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Abstract 

An elementary kinetic model was developed to predict the electrochemical response of porous 

LSCF and LSCF-CGO oxygen electrodes used in Solid Oxide Cells (SOC). For this purpose, an 

integrated approach coupling (i) electrochemical testing, (ii) advanced 3D characterizations and 

(iii) modeling was proposed. The microstructural properties extracted from the 3D electrodes 

volumes obtained by FIB-SEM tomography were implemented in the model as input parameters. 

The model was validated on a large set of experiments performed under different operating 

conditions by testing symmetrical cells in a three-electrode configuration. The reaction mechanism 

of both studied electrodes was thoroughly analyzed and the rate-determining steps for the 

electrodes have been identified. The LSCF model was also extended to simulate the cyclic 

voltammetry curves. The resulting simulations were compared with semi-analytical solutions to 

check the relevance of this simplified approach to assess the voltammetry response of porous LSCF 

electrodes. From the experimental point of view, long-term tests and post-test characterizations 

were performed at the electrode and complete cell levels as experimental evidences to support a 

proposed degradation mechanism for the LSCF demixing. In parallel, the experimental data for the 

validation of the micro model for the hydrogen electrode have been collected. Finally, a sensitivity 

analysis has been performed with the LSCF full elementary model to study the impact of LSCF 

decomposition on the electrode response.  

 

Résumé 

Un modèle cinétique élémentaire a été développé pour prédire la réponse électrochimique des 

électrodes à oxygène de type LSCF et LSCF-CGO utilisées dans les cellules à oxyde solide. Pour 

cela, une approche couplant i) des tests électrochimiques, ii) des caractérisations avancées et iii) de 

la  modélisation a été proposée. Des reconstructions 3D des électrodes ont été obtenues par 

tomographie FIB-SEM. Ces dernières ont permis d’extraire les propriétés microstructurales qui ont 

été utilisées comme paramètres d’entrée du modèle. Ce modèle a été validé grâce à des expériences 

menées sur des cellules symétriques dans une configuration à trois électrodes, dans une large 

gamme de conditions opératoires. Des mécanismes réactionnels ont été proposés et les étapes 

cinétiques déterminantes des deux électrodes ont pu déterminées pour chaque électrode. Le modèle 

pour LSCF a été également étendu pour simuler les courbes de voltamétrie cyclique. Les 

simulations obtenues ont été comparées à des solutions semi-analytiques pour vérifier la pertinence 

de l’approche simplifiée. Des tests de longue durée ainsi que des caractérisations post-test ont été 

réalisés à l’échelle de l’électrode et de la cellule complète. Ceux-ci ont permis de confirmer 

expérimentalement un mécanisme de décomposition du LSCF. En parallèle, les données 

expérimentales pour la validation du micro-modèle pour l’électrode à hydrogène Ni-YSZ ont été 

collectées. Finalement, une analyse de sensitivité a été réalisée avec le modèle élémentaire pour 

LSCF afin d’étudier l’impact de la décomposition du LSCF sur la réponse de l’électrode.  
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Outline of the manuscript 

In the first chapter, an overview of the main Solid Oxide Cells (SOCs) characteristics is presented. 

The operating modes, the most common components materials and the possible architectures of 

SOCs are be briefly described. A focus on SOCs performances and on the type of losses during 

operation is reported. A detailed review on the reaction and degradation mechanisms for the two 

electrodes (hydrogen and oxygen electrodes) allows highlighting the common knowledge along 

with the topics that still need a deeper investigation. In this frame, the main types of SOCs 

degradation phenomena are listed with a special focus on the Ni agglomeration and Ni migration 

for the Ni-YSZ hydrogen electrode and the LSCF demixing for the LSCF and LSCF-CGO oxygen 

electrodes. Finally, the framework of this work, its goals and the methodology are stated.   

The second chapter is dedicated to the analysis of the experimental results recorded on single 

electrodes and complete cells. A comprehensive description of tested samples and of the 

experimental set-ups is given. The sets of electrochemical measurements and microstructural 

characterizations performed on LSCF and LSCF-CGO electrodes are reported in details. In parallel 

to the study on the oxygen electrodes, the results obtained on Ni-3YSZ electrodes have been 

presented. These data have been collected in the frame of a collaboration (Ph.D. thesis of Federico 

Monaco) for the validation of an elementary kinetic model of the hydrogen electrode. In addition, 

the durability behavior of LSCF in both fuel cell and electrolysis modes is discussed together with 

the corresponding post-test characterizations performed at the Paul Scherrer Institute Facility (PSI). 

Finally, the durability curves of two complete cells integrating LSCF as oxygen electrode and 

tested in dry and humid atmospheres in O2 side are presented.   

 

The modelling approach for the description of the electrochemical responses of LSCF and LSCF-

CGO electrodes is described in the third chapter. The microstructural properties of both types of 

oxygen electrode have been used as input data for the modelling. The elementary kinetic including 

a detailed surface kinetic description is validated on a wide range of electrochemical 

characterizations. The validated model is used to analyze the respective roles of temperature, 

polarization and oxygen partial pressure on the electrode reaction mechanisms in SOFC and SOEC 

modes. Thus, the rate-determining steps in the oxygen electrodes are identified with a sensitivity 

analysis on the impedance diagrams by varying the reaction kinetic constants. Finally, the full 
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elementary model for the LSCF electrode is extended to compute CV curves as well.  The relevance 

of this model to predict the CV curves of LSCF electrodes is thus checked as functions of 

temperature and imposed potential scan rates. 

The last chapter is dedicated to an overview of all the results of the present thesis. The main 

conclusions are listed together with some outlooks related to the continuation of this work.  
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Introduction 

The global temperature rise and the oceans acidification are two of the several consequences of the 

climate change [climate.nasa.gov] (Fig. 0-1). For this reason, many countries have decided to take 

urgent measures to contain this problematic before irremediable consequences. The Paris 

agreement is the most famous international treaty on the climate change. Its main goal is to reduce 

the peaks of greenhouse gas emissions in order to limit the global warming below 2 °C [UNFCCC 

Sites and platforms].  

  

Fig. 0-1 Global land and ocean surface temperatures: January anomalies over the last 140 

years. January 2020 was the hottest with 1.14 °C above the average [Source: NOAA (2020)]. 

In this frame, the use of Renewable Energies Sources (RES) could play a key role to lower the CO2 

emissions (Fig. 0-2). For instance, the International Renewable Energy Agency (IRENA) affirms 

that the investments in sustainable technologies could contribute to reduce about two thirds the 

emissions produced by crucial industrial and transport sectors [Reaching Zero with Renewables- 

IRENA]. However, the use of RES has still to face some important challenges. Indeed, their sources 

are neither continue or constant in time (for instance, a surplus of solar energy is expected in the 

warm seasons, while a deficit usually occurs during winter). For this reason, find a way to store or 

release energy on demand is of major importance to enable the definitive passage to green energies. 
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Fig. 0-2 Possible scenario of CO2 percentage decrease from 2015 to 2050 if countries will 

invest in RES [Source: IRENA, IEA study concludes meeting 2˚C scenario possible with net 

positive economics, 2017]. 

Among all the possible technologies, hydrogen coupled fuel cells appears as one of the most 

promising energy systems. Indeed, on the one hand, hydrogen is one of the few energy carriers that 

can be produced with zero production of waste gases during the direct electrolysis of water. On the 

other hand, fuel cells present many advantages, such as the possibility to not generate polluting 

gases in operation with H2 as fuel and the flexibility in the power generation that permits to this 

technology to range from power plant (megawatts) to portable electrical devices (less than 100 

watts). Among the existing types of fuel cells, the Solid Oxide Fuel Cells (SOFCs) based on Solid 

Oxide Cells (SOCs) have recently attracted the attention thanks to their high efficiency, the fuel 

flexibility (H2 but also alkanes, alcohols, ammonia etc. as fuels) and the co-production of heat 

easily recoverable. Moreover, SOCs can operate both in fuel cell mode (SOFC mode) and in 

electrolysis mode (SOEC mode). However, the widespread use of this technology is still hindered 

by the degradation of the individual components that reduces significantly the fuel cell or 

electrolyzer lifetime. SOCs are designed to operate at high temperatures and in harsh conditions 

(oxidative and reductive atmospheres, electrode polarization). The high operating temperature 

(600-900 °C) leads to many detrimental phenomena such as chemical reactivity between the 

compounds of cells and stacks, reactivity with gaseous contaminants or materials degradation. 

Experimental evidences have also shown that the degradation of SOCs depends on the operating 
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mode. The reason of this behavior is still not completely understood. Therefore, a better 

comprehension of the electrode reaction mechanisms is of prime importance to limit the 

performance losses over time. Indeed, only the achievement of a deeper knowledge of the 

fundamental electrochemical properties of SOCs based on state-of-the-art materials will enable to 

improve both the cell efficiency and durability making this technology full-fledged competitive on 

the market place.  
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Chapter I. Bibliography 

1.1 General Aspects of SOCs 

      1.1.1 SOCs principle of functioning, components materials and architectures 

Basis of functioning – SOCs are high temperature electrochemical devices usually composed of 

ceramic and metallic materials. The operating mode of SOCs relies on the electrochemical 

reactions occurring between oxidizing and reducing species. In the SOFC mode, the current is 

generated through the oxidation of the fuel (e.g. hydrogen, methane, carbon monoxide) and the 

reduction of oxygen, while in SOEC mode, the respective reactions are reversed to produce 

hydrogen and/or carbon monoxide from steam, carbon dioxide and oxygen under an electrical 

current. The gases produced in SOEC mode can be stored as tanks of chemical energy that can be 

subsequently used on demand to produce electricity. SOCs have recently attracted the green energy 

market attention thanks to their reversibility that makes these devices particularly compatible to be 

coupled with intermittent RES (e.g. wind turbines or solar panels) [Eriksonn2017, Staffell2019]. 

Moreover, high operating temperatures result in a very high efficiency, fuel flexibility and a co-

production of high-quality heat in SOFC mode [Eguchi2002, Guaitolini2018]. This last feature 

makes SOFC as one of the most promising technology for clean residential energy supply through 

micro combined heat and power (micro-CHP) systems [Hawkes2007].  

SOCs are usually composed by a dense ionic conductor electrolyte sandwiched between two porous 

electrodes exhibiting electronic or mixed conduction properties. The schematic operating 

principles of a SOC are shown in Fig. I-1.  In SOFC mode, hydrogen is oxidized at the so-called 

hydrogen electrode (which behaves as an anode) to produce steam (forward reaction of Eq. (1)) 

and oxygen is reduced at the so-called oxygen electrode (which behaves as a cathode) to produce 

oxygen ions (forward reaction of Eq. (2)) (Fig. I-1a). The global chemical reaction yields the 

formation of steam (forward reaction of Eq. (3)). In SOEC mode, the backward reactions are 

activated and the hydrogen and oxygen electrodes behave as a cathode and an anode, respectively 

(Fig. I-1b). The reduction of steam produces oxygen ions which are oxidized. Regardless the 

operating mode, oxygen ions migrate through the dense electrolyte membrane.  
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𝐻2 + 𝑂
2− ↔ 𝐻2𝑂 + 2𝑒

− (1) 

1

2
𝑂2 + 2𝑒

− ↔ 𝑂2− 
(2) 

𝐻2 +
1

2
𝑂2 ↔ 𝐻2𝑂 

(3) 

 

 

Fig. I-1 Scheme of the electrochemical half reactions that occur inside a SOC operating in fuel 

cell (a) and electrolysis (b) modes, respectively. 

To allow the correct functioning of SOCs and to maximize their efficiency, each cell component 

must have precise characteristics.  

Electrolyte - The electrolyte is the core of a SOC since it allows the passage of oxygen ions between 

the hydrogen and oxygen electrodes and ensures the gas tightness between the two electrode layers 

[Singhal2000]. Therefore, the choice of the electrolyte material is of fundamental importance. An 

electrolyte material must obey the following characteristics [Mahato2015]:  

i) High ionic conductivity,  

ii) Chemical stability over a large range of temperature and oxygen partial pressure, 

iii) Chemical compatibility with respect to the other component materials (to avoid the 

formation of secondary phases), 

iv) Reliable mechanical properties (high strength and toughness), 
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v) Coefficient of thermal expansion (CTE) compatible with those of the other cell 

components, 

vi) Low cost and environmental friendly. 

Many kinds of materials can be found in the literature as candidates for a SOC electrolyte, from 

the classical fluorite oxide based structure (e.g. ZrO2 or CeO2) to more recent compounds such as 

lanthanum-based perovskites [Fergus2006, Singhal2000]. However, despite the wide possibility, 

Yttria Stabilized Zirconia (YSZ) remains the most common used electrolyte material thanks to its 

excellent ionic conductivity, good chemical stability and its adapted CTE regarding the usual 

electrode materials [Hossain2017, Ivers-Tiffée2001]. Two types of YSZ electrolytes can be used 

depending on the level of doping: with 3 % mol of yttria (3YSZ) the zirconia presents a tetragonal 

phase with high mechanical properties, while, passing to 8 % mol of yttria (8YSZ), the zirconia 

change in a cubic phase with higher ionic conductivity (𝜎𝑖𝑜). Indeed, 𝜎𝑖𝑜 is an increasing function 

of the dopant content as described in Eq. 4 using the Kröger-Vink notation:  

𝑌2𝑂3
𝑍𝑟𝑂2
→   2𝑌𝑍𝑟

′ + 3𝑂𝑂
𝑥 + 𝑉𝑂

.. (4) 

Accordingly, two moles of dopant create one mole of oxygen vacancies. These crystalline defects 

allow the migration of oxygen ions through the volume of the material [Singhal2000]. Despite its 

lower mechanical strength, 8YSZ is the most common electrolyte for SOCs since it presents a good 

compromise between ionic conductivity and mechanical resistance [Suciu2018]. As expected, the 

ionic conductivity of 8YSZ is thermally activated (Fig. I-2) [Zhang2007] and presents a value of 

0.1 S·cm-1 at 1000 °C [Chen2002]. This characteristic explains the necessity of operating SOCs at 

high temperatures in order to maximize their performances.  
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Fig. I-2 Evolution of the 8YSZ ionic conductivity as functions of the temperature and level of 

dopant. [Zhang2007]. 

As well as the electrolyte, the electrodes materials have to meet precise requirements 

[Singhal2000]:  

i) High electronic conductivity, 

ii) High catalytic activity for the electrochemical reactions, 

iii) Chemical stability to avoid the reactivity with the other cell components, 

iv) CTE matched with the electrolyte, 

v) Sufficient porosity to allow the passage of the gas through the volume of the electrode, 

vi) Low cost and environmental friendly. 

Hydrogen electrode – The reaction in the hydrogen electrode occurs at the Triple Phase Boundary 

lengths (TPBls), where the oxygen ions, the hydrogen gas and the electrons meet [Zhu2003]. For 

this reason, the use of a material with a mixed ionic and electronic conductivity is favored, since it 

provides active sites in all the electrode volume. The common hydrogen electrode materials are 

composites made of an ionic conductor phase and a transition metal that provides the electronic 

conductivity [Shaikh2015]. In order to have a good CTE compatibility, the ionic phase is usually 

the same used for the electrolyte. Up to now, the most used transition metal is Nickel since it 

presents a good compromise between prize and catalytic activity [daSilva2017, Shaikh2015]. Thus, 

the most common composite material is the cermet (i.e. ceramic and metal composite) Ni-YSZ 

[Minh1993]. Since, a SOC is usually structurally supported by the H2 electrode, the mechanical 
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properties of the cermet are extremely important [Pihlatie2009]. Moreover, a particular attention 

has to be paid during the hydrogen electrode manufacturing in terms of initial microstructural 

properties (such as the porosity level, the particle size diameter, the tortuosity etc.) to enhance the 

electrode performances and to limit the material degradation [Monaco2019]. 

Oxygen electrode - One of the most common material for the oxygen electrode is the composite 

composed of La1-xSrxMnO3-δ (LSM) and YSZ. Indeed, the mix of ionic and electronic conductor 

phases increases the number of the electroactive sites of an order of magnitude with respect to a 

simple electronic conductor (Fig. I-3a) [Sun2010]. Mixed Ionic and Electronic Conductors 

(MIECs) become of increasing interest for several decades.  Indeed, their conduction properties 

combined in a single-phase compound results in higher performances, since the electrochemical 

reactions can take on all the surface of the electrode particles (Fig. I-3b) [Sun2010]. 

 

Fig. I-3 Comparison between the reaction mechanisms for a LSM-YSZ composite (a) and a 

LSCF (b) electrodes, respectively. 

One of the most commonly used O2-electrode material for Intermediate Temperature SOC (IT-

SOC) is La1-xSrxCo1-yFeyO3-δ (LSCF) [Menzler2010, Jiang2008, Sun2010]. A shown in Fig. I-4, 

the cell performances increase at low operating temperature (≤ 800 °C) using a LSCF electrode 

with respect to the traditional LSM-YSZ composite electrode [Tietz2006]. However, the use of 

LSCF-based electrodes implies the presence of an additional layer to mitigate the formation of non-

conducting secondary phases with the YSZ electrolyte [Anderson2004]. For this reason, a thin 

barrier layer of Ce1-xGdxO2-δ(CGO) is usually added between these two materials [Sanchez 

YSZ YSZ

Active sites

LSM LSFC

TPB TPB

(a) (b)
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Ferreira2017]. Moreover, recent studies have shown that adding a high ionic conducting material 

like CGO into LSCF is liable to enhance the electrode performances [Aziz2020, Dusastre1999, 

Hwang2005]. Indeed, it has been reported [Leng2008, Wang2005] that the porous LSCF-CGO 

composite exhibits a higher effective ionic conductivity than the LSCF electrode. Moreover, a more 

compatible CTE with the electrolyte material reduces the risk of mechanical fractures by using a 

composite electrode [Laurencin2015, Wang2005]. 

 

Fig. I-4 Polarization curves of complete cells with LSM and LSCF with different percentage of 

Sr dopant at the operating temperature of 800 °C (a) and 700 °C (b), respectively [Tietz2006]. 

Architecture – SOCs present two main types of architecture: planar or microtubular (Fig. I-5) 

[Jamil2015].  

Planar SOCs are compact devices that present multiple layers with square or circular shape 

[Birss2017]. The cell can be self-supported or ‘externally’ supported. In the first case, SOCs can 

be classified as anode-, electrolyte- or cathode-supported, depending on which layer provides the 

mechanical strength. In the second case, an additional layer of metallic or ceramic material is 

added, while the other cell components are deposited as thin layers [Birss2017]. An electrode-

supported or external supported structure is usually preferred since the electrolyte is maintained as 

thin reducing substantially the related Ohmic losses [Nozawa2008].  

Microtubular SOCs (MT-SOCs) are made of concentric tubes which dimension goes from a few 

millimeters to sub-millimeter size [Panthi2014]. As well as planar SOCs, an electrode- or 

electrolyte-supported architecture can be designed [Lawlor2013]. MT-SOCs can be designed in 

(a) (b)



32 
 

much smaller geometry than planar SOCs leading to some advantages such as a higher thermal 

shock resistance and an increased power per unit volume [Lawlor2013]. Both the possibility of a 

small size device and the resistance to multiple thermal cycling made this architecture very 

interesting for small portable fuel cell applications [Kendall2010]. However, the difficulty in 

positioning the sealing due to the reduced dimensions of the tubes enhances the risk of gas leakage 

[Lawlor2009].  

 

Fig. I-5 Different designs of SOCs: planar (on the left) and microtubular (on the right) 

[Jamil2015]. 

 

      1.1.2 Operation in steady state condition 

The efficiency of a SOC is represented by the corresponding polarization curve (i-V) showing the 

evolution of the cell voltage 𝐸𝑐𝑒𝑙𝑙 as a function of the current density (Fig. I-6a). The Open Circuit 

Voltage (OCV) corresponds to the cell voltage at the equilibrium state 𝐸𝑖=0
𝑐𝑒𝑙𝑙 (i = 0). This potential 

depends on temperature as well as the gas conditions and is expressed by the Nernst’s equation in 

the case of a SOC fed by hydrogen and oxygen: 

𝐸𝑖=0
𝑐𝑒𝑙𝑙 = 𝐸0 +

𝑅𝑇

𝑧𝐹
· 𝑙𝑛 (

𝑎𝐻2 · (𝑎𝑂2)
1/2

𝑎𝐻2𝑂
) 

(5) 

where 𝐸0 is the cell voltage in the standard conditions, R is the universal gas constant, T is the 

absolute temperature, F is the Faraday’s constant, z is the number of exchanged electrons in the 

electrochemical reactions (i.e. 2 for a SOC fed by hydrogen and oxygen) and 𝑎𝐻2, 𝑎𝑂2 and 𝑎𝐻2𝑂 

are the chemical activities of hydrogen, oxygen and steam, respectively, at the electroactive sites 

for i = 0.  
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Regardless of the operating mode, the cell voltage deviates from OCV under current (Fig. I-6a) 

since additional losses exist [O’Hayre2016, Patcharavorachot2008]. In SOEC mode, a sufficient 

cell voltage or current must be applied to trigger the non-spontaneous electrolysis reactions. In 

SOFC mode, the existence of a current implies that the cell voltage serves the irreversible 

phenomena related to the electrochemical reactions. Without emphasizing on any detailed 

electrode reaction mechanism, any electrochemical process implies mass transport of multi-

components in a gas phase, mass transport through solid phases and charge transfer steps. Thus, 

additional losses are generated in a SOC that modify the cell voltage and are divided in three main 

contributions: Ohmic losses (𝜂𝑜ℎ𝑚(𝑖)), activation overpotentials (𝜂𝑎𝑐𝑡(𝑖)) and concentration 

overpotentials (𝜂𝑐𝑜𝑛𝑐(𝑖)) [O’Hayre2016] (Fig. I-6b). 

For SOFC mode (i > 0) and SOEC mode (i < 0), the cell potential is expressed as follows, 

respectively: 

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑖=0
𝑐𝑒𝑙𝑙 − 𝜂𝑜ℎ𝑚(𝑖) + {𝜂𝑎𝑐𝑡

𝑐𝑎𝑡ℎ𝑜𝑑𝑒(𝑖) − 𝜂𝑎𝑐𝑡
𝑎𝑛𝑜𝑑𝑒(𝑖)} + {𝜂𝑐𝑜𝑛𝑐

𝑐𝑎𝑡ℎ𝑜𝑑𝑒(𝑖) − 𝜂𝑐𝑜𝑛𝑐
𝑎𝑛𝑜𝑑𝑒(𝑖)} (6) 

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑖=0
𝑐𝑒𝑙𝑙 − 𝜂𝑜ℎ𝑚(𝑖) + {𝜂𝑎𝑐𝑡

𝑎𝑛𝑜𝑑𝑒(𝑖) − 𝜂𝑎𝑐𝑡
𝑐𝑎𝑡ℎ𝑜𝑑𝑒(𝑖)} + {𝜂𝑐𝑜𝑛𝑐

𝑎𝑛𝑜𝑑𝑒(𝑖) − 𝜂𝑐𝑜𝑛𝑐
𝑐𝑎𝑡ℎ𝑜𝑑𝑒(𝑖)} (7) 

where 𝜂𝑎𝑐𝑡
𝑐𝑎𝑡ℎ𝑜𝑑𝑒(𝑖), 𝜂𝑐𝑜𝑛𝑐

𝑐𝑎𝑡ℎ𝑜𝑑𝑒(𝑖), 𝜂𝑎𝑐𝑡
𝑎𝑛𝑜𝑑𝑒(𝑖) and 𝜂𝑐𝑜𝑛𝑐

𝑎𝑛𝑜𝑑𝑒(𝑖) are the activation and concentration 

overpotentials for the cathode and the anode under a current i, respectively. 

Ohmic losses – The Ohmic losses are related to the overall series resistance 𝑅𝑠 due to the flow of 

electrons in the electrodes and current collectors and to the flow of ions in the electrolyte and the 

contact resistance 𝑅𝑐 corresponding to the contact between the cell and the current collectors. By 

considering that the electronic resistances of both the electrodes and current collectors are 

negligible, 𝑅𝑠 represents the sum of the electrolyte resistance 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 and of 𝑅𝑐. The Ohmic 

losses are proportional to the current according the classical Ohm’s law [Patcharavorachot2008]:  

𝜂𝑜ℎ𝑚(𝑖) = 𝑖 · 𝑅𝑠 (8) 

 Accordingly, the contribution of Ohmic losses on the polarization curve is linear. 

Activation overpotential – The activation overpotential is caused by a slow charge transfer reaction 

and reflects the irreversible phenomena related to electrochemical reactions. In this macroscopic 

description, it includes all the microscopic phenomena arising in the electrode active layers. This 

contribution is predominant for low polarizations and becomes higher when the operating 
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temperature is decreased. For an electrode reaction mechanism, the activation overpotential is 

usually expressed through a phenomenological equation using the Butler-Volmer relation 

[Patcharavorachot2008]:  

𝑖 = 𝑖0 · {exp (
𝛼𝑧𝐹

𝑅𝑇
· 𝜂𝑎𝑐𝑡(𝑖)) − exp(−

(1 − 𝛼)𝑧𝐹

𝑅𝑇
· 𝜂𝑎𝑐𝑡(𝑖))} 

(9) 

where 𝛼 is the symmetrical transfer coefficient (usually taken as 0.5) and 𝑖0 is the ‘apparent’ 

exchange current density that depends on the operating temperature and the gas partial pressures 

[Godula-Jopek2015].  

Concentration overpotential – The concentration overpotential is induced by the change of gas 

composition at the active sites that occurs under current [Godula-Jopek2015]. This overpotential 

can be considered as the sum of two contributions: 

𝜂𝑐𝑜𝑛𝑐(𝑖) = Δ𝐸𝑟𝑒𝑣 + 𝜂𝑑𝑖𝑓𝑓(𝑖) (10) 

where Δ𝐸𝑟𝑒𝑣 are the gas conversion losses and 𝜂𝑑𝑖𝑓𝑓(𝑖) are the diffusion overpotentials.  

The gas conversion losses are reversible contributions related to the change of gas composition in 

the porous electrode due the species production or consumption all along the cell length 

[Laurencin2015]. They correspond to thermodynamic losses that cannot be avoided. On the other 

hand, the diffusion overpotentials are irreversible. Therefore, 𝜂𝑑𝑖𝑓𝑓(𝑖) depend also to the 

microstructural properties of the electrode (such as porosity and tortuosity) that can play a central 

role on the gas diffusion in the electrode volume [Holzer2013]. The concentration overpotentials 

become predominant at high current density. 

The Ohmic losses and the diffusion overpotentials can be reduced during the cell manufacturing or 

with experimental precautions. As an illustration, the increase of the gas flow in the porous 

electrode limits the resistance due to the mass transport, while the use of a thin electrolyte decreases 

the Ohmic losses. The situation is more complicated for the activation overpotential. Indeed, this 

loss is related to the electrode reaction mechanism that cannot be directly monitored. Therefore, 

the only possibility to limit this overpotential is a deep understanding of the phenomena that take 

place at a microscopic level. For this reason, the next section will be dedicated to a review of the 

coupled experimental-modelling approaches used to improve this knowledge.  
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Fig. I-6 Example of a generic SOC polarization curve in SOFC and SOEC modes (a). 

Illustration of the voltage decomposition for a complete cathode-supported cell operated in 

electrolysis mode at T = 800 °C with air at the anode side and an inlet gas composition of 90% 

H2O + 10% H2 at the cathode side (b). 

 

1.2 Review on the reaction mechanisms: electrodes functioning and degradation phenomena 

Up to now, many efforts have been paid to achieve the full comprehension of SOCs reaction 

mechanisms. For this purpose, modelling coupled experimental approaches have been used. In 

these methods, the comparison between the experiments and the model simulations have allowed 

the validation or the discarding of the model assumptions towards a better understanding of the 

electrode reaction mechanisms. The most common electrochemical characterizations are the 

polarization curves and the Electrochemical Impedance Spectroscopy (EIS). Less usual 

experimental techniques as the Cyclic Voltammetry (CV) can be also found in the literature. 

However, despite the wide bibliography on the topic, the fundamental electrochemistry of both the 

hydrogen and oxygen electrodes still needs a deeper investigation. Indeed, as already mentioned, 

its knowledge is of primary importance to enhance the cell performances and to reduce the 

electrodes degradation. Accordingly, this work presents a review on the electrode reaction 

(a) (b)

OCV
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mechanisms and on the most harmful degradation phenomena with the aim to report the main 

achievements in the field and to highlight the remaining open questions.  

 

      1.2.1 Hydrogen electrode reaction mechanism 

Several experimental works have been devoted to the investigation of the reaction mechanism at 

the Ni-YSZ cermet by electrochemical characterizations (polarization curves and impedance 

diagrams) [Bieberle2000, 2001, Dasari 2013, Doppler2018, Grondin2011, Holtappels1999a, 

1999b, Kek2001, Luo2017, Marina2007, Mizusaki1994a, 1994b, Pan2015a, Primdahl1997, 

Shin2016, Sonn2008]. Many of these studies have been carried out on electrodes with simplified 

geometries in order to relate more easily the morphological features of the electrode to the 

corresponding electrochemical response [Bieberle2000, 2001, Doppler2018, Kek2001, Luo2017, 

Mizusaki1994a, 1994b]. However, the real Ni-YSZ porous electrode exhibits a very complex 

microstructure that can strongly affect the reaction mechanism [Hanna2014]. For this reason, some 

authors have decided to perform experiments on classical porous electrodes in order to gather 

information under more realistic operating conditions [Dasari2013, Grondin2011, 

Holtappels1999a, 1999b, Marina2007, Pan2015a, Primdahl1997, Sonn2008]. Nevertheless, even 

in these cases, the exact microstructural properties of the tested electrodes were unknown. It is 

worth noting that most of the aforementioned studies concern mostly the Ni-8YSZ, while only very 

few experiments have been conducted on the Ni-3YSZ [Jiang1999, Kresse2000]. Finally, the 

majority of the experiments reported in the literature on the cermet electrode have been performed 

in SOFC mode, while only a few specific works have been focused on SOEC mode [Dasari2013, 

Grondin2011, Shin2016] among them only one at high steam partial pressures [Shin2016]. 

For the Ni-8YSZ cermet, it has been proposed that the charge transfer at the TPBls should limit the 

overall electrode response [Luo2017]. Indeed, it has been shown that the electrode reaction 

mechanism is strongly thermally activated and its kinetic rate is proportional to the density of active 

TPBls [Bieberle2000, Doppler2018, Mizusaki1994a, Pan2015a]. Moreover, a strong dissymmetry 

in the two branches/modes of the electrode polarization curve has been evidenced indicating that 

the activation of the electrode reaction depends on the operating mode [Dasari2013, 

Holtappels1999b, Luo2017, Marina2007, Mizusaki1994b, Pan2015a]. Finally, an important effect 

of the steam partial pressure on the kinetics has been found [Bieberle2001, Dasari2013, 
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Grondin2011, Holtappels1999a, Luo2017, Pan2015a, Shin2016], while the impact of the hydrogen 

partial pressure remains much less pronounced [Kek2001]. Therefore, it has been supposed that 

the interaction of steam molecules with the electrode surface could co-limit the global kinetics 

[Dasari2013]. 

In parallel with the experimental approach, the relevance of the electrode reaction mechanism has 

been investigated by using modelling tools. As an illustration, several authors have studied the 

interactions of steam and hydrogen with the Ni-YSZ system using Density Functional Theory 

(DFT) [Cadi-Essadek2016, Chaopradith2015, Cucinotta2011, Gorski2011, Kresse2000, 

Mohsenzadeh2014, Raz2001, Seenivasan2017, Shishkin2010]. From the determination of the most 

energetically favorable configuration, it has been deduced that H2 molecules adsorb on the Ni 

surface as two hydrogen adatoms [Cadi-Essadek2016, Cucinotta2011, Kresse2000, Shishkin2010], 

whereas H2O molecules can be adsorbed on both the Ni and YSZ surfaces. Based on both 

experimental results and DFT computations, three main reaction pathways (divided in a sequence 

of elementary steps) have been proposed in the literature. These pathways differ by the nature of 

the charge transfer across the Ni-YSZ interface: an interstitial process [Holtappels1999a], an 

oxygen spillover mechanism [Mizusaki1994b] or a hydrogen spillover mechanism [De Boer1998]. 

These reaction pathways have been implemented into micro-kinetic models and the simulations 

have been compared to the response of Ni patterned electrodes in order to identify the most relevant 

pathway [Bessler2010, 2007, Bieberle2002, Goodwin2009, Luo2019, Vogler2009]. The model 

computations have shown that the hydrogen spillover would be the most likely reaction mechanism 

for the Ni-8YSZ electrode [Bessler2010, Goodwin2009, Luo2019, Vogler2009]. However, some 

recent studies have suggested that the oxygen spillover mechanism could also be involved in the 

electrode response [Bredikhin2018, Fu2014, Ong2017].  

To conclude, it appears that the reaction mechanism of hydrogen oxidation and steam reduction 

remains still unclear. In addition, it is necessary to apply these micro-kinetic models to porous 

cermet microstructures in order to achieve more representative results for real SOCs applications.  
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1.2.2 Oxygen electrode reaction mechanism  

The present review is focused on the most common O2-electrode materials: LSCF and the 

composite LSCF-CGO. Indeed, in spite of many studies, the reaction mechanisms related to LSCF-

based electrodes are not yet fully understood. Nevertheless, it is generally admitted that the bulk 

path (related to the oxygen solid-state diffusion in LSCF and the oxygen exchange at the electrode 

surface) is predominant in SOFC mode [Adler1996, Baumann2007, Grunbaum2009, Prestat2007]. 

It has been more recently highlighted that a change of reaction mechanism arises at low 

overpotentials in SOEC mode, from the bulk to the surface path (defined by the direct charge 

transfer at the TPBls) [Laurencin2015, Monaco2018]. Regarding the LSCF-CGO composite, some 

studies have suggested that the reaction mechanism is entirely controlled by the surface path 

whatever the electrode polarization [Kim2019a].  

To date, many models have been already published for the LSCF electrode [Adler1996, 

Baumann2006, Carraro2012, Çelikbilek2016, Deseure2005, Hubert2016, Laurencin2015, 

Monaco2018, Liu1998, Ma2018, Prestat2007, Simrick2012]. Adler and coworkers [Adler1996] 

were the first to propose an analytical model to express the impedance at Open Circuit Potential 

(OCP) for a porous MIEC electrode. These authors considered an equivalent homogenous electrode 

taking into account the bulk path with one global step of oxygen exchange between the gas and the 

MIEC, which was treated as a pure chemical reaction. With the simplification of a semi-infinite 

electrode thickness, the solution is equivalent to a Gerischer-type impedance [Boukamp2003] and 

is referred as the so-called ‘ALS’ model [ Adler1996]. This approach has been used and improved 

by many authors for analytical or numerical models for the LSCF and LSCF-CGO electrodes 

[Çelikbilek2016, Carraro2012, Deseure2005, Nielsen2011, Mortensen2014]. For instance, 

Mortensen et al. [Mortensen2014] have proposed an analytical solution to compute the impedance 

diagrams for MIEC-CGO composite electrodes. In our group, numerical steady-state and dynamic 

models have been developed for porous LSCF and LSCF-CGO electrodes by taking into account 

the bulk and surface paths [Laurencin2015, Hubert2016]. The whole mechanism was splitted into 

four steps considering only neutral oxygen adatom species attached on the LSCF surface. 

Therefore, no interaction between the adsorbed species was assumed and the surface coverage at 

equilibrium was related to the oxygen partial pressure according to the Langmuir isotherm. It has 

been found that this approach is able to predict accurately the electrode polarization curves as well 
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as the impedance diagrams at 𝑃𝑂2 = 0.21 atm under cathodic and anodic dc currents [Monaco2018]. 

However, it is well known that charged oxygen species are likely to be found on oxide surfaces 

[Wang2013]. Fleig et al. [Fleig2005, 2007] have underlined that the charge of adsorbed oxygen 

ions on the surface could affect the global electrode kinetic and its dependence on the oxygen 

partial pressure because of electrostatic interactions. A model assuming an uniform double layer 

induced by the negative adsorbed species counterbalanced by the positive holes in LSCF was 

proposed to take into account these interactions.  

From this context, the modeling with a full elementary description could improve the models 

predictability especially for the oxygen partial pressure dependence of the electrode kinetics. But 

it must be emphasized that the experimental validation remains questionable due to the large 

number of unknown parameters. Indeed, in the particular case of porous electrodes, in contrast to 

well-defined geometries such as patterned electrodes, it is essential to determine all the 

microstructural properties characterizing the electrode morphology (volume fractions, tortuosity 

factors, specific surface areas and density of TPBls). The measurements of these parameters from 

3D electrode reconstructions allow decreasing the number of fitted parameters and enhance the 

relevance of the validation.  

To date, very few full elementary models have been specifically dedicated to porous LSCF and 

LSCF-CGO electrodes. None of them has been validated with the knowledge of real 

microstructural parameters. Gong et al. [Gong2012] have proposed a steady-state model in which 

the reaction mechanism was divided in five reactions taking into account the presence of oxygen 

ions on the electrode surface. Even if the model was not experimentally validated, the authors found 

a transition from the bulk to the surface path arising under cathodic polarization when applied to 

LSM-type electrodes. Ma et al. [Ma2018] have recently published a steady-state elementary kinetic 

model for porous LSCF coupled with DFT simulations. The model was validated on one 

polarization curve taken from the literature at 800 °C under 𝑃𝑂2= 1 atm. In contradiction to the 

statements reported in [Laurencin2015, Monaco2018], they claimed that the surface path is 

negligible even in the SOEC mode and all the kinetic simulations were carried out only considering 

the bulk path. Yurkiv et al. [Yurkiv2014] have proposed a dynamic elementary kinetic description 

of a LSCF-CGO composite in which the LSCF and CGO was modeled as an equivalent medium 

for oxygen solid-state diffusion and by neglecting the surface path. For the validation, simulated 

impedance diagrams at OCP under air were compared with experimental data recorded between 
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500 °C and 800 °C. However, although the three contributions in impedance diagrams at high, 

medium and low frequencies were identified, the agreement between the simulated and 

experimental spectra was not fully satisfactory. Finally, Donazzi et al. [Donazzi2020] have built a 

quasi-elementary model taking into account both surface and bulk paths for the LSCF-CGO 

composite. The authors have considered a dissociative adsorption step followed by an ionization 

on the LSCF surface. The model was validated for impedance diagrams recorded at OCP from   

560 °C to 700 °C and three oxygen partial pressures (𝑃𝑂2= 0.05, 0.1 and 0.21 atm). In this case, it 

has been found that the reaction mechanism would be controlled by the surface path. 

At this stage, it appears that a complete set of electrochemical characterizations is required for the 

interpretation of the complex LSCF reaction mechanism. As mentioned before, the most common 

technique used to study the electrochemical behavior of MIEC electrodes is EIS usually associated 

with the acquisition of polarization curves in steady-state conditions [Babelis2007, Leone2008, 

Chen2018]. In complementary with these methods, Cyclic Voltammetry (CV) measurements can 

be performed to analyze the non-linear part of the electrode response. Nevertheless, very few 

experimental data can be found in the literature on the response of MIEC materials involved in 

SOCs [Chen2003, Ding2009, Sapountzi2012] and even fewer are focused on the LSCF electrode 

[Bebelis2008, Kournoutis2011, Siebert2011]. Recently, Tezyk et al. [Tezyk2019] have 

investigated the dependence of the CV response on the microstructural parameters and the oxygen 

partial pressure, for the typical La0.6Sr0.4Co0.2Fe0.8O3-δ composition deposited on a Ceria doped 

Gadolinium Oxide (CGO - Ce0.9Gd0.1O2-δ) electrolyte. The authors concluded that both the 

electrode specific surface area 𝑆𝑝
𝐿𝑆𝐶𝐹 and the oxygen partial pressure 𝑃𝑂2 play a key role on the CV 

response. Indeed, when these two parameters are decreased, the reaction of oxygen exchange at the 

electrode surface becomes sufficiently limiting to allow the transient oxygen storage or depletion 

inside LSCF under dynamic polarization. This phenomenon results in the enhancement of both the 

intensity of the CV peaks and the series resistance 𝑅𝑠 under cathodic dc bias.  However, it is worth 

mentioning that (i) this previous experimental study was performed at lower temperatures than 

those used in the SOCs technology, and (ii) the electrolyte Ohmic drop, hard to compensate, was 

found to strongly distort the CV curves making the interpretation of experimental results very 

difficult. In this frame, a modelling approach could be an efficient tool to ensure a better analysis 

for the complex CV response.  
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Nevertheless, despite the several aforementioned models, none of them was extended to simulate 

CV curves as well. Only recently, our research group have proposed semi-analytical solutions for 

Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV) curves of porous MIEC 

electrodes [Montella2021]. These solutions have been established by extending the ALS-based 

model for non-linear potential solicitations and by neglecting the Ohmic losses in the electrolyte. 

However, to the best of our knowledge, no numerical tools exist up to now for the simulation of 

the results recorded by using this electrochemical technique.  

To conclude, it appears that there is still a controversy on the dominant reaction pathway for LSCF 

and LSCF-CGO electrodes. Indeed, a full validation of the elementary model simultaneously 

applied to both the LSCF and LSCF-CGO porous electrodes is still missing with the knowledge of 

the microstructural properties and a set of relevant electrochemical characterizations. In this last 

frame, Cyclic Voltammetry can be regarded as a supplementary investigation technique whose 

implementation in the modelling tool may bring additional insights on the electrode reaction 

mechanism.  

 

      1.2.3 Main degradation phenomena 

The degradation is defined as the loss in performances of a device over time. The high operating 

temperature of a SOC leads to many degradation phenomena that can imply the single cell 

component, the chemical reactivity between different layers or the contact with external 

components [Moçoteguy2013, Reisert2018, Wang2020]: 

(i) Interdiffusion or formation of secondary phases, 

(ii) Delamination of the oxygen electrode at the electrolyte interface, 

(iii) Intergranular pores formation at the electrode/electrolyte interface, 

(iv) Contamination by impurities, 

(v) Microstructural evolutions such as agglomeration or migration, 

(vi) Corrosion/oxidation of metal components, 

(vii) Mechanical failures. 

These degradation processes can result to an augmentation of the series resistance 𝑅𝑠, as for 

instance in the case of formation of voids at the interface with the electrolyte [Moçoteguy2013], 
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and/or to an increase in the polarization resistance 𝑅𝑝𝑜𝑙, as in the case of poisoning of the electrode 

[Mehran2018]. Other phenomena can cause the deformation of the cell components due to 

mechanical effects [Nakajo2012]. Considering Ni-YSZ and the LSCF/LSCF-CGO as most 

common hydrogen and oxygen electrodes for SOCs applications, two degradation mechanisms are 

classified as the most detrimental in the literature: Ni agglomeration and migration in the cermet 

for the H2 electrode and LSCF demixing for the O2 electrodes.  

The main problematic related to the cermet electrode is its microstructural evolution over time that 

yields both the Ni coarsening and the Ni migration in the electrode volume implying mass transport 

processes [Khan2020, Moçoteguy2013, Monaco2019]. This results in a decrease of the TPBls that 

deteriorates the global cell performances since TPBls are the hydrogen electrode active sites.  

The Ni coarsening consists in the increase of the mean Ni particle dimension (Fig. I-7) 

[Hubert2018]. This process is strongly thermally activated since it is based on a sintering 

mechanism. However, thanks to the YSZ backbone that limits the massive Ni coarsening, the 

process tends to stabilize for long-term operations [Monaco2019]. As an illustration, Hubert et al. 

[Hubert2018] have shown that Ni agglomeration causes 30 % or 25 % of performance loss of a cell 

at 850 °C over the first 2000 h of operation in SOFC and SOEC modes, respectively, indicating 

that the Ni coarsening is likely to be independent on the operating mode (Fig. I-8) [Trini2020]. The 

mass transport in Ni-YSZ seems to be favored through the surface diffusion of Ni particle or 

Ni(OH)x species [Gao2014], but gas phase transport of Ni(OH)2 species or by solid-state diffusion 

of vacancies is considered as possible [Hauch2011, Kröll2017]. Since the hydroxides plays a key 

role in the Ni transport, the water content influences substantially the Ni agglomeration mechanism 

[Lee2014, Khan2020]. As an illustration, Khan et al. [Khan2020] have observed a significant 

increase of the polarization resistance of two anode-supported flat-tubular cells at 800 °C in SOFC 

mode for a current density of 700 mA·cm-2 and 1000 mA·cm-2, respectively. Conversely, a 

negligible performance loss has been recorded for the cells operating at lower current densities. 

According to the authors, this behavior was supposed to be due to a decrease of the TPBls in the 

anode functional layer related the major water content produced at the highest current densities.  

The agglomeration mechanism is usually described by the classical power-law coarsening model 

that mimics the sintering of two particles [Khan2018, Kröll2017].  Recently, it has been shown that 

the modeling approach can be used to accurately simulate the Ni agglomeration in the complex 
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cermet 3-D microstructure, since the process is based on the minimization of the Ni/gas surface 

energy [Trini2021]. 

 

 

Fig. I-7 Evolution of the Ni coarsening on a cermet anode operated at 1050 °C as a function of 

time [Chen-Wiegart2016]. 

In parallel with the Ni coarsening, the Ni migration is the second process that affects strongly the 

degradation of the hydrogen electrode. It represents the change of the Ni distribution in the volume 

of the electrode due to the removal of Ni particles from the electrode/electrolyte interface in the 

SOEC mode [Hauch2008] and a potential Ni enrichment in the SOFC mode. However, conversely 

to the Ni agglomeration, the Ni migration is mainly activated in the SOEC mode [Lay-

Grindler2014, Monaco2019, Trini2020]. For instance, Trini et al. [Trini2020] have observed the 

agglomeration in the cermet functional layer for two identical cells tested at 800 °C for 1000 h in 

SOFC and SOEC modes, respectively, while the Ni migration was detected only for the cell 

operated in SOEC mode (Fig. I-8).  
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Fig. I-8 3D reconstructions of the rendering sub-volumes of a pristine cell (a), a cell operated 

in SOFC mode (b) and a cell operated in SOEC mode (c) at 800 °C during 1000 h each (Ni is 

red, YSZ is grey and the pores are transparent). By a pure visual inspection, it can be seen that 

the Ni microstructural evolution is higher for the cell operated in SOEC mode respect with the 

cell operated in SOFC mode [Trini2020]. 

Some authors have proposed that local cathodic overpotentials could drive this process in the 

hydrogen electrode [Mogensen2017, Monaco2019, Rinaldi2019]. Monaco et al. [Monaco2019] 

have suggested that an accumulation of oxygen vacancies at the interface Ni/YSZ under cathodic 

polarization could be the driving force of the Ni migration (Fig. I-9). Rinaldi et al. [Rinaldi2019] 

have related this behavior to a decrease of the Ni wettability on YSZ particles. However, this 

degradation mechanism is still unclear and remains a subject of investigation.  
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Fig. I-9 Proposed reaction mechanism for Ni depletion: in SOEC mode the overpotential at the 

interface Ni/YSZ (z = 0) becomes negative (a). This behavior is followed by an increase of 

oxygen vacancies (b) that could lead to the detachment of the Ni particles on the YSZ 

backbone in SOEC mode (c) [Ph.D. thesis Federico Monaco 2020]. 

Finally, it has been demonstrated that the initial microstructural parameters of the cermet Ni-YSZ 

play a key role on both the migration processes of nickel [Monaco2019]. As an illustration, a much 

higher degradation has been observed for an electrode with a coarse microstructure with respect to 

an electrode with initial fine particles size in SOEC mode [Monaco2019].  

 

 

Nowadays, it is widely recognized that a significant part of the overall cell degradation originates 

from the oxygen electrode [Frey2018, Tietz2006]. Conversely to the cermet Ni-YSZ, post-test 

characterizations have shown that the LSCF microstructure remains stable in operation with only 

negligible evolutions [Lay-Grindler2013a, Shimura2019, Wang2016]. Indeed, LSCF-based 

electrodes suffer from degradation processes mostly related to the chemical reactivity of LSCF or 

to the diffusion of species from the perovskite lattice. Among all the underlying mechanisms that 

can affect the oxygen electrode stability, the LSCF demixing is considered as one of the most 
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detrimental [Laurencin2017]. It consists in the migration and segregation of strontium dopant 

cations SrLa
'

 from the perovskite lattice resulting in the formation of a SrO strontium oxide film at 

the LSCF surface. As SrO is an insulating phase, it blocks the oxygen exchange with the gas phase 

[Ding2013, Kim2019a, Pan2015b, Wang2018]. Wang et al. [Wang2018] have shown that the 

global exchange kinetic constant 𝑘𝑐ℎ𝑒𝑚 for La0.6Sr0.4Co0.2Fe0.8O3-δ is decreased by an order of 

magnitude after ageing between 700 °C and 800 °C in SOFC mode. Kim et al. [Kim2019a] have 

also reported a significant degradation rate of 𝑘𝑐ℎ𝑒𝑚 (86 %) for La0.6Sr0.4Co0.2Fe0.8O3-δ after an 

isothermal ageing at 800 °C for 800 h at OCP which was related to the strontium segregation on 

the LSCF surface. The estimated coverage of Sr segregation was estimated to be only around           

15 %. Accordingly, the authors suggest that the strontium deficiency at the clean surface region 

more dominantly impacts the degradation process than the precipitation of SrO [Kim2019a]. 

Moreover, the oxygen chemical diffusivity (or ionic conductivity) of LSCF is decreased by the 

strontium loss in the volume but after operation for a few hundred hours at OCP [Ascolani-

Yael2020, Fan2011, Kim2019a, Lay-Grindler2013a]. Indeed, strontium segregation was observed 

in La0.6Sr0.4Co0.2Fe0.8O3-δ pellets that underwent a thermal anneal at 800 °C for 8 h in pure O2 or 

ambient air [Niania2020]. But the authors claim that the oxygen transport properties remain 

unchanged in the compositional altered region where large changes in the A-site cation 

composition were detected. All these phenomena are expected to cause the degradation of the 

electrode performances even if their impact on the electrode response remains unclear. In this 

context, the exact role of the operating conditions (e.g. temperature, electrode polarization, 

duration) on the demixing mechanism is still under investigation. For instance, the formation of 

SrO is an increasing function of the temperature and the oxygen partial pressure [Oh2012]. 

Between 650 °C and 750 °C, the degradation of the polarization resistance of a LSCF electrode 

was found to increase with the current density in both SOFC and SOEC modes [Lu2019] and with 

time for temperatures above 650 °C [Wang2018]. Nevertheless, there are conflicting results on the 

effects of anodic versus cathodic polarization [Li2017] while keeping in mind that some operating 

conditions differ. Some studies have shown that a cathodic polarization facilitates the strontium 

segregation in LSCF-based electrodes [He2018, Matsui2019, Sun2021, Wang2014a] but other 

results suggest that operating in SOFC mode suppresses the strontium surface segregation 

[Finsterbusch2019, Liu2019]. 
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It has been shown that the rate of the phase decomposition is strongly accelerated in SOEC mode 

[Laurencin2017]. Frey et al. [Frey2018] have shown that the demixing of the 

La0.58Sr0.4Co0.2Fe0.8O3-δ material is enhanced for a stack in SOEC mode compared to stacks in 

SOFC mode (Fig. I-10). In this frame, Laurencin et al. [Laurencin2017] have proposed that the 

depletion of oxygen vacancies within La0.6Sr0.4Co0.2Fe0.8O3-δ under anodic current drive the 

strontium segregation and the formation of SrO. It is worth noting that the accumulation of oxygen 

vacancies at the electrolyte surface close to the oxygen electrode has been recently invoked to 

explain the significant strontium segregation at the surface of La0.6Sr0.4Co0.2Fe0.8O3-δ in SOFC 

mode [Na2018]. An accelerated migration of strontium under a constant anodic polarization was 

also evidenced for a (La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ - CGO composite electrode [Kim2021] suggesting 

that operating in SOEC mode facilitates the strontium accumulation [Finsterbusch2019, Pan2018]. 

According to Kim et al. [Kim2021], the driving force for the formation of strontium oxide increases 

under anodic polarization. At the opposite side, some reports indicate that an anodic current can 

improve the performance or mitigate the degradation of LSCF electrodes by suppressing strontium 

segregation and migration to the electrode/electrolyte interface [N2018, He2018, Pan2015b, 2016]. 

But it is worth mentioning that these last studies were performed without any CGO barrier layer. 

Accordingly, the chemical reactivity between YSZ and LSCF certainly interferes with the recorded 

results [Yang2021].  

Besides, some authors [Ascolani-Yael2020, Bucher2011, Laurencin2017] have detected an 

increase in LSCF decomposition with the presence of steam in the O2 side. Indeed, LSCF shows a 

relatively poor tolerance to H2O even for long term operation in SOFC mode [Liu2011]. The 

strontium segregation rate was found to be significantly increased in the presence of H2O as 

compared to dry pure O2 and ambient air at OCP [Niania2020]. A decrease by a factor of 10 of the 

oxygen exchange kinetic constant was recorded for after 1000 h at 600 °C in a humidified 

atmosphere at OCP [Bucher2011]. 
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Fig. I-10 SEM cross-sections showing the zirconates for the cell operated in SOEC mode 

before (a) and after image segmentation (b). The amount of secondary phases (zirconates) 

measured at the CGO/YSZ interface has been plotted as a function of the operating time (c). 

This Sr-rich phase is detected mostly in SOEC mode, while the increase in SOFC mode is 

negligible. [Laurencin2017]. 

The LSCF demixing is usually completed by the formation of strontium zirconates SrZrO3  at the 

interface between the CGO barrier layer and the YSZ electrolyte [De Vero2018, Frey2018, 

Laurencin2017, Rinaldi2017, The2015]. Since this secondary phase is also insulating, the 
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formation of this additional phase yields an increase the cell Ohmic resistance [Oh2012, 

Rinaldi2017, The2015]. It is worth mentioning that some authors have also detected the formation 

of SrZrO3 during the cell manufacturing due to the high temperature of the electrode sintering 

[Kiebach2015, Sanchez2017, Villanova2019, The2015]. Moreover, the deposit of SrZrO3 is likely 

to be accelerated in SOEC mode [Laurencin2017]. Kiebach et al. [Kiebach2015] found comparable 

amount of Sr enriched zones at the CGO/YSZ interface for a pristine cell and a cell operated in 

SOFC mode, suggesting that the formation of ziconates is not aggravated under cathodic 

polarization.  

Finally, the initial LSCF and LSCF-CGO microstructural parameters can also affect the electrode 

degradation reducing consistently the formation of Sr-rich phases. On the one hand, Kim et al. 

[Kim2021] have shown that tailoring of a (La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ -CGO composite electrode 

with the addition of graphite particles substantially improves the cell durability in SOEC mode 

thanks to the increased of well-distributed porosities. The authors have supposed that the higher 

surface area and the several pores at the interface LSCF/CGO helps the oxygen diffusion reducing 

the formation of Sr insulating phases. On the other hand, Yang et al. [Yang2021] have detected an 

improvement of the LSCF performances over time at OCP with the addition a compressive load in 

operation. The post-characterization analysis showed the suppression of the SrO layer at the top of 

the electrode during long-term tests may due to the slower Sr diffusion in the bulk. 

To conclude, one can be stated from this overview that the roles of the operating mode and of the 

steam content on the degradation of LSCF-based electrodes remain still unclear. For this reason, a 

deep comprehension of the LSCF demixing is of fundamental importance in order to limit the 

degradation of the oxygen electrode.  

 

   1.2.3.1 LSCF demixing: study of the reaction mechanism  

The demixing is a universal process concerning the LSCF electrodes operating at high temperatures 

regardless their microstructure or morphology. For this reason, many studies have been devoted to 

the understanding of the corresponding reaction mechanism [Heide2002, Laurencin2017, Oh2012, 

The2015,]. Although the operating conditions and the microstructural parameters differ depending 

on the literature reports, the electric field seems not be the dominant factor on the LSCF demixing 

[De Vero2018, Matsui 2019, Laurencin2017]. Indeed, according to Wang et al. [Wang2014a] the 
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direction of the electric field in SOFC mode should help the SrZrO3 formation by accelerating the 

cations diffusion towards the oxygen electrode and slow down the reactivity in SOEC mode. This 

statement is in contradiction with the results of Laurencin et al. [Laurencin 2017]. Indeed, the 

driving force of this mechanism is usually associated to the variation of oxygen partial pressure or 

of the oxygen vacancies concentration in the perovskite material. As above mentioned, Oh et al. 

[Oh2012] have reported that the formation of SrO increases with the temperature and oxygen 

partial pressure. A defect chemistry model was thus proposed based on the observed phenomena: 

since SrO is thermodynamically stable [Königstein1998] and without taking into account the 

possible Cobalt segregation at the LSCF surface [Liu2019, Sun2021] or the change in the Co 

oxidation state as a charge compensation for the strontium loss from the perovskite volume [Lay-

Grindler2013b], the formation of strontium precipitates can be written [Oh2012]: 

𝑆𝑟𝐿𝑎
/
+
1

2
𝑂2(𝑔𝑎𝑠) → 𝑆𝑟𝑂𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑉𝐿𝑎

///
+ 2ℎ• 

(11) 

If one considers the mixed valence of Cobalt ions, Eq. (11) can be written as [Laurencin2017]: 

𝑆𝑟𝐿𝑎
/
+
1

2
𝑂2(𝑔𝑎𝑠) + 2 𝐶𝑂𝐶𝑜

𝑥 → 𝑆𝑟𝑂𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑉𝐿𝑎
///
+ 2 𝐶𝑜𝐶𝑜

•  
(12) 

Because of the low variation of the local oxygen pressure in thin porous electrodes between SOFC 

and SOEC modes, reactions (11) and (12) cannot explain the higher degradation rate of 

La0.6Sr0.4Co0.2Fe0.8O3-δ under anodic currents [Laurencin2017]. 

Therefore, my research group have proposed an alternative demixing mechanism that could explain 

the potential role of both the anodic polarization and steam content in aggravating the strontium 

precipitation and the formation of zirconates [Laurencin2017]. From the simulations of an inner 

house micro-scale model, the concentration of oxygen vacancies was found to depend on the 

electrode polarization. Indeed, a deep increase of oxygen ions has been retrieved in SOEC mode at 

the interface between the LSCF electrode and the electrolyte. Therefore, it has been suggested that 

the high oxygen content in LSCF under anodic polarization could accelerate the demixing and the 

SrO formation according [Laurencin2017]:  

𝑆𝑟𝐿𝑎
/
+ 𝑂𝑂

𝑥 → 𝑆𝑟𝑂𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑉𝐿𝑎
///
+ 𝑉𝑂

•• (13) 
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At high temperatures, the presence of water molecules in the gas phase promotes the formation of 

secondary phases like SrO [Kim2019b]. Water molecules can react with the segregated SrO to 

form volatile Sr(OH)2 in the electrode porosity [Kivi2017] according to the following reaction 

[Laurencin2017]: 

𝑆𝑟𝑂𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝐻2𝑂(𝑔𝑎𝑠) → 𝑆𝑟(𝑂𝐻)2(𝑔𝑎𝑠) (14) 

Thanks to a gas phase transport, the strontium hydroxide can thus react with zirconium cations at 

the electrolyte interface to form the zirconates in the porosity of the barrier layer at the electrolyte 

interface as shown in Fig. I-10a [Laurencin2017]: 

𝑆𝑟(𝑂𝐻)2(𝑔𝑎𝑠) + 𝑍𝑟𝑍𝑟
𝑥 (𝑌𝑆𝑍) + 2𝑂𝑂

𝑥(𝑌𝑆𝑍)

→ 𝑆𝑟𝑍𝑟𝑂3 + 𝐻2𝑂(𝑔𝑎𝑠) + 2𝑉𝑂
••(𝑌𝑆𝑍) + 𝑉𝑍𝑟

////
 

(15) 

This second part of the mechanism could explain the higher electrode degradation in presence of 

water. Nevertheless, it has been pointed out that supplementary experimental evidences are needed 

in order to validate the proposed degradation mechanism, especially for the role of the steam in the 

LSCF demixing.  

 

1.3 Objectives and Methodology  

In the current context of the global energetic change, SOC appears as a valuable candidate for a 

clean storage and production of energy. However, its high components degradation remains the 

bottleneck for the spread of this technology on the market place. Especially, the LSCF demixing 

appears as one of the most detrimental phenomena affecting the global cell performances and 

shortening the cell life time. Moreover, the reaction mechanism related to this kind of electrode is 

not fully understood yet.   

In this frame, the present thesis aims a better comprehension of the oxygen electrode reaction 

mechanism and degradation phenomena. In particular, the work is focused on the modelling of the 

LSCF and LSCF-CGO reaction mechanisms with a special attention on the study of the LSCF 

decomposition. In order to reach this knowledge, a trifold methodology has been implemented (Fig. 

I-11): modelling, experiments and post-test characterizations. Indeed, to collect the data for the 

model validation, electrochemical characterizations (i-V curves, EIS and CV curves) have been 
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performed at the electrode level using symmetrical cells tested in a three-electrode set-up. The 

microstructural properties of studied electrodes have been extracted from their 3D electrodes 

reconstructions obtained through Focused Ion Beam Scanning Electron Microscope (FIB-SEM) 

tomography and subsequently implemented in the model as input parameters. The comparison 

between the measurements and the simulations have allowed the model validation.  

As experimental evidences in support of the proposed LSCF degradation mechanism, one LSCF 

symmetrical cell has been tested over 1000 h with the working and counter electrodes operated in 

SOEC and SOFC modes, respectively. Post-test characterizations have been carried out on the 

tested electrodes and on a pristine cell through x-ray diffraction to observe the effect of the LSCF 

demixing on the electrode microstructure over operating time (collaboration with Federico 

Monaco). In parallel, long-term tests have been performed on complete cells with a LSCF oxygen 

electrode under both dry and humid air to verify the aggravated impact of the water on the O2 

electrode decomposition. 

To conclude, the validated model has been used to study the electrode reaction mechanism and the 

impact of the LSCF demixing on the electrode response. 
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Fig. I-11 Schematic representation of the trifold methodology: (i) electrochemical 

characterizations at the electrode and complete cell levels, (ii) microstructural reconstructions 

and post-test characterizations of the samples and (iii) use of modeling tool to study the 

electrode response. 
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Chapter II. Experimental results 

Any validation of an electrode reaction model requires to collect accurate and unambiguous 

experimental data. Thus, two campaigns of electrochemical characterizations have been carried out 

on symmetrical cells tested in a three-electrode set-up for validation of the hydrogen and oxygen 

electrodes models by using a three-electrode configuration. The first campaign was performed on 

Ni-3YSZ hydrogen electrode as part of a collaboration with Federico Monaco [Monaco Thesis 

2020]. A special effort has been paid to optimize the current collecting, the tightness of the cell 

housing and the production of a stable steam flow to feed the cell. Thus, the effect of the water 

content on the electrode response could have been studied for a wide range of steam partial 

pressure.  

The second set of characterizations has been performed on both LSCF and LSCF-CGO oxygen 

electrodes. In complementarity with polarization curves and EIS at OCP and under polarization, 

the effect of the oxygen partial pressure has also been investigated. Moreover, CV curves have 

been recorded at different operating temperatures and imposed scan rates.  

The last part of the chapter is devoted to the long-term tests of single oxygen electrodes in SOEC 

and SOFC modes together with the corresponding post-test characterizations through micro X-ray 

diffraction using a synchrotron beamline at the Paul Scherrer Institute (PSI). Finally, the durability 

of two complete cells with a LSCF oxygen electrode has been investigated as a function of the 

steam content in the air flow at the anode side. All these results have been used as experimental 

support to investigate the mechanism of LSCF demixing. 

 

2.1 Symmetrical cells testing for model validation 

      2.1.1 Introduction 

   2.1.1.1 Three-electrode configuration 

The availability of an in-situ diagnostic tool to identify the rate limiting processes in solid oxide 

cells is of prime importance. The most common way to separate the contributions of the two 

electrodes of the total cell voltage is to use a reference electrode (RE). However, it has to be 

mentioned that the positioning of the electrodes is problematic for our cell configuration at high 

operating temperature. 
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The symmetry of the Working Electrode (WE) and the Counter Electrode (CE) positions is one of 

the key factors to determine the reliability of the three-electrode configuration in the case of a 

planar cell geometry. Indeed, even a slight dissymmetry between the two electrodes can yield 

significant errors on the impedance diagrams [Jiang2017, Jin2020]. It has been demonstrated that 

cells with a symmetric electrode geometry and RE located at the side of WE, as far as possible 

from WE, are suitable for performance evaluation [Adler2000, Rutman2008]. Accordingly, a 

special attention has been paid during the manufacturing of the tested cells to position both WE 

and CE (thickness = 35 µm, diameter = 11.3 mm) at the center of the electrolyte disk (thickness = 

260 µm, diameter = 25 mm) (Fig. II-1). A platinum wire was used as RE and was placed at the 

periphery of the cell. The wire was glued with platinum ink (Metalor, ink 6082) dried at 100 °C 

and annealed at 800 °C (during the heating up of the cell for testing). For both hydrogen and oxygen 

electrodes, the symmetrical cell is composed of a thick electrolyte disk to ensure that RE probes 

accurate equipotential surfaces [Cimenti2007, Jiang2004]. It has to be specified that the electrolyte 

disk was sandwiched between two porous identical electrodes to avoid any dispersion of the 

measured impedance which may originate from the different electrode kinetics of WE and CE 

[Adler2002]. All these conditions have permitted to fulfill the geometrical rules of an accurate 

three-electrode configuration to ensure the reliability of the measurements [Jiang2017, 

Rutman2008]. 
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Fig. II-1 Schematic representation of the three-electrode cell (a) and of the alumina housing 

for tests in symmetrical configuration (b). Coarse grids in Ni or Au and fine grids in Ni or 

Pt for the hydrogen and oxygen electrodes, respectively.  

As shown in Fig. II-1a, a perfect superposition has been found between the polarization curves 

recorded for a symmetrical cell with Ni-3YSZ cermet electrodes. Moreover, the impedance 

diagrams recorded for WE and CE (versus RE) are perfectly overlapped and the sum of these 

impedance diagrams corresponds to the one measured for the complete cell (between WE and CE) 

for both hydrogen and oxygen electrodes (Fig. II-1b and Fig. II-1c). This ensures that the 

impedance of RE is sufficiently small in such way that it does not affect the results. [Hsieh1996]. 

Therefore, it can be claimed that the positioning of RE was valid and that the reliability of the cell 

configuration was demonstrated for both hydrogen and oxygen electrodes [Pan2015b]. 
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Fig.II-2 Illustration of the validity of the measurements in the three-electrode setup (with 

𝑷𝑯𝟐/𝑷𝑯𝟐𝑶 = 50/50 and T = 700 ºC): i-V curves recorded for the WE and the CE vs the RE (a) 

and EIS diagrams at OCP recorded for the two electrodes and the complete symmetric cell (b), 

Experimental impedance diagrams at 700 °C at OCP for the WE-RE (red dots) and CE-RE 

(green dots), respectively, of the LSCF symmetrical cell (c). 

 

   2.1.1.2 Current collecting 

The electrical contacts between an electrode and the interconnect material are identified as ones of 

the most important factors determining the performance loss since a continuous conduction path 

between two rigid components is extremely difficult to obtain [Shen2020, Zhu2017]. At a 

laboratory scale approach, a simple and effective way to form the electrode-interconnect contacts 
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is to incorporate metal grids or to deposit metallic layers because of their good electronic 

conductivity. Indeed, on the one hand, a paste layer can be easily deposited on the electrode 

material and the contact area can be accurately determined, while, on the other hand, a grid can 

mimic an interconnect material for the electrical contact and the gas feeding. In this procedure, it 

has to be considered that the contact area is one of the key parameters determining the good 

functionality of a current collector [Jiang2003a, Simner2005, Seo2018]. 

However, the metal structure can affect the current collecting efficiency and thus impact the 

performances. At the same time, adding metal pastes must be avoided because a metal particle 

diffusion through the electrode volume may affect the electrode resistance [Gao2017, 

Guillodo2000, Shin2013]. 

Concerning the metal grids, the mesh size influences the performance. Both Ohmic and electrode 

resistances decrease with the grid size, indicating an enhanced current collection by improving the 

charge drainage in the perovskite electrode volume [Noh2013]. The contact resistance between the 

current collector and the electrode can be improved by mechanical loading [Jiang2003b], or by 

increasing the operating temperature [Wang2014b]. Moreover, it has been observed that the 

electrochemical measurements are also sensitive to the chemical nature of the metal [Chervin2005, 

Guo2012, Rolle2012].  

For a given cell geometry, the thickness and the microstructure of the current collector influence 

the gas transport and the charge transfer [Su2016]. A more homogeneous gas concentration at the 

electrode surface can be obtained with a thick porous current collector since it yields an extension 

of the active area in the electrode layer [Lin2003]. Accordingly, a coarse grid will provide an 

adequate gas distribution at the electrode surface [Canavar2015]. Nevertheless, larger current 

collector spacings, as well as thinner films, enhance deactivation of the electrode volume far from 

the current collector. Indeed, the resistance of an electrode can be several times its ideal value if 

the ratio of the current collector spacing to the electrode thickness increases [Lynch2010]. Thus, a 

fine metal grid can be inserted between a thick coarse grid and the electrode material to obtain the 

most homogeneous potential distribution within the electrode volume. 

For this reason, a stack of grids with a coarse mesh (100 mesh·cm-2; thickness = 1 mm) has been 

used as current collectors during the experiments. Nickel and Gold grids were used for the 

hydrogen and the oxygen electrodes, respectively. And a finer grid (3600 mesh·cm-2) of surface 
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equal to that of the electrodes has been put in contact with the electrodes surface (Nickel for the 

hydrogen electrode and Platinum for the oxygen electrode) to ensure the good equipotentiality (Fig. 

II-1a). 

 

      2.1.2 Hydrogen electrode 

   2.1.2.1 Studied cell 

The symmetrical cell is composed of a thick 8YSZ electrolyte (≈ 300 µm) sandwiched between 

two porous electrodes made of a Ni-3YSZ cermet. The WE and CE present a diameter of 11.3 mm 

for a surface area of 1 cm2 (Fig. II-1a). The two electrodes have been screen-printed on the two 

sides of the solid membrane (disk with a diameter of 25 mm) and sintered under air above            

1300 °C. Two Ni wires welded on the grids on each side of the cell were used to collect the current 

and to measure the voltage for the two electrodes (Fig. II-1a).  

 

   2.1.2.2 Experimental set-up  

The tests have been conducted in a specific ceramic holder (Fig. II-1b) in which a mixture of H2 

and H2O have been supplied with a well-controlled composition. The entire set-up was made of 

alumina to prevent from any contamination of the cell components under operation. A particular 

attention has been paid to ensure the gas tightness of the alumina cell housing to properly control 

the gas supplying the cell and recover the gas produced and non-consumed at the outlet. In addition, 

a specific solution has been chosen to generate a stable gas humidification even at high steam 

partial pressure in order to investigate a wide range of gas compositions. For this purpose, a system 

coupling a vapor mass flow meter (Brooks® 5850S) and a homemade steam generator has been 

installed and validated (Fig. II-3). The stability of the steam supply has been obtained in operation 

as shown by a very low noise voltage measurement and by the hygrometer located measured at the 

outlet of the cell chamber (Vaisala HMT330) (Fig. II-3). A second gas flowmeter was used for 

hydrogen, and the two fluxes (H2 and H2O) were mixed in the inlet pipe before entering the 

chamber (Fig. II-3). Moreover, a gas condenser has been added in series to collect the water (Fig. 

II-3). It is worth mentioning that all the tubes from the inlet to the outlet of the set-up were kept at 

≈ 130 ºC to avoid any condensation of steam. In this bench, a pressure of 1 kg·cm-² has been applied 
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on the cell to minimize the contact resistance between the electrodes and the grids (Fig. II-1b). This 

experimental set-up was placed in a furnace for which the temperature changes were applied using 

a slow heating rate of 1 ºC·min-1 to avoid any mechanical damage in the cell (Fig. II-b). It is worth 

noting that the setup was designed with the total volume of the gas chamber limited to ≈ 50 cm3 

while all the measurements were performed with a high inlet flow rate of reactants (1 – 6 NL·h-1). 

These conditions were chosen to limit the concentration overpotentials. A thermocouple was 

positioned to the cell to monitor the temperature. 

  

Fig. II-3 Schema of the test bench for the testing of cermet symmetrical cell. The experimental 

set-up includes the steam generator, the gas supply system and a hygrometric probe for the 

analysis of the steam content in series. Finally, a condenser has been placed after the outlet of 

the cell to collect the water, while the wasted gases have been sent to the vents. 

 

   2.1.2.3 Testing conditions  

Firstly, the tested cell was fed with pure H2 at 800 °C for a sufficient time (≈ 24 h) to guarantee the 

reduction of nickel oxide into pure nickel. The operating temperature was decreased and 

maintained at the reference temperature of 700 ºC for the whole duration of the experiments. In the 

first part of the characterization, the electrodes were tested under three reference gas compositions: 

𝑃𝐻2/𝑃𝐻2𝑂 = 25/75, 50/50 and 75/25. For each composition, the polarization curves measured 

between the electrodes and the reference one (WE/CE vs RE = Emeas (V/ref)) were recorded in a 
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potentiostatic mode between + 0.2 V and - 0.2 V with a step of 2 mV·s-1. Besides, the impedance 

spectra at OCP have been measured in a galvanostatic mode between 0.1 Hz and 106 Hz using a 

sinusoidal perturbation (iac) of +/- 5 mA·cm-2. From the EIS data, the series resistance and the 

polarization resistance have been obtained considering the intercepts of the diagram with the real 

axis at high frequency (𝑅𝑠) and at low frequency (𝑅𝑡𝑜𝑡 = 𝑅𝑠 + 𝑅𝑝𝑜𝑙), respectively. The 

overpotential of the WE at each current density (i-η curve) has been determined by subtracting the 

series contribution (= 𝑅𝑠 ∙ 𝑖) to the overall voltage drop (i-V curve) (i.e. 𝜂(𝑉 𝑅𝑒𝑓⁄ ) =

(𝐸𝑊𝐸 
𝑚𝑒𝑎𝑠(𝑉/𝑅𝑒𝑓) − 𝑅𝑠 ∙ 𝑖) − 𝐸𝑊𝐸

𝑒𝑞 (𝑉 𝑅𝑒𝑓⁄ )).  

The effect of the hydrogen and steam partial pressures on the impedance response of the electrodes 

at OCP has been studied in a large range of gas compositions: 𝑃𝐻2/𝑃𝐻2𝑂= 20/80, 30/70, 40/60, 

50/50, 60/40, 70/30 and 80/20 maintaining the water flow constant. All the measurements have 

been performed with an Autolab potentiostat/ frequency response analyzer (PGSTAT302N/FRA2). 

For the sake of clarity, the series resistance 𝑅𝑠 (corresponding to the resistive contribution of the 

YSZ pellet and the contact resistances) has been subtracted for all impedance diagrams. 

 

               2.1.2.4 Electrochemical characterizations  

The polarization curves have been recorded for different steam partial pressures (𝑃𝐻2/𝑃𝐻2𝑂  = 

50/50, 25/75 and 75/25) and they are provided in Fig. II-4a and II-4b. A strong dissymmetry in 

shape was detected for the i-η curves since a limiting current density was evidenced in SOEC mode 

(cathodic polarizations) while a potential-activated response was recorded in SOFC mode (anodic 

polarizations).  This dissymmetry was still observed when varying the steam content regardless of 

the operating mode (Fig. II-4b). It suggests that the global reaction pathway could be modified 

when changing the operating mode from cathodic to anodic polarizations [Chen2016b, Dasari2013, 

Pan2015a].  

At 700 °C, the performance of the studied Ni-3YSZ cermet increases with the steam partial pressure 

in both operating modes. Pan et al. [Pan2015a] have also reported that a Ni-8YSZ hydrogen 

electrode behaved better in SOEC mode by increasing the steam content for electrode potentials 

higher than -0.1 V at 800 °C, while no significant improvement was detected in SOFC mode. It 

can be noticed that this enhancement is more pronounced under cathodic polarization, indicating 
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that the interaction of steam with the electrode surface played a significant role on the kinetic 

limitation of the steam reduction process. This result further suggests that the polarization process 

is different in SOEC and SOFC modes. 

 

 

Fig. II-4 Experimental results at 700 ºC: experimental i-η curves with 𝑷𝑯𝟐/𝑷𝑯𝟐𝑶= 50/50 (a) and 

experimental i-η curves with 𝑷𝑯𝟐/𝑷𝑯𝟐𝑶 = 25/75 and 𝑷𝑯𝟐/𝑷𝑯𝟐𝑶 = 75/25, respectively (b). 

Experimental Nyquist plot (c) and Bode plot (d) of the EIS diagrams at OCP measured at 

different 𝑷𝑯𝟐/𝑷𝑯𝟐𝑶 (20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20 maintaining the water flow 

constant). 

 

It can be noticed that impedance data are not perturbed by noise at low frequencies confirming the 

stability of the steam flow and, thus, the reliability of the experimental set-up (Fig.II-4a and Fig. 

II-4b).  At OCP, the electrode impedance response can be identified to a Finite-Length Gerischer 
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(FLG) impedance (Fig. II-4c), in agreement with previous reports [Boukamp2006, 

Athanasiou2020]. A Gerischer element is generally used for fitting EIS data of MIEC electrodes 

and is characteristic of competing chemical and electrochemical processes. Without emphasizing 

on the electrode reaction mechanism, one can ensure that an oxygen transport step is involved as 

indicated by the high frequency straight line at 45 ° from the real axis in the Nyquist plane. 

Accordingly, one can consider an extension of the electrode reaction within the cermet volume 

[Nielsen2011]. As could be expected from the polarization curves, the polarization resistance at 

OCP decreased when increasing the steam content in the gas phase (Fig. II-4c). It is worth 

mentioning that the characteristic frequency peak decreases by only a factor of 2, suggesting that 

the electrode reaction mechanism remained nearly identical in the chosen experimental conditions 

(Fig. II-4d). 

Since the polarization resistance depends on the ratio of the hydrogen partial pressure to the steam 

one, 𝑅𝑝𝑜𝑙 at OCP has been classically expressed according to Eq. (15) [Luo2017]: 

𝑅𝑝𝑜𝑙 = 𝐴 ∙ 𝑝𝐻2
−𝛼 ∙ 𝑝𝐻2𝑂

−𝛽 
(15) 

where 𝐴 is a proportionality factor and the exponents 𝛼 and 𝛽 are the reaction orders with respect 

to H2 and H2O, respectively.  

A least-square algorithm has been used to fit the exponents 𝛼 and 𝛽 for all tested compositions. A 

single solution for the two exponents has been found for all the experimental data in the 

investigated range of gas compositions. Single values (𝛼 = 0.035 and 𝛽 = 0.38) for the reaction 

orders have been determined. This means that the reaction pathway is controlled by one single 

reaction mechanism at OCP whatever the steam content in the gas phase. As 𝛽 is ten times higher 

than 𝛼, the global electrode reaction rate at OCP is clearly influenced by 𝑃𝐻2𝑂 , while the effect of 

𝑃𝐻2is almost negligible. This impact of steam on a FLG-type element for the cermet could be 

attributed to a slow steam adsorption/desorption coupled with surface diffusion up to the TPBls 

[Atangulov1993, Boukamp2011].  

The in-depth interpretation of these experimental results through the use of a micro-modelling tool 

for the hydrogen electrode can be found elsewhere [Monaco2020]. 
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      2.1.3 Oxygen electrode  

   2.1.3.1 Materials and studied cells 

Two symmetrical cells made of La0.6Sr0.4Co0.2Fe0.8O3-δ and La0.6Sr0.4Co0.2Fe0.8O3-δ/Ce0.8Gd0.2O2-δ 

(50/50 wt. %), respectively, were prepared by screen-printing the electrodes (thickness = 35 μm, 

diameter = 12 mm) on both sides of a circular 8YSZ electrolyte (thickness = 260 μm, diameter = 

25 mm). A CGO barrier layer (thickness = 2 μm) was also added by screen-printing between the 

electrodes and the electrolyte to prevent the formation of secondary phases [Uhlenbruck2009]. The 

current and voltage measurements of the two electrodes have been performed by using two Gold 

wires welded on the grids at each side of the cell (Fig. II-1a). 

 

2.1.3.2 Experimental set-up 

It is important to specify that the only difference between the alumina housing of the two test 

benches was related to the gas tightness of the cell chamber which is probably less good for the 

set-up operating under air. A pressure of 0.6 kg·cm-² was applied on the top of the cell chamber in 

order to improve the electrical contact between the grids and electrodes (Fig. II-1b). The supplied 

gas was a synthetic mixture of nitrogen and oxygen, which was introduced in the chamber using 

inlet and outlet pipes as shown in Fig. II-1b (with a total O2 and N2 flow rates of 0.44 Nl·h-1 and 

1.66 Nl·h-1, respectively). According to the design of the chamber, it is roughly estimated that 

around one third of the inlet flux was passing through each electrode (i.e. each electrode was fed 

with an inlet flux of around 𝐹𝑂2
𝑖𝑛𝑙𝑒𝑡 ≈ 0.146 NL·h-1·cm-2 and 𝐹𝑁2

𝑖𝑛𝑙𝑒𝑡 ≈ 0.553 NL·h-1·cm-2, 

respectively).  

 

2.1.3.3 Testing conditions 

Before starting the measurements, the cells were heated at a rate of 1 °C·min-1 up to 800 °C under 

synthetic air (with a total O2 and N2 flow rates of 0.44 NL·h-1 and 1.66 NL·h-1, respectively). This 

temperature was maintained for 48 h to anneal the platinum paste and mainly to improve the 

electrical contact between the electrodes and the current collectors. During this period, the cells 

were monitored periodically by EIS until the complete stabilization of the diagrams at OCP. 
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Polarization curves and EIS - The electrochemical measurements were carried out at 750 °C,        

700 °C and finally 650 °C under air, keeping a high oxygen gas flow rate in order to limit as much 

as possible the electrode overpotential due to the gas conversion (𝑃𝑂2= 0.21 atm and 𝐹𝑂2
𝑖𝑛𝑙𝑒𝑡 ≈ 0.146 

NL·h-1·cm-2). At each operating temperature, polarization curves were recorded in a galvanostatic 

mode with a current step of 1 mA·s−1 together with impedance diagrams at OCP. At the reference 

temperature of 700 °C, the experimental dataset was complemented by the acquisition of 

impedance diagrams under anodic (SOEC mode) and cathodic (SOFC mode) dc currents (idc = ± 

50 mA·cm−2) for both studied cells, varying the oxygen partial pressure between 0.1 atm and 1 

atm.  These EIS diagrams were acquired in a frequency range of 10 kHz–0.01 Hz by applying a 

sinusoidal perturbation on the current with an optimized amplitude of | iac | = ± 10 mA·cm−2. For 

the sake of clarity, the series resistance has been subtracted for all impedance diagrams. As above 

mentioned, the electrode polarization curve was obtained by removing the Ohmic losses from the 

recorded voltage measurements.  

Cyclic voltammetry – The electrochemical measurements were carried out at 700 °C and 650 °C 

under 𝑃𝑂2= 0.1 atm. The CV experiments were conducted by imposing, between the WE and RE, 

a triangular potential waveform, as described in Fig. II-5, starting from OCP in the anodic direction, 

with a demi-amplitude of 0.3 V. The scan rate was applied with a potential step of 0.01 V from a 

minimum of 20 mV∙s-1 up to a maximum of 1000 mV∙s-1. Moreover, between each change of scan 

rate, the cell was maintained at OCP for a period of 30 minutes to allow the system returning to 

equilibrium before any subsequent measurement. 

All the measurements were conducted using an Autolab potentiostat/impedance frequency analyzer 

(PGSTAT302N/FRA2). 
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Fig. II-5 Representation of the triangular waveform with a demi-amplitude of = 0.3 V. 

 

 

 

   2.1.3.4 FIB-SEM reconstructions  

The microstructural properties of the studied electrodes were quantified on the 3D reconstructions 

obtained by FIB-SEM tomography reconstruction. They have been subsequently implemented in 

the electrochemical model in order to reduce the number of unknown input parameters.  

The samples were firstly impregnated under vacuum conditions in order to fill the pores with an 

epoxy resin. This enables to minimize the undesirable damage of the specimen, to avoid 

accumulation of gallium ions in the pores during the FIB milling and to improve the contrast 

between the porosity and the solid phases [Vivet2011].  

The serial sectioning and the image acquisition were carried out in a FEG-SEM NVISION 40 from 

Carl ZEISS® microscope. For SEM observations, Energy selective Backscatter (EsB) detector with 

a low acceleration voltage of 1.5 kV was used in order to clearly distinguish the LSCF and CGO 

solid phases in the case of the composite electrode. Then, images with a pixel size of 10 nm were 

captured sequentially with a z-axis slice pitch of 10 nm using a milling current of 1.5 nA. For the 

LSCF electrode, a volume of 22.84 x 21.36 x 22.14 μm3 has been acquired (Fig. II-6a), while for 

the LSCF-CGO electrode the reconstruction exhibited a dimension of 19.87 x 11.15 x 11.15 µm3 

(Fig. II-6b). It has to be specified that the two extracted volumes presented a voxel size of 10 nm. 
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For both reconstructions, the raw images have been segmented according to the procedure 

described in [Villanova2013] before extracting a cubic sub-volume of 10 x 10 x 10 μm3 for the 

analyses. A set of numerical tools thoroughly detailed in [Moussaoui2018, Usseglio-Viretta2014] 

were used to compute all the microstructural required for the simulations. They correspond to the 

interfacial specific surface areas, the mean pores radius, the volume fractions, the tortuosity factors 

of the phases and the density of TPBls for the composite electrode. For what concerns the LSCF 

electrode, the density of TPBls and the LSCF/CGO interfacial specific surface area have been 

measured on a region of interest corresponding to a rectangular volume of 10 x 4 x 10 μm3 taken 

at the CGO barrier layer. 

 

 

Fig. II-6 FIB-SEM reconstruction for the LSCF electrode (a). The tomography includes also 

the CGO barrier layer (in yellow) and few micrometers of the YSZ electrolyte (in brown). 

FIB-SEM reconstruction for the LSCF-CGO electrode (b). 

            

             2.1.3.5 Electrode 3D reconstructions and electrochemical characterizations 

The rendering volumes for the 3D reconstructions after segmentation are shown in Fig. II-6 for the 

two studied electrodes. The LSCF, CGO and YSZ phases appear in blue, yellow and orange, 

respectively. At a first sight, it can be noticed that the microstructures for the two electrodes seem 

well representative of classical SOC electrodes. To confirm this assertion, the microstructural 

(a)
(b)

LSCF
LSCF-CGO
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properties have been computed on the reconstructions and the corresponding data are listed in Tab. 

I. As expected, all the values lie in the range of the properties reported for classical LSCF and 

LSCF/CGO electrodes [He2017, Virkar2000]. The microstructure properties are used as input 

parameters for the model validation. 

Table I Microstructural properties of the LSCF and LSCF-CGO electrodes computed on the FIB-

SEM reconstructions (cf. List of symbols).  

 

Microstructural 

properties 

 

LSCF 

 

LSCF-CGO 

Values Unit Values Unit 

𝜀𝐿𝑆𝐶𝐹  48.7 (%) 30.2 (%) 

𝜀𝑝𝑜𝑟𝑒𝑠 51.3 (%) 43.5 (%) 

𝜀𝐶𝐺𝑂 - - 26.4 (%) 

𝑆𝑝
𝐿𝑆𝐶𝐹/𝐺𝑎𝑠

 3.59 x106   (m-1) 2.20 x106   (m-1) 

𝑆𝑝
𝐿𝑆𝐶𝐹/𝐶𝐺𝑂

 2.08 x10-2 (-) 1.06 x106   (m-1) 

�̅�𝑝𝑜𝑟𝑒𝑠  2.10 x10-7 (m) 1.70 x10-7 (m) 

𝜏𝐿𝑆𝐶𝐹  2.84 (-) 6.89 (-) 

𝜏𝑝𝑜𝑟𝑒𝑠  1.66 (-) 1.78 (-) 

𝜏𝐶𝐺𝑂 - - 13.17 (-) 

𝜉𝑇𝑃𝐵𝑙𝑠  5.57 x105  (m-1) 9.06 x1012  (m-2) 

 

The same campaign of electrochemical characterization has been carried out for both the studied 

electrodes. The corresponding results are presented hereafter firstly for the LSCF electrode and 

after for the LSCF-CGO electrode. 

For the LSCF electrode, the experimental polarization curves recorded under air are shown in Fig. 

II-7a. The electrode overpotential is lowered by increasing temperature as it could be expected 

from a thermal activation of the electrode reaction mechanism for LSCF-based electrodes 
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[Monaco2018, Brito2019, Loureiro2019]. Regardless of the operating mode (SOEC or SOFC), the 

evolution of the current density can be regarded as linear at all temperatures for electrode 

overpotentials below 0.05 V/air. An activation is evidenced for higher electrode overpotentials for 

temperatures up to 700 °C. At 750 °C, the polarization curve is symmetric and linear but it is likely 

to be due to the narrow overpotential range. These results are confirmed by the plot of the 

polarization resistance 𝑅𝑝𝑜𝑙 as a function of the current density 𝑖 (Fig. II-7c to II-7e). Indeed, a 

strong dissymmetry of 𝑅𝑝𝑜𝑙 = 𝑓(𝑖)  is observed at 650 °C that becomes less pronounced at 700 °C, 

while a constant value is found at 750 °C. These observations at 650 °C may suggest a change 

either in the reaction mechanism or in the rate-determining steps. This change turns into a gradual 

transition at 700 °C and, finally, into a unique dominant mechanism with the same co-limitations 

at 750 °C. However, as already mentioned in this case, the investigated range of current densities 

and overpotentials are restricted close to the equilibrium. 

 

 

Fig. II-7 Experimental i-η curves under air for (a) the LSCF and (b) the LSCF-CGO 

electrodes, respectively. Experimental LSCF electrode polarization resistance plotted as a 

function of the current density at (c) 650 °C, (d) 700 °C and (e) 750 °C.  
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The EIS diagrams at OCP are plotted in the Nyquist representation in Fig. II-8a to II-8c. It is worth 

mentioning that the polarization resistance decreases with increasing the temperature. This result 

is in good agreement with the thermally activated behavior for this LSCF electrode. Besides, all 

the diagrams present a kind of Gerischer-type element whatever the investigated temperature. It 

can be noticed that a small contribution appears at low frequencies for the diagram at 750 °C. This 

contribution is ascribed to the limitation associated to the gas conversion and it is typically 

observed for electrodes exhibiting low polarization resistances at high temperatures [Nielsen2011]. 

As shown in the Bode plots reported in Fig. II-8d to II-8f, the frequency peak slightly increases 

with the operating temperature (i.e. 𝑓𝑐 = 12 Hz, 19 Hz and 34 Hz at 650 °C, 700 °C and 750 °C, 

respectively). However, these values remain quite close to each other. To conclude, it can be stated 

that the unaffected shape of the impedance diagrams would suggest that the electrode is dominated 

at OCP by the same reaction mechanism in the range of studied temperatures.  

 

 

 

Fig. II-8 Experimental impedance diagrams for the LSCF electrode at OCP. Nyquist plots for 

(a) 650 °C, (b) 700 °C and (c) 750 °C. Bode plots for (d) 650 °C, (e) 700 °C and (f) 750 °C. 
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The EIS diagrams and Bode plots under dc current density at idc = +/- 50 mA∙cm-2 are shown in 

Fig. II-9a to II-9d. As at OCP, the shape of the diagrams presents a kind of Gerischer-type element. 

The frequency distribution increases with increasing the dc current from cathodic to anodic 

polarization (𝑓𝑐 ≈ 7 Hz at idc = - 50 mA∙cm-2 and 𝑓𝑐 ≈ 24 Hz at idc = + 50 mA∙cm-2) as already 

observed by Monaco et al. [Monaco2018].  

 

   

Fig. II-9 Experimental impedance diagrams for the LSCF electrode at 700 °C for idc = ± 50 

mA∙cm-2. (a) and (b) Nyquist and (c) and (d) Bode plots. 
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low temperature could be modified when changing the operating mode from cathodic to anodic 

polarization.  

As shown in Fig. II-10a and Fig. II-10b, all the impedance diagrams exhibit a kind of ‘classical’ 

Gerischer-type element. This general shape at OCP have been already evidenced by many other 

authors for the LSCF-CGO composite electrodes [Choi2013, Hwang2005, Leng2008, 

Mortensen2014]. As for the LSCF electrode, the frequency peak 𝑓𝑐 only slightly increases when 

increasing the temperature (i.e. 𝑓𝑐   2Hz, 8 Hz and 25 Hz at 650 °C, 700 °C and 750 °C, 

respectively). This trend consistent with that reported by Nielsen et al. [Nielsen2011] for a LSCF-

CGO electrode. This further suggests that electrode reaction mechanism for the LSCF-CGO 

electrode at OCP does not change in the investigated temperature range. 

 

 

Fig. II-10 Experimental impedance diagrams for the LSCF-CGO electrode at OCP. Nyquist 

plots for (a) 650 °C, (b) 700 °C and (c) 750 °C. Bode plots for (d) 650 °C, (e) 700 °C and (f) 

750 °C. 
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modified under electrode polarizations. Moreover, the frequency peak (changing from 𝑓𝑐    6 Hz at 

idc = - 50 mA·cm-2 to 𝑓𝑐  10 Hz at idc = + 50 mA·cm-2) is not strongly affected by the polarization 

as well. This statement tends to reinforce the claim that only one single reaction mechanism is 

dominant at this temperature for the LSCF-CGO composite. 

It can be remarked that the performance of the LSCF-CGO composite is lower than the LSCF 

electrode (Fig. II-8). However, a direct comparison cannot be made since the two electrodes have 

very different microstructures because of different manufacturing conditions.  

 

  

Fig. II-11 Experimental impedance diagrams for the LSCF-CGO electrode at 700 °C for idc 

= ± 50 mA∙cm-2 (a) and (b) Nyquist and (c) and (d) Bode plots. 
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Hughes2015]. The reaction order m was estimated fitting the experimental data with the following 

relation: 

𝑅𝑝𝑜𝑙 = (𝑃𝑂2)
−𝑚 (16) 

where 𝑅𝑝𝑜𝑙 is the polarization resistance extracted from the EIS at OCP.  

For the LSCF electrode, a slight evolution of the reaction order is found with an exponent 

decreasing from 0.17 for 0.10 atm ≤ 𝑃𝑂2 ≤ 0.21 atm  down to 0.09 for 𝑃𝑂2 > 0.21 atm (Fig. II-12a). 

These reaction orders are in rather good agreement with literature data. For instance, a value of 

0.12 was deduced for a LSCF nanorod electrode operated at 717 °C between 0.10 and 0.20 atm 

[Costamagna2019]. For the LSCF-CGO composite, the evolution is less pronounced (Fig. II-12d). 

In this case, the reaction order decreased from 0.20 for 0.10 atm ≤ 𝑃𝑂2 ≤ 0.21 atm down to 0.15 

for 𝑃𝑂2 > 0.21 atm (Fig. II-11d). Very few data are available in the literature for the composite 

electrode. To the best of our knowledge, no values are reported for an operating temperature close 

to 700 °C. Nevertheless, Murray et al. [Perry Murray2002] found a reaction order of 0.13 for a 

LSCF-CGO (40-60 wt. %) at 750 °C for 6.00 ∙ 10−4 atm ≤ 𝑃𝑂2 ≤ 1.00 atm. Besides, Hughes et al. 

[Hughes2015] have reported a value of 0.20 for LSCF-CGO (50-50 wt. %) at 600 °C between 0.10 

and 10 atm. Although these values were determined in different operating conditions, they are 

roughly consistent with the ones as obtained.  
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Fig. II-12 Nyquist plots as a function of the oxygen partial pressure at 700 °C for (a) the 

LSCF and (b) the LSCF-CGO electrode, respectively. Plot of the logarithm of the electrode 

polarization resistance as a function of the logarithm of the oxygen partial pressure for (c) 

the LSCF electrode and (d) the LSCF-CGO electrode. 
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Fig. II-13 Experimental and simulated cyclic voltammetry curves, under 𝑃𝑂2= 0.1 atm, at 

700 °C (b) and 650 °C (c) for the potential waveform with ν = 100 mV·s-1 and A = 0.3 V 

(a). 
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Fig. II-14 Experimental cyclic voltammetry curves as a function of the different scan rate: 

20-100-400 mV∙s-1 (a) and 600-800-1000 mV∙s-1 (b) at 650 °C, 𝑃𝑂2 = 0.1 atm. 

All these experimental results have been used for the validation of the full elementary model 

for the LSCF and LSCF-CGO electrodes together with the extension to the cyclic 

voltammetry simulation for the LSCF electrode model only (cf. Chapter III).  

 

2.2 Long-term tests: study of the LSCF decomposition 

      2.2.1 LSCF symmetrical cells: effect of the anodic polarization 
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Fig. II-15 Durability curves of symmetrical cell electrodes in SOEC mode (WE versus REF) 

and SOFC mode (CE versus REF).  

These experimental results confirm that degradation of the oxygen electrode is promoted in 

electrolysis mode, while its impact in the fuel cell mode is much less pronounced. This statement 

could be explained by the LSCF demixing mechanism proposed by Laurencin et al. 

[Laurencin2017]. 

In order to verify this hypothesis, post-test characterizations have been performed on the tested 

electrodes and on a pristine cell at the PSI facility (collaboration with Federico Monaco). Indeed, 

to highlight the Sr release from the LSCF structure, a useful indicator is the volume of unit cell of 
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(cathodic polarization), respectively (Fig. II-16a to Fig. II-16c). They have been analyzed taking 

advantage of the high spatial resolution of the synchrotron light. The sample preparation and the 

micro XRD protocol are detailed in [Khamidy2020, Monaco2020]. To investigate the degree of 
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determined via a Rietveld fitting of the XRD data. In Fig. II-16d the evolution of the unit cell 

volume with respect to the depth of the LSCF has been reported for the reference electrode (black 

dots) and the electrodes operated under anodic polarization (red dots) and under cathodic 

polarization (blue dots), respectively. The intercept with the y-axis (y = 0 µm) corresponds to the 

interface with the CGO barrier layer. First of all, it can be noticed that constant volume of ≈ 350.5 

Å3 was found for the reference cell (Fig. II-16d). This result is in good agreement with the 

attribution of this value to the unaltered LSCF structure. Interestingly, the aged electrodes showed 

a very different behavior: in the bulk of the electrode operated under cathodic polarization (SOFC 

mode), the volume of the unit cell remained similar to that of the reference electrode, while, at the 

interface with the barrier layer, an increase (≈ 351.5 Å3) was evidenced which can be associated to 

a slight LSCF destabilization. This experimental observation is in good agreement with the 

durability curve of the CE electrode that showed a slight degradation over the time. On the other 

hand, for the electrode operated in SOEC mode, the volume of the unit cell is increased all along 

the electrode thickness indicating an overall higher destabilization of the material (≈ 353.5 Å3). 

Moreover, also in this case, the variation of the unit cell was more pronounced at the LSCF/CGO 

interface (≈ 355.5 Å3) indicating that the electrode destabilization was stronger in this zone 

regardless the electrode polarization. [Świerczek2009]. The results further support the proposed 

demixing mechanism of LSCF [Laurencin2017] that predicts a higher Sr precipitation from the 

LSCF bulk to the electrode surface under anodic polarization (Eq. 13). However, the exact impact 

of operating mode on the electrode performances has still to be clarified.  
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Fig. II-16 Lamella of the pristine electrode (a) and of the electrode operated in SOEC mode (b) 

and in SOFC mode (c), respectively. The graph represents the evolution of the unit cell through 

the depth of the LSCF electrode for the pristine cell (grey curve), the electrode operated under 

cathodic polarization (bleu curve) and the electrode operated in anodic polarization (red curve), 

respectively (d). 
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               2.2.2.1 Studied cells, experimental set-up and testing conditions 

Studied cells -. The tested cells were mechanically supported by a thick Ni-YSZ cermet layer. The 

hydrogen electrode and the electrolyte disks had a diameter = 5.0 cm on which the oxygen electrode 

(diameter = 3.4 cm) has been deposited by screen printing. This electrode had a multilayer structure 

composed by a LSCF-CGO layer, followed by a LSCF electrode and, finally, a LSC contact layer.  

A thin CGO barrier layer (diameter of 3.6 cm) has been added between YSZ and the oxygen 

electrode to limit the formation of secondary phases. It is important to underline that the LSCF 

material used for the complete bottom cells had the same stoichiometry of the one used for LSCF 

symmetrical cells (La0.6Sr0.4Co0.2Fe0.8O3-) since the stoichiometry can play a key role on the 

strontium release [Çelikbilek2019].  

Experimental test bench - The set-up used for testing complete cells is described in Fig. II-16. The 

cell housing was composed by two plates that provided the connections to the gas delivery system. 

The oxygen electrode plate was made of alumina in order to avoid the electrode contamination (as 

by Cr for instance), whereas the hydrogen electrode plate was in Crofer22APU®. On the oxygen 

side, three grids of the same diameter of the electrode have been used: a fine Pt grid of 3600 

mesh·cm-² and two coarser Au grid of 100 mesh·cm-². The finer grid was placed in direct contact 

with the electrode surface to improve the current collection, while the two thick grids were used to 

reach a homogeneous potential distribution. In the hydrogen side, a nickel grid of 50 mm in 

diameter and a mesh density of 100 mesh·cm-² was placed in contact with the cermet electrode. 

Four gold wires were welded to the coarser grids to allow the direct cell voltage measurements and 

current supply. Both the air and fuel gases were provided to the cell from the center of the housing 

and flowed through the grid meshes according to a radial co-flow configuration (Fig. II-17). The 

cell holder has been designed so that the pressure drop in the compartment that ensured gases 

collection up to the outlet is negligible compared to the one that arises through the current collecting 

meshes, thus yielding a homogenous gas distribution. The steam required for the cathode side has 

been produced by a homemade evaporator filled with deionized water coupled with a steam mass 

flow controller (Brooks® 5850S) (same system used for the testing of the cermet symmetrical cell, 

cf. par. 2.1.1.2).  This device has allowed feeding the cell with a continuous flow rate of steam (up 

to 10 NL·h-1) at atmospheric pressure without any gas carrier. To provide the moisture to the anode 

side, a warm up bubbler was used, while it was by-passed when the test was conducted in normal 

https://www.sciencedirect.com/science/article/abs/pii/S0378775316313556#!
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condition (dry air). Commercial ceramic glass sealing Schott G018-311 was deposited on the edge 

of the cell to provide the gas tightness between the air and fuel sides in operation (Fig. II-17). 

Additionally, an alumina ring was positioned on the sealing agent improving gas tightness. At the 

hydrogen electrode side, the produced and non-consumed gases have been collected for safety 

reason and for gas analysis, if needed. At the oxygen electrode side, the produced O2 and non-

consumed air and steam were directly released into the furnace. Finally, a mechanical pressure has 

been applied on the housing to improve the electrical contacts between the grids and the electrodes 

(Fig. II-17). 

 

Fig. II-17 Schematic representation of the set-up for complete button cells used for the long-

term tests both under dry and humid synthetic air at the oxygen electrode side. 

Two cells have been tested in SOEC mode using the protocol described hereafter. Once positioned 

the cells in the test housing, a mechanical load was applied at room temperature with a pressure of 

0.5 kg·cm-2. Then, the cells were heated up to the temperature required to form the glass sealing 

and then cooled down to 800 °C with a heating rate of 1 °C·min-1. The total flow rates of synthetic 

air and N2 are 1 NmL·min-1·cm-² in O2 and H2 compartments, respectively, during this step. It is 

worth noting that the purities of gases are the following: N58 for O2, N51 for N2 and N45 for H2, 
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respectively, while the conductivity of the deionized water is less than 5 S·cm-1. These 

characteristics were similar to those used for symmetric cells tests. 

 

Before durability tests – The reduction of the Ni-based cermet was performed at 800 °C by 

gradually increasing the amount of hydrogen while the amount of nitrogen was decreased. The 

total flow rate was maintained at the constant value of 4 NmL·min-1·cm-2. Each step lasted from 5 

to 30 minutes until the OCV stabilization. At the end of the reduction process, 100 vol. % of H2 

and 100 vol. % of synthetic air were supplied at the hydrogen and oxygen sides, respectively, to 

check the quality of the cell in terms of tightness by measuring OCV and the cell temperature. After 

12 hours, the gas flows have been modified to reach a total flow rate of 12 NmL·min-1·cm-2, with 

a composition of 90 vol. % H2O and 10 vol. % H2 on the cathode side. On the anode side, the 

sweeping gas flow rate (synthetic air, with or without addition of humidity at 8 %) was fixed to 36 

NmL·min-1·cm-2.  

Initial i-V curves were recorded at 800 °C in these gas conditions to check the quality of the cell in 

terms of performances. The current was increased continuously with a current ramping rate of 0.4 

A·cm-²·min-1. The measurements were performed by starting at zero current, after going to the 

maximum magnitude and, finally, going back to zero. EIS measurements were performed at OCV 

and at -0.75 A·cm-² under the same gas conditions with Autolab impedance frequency 

analyzer/potentiostat (FRA2/PGSTAT302N) coupled with a booster 20A. EIS measurements were 

performed in a frequency range from 2.0·104 Hz down to 10-2 Hz/10-3 Hz. Cycle repetitions have 

been performed for each frequency for reducing noise and improving data quality when considered 

as necessary. The current amplitude was optimized at 100 mA for measurement at OCP and 300 

mA for measurements at 0.75 A·cm-². 

After the performance tests, the temperature was decreased down to 750 °C with a rate of                      

1 °C·min-1 which is the temperature chosen for the long-term tests. At this reference temperature, 

polarization curves and EIS diagrams have been recorded both at OCV and at - 0.75 A·cm-².  

 

Durability protocol - The durability tests were performed in a galvanostatic mode. A current 

density of - 0.75 A·cm-2 has been applied to the cell at the operating conditions previously reported 

(temperature and gas composition) which corresponds to a steam conversion of 48 %. A first 

durability test has been performed by supplying dry synthetic air at the anode side with an inlet 
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flow rate of 36 NmL·min-1·cm-2. At the cathode side, the total flow rate was 12 NmL·min-1·cm-2 

(90 vol. % H2O and 10 vol. % H2). The corresponding cell is thus referenced as Cell-1. A second 

test was performed in the same operating conditions by adding 8 vol. % of moisture at the air flow 

(referenced as Cell-2). The cells were tested for 2000 h.  

During long-term tests, the EIS measurements have been performed at OCV and at - 0.75 A·cm-² 

at periodic interval of time. After 2000 h of operation, final i-V curves and EIS diagrams have been 

recorded at 750°C in the same conditions of the initial characterizations.  

 

After durability protocol - After switching off the current and once the humidity reached 0 vol. %, 

the fuel gas was gradually replaced by 3 vol. % H2 and 97 vol. % N2 in order to maintain the 

hydrogen electrode in the reduced state during the cooling of the furnace, while the air side was 

fed with pure N2 to limit the risk of cermet oxidation if the cells broke during cooling. Then, the 

cells were cooled down to room temperature with a rate of 1 °C·min-1. 

 

Data evaluation - The cell performances were summarized in terms of Area Specific Resistance 

(ASR), series resistance (𝑅𝑠), polarization resistance (𝑅𝑝𝑜𝑙), total resistance (𝑅𝑡𝑜𝑡) and of the cell 

voltage as a function of the various testing conditions. The ASR was taken as the slope of the i-V 

curve (𝐴𝑆𝑅𝑖−𝑉) at the operating point (- 0.75 A·cm-2). For the presented i-V curves and EIS 

diagrams, the current density or resistance are normalized to the active area of the oxygen electrode 

surface, i.e. 9.08 cm². For durability measurements, the degradation rate of the cell voltage for 

times between t1 (𝑉𝑡1) and t2 (𝑉𝑡2), with t2 > t1, is defined as 𝛥𝑉/𝑉𝑡1 = (𝑉𝑡2 − 𝑉𝑡1)/𝑉𝑡1) and is 

expressed per 1000 hours (mV·kh-1). The variations of the different resistive contributions can be 

determined from the comparison of i-V curves or EIS characteristics as a function of testing 

duration.  

It is worth mentioning that a special effort has been paid to follow as much as possible the presented 

protocol even if some issues has been encountered during the measurements, mostly related to the 

stability of the steam generator. However, the reliability of the acquired data has been regarded as 

sufficient to ensure an exhaustive interpretation of the experimental results.  
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               2.2.2.2 Durability under dry and humid air 

Initial performances – After the reduction step, the two cells presented very close OCV values       

(≈ i.e. 1.18 V at 800 °C with 4 NL·h-1 of H2 and air in the H2 and O2 side, respectively). This result 

confirms also the gas tightness of the experimental set-up, especially in the hydrogen compartment. 

Since the ASR values deduced from polarization curves and impedance diagrams are coherent, 

only the Nyquist and Bode plots of the investigated cells are reported (Fig. II-18). It can be noticed 

that the Nyquist plots present very similar shape and very close polarization resistance values (Fig. 

II-18a). Moreover, the frequency distribution is similar for both cells (Fig.II-18b). This confirms 

the good reproducibility of the tests. The slight difference in series resistance between the two cells 

could be related to the current collecting. For each cells, the high frequency inductive response is 

originated from the connecting wires for current and potential measurements. 

  

Fig. II-18 Initial impedance diagrams for Cell-1 (black curve) and Cell-2 (blue curve), 

respectively. Nyquist plots (a) and Bode plots (b). H2O + H2 (12 NmL·min-1·cm-2) at the 

cathode side, dry synthetic air (36 NmL·min-1·cm-2) at the anode side. 

In addition, Cell-2 was characterized with i-V curves at different steam percentages (0 vol. %-3 

vol. %-8 vol. %, respectively) in the air flow. As could be expected (cf. Chapter I), the cell 

performances measured in this moisture range are very close (Fig. II-19).  
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Fig. II-19 Initial i-V curves as a function of water content in the air flow at the anode side for 

Cell-2. H2O + H2 (12 NmL·min-1·cm-2) at the cathode side, dry synthetic air (36 NmL·min-

1·cm-2) at the anode side. 

Evaluation of degradation rates– The variations of cell voltages as a function of time during long-

term SOEC tests for the two cells are shown in Fig. II-19. Regardless of the steam content, a 

steadily increase of the cell voltage has been evidenced in the chosen experimental conditions. The 

total variation of cell voltage (after 2000 h) has been found to be higher for Cell-2                                 

(V = 45 mV·kh-1) with respect to Cell-1 (V = 27 mV·kh-1) (Tab. II). The total degradation rate 

was thus equal to 2.4 %·kh-1 and 3.9 %·kh-1 at 750 °C respectively. This suggests that the 

introduction of steam at the anode side is likely to accelerate the degradation rate of a hydrogen 

electrode supported cell Ni-YSZ/YSZ/CGO/LSCF-CGO/LSCF/LSC.  
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Fig. II-20 Time evolution of cell voltages in long-term SOEC tests for Cell-1 (black squares) 

and Cell-2 (blue squares) at 750 °C, H2/H2O 90/10 vol i = - 0.75 A·cm-2 with a steam 

conversion of 40%.  H2O + H2 (12 NmL·min-1·cm-2) at the cathode side, dry synthetic air or 

humid (8 vol. %) air (36 NmL·min-1·cm-2) at the anode side. 

It is worth noting that after 600 h of operation, the time dependence of the cell voltage slowed 

down for both cells (Fig. II-20). Accordingly, two different degradation rates can be considered: a 

steeper for the first 600 h and a smoother for the remaining 1400 h. Thus, the degradation rates of 

the cell voltage have also been expressed as voltage losses over time from 600 h to 2000 h (Tab. 

II). Even after an initial period of 500 h, the degradation rate of the cell voltage is higher under 

humid air at the anode side (0.6 %·kh-1 for Cell-1 and 1.0 %·kh-1 for Cell-2). 
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Tab. II Degradation rates determined from durability tests after 2000 h (left) and after the first 600 

h (right). 

 

The degradation rates of the cell potential and ASR have been determined after the durability SOEC 

tests (i.e. after 2000 h) for a current density of -0.75 A·cm-2 (operating point for the long-term tests) 

from the i-V curve. The corresponding values have been summarized in Tab. III as voltage losses 

(Δ𝑈𝑖−𝑉) and ASR (Δ𝐴𝑆𝑅𝑖−𝑉).  

Tab. III Degradation rates determined from i-V curves recorded at 750 °C. 

Tested gas conditions, 

i = - 0.75 A/cm², at 750°C 

Ui-V 

mV·kh-1 

%/kh 

ASR 

m·cm²·kh-1 

%ASR/kh 

Cell-1, dry synthetic air 
25,0 2,2 36 8.3 

Cell-2, synthetic air 

humidified at 8vol.% 
45,9 4,0 97 27.1 

 

The degradation rates of cell voltage determined from the i-V curves are equal to 25 and                      

46 mV·kh-1 at 750 °C for Cell-1 and Cell-2, respectively. These values are consistent with the 
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values deduced from the durability tests after 2000 hours (27 mV·kh-1 for Cell-1 and 45 mV·kh-1 

for Cell-2, cf. Tab. II). These results confirm that the degradation of this type of cell is two times 

higher when air is humidified at the anode side (8 vol. %). Regarding the ASR, the degradation is 

even three times higher (36 m·cm²·kh-1 and 97 m·cm²·kh-1 for Cell-1 and Cell-2, respectively). 

It is worth mentioning that higher degradation rates of ASR, with respect to that of the cell voltage, 

have been already reported in the literature [Fang2018, Schefold2017]. As for the cell voltage and 

ASR, the time evolutions of Rs, Rpol and Rtot during durability tests have been quantified by using 

the ratio of the difference between the resistance after 2000 hours (R𝑥 𝑡=2000) and the initial one at 

t = 0 (R𝑥,𝑡=0) to the initial resistance (R𝑥,𝑡=0) (ΔRx/R𝑥,𝑡= 0 = (R𝑥,𝑡=2000 − R𝑥,𝑡=0)/R𝑥,𝑡= 0)). (Tab. 

IV). 

The time evolutions of EIS diagrams recorded at 750 °C at OCV and for a current density of -0.75 

A·cm-2 are shown in Fig. II-21 and Fig. II-22. As can be seen, the polarization and the series 

resistances of both cells increased as a function of the testing time in agreement with other studies 

on similar assemblies [Fang2018, Hauch2016, Zheng2015].  

 

Fig. II-21 Time evolution of Nyquist (a) and Bode (b) plots in long-term SOEC tests for Cell-1 

at 750 °C and - 0.75 A·cm-². H2O + H2 (12 NmL·min-1·cm-2) at the cathode side, dry synthetic 

air (36 NmL·min-1·cm-2) at the anode side. 
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Fig. II-22 Time evolution of Nyquist (a) and Bode (b) plots in long-term tests SOEC tests for 

Cell-2 at 750 °C and - 0.75 A·cm-. H2O + H2 (12 NmL·min-1·cm-2) at the cathode side, humid 

(8 vol. %) synthetic air (36 NmL·min-1·cm-2) at the anode side. 

As expected, the degradation of the series and polarization resistances, and thus of the total cell 

resistance, are enhanced in humid air (Tab. IV). Moreover, the degradations of 𝑅𝑡𝑜𝑡 are consistent 

with those determined for 𝐴𝑆𝑅𝑖−𝑉. This further confirms the coherence of the experimental data 

recorded with the different characterization methods. From Fig. II-21 and Fig. II-22, one can 

deduce that the frequency distributions of the electrode responses remained nearly similar after a 

galvanostatic SOEC operation. For both tested cells, the faster increasing polarization resistance 

dominated the entire degradation process (Tab. IV) in agreement with the results of other groups 

[Zheng2015, Hauch2016], and this is even more important in the case of the cell-2 operating in 

humid air on the anode side.  
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Tab. IV Degradation rates of resistive contributions during long-term SOEC tests for Cell-1 and 

Cell-2, at 750 °C in dry and humid synthetic air. Δ𝐴𝑆𝑅𝑖−𝑉 values have been reported as well for 

comparison with the degradation of  𝑅𝑡𝑜𝑡. These values have been calculated in the tested gas 

conditions and i = - 0.75 A·cm-2. 

 

 

 

 

 

 

Without emphasizing on the related degradation processes, one can stated that steam acted as an 

accelerating factor for the cell degradation. In particular, higher degradation rates of the serial and 

polarization resistances have been measured for this cell. The higher increase of the polarization 

resistance can be related to the loss of ionic conductivity in the LSCF bulk derived by the higher 

loss of strontium together with the effect of the surface passivation [Laurencin2017]. 

However, a specific study by EIS should be carried out on this cell to better identify the contribution 

of the O2 electrode and assess performance loss over time by comparing the frequency responses 

in operation in dry air or humid air. 

Moreover, post-test characterizations have still to be done on the samples to confirm or not the 

formation of zirconates. At the same time, it has to be considered that the formation of zirconates 

is thermally activated. It means that a higher presence could be expected at higher operating 

temperatures (i.e. 850 °C) [Monaco2020]. Moreover, the microstructure of the CGO barrier layer 

(porosity, grain size) could also play a significant role in hindering the formation of zirconates 

(without suppressing the demixing). Therefore, deeper investigations of this phenomenon are still 

needed. 
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2.3 Conclusions of the chapter 

The electrochemical characterizations of both hydrogen and the oxygen electrodes have been 

presented. Concerning the hydrogen electrode, the experimental test bench was adapted to manage 

a wide range of steam partial pressure. Moreover, the very low noise on the recorded measurements 

has confirmed the stability of the steam flow. From the experimental data, the reaction orders for 

the hydrogen and steam partial pressures have been determined. These data together with the 

polarization curves have allowed calibrating and validating a microscale elementary model for the 

hydrogen electrode [Monaco2020].  

In parallel, two types of oxygen electrode have been characterized (LSCF and LSCF-CGO). A 

wide range of operating conditions have been investigated in terms of temperature, polarization 

and oxygen partial pressure. Classical electrochemical techniques (such as polarization curves and 

EIS) have been employed together with cyclic voltammetry curves (which a less common method 

in the SOFC/SOEC field). All the presented data have been used for the validation of the 

elementary model for the oxygen electrode description extensively presented in the next chapter.  

 

In order to obtain the experimental evidences for the LSCF demixing mechanism proposed by 

Laurencin et al. [Laurencin2017], long-term tests have been performed at the electrode and 

complete cell levels. From the durability curves performed on symmetrical cells, it has been 

demonstrated that the degradation of LSCF oxygen electrodes was higher when operating in SOEC 

mode than in SOFC mode. In addition, the XRD performed on the tested electrodes have shown a 

substantial increase of the cell unit volume for the oxygen electrode operated under SOEC mode 

(compared to the reference value measured on a pristine electrode). Since this behavior is usually 

related to a strontium loss from the perovskite lattice, this result is in good agreement with the 

proposed degradation mechanism that predicts a higher strontium precipitation under anodic 

polarization.  

Finally, a campaign of long-term tests has been carried out on complete cells with LSCF oxygen 

electrode both in dry air and humid air at the anode side under SOEC mode. The durability curves 

have shown a higher degradation rate for the cell operated under moisture in the air flow. 

Nevertheless, further investigations are needed to fully validate the hypothesis of the steam as 

accelerating degradation factor under anodic polarization. In this frame, to complement this study, 
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another campaign of long-term tests has been planned to monitor the cell degradation for an 

operation in SOFC mode with the addition of steam at the air side. 
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Chapter III. Electrochemical model  

A microscale electrochemical modelling has been developed for a better understanding of the 

electrode reaction mechanisms. For this reason, an already existing physically-based model for the 

representation of the porous LSCF and LSCF-CGO electrodes [Hubert2016, Laurencin2015] has 

been extended with a full elementary kinetic description including both the surface and bulk paths. 

The set of partial differential equations has been solved by keeping the full non-linearity of the 

system to compute the dynamic electrode response even for non-linear perturbations. Because of 

the large number of unknown parameters inherent to this kind of approach, a special attention has 

been paid to achieve a thorough and relevant model validation. For this purpose, the microstructural 

properties of the tested electrodes extracted from 3D reconstructions by FIB-SEM tomography (cf. 

Chapter II) have been implemented in the model as input parameters. Besides, in order to reduce 

as far as possible the uncertainties on the parameters estimation, a wide range of experimental 

conditions has been explored (polarization curves, impedance spectra at OCP and under dc currents 

at different temperatures and oxygen partial pressures).  

Furthermore, the full elementary model was extended to compute the CV curves for a LSCF oxygen 

electrode and the capability of the model to reproduce experimental results was verified. In 

addition, a numerical version of a semi-analytical model presented by Montella et al. [Montella 

2021] was also implemented. A comparison between the two models has been discussed to assess 

the relevance of the simplified approach (semi-analytical model) with respect to the detailed one 

(full elementary model).  

To conclude, the validated full elementary model has been used to study the electrode reaction 

mechanisms with respect to the temperature, the polarization and the oxygen partial pressure. The 

corresponding results have permitted to identify the electrode limiting steps as a function of the 

different operating conditions. In parallel, the extension of the model to reproduce CV curves 

allowed evaluating the relevance of this electrochemical method for the LSCF characterization.  

It is important to specify that the validation of the model for the Ni-3YSZ hydrogen electrode 

model has been developed and extensively described in the Ph.D. thesis of Federico Monaco 

[Monaco2020] and therefore not presented hereafter. 
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3.1 Model description 

The model considers an equivalent homogeneous medium of an isothermal slice of porous LSCF 

or LSFC-CGO electrode including the CGO barrier layer (Fig. III-1a). The effective properties for 

the model are computed on the 3D reconstructions and are expressed through the electrode 

microstructural properties [Holzer2013]. The model was developed to simulate the electrode 

response for both steady-state and dynamic behaviors. The reaction mechanism, which is composed 

of the bulk and surface paths for the oxygen transfer, has been divided in a sequence of pure 

elementary steps. For this purpose, the presence of neutral oxygen atoms, adsorbed ions and 

molecules have been assumed on the LSCF surface [Che1983, Che1982].   

 

       

      3.1.2 Reaction mechanism  

For the sake of clarity, the implemented reaction mechanism is described hereafter only for the 

LSCF-CGO electrode in anodic polarization. The model for the LSCF electrode can be deduced 

from the composite one by considering that the reactions occurring at the TPBls and at the 

LSCF/CGO interface do not extend in the whole electrode volume but are restricted at the interface 

with the electrolyte.  

 

The detailed reaction mechanism is described in Fig. III-1b in which the blue and red arrows are 

related to the bulk and surface paths, respectively. All the reactions implemented in the model are 

listed in Table V using the “Kröger-Vink” notation along with the expressions of their kinetic rates. 

The bulk path is composed by the migration of the oxygen ions in CGO, followed by the ionic 

transfer at the LSCF/CGO interface (R1), the oxygen diffusion in the bulk and a final oxygen 

excorporation (R2). For this last step, the oxygen ion in LSCF reacts with a hole coming from the 

electrode to produce an oxygen ion attached on the surface. In parallel, the surface path is defined 

by the direct electrochemical oxidation at the TPBls (R3). The two parallel pathways merge in a 

common path depicted by green arrows in Fig. 3b. In this last part of the reaction mechanism, the 

oxygen ions diffuse on the LSCF surface and are further oxidized to form neutral oxygen ad-atoms 

(R4). After diffusion, these species can react to produce attached O2 molecules (R5) that can also 
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diffuse before being released into the porosities (R6). Finally, the O2 gaseous molecules can be 

transferred by gas diffusion in the porosity network up to the gas channel.  

Because of this elementary kinetic description, the presence of adsorbed charged species (oxygen 

ions) is assumed on the LSCF surface. As proposed by Fleig et al. [Fleig2005], a double layer can 

arise at the LSCF/gas interface due to the accumulation of oxygen ad-ions whose charges are 

counterbalanced by holes in LSCF. This local double layer yields a surface electrostatic potential 

step χ which is characterized by a capacitance 𝐶𝑑𝑙
surface: 

χ(z) =  χ𝐿𝑆𝐶𝐹
𝑏𝑢𝑙𝑘 − χ𝐿𝑆𝐶𝐹

𝑠𝑢𝑟𝑓
= 
𝛤𝐹θ𝑂−−𝑠𝐿𝑆𝐶𝐹(𝑧)

𝐶𝑑𝑙
surface

 (7) 

where Γ is the density of available sites on the LSCF surface, F is the Faraday’s constant and 

θ𝑂−−𝑠𝐿𝑆𝐶𝐹  the surface coverage of the oxygen ad-ions.  

It is worth noting that Eq. (7) stands for a low concentration of adsorbed species (i.e. for a diluted 

solution) when there is no restriction on the number of available sites. This electrostatic potential 

is supposed to vary with the coverage rates all along the electrode thickness. On the other hand, the 

electrode potential E is classically expressed as the difference between the local electronic potential 

in LSCF (φLSCF) and the local ionic potential in CGO (φCGO): 

𝐸(𝑧) = 𝜑𝐿𝑆𝐶𝐹(𝑧) − 𝜑𝐶𝐺𝑂(𝑧) = +
µ̃ℎ

𝐹
−
µ̃𝑉𝑂

••

2𝐹
 (8) 

where µ̃ℎ  and µ̃𝑉𝑂••  denote the electrochemical potentials (J·mol-1) for the holes in LSCF and the 

oxygen vacancies in CGO. The transport equations for the fluxes and the mass and charge 

conservations are provided in Table VI. 
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Fig. III-1 (a) Electrode slice considered for the LSCF-CGO model with the system of 

coordinates. (b) Schematic description of the two reaction pathways implemented in the 

elementary kinetic model. The “bulk path” and the “surface path” are represented with blue 

and red arrows, respectively, the “common path” with green arrows. The reaction 

mechanism is represented to occur in electrolysis mode.  
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Table V. Reactions and expressions of the kinetic rates (cf. list of symbols). 

 

Electrode 

N° Reaction mechanisms Kinetic rates 

 

R1 

𝑂𝑜
𝑥(𝐶𝐺𝑂) + 𝑉𝑜

⦁⦁(𝐿𝑆𝐶𝐹)

𝑘+

 ↔
𝑘–

 𝑂𝑜
𝑥(𝐿𝑆𝐶𝐹)

+ 𝑉𝑜
⦁⦁(𝐶𝐺𝑂) 

 

𝜈(1) =  𝑆𝑝
𝐶𝐺𝑂 𝐿𝑆𝐶𝐹⁄

{𝑘+ 𝑒𝑥𝑝(
2𝛼(1)

𝑜𝑥𝐹𝐸

𝑅𝑇
)(

𝐶𝑉𝑜∙∙

𝐶𝑂𝑜𝑥
𝑚𝑎𝑥)

− 𝑘– 𝑒𝑥𝑝(
−2𝛼(1)

𝑟𝑒𝑑𝐹𝐸

𝑅𝑇
)(
𝐶𝑂𝑜𝑥
𝑚𝑎𝑥 − 𝐶𝑉𝑜∙∙

𝐶𝑂𝑜𝑥
𝑚𝑎𝑥 )} 

(1) 

 

R2 

𝑂𝑜
𝑥(𝐿𝑆𝐶𝐹) + 1ℎ⦁ + 1𝑠𝐿𝑆𝐶𝐹

𝑘𝑜𝑥
𝐿𝑆𝐶𝐹/𝑔𝑎𝑠

↔

𝑘𝑟𝑒𝑑
𝐿𝑆𝐶𝐹/𝑔𝑎𝑠

𝑉𝑜
⦁⦁(𝐿𝑆𝐶𝐹)

+ 𝑂− − 𝑠𝐿𝑆𝐶𝐹  

𝜈(2)

= 𝑆𝑝
𝐿𝑆𝐶𝐹 𝑔𝑎𝑠⁄

{𝑘𝑜𝑥
𝐿𝑆𝐶𝐹/𝑔𝑎𝑠

𝑒𝑥𝑝(
𝛼(2)
𝑜𝑥𝐹𝜒

𝑅𝑇
)((𝐶𝑂𝑜𝑥

𝑚𝑎𝑥 − 𝐶𝑉𝑜∙∙)𝛤𝜃𝑠𝐿𝑆𝐶𝐹)

− 𝑘𝑟𝑒𝑑
𝐿𝑆𝐶𝐹/𝑔𝑎𝑠

𝑒𝑥𝑝 (
−𝛼(2)

𝑟𝑒𝑑𝐹𝜒

𝑅𝑇
)(𝛤θ𝑂−–sLSCF𝐶𝑉𝑜∙∙)} 

(2) 

 

R3 

𝑂𝑜
𝑥(𝐶𝐺𝑂) + 1ℎ⦁ + 1𝑠𝐿𝑆𝐶𝐹

𝑘𝑜𝑥
𝑇𝑃𝐵𝑙𝑠

↔
𝑘𝑟𝑒𝑑
𝑇𝑃𝐵𝑙𝑠

𝑂− − 𝑠𝐿𝑆𝐶𝐹

+ 𝑉𝑜
⦁⦁(𝐶𝐺𝑂) 

𝜈(3) =  𝜉𝑇𝑃𝐵𝑠 {𝑘𝑜𝑥
𝑇𝑃𝐵𝑙𝑠 𝑒𝑥𝑝 (

𝛼(3)
𝑜𝑥𝐹𝐸

𝑅𝑇
)𝛤𝜃𝑠𝐿𝑆𝐶𝐹

− 𝑘𝑟𝑒𝑑
𝑇𝑃𝐵𝑙𝑠 𝑒𝑥𝑝 (

−𝛼(3)
𝑟𝑒𝑑𝐹𝐸

𝑅𝑇
)𝛤θ𝑂−–sLSCF} 

(3) 

 

R4 

 

𝑂− − 𝑠𝐿𝑆𝐶𝐹 + 1ℎ
⦁
𝑘𝑑𝑒𝑖𝑜𝑛
↔
𝑘𝑖𝑜𝑛

𝑂 − 𝑠𝐿𝑆𝐶𝐹  

𝜈(4) = 𝑆𝑝
𝐿𝑆𝐶𝐹 𝑔𝑎𝑠⁄

{𝑘𝑑𝑒𝑖𝑜𝑛𝑒𝑥𝑝(
𝛼(4)
𝑜𝑥𝐹𝜒

𝑅𝑇
) (𝛤θ𝑂−–sLSCF)

− 𝑘𝑖𝑜𝑛 𝑒𝑥𝑝 (
−𝛼(4)

𝑟𝑒𝑑𝐹𝜒

𝑅𝑇
)(𝛤θO–sLSCF)} 

(4) 

 

R5 

2𝑂 − 𝑠𝐿𝑆𝐶𝐹

𝑘𝑎𝑠𝑠
↔
𝑘𝑑𝑖𝑠𝑠

𝑂2 − 𝑠𝐿𝑆𝐶𝐹 + 1𝑠𝐿𝑆𝐶𝐹  𝜈(5) =  𝑆𝑝
𝐿𝑆𝐶𝐹 𝑔𝑎𝑠⁄

{𝑘𝑎𝑠𝑠𝛤
2θO–sLSCF

2 − 𝑘𝑑𝑖𝑠𝑠𝛤
2θ𝑂2−sLSCF𝜃𝑠𝐿𝑆𝐶𝐹} (5) 

 

R6 

𝑂2 − 𝑠𝐿𝑆𝐶𝐹

𝑘𝑑𝑒𝑠
↔
𝑘𝑎𝑑𝑠

𝑂2(𝑔𝑎𝑠) + 1𝑠𝐿𝑆𝐶𝐹  𝜈(6) =  𝑆𝑝
𝐿𝑆𝐶𝐹 𝑔𝑎𝑠⁄

{𝑘𝑑𝑒𝑠𝛤θ𝑂2−sLSCF − 𝑘𝑎𝑑𝑠𝑃𝑂2𝛤𝜃𝑠𝐿𝑆𝐶𝐹} (6) 

 

 

3.1.3 Kinetic rates and transport phenomena  

 

Expression for the kinetic rates – As shown in Tab. V for Eqs. (1-6), all the kinetic rates 𝑣(𝑖) have 

been expressed as the difference between the forward and backward reactions. It can be noticed 

that the charge transfer at TPBls (R3) is an electrochemical reaction and its kinetic depends on the 
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local electrode potential E(z) through the classical Butler-Volmer equation (Eq. (3)). Even if there 

is no change in the oxidation state between the products and reactants for the ionic transfer R1, this 

reaction is still supposed to be affected by the electrode potential at the LSCF/CGO interface. Its 

kinetic is thus written using a Butler-Volmer formalism as reported in Eq. (1) [Laurencin2015]. 

The oxidation/reduction steps (R2 and R4) arising at the LSCF surface are two electrochemical 

reactions and their kinetic rates are also assumed to be affected by the surface potential step χ(z) 

(cf. Eqs. (2) and (4)) [Fleig2007].  Finally, the association and desorption steps (R5 and R6) are 

pure chemical reactions and their kinetics is written in classical way (Eqs. (5) and (6)). The activity 

for all the surface species i is given by the product of the number of available sites on the LSCF 

surface 𝛤 and the surface coverage 𝜃𝑖 considering an ideal solution. In other words, a Langmuir 

isothermal hypothesis is adopted assuming a monolayer of adsorbed species on the LSCF surface 

without interaction: 

 θ𝑂−−𝑠𝐿𝑆𝐶𝐹 + θO−𝑠𝐿𝑆𝐶𝐹 + θ𝑂2−𝑠𝐿𝑆𝐶𝐹 + 𝜃𝑠𝐿𝑆𝐶𝐹 = 1                                                               (9) 

where the subscripts 𝑂− − 𝑠𝐿𝑆𝐶𝐹 , O − 𝑠𝐿𝑆𝐶𝐹  𝑎𝑛𝑑 𝑂2 − 𝑠𝐿𝑆𝐶𝐹 denote the oxygen ad-ions, neutral ad-

atoms and ad-molecules.   

All the kinetics have been multiplied by the corresponding microstructural parameter in order to 

take into account the local geometry of the porous electrode. Therefore, the velocity for all the 

surface steps is dependent on the LSCF/gas specific surface area. The rate for the reaction R3 

occurring at the gas, LSCF and CGO triple line is proportional to the TPBls density while the one 

for the ionic transfer R1 is scaled by the LSCF/CGO interfacial specific surface area. Finally, it is 

worth noting that all the reactions are supposed to be thermally activated. The kinetic constant 𝑘𝑖 

in Table V are thus dependent on the temperature according to a classical Arrhenius’ law: 

𝑘𝑖 = k0,𝑖𝑒𝑥𝑝 (−
𝐸𝑎𝑐𝑡,𝑖

𝑅𝑇
)                                                              (10) 

where 𝐸𝑎𝑐𝑡,𝑖 is the activation energy for the reaction i. 

 

Expressions for the mass and charge transfers – Regarding the transport phenomena, the fluxes of 

the surface species follow a classical Fick’s law according to Eqs. (13-15) in Table VI. The oxygen 

vacancies transport in the LSCF network (cf. Eq. (12)) is also expressed as a pure diffusional 

process through a chemical diffusivity depending on the oxygen partial pressure [Elshof1997]: 
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𝐷𝑐ℎ𝑒𝑚 = −
𝐷𝑉𝑂

••

2

𝜕(ln𝑃𝑂2)

𝜕(ln 𝐶𝑉𝑂••)
 

                                                        

(27) 

where 𝐷𝑉𝑂•• is the oxygen vacancy self-diffusivity and 
𝜕(ln𝑃𝑂2)

𝜕(ln𝐶𝑉𝑂
••)

 is the thermodynamic factor.  

The thermodynamic factor is calculated using the dependence of the oxygen under-stoichiometry 

with the oxygen partial pressure measured in [Bouwmeester2004] by thermogravimetry on the 

studied La0.6Sr0.4Co0.2Fe0.8O3-δ compound.  

The gas transport in the porosities is simulated in the frame of the dusty gas model (DGM) 

combining a molecular and Knudsen diffusion (Eq. (16)). The binary coefficient 𝐷𝑂2,𝑁2 for the 

molecular diffusion is expressed according to Fuller’s Theory while the Knudsen coefficient 𝐷𝑘,𝑂2 

is proportional to the mean pore radius �̅�𝑝𝑜𝑟𝑒𝑠: 

𝐷𝑂2,𝑁2 =
0.00143

𝑃𝑡𝑜𝑡 ∙ ((𝑉𝑂2)
1/3
+ (𝑉𝑁2)

1/3
)
2

∙
√

2
1
𝑀𝑂2

+
1
𝑀𝑁2

∙ 𝑇1.75 

(28) 

 

𝐷𝑘,𝑂2 = �̅�𝑝𝑜𝑟𝑒𝑠 ∙
2

3
√
8 ∙ 𝑅𝑇

𝜋𝑀𝑖
 

(29) 

where Mi is the molar mass for the gas species and Vi the Fuller diffusion volume tabulated in 

[Todd2002].  

Finally, the ionic and electronic currents obey to the classical Ohm’s law for LSCF and CGO in 

the electrode (Eqs. (11) and (17)) and for the CGO barrier layer as well (Eq. (18)). To account for 

the effect of microstructure in the electrode, the intrinsic diffusivities and conductivities are 

corrected by the ratio of the phase volume fraction to the tortuosity factor to express the effective 

properties (𝐷𝑖
𝑒𝑓𝑓

= ( ε𝑖 τ𝑖⁄ )𝐷𝑖 and 𝜎𝑖
𝑒𝑓𝑓

= ( ε𝑖 τ𝑖⁄ )𝜎𝑖).  

All the surface and oxygen vacancies diffusions together with the ionic conduction in CGO are 

supposed to be thermally activated and expressed using an Arrhenius’ law. The temperature 

dependence for the LSCF electronic conduction has been neglected while its evolution with the 

oxygen partial pressure has been taken into account in the model as follows [Laurencin2015]: 
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𝜎ℎ𝐿𝑆𝐶𝐹
• = 𝜎0 (𝑃𝑂2)

𝑛
                                                               (30) 

where n is an exponent that can depend on the 𝑃𝑂2 [Lane2000]. 

 

A set of mass and charge balance equations (Tab. VI) was written for each species in the electrode 

and in the electrolyte. Each equation is formed by source/sink terms that consider the reaction rates 

for which the species is formed (positive sign) or consumed (negative sign). Moreover, a transient 

term is added to allow simulating the time-dependent response of the electrode. For the vacancies 

in LSCF and the adsorbed species, this temporal term is associated to the transient storage in the 

considered phase (Eqs. (20-24)). Regarding the charge balance for the ionic and electronic currents, 

the temporal term is related to the charging/discharging effect of the capacitor associated to the 

double layer at the LSCF/CGO interface (Eqs. (19) and (25)).  

 

Lastly, the impact of the gas conversion in the EIS diagrams was also considered in the model. For 

this purpose, the gas channel is modeled as a Continuous Stirred Tank Reactor (CSTR) for which 

the inlet and outlet fluxes are linked according to the following mass balance [Bessler2006, 

Donazzi2020]:  

𝑉𝐶𝑆𝑇𝑅
𝑑𝐶𝑂2(𝑧=ℓ)

𝑑𝑡
= 𝐹𝑇𝑜𝑡

𝑖𝑛𝑙𝑒𝑡 ∙ 𝑦𝑂2
𝑖𝑛𝑙𝑒𝑡(𝑧 = ℓ) − 𝐹𝑇𝑜𝑡

𝑜𝑢𝑡𝑙𝑒𝑡 ∙ 𝑦𝑂2(𝑡, 𝑧 = ℓ) ± |�⃗⃗⃗�𝑂2(𝑡, 𝑧 = ℓ)| × 𝑆𝑒𝑙.                                                              (31) 

where |�⃗⃗⃗�𝑂2(𝑡, 𝑧 = ℓ)| is the oxygen flux taken at the top of the electrode while 𝑉𝐶𝑆𝑇𝑅 represents the 

volume of the CSTR. The terms 𝐹𝑇𝑜𝑡
𝑖𝑛𝑙𝑒𝑡  and 𝐹𝑇𝑜𝑡

𝑜𝑢𝑡𝑙𝑒𝑡  denote the inlet and outlet fluxes for the gas 

channel, respectively.   

In the chosen model, these latter terms have been assumed independent of time and calculated 

using the stationary version of the model (i.e. 𝐹𝑇𝑜𝑡
𝑜𝑢𝑡𝑙𝑒𝑡 ∙ 𝑦𝑂2(𝑧 = ℓ) = 𝐹𝑇𝑜𝑡

𝑖𝑛𝑙𝑒𝑡 ∙ 𝑦𝑂2
𝑖𝑛𝑙𝑒𝑡(𝑧 = ℓ) ±

|�⃗⃗⃗�𝑂2(𝑧 = ℓ)| × 𝑆𝑒𝑙.) [Yurkiv2014]. It is worth noting that this approach can be considered valid only 

if the concentration overpotentials are limited (that is to say at OCP or under small dc current with 

a high inlet oxygen flux as considered in the experiments). Otherwise, a 2D model description 

constituted by a series of electrode slices would be required to account the oxygen partial pressure 

evolution along the electrode length [Bessler2006].      
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Table VI. Equations of charge and mass conservations associated to the current and the fluxes taken 

into account in the physically-based model together with the expression of the transport phenomena 

(given for the LSCF-CGO electrode). 

 

Electrode 

Transport phenomena (fluxes) Conservation equations 

i⃗io = −
𝜀𝐶𝐺𝑂
𝜏𝐶𝐺𝑂

σio,CGO×∇⃗⃗⃗φCGO (11) ∇⃗⃗⃗∙i⃗io = + 2F(ν(1)+ν(3)) −  Sp
CGO LSCF⁄

𝐶𝑑𝑙
CGO LSCF⁄ ∂E

∂t
 (19) 

N⃗⃗⃗Vo⦁⦁ = − 
𝜀𝐿𝑆𝐶𝐹
𝜏𝐿𝑆𝐶𝐹

�̃�𝑐ℎ𝑒𝑚×∇⃗⃗⃗CVo⦁⦁  (12) 

∇⃗⃗⃗∙N⃗⃗⃗Vo⦁⦁ = (ν(2) − ν(1)) − εLSCF
∂CVo⦁⦁(z,t)

∂t
 

 

(20) 

N⃗⃗⃗O-sLSCF

= −Sp
LSCF gas⁄

DO–sLSCFΓ×∇⃗⃗⃗θO–sLSCF 
(13) 

∇⃗⃗⃗∙N⃗⃗⃗O–sLSCF  =(ν(4) − 2ν(5)) − Sp
LSCF gas⁄

Γ
∂θO–sLSCF(z,t)

∂t
 

 

(21) 

N⃗⃗⃗O−-sLSCF

= −Sp
LSCF gas⁄

DO−–sLSCFΓ×∇⃗⃗⃗θO−–sLSCF 

 

(14) ∇⃗⃗⃗∙N⃗⃗⃗O−–sLSCF  =(ν(2)+ν(3) − ν(4)) − Sp
LSCF gas⁄

Γ
∂θ𝑂−–sLSCF(z,t)

∂t
 (22) 

N⃗⃗⃗𝑂2-sLSCF

= −Sp
LSCF gas⁄

D𝑂2–sLSCFΓ×∇⃗⃗⃗θ𝑂2–sLSCF 
(15) ∇⃗⃗⃗∙N⃗⃗⃗𝑂2–sLSCF =(ν(5) − ν(6)) − Sp

LSCF gas⁄
Γ
∂θ𝑂2−sLSCF(z,t)

∂t
 (23) 

∇⃗⃗⃗yO2 = −
RT

Pt

𝜏𝑝𝑜𝑟𝑒𝑠
𝜀𝑝𝑜𝑟𝑒𝑠

(
�⃗⃗⃗�O2
Dk,O2

+
�⃗⃗⃗�O2yN2
DO2,N2

) 

(16) ∇⃗⃗⃗∙N⃗⃗⃗o2  =  ν(6) −
εpores

RT
Pt
∂yO2(z,t)

∂t
 (24) 

 

i⃗e-=−
𝜀𝐿𝑆𝐶𝐹
𝜏𝐿𝑆𝐶𝐹

σhLSCF⦁ ×∇⃗⃗⃗φLSCF 

(17) ∇⃗⃗⃗∙i⃗e- = −F(ν(2)+ν(3)+ν(4)) + Sp
CGO LSCF⁄

𝐶𝑑𝑙
CGO LSCF⁄ ∂E

∂t
 (25) 

 

Electrolyte 

i⃗io = −σio,CGO×∇⃗⃗⃗φCGO (18) ∇⃗⃗⃗∙i⃗io = 0 (26) 
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      3.1.4 Thermodynamic description 

In the model, the forward and backward kinetic constants for each reaction are linked through the 

thermodynamic equilibrium constant according to the set of equations reported in Table VII. In Eq. 

(33), it can be noticed that the superficial potential step at equilibrium χ𝑒𝑞  is proportional to the 

coverage rate of the oxygen ions at equilibrium  

𝜃𝑂−−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

 according to Eq. (7) (i.e. χ𝑒𝑞 = (𝛤𝐹𝜃𝑂−−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

) (𝐶𝑑𝑙
surface)⁄ ) [Fleig2005]. Moreover, the 

electrode potential at equilibrium 𝐸𝑒𝑞 in Eqs. (32) and (34) is equal to the chemical potential of 

oxygen in the gas phase taken at the reference electrode (i.e. 𝐸𝑒𝑞 =
µ̃𝑂2(𝑔𝑎𝑠)
𝑟𝑒𝑓

4𝐹
 knowing that 

𝐸𝑊𝐸
𝑒𝑞 (𝑉 𝑅𝑒𝑓⁄ ) ≈ 0 [Monaco2021]).  

The equilibrium constants were not directly calculated from the thermodynamic data since there is 

still a large uncertainty on the entropies and enthalpies especially for the attached species on LSCF 

[Choi2010, Yurkiv2014]. As a consequence, the surface coverage at equilibrium 

(𝜃𝑂−−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

, 𝜃𝑂−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

and 𝜃𝑂2−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

) were considered as model inputs parameters at 𝑃𝑂2= 0.21 atm and 

thus fitted using the dc experimental data. Furthermore, they were supposed to be independent on 

the temperature. This last assumption is rather well justified considering the low surface coverage 

assumed in Eq. (7) by neglecting the surface site restriction. Once the surface coverage of the three 

adsorbed species fitted at 𝑃𝑂2= 0.21 atm, the thermodynamic constants for the surface 

reactions 𝐾𝑒
(4)

,  𝐾𝑒
(5)

 and  𝐾𝑒
(6)

 were determined.  

To compute the composition at equilibrium, the concentration of oxygen vacancies 𝐶𝑉𝑜∙∙
𝑒𝑞

 was 

determined as a function of the temperature and the oxygen partial pressure using the oxygen 

under-stoichiometry δ and the pseudo cubic lattice parameter for La0.6Sr0.4Co0.2Fe0.8O3-δ taken from 

Bouwmeester et al. [Bouwmeester2004] and Hashimoto et al. [Hashimoto2011], respectively. 

Besides, using the previously determined constants 𝐾𝑒
(4)

,  𝐾𝑒
(5)

 and 𝐾𝑒
(6), the system of Eqs. (35-37) 

were solved numerically to compute the evolutions of 𝜃𝑂−−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

, 𝜃𝑂−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

and 𝜃𝑂2−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

 as a function 

of the oxygen partial pressure. 

Finally, the determination of the thermodynamic constants 𝐾𝑒
(1)

,  𝐾𝑒
(2)

 and  𝐾
𝑒

(3)
, involving bulk 

species, were calculated with Eqs. (32-34) using the data at equilibrium. 
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Table VII. Equations of the thermodynamic equilibrium constants (cf. List of symbols). 

 

N° 

 

Thermodynamic equilibrium constants 

 

R1 

 𝐾𝑒
(1)
=
𝐶𝑂𝑜𝑥
𝑚𝑎𝑥 − 𝐶𝑉𝑜∙∙

𝑒𝑞

𝐶𝑉𝑜∙∙
𝑒𝑞 𝑒𝑥𝑝 (

−2𝐹𝐸𝑒𝑞

𝑅𝑇
) (32) R4  𝐾𝑒

(4)
=
𝜃𝑂−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

𝜃𝑂−−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞  𝑒𝑥𝑝 (

−𝐹𝜒𝑒𝑞

𝑅𝑇
) (35) 

 

R2 

 𝐾𝑒
(2)
=

𝜃𝑂−−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

𝐶𝑉𝑜∙∙
𝑒𝑞

𝜃𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

(𝐶𝑂𝑜𝑥
𝑚𝑎𝑥 − 𝐶𝑉𝑜∙∙

𝑒𝑞)
 𝑒𝑥𝑝 (

−𝐹𝜒𝑒𝑞

𝑅𝑇
) (33) R5 𝐾𝑒

(5)
=

𝜃𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

 

(𝜃𝑂2−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

𝜃𝑂−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

)2
 (36) 

 

R3 

 𝐾𝑒
(3)
=
𝜃𝑂−−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

𝜃𝑠𝐿𝑆𝐶𝐹
𝑒𝑞 𝑒𝑥𝑝 (

−𝐹𝐸𝑒𝑞

𝑅𝑇
) (34) R6 𝐾𝑒

(6)
=
𝜃𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

𝑃𝑂2
𝑒𝑞 

𝜃𝑂2−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞  (37) 

 

 

      3.1.5 Boundary conditions and input parameters  

The thermodynamic computation allows obtaining the equilibrium constants used to express the 

backward kinetic constants and the composition at equilibrium used as initial values for the time 

dependent simulations. For the kinetic computation, the charge and mass balances (Eqs. (19-26) 

and Eq. (31)) combined with the expressions for the fluxes (Eqs. (11-18)) and the reaction rates 

(Eqs. (1-6)) constitute a set of Partial Differential Equations (PDEs) which are solved in the time 

domain by Finite Element Method (FEM). The methodology for the calculations of the EIS 

diagrams has been already described [Hubert2016].  

For a sake of clarity, the boundary conditions are only summarized hereafter for the LSFC-CGO 

composite electrode model. On the one hand, the ionic current is imposed in the barrier layer and 

is nil at the top of the electrode: 𝑖𝑖𝑜(𝑧 = 0) = imposed; 𝑖𝑖𝑜(𝑧 = ℓ𝐶𝐺𝑂 + ℓ) = 0. On the other, the 

electronic potential in LSCF is taken at zero at the top of the electrode while the electronic current 

is nil at the interface with the barrier layer: 𝜑𝑒𝑙(𝑧 = ℓ𝐶𝐺𝑂 + ℓ) = 0; 𝑖𝑒𝑙(𝑧 = ℓ𝐶𝐺𝑂) = 0. The flux of 

vacancies in LSCF is equal to zero on each side of the electrode: N⃗⃗⃗Vo⦁⦁(𝑧 = ℓ𝐶𝐺𝑂) =

N⃗⃗⃗Vo⦁⦁(𝑧 = ℓ𝐶𝐺𝑂 + ℓ) = 0 and the fluxes for all the adsorbed species on LSCF are nil on each side of 

the electrode: N⃗⃗⃗i-𝑠𝐿𝑆𝐶𝐹(𝑧 = ℓ𝐶𝐺𝑂) = N⃗⃗⃗i-𝑠𝐿𝑆𝐶𝐹(𝑧 = ℓ𝐶𝐺𝑂 + ℓ) = 0. Finally, the oxygen gas flux is 
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imposed at the inlet of the gas channel and is nil at the barrier layer interface: 𝐹𝑂2
𝑖𝑛𝑙𝑒𝑡(𝑧 = ℓ𝐶𝐺𝑂 + ℓ) =

𝑖𝑚𝑝𝑜𝑠𝑒𝑑; �⃗⃗⃗�𝑂2(𝑧 = ℓ𝐶𝐺𝑂) = 0.  

Regarding the input parameters for the simulations, all the microstructural properties were 

extracted from the 3D reconstructions (cf. section 4.1).  The gas diffusivities were evaluated with 

Eqs. (28) and (29)) while the electronic conductivity in the LSCF was estimated with Eq. (30). In 

this case, the exponent n was considered to vary from n = + 1/5 to n = + 1/20 according to the data 

reported by Lane and Kilner [Lane2000]. The evolution of CGO ionic conductivity with the 

temperature was determined in the model using an activation energy of 65 kJ·mol-1 [Takana2012]. 

The oxygen vacancy self-diffusivity for LSCF was taken in order to obtain a chemical diffusivity 

of 3.7·10-10 m2·s-1 at 700 °C under air with an activation energy of 156 kJ·mol-1. It can be noticed 

that these values are consistent with data reported in the literature [Bouwmeester2014, 

Yashiro2011]. The capacitance of the LSCF/CGO double layer was taken at 0.5 F·m-2 as estimated 

by Monaco et al. [Monaco2018]. For what concerns the surface capacitance 𝐶𝑑𝑙
surface, a wide range 

of data spreading from 0.1 F·m-2 up to 100 F·m-2 is reported in the literature [Donazzi2020]. In the 

present model, a low value of 0.2 F·m-2 was chosen for the simulations to be consistent with the 

assumption of the low oxygen ions coverage at the LSCF surface. All the mentioned input 

parameters are provided in Tab. VIII at the reference temperature of 700 °C at 𝑃𝑂2 = 0.21 atm. The 

microstructural properties of both studied electrodes are reported in Table I. 

Table VIII. Model input parameters for the LSCF material given here at 700°C under 𝑃𝑂2=0.21 

atm. 

Parameter at 700°C, 𝑷𝑶𝟐=0.21 atm Value Unit 

Maximum oxygen concentration in the LSCF (𝐶𝑂𝑂𝑥
𝑚𝑎𝑥) 83108 (mol·m-3) 

Equilibrium oxygen concentration in the LSCF (𝐶
𝑂𝑂
𝑥
𝑒𝑞

) 82491 (mol·m-3) 

Electronic conductivity of LSCF (σhLSCF
⦁ ) 33738 (S·m-1) 

Ionic conductivity of CGO (𝜎𝑖𝑜,𝐶𝐺𝑂) 2.9 (S·m-1) 

Density of available adsorption sites (Γ) 1·10x10-5 (mol·m-2) 

LSCF chemical diffusivity (𝐷𝑐ℎ𝑒𝑚) 3.7 x10-10 (m²·s-1) 

LSCF/CGO double layer capacitance (𝐶𝑑𝑙
𝐿𝑆𝐶𝐹/𝐶𝐺𝑂

) 0.5 (F·m-2) 

Surface double layer capacitance (𝐶𝑑𝑙
𝑠𝑢𝑟𝑓𝑎𝑐𝑒

) 0.2 (F·m-2) 

Knudsen diffusion coefficient (Dk,O2) 535 (m²·s-1) 

Molecular diffusion coefficient (DO2,N2) 1.65 x10-4 (m²·s-1) 

Charge transfer coefficient (𝛼𝑜𝑥) 0.5 (-) 
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In order to reduce further the number of unknown parameters, two supplementary assumptions 

have been considered. Firstly, as generally observed and admitted for the studied electrodes 

[Adler2004], the oxygen ionic transfer (R1) across LSCF/CGO interface was supposed as not 

limiting (𝑘+ ≫ 0). In addition, the associative reaction (R5) on the LSCF surface was considered 

very fast and near the equilibrium as justified by Yurkiv et al. [Yurkiv2014] (𝑘𝑎𝑠𝑠 ≫ 0).  

Finally, the LSCF surface properties including the surface coverages at equilibrium at 𝑃𝑂2 = 0.21 

atm, the surface diffusivities and the kinetic constants for the surface reactions along with their 

related activation energies correspond to the missing input parameters fitted on the experimental 

data (cf. section 3.2.1).  

 

      3.1.6 Extension to the Cyclic Voltammetry simulation 

The full elementary model for the LSCF electrode has been extended to simulate CV curves. 

Besides, a numerical version of the semi-analytical ALS-based model proposed by Montella et al. 

[Montella2021] for the CV response of the porous LSCF electrode has also been developed. The 

comparison between the two approaches will be discussed in section 3.4.3. 

ALS-based model – As this semi-analytical model has been already thoroughly detailed in 

[Montella2021], only a brief description, with the main assumptions, is reminded hereafter. The 

model considers a 1D homogenous electrode film connected from one side to the electrolyte (z=0) 

and to the opposite side to the current collector (𝑧 = ℓ) (Fig. III-2a). The oxygen partial pressure 

is assumed as constant all along the electrode thickness. Therefore, the incorporated oxygen and 

vacancies in LSCF are the only species that can vary. The reaction mechanism is simply composed 

by the ionic transfer at the electrode/electrolyte interface (38), followed by a solid-state diffusion 

coupled with a pure chemical reaction of the oxygen exchange between the gas and LSCF (39) 

(Fig. III-2b):  

𝑂2−(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) + 𝑉𝑜
••(𝐿𝑆𝐶𝐹) ⟷ 𝑂𝑜

𝑥(𝐿𝑆𝐶𝐹) at the electrolyte interface (𝑧 = 0) (38) 

𝑂𝑜
𝑥(𝐿𝑆𝐶𝐹) ⟷ 𝑉𝑜

••(𝐿𝑆𝐶𝐹) + 1/2𝑂2(𝑔𝑎𝑠) + 2𝑒
− in the electrode thickness (0 <

𝑧 < ℓ) 

(39) 

where 𝑂𝑜
𝑥(𝐿𝑆𝐶𝐹) and 𝑉𝑜

••(𝐿𝑆𝐶𝐹) denote the incorporated oxygen and vacancies in LSCF.  
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Fig. III-2 Schematic representation of the simulated domain (a) with a focus on the reaction 

mechanism for model-I (b) and model-II (c). For the sake of clarity, the electrons have been 

omitted. 

 

In this approach, the double layer capacitance at electrode/electrolyte interface as well as the Ohmic 

drop in the electrolyte are neglected. Because of the high operating temperature, the reaction of 

ionic transfer is considered to occur in a quasi-equilibrium state. This condition allows expressing 

the concentration of oxygen in LSCF at the electrolyte interface (𝑧 = 0) through the Nernst’s 

equation (used as a first boundary condition): 

𝐶𝑂𝑜𝑥(0, 𝑡) = 𝐶𝑂𝑜𝑥
𝑚𝑎𝑥/{1 + 𝑒𝑥𝑝[−(𝜉(𝑡))]}    with     𝐶𝑂𝑜𝑥(0, 𝑡) = 𝐶𝑂𝑜𝑥

𝑚𝑎𝑥 − 𝐶𝑉𝑜••(0, 𝑡) (40) 

where 𝐶𝑉𝑜••(0, 𝑡) and 𝐶𝑂𝑜𝑥(0, 𝑡) represent the time dependent interfacial concentration of vacancies 

and oxygen in LSCF, respectively, while 𝐶𝑂𝑜𝑥
𝑚𝑎𝑥 is the maximum concentration of oxygen in the 

material. The dimensionless parameter 𝜉(𝑡) is related to the electrode potential as follows: 

𝜉(𝑡) =
2𝐹

𝑅𝑇
(𝐸(𝑡) − 𝐸0) 

(41) 

where F is the Faraday’s constant, R the universal gas constant and T the absolute temperature. The 

terms 𝐸(𝑡) and 𝐸0 are referred as the time-dependent electrode potential and the standard potential, 

Current 

Collector

Porous 

Electrode

(LSCF)

Electrolyte

(8YSZ)

0
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respectively. It is worth noting that equilibrium conditions are supposed to be fulfilled at t = 0 in 

such a way that 𝐶𝑂𝑜𝑥
𝑒𝑞
= 𝐶𝑂𝑜𝑥(𝑧, 0), 𝐸

𝑒𝑞 = 𝐸(0) and 𝜉𝑒𝑞 = 𝜉(0). 

The kinetic rate for the oxygen exchange reaction between the electrode and the gas phase is written 

as a function of the incorporation level: 

𝜈𝑐ℎ𝑒𝑚(𝑧, 𝑡) =  𝑆𝑝
𝐿𝑆𝐶𝐹 𝑘𝑐ℎ𝑒𝑚  (𝐶𝑜𝑜𝑥(𝑧, 𝑡) − 𝐶𝑂𝑜𝑥

𝑒𝑞
)  for 0 < 𝑧 < ℓ    (42) 

where  𝑘𝑐ℎ𝑒𝑚  and  𝑆𝑝
𝐿𝑆𝐶𝐹 are the chemical exchange rate constant and the electrode specific surface 

area, respectively. The flux of oxygen in the LSCF bulk is expressed with the classical Fick’s law: 

J𝑜𝑜𝑥(z, t) = − 
𝜀𝐿𝑆𝐶𝐹
𝜏𝐿𝑆𝐶𝐹

𝐷𝑐ℎ𝑒𝑚
𝜕𝐶𝑂𝑜𝑥(𝑧, 𝑡)

𝜕𝑧
  for 0 < 𝑧 < ℓ 

(43) 

where 𝐷𝑐ℎ𝑒𝑚, 𝜀𝐿𝑆𝐶𝐹 and 𝜏𝐿𝑆𝐶𝐹 are related to the chemical diffusivity, the volume fraction and the 

tortuosity factor for the LSCF phase, respectively. The flux J𝑜𝑜𝑥 (𝑧, 𝑡) is considered to be nil at the 

top of the electrode (𝑧 = ℓ) (condition used as the second boundary condition). The two last 

equations are combined in the mass balance for the oxygen in LSCF. In other words, the local 

variation in the flux is controlled by the kinetic rate of the oxygen exchange reaction together with 

a dynamic term related to the transient accumulation/depletion of oxygen in LSCF: 

𝜕𝐽𝑂𝑜𝑥(𝑧, 𝑡)

𝜕𝑧
= −𝑣𝑐ℎ𝑒𝑚(𝑧, 𝑡) − εLSCF

𝜕𝐶𝑂𝑜𝑥(𝑧, 𝑡)

𝜕𝑡
  for 0 < 𝑧 < ℓ 

(44) 

The Faradaic current density is derived from the interfacial diffusion and it is calculated at the 

electrode/electrolyte interface as follows:  

𝑗𝑒−(0, 𝑡) = 2𝐹
𝜀𝐿𝑆𝐶𝐹
𝜏𝐿𝑆𝐶𝐹

𝐷𝑐ℎ𝑒𝑚
𝜕𝐶𝑜𝑜𝑥(𝑧, 𝑡)

𝜕𝑧
]
𝑧=0

 

    

(45) 

By combining Eqs. (42-45) with the two boundary conditions, it is possible to derive an explicit 

semi-analytical solution for the CV response, expressed through the following equation 

[Montella2021]:  

𝑗𝑒−(𝑡) = 2𝐹𝐶𝑂𝑜𝑥
𝑚𝑎𝑥 ∙ ℒ−1 (

1

𝑠 ∙ 𝑀(𝑠)
) ∗
𝑑ℎ[𝜉(𝑡)]

𝑑𝑡
 

(46) 

where the symbol (∗) denotes the convolution product, ℒ is the Laplace transform operator and 𝑠 

is the Laplace variable. The term 𝑀(𝑠) is the so-called ‘mass transfer function’, defined as the ratio 
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in the Laplace domain between the incremental changes of oxygen concentration and flux at the 

electrolyte interface (𝑀(𝑠) = ℒΔ𝐶𝑂𝑜𝑥(𝑥 = 0, 𝑡)/ℒΔ𝐽𝑂𝑜𝑥(𝑥 = 0, 𝑡)). The term ℎ[𝜉(𝑡)] is referred as 

the potential-dependent function that depends on the controlled-potential technique (ℎ[𝜉(𝑡)] =

1

1+𝑒𝑥𝑝(−𝜉(𝑡))
−

1

1+𝑒𝑥𝑝(−𝜉𝑒𝑞)
).  

  

In order to simplify the analyses, the electrochemical input parameters are replaced by 

dimensionless variables. In this approach, the chemical rate constant 𝑘𝑐ℎ𝑒𝑚 and the electrode 

thickness ℓ𝐿𝑆𝐶𝐹 are respectively substituted by the dimensionless parameters λ and 𝐿, as follows: 

𝜆 =  
𝑆𝑝
𝐿𝑆𝐶𝐹𝑘𝑐ℎ𝑒𝑚

2𝑓𝜈𝜀𝐿𝑆𝐶𝐹
 

(47) 

𝐿 =  ℓ𝐿𝑆𝐶𝐹 (
2𝑓𝜈

 𝐷𝑐ℎ𝑒𝑚 𝜏𝐿𝑆𝐶𝐹⁄
)

1
2⁄

 
(48) 

where 𝜈 is the imposed scan rate for the voltammetry computation and 𝑓 = 𝐹/(𝑅𝑇). In function 

of these two variables, it is possible to build the so-called ‘zone diagram’ as detailed in 

[Montella2021]. By imposing limit conditions on λ and 𝐿, specific shapes of the cyclic 

voltammograms can be obtained with simplified closed-form expressions for the dimensionless 

current density. Moreover, the type of kinetic and/or mass transport control for the reaction is 

identified for each individual limiting zone. It is worth mentioning that the zone diagram reported 

in [45] is plotted for LSV starting in the cathodic direction for the special case where 𝜉𝑒𝑞 → ∞. 

This hypothesis means that a full oxygen occupation in LSCF is reached at equilibrium (i.e. 𝛿 → 0 

and 𝐶𝑂𝑜𝑥 → 𝐶𝑂𝑜𝑥
𝑚𝑎𝑥).  

In order to investigate the impact of the Ohmic loss in the electrolyte on the CV response, the 

assumptions listed before have been taken into account to propose a numerical version of the ALS-

based model. However, some slight differences have to be underlined. In the numerical version, 

the CV simulations have been performed starting at OCP, corresponding to 𝜉𝑒𝑞 = 4.896. 

Nevertheless, the condition 𝜉𝑒𝑞 → ∞ is almost fulfilled, as the concentration of oxygen at OCP 

differs by less than 1% from the maximum concentration in LSCF in the chosen experimental 

conditions [Hashimoto2011]. Moreover, the Nernst’s equation at the electrode/electrolyte interface 
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has been replaced with a fast and non-limiting reaction of ionic transfer (Eq. (38)). In this condition, 

the expression of the oxygen concentration at the interface given in Eq. (40) is still satisfied. This 

alternative expression for Eq. (40) has been adopted in order to introduce in the model a description 

of the electrolyte. In this case, the oxygen migration in the electrolyte is modeled using a classical 

Ohm’s law. This numerical version of the ALS-based model is referred as ‘model-I’ thereafter. 

Elementary numerical model extension– The full elementary model for the description of the LSCF 

electrode described above has been extended to simulate the CV curves as well. 

In contrast to the ALS-based model, it can be noticed that the charging/discharging effect of the 

double layer capacitance at the LSCF/CGO interface was taken into account. It must also be 

emphasized that the set of partial differential equations related to the mass and charge balances are 

solved in the time domain by keeping the full nonlinearity of the system. Therefore, the model can 

be directly employed for the CV simulation. In this case, the difference in electronic potential at 

the top of the electrode, 𝜑𝑒−(𝑧 = ℓ𝐿𝑆𝐶𝐹) and ionic potential in the electrolyte, 𝜑𝑖𝑜(𝑧 =

− ℓ𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) (i.e.  𝜑𝑒−(𝑧 = ℓ𝐿𝑆𝐶𝐹) − 𝜑𝑖𝑜(𝑧 = − ℓ𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) ≈ −𝜑𝑖𝑜(𝑧 = − ℓ𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒)), 

varies with a triangular waveform starting from OCP:  

𝜑𝑖𝑜(𝑡, 𝑧 = − ℓ𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) = 0 ± 𝑤𝑣(𝑡)     (49) 

where ℓ𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 is the electrolyte thickness. The term 𝑤𝑣(𝑡) is the wave function, which depends 

on the chosen demi-amplitude A and angular frequency ω. The scan rate was changed in the 

simulation by varying the period Tw of the wave function (ω = 2𝜋/𝑇𝑤).  

Since the full elementary model has shown a very good agreement between the simulations and the 

experiments without any additional fitting (both in terms of polarization curves and impedance 

diagrams), it is considered as a reliable representation of the LSCF electrochemical behavior. 

Therefore, this predictive model has been used for the extension of the cyclic voltammetry without 

any adaption of the input parameters, knowing that the same type of LSCF electrode has been used 

for the voltammetry measurements as well.  

For the sake of clarity, a comparison of the two reaction mechanisms is reported in Fig. III-2 to 

highlight the difference between the semi-analytical and full elementary approach in terms of 

kinetic description. Moreover, in order to distinguish the two numerical versions for the 
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voltammetry computation, the semi-analytical model is referred as ‘model-I’ hereafter, while the 

extension of the full elementary model is referred as ‘model-II’. 

 

3.2 Elementary model calibration and validation  

      3.2.1 Model calibration on polarization curves 

The unknown parameters for the elementary model (cf. section 3.1.5) were determined by fitting 

the simulated data on the experimental polarization curves at the three investigated temperatures. 

In other words, the computed i-η curves have been adjusted on the experimental data through an 

iterative process. Because of the non-symmetrical shape of the electrode response (especially at 

700 °C and 650 °C), it is worth mentioning that this process has led to determine a unique value 

for each of the missing parameters. The results of the fitting procedure are shown in Fig. III-3a and 

Fig. III-3b for the LSCF and LSCF-CGO electrodes, respectively. As expected, the calibrated 

model is able to simulate accurately the shape of the i-η curves at each operating temperature for 

both studied electrodes.  

All the model fitted parameters are reported in Tab. IX. Firstly, it can be noticed that low values 

were obtained for the surface coverage at equilibrium (for 𝑃𝑂2 = 0.21 atm) in good agreement with 

the assumption of a diluted solution considered for Eq. (46). Moreover, the activation energies for 

the diffusivities and kinetic constants are quite consistent between the two electrodes. Indeed, a 

good agreement is found for these fitted parameters with a mismatch of less than 18 % except for 

the activation energy associated to the charge transfer at TPBls. In this case, the difference 

increases up to 39 %. Besides, the diffusion coefficients as well as the kinetic constants for the 

oxygen ionization and adsorption, which are reported in Tab. IX at 700 °C, are also coherent 

between the two investigated electrodes. However, a discrepancy was found for the excorporation 

kinetic constant. This unexpected result could be explained by different surface states for LSCF in 

the two types of electrode affecting the reaction of excorporation/incorporation. Finally, it can be 

noticed that the kinetic constants for the charge transfer at TPBls cannot be compared since they 

do not have the same dimension. As a general matter, in spite of some differences, it can be claimed 

that the parameters fitted on the i-η curves are consistent between the LSCF and LSCF-CGO 

electrodes.  
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Fig. III-3 Experimental and simulated i-η curves under air for (a) the LSCF and (b) the LSCF-

CGO electrode, respectively. 
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Table IX. Model parameters fitted on the i-V curves for LSCF and LSCF-CGO electrodes at 700 

°C. 

Parameters at 700°C LSCF LSCF-CGO 

Diffusivities Value Unit 
Eact  

(kJ∙mol-1) 
Value Unit 

Eact  

(kJ∙mol-1) 

Diffusion coefficient of the oxygen 

ad-ions (𝐷𝑂−−𝑠𝐿𝑆𝐶𝐹) 
9x10-8 (m²∙s -1) 184 4x10-7 (m²∙s -1) 218 

Diffusion coefficient of the oxygen 

ad-atoms ( 𝐷𝑂−𝑠𝐿𝑆𝐶𝐹) 
3x10-7 (m²∙ s -1) 153 3x10-7 (m²∙s -1) 153 

Diffusion coefficient of the oxygen 

ad-molecules (𝐷𝑂2−𝑠𝐿𝑆𝐶𝐹) 
3x10-7 (m²∙s -1) 153 3x10-7 (m²∙s -1) 153 

Kinetic constants Value Unit 
Eact  

(kJ∙mol-1) 
Value  Unit 

Eact 

(kJ∙mol-1) 

Kinetic constant for excorporation 

𝑘𝑜𝑥
𝐿𝑆𝐶𝐹/𝑔𝑎𝑠

 
1 x10-4 (m3 ∙mol-1 ∙s-1) 148 2 x10-5 (m3 ∙mol-1 ∙s-1) 149 

Kinetic constant for deionization 

𝑘𝑑𝑒𝑖𝑜𝑛 
6.8 x104 (s-1) 212 5.1 x104 (s-1) 245 

 Kinetic constant for desorption 

𝑘𝑑𝑒𝑠 
2.8 x105 (s-1) 178 2.8 x105           (s-1) 178 

Kinetic constant for oxidation at 

TPBls 𝑘𝑜𝑥
𝑇𝑃𝐵𝑙𝑠 

2.3 x10-3 (m∙s -1) 206 4.6 x10-5  (s -1) 286 

Kinetic constant for charge transfer 

at LSCF/CGO 𝑘+ 

NOT 

LIMITING 
(mol ∙ m-1∙s-1) - 

NOT 

LIMITING 
(mol ∙ m-2∙s-1) - 

Kinetic constant for association 

𝑘𝑎𝑠𝑠 

NOT 

LIMITING 
(m2 ∙mol-1 ∙s-1) - 

NOT 

LIMITING 
(m2 ∙mol-1 ∙s-1) - 

LSCF surface coverage at 

equilibrium for 𝑃𝑂2= 0.21 atm 
Value Unit 

Oxygen ions coverage at 

equilibrium   

𝜃𝑂−−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

 

6 x10-3 (-) 

Oxygen atoms coverage at 

equilibrium  

𝜃𝑂−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

 

1 x10-3 (-) 

Oxygen molecules coverage at 

equilibrium  

𝜃𝑂2−𝑠𝐿𝑆𝐶𝐹
𝑒𝑞

 

1 x10-4 (-) 
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      3.2.2 Model validation 

               3.2.2.1 Impedance diagrams 

In order to validate the model, impedance diagrams were computed in the same conditions of the 

experiments without any additional fitting. The comparison between the simulated and measured 

EIS diagrams for the LSCF electrode at OCP is reported in Fig. III-4. From the diagrams 

represented in Figs. III-4a and III-4b at 650 °C and 700 °C, it can be seen that the model is able to 

predict quite accurately the shape of the experimental EIS diagrams characterized by a Gerischer 

type-element (cf. Chapter II). It is worth noting that the agreement between experimental and 

simulated impedance diagrams in the low frequency range at high temperature (Fig. III-4c) 

suggests that the CSTR model (Eq. (31)) is well adapted to capture the effect of gas conversion 

that appears at 750 °C. In Fig. III-5, the impedance diagrams recorded under polarization are 

compared to the simulated ones at 700 °C. As shown in Fig. III-5a and III-5b, the model is also 

able to reproduce quite correctly the global shape of the impedance diagrams under cathodic and 

anodic polarizations. It can be noticed that, in the range of investigated polarizations, the EIS 

diagrams still exhibit a Gerischer type-element behavior suggesting that the LSCF electrode 

mechanism remains unchanged in these operating conditions.   

The computed and experimental frequency distributions are compared at OCP in Figs. III-4d to III-

4f and under polarization at 700 °C in Fig. III-5c and III-5d for the diagrams plotted in the Bode 

plan. It can be observed that the increase of the peak frequency with the temperature and the 

polarization is well retrieved with the model. This evolution of the peak frequency at OCP with the 

temperature and under polarization at 700 °C is explained by a higher contribution of the surface 

path as detailed in section 3.3.1. Nevertheless, a frequency lag between the simulations and the 

measurements is obtained for all the diagrams. Indeed, the computed frequency distribution is 

systematically lower than the experimental one. The precise origin of this frequency shift is still 

unclear. The disagreement may come from an uncertainty on the determination of the 

microstructural properties using a 3D reconstruction that could be not fully representative of 

potential inhomogeneities in the whole electrode volume. Indeed, the electrode microstructure can 

play a major role on the frequency response of the electrode [Çelikbilek2017, Marinha2011, 

Nielsen2011,]. Moreover, it could be also mentioned that even a slight change in the bulk to surface 

ratio for the reaction mechanism could have a strong impact on the simulated frequency distribution 
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as discussed in section 5.1. Besides, the experimental conditions could affect the measurements of 

the frequency distribution partially explaining the discrepancy between the simulations and the 

experimental data. 

 

Fig III-4 Experimental and simulated impedance diagrams for the LSCF electrode at OCP. 

Nyquist plots for (a) 650 °C, (b) 700 °C and (c) 750 °C. Bode plots for (d) 650 °C, (e) 700 °C 

and (f) 750 °C. 
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Fig. III-5 Experimental and simulated impedance diagrams for the LSCF electrode at 700 °C 

for idc = ± 50 mA cm-2. (a) and (b) Nyquist and (c) and (d) Bode plots. 

The same results have been obtained for the LSCF-CGO electrode. The full elementary model is 

also able to reproduce correctly the shape of the experimental impedance diagrams whatever the 

temperature or the polarization (Fig. III-6 and Fig. III-7). All the evolutions of the frequency 

distribution with the operating conditions are also well retrieved with the model even though a 

frequency shift is also observed for the composite electrode. To conclude, despite the systematic 

error on the frequency distribution, it can be asserted that, without supplementary fitting, the model 

is able to predict quite correctly the impedance response for the two types of studied electrodes.  
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Fig. III-6 Experimental and simulated impedance diagrams for the LSCF-CGO electrode at 

OCP. Nyquist plots for (a) 650 °C, (b) 700 °C and (c) 750 °C. Bode plots for (d) 650 °C, (e) 

700 °C and (f) 750 °C. 
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Fig. III-7 Experimental and simulated impedance diagrams for the LSCF-CGO electrode at 700 

°C for idc = ± 50 mA cm-2. (a) and (b) Nyquist and (c) and (d) Bode plots. 
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as it was evidenced at 750 °C under air (Fig. III-5c). This contribution was also observed by 

Mosialek et al. [Mosialek1998] in the same experimental conditions confirming that a gas 

conversion impedance arises also at low oxygen partial pressures.  

This good agreement between the model and the experiments is also confirmed by the reaction 

order m drawn from the simulated data for both studied electrodes. Regarding the LSCF electrode, 

the fitted value was found to be equal 0.15 for 0.10 atm ≤ 𝑃𝑂2 ≤ 0.21 atm and to 0.09 for 𝑃𝑂2 >

0.21 atm (Fig. III-8a). For the LSCF-CGO electrode, a fitted value of 0.27 was calculated for 

0.10 atm ≤ 𝑃𝑂2 ≤ 0.21 atm while a value of 0.16 was obtained for 𝑃𝑂2 > 0.21 atm  (Fig. III-8b). All 

these exponents are very close to the ones fitted on the experimental data (cf. section 2.1.3.5). For 

instance, the error on the reaction orders for the LSCF electrode is less than 12 %. The consistency 

between the experimental and computed exponents would indicate the relevance of the model 

assumption regarding the reaction mechanism and the presence of oxygen ions on the LSCF 

surface. Therefore, as pointed out by Fleig et al. [Fleig2007], the description of the reaction 

mechanism with elementary reactions in the porous electrode allows the good prediction of the 

electrode response as a function of the 𝑃𝑂2.  

As a general comment, it was possible using the same model to reproduce the experimental 

polarization curves for the LSCF and LSCF-CGO electrodes by identifying for the two cases a set 

of consistent data (kinetic constants and surface diffusivities). Moreover, the model is able to 

predict without any fitting the LSCF and LSCF-CGO electrodes behavior with the change of 𝑃𝑂2 

and the shape of the impedance diagrams depending on the temperature and polarization. In spite 

of a systematic frequency lag in the impedance spectra, the capacity of the model to reproduce the 

response for the two types of electrode allows validating the main model assumptions. 
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Fig. III-8 Plot of the logarithm of the electrode polarization resistance as a function of the 

logarithm of the oxygen partial pressure for (a) the LSCF electrode and (b) the LSCF-CGO 

electrode. 
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incorporation step is activated while the reaction at TPBls is bounded). As already shown for the 

LSCF electrode [Monaco2018], a transition from the bulk to the surface path occurs by increasing 

the anodic polarization at all the operating temperatures. Even if a slight increase of the ratio is 

detected as a function of the operating temperature, the bulk path appears to be the dominant 

pathway for the LSCF electrode at OCP (Fig. III-9a). This result is in good agreement with the 

Gerischer type-element observed for the diagrams obtained in this condition [Adler1998] (Fig. III-

4). Moreover, a steep variation of the ratio is found at 650 °C indicating a well-defined threshold 

for the transition from the bulk to the surface path. However, this evolution and the transition 

become smoother by increasing the operating temperature. This behavior is in accordance with the 

derivatives of the polarization curves as a function of the current density. Indeed, a clear 

dissymmetry occurs close to the OCP at 650 °C, while a more linear evolution is observed at 750 

°C (see Fig. II-6 in Chapter II). From the analysis of the ratio at 750 °C (Fig. III-9a), it can be stated 

that the constant value measured experimentally is due to the fact that the investigated range of 

current density is not sufficiently extended to detect the transition to the surface path (taking place 

at a higher anodic dc current ≈ + 200 mA∙cm-2). At 700 °C, the ratio starts to be higher than the 

unity only at ≈ + 90 mA∙cm-2. This result explains why no change in the impedance diagrams was 

observed since the experiments were conducted for a lower dc current (± 50 mA∙cm-2: cf. section 

2.1.3.5). 

The ratio has also been computed at 800 °C for the LSCF electrode taking advantage of the fitted 

activation energies. As it can be noticed in Fig. III-9a, the ratio increases very slowly with the 

current density, probably due to the small overpotential values. Thereby, the transition to the 

surface path is much less abrupt and is decayed at high anodic current density (≈ + 300 mA∙cm-2). 

This result may explain the apparent discrepancy between our statements and the conclusions of 

Ma et al. [Ma2018] who claimed that the LSCF remains dominated by the bulk path in both anodic 

and cathodic polarizations at 800°C. Furthermore, it is worth noting that in their model, the 

chemical diffusivity depends exponentially on the concentration of oxygen vacancies in the LSCF 

(𝐷𝑐ℎ𝑒𝑚 = 𝐴exp (𝐵 (𝐶𝑉𝑂
•• − 𝐶𝑉𝑂

••
𝑒𝑞
))). With this model, the steep increase of Dchem at the electrolyte 

interface prevents the limitation of the bulk path under anodic current. In our case, the dependence 

of the chemical diffusivity with the concentration of vacancies is given by the thermodynamic 

factor computed using the local oxygen partial pressure in the electrode and the thermogravimetric 
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data from Bouwmeester et al. [Bouwmeester2004] (cf. Eq. (27)). With this approach, the chemical 

diffusivity increases only slightly in the investigated range of oxygen partial pressure (i.e. 𝑃𝑂2 ≥

0.10 atm). This evolution is in good agreement with several articles that have referred only a very 

slight evolution of Dchem for 𝑃𝑂2 ≥ 0.10 atm [Bouwmeester2004, Elshof1997, Lane2000, 

Laurencin2016, Yashiro2011].  

As shown in Fig. III-9b, the reaction mechanism for the LSCF-CGO electrode is completely 

dominated by the surface path whatever the polarization at 750 °C and 700 °C. This result could 

have been anticipated since the surface pathway is favored by the multiplication of the active sites 

in the whole electrode volume. However, the reaction mechanism starts to be fully controlled by 

the bulk path under low cathodic overpotentials when the temperature is lowered down to 650°C 

(Fig. III-9b). This change in the reaction pathway is also experimentally confirmed by the 

dissymmetric shape of the i-η curve recorded at 650 °C (Fig. III-3b).  

 

Fig. III-9 Ratio of the surface to the bulk path under air for (a) the LSCF electrode and (b) 

the LSCF-CGO electrode. The kinetic rates for the charge transfer at TPBs and the oxygen 

incorporation/excorporation (integrated along the electrode thickness) are plotted versus the 

current density in (c) for the LSCF electrode at 700°C.   

 

0

0.4

0.8

1.2

1.6

2

-0.15 0.05 0.25 0.45 0.65

R
a
ti

o
 s

u
rf

a
ce

 p
a
th

 t
o
 b

u
lk

 p
a
th

Current density - i / A cm-²

0

5

10

15

20

25

30

-0.15 -0.05 0.05 0.15 0.25

R
a
ti

o
 s

u
rf

a
ce

 p
a
th

to
 b

u
lk

p
a
th

Current density - i / A cm-²

650 C

700 C

750 C

LSCF-CGOLSCF

650 C

700 C

750 C

(a) (b)

800 C

-0.01

-0.008

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

0.008

-0.25 -0.15 -0.05 0.05 0.15 0.25

Current density – i / A cm-2

Excorporation/ 

Incorporation

Charge transfer at 

TPBls

K
in

et
ic

 r
a
te

s 
/ 

m
o
l

cm
-2

 s
-1

LSCF

(c)

700 C



123 
 

      3.3.2 Impact of the ratio on the impedance response 

Impedance diagrams have been computed below and above the transition at 700 °C under air for 

idc = + 50, + 90, + 120 and + 150 mA∙cm-2 to gain insight on the effect of the predominant reaction 

path on the electrode impedance response. The corresponding diagrams plotted in the Nyquist and 

Bode plans are given in Fig. III-10. A change in the shape of the diagram has been highlighted with 

an evolution starting from a slightly depressed Gerischer type-element towards a complete flattened 

semi-circle at idc = + 150 mA∙cm-2. This evolution is in good agreement with the experimental 

results reported in [Monaco2018]. Furthermore, a sharp increase of the peak frequency has been 

found when the dc current is raised above the threshold (at around + 90 mA∙cm-2). Indeed, the peak 

frequency is augmented from 0.7 Hz at idc = + 50 mA∙cm-2 up to 13 Hz at idc = + 150 mA∙cm-2 (with 

1.9 Hz and 4.9 Hz for the intermediate values corresponding to + 90, + 120 mA∙cm-2, respectively). 

This statement shows that the simulated frequency distribution is strongly impacted even by a slight 

change in the ratio of the surface to bulk path for the reaction mechanism. Therefore, the mismatch 

between the computed and experimental frequencies highlighted in section 3.2.2.1 could be partly 

due to a slight under-estimation of the surface path in the modeling results. 

 

Fig. III-10 Simulated impedance diagrams for the LSCF electrode at 700 °C under air for idc 

= + 50, + 90, + 120 and + 150 mA∙cm-2 (a) Nyquist and (b) Bode plots. It has to be 

reminded that the surface area of the electrode is ≈ 1 cm2. 
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      3.3.3 Effect of oxygen partial pressure on the reaction mechanism at OCP 

Taking advantage of the full elementary model capability to predict the electrode response 

depending on 𝑃𝑂2, the effect of oxygen partial pressure on the reaction mechanism for the LSCF 

electrode has been investigated at OCP. For this purpose, simulations have been carried out at      

700 °C changing step by step the oxygen partial pressure from 𝑃𝑂2= 0.1 atm to 1 atm. As shown in 

Fig. III-11a, the increase of oxygen content in the gas phase enhances gradually the contribution 

of the surface path in the reaction mechanism. For instance, the ratio of the surface path to the bulk 

path close to the OCP rises from 0.29 at 𝑃𝑂2= 0.1 atm up to 1.05 at 𝑃𝑂2= 1 atm. On the one hand, 

this evolution can be explained by the decrease of the LSCF under-stoichiometry at equilibrium 

when the oxygen partial pressure is increased. As for an anodic polarization, the low concentration 

of vacancies at high oxygen partial pressure tends to block the bulk path towards a lower bound 

(Fig. III-11b). As expected, the integrated reaction rate of oxygen incorporation/excorporation (R2) 

is a decreasing function of the oxygen partial pressure. On the other hand, the increase of 𝑃𝑂2 also 

leads to enhance the oxygen activities for the adsorbed species promoting the reaction kinetics 

involved in the surface path. This statement is illustrated in Fig. III-11b by the continuous increase 

of the rate of charge transfer at TPBls (R3) with the oxygen partial pressure. As a result, it can be 

noticed that the sum of the two contributions increases with 𝑃𝑂2 explaining the continuous decrease 

of the electrode polarization resistance as previously discussed (cf. section 3.2.2.2).  
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Fig. III-11. Ratio of surface/bulk path as a function of the current density for each investigated 

oxygen partial pressure at 700 °C for the LSCF electrode (a). Kinetic rates of the oxygen 

excorporation/incorporation (blue) and the charge transfer at TPBls (red) as a function of the 

oxygen partial pressure computed close to the OCP (at + 0.225 mA∙cm-2) (b).  

 

It can be mentioned that the same explanation stands for the LSCF-CGO electrode. Nevertheless, 

the promotion of the reactions involved in the surface path is less sensitive to oxygen activities on 

the surface since, in this case, there is not a limitation in the density of available TPBls for the 

reaction step R3. Therefore, the improvement of the electrode performances with the oxygen partial 

pressure is less pronounced than for the LSCF electrode. Indeed, the ratio of the surface path to the 

bulk path rises at OCP only by a factor of 2.2 for the LSCF-CGO electrode when 𝑃𝑂2 varies between 

0.1 and 1 atm at 700 °C (Fig. III-12). 
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Fig. III-12 Ratio of the surface/bulk path as a function of the current density for each 

investigated oxygen partial pressure at 700 °C for the LSCF-CGO electrode. 

 

To identify the rate-determining steps for the LSCF electrode at OCP, a sensitivity analysis has 

been conducted with the model changing the kinetic constant one after the other. The impedance 

simulations have been performed at 700 °C for two oxygen partial pressures at 𝑃𝑂2 = 0.15 and 0.30 

atm. For the chosen conditions, the ratio of the surface path to the bulk path is equal to 0.39 and 

0.58, respectively (Fig. III-11a). For both oxygen partial pressures, it has been found that the 

adsorption R6 and ionization R4, which belong to the common path, co-limits the reaction 

mechanism. Indeed, the division by two of their respective kinetic constants leads to raise 

significantly the polarization resistance, i.e. the relative increase of the polarization resistance 

∆𝑅𝑝𝑜𝑙/𝑅𝑝𝑜𝑙 is found equal to 8 % (resp. 6 %) for 𝑘𝑎𝑑𝑠/2 and to 14 % (resp. 11 %) for 𝑘𝑖𝑜𝑛/2 at 𝑃𝑂2 

= 0.15 atm (resp. 0.30 atm). When the mechanism is dominated by the bulk path at low oxygen 

partial pressure, the reaction of oxygen incorporation/excorporation (R2) is identified as an 

additional rate-determining step whereas the role of the reaction at TPBls (R3) becomes more and 

more negligible. Indeed, the division by two of their kinetic constants yields an increase of 𝑅𝑝𝑜𝑙 of 
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more dependent on the surface diffusion coefficient of the oxygen ions (hindering the oxygen 

transport away from the TPBls restricted at the electrolyte interface). 

 

3.4 Cyclic Voltammetry study  

      3.4.1 Validation of model-II for the CV computation: effect of temperature and scan rate  

The capability of the full elementary model to predict the voltammograms has been checked by 

comparing the simulated and the experimental curves as functions of the operating temperature and 

applied scan rate. As previously mentioned, all the computations have been carried out using the 

input data used for the model validation on the impedance diagrams and on the effect of the oxygen 

partial pressure. Nevertheless, for the present CV simulations, the Ohmic loss in the CGO barrier 

has been neglected because of its low thickness (2 μm) and only the 8YSZ electrolyte has been 

considered with an ionic conductivity equal to 2.3 S∙m-1 and 1.4 S∙m-1 at 700 °C and 650 °C, 

respectively (data provided by the electrolyte supplier (Kerafol®)). Besides, since the 

measurements were performed using a three-electrode setup in a symmetrical cell configuration, 

the electrolyte thickness in the simulation has been chosen to the half of the whole electrolyte 

thickness (i.e. ℓ𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 = 125 μm) [Rutman2007]. Moreover, the contact resistance between the 

platinum grids (used as current collectors) and the electrodes surface has been also considered in 

the model as an additional Ohmic loss. This resistance, 𝑅𝑐, was determined from the experimental 

impedance diagrams recorded at OCP and was obtained by subtracting the electrolyte resistance 

𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 from the series resistance 𝑅𝑠. This contact resistance has been found to increase from 

𝑅𝑐 = 0.96 Ω ∙ cm² to 𝑅𝑐 = 1.82 Ω ∙ cm² by decreasing the temperature from 700 °C down to 650 

°C. This temperature dependence of 𝑅𝑐, which has been already reported by other authors 

[Wang2014a], may be explained by a higher viscoplastic accommodation of the metallic grids at 

higher temperatures. 

Regarding the effect of the temperature on the CV response, the comparison between the 

experimental data and the curves simulated with model-II has been reported in Fig. III-13. It can 

be seen that the model is able to reproduce quite correctly the general shape of the voltammograms 

at both operating temperatures. As for the experiments, a slightly higher hysteresis is found at 650 

°C with the model.  
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Fig. III-13 Experimental and simulated (model-II) cyclic voltammetry curves at (a) 700 °C and 

(b) 650 °C at  𝑃𝑂2 = 0.1 atm with ν = 100 mV·s-1 and A = 0.3 V. 

 

As a further element of validation, the model capability to capture the evolution of the CV response 

when changing the potential scan rate has been investigated. As it can be noticed in Figs. III-14b 

and III-14d, the model is able to retrieve quite precisely the evolution of the CV response with the 

scan rate. Therefore, it has been stated that the computed voltammograms with model-II are quite 

in good agreement with the experimental curves obtained under various operating conditions. Since 

all these results were obtained without fitting, the model can be considered as validated to predict 

the CV response of the LSCF electrode. 
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Fig III-14 Experimental (a) and (c) and simulated (model-II) (b) and (d) cyclic voltammetry 

curves as a function of the scan rate: 20-100-400 mV∙s-1 (a) and 600-800-1000 mV∙s-1 (b) at 

650 °C, 𝑃𝑂2 = 0.1 atm and A = 0.3. 

 

      3.4.2 Calibration of model-I  

The implemented numerical version of the ALS-based model (model-I) has been calibrated using 

simulations obtained with the full elementary model (model-II). The input parameters used for 

model-I are reported in Table X. The microstructural parameters and thermodynamic data 

correspond to the ones taken for the elementary model. As mentioned in section 3.1.6, the kinetic 

constant of the ionic transfer R1 has been considered as not limiting, in order to fulfill the boundary 

condition of a quasi-equilibrium state at the electrode/electrolyte interface. Therefore, the chemical 

rate constant 𝑘𝑐ℎ𝑒𝑚 for the global oxygen exchange between LSCF and gas remains the only 

unknown parameter. This parameter has been determined, by fitting with model-I, the impedance 
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diagram obtained at OCP, 700 °C and 𝑃𝑂2= 0.1 atm, using model-II (Fig. III-15a). As reported in 

Table X, a value of 1.23∙10-7m∙s-1 has been obtained in these conditions. It can be noticed that the 

computed impedance diagrams present the same polarization resistance 𝑅𝑝𝑜𝑙 and a quite good 

match in terms of shape, especially at high frequencies. As expected, the diagram related to model-

I is a perfect Gerischer element as predicted by the ALS-based model. On the other hand, the one 

simulated with the full elementary model is slightly depressed, due to the more complex reaction 

mechanism, which better reflects the real behavior of the LSCF electrode. However, despite the 

good superposition of the impedance diagrams, it can be noticed in Fig. III-15b that the consistency 

between the two i-V curves, corrected from the Ohmic drop, is valid only near OCP. Indeed, it 

diverges highly for anodic potentials since a limiting current is evidenced for model-I. This 

behavior is linked to the fact that the ALS-based approach neglects the contribution of the surface 

path in the reaction mechanism, which has been demonstrated to be the dominant pathway for the 

LSCF electrode under SOEC mode [Laurencin2015, Monaco2018]. From this point of view, the 

electrode modelling under polarization requires a more detailed description of the reaction 

mechanism that is not taken into account in the ALS-based approach. 
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Tab. X Model input parameters for the LSCF material given here at 700°C under 𝑃𝑂2=0.1 atm for 

the numerical version of the semi-analytical model (model-I). 

 

Analytical model: parameter at 700°C, 𝑷𝑶𝟐=0.1 atm 

 

Value 

 

Unit 

Maximum oxygen concentration in the LSCF (𝐶𝑂𝑂𝑥
𝑚𝑎𝑥) 83108 (mol·m-3) 

Equilibrium oxygen concentration in the LSCF (𝐶
𝑂𝑂
𝑥
𝑒𝑞

) 82491 (mol·m-3) 

LSCF chemical diffusivity (𝐷𝑐ℎ𝑒𝑚) 3.7 x10-10 (m²·s-1) 

Ionic transfer kinetic constant (𝑘+) NOT LIMITING (mol·m-1·s-1)   

Chemical constant (𝑘𝑐ℎ𝑒𝑚) 1.23x10-7 m·s-1  

Charge transfer coefficient (α) 0.5 (-) 

Electrolyte thickness (ℓ𝑌𝑆𝑍) 1.25 x10-4 (m) 

Contact resistance (𝑅𝑐) 0.96 (·cm²) 

Ionic conductivity of YSZ (𝜎𝑌𝑆𝑍) 2.3 (S·m-1) 

Electrode thickness (ℓ𝐿𝑆𝐶𝐹) 3.5 x10-5 (m) 

Volume fraction (𝜀𝐿𝑆𝐶𝐹) 48.7 (%) 

Tortuosity factor (𝜏𝐿𝑆𝐶𝐹) 2.84 (-) 

LSCF specific surface area (S𝑝
𝐿𝑆𝐶𝐹/𝑔𝑎𝑠

) 3.59 x106 (m-1) 
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Fig. III-15 Comparison of the impedance spectra at OCP, 700 °C and 𝑃𝑂2 = 0.1 atm (a) and 

corresponding calibration on the polarization curve (b). The red solid lines represent the 

simulations obtained with model-I, while the blue dashed lines represent the simulation 

with model-II. 

 

      3.4.3 Comparison between model-I and model-II for the CV response 

               3.4.3.1 Microstructural effect: from a porous to a dense electrode 

As the electrode microstructural parameters play a significant role on experimental CV curves 

[Tezyk2019], their effect on the voltammetry response have been investigated with both models at 

700 °C and 𝑃𝑂2 = 0.1 atm. In this first part of the study, it is worth emphasizing that the Ohmic 

losses due to the electrolyte and the contact resistances have been neglected by considering 

ℓ𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑒  0 and 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡  0. The analysis has been performed by starting from the classical 

porous electrode used for the model validation with a scan rate of 100 mV∙s-1 (i). The procedure 

has consisted to simulate the additive effects of four successive steps: division of the specific 

electrode surface area by a factor of 10 (ii), increase of the LSCF volume fraction up to 90 % (iii), 

reduction of the electrode thickness from 35 µm down to 5 μm (iv), and finally, lowering the scan 

rate down to 1 mV∙s-1 (v). The first four conditions have allowed passing from the case of a porous 

‘thick’ electrode to a quasi-dense ’thin’ film, while the last step has allowed investigating the 

electrode response in a quasi-steady state regime. The CV curves obtained at each step of the 

procedure have been interpreted through the zone diagram established in [Montella2021].  
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For model-I, the trajectory in the zone diagram can be predicted using Eqs. (47) and (48) as shown 

in Fig. III-16a. The solid circles on this trajectory correspond to each step of the procedure. For the 

standard ‘thick’ porous electrode, the voltammogram falls in zone 3 (blue curve), indicating that 

the CV response is controlled by both the chemical reaction of oxygen exchange and the oxygen 

diffusion in LSCF under semi-infinite conditions as detailed in [Montella2021]. Both the decrease 

of the specific surface area of LSCF 𝑆𝑝
𝐿𝑆𝐶𝐹 (orange curve) and the increase of the volume fraction 

of LSCF 𝜀𝐿𝑆𝐶𝐹 (green curve) yield a horizontal translation to the left in zone 3 since the 

dimensionless parameter  is lowered (Eq. (47)). As expected when the electrode is getting dense 

(i.e. 𝜀𝐿𝑆𝐶𝐹 is increased and 𝑆𝑝
𝐿𝑆𝐶𝐹 is decreased), the effect of the chemical process decreases up to 

reach a response with no chemical effect and only a control by diffusion in a semi-infinite medium 

(translation in zone 1 ∩ 3 for an even a denser electrode). Subsequently, the decrease of the 

electrode thickness ℓ𝐿𝑆𝐶𝐹 (yellow curve) yields a vertical translation due to the decrease of the 

dimensionless thickness L, according to Eq. (48). Consequently, the voltammograms move towards 

zone 4 as shown by the more symmetrical shape of the CV curve in Fig. III-16a (yellow curve). In 

this zone, the CV response is governed by both the chemical oxygen exchange and the diffusion in 

a finite medium as expected for a thin film [Montella2021]. Finally, the decrease of the scan rate 

down to 1 mV∙s-1 (purple curve) shifts the response at the intersection of zone 4 and zone 2 ∩ 4. 

The resulting curve, whose enlargement is reported in the corner of Fig. III-16a, corresponds to an 

almost steady-state condition with a sigmoidal shape.  
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Fig. III-16 Evolution of the cyclic voltammetry curves from the case of a porous electrode to 

the case of a quasi-dense electrode for model-I (a) and model-II (b) without the Ohmic losses 

(ℓ𝑌𝑆𝑍   0  and 𝑅𝑐   0) at 700 °C, 𝑃𝑂2= 0.1 atm and A = 0.5 V. The last curve at low scan 

rate has been magnified and reported in second quarter of both figures. The full circles 

represent the calculated values of λ and L for the semi-analytical model, while the empty 

circles represent the zone in which the CV curves of the full elementary model can be 

located after visual identification. 

 

All the reported results are in quite good agreement with the semi-analytical solutions determined 

by Montella et al. [Montella2021], ensuring the reliability of this implemented numerical version 

(model-I). The comparison between model-I and the semi-analytical solution is detailed in                   
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Fig. III-17. It is shown that the CV curves obtained from the semi-analytical ALS-based model 

developed in [Montella2021] have the same shape as those reported in Fig. III-16a. Moreover, the 

values of the cathodic and anodic peak current density are exactly the same. However, there is a 

slight mismatch on the values of the peak potential difference, defined by: Δ𝐸𝑝 = 𝐸𝑝𝑎 − 𝐸𝑝𝑐, where 

𝐸𝑝𝑐 and 𝐸𝑝𝑎 are the cathodic and anodic peak potentials, respectively. Indeed, it has been found 

that Δ𝐸𝑝 is always about 50 mV higher with Model-I compared to the semi-analytical ALS-based 

model. The reason to explain difference is still unclear. It could be due to some numerical 

uncertainties in the numerical simulations for large perturbations.  

 

Fig. III-17. Cyclic voltammetry curves plotted with the semi-analytical model for the 

characteristic points of the zone diagram shown in Fig. III-16a. The color code is the same 

as in Fig. III-16. 
 

 

 

The same study has been performed with the elementary model (model-II). The corresponding CV 

curves are reported in Fig. III-16b. It can be seen that this model does not change significantly the 

shape of the CV response. Therefore, it can be proposed that the zone diagram can still be used to 

analyze the results. Visual analysis shows that the CV curves obtained with model-II are only 

translated to the left in the zone diagram with respect to model-I. The value of this shift, ∆log 𝜆, 

was estimated considering the purple curves, plotted at 1 mV. s-1, in Fig. III-16a and III-16b, as 
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their shape is highly modified from model-I to model-II. For this purpose, the voltammograms 

obtained with model-II has been roughly retrieved with the semi-analytical solution (knowing the 

voltammograms obtained with this model are quite well representative of those obtained with the 

elementary description as pointed out in the next section). Fig. III-18 shows the CV curves plotted 

from the semi-analytical model for the coordinate point in the zone diagram log -1.29 and log 

L=-1.17 (curve on the left). It can be seen that the curve is very similar to that obtained with Model-

II (purple curve in Fig. III-16b). Moreover, if we increase log  by 1.6 (curve on the right), we find 

the curve of Fig. III-16a, corresponding to Model-I. One can thus propose that, in the experimental 

conditions of Fig. III-16a, the results from Model-II can be deduced from Model-I by translating 

from -1.6 on the x-axis in the zone diagram.  

 

Fig. III-18 Cyclic voltammetry curve plotted with the semi-analytical model for the 

coordinate point [-1.29; -1.17] (left) and by translating from 1.6 on the x-axis (right). The 

color code is the same as in Fig. III-16. 

 

This result is confirmed in Fig. III-19, which shows the CV curves plotted from the semi-analytical 

model for the characteristics points calculated in Fig. III-16a and translated from -1.6 on the x-axis. 

It can be noticed that the voltammograms are very similar to those in Fig. III-16b, obtained from 

Model-II. 
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Fig. III-19 Cyclic voltammetry curves plotted with the semi-analytical model by translating 

the point of Fig. III-16a from -1.6 on the x-axis. The color code is the same as in Fig. III-16. 

 

The translation on the x-axis in the zone diagram was found to be almost equal to ∆log 𝜆 =-1.6. 

The corresponding points, related to this translation, are represented by empty circles in Fig. III-

16b. Thanks to this positioning, it can be noticed that, for each circle, the global shape of the 

simulated voltammograms is well consistent with the one reported in the zone diagram. Therefore, 

for the standard case (blue curve), it is found that the voltammogram drops in the left part of zone 

3, in a region very close to zone 1∩3. As expected, the decrease of 𝑆𝑝
𝐿𝑆𝐶𝐹 (orange curve) yields to 

move the CV curve at the intersection of zone 1 and zone 1 ∩ 3 of the diagram, where the 

voltammogram is only slightly impacted by the decrease of the effective chemical constant. This 

result would thus confirm that the CV response is positioned in the left part of the zone diagram 

with no effect of the global reaction of oxygen exchange (including in this model several 

elementary steps). After increasing 𝜀𝐿𝑆𝐶𝐹 (green curve), the CV curve is only slightly translated 

horizontally to the left. When ℓ𝐿𝑆𝐶𝐹 is decreased (yellow curve), the voltammogram is translated 

vertically in zone 1 near zone 1 ∩ 4, as suggested by the limiting current falling to zero. This 

localization of the voltammetry curve for the quasi-dense thin film means that the CV response is 

characteristics of a uniform insertion reaction with no chemical reaction effect. Finally, the 

decrease of the scan rate shifts the CV response to zone 4 as shown by the purple peak shaped-

curve in the corner of Fig. III-16b, indicating an increase of the chemical reaction effect.  
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In summary, the results of Fig. III-16 allow suggesting that: 

(i) The simulated voltammograms with model-II, which are representative of the real behavior 

of the LSCF electrode, are consistent with the ones predicted by model-I, keeping in mind 

that the surface path is neglected in this ALS-based model (cf. section 3.1.6). This statement 

indicates that the semi-analytical solution and the corresponding zone diagram must 

provide a rather good estimation of the CV response for the LSCF electrode when the 

Ohmic losses are negligible. Thus, in the investigated conditions of the study, the attached 

species on the LSCF surface along with the gaseous oxygen in the porosity are not likely 

to play a major role in the CV response. This remark suggests that the CV behavior is 

mainly controlled by the transient accumulation or depletion of oxygen vacancies in LSCF 

as already pointed out in [Tezyk2019].  

(ii) The positions in the zone diagram of the voltammograms obtained with model-I are shifted 

to the right compared to those obtained with the elementary model (model-II). As shown in 

Figs. III-16a and III-16b, it seems that a simple translation along the x-axis in the zone 

diagram is sufficient to recover the results of model-II. We can therefore suggest that the 

shift between the two models could come from a too large value of log  and thus from an 

overestimation of 𝑘𝑐ℎ𝑒𝑚. Indeed, the value of 𝑘𝑐ℎ𝑒𝑚 in model-I was determined using 

impedance spectra at OCP, while the accuracy of the i-V curves fitting under dc current 

was ignored (cf. Fig. III-15). In order to improve the match of the polarization curves under 

cathodic dc current, the value of 𝑘𝑐ℎ𝑒𝑚 was determined by fitting the cathodic polarization 

curve, as shown in Fig. III-20. 
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Fig. III-20. Calibration of model-I on the cathodic branch of the i-V curve obtained with 

model-II (at 700°C, 𝑃𝑂2 = 0.1 atm) (a). The red solid line represents the simulations with the 

model-I, while the blue dashed line represents the simulation with model-II. 

 

One must remind that the discrepancy for the anodic polarizations can be related to the contribution 

of the dominant surface path in the reaction mechanism under SOEC mode. With this new fitting 

procedure, a lower value of 𝑘𝑐ℎ𝑒𝑚 has been obtained: typically, it is equal to 3.0∙10-8 m∙s-1 when 

the parameter is determined in the potential range from 0 to - 0.1 V (this value is 4 times lower 

than the one determined from the fitting of the impedance diagram at OCP). The analysis to mimic 

the passage from a porous standard electrode to a quasi-dense film has been then repeated with 

model-I. As expected, the lower value of the kinetic constant has shifted the electrode response on 

the left in the zone diagram with a CV response closer to the one found with the elementary model 

(Fig. III-21).  
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Fig. III-21 Cyclic voltammetry curves at 700 °C and 𝑃𝑂2= 0.1 atm calculated with the 

second calibration of model-I (for 𝑘𝑐ℎ𝑒𝑚=3.0∙10-8 m∙s-1) without Ohmic losses (ℓ𝑌𝑆𝑍 0  

and 𝑅𝑐 0). The passage from a porous electrode to a quasi-dense electrode has been 

simulated. The last curve at low scan rate has been magnified and reported in the quarter of 

the figure. The triangular potential waveform starts in the cathodic direction with A = 0.5V. 

 

With the same hypothesis considering a translation on the x axis, the shift in the zone diagram has 

been estimated to ∆log 𝜆 = −0.6. For a perfect agreement between the two models, a lower value 

of 𝑘𝑐ℎ𝑒𝑚 would be thus necessary. This lower value could be obtained by fitting the polarization 

curves on a larger range of cathodic polarizations. Nevertheless, these results confirm that the 

difference between the two models is mostly related to an overestimation of 𝑘𝑐ℎ𝑒𝑚. Therefore, as 

long as the Ohmic losses can be neglected, the semi-analytical model developed in our previous 

work [Montella2021] can be used to analyze the CV response of the LSCF electrode. For this 
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purpose, the chemical constant must be determined on the cathodic polarization curve and not only 

at OCP.  

  

 

   3.4.3.2 Cyclic voltammetry peaks evolution 

The evolution of the voltammetry peaks has been investigated as a further comparison between the 

two models. In the ALS-based model (model-I), this evolution is determined by theoretical 

expressions that link the peak coordinates with the model input parameters. For instance, the 

current density for the cathodic peak jpc in zone 1∩3 is expressed as followed [Montella2021]: 

𝑗𝑝𝑐
𝑚𝑜𝑑𝑒𝑙−𝐼 = −0.4463 × 2𝐹𝐶𝑂𝑜𝑥

𝑚𝑎𝑥𝜀𝐿𝑆𝐶𝐹 (2𝑓𝜈
𝐷𝑐ℎ𝑒𝑚
𝜏𝐿𝑆𝐶𝐹

 )

1
2⁄

 
(50) 

This zone was selected as it corresponds to the behavior classically observed for the reversible 

electron transfer reaction with diffusion of the electroactive species in a planar semi-infinite 

medium [Bard2001]. This theoretical evolution of 𝑗𝑝𝑐 with the oxygen chemical diffusivity has 

been compared to the simulated data obtained with the elementary model (model-II) when the 

voltammograms is located in zone 1 ∩ 3. It means that we started from the orange curve in Fig. 

III-16b, located in zone 1 near zone 1 ∩ 3 and that we decreased the value of 𝐷𝑐ℎ𝑒𝑚 in order to 

rapidly enter in zone 1 ∩ 3. As it can be seen in Fig. III-22a, the peak current simulated with model-

II evolves quite perfectly with the square root of the chemical diffusivity 𝐷𝑐ℎ𝑒𝑚 as predicted by 

Eq. (50). Indeed, the following expression has been fitted on the simulated data: 

𝑗𝑝𝑐
𝑚𝑜𝑑𝑒𝑙−𝐼𝐼 =  −0.4200 × 2 ∙ 𝐹𝐶𝑂𝑜𝑥

𝑚𝑎𝑥𝜀𝐿𝑆𝐶𝐹 (2𝑓𝜈
𝐷𝑐ℎ𝑒𝑚
𝜏𝐿𝑆𝐶𝐹

 )

1
2⁄

 
(51) 

The numerical pre-factor identified with model-II for 𝑗𝑝𝑐
𝑚𝑜𝑑𝑒𝑙−𝐼𝐼 is almost the same than the one in 

Eq. (50). This slight discrepancy between both slopes could come from the fact that the assumption 

𝜉𝑒𝑞 → ∞ used for establishing Eq. (50) is not fulfilled when 𝐸𝑒𝑞 is taken to zero in the numerical 

implementation of the two models (cf. section 3.1.6). Indeed, 𝜉𝑒𝑞 = 4.896 results in a slightly 

lower value of the coefficient 0.4463, as shown by the simulations in the supplementary document 

of our previous work [Montella2021] (see page 37, Fig. I.9).  
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In order to confirm the consistency between the two models, the CV response obtained with model-

I has also been compared to the voltammogram simulated with the full elementary model (model-

II) when both are calculated in the same 1 ∩ 3 zone. It can be shown in Fig. III-22b that the two 

types of voltammograms are almost superimposed since they are independent on 𝑘𝑐ℎ𝑒𝑚 in this 

zone. The current densities of the peaks are especially quite identical. This result reinforces the 

claim that the CV behavior for the LSCF material is practically only governed by the transient 

evolution of the oxygen under-stoichiometry (without a significant impact of the other species 

taken into account in model-II). This change in the oxygen vacancies in the material is obviously 

controlled by the fast ionic transfer at the electrolyte interface, the solid-state diffusion within the 

electrode thickness and the rate of oxygen exchange with the gas phase [Laurencin2015]. 

 

 

Fig. III-22 Current density of the cathodic peak as a function of the square root of the chemical 

diffusivity simulated with model-II (blue squares) and fitted with Eq. (50) (solid green line) (a). 

Comparison of the analytical solution (solid red curve) and full elementary model (dotted blue 

curve) (b) in zone 1 ∩ 3 (700 °C, 𝑃𝑂2   = 0.1 atm, A = 0.5 V, ν = 100 mV∙s-1 without the Ohmic 

losses (ℓ𝑌𝑆𝑍   0  and 𝑅𝑐    0). 

 

   3.4.3.3 Impact of the Ohmic losses 

The same approach as in section 3.4.3.1 has been repeated by taking into account the electrolyte 

thickness ℓ𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 = 125 mm and the contact resistance 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 0.96 .cm2, at 700 °C and 
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𝑃𝑂2 = 0.1 atm. This study was carried out to evaluate the effect of the Ohmic losses on the CV 

response with the two models. From Fig. III-23, it can be observed that the addition of the 

electrolyte and contact resistances in the models results in a complete distortion of the 

voltammograms. These simulations are obviously coherent with the experimental data reported in 

Fig. II-13 and Fig. II-14. Therefore, the information related to the voltammetry peaks is completely 

lost especially under cathodic polarization. This statement is in good agreement with the conclusion 

reported by Tezyk et al. [Tezyk2019]. Indeed, the authors have suggested that the Ohmic drop is a 

major limitation for the interpretation of CV experiments. Indeed, it cannot be compensated 

accurately because of variation of the series resistance with the polarization, meaning that the 

Ohmic drop compensation function of the classical electrochemical equipment is not efficient.  

 

Fig. III-23 Evolution of the cyclic voltammetry curves from the case of a porous electrode to 

the case of a dense electrode for model-I (a) and model-II (b) at 700 °C, 𝑃𝑂2  =  0.1 atm  and A 

= 0.5 V by taking into account the Ohmic losses (electrolyte and contact resistances). The 

same color code than in Fig. III-16 has been used. 

 

From the comparison of the voltammograms obtained with the two models                                            

(Fig. III-23a and III-23b), it can be noticed that the global shape is quite similar except for the 

quasi-dense thin film simulated at a low scan rate (purple curves). In this case, one cathodic peak 

and a reverse anodic one are detected on the voltammogram simulated with model-II, whereas the 

curve obtained with model-I exhibits no peak (Fig. III-23a and III-23b). It is worth noting that the 
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curve obtained with the full elementary model is consistent with the results reported by Tezyk et 

al. [Tezyk2019] on a quasi-dense LSCF thin electrode deposited by Electrostatic Spray Deposition 

(ESD). Indeed, two voltammetry peaks were observed in this condition in contrast to the curves 

obtained for a more classical ‘thick’ porous LSCF electrode deposited by screen-printing. 

Therefore, this result also participates to highlight the reliability of the elementary model to predict 

accurately the CV curves. It can be noticed that the peak shaped voltammogram for the quasi-dense 

‘thin’ film obtained with model-II is located in zone 4 (Fig. III-23b). Regarding model-I, the 

absence of peaks in the voltammogram confirms that the chemical constant fitted on the impedance 

diagram at OCP is overestimated as already mentioned. Indeed, the voltammogram obtained with 

this model without Ohmic losses is located near the shaded area of the zone diagram, corresponding 

to a sigmoidal shape of the CV response. It is worth emphasizing that it has been checked that the 

absence of limiting current density under catholic polarization is due to the use of too low voltage 

amplitude A for the simulation. Moreover, as the voltammogram is shifted to the left toward the 

zone 4 with the second model calibration (i.e. 𝑘𝑐ℎ𝑒𝑚 = 3.0∙10-8 m∙s-1), the simulations have 

confirmed that the anodic and cathodic peaks start to appear in the CV response (Fig. III-24).  

 

Fig. III-24 Cyclic voltammetry curves at 700°C , 𝑃𝑂2= 0.1 atm calculated with the second 

calibration of model-I (for 𝑘𝑐ℎ𝑒𝑚=3.0∙10-8 m∙s-1) by taking into account the Ohmic losses 

(electrolyte thickness and contact resistances). The same color code than in Fig. 5 has been 

used for each step of the analysis. The potential waveform is the same as in Fig. III-16. 
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Since the Ohmic losses are the major limitation for the interpretation of the CV experiments, a 

sensitivity analysis has been carried out with model-II by changing the electrolyte thickness. The 

study has been performed considering the standard porous electrode by imposing two scan rates of 

100 mV∙s-1 and 5 mV∙s-1. For the sake of clarity, the contact resistance has also been set to zero 

(𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡  0). As shown in Fig. III-25, we observe the existence of a quasi-invariant point during 

the reverse scan whatever the scan rate. As expected, the dependency of the voltammograms with 

the Ohmic loss is less pronounced at low scan rate, due to lower current density values. For 

instance, the cathodic and reverse anodic peaks start to be detected for an electrolyte thickness of 

around 10 µm at 5 mV∙s-1 whereas, in this condition, the voltammogram is still strongly distorted 

at 100 mV∙s-1. Therefore, as expected, there is an optimum in terms of scan rate to detect the 

voltammetry peaks. Nevertheless, even at low scan rate, an electrolyte thickness of less than 10 µm 

is required to observe well-defined anodic and cathodic peaks. This statement demonstrates that, 

even with a very thin electrolyte without contact resistance, the CV measurements can be still 

strongly affected by the Ohmic losses. Therefore, in the operating conditions of the SOCs 

technology, there is no realistic experimental configuration that would allow avoiding this artifact 

for a clear highlight of the voltammetry peaks (i.e. by using the classical three-electrode setup since 

the electrolyte thickness is at least equal to 100 mm).  

To overcome the problem of the ohmic drop compensation, the data analyses with a numerical tool 

could be a relevant strategy for studying the CV response of LSCF. Indeed, the modelling approach 

can be used to deconvoluate the effect of the Ohmic losses from the experimental voltammograms. 

For this purpose, after the prior model calibration on the experimental CV curves, the simulation 

just needs to be run a second time without the Ohmic losses. For this ‘data post-processing’, model-

I, which is much easier to implement than model-II, can be used since it provides a rather good 

approximation of the CV response. Before this processing, it is obvious that the electrolyte 

resistance must be determined accurately at OCP with two-electrode measurements.  
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Fig. III-25 Effect of the electrolyte thickness on the cyclic voltammetry curves for the 

standard porous electrode, at 700 °C and 𝑃𝑂2= 0.1 atm, simulated with model-II with a 

scan rate of 100 mV∙s-1 (a) and 5 mV∙s-1 (b), without contact resistance (𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡  0).  

The potential waveform is the same as in Fig. III-16. 
 

 

 

 3.4 Conclusions  

A full elementary kinetic model was developed to predict the electrochemical response of the LSCF 

and LSCF-CGO porous electrodes. The model describes the mass and charge fluxes in the porosity 

and in the bulk of the solid phases along with the transport of adsorbed species at the surface of the 

electrode particles. In this frame, the presence of oxygen ad-ions has been assumed onto the LSCF 

particles leading to take into account a surface electrostatic potential. For impedance simulations, 

the mass and charge conservations are solved in the time domain by taking into account the kinetic 

rates and the transient terms for all the considered species.  

 

The elementary model was validated thanks to experiments performed on symmetrical cells using 

a three-electrode configuration. The missing parameters corresponding to the kinetic constants and 

surface diffusivities have been determined by fitting the polarization curves obtained at three 

temperatures (650 °C, 700 °C and 750 °C). It is worth mentioning that it was possible to identify a 

single solution of the fitted parameters for both electrodes thanks to the dissymmetry of the curves, 
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especially at low temperature. Besides, the two sets of values have been found to be consistent 

between the two types of studied electrodes. After the calibration, it has been shown that, without 

additional fitting, the model is able to simulate accurately the experimental EIS diagrams at OCP 

and under polarization of LSCF and LSCF-CGO oxygen electrodes for all the investigated 

temperatures. Moreover, the evolution of the electrode polarization resistance with the oxygen 

partial pressure is also well captured by the model. Indeed, a very good agreement has been found 

between the experimental and simulated reaction orders for both electrodes. Nevertheless, it can 

be mentioned that a systematic frequency lag was obtained between the measured and simulated 

diagrams. For this reason, further investigations are still required to elucidate the origin of this 

discrepancy.  

 

Once validated, the model has been used to analyze deeply the LSCF and LSCF-CGO reaction 

mechanisms. It has been confirmed that, at low and intermediate temperatures ( 700 °C), the LSCF 

exhibits a net change of reaction pathway from the bulk to the surface path at low anodic 

polarization. However, this transition has been found to be smoother and delayed at higher anodic 

current with increasing the temperature ( 800 °C), probably due to the small overpotential value. 

On the contrary, the LSCF-CGO electrode remains fully controlled by the surface path except at 

low temperature and high cathodic polarization. Besides, the dependency of the reaction 

mechanism with the oxygen partial pressure has been also studied at 700 °C. For both electrodes, 

the decrease of the electrode polarization when increasing 𝑃𝑂2 is associated to a higher contribution 

of the surface path in the reaction mechanism. This behavior has been ascribed to the combined 

evolution of oxygen at the surface and in the bulk of LSCF as a function of 𝑃𝑂2. In addition, the 

rate-determining steps at OCP have been identified for the LSCF depending on the oxygen partial 

pressure. When the reaction mechanism is mainly controlled by the bulk path at low 𝑃𝑂2, the global 

kinetic rate is co-limited by the oxygen excorporation, the surface ionization and the desorption. 

For a higher contribution of the surface path at higher 𝑃𝑂2, the charge transfer at TPBls and the 

surface diffusion of oxygen ad-ions become more and more co-limiting while the ionization and 

desorption remain two rate-determining steps. 

 

Furthermore, the validated elementary model for the LSCF electrode has been extended to simulate 

cyclic voltammetry curves. In parallel, a numerical version of a semi-analytical model for the 
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voltammetry response for porous mixed conducting electrode has been implemented in the same 

modelling tool. The model takes into account the solid-state diffusion in LSCF coupled with a 

global reaction of oxygen exchange with the gas phase while the ionic transfer at the 

electrode/electrolyte interface is considered at equilibrium.  

The relevance of the elementary model to predict the voltammograms has been checked using 

experimental data obtained by testing a symmetrical LSCF cell in a three-electrode configuration 

at different operating temperatures and scan rates. The good agreement between the measurements 

and the simulations has allowed validating the model capability to predict accurately the CV 

response.  

A first sensitivity analysis has been performed with the two models by neglecting the Ohmic losses 

in the computation of the cyclic voltammetry at 700 °C and 𝑃𝑂2 = 0.1 atm. The microstructural 

properties and the thickness of the electrode have been successively changed to evolve from a 

classical porous electrode to a thin quasi-dense LSCF film. The results have been interpreted in the 

frame of the so-called zone diagram method. It has been found that the voltammograms obtained 

with the two models are very similar, confirming that the CV behavior of the LSCF material is 

mainly governed by the transient evolution of the oxygen content in LSCF. This evolution is mainly 

controlled by the solid-state diffusion within the electrode along with the chemical oxygen 

exchange with the gas phase taken account in the semi-analytical approach. In this condition, it has 

been established that this simplified model can provide a satisfactory approximation of the CV 

curves for the LSCF electrode.        

Finally, the same study for porous and quasi-dense electrodes have been repeated taking into 

account the Ohmic losses in the simulations. It has been shown that they induce a strong distortion 

of the voltammograms making their interpretations impossible in practice. In this frame, it has been 

established that an electrolyte thickness as low as 10 µm is needed to reveal the voltammetry peaks 

at low scan rates (without any contact resistance). To overcome this issue, a methodology using 

the modeling approach has been proposed. It consists in the post-processing of the experimental 

data with the semi-analytical model to remove the Ohmic losses and thus highlight the voltammetry 

peaks, once the electrolyte resistance was accurately determined. 
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Chapter IV. Impact of the LSCF demixing 

Once the full elementary model has been validated and its reliability has been ensured (cf. Chapter 

III), this model has been used to investigate the impact of the LSCF decomposition on the electrode 

response. In particular, the effects of the surface passivation and loss of ionic conductivity have 

been studied by decreasing the electrode surface area and the chemical diffusivity, respectively. 

The sensitivity analysis has been carried out by simulating the increase of the polarization 

resistance of the simulated impedance diagrams due to the degradation both at OCP and under 

anodic or cathodic polarizations. Indeed, even if experimental evidences have suggested that the 

LSCF decomposition could be higher in SOEC mode (cf. section 2.2.1), the exact impact of the 

operating mode on the electrode performances remains still unclear.  

The same analysis has been undertaken for the cyclic voltammetry response of LSCF still using 

the full elementary model. This study was performed to evaluate the relevance of this technique 

for investigating the degradation of porous MIEC electrodes without any Ohmic losses. 

 

4.1 Impact of the LSCF decomposition on the impedance diagrams 

As mentioned in Chapter II, the LSCF decomposition upon operation is liable to decrease the global 

exchange kinetic constant 𝑘𝑐ℎ𝑒𝑚 due to the LSCF surface passivation. Besides, the loss of strontium 

can affect the oxygen chemical diffusion coefficient 𝐷𝑐ℎ𝑒𝑚 by modifying the oxygen stoichiometry 

in the bulk of the material. To date, few data are reported in the literature to estimate the decay of 

𝑘𝑐ℎ𝑒𝑚 and 𝐷𝑐ℎ𝑒𝑚 due to the demixing for the classical La0.6Sr0.4Co0.2Fe0.8O3-δ compound. Wang et 

al. [Wang2016] have estimated a decrease of 𝐷𝑐ℎ𝑒𝑚 and  𝑘𝑐ℎ𝑒𝑚 of 50 % after an isothermal ageing 

of symmetric cells at 800 °C for 800 hours under air. However, the same authors have also reported 

a decrease of around 85 % for 𝑘𝑐ℎ𝑒𝑚 with no significant change in 𝐷𝑐ℎ𝑒𝑚 for LSCF electrodes 

annealed at 700-800 °C for the same period under air [Wang2018]. In addition, Kim et al. 

[Kim2019a] have found a severe decrease of 𝑘𝑐ℎ𝑒𝑚 estimated to 85 % whereas the deviation in the 

chemical diffusivity is only of 8 % for sintered LSCF pellets after a thermal ageing at 800 °C for 

800 h under air. For an ageing at 750 °C during 1012 h using complete cells, Endler-Schuck et al. 

[Endler-Schuck2015] have found that the ‘performance degradation in the LSCF electrode seems 

to be caused by a decrease of the bulk diffusion while the exchange coefficient remains almost 
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constant’. At 600 °C, they have found that both parameters decreased with the operating time.  

Therefore, there is still a large uncertainty on the real impact of the LSCF demixing on the values 

of 𝐷𝑐ℎ𝑒𝑚 and 𝑘𝑐ℎ𝑒𝑚. Wang et al. [Wang2018] have proposed that this apparent discrepancy could 

be explained by a potential slight deficiency on the A-site of the perovskite that could lead to 

different Sr segregation. Furthermore, it can be suspected that the experimental conditions such as 

the presence of residual steam in the gas stream may also influence the results [Lu2019]. 

In spite of this scattering of the published results, the full elementary model has been used to assess 

the impact of the LSCF demixing on the electrode response. Firstly, the electrode surface 

passivation was simulated by decreasing the specific surface area between the LSCF and the gas 

phase (𝑆𝑝
𝐿𝑆𝐶𝐹/𝑔𝑎𝑠

). Indeed, the kinetics of the surface reactions for the common path as well as the 

reaction of oxygen incorporation/excorporation (R2) for the bulk path are proportional to this 

parameter (cf. Table I in Chapter III). It is worth noting that the combination of all these reaction 

kinetics results in the global exchange kinetic constant 𝑘𝑐ℎ𝑒𝑚 usually estimated at OCP according 

to the ‘ALS’ model [Endler-Schuck2015, Wang2018, 2016]. Secondly, the loss of ionic 

conductivity due to the Sr release from the perovskite lattice was simulated by decreasing the 

oxygen chemical diffusion coefficient (Dchem). The sensitivity analysis was carried out for the 

LSCF electrode computing the impedance diagrams at 750 °C under air at OCP and for a dc current 

of ± 50 mA∙cm-². The electrode degradation was simulated by decreasing each parameter by step 

of 10 % up to 50%. This range was chosen since a decrease of 10 % can be roughly seen as a lower 

bound for the degradation, while a decrease of 50 % remains in the scale of the reasonable 

published values. Finally, it can be mentioned that the bulk path is prevailing in the chosen 

conditions for the simulations (cf. section 3.3.1). Indeed, the bulk path must be favored to determine 

the effect of the oxygen chemical diffusivity on the polarization resistance of LSCF. 

 

      4.1.2 Analysis of the degradation at OCP 

The evolutions of the impedance diagrams and frequency distributions in the Nyquist and Bode 

plots are shown in Fig. IV-1a and IV-1b as a function of the surface passivation at OCP. An 

enlargement of the diagram for the contribution at low frequencies is found (Fig. IV-1a), which is 

accompanied by a slight shift of the frequency distribution towards lower values (Fig. IV-1b). 

These evolutions are expected since the LSCF/gas specific surface area impacts the excorporation 
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(R2), deionization (R4) and desorption (R6) identified as the rate-determining steps at OCP. 

Indeed, it has been observed that all these reactions are at the origin of the skewed semicircle arising 

at low frequencies in the spectrum. Regarding the loss of ionic conductivity, the decrease of 𝐷𝑐ℎ𝑒𝑚 

induces a swelling of the contribution at intermediate frequency in the Gerischer type-element (Fig. 

IV-1c). This behavior is associated to the diffusion of the oxygen vacancies in LSCF co-limiting 

the electrode response [Hubert2016]. This evolution is concomitant with a very slight increase of 

the peak frequency in the Bode plots (Fig. IV-1d). At OCP, it can be noticed that the impact of the 

specific surface area on 𝑅𝑝𝑜𝑙 (Fig. IV-1e) is higher with respect to the loss of ionic conductivity 

(Fig. IV-1f). Considering a decrease of 30 % for both studied parameters, the polarization 

resistance is increased by 25 % for the surface passivation, while an augmentation of only 12 % 

was simulated for the loss of ionic conductivity. This result means that the co-limitation at OCP 

due to the reactions involved in the bulk path is higher than the resistance induced by the diffusion 

of oxygen vacancies diffusion in LSCF. 
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Fig. IV-1. Sensitivity analysis on the surface passivation (𝑆𝑝
𝐿𝑆𝐶𝐹/𝑔𝑎𝑠

) and on the loss of ionic 

conductivity (𝐷𝑐ℎ𝑒𝑚) at 750 °C under air at OCP. Nyquist and Bode plots evolution (a) and (b) 

for the surface passivation and (c) and (d) for the loss of ionic conductivity, respectively. 

Evolution of the polarization resistance with the decrease of (e) the specific surface area and of 

(f) the chemical diffusivity. 

 

      4.1.3 Analysis of the degradation under polarization 

As expected (cf. section 3.3.1), the same trends have been observed for the evolutions of the 

impedance diagrams under dc currents. The degradation of the electrode polarization resistance 

due to the surface passivation in SOFC and SOEC modes is given in Fig. IV-2a, while the impact 

of the loss of ionic conductivity is shown Fig. IV-2b. It is found that the decrease of the specific 

surface area is more impacting when the electrode is operated in SOEC mode compared to SOFC 

mode. This result can be correlated with the higher contribution of the surface path under anodic 

polarization. In this condition, the two pathways become co-limited by decreasing the surface 

reaction belonging to the common path. Besides, it is worth reminding that the flux of the adsorbed 

oxygen ions, which have been identified as a rate-determining step for the surface path (cf. section 

3.3.1), also depends on the LSCF/gas specific surface area. Therefore, the decrease of this flux due 

to the surface passivation prevents the activation of the surface path.  
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In contrast to the passivation, the electrode performances are more impacted by the decrease of  

𝐷𝑐ℎ𝑒𝑚  when it is operated in SOFC mode. Indeed, as already mentioned, the bulk path is co-limited 

by the oxygen solid-state diffusion in the perovskite. Therefore, the decrease of the ionic 

conductivity due to the LSCF demixing is especially harmful when this reaction pathway is 

predominant. 

It can be noticed in Fig. IV-2 that the impact of the surface passivation on the electrode response 

seems to be higher than the one induced by the loss of ionic conductivity. This result would indicate 

that the contribution of the LSCF demixing on the loss of electrode performances is more related 

to the surface deactivation than to an evolution of the LSCF bulk properties. This suggestion is in 

good agreement with the statement made by some authors who have observed an electrode recovery 

thanks to an LSCF surface etching treatment after aging [Lu2019, Pan2015b]. Therefore, the 

present modeling result would strengthen the claim that ‘the degradation is most likely due to the 

emergence of surface inhibited species on LSCF electrode’ [Pan2015b].  

Moreover, the sum of the degradation due to the surface passivation and the loss of ionic 

conductivity, is higher in SOEC mode (Fig. IV-2). In other words, the impact of LSCF degradation 

is higher under anodic polarization, addressing a double penalty for this operating mode since the 

Sr segregation seems to be also promoted in this operating mode [Chen2015, Huber2012, Li2017, 

Laurencin2017]. Finally, it is worth mentioning that, even for the considered lower bound for the 

LSCF decomposition, the impact on the electrode performance is not negligible meaning that the 

demixing remains an important issue for the durability of SOCs. 
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Fig. IV-2. Sensitivity analysis on (a) and (b) the surface passivation (𝑆𝑝
𝐿𝑆𝐶𝐹/𝑔𝑎𝑠

) and the loss 

of ionic conductivity (𝐷𝑐ℎ𝑒𝑚) at 750 °C under air with a dc current of +/- 50 mA∙cm-². The 

green points represent the values computed under cathodic polarization, while the blue 

points represent the values computed under anodic polarization. 

 

 

4.2 Analysis of the degradation on the cyclic voltammetry response 

The impact of the LSCF decomposition on the CV response has been investigated with the 

elementary model (model-II) without electrolyte. The analysis has been conducted considering the 

classical porous electrode as the standard case numerically tested at 700 °C, 𝑃𝑂2= 0.1 atm,                   

A = 0.5 V and v = 100 mV∙s-1. To mimic the impact of the surface passivation and the loss of ionic 

conductivity, the electrode specific surface area 𝑆𝑝
𝐿𝑆𝐶𝐹 and the oxygen chemical diffusion 

coefficient 𝐷𝑐ℎ𝑒𝑚 have been respectively decreased up to 50 % of their original values. This 

evolution can be seen as an upper bound for the material degradation as mentioned above. The 

simulated cyclic voltammograms have been interpreted in the frame of the zone diagram. As 

mentioned in section 3.4.3, the CV curve for the standard case falls in proximity of zone 1 ∩ 3                       

(Fig. III-16b). In this zone, the electrode behavior is mainly controlled by the oxygen diffusion 

with no effect of the global reaction of oxygen exchange. Therefore, no evolution in the CV curves 

has been found when decreasing 𝑆𝑝
𝐿𝑆𝐶𝐹 (Fig. IV-3a). To highlight the impact of this microstructural 

parameter, the scan rate was lowered down to 5 mV∙s-1 to shift the CV response in a zone where 

the electrode behavior is controlled by the reaction of oxygen exchange with the gas phase. In this 

condition, the effect of the surface passivation is clearly shown in Fig. IV-3b. According to the 

shape of the voltammograms in this figure, the CV behavior would be located in zone 4 of the 

diagram (this new location is explained since the decrease of the scan rate induces an increase of 𝜆 
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and a decrease of 𝐿 (cf. Eqs. (47) and (48) in Chapter III). Moreover, it is found that the limiting 

current density under cathodic polarization is decreased by decreasing the electrode specific surface 

area, as expected from the analytical solution (indeed, this evolution is due to the progressive 

displacement to the left in the zone diagram when 𝑆𝑝
𝐿𝑆𝐶𝐹 is decreased).  

Considering the loss of ionic conductivity, the voltammograms are substantially affected by the 

decrease of 𝐷𝑐ℎ𝑒𝑚 (Fig. IV-3c). Indeed, the voltammetry curve depends only on the oxygen solid-

state diffusion in LSCF in zone 1∩3 for the standard case. Moreover, the current density for the 

cathodic peak is increased with 𝐷𝑐ℎ𝑒𝑚, in agreement with Eq. (51). 

Once the Ohmic losses have been subtracted, it appears from the present study that the LSCF 

decomposition can be potentially detected using the cyclic voltammetry (at least after substantial 

material degradation).  The analysis of the variation of the CV curves would thus provide useful 

insights on the effect of LSCF demixing on both the surface passivation and the change in the 

material properties. From a qualitative point of view, the existence of a limiting current density 

under cathodic polarization for peak shaped voltammograms will suggest an increase of the 

chemical reaction effect meaning that a mixed chemical-kinetic and diffusion control should be 

anticipated. It is worth mentioning that a variation of the oxygen chemical diffusivity will affect 

the magnitude of the polarization resistance without any significant modification of the shape of 

EIS diagrams. From transient cyclic voltammetry, one can expect a variation of dissymmetry 

between cathodic and anodic peaks (see Fig. III-16). Moreover, CV measurements are not sensitive 

to the cell symmetry and no artifacts could be anticipated as compared to impedance measurements 

[Guo2018]. For these reasons, cyclic voltammetry can give a new insight on the characterization 

of LSCF-based electrodes under operating conditions. 
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Fig. IV-3 Study of the impact of surface passivation (𝑆𝑝
𝐿𝑆𝐶𝐹/𝑔𝑎𝑠

) at 100 mV∙s-1 (a) and 5 

mV∙s-1 (b) and of the loss of ionic conductivity (𝐷𝑐ℎ𝑒𝑚) (c). The simulations have been 

performed with model-II at 700 °C, 𝑃𝑂2 = 0.1 atm and A = 0.5 V for the porous LSCF 

electrode without the Ohmic losses (ℓ𝑌𝑆𝑍   0  and 𝑅𝑐  0). 

 

 

4.3 Conclusions of the chapter 

The impact of the perovskite decomposition on the LSCF electrode response has been studied with 

the model at OCP and under anodic and cathodic dc currents. The surface passivation and the loss 

of ionic conductivity have been simulated by decreasing the specific surface area and the chemical 

diffusivity, respectively. At OCP, the impact of the demixing on the evolution of the impedance 

diagrams have been discussed. It has been shown that the passivation affects the contribution at 

-8

-6

-4

-2

0

2

4

6

-0,6 -0,4 -0,2 0 0,2 0,4 0,6

C
u

rr
en

t 
d

en
si

ty
 /

 A
 c

m
- ²

Voltage / V

ν = 100 mV∙s-1

impact

-0%

-10%

-20%

-30%

-50%

C
u

rr
en

t 
d

en
si

ty
 /

 A
 c

m
- ²

Voltage / V

ν = 100 mV∙s-1

impact
-0%

-10%

-20%

-30%

-50%

C
u

rr
en

t 
d

en
si

ty
 /

 A
 c

m
- ²

Voltage / V

ν = 5 mV∙s-1a) b)

c)

impact
-0%

-10%

-20%

-30%

-50%



157 
 

low frequency in the Gerischer-type element while the loss of ionic conductivity enlarges the 

contribution at intermediate frequency.  

It has been stated that the surface passivation is more affecting the electrode response when the 

performances are evaluated in SOEC mode. On the contrary, the electrode polarization resistance 

is more sensitive to the decrease of ionic conductivity when the response is evaluated in SOFC 

mode. Finally, whatever the conditions, it appears that the surface passivation would be more 

impacting than the decrease of the ionic conductivity. Moreover, the sum of the degradation 

induced by the two phenomena is higher when the electrode response is computed in anodic 

polarization. Therefore, the LSCF decomposition would be more detrimental for the electrode 

performances in SOEC mode. 

Finally, the impact of the LSCF demixing has been studied on the CV response as well using the 

full elementary model. Both the surface passivation for a low scan rate and the decrease of the 

chemical diffusivity have been found to change significantly the voltammograms. Therefore, this 

technique could be seen as a supplementary method to complement the more conventional 

electrochemical characterizations used for the application of SOCs.  
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Chapter V. Conclusions and Outlooks 

In this study, a microscale modelling has been developed considering reaction mechanisms 

decomposed in elementary steps for oxygen electrodes in LSCF and LSCF-CGO. For each 

electrode, the model calibration has been performed on the polarization curves recorded in specific 

gas conditions at three different operating temperatures. One single solution has been found for the 

set of fitted parameters (reaction kinetic constants, surface coverage rates at equilibrium and 

surface diffusivities) thanks to the non-symmetrical shape of the i-V curve at low temperature. 

After the calibration, the model has been validated on a large set of experimental data with 

impedance diagrams at OCP and under polarization. Moreover, the effect of the oxygen partial 

pressure has also been studied by taking advantage of the detailed surface reaction mechanism. As 

expected, a very good agreement has been found between the simulated and the experimental 

reaction orders for both studied electrodes thanks to the implemented elementary approach.  

The validated model has been used to investigate the electrode reaction mechanisms as a function 

of the different operating conditions. It has been confirmed that the LSCF-CGO electrode is 

dominated by the surface path whatever the polarization (except under high cathodic polarization 

at low operating temperature). On the other hand, a transition between the surface and the bulk 

paths has been found for the LSCF electrode that becomes more and more delayed at high anodic 

polarization with the increase of the operating temperature.  Besides, the dependency of the reaction 

mechanism with the oxygen partial pressure has been studied at 700 °C. Both electrodes exhibited 

an increase in performances with the increasing of the oxygen partial pressure associated to a higher 

contribution of the surface path in the reaction mechanism. In addition, the rate-determining steps 

at OCP have been identified for the LSCF electrode depending on the oxygen partial pressure. It 

has been found that, at low 𝑃𝑂2, the reaction mechanism is mainly controlled by the bulk path and 

the global kinetic rate is co-limited by the oxygen excorporation, the surface ionization and the 

desorption. Conversely, at higher 𝑃𝑂2, the contribution of the surface path gradually increases. In 

this case, the charge transfer at TPBls along with the surface diffusion of oxygen ad-ions become 

more and more co-limiting, while the ionization and desorption remain rate-determining steps. 

Furthermore, the non-linear response of the electrodes has been studied modelling the cyclic 

voltammetry. For this purpose, the LSCF elementary model has been extended to simulated CV 

curves and the corresponding simulations have been validated on the experimental data recorded 
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at different operating temperatures and scan rates. A good agreement has been found between the 

computation and the measurements. At the same time, an ALS based model, for which semi-

analytical solutions are existing, has been implemented on the same modelling tool. The 

comparison between this semi-analytical model and the elementary one has highlighted the 

relevance of a simplified approach for the description of the LSCF CV curves. To conclude, a 

methodology to remove the Ohmic drop with the use of a numerical tool has been proposed that 

allows overcoming the issues related to the distortion of the experimental voltammograms.  

As a general comment, a very good agreement has been found for both studied electrodes in all the 

investigated operating conditions. This result allows considering the methodology (modelling 

coupled microstructural and electrochemical characterizations) as a valid approach to study the 

electrochemical behavior of porous oxygen electrode. Thus, it could be extended to other types of 

materials such as the nickelates. 

As an outlook, a third surface charged species (𝑂2
2−) will be introduced in the model as a further 

refinement of the LSCF electrode reaction mechanism. Nevertheless, in order to ensure its presence 

on the electrode surface, ab initio computations are necessary. For this reason, the Density 

Functional Theory Calculations (DFT) will be used to complement the methodology. Indeed, this 

technique will permit to study the electrode at the atomic scale and to calculate the diffusivities of 

the species on the LSCF surface, the activation energies and the surface reaction kinetic constants 

reducing the large number of unknown parameters, which is typical of the elementary kinetic 

approach (thesis of Giuseppe Sassone).Concerning the hydrogen electrode, the experimental data 

presented in Chapter II obtained by testing a cermet symmetrical cell in a three-electrode set-up 

have been used in the thesis of Federico Monaco to validate a microscale model. In the frame of 

the present work, a special effort has been paid to the testing set-up capable to provide a controlled 

and stable steam flow over a large range of steam partial pressure. The low noise in the impedance 

spectra and the good tightness of the cell housing have confirmed the reliability of the experimental 

set-up. The validated model has been used to discriminate the reaction pathway for porous Ni-

3YSZ electrodes that would be controlled by a double hydrogen spillover mechanism. However, 

the electrochemistry of this electrode material is less clear with respect to the oxygen electrode. 

Therefore, the use of DFT calculations would be also a meaningful tool that could help the 

validation of the proposed reaction mechanism for the hydrogen electrode (thesis of Léa Rorato).  
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In addition, the hydrogen model has been used to study the electrode microstructural evolution 

over the time. In particular, a mechanism for the Ni migration has been proposed which could 

explains the aggravating degradation under electrolysis conditions. In this mechanism, the 

accumulation of oxygen vacancies at the Ni/YSZ interface that occurs under cathodic polarization 

may justify the migration away from the electrolyte interface. However, the precise course of this 

phenomenon remains still an open question. For this reason, further investigations based on long-

term tests coupled with simulations at both electrode and complete cell levels are planned in order 

to confirm the proposed mechanism. Moreover, the Ni migration is strictly related to the 

electrochemistry of the electrode since it is activated by the cathodic overpotential. In this 

perspective, DFT calculations will be used to find the law linking the Ni wettability angle and the 

accumulation of vacancies in the double layer. Finally, in complementary with the classical 

electrochemical characterization techniques, the cyclic voltammetry could be used to obtain more 

valuable informations on the hydrogen electrode behavior (thesis of Léa Rorato). 

 

To take advantage of the reliability of the extensively validated model for the oxygen electrode, 

the impact of the LSCF demixing has been studied in this study through a sensitivity analysis 

carried out on (i) the decrease of the surface passivation and (ii) the loss of ionic conductivity. It 

has been confirmed that the surface passivation remains the most detrimental phenomenon both at 

OCP and anodic polarization, while the decrease of the oxygen chemical diffusivity is more 

affecting in SOFC mode. Interestingly, it has been shown that the increase of the polarization 

resistance is substantially higher in electrolysis mode respect with the fuel cell mode at the same 

level of material decomposition. This result means that not only the LSCF demixing is aggravated 

under SOEC mode (as already observed experimentally), but that its impact on the electrode 

performances is also higher.  

The same analysis has been repeated with the cyclic voltammetry technique. An evident change in 

the voltammograms shapes has been detected with the decrease of both the specific surface area 

and the chemical diffusivity. This result has allowed considering the CV as a supplementary 

electrochemical technique for the studying of the oxygen electrode degradation. 

From the experimental point of view, a long-term test performed on a LSCF symmetrical cell has 

confirmed the acceleration of the degradation for the electrode operated under anodic polarization. 
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The post-test characterizations through micro x-ray diffraction have revealed an enlargement of 

the unit cell volume correlated to the release of strontium. This result is in good agreement with 

the degradation mechanism proposed by our group that predicts a higher precipitation of Sr cations 

under electrolysis mode. On the other hand, two durability tests carried out on complete cells with 

the oxygen electrode in LSCF have been carried out under dry air and by adding moisture at the 

anode side both in SOEC mode. From the recorded endurance curves, a stronger degradation rate 

has been found for the cell operated with the addition of water in the sweeping air flow. However, 

a second campaign of long-term tests in fuel cell mode is still needed before concluding on the 

aggravating effect of the steam on the LSCF performances. For this purpose, the same tests will be 

performed also in SOFC mode and post-test characterizations of all tested cells will be performed.   

To conclude, as last perspective related to this thesis work, the phenomenological and physical 

laws for the description of the LSCF degradation phenomena (strontium segregation, formation of 

secondary phases etc.) will be implemented in the model to further improve its predictability (thesis 

of Giuseppe Sassone). Indeed, while the impact of the degradation on the electrode performances 

is clear (i.e. Chapter IV), the degradation mechanisms themselves remain still subjects of 

investigation. In this frame, long-term tests will be performed at the electrode and complete cell 

levels. Several techniques will be used for the post-test characterizations of the aged samples, in 

order to collect the parameters necessary to simulate of the evolution of the material decomposition. 

Finally, as well as for the study of the reaction mechanisms, also the DFT will be used to investigate 

the electrode behavior at the atomic scale. This methodology will be subsequently extended to 

other kinds of oxygen electrode material. 
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