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Abstract 
 

This thesis investigates solid oxide cell degradation through a threefold approach, comprising 

multiscale physics-based modeling, long-term tests, and advanced post-test analyses. The 

model, adapted to the studied cell (Ni-YSZ/YSZ/GDC/LSCF) and validated with experimental 

data, provides an understanding of cell-level processes under varied operating conditions. The 

model includes morphological and microscale electrochemical kinetic models for the hydrogen 

and oxygen electrodes, complemented by a macroscale model simulating the complete cell 

response. Durability tests are performed to assess the impact of various operating conditions, 

including 2000-hour long-term tests at temperatures of 750, 800, and 850 °C, using 10/90 vol.% 

H2/H2O and dry air at the hydrogen and oxygen electrodes, respectively, and 1000-hour ageing 

tests at 800 °C to explore the effect of air humidity (0%, 3%, and 8%) under both SOEC and 

SOFC modes. Advanced post-test analyses, including synchrotron- and laboratory-based 

techniques down to the atomic scales, are selected to investigate microstructural, chemical, and 

structural material degradation. The findings demonstrate the model capability to predict both 

stationary and dynamic electrochemical responses, including local responses along the cell 

radius. The model interpretation of electrochemical impedance spectra (EIS), for the cells 

operated in SOEC mode under dry air, identified the hydrogen electrode as the primary source 

of performance loss. Conversely, the oxygen electrode-related performance remains relatively 

stable after ageing, indicating limited degradation. Post-test analyses confirmed a substantial 

microstructural evolution of the hydrogen electrode, including Ni migration and coarsening. In 

contrast, the oxygen electrode experienced slight Sr segregation. Elemental inter-diffusion 

across cell layers is identified in all samples, while the commonly observed SrZrO3 phase is not 

detected. Exploring the impact of operating temperature in SOEC mode revealed an accelerated 

cell degradation at higher temperatures, particularly for Ni migration in the hydrogen electrode 

and, in a minor way, for Sr segregation in the oxygen electrode. Ageing under humid air 

introduced an additional degradation phenomenon at the oxygen electrode in both SOEC and 

SOFC modes. This consisted of an aggravated LSCF decomposition and the formation of a Sr 

oxide-based insulating phase on top of the current collector, especially in SOEC mode. The 

presence of this phase at the cell inlet impacted the current distribution along the cell radius, 

resulting in a non-uniform hydrogen electrode degradation. The main results are discussed, 

opening research questions to be investigated in future works as reported in the conclusions and 

perspectives of this thesis.  
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Re sume  
 

Cette thèse étudie la dégradation des cellules à oxyde solide en utilisant une triple approche, 

comprenant une modélisation physique multi-échelle, des tests de longues durées et des 

analyses post-test avancées. Le modèle adapté à la cellule étudiée (Ni-YSZ/YSZ/GDC/LSCF) 

et validé grâce aux données expérimentales, permet de comprendre les processus à l’échelle de 

la cellule dans des conditions de fonctionnement variées. Le modèle prend en compte les 

paramètres microstructuraux et les cinétiques électrochimiques pour les électrodes à hydrogène 

et à oxygène (échelle microscopique), complétés par un modèle simulant la réponse de la cellule 

complète (échelle macroscopique). Des essais de durabilité sont réalisés pour évaluer l'impact 

de diverses conditions de fonctionnement, notamment des essais de longues durées à des 

températures de 750, 800 et 850 °C pendant 2000 heures, en utilisant 10/90 vol.% H2/H2O et 

de l'air sec aux électrodes à hydrogène et à oxygène, respectivement, et des essais de 

vieillissement de 1000 heures à 800 °C pour explorer l'effet de l'humidité de l'air (0 %, 3 % et 

8 %) à la fois en mode SOEC et en mode SOFC. Des analyses avancées après les essais, y 

compris des techniques synchrotron et de laboratoire jusqu'à l'échelle atomique, sont 

sélectionnées pour étudier la dégradation microstructurale, chimique et structurelle des 

matériaux. Les résultats démontrent la capacité du modèle à prédire les réponses 

électrochimiques stationnaires et dynamiques, y compris les réponses locales le long du rayon 

de la cellule. L'interprétation par le modèle des spectres d'impédance électrochimique (EIS), 

pour les cellules fonctionnant en mode SOEC sous air sec, a permis d’identifier l'électrode à 

hydrogène comme la principale source de perte de performance. À l'inverse, les performances 

liées à l'électrode à oxygène restent relativement stables après le vieillissement, ce qui indique 

une dégradation limitée. Les analyses post-test ont confirmé une évolution substantielle de la 

microstructure de l'électrode à hydrogène, y compris la migration et le grossissement du Ni. En 

revanche, l'électrode à oxygène a connu une légère ségrégation du Sr. L'inter-diffusion des 

éléments entre les couches de la cellule est identifiée dans tous les échantillons, alors que la 

phase SrZrO3 couramment observée dans la littérature n'est pas détectée. L'étude de l'impact de 

la température de fonctionnement en mode SOEC a révélé une dégradation accélérée de la 

cellule aux températures de fonctionnement les plus élevées, en particulier pour la migration du 

Ni dans l'électrode à hydrogène et, dans une moindre mesure, la ségrégation du Sr dans 

l'électrode à oxygène. Le vieillissement avec un air humidifié a introduit un phénomène de 

dégradation supplémentaire à l'électrode à oxygène, tant en mode SOEC qu'en mode SOFC. Il 

s'agit d'une aggravation de la décomposition du LSCF et de la formation d'une phase isolante à 

base d'oxyde de Sr au sommet de la couche collectrice de l’électrode, en particulier et plus 

fortement en mode SOEC. La présence de cette phase à l'entrée de la cellule a eu un impact sur 

la distribution du courant le long du rayon de la cellule, ce qui a entraîné une dégradation non 

uniforme de l'électrode à hydrogène. Les principaux résultats sont discutés et ouvrent la voie à 

des questions de recherche qui seront étudiées dans des travaux futurs, comme indiqué dans les 

conclusions et les perspectives de cette thèse. 
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General introduction  
 

1. Context 

Nowadays, the impact of human activities on climate change is evidenced by extreme natural 

events and catastrophic disasters. For example, adverse weather conditions and phenomena 

(e.g. wildfires, floods, droughts, cyclones and tornados, heat and cold waves, etc.) damage the 

landscape and the built environment, as well as causing many difficulties in growing various 

crops with a huge impact on the economies of the countries. In the last decade, the recorded 

increase in the global surface temperature is ca. 1.1 °C compared to 1850–1900 (1). The 21st 

Conference of Parties (COP21) established the Paris Agreement in 2015 as a global energy 

initiative with the goal of keeping the global temperature increase below 2 °C, ideally 1.5 °C, 

relative to pre-industrial levels (2). However, the current projections suggest that the COP21 

target will not be achieved and the most likely scenario would lead to a global warming of 1.5°C 

by 2030-2052 (2) and 2.7 °C by 2100 (3) (see Figure 0-1).  

 

 

Figure 0-1. Global warming projections from 1990 to 2100 (3). Climate Action Tracker (2022). 2100 Warming 

Projections: Emissions and expected warming based on pledges and current policies. November 2022. Available 

at: https://climateactiontracker.org/global/temperatures/. Copyright ©2022 by Climate Analytics and NewClimate 

Institute. All rights reserved. 

 

Therefore, there is still an urgent need to take action to limit the global temperature increase.  

According to the International Panel on Climate Change (IPCC), the global warming is 

associated to the greenhouse gas (GHG) emissions, mostly CO2 and CH4 emissions, from both 

natural and human sources (1). Figure 0-2 displays an analysis of the GHG emissions and their 

origins, as well as their effect on the surface temperature. As can be seen, the human activity 

contributes significantly to the climate change. 

 

https://climateactiontracker.org/global/temperatures/
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Figure 0-2. IPCC evolution GHG emissions and global surface temperature since 1850 (1) 

 

The GHG emissions evolution in the time follows the same trend as the increase in fossil fuels 

consumption over time, as depicted in Figure 0-3. Thus, as a first step to limit the GHG 

emissions, a decrease of the fossil fuels consumption is mandatory. 
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Figure 0-3. IEA, Fossil fuel demand in the Stated Policies Scenario, 1900-2050, IEA, Paris 

https://www.iea.org/data-and-statistics/charts/fossil-fuel-demand-in-the-stated-policies-scenario-1900-2050, 

IEA. Licence: CC BY 4.0 

 

Now, more than ever, the transition towards a more sustainable energy system is imperative. 

Worldwide strategies have led policy makers to invest in the development of technologies based 

on renewable energy sources (RES).  

The International Energy Agency (IEA) highlights the need for electrification and 

decarbonisation in the published report “Global Energy and Climate Model” (4). This report 

shows as well the importance of increasing the share of RES in the energy production and 

improving energy efficiency in both energy production and final consumption. Figure 0-4 

displays the predicted share of electricity generation from various sources, indicating a 

significant increase in the RES share between 2021 and 2030 (4). For comparison, the actual 

share of the different energy sources are also shown. 

 

EJ
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Figure 0-4. IEA, Change in electricity generation in the Stated Policies Scenario between 2021 and 2030, IEA, 

Paris https://www.iea.org/data-and-statistics/charts/change-in-electricity-generation-in-the-stated-policies-

scenario-between-2021-and-2030, IEA. Licence: CC BY 4.0 

 

Large-scale deployment and implementation of RES such as hydro, solar, wind, tidal, 

geothermal and biomass can help to limit GHG emissions in accordance with the 

aforementioned targets. Nevertheless, the intermittent nature of solar and wind energy raises 

some issues related to the mismatch between the energy production and the energy demand. 

For instance, a backup energy system is needed when RES production alone cannot meet the 

energy demand. Additionally, curtailment of excess RES power can occur when RES 

production is higher than the energy demand. Therefore, the development of energy conversion 

technologies aims to optimize the energy system while maintaining grid stability.  

 

Among several alternatives, one possible solution is to convert electrical energy to chemical 

energy in the form of hydrogen. Hydrogen is an energy vector that possesses the highest specific 

energy (i.e. 120 MJ/kg) among all fuels. Various methods are used to obtain hydrogen, 

including steam-methane reforming, electrolysis, pyrolysis, thermolysis, as well as 

photoelectrochemical, thermochemical and photobiological water splitting. Depending on the 

primary energy source and on the production process, the hydrogen may have a different carbon 

footprint (or carbon intensity). For a better definition of the hydrogen origins, various 

classification have been established. The most common is a colour-based classification (5). In 

order to solve some ambiguities on the colour-based classification, new categories have been 

defined ranging from fossil-based, low-carbon to clean or renewable hydrogen (6, 7). The latter 

is obtained by the electrolysis of water using the electricity from RES. Electrolysis and fuel cell 

technologies enable the production and consumption of hydrogen and electricity without CO2 

emissions. Hydrogen and electricity energy carrier  have the potential to be used in a circular 
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economy across all sectors, including energy, transport, and industry. Indeed, it is possible to 

store the surplus electrical energy coming from RES in the form of chemical energy as hydrogen 

by power-to-gas (P2G) processes using electrolysers (8, 9). Hydrogen can be then stored (in 

gaseous phase, liquid phase, or solid-matrices) and, finally, used for different purposes to enable 

the decarbonisation of industrial processes, such as the production of chemicals, synthetic fuels, 

concrete and steel. Alternatively, it can be converted again to electricity by gas-to-power (G2P) 

processes using fuel cells (9, 10). Figure 0-5 displays a scheme of the P2G and G2P concepts. 

Finally, the combination of P2G, storage and G2P constitutes the power-to-power (P2P) 

concept to decarbonize and electrify isolated micro-grids or remote off-grid areas to be self-

sufficient. 

 

 

Figure 0-5. Scheme of P2G and G2P concepts 

 

In this context of energy transition, the development and industrialisation of electrolysers and 

fuel cells are essential to achieve their deployment for the large-scale production of hydrogen 

and to ensure their continuous operation over 5 years. Several types of electrolyser and fuel cell 

technologies have been developed, differing mainly in terms of operating conditions and 

electrolyte materials. In terms of operating conditions, they are divided into low temperature 

(LT), intermediate temperature (IT) and high temperature (HT). According to the electrolyte 

material, they are distinguished as alkaline cells, proton exchange membrane (PEM) cells, 

phosphoric acid cells, proton conducting cells, molten carbonate cells, and solid oxide cells 

(SOCs).  

Among them, SOCs are promising P2G and G2P electrochemical conversion devices working 

at high temperature in the range of 700-850 °C. Such high operating temperatures allow 

achieving very high efficiency due to favourable thermodynamics (reduced electrical energy 

demand and heat supply) and kinetics (accelerated electrochemical reaction). Furthermore, the 

same SOC can be operated reversibly in electrolysis (SOEC) mode and fuel cell (SOFC) mode 

using the same catalyst. Compared to LT technologies, SOCs exhibit higher tolerance to carbon 

monoxide and fuel impurities, as well as hydrocarbon fuels flexibility that avoids the need for 

an external fuel reformer (11). The electro-catalytic reaction is favoured at high temperatures, 

so that less expensive catalyst (e.g. Ni) can be employed, as compared to LT devices (e.g. Pt 

for PEM cells). In addition, they can be used in hybrid energy systems, where the high-quality 

H2 storage
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heat from the HT SOC system is recovered and used to drive other processes. For example, 

SOCs can work in combined heat and power (CHP) systems. These multiple advantages are 

currently valuable in the transition to a fossil-free sustainable energy market, particularly in 

business cases where waste heat can be used to power the electrolyser. 

Extensive research and development has enabled the technology to progress to current 

demonstration systems at the MW scale. Nevertheless, the lifetime of SOCs remains 

insufficient for their large-scale commercialization (12). The degradation phenomena occurring 

in SOCs are activated during operation at high temperature and high polarization. 

Microstructural evolution, chemical decomposition, active site poisoning, inter-diffusion and 

reactivity between the different active layers are observed in the cell. Such phenomena have an 

impact on the materials electro-catalytic activity and on the ionic and electronic conductivities, 

which cause a deterioration of the cell performance. Further, moving to the stack level, diffusion 

of elements occurs from the interconnect to the cell and, moving to the system level, the balance 

of plant operation is currently an issue (13, 14). Thus, it is essential to advance the 

understanding of the degradation processes at the cell level, which is the core of the 

electrochemical system, in order to enhance the performance and durability of the cell, as well 

as to meet the EU commission targets (see Table 0-1). Table 0-1 shows that the current 

degradation rate in SOEC mode is significantly higher than in SOFC mode. Therefore, special 

efforts must be made to extend the lifetime of the high temperature electrolyser. The targeted 

lifetime for both SOFC and SOEC systems are 80’000 – 90’000 hours (15–17). 

 

Table 0-1. SoA and targets of the EU commission for SOFC and SOEC stacks degradation (18). 

 2020 SoA 2024 targets 2030 targets 

SOFC 0.6 %∙kh-1 0.2 %∙kh-1 0.2 %∙kh-1 

SOEC 1.9 %∙kh-1, -0.6 A∙cm-2 1.0 %∙kh-1, -0.85 A∙cm-2 0.5 %∙kh-1, -1.5 A∙cm-2 

 

In this frame, the Ph.D. thesis aims to deepen the knowledge on the SOC degradation 

phenomena, with a focus on the SOEC mode, whilst also encompassing the SOFC mode. For 

this purpose, a multimodal approach based on long-term tests along with electrochemical 

characterizations, post-test imaging and modelling has been applied. This methodology allows 

information to be obtained at different length scales, ranging from the macro-scale down to the 

atomic-scale. The evolution of the electrochemical response over time provides information 

about the cell performance degradation in relevant operating conditions, as well as the 

experimental degradation rate. Advanced post-test characterizations with large field of view 

and high-spatial resolution have been used to investigate the degradation processes occurring 

in the cell materials after ageing. The comparison between the non-operated reference cell and 

the operated cells will highlight the detrimental processes under different ageing conditions. 

Finally, the modelling will be used to analyse the processes involved in the cell operation at 

different length scales. The model will be used to interpret the electrochemical response of the 

cell and to investigate the impact of operating conditions on the electrodes reaction mechanisms 

and cell performance degradation. 
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2. Main objectives of the thesis  

 

The thesis aims to attain a comprehensive understanding of the SOC degradation in both SOEC 

and SOFC operating mode, with particular emphasis on the former. The main objectives of the 

thesis are set as follows:  

1) Quantitative characterizations of the electrochemical response of the cell before and 

after ageing in SOEC and SOFC operating modes, in terms of polarization curves and 

electrochemical impedance spectra (EIS). The electrochemical characterizations are 

carried out in reference conditions, before and after the operation, to potentially compare 

the performance degradation as a function of the different operating conditions. 

2) Assessment of the degradation phenomena after operation using several post-test 

characterization techniques performed in the various layers of the cell. Particular 

attention is given to the understanding of the long-term degradation phenomena in the 

oxygen electrode, for which high spatial resolution is required. Chemical, structural and 

microstructural information will be collected using laboratory- and synchrotron-based 

techniques. 

3) Interpretation of the electrochemical response using a multiscale physics-based model 

available at the laboratory. The model will be adapted to the studied cell and extended 

to the simulation of the impedance spectra at the cell level. Thereafter, the model will 

be used to simulate the cell response in terms of i-V curves and EIS, as well as to identify 

the different contributions in the EIS diagrams, in terms of rate determining steps 

(RDSs) in the reaction mechanism. The purpose is to assess the evolution of the different 

contributions in the EIS after ageing, as well as to identify the most critical component 

for the cell degradation from the model interpretation of the complete cell experimental 

EIS.  

 

3. Manuscript Layout  

 

Based on the above objectives, this thesis is organized in six chapters as follows: The first 

chapter is dedicated to the technology fundamentals and the state of the art on the degradation 

phenomena. The second chapter is related to the materials and methods used in the work. The 

third chapter is devoted to the multiscale physics-based model used to simulate the stationary 

and dynamic response of the cell. The fourth chapter comprises the study of the cell degradation 

under dry air in SOEC mode, with a focus on the impact of the operating temperature on the 

cell layers degradation. The fifth chapter is dedicated to the study of the impact of humid air 

and operating mode on the cell degradation. The sixth chapter is devoted to the general 

discussion, main conclusions and perspectives. 
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1. State of the art on solid oxide cell 
(SOC) technology 

 

This chapter is devoted to define the state of the art of the technology and the related degradation 

phenomena. Based on this bibliographic review, the research lines of the thesis are derived, 

along with the main objectives and methodology to address the remaining questions related to 

the degradation of hydrogen electrode supported SOCs, with a particular focus on the oxygen 

electrode degradation. 

1.1 Basics of SOCs 

 

The solid oxide cells (SOCs) are high temperature electrochemical energy-conversion devices, 

which are considered as a promising solution in the transition towards a more sustainable energy 

system. The cell is typically made of a dense ceramic electrolyte sandwiched between two 

porous electrodes. The reason behind the operation at high temperature is the employment of 

ceramic materials for the electrolyte, which are ionic conductors at high temperatures (e.g. 650-

900 °C for the YSZ). High temperature operation provides the following beneficial features: (i) 

high efficiency, (ii) promoted reversibility that enables operating in both SOEC and SOFC 

modes with the same cell, (iii) fuel flexibility thanks to the enhanced tolerance to hydrocarbons 

(iv) inexpensive catalyst, (v) possibility to recover high quality heat in cogeneration mode that 

can be used to drive other processes in a hybridized energy system. Figure 1-1 displays the 

scheme of the operation of a SOC in both SOEC and SOFC modes, considering the most 

standard reactants/products (i.e. hydrogen, oxygen and steam) for the main reactions occurring 

at the two electrodes. 
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Figure 1-1. Scheme of a single solid oxide cell in both fuel cell and electrolysis operation for a 

fuel electrode supported cell 

 

The transfer of oxygen ions from one electrode to the other occur in the ceramic electrolyte. 

The hydrogen oxidation (in SOFC) and steam reduction (in SOEC) reactions occurs in the 

hydrogen electrode, while the oxygen consumption (in SOFC) and formation (in SOEC) occur 

at the oxygen electrode according to the following equations:  

 𝐻2(𝑔) + 𝑂𝑜
𝑥(𝑌𝑆𝑍)

𝑆𝑂𝐹𝐶
⇄

𝑆𝑂𝐸𝐶
𝐻2𝑂(𝑔) + 𝑉𝑜

••(𝑌𝑆𝑍) + 2𝑒− [1] 

 
1

2
𝑂2(𝑔) + 𝑉𝑜

••(𝑌𝑆𝑍) + 2𝑒−
𝑆𝑂𝐹𝐶

⇄
𝑆𝑂𝐸𝐶

𝑂𝑜
𝑥(𝑌𝑆𝑍) [2] 

Where 𝑒−, 𝑉𝑜
•• and 𝑂𝑜

𝑥 represent the electron, the oxygen vacancy and the oxygen in the lattice 

of YSZ, respectively. 𝐻2(𝑔), 𝑂2(𝑔) and 𝐻2𝑂(𝑔) are the hydrogen, oxygen and water molecules 

in the gas phase, respectively. 

1.2 Designs and architectures  

 

The SOC designs that can be found in terms of geometry are planar, tubular, monolithic and 

segmented-cell-in-series (1–3). The planar and the tubular (4, 5) designs are the most common 

configurations employed today (see Figure 1-2). The tubular geometry presents high 

mechanical robustness and simple sealing process whereas the performance are lower due to 

the high ohmic losses (4, 6, 7). On the other hand, the planar configuration offers better 

performance and it has the advantages of simple fabrication process, lower ohmic losses at low 

temperature operation (i.e. 500-800 °C). However, the complexity lies in the sealing of the cells 

to achieve appropriate gas tightness (4, 5, 8).  
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Figure 1-2. Scheme of a) planar and b) tubular designs. 

 

For the planar configuration, the cells are connected in series using metallic interconnects to 

increase the power capacity and they are further sealed to prevent gas leakages. The metallic 

interconnect has multiple functions: it enables distributing the gases to the electrodes in 

different flow configurations (co-flow, counter-flow, cross-flow), it carries the sealing, and it 

connects the cell current collecting layers (at the top of the electrodes) to the external electric 

circuit. The assembly of the cell and interconnects is called the single repeating unit (SRU). 

The scale up to high power capacities is achieved with the planar design cells, by connecting 

several SRU (few W) in series to form a stack (up to tenth of kW). Then, a set of multiple stacks 

connected together defines a SOC module (hundred kW range). At this stage, a balance of plant 

(BoP) is necessary to handle the flow of gases and the current flow. Finally, a set of modules, 

together with the BoP, constitutes the MW system. Some MW-scale SOC systems under 

construction or planned are reported in (9–13). 

 

 

Figure 1-3. Schematic of the current world’s largest SOEC system within the MultiPLHY hydrogen project by 

Sunfire (14). 

 

For planar cells, the mechanical robustness is ensured by a supporting layer. The cell can be 

self-supported when the support layer is one of the two electrodes or the electrolyte, or external 

supported (interconnect/metal support, porous substrate), as depicted in Figure 1-4. According 

to the type of supporting layer, SOCs can be divided into various architectures: electrode 

supported cells (i.e. cathode or anode supported cells), electrolyte supported cells (ESC), 

interconnect/metal supported cells, and porous substrate supported cells (1, 15, 16). The main 

drawback of the electrode supported cell architecture is the difficulty for the reactants to reach 

the active sites due to the longer path through the thicker electrode. On the other hand, the thin 

electrolyte results in lower ohmic losses. ESC benefits from easier sealing at the cell periphery 
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(17), while its performance are lower due to the higher ohmic losses related to the ionic transport 

through the electrolyte depending on its thickness. To overcome this drawback, the ESC are 

commonly operated at higher temperature compared to the electrode supported cell (18). 

Nevertheless, the ESC architecture is under development to improve performance and 

durability. A 30’000 hours test was proven for ESC in electrolysis mode (19). Moving to the 

external supported cells, their support layer is a metallic porous substrate or the interconnect 

(1), rather than a brittle ceramic material as for the self-supported cells. The support layer 

material (e.g. ferritic stainless steel) possesses high mechanical robustness, improved thermal 

and electrical conduction, as well as a good thermal compatibility with the other cell materials 

in terms of thermal expansion coefficient (TEC), which lowers the thermal stresses (15, 20). 

Today, the most conventional architectures are the hydrogen electrode and the electrolyte 

supported configurations. 

 

 

Figure 1-4. Schematics of planar cell architectures (1). 

 

1.3 Cell materials and requirements  

 

The material selection is driven by several requirements: (i) chemical stability in 

reducing/oxidizing environment, (ii) compatibility with the other layers materials in terms of 

thermal expansion coefficients (TEC) and chemical reactivity, (iii) good mechanical properties, 

(iv) high electro-catalytic activity for the electrodes, and (v) high ionic conductivity while near 

zero electronic conductivity for the electrolyte. Additionally, one should pay attention to the 

sustainability of the selected materials, including their cost and environmental impact. 

1.3.1 Electrolyte 

The dense electrolyte is typically made of fluorite-type ceramic materials stabilized in the cubic 

crystalline structure by doping/substitution of di- or tri-valent cations (21) to promote the 

formation of oxygen vacancies and, consequently, to increase the ionic conductivity of the 

material. The selection of the electrolyte is done on the basis of the targeted operating 

temperature, mechanical-chemical-thermal behaviour and compatibility with the cell materials. 

The most classical electrolyte material used for hydrogen electrode supported cells is the 8 
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mol.% yttria stabilized zirconia (8YSZ). This ceramic material possesses high ionic 

conductivity in the temperature range of 700-900 °C, e.g. 0.054 S∙cm-1 at 800 °C (22, 23), and 

good mechanical properties. A lower yttria doping (e.g. 3YSZ) improves its mechanical 

properties and decreases its ionic conductivity, i.e. from 0.044 S∙cm-1 in 8YSZ to 0.018 S∙cm-1 

3YSZ at 800 °C (24–26). Other materials have been studied in order to decrease the operating 

temperature down to 500°C, such as Gd-doped ceria (GDC), scandia stabilized zirconia (ScSZ), 

lanthanum  strontium  gallate  magnesite (LSGM), because of their higher ionic conductivity at 

lower temperatures compared to YSZ (27–30). 

 

1.3.2 Oxygen electrode 

The oxygen electrode is commonly made of perovskite oxide materials, with the typical 

structure ABO3. In the past, the lanthanum strontium manganite (LSM) was used as one of the 

most common oxygen electrode material in SOCs due to its good compatibility in terms of 

chemical and thermal properties with common electrolytes. However, LSM is mostly an 

electronic conductor with low ionic conductivity causing the electrochemical reaction zone to 

be limited at the interface with the electrolyte (the only ionic conducting phase). Indeed, the 

reaction can only occurs at the so-called three-phase boundary (TPB) lines where the gas-

electrolyte–electrode phases meet (31). In addition, LSM suffers from a delamination leading 

to the detachment of the electrode from the electrolyte especially observed in electrolysis mode 

(32). Thus, nowadays the oxygen electrode is typically made of a mixed ionic electronic 

conductor (MIEC) materials, which allow extending the electrochemical reaction to the whole 

gas-electrode contact surface (see Figure 1-5). The most commonly employed MIEC oxygen 

electrodes are made of under stoichiometric oxygen material such as La1-xSrxCoyFe1-yO3-δ 

(LSCF), La1-xSrxFeO3-δ (LSF) or La1-xSrxCoO3-δ (LSC) (33). Considering the LSCF, the A-site 

and B-site of the ABO3 perovskite are composed by (La1-xSrx) and (CoyFe1-y), respectively. In 

general, such perovskite materials can have a cubic or a rhombohedral phase. For example, La1-

xSrxCoO3-δ crystalline structure can vary from cubic (0 < x < 0.5, at room temperature)  to 

rhombohedral (0.55 < x < 0.7, at room temperature) depending on the Sr content (34, 35). LSCF 

typically shows phase transition between cubic and rhombohedral phases, and it is also defined 

as a pseudo-cubic structure when the difference is not evident (36). In addition to cubic and 

rhombohedral structures, orthorhombic structure was found at room temperature (37), also 

depending on the Co/Fe ratio (38). An additional improvement in terms of performance was 

achieved with the use of the LSCF-GDC composite (33, 39). Despite the improved performance 

compared to the LSM, LSCF-based oxygen electrode materials are prone to decompose during 

operation (40–44). More recently, nanostructured materials and high entropy oxides are under 

investigations because of their enhanced performance and stability (45, 46). For the oxygen 

electrode material selection, it should be considered that cobalt-based materials are critical for 

several reasons, such as mining, scarcity, uneven distribution, high price, etc. (47–49). In 

addition, Co-based perovskites have a low thermal compatibility with other layers materials 

due to their high thermal expansion coefficient (TEC) (i.e. 16.3 LSCF vs 11.9 for GDC and 

10.8 for 8YSZ) (50, 51). Much more attention should be paid on this aspect and move towards 

cobalt-free materials.  
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a) 

 

b) 

 

Figure 1-5. Schematics of the reaction zone in a) LSM and b) LSCF materials. 

 

1.3.3 Hydrogen electrode 

The porous hydrogen electrode is commonly made of Ni-YSZ cermet material, where Ni is the 

electronic conducting phase and the catalyst and the YSZ is the ionic conducting phase (52). 

As for the oxygen electrode, the presence of both electronic and ionic conducting phases in the 

cermet allows extending the active zone in terms of TPB. In the following section, it will be 

explained in more details that this material serves as functional and support layers for the cell. 

In this case, two different layers with different microstructures and compositions are considered 

for the hydrogen electrode: a thin (around tenths of µm) active functional layer near the 

electrolyte and a thick support layer (around hundreds of µm) near the interconnector. The 

active layer has a finer microstructure and it is usually made of a Ni-8YSZ cermet material that 

possesses a higher ionic conductivity. The support layer has a coarser microstructure and it is 

made of a Ni-3YSZ cermet that has improved mechanical robustness (25). Other materials are 

continuously being studied to achieve an improved microstructural stability during operation, 

such as Ni-GDC, perovskite materials, etc. (53–56). 

 

1.3.4 Barrier layer 

In order to limit the LSC or LSCF reactivity with the YSZ and the consequent formation of 

secondary phases as observed by many authors (57–60), a barrier layer made of GdxCe1-xO2-δ 

(GDC) is added between the oxygen electrode and the electrolyte. The method selected for the 

preparation of the GDC layer has been shown to be a key factor in preventing the reactivity of 

the oxygen electrode with the electrolyte. Typically, 10-20% Gd-doping is employed to prepare 

a porous GDC layer with standard screen-printing method, or dense GDC layer with physical 

vapour deposition (PVD) and pulsed laser deposition (PLD) methods (61–66). The comparison 

of the different methods shows that an improved performance and phase stability without 

reactivity is possible with a dense GDC layer (61, 62, 66–68). This can be explained by the fact 

that Sr preferentially diffuses through the pores in the gas phase as Sr(OH)2 to react with cations 

from the electrolyte (69, 70). A dense GDC layer can also prevent or limit the elemental inter-
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diffusion and reactivity at the GDC/YSZ interface during manufacturing (64, 65). Accordingly, 

the formation of secondary phases at the SDC/YSZ interface can be completely eliminated by 

employing a dense and pore-free SDC interlayer to block gas species diffusion (70).  

 

1.4 Modelling of SOCs  

 

The modelling is generally recognised as an effective tool to unravel the complex set of 

processes occurring in real systems. As depicted in Figure 1-6, there are several categories of 

models, which can be subdivided as follows (71–73): phenomenological, semi-empirical or 

empirical, physics-based or statistics-based; zero to three dimensional; stationary (steady-state) 

or dynamic (transient state); atomic- to macro-scale, up to the system-level.  

 

 

Figure 1-6. General model categories (71). 

 

Modelling is generally used to simulate the real response of the cell according to various 

parameters. The modelling of SOCs  provides guidelines in terms of cell design and materials 

selection (74), as well as materials optimization (75–77). Additionally, modelling is used to 

assess the optimal operating conditions (78), as well as to investigate the factors that play a role 

on the cell performance (79) and cell durability (80–82).In order to consider the phenomena 

occurring in the cell at different length scales, multiscale modelling is required. In the next 

sections, a brief summary of the state of the art on the various modelling methods for SOCs is 

reported for the different length scales. Additionally, the multiscale physics-based model used 

in this thesis is briefly described. 

1.4.1 Atomic-scale modelling methods 

The most employed methods at the atomic scale are the density functional theory (DFT) (83, 

84) and molecular dynamics (85). Kinetic Monte Carlo (KMC)-based codes can be used to link 

atomic-scale models to the meso- or macro-scale models (86). For instance, DFT atomic-scale 

models can be coupled with electrode level kinetic model (87). 
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1.4.2 Meso-scale modelling methods 

At the meso-scale, the elementary steps in the reaction mechanism can be described using 

elementary kinetics approaches (88). Additionally, the 3D microstructure and morphology of 

the electrodes can be modelled at this length scale, using discrete element methods (89) or 

stochastic-based models (90). 

1.4.3 Macro-scale modelling methods 

Approaching the macro-scale modelling, the model usually considers the mass, momentum, 

energy conservation equations, as well as charge transfer, chemical and electrochemical 

reactions (91–93). The most commonly employed methods are the computational fluid 

dynamics (CFD) models are used to solve the Navier-Stokes equations (94–97) with finite 

volume (FVM) or finite element (FEM) discretisation methods (98–101). The continuum 

approach is also extensively used to treat the heterogeneous material as a continuum mean with 

homogenized microstructural and physical properties (102–104). Finally, the response of the 

complete system, along with the BoP, can be modelled with process simulation methods (105). 

1.4.4 Multiscale physics-based model 

Despite the extensive literature devoted to modelling, there is still a lack of fundamental 

understanding of the governing degradation mechanisms in the cell components. The 

identification of the rate determining steps (RDSs) in the reaction pathway has not yet been 

extensively addressed with a physics-based impedance model at the cell level, which considers 

an elementary description of the reaction mechanisms at the two electrodes. Indeed, the 

simulation of the dynamic electrochemical response and the identification of the contributions 

in the EIS at the complete cell level have to be studied in the detail. Only few works considered 

elementary steps in physics-based model to simulate the impedance spectra at the cell level 

(106, 107). Despite the proved effectiveness of the physics-based approach, there are still 

uncertainties on the contributions identifications and further investigations are required. 

Finally, the governing degradation mechanisms have not been clearly understood yet.  

The multiscale physics-based model available in the research group takes into account (i) 

atomic scale DFT simulations, (ii) a 3D representation of the electrodes microstructure (76), 

(iii) a description of the reaction mechanisms in full elementary steps for the two electrodes 

(108, 109), as well as (iv) the SOC geometry together and the gas flow configuration at the cell 

level (110, 111) (see Figure 1-7).  
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Figure 1-7. Scheme of the multiscale physics-based model available in the research laboratory. 

 

The electrode morphology model is a mathematical model used to compute the synthetic 

microstructure of the electrodes, which are the digital twins of the real microstructure (76). 

Hence, it has the potential to reproduce the electrode microstructures and it can be used to 

retrieve the microstructural properties. As an alternative to the electrode morphology model, 

3D FIB-SEM reconstructions of the electrodes can be used. After image segmentation post 

treatments, it is possible to retrieve the microstructural properties related to the two electrodes. 

The electrode-level microscale model is an electrochemical kinetic model that considers the 

microstructural properties from the synthetic microstructure (or 3D reconstructions) and the 

most important processes. The electrode activation overpotential is computed from this 

microscale model. The reaction mechanism is described in elementary steps for the two 

electrodes. The mass and charge transport conservation equations for charged and non-charged 

species are solved at the steady state and in the time domain, considering the transient terms in 

a non-linear system of partial differential equations (PDEs). Thus, stationary and dynamic 

simulations can be performed. Indeed, the electrodes microscale models were used in previous 

works to predict the stationary and dynamic response of the oxygen electrode (108) and the 

hydrogen electrode (109). 

The cell level macroscale model is a physics-based 2D model able to evaluate the local 

parameters (e.g. partial pressure, current density, activation overpotentials, etc.) along the cell 

radius and, thus, it considers the design of the studied system along with the cell geometry, the 

flow configuration and the gas distribution (58, 112). The functional layers are described in the 

microscale model and introduced as electrode/electrolyte interface in this macroscale model. 

All the kinetics and the electrochemistry are computed with the Butler-Volmer equation for the 

activation overpotentials (111, 113), considering the apparent exchange current densities 

calculated all along the cell length from the microscale model. The parameters used to calculate 

the exchange current densities are extracted under the condition that the cell local activation 

overpotential in the macroscale model matches the electrode overpotential in the microscale 

model. Finally, the partial pressures at the electrode/electrolyte interface resulting from the cell 

level model are used as boundary condition in the microscale model. The gas transport is 

modelled using the dusty gas model, considering both molecular diffusion and Knudsen 

diffusion in the pores of the electrodes. The microstructural parameters (e.g. volume fraction, 

tortuosity) from synthetic microstructures (or 3D reconstructions) are included in the 

calculation of the diffusion coefficients.  
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In the frame of this thesis, the electrodes morphology was obtained from 3D reconstructions 

(i.e. 3D FIB-SEM images after segmentation) of the two electrodes, the stationary model was 

used to reproduce the experimental polarization curves at the cell level, and the dynamic model 

has been extended to the simulation of the EIS at the cell level. 

The multiscale physics-based model will be thoroughly described in the Chapter III. The 

following section describes the basics of the electrochemical modelling based on the Nernst 

equation and overpotentials. 

 

1.5 Nernst equation and overpotentials  

 

Considering a single complete cell with hydrogen and oxygen as reactants and steam as product, 

the open circuit voltage (OCV) can be expressed according to the Nernst equation (18), as 

follows: 

 𝑈OCV = 𝑈0 +
R ∙ 𝑇

2 ∙ F
ln (

𝑎H2
∙ 𝑎O2

0.5

𝑎H2O
) [3] 

Where 𝑈0
 is the voltage of the cell assessed in the standard conditions, R is the universal gas 

constant (8.314 J∙mol-1∙K-1), T is the absolute temperature (K), F is the Faraday’s constant 

(96485 C∙mol-1), and 𝑎j is the chemical activity of the j-th species (i.e. hydrogen, oxygen or 

steam) evaluated at the electroactive sites under zero current. 

When the cell is under polarization, various phenomena occurs causing voltage losses (i.e. 

overpotentials or overvoltages). The three main types of losses are distinguished as activation, 

ohmic and concentration overpotentials and they are briefly described in this section.  

Close to OCV, the activation overpotential causes a first cell voltage loss at low current 

densities. This term is derived from the Butler-Volmer equation (114, 115) considering the 

symmetry factor (or charge transfer coefficient) equal to 0.5 (113, 116–121): 

 𝜂act
H2 electrode

=
R ∙ 𝑇

F
sinh−1 (

𝑖

2 ⋅ 𝑖0
H2 electrode

) [4] 

 𝜂act
O2 electrode

=
R ∙ 𝑇

F
sinh−1 (

𝑖

2 ⋅ 𝑖0
H2 electrode

) [5] 

Where 𝑖0 is the exchange current density associated to the given electrode (hydrogen or oxygen 

electrode). 

Approaching the linear region of the i-V curve at higher current densities, the ohmic 

overpotential prevails. The ohmic losses are caused by the resistance associated to the electrons 

flow in the electrodes and ions flow across the electrolyte, as well as by the contact resistance 

in between the electrodes and the current collectors. This ohmic overpotential is expressed 

considering the term Rohm as global resistance in the classic Ohm’s law as follow: 

 𝜂ohm = Rohm ∙ 𝑖 [6] 
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Finally, the concentration overpotential are related to the gas conversion (122) and gas diffusion 

losses (123) and it becomes predominant at high current density: 

 𝜂conc = 𝜂conv + 𝜂diff [7] 

As for the activation overpotential, both conversion and diffusion overpotentials have different 

expression according to the electrode. The conversion overpotential is a reversible loss related 

to the change in composition with the current according to the Faraday’s law. It is derived from 

the Nernst equation and expressed as follows (115): 

 𝜂conv
H2 electrode

=
R ∙ 𝑇

2 ∙ F
ln (

𝑎H2

ch,𝑖=0 ∙ 𝑎H2O
ch,𝑖≠0

𝑎H2

ch,𝑖≠0 ∙ 𝑎H2O
ch,𝑖=0

) [8] 

 𝜂conv
O2 electrode

=
R ∙ 𝑇

4 ∙ F
ln (

𝑎O2

ch,𝑖≠0

𝑎O2

ch,𝑖=0
) [9] 

Where 𝑎j
ch,𝑖=0

 and 𝑎j
ch,𝑖≠0

 are the chemical activities of the j-th species evaluated at the gas 

channel for an imposed current equal or different from zero, respectively. The conversion 

overpotential is only dependent on the applied current and the gas composition (124). When all 

the reactants entering the cell are consumed by the reaction, the so-called limiting current 

density appears. This parameter is strictly linked to the conversion losses. A conversion rate is 

usually defined as the ratio between the flow of reactants at the inlet and the reactants consumed 

by the reaction. This parameter is named fuel utilization (FU) when operating in fuel cell mode, 

while it is referred as steam conversion (SC) when operating in electrolysis mode. 

The diffusion losses are due to the difficulty of the gas species to cross the porous and tortuous 

structure of the electrode and to reach the active sites. This species transport limitation causes 

a depletion in the reactants needed for the reaction at the active sites, where the reaction occurs. 

The diffusion overpotential at the two electrodes are described by the following equations [10] 

and [11] (111): 

 𝜂diff
H2 electrode

=
R ∙ 𝑇

2 ∙ F
ln (

𝑎H2

ch ∙ 𝑎H2O

𝑎H2
∙ 𝑎H2O

ch
) [10] 

 𝜂diff
O2 electrode

=
R ∙ 𝑇

4 ∙ F
ln (

𝑎O2

𝑎O2

ch
) [11] 

Where 𝑎j
ch and 𝑎j are the chemical activities of the j-th species evaluated for an imposed current 

different from zero at the gas channel and at the active sites, respectively. 

Overall, the cell voltage considers all the losses defined previously. The overpotential terms are 

subtracted in fuel cell mode and summed in electrolysis mode. Accordingly, the cell voltage 

can be expressed as follows: 

 𝑈cell = 𝑈OCV ± 𝜂act ± 𝜂ohm ± 𝜂conc [12] 
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Figure 1-8. Schematics of a) polarization curves for both electrolysis and fuel cell modes and b) overpotentials. 

 

1.6 Cell performance and durability  

For industrial applications, the voltage as a function of current and the voltage evolution over 

time define the performance and the durability of the cell, respectively. In the following 

sections, the state of the art on the cell performance and durability is presented. The state of the 

art on the cell performance includes a brief description of the most used electrochemical 

characterization techniques, namely polarization curves and electrochemical impedance 

spectroscopy (EIS). The state of the art on the cell durability includes the current status of the 

targets in terms of degradation rate (DR) and lifetime.  

 

1.6.1 State of the art on cell performance 

 

Typical performance for solid oxide cells depends on operating parameters, including the 

temperature, current density, gas flow rate and gas composition. They can be defined in terms 

of cell voltage at given current density, or vice versa, as well as in terms of power density or 

area specific resistance (ASR). Table 1-1 summarizes the performance of some selected cell. 

Additional cell performance can be found in the publication of Graves et al. (125) and Udomsilp 

et al. (126). 
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Table 1-1. Reported performance for SOCs operated in SOFC and SOEC modes. 

SOFC SOEC 

0.75-0.9 V and 1-1.5 Ω∙cm2 at 

0.3 A∙cm-2, 750 °C, 50/50 %vol. 

H2/H2O (127) 

0.75-0.85 V and 0.25-0.7 Ω∙cm2 

at 0.25 A∙cm-2, 800 °C, 

63.6/36.4 %vol. H2/H2O (128) 

ca. 0.8 V at 1 A∙cm-2, 850 °C, 

50/50 %vol. H2/H2O (129) 

1.1-1.25 V and 3-4 Ω∙cm2 in 

SOEC mode at -0.3 A∙cm-2, 750 

°C, 50/50 %vol. H2/H2O (127) 

1.0-1.1 V and 0.3-0.7 Ω∙cm² at -

0.25 A∙cm-2, 800 °C, 63.6/36.4 

%vol. H2/H2O (128) 

ca. 1.2 V at -1 A∙cm-2, 850 °C, 

50/50 %vol. H2/H2O (129) 

 

The SOC performance can be evaluated by performing electrochemical characterizations. 

Polarization curves and electrochemical impedance spectra are among the most common 

characterizations to assess the electrochemical response of the cell. In the next sections, general 

information about these two types of characterizations are briefly presented. 

1.6.1.1 Polarization curves 

A polarization (or i-V) curve consists of plotting the cell voltage as function of the applied 

current (see Figure 1-8). The shape of the i-V curve depends on several processes occurring 

under an imposed DC current, as described in the previous section 1.5. The i-V curves give 

important information about the electrochemical performance of a cell. The slope of the curve 

in the linear part, corresponds to the ASR.  

1.6.1.2 Electrochemical impedance spectroscopy (EIS) 

The electrochemical response of a cell can be assessed with the EIS technique, which consists 

of applying a sinusoidal perturbation to the studied system and measuring the output signal. 

Considering the application of an alternating current (AC) as perturbation, the response of the 

cell can be defined as follows: 

 𝑖(𝑡) = 𝑖DC + 𝑖AC ∙ sin(2π𝑓𝑡) , 𝑈(𝑡) = 𝑈DC + 𝑈AC ∙ sin(2π𝑓𝑡 + 𝜑) [13] 

Where f is frequency,  φ is the phase shift, 𝑖AC and 𝑈AC are the amplitudes for the AC current 

and voltage, respectively, and 𝑖DC and 𝑈DC are the imposed DC current and voltage, 

respectively. By applying a sufficiently perturbation, the response of the system can be 

considered within the linear domain, so that the cell impedance can be defined as follows: 

 𝑍(𝑓) = |𝑍| ∙ ej⋅𝜑(𝑓) = 𝑍Re(𝑓) + j ⋅ 𝑍Im(𝑓) [14] 
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Where 𝑍Re and 𝑍Im are the real part and the imaginary part of the cell impedance, respectively. 

The impedance spectrum is usually represented by the so-called Nyquist plot, or by the Bode 

plot as shown in Figure 1-9. 

 

a) 

 
b) 

 
c) 

 
Figure 1-9. a) Nyquist and b) Bode plots for representing the impedance spectrum. 

 

Thanks to the EIS, it is possible to extract important information about the electrochemical 

performance of the cell, such as the series resistance (Rs), the polarization resistance (Rpol) and 

the total resistance (Rtot = Rs + Rpol). The series resistance corresponds to the intercept of the 

Nyquist plot with the real axis at high frequencies, and it is related to the cell ohmic resistance 

(130). The intercept of the Nyquist plot with the real axis at low frequencies is related to the 

total cell resistance, which corresponds to the ASR. The polarization resistance corresponds to 

the length of the segment below the impedance arc in between the two intercepts of the Nyquist 

plot with the real axis (i.e. the difference between Rtot and Rs), and it is related to the resistive 

processes occurring in the electrodes (131). Additionally, the impedance spectra can provide 

information about the rate determining steps (RDS) in the electrodes, knowing that the various 

kinetic processes in the reaction mechanism start to appear at different frequency ranges in the 

EIS, depending on their speed (131). 

The impedance spectrum is usually post treated with different techniques to extract the useful 

information about the electrochemical response of the cell. One possibility is to fit the 

impedance spectrum with an equivalent electric circuit model (EECM) built with electrical 
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elements such as electric resistance, inductance, capacitance connected in series or in parallel 

(132). Another way is to use the distribution of relaxation times (DRT) analysis, which is a 

statistical approach to deconvolute and identify the contributions in the impedance diagram 

(133). Finally, physics-based models can be used to account for the kinetic processes in the 

reaction mechanism to predict the response of the cell and identify the RDS in the EIS diagram 

(106). In the frame of this thesis, as it will be detailed in Chapter II, the raw EIS are first 

corrected using an EECM and, then, they are analysed by a physics-based multiscale model. 

 

1.6.2 State of the art on cell durability 

 

The durability curves are obtained by performing long-term tests at given operating conditions 

to observe the evolution over time of the cell electrochemical response in terms of voltage (or 

current) in galvanostatic (or potentiostatic) mode. Figure 1-10 displays an example of a 

durability curve for a SOC operated in electrolysis mode under galvanostatic conditions. 

According to the literature, cell performance degradation (e.g. voltage increase for tests under 

SOEC mode in galvanostatic mode) slows down over time (134–136) following a non-linear 

trend (137). Hence, a faster degradation occurs at the beginning of the durability test (Zone I), 

with a gradual decrease over time (Zone II). The slowdown of degradation rate is probably 

ascribed to a slower evolution of the material degradation (e.g. Ni coarsening or active site 

poisoning) (138, 139). 

 

 
Figure 1-10. Representation of a durability curve under SOEC mode in galvanostatic mode. 

 

From the durability curve, the degradation rate (DR) can be extracted, which provides 

information about the performance degradation after a given amount of time. The DR is usually 

expressed in mV∙kh-1 or %∙kh-1 and it is defined as the ratio between the cell voltage evolution 

over a given time and the initial voltage: 

 𝐷𝑅(𝑡) =
Δ𝑈(𝑡)

𝑈(𝑡0)
⋅

1

Δ𝑡
=

𝑈(𝑡) − 𝑈(𝑡0)

𝑈(𝑡0)
⋅

1

𝑡 − 𝑡0
 (mV ⋅ kh−1) [15] 

In the literature, hydrogen electrode supported cells show DR values around 2 – 5 %∙kh-1 in 

SOEC mode (140–143) and in the range of 0.5 – 2 %∙kh-1 in SOFC mode (144, 145). Currently, 

the longest durability test has reached more than 100’000 hours (more than 10 years) of 

operation in SOFC mode at 700 °C, 0.5 A∙cm-2, 21/79 %vol. H2/H2O, 40 % FU, cell active area 

81 cm² (137, 146, 147), with a DR of 0.5 %∙kh-1. The targets for SOFC systems in terms of 

durability are 80’000 – 90’000 hours (148, 149) with DR lower than 0.2 %∙kh-1 (150, 151). 
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Considering the operation in SOEC mode, the DR is commonly observed to be higher compared 

to the SOFC operation (58, 152, 153). Schefold et al. (19) reported 34’000 h of operation in 

electrolysis mode at 780-800 °C, -0.6 A∙cm-2, 25/75 %vol. H2/H2O, 50 % SC, cell active area 

45 cm², with a DR of around 4 mV∙kh-1. The targets set for SOEC are 80’000 hours lifetime 

with DR around 1.6 %∙kh-1 with cell performance equal to -2 A∙cm-2 at 1.28 V (154). Finally, 

the 2030 targeted durability for reversible solid oxide cells (rSOC) is set to be 40’000 hours 

(155). A summary of the current status of durability and degradation rates for SOFC, SOEC 

and rSOC can be found in the manuscript from Lamagna et al. (156).  

 

Table 1-2. State of the art and targets on cell durability in SOFC and SOEC operation. 

Mode of operation SoA Targets  

SOFC 100’000 h, 0.5 %∙kh-1 (137, 146, 147) 80’000 – 90’000 h (148, 149), 

< 0.2 %∙kh-1 (150, 151)  

SOEC 34’000 h, 4 mV∙kh-1 (19) 80’000 h, 1.6 %∙kh-1 (154) 

 

In order to shorten the duration of long-term tests and address the study of the degradation in 

SOCs within reasonable time, accelerate stress test (AST) protocols have been recently 

explored to hasten the degradation phenomena (157–159). Many factors are known to aggravate 

the degradation in SOCs, such as high current density (160), temperature (161)  and water 

content in air (162). Nevertheless, the AST protocol need first to be validated in order to 

reproduce the same degradation impact effect on the cell as under non-accelerated conditions. 

Additionally, the impact of some factors on the cell degradation is not yet understood, such as 

the operating temperature, as presented in the detail in the next section 1.7 related to the state 

of the art on the degradation phenomena. 

1.7 Degradation phenomena in solid oxide cells  

 

As can be seen, despite the promising features of SOCs, their limited durability remains the 

main bottleneck for the large-scale commercialization. Various degradation phenomena may 

occur during operation causing a deterioration of the electrochemical performance and 

shortening the lifetime of the cell, with a direct impact on the economic viability. Most efforts 

in the research community are focused on the understanding of the degradation mechanisms 

and their impact on the cell performance loss. Nowadays, the degradation mechanisms remain 

unclear and the role of the manufacturing and the operating conditions on the stability needs to 

be better understood. The degradation phenomena manifest themselves in the form of 

microstructural evolution (138, 163), active site poisoning (164–166), material decomposition 

(58, 167), reactivity and inter-diffusion at the interfaces (40, 61, 168). Some of these 

phenomena occur already during the cell fabrication. The manufacturing conditions can play 

an important role on the cell durability, as reviewed in (169). Upon operation, the SOC 

degradation is strongly dependent on the temperature (170), the current density (171–173) and 

the humidity content in the air (162, 174–176). 

The following sections describe the main electrodes degradation phenomena. Particular 

attention is paid to the oxygen electrode degradation, which is the main focus of this thesis.  
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1.7.1 Hydrogen electrode degradation 

 

The degradation phenomena observed in the Ni-YSZ hydrogen electrode take place in the form 

of microstructural evolution, including Ni agglomeration and Ni migration (55, 147, 153, 177–

181). Both Ni agglomeration and Ni migration are reported to cause an increase in the cell 

polarization resistance after operation (182, 183). Additionally, an increase in the ohmic losses 

in the EIS was attributed to the Ni migration occurring in SOEC mode (55, 160). The Ni 

agglomeration (or coarsening) consists in the Ni particles growth after operation (177). Hubert 

et al. (178) observed a higher Ni agglomeration at higher operating temperatures. The formation 

of a Ni-depleted zone at the interface with the electrolyte is observed already after few hundreds 

hours of operation in SOEC mode (180). The Ni migrates from the interface with the electrolyte 

towards the bulk of the electrode in electrolysis mode (181). An opposite trend is observed in 

SOFC mode, where a slight Ni accumulation is found at the interface with the electrolyte after 

very long ageing time in the order of 105 h (147). According to Wang et al. (183), Ni migration 

is affected by the local humidity, overpotential, operating temperature and current density. Only 

few works studied the impact of temperature on the Ni migration with contradictory conclusions 

(140, 160, 179, 184, 185). Indeed, it is still not clear whether the high operating temperature is 

aggravating (160) or alleviating (185) the Ni migration in SOEC mode. Hoerlein et al. (160) 

observed a lower Ni depletion in the sample aged at 750 °C, compared to those aged at higher 

operating temperatures. They explained that this should be related to the higher electrode 

overpotential at such lower temperature. 

 

1.7.2 Oxygen electrode degradation 

Among the different degradation processes at the cell level, those related to the oxygen 

electrode are reviewed in Table 1-3. It has been shown that the oxygen electrode explains a 

substantial part of the cell degradation in performances (145, 152). For the LSCF/GDC/YSZ or 

LSC/GDC/YSZ system, the main degradation phenomena are ascribed to Cr poisoning, LSCF 

decomposition and secondary phase formation at the GDC/YSZ interface such as SrZrO3 

(SZO). Additionally, nano-pores formation in the YSZ has been attributed to elemental 

diffusion and interpreted as Kirkendall voids (186, 187). 
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Table 1-3. Main degradation phenomena in SOC oxygen electrode 

Phenomenon Description Region 
Impact on 

performance 
Countermeasures References 

Demixing Release of cations Perovskite lattice 

Surface 

passivation, 

loss of activity 

Decrease of the 

ionic 

conductivity 

(Dchem) 

Change of 

materials, surface 

decoration 

(33, 41, 43, 

44, 58, 

188–190) 

Reactivity 

Formation of new 

phases: SrZrO3 

(SZO), inter-

diffusion layer 

(IDL) 

Interfaces between 

layers with different 

composition 

Additional 

resistive layer 

Diffusion barrier 

layer, 

manufacturing 

conditions 

(59, 186, 

191–193, 

193, 194, 

40, 195–

197, 58, 

62, 198, 

42, 168, 

199, 61) 

Delamination 

Detachment of the 

electrode from the 

electrolyte due to 

high oxygen partial 

pressures or thermal 

stress at the 

electrode/electrolyte 

interface 

Electrode/electrolyte 

interface 

Catastrophic 

failure of the 

cell 

Change material (32, 200) 

Poisoning 

Deposition of 

contaminants such 

as Cr and S 

Interconnect/electrode 

interface 

Blocking the 

electrochemical 

active sites, 

inhibition of 

the oxygen 

surface 

diffusion 

Coatings, Cr-getters 
(165, 166, 

201, 202) 

 

1.7.2.1 Decomposition of the LSCF 

 

LSCF demixing. During manufacture and operation at high temperature, the LSCF demixing 

consists in a change in the composition of the material in the bulk and/or at the surface (203, 

204). The latter consists of segregation of cations (e.g. Sr, Co) from the lattice of the material 

to the outermost surface, with the subsequent formation of passivating layer as oxides (such as 

SrO), hydroxides or carbonates layer at the surface. This layer is known to limit the electron 

transfer and slow down the oxygen surface exchange kinetics (43) and sub-surface oxygen bulk 

diffusion (205).  

The release of cations from the lattice and their consequent segregation to the surface arise from 

the well-documented decomposition of the LSCF (33, 40–44, 58, 59, 188–191, 193). The Sr 

segregation is one of the most reported detrimental phenomena for this type of material (41, 44, 

206–211). The LSCF decomposition with the consequent Sr segregation are found to be 

aggravated under humid air conditions as reported in literature (162, 174–176) and more 
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generally by the atmosphere surrounding the cell (212). Monaco et al. (40) observed an 

aggravated destabilization of the LSCF after operating in SOEC mode at high temperature. 

According to this finding, they suggested that the LSCF decomposition is activated by the high 

operating temperature.  

In addition to Sr segregation, many studies reported Co segregation under SOFC and SOEC 

operation at different current densities, under different operating temperatures between 800-

900°C (58, 59, 199, 207, 213–217). A Raman spectroscopy study has shown that segregated 

cobalt was in the form of Co3O4 (218). Moreover, the study of Mahmud et al. (219) suggested 

that structural change of the LSCF perovskite occurs with the formation of Co3O4, a partial 

reduction of Co4+ to Co3+ and of Fe4+ to Fe3+. However, the Co segregation was found also in 

the form of Co-Fe oxides (58, 207). In the literature, Co was observed mainly in the GDC (58, 

59), with a lower amount in the electrolyte (59), but also on the LSCF surface in dense bar 

samples (214) and porous electrodes (207).  

 

Figure 1-11. Cobalt-enrichment at the LSCF surface in porous electrodes. Reprinted (adapted) with permission 

from {N. Ni, S. J. Cooper, R. Williams, N. Kemen, D. W. McComb, and S. J. Skinner, ACS Appl. Mater. Interfaces, 

8, 27, 17360–17370 (2016)}. Copyright {2016} American Chemical Society.  

 

Villanova et al. (59) found Co in the GDC, as well as in the YSZ in a minor way, already after 

the cell manufacture. The authors explained that this phenomenon could take part in the long-

term degradation. A further Co and Fe cations diffusion after operation was highlighted in the 

work of Bernadet et al. (63). According to Mahmood et al. (217), the loss of Co from LSCF 

could have an impact on the electrochemical properties of the material, in terms of electro-

catalytic activity, as well as electronic and ionic conductivities. However, Laurencin et al. (58) 

observed that the Co segregation was occurring with the formation of Co-Fe-based particles in 

the GDC barrier layer. They suggested that the good electrical conductivity of such particles 

was not the reason for the major performance degradation, compared to Sr segregation that had 

a significant impact. Accordingly, Shen et al. (220) reported improved performance by 

intentionally increasing the Co content in the SrZrO3 that was artificially added at the interface 

with the electrolyte.  

The main driving forces for cations segregation are the elastic and electrostatic interactions,  

which arise in the presence of strain in the structure (elastic interactions) or in case of a variation 

in the surface charge (electrostatic interactions) (70, 188, 221–227). According to Lee et al. 

(221), the driving force related to the electrostatic energy minimization is linked to the 

electrostatic interactions between the cations and the surface charged defects, while the driving 

force related to the elastic energy minimization is more important when the size mismatch, in 

terms of ionic radii (see Table 1-4), between the dopant and host cation (i.e. La) is larger. Ding 

et al. (188) stated that Sr segregation was hindered by imposing a compressive strain in the 

structure (elastic interactions) and by minimizing the surface charge (electrostatic interactions). 
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Table 1-4. Crystal ionic radii in pm (228, 229). 

La Sr Co Fe Gd Ce Y Zr Ni 

3+: 

117.2 

2+: 132 2+: 79 ls, 

88.5 hs 

3+: 68.5 

ls, 75 hs  

4+: 67 hs 

2+: 75 ls, 

92 hs 

3+: 69 ls, 

78.5 hs  

4+: 72.5 

3+: 107.5 3+: 115  

4+: 101 

3+: 104 4+: 86 2+: 83  

3+: 70 ls, 

74 hs  

4+: 62 ls 

ls = low spin, hs = high spin 

 

According to some authors (230–232), electrostatic interactions seem to be the dominant 

driving forces for Sr segregation in LSCF. Koo et al. (233) also proposed that the redistribution 

of cations in LSCF or LSC could be due to  electrostatic interactions. Indeed, the surface charge 

related to the loss of symmetry at the surface, in comparison to the bulk, may drive the Sr 

segregation. Moreover, the perovskite oxides readily form oxygen vacancies, which may 

accumulate on the surface. Thus, the negatively charged Sr is attracted by the positively charged 

surface oxygen vacancies according to Coulomb’s law, causing cation segregation. According 

to Harrison et al. (225), the surface charge minimization may occur due to a change in the 

charge state of B-site elements or to a change in the surface termination. The latter can be 

obtained either by increasing the Sr concentration or depleting the La at the surface. Ding et al. 

(188) suggested that the substitution of Fe with Co can induce an additional tensile strain and 

increase in the surface charge, thus increasing Sr segregation and SrO formation (by increasing 

Co content that replace Fe). Accordingly, Kwon et al. (226) suggested that A-site cation 

segregation is hindered when smaller B-site cations, such as Ni or Co, are employed. In 

addition, Ding et al. (188) stated that A-site deficiency plays a role in the material stability, 

causing both the two types of interactions. Accordingly, Lu et al. (70), performed a study on 

the comparison of two configuration: stoichiometric LSCF and 5% A-site deficient LSCF. A 

higher amount of SZOs was observed in the stoichiometric LSCF compared to the 5% A-site 

deficient LSCF. The reason behind this finding was related to the improved sintering of the 

deficient perovskite. In addition, they reported that A-site deficiency plays a role in the material 

stability, causing both elastic and electrostatic interactions.  

The LSCF demixing with the release of cations is reported to cause a change in the crystal 

structure and a chemical expansion of the lattice (234–238). The increase in the LSCF lattice 

unit cell volume (UCV) can be ascribed to the LSCF destabilization and more specifically to 

the loss of Sr and Co (234–238). The increase in the LSCF UCV was observed in a previous 

work performed in our laboratory (40) on a cell with same materials but different manufacturing 

conditions, after ageing in SOEC mode at 850 °C. The change in the LSCF lattice parameter is 

in general affected by different factors, such as composition, temperature and oxygen non-

stoichiometry (234, 235). Tai et al. (234, 237) observed an increase in the LSCF lattice 

parameter with decreasing the Sr content in the La1-xSrxCo0.2Fe0.8O3 or increasing the Fe content 

in the La0.8Sr0.2Co1-yFeyO3. They explained that the increase in Sr content, replacing the La, 

cause an increase in the average size of the A-site cations and a charge imbalance. For this 

reason, B-site cations oxidize (i.e. Fe3+ and Co3+ from to Fe4+ and Co4+) to go back to electro-

neutrality, resulting in a decrease in the average size of the B-site cations and the consequent 

net decrease in the global ABO3 perovskite lattice volume. Nevertheless, Chen et al. (238) 

suggested that the chemical expansion of the lattice cannot be explained only by the role of 

ionic radii and the state of oxidation. They state that multiple factors as the preferential 

coordination and the local lattice distortions should be considered.  
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Effect of operating temperature - Concerning the effect of the operating temperature on the 

degradation, Monaco (57) stated that higher operating temperatures could involve higher Sr 

excorporation, which would be thus thermally activated. On the other hand, Endler-Schuck et 

al. (170) have claimed that the LSCF degradation increases with decreasing the operating 

temperature. Moreover, Wang et Barnett (44) found that the amount of strontium increase with 

the temperature from 700°C to 750°C, while at 950°C the Sr segregation decreases. On the one 

hand, Sr could be more easily removed from the LSCF surface at high temperatures by the 

formation of volatile species. Lee et al.  (221) studied the effect of the annealing temperature 

for La0.8D0.2MnO3 (D = Ca, Sr, Ba) dense thin films deposited on single-crystal SrTiO3 

substrates via pulsed laser deposition (PLD). They suggested that lowering the annealing 

temperature could help reducing cation segregation. Koo et al. (233) explained in their review 

paper that lowering the operating temperature would be an effective way to prevent the 

segregation. As can be seen, the effect of temperature is still controversial as different studies 

have different operating parameters and manufacturing conditions. 

Effect of sintering temperature - Another aspect to be considered is the cell manufacturing. 

According to many authors (58, 59, 64, 186, 206, 233, 239), the LSCF phase demixing with the 

diffusion of cations and the formation of secondary phases occur already during the 

manufacturing processes with the LSCF sintering step due to high temperatures around 1000-

1200 °C (64). Conversely, their contributions to the long-term degradation can be neglected 

(239). According to Oh et al. (190), the amount of  segregated SrO phases increase with 

increasing the heat treatment temperature from 600°C to 900°C. Cai et al. (206) stated that 

partially crystalline La0.6Sr0.4CoO3−δ (LSC) thin films deposited at 450 °C by pulsed laser 

deposition have higher stability compared to fully crystalline LSC films deposited at 650°C. 

This was attributed to the lower cation segregation in a partially crystalline structure. 

Effect of polarization - Kim et al. (227) put in evidence the role of electrochemical polarization 

on the elastic and electrostatic driving forces for the segregation in doped lanthanum manganite 

materials. They observed transition from elastic-dominated driving force under anodic 

polarization to electrostatic-dominated driving force under cathodic polarization. The transition 

was defined at the minimum of a U-shaped curve, which reported the trend of dopant 

segregation with the polarization. Under anodic polarization, the increase in surface segregation 

was related to the elastic strain. Under cathodic polarization, the increase in segregation was 

attributed to the electrostatic attraction of negatively charged dopants towards the positively 

charged oxygen vacancies at the surface. In their review, Chen et Jiang (60) highlighted the 

important role of surface properties of the electrode on the Sr segregation according to the 

applied polarization. They explained that, under anodic polarization, the lower amount of 

positively charged oxygen vacancies at the surface cause a lower attraction of the negatively 

charged lattice Sr towards the surface. Thus, the electrostatic attraction of bulk oxygen 

vacancies prevails over the elastic interactions, resulting in a lower Sr surface segregation. 

According to Monaco et al. (40), the operation in electrolysis mode promote LSCF demixing 

and the Sr migration towards the electrolyte to form SZO. Laurencin et al. (58) observed that 

higher degradation rates could be related to the formation of SZO after operation in electrolysis 

compared to fuel cell mode. They suggested that the depletion of oxygen vacancies, which is 

higher during SOEC mode, could favour the Sr release. This is in agreement with the results 

obtained by Frey et al. (152), who stated that LSCF demixing were accelerated in SOEC mode 

compared to SOFC mode. However, some other works (41, 213, 240, 241) stated the opposite 

that higher Sr segregation occurs under cathodic polarization, while it is inhibited under anodic 

polarization. Pan et al. (41) have reported an improvement in the stability of LSCF electrode 

performance under anodic polarization, that could be ascribed to a decrease in Sr species at the 

surface. In addition, the electrostatic interaction between Sr and oxygen vacancies in the bulk 
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could prevail over the driving force associated with the elastic interaction, leading to lower Sr 

segregation (60). Villanova et al. (59) observed a limited growth in the volume of secondary 

phases related to Sr, Gd and Ce, at the GDC/YSZ interface in a fuel electrode supported cell 

aged for 6100h under anodic polarization during SOEC operation. They also stated that, 

conversely to LSCF demixing, the formation of secondary phases should not affect the 

electrochemical response of the cell. Mutoro et al. (213) studied the surface composition of 

dense La0.8Sr0.2CoO3−δ, (La0.5Sr0.5)2CoO4±δ thin films grown by pulsed laser deposition by in 

situ synchrotron-based XPS and they found SrO-like and CoOx-like phases on the surface under 

cathodic polarization.  

 

Effect of humidity in the air - Among the different impacting factors, it has been suggested that 

a higher water content in the air inlet flow implies a higher degradation (162, 174–176, 242). 

This has been found to be related to the formation of volatile Sr(OH)2 (174, 175). Indeed, 

Sr(OH)2 is the dominant Sr containing species in the gas form according to thermodynamics 

calculations and its amount is determined by the presence of water vapor in the air flow (70). 

The volatile Sr(OH)2 species may then easily diffuse to the GDC barrier layer through the pores 

(69, 216). An 100 h test at 1000°C with humidified oxygen (i.e. 20% H2O and 80% O2) showed 

that the presence of water molecules in the gas phase promotes the formation of secondary 

phases (162). Most studies have been performed on symmetrical (162, 176, 243) and complete 

(244) cells in SOFC mode, whereas no studies can be found in SOEC mode for complete cells. 

 

1.7.2.2 Inter-diffusion and reactivity at the LSCF/GDC/YSZ interfaces 

 

A. GDC/YSZ interface 

The LSCF demixing under operation would not only be related to the formation of a Sr enriched 

passivation layer on the LSCF surface, but also to the subsequent formation of secondary phases 

at the interface between the barrier layer and the electrolyte (186, 191–194). Indeed, at the 

interface, Sr can react with Zr coming from the electrolyte to produce phases such as SZO and 

La2Zr2O7 (LZO) with low ionic conductivity (see Table 1-5). Wankmüller et al. (168) stated 

that the transport of Sr towards the electrolyte can occur in three possible ways: (i) via bulk and 

(ii) surface diffusion along LSCF and GDC phases or (iii) via gas diffusion in the form of 

Sr(OH)2 in the pores. 

 

Table 1-5. Ionic conductivities of different phases at 800°C 

Phase Ionic conductivity (S/m) Refs. 

GDC 8.70 (22) 

YSZ 5.40 (22) 

SZO 1.87 x 10-4 (245) 

LZO 4.2 x 10-3 (at 900°C) (246) 

IDL 1.25 x 10-1 (22) 

 

The formation of such phases possibly occurs in the regions where Sr is released from LSCF 

(186, 247) and it is known to contribute to a decrease in the cell performance, when forming a 
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continuous layer with lower ionic conductivity (194, 197, 199). However, Laurencin et al. (58) 

observed SZOs were formed only in the open porosity of the GDC, so that they should not 

affect the cell performance. Moreover, Tietz et al. (62) found that the durability was not affected 

that much by the presence or absence of SZOs. Indeed, thanks to a dense barrier layer by 

physical vapour deposition (PVD), the Sr diffusion towards the electrolyte along with the 

formation of secondary phases was almost suppressed, without substantial enhancement in the 

cell durability. Therefore, they stated that the LSCF decomposition contribute in a major 

manner to the cell decrease in performance compared to the formation of secondary phase at 

the electrolyte interface. In addition to avoid SZO formation, Tietz et al. (62) observed higher 

initial performance for dense GDC layer obtained with PVD, compared to porous sintered GDC 

layer. Accordingly, Bernadet et al. (63) reported that a dense GDC barrier layer, obtained by 

PLD, can prevent cations inter-diffusion and formation of secondary phases, leading to 

improved cell performance and durability. The structure of the GDC barrier layer can also affect 

the formation of secondary phases. The barrier layer can be porous or dense. Higher 

performance and small or absent reactivity with the electrolyte was observed for dense GDC 

layer (62, 67, 68). Indeed, according to literature (69, 70), in the case of porous diffusion barrier 

the formation of secondary phases mainly occurs because of volatile Sr(OH)2, which is the most 

present species and it can diffuse easily through the pores of the barrier to reach the electrolyte. 

Some authors performed a study comparing dense and porous GDC barrier layer, highlighting 

the advantages of a dense barrier layer in terms of performance and reactivity with the 

electrolyte with the formation of SZO (61, 62, 66, 68). The effect of the thickness of the barrier 

layer was also investigated, pointing out the trade-off between additional ohmic resistance in 

the case of too thick layer and reactivity in the case of too thin layer (67, 248). To summarize, 

the formation of the SZO layer at the interface with the electrolyte is dependent on the 

manufacturing conditions.  

The formation of the IDL at the GDC/YSZ interface is another phenomenon that has been 

observed in literature (40, 59, 193, 195, 196). It has been shown that the formation of the IDL 

can arise due to the diffusion of Zr  and Y from the YSZ electrolyte towards the GDC layer and 

the diffusion of Gd and Ce from the GDC barrier layer towards the electrolyte (168, 193). As 

mentioned above for the secondary phases formation, the application of a dense GDC layer by 

PLD was found to inhibit the IDL formation (64, 65). However, it is not clear if it could be 

deleterious for the cell performance by inducing an increase in ohmic losses due to a decrease 

of the ionic conductivity (198) or if it could help by acting as a protective layer against the 

formation of secondary phases (42, 168, 199). Wilde et al. (199) found that the IDL is composed 

of two sublayers. From GDC to YSZ, they observed first a sublayer composed of Gd with a 

substantial amount of Ce and poor amount of Zr, followed by a second sublayer with Gd, almost 

no Ce and richer in Zr. The Gd content was found to be almost constant in the IDL, with a drop 

at the interface with the electrolyte.  In this way, the Zr-rich phase (YSZ) and the Sr-rich phase 

(Sr(OH)2 volatile species in the pores of the GDC barrier layer) are effectively separated, and 

their reactivity is prevented. They also observed a microstructural change of the IDL after LSCF 

sintering, mainly when the GDC is sintered at low temperature. Moreover, it was proposed that 

the diffusion of Zr4+ from YSZ, associated to the formation of secondary phases as SZO upon 

operation, could also trigger the inter-diffusion of Gd and cause a decrease in local ionic 

conductivity (40, 249–251). In addition, it was suggested that such mechanism may partly 

explain the larger increase in the ohmic resistance observed for the cell operated in electrolysis 

mode compared with the fuel cell mode, at high temperatures (40). Nevertheless, the authors 

concluded that further characterizations at the nanometre length scale are required to finely 

investigate the IDL and its evolution after long term operation.  

In addition to the IDL, nano-porosities form at the interface between the electrolyte and the 

diffusion barrier, which are named Kirkendall voids (186, 187, 252, 253). According to The et 

al. (186) it could be related to the Zr4+ diffusion from the electrolyte to the interface with the 
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diffusion barrier, while Mitsuyasu et al. (187) stated that such voids resulted from the diffusion 

of Ce into the YSZ. 

 

Effect of sintering temperature - As discussed in section 1.2, manufacturing conditions affect 

also the reactivity with the electrolyte. It has been shown that the IDL is strongly affected by 

the GDC sintering temperature (42, 168, 199). According to Wankmüller et al. (168), at high 

sintering temperatures (1400°C), the thickness of the IDL increase and the formation of SZO 

decreases, while at lower sintering temperatures (1100-1200°C) a continuous layer of SZOs 

was observed. Moreover, Xu et al. (196) observed in NiO-YSZ/GDC/YSZ half cells prepared 

via tape casting and then sintered that inter-diffusion at the GDC/YSZ interface takes place 

especially during the sintering process performed at two different sintering temperatures (i.e. 

1250°C and 1315°C), whereas its impact on the cell degradation was negligible during long-

term operation at lower temperature (i.e. 700°C for 2000h). They also found that the inter-

diffusion was promoted at high sintering temperature.  

 

Effect of sintering time - Another factor to be considered during manufacturing processes is the 

sintering time. Indeed, a possible way for suppressing the Sr cation diffusion and SZO 

formation is to obtain the LSCF electrode via flash light sintering technique, which is 

characterized by an extremely short processing time period of a few seconds, during which the 

diffusion of elements is not sufficient for secondary phase formation (254). 

 

 

B. LSCF/GDC interface 

It has been shown that additional inter-diffusion and reactivity can occur at the LSCF/GDC 

interface (197, 247, 255–257). Develos-Bagarinao et al. (255) reported that the use of a dense 

GDC, instead of a nanocolumnar structure, both obtained by PLD, can limit the cations 

diffusion at the LSCF/GDC interface. De Vero et al. (197) observed an increase in Gd content 

in the LSCF that was counterbalanced by the release of La towards the GDC layer to maintain 

the same A/B perovskite ratio. According to Shaula et al. (258), the perovskite A-site deficiency 

can promote the introduction of Ce and Gd into LSCF. Lower electrical conductivity was 

reported for Gd-based perovskites Gd0.4Sr0.6Co0.8Fe0.2O3-δ as compared to 

La0.4Sr0.6Co0.8Fe0.2O3-δ (259). According to Uhlenbruck et al. (61), the diffusion of Gd from the 

GDC to the LSCF is a possible cause for the cell performance degradation. They observed in 

the GDC barrier layer a content of 5 at.% Gd, which was much lower compared to the nominal 

value (i.e. 20 at.%). Additionally, they reported a change in the LSCF structure after adding 1 

at.% Gd to form La0.58Sr0.4Gd0.01Co0.2Fe0.8O3-δ. On the other hand, Zhang et al. (46) observed 

an improved performance and durability, with the suppression of Sr segregation, when Ce and 

La mutually diffused in the LSCF-CeO2 nanofiber-based electrode. As can be seen, the 

conflicting conclusions among the different studies indicate that the role of GDC elements 

incorporation into the LSCF on the durability of the cell materials is not fully clarified. 

 

1.7.2.3 Mitigation strategies 

 

In the literature, there are many suggestions about what is needed to be addressed in order to 

reduce the Sr segregation and its effect on performance. For instance, Chen et Jiang (60) 
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highlighted the role of surface chemistry, oxygen nonstoichiometry, cation segregation and 

phase changes. According to Sun et al. (260), the use of GDC electrolyte allows reducing the 

amount of Sr segregation. Nevertheless, they found surface segregation of Co was promoted 

under the cathodic polarization, with the consequent formation of isolated CoOx particles like 

CoO and Co3O4 in the LSCF electrode and no segregation at the interface with GDC electrolyte. 

Conversely, accumulation of Sr and Zr was found at the interface with the YSZ electrolyte. 

Moreover, a limited impact on the LSCF activity and stability was observed.  Another possible 

way to reduce the effect of segregated species is the chemical etching, which has been described 

by many authors (206, 261–263). This technique allows recovering the performance of the cell 

removing the Sr-segregated phases. Lu et al. (263) found that treatment with ultrapure water 

allowed the polarization resistance to be reset to the initial value. However, they stated that 

possible challenges could arise to apply a cleaning process on a stack and not just on a lab-scale 

cell. Villanova et al. (59) studied two different cell configurations operated in different 

conditions, namely a cathode supported cell (CSC) made of LSCF/GDC/8YSZ/Ni-YSZ and an 

electrolyte supported cell (ESC) made of LSCF/GDC/6Sc1CeSZ/GDC/Ni-GDC. In both 

architectures, diffusion of elements was observed already after the sintering process. According 

to their results, a clear accumulation of Sr was found at the interface in the case of the CSC, 

compared to the ESC, for which the GDC barrier prevented the Sr diffusion at the interface. Co 

diffusion was found in both architectures, but in the CSC operated for 6’100 h it was limited in 

the GDC barrier, while in the ESC it reached the electrolyte after an operation of 23’000 h. In 

addition, the adoption of A-site deficiency,  A-site or B-site doping (e.g. B-site doping with 

high valence cations) in the typical perovskite structure ABO3 demonstrated a remarkable 

reduction of the Sr surface segregation and enhance the structural stability of LSCF (60, 70, 

188, 264). Moreover, Li et al. (261) reviewed the impact of LSCF surface decoration by 

nanoparticles in order to mitigate the cation segregation. Indeed, they stated that surface 

decoration can be a relevant solution to combine a high catalytic activity for the electrochemical 

reaction and a good electrode stability. For instance, Gong et al. (265) observed a high stability 

over 4000 h of operation for the La0.6Sr0.4CoO3-δ electrode surface decorated with ZrO2 

overcoats using atomic layer deposition (ALD). 

However, some contradictory results were reported regarding the effectiveness of surface 

decoration to prevent Sr segregation, as reviewed by Li et al. (261). Overall, the discrepancies 

in the literature are due to the fact that Sr segregation is critically influenced by the employed 

material, the environmental conditions (e.g. temperature, strain, polarization, gas environment, 

etc.) and several other factors (e.g. manufacturing, surface chemistry, surface strains, 

morphology, atmospheres, impurities and polarizations) (60, 261). This is in accordance with 

statements from Koo et al. (233), according to whom Sr segregation can have different 

formations and structures depending on the compositions of the perovskite oxide, the synthesis 

processes, and the measurement conditions. This seems to be the key point, as any comparison 

should relate to both manufacturing and operating parameters.  

 

1.8 Chapter conclusions: thesis objectives and 
methodology 

 

This chapter was devoted to the state of the art on SOC technology and the related degradation 

phenomena occurring in the different layers of the cell. On the basis of this literature review, 

notwithstanding the electrochemical performance and the various advantages of using SOCs, 
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further research is needed to fulfil the requirements in terms of cell durability and envisage a 

large-scale deployment of this technology. The degradation phenomena in SOCs are observed 

in form of microstructural evolution, kinetic demixing and decomposition of the materials, 

poisoning, elemental inter-diffusion and formation of secondary phases. It was highlighted the 

important role of manufacturing and operating conditions on the material stability. 

Nevertheless, the effect of operating temperature on the cell performance deterioration and 

material degradation is not yet fully clarified, especially in SOEC mode. Additionally, the 

reason behind a stronger material degradation in SOEC mode has to be investigated. The use 

of AST protocols and the identification of the aggravating parameters is essential for 

understanding the degradation phenomena upon operation. Finally, this review has highlighted 

the crucial importance of multiscale modelling, long-term testing and advanced post-test 

characterizations as means to unravel the intricate processes that occur during cell manufacture 

and operation. Additionally, the impact of degradation phenomena on the cell lifetime 

according to the operating conditions can be studied with the aforementioned methods in a 

combined approach to progress in this research direction and deepen the knowledge on the 

SOCs durability. 

In the frame of this problematic, the thesis aims to better understand the governing degradation 

phenomena in SOCs and to study their effect on the cell response depending on the operating 

conditions. The studied cell has a planar design with a hydrogen electrode supported cell 

architecture. The cell is made of a LSCF-GDC oxygen electrode, a 8YSZ electrolyte, a GDC 

diffusion barrier layer, and a Ni-YSZ hydrogen electrode. A detailed cell description will be 

provided in the Chapter II. To achieve the thesis objectives addressing the problem of 

degradation, a three-fold methodology based on multiscale physics-based modelling, long-term 

electrochemical testing, and post-test characterizations is adopted (see Figure 1-12). (i) The 

multiscale physics-based model available at the laboratory has been adapted to the studied cell, 

validated on the experimental data, and used to simulate the cell operation in electrolysis and 

fuel cell modes. In the frame of this thesis, the electrodes morphology was obtained from 3D 

reconstructions of the two electrodes. More specifically, the stationary model has been validated 

on polarization (or i-V) curves. The activated reaction pathways associated with the elementary 

steps in the active layers have been investigated depending on the position along the cell radius. 

Additionally, the model has been extended to simulate the dynamic response of the cell and it 

has been validated on the experimental EIS. Herein, special attention was given to the 

simulation of the complete cell impedance diagram, in order to interpret the experimental EIS 

evolution after operation and study the cell performance degradation. Indeed, EIS-based 

measurements and modelling are powerful tools to analyse the kinetic and transport 

phenomena, as well as to diagnose the SOCs state-of-health for long-term operation (73, 79, 

82). In the framework of this thesis, the model is used to identify the different contributions 

arising in the EIS, namely the RDS in the considered full-elementary reaction mechanism, and 

to investigate their evolution after ageing in various operating conditions. Hence, the model 

enables discerning the dominant degradation phenomena and, thus, the component that is most 

responsible for the cell performance loss. (ii) The studied single complete cells are tested for 

long-term operation to assess the impact of various industrially relevant operating conditions 

on the performance deterioration and on the complex set of material degradation phenomena. 

Electrochemical characterizations (i.e. i-V curves and EIS, before and after ageing) are 
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performed to assess the performance deterioration in various operating conditions. After that, 

the experimental data from the electrochemical characterizations performed in various 

operating conditions are used to validate the multiscale physics-based model. In order to extend 

the study to relevant open questions, long-term tests were performed in various operating 

conditions, including different temperatures (750, 800 and 850 °C), ageing time (1000, 2000 

and 5000 h), operating modes (electrolysis and fuel cell), and water content in air (dry, 3% 

humid air and 8% humid air). The increased water content in the air flow has been chosen as 

an aggravating factor in the frame of the AST protocols to induce harsh operating conditions 

for the cell and exacerbate the oxygen electrode degradation. In order to compare the tests 

performed at different operating conditions, the electrochemical response is evaluated at 

reference conditions (i.e. 750°C and 800°C, 10/90 vol.%H2/H2O, H2O+H2=12 NmL·min-1·cm-

2). (iii) Finally, in order to verify the model findings in terms of components degradation and 

to better understand the type of degradation phenomena encountered after ageing in the various 

operating conditions, advanced post-test characterizations are required. Indeed, the post-test 

characterizations are essential to detect and evaluate the signs of material degradation in the 

cell after ageing in different operating conditions, such as the microstructural evolution and 

material decomposition. More specifically, high-resolution advanced techniques are required 

to understand the phenomena occurring in the oxygen electrode. This thesis comprises 

characterization techniques performed in large-scale facilities, of which synchrotron nanoscale 

X-ray fluorescence (nano-XRF) and X-ray diffraction (nano-XRD) performed at the European 

Synchrotron Radiation Facility (ESRF, ID16B beamline, France) (266), as well as synchrotron 

microscale XRD (µXRD) performed at the Swiss Light Source (SLS) of Paul Scherrer Institute 

(PSI, microXAS beamline, Switzerland). A larger range of information was acquired by using 

complementary techniques in laboratory-based instruments, including inductively coupled 

plasma mass spectroscopy (ICP-MS), scanning electron microscopy (SEM), 3D focused ion 

beam-SEM (FIB-SEM), X-ray photoelectron spectroscopy (XPS), high-resolution secondary 

ion mass spectroscopy (SIMS) imaging, atom probe tomography (APT), and scanning 

transmission electron microscopy (STEM) coupled with energy dispersive X-ray spectroscopy 

(EDS). The reason behind the choice of the various techniques is reported in the following. 

SEM and 3D FIB-SEM techniques has been selected to perform the microstructural analysis on 

the two electrodes. More specifically, 3D FIB-SEM is used to assess the hydrogen electrode 

microstructural evolution after ageing. The chemical analysis was performed using ICP-MS, 

XPS, SIMS and synchrotron XRF. ICP-MS was used to verify the LSCF powders 

stoichiometry. XPS analysis was carried out to collect information on the oxidation state of the 

surface and to identify the formation of passivating layers on the surface of the perovskite 

material in the oxygen electrode. SIMS and synchrotron XRF techniques have been used to 

map the elements in the oxygen electrode, barrier layer and hydrogen electrode. Additionally, 

synchrotron XRD crystallographic data were collected concurrently with XRF data, integrating 

elemental mapping and point-by-point structural analysis. Finally, APT and STEM-EDS have 

been used to perform a chemical analysis of the oxygen electrode material with high-resolution, 

down to the atomic scale. Specifically, APT technique enables obtaining 3D imaging and 

atomic concentration profiles of the prepared samples, and it can be used to identify interfacial 

intermixing at atomic scale (267). STEM-EDS results consist of 2D maps that can be used to 

study the cations ordering and periodicity (267, 268). The coupling of both APT and STEM 

techniques is reported to improve the analysis as compared to their use without mutual 
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correlation (267). Overall, the heterogeneity of the selected techniques allows collecting 

microstructural, chemical (bulk and surface) and crystallographic information at different 

length-scales (micro, nano and atomic), which are necessary to understand the degradation 

phenomena involved in the cell materials. Additionally, the set of various post-test 

characterizations enables complementing and validating each other by ensuring the reliability 

of the results coming from each technique separately.  

 

 

Figure 1-12. Scheme of the three-fold methodology used in the thesis. 

 

Chapter II will provide a detailed description of the various electrochemical and post-test 

characterizations used within the three-fold methodology. Chapter III will present the 

multiscale physics-based model validated on the stationary (i.e. i-V curves) and dynamic (i.e. 

EIS) response of the cell. Chapter IV will report the electrochemical and post-test 

characterizations for the cells tested under dry air to investigate the effect of operating 

temperature on the cell durability. Chapter V will address the study the effect of humid air and 

operating mode on the cell durability. Finally, Chapter VI will summarise the main the results 

collected during the thesis to highlight the knowledge gain by this thesis, along with the 

conclusions and perspectives.  
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2. Materials and methods  
 

This chapter is dedicated to the description of the studied cell, the experimental setup, as well 

as the tools used in the frame of the three-fold methodology presented in Chapter I. The testing 

protocol is described, along with the employed electrochemical characterizations and the 

operating conditions selected for the long-term tests. A brief description of the multiscale 

physics-based model is reported as well. Finally, the list of post-test characterization techniques 

is detailed. 

 

2.1 Cell description  

Figure 2-1 shows a schematic of a hydrogen electrode supported cell used in this thesis, which 

has a circular shape and an active area of 9.08 cm2. The cells manufactured at CEA Le Ripault 

consist of a dense ceramic electrolyte sandwiched between two porous electrodes. The 

electrolyte is made of 8% yttria stabilized zirconia Y0.16Zr0.84O1.92 (8YSZ) and it is ca. 8 µm 

thick. The oxygen electrode comprises a ca. 20 µm current collecting layer (CCL) made of 

lanthanum strontium cobaltite ferrite La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and a ca. 20 µm functional 

layer (FL) made of 50/50 wt.% LSCF-Ce0.8Gd0.2O2-δ (LSCF-GDC) composite material. A ca. 3 

µm thick porous diffusion barrier layer (BL) in gadolinium-doped ceria Ce0.8Gd0.2O2-δ (GDC) 

is added between the oxygen electrode and the electrolyte to minimize the inter-diffusion of 

elements between the oxygen electrode and the electrolyte, and the formation of insulating 

phases. The hydrogen electrode is made of a cermet material and it comprises a ca. 25 µm FL 

made of 54/46 wt.% Ni-8YSZ and a ca. 280 µm support layer (or substrate) made of 44/56 

wt.% Ni-3YSZ. 
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Figure 2-1. Schematics of the hydrogen electrode supported cell used in this work. 

 

The nomenclature of the samples studied in this thesis is reported in Table 2-1, while the 

detailed operating conditions are presented in the Testing protocol section. 

 

Table 2-1. Nomenclature for the samples studied in the thesis 

Sample label Description 

Reference Non-operated cell that has undergone cermet reduction 

Aged750 Cell operated at 750 °C in SOEC, dry air, 2000 h  

Aged800 Cell operated at 800 °C in SOEC, dry air, 2000 h  

Aged850 Cell operated at 850 °C in SOEC, dry air, 2000 h  

SOECdry Cell operated at 800 °C in SOEC, dry air, 1000 h  

SOEC3% Cell operated at 800 °C in SOEC, 3% humid air, 1000 h  

SOEC8% Cell operated at 800 °C in SOEC, 8% humid air, 1000 h 

SOFC8% Cell operated at 800 °C in SOFC, 8% humid air, 1000 h 

SOFCdry Cell operated at 800 °C in SOFC, dry air, 2000 h 

SOEC5k Cell operated at 800 °C in SOEC, dry air, 5000 h 
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2.2 Electrochemical characterizations and 
long-term tests 

 

The long-term tests under dry air conditions, along with the related electrochemical 

characterizations, were performed in collaboration with Léa Rorato during her Ph.D. in CEA. 

 

2.2.1 Description of the experimental setup 

Long-term tests were performed in an in-house test bench (see Figure 2-2). The circular cell is 

placed in a metallic housing inside a furnace. The fuel compartment of the cell is separated 

from the air compartment by a glass sealant (Schott G018-311) deposited at the periphery of 

the cell (1, 2). On both sides, the inlet gas flows are supplied by mass flow controllers (Brooks 

SLA5850S) at the cell centre and then they are distributed along the electrodes in a radial co-

flow configuration. In order to collect the current at the electrodes surface, a Ni grid (100 

meshes∙cm-2) and two gold grids (100 meshes∙cm-2) are used for the hydrogen electrode and the 

oxygen electrode, respectively. A ceramic Cr-free holder on top of the oxygen electrode is used 

to avoid the well-known Cr-poisoning effect (3) (see Figure 2-2a). In order to measure local i-

V curves along the cell radius without cell segmentation (4), a specific interconnect design has 

been used at the air side (see Figure 2-2b) based on Ni alloy. More specifically, the current is 

measured at various positions along the cell radius. This was achieved using interconnect with 

nine cavities to allow the current-related wires to pass through the interconnect itself (2). An 

additional voltage-related wire is used to measure the voltage drop at the different positions. In 

order to decrease the contact resistance, a mechanical load of 600 g∙cm-2 is applied on the cell.  
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a) 

 

b) 

 

Figure 2-2. Cell housing and interconnects for collecting a) global measurements, b) local measurements along the 

cell radius. 

 

The general scheme of the experimental setup is shown in Figure 2-3. The local temperatures 

along the whole experimental setup are measured using K-type thermocouples. The cell 

temperature is also measured with a K-type thermocouple, which is positioned close to the 

tested cell at the fuel outlet (T1 in Figure 2-3c). 
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a) 

 

b) 

 
c) 

 
Figure 2-3. Test bench used for the long-term tests in a) dry air and b) humid air. c) Overall piping and 

instrumentation diagram (P&ID) of the experimental setup. 

 

The local network available in the laboratory supplies liquid deionized water and gases to the 

setup. The quality of the employed deionized water and gases is reported in Table 2-2.  

 

Table 2-2. Deionized water and gases quality. 

Liquid deionized water H2 N2 

Ultra-pure water N45 = 99.99995% N51 = 99.999991% 

Resistivity = 18 MΩ∙cm Impurities < 50 ppm Impurities < 9 ppm 

 

A steam generator operating under saturated vapour conditions allows the water phase change 

from liquid water to steam. The steam flow rate is controlled with a modified mass flow 
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controller that can operate at a temperature as high as 100 °C, with a maximum temperature of 

the mass flow controller equal to 60 °C (5). The steam is then mixed with hydrogen before 

entering fuel compartment of the cell. Compressed air is supplied in dry conditions, compliant 

with class [1:1:1] according to ISO 8573-1 (see Table 2-3). A bubbler is installed upstream of 

the inlet at the air compartment of the cell to introduce moisture into the air stream (see Figure 

2-3b), for operation in humid air. A membrane made of a metallic porous medium is positioned 

inside the bubbler to produce micro water bubbles in the air flow. The bubbler temperature is 

controlled to reach the targeted air absolute humidity level, i.e. 24 °C and 41.5 °C to obtain 3% 

and 8% humid air, respectively. In order to avoid any possible condensation along the pipelines 

upstream and downstream the cell chamber, heating elements are wrapping the pipes and heated 

up to around 120-140 °C. At the outlet of the setup, a condenser is employed to separate the 

liquid water from the gas flow. In order to verify that the steam flow rate provided by the mass 

flow controller is correct, a weighing scale is used to measure the amount of condensed water 

over time. 

 

Table 2-3. Air quality according to ISO 8573-1 class [1:1:1]. 

Solid particles Water Oil 

Max. number of particles per m3 
Dew point under 

pressure 

Total oil content 

(liquid, aerosols and 

vapours) in mg/m3 
0,1 - 0,5 

microns 

0,5 - 1 

microns 
1 - 5 microns 

≤ 20 000 ≤ 400 ≤ 10 ≤ -70 °C 0.01 

 

2.2.2 Testing protocol 

 

The experiment starts with the mounting of the cell in its housing and applying the glass ceramic 

sealant to separate the fuel and air compartments. After that, the furnace is heated up to 860 °C 

at a heating rate of 1 °C∙min-1 and held at this temperature for 90 minutes to complete the glass 

sealing process. During this process, 0.5 Nl∙h-1 of N2 and 0.5 Nl∙h-1 of compressed dry air are 

supplied to the hydrogen and oxygen electrodes, respectively. Subsequently, the flow rates at 

the two electrodes are increased from 0.5 Nl∙h-1 to 4 Nl∙h-1 and the temperature is lowered to 

800 °C to perform the cell cermet reduction. During this step, the N2 gas flow at the hydrogen 

electrode is gradually replaced by H2. To ensure the complete reduction of NiO to metallic Ni, 

a H2 flow rate of 4 Nl∙h-1 is maintained for at least 16 hours. Thereafter, initial electrochemical 

characterizations are carried out and, successively, the long-term test is started. The operating 

conditions are defined in the next section 2.2.2.2. Finally, at the end of the ageing test and after 

performing the final electrochemical characterizations, the setup is cooled down to room 

temperature at a cooling rate of 1 °C∙min-1. During the cooling down, a mixture of nitrogen and 

hydrogen is supplied to the hydrogen electrode to maintain the cermet in its reduced state and 

prevent possible re-oxidation. 
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2.2.2.1 Electrochemical characterizations 

As aforementioned, before and after the long-term tests, polarization curves (i-V) and 

electrochemical impedance spectroscopy (EIS) were selected as electrochemical 

characterizations. The reference and operating conditions for the electrochemical 

characterizations are defined in Table 2-4. The list of these electrochemical characterizations 

are presented in Table 2-5. Finally, the summary of the electrochemical characterizations and 

the related operating conditions at which they have been acquired is reported in Table 2-6. 

 

Table 2-4. Reference and operating conditions for the electrochemical characterizations. 

Parameters Reference condition 1 Reference condition 2 Operating conditions 

Temperature (°C) 750 800 Test* 

H2+H2O flow 

(NmL∙min-1∙cm-2) 
12 12 12 

H2/H2O (%vol.) 10/90 10/90 Test* 

Air flow  

(NmL∙min-1∙cm-2) 
36 36 36 

Humidity in air (%) 0 0 Test* 

Test*: operating condition selected for the long-term test 

 

Table 2-5. List of the electrochemical characterizations. 

Parameters EIS at OCV EIS under polarization i-V 

Operating mode OCV SOEC SOFC SOEC SOFC 

H2/H2O (%vol.) 10/90 10/90 90/10 10/90 90/10 

DC current density to acquire 

the EIS (A∙cm-²) 
0 - 0.2 + 0.2 - - 

i-V voltage limits (V) - - - 1.4 0.7 
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Table 2-6. Summary of the electrochemical characterizations acquired in the various conditions. 

Parameters EIS at OCV EIS under polarization i-V 

Temperature (°C) Test* 750 800 Test* 750 800 Test* 750 800 

Operating mode OCV OCV OCV Test* SOEC SOEC Test* SOEC SOEC 

DC current density to 

acquire the EIS (A∙cm-²) 
0 0 0 +/- 0.2 - 0.2 - 0.2    

i-V voltage limits (V)       
0.7 or 

1.4 
1.4 1.4 

H2+H2O flow 

(NmL∙min-1∙cm-2) 
12 12 12 12 12 12 12 12 12 

H2/H2O (%vol.) Test* 10/90 10/90 Test* 10/90 10/90 Test* 10/90 10/90 

Air flow  

(NmL∙min-1∙cm-2) 
36 36 36 36 36 36 36 36 36 

Humidity in air (%) Test* 0 0 Test* 3 8 Test* 0 0 

Test*: operating condition selected for the long-term test 

 

A. Polarization curves 

The i-V curves were measured in galvanostatic mode before and after the long-term tests, using 

a controlled power supply in SOEC mode, which can work as an electric load as well for the 

SOFC mode. The employed current ramp has a rate equal to 20 mA·s-1, and the voltage limits 

are equal to 0.7 V in SOFC and 1.4 V in SOEC modes, respectively. As reported in Table 2-6, 

the polarization curves were performed in the reference conditions and in the conditions 

selected for each long-term test (see Table 2-4). The area specific resistance (ASR) in ohm∙cm² 

defined as 𝑎𝑏𝑠 (
𝑑𝑈

𝑑𝑖
)

𝑖DC

 can be extracted from i-V and compared to EIS measurements. 

 

B. Electrochemical impedance spectroscopy 

The EIS were performed in reference conditions to compare the different sets of experiments 

carried out at different operating conditions. In addition, impedance spectra are collected during 

the durability test every 500 hours at the operating conditions. The EIS were acquired using a 

potentiostat/galvanostat (Autolab PGSTAT-302N) equipped with a frequency response 

analyzer module (FRA) and a 20 A current booster. The EIS measurements were performed at 

the open circuit voltage (OCV) by imposing a sinusoidal current with an amplitude of 100 mA, 

and under polarization at +/- 0.2 A∙cm² with an amplitude of 50 mA, in the frequency range of 

10-2 to 104 Hz. The raw data were collected using the NOVA ver. 1.11 software. Thereafter, the 

raw impedance spectra at OCV were post-treated by using the Zview ver. 2.70 software based 

on equivalent electric circuit model (EECM) (see Figure 2-4) to remove the inductive behaviour 

due to electrical wiring. The frequency range of the corrected EIS has been extended compared 

to the raw EIS, from 10-2 – 104 Hz to 10-3 – 106 Hz. 
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Figure 2-4. Equivalent electric circuit model (EECM) used to fit and correct the experimental 

EIS. 

 

2.2.2.2 Long-term tests 

Long-term tests were conducted under various operating conditions to evaluate the effect of 

operating temperatures (i.e. 750°C, 800°C and 850°C), SOFC and SOEC operating modes, and 

harsh conditions for the oxygen electrode by introducing 3-8% moisture at the air side. The 

tests performed in dry air conditions have a duration of 2000 h, while the ageing time for the 

tests in humid air conditions is 1000 h. The inlet flow at the hydrogen electrode is 12 NmL∙min-

1∙cm-2 with a composition of 10/90 H2/H2O in SOEC or 90/10 H2/H2O in SOFC for the hydrogen 

electrode. At the oxygen electrode side, 36 NmL∙min-1∙cm-2 of compressed air are supplied in 

both SOEC/SOFC modes. Finally, the operating current density is +1 A∙cm-2 in SOFC mode 

and -1 A∙cm-2 in SOEC mode. The list of the long-term tests carried out in the frame of this 

thesis on complete cells is reported in Table 2-7. The 5000 h test carried out during the thesis 

will be discussed in the perspectives at the end of the manuscript. The related durability curve 

and EIS evolution are reported in the Annex of this manuscript. 
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Table 2-7. Long-term tests operating conditions for complete cells 

Parameters Aged750 Aged800 Aged850 SOECdry SOEC3% SOEC8% SOFC8% SOFCdry SOEC5k 

Ageing time 

(h) 
2000 2000 2000 1000 1000 1000 1000 2000 5000 

Temperature 

(°C) 
750 800 850 800 800 800 800 800 800 

Operating 

mode 
SOEC SOEC SOEC SOEC SOEC SOEC SOFC SOFC SOEC 

Current 

density 

(A∙cm-²) 

-1 -1 -1 -1 -1 -1 +1 +1 -1 

Gas flow 

H2+H2O 

(NmL∙min-

1∙cm-2) 

12 12 12 12 12 12 12 12 12 

Gas 

composition 

H2/H2O 

(%vol.) 

10/90 10/90 10/90 10/90 10/90 10/90 90/10 90/10 10/90 

Gas flow air 

(NmL∙min-

1∙cm-2) 

36 36 36 36 36 36 36 36 36 

Humidity 

introduced 

in the air 

(%) 

0 0 0 0 3 8 8 0 0 

 

2.3 Multiscale physics-based model 

 

As reported in Chapter I, the multiscale physics-based model available at the laboratory has 

been adapted on the studied cell. It includes a morphology model able to reproduce the electrode 

microstructures, a microscale electrode kinetic model describing the reaction mechanism in 

elementary steps, and a macroscale cell-level model that takes into account the design of the 

experimental setup under study. Within the thesis, the model is used to simulate the 

electrochemical response of the cell, in terms of both i-V curves (local and global) and 

impedance spectra. It allows the interpretation of the EIS experimental data by identifying the 

various contributions considered in the reaction mechanism and investigating their evolution 

after ageing. A more detailed description of the multiscale physics-based model is presented in 

the Chapter III of the manuscript. The work on the multiscale model was done in collaboration 

with Eduardo Da Rosa Silva during his post-doc in CEA. 

 

2.4 Post-test characterization techniques  

The morphology and the microstructure of the cell were studied by using SEM and FIB-SEM 

techniques. In order to investigate the elemental composition, the surface chemistry and the 
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chemical environment of the cell, SIMS, EDS and XPS techniques were selected. Finally, APT 

and STEM-EDS techniques were employed to achieve the atomic scale resolution and study 

the phenomena involved within the oxygen electrode. 

The post-test characterizations presented in this thesis were performed in the frame of a 

collaboration with other laboratories. Thomas David (3D FIB-SEM and STEM-EDS), Laure 

Guetaz (STEM-EDS) and Anass Benayad (XPS) carried out the characterizations at the CEA 

DTNM in France. Katherine Develos-Bagarinao performed the SIMS analyses at AIST in 

Japan. Isabelle Martin did APT characterizations at CAMECA in the United States. Vincent 

Martin performed ICP-MS analysis at the LEPMI EIP in France. 

The data acquisition of the synchrotron post-test characterizations was carried out with the help 

of Dario Ferreira Sanchez at PSI in Switzerland and with the help of Julie Villanova at ERSF 

in France. The data treatment was performed in our laboratory, in the frame of this thesis. This 

work was done in collaboration with Ozden Celikbilek, especially for the XPS and XRD 

analyses. 

 

2.4.1 Electrode morphology observation 

2.4.1.1 SEM 

A field emission gun scanning electron microscope (FEG-SEM Zeiss Merlin, Germany) was 

used to study the microstructure of the electrodes. The accelerating voltage was 3 kV and the 

working distance was approximately 8-10 mm. The samples were first impregnated with a 

polymer resin (Epofix, Denmark) to fill the pores and then polished using a 0.25 mm diamond 

spray. To prevent charging, the polished cross-section was coated with a thin layer of carbon. 

2.4.1.2 3D FIB-SEM  

3D FIB-SEM data were obtained using a Zeiss Crossbeam 550 system. The three-dimensional 

images of each sample have a pixel size of 10 nm and an inter-slice distance of 10 nm, covering 

in a cubic voxel of 10x10x10 nm3. The FIB milling was performed at 30 kV with a current of 

3 nA, while operating the electron column at 1.5 kV and 1 nA. Images from both InLens and 

SE2 detectors were collected at the same time. Image processing prior to segmentation were 

done using home-made Python scripts based on common image processing Python libraries, 

such as numpy and scikit-image. This image pre-treatment included aligning each slice, 

homogenising contrast and brightness in all three directions, as well as curtain effect correction. 

In addition, resampling in the z-direction were performed to correct for inhomogeneous 

distances between slices during milling and imaging. The segmentation was carried out using 

machine learning-based random forest classifier on the Ilastik software (1, 6), considering the 

‘pixel classification’ workflow. Sub-volumes measuring 100-300 pixels in all directions were 

selected for the annotation and training phase. 
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2.4.2 Chemical and structural analyses 

2.4.2.1 ICP-MS 

Inductively coupled plasma mass spectroscopy (ICP-MS, PerkinElmer NexION 2000) was used 

to study the LSCF powder composition. For this purpose, 0.1 g of LSCF powder was dissolved 

in 100 ml of a 2% nitric acid solution. 

 

2.4.2.2 EDS 

Energy-dispersive X-ray spectroscopy (EDS) detection is based on the emission of photons due 

to the interaction between the incident electrons and the atoms within the sample. Each element 

is defined by its EDS spectrum. A specific EDS detector is used to analyse these photons related 

to the elements contained in the sample and to provide the spectra of the different elements-

related peaks. EDS cartographies of La, Sr, Co, Fe, Ce, Gd and O elements were acquired to 

investigate their distribution over the oxygen electrode on the SOEC8% and the Reference 

samples. The analysis was performed by Ozden Celikbilek and Manon Prioux, during their 

post-doc at the CEA laboratory. 

 

2.4.2.3 XPS  

XPS analysis was used to study the surface chemistry of the LSCF. Both the oxygen electrode 

CCL top surface and FL were analysed. Specifically, the FL was accessed by using a scalpel to 

scrape approximately 25 µm of material starting from the surface. The samples were analysed 

using a VersaProbe-II apparatus from ULVAC-Phi. A monochromatic Al Kα radiation (1486.6 

eV) was employed, with an emission current of 4 mA and an X-ray beam diameter of 200 μm. 

The instrument worked under ultra-high vacuum conditions (p <10-7 Pa) at room temperature. 

The spectrometer calibration is conducted by taking into account the gold photo-emission lines 

(Au4f7/2 emission at 83.9 eV, relative to Fermi level). In order to record the survey spectra and 

the core-level peaks, two constant pass energies of 117.9 eV and 23.3 eV were considered, 

respectively. To minimize the surface charging effect, electron and argon charge neutralizer 

guns were used. All spectra were calibrated against carbon C 1s emission at 285.0 eV. CasaXPS 

software (7) was used to fit XPS spectra and to perform the quantitative analyses. For the peaks 

fitting, a combined Gaussian (80%) and Lorentzian (20%) distribution was selected, 

considering a Shirley background. An energy separation of 1.8 eV and a branching ratio of 1.5 

were maintained between the Sr 3d5/2 and 3d3/2 doublets to fit the Sr core-level spectra. In 

order to consider the transmission function of the spectrometer, the X-ray source relative 

sensitivity factors (RSF) were exported from the MultiPak library. 

 

2.4.2.4 SIMS 

High-resolution secondary ion mass spectrometry imaging (SIMS, NanoSIMS 50L, Ametek 

CAMECA) is employed to evaluate the elemental distribution along the cross sections of the 

samples studied in this thesis. Sample preparation involves infiltrating the porous layers with a 

high-vacuum-compatible resin. After that, a diamond slurry was used to polish the cross-section 

surface. The scanning of the cross-sections is carried out using a Cs+ primary ion beam, with a 

current of  23 nA and a diameter of  100 nm. Two raster areas of 20 μm x 20 μm and 10 μm 

x 10 μm, spanning from the electrode FL to the electrolyte, have been defined as regions of 
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interest (ROIs) for both electrodes. For simultaneous collection of all the secondary ion mass 

species in the cell, a multi-collection system is employed. Image processing is done using the 

WinImage ver. 4.6 software by Ametek, Cameca.  

 

2.4.2.5 XRF and XRD synchrotron characterizations 

XRF and XRD are two complementary characterization techniques that provide information on 

materials chemistry and crystallographic structure, respectively. On the one hand, the 

fluorescence phenomenon, due to the interaction of a medium with an X-ray beam, enables 

probing the elemental composition of the samples studied with a detection limit in the range of 

10 ppm (8). It can be combined with imaging techniques to obtain elemental maps of the 

sample. On the other hand, the diffraction phenomenon is used to identify the crystalline 

structure of the material by measuring the intensity of the scattered X-rays and the angle 

between the incident and diffracted beams. For a given photon energy, the angle is a function 

of the distance between parallel lattice planes according to the Bragg’s law (9). In a sample 

with a given crystalline structure, the diffraction occurs when the scattered vector is equal to a 

reciprocal lattice vector. The scattered vector depends on the geometry of the experiment, while 

the reciprocal lattice vector is given by the orientation and lattice parameter of the crystalline 

structure. 

Synchrotron µXRD. Synchrotron µXRD was performed using the setup of the microXAS 

beamline at the Swiss Light Source (SLS). To this end, a plasma-focused ion beam (pFIB) Vion 

(FEITM) instrument, coupled with a Xe+ ion source, was used to extract relatively thin lamellae 

from the cells. The size of the lamellae in the three dimensions are approximately 80 µm wide 

(in the X direction), 50 µm high (in the Y direction) and 20 µm thick (in the Z direction). 

Afterwards, the lamella was secured onto an aluminium pin. The beamline setup comprises a 

motorized sample holder, on which the sample is positioned. Kirkpatrick-Baez (KB) mirrors 

are used to focus the X-ray beam both horizontally and vertically. The beam energy was 17.995 

keV. During the horizontal scans, a spot size of 1 µm was adopted, while in the vertical scans, 

a size of 0.5 µm was used. The beamline allows collecting XRD and XRF data simultaneously. 

For the XRF data acquisition, a silicon drift diode detector (SDD, Ketek GmbH, Germany) is 

placed at 50° to the beam. For the XRD data collection an XRD detector was placed behind the 

sample, on the opposite side as referred to the coming beam direction. The beam passes through 

the relatively thin sample before reaching the XRD detector, allowing the XRD data to be 

acquired in transmission mode. Azimuthal integration processing was performed on the 2D 

powder diffraction patterns using the pyFAI Python library to generate the 1D diffractograms 

(10). Approximatively 60 scans in the horizontal direction and 130 scans in the vertical 

direction were recorded. Subsequently, an integration of all horizontal scans on the same axis 

were done to generate a collection of 1D diffractograms. Thereafter, Le Bail fitting method (11) 

was performed in the FullProf software (12) for the phases detection analysis. 

 



Materials and methods 

81/263 

 

Figure 2-5. Scheme of the microXAS beamline at the SLS, PSI, Switzerland (13). "Reprinted from Publication 

Journal of Power Sources, 450, Nur Istiqomah Khamidy,Jérôme Laurencin,Dario Ferreira Sanchez,Federico 

Monaco,Frederic Charlot,Elisabeth Djurado, Durability of nanostructured LaPrNiO4+δ electrode for solid oxide 

cells: Electrochemical, microstructural, and structural investigation, Pages No. 227724, Copyright (2020), with 

permission from Elsevier [OR APPLICABLE SOCIETY COPYRIGHT OWNER]." 

 

Synchrotron nanoscale XRF and XRD. The 2 µm-thick lamellae for the synchrotron XRD and 

XRF nanoscale analyses were extracted from the cells using a Xe+ pFIB Vion (FEI™). The 

lamella samples preparation was done using a protocol similar to the one detailed in references 

(1, 13). Specifically, the samples were prepared under vacuum in a pFIB machine dedicated 

chamber. The lamella size are approximately 60 × 60 × 2 µm3 for the horizontal dimension (X), 

the vertical dimension (Y) and the thickness (Z), respectively. Subsequently, a 10 µm protective 

layer made of Pt was applied on top of the lamella with a current of 59 nA. A higher current of 

470 nA was used to mill the area surrounding the sample, while a lower current of 180 nA was 

used for the lamella surface refinement to ensure that the sample remains undamaged. A 

micromanipulator was used for extracting the lamella from the cell using an ion current of 180 

nA. Finally, a Pt deposition was used to fix the extracted sample onto an aluminium pin. 

The XRF and XRD analyses at the nanoscale were conducted at the ID16B beamline within the 

European Synchrotron Radiation Facility (ESRF) (14) (see Figure 2-6). Data acquisition was 

carried out at the ID16B beamline. The beamline comprises double white beam mirror and 

double-crystal monochromator primary optics, close to the source, and a KB mirror nano-

focusing optics, close to the sample. The sample is positioned over a motorized stage. The 

focused X-ray beam is provided at high flux (1012 ph/s), and it has a spot size of 60×60 nm2. 

For this study, an energy of 29.6 keV was chosen to analyse all cell elements.  
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Figure 2-6. Scheme of the ID16B beamline at the ESRF, France. Figures reused with permission from (14). 

 

Multiple XRF detectors were placed at the two sides of the sample, on a perpendicular axis 

compared to the incoming beam direction. Fluorescence spectra were acquired for each point 

of the 2D maps using two silicon drift detectors (three and seven elements respectively). The 

placement of the two detectors on both sides of the sample, with an angle of 13° between the 

sample surface and the detector, enable them to attain a resolution of 145–150 eV full width at 

half maximum (FWHM) (14). At such resolution, it is possible to discriminate the signal 

coming from X-ray emission lines of components with close energies (8). An XRD detector 

was positioned behind the sample on the same axis of the incoming beam. The data acquisition 

for the diffraction detector was possible in transmission mode because of the thin lamellae (i.e. 

ca. 2 µm).  

Two main type of scans were considered for the acquisition of XRF and XRD data. (i) 2D maps 

of XRF and XRD signals were acquired simultaneously, considering a step size of 50 nm (i.e. 

50×50 nm2 resolution) and an exposure time of 1000 ms per point. A ROI of 7×8 µm² (6×8 µm² 

for the Reference sample) ranging from the LSCF-GDC/GDC interface to the GDC/YSZ 

interface was selected to study the elemental inter-diffusion. (ii) 1D line scans along the 

horizontal direction (X) were acquired to gather XRD data with the so-called zapline method, 

considering a 50 nm resolution and 1000 ms per point exposure time. For the line scans, three 

positions were selected at the top of the LSCF CCL, in te middle of the LSCF CCL and in the 
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middle of the LSCF-GDC FL, targeting the detection of an evolution in the LSCF lattice 

parameter through the oxygen electrode and the formation of secondary phases. 

The fluorescence data fitting was done with the software PyMca (15). The 1D line profiles 

across the cell layers (in the Y direction) were obtained from each 2D XRF elemental map by 

averaging and integrating the signal along the horizontal direction (X). The diffraction rings 

underwent azimuthal integration using the software XRDUA (16) to obtain 2D diffractogram 

maps. The 2D diffractograms are then integrated along the cell layers (Y direction) and fitted 

by Le Bail method using FullProf software (17, 18). The XRD results consist in 1D local 

diffraction patterns. 

 

2.4.2.6 Laboratory XRD 

Complementary XRD was performed by Romain Bodeux at the Institute of Photovoltaic France 

(Paris, France). The XRD data were recorded on a Panalytical empyrean in the θ-2θ Bragg-

Brentano geometry (10° < 2θ < 90° and step 0.02°). The incident X-ray beam with CuKα1 

radiation (1.54057 Å) had a spot size of ~ 5 x 5 mm². The PIXcel3D detector consisted of 256 

strips to provide the best resolution and linearity. The 8 cm diameter sample holder was capable 

of translation in the x, y, z axes and rotation in the phi and chi axes. The XRD results consist in 

diffraction patterns taken on top of the oxygen electrode LSCF CCL, for the Reference and 

SOEC8% samples. The Le Bail method using FullProf software (17, 18) were used to fit the 

diffractograms. 

 

2.4.3 Atomic-scale characterizations 

2.4.3.1 STEM-EDS 

STEM-EDS analyses were conducted on a FEI-Themis microscope equipped with a probe 

aberration corrector and a super-X detection system. The samples were embedded in an epoxy 

resin. The extraction of thin lamellae from the LSCF-GDC/GDC/YSZ area was carried out via 

FIB milling. The Cliff-Lorimer method in the Esprit Bruker Software was used to perform semi-

quantitative analyses on the Co, Fe and Y K line profiles, as well as on the La, Sr, Ce, Zr and 

Gd L line profiles.  

 

2.4.3.2 APT 

Atom probe tomography was performed on a CAMECA LEAP 6000XR atom probe. This 

technique allowed collecting 3D atomic elemental maps. The samples preparation was 

performed using standard top down lift-out methodology (19) on a Helios 660 FIB-SEM. The 

analysis was done at the LSCF-GDC/GDC/YSZ interfaces.  For data acquisition, a detection 

rate of 1%, a temperature of 30 K, and a pulsed laser operated at 30 pJ and 100 kHz. Data 

analysis was carried out on CAMECA’s AP Suite 6.3 Analysis software. 
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2.5 Chapter conclusions  

 

This chapter was dedicated to the description of the studied cell and the methods employed in 

the thesis. Accordingly, the cell architecture, the experimental setup and the testing protocol 

were detailed. Electrochemical characterisations were acquired to assess the electrochemical 

response of the cell. To this end, both i-V curves and EIS were performed in various conditions. 

The long-term tests were listed along with the related operating conditions. The multiscale 

physics-based model has been briefly described in this chapter and will be deeper exposed in 

the next chapter (Chapter III) of this thesis. Finally, the set of post-test characterizations used 

to assess the material degradation in the cell have been reported. The collaboration with 

different institutes at the international level enabled accessing very powerful techniques able to 

acquire various type information at the different length scales. 

The use of various instruments, tools and techniques enable achieving the objectives of the 

thesis. Indeed, the multimodal approach is essential to have a complete and cross-validated 

conclusion on the collected result. The experimental results will be thoroughly detailed later on 

in the manuscript, from Chapter III to Chapter V. 
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3. Multiscale physics-based model 
 

This chapter is devoted to the validation of the multiscale physics-based model adapted to the 

studied cell. As aforementioned in Chapter I, the model account for different length scales, 

and it is used to reproduce the electrochemical response at the cell level in terms of i-V curves 

and EIS within the thesis. The chapter is divided in two parts, which are dedicated to the 

validation of the stationary model and dynamic model, respectively.  

The first part (Part I) is dedicated to the simulation of the stationary response of the cell. The 

stationary model is validated on local and global i-V curves. Local measurements were possible 

thanks to the use of a specific design of the interconnect at the air side, as described in Chapter 

II. Hence, experimental i-V curves collected in various conditions provided the global and local 

response of the cell. In this way, a cross-validation of the experimental setup and the stationary 

multiscale physics-based model was achieved. This part of the work was done in collaboration 

with Eduardo Da Rosa Silva, who was working on the multiscale physics-based model at the 

laboratory as a post-doctorate. The work on the stationary model has been published in the 

Journal of Power Sources (2023) (1). 

In the second part (Part II) the model has been extended to the simulation of the dynamic 

response in terms of impedance spectra at the cell-level. The validation was performed on the 

experimental EIS collected at the OCV under specific conditions (i.e. 750 °C, 10/90 %vol. 

H2/H2O at the hydrogen electrode). The different contributions arising in the EIS were 

identified. This analysis allowed investigating the evolution of the electrochemical response in 

terms of EIS after ageing in various conditions. This part of the work has been published in The 

Electrochemical Society Transactions (2023) (2).  
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Part I: A Multiscale model validated on local 
current measurements for understanding the 
solid oxide cells performances 
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Abstract. A physical-based model has been developed and validated to unravel the complex 

relationships between the global solid oxide cells response and the reaction mechanisms taking 

place in the electrodes. This numerical tool combines three length-scales modules from the 

electrode microstructure up to the single repeat unit. This model allows computing the local 

distribution of reaction kinetic rates, current densities, and gas composition as function of the 

cell operating conditions. To validate the multiscale model, a special experimental setup has 

been developed to measure the local polarization curves along the cell length. For this purpose, 

a specific design of the interconnect has been proposed in order to probe the local current 

density on standard cells. A good agreement has been found between the experimental and 

simulated data for different operating conditions. The fully validated model has been used to 

analyze the cell operation in electrolysis and fuel cell modes. The activated reaction pathways 

associated with the elementary steps in the active layers have been investigated depending on 

the position along the cell length.  

Keywords. Solid Oxide Electrolysis Cell, Solid Oxide Fuel Cell, Multiscale Modeling, Local 

Polarization Curves. 
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1. Introduction 

In a scenario with growing energy demand and a tendency to reduce fossil fuel consumption, 

hydrogen is considered as an important energy vector for the transition toward a low-carbon 

energy market [1]. In this context, High-Temperature Steam Electrolysis (HTSE) based on 

Solid Oxide Cells (SOCs) technology presents a great potential to produce H2 at a low cost and 

high efficiency [2]. SOCs are electrochemical devices that can operate in fuel cell mode (SOFC) 

and electrolysis mode (SOEC) with a large range of fuels and no utilization of expensive 

catalysts [3]. Due to its reversibility, this technology can also be used  to match the fluctuations 

between electricity demand and production, mainly during the consumption peaks [4]–[6]. 

Classical SOCs are composed of a dense electrolyte sandwiched between two porous 

electrodes. The reactions of hydrogen oxidation and steam reduction occur in the fuel electrode 

(Eq. 1a), whereas the oxygen is consumed or produced in the air electrode (Eq. 1b). A porous 

Nickel and Yttria-Stabilized Zirconia (Ni-YSZ) cermet is typically used for the fuel electrode, 

while the air electrode is composed of a Mixed Ionic and Electronic Conductor (MIEC). 

Nowadays the most common material for the air electrode is a composite of Lanthanum 

Strontium Cobalt Ferrite (LaxSr1-xCoyFe1-yO3-δ - LSCF) and Gadolinium-doped Ceria (GdxCe1-

xO2-δ - CGO) [3], [7], [8]. The electrolyte is a pure ionic conductor, which allows the migration 

of oxygen vacancies (𝑉𝑂
••(𝑌𝑆𝑍)), and it is usually made of Yttria-Stabilized Zirconia with 

8.mol% of yttria (8YSZ) [9]. 

𝐻2(𝑔) + 𝑂𝑜
𝑥(𝑌𝑆𝑍)

𝑆𝑂𝐹𝐶
⇄

𝑆𝑂𝐸𝐶
𝐻2𝑂(𝑔) + 𝑉𝑜

••(𝑌𝑆𝑍) + 2𝑒− [1a] 

1

2
𝑂2(𝑔) + 𝑉𝑜

••(𝑌𝑆𝑍) + 2𝑒−
𝑆𝑂𝐹𝐶

⇄
𝑆𝑂𝐸𝐶

𝑂𝑜
𝑥(𝑌𝑆𝑍) [1b] 

To reach economic viability, the cell performances still need to be improved while the 

degradation rate should be limited to 0.5 %.kh-1 in SOEC mode (for an operating current density 

of -1.5 A.cm-2 [10]) and 0.2 %.kh-1 in SOFC mode [11]. However, degradation rates measured 

at current densities lower than 1 A.cm-2 have been reported in the literature in the range of 1 – 

3 %.kh-1 [12]  and 2 – 10 %.kh-1 [13] for SOFC and SOEC operation, respectively. Degradation 

phenomena can be caused by different factors such as microstructural evolution, electroactive 

site poisoning, and chemical decomposition [14]. Those phenomena can be aggravated by harsh 
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operating conditions at high current density and/or high fuel utilization/steam conversion, 

which can result in strong gradients of concentration along the cell length.  

In general, the electrochemical characterization techniques (e.g. polarization curves and 

Electrochemical Impedance Spectroscopy (EIS)) are used to measure the global cell response 

without any information on the spatial distributions arising in the electrodes [7]. Hence, current 

inhomogeneities that are associated with locally-critical conditions are not detected. To 

overcome this limitation, specific experimental setups must be designed for local 

electrochemical analyses. The most extensively applied method for local measurements is the 

electrode segmentation [15]–[22]. It consists in the segmentation of the air electrode into small 

disconnected zones, which are electronically isolated from each other. For this purpose, the 

electrode layer is printed over the entire surface of the electrolyte in insulated segments, 

allowing the measurements in distinct areas of the cell [7], [20]. 

Although the electrode segmentation technique has been extensively applied for other types of 

cells (e.g. proton exchange membrane fuel cells), the same abundant quantity of data is not 

found for SOCs application [17], [23]. This under-utilization of segmented cells for the high 

temperature applications lies in difficulties to change the design of the air electrode and to probe 

the current and/or temperature in each segment. Besides, the air electrode partitioning can 

induce heterogeneities of current and potential that can affect the cell behavior [17]. Hence, 

new experimental facilities must be developed to perform local analysis using standard cells by 

avoiding any type of modification in the cell geometry. 

The relevance of spatially resolved electrochemical measurements can be significantly 

enhanced when applied in combination with mathematical modelling. Indeed, the simulation 

also gives the possibility to have an access to local parameters that are not easily measured (e.g. 

partial pressures repartition inside the porous media or distribution of overpotentials along the 

cell length) [17], [20], [21]. In this sense, numerical modeling of SOCs is becoming crucial for 

a deeper insight into the processes that occur within the electrodes. Accordingly, a significant 

number of models have been presented in the literature with different approaches and length 

scales.  

For instance, mathematical models have been developed to emulate representative electrode 

microstructures [24]–[26]. These models can be useful to identify microstructural corrections 

that control the electrode efficiency [26]. In terms of electrochemical response, some microscale 

electrochemical models have been proposed to describe precisely the electrode reaction 
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mechanism including mass and charge transfer within the active functional layer [3], [27]–[30]. 

On the other hand, many macroscale models have been developed to take into account the full 

geometry of the single repeating unit (SRU) [23], [31], [32] or stack [33]–[35] including the 

complete cell, the flow channel and the interconnect. As a general matter, these macro-models 

present a rather simplified description of the reaction mechanisms, whereas a special attention 

is paid to describe accurately the fluid distribution in the system and how it can affect the 

performances. 

One possibility to increase the complexity of the SOCs models is to combine the different length 

scales in a multiscale approach [4]. Complex descriptions from a microscale approach (e.g. 

microstructure emulation and complex reaction mechanisms) can be coupled with the macro 

description to better understand the role of microstructure and the reaction mechanism on 

performances and degradation. In the recent years, some multiscale models have been 

developed for the SOCs application [33], [36]–[40], showing the power and the potential of 

these numeric tools. However, it is still necessary to develop an integrated model including (i) 

a microstructural description of the electrodes, (ii) a decomposition of the reaction pathways in 

pure elementary steps for both electrodes and (iii) a global description of the SRU geometry.  

Moreover, despite all the works dedicated to the SOCs modeling in the literature, only a small 

quantity of them [41]–[43] have bridged the multiscale approach to a spatial resolved 

electrochemical analysis. To the best of our knowledge, only the group of G. Schiller have 

published a series of articles, in which a multiscale model [44] was applied to analyze the local 

polarization curves acquired in a segmented setup [41]–[43].  

In this work, a coupled experimental and multiscale model approach has been proposed in order 

to unravel the relationships between a classical SOC response and the mechanisms that take 

place in the electrodes. The multiscale model is composed of three different length-scale 

modules. The first one emulates digital twins of the electrode microstructure, giving the 

possibility to have a complete description of the morphology of the electrodes. It is linked to 

two microscale models for both electrodes. They take into consideration the reaction 

mechanisms in a sequence of pure elementary steps associated with charge and mass transport 

phenomena in the active layers. Finally, all the modules are linked to a macroscopic description 

that takes into account the SRU design including the gas channels. The multiscale model has 

been validated using global and local polarization curves using a standard cell (i.e. fuel 

electrode supported cell made of the classical materials). For this purpose, an innovative design 

of the air electrode interconnect is proposed in order to probe the local distribution of the current 
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without any kind of electrode segmentation. After validation, the model has been used to 

analyze the evolution of the reaction mechanism in the electrode along the cell length. 

 

2. Materials and methods  

2.1 Cell description 

In this study, a ‘standard’ fuel electrode-supported cell was studied. The cell has a circular shape 

with an active area of 9.08 cm². A thin and dense electrolyte made of 8YSZ with a thickness of 

8 µm was sandwiched between two porous electrodes. The air electrode is a bilayer with a 

current collector made of LSCF (ca. 20 µm tick) and an active layer in LSCF-CGO (ca. 20 µm 

thick).  A 3 µm barrier layer of CGO is inserted between the electrolyte and the air electrode to 

avoid the formation of secondary phases. The fuel electrode is composed a thin functional layer 

in Ni-8YSZ (ca. 25 µm) and a thick support layer (ca. 280 µm) made of Ni-3YSZ cermet. 

2.2 Setup description 

All tests were carried out in an in-house test bench depicted in Figure 3-1a. The circular cell is 

positioned in a metallic housing. Both anodic and cathodic gases are introduced at the cell center 

and are distributed along the electrodes in a radial co-flow configuration. The inlet gas fluxes 

are delivered by mass flow controllers (Brooks SLA5850S). 

On the fuel side, a Ni grid (100 meshes.cm-²) is used to collect the current at the electrode 

surface. A ceramic glass seal (Schott G018-311) is deposited on the edge of the cell to ensure 

the gas tightness of the hydrogen compartment. It can be noticed that steam is produced using 

a steam generator operated in saturated vapor conditions. In parallel, hydrogen is introduced 

and mixed with the steam before entering the cell. At the cell outlet, a heat exchanger allows 

separating the water from the dry gas. 

At the air side, a specific design of the metallic interconnect is applied in order to measure the 

local current distribution along the cell radius. This setup is made of Inconel Ni-based alloy and 

its geometry is displayed in Figure 3-1b-c. The metallic support is divided into numerous pins 

that are positioned from the gas inlet to the edge of the electrode. Nine of those pins are drilled 

to allow the passage of wires that are welded in the extremity of each pin. Another wire is 

welded to the opposite surface of the interconnect and used as a reference for the voltage 

measurement. With this configuration, when a current density is imposed to the cell under 
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operation, the voltage drop can be measured for each pin. Since the geometry and the electrical 

conductivity of the interconnect material is known precisely, it is possible to calculate 

accurately the local current density passing through by each pin (corresponding to the local 

current collected by the pin on the electrode). Hence, this modification in the interconnect 

geometry offers the advantage to perform local current measurements (and consequently, local 

polarization curves) using classical cells without any specific segmentation of the air electrode 

[15]–[17], [19], [45]. Finally, it is worth mentioning that two gold grids (100 meshes.cm-²) with 

a diameter of 34 mm are inserted between the interconnect and the electrode surface to improve 

the electrical contact. Moreover, a mechanical pressure of 600 g.cm-2 is also applied on the setup 

to further decrease the contact resistances. 

 

Figure 3-1 - Schematic illustration of (a) the testing setup, (b) cross-section and, (c) 3D 

view of the interconnect at the oxygen side for the local current measurements. 

 

2.3 Protocol description 

The experiment procedure started with the cell heating at a rate of 1 °C.min-1 up to 860 °C under 

a nitrogen and air sweeping at the fuel and air sides, respectively. Then, the cell was maintained 

at this temperature for 90 min to form the glass sealing. After, the temperature was lowered to 

800 °C to start the cermet reduction. For this purpose, the hydrogen concentration at the inlet 

was increased gradually up to reach the full conversion of Nickel oxide into metallic Nickel.  
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Polarization curves were performed in fuel cell and electrolysis mode. For electrolysis mode, a 

ratio of P(H2)/P(H2O) = 10/90 was used, whereas, in SOFC mode, the anode was supplied with 

dry hydrogen. In both cases, the air electrode was always supplied with synthetic air with a 

constant flux of 41 NmL.min-1cm-2. The measurements were performed in galvanostatic mode 

(Autolab PGSTAT-302N) with a current rate of 21 mA.s-1 and a 20 A current booster. The 

current local distribution was measured using a multichannel data logger HIOKI LR8400-20, 

able to record simultaneously the 9 voltage pins measurements. The data were acquired at 

different temperatures (700, 750 and, 800 °C) and for various inlet fluxes at the fuel electrode 

(3, 6, 9, and 12 NmL.min-1cm-2).  

In order to assess the contact resistance (𝑅𝑐) between the electrodes and the grids, 

electrochemical impedance spectroscopy has been also performed at the Open Circuit Voltage 

(OCV) for the three investigated temperatures (i.e. 700, 750 and, 800 °C and for an inlet flux 

at the fuel electrode of 12 NmL.min-1cm-2). The contact resistances have been calculated as a 

function of the temperature by removing the electrolyte ohmic resistance from the serial 

resistance measured on the impedance diagrams (i.e. high frequency intercept with the real axis 

in the Nyquist plot). The diagrams were also acquired in galvanostatic mode by imposing a 

sinusoidal current with an amplitude of 110 mA.cm-2 in the frequency range of 10-2-104 Hz. 

3. Model descriptions 

3.1 General assumptions and multiscale model 

A multiscale model was developed in order to unravel the complex relationships between the 

SOC response and the mechanisms that take place in the electrodes. This model is composed 

of three different length-scale modules that can achieve an exhaustive analysis of the cell 

performance in both SOEC and SOFC modes. The first module allows generating 3D digital 

twins of electrode microstructures made of classical materials. It can provide all the necessary 

morphological information for the other modules. The second module is a micro-scale model 

that takes into consideration the elementary reactions coupled with the mass and charge transfer 

in the active layer of both electrodes. Finally, the third module is a macro-scale model that can 

compute all the polarization curves and local current distribution along the cell radius. 

The connections between the modules are established in different arrangements as it can be 

seen in Figure 3-2. The microstructural model provides all the morphologic inputs that are 

needed for the other modules. Moreover, the micro-scale modules provide the parameters of 
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the ‘apparent’ or ‘global’ exchange current densities (i.e. activation energies and exponents - 

cf. Eqs. 4 and 5) for the calculation of the electrode activation overpotential in the macro-scale 

model. It can be noticed that the functional layers are not described at the macroscopic scale. 

Therefore, the partial pressure distributions taken at the electrolyte interface in the macro-model 

are used in the micro-model as boundary conditions applied at the top of the functional layer. 

The model description at the microscopic scale must include a full description of the micro-

processes involved in the reaction mechanism. In this approach, the parameters for the ‘global’ 

exchange current densities are identified in order to match with the electrode overpotential 

calculated in the active layer with the microscale models. Thanks to this method, all the 

processes in the functional layer are thus included in the apparent exchange current density of 

the Butler-Volmer equation for the macroscale model. In other words, it is possible to guarantee 

that the activation overpotentials in the macro-model take into consideration all microscopic 

processes arising in the electrode functional layers.  

 

Figure 3-2 – General flowchart of the multiscale model 

 

3.2 Microstructure model 

To obtain digital twins of the real electrode structures, geostatistical simulations were carried 

out using a model based on a truncated plurigaussian random field method [24], [46]. In this 

method, each phase is represented by a random field, which is generated by the convolution of 

random noise with a weight function. Hence, the fields are jointly thresholded according to a 

specific procedure to obtain the synthetics microstructures [46]. This model was validated by 

comparison with 3D reconstructions of real electrodes performed by X-ray holotomography 

[27].  More details about the model and its validation can be found in [24]. In this work, we 

used the digital twins of the real electrodes as input for the electrochemical simulations.  
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3.3 Micro-scale models: electrodes functional layer 

The micro-scale models are able to describe all the microscopic processes that take place in the 

active functional layer of both electrodes. These models are essential to understand the role of 

the microstructure and the operating conditions (polarization, temperature, etc.) on the reaction 

mechanisms and electrode performances. Two models were developed considering the state-

of-the-art materials with the LSCF-CGO [28], [47] composite and Ni-YSZ [48] cermet for the 

air and fuel electrodes, respectively. Both models were built up considering a slice of porous 

electrode described as a homogenous medium. A special attention was paid to describe the 

electrode kinetics in a sequence of elementary steps that can evolve in different reaction 

pathways depending on the polarization. The list of reactions implemented in the models are 

listed in Table 3-1 for both electrodes. All the kinetic constants are thermally activated and 

expressed with an Arrhenius law. Activations energies were already calculated and published 

in [28] and [48] for the air and fuel electrodes, respectively.  

For the hydrogen electrode, the model is based on a hydrogen spillover mechanism proposed 

and validated in [49]. In this case, the reactions mechanism is co-limited by the charge transfer 

at Triple Phase Boundary lines (TPBls), the oxygen vacancies migration in the YSZ network 

and a pure chemical surface process depending on the polarization [48]. According to this 

model, steam can interact with the surface of both Ni and YSZ in two parallel pathways. 

Considering cathodic polarization (electrolysis mode), steam can adsorb on the Ni surface (cf. 

reaction R1 in Table 3-1), where it is reduced at the TPBls into one hydrogen adatom 𝐻𝑁𝑖 

attached on the Ni surface and one hydroxyl ions 𝑂𝐻𝑌𝑆𝑍
−  on the YSZ surface (reaction R5). The 

hydroxyl ion 𝑂𝐻𝑌𝑆𝑍
−  is then further reduced at the TPBls into a second hydrogen on the Ni 

surface and an oxygen ion 𝑂𝑌𝑆𝑍
2−  attached on the YSZ surface (reaction R6). Then, two 

hydrogens 𝐻𝑁𝑖 can be associated and desorbed into H2 molecules (reaction R4), while the 

oxygen ions 𝑂𝑌𝑆𝑍
2−  are incorporated into the YSZ lattice (reaction R7). In parallel, steam 

molecules can also adsorb on the YSZ surface (reaction R2). In this second pathway, the 

adsorbed water molecule can react with the oxygen ions available at the YSZ surface to produce 

hydroxyl ions 𝑂𝐻𝑌𝑆𝑍
−  (reaction R3). As previously described, the hydroxyl ions can be reduced 

at TPBls according to reaction R6. It has been shown [50] that the first pathway (steam 

adsorption on Ni surface) is preferentially activated under electrolysis mode while the water 

desorption from YSZ (second pathway) is predominant in fuel cell mode. Nevertheless, the 

prevalence of one pathway should also depend on the local operating condition along the cell 

length that still need to be investigated. 
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Regarding the air electrode, the reaction mechanism proposed and validated in [28] is also 

divided into two parallel pathways. For an operation in electrolysis mode, the so-called bulk 

path starts by the ionic transfer reaction at the LSCF/CGO interface (reaction R8 in Table 3-1) 

that supplies the electrode material in oxygen atoms 𝑂𝑂
𝑥

(𝐿𝑆𝐶𝐹). After a transport by solid-state 

diffusion in LSCF, the incorporated oxygen is released from the bulk to generate ad-ions 

𝑂(𝐿𝑆𝐶𝐹)
−  on the LSCF surface (reaction R9). For the second path, hereafter called surface path, 

the oxygens coming from the electrolyte material (i.e. CGO) are directly oxidized at the TPBls 

to produce oxygen ad-ions (reaction R10). Finally, the oxygen ad-ions are reduced in oxygen 

ad-atoms in a second reaction of charge transfer (reaction R11) which is common to the two 

pathways. The oxygen is then associated on the LSCF surface (reaction R12) before to be 

desorbed into the porosity (reaction R13). For a composite electrode, it has been shown that the 

surface path is dominant whatever the polarization even if the contribution of the bulk path is 

significantly enhanced in fuel cell mode [28]. As for the fuel electrode, the reaction mechanism 

is expected to change as a function of the local condition along the cell radius. 

For both electrodes, mass and charge balances have been considered for all species. They 

constitute a set of partial differential equations that are implemented and solved using 

COMSOL Multiphysics®. Besides, all the equations for the transport and the kinetic rates are 

expressed as a function of the electrode microstructural properties. They are extracted from the 

digital twins obtained with the truncated random field, establishing a link between the two-

length scales. Finally, it is worth noting that all the equations and the details for this module of 

the multiscale model have been already published in [48] and [28] for the fuel and the air 

electrodes, respectively. In these previous studies, a special attention was paid to validate the 

mechanisms using experimental results obtained on symmetrical cells tested in a three-electrode 

set-up.  
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Table 3-1 – Reactions and fitted values for the kinetic constants for T = 750 °C 

Fuel electrode 
𝐻2𝑂(𝑔𝑎𝑠)

+ 1𝑠𝑁𝑖

𝑘𝐻2𝑂𝑁𝑖
𝐷𝐸𝑆

⇆
𝑘𝐻2𝑂𝑁𝑖

𝐴𝐷𝑆
𝐻2𝑂𝑁𝑖 

Steam adsorption on the Ni 

surface (R1) 
Ni interaction pathway 1.18 x 106 (s-1) 

𝐻2𝑂(𝑔𝑎𝑠)

+ 1𝑠𝑌𝑆𝑍

𝑘𝐻2𝑂𝑌𝑆𝑍
𝐷𝐸𝑆

⇆
𝑘𝐻2𝑂𝑌𝑆𝑍

𝐴𝐷𝑆
 𝐻2𝑂𝑌𝑆𝑍 

Steam adsorption on the 

YSZ surface (R2) 
YSZ interaction pathway 9.28 x 103 (s-1) 

𝐻2𝑂𝑌𝑆𝑍

+ 𝑂𝑌𝑆𝑍
2−

𝑘𝐻2𝑂𝑌𝑆𝑍
𝐷𝐼𝑆𝑆−

⇆
𝑘𝐻2𝑂𝑌𝑆𝑍

𝐷𝐼𝑆𝑆+
 2𝑂𝐻𝑌𝑆𝑍

−  

H2O dissociation on YSZ 

surface (R3) 
YSZ interaction pathway 6.87 x 1016 (m2.s-1.mol-1) 

2𝐻𝑁𝑖

𝑘𝐻2𝑁𝑖

𝐴𝐷𝑆

⇆
𝑘𝐻2𝑁𝑖

𝐷𝐸𝑆
 𝐻2(𝑔𝑎𝑠) + 2𝑠𝑁𝑖 

Hydrogen desorption from 

Ni surface (R4) 
Common pathway 3.69 x 1012 (m2.s-1.mol-1) 

𝐻2𝑂𝑁𝑖 + 1𝑠𝑌𝑆𝑍

+ 1𝑒−
𝑘1

𝑜𝑥

⇆
𝑘1

𝑟𝑒𝑑
 𝑂𝐻𝑌𝑆𝑍

− + 𝐻𝑁𝑖 
First charge transfer 

reaction (R5) 
Ni interaction pathway 8.5 x 104 (m3.s-1.mol-1) 

𝑂𝐻𝑌𝑆𝑍
− + 𝑠𝑁𝑖

+ 1𝑒−
𝑘2

𝑜𝑥

⇆
𝑘1

𝑟𝑒𝑑
 𝑂𝑌𝑆𝑍

2− + 𝐻𝑁𝑖 
Second change transfer 

reaction (R6) 
Common pathway 5.5 x 105 (m3.s-1.mol-1) 

𝑂𝑌𝑆𝑍
2−

+ 𝑉(𝑌𝑆𝑍)
••  

𝑘
𝑂𝑌𝑆𝑍

2−
𝐼𝑁𝐶

⇆
𝑘

𝑂𝑌𝑆𝑍
2−

𝐸𝑋𝐶
 𝑂𝑂

𝑥
(𝑌𝑆𝑍)

+ 𝑠𝑌𝑆𝑍 

Oxygen incorporation in the 

YSZ lattice (R7) 
Common pathway 1.3 x 108 (m3.s-1.mol-1) 

Air electrode 
𝑂𝑂

𝑥
(𝐶𝐺𝑂)

+ 𝑉(𝐿𝑆𝐶𝐹)
••  

𝑘−
⇆
𝑘+

 𝑂𝑂
𝑥

(𝐿𝑆𝐶𝐹)

+ 𝑉(𝐶𝐺𝑂)
••  

Ionic transfer at LSCF/CGO 

interface (R8) 
Bulk pathway 50 (mol.m-2.s-1) 

𝑂𝑂
𝑥

(𝐿𝑆𝐶𝐹) + 1ℎ•

+ 1𝑠𝐿𝑆𝐶𝐹  
𝑘𝑟𝑒𝑑

𝐿𝑆𝐶𝐹/𝑔𝑎𝑠

⇆
𝑘𝑜𝑥

𝐿𝑆𝐶𝐹/𝑔𝑎𝑠
𝑉𝑂(𝐿𝑆𝐶𝐹)

••

+ 𝑂𝐿𝑆𝐶𝐹
−  

Oxygen excorporation 

reaction (R9) 
Bulk pathway 9 x 10-5 (m3.s-1.mol-1) 

𝑂𝑂
𝑥

(𝐶𝐺𝑂) + 1ℎ•

+ 1𝑠𝐿𝑆𝐶𝐹  
𝑘𝑟𝑒𝑑

𝑇𝑃𝐵𝑙𝑠

⇆
𝑘𝑜𝑥

𝑇𝑃𝐵𝑙𝑠
𝑉𝑂(𝐶𝐺𝑂)

••

+ 𝑂𝐿𝑆𝐶𝐹
−  

Oxygen oxidation reaction 

at the TPBls (R10) 
Surface pathway 2.25 x 10-4 (s-1) 

𝑂𝐿𝑆𝐶𝐹
− + 1ℎ•  

𝑘𝑖𝑜𝑛
⇆

𝑘𝑑𝑒𝑖𝑜𝑛

𝑂𝐿𝑆𝐶𝐹 
Oxygen deionization 

reaction (R11) 
Common pathway 8.74 x 105 (s-1) 

2𝑂𝐿𝑆𝐶𝐹

𝑘𝑑𝑖𝑠𝑠
⇆

𝑘𝑎𝑠𝑠

𝑂2𝐿𝑆𝐶𝐹

+ 1𝑠𝐿𝑆𝐶𝐹 

Oxygen association reaction 

(R12) 
Common pathway 1.5 x 1015 (m2.s-1.mol-1) 

𝑂2𝐿𝑆𝐶𝐹

𝑘𝑎𝑑𝑠
⇆

𝑘𝑑𝑒𝑠

𝑂2(𝑔𝑎𝑠)

+ 1𝑠𝐿𝑆𝐶𝐹 

Oxygen desorption reaction 

(R13) 
Common pathway 3.12 x 106 (s-1) 

 

3.4 Macro-scale model: SRU and interconnects  

In the macroscale model, the cell design and the geometry of the gas channels are taken into 

account considering a 2D approach as already detailed in [31], [32]. It couples locally fluidic 

and electrochemical steps, allowing the analysis of the distribution of gas composition and 

current density along the cell radius. In this macroscopic approach, the active functional layers 

are not described and they are limited to the electrode/electrolyte interface. The Dusty Gas 
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Model (DGM), which takes into consideration the molecular and Knudsen diffusions, is used 

to describe the gas transport through the current collector in LSCF at the air side and the thick 

Ni-YSZ substrate at the hydrogen side. All the diffusion coefficients are calculated as a function 

of the microstructural properties [31], [32]. The main features of this macroscale model are 

briefly reminded hereafter. 

Since the metallic interconnects present a very good electrical conductivity, the cell voltage 

(Ucell) is considered constant all along the cell length. In this way, Eq. 2 is applied to calculate 

the local current density along the cell radius r:  

Ucell=Ei=0+η
conc
𝑂2𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒(𝑟) − η

conc
𝐻2𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒(r) + η

act
𝑂2𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒(𝑟) − η

act
𝐻2𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒(𝑟)

− η
ohm

(𝑟) 
(2) 

 

where 𝐸𝑖=0 is the Open Circuit Voltage (OCV), which is calculated by Nernst’s equation. The 

terms 𝜂𝑐𝑜𝑛𝑐, 𝜂𝑎𝑐𝑡 and, 𝜂𝑜ℎ𝑚 are the concentration, activation and, ohmic overpotential, 

respectively. Those terms increase the cell voltage in electrolysis conditions and decrease the 

cell voltage in fuel cell conditions. The ohmic overpotential includes (i) the contact resistances 

(𝑅𝐶) arising between the electrodes and the interconnects, (ii) the ionic resistance of the 

electrolyte and (iii) the electronic resistances for the LSCF current collector and Ni-YSZ 

support. 

The difficulty to maintain the gas composition at the active sites is taken into account in the 

concentration overpotential. This term is the sum of the gas diffusion overpotential (𝜂𝑑𝑖𝑓𝑓) and 

the gas conversion overpotential (𝜂𝑐𝑜𝑛𝑣). The first contribution is due to the losses ascribed to 

the gas transfer through the porous media (i.e. LSCF current collector and Ni-YSZ support 

described at this macroscale). The second contribution is related to the thermodynamic losses 

that are induced by the change in the gas composition due to the consumption or production of 

the gaseous species along the cell length. Finally, the activation overpotentials must take into 

account all the microscopic processes occurring in the Ni-YSZ and LSCF-CGO functional 

layers (i.e. all the reactions convoluted with the mass and charge transfers as described in the 

microscale models). For this purpose, they are calculated using a phenomenological Butler-

Volmer equation as shown in Eq. 3. 
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|𝜂act
O2 electrode|+|𝜂𝑎𝑐𝑡

𝐻2 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒|=
RT

F
sinh-1 {

|𝑖(𝑟)|

2𝑖0
𝑂2 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒(𝑟)

} +
RT

F
sinh-1 {

|𝑖(𝑟)|

2𝑖0
𝐻2 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒(𝑟)

} (3) 

 

The terms 𝑖0
𝑂2 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒(𝑟) and 𝑖0

𝐻2 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒(𝑟) are defined as the ‘global’ exchange current 

densities for each electrode. They are a function of the local partial pressure 𝑝𝑖 taken at the 

electrode/electrolyte interface, as can be seen in Eqs. 4 and 5. 

 

𝑖0
𝐻2 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

=A ×(𝑝𝐻2
(𝑟))

m
×(𝑝𝐻2𝑂(𝑟))

n
×e

(−
Ea

𝐻2𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

RT
)

 
(4) 

i0
𝑂2𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

=B ×(𝑝𝑂2
(𝑟))

p
×e

(−
Ea

𝑂2𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

RT
)

 
(5) 

  

The parameters m, n and, p denote the exponent on the partial pressures dependency whereas 

Ea
𝑂2𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

 and Ea
𝐻2𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

 are the activation energy for the oxygen and hydrogen electrodes, 

respectively. The computation of these parameters is carried out using the microscale model as 

detailed in section 3.1, in such a way that the macroscale model takes into account all the 

electrochemical phenomena occurring in the electrode functional layers. 

4. Results 

4.1 Microstructural modeling 

 

The digital twins of the LSCF current collector and the LSCF-CGO and Ni-YSZ functional 

layers are compared in Figure 3-3 and Figure 3-4 to the reconstructions of the real electrodes 

obtained by FIB-SEM (Focused Ion Beam-Scanning Electron Microscopy) tomography 

according to the protocol already published in [27]. As expected, it can be observed that the 

synthetic microstructures seem to mimic accurately the real ones. As a verification, the 

microstructural properties listed in Table 3-2 have been calculated on both types of volume 

using the numerical procedures thoroughly detailed in [24]. The computations have been carried 

out on volumes as large as 153 µm3, which can be considered as a Representative Volume 
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Element (RVE) for this type of microstructures [24]. Whatever the studied layer, a good match 

has been found between the two sets of data. For instance, the mean error between the 

parameters computed on the real and synthetic microstructures for the LSCF-CGO does not 

exceed 10%. Moreover, it has been also checked that the mean error for the LSCF and Ni-YSZ 

microstructures lies in the range of a few percent. Therefore, these results validate the 

generation of synthetic microstructures for the standard cell tested in this work. 

 

The Ni-YSZ support has been reconstructed by synchrotron X-ray tomography according 

to procedure given in [50]. As shown in Figure 3-4, this technique allows obtaining a large 

reconstructed volume, required to be representative of this coarse microstructure [51]. The 

microstructural properties for the support have been computed on several sub-volumes 

extracted from the whole reconstruction [51]. Knowing that the standard deviation on the data 

is very small, only the mean value for the parameters is given in Table 3-2. It can be noticed in 

Figure 3-4 that the porosity of the support exhibits a large pore size distribution. This particular 

feature is explained by the utilization of pore former during the manufacturing. Because of this 

characteristic, the truncated random field method fails to reproduce correctly the 

microstructure. In this case, models based on sphere packing are more adapted to reproduce 

microstructures exhibiting a multi-modal distribution of pore size [51].  

Finally, it is worth noting that all the data given in Table 3-2 provide a complete description 

of the electrode microstructures, which are necessary for the electrochemical simulations 

described hereafter. 
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Figure 3-3 – Comparison between the microstructures of the LSCF-CGO functional 

layer obtained by 3D reconstruction (a) and by the microstructural modeling (b); and for the 

LSCF current collector microstructures obtained by 3D reconstruction (c) and by the 

microstructural modeling (d). 

 

 

Figure 3-4 – Comparison between the microstructures of the Ni-8YSZ functional layer 

obtained by 3D reconstruction (a) and by the microstructural modeling (b) and a 3D 

reconstruction of the Ni-3YSZ support (c). 
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Table 3-2 – Microstructure properties of the fuel and air electrodes 

Properties of the connected phases 
Ni-8YSZ 

functional layer 
Ni-3YSZ support  

Pores volume fraction (ε𝑝𝑜𝑟𝑒𝑠) 0.234 0.39 (%) 

Nickel volume fraction (ε𝑁𝑖) 0.329 0.26 (%) 

YSZ volume fraction (ε𝑌𝑆𝑍) 0.425 0.35 (%) 

Specific surface area between YSZ and pores 

(Sp𝑌𝑆𝑍−𝑝𝑜𝑟𝑒𝑠) 
1.49 1.44 (µm-1) 

Specific surface area between pores and Ni 

(Sp𝑝𝑜𝑟𝑒𝑠−𝑁𝑖) 
0.343 0.60 (µm-1) 

Specific surface area between Ni and 8YSZ 

(Sp𝑁𝑖−𝑌𝑆𝑍) 
0.984 1.38 (µm-1) 

Mean pore radius (�̅�𝑝𝑜𝑟𝑒) 0.14 0.325 (µm) 

Pores tortuosity factor (𝜏𝑝𝑜𝑟𝑒) 5.3 3.74 (-) 

Ni tortuosity factor (𝜏𝑁𝑖) 6.5 8.88 (-) 

YSZ tortuosity factor (𝜏𝑌𝑆𝑍) 2.45 3.53 (-) 

Triple phase boundary length density (𝜉𝑇𝑃𝐵) 3.15 - (µm-2) 

Properties of the connected phases 
LSCF-CGO 

functional layer 

LSCF 

current collector 
 

Pores volume fraction (ε𝑝𝑜𝑟𝑒𝑠) 0.459 0.476 (%) 

LSCF volume fraction (ε𝐿𝑆𝐶𝐹) 0.263 0.524 (%) 

CGO volume fraction (ε𝐶𝐺𝑂) 0.254 - (%) 

Specific surface area between LSCF and pores 

(Sp𝐿𝑆𝐶𝐹−𝑔𝑎𝑠) 
2.61 6.09 (µm-1) 

Specific surface area between LSCF and CGO 

(Sp𝐿𝑆𝐶𝐹−𝐶𝐺𝑂) 
1.05 - (µm-1) 

Mean pore radius (�̅�𝑝𝑜𝑟𝑒) 0.068 0.074 (µm) 

Triple phase boundary length density (𝜉𝑇𝑃𝐵) 17.81 - (µm-2) 

Pores tortuosity factor (𝜏𝑝𝑜𝑟𝑒) 1.89 1.86 (-) 

LSCF tortuosity factor (𝜏𝐿𝑆𝐶𝐹) 9.5 2.27 (-) 

CGO tortuosity factor (𝜏𝐶𝐺𝑂) 13.15 - (-) 

 

4.2 Model calibration 

 

The calibration of the multiscale model was performed in order to match the activation 

overpotentials calculated at the cell level and the overpotentials induced by all the processes in 



Multiscale physics-based model 

103 

 

the active functional layers. To achieve this goal, the following procedure has been applied for 

both electrodes operated in SOFC and SOEC modes: 

• First, the kinetic constants for the reactions implemented in the validated microscale 

models have been scaled up to reach the performances required at the cell level, using the 

polarization resistance measured by EIS at OCV and 750 °C as reference. This step consisted 

to multiply all the kinetic constants, previously determined on symmetrical cells [28], [48], by 

a correcting factor. Indeed, this correction is necessary since the electrode performances 

measured in a symmetrical setup are usually lower than those determined for the complete cell. 

Nevertheless, it is worth mentioning that neither the activation energies nor the reaction 

mechanism has been changed by this procedure. The values of the calibrated kinetic constants 

for the studied cell are given in Table 3-1 for both electrodes, considering electrolysis mode. 

• The microscale models were then used to generate a large database of electrode 

polarization curves as function of the operating temperature and the gas partial pressures taken 

at the top of the active layers. To build this database, simulations were carried out by increasing 

the temperature from 700°C to 800°C. Furthermore, the partial pressures were changed from 

P(H2)/P(H2O)=10/90 to 90/10 for the fuel electrode and from P(O2)/P(N2)=10/90 to 100/0 for 

the air electrode. 

• The parameters for the ‘global’ exchange current densities given by Eqs. (4) and (5) have 

been finally obtained by adjusting the activation overpotentials given by Eq (3) on the database 

related to the electrode polarization curves established for the active functional layers. 

The fitted partial pressure exponents (m and n for the hydrogen side and p for the air side) 

and activation energy of the exchange current density are provided in Table 3-3 for both 

electrodes in SOFC and SOEC modes. For the hydrogen side, it can be noted that the steam 

presents a stronger impact than the hydrogen on the current exchange density. Similar results 

have been published in [52] and [53] with exponents  m=0.11 and n=0.67 for SOFC 

polarization. For the air electrode, the value of the exponent is also consistent with the literature. 

For instance, exponents of  0.25 [52] and 0.26 [54] have been reported for the SOFC and SOEC 

modes, respectively. For the fuel electrode, the fitted activation energies are also consistent with 

the ones given in [55] and [56], with values of 100 kJ.mol-1 and 140 kJ.mol-1 in SOFC and 

SOEC modes, respectively. Finally, for the air electrode, the activation energies  reported in 

[54] (83 kJ.mol-1) and in [55] (120 kJ.mol-1) for  SOEC and SOFC modes, respectively, are in 

relative good agreement with the fitted values. 
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In this procedure for the model calibration, it is worth noting that the contact resistances 

deduced from the experimental impedance spectra have been introduced as inputs data in the 

simulations. As expected, 𝑅𝐶 values have been found to decrease with the temperature [57] 

(values of 0.244 Ω.cm², 0.181 Ω.cm², and 0.131 Ω.cm² were measured for 700 °C, 750 °C and 

800 °C, respectively). 

Table 3-3 – Parameters for exchange current densities 

  
Partial pressure 

exponent 

Activation 

energy (kJ 

mol-1) 

Pre-

exponential 

factors  

SOFC 

H2 electrode m = 0.06 and n = 0.48 100 
A=1.26x109  

(A.m-2.atm-(m+n)) 

O2 electrode p = 0.21 112 
B=8.12x109 

(A.m-2.atm-p) 

SOEC 

H2 electrode m = 0.10 and n = 0.80 130 
A=2.63x1010  

(A.m-2.atm-(m+n)) 

O2 electrode p = 0.16 88 
B=1.1x1012 

(A.m-2.atm-p) 

 

4.3 Model validation 

The polarization curves of the complete cell have been measured in SOEC (P(H2)/P(H2O) 

= 10/90) and SOFC (P(H2)/P(H2O) = 100/0) modes for different fluxes introduced at the inlet 

of the fuel electrode (Figure 3-5a-b) and for different temperatures (Figure 3-5c-d). As a general 

matter, the experimental results are found to be coherent with the ones expected for this type of 

cell [3], [32]. It can be noticed that the OCV values are in excellent agreement to the theoretical 

values given by the Nernst equation (considering P(H2)/P(H2O) = 10/90 for SOEC and 

P(H2)/P(H2O) > 99/1 for SOFC mode). Moreover, the OCV values remained constant when 

changing the total inlet flux for the fuel electrode during the experiments. These statements 

point out that there was no significant leakage between the electrode compartments so that the 

gas tightness of the glass seal was considered satisfactory. 

 As expected, the cell presents higher performances when the operating temperature and 

the gas inlet flux at the hydrogen side are increased. For instance, at the thermo-neutral voltage 

(1.3 V [58]) in SOEC mode, the absolute value of the current density at 750 °C is increased  
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from -0.39 A.cm-2 to -1.05 A.cm-2 when the inlet flux is increased from 3 NmL.min-1cm-2 to 12 

NmL.min-1cm-2 (Figure 3-5a).  

The comparison between the experimental and simulated polarization curves is also 

provided in Figure 3-5. It can be seen that the model is able to predict all the experimental data 

in both SOFC and SOEC polarizations without any type of fitting. Therefore, the model can 

reproduce accurately the effect of temperature and inlet flux on the cell performance. 

Nonetheless, a minor difference between the shape of the simulated and experimental curves 

can be observed in the region of the cell limiting current density. This slight discrepancy must 

be probably ascribed to small uncertainties in the determination of the microstructural 

properties on the 3D reconstruction on the cell support (i.e. pore radius and tortuosity factor). 

Indeed, as they control the mass transfer across the tick substrate, even a small change of one 

of these parameters can affect significantly the diffusion process, which can increase the 

concentration overpotential and decrease the cell performances [32], [59]. 
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Figure 3-5 – Polarization curves showing the effect of the inlet gas flux at 750 °C in (a) 

SOEC and (b) SOFC modes, and effect of the temperature for a flux of 12 NmL.min-1.cm-2 

at 750 °C in (c) SOEC and (d) SOFC modes. 

 

To go deeper in the model validation, the local polarization curves have been measured 

with our specific setup at the cell inlet, middle and outlet. The results obtained in SOEC modes 

are compared in Figure 3-6a-c to the local polarization curves extracted from the simulations in 

the same operating conditions than the experiments. It can be noted that the cell response is 

strongly heterogeneous along the electrode radius, the performances decrease continuously 

from the gas inlet (cell center) up to the outlet (cell periphery). Moreover, it can be observed 

that this evolution of the local polarization curves is enhanced when the temperature is 

increased. This heterogeneity along the electrode radius is mainly induced by the loss in 

performance caused by the steam consumption and depletion from the inlet to the outlet [17], 

[41]. Indeed, the strong gradient in steam partial pressure along the cell radius (cf. Figure 3-8) 
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increases the local concentration overpotentials, which in turn lead to decrease the local current 

densities. In the most critical condition (i.e. T = 800 °C, curve related to the edge position), it 

becomes possible to observe the beginning of a turning back behavior of the curves as shown 

in Figure 3-6c. This phenomenon was already reported by [17], using a segmented electrode in 

SOFC operations. It is related to the local current density distribution in the cell and its evolution 

with the polarization. At low polarization, the repartition of the current is quite homogeneous 

all along the cell length. In this condition, the local current densities increase with the 

polarization even in the cell outlet. However, the gradient becomes more and more pronounced 

with the polarization, due to the fuel shortage (or starvation) close to the cell outlet (i.e. at high 

fuel utilization in SOFC mode or steam conversion in SOEC mode). Therefore, after increasing, 

the local current density at the cell outlet starts to decrease. This ‘bell-shaped’ evolution for the 

local current density at the cell outlet explains the turning-back behavior in the local cell 

polarization at the cell outlet. 

It is worth mentioning that a very good agreement is found between the experimental data 

and simulations for all the investigated conditions in Figure 3-6a-c. The model is thus able to 

predict the heterogeneity along the electrode radius measured in SOEC mode. Moreover, the 

simulations reproduce correctly the shape of the curves changing with the temperature. For 

instance, the turning back behavior highlighted at 800°C is well caught by the model.  

The same analysis has also been conducted in SOFC mode at 750 °C and 800°C (Figure 

3-6d-e). As stated for the SOEC mode, the comparison between the experimental data and the 

computations also confirms that the model simulates quite precisely the evolution of the local 

polarization curves along the cell radius in SOFC mode. As expected, the local cell 

performances are decreased from the inlet to the outlet due to the consumption of hydrogen. 
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Figure 3-6 – Local polarization curves of cell inlet, middle and outlet for a flux of 12 

NmL.min-1.cm-2  in SOEC mode at (a) 700 °C, (b) 750 °C and (c) 800 °C and in SOFC 

mode at 750°C (d) and 800 °C (e). 
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In Figure 3-7a-c, the local current densities have been plotted as function of the position 

along the electrode radius in SOEC mode at 700 °C, 750 °C, and 800 °C. Different conditions 

of cell voltage were chosen for the analysis: one in the region of higher current densities at 1.3 

V and the other for an intermediate polarization at 1 V. The experimental data are represented 

by the red and blue segments, which are related to the local current density measured in each 

pin at 1.3 and 1 V, respectively. In all situations, the current density profile decreases from the 

gas inlet in the direction of the cell periphery. This behavior, which is more pronounced at 

higher temperatures and cell voltage, is in perfect line with the evolution of the local 

polarization curves. Indeed, as already explained, this evolution of the current density along the 

cell radius is due to the consumption of steam, which is favored at higher temperatures and 

higher cell voltages. With this representation, it can be seen that the computed currents along 

the cell radius are fully consistent with the measurements. Indeed, the simulated curves cross 

all the segments except at the cell inlet were experimental data are slightly above the predicted 

currents. This slight discrepancy could be explained by the contact resistances between the grids 

and the electrodes, which could not be perfectly homogenous in the experiments. It is thus 

proposed that the contact resistance below the pin at the cell inlet would be slightly lower in 

such a way that the current density would be higher (and hence, the simulated current 

systematically lower). Finally, it is worth noting that the same behavior is observed in SOFC 

mode under polarization at 0.8 V and 1 V at 750 °C and 800 °C (Figure 3-7d-e). 

As a general mater, when analyzing the global polarization curves in Figure 3-5 together 

with the local results shown in Figure 3-6and Figure 3-7, it is possible to conclude that the 

multiscale model is validated with the global and local measurements obtained for various 

operating conditions. Moreover, it has been shown that the experimental data obtained using 

the special setup is consistent with the expected results for this type of cell. Hence, it is possible 

to state that there is a mutual validation between the experimental data and the multiscale model. 

In other words, the general good agreement between the modeling results and the experimental 

data can be seen as a cross validation of the model with our specific setup proposed to measure 

the local polarization curves.        



Multiscale physics-based model 

110 

 

 

Figure 3-7 – Radial distribution of the current in SOEC mode (cell voltage of 1.3 V and 

1 V, inlet flux = 12 NmL.min-1cm-2, P(H2)/P(H2O) = 10/90) at (a) 700 °C, (b) 750 °C and 

(c) 800 °C and in SOFC mode (cell voltage of 0.8 V and 1 V, inlet flux = 12 NmL.min-1cm-

2, P(H2)/P(H2O) = 100/0) at (d) 750 °C and (e) 800°C. 
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5. Discussion 

5.1 Partial pressures distribution  

The multiscale model offers the possibility to compute all the quantities in the electrodes 

such as the radial distribution of the partial pressure under different conditions of inlet flux, 

polarization and temperature. As an illustration, the steam and hydrogen partial pressures have 

been plotted in Figure 3-8a-b at the interface between the electrolyte and the fuel electrode. 

These distributions have been determined at 750 °C for a current density of ± 0.5 A.cm-2 in both 

SOEC (P(H2)/P(H2O) = 10/90) and SOFC modes (P(H2)/P(H2O) = 90/10) and for two different 

inlet fluxes (6 and 12 NmL.min-1.cm-2). As expected, in SOEC mode, hydrogen partial pressure 

increases in the direction of the cell outlet, while the steam partial pressure decreases, since 

they are respectively produced and consumed by the electrochemical reactions. In SOFC mode, 

the partial pressures distribution follows an opposite evolution with a decrease of hydrogen 

concentration and an increase of steam concentration at the cell outlet. 

The effect of the inlet flux for the fuel electrode is also shown in Figure 3-8a-b. When the 

steam and hydrogen supply is lowered, the depletion of reactants in both modes is higher for a 

given current density. In that condition, the gradients along the cell radius are more pronounced 

as shown in Figure 3-8a-b. At high fuel utilization in SOFC mode, the starvation of hydrogen 

at the cell outlet can accelerate the processes of cermet degradation with the local Ni re-

oxidation into NiO [60].  

The distributions of the oxygen and nitrogen partial pressures in the air electrode are also 

shown in Figure 3-8c-d. It can be noticed that the gradients of partial pressures along the cell 

radius are not strongly affected by the cell operation in both modes. These slight evolutions are 

explained by the high inlet flux of air (41 NmL. min-1.cm-2) that guarantees a supply of oxygen 

all along the electrode radius.  
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Figure 3-8 – Partial pressures of H2 and H2O along the cell radius for 6 NmL.min-1cm-2 

and 12 NmL.min-1cm-2 at 750 °C under (a) cathodic polarization and partial pressure in the 

gas inlet of P(H2)/P(H2O) = 10/90, and (b) anodic polarization and partial pressure in gas inlet 

of P(H2)/P(H2O)= 90/10. Partial pressures of O2 and N2 along the cell radius for 41 

NmL.min-1cm-2 at 750 °C under (c) anodic polarization and partial pressure in the gas inlet of 

P(O2)/P(N2) = 21/79, and (d) cathodic polarization and partial pressure in the gas inlet of 

P(O2)/P(N2) = 21/79. 

 

5.2 Reaction mechanism in the fuel electrode 

The extent of the active reaction zone in the fuel electrode can be quantified by plotting as 

a function of the electrode thickness the local ionic (𝑖𝑖𝑜) and electronic (𝑖𝑒𝑙) current densities in 

YSZ and Ni [61]. These evolutions have been extracted from the simulating results for the three 

positions along the electrode radius at the cell inlet, middle and outlet. They are reported in 

Figure 3-9 for a cell operating at 750°C and ±0.5 A.cm-2 in SOFC and SOEC mode. As 
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expected, the electronic current density increases from the electrolyte interface up to the current 

collector while the ionic current density follows the opposite evolution. With the studied 

microstructure, it can be noticed that the reactions spread over a distance of around 15 µm in 

the cermet thickness when operated in electrolysis mode (Figure 3-9a). Moreover, it is found 

that the repartition of the current density in the active layer is not significantly impacted by the 

position along the cell radius. From a practical point of view, this statement means that it is not 

necessary to tune the thickness of the functional layer from the cell inlet to the outlet during 

manufacturing. Finally, it can be noticed that the same statement has been found when the cell 

is operated in fuel cell mode (Figure 3-9b). Nevertheless, the extension of the reaction zone in 

the electrode is slightly lower than in SOEC mode. This difference is related to a change in the 

activated reaction mechanism, which is detailed hereafter. 

  

 

Figure 3-9 – Distribution of the ionic and electronic currents along the electrode 

thickness for different radial positions with an inlet gas flux of 12 NmL.min-1.cm-², T = 750 

°C and P(H2)/P(H2O) = 50/50 in (a) SOEC mode at -0.5 A.cm-2 and (b) SOFC mode at +0.5 

A.cm-2. 

 

To highlight the effect of the position on the reaction mechanism, the ratio (𝜉) between the 

kinetic rates of steam adsorption/desorption on YSZ (𝑣𝑅2) and Ni (𝑣𝑅1) (cf. Table 3-1) has been 

computed at the cell inlet, middle and outlet: 
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𝜉(𝑟) =
∫ 𝑣𝑅2(𝑧, 𝑟)

𝑧=𝐹𝐿

𝑧=0
𝑑𝑧

∫ 𝑣𝑅1(𝑧, 𝑟)
𝑧=𝐹𝐿

𝑧=0
𝑑𝑧

 (6) 

 

A ratio higher than one means that the mechanism is mainly controlled by the reaction 

pathway related to the steam interaction with YSZ. On the contrary, a ratio lower than one 

indicates that reaction mechanism is dominated by the pathway related to the steam interaction 

with Ni.  

This ratio is plotted in Figure 3-10a for an operation in SOFC mode at 750°C and i=+ 0.5 

A.cm-2. As already explained in [48], the majority of the steam is produced in fuel cell mode 

by the water desorption from the YSZ surface (ξ>1). Nevertheless, the ratio between the two 

pathways decreases in the direction of the cell outlet. This evolution in the reaction mechanism 

along the cell radius can be explained by the inspection of the surface coverages on the Ni and 

YSZ (Figure 3-11). For the water molecules, it can be remarked that both coverages on Ni and 

YSZ increases from the inlet up to the outlet (Figure 3-11a-b) since the steam partial pressure 

is higher at the cell periphery (Figure 3-8b). However, it is worth noting that the increase of 

Θ𝐻2𝑂 at the cell outlet is stronger for the Ni surface than for the YSZ. Indeed, an increase of 

4.5x is found for Ni surface between the inlet and outlet (Figure 3-11a), whereas in the same 

conditions, an increase of 2.3x is found for the local coverage on YSZ surface (Figure 3-11b). 

This evolution points out that, compared to the cell inlet, the capability of the YSZ surface at 

the cell outlet to accept additional water molecules becomes limited. This trend is related to the 

very high coverage of hydroxyl ions resulting in low available sites on the YSZ surface when 

the steam partial pressure is increased (Figure 3-11c-d). On the other hand, the available site on 

Ni tends to increase at the cell outlet due to the decrease of hydrogen ad-atom surface 

concentration (Figure 3-11e-f). As a result, the reaction pathway with the steam desorption from 

YSZ becomes more and more bounded in the direction of the cell outlet while the one from Ni 

surface becomes favored. Finally, it can be noticed that the decrease of the ratio along the cell 

radius is enhanced when the inlet gas flux is lowered (Figure 3-10a). Indeed, the higher fuel 

utilization leads to a stronger gradient of gas partial pressure along the electrode radius, and 

hence, a higher steam partial pressure at the cell outlet (cf. Figure 3-8b). 

Regarding an operation in SOEC mode, the ratio has been computed along the cell radius 

at 750°C and i=-0.5 A.cm-2 (Figure 3-10b).  It can be noted that the ratio follows an opposite 

behavior when compared to the SOFC mode. Indeed, it increases in the direction of the cell 
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outlet, changing the prevailing mechanism of interaction between steam molecules and the 

electrode surface. At the cell inlet, the mechanism is mainly controlled by the adsorption of 

steam on Ni surface (i.e. ξ<1) while, at the cell outlet, the mechanism becomes more and more 

dominated by the steam adsorption on YSZ (i.e. ξ>1). As for the SOFC mode, this behavior can 

also be explained by analyzing the distribution of surface coverages on YSZ and Ni. For 

instance, the evolution of Θ𝐻2𝑂 along the cell radius is shown in Figure 3-12a-b on both 

materials. A decrease of 60% is found for the surface coverage on Ni from the inlet to the outlet. 

On the other hand, the decrease in the steam coverage is only about 35% for YSZ. Hence, the 

quantity of steam associated with the YSZ surface increases as a function of the electrode 

radius, which favors the reaction pathway that takes into consideration the adsorption on the 

YSZ surface, increasing the ratio 𝜉.  

 

 

Figure 3-10 – (a) Ratio between the kinetic rates of steam desorption on Ni and YSZ 

surfaces as a function of the cell radius at 750 °C, with an inlet gas flux of 6 NmL.min-1.cm-

² and 12 NmL.min-1.cm-² in (a) SOFC mode (P(H2)/P(H2O) = 90/10)  at i = +0.5 A.cm-2, 

and (b) SOEC mode (P(H2)/P(H2O) = 10/90)  at i = -0.5 A.cm-2. 
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Figure 3-11 – Evolution of the surface coverage on YSZ and Ni surfaces in SOFC 

mode (P(H2)/P(H2O) = 90/10)  at 750 °C, i = +0.5 A.cm-2 and with an inlet gas flux of 6 

NmL.min-1.cm-² for: (a) H2O molecules on Ni surface, (b) H2O molecules on YSZ surface, 

(c) OH- ions on YSZ surface, (d) free sites on YSZ surface, (e) hydrogen ad atom on Ni 

surface, and (f) free sites on Ni surface.  
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Figure 3-12 – Evolution of the surface coverage on YSZ and Ni surfaces in SOEC 

mode (P(H2)/P(H2O) = 10/90)  at 750 °C, i = -0.5 A.cm-2 and with an inlet gas flux of 6 

NmL.min-1.cm-² for: (a) H2O molecules on Ni surface, (b) H2O molecules on YSZ surface. 

5.3 Reaction mechanism in the air electrode    

The local electronic current densities in LSCF and the sum of the ionic current densities in 

LSCF and CGO have been taken from the simulated dataset for an operation at 750°C and a 

cell current of ± 0.5 A.cm-2 in SOFC/SOEC mode. The profiles in the electrode thickness are 

plotted in Figure 3-13a (SOFC) and Figure 3-13b (SOEC) for the cell inlet, middle and outlet. 

With the microstructure of the studied LSCF-CGO composite, the reaction zone in the 

functional layer spreads over a limited distance of a few micrometers and does not exceed 10 

µm in electrolysis mode (Figure 3-13a). Moreover, as for the fuel electrode, the repartition of 

the local current densities is not significantly impacted by the position along the cell radius. It 

can be also noticed that the thickness of the reaction zone in fuel cell mode is roughly similar 

to the one in SOEC mode. Indeed, in this case, the reaction mechanism remains identical for 

both polarizations as detailed hereafter.  
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Figure 3-13 –Distribution of the ionic and electronic currents along the cell thickness 

for different radial positions with an inlet gas flux of 41 NmL.min-1.cm-², T = 750 °C and 

P(O2)/P(N2) = 50/50 in (a) SOFC mode (i = +0.5 A.cm-2) and (b) SOEC mode (-0.5 

A.cm-2). 

 

The multiscale model has been also applied to analyze the activated reaction mechanism 

depending on the position along the cell radius. For this purpose, the ratio between the surface 

to the bulk path has been defined as follows [28]: 

𝜁(𝑟) =
∫ 𝑣𝑅10(𝑧, 𝑟)𝑑𝑧

𝑧=𝐹𝐿

𝑧=0

∫ 𝑣𝑅9(𝑧, 𝑟)𝑑𝑧
𝑧=𝐹𝐿

𝑧=0

 (7) 

where 𝑣𝑅9 and 𝑣𝑅10 denote the kinetic rates for the reactions R9 and R10, respectively 

(Table 3-1). When  𝜁 > 1, the mechanism is mainly controlled by the surface path related to 

the charge transfer at TPBls, whereas 𝜁 < 1 means that the mechanism is governed by the bulk 

path related to the oxygen incorporation/excorporation at the LSCF surface.  

The ratio 𝜁 is plotted as function of the cell radius in Figure 3-14a-b for a cell operated in 

SOFC and SOEC modes, respectively (at 750°C and i=+/-0.5 A.cm-2). Whatever the position 

in the cell, it can be noted that the mechanism is completely dominated by the surface path (𝜁 >

1) for both operating modes. This result is explained by the high density of active TPBls in the 

LSCF-CGO composite that favors the surface path [26], [28].   
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Under SOEC mode, it can be observed that the ratio decreases in the direction of the cell 

outlet (Figure 3-14b). This evolution is driven by the concentration of incorporated oxygen 

atoms in the LSCF that has been computed from the inlet to the cell outlet. As shown in Figure 

3-14d, this concentration decreases along the cell length due to the decrease of the local current 

density (cf. Figure 3-7). Therefore, the lower concentration of oxygen atom in LSCF, which is 

directly related to a higher concentration of vacancies, tends to promote the bulk path as already 

detailed in [28]. Under SOFC mode, the opposite behavior is observed. The oxygen reduction 

at the TPBls (i.e. surface path) is promoted at the cell outlet compared to the cell inlet (Figure 

3-14a). This behavior is linked to the increase in the concentration of incorporated oxygen in 

the direction of the cell outlet as shown in Figure 3-14c [14]. 
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Figure 3-14 – Ratio between the surface and bulk pathways along the functional layer 

thickness for different regions of the cell radius at 750 °C and inlet flux of 41 NmL.min-

1cm-2 in (a) SOFC mode (i = +0.5 A.cm-2) and (b) SOEC mode (i = -0.5 A.cm-2). 

Concentration of oxygen atoms incorporated in LSCF along the functional layer thickness 

for different regions of the cell radius at 750 °C and inlet flux of 41 NmL.min-1cm-2 in (c) 

SOFC mode (i = +0.5 A.cm-2) and (d) SOEC mode (i = -0.5 A.cm-2). 

                                            

6. Conclusion 

 

A coupled experimental and numerical approach has been adopted to elucidate the complex 

relationships between the global SOC response and the reaction mechanisms taking place in the 

electrodes. To perform this study, an in-house multiscale model has been developed and 
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validated. This physical-based model consists of a combination of three different length-scales. 

The first module is devoted to the generation of synthetic microstructures for the morphological 

description of both electrodes. The second module describes all the microscopic processes 

arising in the electrodes functional layers. They take into account the reaction mechanisms 

divided in elementary steps together with the mass and charge transfer in the electrode phases. 

These kinetic models are linked to the third module that allows the simulation of the global cell 

response. The multiscale model offers the possibility to study the impact of the cell design on 

the local distribution of reaction kinetic rates, current densities, gas composition, etc. 

To validate the multiscale model, a special setup has been developed to measure the local 

polarization curves along the cell length. For this purpose, a specific design of the interconnect 

has been proposed in order to probe the local current density in the cell without any 

segmentation of the electrodes. This setup has been used to characterize a typical cell made of 

the classical SOCs materials (i.e. Ni-YSZ//YSZ//LSCF-CGO). Global and local polarization 

curves have been recorded in both SOFC and SOEC modes between 700 °C and 800 °C and 

for a large range of inlet flux for the fuel electrode (3-12 NmL.min-1.cm-2). As expected, it has 

been found that the cell performances are improved with increasing the H2/H2O inlet flux and 

the temperature. The local measurements have confirmed that the local current density 

decreases along the cell length from the inlet to the outlet. 

The cell response has been computed with the model in the same conditions than the 

experiments. For this purpose, the model has been applied to the studied cell by considering an 

accurate description of the electrode microstructures. It has been found that the model is able 

to simulate accurately the global and local polarization curves obtained in SOFC and SOEC 

modes. A good agreement has been found between the simulated local current densities and the 

ones measured along the cell for various cell voltages. These results constitute a cross validation 

of the model and the specific setup proposed to measure the local current densities.       

The model has been applied to study the fuel and air electrode operation as a function of 

the cell length. For the fuel electrode, it has been highlighted that the extension of the reactions 

in the functional layer is almost independent on the position along the cell length. However, the 

reaction mechanism evolves continuously from the cell inlet to the outlet. In SOEC mode, this 

evolution leads to a change in the mechanism. Indeed, the steam molecules adsorb preferentially 

on the Ni surface at the inlet; whereas the adsorption on YSZ becomes dominant at the outlet. 

In SOFC mode, the steam interaction with YSZ surface is favored whatever the position, 

although the contribution of the Ni surface on the reaction pathways is enhanced along the cell 
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length. All these evolutions have been discussed and explained with the distribution of 

adsorbates on both surfaces. Regarding the air electrode, it has been also found that the 

thickness of the reaction zone in the functional layer is almost the same along the cell length. 

Moreover, the reaction mechanism remains mainly controlled by the so-called surface path 

related to the charge transfer at the TPBls. Nevertheless, in SOEC mode, the relative weight of 

the bulk path associated to the charge transfer at the LSCF surface is increased along the cell 

length. The opposite trend has been found in SOFC mode. These evolutions have been 

explained by the change of oxygen content in the LSCF material.       
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Nomenclature 

Roman symbols 

𝐴 Exchange density pre-exponential factor in the hydrogen electrode, (A.cm-²) 

𝐵 Exchange density pre-exponential factor in the air electrode, (A.cm-²) 

𝐶𝑂𝑂
𝑥

𝑚𝑎𝑥. Maximum concentration of oxygen incorporated in LSCF, (mol.m-3) 

𝐸𝑎
𝑖  Activation energy of the exchange current density for the electrode i, (J.mol-1) 

𝐸𝑖=0 Open circuit voltage, (V) 

𝑒− Electron, (-) 

𝐹 Faraday’s constant, (C.mol-1) 

𝑖 Cell current density, (A.cm-²) 

𝑖𝑖𝑜 Local ionic current density, (A.cm-²) 

𝑖𝑒𝑙 
Local electronic current density, (A.cm-²) 

𝑖0
𝑖  Exchange current density in the electrode i, (A.cm-²) 

𝑘 Kinetic constant of the reaction, (units shown in Table 3-1) 

𝑚 Exchange density exponent for the hydrogen partial pressure, (-) 

𝑛 Exchange density exponent for the steam partial pressure, (-) 

𝑝 Exchange density exponent for the oxygen partial pressure, (-) 

𝑝𝑖 
Partial pressure of the specie i, (atm) 

𝑅 Universal gas constant, (J.mol-1.K-1) 

𝑅𝑐 Contact resistance, (Ω.cm2) 

𝑟�̅� 
Radius of the phase i, (µm) 

𝑠𝑖 
Free site on the surface for the phase i (-) 

𝑆𝑝𝑖−𝑗 Specific surface area between phase i and j, (µm-1) 

𝑇 Absolut temperature, (K) 

𝑈𝑐𝑒𝑙𝑙  
Cell voltage, (V) 

Chemical species 

𝐻2(𝑔) Gaseous hydrogen, (-) 

𝐻2𝑂(𝑔) Gaseous water, (-) 

𝐻𝑁𝑖 
H attached on Ni surface, (-) 

𝐻2𝑂𝑁𝑖 
H2O attached on Ni surface, (-) 

𝐻2𝑂𝑌𝑆𝑍 H2O attached on YSZ surface, (-) 
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ℎ• Hole defect in the LSCF, (-) 

𝑂2(𝑔) Gaseous oxygen 

𝑂𝑌𝑆𝑍
2−  O2- attached on YSZ surface, (-) 

𝑂𝑂
𝑥(𝑌𝑆𝑍) Oxygen in the YSZ lattice, (-) 

𝑂𝐻𝑌𝑆𝑍
−  OH- attached on YSZ surface, (-) 

𝑂𝑂
𝑥(𝐶𝐺𝑂) Oxygen in CGO lattice 

𝑂𝑂
𝑥(𝐿𝑆𝐶𝐹) Oxygen in LSCF lattice 

𝑂𝐿𝑆𝐶𝐹
−  Oxygen ad-ion on the LSCF surface 

𝑂𝐿𝑆𝐶𝐹 Oxygen ad-atom on the LSCF surface 

𝑂2𝐿𝑆𝐶𝐹
 Oxygen ad-molecule on the LSCF surface 

𝑉𝑂
••(𝑌𝑆𝑍) Oxygen vacancies in the YSZ lattice, (-) 

𝑉𝑂
••(𝐿𝑆𝐶𝐹) Oxygen vacancy in the LSCF lattice, (-) 

𝑉𝑂
••(𝐶𝐺𝑂) Oxygen vacancy in the CGO lattice, (-) 

  

Greek symbols 

𝜀𝑖 
Volume fraction of the phase i, (-) 

𝜁 Ratio between surface and bulk path, (-) 

𝜉 Ratio between steam adsorption/desorption on Ni and YSZ, (-) 

𝜉𝑇𝑃𝐵 Triple phase boundary length density, (µm-2) 

𝜂𝑐𝑜𝑛𝑐
𝑖  Concentration overpotential in the electrode i, (V) 

𝜂𝑎𝑐𝑡
𝑖  Activation overpotential in the electrode i, (V) 

𝜂𝑜ℎ𝑚 Ohmic overpotential, (V) 

𝜂𝑑𝑖𝑓𝑓  Gas diffusion overpotential, (V) 

𝜂𝑐𝑜𝑛𝑣 Gas conversion overpotential, (V) 

𝜃𝑖𝑗
 Local coverage of the specie i  on the surface of the phase j, (-) 

𝜏𝑖 
Tortuosity factor of the phase i, (-) 
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List of Abbreviations 

3YSZ Yttria Stabilized Zirconia with 3.mol% of Yttria 

8YSZ Yttria Stabilized Zirconia with 8.mol% of Yttria 

CGO Gadolinium-doped Ceria 

DGM Dusty Gas Model 

EIS Electrochemical Impedance Spectroscopy 

HTSE High-Temperature Steam Electrolysis 

LSCF Lanthanum Strontium Cobalt Ferrite 

MIEC Mixed Ionic and Electronic Conductor 

OCV Open Circuit Voltage 

RVE Representative Volume Element 

SOCs Solid Oxide Cells 

SOEC Solid Oxide Electrolysis Cell 

SOFC Solid Oxide Fuel Cell 

SRU Single Repeating Unit 

YSZ Yttria Stabilized Zirconia 
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Solid oxide cells (SOCs) are high temperature energy-conversion 

devices, which have attracted a growing interest in the recent years. 

Indeed, this technology presents a high efficiency and a good 

reversibility in fuel cell (SOFC) and electrolysis (SOEC) modes. 

Nevertheless, SOCs durability is still insufficient due to 

performance degradation during operation. In this context, a 

physics-based model has been proposed to investigate the impact of 

operating conditions on the electrodes reaction mechanisms and cell 

performance. This multiscale model has been developed considering 

a typical cell composed of a dense electrolyte in Y0.16Zr0.84O1.92 

(8YSZ) sandwiched between an oxygen electrode in 

La0.6Sr0.4Co0.2Fe0.8O3-δ-Ce0.8Gd0.2O2-δ (LSCF-GDC) and a hydrogen 

electrode made of Ni-YSZ. The model has been validated on global 

and local polarizations curves in SOFC and SOEC modes, and 

electrochemical impedance spectra at the open circuit voltage 

(OCV). The different contributions arising in the impedance spectra 

have been identified and discussed. 
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1. Introduction 

Solid oxide cells (SOCs) are high temperature energy-conversion devices, which have 

attracted a growing interest in the recent years. In the context of the transition towards 

fossil-free energy market, this technology offers technical solutions for the development of 

a clean hydrogen economy. Indeed, the SOCs present a high efficiency and a good 

reversibility in fuel cell (SOFC) and electrolysis (SOEC) modes. However, their durability 

is still insufficient due to severe performance degradation related to different phenomena 

occurring in the cell components (1–4). Therefore, for large-scale commercialization, it is 

still required to improve the SOCs lifetime by maintaining high performance. For this 

purpose, it is necessary to better understand the impact of global operating conditions on 

the local processes taking place in the cell components. Besides, the role of the electrode 

microstructure on the reaction mechanism is still not precisely understood. From this point 

of view, the modelling can be an efficient tool to unravel and better analyze all the 

microscopic processes involved in the cell operation. In this context, a physics-based model 

has been proposed to investigate the impact of operating conditions on the electrodes 

reaction mechanisms and cell performance. This model takes into account (i) a 3D 

representation of the electrode microstructure (5), (ii) a description of the reaction 

mechanisms in full elementary steps (6, 7) and (iii) the SOC geometry with the gas flow 

configuration (8, 9). The validated multiscale model has been used to analyze the cell 

operation in electrolysis and fuel cell modes. The activated reaction pathways associated 

with the elementary steps in the active layers have been investigated depending on the 

position along the cell length. Additionally, the different processes occurring in the cell 

components, arising in the electrochemical impedance spectra (EIS), have been identified 

and discussed. In the frame of this work, special attention has been paid to the simulation 

of the complete cell impedance diagram, since the EIS technique is a powerful tool to 

analyze the kinetic and transport phenomena, but also to perform a prognosis of 

degradation for long-term operation (10, 11). 

 

2. Materials and methods                                            

2.1 Cell description 

A standard hydrogen electrode-supported cell has been considered for this study. The 

circular cell has an active area of 9.08 cm². It is composed of a Y0.16Zr0.84O1.92 (8YSZ) 

dense electrolyte (ca. 8 µm) and a Ni-8YSZ fuel electrode functional layer (ca. 25 µm) 

supported on a thick Ni-3YSZ substrate (ca. 280 µm). The oxygen electrode is a bilayer, 

which includes a La0.6Sr0.4Co0.2Fe0.8O3-δ-Ce0.8Gd0.2O2-δ (LSCF-GDC) composite functional 

layer (ca. 20 µm) and a LSCF current collecting layer (ca. 20 µm). A GDC barrier layer 

(ca. 3 µm) is added between the electrolyte and the oxygen electrode to limit the reactivity.  

 

2.2 Experimental setup 

Electrochemical tests have been performed in an in-house test bench, which is described 

in (12). The cell was placed in a metallic housing inside a furnace. A glass sealant (Schott 
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G018-311) was deposited at the cell periphery to ensure the tightness of the fuel 

compartment. On both sides, the inlet gas was supplied at the cell center by mass flow 

controllers (Brooks SLA5850S) according to a radial co-flow configuration. A steam 

generator operated in saturated vapor conditions delivered the steam to the cell. In order to 

collect the current at the electrodes surface, a Ni grid (100 meshes∙cm-2) and two gold grids 

(100 meshes∙cm-2) were used for the hydrogen and the oxygen electrodes, respectively. 

Local measurements along the cell radius have been performed thanks to a specific design 

for the metallic interconnect at the air side, which is detailed in (12). In addition, a 

mechanical load of 600 g∙cm-2 was applied on the cell to further decrease the contact 

resistance. 

 

2.3 Experimental protocol 

For the experiments, the cell was heated up to 860°C with a heating rate of 1°C∙min-1 and 

maintained at this temperature for 90 min to form the glass seal. During this first step, the 

hydrogen and oxygen electrodes were respectively swept under nitrogen (0.5 Nl∙h-1) and 

air (0.5 Nl∙h-1). Subsequently, the temperature was decreased to 800°C for the cermet 

reduction. For this purpose, the N2 at the fuel electrode was progressively substituted with 

H2 while the flow rates at the two electrodes were gradually increased from 0.5 Nl∙h-1 to 4 

Nl∙h-1. The cermet was then maintained in this condition, under pure hydrogen, for 16 h to 

ensure the full reduction of NiO into Ni. Afterwards, the electrochemical characterizations 

were carried out in the operating conditions defined in the next section. At the end of the 

characterizations, the setup was cooled down to room temperature at a rate of 1°C∙min-1. 

During this step, a mixture of nitrogen and hydrogen was supplied to the hydrogen 

electrode to maintain the cermet in its reduced state and avoid Ni re-oxidation. 

 

2.4 Electrochemical characterizations 

In order to validate the model, electrochemical characterizations were performed 

considering both polarization curves and impedance spectra. As detailed in (12), 

polarization curves measured in galvanostatic mode were obtained in SOFC and SOEC 

modes. The local current densities were measured for three zones at center (i.e. gas inlet), 

middle and edge (i.e. gas outlet) of the circular cell. The data were acquired at different 

temperatures (700, 750 and 800 °C) and for various inlet flow rates at the hydrogen 

electrode (3, 6, 9, and 12 NmL∙min-1∙cm-2). Additionally, EIS at the open circuit voltage 

(OCV) was measured at 750°C, 10/90 H2/H2O, total inlet flow rate of 12 NmL∙min-1∙cm-2 

at the hydrogen electrode. The experimental data were acquired using a 

potentiostat/galvanostat (Autolab PGSTAT-302N) equipped with a frequency response 

analyzer (FRA) module and a 20 A current booster. The ac current amplitude for the EIS 

acquisition at OCV was imposed to 100 mA. The raw impedance spectra were collected 

using the NOVA software and then post-treated with the Zview software (ver. 2.70, 

Scribner Associates) based on equivalent electric circuit model (EECM) shown in Figure 

3-15. The EECM proposed by (13, 14), consists of a resistance that represents the ohmic 

resistance (Rs) in series with an inductor element (L) that takes into account the inductance 

of the wires. Four resistance-constant phase element (R-CPE) were used to fit accurately 
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the different EIS contributions at high frequency (HF), medium (or intermediate) frequency 

(MF) and low frequency (LF) (Figure 3-15a). It can be noted that the contribution at high 

frequency is strongly distorted by the inductance related to the wires. To remove this effect, 

the impedance spectra were simulated with the equivalent circuit without the inductance as 

shown in Figure 3-15b. It can be noticed that several cells were tested with a very limited 

scattering on the experimental results. For the sake of clarity, the iV curves and EIS 

diagrams retained for the analysis correspond to the data with the lowest standard 

deviation.   

 

 

 

Figure 3-15. EIS at OCV, 750°C, 10/90 H2/H2O, 12 NmL∙min-1∙cm-2 total inlet flow rate, a) comparison 

between the experimental data and the fitted EIS and b) Simulated EIS without the inductance related to the 

wires. 
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3. Multiscale model description 

The multiscale model has been implemented in COMSOL Multiphysics®, MATLAB® 

and LiveLink™ software.  A 2D axisymmetric geometry has been considered thanks to the 

circular geometry of the cell and the radial co-flow configuration for the experimental 

setup. In this approach, the set of partial differential equations (PDEs) is solved in the time 

domain, keeping the full-non linearity of the system. The model is capable of simulating 

the cell response in different conditions. It is composed of (i) a morphological model to 

represent the electrodes microstructures; (ii) two electrode-level models based on 

elementary reactions; and (iii) a cell-level model considering the geometry and the gas 

distribution to compute all the local quantities (partial pressures, current, etc.) along the 

cell radius. The microstructural properties coming from the morphological model are used 

in the electrode-level and cell-level models. For the stationary simulations, as detailed in 

(12), the apparent exchange current densities used at the macroscopic scale are computed 

all along the cell length with the electrode models. The stationary model is used for 

simulating the polarization curves in SOFC and SOEC as presented in (12). This model 

has been extended to compute the EIS at OCV and under polarization for the complete cell.  

The impedance model accounts for the dynamic response of the different irreversible 

processes arising in the cell layers together with the reversible gas conversion 

overpotential. For the two electrode models, a transient term has been added in the mass 

and charge transfer equations for each species considered for the elementary reactions. All 

the constitutive equations have been already detailed in (6) and (7) for the oxygen and 

hydrogen electrodes, respectively. It can be noted that the transient terms related to the gas 

diffusion in the porous electrodes, the solid-state diffusion in the material, the surface 

diffusion of adsorbed species along with the electronic and ionic currents have been taken 

into account (6, 7).  

The gas conversion contribution in the impedance spectra is induced by the consumption 

and production of species that modify the gas composition along the cell length for the two 

electrodes. In order to consider this contribution in the EIS, the channels distributing the 

gas over the electrodes are modeled as continuous stirred tank reactors (CSTRs) (6, 15–

17). The CSTR model allows computing the boundary conditions in terms of partial 

pressures that must be applied at the top of the electrode. These boundary conditions are 

used to simulate the mass transfer within the electrode porous microstructure. For the EIS 

under polarization, in order to consider the change in composition along the cell radius 

induced by the reactions, the whole electrode is discretized in n annular slices between two 

radii, r and r+dr. Therefore, the mass and charge balances in the electrodes associated to 

the CSTR model for the channels are applied to each slice to calculate the EIS under 

polarization. For the EIS at OCV, it can be noted that the CSTR is directly computed on 

the whole electrode, because the composition does not change along the cell radius. 

For each slice n of electrode comprised between r and r+dr, the system of time dependent 

PDEs related to the processes within the electrode are complemented by equation [16] for 

the gas channel. It allows computing the molar fraction 𝑦i(𝑟, 𝑡) for the i-th species in the 

channel for the slice n: 

 
Ptot VCSTR

R 𝑇
∙

∂𝑦i(𝑟, 𝑡)

∂𝑡
= 𝐹inlet ∙ 𝑦i,inlet − 𝐹outlet ∙ 𝑦i(𝑟, 𝑡) ± |𝐽i,n(𝑟, 𝑡)| ∙ An [16] 
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Where t is the time, Ptot is the total pressure (Pa), VCSTR is the volume of the CSTR (m3), 

R is the ideal gas constant (J∙mol-1∙K-1), 𝑇 is the operating temperature (K).  𝐹inlet and 

𝐹outlet denote the inlet and outlet total flow rates (mol∙s-1) of the considered slice n while 

An represents its surface area (m2). 𝑦i,inlet is the inlet molar fraction for the i-th species. 

The term 𝐽i,n is the molar flow rate across the gas channel/electrode interface (mol∙m-2∙s-1) 

for the i-th species at the slice n (computed along with the equation of mass transfer in the 

electrode porosity). In this approach, it is worth noting that 𝐹inlet, 𝐹outlet and 𝑦i,inlet are 

assumed to be time independent (6, 18). Their evolution along the cell radius (i.e. for each 

slice n) is calculated with the stationary model and used as inputs in the dynamic model. 

In order to compute the impedance of the considered electrode for each slice n, a sinusoidal 

perturbation is applied on the ionic current in the electrolyte:  

 𝑖(𝑟, 𝑡) = 𝑖dc(𝑟) + 𝑖ac(𝑡)    with    𝑖ac(𝑡) = A sin(2π𝑓𝑡)  [17]  

Where A and f are respectively the half-amplitude and the frequency for the sinusoid. The 

dc current 𝑖dc(𝑟) that needs to be applied on each slice comes from the stationary model. 

Half of the electrolyte thickness is considered in the simulated domain for each slice (at 

the hydrogen and oxygen sides). The imposed 𝑖(𝑟, 𝑡) is applied as boundary condition in 

the electrolyte in such a way that the pure ohmic losses in the dense YSZ are taken into 

account. The procedure to extract the impedance 𝑍n
O2 (or 𝑍n

H2) for each slice at the oxygen 

(or hydrogen) sides has been already detailed in (19). 

For each frequency, the total impedance 𝑍tot
O2  (or 𝑍tot

H2) of the whole electrode and half of 

the electrolyte is calculated knowing that all the local impedances 𝑍n
O2 (or 𝑍n

H2)  are in a 

parallel configuration regarding to the current:  

 
1

𝑍tot
k

=
1

Atot
 ∑

An

𝑍n
k

N

n=1

  with     k = O2 or H2 [18]  

Finally, the cell impedance is obtained by the sum of the two contributions: 

 𝑍cell = 𝑍tot
O2 + 𝑍tot

H2 [19]  

The multiscale model is thus capable of identifying the different contributions related to 

the different processes in the cell impedance diagram.  

 

          

4. Results 

4.1 Stationary model 

The complete validation of the stationary model has been performed on global and local 

polarization curves. The operating conditions have been explored in terms of cell 

temperature, SOFC/SOEC operating mode and inlet flow rate at the fuel electrode. All the 

results have been published elsewhere (12). In Figure 3-16, a comparison between some 

experimental and simulated polarization curves is shown as an illustration. It can be seen 
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that the model was able to reproduce the global and local experimental polarization curves.  

Some deviations were observed approaching the limiting current density, which was 

mainly ascribed to the uncertainty on the determination of some microstructural properties 

retrieved from the 3D reconstruction of the Ni-3YSZ support layer (i.e. pore radius and 

tortuosity factor of the gas phase) (12). 

 

 

Figure 3-16. Comparison between the simulation and the experimental data obtained on a standard cell made 

of the classical Ni-YSZ//YSZ//LSCF-GDC materials: global iV curves in a) SOEC and b) SOFC mode at 

different temperatures (10/90 H2/H2O, Total inlet flow rate=12 NmL∙min-1∙cm-2), c) local iV curves in SOEC 

mode (800°C, 10/90 H2/H2O, Total inlet flow rate=12 NmL∙min-1∙cm-2) (12). 

 

4.2 Dynamic model 

The validation of the impedance model has been performed on the experimental EIS 

measured at OCV, 750°C, 10/90 H2/H2O, total inlet flow rate 12 NmL∙min-1∙cm-2, after 

EECM correction. The EIS diagram has been computed in the same conditions as the 

experimental EIS, without fitting the model input parameters (the kinetic constants for the 

reactions and the electrode microstructural parameters are given in (12), while diffusion 

coefficients, ionic and electronic conductivities along with the double layer capacitances 

are listed in (6, 7)). As shown in the Nyquist plot (Figure 3-17a), a good agreement is 

obtained between experimental and simulated spectra for the contributions at high and low 

frequencies. However, a higher mismatch in terms of intensity in the imaginary part is 

observed for the arc at intermediate frequency. The origins of this mismatch is discussed 
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in the next section. It can be also noticed, a frequency lag between the simulation and the 

experimental data, which is visible in the HF region of the Bode plot (Figure 3-17b).  

 

 

Figure 3-17. Comparison between simulation and experimental data a) Nyquist and b) Bode plots of the EIS 

at OCV (750°C, 10/90 H2/H2O, total inlet flow rate=12 NmL∙ min-1 ∙ cm-2).The ohmic losses have been 

removed from the impedance diagrams. 

 

To go further in the model validation, the impact of gas composition on the cell response 

has been assessed in this study. In Figure 3-18a, the experimental and simulated 

polarization resistances (Rp) taken from the EIS at OCV are plotted as a function of the gas 

composition introduced at the hydrogen electrode (i.e. pH2/( pH2+ pH2O) where pH2 and pH2O 

are the hydrogen and steam partial pressures). The evolution of Rp with the gas composition 

(i.e. pO2/( pO2+ pN2)) is shown in Figure 3-18b for the oxygen electrode. In both cases, a 

rather good agreement is observed between the experimental data and the simulations. 

Indeed, the model is able to reproduce the dependency of Rp with the gas composition 

introduced at the two electrodes. Therefore, despite the deviations observed in Figure 3-17, 

it can be claimed that the physics-based model can predict quite accurately the cell 

impedance response at OCV without fitting. 

 

The U-shape of the curve obtained by plotting the Rp evolution with the gas composition 

has been already discussed in (20). The high Rp values at low hydrogen and steam partial 

pressures are explained by the depletion in reactants/products, which induces high gas 

conversion overpotential. Moreover, it can be noticed that the curve is asymmetric, 

showing a higher Rp at high pH2. This behavior is due to the impact of the hydrogen partial 

pressure on the electrode activation overpotential related to the complex reaction 

mechanism in the Ni-YSZ active layer (7). At the oxygen side, the Rp decreases with 

increasing the oxygen partial pressure.  This evolution is explained by both the impact of 

pO2 on the gas conversion overpotential and the activation overpotential associated to the 

electrochemical processes in the LSCF-GDC electrode (6).  
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Figure 3-18. Comparison between simulation and experimental data: Rp measured at OCV and 750°C as 

function of the a) ratio pH2/( pH2+ pH2O) introduced at the hydrogen electrode hydrogen and b) ratio pO2/( pO2+ 

pN2) introduced at the oxygen electrode. 

 

5. Discussion 

5.1 Reaction mechanism in the electrodes 

It has been found that the physics-based stationary model is able to accurately reproduce 

the global and local polarization curves in SOFC and SOEC modes (Figure 3-16). Thus, it 

can be used to investigate the cell operation and the reaction mechanism depending on the 

position along the cell radius. As shown in (12), a rather high evolution of current density 

and gas composition along the cell radius was highlighted with both the model and the 

experimental setup. Besides, the change in the reaction mechanism was identified by a ratio 

between two specific kinetic rates. For the hydrogen electrode, it corresponds to the ratio 

of steam adsorption between YSZ and Ni surfaces. This ratio was found to decrease 

towards the cell outlet in SOFC mode (12). This means that the adsorption on Ni is more 

favored compared to YSZ, going towards the cell outlet. This behavior was ascribed to the 

high coverage of hydroxyl ions, resulting in low available sites on the YSZ surface when 

the steam partial pressure is increased. The opposite trend was observed in SOEC mode. 

For the air electrode, the ratio between kinetic rates was related to the 

incorporation/excorporation (i.e. bulk path) and the direct charge transfer at the TPBls (i.e. 

surface path). Such ratio was found to increase towards the cell outlet in SOFC mode (12), 

meaning that the surface path is promoted at the outlet. This trend was related to the lower 

concentration of oxygen vacancies in LSCF due to the lower current densities at the cell 

outlet. Opposite trend was observed in SOEC mode (12). Nevertheless, in both SOEC and 

SOFC modes, the ratio was higher than the unity (ζ > 1), meaning that the surface path was 

always dominating over the bulk path.  
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5.2 Contributions in the EIS diagrams at OCV 

The stationary model has been also extended to compute the impedance spectra by keeping 

the full description of the reaction mechanisms in elementary steps. This dynamic model, 

which is able to compute the impedance diagrams at OCV and under polarization, has been 

compared to the experimental data at OCV with a reasonable agreement. In such 

conditions, through a sensitivity analysis, the model can be used to identify and unravel all 

the different contributions entangled in the Nyquist and Bode plots, as shown in Figure 

3-19. Moving from the lowest to the highest frequency, the first LF contribution is ascribed 

to the gas conversion (1*) with a characteristic frequency of ca. 0.8 Hz. This order of 

magnitude for the characteristic frequency for the gas conversion is consistent with the 

results reported in (15, 17, 21). After that, the main processes involved in the oxygen 

electrode (2*) take place in the MF range with a characteristic frequency of ca. 13 Hz. This 

frequency for the oxygen electrode is also coherent with (18, 22). Subsequently, the gas 

diffusion (3*) in the fuel electrode support layer arises at ca. 390 Hz. This contribution has 

been identified by studying the impact of the pore size in the Ni-3YSZ support layer on the 

cell spectrum. The HF arc is mainly attributed to the hydrogen electrode processes (4*) 

around 104 Hz. This result is also consistent with (21, 23). Lastly, the ionic transfer between 

LSCF and GDC in the oxygen electrode (5*) arises around 6∙104 Hz, which is convoluted 

in the hydrogen electrode contribution. These results are in quite good agreement with the 

model of Bertei et al. (16) and distribution of relaxation time (DRT) study of Wang et al. 

(24). 

 

 

Figure 3-19. Identification of the processes frequency distribution in the a) Nyquist and b) Bode plots for the 

simulated EIS at OCV (750°C, 10/90 H2/H2O, total inlet flow rate=12 NmL∙min-1∙cm-2). 

 

The identification of the HF and MF contributions to the hydrogen and oxygen electrodes 

with the model has been confirmed by an experimental sensitivity analysis on the impact 

of partial pressures on the EIS diagrams. Indeed, the change in the pO2 affects mainly the 

MF arc in the EIS, with a very slight impact on the HF contribution. On the other hand, as 

found with the model, the change of pH2 affects the three arcs in the experimental EIS. 

More in detail, the HF arc increases continuously with the increasing pH2, which is 
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coherent with the aforementioned impact of the pH2 on the hydrogen electrode 

contribution, as discussed in (7). Concerning the LF arc, the trend is consistent with the U-

shape curve shown previously in Figure 3-18a and the findings of Bessler et al. (20). This 

result is explained by the gas conversion overpotential. The evolution for the MF arc is 

related to the gas diffusion in the cermet support.  

 

5.3 Impact of gas diffusion contribution on the EIS impedance at OCV 

In order to understand the role of the gas diffusion contribution in the fitting of the EIS, a 

sensitivity analysis was performed on the pore radius of the hydrogen electrode support 

layer. This parameter has been decreased of an order of magnitude (divided by 10). As 

shown in Figure 3-20, the discrepancy between the experimental and simulated impedance 

spectra at the intermediate frequencies has been significantly reduced. In terms of 

frequency distribution, in the Bode plot (Figure 3-20b), the contribution related to the gas 

diffusion in the cermet substrate becomes strongly convoluted with the oxygen electrode 

contribution (since the characteristic frequency of the gas diffusion shifts from ca. 390 Hz 

down to ca. 70 Hz). Therefore, a possible reason behind the discrepancy between the 

experimental and simulated EIS in the mid-frequency range, shown in Figure 3-17, can be 

related to uncertainties in the microstructural properties for the cell substrate (pore radius 

and tortuosity factor for the gas phase).   

 

 

Figure 3-20. Comparison between normalized simulation and experimental EIS at OCV considering a smaller 

pore radius for the support layer in the fuel electrode: a) Nyquist and b) Bode plots of the EIS at OCV (750°C, 

10/90 H2/H2O, total inlet flow rate=12 NmL∙min-1∙cm-2). 
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5.4 Impact of polarization on EIS diagrams  

In order to study the impact of polarization on the EIS diagrams, a spectrum has been 

simulated in SOEC mode at idc=-0.5 A∙cm-2 (i.e. SC=32%) and compared to the one 

computed at OCV in the same conditions (750°C and 12 NmL∙min-1∙cm-2). As depicted in 

Figure 3-21, a substantial swelling of the HF arc can be observed, whereas a shrinkage of 

the LF contribution is found. The MF arc remains almost constant for the two impedance 

spectra. These evolutions lead to a decrease in the cell polarization resistance under dc 

current compared to the one at OCV. The increase of the HF arc, which is related to the 

hydrogen electrode, is explained by the increase in pH2 with increasing the dc current in 

SOEC mode. This higher pH2 causes an increase in the hydrogen electrode polarization 

resistance, as it has been observed in (7). For the MF arc related to the oxygen electrode, it 

is worth noting that the high air inlet flow rate limits the change in oxygen partial pressure 

when the polarization is changed. In this condition, the change in the electrode polarization 

resistance with the potential is rather limited. Finally, the evolution of the LF contribution 

associated to the gas conversion is explained by the evolution of the reversible voltage Urev 

(given by the Nernst equation) with the dc current: at the OCV, the polarization resistance, 

equal to dUrev/didc, is rather high and tends to decrease for intermediate currents (before 

increasing again close to the limiting current).    

 

 

Figure 3-21. Comparison of the simulated EIS spectra at OCV and under polarization at idc = -0.5 A∙cm-2 

(750°C, 12 NmL∙min-1∙cm-2). 

 

6. Conclusions 

A physics-based multiscale model has been developed to compute the cell polarization 

curves and the EIS at OCV and under dc current. After validation, the model has been used 

to study the reaction mechanisms in the electrodes along the cell length. The different 

contributions in the EIS spectra have been identified and discussed. It has been found that 

the HF arc is mainly related to the hydrogen electrode, whereas the MF arc is related to the 

oxygen electrode. The contribution due to the gas diffusion in the cermet support layer 
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arises between the responses of the two electrodes. The LF arc is induced by the gas 

conversion overpotential. It has also been highlighted that the uncertainties in the 

microstructure of the cermet substrate can significantly affect the prediction of the EIS 

diagrams. Finally, the impact of polarization on the spectra has been discussed.  
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Chapter conclusions  

 

This chapter was devoted to the description and validation of the multiscale physics-based 

model used in the frame of the thesis. After the model has been adapted to the studied the cell, 

it was validated on the experimental electrochemical characterizations. More specifically, the 

stationary and dynamic cell response were studied. 

Concerning the first part of this chapter, the stationary model was able to reproduce the 

experimental i-V curves in various conditions. Additionally, the model was able to predict the 

local i-V curves measured along the cell radius. In this part, the model the considered reaction 

mechanisms at the two electrodes and the multiscale approach were described. The model was 

first calibrated in reference conditions at 750 °C. After this first calibration, the model was able 

to predict the local and global response of the cell in the other operating conditions. The 

validation was performed and only slight discrepancies were observed at high current densities, 

when approaching the limiting current density. This could be associated to the uncertainties on 

the retrieved microstructural properties, such as the pore radius and tortuosity factor. After its 

validation, the model was used to investigate the impact of local partial pressures and local 

currents on the reaction mechanisms at the two electrodes, according to the operating mode and 

the position along the cell radius. For the hydrogen electrode, the steam adsorption on Ni was 

found to be more favoured as compared to YSZ in SOFC mode, when going towards the cell 

outlet. For the oxygen electrode, the direct charge transfer at the TPBls (i.e. surface path) was 

always dominating compared to the incorporation/excorporation reaction (i.e. bulk path). This 

behaviour was further promoted towards the cell outlet in SOFC mode. In SOEC mode, both 

electrodes showed an opposite trend concerning the evolution of the reaction mechanism along 

the cell radius. 

The second part of this chapter was dedicated to the description and validation of the impedance 

model on the experimental EIS. As for the stationary model, the impedance model considers 

the reaction mechanisms at the two electrodes with a full-elementary description. Additionally, 

all the transient terms in the conservation equations are considered in the non-linear system of 

partial differential equations in the dynamic model. Furthermore, a continuous stirred tank 

reactor (CSTR) model is used to simulate the conversion losses in the EIS. The validation of 

the physics-based EIS model at the cell-level enabled the prediction of the EIS in different gas 

compositions. The various contributions related to the rate determining steps in the reaction 

mechanisms at the two electrodes were identified in the EIS. Some discrepancies were found at 

the mid-frequency region, which were attributed to the uncertainties on the microstructural 

properties, as for the stationary model. A sensitivity analysis was performed to better assess the 

impact of such uncertainties on the model validation. The findings showed a non-negligible 

effect of the uncertainties on the goodness of the fit between experimental and simulated EIS. 

Finally, the EIS model was used to simulate an EIS under polarization in SOEC mode. 
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To summarize, a good agreement between the experimental and simulated response of the cell 

was found. Some discrepancies were attributed to the uncertainties on the retrieved 

microstructural properties. In conclusion, the multiscale physics-based model can successfully 

predict the stationary and dynamic electrochemical response of the cell. 
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4. Long-term tests and post-test 
characterizations of SOCs aged in SOEC 
mode under dry air 

 

This chapter is dedicated to the electrochemical and post-test characterizations for the cells 

tested under dry air. A part of the study performed under dry air is focused on ageing of the 

oxygen electrode and it is reported in Appendix A. The main focus of this chapter deals with 

the effect of operating temperature on the degradation of the various cell layers. 

The study presented in Appendix A includes one long-term test at 750 °C in SOEC mode at -

1 A∙cm-2 and SC = 64%, along with a set of the post-test characterizations down to the 

microscale to focus on the oxygen electrode degradation. More specifically, microstructural 

observations, surface chemistry analyses and structural crystallographic investigations were 

performed. This part of the work was done in collaboration with Ozden Celikbilek, who works 

on the long-term testing and post-test characterizations at the laboratory as a post-doctorate. 

The work done on this part of the chapter has been published in The Electrochemical Society 

Transactions (2023) (1). 

The main core of this chapter is devoted to the study of the effect of operating temperature on 

the cell degradation. In addition to the test at 750 °C presented in Appendix A, two 

supplementary long-term tests were carried out in the same operating conditions, in SOEC 

mode at -1 A∙cm-2 and SC = 64%, at 800 °C and 850 °C. In order to compare the performance 

degradation of the three tests, electrochemical characterizations were performed in reference 

conditions (i.e. 750 °C) before and after ageing in the operating conditions. The evolution in 

the material composition, microstructure and structure in the various layers of the cell was 

assessed with advanced post-test characterizations techniques with high resolution down to the 

atomic scale. This part of the work has been published in the Journal of Power Sources (2024) 

(2). 
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Abstract 

 

The present work aims to better understand the effect of operating 

temperature on the degradation of Solid Oxide Electrolysis Cells 

(SOECs). The studied SOECs consist of La0.6Sr0.4Co0.2Fe0.8O3-δ-

Ce0.8Gd0.2O2-δ (LSCF-GDC) oxygen electrode, GDC diffusion barrier 

layer, Y0.16Zr0.84O1.92 (YSZ) electrolyte and Ni-YSZ hydrogen electrode. 

Durability tests are carried out at 750, 800 and 850 °C for 2000 hours at 

-1 A∙cm-2, using 10/90 vol.% H2/H2O and dry air at the hydrogen and 

oxygen electrodes, respectively. The electrochemical impedance spectra 

measured before and after ageing reveal a strong evolution related to the 

hydrogen electrode, while the change in the oxygen electrode 

contribution remains negligible. A set of advanced characterization 

techniques are employed to study the cell degradation. For the hydrogen 

electrode, a large Ni depletion is observed after ageing, which increases 

with the operating temperature. The analysis of the oxygen electrode 

shows an elemental inter-diffusion between the LSCF-GDC/GDC/YSZ 

layers on the manufactured cells that seems to not evolve significantly 

upon operation. Moreover, the presence of SrZrO3 is not detected in the 

pristine cell and in the operated ones. Besides, only a limited LSCF 

decomposition is found in good agreement with the electrochemical 

characterizations. Hypotheses that could explain the good oxygen 

electrode stability are discussed. 

 

Keywords. Solid Oxide Electrolysis Cell, Durability, Ni migration, LSCF degradation, Long-

term Tests  
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1. Introduction 

 

In the context of the energy transition, solid oxide cells (SOCs) are a promising technology, 

which offers several advantages, such as high efficiency and fuel flexibility. Thanks to their 

reversibility, the same device can produce either electricity in fuel cell mode (SOFC) or 

hydrogen in electrolysis mode (SOEC). The SOCs have thus the potential to be employed as a 

relevant solution to match the fluctuations between electricity demand and production when 

using intermittent renewable energy sources. 

A typical SOC consists of a dense ceramic electrolyte usually made of yttria-stabilised zirconia 

(YSZ) sandwiched between two porous electrodes. The state-of-the-art hydrogen electrode is a 

cermet made of Nickel and YSZ (Ni-YSZ). The oxygen electrode is composed of a mixed ionic 

electronic conductor (MIEC) [1], such as the typical  La1-xSrxCo1-yFeyO3-δ (LSCF) material [2]. 

In general, GdxCe1-xO2-δ (GDC) is mixed with LSCF to improve the performances [2] and to 

reduce the mismatch in thermal expansion coefficients with the electrolyte [3]. A GDC layer is 

also added between LSCF and YSZ as a diffusion barrier to mitigate chemical reactivity.  

Nowadays, the durability of SOCs is still insufficient and remains a major issue to be addressed 

for the large-scale industrialisation. For this reason, the research community is currently 

focused on understanding the degradation processes that occur in the cell during operation. 

According to the literature, SOC degradation is impacted by various operating parameters, such 

as temperature [4], applied current [5], presence of contaminants [6], composition of the 

supplied gases [7], and humidity at the air side [8]. It has also been  shown that the degradation 

rates measured in electrolysis mode are substantially higher compared to the SOFC mode 

although discrepancy exists depending on the cell architecture or the operating conditions 

[9,10]. The loss of performances is due to various material deterioration arising in the cell layers 

upon operation. 

In the hydrogen electrode, degradation is mainly due to microstructural evolution within the 

cermet. A significant Ni particle coarsening is observed in both operating modes that tends to 

slow down for long operating times [11]. The agglomeration is found to be aggravated with 

temperature, whereas no relationship is found with polarization [12]. By contrast, Ni migration 

away from the electrolyte interface to the bulk of the electrode is only observed in electrolysis 

mode [12–17]. According to the underlying mechanism proposed to explain this Ni relocation 

in the cermet [17,18], the migration must be driven by the cathodic polarization in SOEC mode. 
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To date, the effect of operating conditions such as the temperature on Ni migration is still 

unclear.  

Regarding the oxygen electrode, the LSCF is known to decompose and release cations during 

operation [19–23]. Particularly, the segregation of Sr at the LSCF surface is classically observed 

after ageing [20,24]. This surface accumulation of Sr results in the formation of a SrO 

passivation film, which is known to slow down the oxygen surface exchange [22] and decrease 

the oxygen bulk diffusion coefficient [25]. It has been shown that the strontium release in 

operation can contribute significantly to the cell degradation [26]. However, contradictory 

results have been reported on the impact of operating temperature on the Sr segregation. Wen 

et al. [27] suggested that higher operating temperatures typically promote Sr segregation. By 

contrast, Wang and Barnett [23] observed a decrease in segregated Sr on the surface of LSCF 

by increasing the temperature from 550 °C to 950 °C. This result was attributed to a possible 

Sr volatilization as Sr(OH)2 or to a lower equilibrium Sr coverage at such a high temperature. 

Additionally, Co migration and segregation have also been detected in many studies [28–31]. 

Along the electrolyte interface, the formation of secondary phases, such as SrZrO3 (SZO) and 

La2Zr2O7, is observed due to the reactivity between LSCF and YSZ. This reactivity is typically  

detected after cell manufacturing and can continue upon operation [32–37]. It is related to inter-

diffusion of elements at the interfaces between the electrolyte, the barrier layer and the oxygen 

electrode. At the GDC/YSZ interface, the formation of a GDC-YSZ solid solution is commonly 

observed after cell manufacturing. This so-called inter-diffusion layer (IDL) is due to the mutual 

diffusion of Ce and Gd towards YSZ, as well as Y and Zr towards GDC [29,38–41]. As 

expected, the sintering temperature of the barrier layer can strongly affect its formation 

[21,41,42]. If sintered at sufficiently high temperature, it has been shown that the IDL could 

limit and even suppress the formation of SZO [21,29,41–43]. The IDL leads to lower cell 

performance due to its lower ionic conductivity compared to GDC and YSZ [44]. However, the 

IDL evolution upon operation and its role on cell durability is still not precisely understood. 

Monaco et al. [19] suspected a slight evolution of the IDL after operation in electrolysis mode 

at 850 °C and -0.75 A∙cm-2 , while no change was found at 750 °C. Shimura et al. [37] observed 

an increase in the ohmic resistance after testing at 800 °C for 100 h, which was attributed to an 

evolution in the ionic conductivity of the IDL upon operation. Nevertheless, Xu et al. [40] found 

that the evolution of the IDL and its impact on the cell performance after operation of 2000 

hours at 700 °C was negligible. Additional studies are thus needed to better characterize the 

potential evolution of the IDL as a function of the operating conditions. Finally, inter-diffusion 

was also observed after manufacturing between LSCF and GDC at the oxygen electrode/barrier 
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layer interface [45,46]. To elucidate the effect of inter-diffusion on the cell performance, 

Uhlenbruck et al. [38] purposefully doped 1 % Gd in the LSCF. The authors found that the cell 

performance decreased along with a change in the lattice structure of LSCF. On the other hand, 

Zhang et al. [47] observed Ce and La inter-diffusion at the hetero-interface of LSCF-CeO2 

composite electrode with nanofiber microstructure. This phenomenon is suspected by the 

authors to improve the cell performances. 

In this context, this study aims to investigate the impact of the operating temperature in order 

to clarify the contradictory findings on the cell layers degradation in SOEC mode. For this 

purpose, long-term tests were carried out at three operating temperatures (750 °C, 800 °C and 

850 °C) for 2000 h in SOEC mode at a current density of -1 A∙cm-² and a steam conversion 

(SC) of 64%. To compare the performance loss among the three cells, electrochemical 

impedance spectra (EIS) were recorded under reference conditions at 750 °C before and after 

the durability experiments. Thereafter, the samples were characterized using advanced 

techniques to study the degradation that occurred in different cell layers. Various 

complementary techniques at the micro-, nano- and atomic scales were selected to provide 

global and local (point-by-point) information on the microstructure, surface and bulk 

composition, as well as crystalline structure.  

 

2. Materials and methods 

 

2.1 Cell description 

 

The composition and fabrication of the cells used in this work have been already detailed in 

reference [48]. Thus, only the materials and dimensions are described hereafter. Circular 

hydrogen electrode supported cells with an active area of 9.08 cm2 are used for the experiments. 

The porous oxygen electrode is made of a ~ 20 µm La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) current 

collecting layer (CCL) and a ~ 20 µm LSCF-Ce0.8Gd0.2O2-δ (LSCF-GDC) composite functional 

layer (FL). A ~ 3 µm thick porous GDC barrier layer (BL), is deposited between the oxygen 

electrode and the electrolyte. The electrolyte made of Y0.16Zr0.84O1.92 (8YSZ) is a dense and thin 

layer of ~ 8 µm. The porous hydrogen electrode consists of a ~ 280 µm Ni-3YSZ substrate and 

a ~ 25 µm Ni-8YSZ active layer. 
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In the following sections, a cell, for which the cermet has been reduced at 800 °C, is referred to 

as “Reference” whereas the cells aged for 2000 h under high current density in electrolysis 

mode at three operating temperatures (750 °C, 800 °C and 850 °C) are labelled “Aged750”, 

“Aged800” and “Aged850”, respectively. 

 

2.2 Experimental setup 

 

The long-term tests have been performed using an in-house test bench. The cell is tested in a 

furnace using a metallic holder at the hydrogen side while an alumina diffuser is used at oxygen 

side. A glass ceramic sealant (Schott G018-311) is applied to the periphery of the cell to prevent 

gas leakage from the hydrogen compartment to the air compartment [19,49]. The gases are 

supplied at the cell centre and then they are distributed along the electrodes in a radial co-flow 

configuration. On both hydrogen and air sides, mass flow controllers (Brooks SLA5850S) are 

used for the gas delivery. A steam generator operated in saturated vapour conditions delivers 

the steam. Compressed air is supplied in dry conditions, according to ISO 8573-1 class [1:1:1]. 

In order to distribute the current at the surface of the electrodes, a Ni grid (100 meshes∙cm-2) 

and two gold grids (100 meshes∙cm-2) are used for the hydrogen electrode and the oxygen 

electrode, respectively. A ceramic Cr-free holder is used on top of the oxygen electrode to avoid 

well-known effects of Cr-poisoning [50]. In addition, a mechanical load of 600 g∙cm-2 is applied 

on the cell to further decrease the contact resistance. The pipelines at the inlet and outlet of the 

cell chamber are heated to avoid any possible condensation. In order to separate the steam from 

the gas phase at the outlet, a condenser is employed and the collected liquid water is weighed 

to verify the steam conversion. 

 

2.3 Long-term tests and electrochemical characterizations 

 

2.3.1 Experimental protocol. The cell is first heated up to a temperature of 860 °C at a heating 

rate of 1 °C∙min-1. The temperature is held for 90 minutes to ensure the formation of the glass 

seal. During this thermal treatment, the hydrogen and oxygen electrodes are supplied with 0.5 

NL∙h-1 of N2 and 0.5 NL∙h-1 of compressed dry air, respectively. After the glass formation, the 

reduction of Ni-YSZ cermet is carried out at 800 °C by keeping a total flow rate of 4 NL∙h-1 for 

the two electrodes. During the procedure, the N2 supplied to the hydrogen electrode is gradually 
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replaced by H2 up to the complete substitution of N2 with H2. These conditions are then 

maintained for about 16 h. Once the reduction procedure is completed, the initial 

electrochemical characterizations are performed. After setting the operating conditions 

(temperature, current density, gas flows, etc.), the samples are aged for 2000 h. Once the long-

term test is finished, the cell is cooled down to room temperature at a rate of 1 °C∙min-1. During 

the cooling, a mixture of N2 and H2 is supplied to the hydrogen electrode to preserve the cermet 

in its reduced state and prevent its potential re-oxidation. 

2.3.2 Long-term tests. The three tests have been performed at 750 °C, 800 °C and 850 °C for 

2000 h in SOEC mode at a current density of -1 A∙cm-2 in galvanostatic mode, with 64% steam 

conversion (SC). During operation, the oxygen and hydrogen electrodes are supplied with 36 

NmL∙min-1∙cm-2 of dry compressed air and 12 NmL∙min-1∙cm-2 of a mixture of H2 and steam, 

with a composition of 10/90 %vol. H2/H2O. 

2.3.3 Electrochemical characterizations. Electrochemical impedance spectroscopy (EIS) data 

were collected at the open circuit voltage (OCV) for the cells tested at the three operating 

temperatures (750, 800 and 850 °C). Besides, EIS were also measured before and after all the 

durability experiments at a reference temperature of 750 °C. A potentiostat/galvanostat 

(Autolab PGSTAT-302N), connected to a frequency response analyzer (FRA) module and a 20 

A current booster, was used to apply a sinusoidal current in the frequency range from 10-2 to 

104 Hz. The amplitude of the imposed AC current was set to 100 mA. The NOVA ver. 1.11 

software was used to collect the raw data. For the data treatment, the raw EIS spectra were first 

fitted with an equivalent electrical circuit model (EECM) shown in Figure 4-1 using Zview ver. 

2.70 software. In order to remove the inductive part related to cabling and wiring, the spectra 

were simulated without the inductance. Compared to the raw EIS, the frequency range of the 

corrected EIS has been extended from 10-2 – 104 Hz to 10-3 – 106 Hz. 
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Figure 4-1. Correction of raw EIS spectrum of the sample measured at 750 °C a) Nyquist plot and b) Bode plot 

using the c) equivalent electric circuit model (EECM). The experimental bounds of the frequency range are 

marked with dashed lines in the Bode plot. 

 

2.4 Post-test characterization techniques 

 

As stated in the introduction, various complementary techniques have been used to characterize 

the reference and the operated cells in order to gain microstructural and chemical information 

at different length scales and resolutions. The techniques used in this study are described shortly 

in the following. 

2.4.1 ICP-MS. The composition of the LSCF powder used for the cell manufacturing was 

analysed by inductively coupled plasma mass spectroscopy (ICP-MS, PerkinElmer NexION 

2000). For this purpose, 0.1 g of LSCF powder was dissolved in 100 mL of a 2% nitric acid 

solution. 

2.4.2 FEG-SEM and EDX. The microstructure of the cross-section was imaged with a field-

emission gun scanning electron microscope (FEG-SEM Zeiss Merlin, Germany) equipped with 

two Energy-Dispersive X-ray detectors (EDX, Bruker XFlash1 Detector 6|60, Berlin, 

Germany). First, the samples were impregnated in polymer resin (Epofix, Denmark) to fill the 

pores and then polished to obtain a mirror-like surface using a diamond spray of 0.25 µm. A 

thin carbon coating was deposited on the surface to avoid charging effect. The images were 
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acquired in backscattered electron (BSE) mode at an accelerating voltage of 2 kV. For the EDX 

maps, the accelerating voltage was fixed at 10 kV. 

2.4.3 3D FIB-SEM. The microstructure of the hydrogen electrode was reconstructed by 

Focused Ion Beam - Scanning Electron Microscopy (FIB-SEM) using a Zeiss Crossbeam 550. 

An accelerating voltage of 30 kV and a current of 3 nA were used for the FIB milling procedure. 

Regarding the SEM imaging, an accelerating voltage of 1.5 kV and a current of 1 nA were 

selected for the electron column. For each slice, two types of images were acquired 

simultaneously using the In-lens and in chamber secondary electron (SE) detectors. They were 

then combined and processed for the subsequent image segmentation. Image processing 

consisted of slice-to-slice alignment, homogenization in the three directions of 

contrast/brightness, correction of the curtaining effect and resampling in the z-direction to 

correct for non-homogeneous inter-slice distances. Such a post-processing was carried out 

using custom Python codes, developed with commonly employed Python libraries for image 

processing, such as numpy and scikit-image. The processed images were then segmented with 

Ilastik software [19,51], thanks to a machine learning algorithm based on a random forest 

classifier. The ‘pixel classification’ workflow was used for this purpose. Sub-volumes of 100-

300 pixels in the three directions were selected to perform the annotation and training phase. 

The final reconstructions have a typical dimension of a few tens of microns with a cubic voxel 

size of 10 × 10 × 10 nm3 (resulting from a pixel size of 10 nm for the SEM images and an inter-

slice distance of 10 nm). 

2.4.4 XPS. The surface chemistry of LSCF was analysed by X-ray Photoelectron Spectroscopy 

(XPS). The surfaces of current collecting layer and the functional layer (FL) of the electrode 

were analysed. Access to the FL was obtained by scraping approximately 25 µm of material 

from the surface with a scalpel. The measurements were performed on a VersaProbe-II 

instrument from ULVAC-Phi using a focused monochromatic Al Kα radiation (1486.6 eV) with 

an emission current of 4 mA and an X-ray beam diameter of 200 μm. The spectra were acquired 

under ultra-high vacuum conditions (p <10-7 Pa) at room temperature. The calibration of the 

spectrometer was performed considering the gold photo-emission lines (Au 4f7/2 emission at 

83.9eV, with respect to Fermi level). Constant pass energies of 117.9 eV and 23.3 eV were 

considered for recording the survey spectra and the core-level peaks, corresponding to energy 

resolution of 1.6 and 0.6 eV, respectively. Electron and argon charge neutralizer guns were 

employed to minimize the surface charging effect. The calibration of all spectra was performed 

against the carbon C 1s emission at 285.0 eV. The fitting of XPS spectra and the quantitative 
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analyses were carried out using the CasaXPS software [52]. A combination of Gaussian (80%) 

and Lorentzian (20%) distributions was used for fitting the peaks, applying a Shirley 

background. For the fitting of the Sr core-level spectra, an energy separation of 1.8 eV and a 

branching ratio of 1.5 were constrained between the Sr 3d5/2 and 3d3/2 doublet. Relative 

sensitivity factors (RSF) for the X-ray source were exported from the MultiPak library to 

consider the transmission function of the spectrometer.  

2.4.5 SIMS imaging. The high-resolution secondary ion mass spectrometry imaging (SIMS, 

NanoSIMS 50L, CAMECA) was used to study the distribution of the elements along the cross-

section of all samples. The sample preparation consisted of infiltrating the porous layers with a 

high-vacuum-compatible resin and then to polish the surface with a diamond slurry. The cross-

sections were scanned using a Cs+ primary ion beam with a current of ~ 23 nA and a diameter 

of ~ 100 nm. The scanned region of interests (ROIs) for the two electrodes included a part of 

the functional layer and the electrolyte, considering raster areas of 20 μm × 20 μm. A multi-

collection system was used to collect simultaneously all the secondary ion mass species present 

in the cell. The WinImage ver. 4.6 software (CAMECA) was used for the image processing.  

2.4.6 Synchrotron characterizations. Chemical and structural analyses were performed on the 

samples by nano-X-ray fluorescence (XRF) and X-ray diffraction (XRD). To ensure a high 

spatial resolution, a specific sample preparation was required for the synchrotron 

characterizations. Thin lamellae were extracted from the cells using a Xe+ plasma-FIB (PFIB) 

Vion (FEI™). The applied protocol was similar to the one detailed in references [19,53] and is 

briefly summarized hereafter. Pieces of reference and aged cells were positioned in the vacuum 

chamber of the PFIB machine and a 10 µm thick Pt protective layer was deposited on top of the 

sample using a current of 59 nA. The area surrounding the sample was milled with a current of 

470 nA. A lower current of 180 nA was used to refine the lamella surfaces, with the target of 

preventing any damage for the sample. The lamella was then extracted from the cell fragment 

with a micromanipulator and fixed on an aluminium pin with a platinum deposition. The final 

dimension of the lamellae was approximately 60 × 60 × 2 µm3 for the horizontal (X), vertical 

(Y) and in the thickness (Z) directions, respectively (Figure S-B 1). 

The nanoscale XRF and XRD studies were carried out at the European Synchrotron Radiation 

Facility on the ID16B beamline [54]. The high flux (1012 ph∙s-1) X-ray beam was focused to a 

spot size of about 60×60 nm2. In order to obtain signal from all cell elements in XRF, an energy 

of 29.6 keV was selected for the incident beam.  
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XRF spectra were acquired at each point of the 2D maps using two silicon drift detectors, with 

three and seven elements, respectively. They were positioned on both sides of the sample with 

an angle of 13° according to the plane of the sample. These detectors provide an energy 

resolution of 145–150 eV full width half maximum (FWHM) [54]. The XRD data were 

acquired in transmission mode thanks to the small thickness of the lamellae (i.e. ca. 2 µm). The 

XRD detector was thus positioned in transmission mode behind the sample.  

Two types of scan were performed depending on the position of the ROI in the cell cross-

section: 

(i) 2D maps were scanned with a 50 nm step size and 1000 ms dwell time per point, recording 

simultaneously both XRF and XRD data. A ROI of 7×8 µm² (6×8 µm² for the “Reference” 

sample) was scanned including the barrier layer as well as a part of the 8YSZ electrolyte and 

LSCF-GDC functional layer.  

(ii) 1D XRD line scans in the horizontal direction parallel to the electrolyte interface (X 

direction) were performed with the so-called zapline method with 1 s dwell time per point. Two 

lines were acquired in the middle of the CCL and FL to investigate the potential evolution of 

the LSCF lattice parameter after ageing. 

The software PyMca [55] was used to analyse the fluorescence data. The signal extracted from 

the XRF elemental 2D maps was integrated and averaged along the horizontal direction (X) to 

obtain 1D line profiles across the cell layers (Y direction). Regarding the XRD data, the 

diffraction rings were first treated by azimuthal integration with XRDUA [56] to obtain 2D 

maps of diffractograms. They were then integrated along the cell layers (X direction) and fitted 

by Le Bail method using FullProf [57,58]. 

2.4.7 APT. Elemental mapping in 3D was performed with the atom probe tomography (APT). 

The measurements were done on a CAMECA LEAP 6000XR atom probe. A standard top down 

lift-out methodology [59] was used on a Helios 660 FIB-SEM to prepare the samples, which 

were extracted from the area including the LSCF-GDC/GDC/YSZ interfaces. Data acquisition 

was performed at a temperature of 30 K, with a pulsed laser operated at 100 kHz and 30 pJ, 

with a detection rate of 0.01 ions/pulse. The CAMECA’s AP Suite 6.3 software was used to 

analyse the data acquired on the “Reference” and “Aged800” samples. 

2.4.8 TEM. The oxygen electrode materials were characterized by Transmission Electron 

Microscopy (TEM) for the “Reference” and “Aged800” cells. The sample preparation consisted 

of embedding the porous layers in an epoxy resin. Thin lamellae, including a portion of 
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electrolyte, the GDC barrier layer and a portion of composite oxygen electrode, were then 

extracted with a FIB-SEM (Zeiss cross-beam 550). A FEI-Themis microscope equipped with a 

super-X detection system and a probe aberration corrector was employed to perform the 

scanning transmission electron microscopy and energy dispersive X-ray spectroscopy (STEM-

EDS) studies. The Esprit Bruker Software was used to analyse the data of the “Reference” and 

“Aged800” samples. The Cliff-Lorimer method was applied on the Co, Fe and Y K lines, and 

on the La, Sr, Ce, Zr and Gd L lines to perform semi-quantitative analyses. 

3. Results and discussion 

 

3.1 Long-term test results 

 

The cells performance and degradation were studied at 750, 800 and 850 °C in SOEC mode at -1 

A∙cm-2 with a steam conversion (SC) of 64%. Figure 4-2 displays the durability curves and the 

electrochemical impedance diagrams recorded at 750 °C before and after the ageing tests. The 

durability curves show the cell voltage degradation over a period of 2000 hours (Figure 4-2a). 

Two different regimes can be distinguished. A faster and more variable cell voltage evolution 

is observed in a first period of approximately 800 h, while in the second period, the voltage 

degradation slows down and reaches a rather constant rate over time. The degradation rates 

calculated from the slope of the last five hundred hours give asymptotic limits of around 2.8, 

2.0 and 0.8 %.kh-1 for the cells tested at 750, 800 and 850 °C, respectively (the respective 

degradation rates for the whole ageing time are 9.1, 7.8 and 2.4 %.kh-1). These values lie in the 

range of the usual degradation rates reported in the literature for comparable cells [60–63]. 

Interestingly, it can be noticed that the ‘apparent’ degradation rate decreases with increasing 

temperature. This result is confirmed by the impedance spectra measured at OCV upon 

operation for the three samples (Figure S-B 2). Indeed, it can be observed that the evolution of 

EIS diagrams over the time is higher at 750 °C than 850 °C. 

As reported in previous works at 750 °C and 850 °C [12,19], the thermally-activated processes 

involved in the cell response should be considered when studying the effect of operating 

temperature on durability. To compare the loss of cell performance after ageing at different 

operating temperatures, it should be necessary to assess the degradation rate with 

electrochemical characterizations carried out at a common temperature before and after the 
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long-term tests. In this work, 750 °C was used as reference temperature to measure the initial 

and final EIS at OCV (Figure 4-2b-g). This rather ‘low’ temperature for the reference condition 

was chosen to exacerbate the thermally activated processes in the cell (mainly the activation 

overpotentials in both electrodes and ohmic losses in the electrolyte). As discussed thereafter, 

this choice should allow better highlighting the impact of the material degradation on the cell 

performance losses. 

The degradation rates on the area specific resistance (ASR related to the total resistance 

measured on the impedance spectra) are reported in Table 4-1 for the reference temperature and 

for the three operating temperatures. For the long-term test “Aged850”, it can be seen that the 

evolution of the total resistance remains limited when measured in the condition of the 

durability (i.e. at 850 °C). However, as suspected, when the degradation is measured at the 

lower reference temperature of 750 °C, the total resistance demonstrates a larger increase.  

These results show that the degradation rate is minimized when it is measured at high 

temperatures. Indeed, for the highest temperatures, the thermally-activated electrode activation 

overpotential and ohmic losses in the electrolyte become very low compared to the conversion 

and diffusion losses (which are not thermally activated). Therefore, even if the material 

evolution (such as the Ni migration, etc.) is significant, the impact on the cell voltage losses can 

be rather low. In contrast, if the performances are estimated at lower temperature, the impact of 

the material degradation is much more pronounced. Therefore, it is essential to measure the 

degradation rates using a common reference condition for all the long-term tests. This reference 

condition allows a relevant comparison of the degradation rates between the experiments 

conducted at different temperatures. To illustrate this effect, a theoretical assessment of the 

degradation rates at different temperatures is reported in section 3.2.1 considering the 

microstructural evolution in the hydrogen electrode. 

The value of the degradation rate is thus dependent of the chosen temperature at which it is 

measured. In this condition, when the degradations are all estimated at the reference 

temperature of 750 °C (cf. Table 4-1), it is worth noting that the degradation rates increase with 

increasing the operating temperature of the durability test. Therefore, a higher temperature 

induces a higher ‘intrinsic’ material degradation. In other words, the material deterioration is 

accelerated for higher operating temperature as already mentioned in several articles [12,19].  
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Table 4-1. Performance degradation extracted from EIS total resistance (Rtot) measured at the operating 

temperature of the long-term tests and at the reference temperature of 750 °C. 

Tested cell 
Rs 

(Ω∙cm²) 

Rp 

(Ω∙cm²) 

Rtot 

(Ω∙cm²) 
Rtot 

(Ω∙cm²) 

Performance 

loss (%.kh-1) 

EIS measured at the reference temperature (750°C) 

“Aged750” 
tinitial 0.16 0.29 0.45 

0.11 12 
tfinal 0.21 0.35 0.56 

“Aged800” 
tinitial 0.17 0.28 0.45 

0.16 18 
tfinal 0.27 0.34 0.61 

“Aged850” 
tinitial 0.19 0.32 0.51* 

0.24 23.5 
tfinal 0.32 0.43 0.75 

EIS measured at the temperature of the durability experiment (750°C, 800°C or 850°C) 

“Aged750” 
tinitial 0.16 0.29 0.45 

0.11 12 
tfinal 0.21 0.35 0.56 

“Aged800” 
tinitial 0.11 0.28 0.40 

0.09 11 
tfinal 0.19 0.30 0.49 

“Aged850” 
tinitial 0.11 0.33 0.44 

0.06 7 
tfinal 0.17 0.33 0.50 

* Lower initial performance of this cell compared to the other two cells is explained by the 

use of a different test-bench 

 

As shown in Figure 4-2b-d, the degradation leads to an increase in both the series and 

polarization resistances in the Nyquist plots. The impedance spectra display three main arcs at 

high-frequency (HF), mid-frequency (MF) and low-frequency (LF) regions. The characteristic 

frequencies of the three arcs in the impedance spectra deduced from the EECM fitting shown 

in Figure 4-1c are in the order of (i) 0.2 Hz for the LF contribution, (ii) 2-3 Hz for the MF 

contribution, and (iii) evolves during ageing from 120-310 Hz to 1430-1650 Hz for the HF 

contribution. The limiting electrochemical processes involved in each region were identified 

thanks to a multiscale and physics-based model. This work is thoroughly detailed in reference 

[64], and therefore only the key findings are summarised in the following. The HF arc was 

mainly ascribed to the rate determining steps in the hydrogen electrode, while the MF arc was 

attributed to the oxygen electrode and the gas diffusion in the Ni-YSZ support. The LF arc was 

found to be related to the gas conversion overpotential.  

As shown in Figure 4-2e-g, the increase in the series resistance is also concomitant with an 

enlargement of the HF arc related to the hydrogen electrode. This evolution of the HF 

contribution also becomes more pronounced as the ageing temperature increases. According to 

literature reports for cells operated in electrolysis mode, the increase in both ohmic and HF 
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resistances can be ascribed to Ni agglomeration and Ni migration away from the 

electrode/electrolyte interface towards the bulk of the hydrogen electrode [65,66]. Bode plots 

in Figure 4-2e-g further confirm the distinct separation of the three arcs. Similar to the Nyquist 

plots, the HF region shows a clear evolution, whereas the MF and LF regions show a very 

limited variation. Therefore, in our case, the dominant degradation is likely related to the 

hydrogen electrode, which is accelerated with increasing operating temperature. On the other 

hand, the degradation due to the oxygen electrode remains very limited.  

 

Figure 4-2. a) Durability curves showing the cell voltage evolution for the cells aged at 750, 800 and 850 °C 

during 2000 h in SOEC mode at -1 A∙cm-2, 64% SC, 10/90 vol.% H2/H2O. b-d) Nyquist plots and e-g) Bode 

plots acquired at 750 °C before and after 2000 h of ageing at 750 °C, 800 °C and 850 °C, respectively.  

 

 

3.2 Post-test characterizations 

 

Post-test characterizations allows complementing the EIS data by analysing the degradation 

that has occurred in the different layers of the cell. 

3.2.1 Microstructural evolution in the hydrogen electrode. SEM images of the hydrogen 

electrode cross-sections are shown in Figure 4-3 for all the samples. In the SEM images of the 

aged cells, a substantial Ni coarsening can be observed, as highlighted by the dashed circles. In 

addition to the agglomeration, the cross sections (Figure 4-3b-d) also indicate a strong Ni 
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migration away from the dense electrolyte resulting in an almost completely depleted zone, as 

evidenced by dark contrast (i.e. increase of porosity). The thickness of the Ni depleted zone is 

found to be higher for the cell tested at 850 °C compared to 750 °C (cf. Figure 4-3b and 3d). 

These findings agree well with the SIMS analyses (see Figure 4-6) that were reported in a 

previous article [48]. Indeed, both Ni agglomeration and Ni migration, as well as a growing Ni-

depleted zone with increasing temperature were observed. Moreover, the cermet microstructure 

at the gas inlet is compared to the outlet for the cell operated at 800 °C in electrolysis mode in 

Figure 4-3c and Figure 4-3e. It can be seen that the Ni migration is more pronounced at the cell 

inlet, where the current density is the highest. Indeed, using the model adapted for the studied 

cell and setup [49], the local current density has been computed along the cell radius. It was 

found that under our experimental conditions of 800 °C, SC=64% and 1.2 V, the current density 

at the inlet is approximately 1.9 times higher than at the outlet. 
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Figure 4-3. SEM observations of the Ni-YSZ/YSZ interface performed on (a) “Reference”, (b) “Aged750”, (c) 

“Aged800”, (d) “Aged850” samples at the gas inlet and (e) “Aged800” at the gas outlet. As an example, Ni 

coarsening is indicated by dashed circles and Ni migration by dashed rectangle. Porosity is black, YSZ is light 

grey and Ni is dark grey. 

 

The Ni-YSZ cermet microstructure including a part of the electrolyte were reconstructed by 

FIB-SEM tomography. All the reconstructions were taken at a position around 0.7 cm from the 

cell centre. Figure 4-4a displays the rendered volumes for the “Reference” and the aged 

samples. The visual inspection of these reconstructions confirms the Ni coarsening and 

migration that were observed by SEM and SIMS. To quantify the microstructural evolution, the 

Reference Aged750, inlet

Aged800, inlet Aged850, inlet

10 µm

Ni-YSZ

YSZ

(a) (b)

(c) (d)

Aged800, outlet(e)

10 µm

10 µm 10 µm

10 µm
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density of active triple phase boundary length (TPBl) and the mean Ni particle diameter have 

been computed on the whole reconstructions using existing algorithms [67]. According to the 

data reported in Table 4-2, the density of active TPBl decreases and the mean Ni particle 

diameter increases with increasing the operating temperature from 750 °C to 850 °C. These 

evolutions in the cermet can be partially explained by the Ni coarsening, which is a thermally 

activated process [12,68,69]. They are fully consistent with the increase of the HF arc in the 

EIS. Furthermore, the local Ni volume fraction has also been measured on the 3D volumes as 

a function of the electrode thickness and plotted in Figure 4-4b from the electrolyte interface 

up to around 20 µm in the electrode. The curves confirm the Ni depletion near the electrolyte 

interface. Besides, it is evident that Ni migration is greater at 850 °C compared to 750 °C under 

the conditions of this study. Therefore, the increase in the ohmic resistance with increasing the 

operating temperature from 750 °C to 850 °C (cf. Figure 4-2) could be explained by the growth 

of the Ni depleted zone at the electrolyte interface. 

 

 

Figure 4-4. a) 3D FIB-SEM reconstructions of the hydrogen electrode performed on the “Reference”, “Aged750”, 

“Aged800” and “Aged850” samples; b) Ni volume fraction evolution along the hydrogen electrode thickness 

(electrolyte interface at 0 µm) calculated from the 3D FIB-SEM reconstructions. 
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Table 4-2. The density of active triple phase boundary length (TPBl) and the mean Ni particle diameter calculated 

from the 3D FIB-SEM reconstructions. 

Sample ID TPBl (µm/µm3) Ni particle size (µm) 

“Reference” 2.85 0.57 

“Aged750” 2.57 0.67 

“Aged800” 1.72 0.76 

“Aged850” 1.31 0.79 

 

To quantify the impact of the Ni migration on the ohmic resistance, the depleted thickness 𝑙d 

has been measured on EDX maps collected for the hydrogen electrodes. These cartographies 

were taken on large surface area (≈ 300 × 40 µm2) at the cell inlet. The results are given in 

Table 4-3 for the different samples. It should be noted that the thicknesses are in good agreement 

with the local 3D reconstructions. The increase of the ohmic resistance due to the Ni migration, 

∆𝑅d, is then estimated using Eq. [1]: 

where 𝜀YSZ, 𝜏YSZ and 𝜎YSZ are the volume fraction, tortuosity factor and ionic conductivity for 

the 8YSZ backbone. The calculated resistances are compared with the experimental values 

retrieved from the EIS at 750 °C in Table 4-3. It can be noted that the evolution of ohmic losses 

due to Ni depletion is consistent with the EIS series resistance measurements. This comparison 

implies that most of the degradation associated with the increase in series resistance is due to 

Ni migration. 

 

Table 4-3. Estimation of the Ni depleted zone and the related contribution in the ohmic losses 

Sample ID 
Ni depletion 

thickness (µm) 

 Increase in the ohmic losses due to 

the Ni depletion calculated using 

Eq. [1] (Ω∙cm²) 

Increase in the EIS 

series resistance 

(Ω∙cm²) 

“Aged750” 2±1 0.047±0.02 0.054 

“Aged800” 5±1 0.097±0.02 0.099 

“Aged850” 6±1 0.118±0.02 0.123 

 

Regarding the hydrogen electrode, it was found that the microstructural change in the cermet is 

responsible for most of the cell degradation. Indeed, the strong Ni migration and coarsening, 

which appear to be accelerated by increasing temperature, is fully consistent with the evolution 

 ∆𝑅d(Ω ∙ cm2) =
𝑙d

𝜀YSZ

𝜏YSZ
∙ 𝜎YSZ

 [20] 
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of the impedance spectra. As previously shown, the higher Ni depletion observed at 850 °C is 

fully consistent with the higher increase in the ohmic losses and the HF arc found for the sample 

aged at this temperature. Therefore, under the experimental conditions of this study, Ni 

migration is significantly aggravated by increasing the temperature. This statement is in good 

agreement with the findings of Hoerlein et al. [70], who observed less Ni depletion at 750 °C 

compared to 800 °C and 850 °C after operation at -1.5 A∙cm-2 in SOEC mode. However, these 

results are not coherent with the study of Bilalis et al. [71] who reported a higher migration at 

750 °C compared to 850 °C. Nevertheless, it can be pointed out that their conclusions on Ni 

migration were based on an apparent degradation extracted from EIS performed at different 

temperatures.  

It has also been found that the Ni migration is higher at the cell inlet where the current density 

is higher. This last result is also in good agreement with the observations of Hoerlein et al. [70], 

who reported that the migration is aggravated when the current density in SOEC mode is 

increased. This dependency is coherent with the mechanism for Ni migration which must be 

driven by the electrode overpotential [17]. However, according to this mechanism, it could be 

expected that the Ni migration becomes very limited at high temperatures (since the electrode 

overpotentials strongly decreases with the temperature), which is contradictory with our 

observations. This apparent discrepancy between theory and experiment could be explained by 

the temperature dependency of the Ni surface diffusion coefficient. Indeed, the surface diffusion 

coefficient of Ni increases with increasing temperature [72]. However, as pointed out in [17], 

the underlying mechanisms for Ni migration are complex and involve several processes 

depending on the experimental conditions and the tested cermet which are still not precisely 

understood. From this point of view, additional tests and characterizations over a larger range 

of temperatures, gas compositions and cermet microstructures are still necessary to better 

understand the impact of Ni migration on the cell response. 

To illustrate the impact of the selected temperature to assess the degradation before and after 

the durability test, theoretical calculations have been performed considering the aforementioned 

microstructural evolution in the hydrogen electrode.  

On the one hand, the variation in ohmic losses due to the Ni depletion has been estimated for 

the test carried out at 850 °C. This calculation has been performed considering a temperature 

of 750 °C and 850 °C. For this purpose, Eq. [1] has been applied using as inputs (i) the depleted 

layer thickness given in Table 4-3 and (ii) the YSZ ionic conductivity taken at the two 

temperatures [73]. As shown in Table 4-4, the variation Rs becomes larger when estimated at 
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750 °C due to the thermally activated ionic conductivity of YSZ. This result shows that the 

increase in series resistance is much higher when the impedance is measured at 750 °C 

compared to 850 °C. Therefore, this effect contribute to the fact that the degradation rate 

measured at 850 °C is lower than the one measured at 750 °C for the cell “Aged850”. 

 

Table 4-4. Increase in Ohmic losses due to the Ni depletion for the cell “Aged850” calculated at 750 °C and 850 

°C and impact on the ASR 

Temperature for assessing the 

degradation 

(°C) 

Variation in series 

resistance Rs 

(Ohm.cm²) 

Degradation rate on the 

ASR 

Rs/(Rtot.t) 

(%.kh-1) 

750 0.118 11.5 

850 0.049 5.5 

 

On the other hand, the variation in polarisation resistance at OCV due to the loss of active TPBl 

in the hydrogen electrode has been estimated for the test carried out at 850 °C. The resistance 

due to the hydrogen electrode  has been calculated according to the following equation [74]: 

where 𝑖0
𝐻2 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 is the exchange current density calibrated for our studied cells considering 

number of exchange electron z=2 and that depends on the temperature according an Arrhenius 

law with an activation energy of 130 kJ.mol-1 [64]. Moreover,  𝑖0
𝐻2 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 has been assumed 

proportional to the density of active TPBl [75,76]. Using this approach, the increase in 

𝑅𝑝
𝐻2 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 has been estimated for the cell “Aged850” at 850°C and 750°C. The results 

provided in Table 4-5 show that the degradation rate on the ASR estimated at OCV is higher 

when calculated at low temperature. Therefore, this effect also explains the dependency of the 

degradation rates with the reference temperature at which the degradation is measured. 

 

 𝑅𝑝
𝐻2 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒=

RT

zF

1

𝑖0
𝐻2 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 [2] 



Long-term tests and post-test characterizations of SOCs aged in SOEC mode under dry air 

169/263 

Table 4-5. Increase in the polarisation resistance at OCV induced by loss of TPBl in the cermet for the cell 

“Aged850” calculated at 750 °C and 850 °C  

Temperature for assessing the 

degradation 

(°C) 

Variation in 

polarisation resistance 

∆𝑅𝑝
𝐻2 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 

(Ohm.cm²) 

Degradation rate on the ASR 

∆𝑅𝑝
𝐻2 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒/(𝑅𝑡𝑜𝑡. ∆𝑡) 

(%.kh-1) 

750 0.073 7.1 

850 0.021 2.4 

 

3.2.2 Inter-diffusion and reactivity at the barrier layer. The elemental intermixing and the 

presence of secondary phases at the GDC barrier layer (BL) interfaces were investigated 

applying SEM, SIMS, STEM-EDS, synchrotron XRF, and synchrotron XRD.  

SEM images including the barrier layer, a part of the electrolyte and the electrode are shown in 

Figure 4-5 for the pristine and the aged cells. A line of small grains can be observed in all the 

samples at the interface between the electrolyte and the barrier layer which is usually attributed 

to the inter-diffusion layer (IDL) [9,42]. At the spatial resolution of the SEM, the thickness of 

this layer does not seem to evolve significantly upon operation even after the ageing at 850 °C 

and -1A.cm-2. Besides, no secondary phases are detected in the porosity of the barrier layer. 

 

 
Figure 4-5. SEM images for the barrier layer for the pristine and aged cells. The arrows show 

the IDL between the electrolyte and the barrier layer. 

 

Figure 4-6 displays the SIMS imaging of Ni, Co, Sr, Zr and Gd signals ranging from the 

hydrogen to the oxygen electrodes. In this way, elemental inter-diffusion can be highlighted 

Aged750

Aged800 Aged850

Reference

3 µm

GDC

LSCF-GDC

YSZ 3 µm

3 µm3 µm
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across all layers. Besides, to complement the SIMS imaging and cross-validate the results, the 

distribution of the chemical elements in the same region of interest was also measured by 

synchrotron XRF. Figure 4-7 shows the XRF maps along the LSCF-GDC/GDC/YSZ interfaces.  

Several notable observations can be made from these chemical element analyses: 

(i) Firstly, Gd maps in Figure 4-6e and Figure 4-7e reveal the formation of a Gd-rich layer at 

the GDC/YSZ interface which is related to the IDL as observed in the SEM images. The extent 

of this layer is roughly the same for all samples, confirming that IDL thickness is stable upon 

operation in our experimental conditions.  

(ii) Secondly, looking at the Sr and Zr maps in Figure 4-6c-d and Figure 4-7c-d, it can be seen 

that these two elements do not accumulate at the interface between the barrier layer and the 

electrolyte. This observation means that the formation of an insulating phase such as SrZrO3 in 

the GDC BL close to YSZ electrolyte is very limited even after an operation at 850 °C and -

1A.cm-2.  

(iii) Thirdly, Figure 4-6a and Figure 4-7a reveal that Ni from the hydrogen electrode has 

diffused into the YSZ grains in the electrolyte and farther into the oxygen electrode. Besides, 

Co and Gd have been observed along the YSZ grain boundaries (GB) in the electrolyte (Figure 

4-6b and Figure 4-7b).  

Since all these inter-diffusions are already observed in the reference cell, it can be concluded 

that they occurred during the cell manufacturing. However, it is worth noting that no significant 

evolution is detected after ageing at the SIMS and XRF spatial resolution (around 60-100 nm). 
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Figure 4-6. SIMS analysis performed at the Ni-YSZ/YSZ/GDC/LSCF-GDC interfaces, reporting a) Ni, b) Co, 

c) Sr, d) Zr, and e) Gd signals for the “Reference”, “Aged750”, “Aged800”, “Aged850” samples. The raster 

size is 20x20 µm2. 
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Figure 4-7. Nanoscale XRF elemental maps of the LSCF-GDC/GDC/YSZ interfaces, reporting a) Ni, b) Co, c) 

Sr, d) Zr, and e) Gd signals acquired on the “Reference”, “Aged750”, “Aged800”, “Aged850”  samples. The 

line plots are normalized elemental line profiles, they provide only qualitative information. The scans were 

performed with a spot size of 50 nm and an area of 6x8 µm2 for the reference sample and 7x8 µm2 for the aged 

samples. 

 

Point-by-point synchrotron nanoXRD measurements were carried out to complement the 

elemental maps in order to investigate a potential structural evolution of the IDL upon operation 

and formation of secondary insulating phases in the barrier layer such as SrZrO3.  
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The XRD patterns integrated over the IDL region are shown in Figure 4-8 for all the samples. 

The diffractograms consist of a convoluted set of peaks which may be primarily related to the 

GDC and YSZ. However, it can be seen that the peak positions are visibly shifted away from 

the reported ICDD positions for the GDC and the YSZ even for the reference sample. Besides, 

the peaks of YSZ and GDC are not well separated. Indeed, it is known that the inter-diffusion 

at the barrier layer interface results in a shoulder on the GDC peak [19,77]. In other words, 

these shoulders are related to the presence of the IDL in all the samples. A noticeable evolution 

in the patterns can be observed before and after ageing. Indeed, the YSZ and GDC peaks appear 

more and more convoluted when the ageing temperature is increased from 750 °C to 850 °C. 

This observation would mean that the crystal structure around the IDL has evolved with ageing, 

especially at the highest operating temperature. All these results would thus indicate a slightly 

accelerated inter-diffusion upon operation, which was not detected by the SIMS and XRF 

characterizations.  

The same analyses were also conducted integrating the data over the BL region. The XRD 

patterns for the reference and aged cells are reported in the supplementary (Figure S-B 3). As 

expected, the main peaks are related to the GDC phase. Although there are a few unidentified 

peaks of low abundance, the presence of secondary phases such as Co3O4, CoO, SrCO3, and 

SrZrO3 in the barrier layer can be ruled out.  

 

 

Figure 4-8. Synchrotron XRD patterns of the IDL region of all the samples. The representative phases shown 

below correspond to La0.6Sr0.4Co0.2Fe0.8O3 ICDD no: 00-064-0218, Ce0.8Gd0.2O2 ICDD no: 01-080-5535, YSZ 

ICDD no: 04–001–9395. 
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Finally, the local structure and the elemental composition of the BL and the IDL were analysed 

at the nanoscale by STEM-EDS [48]. In the analysed lamellae for the “Reference” and the 

“Aged800” samples, Sr signal was not detected in the barrier layer close to the electrolyte 

interface, thus excluding the presence of SrZrO3 at the GDC/YSZ interface in good agreement 

with the other analyses. The bright field (BF)/STEM images of the IDL, that is around 0.6-1 

µm thick, show that its microstructure is composed of one or two grains in the thickness for the 

two samples (cf. Figure 4-9a for the cell aged at 800°C). Regarding its elemental composition, 

TEM-EDS line-scan analyses revealed a gradient across the layer (Figure 4-9b). As expected, 

the Gd and Ce diffuse from the barrier layer resulting in a solid solution of Gd, Ce, Zr and Y 

for the IDL. In addition, the STEM-EDS elemental maps for the “Reference” sample revealed 

Co, Fe and Gd enrichment along the GBs between two GDC grains (Figure S-B 4). We observed 

a similar behaviour in a previous study by APT [48]. It appears that the oxygen electrode 

components (La, Sr, Co and Fe) primarily migrate into the barrier layer through the GDC grain 

boundaries during the cell fabrication.  

It has been suggested by several authors [40,41] that the IDL might be useful in mitigating the 

formation of secondary phases such as SZO. To test this idea, Kim et al. [78] deliberately added 

a Ce0.43Zr0.43Gd0.1Y0.04O2-δ (CZGY) contact layer between YSZ and GDC. The authors 

observed not only improved cell stability and reduced Sr accumulation between the CZGY and 

YSZ interface, but also improved electrochemical performances. Some other studies suggested 

that the sintering temperature of the barrier layer may have a direct impact on the amount of 

elemental inter-diffusion (IDL) and reactivity at the electrolyte interface [40,41]. For instance, 

Wankmüller et al. [41] found an increase in the IDL thickness and a decrease in the presence 

of SZOs when the GDC sintering temperature is increased from 1100 °C to 1400 °C. It can 

therefore be proposed that the absence of secondary phases observed after ageing in our cells 

made from standard materials would be due to the relatively thick IDL formed during the 

manufacturing process. This would suggest that the IDL could act as a dense ‘barrier layer’ 

preventing the formation of zirconates even when the cell is tested under harsh conditions (high 

current density at 850 °C in electrolysis mode). 

In addition, we observed that the elements in LSCF, in particular Co and Fe, diffuse into the 

BL, mainly in the GBs of GDC in the “Reference” sample. Earlier investigations found discrete 

Co particles in the BL and attributed these observations to the degradation of LSCF [9,29,43]. 

However, Wang et al. [79] investigated the potential effect of Co and Fe diffusion in the GBs 

of GDCs. The authors have suggested that Co and Fe may cause a delay in the GB diffusion of 
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Sr and Zr, and hence, in the formation of insulating SrZrO3. Therefore, the presence of these 

elements in the BL may also have a mitigating effect on the formation of secondary phases 

during operation. This point suggests that the local chemistry due to intermixing at the 

BL/electrolyte interface during the cell manufacturing must play a key role in the formation of 

insulating phases upon operation.   

 

 

Figure 4-9. a) BF/STEM images of the “Aged800” samples focusing on the GDC/YSZ interface. b) The STEM-

EDS line profiles of Gd, Ce, Y and Ze (in at.%) for the “Aged800” sample. 

 

3.2.3 Inter-diffusion between LSCF/GDC in the oxygen electrode. To explore the inter-

diffusion between LSCF and GDC particles, structural and elemental analyses were carried out 

at the atomic scale using APT and TEM techniques. APT enables mapping the local elemental 

concentrations via a three-dimensional reconstruction. Figure 4-10 shows the atomic 

distribution and line profiles across a grain boundary between LSCF and GDC in the functional 

layer (close to the BL). A considerable amount of elemental intermixing between LSCF and 

GDC has been detected in both samples. In particular, a significant amount of Ce and Gd has 

diffused into the bulk of the LSCF grain. On the contrary, the signal of LSCF atoms decreases 

rapidly after a few nm into the GDC phase. In complementarity with the line profile, the 3D 

dynamic elemental maps of Ce, O, Gd, Fe and Sr for both samples (cf. Supporting Data) show 

how Ce and Gd diffuse uniformly into the LSCF and how the Fe and Sr counts are close to zero 

in the GDC grain. Table 4-6 reports the atomic concentrations of elements within the LSCF and 

GDC phases. It can be seen that 4.4 at. % Ce and 3.9 at. % Gd are found in the LSCF grain of 

the “Reference” sample, whereas LSCF elements and impurities constitute < 1 at. % in the GDC 

grain. In the “Aged800” sample, the Ce concentration decreases to 1.3 % whereas Gd 

concentration remains stable. These results show that a substantial diffusion of Gd and Ce into 
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LSCF already occurred during the cell manufacturing. However, this intermixing does not seem 

to evolve upon operation. 

 

 

Figure 4-10. 3D atomic map of the LSCF and GDC phases and line profile orthogonal to the grain boundary 

obtained from APT analyses on a) “Reference” and b) “Aged800” samples. 

 

Table 4-6. Atomic concentration of elements (at. %) in the LSCF and GDC phases in the FL of oxygen electrode 

for the “Reference” and “Aged800” samples measured by APT. 

Sample Phase O Ce Gd La Sr Co Fe Impurities 

Reference 
GDC 54.2 38.0 7.1 0.2 0.1 - 0.2 0.3 

LSCF 41.2 4.4 3.9 12.0 12.3 5.2 20.1 0.8 

Aged800 
GDC 57.3 35.4 6.4 0.4 0.13 < 0.1 0.15 0.19 

LSCF 47.2 1.3 4.1 12.8 10.8 5.5 18.0 0.3 

 

Complementing APT, TEM analyses were performed to provide further information on the 

atomic arrangement and elemental composition. 

To investigate the elemental composition, STEM-EDS elemental mapping was performed on 

neighboring LSCF and GDC grains for the “Reference” and the “Aged800” samples (Figure S-

B 5). In good agreement with the APT analyses, it was found that Ce and, in particular, Gd, are 

clearly present inside the LSCF grain in both samples. It can be noted that secondary phases 

related to Sr and/or Co oxides were not detected within the studied volume for both samples. 
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In the following, a high resolution HAADF/STEM image was recorded for a LSCF particle in 

the “Reference” sample. As expected for an ABO3-type crystal lattice, La and Sr were found to 

occupy the same position in the A-site of the perovskite, while Co and Fe were found to occupy 

the same B-site position. Therefore, in the high resolution HAADF/ STEM image (Figure 

4-11a), the La and Sr are located in the atomic columns imaged with large spots whereas the Fe 

and Co in the columns imaged with a small spot. This is confirmed by the EDS elemental maps 

and the line profiles extracted from them (Figure 4-11). The Gd elemental map and the line 

profile also show that the Gd is located on the A-site of the ABO3-type structure. This 

observation would thus indicate that Gd diffuse in LSCF through A-site vacancies. It is also 

clear from the line profiles in Figure 4-11b that the last atomic layer on the surface is enriched 

in Gd. This last result needs to be confirmed by further studies, as this enrichment could be due 

to Gd redeposition during FIB sample preparation. 

 
Figure 4-11. High resolution STEM-EDS analysis performed on an LSCF crystal of the 

Reference sample. a) HAADF and EDS elemental map of La, Sr, Gd, Fe and Co. b) La, Fe 

and Gd elemental line profiles (individually normalized raw intensities) extracted from the 

EDS elemental map along the yellow arrow drawn on the HAADF image in a). c) La, Fe, Sr, 

Co and Ge line profiles in atomic % similar to b). 
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3.2.4 LSCF decomposition and surface segregation in the oxygen electrode. As already 

discussed, EIS analyses found no evidence of oxygen electrode-related degradation. As 

expected for these ceramic materials [80], the cross-sectional SEM micrographs of all the 

samples have not revealed any microstructural change of the oxygen electrode (Figure 4-5). 

Moreover, in our testing conditions, the previous characterizations have shown that the inter-

diffusion occurred during the cell layers sintering without significant evolution upon ageing. 

To investigate a potential impact of the cell operation on the LSCF crystalline structures in both 

the FL and CCL, the synchrotron XRD data were integrated along the line scans parallel to the 

electrolyte interface (X direction as shown in Figure S-B 1). The resulting patterns are displayed 

in Figure S-B 6 for the “Reference” and the aged cells. In the CCL, it can be observed that all 

the peaks are assigned to the LSCF phase. Moreover, the peaks for the FL diffractograms are 

only related to the LSCF and GDC phases. In other words, no secondary phases were detected 

even after operation at 850 °C.  

Fitted lattice parameters (LSCF space group: 𝑅3̅𝑐 GDC space group: 𝐹𝑚3̅𝑚) are shown in 

Table 4-7. Considering the experimental uncertainty, the lattice parameters of LSCF and GDC 

in both layers do not change significantly with ageing. Knowing that the LSCF unit cell volume 

increases with the Sr release [19], this observation means that the LSCF was not subjected to a 

strong decomposition upon operation. This statement is in good agreement with the fact that no 

secondary phases were observed at the electrolyte interface and in the electrode. 

 

Table 4-7. Fitted lattice parameters in Å of LSCF and GDC in the centre of FL and CCL of the oxygen electrode 

(ICDD no: 00-064-0218: number of the formula units in the unit cell z=6 for LSCF and ICDD no: 04-011-7336 

with z=4 for GDC). 

Sample 

FL CCL 

LSCF GDC LSCF 

a c a a c 

“Reference” 5.53 13.51 5.42 5.53 13.53 

“Aged750” 5.53 13.53 5.42 5.52 13.50 

“Aged800” 5.52 13.50 5.42 5.52 13.48 

“Aged850” 5.51 13.49 5.42 5.51 13.49 

 

XPS analysis was carried out to investigate the surface composition and the chemical 

environment of the LSCF for reference and the aged cells. XPS probes a thickness typically 

from ∼5 to 10 nm deep from the top surface and therefore provides surface sensitive 

information. To analyse the surface of the LSCF grains in the FL, the CCL were gently scraped 

from the surface using a scalpel. 
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The C 1s, O 1s and Sr 3d XPS spectra of the “Reference” sample are shown in Figure 4-12. All 

the results of the analyses of the “Reference” and the “Aged850” samples collected for the CCL 

and the FL are presented in Table S-B 1 – S-B 4 as binding energy (BE), full-width half 

maximum (FWHM), area, atomic concentration percentage (at.%). The C 1s core level 

spectrum in Figure 4-12 shows four components at 285, 286.4, 288.7, 289.8 eV which are 

assigned to carbon contamination, in particular carboxylic and/or carbonates groups (O–C=O, 

(CO3)
2-) [81]. The O 1s core-level spectrum shows a sharp peak at the lower BE at ~528.7 eV 

(O–M1) which is usually attributed to the lattice oxygen in the bulk of the LSCF [82,83]. The 

smaller peak at a higher BE ~529.4 eV (O–M2) is related to the surface oxygen typically 

assigned to sub-oxide groups [82,83]. The peak observed at ~531.3 eV is usually attributed to 

the carbonates, hydroxides and oxides [82]. The Sr 3d core-level spectrum consists of a doublet 

with 3d5/2 at the lower BE (~131.9eV) and 3d3/2 at the higher BE (~133.6 eV). They are 

attributed to the lattice-bound Sr and the surface-bound Sr, respectively [84]. According to the 

literature [85], all the surface species found in the spectra indicate the presence of strontium 

surface segregation in the forms of SrCO3 and Sr(OH)2. Easy hydroxylation of SrO at room 

temperature makes it difficult to detect this oxide using ambient-temperature XPS 

measurements [83]. 

The ratio of surface-bound Sr to the sum of all Sr for both the CCL and the FL is given in Table 

4-8 for all the samples. It can be seen that the ratio in the CCL has slightly increased from ~0.45 

in the “Reference” sample to ~0.58 in the aged samples. In the FL, the ratio is increased with 

increasing the operating temperature. Indeed, the highest ratio of surface-bound Sr (0.68) is 

obtained in the cell aged at 850 °C. All these results indicate a slight increase in the Sr 

segregation to the surface with ageing, in good agreement with cells tested under similar 

conditions [20]. Nevertheless, the limited evolution of the Sr segregation is not expected to 

affect significantly the cell performance, which is in good agreement with the EIS results. 

Therefore, no significant LSCF decomposition occurred in the electrode after an operation for 

2000 h at -1A.cm-2 and for a temperature ranging between 750 °C and 850 °C. This statement 

must explain the good electrode stability in terms of electrochemical performances in our 

testing conditions. 
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Figure 4-12. X-ray photoelectron spectra of the C 1s, O 1s, and Sr 3d core-level spectra of the “Reference” 

sample. The measurements were taken in the functional layer.  

 

Table 4-8. Ratio of surface-bound Sr to the sum of lattice-bound Sr and surface-bound Sr deduced from XPS 

analyses. 

Sample ID 
Analysis position 

CCL FL 

“Reference” 0.45 0.47 

“Aged750” 0.56 0.51 

“Aged800” 0.62 0.54 

“Aged850” 0.55 0.68 

 

Focusing on the composite oxygen electrode (LSCF-GDC), we do not detect a substantial Sr 

segregation and LSCF decomposition. However, in agreement with previous studies [45,46,86–

91], a considerable intermixing between LSCF and GDC, in particular diffusion from GDC to 

LSCF, was observed already in the “Reference” cell. This inter-diffusion can strongly affect 

the crystal lattice parameters, grain growth and cell performance [38,92]. For instance, lattice 

parameter of GDC was observed to increase with increasing LSCF content in the LSCF-GDC 

composite [91]. This was attributed to the incorporation of La and Sr from the LSCF phase into 

GDC. On the other hand, the lattice parameter of LSCF in the LSCF-GDC composite was found 

to be lower than a single-phase LSCF [19,93–96]. Moreover, Uhlenbruk et al. found that 

purposefully doped Gd in the LSCF results in a decrease of the cell performance [38]. In that 

view, the Gd diffusion into LSCF, which was extensively observed in the bulk of the LSCF 

particle for all the samples, could lower the electrode performance.   

However, it cannot be excluded that Gd diffusion into the A-site of the LSCF, as observed in 

this work, could improve the lattice stability, and supress the Sr segregation. Indeed, the Gd 

substitution on the A-site could influence the elastic lattice strain, and hence, stabilise the 

structure. To illustrate this assumption, Baiutti et al. [97] investigated the stability of LSM-SDC 
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(Sm-doped ceria) composites. They found increased electrochemical stability due to reduced 

Sr segregation. Detailed characterisations revealed extensive elemental inter-diffusion, 

particularly along the grain boundaries. Notably, a high concentration of Sm was found within 

the LSM. Through density functional theory (DFT) calculations, they provided evidence that 

Sm substitution in the A-site of LSM reduces the elastic driving force for Sr surface segregation.  

Moreover, it is worth mentioning that the LSCF powder used for the cell manufacturing was 

analysed by ICP-MS. The analysis has revealed a slight A-site deficiency (A=La+Sr, B=Co+Fe, 

A/B=0.986). This deficiency could explain the Gd diffusion from GDC into the LSCF through 

the A-site vacancies. Moreover, it could be another key factor that might have an impact on the 

chemical stability against Sr segregation. For instance, A-site deficient La0.8Sr0.2MnO3 (LSM) 

thin films was shown to exhibit higher stability against thermal annealing in terms of surface 

structures and chemistry [98]. Accordingly, a lower amount of SZO was found in the 5% A-

site deficient LSCF compared to the stoichiometric LSCF [99]. Besides, the A-site deficiency 

can limit the formation of SrO [100].  

Finally, it is worth reminding that the long-term tests were conducted using dry air. This specific 

experimental condition could be a key parameter controlling the electrode durability. Indeed, 

most of the published studies, which have reported Sr segregation, were carried out in ambient 

air without any control on the humidity. However, it has been shown that the humidity in the 

air can strongly accelerate the LSCF decomposition [8,101–103]. Therefore, it can be also 

proposed that the use of dry air could explain the very good LSCF stability highlighted in this 

work despite harsh operating conditions. 

These discussions highlight the fact that a variety of factors affects the LSCF stability, which 

could explain the apparent conflicting results reported in the literature. Under these 

circumstances, it is still necessary to combine durability experiments, advanced 

characterisations, and modelling to assess the impacts of all these factors on the oxygen 

electrode stability.   
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4. Conclusions 

 

In this work, the effect of operating temperature on the cell durability of solid oxide electrolysis 

cells (SOEC) was studied. For this purpose, long-term tests of 2000 h were conducted at a 

current density of -1 A∙cm-² for three operating temperatures (750, 800 and 850 °C). The 

degradation rate deduced from the durability curves was found to increase with decreasing the 

temperature. However, using a same reference temperature before and after ageing (i.e. 750 °C) 

revealed a higher degradation rate with increasing the operating temperature. Therefore, a 

higher temperature induces a higher ‘intrinsic’ material degradation. The diagrams recorded at 

750 °C also showed that the ohmic losses and the high-frequency contribution associated with 

the hydrogen electrode increased with the increase of the operating temperature, while the mid-

frequency contribution associated with the oxygen electrode remained stable. 

Advanced post-test characterizations were carried out before and after long-term operation. The 

microstructural evolution related to Ni migration and coarsening in the hydrogen electrode was 

found to be largely responsible for the performance loss observed in the EIS. Additionally, Ni 

migration increased with increasing temperature, in agreement with the evolution of the ohmic 

losses in the EIS diagrams. The chemical elemental characterizations confirmed the inter-

diffusion between the layers already in the pristine cell. At the interface between electrolyte 

and BL, a Gd-rich IDL has been identified in the reference sample. No secondary phases such 

as SrZrO3 were detected at the interface with the electrolyte. This result was explained by the 

presence of the IDL that could prevent an extensive cation diffusion from the electrolyte.  

Regarding the oxygen electrode, an intermixing between LSCF and GDC phases with the 

diffusion of both Ce and Gd into LSCF was found in the reference. However, no significant 

change was observed after operation. Besides, no secondary phases were detected in all the 

samples by nanoXRD. Only a slight increase in Sr segregation with increasing ageing 

temperature was highlighted by XPS. All these characterizations showing a limited degradation 

of the oxygen electrode after long-term operation are perfectly consistent with the EIS 

diagrams. In order to discuss the stability of the oxygen electrode at such high temperature and 

polarization, several hypotheses have been proposed to explain this rather unexpected 

behaviour. 
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Chapter conclusions  

 

This chapter comprised the study of the cell degradation in SOEC mode under dry air, including 

the study of the effect of operating temperature on the cell degradation. 

The evolution of the voltage in the durability curves was found to be more pronounced when 

decreasing the operating temperature. As discussed in the chapter, this refers as to the apparent 

degradation and it is due to the thermally activated behaviour of the electrodes activation 

overpotential. Therefore, a reference temperature was chosen to investigate the intrinsic 

degradation in the electrochemical response of the cell. The EIS diagrams put in evidence a 

clear evolution mainly in the HF arc and a limited change for the MF and LF arcs, also reported 

in the Appendix A. As an additional value, here it was shown that the intrinsic degradation was 

accelerated with increasing the operating temperature. More specifically, both the series 

resistance and the HF arc related resistance increased with the operating temperature. These 

changes in the EIS were attributed to the microstructural evolution of the hydrogen electrode. 

The post-test characterizations confirmed this finding and enabled estimating the ohmic losses 

attributed to the Ni migration, which was found to be promoted by the increased operating 

temperature. From the rough estimation, the Ni migration should explain most of the increase 

in the series resistance. In all the samples, no SZOs were detected possibly due to the operation 

under dry air or to the presence of the IDL. Regarding the oxygen electrode, no significant 

degradation was highlighted by the various post-test characterization techniques, aside from a 

slight Sr segregation that increased with increasing the operating temperature. In addition, it 

should be considered that already in the Reference sample, an inter-diffusion across all the cell 

layers was highlighted by the various post-test observations. For example, tt is worth noting 

that an intermixing between LSCF and GDC phases was evidenced by APT and STEM-EDS. 

More specifically, Ce and Gd were found inside the LSCF, already in the Reference sample. 

This feature could possibly have an impact on the cell durability, pointing out the relevance of 

the manufacturing conditions on the material stability. 

To summarize, the cells degradation in SOEC mode under dry air was found to be dominated 

by the microstructural evolution of the hydrogen electrode, including Ni migration and Ni 

coarsening. A rather stable behaviour was found in the oxygen electrode with only slight Sr 

segregation. Furthermore, the studied cells undergone an evident elemental inter-diffusion 

across the various layers of the cell during the manufacturing. The operating temperature was 

found to promote the degradation in terms of microstructural evolution in the hydrogen 

electrode and, even if limited, in terms of Sr segregation in the oxygen electrode. 
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5. Long-term tests and post-test 
characterizations of SOCs aged in 
SOEC/SOFC mode under humid air  

 

This chapter comprises the long-term tests and the post-test characterizations carried out on the 

cells aged under humid air in both SOEC and SOFC modes. The purposes of the chapter are 

the investigation of the effect of humid air and operating mode on the cell performance and 

material degradation.  

Four long-term tests are performed at 800 °C for 1000 h: three tests in SOEC mode at -1 A∙cm-

2 and SC = 64%, under different air condition (dry, 3% and 8% humidity), and one test in SOFC 

mode at +1 A∙cm-2 and FU = 64%, under 8% humid air. The evolution of the electrochemical 

response of the cell is evaluated in terms of durability curves and EIS. The cell degradation is 

investigated by various post-test characterization techniques, covering the microstructural, 

chemical and crystallographic aspects. The work done on this chapter has been submitted in the 

Journal of The Electrochemical Society (2024) (1). 
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Abstract 

 

To study the impact of humid air on the solid oxide cell durability, long-

term tests of 1000 h are performed in dry air condition and with a water 

content of 3% and 8% at 800°C and +/-1 A.cm-2. The cell is made of a 

La0.6Sr0.4Co0.2Fe0.8O3-δ-Ce0.8Gd0.2O2-δ (LSCF-GDC) oxygen electrode, a 

GDC diffusion barrier layer, an Y0.16Zr0.84O1.92 (YSZ) electrolyte and a 

Ni-YSZ hydrogen electrode. In electrolysis mode, the degradation rate 

increases with increasing the water content in the air. Besides, the 

degradation rate is higher under electrolysis current than in fuel cell 

mode. At the highest level of humidity in electrolysis mode, the addition 

of water in the air affects the series and polarisation resistances in the 

impedance spectra. In this case, conversely to the dry condition, the post-

test characterizations have revealed that the Ni migration is promoted at 

the cell outlet. Moreover, the LSCF decomposition is aggravated by the 

humid condition especially in electrolysis mode at the cell inlet. In this 

zone, it leads to the formation of a quasi-dense SrO phase at the top of 

the current collecting layer. Such insulating layer could induce a current 

redistribution in the cell explaining the higher Ni migration at the cell 

outlet.  
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1. Introduction 

 

Solid oxide cells (SOCs) are high-temperature electrochemical devices. Among their several 

advantages, they can achieve high efficiencies without the use of expensive electro-catalysts. 

Thanks to their reversibility, the same system can be operated either in fuel cell mode (SOFC) 

for electricity production or in electrolysis mode (SOEC) for hydrogen production. This 

technology could therefore be used to balance the fluctuations between electricity production 

and consumption when using intermittent renewable energy sources. The SOCs could thus play 

a key role in the transition towards a fossil-free energy market.  

A typical SOC consists of a dense electrolyte in yttria-stabilized zirconia (YSZ) sandwiched 

between two porous electrodes. The hydrogen electrode is usually a Ni-YSZ cermet, while the 

oxygen electrode is made of La1-xSrxCo1-yFeyO3-δ (LSCF) material. A diffusion barrier layer of 

GdxCe1-xO2-δ (GDC) is generally added between the electrolyte and the oxygen electrode to 

limit the reactivity. 

For large scale industrial application, the SOCs durability is still insufficient to maintain high 

efficiency over the requested lifetime of ca. 80 000 – 90 000 h [1,2]. Indeed, the SOCs suffer 

from several degradation phenomena that occur in the different cell layers. In the hydrogen 

electrode, a Ni particle coarsening is usually observed after ageing in both SOFC and SOEC 

modes [3]. Although the agglomeration tends to slow down after long-term operating time, it 

can explain a significant part of the performance degradation [3]. In addition, a substantial Ni 

migration away from the electrolyte interface occurs in SOEC mode [4–8]. It results in a Ni 

depletion in the active functional layer which induces an increase in the cell ohmic losses and 

polarisation resistance [9,10]. 

In the oxygen electrode, the LSCF decomposes upon operation with the release of cations from 

the perovskite structure [11–15]. More particularly, Sr segregates to the surface leading to the 

formation of an insulating layer made of strontium oxide-based compounds such as SrO 

[12,16]. This passivating film hinders the oxygen surface exchange between the gas phase and 

the material [14] and decreases the oxygen bulk diffusion coefficient [17]. Both phenomena are 

known to affect significantly the cell performances by increasing the electrode polarization 

resistance [18]. Additionally, LSCF can react with the electrolyte during the electrode sintering 

at high temperature to form SrZrO3 (SZO), which can potentially evolve upon operation [19–

24]. This insulating phase is reported to affect the cell performance when it forms a continuous 

layer [25,26]. Another phenomenon occurring near the GDC/YSZ interface is the formation of 
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an inter-diffusion layer (IDL) during the cell fabrication [27–31]. Despite the IDL is reported 

to cause additional ohmic losses in the cell [32], some authors reported that it could act as a 

protective layer against the formation of SZO during fabrication [31] and ageing [33]. 

The impact of the operating parameters, such as the temperature [15,34] and the operating mode 

[35–39], on the LSCF decomposition is still unclear. Regarding the role of polarization, some 

authors found a higher phase demixing for an operation in SOEC mode (i.e. anodic polarisation 

for the oxygen electrode) [35,36]. Conversely, other studies reported a mitigation (or even a 

suppression) of Sr segregation under anodic polarisation whereas an accelerated degradation 

was highlighted under cathodic polarization [37,40]. Air moisture can also have a significant 

impact on the oxygen electrode degradation [41]. Indeed, some authors have shown that a 

higher content of water molecules in the air leads to a stronger LSCF decomposition with 

formation of a SrO secondary phase that decreases the cell performances [41–45]. Moreover, 

the interaction of Sr surface-segregated species with water molecules from the air results in the 

formation of Sr(OH)2 volatile species [46]. Such species can easily diffuse in the gas phase and 

reach other reaction sites where secondary phases can form, causing an additional loss in the 

cell performance [47,48]. Hence, the presence of water promotes both the LSCF decomposition 

and the reactivity among the cell layers. It is worth noting that only few studies have been 

dedicated to study the impact of humidity on the cell durability under current and all of them 

have been  carried out in SOFC mode [41,42]. Therefore, the impact of the anodic polarisation 

under humidified condition still needs to be addressed.  

This work aims to evaluate the effect of humid air and operating mode on the cell performance, 

focusing on the oxygen electrode degradation. To this end, four long-term tests were performed 

at 800 °C for 1000 h in different air conditions and in both SOEC and SOFC modes. Three tests 

were carried out in SOEC mode at -1 A∙cm-² and 64% steam conversion (SC) under dry air, 3% 

and 8% humid air (amount of water vapour defined as the ratio between the partial pressure of 

H2O and the total pressure). Additionally, one test was conducted in SOFC mode at +1 A∙cm-² 

and 64% fuel utilisation (FU) under 8% humid air. The electrochemical response of the cells 

was evaluated by electrochemical impedance spectroscopy (EIS) performed in reference 

conditions. The material degradation was investigated using different post-test 

characterizations, which enable assessing the microstructural, chemical and crystallographic 

changes in the aged cells. 
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2. Materials and methods 

 

Cell description. The hydrogen electrode supported cells used in the study have been already 

thoroughly described in [4,33]. The cells had a circular shape with an active surface area of 

9.08 cm2. The porous oxygen electrode consisted of a ca. 20 µm La0.6Sr0.4Co0.2Fe0.8O3-δ-

Ce0.8Gd0.2O2-δ (LSCF-GDC) functional layer (FL) on which a ca. 20 µm LSCF current 

collecting layer (CCL) was deposited. It can be noted that the LSCF powder used for the 

manufacturing exhibits a slight A-site deficiency of ca. 1% that was measured by inductively 

coupled plasma mass spectroscopy (ICP-MS) [33]. A thin GDC barrier layer (BL) of ca. 3 µm 

was added in between the oxygen electrode and a dense electrolyte made of Y0.16Zr0.84O1.92 

(8YSZ), which was ca. 8 µm thick. The porous hydrogen electrode was composed of a ca. 25 

µm Ni-8YSZ functional layer and a thick ca. 280 µm Ni-3YSZ substrate. 

 

2.1 Long-term tests and electrochemical characterizations 

 

Experimental setup. The test rig used in this work has been already detailed in [33]. The main 

features of the setup are reported hereafter. The in-house test bench consists of a furnace, in 

which a metallic housing holds the cell to be tested. In order to avoid a gas leakage from the 

fuel compartment, a glass ceramic sealant is deposited on the cell periphery (Schott G018-311) 

[11,49]. The inlet gas flows are measured by flow meters (Brooks SLA5850S) for both fuel and 

air sides, before being fed to the centre of the cell. A radial co-flow configuration is used for 

the gas distribution along the cell radius. The steam is supplied by a steam generator. Dry 

compressed air (ISO 8573-1 class [1:1:1]) is fed into the air compartment. For this study, a 

bubbler was added at the air side and the air was moistened by controlling the bubbler 

temperature. Hence, a moisture content of 3% and 8% was reached by saturating the air inlet 

flow rate in the bubbler at respectively 24 °C and 41.5 °C. It can be noted that a membrane 

made of a metallic porous media is used to produce fine and homogeneous bubbles. Moreover, 

the bubbler dimensions have been designed to achieve saturation vapour pressure at the chosen 

temperature in the air stream. The pipe carrying the humid air was heated to avoid any 

condensation before entering the furnace. The current distribution at the collectors of the 

electrodes is ensured by a Ni grid (100 meshes∙cm-2) and two gold grids (100 meshes∙cm-2), for 

the hydrogen and oxygen electrodes, respectively. It can be noted that a ceramic holder in 

alumina is used at the oxygen electrode side to prevent the Cr-poisoning, which is commonly 
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observed when using metallic Cr-based interconnects [50]. In order to lower the contact 

resistance, a mechanical load of 600 g∙cm-2 is applied on the cell. Finally, the water contained 

in the gas exhausts from the fuel compartment is condensed at the outlet of the setup. The 

verification of the correct steam flow is done by weighing the water collected downstream the 

condenser. 

 

Experimental protocol. The cell was first mounted in its housing inside the furnace. In order to 

form the glass seal, the cell was heated up to 860 °C at a ramp of 1 °C∙min-1 and maintained at 

this temperature for 90 minutes. During the heating up and the glass sealing, 0.5 NL∙h-1 of N2 

and 0.5 NL∙h-1 of compressed dry air were fed to the hydrogen and oxygen electrodes, 

respectively. Such gas flow rate were then increased to 4 NL∙h-1 at both electrodes to perform 

the Ni-YSZ cermet reduction, which was done at 800 °C. During the cermet reduction process, 

H2 gas flow was gradually increased to replace N2. Once the gas was composed of pure H2, the 

electrode was swept under a H2 flow of 4 NL∙h-1 for 16 h to ensure the complete cermet 

reduction into Ni-YSZ. After this step, the initial electrochemical characterizations were carried 

out and, subsequently, the ageing test was started at the chosen operating conditions 

(temperature, current density, gas flows, etc.). At the end of the durability test, the setup was 

cooled down to room temperature with a ramp of 1 °C∙min-1, feeding a mixture of N2 and H2 to 

the hydrogen electrode to avoid the cermet re-oxidation. 

Long-term tests. The durability experiments were carried out in SOEC mode at 800°C for 1000 

h in dry air conditions and in accelerated ageing conditions with humid air. Two moisture 

content of 3% and 8% are investigated by controlling the bubbler temperature at 24 °C and 41.5 

°C, respectively. To investigate the effect of polarisation, an additional test was performed in 

SOFC mode for 1000 h using 8% humid air. All the tests were performed in galvanostatic mode, 

applying a current density of -1 A∙cm-2 with 64% steam conversion (SC) in SOEC mode and 

+1 A∙cm-2 with 64% fuel utilisation (FU) in SOFC mode. The gas mixture fed to the hydrogen 

electrode had compositions of 10/90 and 90/10 vol.% H2/H2O for SOEC and SOFC operation, 

respectively. The total inlet gas fluxes at the oxygen and hydrogen electrodes were 36 

NmL∙min-1∙cm-2 and 12 NmL∙min-1∙cm-2, respectively. In this work, the cell after Ni reduction 

is labelled “Reference”. The cell aged in dry air in electrolysis mode is referred to as 

“SOECdry”. The cells aged in humid air at 3% and 8% in SOEC mode, as well as the one aged 

for 1000 h in SOFC are named as “SOEC3%”, “SOEC8%” and “SOFC8%”, respectively. 
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Electrochemical characterizations. For all the experiments, the cell voltage evolution was 

monitored during the ageing tests. In addition, electrochemical impedance spectra (EIS) were 

acquired at the beginning and the end of each experiment, using a potentiostat/galvanostat 

(Autolab PGSTAT-302N), a frequency response analyser (FRA) module, and a 20 A current 

booster. The EIS were obtained in the frequency range from 10-2 – 104 Hz by applying a 

sinusoidal AC perturbation on the current density with an amplitude of 11 mA∙cm-2. For a sake 

of comparison, all the diagrams were measured in the same reference operating conditions at 

open circuit voltage (OCV), 800 °C with 10/90 vol.% H2/H2O gas composition at the hydrogen 

electrode and dry air at the oxygen electrode. The raw data collected on the NOVA ver. 1.11 

software were post-treated to remove the inductive phenomena due to cabling and wiring. For 

this purpose, the experimental spectra were fitted using an electric equivalent circuit model 

(EECM) using the Zview ver. 2.70 software, as already shown in [33]. After the fitting 

procedure, the corrected spectra were simulated without the inductance by extending the 

frequency range to 10-3 – 106 Hz. 

 

2.2 Post-test characterizations 

 

SEM microstructural observations. For the microstructural characterizations, the electrodes 

were embedded in a polymer resin (Epofix, Denmark) to fill the porosity. The impregnated 

samples were polished using a 0.25 µm diamond spray. Finally, a carbon coating was applied 

to the polished cross-sections to prevent charging effects during observations. The electrode 

microstructures were examined by field emission scanning electron microscopy (FEG-SEM 

Zeiss Merlin, Germany) in backscattered electron (BSE) mode using an accelerating voltage of 

2 kV and a working distance of approximately 5-10 mm. In addition to the polished cross-

sections, fractographies of the oxygen electrode were observed in secondary electron (SE) mode 

(with an accelerating voltage of 2 kV and a working distance of 7 mm). Finally, Energy-

dispersive X-ray spectroscopy (EDS) was also performed on the SOEC8% sample. 

Cartographies of La, Sr, Co, Fe, Ce, Gd and O elements were acquired in order to get their 

distribution in the oxygen electrode microstructure. 

XPS and SIMS surface chemical characterizations. X-ray photoelectron spectroscopy (XPS) 

was used to study the surface chemistry of both the LSCF current collecting layer and the LSCF-

GDC functional layer. For the CCL, the top surface of the electrode was analysed without any 

specific preparation. To access the active layer, the CCL and a part of the FL were removed 
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using a cutter blade. In this case, the prepared samples were characterised by SEM. The images 

of the remaining electrode revealed a rather smooth surface, suitable for the XPS measurements. 

The analyses were performed using a VersaProbe-II instrument from ULVAC-Phi, which 

operates at room temperature, under ultra-high vacuum conditions (p <10-7 Pa). A focused 

monochromatic Al Kα radiation (1486.6 eV) was used to generate a 4 mA emission current and 

a 200 μm X-ray beam diameter. In order to minimize the charging effect at the surface, electron 

and argon charge neutralizer guns were employed. The spectrometer calibrations was done with 

the gold photo-emission lines (Au4f7/2 emission at 83.9 eV, with respect to Fermi level). The 

acquisition of survey spectra and core-level peaks was carried out with two different constant 

pass energies of 117.9 eV and 23.3 eV, respectively. Spectra calibration was done using the 

carbon C 1s emission at 285.0 eV as reference. The CasaXPS software [51] was used to fit the 

XPS spectra and to carry out quantitative analyses. The fitting of the peaks was performed with 

a combination of Lorentzian (20%) and Gaussian (80%) distributions, considering a Shirley 

background. An energy separation of 1.8 eV and a branching ratio of 1.5 were imposed between 

the Sr 3d5/2 and 3d3/2 doublets to fit the Sr core-level spectra. In order to consider the 

transmission function of the spectrometer, the X-ray source relative sensitivity factors (RSF) 

were exported from the MultiPak library.  

The elemental distribution across the cell layers was studied with high-resolution secondary ion 

mass spectrometry (SIMS, NanoSIMS 50L, Ametek CAMECA). For this analysis, the porous 

electrodes were filled with a high-vacuum-compatible resin and subsequently polished with a 

diamond slurry. A Cs+ source, with a  23 nA current and a  100 nm diameter, was used as 

primary ion beam to scan the cross-sections. The region of interests (ROIs) with raster areas of 

around 20 μm × 20 μm were taken at different positions across the cell. The secondary ion mass 

species coming from the cell were collected simultaneously using a multi-collection system. 

The image processing was performed on the WinImage ver. 4.6 software (Ametek, Cameca). 

XRD structural characterizations. X-ray diffraction (XRD) was performed on the Reference 

and SOEC8% samples on top of the oxygen electrode CCL. The diffractograms were fitted by 

Le Bail method using FullProf software [52,53]. 
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3. Results and discussion 

 

3.1 Long-term tests and electrochemical characterizations 

 

The long-term tests were carried out considering different steam content in air, i.e. from dry air 

to moisture content of 3 % and 8 %, at a temperature of 800 °C in SOEC mode at -1 A∙cm-2 with 

a steam conversion (SC) of 64%. In order to study the impact of operating mode, a 

complementary durability test was performed in SOFC mode at +1 A∙cm-2 with a fuel utilization 

(FU) of 64%, and 8 % humid air. The cell voltage upon operation is plotted as a function of the 

elapsed time for all the experiments in Figure 4-2a.  

Regarding the tests performed in electrolysis mode, it can be noted that the initial voltage at t=0 

h for the SOEC3% cell is slightly higher than the other SOEC tests. This difference in the initial 

performance can be attributed either to a scattering in the cell microstructure or to a higher 

electrical contact resistance for this test. Moreover, as usually observed in other studies [54–

57], the durability curves for the cells tested in SOEC mode present two regimes. During an 

initial period of a few hundreds of hours, a rather fast cell voltage degradation occurred, while, 

in a second period, it slowed down and stabilized towards a rather constant rate. For instance, 

this behaviour is obvious for the tested cell SOEC3%, for which the durability curve exhibits a 

sharp increase in cell voltage during the first 500 h, followed by a stable and low voltage 

degradation in the second part of the test.   

The voltage degradation rates (DRs) for the SOECdry, SOEC3% and SOEC8% cells are 9.4 

%∙kh-1, 10.5 %∙kh-1 and 33.6 %∙kh-1, respectively (see Table 5-1). These results point out that 

the degradation is significantly aggravated by the addition of steam in the air for the cell 

operated in SOEC mode. This statement is consistent with the ageing tests available in the 

literature, which were performed under humid air in fuel cell mode [41,58].  

Regarding the test carried out in fuel cell mode, a much lower voltage degradation rate of 2.1 

%∙kh-1 is found compared to SOEC experiments. Indeed, the degradation rate for SOEC8% is 

around 16 times higher than SOFC8%. This impact of the operating mode on the cell durability 

has been already reported in many studies under dry condition [7,35,36]. 

The EIS at OCV were acquired for each test in the reference conditions (i.e. 800°C, 10/90 vol.% 

H2/H2O) before and after ageing. All the Nyquist plots of the impedance spectra are shown in 
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Figure 4-2b-e, while the DRs computed on the polarization (Rpol) and series (Rs) resistances are 

listed in Table 5-1.  

For the cell tested at 3% of steam in electrolysis mode, the degradation on the polarization 

resistance is roughly similar to the one obtained in dry air condition (see Table 5-1). This 

finding suggests that this intermediate rate of air humidification is not sufficient to induce an 

additional degradation on Rpol compared to the dry condition. However, at 8% of humid air in 

SOEC mode (SOEC8%), the DR on Rpol (DRRpol) is roughly 9 times higher than the one 

obtained under dry air condition. Thus, an evident material deterioration is expected for this 

condition. By contrast, the Rpol evolution related to the test in SOFC mode at 8% of humid air 

(SOFC8%) remains much lower than the one carried out in the same air condition under 

electrolysis mode (SOEC8%). This observation suggests a strong impact of the operating mode 

on the electrode degradation under humidified conditions. In addition, it can be noted the DRRpol 

for SOFC8% is in the same order than the SOECdry. When using same conditions of 

temperature and current, it has been shown that the degradation is higher in electrolysis mode 

than in fuel cell mode [35]. Therefore, in agreement with previous works [58], it appears in our 

case that the addition of steam should accelerate the degradation also in SOFC. 

It can be observed in Figure 4-2b-e that the impedance spectra are composed of three main arcs 

at high frequency (HF), mid-frequency (MF) and low frequency (LF). A multiscale physics-

based model was used in a previous study [59] to identify the limiting processes at the origin 

of these contributions. Specifically, it was shown that the HF contribution is mainly related to 

the kinetics in the hydrogen electrode while the arc at the MF is due to the electrochemical 

processes in the oxygen electrode along with the gas diffusion in the support layer. The third 

arc at LF is associated to the gas conversion losses. A visual inspection of the spectra reveals a 

rather limited evolution of the MF contribution for all the cells, except the SOEC8%. This result 

would indicate that 3% of humid air tested over 1000 h is not enough to induce a significant 

degradation in the active functional layer of the oxygen electrode. However, a large increase in 

the MF contribution can be observed for the cell SOEC8%. This increase is estimated to be 

around 92% using the EECM used for the inductance correction (cf. section 0). In this specific 

condition, it becomes obvious that the oxygen electrode material has been affected by the long-

term operation. 

For the cells tested in SOEC mode, both the HF contribution and the ohmic resistance increase 

during operation. This change in the EIS is usually attributed to the Ni migration and coarsening 

arising in the hydrogen electrode, as discussed in other articles [9,10]. It can be noted that the 
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Rs evolution deduced from the EIS of the SOEC3% cell is lower than that of the SOECdry cell. 

This unexpected result can be explained by the lower initial performance measured for the 

SOEC3% probably due to a higher contact resistance. Hence, it is not possible to directly 

compare the Rs evolution of the SOEC3% test with the other experiments. Nevertheless, it is 

worth noting that the increase in the ohmic losses for the SOEC8% cell is much more 

pronounced than the one obtained under dry condition. This statement means that another 

degradation phenomenon induced by the wet condition occurs at the oxygen electrode (in 

addition to the aforementioned microstructural evolution in the hydrogen electrode). This 

phenomenon could be related to a decrease in the CCL electronic conductivity and/or an 

increase in the contact resistance at the oxygen electrode side. Finally, it can be noted a 

substantial increase in the high frequency arc related to the hydrogen electrode of the SOEC8% 

cell. This remark would thus indicate that the strong degradation of the oxygen electrode could 

impact the hydrogen electrode response.   

Regarding the SOFC8% test, a slight increase in the Rs is observed. This result is unexpected 

since no Ni migration should occur upon operation for 1000 h in the SOFC mode as pointed 

out in many articles [4–8]. Therefore, the slight Rs evolution in the cell could be associated to 

the additional phenomenon mentioned above, which is suspected to occur in the oxygen 

electrode in presence of humidified air. However, its impact is much lower in SOFC mode 

compared to the SOEC operation. 

From these results, the exposure to a higher water content in the air was confirmed to accelerate 

the degradation in the cells upon operation, particularly in SOEC mode. More specifically, the 

oxygen electrode performance is strongly affected by an operation with 8% of humid air.  

 

Table 5-1. Cell performance degradation related to voltage, Rs and Rpol for the different tests. 

Cells 
Cell voltage degradation 

(%∙kh-1) 

Rs degradation 

(%∙kh-1) 

Rpol degradation 

(%∙kh-1) 

SOECdry 9.4 45.4 3.4 

SOEC3% 10.5 35.7 3.3 

SOEC8% 33.6 181.8 28.1 

SOFC8% 2.1 16.7 3.3 
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Figure 5-1. a) Durability curves showing the cell voltage evolution for the cells aged in SOEC 

mode at -1 A∙cm-2, 64% SC, 10/90 vol.% H2/H2O, 800 °C for 1000 h in dry air, 3% and 8% 

humid air. The cell aged in SOFC mode was operated at 1 A∙cm-2, 64% FU, 90/10 vol.% 

H2/H2O, 800 °C for 1000 h in 8% humid air. Nyquist plots b-e) show the impedance diagrams 

acquired at 800 °C before and after ageing under dry air, 3% and 8% humid air in SOEC, and 

under 8% humid air in SOFC, respectively. 

 

3.2 Post-test characterizations 

 

3.2.1 Hydrogen electrode 

 

The SEM images taken at the hydrogen electrode/electrolyte interface are shown in Figure 5-2. 

For all the tested samples, the cermet microstructural evolution observed at cell inlet (i.e. cell 

centre) is compared to the cell outlet (i.e. cell periphery). 

After ageing in SOEC mode under dry condition (Figure 5-2b), the Ni depletion is found to be 

much more pronounced at the cell inlet with respect to the Reference cell microstructure (Figure 

5-2a). This result is in perfect agreement with a previous study performed on the same type of 

cell [33]. This behaviour was attributed to the higher current density at the cell inlet, where the 

gas are supplied [49]. Indeed, the Ni depletion is known to be driven by the electrode 
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overpotential, which depends on the local current distribution along the cell length [4,60]. 

Surprisingly, the opposite behaviour is observed for the cell aged in SOEC mode at 8% of 

humidity (SOEC8%). Indeed, a larger Ni depletion is detected at the cell outlet, whereas no 

significant Ni migration is found at the cell inlet (Figure 5-2d). For the SOEC3% sample, an 

intermediate microstructural evolution between the two previous cases is shown in Figure 5-2c, 

with a rather homogenous Ni depletion all along the cell radius (which seems to be slightly 

aggravated at the cell inlet). The unexpected distribution of Ni migration obtained for the 

samples aged in SOEC mode under humid air could be related to a change in the local current 

densities along the cell radius. Indeed, the higher Ni depletion at the cell outlet for SOEC8% 

would suggest a higher current density at the cell periphery. Hence, it can be suspected that the 

current is redistributed towards the cell outlet, leading to a stronger microstructural evolution 

in this region.  

Concerning the SOFC8% sample, Figure 5-2e confirms that no Ni migration occurred during 

operation. As mentioned in section 0, it has been already reported that the Ni redistribution 

within the cermet is very limited during SOFC operation [4,7]. It can be noted that all these 

observations are coherent with the results from SIMS analyses reported in Figure S-C 1a. 

The increase in the ohmic losses for the cell SOECdry (Figure 4-2b) is mainly explained by the 

Ni depletion observed within the cermet as discussed in [33]. For SOEC8%, the huge increase 

in the series resistance (which is 4 times the one under dry condition) cannot be explained by 

the cermet microstructure evolution alone. Indeed, the extent of the Ni depletion is roughly the 

same in the two samples except its repartition along the cell radius (which is reversed between 

the inlet and outlet). Therefore, the cermet microstructural observations suggest that another 

degradation phenomenon should occur at the oxygen electrode side for the SOEC8% sample. 

As no microstructural change is found for the cell SOFC8%, this additional degradation 

phenomenon in the oxygen electrode could be at the origin of the slight Rs increase for this 

sample.   
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Figure 5-2. SEM observations of the hydrogen electrode at the interface with the electrolyte 

taken at the cell inlet and outlet for the a) Reference, b) SOECdry, c) SOEC3% and d) 

SOEC8%, e) SOFC8% samples. 

 

3.2.2 Diffusion barrier layer and interfaces 

 

The SEM images of the polished cross sections taken at the BL are shown in Figure 5-3 for all 

the samples. The elemental cartographies obtained by SIMS are reported in Figure S-C 1d-f for 

the same region of interest. It can be first noticed that Ni is observed inside the GDC BL after 

operation (Figure S-C 1a). 

As already observed for this cell [33], the formation of an IDL is detected for all the tested 

samples. The IDL is related to an elemental inter-diffusion between GDC and YSZ as shown 
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in the SIMS analyses. It corresponds to a line of small grains at the interface between the 

electrolyte and the BL which are highlighted with red arrows in the SEM micrographs. It can 

be noted that the IDL was formed during the cell fabrication as it is already observed in the 

Reference cell. In this work, no significant evolution of the IDL is detected after ageing in good 

agreement with our previous study performed under dry condition [33]. 

SEM images of the Reference cell do not evidence any clear presence of dark grey contrast 

phases in the GDC BL, which are usually related to SrZrO3 (Figure 5-3a) [35]. Besides, no 

supplementary secondary phases are detected after ageing even in humid air conditions (see 

Figure 5-3b-e). As reported previously, this behaviour can be attributed to the presence of the 

IDL that acts as a protective layer [31,33]. It should be considered that in our previous study on 

the same type of cells aged in dry air [33], the absence of SZO was possibly due either to the 

presence of the IDL or to the rather stable LSCF material under dry air. Thanks to this study on 

the effect of humid air on the cell degradation, the avoidance of such secondary phase formation 

can be attributed with greater confidence to the IDL.  

 

Figure 5-3. SEM observations of the BL for the a) Reference, b) SOECdry, c) SOEC3% and 

d) SOEC8%, e) SOFC8% samples. 
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3.2.3 Oxygen electrode 

 

The SEM observations performed on the top of the LSCF CCL reveal the formation of a 

secondary phase in the samples aged under humid air conditions (highlighted by red arrows in 

Figure 5-4 and Figure 5-5). The evolution of this phase from the cell inlet up to the outlet is 

shown in Figure 5-4. Whatever the operating mode, it can be observed that the presence of this 

new phase is mostly detected at the cell centre where the air is introduced. This repartition of 

this new phase can be thus related to the high water content in air at the cell inlet. It would 

indicate a reactivity between LSCF and steam leading to strontium oxide based compounds at 

the cell inlet [41]. 

It is worth noting that the formation of this secondary phase results in a quasi-dense layer that 

spreads over a distance of 6-7 µm in the electrode depth for the SOEC8% sample (Figure 5-4d 

and Figure 5-5). For the SOEC3% sample, the quantity of this secondary phase appears to be 

much lower, although it is still clearly visible in the SEM image. For the SOFC8% cell, only a 

very small amount of this new phase is observed at the top of the CCL (cf. zoom in Figure S-C 

3). 

Additionally, it is possible to detect in Figure 5-4 some darker grey contrast particles distributed 

in the whole LSCF CCL for all the samples (they are highlighted by yellow arrows). However, 

the SEM characterizations have not revealed any evident evolution of these particles after 

operation. According to literature, this dark grey phase in the LSCF can be attributed to Co-Fe 

based oxides [41]. 

Finally, it is worth mentioning that no secondary phases have been detected in the FL even after 

operation with 8% of humid air.  
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Figure 5-4. SEM observations of the oxygen electrode LSCF CCL for the a) Reference, b) 

SOECdry, c) SOEC3% and d) SOEC8%, e) SOFC8% samples. 

 

 

Figure 5-5. Magnified SEM a) fractographic and b) BSE observations on the SOEC8% sample. 
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In order to identify the secondary phase formed on top of the LSCF CCL, additional post-test 

characterizations are carried out on the Reference and SOEC8% samples. First, EDS analyses 

for the SOEC8% show that the top surface is enriched in Sr and O as shown by the black arrows 

in Figure 5-6. On the other hand, the maps for Co and Fe do not reveal any specific 

accumulation or change after operation. These results mean that the secondary phase formed 

on top of the CCL is probably made of strontium oxide (Figure 5-6). These results are coherent 

with the distribution of the chemical elements obtained by SIMS analysis (Figure S-C 2). As 

for the EDS maps, a high concentration of oxygen is observed in the layer. Moreover, some Co 

rich particles are clearly detected in the bulk of the CCL. Interestingly, Ni is also present in the 

CCL after ageing. 

 

 

Figure 5-6. EDS analysis performed on the oxygen electrode LSCF CCL for the SOEC8% 

sample. 
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XRD analyses are performed on top of the LSCF CCL in order to assess the evolution in the 

crystallographic structure before and after ageing under wet condition (Figure 5-7). In the 

Reference sample, all the peaks are fitted by the LSCF phase. By contrast, the fitted XRD 

patterns related to the SOEC8% sample reveal the presence of SrO. For the same type of cell 

tested in dry condition up to 2000 h (at the same temperature and current density in SOEC 

mode) [33], it can be mentioned that no secondary phase is detected by XRD after ageing  

(Figure S-C 4). Therefore, the secondary phase observed in the SEM images after testing under 

wet condition can be mainly attributed to SrO. This statement is in good agreement with the 

results of Kim et al. [41], who observed stronger degradation under humid air (in SOFC mode) 

due to the promoted formation of SrO layer on the top of the LSCF. Besides, it is worth noting 

that the Sr release should also leads to the precipitation of some Co-rich particles as observed 

by SIMS in the bulk of the CCL. 

Finally, in good agreement with the SIMS characterization, peaks attributed to the Ni phase 

appear on top of the LSCF CCL after ageing as shown in Figure 5-7b.  
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Figure 5-7. XRD pattern and fit obtained on the oxygen electrode LSCF CCL for the a) Reference and b) 

SOEC8% samples. 

 

XPS is conducted on the outermost surface of the CCL and in the FL in complementarity with 

the EDS and XRD characterizations. Indeed, this technique allows the chemical environment 

analysis of surface species before and after ageing. Figure 5-8 displays the Sr 3d core-level 

spectra of the Reference, the SOEC8% and SOFC8% samples. The O 1s core-level spectra 

(Figure S-C 5) along with all the XPS fitting data (  
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Table S-C 1 – S-C 6) are reported in the Supporting information. 

All spectra demonstrate a presence of lattice and surface components. In the Reference sample, 

the narrow peaks observed at the lower binding energy (BE) (O 1s: ~528.5-529.5 eV and Sr 

3d5/2: ~131.8 eV) correspond to lattice components. The broader peaks observed at the higher 

BE (O 1s: ~531.4 eV and Sr 3d5/2: ~133.6 eV) correspond to surface components. The peak 

positions align with prior research identifying the surface layer as commonly consisting of SrO, 

Sr(OH)2 and SrCO3 [61]. 

In the aged samples, an additional surface oxygen peak is observed approximately at 530 eV in 

both the CCL and FL of the SOEC8% and CCL of the SOFC8% samples (Figure S-C 5). Since 

these cells are tested in humid air, it is reasonable to assume that this surface component can be 

attributed to hydroxyl bonds [62,63].  

Unlike the other fits, the CCL of the SOEC8% displays a distinct third peak in the Sr 3d spectra, 

with the 3d5/2 component detected at around 134.0 eV. This has been seen simultaneously with 

a shift of the third O 1s component to a higher BE (532.3 eV). Taking into account the XRD 

and EDS findings and the very limited presence of carbonate peak in the C 1s core level spectra, 

the third surface-bound Sr peak could be attributed to strontium oxide related crystalline phase.  

Figure 5-9 shows the ratio of surface-bound Sr to the sum of all Sr for all the samples collected 

on the CCL and the FL. As expected, it can be seen that the ratio remains almost unchanged in 

the two layers for the Reference cell. After ageing in SOFC and SOEC, the ratio becomes higher 

in the CCL compared to the FL, meaning that the Sr segregation is promoted at the top of the 

electrode. Besides, in the CCL, the ratio increases from 0.45 in the Reference sample to 0.72 

and 0.98 in the SOFC8% and SOEC8% samples, respectively. In the FL, a similar increase 

can be observed, going from 0.47 to 0.58 and 0.84. These results indicate a substantial 

increase in the Sr segregation to the surface with ageing, SOEC8% sample being worse than 

SOFC8% sample. All these statements are in good agreement with SEM observations.   
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Figure 5-8. Sr 3d core-level spectra of a) Reference CCL, b) Reference FL, c) SOEC8% CCL, 

d) SOEC8% FL and e) SOFC8% CCL, f) SOFC8% FL. 
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Figure 5-9. Ratio of surface-bound Sr to the sum of lattice-bound Sr and surface-bound Sr 

deduced from XPS analyses. 

 

3.3 Discussion 

 

The set of post-test characterizations performed on the oxygen electrode have shown a LSCF 

decomposition localised at the CCL, which is strongly aggravated in humid air condition. This 

decomposition is more pronounced at the cell inlet compared to the outlet. In addition, the 

decomposition is higher under electrolysis current with respect to the fuel cell mode. Thanks to 

XRD and XPS analyses, the secondary phase has been identified as a strontium oxide-based 

compound. As expected, Ni migration has been observed in the cell operated in electrolysis 

mode. However, a higher Ni depletion has been found at the cell outlet for the SOEC8%. This 

surprising result can be explained by the formation of a quasi-dense SrO layer on top of the 

oxygen electrode at the cell inlet. Indeed, considering the insulating nature of such phase (3∙10-

8 Ω∙cm-l at 900 °C [64]), its presence is expected to affect the current distribution within the 

cell. Indeed, in normal condition for the pristine cell, the current density is higher at the cell 

inlet (centre), where the steam is supplied [49]. However, the formation of the insulating and 

almost dense layer on the top of the oxygen electrode is expected to hinder the current flow 

across the layers and the gas diffusion in the electrode. As a consequence, as depicted in Figure 

5-10, the local current density is redistributed from the inlet to the outlet (knowing that the 

durability experiments are carried out in galvanostatic mode). Since the Ni migration should be 

driven by the activation overpotential, and hence by the local current density [4,65], the higher 
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current at the cell outlet should explain the higher Ni depletion in this zone, as illustrated in 

Figure 5-10b. 

 

 

Figure 5-10. Schematics of the current distribution along the cell radius during SOEC 

operation under a) dry air and b) humid air. 

 

It is worth noting that the results from post-test analyses are coherent with the electrochemical 

characterizations. First, the accelerated LSCF decomposition in humid air explains the higher 

degradation rate measured for the SOEC8% cell, as compared to the dry condition (SOECdry 

sample). Besides, the higher voltage degradation for the SOEC8% cell, with respect to the 

SOFC8% sample, is consistent with the higher demixing observed in electrolysis mode. 

Regarding the impedance spectra for the SOEC8% sample, the increase in the MF contribution, 

which is related to the oxygen electrode, can be ascribed to the Sr segregation highlighted in 

both the CCL and FL after ageing (Figure 5-9). Additionally, in this operating condition, the 

promoted increase in the Rs can be attributed to both the Ni depletion at the hydrogen electrode, 
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but also to the SrO phase formed at top of the oxygen electrode. Indeed, this insulating layer 

would cause an additional electronic and contact resistance. Moreover, in this sample, the 

increase in the HF contribution associated to the hydrogen electrode is significantly higher than 

the dry condition. This result would not be explained by the Ni migration itself, as the depleted 

zone seems to be just reversed from the inlet to the outlet, when comparing the SOEC8% and 

SOECdry samples (see Figure 5-2). Therefore, it can be speculated that the SrO quasi-dense 

insulating phase would be sufficient to strongly hinder the current density at the cell inlet in 

such a way that the cell active surface area is lowered. According to this scenario, the series 

resistances along with the HF and MF contributions would be affected [66]. Finally, the slight 

increase in ohmic resistance detected for the SOFC8% should be related to the additional 

contact resistance induced by the formation of SrO, which is also observed for this cell (Figure 

5-4). This statement is consistent with the study of  Kim et al. [41], who tested cells in fuel cell 

mode under dry and wet conditions. Indeed, the authors have reported an evolution of both Rpol 

and Rs in the EIS, which was attributed to the accelerated oxygen electrode degradation under 

humidified air. More specifically, they proposed that the increase in Rs was related to the 

formation of secondary phases, such as SrO and Co-Fe-oxides, which have lower electronic 

conductivity as compared to the LSCF.  

In this work, it has been shown that the addition of water molecules in the air accelerates the 

LSCF decomposition. However, the underlying mechanism that would explain the role of steam 

in the LSCF demixing is still unclear. It could be related to the formation of Sr(OH)2 species 

adsorbed on the electrode surface under humid condition [35,41,46]. Besides, it has been found 

that this decomposition is aggravated under electrolysis mode. However, the effect of the 

operating mode on the LSCF demixing is not well understood.  

During SOEC operation, the flow of supplied air is in the opposite direction to the produced 

oxygen. This could prevent the water molecules in the air to reach the functional layer close to 

the electrolyte.  On the other hand, in SOFC mode, the gas flow should help the water molecule 

to penetrate in the depth of the electrode. Accordingly, we could expect a higher decomposition 

in SOFC mode, especially in the FL, which is contradictory with our experimental results. 

It has been proposed in [35] that the LSCF decomposition could be enhanced by the 

accumulation of oxygen in the LSCF lattice under electrolysis mode. This accumulation takes 

place in the active FL where the decomposition should be accelerated. Even if this mechanism 

is consistent with the results found in the FL (Figure 5-9), it does not explain the higher 
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degradation in the CCL. From this point of view, additional studies are required to better 

understand the effect of operating mode on the LSCF decomposition under wet condition. 

Finally, Ni is detected from the BL up to the CCL after operation. Its presence in the whole 

oxygen electrode thickness is clearly related to the use of humid air as it was not observed after 

ageing under dry condition [33]. The origin of Ni cannot come from the experimental setup 

made of alumina. However, as shown in [33], it is reminded that Ni is initially present in the 

electrolyte of the reference cell before operation. Indeed, the Ni dissolution into YSZ is known 

to occur during the cell sintering. It can be thus speculated that Ni would diffuse from the 

electrolyte towards the BL. Under the humid condition, it could form volatile molecules such 

as Ni(OH)2 that could diffuse up to the CCL. Nevertheless, the presence of Ni metallic particles, 

which were detected by XRD at the top of the electrode, remains unexpected under oxidizing 

condition. It cannot come from artefacts due to the sample preparation as Ni was also observed 

in polished cross-sections by SIMS. Therefore, the unexpected presence of Ni in the oxygen 

electrode remains unclear and requires further investigations. 

 

4. Conclusions 

 

The effect of water vapour content in air on the cell degradation was studied in electrolysis and 

fuel cell mode. For this purpose, long-term tests were performed with dry air, 3% and 8% of 

humid air. The durability experiments were carried out for 1000 h at +/-1 A.cm-2 and 800°C 

using typical solid oxide cells. 

From the durability curves in SOEC mode, the degradation rates (DR) increased with increasing 

the water content in the air flow. In addition, the DR in SOEC mode was higher than the one in 

SOFC mode after operation in similar conditions. Regarding the electrochemical impedance 

spectra (EIS), the operation in electrolysis mode with 8% of humidity induced a strong 

evolution of the mid-frequency contribution related to the oxygen electrode. Moreover, the 

increase in the series resistance was found to be much higher than the one observed in dry 

condition.  

Post-test characterizations by SEM, SIMS, XRD and XPS were conducted to analyse the 

degradation in the samples. In SOEC mode under dry air, a substantial Ni migration was 

detected at the cell inlet. By contrast, the Ni depletion was favoured at the cell outlet for the 
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SOEC samples aged in humid air. The characterizations of the oxygen electrode have revealed 

a strong decomposition of the LSCF material when increasing the water content in the supplied 

air. Under wet condition, this demixing was found to be strongly aggravated for an operation 

in electrolysis mode compared to the fuel cell mode. In addition, it was shown that the 

decomposition is much more pronounced in the current collecting layer at the cell inlet. It 

resulted in the formation of a strontium oxide layer that becomes quasi-dense for the sample 

aged in electrolysis mode at 8% of humidity. It has been proposed that such insulating layer can 

cause a local current redistribution in the cell that would induce a higher Ni migration at the 

cell outlet in the hydrogen electrode. Finally, Ni was also detected in the oxygen electrode after 

operation. It has been assumed that it could originate from the Ni dissolved in the electrolyte 

after the cell manufacturing.  

All the post-test analyses have been found to be fully coherent with the electrochemical 

characterizations. Specifically, the high degradation rates and the evolution of the impedance 

spectra in electrolysis mode under wet condition can be explained by the accelerated LSCF 

decomposition in the electrode and the formation of a SrO layer in the current collecting layer. 
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Chapter conclusions  

 

This chapter was dedicated to the study of the impact of humid air and operating mode on the 

cell degradation. Long-term tests, electrochemical characterizations and post-test analyses were 

carried out to advance the understanding of the effect these operating parameters on the 

degradation phenomena. 

The durability cures showed a higher degradation rate (DR) on the cell voltage when 

progressively increasing the humidity level in the air. It was also evidenced an important role 

of the operating mode. Indeed, a rather low DR was observed for the test in SOFC mode, as 

compared to the SOEC. 

The electrochemical characterizations were performed on each tested cell in the reference 

conditions, before and after ageing. The impedance spectra of the cell aged under dry air in 

SOEC mode highlighted an increase in the series and polarization resistances, as well as an 

increase in the high-frequency (HF) arc attributed to the hydrogen electrode kinetics. No clear 

evolution was found in the mid-frequency (MF) arc attributed to the oxygen electrode 

processes. When increasing the humidity in air to 8% in SOEC mode, a clear degradation was 

revealed in the MF arc. Additionally, higher ohmic losses were observed for this cell, as 

compared to the one aged under dry condition. Interestingly, a slight increase in the series 

resistance was found in the cell aged in SOFC mode as well. Nevertheless, the performance 

degradation on this sample were limited. 

The post-test characterizations included various techniques to investigate the microstructural, 

chemical and structural evolution of the cell materials. In agreement with the electrochemical 

characterizations, a major microstructural evolution of the hydrogen electrode, including Ni 

coarsening and Ni migration, resulted from the SEM observations of the cell aged in SOEC 

under dry air. No signs of a clear degradation were found in the oxygen electrode, again 

confirming the EIS results. On the other hand, an evident oxygen electrode degradation was 

observed when increasing the water content in air. More specifically, the use of humid air 

accelerated the LSCF decomposition leading to the formation of a Sr-oxide based insulating 

phase on the oxygen electrode CCL. This insulating layer could cause a redistribution of the 

current towards the periphery of the cell. The higher current at the cell outlet promoted the Ni 

depletion in this region on the hydrogen electrode side. Considering the sample aged in SOFC 

mode, this degradation phenomena caused by the use of humid air were less prominent. Thus, 

the operating mode plays an important role on the cell degradation. 

This study opened important open questions about the impact of air composition and operating 

mode, which will be addressed in future works. 
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6. Conclusions and perspectives  
 

The purpose of this chapter is to highlight the key findings reported in the previous chapters of 

the manuscript. Specifically, the main outcomes of each chapter are listed and summarized in 

the following sections. General conclusions are drawn on the basis of the results and 

perspectives for future works are discussed as well. 

 

6.1 Discussion of the advancement of 
knowledge 

 

From the Chapter III, multiscale physics-based model capability in predicting the 

electrochemical response of the cell was evidenced. Both the stationary and dynamic models 

were validated. Specifically, the stationary model was able to predict both local (along the cell 

radius) and global electrochemical response of the cell in terms of i-V curves under various 

operating conditions. With the dynamic impedance model, it was possible to predict the 

experimental EIS at OCV under various gas compositions. Additionally, it was possible to 

identify the rate determining step (RDS) contributions in the EIS diagram. This model feature 

allowed to diagnose and monitor the state-of-health of the cell during the long-term operation. 

The post-test characterizations focused on the oxygen electrode, presented in Appendix A, 

allowed assessing the stability after operation in SOEC mode at 750 °C, -1 A∙cm-2. The study 

highlighted the rather stable behaviour of the LSCF in the oxygen electrode. This finding was 

in agreement with the resulting EIS that did not show any particular evolution of the mid-

frequencies arc attributed to the oxygen electrode contribution with the multiscale physics-

based model. No presence of SrZrO3 was revealed by the different techniques. On the contrary, 

an inter-diffusion layer (IDL) was clearly identified, which was present already after cell 

manufacture and that slightly evolved after ageing according to microscale XRD results. 

Regarding the oxygen electrode, only a slight evolution of the LSCF lattice parameter was 

observed in the functional layer after ageing with microscale XRD. This was attributed to a 

slight LSCF decomposition. This was confirmed by the XPS analysis, which highlighted an 

evolution in the Sr surface-bound species after ageing. 

The study of the effect of operating temperature was reported in the Chapter IV as well. The 

durability curves showed an apparent degradation that was the highest at the lowest 

temperature. This was attributed to the thermally activated behaviour of the electrodes 

activation overpotential. Hence, this study pointed out the need for performing electrochemical 

characterisations in the same reference conditions. The EIS revealed an increased intrinsic 

degradation with increasing the ageing temperature. More in detail, the change in the EIS after 

operation was noted mainly in the HF arc, while no evident change was observed at the MF and 

LF arcs. Thus, a stronger degradation was expected in the hydrogen electrode as compared to 

the oxygen electrode. The post-test characterizations confirmed this statement. More 

specifically, it was shown that the dominant degradation phenomena were the Ni migration and 

Ni coarsening at the hydrogen electrode. Furthermore, a promoted Ni migration was observed 

with increasing the operating temperature. This result brings some proof in a controversial 
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discussion in the literature on the effect of temperature on the cell degradation. On the other 

hand, no significant oxygen electrode degradation upon operation was deduced from the various 

techniques with high resolution down to the atomic scale. Only XPS analysis put in evidence 

an increase in the surface-bound Sr-based species after ageing. In addition, the atomic scale 

STEM-EDS and APT techniques revealed that Ce and Gd were present into the LSCF already 

before ageing. Overall, an inter-diffusion among all the cell layers was found for all the samples 

highlighting the fact that this process occurs during the cell fabrication, probably due to the 

high sintering temperatures. To summarize, it was shown that the ageing at different operating 

temperature under dry air affected mainly the degradation of the hydrogen electrode, with a 

lower impact on the IDL and the oxygen electrode. 

The study of the effect of operating mode and the air water content was reported in the Chapter 

V. It was shown that both oxygen and hydrogen electrodes degradation was more pronounced 

in SOEC mode under humid air. More specifically, no Ni depletion and a lower LSCF 

decomposition were observed in SOFC mode. The introduction of water in the air flow caused 

an evident degradation of the oxygen electrode, which was pointed out also by the evolution of 

the MF arc in the EIS. In addition, a larger evolution in both polarization and series resistance 

was found under humid air, especially in SOEC mode. Considering the combination of the both 

the impact of humid air and operating mode, it was shown that the LSCF decomposition and 

the formation of SrO, along with the consequent oxygen electrode performance degradation 

(MF contribution in the EIS) were found to be more pronounced in SOEC under humid air, as 

compared to SOFC operation.  

 

6.2 General conclusions  

 

Within this thesis, the comprehension of degradation phenomena has been further advanced. 

Based on the aforementioned findings, possible solutions can be proposed concerning the 

impact of operating conditions (i.e. temperature, water content in air, operating mode). The 

multiscale physics-based model helped the interpretation of the experimental results and, thus, 

served as a tool to understand the cell response as a function of the operating parameter. 

Moreover, the work enabled drawing some hypotheses on the impact of manufacturing and 

operating conditions on the cell degradation phenomena.  

It can be concluded that in the studied cell under the experimental setup and conditions 

described in the Chapter II, the dominant degradation phenomena occur in the hydrogen 

electrode upon SOEC operation. However, the degradation of the oxygen electrode appeared to 

be significantly more pronounced when introducing water in the air flow, especially in SOEC 

mode. Additionally, the operating mode plays an important role on the cell degradation. More 

specifically, the LSCF decomposition at the oxygen electrode resulted to be aggravated under 

humid air in SOEC mode as compared to the operation in SOFC mode. Nonetheless, it should 

be considered also the fact that the manufacturing of the cell can have a role on the cell 

durability. As discussed in this work, the IDL could actually act as an efficient dense diffusion 

BL to prevent the formation of the commonly observed SZOs. Indeed, the prominent presence 

of this inter-diffusion phase at the GDC/YSZ interface in all the samples could explain the 

absence of the SZO in this study, even after ageing under harsh conditions with humid air. 

Furthermore, the observed strong inter-diffusion among the various layers observed for all the 

samples highlight the important role of the manufacturing conditions in driving processes that 

can influence the cell performance and material stability. 
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6.3 Perspectives  

 

These findings highlight the fact that a variety of factors affects the LSCF stability, which could 

explain the apparent conflicting results reported in the literature. It is needed to advance the 

knowledge, better understand the observed phenomena. More specifically, it is necessary to 

investigate the possible reasons behind the LSCF stability upon operation under dry air. As 

discussed in this work, this could be related either to the presence of Gd into the LSCF, to the 

LSCF A-site deficiency or to the use of dry air. Additionally, it is not clear the mechanism 

behind the aggravated LSCF decomposition in SOEC mode under humid air.  

For these reasons, this section aims to anticipate the possible research direction to pursue in 

future works. Hence, the main perspectives based on the results collected using the three fold 

approach are further detailed in the following.  

The multiscale physics-based model can be used to predict the electrochemical response at the 

complete cell level in various operating conditions. This feature enables investigating the 

optimal operating conditions at which the cell shows the best performance. Additionally, the 

model adapted and validated on the studied cell can be integrated by the electrochemical 3D 

model under development in the frame of Angel Trivino Pelaez postdoc research work. In this 

way, the model would be able to predict the performance degradation due to the Ni depletion 

in SOEC mode, which was identified as the dominant degradation phenomena. Hence, the 

multiscale physics-based model can be used as a tool for the diagnosis of the state of the health 

of the technology. Potentially, the model can be used for the prognosis if coupled with a 

degradation mechanism model in future works. In addition, atomic scale DFT calculations are 

undertaken in the frame of Karthikeyan Saravanabavan Ph.D. thesis, in order to unravel the 

LSCF degradation mechanism due to the presence of water molecules in air. 

Regarding the long-term tests, in addition to the operating conditions already studied in this 

thesis, the impact of other operating parameters on the cell degradation could be investigated. 

As an example, long-term tests under ambient air conditions should be carried out in order to 

discriminate other factors contributing to the cell degradation in addition to the air humidity 

(e.g. air contaminants such as CO2 or SO2). Moreover, longer ageing time can be now achieved 

in the experimental setup. Indeed, longer operation can give more insight on the degradation 

processes along the lifetime of the cell, especially for those that are not visible for short ageing 

time.  

In terms of post-test analyses, further investigations are foreseen to better understand the 

processes occurring in the oxygen electrode under different operating conditions, also exploring 

various ambient conditions (e.g. humidity, contaminants, etc.). In addition, the cells tested at 

the same conditions, only varying the ageing time, could be further characterized with post-test 
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techniques to study the effect of ageing time on the different layers of the cell. For instance, the 

cell aged for 5000 h within the thesis could provide interesting insights if studied with suitable 

post-test characterisations. To progress in this research direction the study of the impact of 

ageing time on the cell degradation should be addressed. Focusing on the oxygen electrode, the 

XPS resulted to be a promising technique to assess the degradation of this cell component, as 

compared to other technique. Indeed, the XPS was the only technique to clearly show a change 

after operation in the electrode, even in the cases where other techniques did not show any 

evidence of degradation. 

Finally, the thesis enabled drawing hypotheses that can be verified in future works. As discussed 

in this thesis, the phenomena observed in the cells before ageing (i.e. LSCF A-site deficiency, 

presence of Gd into LSCF phase, presence of an IDL and absence of SZO at the GD/YSZ 

interface) could play an important role on the cell stability upon operation. Therefore, it is 

interesting to study the role of manufacturing conditions on the cell performance and durability. 

Another study could be addressed to evaluate the performance and stability upon operation of 

other materials. To conclude, based on the results obtained for the studied cell, one could 

suggest the following procedures to prevent or limit the observed degradation phenomena upon 

operation: 

- Find the optimal operating conditions (e.g. current density, temperature) to mitigate the 

Ni migration in SOEC mode and ensure the cell performance stability over time; 

- Operate in controlled environment (i.e. dry air) to slow down the LSCF decomposition.
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Solid oxide electrolysis cells (SOEC) are a promising energy 

conversion technology for the production of green hydrogen via 

steam electrolysis. However, performance loss remains a bottleneck 

for large-scale commercialization. Here, we investigate the different 

types of degradation occurring in a state-of-the-art cell composed of 

La0.6Sr0.4Co0.2Fe0.8O3-Ce0.8Gd0.2O2 (LSCF-GDC) composite for the 

oxygen electrode, GDC for the barrier layer, Y0.16Zr0.84O1.92 (8YSZ) 

for the electrolyte and Ni-YSZ for the fuel electrode. 

Electrochemical impedance spectra measured before and after 

operation at 750 °C for 2000 hours at -1 A cm-2 in SOEC mode 

revealed no significant evolution for the oxygen electrode 

contribution. To investigate potential degradation of this electrode, 

we performed multi-modal chemical imaging based on synchrotron 

X-ray diffraction (µ-XRD) with a resolution at the micrometer-

scale. In addition, we monitored the evolution of the chemical 

composition and chemical environment before and after ageing 

using laboratory X-ray photoelectron spectroscopy (XPS). 
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1. Introduction 

With significant advantages over alternative power-to-gas technologies, solid oxide 

electrolysis cell (SOEC) technology has started to attract a lot of attention, particularly for 

its high efficiency in green hydrogen production. Over the years, significant improvements 

have been made in materials selection and cell manufacturing processes, both of which 

have a major impact on initial performance and durability. Despite the rapid development 

and improved performance of SOECs in recent years, their durability is still far from 

satisfactory. In most of the reported long-term tests, the fuel electrode is the primary source 

of degradation (1,2). Several articles reported that Ni particles migrates away from the 

electrolyte to the hydrogen electrode supporting layer during electrolysis operation (3,4). 

This leads to the disruption of the percolating Ni network and results in an irreversible 

electrochemical performance loss.  

In addition to the hydrogen electrode, the oxygen electrode and the barrier layer are 

another source of degradation. They are also subject to complex set of phenomena, which, 

if left unaddressed, can also lead to rapid performance degradation. In this context, 

elemental intermixing between oxygen electrode (LSCF), barrier layer (GDC) and 

electrolyte (YSZ) is often observed (5,6). For instance, Sr segregation towards the LSCF 

surface is a commonly observed phenomenon that could be driven by electrostatic and 

strain energy minimization (7). It leads to the formation of a passivating layer (SrO, SrCO3, 

Sr(OH2) etc.) which can hinder the oxygen exchange reactions on the surface and reduce 

the performance of the electrode (8). Interacting with the humidity in the air, the SrO can 

evaporate as Sr(OH)2 molecules which can react with Zr of the YSZ electrolyte to form 

SrZrO3 (SZO) in the porosity of the barrier layer (9). The solid state diffusion of Zr and Sr 

through the barrier layer can also lead to the formation of a dense and continuous SZO 

phase at the interfaces that can be detrimental to the performance, as its ionic conductivity 

is orders of magnitude lower than both GDC and YSZ at 800 °C (σSrZrO3 = 1.87 ∙

10−4 S/m, σYSZ = 5.4 S/m , σGDC = 8.7 S/m) (10,11).  

Previous reports studied the influence of the sintering temperature of the GDC barrier 

layer, the operating temperature and the operating modes (electrolysis vs. fuel cell modes) 

on the SZO formation and its long-term behavior (12,13). They revealed that SZO readily 

forms during low-temperature GDC sintering and is exacerbated in electrolysis mode 

compared to fuel cell mode and at higher operating temperatures. A few other reports 

obtained dense GDC layers with low-temperature deposition techniques, such as pulsed 

laser deposition (14,15). SZO formation was still observed in both studies except when  the 

post-deposition sintering was performed at high temperatures (15). Hence, microstructure 

alone cannot explain the inhibition of SZO formation. 

Some studies reported that the chemical element interdiffusion between GDC and YSZ 

happens already during ceramic manufacture at high sintering temperatures (> 1000 °C) 

(13,16). The intermixing at the interface results in a dense inter-diffusion layer (IDL), 
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which is a solid solution between GDC and YSZ (17,18). A substantial reduction in the 

ionic conductivity of the IDL is reported, which results in an increase in its resistance and 

thus in the cell ohmic resistance (19). However, some studies suggested that IDL formation 

helps to lower or even to prevent SZO formation by inhibiting extensive Zr diffusion 

towards the LSCF/GDC interface (12,20,21).  

In this work, we conducted a long-term ageing study at 750 °C for 2000 hours at -1 A 

cm-2 in SOEC mode. Then, we studied the local crystal lattice evolution due to inter-

diffusion in different layers before and after operation using micrometer resolution 

synchrotron X-ray diffraction (µ-XRD) at the Paul Scherrer Institute (PSI, microXAS). In 

addition, we monitored the evolution of the chemical composition and chemical 

environment before and after ageing using laboratory X-ray photoelectron spectroscopy 

(XPS). 

 

2. Experimental 

Materials and methods 

Cell description. The standard hydrogen electrode supported cells are composed of a 

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) current collecting layer (CCL) and an LSCF-Ce0.8Gd0.2O2-δ 

(LSCF-GDC) composite functional layer (FL) for the oxygen electrode, GDC for the barrier 

layer (BL), Y0.16Zr0.84O1.92 for the electrolyte and Ni-YSZ for the hydrogen electrode. The cells 

have a circular shape and an active area of 9.08 cm2. The CCL and FL are both ~20 µm, the 

BL is ~3 µm, the electrolyte is 8 µm and the fuel electrode is ~25 µm thick for the functional 

layer and ~280 µm for the support layer. In the following, the as-received sample is referred to 

as reference and the sample operated at high-temperature and under current for a long period 

of time is referred to as aged sample. 

Electrochemical impedance spectroscopy. After the cell mounting in the experimental 

setup, the furnace is heated up to 860 °C with a heating rate of 1 °C∙min-1 for 90 min to 

complete the glass sealing procedure. During this procedure, 0.5 Nl∙h-1 of N2 and 0.5 Nl∙h-

1 of dry compressed air (class [1:1:1] according to ISO 8573-1) are supplied at the hydrogen 

and oxygen electrodes, respectively. Subsequently, the temperature is decreased to 800 °C 

to reduce the NiO-YSZ cermet. The flows at the two electrodes are increased to 4 Nl∙h-1. 

The N2 is progressively substituted with H2 and maintained at the fuel electrode for a 

minimum of 16 h. Thereafter, initial electrochemical characterizations, i.e., impedance 

spectra at the open circuit voltage (OCV) and I-V curves, were carried out. Long-term tests 

were performed at 750 °C for 2000 h in the SOEC mode. The inlet flow at the hydrogen 

electrode was 12 NmL∙min-1∙cm-2 with a composition of 10/90 H2/H2O whereas, 36 

NmL∙min-1∙cm-2 of dry compressed air was supplied to the air electrode. Finally, the 

operating current density was fixed at -1 A∙cm-2. The electrochemical impedance spectra 
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(EIS) were acquired at the OCV using a potentiostat/galvanostat (Autolab PGSTAT-302N) 

equipped with a Frequency Response Analyzer module (FRA) and a 20 A current booster. 

The spectra were acquired in Galvanostatic mode by imposing a sinusoidal current with an 

amplitude of 100 mA in the frequency range of 10-2 to 104 Hz.  The raw impedance spectra 

were collected using NOVA software (version 1.11). 

Post-Test Characterizations 

SEM. The microstructure of the films was studied by a field-emission gun scanning 

electron microscopy (FEG-SEM Zeiss Merlin, Germany) operating at an accelerating 

voltage of 3 kV and ∼8-10 mm working distance. The samples were impregnated in 

polymer resin (Epofix, Denmark) to fill the pores and then polished using a diamond spray 

at 0.25 mm. A thin carbon coating was applied on the polished cross-section to avoid 

charging. 

XPS. The surface chemistry was characterized using a PHI VersaProbe I XPS system 

operating under ultrahigh vacuum conditions (p <10-7 Pa) at ambient temperature. The 

system incorporates an Al Kα X-ray source (1486.6 eV) and generates a 4 mA emission 

current with an X-ray beam diameter of 200 μm. Pass energies of 200, and 20 eV were 

used for the survey and the core-level spectra. The quantitative analyses were performed 

using CasaXPS software (22). The relative sensitivity factors (RSF) were exported from 

the MultiPak library to take into account the transmission function of the spectrometer. 

Synchrotron µXRD. The sample preparation and the setup of the microXAS beamline 

at the Swiss Light Source (SLS) was detailed in our previous work (13). The lamellae were 

extracted from the cells using plasma-focused ion beam (pFIB) Vion (FEITM) instrument 

coupled with a Xe+ ion source. The lamella was then fixed on a pin made of aluminum. 

The lamellae dimensions are ~80 µm in width, ~50 µm in height and ~20 µm in thickness. 

The experiment at the SLS was performed at 17.995 keV. A spot size of 1 µm was used 

along the horizontal scans, and 0.5 µm along the vertical scans. 2D powder diffraction rings 

were processed by azimuthal integration using pyFAI, a Python library, to obtain the 1D 

diffractograms (23). A total of ~60 and ~130 scans were taken along the horizontal and 

vertical axes, respectively. Then, all horizontal scans on the same axis were integrated to 

obtain a set of 1D diffractograms. Phase analysis was performed using Le Bail fitting 

method (24) in the FullProf software (25). 
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3. Results and Discussion 

The electrochemical characterizations were carried out at 750 °C, in SOEC mode at -1 

A∙cm-2, 64 % steam conversion (SC), 10/90 H2/H2O. The acquisitions for the EIS at the 

OCV (i.e. DC current equal to zero, with an amplitude for the imposed AC current equal 

to 100 mA) were taken at the beginning and at the end of the test (Figure S-A 1a). Three 

main arcs were discerned in the Nyquist plots, in the high-frequency (>1 kHz), mid-

frequency (1 Hz – 1 kHz) and low-frequency (<1 Hz) ranges. These three arcs in the plots 

were ascribed to the fuel electrode, air electrode and gas conversion contributions 

respectively, using a physics-based multi-scale model (26). In particular, a significant 

evolution was observed in the high frequency region of the spectrum in the aged cell. 

However, the mid- and low-frequency regions did not show any particular evolution. 

Therefore, the majority of the degradation is expected to be hydrogen electrode related. It 

is worth noting that the increase of the polarization resistance at the high-frequency region 

was also concomitant with a shift in the ohmic resistance (Figure S-A 1a). The increase in 

both resistances is usually attributed to microstructural evolutions of the hydrogen 

electrode as a result of the Ni migration and Ni agglomeration (2,27). The cell voltage 

durability as a function of time in Figure S-A 1b shows that the degradation rate was higher 

and more variable in the first 800 h. It then stabilized at around 2.8%/kh until the end of 

the test. 

 

 

Figure S-A 1. a) Impedance spectra measured at OCV and 750 °C, before and after 2000 h 

of ageing in SOEC mode at -1 A∙cm-2, 64% SC, 10/90 H2/H2O, and b) the cell voltage 

durability. 

 

Figure S-A 2 shows the cross-sectional SEM images of the reference and the aged cell. 

The images focus on the interface between the FL, BL and the electrolyte. The 

microstructure of the FL appears to remain fairly stable after ageing. Additionally, a dense 

layer of ~1 µm is visible in the GDC/YSZ interface for both samples, in agreement with 
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the previously-reported IDL observations (12,18). The thickness of the IDL does not seem 

to increase with ageing. However, some differences, such as higher pore formation is 

observed in YSZ, especially in the aged sample. Similar observations were made 

previously, which was attributed to higher oxygen equilibrium pressure inside the 

electrolyte, adjacent to the air electrode (28–30). On the other hand, others attributed these 

pores to elemental diffusion between adjacent layers and interpreted them as Kirkendall 

voids (31,32). Related to this, it is also possible to see that the grain boundaries in the 

electrolyte show a darker color contrast (see arrows in Figure S-A 2b), which is indicative 

of elemental diffusion. For instance, Mn was found in the grain boundaries of YSZ with 

lanthanum strontium manganite based air electrode (28,33).  

 

 

Figure S-A 2. Cross-section view SEM micrographs showing the LSCF-GDC/GDC/YSZ 

interface of a) reference and b) aged samples. The scale is the same for both samples. The 

inter-diffusion layer is shown with dashed lines at the interface of GDC/YSZ. 

 

In the following, the chemical composition and the chemical environments (or 

oxidation states) of elements of interest in the reference and aged samples are compared. 

For this purpose, the top surface of the oxygen electrode was analyzed by XPS for both 

cells. Figure S-A 3 shows the Sr 3d, C 1s and O 1s core-level photoelectron spectra of the 

samples. The relative percentage of each elements are given in Table S-A 1 and Table S-

A 2 for the reference and the aged cell, respectively. 

The Sr 3d core-level spectra consist of a doublet with 3d5/2 at the lower BE (~131.9 eV) 

corresponding to the lattice-bound Sr and 3d3/2 at the higher BE (~133.3 eV) corresponding 

to the surface-bound Sr (34). It is highly likely that the surfaces contain a mixture of SrO, 

Sr(OH)2 and SrCO3 species (35,36). In terms of quantitative evolution, the ratio of surface-

bound Sr to the total amount of Sr species has increased from 35% in the reference sample 

to 55% in the aged sample. In agreement with the previous reports, this observation 

indicates a significant Sr segregation towards the surface after ageing (7).  
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The C 1s core level spectra exhibit four components at approximately 285, 286.3, 

288.4, 289.6 eV. The last one is related to the carboxyl and/or carbonate groups (O–C=O, 

CO3
2-). The carbon contamination on the surface of both cells remain similar. Therefore, it 

can be assumed that the quantity of expected strontium carbonates (SrCO3) remain constant 

before and after ageing. 

The O 1s core-level spectra show more than one component; the sharp peak at the lower 

binding energy (BE) at ~528.5 eV (O–M1) is attributed to the lattice oxygen in the bulk of 

LSCF and the smaller peak at ~529.5 eV (O–M2) to the surface oxygen of LSCF (37). A 

rather dominant peak is observed at ~531.3 eV, which is usually attributed to the 

carbonates, hydroxides and oxides (37). This peak has significantly decreased from ~60% 

in the reference sample to 40% in the aged sample. This evolution could be ascribed to a 

decrease in Sr(OH)2 concentration during operation. Indeed, strontium hydroxides might 

be evaporated in our experimental condition under sweeping dry air. Moreover, the 

formation of additional Sr(OH)2 species in operation is expected to be limited. Therefore, 

the Sr segregation is highly likely to be related to an increase in SrO content. It is also 

consistent with the fact that SrO species contains two times lower oxygen content than 

Sr(OH)2.  
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Figure S-A 3. Sr 3d, C 1s and O 1s core-level spectra of the top surface of the CCL in a) 

reference and b) sample aged at 750 °C for 2000 h in SOEC mode. The axes are set to same 

scale.  

 

Table S-A 1: XPS fitting results of the reference sample including % concentration.  

Name 
BE 

(eV) 

FWHM 

(eV) 
Area 

Conc 

(at.%) 

Corrected 

RSF 

O 1s – Lattice (O–M1) 528.49 1.06 176.56 16.05 16.223 

O 1s – Surface ( O–M2) 529.32 1.06 55.21 5.02 16.223 

O 1s –  Surface carbonates, 

hydroxides 
531.37 2.98 367.43 33.41 16.223 

O 1s –  O–C=O, Organic species - - - - 16.223 

Sr 3d5/2 – Lattice 131.92 1.16 72.36 2.23 47.847 

Sr 3d3/2 –  Lattice 133.72 1.63 47.75 1.47 47.847 

Sr 3d5/2 –  Surface 133.54 1.12 39.35 1.21 47.847 

Sr 3d3/2 – Surface 135.34 1.90  25.96 0.80 47.847 

C 1s – C–C,C–H 285.00 1.49 45.10 9.88 6.737 

C  1s – C–O/OH 286.53 1.49 8.63 1.89 6.737 

C 1s – C=O 288.89 1.49 7.03 1.54 6.737 

C 1s – O–C=O, CO3
2- 289.89 1.49 7.71 1.69 6.737 

La 3d5/2 833.51 6.62 955.29 7.30 193.092 

Co 2p 780.51 1.94 516.09 10.52 72.403 

Fe 2p 709.91 3.59 413.92 6.99 87.349 
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Table S-A 2: XPS fitting results of the aged sample including % concentration.  

Name 
BE 

(eV) 

FWHM 

(eV) 
Area 

Conc 

(at.%) 

Corrected 

RSF 

O 1s – Lattice (O–M1) 528.60 1.12 271.97 20.48 16.223 

O 1s – Surface ( O–M2) 529.55 1.12 113.45 8.54 16.223 

O 1s –  Surface carbonates, 

hydroxides 
531.40 2.38 275.37 20.73 16.223 

O 1s –  O–C=O, Organic species 533.95 1.50 9.25 0.70 16.223 

Sr 3d5/2 – Lattice 131.97 1.09 90.08 2.30 47.847 

Sr 3d3/2 –  Lattice 133.77 1.13 59.44 1.52 47.847 

Sr 3d5/2 –  Surface 133.69 2.07 113.55 2.90 47.847 

Sr 3d3/2 – Surface 135.25 2.14 74.93 1.91 47.847 

C 1s – C–C,C–H 285.00 1.35 66.30 12.00 6.737 

C  1s – C–O/OH 286.32 1.35 11.48 2.08 6.737 

C 1s – C=O 288.48 1.35 8.11 1.47 6.737 

C 1s – O–C=O, CO3
2- 289.70 1.35 11.15 2.02 6.737 

La 3d5/2   833.40 6.76 1264.80 8.00 193.092 

Co 2p 780.10 4.49 417.12    5.83 87.349 

Fe 2p 710.30 3.35 563.78 9.51 72.403 

 

The evolution of the phases observed along the sample thickness was investigated using 

a selected number of µ-XRD diffraction patterns. The data were selected from regions 

around the center of CCL, CCL/FL interface, FL, FL/BL interface, BL and BL/electrolyte 

interface (only BL/electrolyte interface are shown below). In general, the diffractograms 

contained only LSCF, GDC, YSZ, Al and NiO (only for the reference cell) phases. 

However, a small amount of an apparent cross-contamination between layers was 

observed; for example, GDC was detected along with LSCF in CCL, although the CCL 

should contain only LSCF. Nevertheless, this is probably due to experimental artifacts 

during the µXRD measurements which could be related to a slight tilting of the lamellae 

or a misalignment in the horizontal direction for the line scan. It is also likely that the pFIB 

milling for the lamellae preparation could introduce some element re-deposition along the 

cell layer, which could also explain the presence of NiO in the oxygen electrode.  

LSCF detected in the diffractograms was fitted well with a cubic phase with Pm3̅m 

space group (no. 221). GDC and YSZ were fitted well with a cubic phase with Fm3̅m space 

group (no. 225). The XRD patterns and the structural refinement of the reference and the 

aged cell near the GDC/YSZ interface are shown in Figure S-A 4. The vertical lines under 

the diagram indicate the position of LSCF, GDC and YSZ. A shoulder peak and a long 

peak tailing with different intensities are visible between GDC and YSZ peaks. These 

peaks are related to solid-solution phases between GDC and YSZ, which are identified as 

IDL (16,38). It should be noted that the local spectra do not indicate the presence of SrZrO3 

phase formation even after ageing.  
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Figure S-A 4. X-ray diffractograms of a) reference cell, b) aged cell at 750 °C for 2000 h 

under electrolysis mode, near the GDC/YSZ interface focusing on the IDL. The color-

coded phase identification is indicated with vertical lines. The peak indicated by # is related 

to the instrument. 

 

It is important to remind that the cells are composed of 20% Gd-doped ceria in both the 

FL and the BL. The lattice parameter of GDC in the FL was refined to 5.425(0) Å, and that 

of YSZ was refined to 5.138(4) Å, both of which agree well with previously reported values 

(11). However, the lattice parameter of GDC was found to decrease to 5.407(9) Å near the 

GDC/YSZ interface, which is smaller than the expected value. It appears that a solid-state 

reaction and inter-diffusion phenomena occurred between GDC and YSZ already in the 

reference sample. The IDL was fitted well with four different cubic phases with lattice 

parameters of ~5.38, 5.34, 5.28 and 5.20 Å in the reference sample. However, only three 

cubic phases were fitted well with lattice parameters of ~5.38, 5.32, 5.20 Å in the aged 
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sample. Therefore, the inter-diffusion appears to continue during cell operation, as the IDL 

peaks designated as IDL2 and IDL3 (Figure S-A 4) with lattice parameters of 5.34, 5.28 Å 

in the reference sample merge into one peak with lattice parameter of ~5.32 Å (IDL2) in 

the aged sample. It is worth noting that an evolution in the IDL can contribute to the 

increase in the series resistance of the cell. 

Figure S-A 5 demonstrates the evolution of LSCF lattice parameter as a function of the 

position in the electrode thickness for both the reference and the aged cells. A 0.32% 

decrease in the cell volume of LSCF was observed from the CCL to the FL in the reference 

sample. This is in accordance with previous reports that observed a lower lattice parameter 

for LSCF in the LSCF-GDC composite films (39). Similar to our work, Celikbilek et al. 

reported a 0.30% decrease in the cell volume of LSCF in the 60/40 vol.% LSCF-GDC 

composite film in comparison to reference LSCF (39). On the other hand, the lattice 

parameter of LSCF in the FL shows a slight increase in the aged cell compared to the 

reference one. In previous studies, Sr and Co loss from the LSCF lattice were attributed to 

the lattice expansion in the LSCF (40,41). Overall, µXRD results indicate that the aged cell 

shows a slight evolution due to intermixing of cations at the interfaces associated with the 

LSCF destabilization in the FL. 

 

 

Figure S-A 5. Evolution of the lattice parameter of LSCF as a function of layer thickness 

for the reference and the aged cell. Vertical lines at 0 and 26.5 µm indicate the GDC/YSZ 

and CCL/FL interfaces respectively. 
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4. Conclusions 

In this work, the degradation of SOECs was addressed performing long-term test and post-

test characterizations. After assessing the global degradation in the performance with 

electrochemical characterizations, post-test analyses were carried out focusing on the 

oxygen electrode and the LSCF-GDC/GDC/YSZ interfaces. Post-test characterizations 

using synchrotron μ-XRD technique showed that an inter-diffusion layer formed between 

the GDC and YSZ layers already during cell fabrication. A slight evolution in the IDL from 

the µ-XRD patterns was detected after ageing, but SrZrO3 formation was not found. In 

addition, a slight increase in the LSCF unit cell volume was observed after ageing that 

could be ascribed to the destabilization of LSCF. On the other hand, XPS results put in 

evidence that the aged cell surface was covered with a higher amount of surface-bound Sr 

species, probably related to SrO. Nevertheless, according to the impedance spectra and the 

post-test analyses, the ageing of the air electrode at 750 °C for 2000 h and under current (-

1 A.cm-2) seems to have a limited impact on the cell performance loss in these operating 

conditions. From this study, it appears that long-term tests under more aggravated 

conditions and/or longer duration are required to better observe and analyze the oxygen 

electrode degradation.  
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Effect of the Operating Temperature on the Degradation of Solid Oxide Electrolysis Cells 
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Lamella sample for synchrotron characterization 

 

 

Figure S-B 1. Lamella sample used for the synchrotron analyses, with orange dashed lines 

indicating the XRD line scan positions. 

 

EIS recorded during the durability experiments  

 

Figure S-B 2. Nyquist plots recorded at the operating temperature during the durability tests 

for the cells aged at a) 750 °C, b) 800 °C and c) 850 °C. (SOEC mode at -1 A∙cm-2, 64% SC, 

10/90 vol.% H2/H2O). 

 

a) b) c)
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XRD patterns at the barrier layer 

 

Figure S-B 3. XRD patterns at the barrier layer for the “Reference”, “Aged750”, “Aged800” 

and “Aged850” samples. 

 

STEM analyses 

 

 

Figure S-B 4. HAADF/STEM image and the associated EDS elemental maps recorded in the 

area located along a grain boundary of two GDC grain in the “Reference” sample. 
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Figure S-B 5. STEM-EDS analyses performed on the oxygen electrode in LSCF-GDC layer: EDS 

elemental maps of La and Ce and spectra extracted respectively from LSCF and GDC grains, 

respectively marked 1 and 2 in maps. a) “Reference” and b) “Aged800” samples. 
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XRD patterns at the oxygen electrode 

 

 

Figure S-B 6. XRD fits at the LSCF-GDC/GDC/YSZ interfaces performed on a) 

“Reference”, b) “Aged750”, c) “Aged800” and d) “Aged850” samples. 
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Surface analysis by XPS 

 

The relative percentages of each contribution after peak fitting are given in Table S-B 1 

(analyses of CCL) and Table S-B 2 (analyses of FL) for the Reference sample, and in Table S-

B 3 (analyses of CCL) and Table S-B 4 (analyses of FL) for the Aged850 sample. 

 

Table S-B 1. XPS fitting results of the CCL of the Reference sample including % atomic 

concentration. BE refers to binding energy and FWHM to full width at half maximum. –(O–

M1 and O–M2) refer to the oxygen coordination in the bulk of the LSCF. 

Name 
BE 

(eV) 

FWHM 

(eV) 
Area %Conc 

Corrected 

RSF 

O 1s – Lattice (O–M1) 528.6 1.1 252.2 25.6 16.223 

O 1s – Lattice ( O–M2) 529.5 1.1 107.5 10.9 16. 223 

O 1s –  Surface oxides, 

carbonates, hydroxides 

531.3 2.4 269.8 27.4 16. 223 

O 1s –  O–C=O, Organic species 534.0 1.5 8.6 0.88 16.223 

Sr 3d5/2 – Lattice 132.0 1.1 83.9 2.9 47.847 

Sr 3d3/2 –  Lattice 133.8 1.1 76.7 1.9 47.847 

Sr 3d5/2 –  Surface 133.3 2.0 55.4 2.6 47.847 

Sr 3d3/2 – Surface 135.1 2.1 50.6 1.7 47.847 

C 1s – C–C,C–H 285.0 1.4 78.5 19.2 6.737 

C  1s – C–O/OH 286.4 1.4 10.6 2.6 6.737 

C 1s – C=O 288.6 1.4 6.48 1.6 6.737 

C 1s – O–C=O, CO3
2- 290.4 1.4 11.32 2.8 6.737 

 

Table S-B 2. XPS fitting results of the FL of the Reference sample including % atomic 

concentration. BE refers to binding energy and FWHM to full width at half maximum. –(O–

M1 and O–M2) refer to the oxygen coordination in the bulk of the LSCF. 

Name 
BE 

(eV) 

FWHM 

(eV) 
Area %Conc 

Corrected 

RSF 

O 1s – Lattice (O–M1) 528.7 1.2 243.6 26.9 16.223 

O 1s – Lattice ( O–M2) 529.4 1.2 139.4 15.4 16. 223 

O 1s –  Surface oxides, 

carbonates, hydroxides 

531.3 2.6 239.1 26.4 16. 223 

O 1s –  O–C=O, Organic species     16.223 

Sr 3d5/2 – Lattice 131.9 1.2 49.9 1.9 47.847 

Sr 3d3/2 –  Lattice 133.7 1.5 32.9 1.2 47.847 

Sr 3d5/2 –  Surface 133.6 1.6 40.1 1.5 47.847 

Sr 3d3/2 – Surface 135.4 1.8 26.5 1.0 47.847 

C 1s – C–C,C–H 285.0 1.4 68.7 18.3 6.737 

C  1s – C–O/OH 286.4 1.4 8.6 2.3 6.737 

C 1s – C=O 288.7 1.4 10.1 2.7 6.737 

C 1s – O–C=O, CO3
2- 289.8 1.4 9.5 2.5 6.737 
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Table S-B 3. XPS fitting results of the CCL of the Aged850 sample including % atomic 

concentration. BE refers to binding energy and FWHM to full width at half maximum. –(O–

M1 and O–M2) refer to the oxygen coordination in the bulk of the LSCF. 

Name 
BE 

(eV) 

FWHM 

(eV) 
Area %Conc 

Corrected 

RSF 

O 1s – Lattice (O–M1) 528.4 1.2 222.2 18.2 16.223 

O 1s – Lattice ( O–M2) 529.3 1.2 109.1 8.9 16. 223 

O 1s –  Surface oxides, 

carbonates, hydroxides 

531.3 2.2 247.2 28.4 16. 223 

O 1s –  O–C=O, Organic species     16.223 

Sr 3d5/2 – Lattice 131.9 1.2 92.9 2.6 47.847 

Sr 3d3/2 –  Lattice 133.7 1.3 61.3 1.7 47.847 

Sr 3d5/2 –  Surface 133.5 1.6 113.1 3.1 47.847 

Sr 3d3/2 – Surface 135.3 1.7 74.6 2.1 47.847 

C 1s – C–C,C–H 285.0 1.4 128.6 25.3 6.737 

C  1s – C–O/OH 286.5 1.4 15.6 3.1 6.737 

C 1s – C=O 288.45 1.4 13.8 2.7 6.737 

C 1s – O–C=O, CO3
2- 289.6 1.4 19.7 3.9 6.737 

 

Table S-B 4. XPS fitting results of the FL of the Aged850 sample including % atomic 

concentration. BE refers to binding energy and FWHM to full width at half maximum. –(O–

M1 and O–M2) refer to the oxygen coordination in the bulk of the LSCF. 

Name 
BE 

(eV) 

FWHM 

(eV) 
Area %Conc 

Corrected 

RSF 

O 1s – Lattice (O–M1) 528.6 1.5 161.1 16.7 16.223 

O 1s – Lattice ( O–M2) 529.4 1.5 287.5 29.8 16. 223 

O 1s –  Surface oxides, 

carbonates, hydroxides 

531.4 2.6 230.4 23.9 16. 223 

O 1s –  O–C=O, Organic species     16.223 

Sr 3d5/2 – Lattice 131.5 1.3 12.2 0.4 47.847 

Sr 3d3/2 –  Lattice 133.3 1.1 8.1 0.3 47.847 

Sr 3d5/2 –  Surface 132.75 2.3 26.0 0.9 47.847 

Sr 3d3/2 – Surface 134.55 2.1 17.1 0.6 47.847 

C 1s – C–C,C–H 285.0 1.7 69.5 17.3 6.737 

C  1s – C–O/OH 286.0 1.7 16.1 4.0 6.737 

C 1s – C=O 288.9 1.7 17.7 4.4 6.737 

C 1s – O–C=O, CO3
2- 290.25 1.7 6.6 1.6 6.737 
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Chapter V: Supporting information 

 

Impact of Air Moisture and Operating Mode on the Degradation of Solid Oxide Cells 

Giuseppe Sassonea, Ozden Celikbileka, Maxime Huberta, Katherine Develos-Bagarinaob, 

Anass Benayadc, Bertrand Morela, Aline Léond, Jérôme Laurencina 

 
a Univ. Grenoble Alpes, CEA, Liten, DTCH, 38000 Grenoble, France 

b Global Zero Emission Research Center, AIST, Tsukuba, Japan  
c Univ. Grenoble Alpes, CEA, Liten, DTNM, 38000 Grenoble, France 

d European Institute for Energy Research (EIFER), Emmy-Noether Strasse 11, 76131 Karlsruhe, Germany 
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SIMS 

 

 

 
Figure S-C 1. SIMS elemental maps including the electrolyte, the barrier layer and a part of the hydrogen and 

oxygen electrodes for a) Ni, b) Co, c) Sr, d) Zr, e) Ce and f) Gd. 
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Figure S-C 2. SIMS elemental maps in the CCL of the oxygen electrode after operation under humid air 

(SOEC8% sample) for a) O, b) Ni, c) Co and d) Sr. 
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SEM 

 
 

Figure S-C 3. SEM observations focused on top of the LSCF CCL of the SOFC8% sample. 

 

XRD 

 

 

Figure S-C 4. XRD pattern and fit performed on the oxygen electrode LSCF CCL of a sample aged in the same 

conditions as the SOECdry for a longer ageing time of 2000 h. 
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XPS 

 

 

Figure S-C 5. O 1s core-level spectra of a) Reference CCL, b) Reference FL, c) SOEC8% 

CCL, d) SOEC8% FL and e) SOFC8% CCL, f) SOFC8% FL. 
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Table S-C 1. XPS fitting results of the CCL of the Reference sample including % atomic 

concentration. BE refers to binding energy and FWHM to full width at half maximum. 

Name 
BE 

(eV) 

FWHM 

(eV) 
Area %Conc 

Corrected 

RSF 

O 1s – Lattice (O–M1) 528.6 1.1 252.2 25.6 16.223 

O 1s – Lattice (O–M2) 529.5 1.1 107.5 10.9 16. 223 

O 1s –  Surface 531.3 2.4 269.8 27.4 16. 223 

O 1s –  O–C=O, Organic 

species 

534.0 1.5 8.6 0.88 16.223 

Sr 3d5/2 – Lattice 132.0 1.1 83.9 2.9 47.847 

Sr 3d3/2 –  Lattice 133.8 1.1 76.7 1.9 47.847 

Sr 3d5/2 –  Surface 133.3 2.0 55.4 2.6 47.847 

Sr 3d3/2 – Surface 135.1 2.1 50.6 1.7 47.847 

C 1s – C–C,C–H 285.0 1.4 78.5 19.2 6.737 

C  1s – C–O/OH 286.4 1.4 10.6 2.6 6.737 

C 1s – C=O 288.6 1.4 6.48 1.6 6.737 

C 1s – O–C=O, CO3
2- 290.4 1.4 11.32 2.8 6.737 

 

Table S-C 2. XPS fitting results of the FL of the Reference sample including % atomic 

concentration. BE refers to binding energy and FWHM to full width at half maximum.   

Name BE (eV) FWHM (eV) Area %Conc Corrected RSF 

O 1s – Lattice (O–M1) 528.7 1.2 243.6 26.9 16.223 

O 1s – Lattice (O–M2) 529.4 1.2 139.4 15.4 16. 223 

O 1s –  Surface  531.3 2.6 239.1 26.4 16. 223 

Sr 3d5/2 – Lattice 131.9 1.2 49.9 1.9 47.847 

Sr 3d3/2 –  Lattice 133.7 1.5 32.9 1.2 47.847 

Sr 3d5/2 –  Surface 133.6 1.6 40.1 1.5 47.847 

Sr 3d3/2 – Surface 135.4 1.8 26.5 1.0 47.847 

C 1s – C–C,C–H 285.0 1.4 68.7 18.3 6.737 

C  1s – C–O/OH 286.4 1.4 8.6 2.3 6.737 

C 1s – C=O 288.7 1.4 10.1 2.7 6.737 

C 1s – O–C=O, CO3
2- 289.8 1.4 9.5 2.5 6.737 
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Table S-C 3. XPS fitting results of the CCL of the SOEC8% sample including % atomic 

concentration. BE refers to binding energy and FWHM to full width at half maximum. 

Name 
BE 

(eV) 

FWHM 

(eV) 
Area %Conc 

Corrected 

RSF 

O 1s – Lattice (O–M1) 528.4 1.1 4.8 0.8 16.223 

O 1s – Surface (–OH) 530.5 1.6 179.7 28.6 16. 223 

O 1s –  Surface  532.3 2 200.9 32 16.223 

 O 1s –  H2O 534.8 1.6 2.9 0.5 16.223 

Sr 3d5/2 – Lattice 131.4 1 1.7 0.1 47.847 

Sr 3d3/2 –  Lattice 133.2 1 1.1 0.1 47.847 

Sr 3d5/2 –  Surface I 133.4 1.5 72.1 3.9 47.847 

Sr 3d3/2 – Surface I 135.2 1.4 47.6 2.6 47.847 

Sr 3d5/2 –  Surface II 134.3 1.4 17.7 1 47.847 

Sr 3d3/2 – Surface II 136.1 1.4 11.7 0.6 47.847 

C 1s – C–C,C–H 284.9 1.5 62.4 23.9 6.737 

C  1s – C–O/OH 286.1 1.5 10.6 4.1 6.737 

C 1s – C=O 288.3 1.5 3 1.1 6.737 

C 1s – O–C=O, CO3
2- 289.8 1.5 2.1 0.8 6.737 

 

Table S-C 4. XPS fitting results of the FL of the SOEC8% sample including % atomic 

concentration. BE refers to binding energy and FWHM to full width at half maximum 

Name BE (eV) FWHM (eV) Area %Conc Corrected RSF 

O 1s – Lattice (O–M1) 528.4 1.3 73.3 11.5 16.223 

O 1s – Surface (–OH) 530.1 2 133.6 21 16. 223 

O 1s – Surface  531.4 2.7 222.9 35 16. 223 

Sr 3d5/2 – Lattice 131.7 1.1 18.9 1 47.847 

Sr 3d3/2 –  Lattice 133.5 1.4 12.5 0.7 47.847 

Sr 3d5/2 –  Surface 133.4 2.1 97.2 5.2 47.847 

Sr 3d3/2 – Surface 135.2 2.2 64.1 3.4 47.847 

C 1s – C–C,C–H 285 1.8 42.5 16.1 6.737 

C  1s – C–O/OH 287.3 1.8 3.3 1.2 6.737 

C 1s – C=O 289.3 1.8 10.2 3.9 6.737 

C 1s – O–C=O, CO3
2- 290.3 1.8 2.9 1.1 6.737 
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Table S-C 5. XPS fitting results of the CCL of the SOFC8% sample including % atomic 

concentration. BE refers to binding energy and FWHM to full width at half maximum. 

Name BE (eV) FWHM (eV) Area %Conc Corrected RSF 

O 1s – Lattice (O–M1) 528.4 1.1 94.1 14.7 16.223 

O 1s – Lattice (O–M2) 529.1 1.1 32.9 5.1 16. 223 

O 1s – Surface (–OH) 530 1.2 47.6 7.5 16. 223 

O 1s –  Surface  531.8 2.1 215.4 33.7 16.223 

Sr 3d5/2 – Lattice 131.8 1.2 41.9 2.2 47.847 

Sr 3d3/2 –  Lattice 133.6 1.4 27.7 1.5 47.847 

Sr 3d5/2 –  Surface 133.6 1.7 108.6 5.8 47.847 

Sr 3d3/2 – Surface 135.4 1.7 71.7 3.8 47.847 

C 1s – C–C,C–H 285 1.5 47.7 18 6.737 

C  1s – C–O/OH 286.1 1.5 5.5 2.1 6.737 

C 1s – C=O 288.5 1.5 2.8 1.1 6.737 

C 1s – O–C=O, CO3
2- 289.8 1.5 12.4 4.7 6.737 

 

Table S-C 6. XPS fitting results of the FL of the SOFC8% sample including % atomic 

concentration. BE refers to binding energy and FWHM to full width at half maximum. 

Name BE (eV) FWHM (eV) Area %Conc Corrected RSF 

O 1s – Lattice (O–M1) 528.6 1.3 110.1 24.4 16.223 

O 1s – Lattice ( O–M2) 529.3 1.3 86.2 19.1 16. 223 

O 1s –  Surface  531.4 2.3 117.7 26.1 16. 223 

Sr 3d5/2 – Lattice 131.8 1.4 20.7 1.6 47.847 

Sr 3d3/2 –  Lattice 133.6 1.5 13.7 1 47.847 

Sr 3d5/2 –  Surface 133.4 1.8 28.7 2.2 47.847 

Sr 3d3/2 – Surface 135.2 1.9 18.9 1.4 47.847 

C 1s – C–C,C–H 285 1.5 29.7 15.9 6.737 

C  1s – C–O/OH 286.5 1.5 4 2.2 6.737 

C 1s – C=O 288.7 1.5 5.6 3 6.737 

C 1s – O–C=O, CO3
2- 289.9 1.5 5.8 3.1 6.737 
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Annex 
 

This Annex is dedicated to the set of long-term tests and electrochemical characterizations 

performed in the frame of this thesis. Some of these are not presented and discussed in the main 

text of the thesis manuscript. Thus, a brief summary these results is reported hereafter. 

 

Complete cells  

 

In this section, the durability curves are shown for the complete cells in Figure A 1. In addition, 

the raw EIS related to each test were acquired to evaluate the effect on performance degradation 

of temperature (Figure A 2), humid air and operating mode under humid air (Figure A 3), as 

well as ageing time and operating mode under dry air (Figure A 4). The results related to the 

first two studies were already discussed in the main text of the manuscript, i.e. Chapter IV and 

Chapter V. Overall, it can be concluded that the performance degradation is promoted with 

increasing the temperature and the humidity level in air. Additionally, a more prominent 

degradation is observed in SOEC mode as compared to the SOFC mode. Finally, the 

degradation is faster for short ageing time while it tends to slow down. The degradation rates 

(DRs) measured in different time intervals of the durability curves are reported in Table A 1. 

All the tested cells show a durability curve that can be divided in two main regions: an in initial 

period with faster cell voltage degradation and a final period for which the cell voltage 

degradation is slower. The most evident example is the tested cell SOEC3%, for which the 

durability curve shows a very steep increase in the voltage during the first 500 h, and a quite 

stable voltage in the second half of the test.  
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Figure A 1. Complete cells durability curves for all tests. 

 

 
Figure A 2. Complete cells initial and final EIS at OCV, 750 °C, 10/90 vol.% H2/H2O for the tests related to the 

study of the effect of temperature under dry air conditions. Nyquist plots for a) Aged750, b) Aged800 and c) 

Aged850. Bode plots for d) Aged750, e) Aged800 and f) Aged850. 
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Figure A 3. Complete cells initial and final EIS at OCV, 800 °C, 10/90 vol.% H2/H2O for the tests related to the 

study of the effect of humid air conditions and operating mode. Nyquist plots for a) SOECdry, b) SOEC3%, c) 

SOEC8% and d) SOFC8%. Bode plots for e) SOECdry, f) SOEC3%, g) SOEC8% and h) SOFC8%. 

 

 
Figure A 4. Complete cells initial and final EIS at OCV, 750 °C, 10/90 vol.% H2/H2O for the tests related to the 

study of the effect of ageing time and operating mode under dry air conditions. Nyquist plots for a) SOECdry, 

b) Aged800, c) SOEC5k and d) SOFCdry. Bode plots for e) SOECdry, f) Aged800, g) SOEC5k and h) 

SOFCdry. 

 

Table A 1. Degradation rates in %∙kh-1 in different time intervals of the various tests. 

Test 
Interval (h) 

0-500 500-1000 1500-2000 2000-4000 4000-5000 Total 

Aged750 13.3 12.4 2.8 - - 9.0 

Aged800 18.0 8.2 2.0 - - 7.8 

Aged850 1.8 3.6 0.8 - - 2.4 

SOECdry 11.0 7.3 - - - 9.4 

SOEC3% 19.0 1.5 - - - 10.5 

SOEC8% 49.4 15.4 - - - 33.6 

SOFC8% 2.2 2.2 - - - 2.1 

SOFCdry 3.7 2.7 0.7 - - 2.3 

SOEC5k 28.4 3.9 <0.1 <0 0.8 2.9 

 

Symmetrical cells  

 

Durability tests were performed on symmetrical cell as well. Two types of symmetrical cells 

were tested. One composed of LSCF/GDC/YSZ/GDC/LSCF and one made of LSCF/LSCF-

GDC/GDC/YSZ/GDC/LSCF-GDC/LSCF. In both cases, the GDC barrier layer was about 4 
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µm, and the YSZ electrolyte was 250 µm. On the other hand, the pure LSCF electrode thickness 

was around 25 µm, while the thickness of the LSCF CCL and the LSCF-GDC layer were 

approximatively 25 µm and 20 µm, respectively. In Figure A 5, a difference in the initial 

polarization resistance can be found for the test performed on the pure LSCF symmetrical cell 

for 2000 h (LSCF-2k). In addition, a decrease in the ohmic losses was found in the final EIS, 

which was attributed to an improvement of the contact resistance with ageing time (see Figure 

A 6a). This was the first test launched on symmetrical cells. After this test, the chamber of the 

cell was cleaned and the contact improved. Indeed, the two other tests performed for a longer 

ageing time of 4500 h on both the pure LSCF and the LSCF-GDC present the same initial 

polarization resistance. Nevertheless, a difference in the initial series resistance can be noted in 

Figure A 6b-c, which can be attributed to the larger thickness and the greater number of 

interfaces in the LSCF-GDC symmetrical cell. A greater evolution in the series resistance was 

observed in the LSCF test, while a greater evolutionin the polarization resistance was found in 

the LSCF-GDC test. 

 

 

Figure A 5. Symmetrical cells durability curves for all tests. 
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Figure A 6. Symmetrical cells initial and final EIS for all tests. 

 

 

 


