

ink just one more time through the rolls. The force mode allows to break the smallest 
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agglomerate more efficiently, making the mixing of the solvent and powder more 

homogenous, and resulting in the targeted ceramic ink.  

 

 

Figure 20 3-roll milling machine EXAKT 80E EL.  

 Screen printing  

In this thesis, electrolyte-supported-cells were manufactured and further used for the different 

electrochemical characterizations and durability tests. Two different configurations were 

investigated: symmetrical button cells and square full cells, both implementing the perovskite 

fuel electrode L65SCrN.  

 

Figure 21 Screen printer machine Aurel model 900 (Aurel automation s.p.a, Italy). 

 Symmetrical button cells 

Symmetrical button cells were prepared by screen printing round shape electrodes of 10 mm-

diameter with the prepared L65SCrN ink on either side of a 20 mm-diameter commercial 90 

µm-thick 3YSZ electrolytes sandwiched between two 5 µm-thick CGO20 barrier layers, from 

Kerafol GmbH (Eschenbach, Germany). The screen-printing was performed with the printing 

machine Aurel model 900 (Aurel automation s.p.a, Italy) shown in Figure 21, with 
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configuration “Print + Print”. Then, the half-cell was dried at 60 °C until the ink solvents 

evaporated (~ after 30 minutes). Afterwards, the printing and drying processes were repeated 

for the other side. Next, the cells were heated up at 3 °C/min to 1200 °C in air and fired for 

one hour. Platinum paste (Heraeus) was used as current collector and hand-brushed on both 

electrode surfaces. Following, the cells were heated up at 3 °C/min to 1050 °C in air and held 

also for one hour. The active electrode area was 0.785 cm2 as shown in Figure 22: 

 

Figure 22 Left: Sketch of symmetrical button ESC with LSCrN fuel electrode. Right: Upper view of the 

prepared symmetrical button cell after sintering.  

 Square full cells 

Square full cells were prepared with commercial references from the electrolyte and the 

oxygen electrode, with the main purpose to only vary the fuel electrode composition: 

L65SCrN and L70SCrN. The prepared ceramic inks of the L65SCrN and L70SCrN powders 

were screen printed on one side of the electrolyte-substrates also supplied by Kerafol GmbH 

Germany. These substrates were 90 µm-thick squares (5 cm x 5 cm) of 3YSZ double side 

coated with a 5 µm-thick (centered square of 4 cm x 4cm) of Ce0.8Gd0.2O2-δ: CGO20-3YSZ-

CGO20. The screen-printing of the fuel electrode was performed, following the same printing 

and drying parameters as used for the symmetrical button cells, but by using a printing mesh 

with a square window of 4 cm x 4 cm and centering this printing area over the CGO20 area 

of the electrolyte. Then, the fuel electrode on the half-cell was fired in air at temperatures 

between 1100 °C and 1200 °C, with a heating rate of 3 °C/min and holding time of one hour. 

Regarding the oxygen electrode, the commercial ink of La0.58Sr0.4Fe0.8Co0.2O3-δ (LSCF) from 

Heraeus was printed on the other side of the fired half-cell, using the same printing and drying 

parameters as for the fuel electrode, but with another mesh in order to avoid materials cross 

contamination between LSCrN and LSCF inks. Further to the drying process of the LSCF, an 

area of platinum paste (Heraeus) of 4 cm x 4 cm was hand-brushed over the fuel electrode 
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and further dried at 60 °C until solvent evaporation took place. This platinum paste was used 

as current collector layer for the fuel electrode. Finally, the platinum and LSCF were co-fired 

in air up to 1050 °C and held for one hour. Nominal heating rate was used as well for this 

thermal process. The printed area for both electrodes was 16 cm2 as shown in Figure 23: 

 

Figure 23 Left: Sketch of full cell ESC 5 cm x 5 cm with LSCrN fuel electrode and LSCF oxygen electrode. 

Right: Upper view of the prepared full cell after sintering where the LSCrN fuel electrode is observed from 

the top.  

The symmetrical button cells and full square electrolyte-supported-cells produced in this 

thesis were further investigated by means of microscopy, diffraction and electrochemical 

characterization techniques, that are detailed in chapter 5.   
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 Characterization techniques 

In this chapter, the different characterization techniques that were used in this doctoral thesis 

are described. Among them, features of the powder morphology, crystal structure and surface 

chemistry were characterized by scanning electron microscopy (coupled with energy 

dispersive X – ray spectroscopy), X-ray diffraction and X-ray photoelectron spectroscopy 

respectively. Powder thermal properties in oxidizing and reducing conditions were 

investigated by thermogravimetric analyses and temperature-programmed reduction. 

Regarding in situ electrochemical characterizations, the different test benches and setups used 

in this thesis are detailed, where i-V characteristics, electrochemical impedance spectroscopy 

and chronopotentiometry/chronoamperometry characterizations were performed. With these 

techniques, equivalent circuit modelling and distribution of relaxations times provided a first 

glance about the perovskite fuel electrode kinetics. Finally, the Van der Pauw method is also 

explained, which allowed to measure the electronic conductivity of the perovskite fuel 

electrode. 

 Scanning electron microscopy 

Scanning electron microscopes (SEM) are instruments that create magnified images that 

reveal information about the size, shape and composition of a specimen at the microscopic 

scale. Its operation principle involves a finely focused electron beam emitted by an electron 

source. The energy of these electrons in the beam corresponds to E0. During emission, the 

electrons are accelerated with an energy typically in the range from E0 = 0.1 and 30 keV [77] 

[78].  

Once emitted, the primary electrons are focused by condenser lenses and electromagnetic 

coils, which narrow the beam in a raster (x-y) pattern and place it in discrete locations on the 

specimen [77]. The interaction of the electron beam with these locations can lead to the 

emission of back-scattered electrons (BSEs) and secondary electrons (SEs) [78], as shown in 

Figure 24. At all the discrete beam locations, the electron signals are measured by one or more 

electron detectors, from which their name is related to the type of electrons that they are 

sensitive to: either BSE or SE secondary detectors [77].  For each detector, the electron signal 

is measured at each individual raster location on the specimen, then it is scanned, digitalized 

and recorded into computer memory, and subsequently used in order to determine the 
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topography in different levels of gray at each x-y location. Then, such coordinates are 

displayed in the computer screen, forming all together a single image element (or pixel) [77]. 

Inelastic scattering events of the electrons with the valence electrons of the sample generates 

electrons with kinetic energies lower than 50 eV, which correspond to the SEs with 

information depths of ~ 5 – 50 nm, revealing topographic features and characteristics [79]. 

BSEs originate from elastic interactions of the electrons with the atoms nuclei, being 

proportional to the atomic number of the sample, where information depths range from 50 up 

to 300 nm [79]. For different atomic numbers, different gray levels can be observed on the 

formed image, providing information about chemical variations on the sample.  

 

Figure 24 Schematic drawing of signals generated by electron emissions when an incident electron beam 

interacts with a solid specimen. Adapted from [78] [80]. 

In conventional SEMs, the electron column and the specimen chamber and detectors must be 

operated under high vacuum conditions (<10-4 Pa), in order to minimize undesired scattering 

of the electron beam, which could take place due to interactions of atoms and molecules with 

atmospheric gases [77]. For the characterization of different microstructural features, a flat 

specimen surface is required. Typically, sample preparation is performed by careful grinding 

and polishing protocols according to standard metallographic methods [81] [78]. 

In this thesis, morphology and microstructural characterizations were performed by using the 

scanning electron microscope Zeiss ULTRA PLUS SEM (Carl Zeiss AG, Germany).  

equipped with a fuel emission gun (FEG). Features of the LSCrN powder samples (as 

prepared and after reduction thermal treatments) were investigated, mainly with the SE 

detector (Figure 25 a and b respectively). Also, the electrolyte-supported cells after 

electrochemical operation (Figure 25 c) were investigated with both SE and BSE detectors. 
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For the analysis on the cells’ cross-section, the samples were embedded into a suitable resin 

and after mirror polishing, they were metallized with a thin sputtered metallic layer. Areas of 

non-interest were coated with a silver paste in order to avoid charging effects due to the 

insulating nature of the resin and the electrolyte material. 

 

Figure 25 SEM images of: a) LS65SCrN ceramic powder as prepared, b) L65SCrN ceramic powder after 

reduction with hydrogen at 500 °C, where nickel nanoparticles are observable and c) cross-section view of 

electrochemical cell with  L65SCrN fuel electrode after rSOC operation at 860 °C (image adapted from [57]).  

 Energy dispersive X – ray spectroscopy 

Typical SEM setups also include energy dispersive X – ray spectroscopy (EDS). By 

performing SEM analyses, it is possible to reduce the composition search on a microscopic 

area, based on the elementary composition that could be obtained by EDS. With it, the area 

of interest could be analyzed and matched with an indexed element database [79].  The EDS 

detector collects the signals of characteristic X-rays from a wide range of elements in a 

sample. Common resolution values are between 150 – 200 eV. Typically Si(Li) detectors are 

used, which consist of a small cylinder of silicon and lithium in the form of diode. The X-ray 
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photons collected by the detector generate a specific number of electron-hole pairs. EDS 

spectra are plotted as the intensity of characteristic X-rays versus the X-ray range.  

As a complement to the SEM analyses on the cross-section of the tested cells, EDS was also 

performed with the aim to study the chemical compositions between the different cell 

components. For this purpose, the Bruker XFlash 5010 detector supported with the software 

Quantax 400 was used in combination with the Zeiss ULTRA PLUS SEM. Insights about 

contaminants on the catalytic layers or formation of new phases were also analyzed.  

 Thermogravimetric analysis  

Thermal analysis techniques allow to measure materials properties upon temperature changes, 

with respect to dimensions, mass, phase and mechanical behavior. Among the most typically 

used thermal characterization techniques, thermogravimetry (TG) allows to examine the 

decomposition of materials by monitoring mass changes as a function of the temperature upon 

a scanning mode [82]. TG plots indicate the mass change (in %) versus the increasing 

temperature. TG setups mainly include a microbalance, furnace, temperature programmer and 

computer, where the key component is the microbalance. It measures mass change of +/- 1 

µg with a maximum mass of 100 mg. TG can be performed in either reactive (with corrosive, 

oxidizing and reducing gases) or nonreactive (inert) atmosphere. Typical gas flows of 15 – 

25 mL/min are used for a sample mass between 2 and 10 mg [82]. Heating rates of 5 – 10 

°C/min are recommended. For high-resolution, the heating rates can be reduced to 1 °C/min.  

The TG curves performed in this thesis were analyzed in different atmospheres: 

i. The dark-green gel that was synthesized during the nitrate combustion method 

described in section 4.1, was analyzed by TG with the analyzer Netzsch Jupiter 449C 

in synthetic air at a nominal heating ramp of 3 °C/min from 25 °C up to 1100 °C [75], 

with the aim to determine at which temperature the solvent evaporation was taking 

place, as well as the self-combustion reaction. The latter temperature was crucial for 

the powder processing: without knowing this temperature low yields were achieved 

since on the first experimental trials the dark-green gel was placed directly on the oven 

and taken out after thermal treatment at ~ 1400 °C. Therefore, the setup from Figure 

18 was used to re-collect the ceramic precursor after self-combustion reaction. 

Afterwards, the ceramic precursor (Figure 19) was placed in the oven for further 
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calcination up to 1400 °C. It is important to point out that during these analyses, it was 

challenging to keep constant the amount of sample (approximately between 6 – 12 mg 

of gel), due to the high viscosity and complex sticky behavior. Despite this issue, the 

results indicated reproducible values as shown in Figure 26: 

 

Figure 26 TGA of L70SCrN, L60SCrN and L50SCrN gels in air up to 1100 °C with a heating rate of 3 ° C/min, 

where the temperature of self-combustion reaction is specified, corresponding to ~ 220 °C for the three 

measured gel samples. Plot adapted from [75].  

 

Once the L65SCrN and L70SCrN ceramic powders were synthetized, TG analyses were 

performed under reducing atmosphere (2 mL/min of 5% H2–Ar) with the same device and 

heating rate as previously described, but from 25 °C up to 1200 °C [57]. The sample mass for 

both powders was kept at ~ 22 mg. This time, the main purpose of these analyses was to 

compare the reducibility of these two powders i.e., to create oxygen vacancies – and thus to 

exsolve metallic Ni nanoparticles. These results are depicted in Figure 27: 
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Figure 27 TGA of L70SCrN and L65SCrN powders in 5% H2-Ar up to 1200 °C with a heating rate of 3 ° 

C/min, where the temperature value at the highest slope (DTG) is specified, corresponding to the fastest mass 

loss. Plots adapted from [57].  

 Temperature-programmed reduction 

The reducibility analyses performed by means of TG were complemented with temperature-

programmed reduction (TPR). This technique allows to characterize the oxido-reduction 

properties of bulk and supported catalysts. Typically, a gas flow of H2 or CO sweeps through 

a bed of solid specimens placed inside a quartz tube, typically of 20 mm diameter. A 

thermocouple placed inside the tube monitors the temperature while the furnace increases the 

temperature with a heating ramp between 1 – 20 °C / min. A thermal conductivity detector 

(TCD) continuously monitors the effluent gas concentration and in case of changes due to a 

reduction reaction, the signal response changes according to a change in the oxidation state 

of the sample. Hence, TPR identifies the temperature required to activate a metallic phase 

[83], i.e. when complex oxides, such as LSCrN samples, are being analyzed. The 

characteristic reduction temperature of the sample corresponds to the maximum of the TCD 

peak. Such peak could also be affected by the amount of sample load, which could alter the 

thermogram [83]. For reproducibility purposes, it is important to perform various 

measurements with a nominal amount of sample. In the pre-conditioning stage, inert gases as 

Ar or He, flush out the residual air and moisture from the solid sample. Then, the main 

parameters such as the, gas flow, heating ramp and final temperature, with its corresponding 
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holding time are selected. Gas flowrates and heating ramps are also important values that 

should be optimized for every type of sample: each catalyst requires specific conditions in 

order to achieve a reproducible characterization [83]. 

In this thesis, TPR measurements were performed on L65SCrN and L70SCrN powder 

samples, for which prior measurements were done in order to find optimal parameters shown 

in Table 3, where mass catalyst was kept constant at ~ 0.05 g.  

Table 3 Experimental parameters for TPR measurements on LSCrN ceramic powders. 

TPR parameters 
Gas 

flowrate 
Temperature range Heating ramp  Holding time 

Pre-treatment (Ar) 20 sccm 30 °C – 150 °C 10 °C/min 60 min @ 150 °C 

Analysis treatment  

(5% H2–Ar)  

20 sccm 30 °C – 1100 °C 5 °C/min 60 min @ 1100 °C 

Cooling-down (Ar) 20 sccm 1100 °C – 60 °C -20 °C/min -  

 

These analyses were performed on the flow-through quartz reactor TPDRO 1100 from 

Thermo Scientific, Italy. The L65SCrN and L70SCrN powder samples were introduced using 

quartz glass wool. For monitoring the sample temperature, a thermocouple (type K) was 

placed in a thin quartz glass tube, within the reactor tube.  By using the parameters described 

in Table 3, it was also found that the offset between the sample and furnace temperature was 

of about 100 °C, meaning that under these conditions, the sample temperature was ~ 1000 °C 

[57]. The resulting TPR diagrams are depicted in Figure 28: 
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Figure 28 TPR of L70SCrN and L65SCrN powders in 5% H2-Ar up to 1000 °C with a heating rate of 3 ° 

C/min. The temperature value at the highest detector signal is specified, which complement the TGA 

measurements. Plots adapted from [57].  

 X-ray diffraction 

X-ray diffraction is one of the most effective techniques for determining the crystal structure 

of materials. Different compounds or phases could be identified within the crystal structure, 

even if they present the same chemical composition [84]. X-rays are high-energy beams of 

electromagnetic radiation with a characteristic wavelength. They are produced by electrons 

at high speeds accelerated by a high-voltage field which then collide with a metal target. For 

this, an X-ray tube with a source of electrons is required, as well as two metal electrodes 

within a vacuum tube. Typical electron sources include a single-wavelength (monochromatic) 

X-ray diffraction [84]. The principle of this characterization technique is based on the 

diffraction of X-rays by periodic atomic planes at a specific angle and wavelengths (Figure 

29). The geometrical interpretation of this phenomenon was given by W.L. Bragg with the 

following expression denoted as Bragg’s law in equation (60) [85]: 

 𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 (60) 

Where n is the order of diffraction, 𝜆 the wavelength of the incident beam (in nm), 𝑑ℎ𝑘𝑙 is the 

lattice spacing also in nm and 𝜃 the angle of the diffracted beam, as shown in Figure 29: 
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Figure 29 Geometry for diffraction from lattice planes with Bragg’s law. Adapted from [85].  

The total intensity diffracted by a unit cell is described by the sum of the scattered intensity 

from the individual atoms. The diffracted intensities 𝐼ℎ𝑘𝑙 are characteristic of each phase from 

which structural parameters can be obtained, such as the lattice structure, space group, lattice 

parameters and indexation indices (Miller’s indices h, k and l), corresponding to the family 

of hkl planes that are phase-characteristic. Typically, Bragg-Brentano geometry configuration 

is used during the measurement, which states that the distance between the sample and the 

detector is constant for all 𝜃 angles [85]. Commonly, diffraction patterns are plotted as the 

intensity distribution versus 2𝜃, as shown in Figure 30. Once the background is subtracted, 

the maximum peak intensity 𝐼𝑚𝑎𝑥 can be defined as the integrated intensity 𝐼𝑖𝑛𝑡. The peak 

width is generally characterized by the full width at half maximum (FWHM), which 

corresponds to the peak breadth at half of the maximum intensity 
𝐼𝑚𝑎𝑥

2
 [85]. 

 

Figure 30 Diffraction peak and information extracted from XRD pattern. Adapted from [85].  

With the aim to perform a qualitative analysis on a specific sample, a diffraction pattern over 

a wide 2𝜃 range (typically from 20°-80°) has to be measured recording as much diffraction 

peaks as possible, for which each phase produces a characteristic diffraction pattern that 

allows its identification. After performing the XRD measurement, the different phases within 

the sample could be identified by comparing the diffraction peaks with known database 
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entries. The main available database is provided by the International Center for Diffraction 

Data (ICDD) [85]. 

In this thesis, crystalline structures and phases were characterized by identifying the peak 

positions on the experimental intensity profiles and matching them with database entries. 

Once the phases were identified, the database matched-entries allowed to perform a first 

estimation of the lattice parameters. After redox treatments, for instance after LSCN powder 

reduction, the new experimental profile allowed to identify lattice changes with the peak shifts 

to lower diffraction angles, as reported in [57]. Expansion of the lattice after reduction 

treatment was assessed by the Rietveld method, which also allowed to quantify the 

phases[57]. Details about this method are explained in section 5.5.1.  

These characterizations were performed with a RIGAKU diffractometer operating at 40 kV 

and 30 mA with a Cu radiation source and a Bragg–Brentano configuration in the range of 

2𝜃 from 20° to 80°. Crystalline phases were identified with ICDD database using the software 

Match [57]. Additional XRD measurements were performed with the diffractometer Bruker 

AXS equipped with a VÅNTEC-2000 area detector (D8 Discover GADDS) [54].  

5.5.1 Quantitative phase analysis by the Rietveld method 

Once the phases are identified, different methods for phase quantification are known: method 

with external standard, method with internal standard, method of intensity ratio and the 

Rietveld method [85]. Among them, the latter was used in this thesis with the purpose to 

quantify the elemental composition of the perovskite phase of the LSCrN ceramic powder. 

Analyses were performed for the powder samples “as-prepared” and “after reduction” with 

the purpose to quantify, besides the perovskite phase, also the metallic nickel content after 

exsolution and other impurity phases.   

The Rietveld method allows to simultaneously analyze several peaks of a whole XRD pattern. 

For this, the whole measured pattern is refined with a calculated pattern that considers various 

structural and microstructural features, as well as experimental parameters. Such refinement 

is performed by minimization of the function S in equation (61) [85]: 

 𝑆 = ∑ 𝑢𝑖|𝑦𝑖𝑜𝑏𝑠 − 𝑦𝑖𝑐𝑎𝑙𝑐|2

𝑖

 (61) 
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Where 𝑦𝑖𝑜𝑏𝑠 corresponds to the measured intensities and 𝑦𝑖𝑐𝑎𝑙𝑐 to the calculated intensities 

at each 2𝜃 for position i. The parameter ui stands for a weighing factor taken from the 

experimental error margins that are assumed to be proportional to the square root of the count 

rate 𝑦𝑖𝑜𝑏𝑠 following Poisson counting statistics [85]. Different factors for each analyzed 

phase should be considered for the refinement, which are: positions of the atoms in the 

elementary lattice, temperature factor, occupation factor, space group of the lattice, lattice 

parameters, crystallite size, macrostrains and phase contents. However, there are various 

instrumental factors that may not be ignored, such as 2𝜃 shifts (instrument errors), instrument 

profile, profile asymmetry, background, sample positioning error, absorption and wavelength 

(emission profile) [85]. The refinement of the pattern is commonly based on the peak 

description by mathematical functions such as Gaussian, Lorentzian, Voigt and Pseudo-Voigt 

among others. One advantage of these functions is that they can be applied when the 

instrumental details are unknown. Nevertheless, such functions are based on mathematical 

fitting which do not allow the direct extraction of microstructural features from the analyzed 

patterns, such as crystallite size and macrostrains [85]. 

In the frame of this thesis, the parameters resulting from Rietveld refinement parameters are 

detailed in [57] and the observed and calculated patterns are shown in Figure 31, where NiO, 

Ni and perovskite phases were identified and quantified.  

 

 

Figure 31 XRD patterns of the as-prepared L65SCrN powder (left) and of the reduced powder in 5% H2-Ar 

(right). Crystallographic parameters and the concentration of secondary phases were calculated from Rietveld 

refinement and are detailed in [57]. Plots were adapted from [57].  
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 X-ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS) is considered as a very powerful technique for the 

characterization of the surface chemistry of electrocatalysts [67], which in this thesis was the 

L65SCrN. In principle, an X-ray photon irradiates the surface of a solid sample with an hv 

energy. Then, the sample emits an electron from the inner shell of an atom of the sample by 

means of the photoelectric effect [86] [87], as shown in Figure 32. However, these photons 

have limited penetration depth: 1 to 10 nm. Therefore, the detected electrons originate from 

only few of the top atomic layers, which makes XPS a unique surface-sensitive technique for 

chemical analyses [87]. 

 

Figure 32 Principle of the XPS emission process for a model atom, where an incoming photon causes the 

emission of an X-ray photoelectron. Sketch adapted from [86] [87].  

With the kinetic energy EK from the emitted electrons, it is possible to estimate the binding 

energy EB of the atomic orbital from which the electron originates [87] with the following 

relationship in equation (62): 

 𝐸𝐵 = ℎ𝑣 − 𝐸𝑘 − 𝜙 (62) 

Where 𝜙 corresponds to the energy required for an electron to escape the sample’s surface 

(depends on both sample materials and spectrometer), h to the Planck’s constant and v to the 

frequency of the X-ray source [86]. The atomic electrons have characteristic values for their 

binding energies which allow to identify chemical elements, since photoelectrons are emitted 

from different electronic shells and subshells from the material’s sample [86]. Quantitative 

analyses can be performed with the peak heights or peak areas. For instance, the chemical 

states identification is typically done by measuring the peak position [87]. Each binding 

energy peak is denoted as an element symbol with the shell symbol from where the 

photoelectron was ejected [86]. For example, Ni 3p, Cr 3s or Cr 2p, as shown in Figure 33.  

In regard to the SOC electrode materials, XPS is a valuable characterization technique since 

it provides insights about their surface chemistry, since electrochemical reactions take place 
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mainly on the surface of these electrocatalysts, without taking into consideration 

thermodynamic reactions, such as the RWGS when operated in co-electrolysis mode.  

In the specific case of the L65SCrN fuel electrode, the main motivation to perform surface 

analyses by XPS was to evaluate the ratio between Ni and Cr species on the surface of the 

perovskite in two different states: as-prepared and reduced, and then try to correlate such 

ratios with the metallic Ni exsolution. The ratio between Cr3+ and Cr4+ was also of interest 

because an alteration in this ratio could lead to an expansion or contraction of the lattice, 

considering that the ionic radii (in an octahedral environment) for Cr4+ corresponds to 0.55 Å 

and 0.615 Å for Cr3+ [57] [88]. Besides, the concentration of Cr4+ governs the conductivity of 

this perovskite due to the holes (charge carriers h•) that are present on the Cr-sites, such as 

Cr4+ [72, 89], an discussed in [74].  

In this thesis, the surface chemistry of L65SCrN powders, as-prepared and reduced (with 

5% H2–Ar from 25 °C to 1200 °C), was investigated by means of XPS (Figure 33). These 

analyses were carried out on a setup with a base pressure of 2x10-10 mbar with the 

hemispherical analyzer ESCALAB250, from ThermoFisher Scientific and a monochromatic 

Al Kα source with an X-ray energy of 1486.74 eV (XM1000, Scienta Omicron). The peak 

shape analyses were performed with the software Unifitt 2013, by applying convoluted 

Gaussian/Lorentzian profiles and a Shirley background function. The surface stoichiometry 

of the atoms/signals was calculated by using the numerically fitted peak areas [57].  

 

Figure 33 XPS spectra of L65SCrN powders (as-prepared and reduced). Left: Ni 3p / Cr 3s spectra. Right: 

Chromium 2p spectra. Plots adapted from [57].  
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 Electrochemical characterization & Analyses 

5.7.1 Full cell-test bench description 

For the electrochemical characterization of the full square SOCs, a test bench with four 

parallel test-positions was used, as shown in Figure 34. On each testing site an electrochemical 

cell can be tested, for which the test rig provides two gas streams: fuel and air/oxygen. These 

four cell positions are placed on a metallic plate (with a ceramic support). For heating 

purposes, a furnace is placed over this plate allowing to operate at temperatures up to 900 °C. 

Cells are typically heated up at a rate of 3°C/min. Namely, for electrolysis conditions, a 

stainless-steel evaporator (TTI - Technologie-Transfer-Initiative GmbH - Universität 

Stuttgart) was installed for one cell position (#3). Externally controlled from the test bench, 

this evaporation system consisted on a module equipped with a mass flow controller (MFC) 

that pumped water into an evaporator. This evaporator supplied water steam (at ~ 130 °C) 

within the fuel gas carrier flow that entered the oven and the cell (through the ceramic pipe), 

as shown in Figure 35 (left image) and Figure 36. The outlet pipe of the evaporator was 

connected to the ceramic pipe by an assembly of flexible pipes that were heated with an 

external heating device (HORST - HT30) to a temperature of ~ 130 °C. Like this, it was 

guaranteed that the possible condensation on the humidified fuel gas was minimized. 

However, condensation problems could also be present on the fuel outlet pipe, more 

specifically when leaving the furnace though stainless-steel pipes. Therefore, these outlet 

pipes (below the metallic plate that supports the oven) were also heated, but up to 90 °C to 

avoid cooling of the gases below the dew point.    

 

Figure 34 Cell test bench for high temperature electrochemical characterization of solid oxide cells with 4 cell 

positions and 4 independent electrical loads.  
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Each cell position is made of a ceramic cell housing, where the fuel inlet and outlet pipes are 

placed on the bottom and the air/oxygen inlet pipes are feed to the cells from the top with an 

Inconel pipe (Figure 36). Cell temperatures were monitored with thermocouples type-K, 

which were placed in designated holes at three positions, where the inlet/outlet of the fuel gas, 

as well as the air inlet were measured, also with the cell temperature. The latter was sensed 

by a thermocouple located on a hole 1 mm-deep on the cell housing. On the fuel side, platinum 

meshes were used for current collection on the perovskite cells. For the Ni cermet cells, nickel 

meshes were used. On the other side, the oxygen electrode was contacted with a gold mesh.  

For ensuring an effective separation between fuel electrode and air electrode compartments, 

a gold frame was placed on the electrochemical cell with the purpose to isolate both electrodes 

by softening of the gold at high temperatures (Figure 35 – right image). After placing the cell 

and the gold frame on the fuel electrode head (fuel electrode facing down the platinum mesh), 

the cell housing ceramic cover was placed over the fuel electrode head and then the oxygen 

electrode head was placed over the oxygen electrode surface (facing upwards). The air pipe 

is placed carefully through a hole on the oxygen electrode head. For further tightness and 

sealing improvement, five weights (each of 75 g) made of Inconel are placed over the oxygen 

electrode head, such as depicted in Figure 36.  

For the commissioning process and regardless from the type of test, the cells were heated up 

to 900 °C with a heating rate of 3 °C/min with flow of Nitrogen on the fuel side (1 slpm) and 

on the oxygen electrode side with an air flow (also of 1 slpm). Then, the fuel electrode was 

reduced by changing the gas flow from nitrogen by hydrogen (also 1 slpm) and this condition 

was kept for one hour. After reduction for 1 hour at 900 °C, the operating cell temperature 

and gas compositions were adjusted, upon desired testing conditions. Appropriate cell 

tightness was checked by measuring the OCV and comparing it to the theoretical Nernst 

voltage at the given temperature and gas compositions, calculated by using equations (5), (8), 

(16) and (21) depending on the operating mode. These thermodynamic calculations were done 

with the software CANTERA 3.0 [32].  
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Figure 35 Left: Four cell positions within the oven of the test bench. Right: Electrolyte-supported cell mounted 

on ceramic holder.  

 

 

 

Figure 36 Left: Cell housing setup with fuel pipes (inlet and outlet) and air pipes. Right: Closer view of the 

cell housing. Both images are complementary since thermocouples, weights and current wires are visible. 
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5.7.2 I-V characteristics 

The electrochemical tests were performed with the electronic load implemented on the test 

rig, for different SOC operating modes. In SOFC operation the polarization curves were 

measured from OCV down to 0.6 V at a rate of 0.012 A·s-1. In SOEL and co-SOEL modes, 

polarization curves were performed from OCV up to a maximum cell voltage of 1.5 V, at a 

rate of - 0.012 A·s-1. In this thesis, different operating modes were characterized (as shown 

Figure 37) and discussed in the corresponding publications.  

 

Figure 37 Current-voltage (i-V) characteristics recorded at 860 °C of L65SCrN based-fuel electrode ESC in 

different operating modes: SOFC, rSOC, SOEC and co-SOEC. State-of-the-art (SoA) ESCs were also recorded 

in co-SOEC mode. Data adapted from [57].   

Additionally, an attempt to characterize the L65SCrN fuel electrode under CO2 electrolysis 

operation was performed, where voltage was applied to the cell (in steps of 3 minutes) up to 

1.9 V and the current density was measured (Figure 38). Unfortunately, further investigations 

were not continued since it was suspected the presence of impurities on the supplied CO2 gas, 

which could be eventually sulfur traces. The influence of those impurities did not allow to 

differentiate electrochemically between poisoning and consequences of a possible carbon 

deposition in the cell. At high current densities (~ -0.93 A·cm-2) a strong deactivation of the 

cell was observed likely due to CO2 starvation at this condition, for which a reactant utilization 
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(RU) of 103% was calculated. For such high RU, it was assumed that carbon deposition was 

possibly taking place on the fuel electrode, likely due to the starvation of CO2 on the feed gas: 

the formed CO by electrolysis was further electrochemically reduced to carbon, which 

potentially was deposited on the electrode surface. Therefore, it was suspected that this  

phenomenon or carbon deposition may have caused the strong deactivation of the cell, as 

depicted on the red area in Figure 38 [90]. For most of the electrochemical tests performed in 

this thesis, the total gas flow on the fuel electrode was kept at 1 slpm.  Exceptions were made 

for the co-SOEC operation, with a total gas flow of 0.84 slpm and for CO2 electrolysis with 

0.1 slpm. The latter low flow rate was chosen with the aim to achieve high current densities. 

The flow on the oxygen electrode was always adjusted to have the same flow rate that on the 

fuel electrode. 

 

Figure 38 Current-voltage (i-V) characteristics recorded at 860 °C of L65SCrN based-fuel electrode ESC in 

CO2 electrolysis operation. Voltage was applied in steps of 0.2 V each 3 minutes and current density was 

measured. Data presented in [90].  
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Following on Table 4 are the main features and temperature range for the investigated 

operating modes in this thesis: 

Table 4 Temperature ranges and durability times of the different electrochemical tests performed in SOC 

operating modes. 

Operating mode Temperature (°C) 
Tested cells 

(16 cm2)  

Durability 

tests 

Reference in 

this thesis 

SOFC 860 
L65SCrN 

Ni-CGO 
~ 170 h [54], [57] 

rSOC  860 L65SCrN - [57] 

co-SOEC 

(H2O- CO2 electrolysis) 
770, 800, 830, 860 

L65SCrN 

Ni-CGO 

~ 950 h @ 860 

°C 
[28] [57] 

SOEC 770, 800, 830, 860 
L65SCrN 

Ni-CGO 

~1000 h @ 860 

°C 
[57] [74] 

CO2 electrolysis 860 L65SCrN ~ 96 h [90] 

 

5.7.3 Electrochemical impedance spectroscopy 

As previously explained, the operating voltage of an electrochemical cell experiences 

significant losses, mainly attributed to ohmic and polarization (kinetics and mass transport) 

losses. Each of these losses is characterized by a physical process within the cell with a 

specific time characteristics and frequency response, meaning that there are different rates for 

these processes: some of them are faster than others [91] [92]. In order to characterize each 

of these processes, electrochemical impedance spectroscopy (EIS) is the most common 

technique to characterize the dynamic behavior (or impedance) on electrochemical cells by 

applying a sinusoidal perturbation (current or voltage) to the cell and measuring the amplitude 

and phase shift of the response [92]. This method is based on small-signal perturbations, that 

also reveal the relaxation times from these different processes over a wide range of 

frequencies 𝑓. Overall, the various chemical and physical processes that take place within an 

electrochemical cell in operation are complex non-linear relationships between voltage and 

current density, which are characterized by the electrochemical impedance 𝑍 (Ω·cm2) [91] 

[93]. Impedance measurements could be performed near to OCV conditions or under a 

specified current density, as shown in Figure 39. Taking the example in which a sinusoidal 

current 𝑖(𝑡) = 𝑖𝑜 sin(𝜔𝑡) is superposed to a defined range in current Iload and applied to the 

cell, the voltage response is measured as: 
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 𝑉(𝑡) = 𝑉𝑜(𝜔) sin[(𝜔𝑡 + 𝜔(𝜙)]  (63) 

Where 𝜔 = 2𝜋𝑓 (Hz) corresponds to the angular frequency and 𝜔(𝜙) to the frequency that 

is a function of the phase shift between current and voltage [92]. 

 From the relation 𝑉(𝑡) = 𝑖(𝑡)𝑍(𝜔), the complex impedance response is calculated as the 

ratio between the complex solution of the voltage response and current such as: 

 
𝑍(𝜔) =

𝑉(𝑡)

𝑖(𝑡)
=

𝑉𝑜(𝜔)

𝑖𝑜
𝑒𝑗𝜙(𝜔) = |𝑍(𝜔)|𝑒𝑗𝜙(𝜔) = 𝑅𝑒{𝑍(𝜔)} + 𝑗𝐼𝑚{𝑍(𝜔)} = 𝑍′ + 𝑗𝑍′′ (64) 

Where 𝑍′ corresponds to the real part and 𝑍′′ to the imaginary part of the complex impedance, 

with 𝑗 = √−1. A galvanostatic measurement is employed for describing the sinusoidal 

applied perturbation as current. In case of an applied voltage perturbation, the measurement 

is known as potentiostatic [92].  

 

 

Figure 39 Sketch of the i-V curve during impedance measurement in SOFC mode: A sinusoidal current of 

small amplitude 𝑖(𝑡) is applied to a defined bias current Iload and the voltage response 𝑉(𝑡) is measured. 

Adapted from [92].  

Impedance measurements are performed in a discrete range of frequency, for which the 

impedance response is plotted. Among different plots for reporting complex impedance 

measurements, the most common are the Nyquist plot (−𝑍′′versus 𝑍′) and the imaginary 

impedance plot (−𝑍′′versus 𝑓), as shown in Figure 40. Typically, both of them are reported 

since the different electrochemical processes within the cells can be characterized and 

identified with these variables 𝑍′, 𝑍′′, and 𝑓. However, it is also usual to only report these 
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results with the Nyquist plot. In such a case, the frequency decades should be also depicted 

on the plot.   

 

Figure 40 Typical EIS spectrum depicted with the (a) Nyquist plot and with the (b) imaginary impedance plot. 

Data were recorded for an ESC operated in pure CO2 electrolysis at 860 °C under cathodic polarization of 1 

V. Plots adapted from [90]. 

Impedance measurements are also complementary to the i-V characteristic measurements. 

For instance, taking the Nyquist plot, the high frequency intercept (𝜔 → ∞) corresponds to 

the ohmic resistance 𝑅𝑜ℎ𝑚𝑖𝑐, while the intercept at low frequencies (𝜔 → 0) is the resistance 

value that can be obtained as the instant slope on the i-V characteristic curve at a specific 

operation point. If the difference between these two intercepts is calculated, the results value 

corresponds to the polarization resistance 𝑅𝑝𝑜𝑙 [92]. This resistance also corresponds to the 

sum of the associated-resistance values of the different voltage losses (except for the ohmic 

losses), as explained in section 2.8.1.  

In the frame of this thesis, EIS measurements were performed with different setups. 

Symmetrical button cells (with active surface area of 0.785 cm2) were characterized in 

potentiostatic mode in four-wire mode with a Novocontrol Alpha impedance station in a 

frequency range from 50 mHz to 100 kHz and amplitude of the voltage stimulus of 50 mV in 

the symmetrical cell test bench at TU Wien, Research Division Technical Electrochemistry, 

in Figure 41, right. Equivalent circuit model fitting of the impedance data was performed with 

the commercially available program ZView® [94].  
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Figure 41 Left: Electrochemical workstation SP-200 from BioLogic Science Instruments at DLR. Right: Setup 

for symmetrical button cells electrochemical characterization with a Novocontrol Alpha impedance station at 

TU Wien, Research Division Technical Electrochemistry.  

The full electrochemical cells (with active surface area of 16 cm2) were characterized in 

galvanostatic mode near to OCV. The workstation Zahner® PP-240 with Thales software) 

was used in a frequency range from 20 mHz to 100 kHz with 10 points per decade and an AC 

amplitude of the current stimulus of 500 mA. These parameters were used for the experiments 

on [54] [57]. During long-term characterizations in co-SOEL and SOEL modes, the 

electrochemical workstation SP-200 from BioLogic Science Instruments (Figure 41, left) at 

a frequency range from 50 mHz to 100 kHz and an AC amplitude of 500 mA was used, also 

close to OCV. 

5.7.4 Equivalent circuit models  

The various impedance contributions within an electrochemical cell can be evaluated with 

equivalent circuit models (ECM). Such circuits are typically constituted by different electrical 

elements, such as inductors, resistors and capacitors [91].  

• Inductor: Due to the inductivity present on the wiring in electrical connections on 

the test bench and also on the impedance device, there is a contribution to the EIS 

spectrum that is purely complex and positive. This contribution is also considered 

as a measurement artifact that could be corrected by subtracting its impedance 

contribution from the EIS curve. However, such artifact could be reduced by 
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twisting the cables [95]. For frequencies 𝜔 → 0 the inductance 𝐿 tends to zero, 

whereas for higher frequencies it is expressed as: 

 𝑍(𝜔) = 𝑗𝜔𝐿 (65) 

• Resistor: The impedance of a resistor is not dependent on the frequencies and 

therefore it does not present a complex part: 

 𝑍(𝜔) = 𝑅 (66) 

• Capacitor: On the contrary, the impedance of an ideal capacitor does not present a 

real part and tends to zero for 𝜔 → ∞: 

 
𝑍(𝜔) =

1

𝑗𝜔𝐶
= −𝑗

1

𝜔𝐶
 (67) 

Different series and parallel arrangements of these elements, as well as other more complex 

combinations between them, describe various electrochemical processes with their respective 

characteristic frequencies identified by EIS analyses. The simplest configuration of these 

circuits corresponds to the RQ-element, which is a parallel connection of a resistor with a 

capacitor, as shown in Figure 42, where the capacitance element can be better described with 

a constant phase element (CPE), also denoted as Q-element: 

 

Figure 42 Sketch of equivalent circuit model of an RQ-element: Rpol is denoted as R and the capacitor Q as 

CPE.  

The RQ element is also considered as the building block of most of electrochemical systems. Their complex 

impedance response is expressed as [92] [96]: 

 
𝑍𝑅𝑄(𝜔) =

𝑅

1 + 𝑅𝑄−1
 (68) 

The capacitance of the Q-element can be calculated as [92] [96]: 

 
𝑍𝑄(𝜔) = 𝑄(𝜔) =

1

𝑌𝑄(𝑗𝜔)𝑛𝑄
, 0 ≤ 𝑛𝑄 ≤ 1 (69) 
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For 𝑛𝑄 = 1, 𝑍𝑄(𝜔) behaves as an ideal capacitor with 𝑌𝑄 = 𝐶. The characteristic time 

constant 𝜏𝑅𝑄 as well as the corresponding frequency can be calculated as [92] : 

 𝜏𝑅𝑄 = √𝑅𝑌𝑄

𝑛𝑄
 (70) 

 
𝑓𝑚𝑎𝑥,𝑅𝑄 =

1

2𝜋𝜏𝑅𝑄

 (71) 

Other more complex elements that describe various diffusion processes in SOCs electrodes, 

are represented by the Warburg and Gerischer elements [92], which are discussed in more 

detail in [91] [92].  

5.7.5 Distribution of relaxation times  

Some of the different processes that take place within an electrochemical cell could have 

similar relaxation times or range of frequencies, which make more difficult to deconvolute 

each of them with different combinations of RQ elements. Unfortunately, the selection of a 

specific ECM is not a straightforward procedure, since some ambiguities or rough 

assumptions about such processes should be made. Various different ECMs should be 

proposed until an adequate option that includes all, or most all of the processes contributions 

is appropriate, which at some end is an indirect assessment of the EIS behavior. An alternative 

to this issue, is the use of the distribution of relaxation times (DRT) method, which consists 

of an infinite number of RQ circuits in series representing the total 𝑅𝑝𝑜𝑙, where the impedance 

can be expressed in terms of the ohmic resistance 𝑅𝑜ℎ𝑚𝑖𝑐 and the distribution of relaxation 

times 𝛾(𝜏) [91] [96], as shown in equation (72): 

 
𝑍(𝜔) = 𝑅𝑜ℎ𝑚𝑖𝑐 + 𝑅𝑝𝑜𝑙 ∫

𝛾(𝜏)

1 + 𝑗𝜔𝜏
𝑑𝜏

∞

0

 (72) 

Where the term inside the integral includes the contribution of the total polarization resistance 

and relaxations times between the interval 𝜏 and 𝜏 + 𝑑𝜏. The continuous function 𝛾(𝜏) could 

be approximated with a discrete expression of N logarithmically distributed RQ elements 

[97], such as equation (73): 

 
𝑍(𝜔) = 𝑅𝑜ℎ𝑚𝑖𝑐 + 𝑅𝑝𝑜𝑙 ∑

𝛾𝑛

 1 + 𝑗𝜔𝜏𝑛

𝑁

𝑛=1

 
(73) 

For which 𝛾𝑛 corresponds to the contribution to the total 𝑅𝑝𝑜𝑙 of the nth RQ element with 

relaxation time 𝜏𝑛 [97]. With this assumption, the area under each peak in the DRT resulting 
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curve corresponds to the polarization resistance of the corresponding process, typically 

reported in (Ω·cm2) [91]. In this thesis, DRT calculations were performed with the impedance 

analysis and modelling software ec-idea from [98], as reported in [57].  

5.7.6 Chronopotentiometry and chronoamperometry 

There are various techniques that allow to monitor the electrochemical cell performance and 

degradation during a specific period of time. Among them, chronopotentiometry consists on 

fixing the value of the applied current (or current density for benchmarking purposes) and 

monitoring the response on the cell voltage (potential). On the contrary, chronoamperometry 

consists on holding the cell voltage constant and measuring the current variation over time 

[99]. In the frame of this thesis, both techniques were used.  

Chronopotentiometry measurements in co-SOEL and SOEL operating modes were 

performed. Long-term test in co-electrolysis operation was performed for 950 hours at a fixed 

electrolysis current density of -0.45 A·cm-2 and at a cell temperature of ~ 860 °C [57]. 

Similarly, 1000 hours-test was performed in SOEL operation at 860 °C with a fixed current 

density of -0.67 A·cm-2 [74]. For both tests, galvanostatic EIS measurements at OCV were 

performed at regular time interval in order to evaluate the cell performance and degradation. 

Shorter chronopotentiometry measurements in SOFC were performed for 94 hours at 0.5 

A·cm-2 at a cell temperature of ~ 860 °C. Afterwards, a series of 4 redox cycles was applied 

to the cell by purging the fuel electrode with oxygen flow for 45 minutes. Then, EIS 

measurements were performed in order to characterize the recovery in performance [54]. 

Chronoamperometry measurements in SOFC mode were performed for ~ 175 hours at a fixed 

cell voltage of 0.6 V, where the current density was monitored, as reported in [54].   

5.7.7 Conductivity measurements 

The performance of electrochemical cells is strongly dependent on the electrical conductivity 

of the electrodes. Despite the challenge to deconvolute the ionic conductivity 𝜎𝑖𝑜𝑛 from the 

electrical conductivity 𝜎𝑒𝑙 in MIEC perovskite-based electrodes, it is possible to assume that 

𝜎𝑒𝑙 ≫ 𝜎𝑖𝑜𝑛 [100]. In semiconductors, electrons and holes are the charge carriers that move 

under the influence of an electric field. Such motion generates an electrical current, also 

known as drift current, which explains the electrical conductivity phenomenon in this type of 

solids. The magnitude of the current indicates if the solid is good conductor, which is also 

proportional to the density of the mobile (electrical) charge carriers. Hence, by the general 
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form of Ohm’s law, the drift in current 𝐽𝑑𝑟𝑖𝑓𝑡 is proportional to the electric field strength �⃗⃗�, 

as described in equation (74). This proportionality factor is 𝜎𝑒𝑙 (S·cm-1). Typically, the 

conductivity could also be expressed in terms of its inverse value, which is the resistivity 𝜌 

[101], as shown in equation (75). 

 𝐽𝑑𝑟𝑖𝑓𝑡 =  𝜎𝑒𝑙 �⃗⃗� (74) 

 
𝜌 =

1

𝜎𝑒𝑙

 (75) 

With the Van der Pauw method, the 𝜎𝑒𝑙 can be quantified through estimation of 𝜌, if the tested 

material is a flat sheet with known thickness d. By applying a direct voltage to two contact 

points on a material sheet with the form in Figure 43, the direct current is measured on the 

other two contact points, for which the resistance value could be estimated [102].  

 

Figure 43 Simplification of the resistivity measurement when the sample has a line of symmetry. If two of the 

contacts are located on this line and the two others are symmetrically located with respect to the line of 

symmetry, then one measurement is enough. Adapted from  [102]. 

In the ideal case of a flat lamella, completely free of holes with a line of symmetry, the 

resistivity can be estimated as [102]: 

 
𝜌 =

𝜋𝑑

ln(2)
𝑅𝑀𝑁,𝑂𝑃 (76) 

However, for the general case, 𝜌 can be estimated as shown in equation (77), where the factor 

f  is a function of the ratio between 𝑅𝑀𝑁,𝑂𝑃/𝑅𝑁𝑂,𝑃𝑀, as equation (78) [102]: 

 
𝜌 =

𝜋𝑑

ln(2)

𝑅𝑀𝑁,𝑂𝑃 + 𝑅𝑁𝑂,𝑃𝑀

2
∗ 𝑓 (77) 
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𝑐𝑜𝑠ℎ {

(𝑅𝑀𝑁,𝑂𝑃/𝑅𝑁𝑂,𝑃𝑀) − 1

(𝑅𝑀𝑁,𝑂𝑃/𝑅𝑁𝑂,𝑃𝑀) + 1
∗

ln (2)

𝑓
} =

1

2
𝑒

ln(2)
𝑓  

(78) 

For practical purposes, the plot that describes cosh is depicted in [102] and [103], where the 

values of f can be read as a function of the measured 𝑅𝑀𝑁,𝑂𝑃/𝑅𝑁𝑂,𝑃𝑀.  

In this thesis, the electrical conductivity of the perovskite-based fuel electrode was measured 

on thin L65SCrN films that were screen printed on inert 1x1 cm Al2O3 substrates and fired at 

1100 °C. On these samples, Van der Pauw measurements were performed at TU Wien with 

the purpose to determine the sheet resistance and conductivity, by varying temperatures and 

gas compositions (with and without humidification). These experiments were performed in a 

high-temperature chamber set-up which consists of a fused silica tube inside a tubular surface, 

as described in [103] [104]. The analysis and discussion of these experiments are detailed and 

reported in [74].  

The following chapter entails the general discussion of the results of this doctoral thesis within 

the current scientific context. Discussions and analyses from the lab-scale up to the system 

level are presented.  
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 General discussion in scientific context 

In this chapter, various aspects are discussed with the main purpose of integrating this doctoral 

thesis in the current scientific context of the different scales of the SOC technologies.  

Firstly, a brief historical perspective of the evolution of SOC materials is presented, which 

explains when and which materials were introduced, focusing on the most commonly used 

materials for the fuel electrodes and discussing also about the technology readiness level 

(TRL). Secondly, a comparative assessment of the L65SCrN fuel electrode at the cell level is 

presented in terms of how these perovskites compete with the state-of-the-art in the different 

SOC operating modes. Thirdly, the scale-up to larger cell areas is discussed considering the 

mechanical behavior of ceramic materials subjected to different types of strain-stress states 

during SOCs typical operation regimes. Finally, to evaluate how this thesis contributes to the 

scale-up of these perovskite electrodes, a real case will be taken as example, with main 

parameter the required hydrogen production rate and the required power input. This example 

case illustrates how these perovskites could be implemented to the macro scale (~MW) 

electrolyzers and what would be the benefit. Having that in mind, critical raw materials 

requirements for such macro scales are estimated for the case of state-of-the-art materials and 

also for L65SCrN-pervoskite electrodes.  

 Historical perspective on the evolution of SOC materials 

In order to integrate the use of a perovskite-based fuel electrode in SOCs, such as the 

L65SCrN electrode investigated in this thesis, it is important to start to discuss and analyze 

its performance within the historical background of SOCs in different industrial applications, 

as well as at the laboratory scales. This, with the aim to develop an insight on time scales that 

were required for the introduction of the state-of-the-art materials, with a main focus on the 

fuel electrode, and also to understand when and why they were implemented.   

The history of the electrochemical cells dates back to 1829, when Christian Friedrich 

Schönbein discovered the operating principle of a fuel cell. In 1838 Sir William Grove 

developed a wet-cell battery, called “Grove cell” which was based on reversing the 

electrolysis of water [105].  

Focusing on the high temperature applications, the oxide-based materials started to show up 

on scene. In 1899 Walther Nernst discovered the ceramic material that consisted of 85 % ZrO2 



General discussion in scientific context │ 

74 

 

and 15% Y2O3, called “Nernst Mass”, which laid the foundation of the electrolyte material of 

the solid oxide cells [105] [106]. The first concept of a solid oxide electrochemical cell for 

power generation (SOFC) was demonstrated in 1937 by Emil Bauer and H. Preis using 

materials such as zirconium, yttrium, cerium, lanthanum and tungsten oxides operating at 

1000 °C [105] [106]. In the 1940s, the Russian O.K. Davtyan added monazite sand to a 

mixture of sodium carbonate with tungsten trioxide and soda glass, with the purpose to 

increase the conductivity and mechanical strength of the electrolyte [107]. Other studies 

began after the pioneering research by Carl Wagner in 1943 since he attributed the electrical 

conductivity in mixed oxides, such as doped zirconia, to the oxygen vacancies [106]. 

In 1962, researchers at the Westinghouse Electric Corporation presented a publication with 

the title “a solid electrolyte fuel cell”, which based the foundation of their ASC tubular SOFC,  

using zirconium oxide and calcium oxide [105]. They successfully produced and tested 

various SOFC power systems between 5 and 250 kW between 1980 and 1990 [106], under 

the name of Siemens Westinghouse Power Corporation (SWPC), where a cermet of Ni-YSZ 

was used as fuel electrode material [108]. Beyond the power generation mode, high 

temperature electrolyzers were investigated and developed by Dönitz and Erdle at Dornier 

GmbH in the 1980s. They developed a commercial SOEC 10-cell stack for hydrogen 

production based on the concept “Hot Elly” [109], using as fuel electrode a Ni-cermet (likely 

Ni-YSZ) in tubular architecture [110-112].  

At this point, it is noteworthy to stop on the timeline and mention the development of the 

well-known Ni-YSZ cermet fuel electrode, who was introduced by H. S. Spacil in 1970. Prior 

to this, early research using single-phase fuel electrodes included graphite, iron oxide, 

platinum-group metal catalysts (PtGMs) and transition metals [113]. Unfortunately, 

significant problems were identified with these materials. For instance, graphite was found to 

be electrochemically corroded, and platinum spalled-off in operation (likely due to water-

vapor evolution at the metal-oxide interface). Regarding the transition metals, iron was 

corroded due to the increment in pO2, leading to the formation of red-colored iron oxide. 

Nickel presented a considerable thermal expansion mismatch in comparison to the YSZ-

electrolyte, but also presented serious problems of coarsening during operation, obstructing 

the pores and reducing the TPBs required for the electrochemical reactions [113]. Spacil 

stated that doping YSZ with a transition metal was the best option to overcome the difference 
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in thermal expansion that would lead to mechanical failure of the cell and the metal-particle 

coarsening during operation [113] [114]. He also recognized that the role of the ceramic phase 

was mainly structural, due to the retention of the dispersion of the metal particles, as well as 

the role of the porosity of the fuel electrode during long-term operation. Spacil also identified 

that the oxide-ion mobility of the YSZ phase was complementary to the electrical conductivity 

of the Ni metallic phase, which enhanced significantly the electrocatalytic activity of the fuel 

electrode and hence the performance [113]. Since then, Ni-YSZ has been the dominant fuel 

electrode material for which unfortunately, important issues have been also identified mainly 

in operation with hydrocarbon-based fuels due to carbon deposition in the fuel electrode, as 

mentioned in section 2.11.5.  

Another important stop on the timeline of materials research for SOC applications should be 

taken on 1989, when CGO-based fuel electrodes where introduced. After noticing the 

problematic operation with hydrocarbon-based fuels with the Ni-YSZ cermet, as well as the 

loss of conductivity due to Ni agglomeration and lack of TPBs, researchers proposed the use 

of MIEC electrodes that could overcome these issues. For this, CGO was a good candidate 

due to its MIEC properties and also good tolerance against carbon deposition. In this regard, 

M. Mogensen and J. J. Bentzen reported the use of fuel electrodes based on mixtures between 

CGO (Ce0.85Gd0.15O1.925) and TZ3YA, tetragonal Y2O3 doped zirconia (Zr0.945Y0.055O1.973) for 

methane oxidation between 800 - 1000 °C [115]. In their observations, carbon deposition 

mechanisms were not observed nor identified. However, they reported cracking issues on 

these electrodes during redox cycling, caused by the expansion of the CeO2 phase during 

reduction and contraction during oxidation [115]. Other doped ceria formulations were 

introduced, such as in 1992 by I. S. Metcalfe et al., who investigated niobia doped ceria fuel 

electrodes for the oxidation of hydrogen, methane and propene [116] [117]. Further doped-

ceria formulations were investigated such as Ce-Zr oxide and Ce-Y-oxide. Other  

combinations of ceria doped with Cu, Ag, Au, Ni, Mn, Mo, Cr, V, Fe, Co, Ru, Rh, Pd, Pt, Ir, 

and Os were also studied [118]. 

Focusing on the Ni-doped ceria fuel electrodes, early research was performed around 1995. 

At that time, the Japanese company Tokyo Gas reported a patent that describes a method for 

preparing a fuel electrode for SOFCs based on Ni-Y2O3-doped ceria [119]. In 1997, Sulzer 

Innotec Ltd. reported electrochemical investigations on SOFCs using a fuel electrode based 
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on  Ni-CGO [120]. USA researchers investigated in 1999 Ni-CGO fuel electrodes in button 

CGO-electrolyte-supported cells for hydrogen oxidation between 500 °C and 700 °C [121]. 

In the same year, Sulzer Innotec and Sulzer Hexis Ltd. reported the performance of a SOFC 

stack for methane steam reforming at temperatures between 600 °C and 800 °C [122]. Their 

stack consisted of 63 CGO10-based electrolyte supported cells using LSCF oxygen electrode 

and Ni-CGO fuel electrode. Each repeating unit was of 120 mm diameter and the active area 

of each one was 100 cm2 [122]. Unfortunately, they reported that self-supported CGO cells 

were not suitable for applications in SOFC for steam reforming nor for operation with natural 

gas due to the cracking of the ceria under system operating conditions [122]. Besides such 

cracking issue in Ni-CGO electrodes, researchers in the United Kingdom reported Ni 

coarsening in these electrodes also under steam reforming conditions [123].  

Having in mind the use of these Ni-based cermets, such as Ni-YSZ and Ni-CGO, it is now 

possible to continue with the timeline. During the 90s-decade, planar SOFC developments 

were introduced in many corners of the world. In Europe, companies such as Daimler-

Benz/Dornier (Friedrichshafen, Germany), Siemens (Erlangen, Germany), Sulzer Hexis 

(Winthertur, Switzerland) were pioneers. German institutions as Forschungszentrum Jülich 

(FZJ) and the German Aerospace Center (DLR Stuttgart) developed anode-supported SOFC 

stacks and metal-supported concepts, respectively [108]. The stack design from FZJ was 

based on a counter-flow arrangement, which was preferred for operation with natural gas for 

internal reforming. For this application, they designed a 60-layer stack using Ni-YSZ as fuel 

electrode, delivering 11.9 kW at 800 °C [108]. This case served as an example for other 

companies and institutions for the development of anode-supported stacks, such as Global 

Thermoelectric (Canada), Haldor Topsœ/Risœ (Denmark), Sulzer Hexis (Switzerland), 

Delphi Automotive Systems, GE, Laurence Livermore and Pacific Northwest National Labs 

(USA), Nihon Gaishi, Tokyo Gas (Japan) and the Korean Instituter of Energy Research, 

among others. Several others focused their development also in electrolyte-supported 

technologies: Risœ (Denmark) until ca. 1995, Fraunhofer IKTS (Germany), Webasto/Staxera 

(Germany), Cummings/SOFCo (USA), Nippon Shukubai and Toho Gas from Japan, as well 

as CFCL in Australia, also known an CFC GmbH, who also focused on anode-support 

technologies. Ceres Power (Great Britain) focused their activities in metal supports (MSC) 

implementing CGO electrolytes for operation at ~ 550 °C [108].  
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In the decade of the 2000s, important developments at the cell and stack level were initiated 

for different applications, such as residential, commercial and power plants [106]. ASC 

architectures with Ni-YSZ fuel electrodes were continued, mainly known by Haldor Topsœ/ 

Risœ, SOLIDPower and FZJ. After acquiring CFC GmbH in 2015, the manufacturer of the 

BlueGEN SOFC system [124], SOLIDPOWER ASC-architectures were implemented within 

their BlueGEN commercial micro CHP (combined heat and power) system, with 70 planar 

ASCs with an active area of 80 cm2 [125] [126]. Metal-supported cell and stack have been 

developed with the aim to offer system solutions. One example of this is the cooperation 

between Ceres Power and the Bosch Group: with the SteelCell® technology of metal-

supported cell architecture from Ceres Power, they aim to achieve an initial annual production 

in Germany of around 200 MW of SOFC for 2024 [127]. There are other companies that 

passively contribute to the SOFC Research & Development (R&D). This is the case of Bloom 

Energy (USA), one of the biggest SOFC suppliers (~ MW capacity). Unfortunately, the details 

of the cells architectures and materials are not available for the public [128].  

Focusing on ESC architectures, Ni-CGO fuel electrodes were gaining reputation with the 

stacks and modules from Staxera GmbH [129]. This company was founded in 2005 as a start-

up Fraunhofer IKTS, known also as Webasto. They were one of the first SOFC suppliers 

worldwide to offer off-the-shelf stack modules (ISM) as standardized product [130] [131]. 

Each of those ISM modules was constituted of two MK200 stacks. Each stack was made of 

30 cells with a porous fuel electrode of Ni-CGO, a dense 3YSZ electrolyte and an oxygen 

electrode of double layered 8YSZ/LSM-LSM. The total thickness of each cell was 160 µm 

with an active area 127.8 cm2 [129]. In 2011, the company Sunfire GmbH acquired 

Webasto/Staxera as nucleus for subsequent electrolyzer developments [132], from which the 

current standard stack model was the one proposed by Staxera.  

Nowadays, Sunfire GmbH is an active partner on the energy transition across Europe. Among 

various of their projects, it is noteworthy to take the specific example of their consortium on 

Salzgitter AG for producing green hydrogen. This is the first implementation of a high 

temperature electrolyzer on the MW range installed at the Salzgitter Flachstahl steel plant. 

The main purpose is to produce 200 Nm3/h of hydrogen (18kg H2/h) at nominal power input 

of 720 kW with a system of 8 SOEC modules, each with 36 stacks and each stack with 30 

ESCs, i. e. with 8640 cells in total [133].  
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With this historical background on SOCs and focusing on the fuel electrode developments, it 

is possible to inquire which are the fuel electrode materials in nowadays SOC systems, why 

they were selected and how much time took their development to come to the current status.  

In summary, the state-of-the-art materials for the fuel electrode are mainly Ni-based cermets: 

Ni-YSZ in ASCs and Ni-CGO in ESCs.   

• Starting with the YSZ electrolytes in 1940, the Ni-YSZ from the 1970s was a 

noteworthy progress due to the high catalytic activity of the Ni and the mechanical 

support given by the 8YSZ, giving outshining performances at the early 90s in 

SOFC tubular configurations (~ 250 kW). However, important issues during 

operation with hydrocarbons exhibited a drawback on these composites. At the 

same time, the planar architectures were starting to appear. All in all, it took 

roughly 50 - 60 years to develop this composite and identify promising 

performances as well as relevant operating issues. Since 2004, ASC-planar systems 

started to be studied (~ 13 kW) and nowadays modules of ~ 35 kW have been 

produced with this technology.  

• Ni-CGO fuel electrodes have had a more recent history. In 1989, ceria-based 

electrolytes were firstly introduced already in planar configurations, with the aim 

to overcome the above-mentioned issues on Ni-YSZ and also due to the ceria MIEC 

features. However, microstructural mismatches during high temperature operation 

were identified. In 1992 transition metal doping on ceria oxides was investigated, 

from which the most promising cermet was Ni-CGO, resulting in a cermet with 

high catalytic activity as well as better thermal expansion behavior than the ceria 

electrolytes, confirmed with various studies around 1999. Roughly since 1995, the 

ESC architecture started to be implemented and from the 2000s larger systems have 

been produced, achieving SOEL operation in a ~ 90 kW-scale. Hence, for this 

cermet almost 30 years were required for achieving the current technological status.  

Concerning the different SOC operating modes with state-of-the-art electrodes, various 

technology readiness level (TRL) for these technologies have been reported. Regarding SOFC 

systems for stationary applications a TRL of ~ 7 - 9 has been reported, due to already field-

proven commercial systems. However, SOEL systems present a TRL of ~ 6 (with large scale 

prototypes). For the reversible operation, a TRL of ~ 4 - 5 has been reported, possibly because 
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of the different mismatches and microstructural alterations that these Ni-based cermets 

undergo by switching operating modes [134].  

From this point, it is relevant to mention recent developments with perovskite-based fuel 

electrodes. Industry and research have been proposing the use of alternative perovskite-based 

fuel electrodes to overcome the above-mentioned issues of the Ni cermets in the different 

operating modes of the SOCs. In 2014, the research group from J. T. S. Irvine (University of 

St Andrews, United Kingdom) in cooperation with the company Hexis AG (Switzerland), 

implemented a fuel electrode backbone of a lanthanum and calcium co-doped A-site deficient 

strontium titanate impregnated with Ni-CGO for a SOFC-stack with ESCs of 100 cm2 active 

area  [135]. They performed tests on both short stack (5-cell) setup, as well as on the full 

HEXIS Galileo system (nominal 1 kW). They concluded that the perovskite backbone 

provided enough electric conductivity to overcome ohmic losses. They reported power 

densities up to 200 mA·cm-2 at 900 °C, which could be compared to the Ni-cermet state-of-

the-art fuel electrodes. Redox stability was also confirmed, contrary to the sulfur tolerance, 

which could not be achieved [135]. Despite those issues, their research is a key starting point 

for the scale-up of perovskite-based fuel electrodes on ESC architectures, from which many 

other researchers may learn and improve the identified issues during operation and possibly 

also during the manufacturing processes of these perovskite-based stacks.  

We could question which is the Status Quo of the development of perovskite-based fuel 

electrodes for SOCs. It was just 8 years ago that a perovskite-titanate electrode titanate 

(impregnated with Ni-CGO) was introduced on an ESC-stack (from 5 to 60 cells) achieving 

1 kW of power in SOFC operation, as well as a comparable initial performance to the typical 

Ni-cermets. Despite of this achievement, it is not possible to place the development of these 

electrodes in parallel to the Ni-CGO cermets, focusing on ESC architectures. Crucial 

operational challenges, such as the impurities tolerance (sulfur and coking) should be fully 

understood and investigated with plenty of different gas compositions in the typical SOC 

operating modes. Very important would be to perform all of these investigations during 

significant periods of time (~ 20 000 – 50 000 h for instance) ensuring low degradation rates. 

Other sources of degradation, e.g. the loss in properties or significant microstructural changes 

should be addressed. These aspects also count for ASC architectures, in which other relevant 
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features, such as mechanical properties (hardness, fracture strength, yield strength among 

others) could be more critical than for ESC. 

Having these aspects in mind, it could be possible to assign a TRL of ~ 3 – 4 for the actual 

development and implementation of perovskite electrodes in ESC stacks. Even though there 

are already good results in performance, issues as the loss of conductivity of the electrode 

upon long-term operation periods, or as the tolerance against sulfur, should be addressed 

before upscaling these electrodes to demonstration prototypes or real-life systems (TRL ~ 5 -

7 ) [136]. However, nowadays the learning curve of the different research institutions is 

becoming more and more steep, by allowing the share of experiences and issues on the scale-

up. Therefore, if the development of the Ni-CGO-based systems took roughly 25 – 30 years, 

it does not imply that the same time scale would be needed for the perovskite electrodes. With 

the example of the HEXIS stack, and with the different drivers of replacing or reducing the 

Ni contents on these systems, it could be possible to believe that the scale-up of perovskite-

based SOC systems could take roughly other 10 or 15 years from now, coping also with the 

objectives for the current energy transition.  

All in all, this would also be a function of the further SOC architectures developments, 

including different cell areas and also of the availability of the different raw materials required 

for the scale-up of these systems. These aspects will be discussed in the following sections.  

 Performance comparison in different SOCs operating modes 

Considering how the SOCs materials have evolved, it is possible to locate the L65SCrN fuel 

electrode with state-of-the-art data on the comparative Table 5. However, since there are no 

data on the stack level with this perovskite electrode, the comparison is presented at the cell 

level.  
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Table 5 Performance comparison of L65SCrN fuel electrode cells with state-of-the-art in SOFC and SOEC 

operating modes. For the case of ASCs 8YSZ was used as electrolyte while 3YSZ for ESCs.  

 

Regarding co-electrolysis, other perovskite formulations have been investigated but on button 

cells with smaller active areas, besides the Hexis stack results reported by J.T. Irvine [135]. 

A comparison of the different performances of these perovskite electrodes, as well as with the 

state-of-the-art materials is presented in Table 6. The production rate of the syngas is not 

depicted since such value would need to be calculated with different assumptions for each 

case. Bypass and/or leakages of the gas flows, as well as tightness and flow quantities, are 

variables that may affect significantly the rate of gas produced. Also, and more importantly, 

is the influence of the RWGS reaction, which at some point will compete with the 

simultaneous electrolysis of H2O and CO2. Therefore, the achieved current density at 

thermoneutral voltage for co-electrolysis (1.32V) could already give an insight about the 

performance of the different cell configurations: 

Table 6 Performance comparison of L65SCrN fuel electrode cells with state-of-the-art in co-SOEC operating 

mode.  

Oxygen 

electrode 
Electrolyte 

Fuel 

electrode 

Active 

area 

S/C ratio in 

fuel gas 

Current density 

@ Vth 1.32 V 
Reference 

LSM/YSZ 8YSZ 
Ni-YSZ – 

support 
16 cm2 S/C=1 

~ - 1 A·cm-2 

@ 850 °C 
[20] 

LSCF/CGO 
3YSZ – 

support 
Ni-CGO 16 cm2 S/C=2 

~ - 0.8 A·cm-2 

@ 860 °C 
[28][57] 

LSM/YSZ 
ScCeSZ – 

support 
LCT-Ni 0.4 cm2 S/C=1 

~ - 0.52 A·cm-2 

@ 850 °C 

 

[59] 

LSCF/CGO 
3YSZ – 

support 
L65SCrN 16 cm2 S/C=2 

~ - 0.8 A·cm-2 

@ 860 °C 
[57] 

 

From both tables, it is clear that the ASC architecture that host the Ni-YSZ cermet is the 

alternative with the higher values for power generation and hydrogen productions (and in the 

 Operating mode → SOFC SOEC  

Architecture 
Oxygen 

electrode 
Electrolyte 

Fuel  

electrode 

Power 

generated 

(W·cm-2) 

@ 0.6 V 

Produced H2  

 (x 10-5 kg·h-

1·cm-2) @ Vth 

1.29 V 

Ref. 

ASC LSM/YSZ 8YSZ Ni-YSZ  
0.75 

@850 °C 

~ 3.7 

@850 °C 

[137] 

ESC LSCF/CGO 3YSZ  Ni-CGO 
0.60 

@860 °C 

~ 2.8 

@860 °C 

[54][74] 

ESC LSCF/CGO 3YSZ  L65SCrN 
0.54 

@860 °C 

~ 2.8 

@860 °C 

[54][57] 
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case of co-electrolysis the one with the highest current density). This feature is mainly 

attributed to the low ohmic contribution on ASCs. However, it is important here to note that 

these comparisons are only made at the initial performance of the cells and do not have into 

consideration the degradation issues on the long-term, which are the main drawback of the 

Ni-YSZ cermets. What is possible to learn from this architecture is that the low ohmic 

contribution of the thin electrolyte is an advantage for achieving higher current densities in 

either mode, due to the lower ASRtotal that could be achieved. Among the ESC architectures, 

is possible to observe how the L65SCrN investigated in this thesis could compete with the 

Ni-CGO. In regard to SOFC operating mode, the Ni-CGO showed slightly better 

performance, producing 0.6 W·cm-2 in comparison to the L65SCrN with 0.54 W·cm-2 (both 

values at 0.6 V and 860 °C). Such difference could be affected by the mounting procedures 

but also by the thickness of the fuel electrode layer, which at some end will affect the interface 

resistance (and also the ohmic resistance) and hence the ASRtotal and the current density 

achieved at this voltage. In this thesis, such results are detailed in [54]. For steam electrolysis 

operation, as well as for co-electrolysis operation, the performance among these two fuel 

electrodes is even more competitive, as described in [57].  

On one hand, in co-electrolysis operation at 860 °C, both fuel electrodes presented the same 

performance behavior, achieving an electrolysis current density of -0.8 A·cm-2 at 

thermoneutral voltage, as shown in Figure 37.  In the frame of this thesis, both cells were 

tested on the same test bench with comparable operating conditions, as detailed in [57]. In 

regard to the other perovskite-based fuel electrode La0.43Ca0.37Ni0.06Ti0.94O3 (LCT-Ni), 

performance in co-electrolysis may not be directly compared. Important parameters such as 

the temperature and the steam to carbon ratio (S/C) influence significantly the cell operation, 

not to mention the fuel flow rate and flow configuration, which in small button cells of 0.4 

cm2 active area [59] differs significantly than the ones for square geometries with larger areas. 

Also important is the different electrolyte-support that was employed. Surprisingly, the LCT-

Ni cells showed  lower performance (- 0.52 A·cm-2) than the L65SCrN despite the better ionic 

conductivity of their electrolyte support, since it has been reported that scandia-doped zirconia 

electrolytes present higher ionic conductivities than yttrium-doped zirconia at high 

temperatures (~ 700 °C) [138]. Therefore, it would be more appropriate to also evaluate the 

performance of such perovskite with similar operating conditions and cell architecture to the 

L65SCrN cell in order to isolate external factors to the fuel electrode and evaluate which of 
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them could perform better. On the other hand, the performance in steam electrolysis is very 

promising. For this operating mode, a more thoroughly temperature screening was performed 

as shown in  Figure 44 a) and explained in detail in [74]. From these results, it is possible to 

observe that both fuel electrodes present the same performance at higher temperatures (-0.8 

A·cm-2 at 1.29 V and 860 °C), but while decreasing the operating temperature there is a 

performance gain for the perovskite L65SCrN fuel electrode. Complementary to this, an 

estimation of the apparent activation energy barrier for both fuel electrodes was performed in 

terms of the ASRtotal, which follows a temperature-dependent Arrhenius-type behavior, as 

depicted in Figure 44b) – left axis. Such difference indicates that the reaction mechanism of 

the H2O electrolysis reaction implicates different surface species, but to determine which 

mechanism is faster further research and experiments implementing density functional theory 

(DFT) thermodynamic calculations may be required [139]. Nevertheless, these results allow 

to calculate the produced hydrogen rate normalized by the area, for which the values are 

slightly higher for the L65SCrN fuel electrode with temperature decrement, as shown in 

Figure 44b) and calculated from equation (51). 

 

Figure 44 a) Polarization curves of L65SCrN and Ni-CGO fuel electrodes on full ESCs in electrolysis mode 

with a fuel gas mixture of 80% H2O - 20% H2 at 860 °C, 830 °C, 800 °C and 770 °C. Steam electrolysis 

thermoneutral voltage (1.29 V) is depicted. b) Arrhenius-type plots of the ASRtotal for the L65SCrN and Ni-

CGO cells calculated from (a) on a linear interval close to the thermoneutral point. The corresponding 

normalized hydrogen production rate is shown on the right axis according to equation (51). Reprinted (adapted) 

with permission from [74]. Copyright (2023) American Chemical Society.   



General discussion in scientific context │ 

84 

 

Certainly, these calculations at larger scales (and possibly also to larger cell areas) would 

indicate how the perovskite fuel electrode performs and competes with the state-of-the-art Ni-

CGO cermet. However, a strong degradation in SOEL operation was observed under such gas 

composition at 860 °C during ~ 1000 h, corresponding to a voltage increment rate of ~48 

mV/1000 h, being almost twice as high as from the Ni-CGO state-of-the-art electrode, with a 

degradation of 25 mV/1000 h measured in similar conditions [140]. It was assumed that such 

degradation was originated by an increase in the ohmic resistance, which could be possibly 

explained with a loss of conductivity during the testing time. Details of this discussion are 

presented in [74]. From these results, it was also inquired the option of reducing the operating 

temperature to mitigate such degradation issues.  

Therefore, due to all these operating parameters that should still be studied and fully 

understood, it is possible to consider TRL of ~ 3 – 4 for these perovskite fuel electrodes. 

 Scale-up to larger areas 

Prior to the scale-up analysis with a real system case, it is worthwhile to inquire about how 

larger the active cell area might be. The most recent planar stack developments have been 

designed with areas of 127.8 cm2, 100 cm2 and even 80 cm2 for the Sunfire (Staxera) [129], 

Hexis [135] and FZJ [125] [126], respectively. Furthermore,  since the 2000s decade [108] 

larger sizes were implemented. Most of the reported cell areas for ESCs lie around 100 cm2, 

except for the developments of the companies Chubu Electric Power and Tonen Corporation, 

with reported cell areas of ~ 400 cm2 [108] and 729 cm2 [141] respectively. The joint 

development between Chubu Electric Power Company and Mitsubishi Heavy Industries (both 

Japanese) consisted on the mono-block layer (MOLB)-type planar SOFC, operated at 1000 

°C with a 40 cells-stack based on a corrugated electrolyte layer architecture. However, they 

reported performance of about 0.240 W·cm-2 at 1000 °C [108]. For the case of the SOFC stack 

from Tonen Corporation, cell areas up to 729 cm2 in 65 cells-stack were implemented, 

achieving power densities of 0.11 W·cm-2. However, little further information has been 

reported because it seems that they stopped SOFC research at the end of the 90s [141].  

Beyond these low performance values for larger cell areas and the different operating and 

manufacturing parameters that could have influenced them, it is important to address why is 

relevant to keep the reference values and not aiming to design larger areas. This could be 

explained with fracture mechanics on brittle materials, such as the ceramic components on 
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SOCs. Ceramic materials and more especially porous ceramics behave as brittle materials and 

hence they present a statistical strength distribution.  

In this regard, the Weibull approach of failure has been widely considered aiming at 

estimating the risk of rupture of each cell layer in SOCs, i.e. the dense electrolyte and the 

porous electrodes [142]. According to the Weibull’s law of failure, the survival probability 

𝑃𝑠
𝑖 of a structural component i (fuel electrode, oxygen electrode or electrolyte), loaded with 

an applied tensile stress 𝜎 corresponds to: 

 
𝑃𝑠

𝑖 = exp (− ∫ 𝑉𝑖 (
𝜎

𝜎𝑜

)
𝑚 𝑑𝑉𝑖

𝑉𝑜

 ) (79) 

, where 𝑉𝑖 is the volume of the cell component, 𝜎𝑜 the characteristic strength and the Weibull 

modulus m represents the shape parameters. 𝑉𝑜 is taken as a reference volume related to the 

characteristic strength [142]. With this expression, it is possible to calculate m, which 

correlates how the defect distribution, such as pores and cracks, within a ceramic could lead 

to fatal failure by rupture, commonly denoted as failure probability. For instance, the higher 

the m value the smaller the spread in the defect size distribution. A higher m-value would  

especially favor the fracture stresses distribution leading to lower failure probabilities [143].  

To introduce how critical would be to increase the active cell area in regards to the mechanical 

integrity of the cell, the research by Malzbender and Steinbrech from FJZ is very useful 

because they performed Weibull experiments in ~ 110 µm-thick 6ScSZ and ~ 100 µm-thick 

3YSZ electrolytes [143]. They measured the fracture characteristic stresses for both materials 

and they found that the 6ScSZ was significantly brittle, both at room temperature (RT) and at 

800 °C (Table 7). 

Table 7 Weibull characterizations on 6ScSZ and 3YSZ electrolytes. Data adapted from [143]: 

 *measured, ** calculated.  

Characteristic 

fracture stress 

(MPa) 

24x24 mm2  

at RT* 

24x24 mm2 

at 800 °C* 

100x100 mm2 at 

RT** 

100x100 mm2 

at 800 °C** 

Weibull 

modulus 

m 

6ScSZ 780 ± 40 430 ± 21 90 ± 40 50 ± 20 5.3 ± 1.0 

3YSZ 1300 ± 40 610 ± 20 650 ± 115 170 ± 55 8.7 ± 2.0 

 



General discussion in scientific context │ 

86 

 

An optimal Weibull modulus greater than 10 would be expected in order to have a good 

reliability and yield of usable components in SOCs [144]. Nevertheless, until now the highest 

measured modulus corresponds to the Ni-YSZ cermets, as shown in Table 8: 

Table 8 Weibull modules at RT and 800 °C for different state-of-the-art ceramic materials used in SOCs. Data 

adapted from [144]. 

Material Weibull modulus m at RT Weibull modulus m at 800 °C 

CGO10 3.8 5.7 

CGO20 6.0 - 

YSZ 5.7 8.6 

LSM 6.7 3.7 

NiO-YSZ 11.8 - 

Y-TZP 3.5 3.9 

Other microstructural features, such as the grain size could influence as well the risk of failure. 

The linear Hall-Petch relationship states that if the grain size is decreased, the strength (also 

related to hardness) increases, as shown in equation (80) [145]. Meaning that the smaller the 

grain size, the more grain boundaries the material will have, and the more grain boundaries, 

the more obstacles for the dislocations. This relationship correlates the yield stress 𝜎 with the 

square root of the grain size d, such as:  

 𝜎 =  𝜎𝑜 + 𝑘√𝑑 (80) 

, in which k is linked to the local yield stress at the grain boundaries and where 𝜎𝑜 is the 

resistance associated to dislocation movement within the grain [146]. However, below a 

critical grain size, the hardness would decrease, following the behavior known was  inverse 

Hall-Petch relationship [147] [148] [145]. Therefore, caution should be taken on the selection 

of the materials synthesis and processing routes, since important parameters such as the 

solvents, precursors, temperatures and time could all in all influence microstructural features 

such as the grain size and hence detriment the fracture strength of the ceramic components 

used in SOC systems. Chemically-induced stresses could also influence the fracture stress 

states of all cell components. For instance, in ESC architectures the Ni-cermet oxidation could 

induce a fracture risk on the interface between electrolyte/electrode. As an example, in 10 

µm-thick electrodes, an anodic strain lower than 0.3 and 0.35 % is recommended to avoid 

delamination [142]. In perovskite-based electrodes, such chemically-induced stresses could 
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be even more complex. In MIEC oxides subjected to reducing conditions, additional oxygen 

vacancies are formed, causing the lattice to expand. This expansion could also be considered 

as a chemically-induced strain that is highly dependent on the temperature, change in oxygen 

activity (or change in oxygen vacancy concentration or deviation from stoichiometry), 

composition, crystal structure and level of doping [144]. For lanthanum-doped chromites, 

typical strains at 1000 °C under reducing conditions (oxygen activity of ~ 10-18) have been 

reported to be between 0.2% and 0.4% [144]. However, for the L65SCrN case these values 

may differ due to the different operating temperatures investigated in this thesis (between 770 

°C and 860 °C), as well as the stoichiometry at these conditions (A and O deficiencies) and 

last but not least, due to the Ni doping on the B-site. All of these defects may contribute 

differently and uniquely to the strain states on the perovskite lattice. Generally, the resulting 

chemical strain gradient will create a corresponding stress gradient. Also, the vacancy activity 

as well as the geometry of the cell components (planar or tubular) will affect the stress 

distribution across the different cell materials. Therefore, with the aim to avoid mechanical 

failure from chemically-induced strains, it is necessary to restrict operating conditions to 

guarantee that these strains remain below ~ 0.1% [144]. The cell’s strength may be influenced 

by the thermal residual stresses, resulting from the difference in thermal expansion 

coefficients (TEC) of the materials in the different layers. The L65SCrN dilatometry 

measurements in air allowed to determine a TEC of ~ 11.4 x10-6 °C-1 , which lies between the 

reported values for YSZ electrolytes and LSM perovskite oxygen electrodes, as shown in 

Table 9 [142].  

Table 9 Young’s modulus and TEC values for state-of-the-art ceramic materials used in SOCs. If not specified, 

table data were adapted from [142]. Additional references are mentioned on the table. *It is assumed that after 

reduction, the change in volume is almost negligible since the ceramic YSZ network re-accommodates to the 

new porosity on the Ni cermet, where it is also assumed that the NiO reduces completely to Ni [149]. 

Material Young’s modulus (GPa) TEC (x 10-6 °C-1) 

NiO-YSZ  112 ~11.9 -12.5 [142] [149] 

Ni-YSZ  56.8 ~11.9 -12.5 [142] [149] * 

YSZ - electrolyte 190 10.8 

LSM - oxygen electrode 35.0 11.7 

L65SCrN 

Values for La0.85Sr0.15CrO3: 

93.3 (oxidized) 

120.7 (reduced) [150] 

11.4 (this thesis) 
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Additionally, not only reducing atmospheres and high temperatures may affect the cell’s 

strength because of detrimental stress-strain conditions, but also the operation with steam may 

affect the mechanic of rupture. Large amounts of steam should be considered for SOFC (with 

the steam produced via hydrogen oxidation at high fuel utilization i.e. at the gas outlet) and 

for SOEL operating modes (with high contents of steam at low conversion i.e. at the fuel 

inlet). Water steam may cause a weakening of inter-atomic bonding at the tip of a crack just 

by chemical reaction with the environment. In this case, the crack advances at a lower applied 

force, causing a local stress, that is lower than the characteristic fracture stress that may cause 

an unstable fracture. This phenomenon is denoted as subcritical crack growth, or also 

environmentally assisted cracking [144] and may not be ignored when operating with SOCs.  

In ceramic materials, structural defects as pores and cracks are more relevant in terms of 

failure. Therefore, if the active cell area is increased, more defects will be present on the 

ceramic components of the cell, where the number of cracks and pores will significantly 

increase and the risk of failure would be higher. Taking into consideration the different 

operating parameters, as well as the different material properties, it is highly recommended 

to implement fracture analyses with the Weibull method in all the ceramic components of a 

solid oxide cell, before enlarging their active area size. Segmented planar designs could also 

be considered, in which for instance, 4 cells could be arranged in 2 x 2, by incrementing the 

active cell area by 4. Nevertheless, for such cases, mechanical characterizations by the 

Weibull method would also be relevant, because besides the axial stresses that the cells 

undergo, it is possible to believe that shear stresses (due to the metallic interfaces of the 

segmented arrangement) could possibly also modify the stress-state in the cells and 

deteriorate their fracture toughness.  

In the frame of this thesis, a cell-size variation was not taken into consideration for the scale-

up analysis due to the different factors that may influence their design, as following: 

i) The increment of the cell size would lead to operating challenges caused by the 

probability of failure among the different cell components and interfaces (L65SCrN or 

Ni-CGO/CGO/3YSZ/LSCF), where the risk for the ceramic electrodes – both 

L65SCrN and LSCF – is comparable. Such risk of failure is strongly dependent on the 

ceramic synthesis processes, as well as on their manufacturing cell processes.  
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ii) The use of perovskite-based fuel electrodes entails an additional challenge due to the 

chemical stresses that may be generated by chemical expansion upon reducing 

atmospheres. 

iii) Further engineering would be required for the cell architecture (ESC, ASC, MSC or 

even new designs), with the aim to maintain the chemical and thermal expansion in an 

acceptable range, as well as minimizing their mismatch among the different cell 

components. 

The following scale-up analysis would be evaluated mainly in terms of the electrochemical 

performance as explained in the next section.  

 Scale-up from cell level to system level  

6.4.1 Example case of high temperature electrolyzers on the MW range installed at 

the Salzgitter Flachstahl steel plant 

As mentioned previously, the case of the consortium at Salzgitter AG steel plant serves as a 

good example for evaluating the up-scale of perovskite electrodes to the MW scale (Figure 

45), based on the results for SOEC operation studied in this thesis.  For this, it is important to 

consider the following system requirements and characteristics [133]:  

• Green hydrogen production rate of 200 Nm3/h (18 kg H2/h) 

• Nominal power (AC) input available: 720 kW 

• System composed by: 8 modules 

• Each module consists of 36 stacks and each stack of 30 cells → giving 8640 electrolyte 

supported cells, each cell with an active area of 127.8 cm2.  
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Figure 45 SOECs from the microscale to the macroscale starting from the cell electrodes and single cells that 

are combined into stacks. Stacks that are arranged into modules. Electrolysis plants that consist of module 

systems of electrolyzers with the aim to produce green hydrogen at larger scale when electricity from 

renewable sources (~ MW) is supplied. Adapted from [15].  

To evaluate how the perovskite fuel electrode could be implemented at larger scales, it is 

important to answer the following questions: 

i) What is the benefit to use the perovskite fuel electrodes over the state-of-the-art Ni-

cermets at the system level? 

ii) How could such benefit be exploited? 

This thesis aims to answer these questions by correlating the total amount of cells in a system, 

with the required hydrogen production rate. By using the electrochemical results of 𝐴𝑆𝑅𝑇𝑜𝑡𝑎𝑙 

and current density 𝐽 at the cell level in thermoneutral operation, from Figure 44, it is possible 

to estimate the specific energy consumption as a function of the number of cells in the system 

by arranging the terms in equation (54), as following: 

 
𝑃𝑐𝑒𝑙𝑙 = (𝑉𝑟𝑒𝑣 ∗ 𝐽 ∗ (𝐴𝑐𝑒𝑙𝑙−𝑠𝑡𝑎𝑐𝑘) + (𝐴𝑆𝑅𝑇𝑜𝑡𝑎𝑙) ∗

(�̇�𝐻2−𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑧𝐹)2

𝐴𝑐𝑒𝑙𝑙−𝑠𝑡𝑎𝑐𝑘
) (81) 

 𝑃𝑠𝑦𝑠𝑡𝑒𝑚

�̇�𝐻2−𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

= (𝑉𝑟𝑒𝑣 ∗ 𝐽 ∗ (𝐴cell−stack) + (𝐴𝑆𝑅𝑇𝑜𝑡𝑎𝑙) ∗
(�̇�H2−𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑧𝐹)2

𝐴cell−stack
) ∗ 𝑁𝑡𝑜𝑡𝑎𝑙 𝑠𝑡𝑎𝑐𝑘−𝑐𝑒𝑙𝑙𝑠 (82) 

With the expression in equation (82), the following data in  Figure 46 could be plotted and 

the main outcomes are summarized in Table 10. 
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Figure 46 Scale-up estimation of the specific energy requirement vs. the number of cells in a SOL system, 

related also to the number of modules (1 module = 1080 cells). Results from this thesis at the cell level were 

used in equation (82) for L65SCrN fuel electrode cells and Ni-CGO fuel electrode cells.   

From this plot, it could be observed that by increasing the operating temperature to 860 °C 

the system would require less cells (ca. 5743) and hence 2 modules less. The drawback of this 

operating condition, is that it would exceed the maximum operating temperature that is 

recommended by the module supplier (Sunfire GmbH), which is ~ 850 °C [151]. However, 

observing the other temperatures, it is possible to extract the following information for 

thermoneutral operation of the perovskite electrodes against the Ni-CGO fuel electrodes: 

• If the system operates at an average temperature of 800 °C, for both type of electrodes, 

an 8-module system would be required, meaning 8640 cells are required.  

• If the system operates at an average temperature of 830 °C the number of cells could 

be reduced to ~ 6751 for the perovskite electrodes and to ~ 7222 cells for the Ni-CGO 

fuel electrode-modules. Even though these calculations yield 7 modules regardless the 

fuel electrode, it is worthwhile to highlight that the use of the perovskite would reduce 

the manufacturing costs, since ~ 471 cells less would be required. And by assuming 
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that the costs between Ni-CGO and the perovskite electrodes do not differ 

significantly, then such reduction on the number of cells would imply a reduction in 

manufacturing costs.   

On larger systems, where the use of perovskite electrodes could imply a more significant 

reduction of the cells and stacks, the estimations presented on this thesis  could be of interest 

to the industry due to the simplification in relevant aspects such as: stacks and modules 

manufacturing processes and simplification on the hardware and software interfaces (less 

sensors and hence less variables to control) [152].  

Table 10 Estimation of the number of cells and stacks required for each type of electrode (L65SCrN and Ni-

CGO) for an average temperature operation of 830 °C and 800 °C. Results were taken from Figure 46.  

Average system temperature  830 °C 800 °C 

 Fuel electrode L65SCrN  Ni-CGO  L65SCrN  Ni-CGO  

# of cells (each 127.8 cm2) 6751 7222 8640 8640 

# of modules (each 1080 cells) 6.3 ~ 7 6.7 ~ 7 8 8 

 

6.4.2 Critical raw materials required for electrolysis systems 

Besides the hardware simplifications, the use of perovskite electrodes entails an important 

factor for the SOEL-systems deployment in a sustainable development scenario (SDS), which 

is the critical raw materials availability.  

The International Energy Agency (IEA) has stated that nickel - in mineral form nickel oxide 

- belong to the most critical raw materials for the energy transition [71]. A wide range of 

minerals are required for clean energy technologies, such as wind turbines, electric vehicles 

(EV), batteries, fuel cells and electrolyzers among others. These minerals correspond to 

oxides of Nickel, Copper, Cobalt, Lithium, Chromium, Zinc, Aluminum, as well as rare earth 

elements (REEs) and Platinum-group metal catalysts (PtGMs). The IEA classified the relative 

importance of these materials for a particular clean energy technology between high, 

moderate and low importance. Within this assessment of the IEA, the overall mineral demand 

was calculated with four variables: (i) clean energy deployment trends under stated policies 

scenarios (SETPS) and SDS, (ii) sub-technology shares on each technology area, (ii) mineral 

intensity of each sub-technology and (iv) mineral intensity improvements. Regarding 

hydrogen clean technologies, i.e. electrolyzers and fuel cells, nickel and the PtGMs are 

classified with a high relative importance [71]. Significant efforts to reach the climate carbon-
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neutrality would be required: the mineral demand would need to be quadrupled for these 

technologies by 2040. For a faster transition, i.e. net carbon-zero climate by 2050, a sixfold 

mineral input in comparison to the current one would be required for 2040. In this frame, the 

fast-increased interest of hydrogen as energy carrier entails a steep growth in demand for 

nickel [71].  

Batteries for energy storage cannot be neglected, especially when it comes to the need in 

materials. The IEA estimates that in SDS, the battery storage demand would increase by 11 

times between 2020 (from 37 GWh) and 2040 (420 GWh), for which the largest relative 

mineral growth would be for the nickel by 140 times: from 0.4 kilotons (kt) in 2020 up to 57 

kt in 2040 [71]. With this, higher mineral prices could also affect the pace on which the 

industry achieves ambitious goals on SDS. As an example, if the lithium and nickel prices 

double, the battery costs could increase a 6% [153]. In the case of the electrolyzers, the 

mineral demand has a significant cost component. Therefore, if the mineral prices for the 

battery sector increase in respond to the higher demand, the competitiveness among clean 

energy technologies could be affected, as well as among the different types of electrolyzers. 

Besides the electrolysis technologies, solar panels, EVs and wind turbines are being deployed 

on larger scales, for which the mineral market could undergo supply disruptions and volatility 

[153]. This provides an additional driver for R&D on alternative solutions to reduce the use 

of critical materials, being crucial for an economically viable and sustainable hydrogen energy 

matrix.  

Nevertheless, global commodities markets are namely exposed to economic and geopolitical 

hazards. This makes strategic minerals, such as nickel, prone to supply chain disruptions, 

which may be intensified with the increasing demand as a consequence of the ongoing de-

carbonization economies and policies. Hence, seeing that nickel turns out to be a critical 

material for the energy transition within these clean technologies, an estimation of how much 

nickel could be saved, with the implementation of the perovskite fuel electrodes in SOEL-

systems is pertinent. 

6.4.3  Estimation of the Ni load per electrolysis energy output 

In this section, the Ni requirement for the manufacturing of an SOEL-system in terms of the 

energy output is calculated. Firstly, an estimation of the NiO load normalized by the area was 

calculated for cells with 16 cm2 of active area. For the case of the L65SCrN fuel electrode, in 
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this thesis the half-cells were weighted in two different states: after printing the ceramic ink 

on the electrolyte substrates (dried at 60°C) and after sintering at high temperature. The 

difference between these two mass values yielded the mass of the perovskite required for an 

active area of 16 cm2. Then, from the sol-gel calculations the NiO mass was estimated. For 

the case of the state-of-the-art cells, an estimation of the required NiO raw powder per cm2 

was given by Kerafol GmbH, as presented in Table 11: 

Table 11 NiO load normalized by the cell area for L65SCrN and Ni-CGO cells.  

Fuel electrode L65SCrN  Ni-CGO  

NiO raw powders required (g/cm2) 2.35 x 10-5 6.56 x 10-3 

 

Secondly, considering that the system operates at an average temperature of 830 °C and 800 

°C, the corresponding cumulative area (𝐴𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒) is calculated by multiplying the number 

of cells for each case (estimated from Figure 46)  by the active area of a single cell, which is 

127.8 cm2 (for the cells on the stacks used in this case of study). Then, the required amount 

of NiO as raw material is calculated in kg for each fuel electrode, by multiplying the estimated 

𝐴𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒by the NiO normalized load for each electrode from Table 11:   

 𝐴𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 = 𝐴𝑐𝑒𝑙𝑙−𝑠𝑡𝑎𝑐𝑘 ∗ 𝑁𝑡𝑜𝑡𝑎𝑙 𝑠𝑡𝑎𝑐𝑘−𝑐𝑒𝑙𝑙𝑠 (83) 

 
𝑁𝑖𝑂𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = (

𝑘𝑔 𝑁𝑖𝑂

𝑐𝑚2
⌉

𝑇𝑎𝑏𝑙𝑒 11

) ∗ 𝐴𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒   (84) 

Thirdly, given the SOEL-system from the Salzgitter consortium as a reference, the yearly 

energy output 𝜀𝑜𝑢𝑡𝑝𝑢𝑡/𝑦𝑒𝑎𝑟 is calculated as a function of the specific energy consumption 

𝑃𝑠𝑦𝑠𝑡𝑒𝑚

�̇�𝐻2−𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

 and the required hydrogen production in a year �̇�𝐻2/𝑦𝑒𝑎𝑟
, as shown in equation 

(85). For this case, the specific energy consumption is calculated with equation (86).     

 
𝜀𝑜𝑢𝑡𝑝𝑢𝑡/𝑦𝑒𝑎𝑟  =  

𝑃𝑠𝑦𝑠𝑡𝑒𝑚

�̇�𝐻2−𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

∗ �̇�𝐻2/𝑦𝑒𝑎𝑟
 (85) 

 

 𝑃𝑠𝑦𝑠𝑡𝑒𝑚−Salzgitter

�̇�𝐻2−𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

 =  
720 𝑘𝑊𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐴𝐶 𝑝𝑜𝑤𝑒𝑟

18 𝑘𝑔 𝐻2
ℎ

= 40
𝑘𝑊ℎ

𝑘𝑔 𝐻2
 (86) 

 

, where �̇�𝐻2/𝑦𝑒𝑎𝑟
 is calculated by multiplying the required production of hydrogen 

�̇�𝐻2−𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
 (in kg per hour), with the operation hours in a year: 
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 �̇�𝐻2/𝑦𝑒𝑎𝑟
 =  �̇�𝐻2−𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

∗ 𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛/𝑦𝑒𝑎𝑟 (87) 

For which 𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛−𝑦𝑒𝑎𝑟 is considered as 5000 yearly-hours of normal operation, following 

the standards from the IEA  [71]. Then, for comparison purposes, it is possible to estimate the 

amount of Ni (in the form of NiO for the cells manufacturing) per energy output in a year, 

denoted as 𝜃𝐺𝑊ℎ/𝑦𝑒𝑎𝑟
𝑁𝑖  for a specific SOEL-system, such as equation (88). The results of these 

calculations for both fuel electrodes are depicted in Table 12.  

 
𝜃𝐺𝑊ℎ/𝑦𝑒𝑎𝑟

𝑁𝑖  =
𝑁𝑖𝑂𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

𝜀𝑜𝑢𝑡𝑝𝑢𝑡/𝑦𝑒𝑎𝑟

 (88) 

Table 12 Normalized amount of Ni by the GWh energy output for a SOEL-system implementing the L65SCrN 

and Ni-CGO fuel electrodes at an average operating temperature of 830 °C and 800 °C. 

Average system temperature  830 °C 800 °C 

Fuel electrode L65SCrN  Ni-CGO  L65SCrN  Ni-CGO  

𝑵𝒕𝒐𝒕𝒂𝒍 𝒔𝒕𝒂𝒄𝒌−𝒄𝒆𝒍𝒍𝒔  

(each 127.8 cm2) 
6751 7222 8640 8640 

𝑨𝒄𝒖𝒎𝒖𝒍𝒂𝒕𝒊𝒗𝒆 (cm2) 8.6 x 105 9.2 x 105 1.1 x 106 1.1 x 106 

NiO required (kg) 0.02 6.06 0.03 7.25 

𝜽𝑮𝑾𝒉/𝒚𝒆𝒂𝒓
𝑵𝒊   

(kg Ni / GWh  year) 
0.01 1.68 0.01 2.01 

 

For SOEL-systems with perovskite fuel electrodes a requirement of ~ 0.01 kg of Ni/GWh was 

calculated for both operating temperatures. In contrast, the systems with the traditional Ni-

CGO cermets would require ~ 1.7 and 2 kg of Ni/GWh for an average operating temperature 

of 830 °C and 800 °C respectively.  

For a better overview among the different electrolysis technologies, these calculations were 

plotted together with the estimation from the IEA on the actual levelized demand for selected 

minerals in electrolyzers (~ 10 – 20 MW) [71], as shown in Figure 47.  
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Figure 47 Today-estimated levelized demand (in kg per GWh in a year) for selected minerals in electrolyzers 

in log scale. Data adapted from IEA [71]. Values calculated for Ni within this thesis are also depicted for 

SOEL-systems with perovskite fuel electrodes (~ 0.01 kg of Ni/GWh) and with traditional Ni-CGO cermets 

(~ 1.7 – 2 kg of Ni/GWh).  

Regarding the nickel demand, it is possible to observe on this plot that AEL-systems require 

almost 10 times more amount of Ni compared to SOEL-based systems. On the contrary, 

PEMEL-systems mineral demand would rely mainly on platinum, palladium and Iridium, 

without considering nickel as a critical material for this technology. However, as a general 

remark, the IEA estimates that in the frame of the energy transition and the role of 

electrolyzers on sustainable development scenarios, the demand of nickel for 2040 would 

increase on 15.000 tons [71], being like this the most critical materials among zirconium, 

lanthanum, yttrium, PtGMs, as well as steel and aluminum for the infrastructure. 

These findings have important implications for developing perovskite electrodes up to the 

system level. For SOEL systems the benefit of using the perovskite electrode instead of the 

Ni cermet would be to reduce in ~ 200 times the amount of required NiO/Ni raw material, 

while having similar electrochemical performance to the state-of-the-art. Besides, comparing 

SOEL and AEL technologies, the use of perovskite fuel electrodes in SOEL systems would 
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represent a more significant reduction (about 1000 times less) of the Ni raw material: ~ 10 kg 

of Ni/GWh for AEL vs. ~ 0.01 kg of Ni/GWh for SOEL systems (Figure 47).  

We cannot exclude that other perovskite raw materials are also considered as critical raw 

materials (CRMs). The European Commission published in 2020 the list of CRMs in which 

LREEs (including Lanthanum, Cerium and Gadolinium [154]), HREEs, Strontium, 

Chromium, Cobalt, and Zirconium are included among others [155], by considering supply 

risks in nine selected strategic technologies: batteries, fuel cells, wind generators, traction 

motors, photovoltaic, robotics, drones, 3D printing and digital technologies [155] [156]. Other 

fields such as concentrating solar power (CSP), geothermal, aerospace, health and 

construction are also relevant applications for CRMs [71, 156].  

Overall, even if Ni has been considered one of the most critical raw materials for electrolysis 

technologies, important attention should also be given to other elements such as La, Sr, Cr, 

Co, Zr, Ce and Ga. However, since Ni is the common element between the state-of-the-art 

Ni-CGO fuel electrodes and the L65SCrN, this thesis is focusing mainly on the Ni 

requirements for SOEL systems.  

At this point, it is important to remark that even though these calculations are performed at 

the thermoneutral conditions i.e. at rated power, this does not imply that all the cells within 

the system are operated at this temperature. SOEL-systems may need to operate at higher 

voltages (above the thermoneutral condition) to overcome heat losses from the piping 

accessories and heat exchangers.  

Before upscaling the perovskite fuel electrodes to the module level, it will be important to 

evaluate the durability. The scale-up estimations on this thesis are based on the 

electrochemical performance of the investigated types of electrodes on 5 x 5 cm ESCs. Even 

though durability characterizations for time periods of ca. 1000 hours were performed, it is 

still insufficient with respect to the target life-time that is at least of about 20 000 hours [157]. 

Therefore, further research on the durability assessment on larger scales, i.e. on stacks, would 

complement the estimation of the long-term performance, and then be extrapolated to 

modules.  
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Additionally, important mechanical characterizations of the stacks with the perovskite fuel 

electrodes should be performed, as well as transient analyses of the distribution of temperature 

and gas flows across the stacks and the modules.  

Therefore, if the use of perovskite fuel electrodes would contribute to decrease this nickel 

demand, it is worthwhile to make the effort on different areas of science for the scale-up of 

these materials, i.e. fracture mechanics, thermodynamic simulations and techno-economical 

assessments, besides materials engineering and electrochemistry. The synergy of all these 

knowledge areas will contribute significantly to the deployment of SOCs systems for the 

energy transition in sustainable scenarios, for which the R&D in green hydrogen technologies 

is pivotal. It is estimated that by 2050 the European demand of green hydrogen would increase 

to ~ 800 TWh, which is equivalent to ca. 25 millions of tons of this valuable energy carrier 

[158].  

All in all, this scale-up analysis of perovskite electrodes to the SOEL-system level allows to 

understand that the benefit of using these electrodes over the traditional Ni-cermets is to 

simplify the system layout by reducing the number of cells and hence the number of modules, 

without affecting the electrochemical performance, that is comparable to the Ni cermets. This 

could be exploited in terms of BoP, hardware and software simplifications. Another important 

benefit consists in the significant decrease of required nickel for these modules. The latter 

finding is relevant for a foreseeable sustainable development of clean energies in frame of the 

current energy transition, due to the risk of mineral market volatility and shortage in nickel 

supplies.  
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 Conclusions 

In this doctoral thesis, alternative perovskite-based fuel electrodes for SOC applications that 

potentially replace the traditional Ni cermets fuel electrodes were investigated. 

An elaborated investigation of different lanthanum chromite-based perovskite candidates was 

firstly made. The stability and reliability of different compositions were evaluated by X-ray 

diffraction, from which two lanthanum-chromite perovskites with Ni doping (LSCrN) were 

selected: La0.70Sr0.3Cr0.85Ni0.15O3-δ (L70SCrN) and La0.65Sr0.3Cr0.85Ni0.15O3-δ (L65SCrN). 

Further chemical and thermal characterization techniques of these perovskite powders 

contributed to the understanding of chemical interactions between these materials and the 

typical atmospheres of SOC operation. Under reducing conditions, it was shown that Ni 

exsolution takes place, a phenomenon that releases anchored metallic Ni nanoparticles on the 

perovskite surface. It was found that operating parameters such as the oxygen partial pressure, 

temperature and time are determining for the size and shape of these Ni nanoparticles. These 

findings gave insights on how the LSCrN morphology would be operando, laying a 

groundwork for future research into the chemical interactions of these nanoparticles and their 

detailed role on the different reactions mechanisms that a fuel electrode undergoes in SOC 

operation. 

Electrochemical characterizations of full electrolyte-supported-cells (ESCs) showed 

promising performance of the L65SCrN fuel electrode, due to the similarity with the 

traditional Ni cermets in SOFC, SOEC and rSOC modes at ~ 860 °C. Also, steam and carbon 

dioxide co-electrolysis characterizations shed new light on the fuel electrode electrochemical 

reactions, from which electrochemical impedance spectroscopy (EIS) allowed to propose an 

equivalent circuit model. Before this study, evidence of such models in co-electrolysis 

operation for lanthanum chromites with Ni doping was rarely seen. Moreover, a long-term 

study during ~ 1000 hours provided a first glance of the stability in co-electrolysis operation 

of this perovskite fuel electrode, being comparable to the state-of-the-art performance.   

However, a strong potential-dependency degradation during 150 hours was identified in 

SOFC operation, likely related to alterations in the Ni nanoparticles, such as particle 

coarsening or slow Ni cation diffusion within the perovskite. In spite of this degradation, 

redox cycling experiments confirmed the recovery of the fuel electrode. By comparing sulfur 



Conclusions │ 

100 

 

tolerance studies on the traditional Ni-cermets with the exposure of the LSCrN to hydrogen 

sulfide, it was possible to discuss that the Ni nanoparticles favor hydrogen dissociation on the 

investigated temperature range.  

Durability test during ~ 1000 hours in SOEL operation showed a strong degradation with a 

significant ohmic contribution, which was related to the electronic conductivity deterioration 

under these operating conditions. This outcome raises the question of the long-term stability 

and the role of the point defect chemistry on the transport properties of this perovskite 

electrode under such operating conditions. Therefore, it is suggested that further long-term 

investigations by varying parameters such as temperature, time and oxygen partial pressure 

would be needed in order to better understand the mechanisms of Ni exsolution and its role 

on the conductivity of this perovskite, and hence on the cell performance in SOC operating 

modes. For instance, lowering the operating temperature from 860 °C to 800 °C could be an 

initial approach to mitigate degradation issues. 

Yet, the investigation of the SOEL operation in a temperature range between 860 °C and 770 

°C showed a gain in performance of the L65SCrN perovskite fuel electrode in comparison to 

the typically used Ni-CGO cermet. This behavior was explained with possible differences in 

the electrode kinetics at 800 °C and below, from which it was possible to propose a reaction 

mechanism, that analogous to SOFC operation, also suggests that on L65SCrN electrodes the 

Ni nanoparticles facilitate the steam dissociation to further produce hydrogen. With this 

finding, this thesis attempts to answer what is the benefit of using these perovskite electrodes, 

not only at the cell scale but also at the system scale.  

Then, an estimation of the electrochemical performance on a larger scale (~ MW) was 

performed by taking as reference the SOEC results at the cell level for 860 °C, 830 °C, 800 

°C and 770 °C, assuming that those would be also the average temperature of a SOEL-system 

composed by commercial ESC stacks and modules. This study was performed using as 

reference a real SOEL system, designed for producing 18 kg/h of green hydrogen with an 

electrolysis input of 720 kW. With this scale-up analysis, it is possible to conclude that the 

benefit of implementing the perovskite fuel electrodes instead of the Ni cermets in ESC stacks 

and systems is worthwhile, if the system is operated at an average temperature of ~ 830 °C. 

This condition would reduce the number of cells, and possibly leading to reduction in 

manufacturing costs. Also, this goes concomitantly with a significant decrease of nickel as 
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commodity to produce these cells, without compromising the electrochemical performance. 

This may contribute to make SOEL systems less dependent on possible fluctuations on the 

nickel market, that is expected to be driven by the large demand for electrical vehicles. 

Furthermore, geopolitical risks could also disrupt the supply chain of nickel, among other 

critical raw materials.  

Prior to this study, it was difficult to make predictions on the benefit that perovskite fuel 

electrodes could bring at a system level. This thesis leaves open the question if the use of 

other cell architectures, such as anode-supported-cells (ASC) or metal-supported-cells (MSC) 

would provide a better performance, by lowering the ohmic contribution given by the thick 

electrolyte on ESCs.  

With the outcomes of this thesis, the durability and the upscaling to the stack-level were 

identified as remaining challenges that should be addressed in future investigations on 

perovskite electrodes for SOC systems. The long-term stability at the cell level could be 

evaluated for significant periods of time of ~ 20 000 hours with minimized degradation rates, 

for which mitigation strategies could be proposed and identified. Once the durability is 

proven, the next step would be to proceed with the implementation of perovskite-based 

electrodes into stacks, also tuning the different cell architectures and even proposing new 

designs. Additionally, perovskite-based current collectors would be of great interest with the 

aim to replace nickel and platinum-based collectors.  

Beyond the herein studied lanthanum chromite, further research on other mixed ionic and 

electronic conductors (MIEC) materials could elucidate interesting findings that account more 

for the understanding of such fuel electrodes and their properties, that may also influence the 

performance of different SOC systems. 
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 Outlook 

The use of perovskite materials may go beyond the conventional SOC operating modes that 

were discussed within this doctoral thesis. For instance, the use of ammonia (NH3) as fuel for 

SOFC operation is also receiving great interest among the energy research and industry 

community. Even though green hydrogen is pivotal for the clean energy transition, its 

volumetric energy density is very limited [159]. Chemical derivatives from green hydrogen 

are promising options for hydrogen transport. For instance, green ammonia is an important 

hydrogen carrier because it can be stored at ~ - 33 °C under atmospheric pressure, or even at 

room temperature at ~ 10 bar. Contrary to liquid hydrogen, which would need to be cooled to 

- 253 °C [159]. Since operating SOFC-systems with ammonia would generate NOx emissions 

due to the oxidation of the nitrogen with the oxygen anions that are transported from the 

oxygen electrode through the electrolyte, research in alternative materials would be of great 

interest.  

Here is where the use of perovskite electrodes and also electrolytes could play an important 

role on the use of ammonia as fuel. Such perovskite-based materials are the proton conducting 

ceramics (PCC). Instead of using an O2- anion-conducting solid electrolyte, it would be more 

convenient to implement a H+ proton-conducting solid electrolyte. This is why research on 

PCCs materials, not only for the fuel electrode, but also for the electrolyte, is opening a new 

research area that is already gaining great interest among the scientific community. 

Considering the low temperature technologies, perovskite electrodes could also be 

investigated for PEMEL systems as well as for anion exchange membrane water electrolysis 

(AEMWE). In the case of PEMEL, the acidic environment limits the choice of electrocatalysts 

to expensive PtGMs, such as Pt on the cathode and IrO2 on the anode side. The hydrogen 

evolution reaction (HER) takes place at the cathode and the oxygen evolution reaction (OER) 

at the anode. Both electrodes require a catalyst that yield good reaction rates and mild 

overpotentials. Hence, the investigation and development of PtGMs-free catalysts with good 

electrochemical performances, low production costs (up to the large -scale) [160], as well as 

chemical tolerance to acidic environments are crucial drivers for the use of perovskite in these 

systems.   

For the case of AEMWE, promising performances have been achieved with PtGMs-free 

catalysts, such as transition metals (and their alloys), oxides, nitrides, phosphides, and 
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carbides among other options that catalyze the HER, from which Ni-based catalysts outshine 

[161]. For the OER, various metals exhibit high catalytic activity and corrosion stability in 

alkaline environments, being Ni the most promising. However, other metal oxides in different 

forms, such as perovskites, cobaltites for instance, present also high catalytic activities [161]. 

Therefore, investigation of perovskites for the HER catalysts in AEMWE systems would also 

be relevant, aiming at replace Ni-based catalysts.  
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