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Abstract English

This work was dedicated to the analysis of the degradation of solid oxide cells operated in electrolysis
and fuel cell modes. A threefold methodology has been applied by coupling (i) electrochemical tests,
(i1) advanced post-test analyses and (iii) multi-scale modeling. Long-term durability experiments
have been carried out on standard cells (Ni-YSZ/YSZ/GDC/LSCF) to investigate the performance
loss as a function of the operating conditions. Specimens, which have been extracted from the pristine
and aged samples, have been characterized to evaluate the microstructural and physico-chemical
evolutions occurring at the two electrodes. In parallel, detailed micro-kinetic models for the hydrogen
electrode (Ni-YSZ cermet) and for the oxygen electrode (LSCF/LSCF-GDC) have been developed
and experimentally validated before being integrated into a macro-scale model for the complete cell.
The multi-scale numerical tool has been used to propose a better understanding of the underlying
forces driving the degradation. Moreover, the impact on the cell performances has been simulated
and discussed as a function of the operating conditions. Based on the results presented in this work,
it has been confirmed that the degradation of SOCs is significantly larger in electrolysis mode with
respect to fuel cell operation under Hz. On the one hand, it has been shown that the difference in
durability behavior can be ascribed to the effect of the cathodic overpotential on the nickel instability
in the hydrogen electrode. On the other hand, it has been observed and demonstrated that the
destabilization of the LSCF is favored by both the anodic current and the high operating temperature.

Résume Francais

Ce travail a été dédi¢ a I’étude de la dégradation des piles a oxyde solide fonctionnant en mode
¢lectrolyse et pile a combustibles. Une approche intégrée couplant (i) des caractérisations
¢lectrochimiques, (ii) des analyses post-test avancées et (iii) une modélisation multi-échelle a été
adoptée. Des tests de longue durée ont ¢ét€é menés avec des cellules standards
(Ni-YSZ/YSZ/GDC/LSCF) pour évaluer la dégradation des performances en fonction des conditions
de fonctionnement. Des échantillons, extraits de cellules initiales et apres test, ont été finement
caractérisés pour déterminer les évolutions microstructurales et physico-chimiques des deux
¢lectrodes en fonctionnement. En outre, des modéles de cinétiques élémentaires ont été développés
et validés expérimentalement pour 1’¢lectrode a hydrogéne (cermet Ni-YSZ) et pour ’électrode a
oxygéne (LSCF/LSCF-GDC) avant d’étre intégrés dans un modéle de cellule a 1'échelle
macroscopique. L'outil numérique multi-échelle a été utilisé pour étudier les mécanismes sous-jacents
contrblant les phénomenes de dégradation. Par ailleurs, leurs effets sur les performances de la cellule
en fonction des conditions de fonctionnement ont été évalués et discutés grace au modele. Sur la base
des résultats présentés dans ce travail, il a été confirmé que la dégradation des SOCs est nettement
plus importante en mode électrolyse par rapport a un fonctionnement en pile a combustibles
fonctionnant sous H». Cette différence peut étre attribuée d’une part, a l'effet des surtensions
cathodiques sur 1'instabilité du nickel dans 1’électrode a hydrogéne. D’autre part, il a été observé et
démontré que la déstabilisation du LSCF est favorisée sous fort courant anodique a haute température.

il
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General Introduction

1. Motivation

Nowadays the energy sector is facing historical challenges related to the increase in consumption and
the transitioning towards renewable energy sources (RES). Indeed, the energy demand is
encountering a worldwide growth that is expected to rise of nearly 50% up to 2050 [IEO 2019]. In
particular, the electrical demand is increasing steadily while a large part of the electricity is still

produced in classical thermoelectric power plant using fossil fuels (Figure 0-1).
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Figure 0-1: Increase in electricity production worldwide (data from [IEA 2019].

In return, this accelerated consumption of oil, coal and natural gas has triggered an environmental

crisis on a global scale due to the CO> emissions associated to their combustion. Indeed,
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anthropogenic carbon dioxide in the atmosphere is known to be the main cause of the climate changes
that will shape the future of our societies [[PCC 2018]. In particular, global warming of 1.5 — 2°C is
expected to occur in the next 30 — 60 years with severe consequences on earth’s eco-systems.
Therefore, to mitigate climate changes, an effort on reducing CO; emissions is needed as it is clearly

stated by the International Panel on Climate Change (IPCC) [IPCC 2018] (cf. Figure 0-2).
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Figure 0-2: Global temperature increase associated to the anthropogenic CO; emissions and reduction
strategies [IPCC 2018].

With this objective, the transition towards a renewable-based energy system is required. In Europe,
the European Commission targets to reach at least a 32% share of energy produced from renewable
energy sources by 2030 [EU 2018]. However, one of the main difficulties for this transition relies on
the intermittent nature of RES, such as solar and wind power. Therefore, it is also necessary to develop
technologies able to store the overproductions of RES and to reinject them when the demand exceeds

the production.

In this context, hydrogen appears as an interesting energy vector to be employed in a climate-neutral
society. Indeed, the H> molecule presents the highest mass specific heating value of all (= 120
MJ-kg!) and its consumption produces only water. However, to be relevant, the hydrogen must be
produced using clean energy sources. To date, most of the hydrogen is obtained by steam reforming
of natural gas generating carbon dioxide as a byproduct. To overcome this issue, the electrolysis of
water combined with renewable energy sources could represent a promising solution to store

renewable electricity by converting the electrical energy into chemical one (Power-to-Gas — P2G).



Several technologies exist to perform H>O electrolysis, such as Alkaline Cells, Proton Exchange
Membrane Cells (PEMCs) and Solid Oxide Cells (SOCs). Among these technologies, the high-
temperature SOCs are considered as the most promising in terms of electrical efficiency, hydrogen
production rate, and cost. Indeed, thanks to the operation at high temperature (700-900°C), SOCs do
not require the use of expensive electro-catalysts, such as platinum, and they can also be used to
directly convert carbon containing fuels. Moreover, part of the energy necessary to perform the steam
dissociation reaction in a SOC can be provided in the form of heat. Therefore, this technology allows
to work at lower voltage and higher current density with respect to PEMCs and Alkaline Cells [Graves
2011]. This feature guarantees high rates of hydrogen production while keeping very high electrical
efficiency. Finally, thanks to their reversibility, the same electrochemical device can be directly used
to produce electricity in fuel cell mode (Solid Oxide Fuel Cell — SOFC) or hydrogen in electrolysis
mode (Solid Oxide Electrolysis Cell - SOEC) making it even more suited for coupling with RES.

Despite all these advantages, the commercial attractiveness of SOCs technology is still limited by too
high capital costs. These costs are principally due to the absence of a scale-economy and the relatively
high degradation rates . Indeed, up to date the lifetime of SOCs remains insufficient for their industrial
deployment. Therefore, the degradation of SOCs is considered as one of the main drawbacks of this

technology and several efforts are made to limit it.

The high degradation is caused by several instabilities that arise during operation, such as chemical
reactivities between components and microstructural evolutions. These phenomena cause a
deterioration of the performances by decreasing the electrocatalytic activity of the electrodes and the
ionic/electronic conductivities in the cell’s components. In addition, after long-term operation the
mechanical stability of the SOCs may also be compromised. All these degradation mechanisms are
promoted by the high temperature and the polarization of the electrodes even if their underlying
causes remain unclear. Consequently, it is necessary to understand the origins of these phenomena to

develop solutions to avoid or minimize them in order to improve the attractiveness of this technology.

2. General Objective

In this context, this thesis aims at investigating the degradation of classical SOCs during operation as
a function of the operating conditions. The main focus will be on the study of the microstructural
evolutions and the physico-chemical reactivity between the different elements at different operating

temperatures and polarizations. With this objective, a threefold methodology is applied in this work
3



by coupling (i) electrochemical characterizations, (ii) advanced post-test analyses and (iii) multi-scale

modeling as reported in Figure 0-3.

1. Experimental

Oxygen Air inlet
N . Lo . electrode v Air + O, outlet
Characterization e
U cell]) . .
Hydrogen
H-H,0 |, N H,0-H, inlet electrode

Complete cell experiment

=, 13
u% 1.2
Understand ol
< 1
the degradation 09
* 08 41— E_xperin_\ental
mechanisms \, o Simlston
50 um 1.5 -1.25 : (Ao.gri_-()ls 025 0
2. Post-Mortem —> 3. Electrochemical
P Microstructural and .
AA n%‘l) SIS phy‘s'jca]])rope]ﬂfjes J\ l ()(Ielll]g

Figure 0-3: Schematic representation of the threefold methodology adopted in this work.

Long-term degradation tests are carried out to investigate the evolution of the electrochemical
performances. After the durability experiments, specimens extracted from the pristine and aged cells
are analyzed using synchrotron-based characterization techniques. Indeed, these techniques offer the
possibility to analyze the evolutions in SOCs samples ensuring typical features that are required to
obtain reliable results, such as fine spatial resolution while keeping large fields of view. In this frame,
X-ray nano-holotomography has been adapted to investigate the microstructural evolutions in the
hydrogen electrode (Ni-YSZ cermet) while X-ray micro-diffraction and micro-fluorescence are used
to analyze the physico-chemical reactivity in the LSCF-based oxygen electrode. In parallel, a specific
attention is given to the modeling of the detailed reaction mechanisms occurring in the two electrodes.
With this purpose, elementary kinetic models for the two electrodes are discussed and validated
thanks to specific experimental campaigns. Finally, the micro-kinetic models are integrated in a
macro-scale model at the cell level. The numerical tool is used to investigate the causes of the

degradation mechanisms and to quantify their impacts on the overall cell performances.

3. Layout of the Manuscript

In the first chapter of this thesis, the SOCs technology is reviewed. The operating principle, the types

of architectures and the materials used in SOCs are discussed focusing on the intrinsic causes of the
4



performance losses arising in operation. Moreover, the existing literature on the detailed reaction
mechanisms occurring in the two electrodes is reported highlighting the recent advances and the
uncertainties still existing. Finally, the main causes of the degradation during operation are discussed

in order to identify and select the main phenomena studied in this work.

The second chapter is dedicated to the analysis of the experimental results obtained at the complete
cell level in the frame of this work. The analyzed cells as well as the experimental setups are described
and the effects of the operating conditions on the degradation are discussed. With this purpose, the
long-term performances of different types of cells aged in fuel cell and electrolysis mode at different
operating temperatures are compared. In addition, the characterization techniques used to investigate
the aged cells are described with a specific focus given to the sample preparation for the post-test

analyses.

The third chapter describes the development and the validation of the micro-kinetic models at the
electrode level and the integration in the multi-scale modeling tool. For the hydrogen electrode, the
development of the kinetic model considering the detailed reaction mechanism is described. In this
frame, two models have been built considering the two most typical charge transfer reactions (the
oxygen spillover and the hydrogen spillover mechanisms). A specific experimental campaign carried
out on a symmetric cell is described and it is employed to discriminate between the two mechanisms.
Once validated, the micro-kinetic model is used to discuss the reaction mechanism as a function of
the polarization. For the oxygen electrode, an existing micro-scale model is validated taking
advantage of specific electrochemical tests. Once validated, the effects of the operating temperature
are discussed. Finally, the micro-scale models for the two electrodes are integrated in the macro-scale
model for the cell and the overall modeling scheme is validated on the performances of the complete

cells analyzed in this work.

In chapter four, the results on the microstructural evolutions of nickel in the hydrogen electrode are
discussed. The Ni agglomeration and the Ni depletion from the interface are analyzed as a function
of operating conditions and initial electrode microstructure. Subsequently, the validated multi-scale
modelling tool is used to quantify the effects of Ni instability on the electrode and cell performances.
Moreover, the causes of the Ni migration are investigated, taking advantage of the micro-scale model
for the hydrogen electrode, and a mechanism to explain the depletion of nickel from the interface as

a function of the polarization is proposed.



Chapter five reports preliminary analyses on the physico-chemical reactivity at the oxygen electrode.
Specimen extracted from the pristine cell and after aging in different operating conditions are
analyzed. The characterization of the reference cell has allowed the determination of the initial
reactivity between the electrode and the electrolyte materials. Subsequently, the effects of
polarization and operating temperature are discussed from the analysis of the aged cells. The results
are analyzed in the frame of a degradation mechanism based on the electrochemical reaction
occurring at the electrode scale. Finally, a correlation between the electrode material instability and

the interdiffusion of chemical elements at the barrier layer/electrolyte interface is suggested.

To conclude, in chapter six a summary of the main results obtained in this work is reported and some

outlooks for future work are proposed.



I. Literature Review on Solid Oxide
Cells: Technology Fundamentals and

Degradation Phenomena

This chapter is dedicated to the detailed description of the context in which the thesis has been carried
out. A specific attention is given to the presentation of the fundamentals of Solid Oxide Cells (SOCs),
including the state-of-the-art materials and architectures. Moreover, the basic operation with the
physical processes occurring in SOCs are described as well as their impact on the performances
during operation. Furthermore, the detailed reaction mechanisms for both electrodes are discussed
analyzing the existing literature in terms of modeling and experimental results. Finally, the issues
concerning the durability of SOCs are presented and the underlying causes of degradation are
introduced and discussed. Based on this bibliography review, the objectives and the strategy adopted

for the thesis are defined.

In the first section of the chapter, an overview of the technological, thermodynamic, and operational
characteristics of SOCs is given. The second section is dedicated to the review of the detailed reaction
mechanisms for the two electrodes, whereas the third section is devoted to the analysis of the
degradation mechanisms for this type of technology. Finally, in the last section of this introduction,

the justification of the applied approach is given.



I.1 Solid Oxide Cells: Basic Operating Mechanisms and Materials

L1.1  SOCs Principle

SOCs are electrochemical devices that can directly convert fuel into electricity (fuel cell mode —
SOFC) or electricity into fuel (electrolysis mode — SOEC). In recent years, the interest in SOCs has
significantly grown thanks to their wide range of technological applications that could offer
innovative solutions for the transition toward a renewable energy market. For example, when operated
in electrolysis mode, these electrochemical devices could be coupled with wind turbines or solar
panels for clean production of hydrogen [Godula-Jopek 2015, Lehner 2014]. Besides, in fuel cell
mode, SOCs are typically used for the generation of heat and electricity for residential micro-
Combined Heat and Power systems (WCHP) [Arsalis 2019, Kendall 2016].

The operating principle of SOCs is represented in Figure I-1.
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Figure I-1: Solid Oxide Cells operating principle.
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The classical reactants and products are hydrogen, oxygen and steam according to the total reaction

given in eq. (I-1), which is divided in the two semi-reactions reported in egs. (I-1a) and (I-1b).

) SOFC
Hy(9) +50.(9) =2 H,0(9) (1)
SOEC
SOFC
H,(g) +0}(YSZ) 2 H,0(g) +V, " (YSZ) + 2e~ (I-1a)
SOEC
L SOFC
502 (@) + V2 (YSZ)+2e~ 2 0)(YSZ) (I-1b)
SOEC

The main components of a SOC are the hydrogen electrode, in which the hydrogen oxidation/steam
reduction reactions take place (eq. (I-1a)), and the oxygen electrode, in which oxygen is consumed in
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SOFC mode and produced in SOEC mode (eq. (I-1b)). Between the two electrodes, the solid

electrolyte ensures the migration of oxygen vacancies (V") from one electrode to the other.

To increase the ionic conductivity in the solid electrolyte, SOCs are usually operated at high
temperature (700°C — 900°C), which offers many advantages. Indeed, the high operating temperature
allows the direct conversion of carbon-containing fuels so that SOCs can be directly used to produce
electricity and heat from hydrocarbons, such as methane, in SOFC mode [Morel 2005] and to perform
the co-electrolysis of steam and carbon dioxide in SOEC mode [Aicart 2014]. In addition, thanks to
the high operating temperature, SOCs present very high efficiency [Godula-Jopek 2015] and allow
the utilization of non-expensive catalysts [Shaikh 2015]. Moreover, in SOFC mode, this technology
is especially relevant for cogeneration applications. Finally, as already mentioned, it can be noticed
that SOCs can be also operated alternatively in fuel cell and electrolysis modes for reversible

utilization.

1.1.2  SOCs Architecture

Two main types of architectures have been proposed for SOCs: tubular and planar. In the tubular
configuration, one of the electrodes is situated in the internal face of a cylinder and the other one on
the external part (Figure I-2a). This configuration presents the advantages of having high mechanical
robustness and simplicity in the sealing between the electrodes [Blum 2005, Larminie 2003].
Nevertheless, it has been shown that the performances for this type of architecture can be limited due
to the difficulty for the reactants to reach the electrochemical active sites and to significantly high

ohmic losses associated to the design and the complex connection between cells [Hino 2004].

Even if some projects on tubular SOCs are currently carried out [Yoshikawa 2017], nowadays the
most common type of layout for this technology is the planar one [Wen 2002] (Figure I-2b). In this
design, the manufacturing procedure is significantly simpler than the tubular one and the ohmic losses
are much less pronounced. The cells are piled-up one on top of the other using metallic interconnects
to form high power density stacks. The fuel and the air can be distributed in a cross-flow, a parallel
co-flow or a counter-flow configuration. The main difficulty consists in ensuring the sealing between
the different components to avoid any leakage especially from the hydrogen electrode side.
Nevertheless, it has been shown that this type of configuration allows reaching the highest

performances [Ni 2008].
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Figure I-2: Different architectures for SOCs: a) Tubular design [Larminie 2003] — b) Planar design.

To ensure the mechanical robustness in the planar configuration, different types of solutions have
been found. In general, the thickness of one of the cell’s layers is increased and the layer serves as
support for the rest of the cell. Depending on which layer is used as a substrate it is possible to have:
(i) oxygen or hydrogen electrode supported cells, (ii) electrolyte supported cells and (iii) metal
interconnect supported cells. Each one of these solutions presents some advantages and drawbacks.

Oxygen electrode supported cells have been reported to allow good performances, even if the specific
cost is more elevated than in the other configurations [Irshad 2016]. Electrolyte supported cells are
classically used at very high temperature (> 850 — 900°C) to limit the ohmic losses inside the
electrolyte [Kendall 2016]. Very recently, this type of cells has attracted significant interest because
of the relative simplicity in the manufacturing and the high mechanical strength. Moreover, the use
of highly conductive materials for the electrolyte has allowed working at lower operating
temperatures [Jais 2017] and new experimental results at the cell level show promising behaviors in
terms of durability [Schefold 2020]. The metal supported cells consist in using porous metallic
interconnects to increase the mechanical robustness and the resistance to thermal and redox cycling,
while reducing the manufacturing costs. Promising performances have been obtained for this type of
technology [Blennow 2011, Dogdibegovic 2019b], even if it remains still immature, especially in
terms of durability [Brandon 2017, Dogdibegovic 2019a]. Finally, the hydrogen electrode supported
cells have been reported to be a good compromise between manufacturing costs, performances, and

mechanical robustness [Irvine 2013]. For this reason, nowadays, the most common design for planar
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SOC is the hydrogen electrode supported cell configuration even if electrolyte supported cells and

metal supported cells are being extensively studied as promising alternatives.

11.3  Materials Selection

To ensure the reliability of SOCs, the choice of the materials used for the two electrodes and the

electrolyte is of central importance. Indeed, they must fulfill a large number of requirements such as:

- Compatibility on the thermal expansion coefficient (TEC) between the different layers,

- Chemical stability in the reducing and oxidizing environments of the cathode and the anode
respectively,

- High electro-catalytic activity for the reactions taking place at the two electrodes,

- High ionic conductivity and negligible electronic conductivity for the electrolyte,

- Low chemical reactivity between the different layers (including the interconnectors),

- Mechanical robustness,

- Competitive fabrication costs with low environmental impact.

These strict requirements must be satisfied considering also the high operating temperature of SOCs

making the selection of the materials even more complex.

1.1.3.1  Electrolyte

The electrolyte in SOCs is classically made of fluorite-type ceramic oxides (e.g. ZrO», CeO., Bi,0O3
and ThO»). Di- or tri-valent rare-earth or alkaline-earth cations (such as Ce, Mg, Y, Nd, Sm, Yb and
Sc) are used as substitution elements to stabilize the ceramic in the cubic crystalline phase throughout
a large range of temperatures [Kharton 2004]. The substitution also creates oxygen vacancies in the
lattice of the material leading to high ionic conductivities. With a fixed concentration of dopant, the

evolution of the ionic conductivity can be described using a classical Arrhenius-type law as given in

eq. (I-2).

Gio = 05 - exp (— %) a-2)
In which ¢ is a pre-exponential factor (S-cm™), Eg; is the activation energy (J-mol'), R is the
universal gas constant (J-K™'-mol!) and T is the operating temperature (K).

To date, the most typical electrolyte material for hydrogen electrode supported cells is Zirconia
stabilized in the cubic phase adding 8 %mol. of Yttria ((Zr02)0.92(Y203)0.08 — 8YSZ) [Suciu 2018].

The choice of 8YSZ represents a good compromise between the ionic conductivity and the
11



mechanical robustness. Indeed, the ionic conductivity of YSZ exhibits a maximum around 8.5 — 9
%mol. of Yttria [Nakamura 1986], whereas lower doping levels, such as the tetragonal Zirconia doped
with 3 %mol. of Yttria (3YSZ), correspond to higher mechanical strength [Ghatee 2009]. Typical
evolutions of the ionic conductivity for the 8YSZ and 3YSZ as a function of the operating temperature
are shown in Figure I-3 (considering Ui?,,g,ysz =44.7S-cm™, Jl-oolgysz =466 S-em™, Eqep 3ysz = 697837

J-mol™ and Eg. gysz = 827616 J-mol™! [Lay-Grindler 2013]).
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Figure I-3: Ionic conductivity of 8YSZ and 3YSZ as a function of the operating temperature [Lay-
Grindler 2013].

1.1.3.2  Oxygen Electrode

The oxygen electrode was classically made of a porous composite of 8YSZ and Lanthanum Strontium
Manganite (LSM) [Jiang 2008]. With these materials, the oxidation/reduction of oxygen occurs at the
so-called Triple Phase Boundaries lines (TPBs) where the electronic, ionic and gas phases meet.
Nowadays, this composite has been advantageously replaced by Mixed lonic and Electronic
Conductors (MIEC) for which the reaction can be extended from the vicinity of TPBs to the whole
surface area of the porous electrode resulting in a substantial increase of the performances [Adler
2004]. Among the different compounds, the Lanthanum Strontium Cobaltite Ferrite (LaxSrixCoyFe;.
y03.5 — LSCF) perovskite is the most employed material for SOCs application [Gomez 2016, Laguna-
Bercero 2012, Menzler 2010]. In addition, it has been recently proposed to replace LSCF by a
composite of LSCF and Gadolinium-doped Ceria Oxide (GdxCe1xO2.5 — GDC) as an alternative
oxygen electrode, in order to mitigate the mismatch in thermal expansion coefficients between the
electrode and the electrolyte [Dusastre 1999] and to enhance the electrode performances, especially

in electrolysis mode [Effori 2019].
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To mitigate the reactivity of LSCF and YSZ, a barrier layer of GDC is usually added between the

electrolyte and the electrode to avoid the direct contact between the two materials [Ferreira-Sanchez

2017, Knibbe 2010a, Laurencin 2017].

1.1.3.3  Hydrogen Electrode

The typical hydrogen electrode is constituted of a porous cermet of nickel and YSZ, in which the Ni
serves as electronic conductor/reaction catalyst, the YSZ as ionic conductor and the pores ensure the
gas transport [Jiang 2004, Menzler 2010]. Porous cermet electrodes are used to extend the
electrochemical active area in the thickness of the electrode. The hydrogen electrode is also used as
mechanical support of the cell. Therefore, the electrode is usually structured into regions with
different microstructures to separate the electrochemical and the mechanical functions.

In contact with the electrolyte, the thin functional layer (FL) presents a fine microstructure in which
the electrochemical reactions take place at the TPBs. This layer is associated with a thick current
collector substrate (CC) with a coarser microstructure which ensures the gas diffusion to the FL and
guarantees the collection of electronic current. It can be noticed that in some cases pores formers are
added in the substrate to favor the diffusion to the active sites [Moussaoui 2020, Pecho 2015]. In the
functional layer of the cermet, the YSZ presents typically the same amount of Yttria as in the
electrolyte (8YSZ). Nevertheless, in some cases 3YSZ is used to take advantage of the higher
mechanical robustness [Ghatee 2009] even if in this case the electrode exhibits a lower ionic
conductivity (cf. Figure 1-3). It can be noticed that for the CC layer the choice of 3YSZ is the most

common due to the better mechanical properties.

11.4  Thermodynamic Description of SOCs and Nernst Equation

As a general matter, SOCs are electrochemical devices that allow the direct conversion of the
chemical energy contained in the fuel in electricity and vice versa. To investigate the operation of
SOC:s it is important to obtain the standard voltage of the cell, corresponding to the difference between
the standard potentials at the two electrodes. With this objective, it can be useful to analyze the

thermodynamically reversible processes occurring in an ideal cell.
A solid oxide cell operating in SOFC mode can be described with the scheme reported in Figure [-4.

Based on this representation, it is possible to apply the first law of thermodynamic to obtain an energy

balance of the system as reported in eq. (I-3).
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Qrev — Wrev = Vprod * hgrod(Tl Po) — Vox * hgx (T, po) — hjguel(T' Po) I-3)
In which all the quantities are referred to an unitarian molar flow of fuel (mol-s™).
In eq. (I-3), g,y represents the specific reversible heat produced in the cell (J-mol™!), w,.,, the specific

reversible electrical work delivered by the cell (Jxmol™) and v,y,oq / Voy the stochiometric coefficients
corresponding to one mole of fuel for the product and the oxidant, respectively. The terms hgmd, hd,,
h](‘)uel are the specific enthalpies of the product, the oxidant and the fuel as a function of the absolute

temperature and at standard pressure of 1 atm (expressed in J-mol™).
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Figure I-4: Illustration of the thermodynamically reversible operation of a SOC operating in fuel cell
mode.

It can be noticed that the right-hand side of eq. (I-3) represent the standard variation of enthalpy of

the reaction associated to one mole of fuel, AR, ... (T, Do), as given in eq. (I-4).

Vprod * hgrod(T' Po) — Vox * hgx(T' Po) — h)(c)uel(Tl Po) = Ahgeact(T' Po) I-4)
Moreover, as the process is considered reversible, the second law of thermodynamic can be written
as reported in eq. (I-5).

Arev
T

= Vprod " S;(J)rod (T, o) = Vox * S0x (T, Do) — Sjguel(T' Po) aI-5)
In which T is the operating temperature (K) and the terms Sz())rod’ SOy, s}’ue, are the specific entropies

of the product, of the oxidant and of the fuel as a function of the absolute temperature and at standard

pressure of 1 atm (expressed in J-K'-mol™).

In this case, the right-hand side of eq. (I-5) corresponds to the standard variation of entropy for the

reaction of one mole of fuel, As%, 4. (T, o), so that it can be rewritten as shown in eq. (I-6).

Grev =T - Asgeact (T, o) (1-6)
Combining egs. (I-3), (I-4) and (I-6) it is possible to express the specific electrical work produced by
the cell as reported in eq. (I-7).
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Wyepy = _(Ahrqeact (T, pO) —-T- Asgeact(T' Po)) = _Agrgeact (T, pO) -7
Where Agl,,.:(T,po) is the standard variation of the Gibbs free energy for the reaction considering

one mole of fuel.

The total electrical power produced by the cell in reversible conditions can be obtained by the specific

electrical work and the flow of fuel consumed in the reaction, as given in eq. (I-8).

We=1-U 0-A= flfuel consumed " Wrev (I-8)
In which i is the current density generated by the cell (A-cm™), U° represents the standard cell
potential (V) and 4 is the active area of the cell (cm?). Finally, considering the Faraday’s law (i = n -
F * Nyel consumed * A~1) and combining egs. (I-7) and (I-8), it is possible to obtain a thermodynamic
definition of the standard voltage of the cell given in eq. (I-9).

UO = _ A9react(Tpo)

nF 9

In which n is the number of electrons exchanged in the reaction and F is the Faraday’s constant

(C-mol™).

This definition of the standard cell voltage represents the ideal potential difference measurable in a
cell operating in standard conditions of pressure (py, = 1 atm) for all the reactants and products and
at a given operating temperature. Nevertheless, in real operation the pressures of reactants and
products do not correspond to the standard pressure so that the Nernst equation is used to take into

account this limitation and evaluate the real Open Circuit Voltage (U ) of the cell.

To introduce the Nernst equation, it is useful to start from the general form of a chemical reaction

such as the one reported in eq. (I-10).

VA +vyB 2 v.C+vyD (I-10)
In this expression, each one of the involved species has an associated chemical activity (a;) that can

be expressed as in eq. (I-11) in case of ideal solution of gaseous species.

a; = % =Xx; -% (1-11)
In which p;,; is the operating pressure of the cell and p;, x; are the partial pressure (atm) and the
molar fraction of the i-th species.
Based on thermodynamic considerations, it can be shown that the Gibbs free energy variation of a
reaction such as the one given in eq. (I-10) is influenced by the activity of the species involved in the
reaction according to eq. (I-12) [Atkins 2006].
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ve, Vd

acla
Agreact(T,P) = AgReact(T,po) + R-T - In <STaDVb> (I-12)

aq ap

Combining egs. (I-9), (I-11) and (I-12) it is possible to express the Nernst potential of the reaction
which depends on thermodynamic considerations and on the partial pressures of the reactants and
products. Moreover, if the solid oxide cell operates at ambient pressure, the Nernst equation for the

typical reaction in a SOC (eq. (I-1)) can be expressed as:

170 RT XH,0,hydrogen electrode
UOCV == U - " ln ( 05 (1-13)
2'F XHy,hydrogen electrode ®(0,,0xygen electrode

In eq. (I-13) the molar fractions of hydrogen, oxygen and steam are taken at the interface between the

corresponding electrode and the electrolyte and considering a nil current flowing in the cell.

It can be noticed that when the cell is operated, several reversible and irreversible phenomena arise
under current inducing a modification of the cell voltage with respect to the OCV. To analyze these
losses, polarization curves (i-U curves) are usually used. In these curves, the cell voltage is plotted as
a function of the current density and the losses in operation are represented by the overpotentials

arising in both polarizations (cf. Figure I-5).

Ucell (V)

Overpotentials
in SOEC mode

Overpotentials
in SOFC mode

icell (A Cm-z)

Figure I-5: Schematic representation of an i-V curve in SOFC and SOEC at H,/H,O = 50/50 vol.% with
an illustration of the overpotentials arising in the two operating modes.

L1.5  Losses at the Cell Level and Impact on Cell’s Performances

The overpotentials generated during the operation of the cell are associated to the concentration of
the gases in both electrodes at the electrochemical active sites and to the nature of the electrochemical
reactions in each electrode. In addition, the Ohmic losses generated by the current flow contribute to
the overall decrease in performances so that the relation between the cell potential and the current

density can be written as reported in eq. (I-14).
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(I-14)

In which i is the current density expressed in A-cm™. The different overpotentials are > 0 in SOFC
mode and < 0 in SOEC mode so that the cell voltage is always smaller than the OCV when operating

in fuel cell mode whereas it is higher in electrolysis mode.

11.5.1  Ohmic Overpotential

The Ohmic overpotential (,pmic (1)) is caused by the material resistance to the passage of the ionic
and electronic currents. In particular, it takes into account the resistance associated to the flow of
electrons in the electrodes and the one related to the flow of ions in the electrolyte. Moreover, the
contact resistance between the electrodes and the current collectors also contribute to the overall

Ohmic resistance of the cell.

All these contributions are gathered together under a general resistance R expressed in (Q-cm?), so

that the Ohmic overpotential for the complete cell can be described using a classical Ohm’s law (eq.

(I-15)).

Nohmic(l) = Rg i (I-15)
The electronic conductivities of the electrodes are usually orders of magnitude higher than the ionic
conductivity of the electrolyte, so that the latter term represents the most important part to the Ohmic
resistance of the cell. It can be noticed that the second larger contribution is represented by the contact
resistances [Liu 2008]. To limit these last phenomena, highly conductive grids or contact layers are
usually used as current collectors in single cells experimental setups or stacks, respectively.
Furthermore, compressive loads are applied on the system to maximize the contacts between the cell

and the current collectors.

11.5.2  Concentration Overpotentials

0, electrode

The concentration overpotentials in the oxygen electrode (1,5,¢ ) and in the hydrogen electrode
nfjnecle“mde) are caused by the modification of the gases composition at the electrochemical active

sites that arise when the cell is operated. For each electrode, the concentration overpotential can be
expressed as a combination of two factors: The losses due to gas conversion (AU,..,,) [Primdahl 1998]

and the overpotential associated to gas diffusion (74 5) [Zhu 2003].
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Gas conversion losses — The gas conversion losses are generated by the fact that when a current is
passed through the cell, the gases composition is modified according to the Faraday’s law. They
correspond to pure ‘reversible losses’ that will appear even for an ideal system without irreversible
processes. Considering the classical operation in a SOC involving hydrogen, steam and oxygen (eq.
(I-1)) the gas conversion losses are drawn from the Nernst equation as reported in eqs. (I-16a) and

(I-16b) for the two electrodes [Godula-Jopek 2015]:

o, el d RT achannel,i:o.achannel,i:to

» electrode _ R'T Hy H,0

AUrev - 2.F ln channel,i#0 _channeli=0 (I-16a)
Hy H,0

\[ channel,i#0
0, electrode R'T 02
AU? =—"-]

— N2 -1
rev 2'F channel,i=0 (I-16b)
aoz
In which the activities ai"*™™ =% and a{"*""**"**° correspond to the activity of the i-th species in

the gas channel in open circuit conditions and under current, respectively.

It can be pointed out that in fuel cell mode, the cell is normally operated with over-stochiometric air

flow in the oxygen electrode, so that the contribution of the AUTOezveleCtmde remains limited. Moreover,

it can be noticed that these losses are not related to the diffusion of gases in the electrodes, but they

are only linked to the inlet gas composition and the current flowing through the cell.

The existence of the conversion losses implies the presence of a limiting current density,
corresponding to the conditions in which all the reactants are consumed by the reaction
(Myeactant consumed = Mreactant intet)- Lherefore, it can be useful to define the conversion rate (CR)
corresponding to the amount of reactant consumed by the reaction divided by the inlet flow of reactant
entering the cell (eq. (I-17)).

CR = Nyeactant consumed __ A

: =— (1-17)
Nreactant inlet N-FNyeactant inlet
For an operation in fuel cell mode, this parameter is called Fuel Utilization (FU) while for an operation

in electrolysis mode it is normally named Steam Conversion (SC).

Diffusion overpotentials — The diffusion overpotentials are caused by the limitations induced by the
gas transport inside the electrodes. Indeed, in order to sustain the electrochemical reactions at the
active sites when the cell is operated, a flux of reactants and products arises in the electrodes. This
transport phenomena are influenced by the microstructure of the electrodes. Therefore, the volume
fraction and the ‘morphology’ of the pores play a central role in the diffusion of the gases from the

channels to the electrochemical active sites [Holzer 2013]. Starting from these premises, the diffusion
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overpotentials are defined as reported in eqgs. (I-18a) and (I-18b) for the hydrogen electrode and the

oxygen electrode, respectively [Laurencin 2011].

channel,  active sites
Hy electrode _ R'T ] ap, aH,0
dif f T oF n a;z[cztivesites_alc};%nnel (I-18a)
aactive sites
noz electrode _ R'T In 02 (L-18b)
dif f 2'F \[aghannel
2

In which the hydrogen, steam and oxygen activities are taken considering an operating cell (i # 0).

1.1.5.3  Activation Overpotentials

The activation overpotentials (1,.¢) represent the voltage losses due to the inherent irreversibilities
related to all the processes occurring in both active functional layers including the electrochemical
reactions and the mass and charge transfers. Considering a phenomenological approach, the current
density can be expressed as a function of these overpotentials using a Butler-Volmer formalism as
reported in eq. (I-19a) for the hydrogen electrode and eq. (I-19b) for the oxygen electrode [Godula-
Jopek 2015, Virkar 2000].

. _ .Hjpelectrode 2ap,F H, electrode —-2(1-ay,)F _H, electrode
L=1 [exp (T act — exp — rr_ MNact (I-19a)
. _ .0pelectrode 2a0,F 0, electrode —2(1-a0,)F 0, electrode
L=1 [EXp (? act — exp — rr MNact (I-19b)

In which i is the so-called ‘apparent’ exchange current density (A-cm2) and @0, H, are the symmetry

factors for both electrodes.

Recalling the definition of hyperbolic sine and taking the symmetry factor as 0.5 [Bard 2001], it is
possible to express the activation overpotential for each electrode as a function of the operating

current density as given in egs. (I-20a) and (I-20b).

H, electrode _ RT . h-1 i
Nact - T sin 2.iH2 electrode (I-20a)
0

0, electrode _ R'T . h-1 i
Nact - T sin 5.102 electrode (I-20b)
0

It can be noticed that these expressions have been derived with a purely ‘phenomenological’ approach
considering an ‘overall’ charge transfer occurring at the electrodes/electrolyte interfaces. Indeed,
these apparent exchange current densities for each electrode represent global parameters that include
each elementary step of the reaction mechanisms (such as the charge transfers, the diffusion of
surface-attached species and the adsorption/desorption reactions) [Godula-Jopek 2015]. These

parameters are strongly dependent on the electrode microstructure [Connor 2018] and the gas
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composition in electrochemical active areas. Moreover, they are also affected by the operating
temperature [Virkar 2000].

The determination of the correct values for the exchange current densities, must rely on the
identification of the detailed reaction mechanisms occurring at each electrode which are still not
completely understood. Several works have been dedicated to investigate these reactions using
experimental and modeling techniques. In the next section, a review of these contributions for each

electrode is reported.

1.2 Literature Review on the Reaction Mechanisms for the Two Electrodes

1.2.1  Reaction Mechanism for the Hydrogen Electrode

Concerning the reaction mechanism in the Ni-YSZ cermet, several experimental works have
characterized the electrode behavior using polarization curves and Electrochemical Impedance
Spectroscopy (EIS) [Bieberle 2001, 2000, Dasari 2013, Doppler 2018, Grondin 2011, Holtappels
1999a, 1999b, Kek 2001, Luo 2017, Marina 2007, Mizusaki 1994b, 1994a, Pan 2016, Primdahl 1997,
Shin 2016, Sonn 2008]. Nevertheless, it can be pointed out that most of the works presented in the
literature are focused on the reaction for hydrogen oxidation in SOFC mode, whereas there is a lack
of investigations in electrolysis conditions. For example, very few studies have been specifically
devoted to the electrode response in cathodic polarization [Dasari 2013, Grondin 2011, Shin 2016]
and even less have operated the electrode at high steam partial pressure (pH2/pH20 << 1) [Shin 2016].

As a general matter for the Ni-8YSZ cermet, it has been shown that the electrode reaction is strongly
thermally activated and its kinetic rate is proportional to the density of active TPBs [Bieberle 2000,
Doppler 2018, Mizusaki 1994a, Pan 2016]. Based on these observations, it has been proposed that
the charge transfer at the TPBs should limit the overall electrode response [Luo 2017]. Moreover, a
strong dissymmetry in the two branches of the polarization curve has been highlighted [Dasari 2013,
Holtappels 1999b, Luo 2017, Marina 2007, Mizusaki 1994b, Pan 2016] with an increase of the
polarization resistance (Rpo1) in cathodic polarization (SOEC mode) compared to the anodic one
(SOFC mode) [Pan 2016]. Finally, an important effect of pH2O on the kinetics has been found
[Bieberle 2001, Dasari 2013, Grondin 2011, Holtappels 1999a, Luo 2017, Pan 2016, Shin 2016],
while the impact of pH> remains less pronounced [Kek 2001]. Therefore, it has been inferred from
these results that the interaction of steam molecules with the electrode surface could co-limit the

global kinetics [Dasari 2013].
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Complementary with the experimental approach, modeling is an efficient tool to propose and check
the relevance of reaction mechanisms. In this frame, several authors have studied the steam and
hydrogen interactions with Ni-YSZ using Density Functional Theory (DFT) to determine the most
energetically favorable configuration [Cadi-Essadek 2016, Chaopradith 2015, Cucinotta 2011, Gorski
2011, Kresse 2000, Mohsenzadeh 2014, Raz 2001, Seenivasan 2017, Shishkin 2010]. These
theoretical investigations showed that the interaction of hydrogen with the Ni-YSZ system results in
dissociative adsorption of Hz on the Ni surface [Cadi-Essadek 2016, Cucinotta 2011, Kresse 2000,
Shishkin 2010], whereas steam molecules can be adsorbed on both surfaces. On Ni surface, the
adsorbed H»O could dissociate into a hydroxyl and a surface-attached hydrogen [Mohsenzadeh 2014],

while the dissociation in two hydroxyl ions would be promoted on YSZ surface [Raz 2001].

To account for both the experimental and DFT computational findings, mainly three reaction
pathways divided in a sequence of elementary steps have been proposed in the literature. They differ
from each other by the nature of the charge transfer across the Ni-YSZ interface with an interstitial
process [Holtappels 1999a], an oxygen spillover mechanism [Mizusaki 1994b], and a hydrogen
spillover mechanism [De Boer 1998]. These three reaction pathways have been implemented by
several authors into micro-kinetic models and the simulations have been compared to the response of
Ni patterned electrodes [Bessler 2007, 2010, Bieberle 2002, Goodwin 2009, Luo 2019, Vogler 2009].
The modeling results have suggested that the hydrogen spillover would be the most relevant reaction
mechanism for the Ni-8YSZ electrode [Bessler 2010, Goodwin 2009, Luo 2019, Vogler 2009] even
if some recent studies have suggested that the oxygen spillover mechanism could also be involved in
the electrode response [Bredikhin 2018, Fu 2014, Ong 2017]. Moreover, it is worth mentioning that
most of the simulations were focused on the steady-state behavior of the electrode whereas very few
studies have simulated the dynamic response to take advantage of the EIS measurements [Bieberle
2002, Gewies 2008]. Besides, to the best of our knowledge, only one study has been dedicated to the
micro-kinetic dynamic modeling of representative porous Ni-8YSZ cermet [Gewies 2008]. In that
case, the simulations were carried out without knowing the exact microstructure of the cermet and

considering a simplified charge transfer mechanism.

From this literature review, it appears that the detailed reaction mechanism of eq. (I-1a) remains
unclear, especially for a cell operated in SOEC condition. Indeed, as pointed out by Hanna et al.
[Hanna 2014], there is still a clear need for “more detailed experimental data and refinement of
elementary kinetic and transport parameters to improve quantitative model prediction over a wide

range of conditions”.
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12.2  Reaction Mechanism for the Oxygen Electrode

For composite LSM-YSZ electrodes, it is generally accepted that the oxidation/reduction reactions
(eq. (I-1b)) occur via the same reaction mechanism in opposite directions. In cathodic polarization
(i.e. SOFC mode), the oxygen is adsorbed on the LSM surface and diffuses to the TPBs where the
charge transfer reaction takes place, producing two electrons in the LSM and an oxygen ion in the
YSZ. In anodic polarization (i.e. SOEC mode), the reverse mechanism occurs. It has been observed
experimentally that the overall reaction rate would be proportional to the density of TPBs indicating
that the charge transfer would control the reaction kinetics [Radhakrishnan 2005]. In addition, recent
studies have pointed out that the surface diffusion of oxygen on the LSM could also contribute

significantly to the electrode response [Banerjee 2017, Bertei 2017].

On the other hand, the reaction pathway for MIEC electrodes remains less understood. In fuel cell
mode, it has been extensively studied experimentally [Baumann 2007, Grunbaum 2006, 2009, Kim
2017, Tietz 2006] and theoretically [Adler 1996, Deseure 2005, Fleig 2007, Hubert 2016, Laurencin
2015, Liu 1998b, Mortensen 2014, Prestat 2007, Simrick 2012, Yurkiv 2014]. Adler et al. [Adler
1996] have analyzed the impedance of porous LSCF electrodes with a model in which the polarization
resistance is dominated by the so-called “chemical impedance” that takes into account the oxygen
vacancies diffusion in the bulk of the LSCF and the reaction at the surface of electrode particles. The
same mechanism has been used by Deseure et al. [Deseure 2005] to model the AC and DC response
of a dense electrode in fuel cell mode. Prestat et al. [Prestat 2007] and Fleig et al. [Fleig 2007] have
also proposed models for dense LSCF film. In their model, Fleig et al. [Fleig 2007] have refined the
Adler’s approach with intermediate surface reactions of oxygen ionization leading to an electrostatic
potential step across the LSCF surface. Besides, Yurkiv et al. [Yurkiv 2014] and Mortensen et al.
[Mortensen 2014] have extended this modeling approach based on oxygen bulk diffusion and charge
transfer at the LSCF surface to the LSCF-GDC composite electrodes.

For pure LSCF electrodes, several experimental results have confirmed the mechanism proposed by
Adler et al. [Adler 1996] at the open circuit potential and under cathodic polarization [Adler 2004,
Baumann 2006, 2007, Grunbaum 2009]. However, some authors [Liu 1998b, 1999, Siebert 2013],
have suggested that the direct oxygen oxidation/reduction at TPBs could also participate to the
electrode response, especially in anodic polarization for which the oxidation at TPBs could control
the reaction mechanism [Laurencin 2015, Siebert 2011]. Similarly, for LSCF-GDC electrodes some
authors [Hubert 2016, Kim 2017, Laurencin 2015] have suggested a significant contribution of the

TPBs even under cathodic polarization.
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Recently, our research group at CEA has investigated the oxidation/reduction process for pure LSCF
and composite LSCF-GDC electrodes proposing a stationary and dynamic model taking into account
the electrode microstructure properties as well as the most likely processes occurring therein [Hubert
2016, Laurencin 2015]. In this model, two parallel pathways have been considered for the reaction.
On the one hand, the ‘bulk path’, corresponding to the oxygen vacancies diffusion in the bulk of the
LSCF coupled with surface reactions. On the other hand, the ‘surface path’, in which the direct
oxidation/reduction at the TPBs between the GDC and the LSCF is considered. Thanks to a
preliminary validation [Laurencin 2015] and a microstructural sensitivity analyses [Hubert 2016], it
has been proposed that the main reaction pathway could change as a function of the polarization and
type of electrode. For a pure LSCF electrode, the reaction would be controlled by the ‘bulk path’ in
cathodic polarization and at OCV, whereas in anodic polarization the ‘surface path’ would become
dominant. For a LSCF-GDC composite electrode, the reaction mechanism would be always

controlled by the oxidation/reduction at the TPBs (‘surface path’).

From this analysis of the literature on the oxidation/reduction at the oxygen electrode, it can be stated
that the reaction mechanism of eq. (I-1b) remains partially unclear, especially in anodic polarization
(i.e. SOEC mode) and for MIEC-based electrodes. Some theoretical results have suggested a
modification in the reaction mechanism as a function of the polarization [Laurencin 2015], even if

there is still a need of complete validation for this hypothesis.

1.3 Durability of SOCs

Despite of their numerous advantages, the performance degradation of SOCs is still too high to
envisage the industrial deployment of this technology [Irvine 2016, Sohal 2011]. Indeed, the voltage
degradation rates are still in the range of = 0.5 — 3 %kh! in SOFC mode and between 0.6 and
10 %-kh! in SOEC operation at relatively low current densities (|Jipc|] < 1 A-cm™) [Skafte 2016].
These rather large degradation rates are caused by various aging phenomena activated by the high

operating temperature and the polarization.

1.3.1  Durability Results Reported in Literature

To study the durability of SOCs, long-term tests are classically performed in which a cell or a stack
is operated at constant current or potential and the evolution of the cell/stacks performances is

measured over time. Typically, galvanostatic tests are carried out keeping a constant current density
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and measuring the cell voltage over time. To obtain reliable information about the degradation
phenomena occurring in a SOCs, the duration of these long-term tests is of central importance.
Indeed, it has been recently pointed out that the degradation of SOCs could be strongly non-linear so

that short-term degradation tests may be misleading [Fang 2018, 2019, Nguyen 2013].

In fuel cell mode, the durability experiments performed at the Forschungszentrum in Jiilich are among
the longest available in literature [Fang 2019]. After more than 100’000 hours of test, the authors
have reported a degradation rate ranging from = 0.4 mV-kh™! up to = 9 mV-kh™! (with an average of
0.5 %-kh) operating a short-stack at 0.5 A-cm™ and 700°C (FU: 40%) [Fang 2019]. In general, the
performance degradation in SOFC mode is reported in the range of 0.5 — 3 %-kh"! [Blum 2016, 2020,
Menzler 2018]. This rather low degradation rate remains too large with respect to target degradation

rate of < 0.2 %-kh! [DOE 2020].

In electrolysis mode, Schefold er al. have tested the durability of an hydrogen electrode supported
cell and have reported a degradation rate of 40 mV-kh™' (3.8 %-kh™!) after 9°300 hours of operation
at -1 A-cm™ and = 780°C (SC: 36%) [Schefold 2012]. During the long-term test, several incidents
occurred causing stepwise increases of the voltage and contributing to the high overall degradation
rate. The same research group, has recently tested the durability of an electrolyte supported cell
showing a voltage degradation of = 7.4 mV-kh! (= 0.6 %kh™') after 20°000 hours of operation
at -0.9 A-cm and = 840°C (SC: 51%) without major incidents [Schefold 2017]. Other authors have
tested a short-stack containing two hydrogen electrode supported cells for more than 20’000 hours
keeping the stack for ~ 16’000 hours at -0.5 A-cm™ and 800°C with a SC of 50% and observing an
average degradation rate of = 6.5 mV-kh! (0.6 %-kh') [Fang 2018, Frey 2018]. In literature,
degradation rates from 0.6 to 10 %-kh™! are reported for the operation in electrolysis mode at relatively
low current densities [Brisse 2008, Ebbesen 2010, Fang 2015, Knibbe 2011, Nguyen 2013, Sun 2019,
The 2015, Tietz 2013]. These degradation rates remain too high for the complete applicability of this
technology. Indeed, for profitable application of SOCs for hydrogen production, electrolysers are
expected to work at high current densities to maximize the hydrogen production (Jipc| > 1.2 A-cm™)
with target degradation rates limited to 1 %-kh™! [FCH JU 2018]. In addition, the occurrence of
incidents during operation can further limit the long-term behavior of the cells. In particular, steam
starvation under current has been reported to cause re-oxidation of the Ni in the hydrogen electrode
as well as the reduction of the zirconia in the electrolyte. Moreover, the volumetric change associated
to the formation of NiO can favor the formation of cracks in the electrolyte and thus compromise the

mechanical of the cell.
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The higher degradation rate in electrolysis mode with respect to the fuel cell operation is confirmed
by several experimental studies [Fang 2015, Frey 2018, Hubert 2017, 2018a, Laurencin 2017, Nguyen
2013, Trini 2020]. Similarly, it has been generally observed that the degradation rate would be
accelerated operating the cell at high current densities (and overpotentials) [Chen 2013, Hagen 2006,
Hauch 2006, Hoerlein 2018, Nguyen 2013]. Finally, it also appears that the fuel composition would
play a role on the degradation, which is increased by a larger steam content [Hauch 2011b, Hoerlein
2018]. In contrast, the effects of the operating temperature are less clear with several authors reporting
that the degradation rate would be lowered at high temperature [Fang 2015, Hagen 2006, Hauch
2006].

In conclusion, it can be stated that the influence of the operating parameters on the degradation
remains not completely established. Nevertheless, it appears that the operation in electrolysis mode
and at high current densities would accelerate the cells degradation. A detailed review of the most
part of long-term tests for stacks and button cells experiments reported in literature can be found in

[Blum 2020, Ploner 2017, Skafte 2016] for both operating modes.

1.3.2  Main Degradation Mechanisms

The degradation in performance is associated to morphological and chemical instabilities that are

activated by the operating temperature and the polarization as schematically depicted in Figure I-6.
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Figure I-6: Schematic representation of the phenomena associated to the performances degradation in
solid oxide cells (from [Yokokawa 2008]).
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These degradation mechanisms occur in each component of the stack. They can be summarized with
mainly (i) the microstructural evolutions in the electrodes, (ii) the chemical instabilities of materials,
(iii) the inter-diffusion of elements between the cell components, (iv) the electrode poisoning with
‘intrinsic’ or ‘extrinsic’ contaminants (impurities already present in the cell raw materials or coming
from the environment such as Cr or Si, from interconnect plates or tubes and sealing), (v) oxidation

of the metallic interconnect and (vi) mechanical damage [Chen 2016, Khan 2016, Mogoteguy 2013].

These phenomena can cause an increase in the ohmic or in the polarization resistances of the cell or
stack and it appears that they can evolve differently according to the operating conditions.
Furthermore, a decrease in the OCV is measured in case of severe damaging of the electrolyte
(formation of micro-cracks), associated to the loss of tightness of the cell. Several degradation

mechanisms have been proposed in literature and the main ones are discussed hereafter.

13.2.1  Electrolyte Degradation

Phase transformation — A decrease of the YSZ ionic conductivity has been reported in literature [Butz
2009, 2012, Kishimoto 2012b, Kondoh 1998, Shimonosono 2012]. This evolution has been ascribed
to a modification of the crystalline phase of the doped-ZrO: from the cubic phase to the less
conductive tetragonal or monoclinic phases [Shimonosono 2012]. To explain this phase
transformation, it has been suggested that during the co-sintering of the hydrogen electrode with the
YSZ electrolyte, nickel could dissolve in the electrolyte and subsequently the exsolution of Ni could
induce the passage from the cubic to the tetragonal/monoclinic crystal [Kishimoto 2012b]. It can be
noticed that the impact of this degradation mechanism has been reported to be quite limited after

long-term tests [Liu 2012].

Nano-porosities formation — After long-term operation in SOEC mode, some authors have identified
the presence on nano-porosities arising in the electrolyte in the vicinity of the oxygen
electrode/electrolyte interface [Knibbe 2010b, Laurencin 2017, Rinaldi 2017a, The 2015, Tietz2013].
It has been suggested that the chemical potential gradients for Zr*" and Y>* towards the interface with
the barrier layer would promote the formation of these nano-porosities at the grain boundaries of the
electrolyte [The 2015]. Alternatively, it has been recently proposed that these nano-pores may be
originated from the loss of Zr*" associated to the formation of secondary phases at the oxygen
electrode/electrolyte interface [Laurencin 2017]. However, the process related to the formation of

these nano-porosities remains not completely established.
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13.2.2  Oxygen Electrode Degradation

Delamination — The detachment of the oxygen electrode from the electrolyte remains an important
degradation mechanism specifically for LSM-YSZ composite electrodes [Chen 2011, Knibbe 2011,
Virkar 2010, Yokokawa 2008]. In literature it is reported that this phenomenon is favored in
electrolysis mode and two main mechanisms have been proposed to explain it: On the one hand, it
has been suggested that the formation of secondary phases at the interface would induce micro-cracks
and eventually complete delamination [Chen 2011]. On the other hand, it has been proposed that an
increase of internal oxygen pressure would occur in the electrolyte at the interface with the oxygen
electrode during electrolysis operation, leading to the delamination [Virkar 2010]. Nevertheless, it
can be pointed out that this type of degradation mechanism is quite specific for LSM-YSZ composite

electrodes.

Chromium poisoning — Aside from the delamination, the poisoning of the oxygen electrode caused
by the deposition of chromium coming from the interconnectors has also been reported to contribute
significantly to the degradation [Blum 2020, GroB-Barsnick 2019, Jiang 2014, Liu 2010b, Schuler
2012]. Indeed, it has also been suggested that this phenomenon could represent a significant
contribution to the overall degradation in stacks if not controlled using appropriate coatings [Blum
2020].

It has been shown that chromium would diffuse through the electrode via volatile species and deposit
on the electrode surface forming insulating phases such as chromium oxide (Cr203) [Liu 2010b].
Moreover, it has also been reported that the Cr could react with the strontium contained in the
electrode material to form SrCrOx reducing even more the electrode performances [Schuler 2012]. It
appears that this phenomenon could be limited by using dry air in the gas flow as the formation of

volatile chromium-based species would be favored by the presence of steam [Chen 2010].

LSCF demixing and reactivity at the electrode/barrier layer/electrolyte interface — It is well
recognized that the release of strontium from the LSCF in the oxygen electrode coupled with the
reactivity at the electrolyte interface are among the main contributions to the overall degradation of
SOCs [Knibbe 2010b, Kostogloudis 2000, Liu 2014, Oh 2012, Tietz 2013]. It has been reported the
demixing of the LSCF under operation would be associated to a passivation layer on the LSCF surface
[Baqué 2017] and to the formation of insulation phases such as strontium zirconates (SrZrQO3) at the
barrier layer/electrolyte interface [Knibbe 2011, Morales 2017, The 2015]. Moreover, it has been
recently pointed out that the oxygen electrode degradation could be significantly accelerated in

electrolysis mode [Finsterbusch 2012, Laurencin 2017, Mahmoud 2017, Rinaldi 2017b]. Based on
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this observation, it has been proposed that this behavior could be associated to the depletion of oxygen
vacancies in the LSCF material due to the anodic polarization [Finsterbusch 2012, Laurencin 2017].
In particular, it has been suggested that the accumulation of oxygen in the LSCF under electrolysis
current could be the driving force for Sr segregation and the formation of strontium oxide on the
electrode surface [Laurencin 2017]. This should explain the formation of zirconates in the porosity
of the GDC barrier layer and the precipitation of nano-porosities in the electrolyte, which have been
observed to be strongly accelerated under electrolysis current. However, for a full validation of this
mechanism there is not yet a direct and clear experimental evidence showing that the LSCF phase

demixing is aggravated under electrolysis condition.

As introduced previously, to limit the reactivity between the LSCF and the YSZ, a GDC layer is
added at the interface. As a consequence, an inter-diffusional layer (IDL) has been detected between
the GDC and the YSZ [Szasz 2018, Tsoga 2000] which is reported to have a lower ionic conductivity
[Zhou 2004]. Nevertheless, the formation of SrZrOs is still detected in aged [Endler 2010] and pristine
cells [Ferreira-Sanchez 2017] especially in the porosities of the barrier layer [Matsui 2016].
Moreover, the effect of the IDL on the cell’s performances and its evolution during operation are also
unclear. It has been proposed that the IDL could be formed exclusively during sintering [Morales
2017, Xu 2019] and it could even act as a protective layer to prevent the formation of strontium
zirconate [Szasz 2018, Wankmiiller 2017, Wilde 2018] whereas some other authors have suggested
that the evolution in operation of the IDL could contribute to the increase of the Ohmic losses in

SOCs [Matsui 2019, Shimura 2019].

13.2.3  Hydrogen Electrode Degradation

Impurities segregation — The presence of impurities has been reported to be a possible reason for the
hydrogen electrode degradation [Ebbesen 2010, Hauch 2008, 2011a, Mogensen 2002]. Indeed, it has
been shown that trace elements present in the gas stream can deposit in the active sites of the Ni-YSZ
cermet hindering the electrochemical reactions [Ebbesen 2010, Mogensen 2002]. In addition, the
deposition at the TPBs of silica (SiO2) contained in the glass sealing has also been reported [Hauch
2008]. Based on these observations, it can be stated that to limit the deposition of impurities a specific
attention must be dedicated to the inlet gas cleaning [Ebbesen 2010] and to the pretreatment of the

seal.

Ni morphological evolution — The Ni-Y SZ cermet is subjected under operation to a Ni agglomeration

resulting in a phase coarsening and a migration changing the Ni distribution in the electrode [De
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Angelis 2018, Faes 2009, Fang 2018, Frey 2018, Hagen 2006, Hoerlein 2018, Hubert 2018a, Jiao
2011, Kennouche 2016a, 2016b, Lay-Grindler 2014, Lee 2014, Rinaldi 2017a, Tanasini 2009, Trini
2019, 2020].

The Ni agglomeration is characterized by an increase of the Ni mean particle diameter due to the
sintering of the smallest particles. This phenomenon yields a loss of active TPBs [De Angelis 2018,
Faes 2009, Lay-Grindler 2014] inducing a significant decrease in cell performance that could explain
around 30% of the total cell degradation after 2’000 hours [Hubert 2018a]. It has been shown by
several authors that this phenomenon is purely thermally activated and independent on the electrode
polarization [Faes 2009, Hagen 2006, Hubert 2018a, Kennouche 2016b, Lee 2014]. Indeed, it has
been proposed that Ni coarsening is ascribed to an Arrhenius-type Ostwald ripening process that
could be associated to surface diffusion of Ni [Hubert 2018a]. However, the role of the electrode
microstructure remains nowadays unclear. Indeed, it has been suggested that the YSZ backbone could
limit the Ni coarsening [Faes 2009, Hubert 2018a, Jiang 2003]. This inhibiting effect of the YSZ
network could be explained by the interfacial adhesion between Ni and YSZ that could stabilize the

nickel and prevent a massive agglomeration at high temperature [Hubert 2018a].

In parallel to the agglomeration, a process of Ni migration has also been observed leading to change
the Ni repartition within the electrode. This phenomenon is restricted to the electrode active layer
where the electrochemical reactions take place. It is associated to a migration of Ni towards the bulk
of the electrode and results in a significant Ni depletion at the electrolyte interface. The Ni depletion
is accompanied by a loss of active TPBs that can induce a significant degradation of the electrode and
cell performances. However, despite its critical importance, the contribution of Ni depletion on the

electrode and cell degradation rates has never been quantified precisely.

In terms of operating conditions, Ni migration has been observed after aging in SOEC operation [Frey
2018, Hoerlein 2018, Mogensen 2017, Rinaldi 2017a, Trini 2020] and in SOFC mode [Hagen 2006,
Hauch 2011a]. However, some experimental results suggest that the severity of the phenomenon
could be aggravated under electrolysis conditions because of the high cathodic overpotential [Frey
2018, Nakajo 2020, Trini 2020]. In addition, it has been reported that the high steam partial pressures
could accelerate the process [Chen 2012]. To date, the role of temperature or the initial cermet
microstructure remains unclear and even contradictory with the statements observed for the Ni
coarsening in the bulk. For instance, a fine microstructure in the active layer could help to mitigate

the rate of Ni migration [Hauch 2016].
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For all these reasons, the origin of Ni migration remains not completely understood. Nevertheless, it
has been proposed that the mechanism is based on the formation of Ni(OH)x gaseous species to take
into account the role of high steam partial pressure [Hauch 2008, Holzer 2011, Jiao 2011].
Furthermore, in order to explain the depletion in the active layer observed especially in electrolysis
mode, it has been proposed that Ni migration could be triggered by high cathodic overpotential
[Mogensen 2017, Nakajo 2020, Trini 2020]. In particular, Trini et al. [Trini 2020] have recently
analyzed the microstructural evolutions occurring in the Ni-8YSZ cermet after aging in SOFC and
SOEC conditions (this work was carried out in parallel to this study). In their work, they have
observed a clear Ni depletion from the electrode/electrolyte interface only for the cell aged in
electrolysis mode. To explain this behavior, it has been proposed that the main driving force for the
loss of nickel from the interface could be the gradient in Ni wettability arising between the
electrode/electrolyte interface and the electrode bulk as a function of the local oxygen partial pressure.
Based on this mechanism, the minimization of the free energy of the system would lead to the
migration of Ni toward the bulk of the electrode in SOEC mode. The reverse should be obtained in
SOFC mode. However, thanks to the significant lower overpotentials under anodic polarizations, the
process could be very limited in SOFC condition. This behavior could explain why no Ni enrichment
is observed at the electrolyte interface after operation in fuel cell mode. Nevertheless, in spite of these

very recent studies, the mechanism triggering the Ni instability is still unclear.

1.3.3  Concluding Remarks

Based on this analysis of the degradation phenomena for SOCs operated in fuel cell or electrolysis
mode it is clear that the performance losses are highly dependent on the operating conditions (such
as local gas compositions, currents and overpotentials). As an example, the destabilization of the
LSCF in the oxygen electrode appears to be linked to the local concentration of oxygens in the
material which depends directly on the reaction mechanism of the electrode. Moreover, it has been
proposed that the Ni depletion from the hydrogen electrode/electrolyte interface would be favored in
electrolysis condition due to the local overpotential. Therefore, the knowledge of the detailed reaction
mechanisms at the two electrodes is essential to understand the intrinsic causes of these degradation

phenomena.

Among these reviewed degradation mechanisms, it is nowadays widely accepted [Frey 2018] that the
two most impacting processes are the Ni morphological evolution in the hydrogen electrode and the

chemical destabilization in the oxygen electrode coupled with the reactivity with the electrolyte.
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Indeed, these mechanisms are suspected to contribute significantly to the degradation measured
during SOCs operation. Furthermore, experimental and theoretical investigations have shown that the
severity of these phenomena would be strongly aggravated by an operation in SOEC mode explaining

the higher degradation rates measured for cells operated under electrolysis current.

I.4  Conclusions of This Chapter: Objectives and Methodology of the Thesis

In this chapter, the state-of-the-art of SOCs technology has been given. The operating principle as
well as the typical architecture and the materials used in solid oxide cells have been described.
Moreover, the evolution of the cell performances in operation has been discussed focusing on the
irreversibilities that are generated in fuel cell and electrolysis mode. It has been also shown that the
knowledge of the exact reaction mechanisms for the two electrodes remains an open question and

represents a key objective to better understand the behavior of SOCs in operation.

In addition, the durability of solid oxide cells has been discussed highlighting the need to have long-
term tests to better understand the loss of performances over time. The specific degradation
mechanisms hindering the commercial attractiveness of this technology have been discussed for the
various components of the cell. Moreover, it has been shown that the nature of these phenomena is
strongly related to the detailed reaction mechanisms that control the local parameters (such as current
density and overpotential). Therefore, a deep understanding of the oxidation/reduction reactions for

the two electrodes represents a fundamental step in the analysis of the performance deterioration.

The analysis of the degradation mechanisms occurring in SOCs has revealed that the morphological
evolutions of Ni in the hydrogen electrode and the destabilization of the oxygen electrode material
are amongst the most important causes of the degradation. In addition, it appears that these
phenomena could be activated in electrolysis mode whereas their severity could be limited during
fuel cell operation. Furthermore, it can be noticed that the impact of the operating temperature and of

the initial electrodes microstructures remains unclear.

Based on these premises, this thesis aims to study the morphological evolutions of nickel in the
hydrogen electrode as a function of the initial microstructure of the cermet and the polarization. In
addition, the destabilization of the LSCF-based oxygen electrode and the evolution of the IDL as a

function of the operating conditions is analyzed and discussed.
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With this objective, long-term tests have been carried out in electrolysis and fuel cell modes either
directly or in collaboration with partners. The durability experiments have allowed to investigate the
performances evolution as a function of the operating conditions. Specimens extracted from the aged
and pristine cells have been characterized focusing on the nickel evolution in the cermet and on the
chemical reactivity at the oxygen electrode/barrier layer/electrolyte interface. Furthermore, a micro-
scale model describing the detailed reaction mechanism for the hydrogen electrode has been
developed and validated, whereas the existing model for the oxygen electrode has been validated.
These models have been used in a multi-scale modeling scheme to investigate the underlying

mechanisms for the hydrogen and oxygen electrodes degradations.
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II. Durability Experiments and Post-

Test Characterization Techniques

SOCs under operation are subjected to several degradation phenomena arising in the electrodes and
in the electrolyte. As discussed in chapter I, the degradation in performances is dependent on many
parameters such as the operating mode (i.e. fuel cell or electrolysis), the current density and the
operating temperature. As mentioned in the introduction, the precise role of these operating conditions
is not precisely understood yet. For example, it seems that the degradation under electrolysis current
is more severe than in fuel cell mode, whereas the role of temperature is still unclear. Moreover, it
appears that the degradation of SOCs could be strongly non-linear so that short-term degradation tests
should be avoided [Fang 2018, 2019, Nguyen 2013, Schefold 2017]. Finally, it is also reminded that
the electrode microstructures could play a key role, not only on the initial cell performances, but also

on its stability.

In this context, different durability experiments using classical hydrogen electrode supported cells
have been analyzed in the frame of this thesis. First, two durability experiments have been performed
to investigate the influence of the operating temperature on the degradation. The two button cells
have been aged for the same operating time (= 1’800 hours) and in the same experimental conditions
so that only the operating temperature was changed between the two tests. At the end of durability
experiments, the cells performances have been measured in the same conditions to quantify the

‘intrinsic’ degradation in the two cases. To complement these two tests, three additional cells, which
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were aged by partners, have also been studied. These cells present different hydrogen electrode
microstructures and were operated in fuel cell or electrolysis mode with aging times ranging from
1’000 to 15’000 hours. Therefore, the effect of electrode microstructure, test duration and operating
mode have been also analyzed in this work.

To better understand the phenomena underlying the degradation, specimens have been extracted from
the aged and pristine cells and advanced post-mortem characterizations have been carried out to
assess the evolution of the electrode microstructure upon operation and the chemical reactivity
between the components. In particular, micro X-ray Diffraction (uXRD) and micro X-ray
Fluorescence (WXRF) maps have been acquired focusing on the crystallographic modification of the
oxygen electrodes and the chemical reactivity at the oxygen electrode/electrolyte interface. Moreover,
X-ray nano-holotomography has been used to obtain 3D reconstructions of the hydrogen electrode to

investigate the microstructural evolutions in the Ni-YSZ cermet.

In the first section of this chapter, the long-term tests performed at different operating temperatures
are described and the results of the electrochemical characterizations are discussed. The second
section is dedicated to the experimental results related to the cells aged by partners in fuel cell and
electrolysis mode. Finally, in the last part of this chapter, the post-mortem techniques used to
characterize the aged cells as well as the procedures to prepare the samples for post-test analyses are

introduced.

II.1 Long-term Tests in Electrolysis Mode at Different Operating Temperature

In the frame of this thesis, two long-term tests have been performed keeping the same aging
conditions in terms of gas compositions and current densities, whereas the temperature has been
varied between the two tests. These durability experiments have been carried out in order to
investigate the influence of the operating temperature on the cell degradation. Indeed, as already
mentioned in the first chapter, it has been reported in literature that the degradation would be lowered
at high operating temperature [Fang 2015, Hagen 2006, Hauch 2006]. Nevertheless, as pointed out in
[Badwal 2001, Hubert 2018] this statement appears to be contradictory with the thermal activation of
the aging phenomena, such as the agglomeration of Nickel in the cermet [Hubert 2018a, Krdll 2017]
that would aggravate the degradation at higher temperature.

Therefore, to establish the effect of temperature on the degradation and to discriminate between

‘intrinsic’ and apparent degradations, the two cells were aged for approximately the same time
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(= 17800 hours) at different temperatures. The tests were performed in galvanostatic mode keeping a
constant current density and measuring the evolution of the cell voltage over the time. The
electrochemical characterizations at the beginning and at the end of the test were performed in order
to analyze the ‘intrinsic’ degradation as a function of the operating temperature as suggested in [Fang

2018, Hubert 2018, 2018a].

1I.1.1 Cell Description

It is worth noting that material and geometrical characteristics of all the cells analyzed in the frame

of this thesis are summarized in Appendix A.

For these two long-term experiments, two cells coming from the same batch were used and are
referred as Cell-A1 and Cell-A2 thereafter. In Figure II-1a, a schematic representation of the cells is
given. They present a circular geometry with an active area of 9.08 cm? and are composed of standard

materials.

O, Electrode = 60 pm-_ | 34 mm
Barrier layer ~4 pm— u
Electrolyte = 8 um~~

S
H, Electrode =~ 260 pm”

A [

| LSC =25 pm
LSCF = 20 um

LSCF/GDC ~ 16 um
—TL GDC ~ 4 um
a) b)

Figure II-1: Schematic representation of the tested cells (Cell-4A1 and Cell-A2): a) Button cell geometry
—b) Oxygen electrode architecture.

A dense electrolyte made of Zirconia Stabilized with 8 %mol. of Yttria (8YSZ) having a thickness of
~ 8 um is sandwiched between the two electrodes. The hydrogen electrode consists in a thick Ni-YSZ
porous cermet that also serves as mechanical support (= 260 um). The oxygen electrode has a
multilayer structure with a total thickness of =~ 60 um. This assembly is composed of a LSCF
(Lao.6Sr0.4C00.2Fe0.803.5) — GDC (Gdo2Ceo.8025) composite (= 16 um) associated to a LSCF layer
(=20 pum) topped with a current collector made of Lanthanum Strontium Cobaltite (Lao.5Sro.5CoOs3,
LSC) (cf. Figure II-1b). Finally, a barrier layer of GDC of = 4 um is added between the oxygen

electrode and the electrolyte to limit the reactivity between the two.
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11.1.2  Description of the Test Benches

The two cells (Cell-A1 and Cell-A2) have been tested in two equivalent test benches that have been
previously validated to ensure the relevance of the experimental results.

Both setups are equipped with an oxygen diffuser made of Crofer22 APU which is positioned on top
of the oxygen electrode. The oxygen diffuser serves also as current collector as can be seen from
Figure I1-2. To ensure a good electrical contact and a homogeneous flow path, a gold grid of 100
meshes-cm™ with a diameter of 34 mm was inserted between the diffuser and the oxygen electrode
surface. A gold wire welded directly to the grid was used as a probe for the cell voltage measurement
whereas the current was applied directly on the metallic tube supplying air (cf. Figure II-2). Finally,
a total weight of 0.4 kg-cm™ (i.e. 3.6 kg) has been applied on the cell to minimize the contact

resistances.
Current () Voltage (U)
Crofer 22APU oxygen diffuser Air inlet
Hydrogen
Oxygen electrode electrode
Au mesh e SISO Ceramic
E _— glass seal
Ni mesh
Electrolyte
Ceramic housin
Hz, H2O Outlet H2’ H20 inlet g

Voltage (U) Current (1)
a)
Current (I) Voltage (U)
Crofer 22APU oxygen diffuser Air inlet
Hydrogen

Oxygen electrode electrode

Au mesh ; ; Ceramic

1 1
Ni mesh glass sea
Voltage (U)
Electrolyte
Crofer 22APU housing
H,, H,0 outlet H,, H,O inlet

Current (I)

b)

Figure I1-2: Experimental setups: a) Ceramic housing — b) Metallic housing.
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The two setups differ in terms of material used for the cell holder at the hydrogen side: In one case a
ceramic material (Al2O3) was utilized while in the other case the housing was made of Crofer22APU.
In both setups, a Ni grid of 100 meshes-cm™ has been chosen as current collector in contact with the
hydrogen electrode. For the ceramic housing, two wires have been welded to the Ni mesh to apply
the current and measure the cell voltage (Figure 1I-2a). Whereas for the metallic housing the two
measurements were performed welding the gold wires directly to the support in Crofer22 APU (Figure

11-2b).

In the two test benches, the gases are introduced from the center of the cell and distributed radially.
On the oxygen electrode, the air flow was controlled using a Mass Flow Controller (MFC) while the
outlet flow was evacuated directly in the furnace. On the hydrogen electrode two different ways to
produce the steam were used. In the setup consisting in the ceramic housing, the steam was produced
sending H> and O» through an oxy-combustion chamber in stochiometric quantities to obtain the
desired composition in terms of hydrogen and water. In the setup with the metallic housing, the steam
was produced using a steam generator (T = 106-108°C, p = 1,3-1,4 bar). The steam was regulated
downstream thanks to a modified MFC, allowing its operating temperature to be higher than 100°C
(usually maximum temperature of MFC is 60°C). A second mass flow controller was used for
hydrogen, and the two fluxes were mixed in the inlet pipe before entering the chamber. In both test
benches, all the tubes entering the hydrogen electrode were kept at = 130°C to avoid any condensation.
Finally, the outlet gas was sent to a heat exchanger to separate the water from the dry gas. To ensure
the gas tightness between the two electrodes, a ceramic glass seal is applied at the periphery of the

electrolyte in both test benches, guaranteeing a sealed fuel chamber.

It can be noticed that all the MFCs as well as the heating of the furnace were controlled by the
supervision software RSView® which was also employed to save the data each 0.2 seconds. The
temperatures were measured using K-type thermocouples positioned close to the tested cell (in one
case in the cell housing, in the other in the fuel outlet tube). All the temperature variations were
performed with a heating/cooling rate of = 1°C-min"! to avoid any thermal damaging of the cells and

the sealing.

11.1.3  Experimental Techniques

The electrochemical behavior of both cells has been characterized using polarization curves (i-U

curves) and Electrochemical Impedance Spectroscopy (EIS). These two methods are often used to
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characterize SOCs but also other types of electrochemical devices [Bard 2001]. The first technique
provides an overall information about the steady-state operation of the analyzed device, whereas the
EIS allows obtaining its frequency response. The details of the two techniques are briefly reported

hereafter.

11.1.3.1 Polarization curves

For the polarization curve, the cell voltage is plotted as a function of the current density passing
through the cell. As shortly described in chapter I, the i-U curves allow obtaining the cell
overpotentials for a stationary operation. From the i-U curves, it is possible to draw the Area Specific

Resistance (ASR, Q-cm?) as a function of the current density defined using eq. (1I-1).

ASR(ipc) = abs (d—u) (-1

di ipc
In which ipc is the operating current density in A-cm™ and U is the cell voltage (V).

In this thesis, the i-U curves have been measured in galvanostatic mode with a sweep rate of 2.2
mA-s-em™ (i.e. 20 mA-s™) which represents a good compromise between sufficiently low scanning

rate (to fulfill the steady-state condition) and fast enough data acquisition.

11.1.3.2  Electrochemical Impedance Spectroscopy

The EIS method takes advantage of the fact that the phenomena occurring in a SOCs differ in their
characteristic time constants and frequency responses [Huang 2007, Nechache 2014]. The EIS is
based on the application of a small sinusoidal perturbation to the system and the measurement of the
output signal which will have the same frequency (f) but a phase shift (¢) and a different amplitude
with respect to the input. As an example, if a sinusoidal perturbation is superimposed to the stationary

current, it is possible to express the input and the output of the system according to eq. (II-2).

i(t) =ipc +iygc-sin(2rft) and U(t) = Upc + Uy - sin(2ft + @) (I1-2)
In which the subscript DC indicates the steady-state operating point and the subscript AC indicates
the amplitude of the sinusoidal. If the absolute value of the perturbation is sufficiently low to maintain
a linear response of the system, for each frequency of the input it is possible to determine the
impedance of the cell (Z(f)) which is defined as reported in eq. (II-3) taking advantage of the Euler’s
relation.

u(t)

Z(f) = o) = |Z| exp(j@) = Zyea(f) +J - Zimag(f) (I1-3)

In which j is the imaginary unit.
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Sweeping over different frequencies, it is possible to display the evolution of the impedance using

the classical Nyquist and Bode plots as shown in Figure II-3a and Figure II-3b, respectively.
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Figure II-3: Classical representation of the impedance spectra: a) Nyquist plot — b) Bode plot of the real
and imaginary part of the impedance.

From the Nyquist plot, it is possible to identify the serial resistance (Rs), the total resistance (Rior) and
the polarization resistance (Rpo1) (cf. Figure I1I-3a). The first one is defined as the high frequency
intercept of the Nyquist plot with the real axis and represents the Ohmic contribution to the cell
resistance [Nechache 2016]. Similarly, the total electrode resistance is given by the intercept with the
real axis at low frequency and corresponds to the steady-state resistance of the system (equivalent to
the ASR). Finally, the polarization resistance is obtained by subtracting the serial resistance to the
total resistance and represents a convolution of all the resistive processes occurring in the two

electrodes [Montinaro 2014].

In this thesis, the impedance spectra at Open Circuit Voltage (OCV) and under polarization have been
measured in the frequency range between 10 and 10° Hz in galvanostatic mode with an amplitude
of £8 mA-cm? at OCV and of £40 mA-cm under polarization. In both cases, the amplitude of the
sinusoidal current has been selected paying a specific attention to check the linearity condition and to

optimize the signal-to-noise ratio.

It can be noticed that, since SOCs operate at high temperature, an inductive effect of the wires is
measured at high frequencies modifying the shape of the impedance spectra and hindering the
determination of the serial resistance [Caliandro 2019, Shin 2013]. To overcome this limitation, one
classical approach is to fit the impedance spectra using an Equivalent Circuit Model (ECM)

representative of the cell response (i.e. with an inductive contribution) and to re-simulate the
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impedance without this inductive component [Caliandro 2019, Liu 2010a]. This methodology has
been used in this thesis employing the software Zview to obtain the experimental serial and

polarization resistances.

A similar ECM to the one reported in [Liu 2010a, Nechache 2016] has been employed (Figure 11-4a).
It consists of an inductance (L), that considers the contribution of the wires, an Ohmic resistance (Rs),
two Resistance-Capacitance elements (R-C) and two Resistance-Constant Phase Element groups (R-
CPE). The two R-Cs are used to simulate the low-frequency contributions in the diagram whereas the
R-CPEs represent the phenomena at medium/high frequencies. As an example, the application of this
procedure to one of the impedance spectra measured at the beginning of the durability experiment is

shown in Figure 11-4.

As it can be seen in Figure 11-4, it is possible with the selected ECM to fit accurately the shape and
the frequency distribution of the experimental impedance spectrum. Therefore, this ECM can be used
to decorrelate the contribution of the inductive elements by re-simulating the cell impedance without

the artifact related to the L component (Figure [I-4f and Figure I1-4g).

11.1.4 Testing Protocols

The protocol of the two tests for Cell-A1 and Cell-A2 is summarized in Table II-I.

At the beginning of each test, the ceramic glass seal was solidified following the procedure reported
in the manuscript of M. Hubert [Hubert 2018] with N sent to the hydrogen electrode and air to the
oxygen electrode. Subsequently, the NiO in the cermet was reduced at 800°C progressively increasing
the H> content in the fuel flow until 100% was reached. Once the measured OCV was consistent with
the fuel composition (at 800°C with = 100% H> the expected OCV is = 1.2 V in our testing conditions),

the electrochemical characterization of the cells started.

As a first step of the test, the i-U curve at 800°C was measured in fuel cell mode sending 100% H at
the hydrogen electrode. Ambient air was sent to the oxygen electrode and its flowrate was chosen in
such a way to have an equivalent air utilization factor of 20% at |inc| = 0.75 A-cm™ for the entire

1 2

duration of the test. For the hydrogen side, a nominal flowrate of 12 Nml-min™-cm™ was sent.
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Figure I1-4: Illustration of the procedure for the determination of R and Ry, from the experimental
EIS data: a) Equivalent Circuit Model used — Nyquist (b) and partial Bode (c) plots of the experimental
data — Nyquist (d) and partial Bode (e) plots of the spectrum fitted with the inductive contribution —
Nyquist (f) and partial Bode (g) plots of the simulated spectrum without the inductive contribution.

41



Table II-I: Summary of the experimental protocol for Cell-A1 and Cell-A2 (considering an active area
for both cells of 9.08 cm?)

Cell-A1 (ceramic housing) Cell-A2 (metallic housing)

Glass seal solidification Protocol reported in [Hubert 2018]

T =800°C
NiO reduction oxygen side: air (Qair = 7.3 Nml-min™'-cm)
hydrogen side: No/Hz T %H; up to 100% (Qror = 7.3 Nml-min'-cm2)

T =2800°C

Initial characterization in SOFC mode oxygen side: air (Qur = 62 Nml-min™'-cm?)

(i-U curve) hydrogen side: 100% Hz (Qiot = 12 Nml'min'-cm™)
Initial characterization in SOEC mode T =2850°C
(i-U curve, oxygen side: air (Qair = 62 Nml-min™!-cm?)
EIS at OCV and at ipc = -0.75 A-cm™) hydrogen side: HoO/Hz = 90/10 vol.% (Qiot = 12 Nml-min™'-cm™)
Durability experiment T =850°C T =750°C
(Voltage evolution at i =-0.75 A-cm™ same gas flowrates same gas flowrates
with SC = 50%) same compositions same compositions
Final characterization in SOEC mode T =2850°C
(i-U curve, oxygen side: air (Qair = 62 Nml-min'-cm)
EIS at OCV and at ipc = -0.75 A-cm™) hydrogen side: HoO/Hz = 90/10 vol.% (Qiot = 12 Nml'min™'-cm™)
ide- ai = min!-em2
Shutdown oxygen side: air (Qair = 3.7 Nml-min'-cm™)

hydrogen side: No/H, = 97/3 vol.% (Qior = 3.7 Nml'min'-cm?)

After this preliminary characterization, the temperature was increased to 850°C and the gas
composition was changed to H2O/Hz = 90/10 vol.% in the hydrogen side keeping the same total
flowrates for both electrodes. Once the OCV was stabilized, the i-U curves in electrolysis mode, the

EIS at OCV and the EIS at ipc = -0.75 A-cm™ have been measured.

Subsequently the two durability experiments have been conducted. For Cell-41, the temperature was
kept at 850°C and the current was set to -6.81 A (corresponding to -0.75 A-cm™?). For Cell-A2, instead,
the temperature was lowered to 750°C keeping the cell at OCV. After the stabilization of the
temperature and the OCV, the same current than Cell-41 was applied (-6.81 A).

It can be noticed that the operating current density of -0.75 A-cm™ was chosen in order to have a
Steam Conversion (SC) of 50% during the aging period, considering the nominal flowrate of steam
sent to the hydrogen electrode (10.8 Nml-min™'-cm?). Subsequently, the two cells have been operated
in galvanostatic mode for ~ 1’800 hours and the evolution of the voltage in each experiment has been

measured every 15 minutes.
Finally, at the end of the durability experiments, the two cells have been characterized again at 850°C

performing the i-U curves in electrolysis mode, the EIS at OCV and the EIS at ipc = -0.75 A-cm™.
For Cell-A2, the heating from 750°C to 850°C was done keeping the cell at OCV.
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All the electrochemical characterizations have been conducted using a potentiostat/galvanostat
(Autolab PGSTAT-302N) equipped with a Frequency Response Analyzer module (FRA) and a 10 A
current booster. All the experimental data have been collected using the NOV A software and analyzed

using Zview.

When the final characterization was completed, the two furnaces were cooled down to room
temperature. During this step, the gas flowrates for the two electrodes have been lowered to 3.7
Nml-min™-cm™ by keeping an air sweeping condition for the oxygen electrode whereas a mixture of
nitrogen and hydrogen with a N2/H ratio of 97/3 vol.% was sent at the hydrogen electrode. Thanks
to this shutdown procedure, the nickel of the cermets for the two cells was kept in its reduced state
without any re-oxidation. Finally, the two cells were removed from the support by cutting the border

with a diamond pen.

I1.1.5 Tests Results

In this paragraph the results of the durability tests of Cell-A1 at 850°C and Cell-A2 at 750°C are
reported analyzing the initial performances of the two cells, the degradation curves and the

performances at the end of the tests.

11.1.5.1 Performances in Fuel Cell Mode

To ensure the same starting point between the two durability experiments, it has been checked that
the two cell presents the same initial performances. For this purpose, the i-U curves obtained in SOFC
at 800°C after the reduction of the NiO in the cermet are compared in Figure II-5.

The two i-U curves are well superposed indicating that the two cells in the two experimental setups
exhibit very similar performances (Figure II-5a and Figure II-5b). Moreover, in Figure II-5c the
evolution of the ASR evaluated from the i-U curves using eq. (II-1) is also reported. The two curves
show the same behavior confirming that the two experimental setups and cells are entirely
comparable. It can be noticed that the slight oscillations observed at high current density are related
to the sampling rate used to obtain the experimental curves, which influenced the evaluation of the
derivative (eq. (II-1)). Finally, it can be noticed that the value of the OCV obtained in the two cases
is very close to the theoretical one (= 1.2 V at 800°C and = 100% of H») indicating that no gas leakage
is present between one electrode and the other. After this preliminary characterization, the

temperature was increased to 850°C and the performances in electrolysis mode have been measured

for both cells.
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Figure II-5: Comparison of the initial performances in SOFC mode at 800°C (with Q.ir = 62
Nml'min”-cm? and Qu: = 12 Nml'min'-cm?): a) Cell-A1 — b) Cell-A2 — ¢) ASR as a function of the
current density for the two cells.

11.1.5.2  Comparison of the Initial Performances in SOEC Mode
In Figure II-6 the comparison of the i-U curves measured in electrolysis mode and the EIS for the

two cells at the beginning of the durability tests are reported.

From Figure II-6a, it can be noticed that the two cells exhibit similar behaviors in terms of polarization
curves at 850°C with H2O/Hz = 90/10 vol.%. In addition, the two cells present very similar values for
OCV (0.807 V for Cell-A1 and 0.805 for Cell-A2) while only a minor difference is found for the
voltages at ipc =-0.75 A-cm™ (cf. Table II-1I, t = 0 hours). Analyzing the polarization curves in Figure
11-6a, it can be noticed that Cell-A2 presents slightly better performances (at ipc = -0.75 A-cm™, Uce-
42 18 = 2% lower than Ucer-47). To analyze this difference the experimental EIS have been collected

for both cells at OCV and at ipc =-0.75 A-cm™.
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Figure I1-6: Initial performances in SOEC mode for Cell-4A1 and Cell-A2 with H;O/H; = 90/10 vol.%
and T = 850°C (Qair = 62 Nml-min'-cm? and Qe = 12 Nml-min!-cm?): a) i-U curves — b) EIS at OCV
—c¢)EIS ati=-0.75 A-em™.

The impedance spectra have been treated as described in section II.1.3.2 to remove the inductance
(cf. Figure 11-4). From the analysis of the diagrams at OCV (Figure 1I-6b) and at ipc = -0.75 A-cm™
(Figure II-6¢), the difference in the performances between the two cells could be attributed to the
low-frequency processes. Indeed, the response at high and medium frequencies appears to be well
superposed between the two cells, and only the contribution at low frequencies (< 1 Hz) is slightly
larger for Cell-A1 at OCV and under polarization. This phenomenon may be attributed to the gas
diffusion in the electrodes [Caliandro 2019, Leonide 2008] that could be associated to some minor
differences in the electrodes microstructures. Nevertheless, it can be pointed out that the two cells

present very similar performances at the beginning of the durability experiments.
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Table II-1I: Evolution of cell voltage measured from the i-U curves and resistances obtained from the
EIS for Cell-A1 and Cell-A2 at 850°C and ipc = -0.75 A-cm? (with HO/H; = 90/10 vol.%)

A (mV-kh™) or %A
(mQ-cm?-kh) (%initial-kh™)

t=0 hours t=1°800 hours

Cell-A1 1.005 1.031 ~14 1.4%
U at inc =-0.75 A-em™2 (V)

Cell-A2 0.988 1.021 ~18 1.8%

Cell-A1 90 117 15 17%
Ry (mQ-cm?)

Cell-A2 96.2 112 9 9%

Cell-A1 236 295 33 14%
Reot (mQ-cm?)

Cell-A2 214 280 37 17%

11.1.5.3 Durability Results

After the characterization of the two cells in electrolysis mode, the durability experiments were started
by keeping Cell-A1 at 850°C and lowering the operating temperature of Cell-42 to 750°C. In Figure
11-7 the degradation curves are reported, in which the evolution of the cell voltage (at -0.75 A-cm™?)
is plotted as a function of the aging time. It can be noticed that the evolution of the curves is
significantly less noisy for Cell-A2, aged in the metallic test bench in which the steam was produced
using a steam generator. This indicates that this technique allows stable operations with very small

fluctuations in the steam flow with respect to other solutions (such as the oxy-combustion of H» or

the use of a bubbler).
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Figure II-7: Degradation curves for the two cells aged in electrolysis mode with H,O/H; = 90/10 vol.%
atipc =-0.75 A-cm? (corresponding to a SC of 50%).

As it can be seen from Figure II-7, the ‘apparent’ degradation measured as the slope of the durability

curves (U=f(t)) is significantly higher for Cell-4A2 aged at 750°C with an overall degradation rate of
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~ 60 mV-kh'. In addition, it appears that the degradation rate for this test follows two slightly
different trends in the first 500 hours and for t > 500 hours. This confirms that extrapolating the
degradation rate from short durability experiments could be misleading as suggest by [Fang 2019,
Nguyen 2013].

On the other hand, the ‘apparent’ degradation rate of Cel/l-41 at 850°C is substantially lower (= 13.5
mV-kh'). Moreover, the degradation rate in this case appears to be more linear along the entire
duration of the test. It can be pointed out that after = 1’500 hours of operation a problem with the
electrical power supply of the test bench has caused the temporary interruption of the degradation test
for approximately 100 hours. Nevertheless, it can be noticed that when the test was restarted, after a

stabilization period, the cell performances were in the same range as during the first 1’500 hours of

aging.

From the comparison between the two durability curves it appears that the degradation of Cell-A2
(aged at lower operating temperature) would be substantially higher than that of Cell-A1 tested at
higher temperature. Nevertheless, in order to evaluate the ‘intrinsic’ degradation in the two cases it is
necessary to compare the performances at the end of each test in the same experimental conditions.
Indeed, independently of the aging conditions, the degradation rates have to be measured using a
reference condition of temperature, current density and gas feeding as pointed out by M. Hubert
[Hubert 2018]. With this method, all the internal voltage loss affected by the aging can be directly
compared to each other and a ‘true’ or ‘intrinsic’ degradation rate can be measured in the reference

condition chosen for the evaluation.

11.1.5.4 Comparison of the Performances at the End of the Test in SOEC Mode

After the durability experiments, the two cells have been characterized at 850°C to verify the
evolution of the ‘intrinsic’ degradation in the two cases (Figure 11-8). To investigate these evolutions,
the cell voltages and the resistances obtained from the EIS under polarization at the same operating
point (i.e. -0.75 A-cm™) measured at the beginning and at the end of the durability experiments are

given in Table II-II for the two tests.

Interestingly, the comparison of the polarization curves for Cell-A1 and Cell-4A2 indicates that the
difference in the ‘intrinsic’ degradation rates is much less pronounced than what the analysis of the
durability curves has suggested. Indeed, when operating the two cells in the same conditions at the
end of the tests, the two curves are almost superposed (Figure 11-8a). This is confirmed by the

degradation rates, obtained from the i-U curves measured in the same conditions, reported in Table
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II-1I (= 14 mV-kh™! for Cell-A1 vs = 18 mV-kh™! for Cell-A2) reinforcing the statement that the ‘true’
degradation for the two tests is quite similar. These results are consistent with those reported by Fang
et al. who have found a higher measured degradation rates at lower temperature but comparable ASR
degradations operating a short-shack at 700°C, 750°C and 800°C [Fang 2018]. Only a minor
difference can be noticed with the performances of Cell-41 slightly worse than those of Cell-A2

consistently with the difference in the initial i-U curves (Figure I1-8a).
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Figure II-8: Final performances in SOEC mode for Cell-A1 and Cell-A2 with H,O/H; = 90/10 vol.% and
T =850°C (Q.ir = 62 Nml'min!-cm™ and Qe = 12 Nml-min!-cm?): a) i-U curves — b) EIS at OCV —
¢) EIS at ipc =-0.75 A-cm™.

From the analysis of the EIS at OCV (Figure II-8b) and under polarization (Figure 11-8c) it can be
seen that the most impacted contributions to the impedance diagrams are the serial resistances and
the high frequency arc (> 10° Hz). This statement is also confirmed by the comparison of the EIS
obtained at ipc = -0.75 A-cm™ at the beginning and at the end of each test (Figure 1I-9). A noticeable
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increase in the serial resistance can be detected as reported in the Table II-11. Moreover, this increase
is higher for the cell aged at 850°C (Cell-A1) than the one aged at 750°C (Cell-A2). Besides, it is also
clear that the convoluted semi-circle at high frequencies is increased after both durability
experiments. Nevertheless, it is worth noting that the resistance associated to this contribution cannot
be precisely drawn from the ECM fitting as it is strongly convoluted with the second semi-circle at
intermediate frequencies. Therefore, its relative evolution and comparison between the two tests

cannot be reasonably obtained here.
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Figure I1-9: Comparison between the EIS acquired under polarization (ipc = -0.75 A-cm?) at the
beginning and at the end of the two long term tests with H;O/H, = 90/10 vol.% and T = 850°C (Q.ir = 62

Nml'‘min'-cm? and Qe =12 Nml-min"'-cm?): a) Nyquist and partial Bode plots for Cell-41 — b)
Nyquist and partial Bode plots for Cell-A2.

The increase in the R indicates an evolution of the Ohmic resistance of the cells. This deterioration
of the Ohmic resistance is a general trend, which is usually observed for cells tested in electrolysis
condition [Fang 2015]. As discussed in the introduction, this degradation may originate from different
phenomena. It could be mainly ascribed to either a full Ni depletion at the H electrode or an evolution

of the inter-diffusional layer at the oxygen electrode/electrolyte interface. In good consistency with
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the work of M. Hubert er al. [Hubert 2018a], which was performed on the same type of cells, and
with the post-test characterization of Cell-43 and Cell-A4 (cf. chapter IV), some Scanning Electron
Microscopy (SEM) observations have revealed that there is no complete depletion of nickel at the
hydrogen electrode/electrolyte interface after the test. This result would indicate that the increase in
the Ohmic resistance could be mainly due to an evolution of the inter-diffusional layer during aging

in electrolysis mode (cf. chapter V).

On the other hand, as shown in the third chapter dedicated the electrodes kinetics, the high-frequency
contribution at around 2-5x10° Hz must be ascribed to the charge transfer reaction occurring in the
hydrogen electrode [Caliandro 2019, Montinaro 2014, Nechache 2016]. Without a significant Ni
depletion for this particular type of cell, this evolution can thus be associated to the degradation

phenomenon of Ni agglomeration detailed in chapter IV.

Based on these results it can be said that the voltage evolution measured on the durability curves
could be misleading for the determination of the intrinsic degradation of the cells. Indeed, in our
experimental conditions, the intrinsic degradation appear to be very similar between the two long-
term tests whereas the apparent degradation is significantly larger at lower temperature. Moreover, it
has been clearly established that a part of the degradation is explained by a significant increase of the
ohmic resistance. This degradation seems to be aggravated at high temperatures and it could be
ascribed to an evolution of the inter-diffusional layer in relation with the deterioration of the oxygen
electrode. To investigate this possibility, the oxygen electrode and the electrolyte of these two cells
have been characterized by local pXRD and the local uXRF. The results of these characterizations

are reported in chapter V.

II.2 Long-term Tests in Collaboration with External Partners

In parallel to the long-term tests described in the previous section, two other cells (Cell-43 and
Cell-A4) coming from the same manufacturer and tested by partners have been characterized after
durability experiments in fuel cell and electrolysis modes. In addition, a last cell, prepared and tested
in electrolysis mode at CEA by the group lead by J. Vulliet (Ce//-B) has also been analyzed. These
two types of cells (Cell-A and Cell-B) present different cermet microstructures (cf. Appendix A) and
the cells were tested with aging times ranging from 1’000 to 15’000 hours. In this section, the

description of the cells is given as well as the results of the durability experiments.
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11.2.1 Cells Description

The two cells, Cell-A3 and Cell-A4, present the same type of electrolyte and hydrogen electrode as
Cell-A1 and Cell-A2 consisting in a dense electrolyte in 8YSZ (= 8 um) and a porous Ni-YSZ cermet
hydrogen electrode (= 260 um). For the thin oxygen electrode, two variants are considered: On the
one hand, the oxygen electrode of Cell-A3 presents the same multilayer structure as the two cells
described in the previous section (Cell-Al and Cell-A2). On the other hand, Cell-A4 presents an
oxygen electrode constituted by a single layer in LSC (= 75 pm) and a barrier layer of GDC (=4 pm).
Both cells are rectangular as shown in Figure 1I-10a with an active surface area of = 70 cm? and 48
cm?, for Cell-A3 and Cell-A4 respectively. Moreover, the oxygen electrode of Cell-43 is segmented
in 20 sectors as depicted in Figure II-10b with the external sectors of 3.17 cm? and the central ones
of 3.79 cm?. Three samples have been taken at the inlet, center and outlet of this segmented cell for
characterization (Figure II-10b). Although their oxygen electrodes are different, it is worth noting
that the cermets of Cell-A1, Cell A2, Cell-A3 on the one hand, and Ce/l-A4 on the other hand have
been produced by using the same manufacturing protocol and are almost identical in terms of

composition and microstructure.
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Figure II-10: Schematic description of the cells coming from partners: a) Dimensions and configuration
of Cell-A3 and Cell-A4 — b) Illustration of the sectors for Cell-4A3 — c¢) Dimensions and configuration of
Cell-B.

The other type of cell (Cell-B) is a circular button cell with an active area of 3.14 cm? (Figure II-10c).
In this case, the porous hydrogen electrode is a Ni-8YSZ cermet that serves as mechanical support (=
350 um) while the electrolyte is made of 8YSZ (= 10 um). The oxygen electrode is a single layer of
porous LSCF with a thickness of = 50 pm. It can be noticed that also for Ce//-B, a barrier layer of
GDC (= 5 pm) is added between the oxygen electrode and the electrolyte in order to limit their
reactivity. Finally, aside from the oxygen electrode, it is worth noting that Ce//-B differs from Ce//-A

with a coarser Ni-Y SZ cermet microstructure (as it is presented and analyzed in detail in chapter IV).
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11.2.2  Durability Tests

The segmented cell (Cell-A3) was aged for 15’000 hours in fuel cell mode at an operating temperature

2

of 780°C. A nominal flowrate of = 7 Nml-min™'-cm™ composed of diluted hydrogen was used to

supply the hydrogen electrode (H2/N> = 60/40 vol.%), while ambient air was sent to the oxygen

-em™). During the durability experiment, the cell was kept at

electrode (flowrate =~ 110 Nml-min
OCYV or operated in potentiostatic mode. The test was conducted in a specific setup with a longitudinal
co-flow configuration similar to the one reported by Wuillemin ez al. [Wuillemin 2008]. In this setup,
the different sectors of the oxygen electrode have been connected to a metallic plate presenting the
same segmentation. The insulation between the different metallic sectors has been obtained using a
non-conductive glue to avoid their electrical contact. In this way, the local voltages and current
densities for each sector of Cel/l-43 have been measured independently and their evolution has been
recorded. In the frame of this thesis, three samples coming from the inlet, the center and the outlet of

the cell have been analyzed (cf. Figure II-10b). For these three segments, the evolution of voltages

and current densities during the aging test are shown in Figure I1-11a and Figure II-11b, respectively.
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Figure 11-11: Experimental results for Cell-43 aged in fuel cell mode for 15°000 hour with H»/N; = 60/40
vol.% and T = 780°C (Q.ir = 110 Nml'min!-¢cm? and Qe = 7 Nml-min”-cm2): a) Local voltages and
b) Local current densities as a function of time for the three segments analyzed.

As expected, a higher current density is measured at the inlet of the cell, related to the higher
concentration of hydrogen. Moreover, the evolution of the local currents during the experiment is
quite limited indicating a good stability of the cell. The degradation of the cell was also measured
analyzing the evolution of global ASR at a current density of = 0.25 A-cm™ corresponding to a fuel
utilization (FU) of = 40%. An overall increase of = 130 mQ-cm? (i.e. = 9 mQ-cm?-kh™!) was measured
corresponding to a degradation rate of = 3 mV-kh™!. This rather low value obtained for an operating

time of 15’000 hours is in good agreement with the typical degradation rates measured on classical
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SOFCs over shorter aging periods [Skafte 2016]. This good durability behavior of Cell-43 indicates
that its electrodes microstructures and interfaces must be stable upon SOFC operation, especially for
the Ni-YSZ cermet. Finally, it can be noticed that during the long-term test no significant accidents
were reported although, as already stated the cell was kept at the OCV for a fraction of the operating

time.

The other cell of the same type (Cell-A4) was aged in electrolysis mode for 10’700 hours in a short
stack configuration containing six repeating units (RU). All the details of the stack aging, as well as
the data analyses have been already published by Rinaldi et al. [Rinaldi 2017a]. The gas composition
at the hydrogen electrode inlet was H>O/Hz = 90/10 vol.%, while the oxygen electrode compartment
was swept under ambient air (flowrate at the hydrogen electrode =~ 10 Nml-min™'-cm™ — flowrate at
the oxygen electrode = 15 Nml-min™'-cm™). The cells in the stack were maintained at a temperature
ranging between 710°C and 730°C and were operated in galvanostatic mode at -0.6 A-cm™ (SC = 45
%) for the first 3°250 hours and then at -0.5 A-cm™ (SC = 38 %) up to = 10’000 hours. It can be
noticed that during the durability experiment several incidents of steam starvation have occurred
[Rinaldi 2017a], in particular an important water interruption occurred after = 3’250 hours causing a
drop of the OCV associated to small cracks in the electrolyte. Nevertheless, it has to be pointed out
that this incident has not compromised the stack behavior and the experimental characterization has
continued. As for Cell-43, a limited voltage increase of 0.5 %-kh™! is reported during the central part

of the test, which corresponds to a degradation rate of ~ 6 mV-kh!.

The second type of investigated cell (Cell-B) was also aged in electrolysis mode at 800°C for a total
time of 17000 hours. The durability experiment was performed at a current density of -0.5 A-cm™ (SC
~ 15 %). The hydrogen electrode was fed with the same gas composition as Cell-44 (H2O/H2=90/10
vol.%) with a total flowrate of ~ 24 Nml-min'-cm™. Ambient air was sent at the oxygen electrode
with a flowrate of = 112 Nml-min™'-cm™. The degradation curve and the initial and final performances
of the cell are reported in Figure II-12. It can be noticed that a slight steam starvation was observed
after =150 hours characterized by the increase in the cell’s voltage. Nevertheless, after the incident
the behavior of the cell has followed the same curve as before, indicating that the incident did not
caused a fatal degradation. In contrast to Cell-A, a very high degradation rate of = 100 mV-kh™! was

measured in this case.

From the analysis of these long-term tests results, it can be stated that for the same type of cell the

measured degradation is significantly higher in electrolysis mode than in fuel cell mode. Indeed,
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considering the durability of Cell-A3 and Cell-A4, the long-term test in electrolysis mode is
characterized by a degradation rate, which is roughly double with respect to the experiment in fuel
cell mode. Moreover, it can be deduced from the comparison of Cell-44 and Cell-B that, in the same
operating mode (SOEC), the severity of the degradation seems to be a function on the type of

electrode microstructure.
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Figure II-12: Experimental results for Cell-B aged in electrolysis mode for 1’000 hours with
H>O/H; = 90/10 vol.% and T = 800°C (with Q. = 112 Nml'-min"-cm and Qe = 24 Nml'min!-cm?):
a) Durability curve at 800°C and ipc = -0.5 A.cm™ — b) Comparison of the polarization curves recorded
after the reduction and at the end of the experiment.

As mentioned in the introduction chapter, the Ni evolution in the cermet could explain a significant
part of the degradation. Moreover, it can be suspected that it could depend on the initial cermet
microstructure or the operating mode in SOFC and SOEC. Furthermore, the extent of the Ni evolution
in the cermet should slow down with the time for the agglomeration while the migration is expected
to continue at the same rate over the entire cell lifetime. Therefore, to study all these possibilities, the
cermet of Cell-A3, Cell-A4 and Cell-B have been reconstructed by synchrotron X-ray nano-
holotomography. The evolutions of the cermet microstructures after operation have been analyzed to
better understand the underlying mechanisms involved in the Ni agglomeration and migration and to
assess their impact on the electrode and cell response as a function of time, polarization and initial

electrode microstructure. The results of this analysis are reported in chapter I'V.

I1.3  Physico-Chemical Characterizations and 3D Reconstructions

11.3.1 Sample Selection

Specimens extracted from the pristine and the aged cells have been characterized at the Paul Scherrer

Institute (PSI) and at the European Synchrotron Radiation Facility (ESRF) in order to investigate the
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reactivities between the materials at the oxygen electrode side and the microstructural changes in the
hydrogen electrode.

Specifically, the physico-chemical evolutions between the electrolyte and the oxygen electrode have
been investigated for the samples tested at different temperatures in electrolysis mode (since the
destabilization is suspected to be higher for this operating mode as discussed in chapter I). Therefore,
samples extracted from Cell-A] and Cell-A2 having classical LSCF-based oxygen electrodes have
been analyzed to study the impact of the operating temperature. This study has been complemented
with the analysis of Cell-43 having the same type of electrode structure but aged in fuel cell mode to
confirm the aggravating effects of the electrolysis current (cf. Appendix A). The experiments have
been carried out at the microXAS beamline of the Swiss Light Source (SLS) at the PSI with 2D local
uXRD/uXRF characterizations. For this purpose, thin lamellae including a part of the electrolyte, the
barrier layer and a part of the oxygen electrodes have been prepared according to the protocol given

in section I1.3.2.1.

In addition, the cermet of specimens taken from Cell-43, Cell-A4 and Cell-B have been reconstructed
to analyze the effects of the initial microstructure, the polarization and the aging time on the Ni
evolution in the hydrogen electrode. These characterizations have been conducted at the Nano-
Imaging beamline (ID16A) of the ESRF by X-ray nano-holotomography. For these experiments, thin
pillars with a axial-symmetric shape well adapted for the tomographic experiments have been

extracted from the tested cermets according to the procedure detailed in section 11.3.2.2.

Therefore, on the one hand the characterization at the microXAS beamline has allowed to study the
chemical and crystallographic evolutions of the oxygen electrodes in the aged cells. On the other
hand, the nano-holotomography experiment at the ID16A beamline has allows to study the
microstructural evolutions in the hydrogen electrode of the aged cells. In this section the different
protocols used to extract the two types of specimens are given and the techniques used to characterize
the samples taken from the aged and pristine cells are briefly introduced. In addition, the experimental

setups at the two beamlines where the analyses have been conducted are shortly described.

11.3.2  Sample Preparation

To perform the characterizations, the samples have been prepared using a plasma-Focused Ion Beam
(pFIB) Vion (FEI™), in which Xenon ions are used to mill the material [Munroe 2009, Volkert 2007].

Using Xe", this technology allows reaching high currents so that the milling rates are about 60 times
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faster than classical Gallium (Ga") FIB [Hubert 2016]. Thanks to this feature, it is possible to prepare
larger samples while keeping a sufficient precision at low currents [Kwakman 2011]. Indeed, with
the standard Ga* pFIB, it is difficult to prepare samples with volume exceeding = 17° um® which
could be too small to describe all the heterogeneities in the electrodes [Bleuet 2013, Laurencin 2012].
On the contrary, the Xe" pFIB allows preparing significantly larger samples (> 50° pm?) in relatively

short amount of time.

11.3.2.1 Lamellae Preparation for the uXRD/uXRF Experiments

100 pm

Figure II-13: Schematic representation of the lamellae preparation procedure: a) Protective Pt
deposition on ROI — b) FIB milling around the ROI — ¢) Isolated lamella — d) Extraction of the sample
from the cell — e) Sample mounted on the Al pin.

To prepare the lamellae, fragments taken from the aged and pristine cells have been positioned in the
vacuum chamber of the pFIB machine on a five-axial motorized stage. After the identification of the
eucentric height, a rectangular platinum (Pt) layer (= 3-4 pm) was deposited on the sample to protect
the surface of the Region Of Interest (ROI) (Figure II-13a) [Tao 1990]. This step was carried out
using a low current of 59 nA, to ensure the deposition of Pt while preventing any damaging of the
specimen surface. Subsequently, the two sides of the ROI were milled to isolate the lamella (Figure
II-13b). This step was done at two different currents, 470 nA in the area far from the ROI and at a
lower current of 180 nA in the proximity to the ROI to avoid any material damaging in the sample.

Once the lamella was isolated (Figure II-13c), a small Pt deposition was used to fix it on a specific
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micromanipulator and the sample was detached from the cell using a low ion current of 180 nA
(Figure I1-13d). Finally, a last Pt deposition was used to glue the lamella to an aluminum (Al) pin

(Figure II-13e) and the sample was removed from the vacuum chamber.

It can be pointed out that the final dimensions for all the analyzed specimens are approximately
100x80x20 pum?® for the horizontal dimension (X), the vertical dimension (Y) and the depth (Z),
respectively. This geometry allows investigating a representative zone along the interface while the
thickness of the sample has been chosen as a tradeoff between the X-ray absorption and the need to
probe enough crystallographic grains for the diffraction (cf. the description of the characterization

technique in section 11.3.3.1).

11.3.2.2  Micro-Pillars Preparation for the X-Ray Nano-Holotomography Experiments

In order to prepare the micro-pillars for the 3D reconstructions, a similar protocol as the one reported
in [Hubert 2018, 2016] has been followed. A circular Pt protective layer was deposited on the surface
of the specimens using a current of 59 nA to protect the ROI surface (Figure II-14a).

Subsequently, an elliptic region was milled around the ROI using a high current of 470 nA to isolate
the micro-pillar (Figure II-14b). The sample was extracted using the micromanipulator (Figure II-14c¢)
and was fixed on an Al tip. Finally, a last step of shape refining was performed at low current (180

nA) to obtain the desired external diameter (Figure I1-14d).
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Figure I1-14: Schematic representation of the micro-pillar preparation procedure: a) Protective Pt
deposition on ROI - b) Elliptic FIB milling around the ROI - ¢) Extraction of the sample from the cell
—d) Sample mounted on the Al pin with refined shape.

57



In this case, all the specimens have a vertical dimension of = 100-120 pm and a section of = 252x 1
um?. It has been shown that these dimensions represent the best compromise to limit the absorption
in the sample while keeping a good resolution and a high field of view for the reconstructions [Hubert

2018].

11.3.3  Characterization Techniques

11.3.3.1 X-Ray u-Diffraction and p-Fluorescence Experiment
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Figure II-15: Schematic illustration of the pXRD/uXRF experiment: a) Basic principle of scattering in
XRD [Willmott 2011] — b) Characteristics of powder XRD [Willmott 2011] — ¢) Lines of emission for
XRF - d) Experimental setup at the microXAS beamline at the PSI.

X-ray diffraction (XRD) — The XRD involves the measurement of the intensity of X-rays scattered
from electrons bound to atoms in the crystalline structure of the investigated material. At fixed photon
energy, the angle between the incoming X-rays and the diffracted beam is a function of the interplanar
spacing of parallel lattice planes (Bragg law) [Dinnebier 2008]. If the analyzed sample has a
crystalline structure, it can be shown that diffraction occurs when the scattering vector equals a
reciprocal lattice vector. The first one depends on the geometry of the experiment whereas the second
one is determined by the orientation and the lattice parameters of the crystalline specimen (Figure

II-15a). In powder diffraction techniques, it is possible to take advantage of the different orientations
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of the crystals inside the grains of the material to obtain all the possible reflections in the reciprocal

space and thus the structure of the material can be investigated (Figure I1-15b).

X-ray fluorescence (XRF) — The XRF is a technique that allows recognizing the exact chemical
composition of a material using the characteristic energies of the photons emitted when the material
is illuminated with electrons or X-rays.

In case of X-rays, when a high energy photon interacts with an atom, it transfers its energy to the
electrons in the atom (photoelectric effect). The so-called photoelectrons are ejected from the material
leaving an electron hole. The fluorescence X-rays result from the transition of an outer-shell electron
relaxing to the hole left behind by the emitted photoelectron (radiative relaxation). Each type of
electron transition has his specific energy which is a function of the material and the two energy levels
involved in the transition. Therefore, measuring the energy of the emitted photons, the identification
of the elements present in the sample is possible.

Using the Siegbahn notation, the main types of fluorescence photons for each material correspond to
a relaxation to the closest shell to the nucleus (K shell) and to the second-closest shell (L shell).
Depending on the energy level from which the relaxing electrons are removed, the fluorescence

photons are divided in Ka and KB and La and Lf (Figure I1-15¢).

Experimental setup and beamline description — The experimental setup at the microXAS beamline is
descripted schematically in Figure II-15d. During the characterization, the specimens have been
illuminated with an X-rays beam focused using two Kirkpatrick-Baez (KB) mirrors (photon flux:
3x10'2 ph-s™!). Two photon energies (17.2 keV and 17.99 keV, corresponding to two different
beamtimes) have been used for the characterization with a beam size on the sample of around 1x0.5
um?. Therefore, the vertical spatial resolution (Y, cf. system of coordinates in Figure II-15d) is around
500 nm. The lamellae have been positioned on a motorized holder in the focal point of the X-rays
beam and 2D raster scans have been performed on the vertical (Y) and longitudinal (X) directions
with a step size of 500 nm all over each sample. A fluorescence detector, positioned at =~ 90° from
the X-ray beam, has been used to detect the fluorescence spectra of the illuminated region of the
specimen. In parallel, a 2D diffraction detector (PILATUS 100K) positioned behind the samples has
been used to obtain the local XRD, as a cumulated information along the depth of the sample (in the
direction of the X-rays). The collection of the diffracted X-rays has been possible thanks to the limited
thickness of the specimens along the beam direction (Z) allowing the transmission of X-rays towards
the detector. The two detectors allow obtaining at the same time the elemental and crystalline 2D

maps of each lamella.
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The 2D diffraction rings measured in each point have been azimuthally integrated using the pyFAI
Python library [Kieffer 2013] to obtain classical 1D diffraction patterns, whereas the local
fluorescence data have been fitted using another Python library, pyMCA [Sol¢ 2007]. The uXRF and
uXRD data are subsequently integrated over the horizontal direction to obtain an average elemental
composition and XRD pattern for each vertical position in the sample. The Rietveld refinement of

these local XRD patterns has been performed using the software XRDUA [De Nolf 2014].

This type of characterization has been carried out on specimens extracted from Cell-A1, Cell-A2 and
Cell-A3 in order to investigate the local chemical and crystalline evolutions at the oxygen

electrode/barrier layer/electrolyte interface and along the thickness of the electrode.

11.3.3.2 3D Reconstruction via X-ray Nano-Holotomography

X-ray nano-holotomography — In this technique, the sample is illuminated by using a coherent X-ray
beam with high brilliance. The refractive index of the materials, which is related to the local electron
density in the sample, induces a change in the wavelength resulting in a phase shift at the outlet of
the specimen. This phase shift contains the information about the local electron density in the
specimen and can be used to obtain the microstructural information of the electrode [Burvall 2011,
Cloetens 1999, Paganin 2002]. Indeed, by analyzing the phase modification, it has been shown that
the distinction between the pores, the nickel and the YSZ inside the reconstructed cermet is possible

[Hubert 2018, 2018b, Villanova 2013].

Experimental setup and beamline description — The cermet microstructures have been reconstructed
at the Nano-Imaging beamline (ID16A) of the ESRF. The ID16A is located at 185 m from the X-ray
source where high coherence of the beam is obtained coupled with high photon flux (7x10'! ph-s™)
(cf. Figure II-16a). The micro-pillars have been placed on a sample stage consisting in six
piezoelectric actuators to precisely control the positioning of the specimens during the experiment.
The sample stage is integrated in chamber evacuated down to 10”7 mbar. KB mirrors are used to focus
the beam before the sample. A Charge Coupled Device (CCD) detector is used to collect the divergent
X-rays transmitted across the sample and a magnified 2D projection of the region of interest is
obtained. For the classical holotomographic acquisition, 2’000 projections have been collected over
180°. Moreover, the data have been collected at four distances between the focal point and the detector
to facilitate the identification of the phase shift from the transmitted photons [Hubert 2018b] (cf.
Figure I1-16b).
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It is worth mentioning that all the procedure including the selection of the photons energy (33.6 keV),
the data acquisition and the algorithm of reconstructions have been optimized for the characterization
of SOCs materials [Hubert 2018b, Laurencin 2012]. Thanks to these optimizations, 3D images of the
electrode microstructure are obtained with a large field of view (reconstructed volume of =
51.2x25.6*xm um?) and high spatial resolution (= 50 nm with a voxel size of 25 nm) [Hubert 2016].
These features are of critical importance to be representative of the SOCs microstructure as the
Representative Volume Element (RVE) for this type of device has been reported to be = 15°-20° um?
[Moussaoui 2018]. Moreover, thanks to the large volume of the reconstructions it is possible to
observe the long-distance redistribution of nickel in the cermet.

This type of characterization has been carried out to investigate the difference in the microstructural

evolutions of the Ni-YSZ cermet for Cell-A3, Cell-A4 and Cell-B.
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Figure II-16: Schematic illustration of the X-ray nano-holotomography experiment: a) ID16A Beamline
—b) Experimental setup.

II.4 Conclusion of This Chapter

In this chapter, the results of the electrochemical experimental characterizations carried out in the
frame of this thesis are described. Using the same type of cell (Cell-4), two long-term durability
experiments in electrolysis mode have been performed in which all the operating parameters have
been kept identical except for the aging temperature. The cell operated at lower temperature has

suffered from a significantly higher apparent degradation compared to the cell aged at higher
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temperature. Nevertheless, characterizing the two cells in the same conditions at the end of the tests,
it has been shown that the ‘intrinsic’ degradation is rather similar in the two cases. Besides, from the
analysis of the experimental results it appears that the cell aged at higher temperature has suffered
from a higher increase of the Ohmic resistance. In parallel, the experimental results of three long-
term tests performed in fuel cell and electrolysis modes on two types of cells (Cell-4 and Cell-B)
have been discussed. A limited degradation has been measured for Cell-4 in both operating modes,
whereas the degradation for Cell-B has been demonstrated to be significantly higher. Besides, the

degradation has been shown to be higher in electrolysis mode than in fuel cell mode.

Finally, taking advantage of these long-term experiments, advanced post-test characterizations have
been carried out to investigate the origin of the degradation in the aged cells. In particular,
uXRD/puXRF analyses at the oxygen electrode and X-ray nano-holotomography 3D reconstructions
of the hydrogen electrode have been performed. These experimental techniques, as well as the
procedures for the sample preparation in the two cases, have been briefly introduced. The outcomes
of these analyses concerning the stability of the two electrodes will be presented and discussed in
chapter V and in chapter IV, respectively. Nevertheless, a deep understanding of the electrode
reaction kinetics is needed before addressing the degradation studies. This prerequisite is the goal of

the next chapter (chapter III).

In Table II-1II1, a synthesis of the electrochemical and physico-chemical characterizations performed

in the frame of this thesis is given for each one of the analyzed cells.

Table II-II1: Summary of the electrochemical tests results and experimental characterizations

pXRD 3D
pXRF volume

test conditions and degradation results

Aging conditions: T = 850°C — SOEC, ipc =-0.75 A-cm (SC 50%) —t= 1’800 h

Cell-A1 Degradation: = 13.5 mV-kh*! (durability curve) —= 14 mV-kh-! (i-U curve at 850°C) X
Cell-A2 Aging conditions: T = 750°C — SOEC, ipc = -0.75 A-cm™ (SC 50%) —t= 1’800 h X
e Degradation: = 60 mV-kh! (durability curve) —= 17 mV-kh™! (i-U curve at 850°C)
: fgs T~ o _ o _t~15
Cell-A3 Aging conditions: T = 780°C — SOFC (FU 40%) and OCV —t~= 15’000 h % %

Degradation: = 3 mV-kh™! (from increase in ASR)

Cell-A4 Aging conditions: T = 720°C — SOEC, ipc = -0.6 and -0.5 A-cm (SC 45-38%) —t = 10’700 h
Degradation: = 6 mV-kh™! (durability curve)
Aging conditions: T = 800°C — SOEC, ipc =-0.5 A-cm (SC 15%) —t= 1000 h

Cell-B Degradation: = 100 mV-kh™! (durability curve)
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III. Development and Validation of the
Multi-Scale Modeling Tools

As discussed in the first chapter of this thesis, the knowledge of the detailed reaction mechanisms
occurring within the electrodes is a prerequisite before investigating the underlying causes of the
SOCs degradation operated in fuel cell and electrolysis modes. In this objective, electrochemical
modeling associated with specific experimental characterizations performed at the electrode and cell
levels is an appropriate approach to unravel all the entangled phenomena taking place in the
microstructure. In this frame, an existing multiscale tool has been used and complemented with
dedicated studies. The available multiscale tool is composed of a macro-scale model describing the
complete cell behavior in fuel cell [Laurencin 2008] and electrolysis mode [Bernadet 2017, Laurencin
2011]. It is coupled with two micro-scale electrode models for the hydrogen [Lay-Grindler 2013] and
oxygen [Hubert 2016, Laurencin 2015] electrodes, while all the microstructural properties required
for the simulations are extracted from synthetic or real electrode reconstructions [Moussaoui 2018,

2020].

Regarding the oxygen electrode, it has been already shown that the initial model is sufficiently
detailed for studying the degradation [Laurencin 2017]. However, its validation was clearly
insufficient as it was just based on a polarization curve and EIS diagrams taken from literature.
Therefore, because of the lack of dedicated and relevant experimental data, a specific effort has been

carried out in the frame of this work to propose a full and detailed model validation.
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Concerning the hydrogen electrode, the micro-scale model was just based on a single reaction of
charge transfer taking place at the TPBs lines within the microstructure. Even if this model was able
to reproduce the cell performances [Hubert 2018], a more detailed description of the reaction pathway
was missing for the subsequent degradation studies. This limitation has motivated the development
and the validation of a model with a full elementary description of the reaction. With this purpose,
two micro-scale reaction mechanisms have been investigated to describe the kinetic of the hydrogen
oxidation/steam reduction reaction. As detailed in the first chapter of this thesis, the two models are
based on the two typical reaction mechanisms proposed for the cermet in literature (i.e. the oxygen
spillover and the hydrogen spillover mechanisms). For the two models validation, the same protocol
has been used with experimental characterizations obtained on a symmetric cell using a three-
electrode configuration. Moreover, a specific attention has been paid to obtain the 3D reconstructions

of the studied electrodes to reduce the number of unknown model parameters.

The development and the validation of the micro-scale hydrogen electrode model is reported in the
first section of this chapter. The second section is devoted to the presentation of the oxygen electrode
model validation. Finally, the integration of the two electrodes models into the numerical tool

describing the complete cell behavior is given in the last part of this chapter.

III.1 Micro-Scale Models for the Hydrogen Electrode

In this section, the kinetic models for the hydrogen electrode are described. The models consider the
detailed reaction mechanisms occurring at the electrode scale as a function of the microstructure. For
this purpose, the microstructural parameters of the cermet have been acquired from a 3D
reconstruction obtained via synchrotron X-ray nano-holotomography. Furthermore, the models have
been validated taking advantage of an experimental campaign carried out on a symmetric cell. This
experimental work was done in close collaboration with another PhD student, E. Effori, who took in

charge the development, the validation and all the measurements used for the model validation.

1I1.1.1 Models Description

Two micro-kinetic models have been developed in parallel: Model I, in which the oxygen spillover
mechanism has been implemented [Bieberle 2002, Mizusaki 1994b] and Model II, in which the
hydrogen spillover mechanism has been considered [De Boer 1998, Goodwin 2009, Vogler 2009].

64



In both models, an isothermal slice (1D) of the Ni-YSZ electrode perpendicular to the electrolyte is
considered. As shown in Figure III-1a, the simulated domain includes the entire functional layer and
a part of the electrolyte (0 < z < g, + £5;). The electrode is simulated as a continuous equivalent
medium for which the kinetics rates of the reactions and the effective transport properties are scaled
on the microstructural parameters deduced from the 3D reconstruction. Mass and charge balances are
considered for all the simulated species including source/sink terms related to the reactions rates and

a transient term to account for the time-dependent response of the electrode.
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Figure III-1: Illustration of the Ni-YSZ cermet modeling in electrolysis mode: a) Scheme of the electrode
containing part of the electrolyte (EL), the functional layer (FL) and part of the current collector layer
(CC) —Db) Representation of the oxygen spillover mechanism implemented in Model I — c) Representation
of the hydrogen spillover mechanism implemented in Model II.

1I1.1.1.1 General Assumptions and Reaction Mechanisms

The schematic reaction mechanisms implemented in the two models are depicted in Figure III-1b and
Figure III-1c¢ for the oxygen (Model I) and hydrogen (Model II) spillover mechanisms, respectively.
As a general approach, all the elementary reactions have been expressed using the mass-action kinetic
theory [Bard 2001, Kee 2003]. In this frame, the chemical and electrochemical reactions can be

written according to egs. (I[I-1a) and (III-1b), respectively.

kf
SR @Ry 2 ThL R qieP -
kb
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kred

reactgr - pTOdER :
Zj=1 QOjROj‘l'ne 2 Xk=1 qr,Pr, (I1I-1b)

kOx
In which R/P are the reacting/produced species, q;_ are their respective stoichiometry coefficients,
n is the number of electrons transferred in the reaction and k7, k?, k™%, k°* denote the forward,

backward, reduction and oxidation kinetic constants, respectively.

For Model I based on the oxygen spillover charge transfer, the expressions of the reactions (I1I-1a)
and (III-1b) are detailed in Table III-I. This reaction pathway was firstly implemented by Bierberle
et al. [Bieberle 2002] who assumed that the gas species only interact with the Ni. In electrolysis mode
(i.e. cathodic polarization), the steam is adsorbed on the Ni surface (CR1) before being dissociated
into a hydroxyl and a hydrogen adatom (CR2). The hydroxyl is further decomposed into an adsorbed
oxygen and hydrogen (CR3). Finally, the two surface-attached hydrogen atoms are desorbed to
produce the dihydrogen gaseous molecule in the electrode porosity (CR4). In parallel, the oxygen is
electrochemically reduced according to the spillover reaction of charge transfer across the Ni/YSZ at
the TPBs lines (ER1). Finally, the oxygen ions onto the YSZ surface are incorporated into the lattice
by consuming one vacancies (CRS). The opposite mechanism occurs in fuel cell mode (i.e. anodic
polarization) so that the total reaction mechanism is described by five chemical reactions (CR) and

one electrochemical reaction (ER).

Table III-I: Reactions for Model I (expressed in electrolysis mode with the abbreviations CR and ER
referring to the chemical and electrochemical reactions, respectively)

ADS
kHzoNi

CR1 Steam adsorption on the Ni surface H,0(gas) +sy; 2 H,0p;
K,
DISS+
Ki,0n;
CR2 H,O0 dissociation on the Ni surface H,On; +sy; @ OHy; + Hy;
DISS—
Kh,0n;
it
CR3 Hydroxyl dissociation on Ni surface OHy; +5sy; 2 Op; + Hy;
KB
DES
kHzNi

CR4 Hydrogen desorption from the Ni surface 2Hy; 2 H,(gas) + 2sy;
ADS
kHzNi
kred
ER1 Oxygen spillover from the Ni to the YSZ Opi + Sysz + 2ey; 2 O%sz + sy
kOX
INC
kO}Z'EZ
CRS Oxygen incorporation in the YSZ lattice 035, +V5"(YSZ) 2 O0X(YSZ) + sysz

KExe
Oysz
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The detail of reactions (III-1a) and (III-1b) for Model II is provided in Table III-II. This mechanism
is based on the version of the hydrogen spillover mechanism proposed by Goodwin et al. [Goodwin
2009]. In our approach, it is still assumed that hydrogen interacts only with Ni whereas a competitive
adsorption/desorption of water is considered for both materials. Considering the cathodic
polarization, steam can be adsorbed on Ni and YSZ surface (CR1 and CR2) and two intertwined
pathways are possible to produce the hydrogen. On the one hand, the H>O attached on Ni can be
electrochemically reduced at the TPBs lines to form one hydrogen on the Ni surface and one hydroxyl
ion on the YSZ surface (ER1). On the other hand, the H>O attached on the YSZ can react with an
oxygen ion on the surface to produce two hydroxyl ions (CR3). These OH" species attached on the
YSZ surface are subsequently reduced with a second charge transfer according to a hydrogen
spillover mechanism, resulting in the formation of a hydrogen adatom on Ni and an oxygen ion on
YSZ (ER2). Finally, the adsorbed hydrogens on Ni are desorbed in the gas phase (CR4) while the
oxygen ion is incorporated in the YSZ lattice (CRS). As for Model I, the reaction is reversed in anodic

polarization so that this mechanism is divided into five CR and two ER.

Table III-II: Reactions for Model II (expressed in electrolysis mode with the abbreviation CR and ER
referring to the chemical and electrochemical reactions, respectively)

ADS
kHZONi

CR1 Steam adsorption on the Ni surface H,0(gas) +sy; 2 H,0p;

DES
kHZONi

Kiis0ysz
CR2 Steam adsorption on the YSZ surface H,0(gas) + sys; 2 H,0ys;
ngEgYSZ

JDISS+
H30ysz

CR3 H,0 dissociation on YSZ surface H,Oys; + 0%5; 2 20Hys,
Kiz0vsz

DES
Hani

CR4 Hydrogen desorption from the Ni surface 2Hy; 2 H,(gas) + 2sy;
ADS
kHzNi
klred
ER1 First charge transfer reaction H,0p; + sysz + 1ley; 2 OHyg, + Hy;
k9

k;ed
ER2 Second charge transfer reaction OHys; + sy; + ley; @ Ofsz + Hy;
k3*

CRS Oxygen incorporation in the YSZ lattice 035, +V5"(YSZ) 2 O0X(YSZ) + sysz

In the next sections, the general set of equations used to express the reaction kinetics rates together

with the charge and mass transfer in the electrodes phases are reported. It can be noticed that the
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application of these general equations to Model I and Model II are detailed in Appendix B and
Appendix C, respectively.

1I1.1.1.2 Thermodynamic and Kinetics of the Reactions
Considering the surface elementary steps of the two mechanisms, their kinetic rates can be written
according to the general expression (III-2a) for the chemical reactions (III-1a) and using a Butler-

Volmer formalism (III-2b) for the electrochemical reactions (III-1b).

yCR = SPa b (k l—[reactCR kb l—lprodCR ) (111-22)

= gTPBs (kred HTeaCtER qoj exp (—a;;;in"" ) JO% - HPTOdER a quk exp (0‘0}::1: E)) (I11-2b)
In which v is the kinetic rate (mol'm=-s), a is the activity and ;.4 Jox are the reduction/oxidation

transfer coefficients (@ eq + @y, = 1), which are taken as 0.5 each. F, R and T are the Faraday’s
constant (C-mol™), the universal gas constant (J-mol!-K') and the operating temperature (K),
respectively. As already mentioned, the kinetic rates of the reactions are dependent on the electrode
microstructural properties. Therefore, the kinetic rates (IlII-2a) and (III-2b) for the equivalent
homogeneous medium are respectively proportional to the Ni/gas or YSZ/gas interfacial specific
surface area (Sp,_p, m™') and the density of active TPBs (67755, m™). Finally, E(z) is the local
potential in the electrode (V) expressed as the difference between the local electronic potential in the

Ni (¢,;) and the local ionic potential in the YSZ (¢;,) (eq. (III-3)).

-
E() = pa(2) = pro(z) = =25 + 1= -3

Where fi- and {i,2- denote the electrochemical potentials (J-mol™) for the electrons in Ni and the

oxygen ions in YSZ (considering: fiy;s = —fipz-).

Ideal solutions for the gas and the surface species have been assumed in the models so that the
activities are directly given by the partial pressure p; or the surface concentration C; through egs.

(IlI-4a) and (IT1-4b).

_ DPgas,i
agas,i -

(I11-4a)
DPref

Aads,i = Cads,is = [:S‘Hads,is (I11-4b)

Where pgqs,; represent the i-th gas partial pressure (atm), py.f the reference pressure (1 atm) and I
is the total density of sites available for adsorption on the surface S (mol-m™). In eq. (I1I-4b), BOads,is

represents the surface coverage of i-th species on the surface S. In coherence with the previous
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expression of surface activities, a Langmuir isothermal model has been adopted with a monolayer
coverage on the Ni or YSZ surface so that ) 0,45; + 65 = 1 (wWhere 65 represents the fraction of

empty surface sites that are still available for adsorption).

Conversely to the other species that evolve with the position in the electrode and the polarization, the
activities of the vacancies V;°(YSZ) and oxygen atoms O (YSZ) in the bulk of YSZ have been taken
constant. Indeed, YSZ is a good ionic conductor with a high concentration of charge carrier so that

[Kawata 2006]:

Cvy . %Y
ayyr = —ep>— ~ cte  with Cys =4 ST (I11-5a)
0%(Ys2) @
. ith Cox~ ('S —=4.2%
Aoz = e wi 05 = Coxvsn = 4 orme (IT1-5b)
05(Ysz)

Where %Y is the molar percentage of yttrium in the YSZ, UCV is the unit cell volume of the YSZ

(m*) and N, is Avogadro’s number (atoms-mol™).

For each reaction i, the forward and backward kinetic constants are linked via the thermodynamic
equilibrium constant (K°?). Regarding the chemical reactions, the equilibrium constants are

determined from the thermodynamic data using eqs. (I1I-6a) and (I11-6b).

eq _ K" _ —Ag{ (1) -
K== ( RT ) -6z
prodc i reactc i :
AGI(TY =%,y [T = TsP(D] = Xpsy TAR(T) = TsR(T)] (IT1-6b)

In which Ag) represents the Gibbs free energy variation (J-mol™") for the i-th reaction at standard
pressure of reactants and products and h9,, s9, represents the standard enthalpy and entropy of
formation of the m-th species, expressed in (J-mol™!) and (J-K™!-mol™"), respectively. The data for the
standard enthalpies and entropies listed in Table III-III for the gas, the adsorbed and the bulk species
are taken from the literature [Bessler 2007, Chase 1998] at an operating temperature of 700°C.

Once the equilibrium constants of the chemical reactions are determined, they are used to calculate
the surface coverages at equilibrium for the adsorbed species taking advantage of the relation of K ¢4
with the activities (eq. (III-7)). Finally, the coverages at equilibrium are used to determine the

equilibrium constants of the electrochemical reactions according to eq. (I1I-8).

. eq
eq _ ki _ HaprodCRi (111-7)
KCRL' - Kkbi - Haeq
reactCRi
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eq
i ayr0a
eq __ Kkred _ PTOAER; nFr eq 1IL-8
KERL, = Joxi = [[a% exp —RTE (11-8)

reactERL.

Where E€Y represents the equilibrium potential (V).

Table III-ITI: Thermodynamic data for the species used in the models at 700°C [Bessler 2007, Chase

1998]
Species Standard enthalpy (J-mol ) Standard entropy (J-K'-mol!)
H,(g) 19.8 x 10° 231.6
H,0(9) 216.9 % 103 165.4
Hy; 31.8 % 10° 407
H,0p; 273 x 10° 130
OHy; -193 x 103 106
Oni 222 x 103 39
H,0ys; 273 x 103 98
OHys, -282.5 x 10° 67
025, 2364 x 10° 0
0%(YSZ) 236.4 x 103 0
Vg (YSZ) 0

1I1.1.1.3 Mass and Charge Transport

In the micro-models for the hydrogen electrode, the Fick’s law is used to describe the diffusion of

gas and surface-attached species, whereas the electronic current in Ni and the ionic current in YSZ

are computed considering the classical Ohm’s law.

(i) For the gas species, the mass balances and the equations to express the diffusive flux are reported
in eqgs. (I11-9a) and (II1-9b).

dCi _ — . ~
Epores 7 = =V-N; £S5, (I11-92)

'Y e
N; = -p{vc, (I11-9b)
In which &, is the pore volume fraction in the electrode while C; and ﬁi are the molar
concentration (mol-m™) and flux (mol-m?-s") of the i-th species. S; represents the source/sink term

associated to the reactions in which the i-th species is produced/consumed (mol-m=-s!) and Die Ir

represents the effective gas diffusion coefficient for the i-th species (m?-s™).
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The effective diffusion coefficient in (I1I-9b) is derived from the Dusty-Gas Model (DGM) by
neglecting the permeation flux [Laurencin 2011]. This last approximation is especially relevant for

the microstructure of typical Ni-YSZ electrodes for which the mass transfer is fully limited by the
gas diffusional process [Bernadet 2017]. In this condition, the effective diffusion coefficient (Die 17 )
given in eq. (III-10) is a combination of the binary diffusion coefficient (Dl.e . ]f ) and the Knudsen

diffusion coefficient (D;fif ) for a multi-component gas mixture composed of Hz, H>O and a neutral

gas used as diluent , such as N> [Laurencin 2011].

-1
peff =L 4 1L _|_< 1 _ 1 > 11— (111-10)
i o7 oI 5T T o7 ( ig.)

i-i.g.
Where x; 4 is the molar fraction of inert gas in the gas flow (e.g. nitrogen). The Knudsen diffusion
coefficient is reported in eq. (III-11a) while the binary diffusion coefficient is expressed according to

the Fuller’s theory and is reported in eq. (I1I-11b) [Laurencin 2011].

eff _ gpores L= . 2 8000RT _
DKi — Pores rpores z - (I11-11a)
’ Tpores 3 mm;
e € 0.00143 _
Dl—f]f — Zpores | - . T1.75 - 10 4
Tpores Ptot.(%_,_m N - (I11-11b)
m;tm;

(i1) The diffusion and mass conservation of surface-attached species on Ni and on YSZ have been

modeled using eq. (I1I-12a) and eq. (I1I-12b), respectively.

Nads,i = _Spa—bDads,iSVCads,iS (Il-12a)

dcads,is — . _
Spa—b T =_F- Nads,i + Si (IT1-12b)

In which D45 ;. represents the surface diffusion coefficient of the i-th specie on Ni or YSZ expressed
in m?-s!'. All the surface diffusion coefficients at 700°C are taken from literature [Vogler 2009].
However, it can be pointed out that a rather large range of uncertainty is expected on these parameters,
as the experimental determination of surface diffusion coefficients remains very challenging. Also,
despite recent progress in the DFT description of the interaction of water with the YSZ surface, the
mechanisms by which the hydroxyls migrate on the YSZ surface remain unclear, as well as their
energy barriers, making it difficult to use available DFT results to estimate a diffusion coefficient of
water or OH on this surface. Note that the crystallographic orientation of the surface, especially for
Ni, obviously impacts the energy barriers for diffusion, and thus the diffusion coefficients of the

surface-attached species, contributing to increase the range of uncertainty on these coefficients.
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(iii) The electronic and ionic current densities in the electrode are both computed with eq. (IlI-13), in

e
e

which the effective conductivities (o lf and afg f ) are expressed according to eq. (I11-14).

> eff > eff -
leg = —0g Ve and 1 = —0;)" Vo (I1-13)
e £ e &j
aelff == g, and aioff == 0 (111-14)
Tel Tio

Where g, and a;, are the bulk electronic and ionic conductivities of Ni and YSZ (S-m™"), respectively
[Lay-Grindler 2013].
The charge conservation equations for the electronic and ionic conductive phases are written in eqs.

(III-15a) and (ITI-15b), respectively.

dE . :
+SPni-vszCa 5, = =V e £ Set (I11-15a)
dE . .
—SPni-vszCai P =V 1o £ Sip (I11-15b)

Where Cg is the capacitance of double layer arising between the Ni and the YSZ (F-m?) and S, Jio

are the source/sink terms for the electronic and ionic charges (A-m™), related to the kinetic rates of

the reactions in which those are consumed or produced via eq. (I11-16).

Sel/io = nFVel/io (I-16)

It can be noticed that for the electronic and ionic charge conservation equations, a positive flux of
charges is associated to a negative current so that, a reaction is considered as a sink if it produces

charged species, and vice versa.

Inside the electrolyte, the ionic current is not associated to any reaction and no capacitance effect
arises from the accumulation of charges due to the absence of the interface with the electronic

conducting material, meaning that eq. (II[-15b) becomes:
V-1,=0 (I11-17)

All the diffusivities and conductivities in eqgs. (I[I-9) to (I1I-17) are expressed as a function of the
electrode microstructural properties in order to take into account the effect of the cermet
microstructure on the mass/charge transport phenomena. Only the effective ionic conductivity of the

YSZ inside the electrolyte has been taken as the property for the dense material (i.e. &0 erectroiyte =

Tio,electrolyte — 1)-
The intrinsic diffusion coefficients and conductivities used for the simulations at 700°C are reported

in Table III-1V.
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Table III-IV: Diffusion coefficients and conductivities at T=700°C [Lay-Grindler 2013, Todd 2002,

Vogler 2009]

Coefficient Value Unit
Dy )-mr009) 7.27 % 10 (m?s)
Dy (9)-n2 ) 6.25 x 10 (m?s)
Dr0(9)-N2(9) 2.07 x 10 (m*s)
DK,HZO(g),normalized on fpores =1m 7.13 x 102 (m.s-l)
Dy 1, (g)normatized on #pores = 1m 2.13 x 103 (m-sh)
Dy, 7.76 x 107 (m?s™)
Duyon: 1.88 x 10 (m-s)
Doy, 3.23 x 10710 (m-s)
Dony,; 1.38 x 10 (m?-s1)
Dhz0ys, 1.45 x 10 (m?-s1)
DOHY_SZ 1.45 x 107 (m?s)
Oysz 8.12x 1071 (m?-s1)
Oel,Ni,bulk 80 x 103 (S'm™)
Oio,3Y5Z,bulk 0.797 (S'm™)
Oio,8YSZ,bulk 1.713 (S'm™)

II1.1.1.4 Summary of the Main Hypotheses for the Models
Different assumptions have been made to simulate the electrode response and to simplify the

determination of the most relevant reaction mechanism for the Ni-YSZ cermet:

e The mixtures for the gaseous molecules and the adsorbed species have been treated as ideal
solutions.

e In Model II, the YSZ surface has been simulated considering one single type of adsorption site
for all the surface-attached species as in [Luo 2019, Vogler 2009]. In this configuration, the
surface attached oxygen ions, hydroxyl ions and molecular water are considered as competitively
adsorbed on YSZ.

e To reduce the number of unknown fitting parameters in both models, the reaction of oxygen

INC

incorporation/excorporation in the YSZ lattice (CRS) has been assumed not limiting (i.e. k 2 >

0).
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e In Model II, since the reaction of H>O dissociation on the YSZ surface (CR3) is supposed to be
very fast [Chaopradith 2015], it has also been considered as not limiting.

Using these assumptions, in each model there are five free fitting parameters:

- For Model I:

» The kinetic constant of steam adsorption on Ni (k,‘;‘ZDOSNi);

» The forward kinetic constant of steam dissociation on Ni (kgi‘g N

» The forward kinetic constant of hydroxyl dissociation on Ni (kg;f;;’ ;

» The kinetic constant of hydrogen desorption from Ni (k= );

> The reduction kinetic constant of the charge transfer reaction (k7%).

- For Model II:

» The kinetic constant of steam adsorption on Ni (kﬁzDOSNi);

ADS .
Hy0ysz />
DES \.
Han /)

» The kinetic constant of steam adsorption on YSZ (k

A\

The kinetic constant of hydrogen desorption from Ni (k

A\

The reduction kinetic constant of the first charge transfer reaction (k}¢%);

A\

The reduction kinetic constant of the second charge transfer reaction (k5¢%).

II1.1.1.5 Numerical Implementation and Boundary Conditions
The equations of charge/mass balances combined with the expressions of fluxes and source terms
constitute a set of partial differential equations implemented in the commercial software for finite

element computations Comsol Multiphysics® and solved in the time domain.

In both models, the overall electrode potential E®° is taken as the difference between the electronic
potential in the Ni (¢,;) at the CC/FL interface and the ionic potential in the YSZ (¢;,) at the FL/EL

interface as shown in eq. (I1I-18).
E® = @o(z = tp, + €5L) — 9i0(z = £5L) (I-18)
This potential is used to compute the electrode overpotential (n°*¢(V)), according to eq. (I1I-19).
neale (V) = Etot — ea (I11-19)

To obtain the steady-state response of the electrode, the ionic potential is fixed in the YSZ (i.e. at z =
0 in Figure III-1a) and the local current densities, the local surface coverages on Ni and YSZ and all

the other unknowns are computed.
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To simulate the impedance spectra, the procedure reported by Hubert et al. [Hubert 2016] has been
applied. For each frequency, a sinusoidal perturbation has been imposed to the ionic current in the

electrolyte:

lio gL (2 = 0,8) = ijopc + lioac * SIN(2TfE) (I11-20)

Ten full cycles of the sinusoid have been simulated and the last two have been analyzed to calculate
the impedance of the electrode from the time-dependent current and potential. Using this procedure,
the solution has been determined for each point of the diagram keeping the full non-linearity of the
system. The models have been run using an amplitude of i;, 4c =5 mA-cm™ in the frequency range
between 10! and 10° Hz and seven points per decade have been calculated. In this work, only spectra
at OCP have been simulated (i;, pc = 0). However, it is worth mentioning that, using this approach,

both models are able to simulate the impedance spectra at OCP but also under polarization as detailed
by Hubert et al. [Hubert 2016].

The imposed boundary conditions are the same in both models and are summarized hereafter:

1) For the electronic Ni phase:
Per(z="4p, +¥p) =0 and ig(z=74g) =0

2) For the ionic YSZ phase:
lio(z="2g, +¥€p) =0 and @;,pc(z = 0) = imposed for the stationary solution, or

lio,gr(z = 0) = imposed for the time-dependent solution.

3) For the gas phases:

Ci(z =4¥g +¥F,) = const. and IVL-(Z =4g)=0

4) For the adsorbed phases:
Naasi(z = €5, +€p) =0 and  Ngs;(z = €5,) = 0

111.1.2  Experimental Characterization

As already mentioned, an experimental campaign has been carried out by another PhD student, E.
Effori, to obtain all the data required for the model validation with the purpose to identify the most
appropriate mechanism for hydrogen electrode reaction in electrolysis and fuel cell conditions. The

tests have been carried out on a symmetric cell in a specific setup developed at CEA. Realistic porous
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cermet electrodes composed of Ni and 3 mol.% YSZ have been used (Ni-3YSZ cermet). In this
section, the characteristic of the symmetric cell as well as the experimental setup used for the model
validation are described. Moreover, the experimental results obtained on the symmetric setup are

analyzed to gain more insight about the reaction mechanism of the hydrogen electrode.

111.1.2.1 Cell Description

In Figure I11-2, a schematic representation of the tested cell is shown. It is composed by a thick 8YSZ
electrolyte (= 300 um) sandwiched between two porous electrodes (thickness =~ 25 um) made of Ni
and 3YSZ. It can be noticed that the use of thin electrodes allows limiting the impact of gas diffusion
while the reactions are expected to extend in the whole electrode thickness corresponding to the active
Functional Layer (FL). Therefore, this configuration is considered at the same time representative of
the real SOCs electrodes and adapted to analyze the kinetics of the reaction mechanism.

25 mm

11.3 mm

— RE (Pt)

\é‘l Porous Ni-3YSZ
cermet electrodes
Weight —H— I

\ N I 25 pm
300 pm
¥ WE
N %:f\ o
grids

Figure I1I-2: Symmetric cell used for the experimental characterization of the hydrogen electrode.

The Working and Counter Electrodes (WE and CE, respectively) have a circular shape with a
diameter of 11.3 mm for an active surface area of = 1 cm?. They have been screen-printed on the two
faces of the solid membrane (disk with a diameter of ~ 25 mm) and then sintered under air. A platinum
wire was used as Reference Electrode (RE) and placed at the periphery of the cell on the upper surface
of the electrolyte (cf. Figure III-2). A special attention has been paid to position the RE as far as
possible from the electrodes. Moreover, the WE and CE were carefully aligned with each other and
centered compared to the electrolyte disk. Consequently, the geometrical rules to ensure the reliability
of the measurements with a three-electrode configuration have been fulfilled [Jiang 2017]. Finally,
two nickel grids having the same dimensions than the electrodes and with a density of 3600 mesh-cm™

have been used as Current Collectors (CCs).
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1I1.1.2.2 Experimental Setup and Testing Conditions

The test has been conducted in a specific ceramic holder consisting in a single gas chamber supplied
by a mixture of H> and H,O. This experimental setup was placed in a furnace for which the
temperature changes were applied using a slow heating rate of 1°C-min™! to avoid any mechanical
damaging in the cell. It is worth noting that the setup was designed with a total volume for the gas
chamber limited to = 50 cm® while all the measurements were performed with a high inlet flowrate
of reactants (17 — 100 Nml-min™'). These conditions were chosen to avoid any gas starvation in the
electrodes, and hence, to limit the concentration overpotentials as much as possible. Moreover, a
compressive load of 1 kg was applied on the current collectors to minimize the contact resistances
between the electrodes and the grids. All these precautions were taken to avoid the pollution of the
electrode response with artifacts coming from the experimental setup. A specific attention has been
paid to the water management to ensure a constant flowrate without fluctuation up to high steam
content, therefore limiting the perturbations in the measurements for a wide range of gas
compositions. For this purpose, the vapor was produced using a steam generator, which was kept in
saturated conditions and was directly connected to a heated gas flowmeter. A second gas flowmeter
was used for the hydrogen, and the two fluxes were mixed in the inlet pipe before entering the
chamber. All the tubes were kept at = 130°C to avoid any condensation. Finally, the exhausting gas

was sent to a heat exchanger to separate the liquid H>O and the Ho.

Concerning the experimental protocol, two cells were tested to check the reproducibility according
to the following procedure. The tested cells were reduced under pure H> at 800°C for 24 hours.
Subsequently, the cells were operated at 700°C for the whole duration of the test. In the first part of
the characterization, the electrodes were swept under three gas compositions: H2/H>O =25/75, 50/50
and 75/25 vol.%. For each composition, the i-U polarization curves measured between the electrodes
and the reference (WE/CE vs RE = E™* (V/ref)) were recorded in potentiostatic mode between +0.2
V and -0.2 V with a step of 2 mV-s!. In addition, the impedance spectra at Open Circuit Potential
(OCP) have been measured in galvanostatic mode in the frequency range 10"'-10° Hz using a
sinusoidal perturbation (iac) of +/- 5 mA-cm™. From the EIS data, the Ohmic resistance (Rs) and the
polarization resistance (Rpo1) have been obtained. The overpotential of the WE at each current density
(n-i curve) has been determined by subtracting the ohmic contribution (= R, - i) to the overall voltage
drop (i-V curve) (i.e. n(V/Ref) = (Epg* (V/Ref) — R * ipc) — Ey: (V/Ref)).

In the second part of the test, a large range of gas compositions has been investigated (H2/H2O =

20/80, 30/70, 40/60, 50/50, 60/40, 70/30 and 80/20 vol.%) and for each condition the EIS at OCP has
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been measured to determine the dependency of the polarization resistance on pH2 and pH>O. All the

measurements have been performed with an Autolab PGSTAT-302N electrochemical workstation.

111.1.2.3 Experimental Results and Analyses

In order the check the validity of the measurements with the three-electrode experimental setup, the
n-1 curves and EIS diagrams vs the RE have been measured at Ho/H>O = 50/50 vol.% for both
electrodes (WE and CE). As shown in Figure III-3a, an almost the two polarization curves of the two
electrodes are well superposed, indicating that the symmetrical behavior of the cell is accurately
obtained in the setup. Besides, the impedance spectra at OCP for the two electrodes and for the
complete symmetric cell are shown in Figure III-3b. It can be noticed that the EIS diagrams of the
two electrodes are also well superposed and their sum corresponds to the impedance of the complete
cell. These results indicate the absence of misalignment between the electrodes and confirm the
validity of the RE positioning. Finally, it can be noticed that the data for the EIS are not perturbed
with noise especially in the low frequency range, meaning that the steam supply is stable without any
fluctuation. From all these observations, it can be claimed that the experimental setup can be

confidently used for the electrochemical characterizations.

0
WE vs RE SOFC
CEvsRE 3 -
-1 4 ® Symmetric
& 5 | 40 Hz WE vs RE
5 a A CE vs RE
{ g /! e0®°® %%,
=2 T a !
% é‘) 0 f K ! f f \1
3 + N f
-1 °
4 SOEC 0 1 2 3 4 5 6
i I I Zreal (Q.sz)
-0.2 -0.1 0 0.1 0.2
n (V/ref)

a) b)

Figure III-3: Illustration of validity of the measurements for the symmetric cell in the three-electrode
setup (with H2/H,0 = 50/50 vol.% and T = 700°C): a) 1-i curves recorded for the WE and the CE vs the
RE - b) EIS diagrams at OCP recorded for the two half-cell and the complete cell.

Once the setup has been validated, the polarization curves at Ho/H>O = 50/50, 25/75 and 75/25 vol.%
have been recorded and are provided in Figure IlI-4a and Figure I1I-4b (open symbols). A clear
dissymmetry can be noticed between the two branches of the n-i curve. The electrode response
exhibits a strong potential-activated behavior in anodic polarization (SOFC mode) whereas a rather

low limiting current density is observed in cathodic polarization (SOEC mode). This evolution
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highlights a modification in the rate co-limiting steps; or it could even indicate a transition in the
activated reaction pathway when changing the operating mode from anodic to cathodic polarization.
More precisely, the potential-activated behavior under anodic current suggests that the reaction rate
could be mainly dominated by the electrochemical reaction of charge transfer, while the presence of
a limiting current density under cathodic polarization would reveal a co-limitation with a chemical
reaction such as a gas-solid interaction. These statements are in good agreement with the experimental
results already reported in literature [Dasari 2013, Grondin 2011, Pan 2016] for a Ni-8YSZ cermet
electrode. Therefore, the co-limitation in electrolysis mode seems to appear irrespectively of the level
of Zirconia doping from 3% to 8% moles of Yttria. This last remark might constitute a ‘weak’ clue
suggesting that the co-limitation in SOEC mode would be more related to an interaction of gas with

Ni.
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Figure I11-4: Experimental and simulation results at 700°C: a) Experimental and simulated n-i curves
with H,/H,O = 50/50 vol.%— b) Experimental and simulated n-i curves with H,/H,O = 25/75 vol.% and
H2/H,0 = 75/25 vol.%— Experimental Nyquist plot (¢) and partial Bode plot (d) of the EIS diagrams at
OCP measured at different H./H>O ratios (20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20 vol.%).

From Figure I11-4b, it can be seen that the electrode response in both polarizations is improved when

the partial pressure of steam is increased. Conversely, increasing the partial pressure of hydrogen
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appears less impacting (so that the dominant effect is a worsening of the performances due to the
decrease of pH20). Moreover, it can be noticed in Figure I1I-4b that the dependency of the electrode
performance with pH>O is more pronounced in cathodic polarization, suggesting that the co-limiting
step observed in electrolysis mode could be associated to an interaction of steam with the electrode

surface.

To go further in the analysis, the impedance spectra have been acquired at OCP for a large range of
gas compositions (Figure I1I-4c and Figure I1I-4d). As a first comment, it can be seen that the Nyquist
plots of the diagrams (Figure I1I-4c) exhibit a global shape that tends toward a kind of Finite-Length
Gerischer (FLG) impedance. This global shape of the EIS diagrams must be explained by the
transport of oxygen vacancies in the 3YSZ backbone taking place in parallel to the electrochemical
and chemical reactions in the electrode. In other words, the contributions with a line at around 45°
from real axis in the Nyquist plot must be ascribed to a contribution of the oxygen vacancies migration
in the depth of the electrode. Moreover, the FLG type impedance behavior would suggest that the
reaction could extend over a large distance in the depth of the electrode compared the whole Ni-YSZ
thickness [Nielsen 2011]. It is worth noting that this shape of the EIS spectra is in good agreement
with the one published by Boukamp et al. [Boukamp 2006] for porous Ni/Ti-doped YSZ electrodes.
When changing the steam content in the gas flow, they have reported a ‘minor dispersive contribution
in the high frequency region and a dominating dispersion down to 0.01 Hz’. This global trend is also
coherent with the EIS evolutions as a function of the pH2/pH»O ratio as displayed in Figure I1I-4c and

Figure I1I-4d, even if a difference in the characteristic frequencies is detected.

The EIS data have been used to determine the dependency of the overall reaction rate at OCP on the
partial pressure of hydrogen and steam. In this objective, the electrode polarization resistance has

been classically expressed according to eq. (III-21) [Luo 2017].
RysT = const - pH; * - pH,0~F (111-21)

In which const is a proportionality factor and the exponents a and f are the reaction orders at OCP
with respect to H» and H>O respectively. A least-square algorithm has been used to fit the exponents
a and f for all the tested compositions (i.e. H2/H>O = 20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20
vol.%). A single solution for the two exponents has been found for all the experimental data in the
investigated range of gas compositions. This result means that the reaction is controlled by one single
mechanism at OCP whatever the steam content in the gas mixture. The fitted values for the two
exponents are given in Table I1I-V. A very low value has been obtained for the hydrogen (a=0.035)

while the exponent on the steam partial pressure is much higher ($=0.38). Therefore, the global
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reaction rate of the electrode at OCP is almost independent of pH» whereas a clear influence of pH>O
is found. This dependency confirms the behavior suggested by the n-i curves. Moreover, as already
mentioned, changing the steam content affects mainly the diagrams in the medium and low frequency
range while they remain almost unchanged at high frequencies (Figure I11-4d). Therefore, even at
OCP, the electrode reaction rate is co-limited by the charge transfer (expected to appear at high
frequencies in the diagram), the oxygen vacancies migration in 3YSZ (at intermediate frequencies)
and a pure chemical surface process sensitive to the steam partial pressure (expected to arise at low
frequencies in the diagram). According to the literature [Atangulov 1993, Boukamp 2006], 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 TPBs.

Table III-V: Determination of the reaction order for H; and H,O at OCP from the experimental and
simulated EIS with H,/H,O = 20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20 vol.% and T = 700°C

Reaction order for H2 (@)  Reaction order for H20 ()

Experimental results 0.035 0.38

Model I (standard version calibrated on n-i curves) 0.043 1.08
Model II (standard version calibrated on n-i curves) 0.066 0.81
Model II — limited by CRS kinetics 0.119 0.55

Model II — limited by CR3 kinetics 0.024 0.86

Model IT — limited by surface diffusion 0.046 0.77

To conclude, it can be stated from the experimental results that the overall reaction rate for the porous
Ni-3YSZ cermet electrode is co-limited at OCP by the charge transfer at the TPBs, the oxygen solid-
state diffusion in the electrode thickness and a surface process, which is sensitive to the steam partial
pressure. This surface process could be associated to a steam-solid phase interaction potentially
followed by a surface diffusional transfer. Finally, the strong dissymmetry of the electrode
polarization curve suggests that the contribution of this surface process on the overall reaction rate
appears to be more and more pronounced when changing the operating mode from anodic to cathodic
polarization. It could even indicate a change in the reaction pathway between the two operating
modes.

For a deeper analysis of the experimental data and to gain more insight about the nature of the co-
limitations for the porous Ni-3YSZ electrode, the two elementary micro-kinetic models (Model I and
Model I1) implemented for the porous electrode have been used in order to discriminate between the
two mechanisms for the Ni-3YSZ electrode and to check the validity of the assertions deduced from

the experiments.
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1I1.1.3 Models Validation and Discussion

In order to verify which reaction mechanism is the most appropriate to describe the hydrogen
oxidation/steam reduction reactions in a porous Ni-YSZ cermet the two models have been compared
to the experimental data obtained in the symmetric setup. To limit the number of the unknown
parameters, a 3D reconstruction of the cermet obtained by synchrotron X-ray nano-holotomography
has been used to obtain the real microstructural data of the tested cermet that have been implemented
in the micro-scale modes. In this section, the microstructural parameters from the 3D reconstruction

are given and the comparison between the simulation results and the experimental data is analyzed.

111.1.3.1 Microstructural Parameters from the 3D Reconstruction
A Region Of Interest (ROI) containing the cermet has been extracted from the whole reconstruction

obtained by synchrotron X-ray holotomography of the micro-pillar shown in Figure III-5a.

N
n
>
«w
2

Figure III-5: Determination of the cermet microstructural parameters: a) Pillar extracted from the
reduced cell containing the electrode — b) 2D cross-section extracted from the raw reconstruction — ¢) 2D
cross-section taken from the filtered reconstruction — d) Segmented cross-section — e) Rendering of the
segmented 3D volume.

A volume size of = 23x23x23 um?® has been taken for the ROI, which is large enough to be well
representative of the heterogeneous Ni-YSZ microstructure. Indeed, it has been already shown that
the Representative Volume Elements (RVEs) for the functional layer microstructures of typical

cermet electrodes are ranging from around 15° um?to 20° um® [Moussaoui 2018]. In Figure I1I-5b, a
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2D slice of ROI extracted from the raw reconstruction is shown. As it can be seen, the three phases
of the cermet can be identified by their corresponding grey-levels in the micrograph (darker: pores,
grey: 3YSZ, clearer: Ni). Before computing the electrode microstructural properties, the 3D image
has been segmented by labelling the Ni, YSZ and pore phases. To facilitate this image processing,
the volume has been previously filtered using in-house codes to increase the contrast between the
different phases and separate the peaks on the histogram (Figure I1I-5¢). The filtering is based on the
Malik-Perona method [Perona 1990] and the procedure followed in this work is reported in the work
by Villanova et al. [Villanova 2013]. Subsequently, the volume has been segmented following the
Otsu approach [Otsu 1979] and each of the three phases in the electrode has been labeled univocally
(Figure III-5d). A rendering of the segmented 3D volume is given in Figure I1I-5e.

Table III-VI: Microstructural properties of the Ni-3YSZ cermet electrode extracted from the 3D

reconstruction
Property Value Unit
Pores volume fraction (&,4re5) 39.85 (%)
Nickel volume fraction (&y;) 21.57 (%)
3YSZ volume fraction (gygyz) 36.36 (%)
Specific surface area between 3YSZ and pores (Spysz-pores) 2.09 (um™)
Specific surface area between pores and Ni (Spyores—ni) 0.48 (um™)
Specific surface area between Ni and 3YSZ (Spyi_ysz) 0.97 (um™)
Mean pores radius (%ores) 0.26 (pm)
Mean Ni particle radius (7y;) 0.29 (um)
Mean 3YSZ particle radius (7ysz) 0.19 (pm)
Triple phase boundary length density (§7FB) 4.329 (um?)
Pores tortuosity factor (Tpgres) 2.66 )
Ni tortuosity factor (ty;) 17.01 )
3YSZ tortuosity factor (tysz) 2.75 -)

Finally, the isolated voxels have been identified and excluded from the volumes used for the

computation. In this way, only the percolated networks of each phase have been considered to

evaluate the microstructural parameters. All the properties extracted from the volume are given in

Table III-VI. The volume fractions (g,), the interfacial specific surface areas between the phases

(Spa—p), the mean radii (7;;) and the density of the active TPBs lengths (§7PES) have been measured

using the methods reported by Moussaoui et al. [Moussaoui 2018]. In addition, the apparent tortuosity
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factors (t,) of each phase has also been computed by homogenization following the procedure

reported in the manuscript by Laurencin ef al. [Laurencin 2012].

111.1.3.2 Model calibration and elements of validation

For the simulations with each model, the thermodynamic data and the diffusion coefficients have
been taken from literature, whereas all the microstructural parameters characterizing the cermet
morphology have been deduced from the 3D reconstruction (cf. data listed in Table III-III, Table
II-1V, Table III-VI, respectively). The other parameters including the forward kinetic constants of

the reactions are given in Table III-VII for both models.

Table III-VII: Parameters used in the simulations at 700°C

Parameters used in both models Value Unit
Density of available sites on Ni surface (I;) 1.7 x 10 (mol-m2) [Hanna 2014]
Density of available sites on YSZ surface (Iysz) 2.5 %103 (mol-m2) [Hanna 2014]
Double layer capacitance at the Ni/YSZ interface (Cy;) 1.3 (F-m?) [Hendriks 2002b]
Volume of the unit-cell for the 3YSZ (UCV) 134.47 (A% [Ingel 1986]

Forward kinetic constants (Model I)

Steam adsorption on Ni (k725 ) 2.5 x 107 (shH Fitted

Steam dissociation on Ni (kg;%jvt 1 x 100 (m?-s'-mol ") Fitted

Hydroxyl dissociation on Ni (kg,’f;:r 7.5x 101  (m?s!-mol) Fitted

Hydrogen desorption from Ni (kfEs. 1.6 x107  (m?s'-mol) Fitted

Charge transfer reaction in the reduction direction (k7¢%) 2x10° (m3-s'-mol ") Fitted
Oxygen incorporation in the YSZ (kl / c (;Z]EYSZ) 1 x10° (m?*s!'-mol') ﬁjflll::flgr?gs

Forward Kkinetic constants (Model II)

Steam adsorption on Ni (k25 .) 1.25 x 102 (sh Fitted
Steam adsorption on YSZ (k£i%5, <) 1 x10? (s Fitted
. . DISS+ 53 2., 1 Assumed as
Steam dissociation on YSZ (ky, o, ¢, 2.5x10 (m*-s™-mol ™) not limiting
Hydrogen desorption from Ni (kj2s ) 8.1x107  (m%s''mol) Fitted
First charge transfer reaction in the reduction direction (k%) 1 x 103 (m*st-mol ) Fitted
Second charge transfer reaction in the reduction direction (k5¢%) 7.5 %102 (m3-st-mol ™) Fitted
o . tion in the YSZ (k™NE /¢T¢f 5 3l 1ol Assumed as
xygen incorporation in the (k2 / 0% (vs2)) 1x10 (m*smol™) % limiting
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As first step of the validation, the two models have been calibrated fitting the simulated n-i curves on
the experimental one at H2/H>O = 50/50 vol.%. The objective on these preliminary simulations was
to identify the numerical values of the unknown kinetic parameters for the two studied models. The
results of the fitting procedure are shown in Figure Ill-4a. It is worth noting that the error
minimization between the experimental data and the simulated curves has led to determine a single
set of solutions for the missing parameters of the two models. In this condition, it was found that both
models are able to mimic accurately the n-i curves. Indeed, the asymmetric behavior between the
cathodic and the anodic branches is accurately reproduced by the oxygen spillover mechanism (Model

I) as well as the hydrogen spillover mechanism (Model II).

Once calibrated on the n-i curve at Ho/H>O = 50/50 vol.%, the EIS diagram at OCP measured in the
same conditions has been simulated with the two models (Figure I1I-6a and Figure I1I-6b). It can be
noticed that this validation step has carried out without any further adjustments of the input models
parameters. In this condition, it has been found that both models are able to predict with a good level
of confidence the impedance diagram in terms of shape (Figure III-6a) but also in terms of frequency
distribution (Figure III-6b). Based on these results, both reaction pathways appear to be suitable to
predict the electrode response. At this stage, it is thus not possible to discriminate between the two

elementary models for the porous Ni-3YSZ electrode.

To gain more insight about the most relevant mechanism, the n-i curves at different partial pressures
have been simulated using the two calibrated models. As shown in Figure I11-4b, a slight difference
is found between the simulated curves and the experimental results. Indeed, both models overestimate
the effect of the steam partial pressure on the electrode response. This statement is also confirmed by
the impedance spectra simulated at different pH2/pH20O (Figure I11-6). Although the two models are
able to mimic the electrode behavior in terms of frequency distribution, the decrease of the simulated
polarization resistance with increasing the H>O partial pressure is higher than the experimental one
(Figure I1I-6¢ and Figure III-6d). In contrast, the opposite behavior is observed when increasing the
partial pressure of hydrogen (Figure I1I-6e and Figure III-6f). Nevertheless, it can be noticed that the
simulated curves obtained with Model II are significantly closer to the measured data suggesting that
the mechanism based on the hydrogen spillover could be more relevant for a Ni-3YSZ cermet
electrode. To support this claim, the exponents on the H> and H2O partial pressures involved in the
expression of the electrode polarization resistance at OCP (eq. (III-21)) have been evaluated by
computing the electrode response over the same range of gas compositions than the one used for the

experiments. The results obtained with the calibrated models are given and compared to the
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experimental exponents in Table I1I-V. Although the effect of pH>O is slightly overestimated on both
cases, it is worth noting that the two models are able to retrieve the very low dependency of R0 on
the hydrogen partial pressure. Regarding the exponent for pH2O, it appears that the prediction given
by Model II is more accurate than Model I even if the discrepancy between the experimental exponent
and the calculated one remains noticeable. Therefore, the comparison between the reaction orders
obtained for Model I and Model II reinforces the statement that the reaction mechanism based on the

hydrogen spillover charge transfer appears to be the most suitable to describe the electrode response.
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Figure I11-6: Experimental and simulated impedance spectra at OCP with different pH,/pH,O: Nyquist
(a) and partial Bode (b) plots with H,/H,O = 50/50 vol.%— Nyquist (c) and partial Bode (d) plots with
H2/H20 = 40/60 vol.% — Nyquist (e) and partial Bode (f) plots with H»/H,O = 60/40 vol.%.
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To conclude, the model based on the hydrogen spillover mechanism is found to capture the global
electrode behavior in an acceptable way, even if its predictability must be still improved. Therefore,
it seems that the mechanism proposed for the Ni-8YSZ cermet is still valid for the porous Ni-3YSZ
electrode. Consequently, Model II could be used to analyze the nature of the limiting reactions for

the Ni-3YSZ electrode.

111.1.3.3 Discussion
Reaction mechanism and electrode co-limiting steps with Model I — Simulations have been
conducted with the most likely reaction mechanism (Model II) in order to identify the dominant

pathway and the main limiting steps in the electrode global process for the porous Ni-3YSZ cermet.

First, a sensitivity analysis has been performed by changing the tortuosity factor of the 3YSZ affecting
its ionic conductivity. As expected, it was found that the polarization curve is dependent on this
parameter meaning that the electrode efficiency is partially limited by the oxygen vacancies transfer
from the electrolyte into the depth of the electrode. The EIS simulations have also confirmed that this
limitation is related to the contribution, at high and intermediate frequencies, related to the line at
around 45° in the impedance spectra. This statement strengthens the interpretation of the experimental
EIS diagrams as a kind of (finite-length) Gerischer element, which can be seen as a transmission line
model [Shin 2016] for which the local resistance induced by the transport of vacancies is in parallel
with a resistance and a capacitor associated to the reaction process. In addition, a sensitivity analysis
on the diffusion coefficients has revealed that the electrode response appears to be slightly dependent
on the diffusion of YSZ-attached hydroxyl ions, suggesting that this species could play a key role on
the electrode response. Moreover, changing the density of active TPBs has also shown that the overall
kinetic rate is affected by this parameter controlling the reactions of charge transfer. It was also
confirmed that the contribution of the electrochemical reactions appears at high frequencies in the
impedance spectra. Finally, the skewed semi-circle at low frequencies, which is sensitive the global
electrode specific surface area, is clearly ascribed to a chemical process taking place at the solid-gas

interface.

In order to identify the suspected co-limiting step due to the gas-solid interaction associated to the
semi-circle at low frequencies in the EIS diagram, the local kinetic rates for the steam adsorption on
Ni (CR1) and YSZ (CR2) have been plotted in the electrode thickness (at H2/H>O =50/50 vol.% for
an electrode overpotential of -0.06 V and +0.06 V) (Figure I1I-7a and Figure III-7b). In the simulated

conditions, it is found that both reactions extend in the whole electrode thickness suggesting that the
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entire functional layer contributes to the electrode response. This modeling result is fully consistent
with the global shape of the experimental electrode impedance related to a type of finite-length

Gerischer element (cf. Figure I1I-4c and Figure I1I-4d).

Moreover, it can be noticed in Figure I1I-7a and Figure I1I-7b that the kinetics of the two reactions of

adsorptions (CR1 and CR2) are activated in both polarizations, indicating that steam interacts with

both Ni and YSZ surfaces.
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Figure II1-7: Results of the simulation with Model II on the steam interaction with Ni and YSZ surfaces
with H2/H,0 = 50/50 vol.%: a) Local kinetic rate of H,O adsorption/desorption on Ni surface (CR1) -
b) Local kinetic rate of H;O adsorption/desorption on YSZ surface (CR3) — c¢) Kinetic rate of steam
adsorption/desorption on Ni and YSZ integrated over the electrode thickness as a function of the
overpotential — d) Schematic representation of the two parallel pathways for the electrode reaction with

Model II (given in electrolysis mode).

In electrolysis mode, the gaseous H>O is partially adsorbed on the Ni surface (Figure I1I-7a). In this
case, the adsorbed molecules are reduced directly at the TPBs by the first charge transfer reaction
(ER1) according to the pathway n°1 defined as CR1 followed by ER1 (cf. schematic representation
in Figure I1I-7d). In parallel, it can be seen in Figure I1I-7b that the gaseous H2O molecules are also
adsorbed on the YSZ surface where they dissociate in two hydroxyl ions according to the pathway
n°2 defined as the CR2 followed by the CR3 (Figure I11-7d). In both cases, the hydroxyl ions, which

are produced by the two pathways, are commonly consumed by the second charge transfer (ER2).
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In fuel cell mode, the opposite directions for the two pathways are found with part of the steam
produced via the oxidation at the TPBs (Reverse-ER1 and Reverse-CR1) (pathway n°1) and part of
the H>O formed directly on the YSZ surface through the reverse reaction of the water dissociation
(Reverse-CR3 and Reverse-CR2) (pathway n°2).

Therefore, this simulation results show that two pathways are activated in parallel for the two
operating mode as shown in Figure III-7d (i.e. pathway n°1: CR1 followed by ER1, pathway n°2:
CR2 followed by CR3, while the common reactions belonging to the two pathways corresponds to
the second charge transfer (ER2), the oxygen incorporation in YSZ (CRS) and the hydrogen
desorption from Ni (CR4)).

In order to determine the contribution of each pathway to the total electrode response, the local kinetic
rates integrated over the electrode thickness are plotted as a function of the overpotential in Figure
III-7c. Interestingly, a modification in the dominant pathway is highlighted. In fuel cell mode, most
of the steam is produced by the water desorption from the YSZ surface according to the pathway n°2,
whereas in electrolysis mode, the reaction mechanism is dominated by the pathway n°l. Indeed, in
this case, the contribution of the H>O adsorbed on Ni is higher compared to the reaction of adsorption
on YSZ. Therefore, these modeling results suggest that the nature of the co-limitation due to the gas-
solid interaction would change with the electrode polarization. Under anodic current (fuel cell mode),
the reaction would be mainly controlled by the pathway n°2, which is co-limited by the steam
interaction with YSZ (cf. Figure I11-7d). On the contrary, the pathway n°1, which is co-limited by the
interaction of steam with Ni, would be activated under electrolysis current (cf. Figure III-7d)
(knowing that the rate of steam adsorption on YSZ becomes negligible for this polarization). This
global behavior allows identifying the nature of the gas-solid interaction, which was highlighted
experimentally, but also explain the dissymmetry of the electrode polarization curves in the two

operating modes.

To deepen the analysis and clarify the details of the mechanism, the local kinetic rates of the two
charge transfer reactions (ER1 and ER2) are given in Figure I11-8 at H2/H2O = 50/50 vol.% and -0.06
V / +0.06 V. Whatever the electrode polarization, it can be seen that the rate of the second charge
transfer reaction (ER2) is always higher with respect to the first one (ER1) (Figure I1I-8). In addition,
the charge transfer reaction ER2 is strongly promoted at the FL/EL interface whereas ER1 takes
place more homogeneously along the electrode thickness. This difference in the distribution of the
two reaction rates is associated to the reacting species involved in the second charge transfer. Indeed,

it is reminded that ER2 involves as product (or reactant in the fuel cell mode) the oxygen ions coming
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from the electrolyte. Because of the very fast kinetic rate of the oxygen exchange from the surface
into the bulk of YSZ, this reaction ER2 is thus strongly promoted in a region close to the electrolyte
interface. In order to investigate the impact of these electrochemical reactions on the two reaction
pathways, the surface coverages of hydroxyl ions and water attached on the YSZ as well as water

attached on the Ni are given in Figure I1I-9.
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Figure I11-8: Kinetic rate of the charge transfer reactions at different polarizations with H,/H,O =
50/50 vol.%: a) Local kinetic rate of the first charge transfer reaction (ER1) — b) Local Kinetic rate of
the second charge transfer reaction (ER2).

In fuel cell mode for which the pathway n°2 is activated, the fast charge transfer ER2 corresponds to
an increase of surface attached hydroxyl ions (Figure I11-9a). This increase favors both (i) the reverse
reaction of water dissociation (Reverse-CR3) and (ii) the first charge transfer reaction (Reverse-
ER1), leading to produce H2O on both the YSZ surface (Figure I1I-9b) and the Ni surface (Figure
I11-9¢), respectively. Nevertheless, due to the fast kinetic of the reverse dissociation, a significant part
of H>O is formed directly on the YSZ surface where the coverage of water is increased by almost one
order of magnitude with respect to the equilibrium conditions. This increase promotes the direct
desorption of water from the YSZ surface. All these evolutions provide an insight in the underlying
mechanism explaining why the pathway n°2 dominates the reaction mechanism under anodic
polarization (fuel cell mode). It can be noticed that the direct formation of H2O on the YSZ surface
via the reverse reaction of dissociation is not considered in the reaction scheme proposed in other
works [Luo 2019] for which only the charge transfer reaction (ER1) is taken into account. However,
based on our modeling results, it appears that the direct formation of water on the YSZ surface would
also contribute to the electrode response. This possibility has been suggested by Goodwin et al.

[Goodwin 2009] even if it was finally not included in their modeling scheme.

In electrolysis mode where the pathway n°1 is dominant, the fast kinetic of ER2 triggers an important

consumption of OHyg, (Figure I11-9a) which promotes the steam dissociation reaction on the YSZ
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surface (CR3) and the H>O reduction at the TPBs (ER1). The very fast dissociation reaction
consumes the H>O on the YSZ surface causing a drop in the water surface coverage (Figure I1I-9b).
This decrease of water attached on the YSZ surface is not balanced by the adsorption reaction (CR2)
blocking the pathway n°2, so that the reduction of Ni-attached H>O at the TPBs (ER1) becomes the

main source of hydroxyl ions on the YSZ surface (resulting in the activation of the pathway n°1).
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Figure ITI-9: Local surface coverages at different polarizations with H./H,O = 50/50 vol.%: a) hydroxyl
ions on the YSZ surface — b) H,O on the YSZ surface — ¢) H,O on the Ni surface.

To summarize, the global reaction rate is dominated in fuel cell mode (i.e. anodic polarization) by the
pathway n°2. In this case, most of the steam is produced on the YSZ surface and the reaction rate is
mostly controlled by the charge transfer reaction (ER2) and the water desorption from the YSZ
(reverse of CR2). In electrolysis mode (i.e. cathodic polarization), the pathway n°l becomes
predominant. Indeed, the adsorption rate of H>O on the YSZ (CR2) becomes very slow yielding to
activate the contribution of the first charge transfer reaction (ER1) and the steam adsorption on Ni
(CR1). As this last reaction is not kinetically favored, it explains the appearance of a relatively low

limiting current density in electrolysis mode.

As a general comment, it can be inferred from this numerical analysis that the second charge transfer
at the TPBs (ER2) and the variation in concentration for the YSZ-attached hydroxyl ions play a key
role on the electrode response in both polarizations. This strong effect of YSZ-attached hydroxyl ions
has been ascribed to their production/consumption and is consistent with the influence of the OHy,

surface diffusivity on the electrode response.

Sensitivity analysis on Model Il parameters — A complementary sensitivity analysis has been
performed aiming to improve the Model II predictability regarding the dependence of the electrode
response with pH>O. This study has been realized with the purpose to check the validity of the
assumptions concerning the non-limiting nature of the oxygen ions incorporation into YSZ and the
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water dissociation reactions on the YSZ surface (CRS and CR3, respectively). In addition, according
to the simulation results, the surface coverage of OHyg;, and its surface diffusion are expected to have
an impact on the electrode response. However, as already stated, a large uncertainty exists on the
diffusion coefficients, especially for the surface-attached species. This means that the contribution of
the surface diffusion could have been slightly underestimated [Vogler 2009]. For this reason, a third
sensitivity analysis has been carried out to investigate the impact on the reaction of the hydroxyl ions
surface diffusivity.

The analysis have been carried out by lowering the value of the examined parameter in order to make
the electrode response dependent on it (or to increase the dependency in case of the OHyg,
diffusivity). Afterwards, the forward kinetic constants of the other reactions have been re-fitted on
the experimental n-i curve at Ho/H>O = 50/50 vol.% and the EIS at OCP have been simulated without
any further adjustment. In addition, the reaction orders with respect to H> and H>O have been
evaluated and compared to the results obtained experimentally. The values of the hydroxyl diffusion
coefficient and of the forward kinetic constants used in the sensitivity analysis are reported in Table

II-VIII while the results are given in Figure I1I-10 and Table III-V.

Table III-VIII: Parameters in the sensitivity analysis for Model IT

Limited by CR5 Limited by CR3 Limited by OHyg,

kinetic kinetic diffusion Unit
YSZ-attached h}/droxyl ions diffusion 1.45 x 10° 145 % 10° 145 % 101 (m?s)
coefficient (Do)

Steam adsorption on Ni (k,‘_‘}fgm) 5 x 102 7.5 % 10! 1.25 x 10? (s
Steam adsorption on YSZ (kﬁfgysz) 5 x 102 1.5 x 10? 1.25 x 102 (s
Steam dissociation on YSZ (kpitot 1 x 10" 1 %108 2.5 x 10" (m?-s'-mol™)
Hydrogen desorption from Ni (k72> ) 4 %10 8.1 x 107 8.1 x 108 (m?-s'-mol ™)

First charge transfer reaction in the 3 3 3 3ol 11
reduction direction (k%) 2> 10 3710 110 (m*s™-mol")

Second charge transfer reaction in the 3 ) 3 3ol 1l
reduction direction (k5¢%) 110 110 5x10 (m*s™mol)

Oxygen incorporation in the YSZ

KNE e 5x103 1x10° 1x10° (m*st-mol)

0854 ~0(vs2)

As shown in Figure II1-10a-c, it is possible to obtain a satisfactory fitting of the electrode n-i curve at
H2/H20 = 50/50 vol.% in all the three analyzed cases. Nevertheless, the EIS diagram calculated at
OCP with the model limited by the oxygen ions incorporation/excorporation reaction (CRS5) presents
a different shape from the experimental spectrum (Figure I1I-10d). Indeed, in this case, the impedance
arc at ~ 40 Hz appears to be similar to a pure semicircle with a more ideal capacitive behavior
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compared to the experimental one. Besides, the simulated characteristic frequency is clearly shifted
towards higher values and does not match anymore the experimental data. For these reasons, it can

be stated that the hypothesis on the not-limiting nature of the reaction CRS is well confirmed.
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Figure I1I-10: Results of the sensitivity analysis on the parameters of Model II at 700°C: a) n-i curve at
H2/H,0 = 50/50 vol.% for the model limited by the incorporation/excorporation of oxygen ions in the
YSZ (CRS) - b) n-i curve at Hy/H,O = 50/50 vol.% for the model limited by the dissociation of water
adsorbed on the YSZ (CR3) — c¢) n-i curve at H»/H,O = 50/50 vol.% for the model limited by the surface
diffusion of hydroxyl ions on the YSZ — Nyquist (d) and partial Bode (e) plots of the EIS diagrams at

OCP at H»/H,0 = 50/50 vol.%.

When using the model limited by the kinetics of water dissociation (CR3), it is also possible to
reproduce accurately the n-i curves and the EIS diagrams (Figure I1I-10 Figure I1I-10e). Nevertheless,
the reaction orders for H, and H>O become less consistent in this case (cf. Table III-V). In particular,
the exponent for the steam partial pressure is increased with respect to the reference parameters of
Model II, obtaining a value that is even less comparable to the experimental data. Therefore, the
hypothesis of fast water dissociation on the YSZ surface is also confirmed.

Finally, the decrease of the hydroxyl ions diffusivity on the YSZ surface has been studied. From
Figure III-10, it can be seen that, increasing the limitation by OHy g, diffusion, the polarization curves
as well as the EIS diagrams at OCP are well captured by the model. Moreover, it can be seen in Table
II1-V that the orders of reaction for hydrogen and water obtained with this model are more similar to
the experimental data with respect to the ones calculated with the standard version of Model II. This

result indicates that the impact of the surface diffusion of OHyg, on the electrode response could be
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higher than in the standard case. From this point of view, the surface diffusivity of the hydroxyl ions
appears to be key property that would require a precise determination for a better prediction of the

electrode behavior.

1I1.1.4 Concluding Remarks and Model Adaptation for the Degradation Studies

111.1.4.1 Conclusion on the Model Relevance to Predict the Electrode Performances

To investigate the nature of the hydrogen electrode reactions in the two polarizations, two micro-
kinetic elementary models, based on the oxygen and hydrogen spillover mechanisms, have been
developed.

To discriminate which reaction mechanism is the most appropriate to describe the electrode response,
experimental characterizations have been carried out at 700°C with symmetric cells having porous
electrodes made of Ni-3YSZ over a large range of gas compositions. Analyzing the experimental
results, the n-i curves have shown that electrode response is activated by the electrode potential in
anodic polarization while a strong co-limitation is found under cathodic current. The electrode
performances were found to be significantly dependent on variations of steam partial pressure
whereas modifying the partial pressure of hydrogen had a substantially lower impact. Impedance
spectra have been also measured at OCP with a shape exhibiting a type of finite-length Gerischer
element. The skewed semi-circle at low frequencies was also found to be strongly sensitive to the
steam content in the gas phase. Thanks to all these observations, it has been suggested that the co-
limitation especially under electrolysis current is related to an interaction of steam with the one of the

electrode solid phases.

The models have been validated on the experimental results considering the real microstructural
properties of the tested cermet which have been deduced from a 3D electrode reconstruction obtained
by synchrotron X-ray nano-holotomography. It has been shown that the model based on the hydrogen
spillover mechanism is the most appropriate to predict in an acceptable way the electrode response in

terms of impedance spectra and polarization curves obtained at different gas compositions.

Once validated, the model based on the hydrogen spillover mechanism has been used in order to
clarify the reaction pathway for the Ni-3YSZ electrode. The analysis of the simulated impedance
diagrams at OCP has confirmed that the electrode reaction rate is co-limited by the charge transfer at
TPBs (contribution arising at high frequencies in the diagram), the oxygen vacancies migration in

3YSZ network and a pure chemical surface process (contribution arising at low frequencies).
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Moreover, the simulations under polarizations have highlighted a change of reaction pathway from
cathodic to anodic polarizations. In fuel cell mode, the charge transfer would be mainly controlled by
the electrochemical reduction of the hydroxyl ions and by the water desorption from the YSZ surface.
In electrolysis mode, the adsorption rate of H2O on the YSZ would become very slow leading to
activate a reaction pathway controlled by the steam adsorption on Ni. This change of mechanism
explains the strong dissymmetry of the electrode polarization curve. Moreover, it has been clearly

shown that the attached hydroxyl ions on the Y SZ surface play a key role of this electrode mechanism.

In addition, a sensitivity analysis on the main model assumptions has been carried out to improve the
accuracy of the simulations. On the one hand, it has been confirmed that the hypotheses based on the
non-limiting nature of the water dissociation on the YSZ surface as well as the incorporation of
oxygen ions in the YSZ lattice are correct. On the other hand, it has been found that decreasing the
surface diffusivity of the hydroxyl ions could improve the global quality of the model predictions.
Knowing the uncertainty on this key parameter, it can be reasonably supposed that electrode response

is also co-controlled by surface diffusion.

111.1.4.2 Model Il Adaptation for the Degradation Studies

Thanks to these analyses, the hydrogen spillover mechanism has been confirmed to be the most
appropriate model to describe the hydrogen electrode reaction. Therefore, this mechanism has been
selected in chapter IV to compute the Ni-YSZ electrode response in order to investigate the effects
of the microstructural evolutions after aging. Beforehand, the model has been slightly adapted for the
degradation studies. Indeed, it could be suspected that all the possible Ni-attached species and their
evolutions in operation could play a crucial role on the cermet degradation. Therefore, Model II has
been complemented by adding all the species suspected to be involved in the degradation mechanism.
For this purpose, the chemical reactions, which have been taken into account on the Ni surface for
Model I, has been also considered for the second version of Model II as shown in Figure I1I-11. They
correspond to the water molecule dissociation into one hydrogen and one hydroxyl adsorbate (CR6).
Then, the hydroxyls are further decomposed into hydrogen and oxygen attaches species (CR7). These
reactions are summarized in Table III-IX where the forward kinetic constants are also given for both
reactions.

It can be noticed that these reactions have been introduced by considering a fast kinetics to keep them
at equilibrium. Nevertheless, it has been found that the coverage rates of the active species on Ni
surface are not significantly affected by the new adsorbed species introduced in the model. Indeed,

from the thermodynamic data reported in Table III-III a very low numerical value for the oxygen and
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hydroxyl coverages on Ni at equilibrium is obtained. Therefore, the introduction of the water and
hydroxyl dissociations on the Ni surface does not change the electrode response. Consequently, the
mechanism remains based on the hydrogen spillover charge transfers. In addition, since the oxygen
spillover was not considered in the second version of Model II, the newly introduced species are not
involved in the electrochemical charge transfers and thus cannot limit the overall electrode kinetics.
For all these reasons, it has been found that the electrode response for the pristine electrode remains
unchanged, and hence, all the model conclusions drawn using the standard version of Model Il remain
valid. The choice to use a simplified version for the validation step was initially motivated to limit
the number of unknown model parameters as much as possible.
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Figure III-11: Adaptation of Model II to study the degradation considering water and hydroxyl
dissociation on the surface of Ni.

Table III-IX: Reactions on Ni surface added in the hydrogen spillover micro-scale model to study the
degradation
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III.2 Micro-Scale Model for the Oxygen Electrode

As introduced in the first chapter of this thesis, a stationary and dynamic model for porous LSCF and
LSCF-GDC composite electrodes has been developed in the frame of a previous PhD thesis [Hubert
2018]. This model allowed the simulation of polarization curves [Laurencin 2015] as well as EIS at

OCP and under polarization [Hubert 2016]. A special attention was paid to take into account the
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influence of the electrode microstructure on the transport and electrochemical processes. The model
considers two parallel reaction pathways combining the oxygen exchange at the LSCF/gas interface
(i.e. “bulk path”) and the direct oxidation/reduction at the TPBs (i.e. “surface path”). As expected for
the porous LSCF electrode, the simulations have shown that the reaction pathway is dominated by
the bulk path under cathodic polarization and at OCP. Nonetheless, the simulations have highlighted
a transition from the bulk to the surface path occurring in anodic polarization. The presence of a
polarization threshold that depends on the temperature in electrolysis mode is thus proposed but still
needs to be fully validated [Laurencin 2015].

In the frame of this thesis, the reaction mechanism for the porous LSCF electrodes in anodic
polarization has been validated. For this purpose, experiments have been conducted at different
temperatures on two symmetric cells (denoted Cell I and Cell II thereafter) exhibiting different
microstructures prepared and tested in two independent ways. For one of the two cells, the
polarization curves and the impedance spectra at OCP and under anodic polarization have been
simulated with the model considering the electrode microstructural properties taken from a 3D
reconstruction. For the other cell, electrochemical tests have been performed in order to obtain two
sets of independent experimental data to validate the electrode behavior. The presence of a threshold
related to the transition from the bulk to the surface path has been verified, confirming the
modification of the reaction pathway in anodic polarization for the porous LSCF electrode.
Subsequently, the impact of temperature on the reaction pathway has been investigated and the value

of the LSCF/GDC double layer capacitance has been discussed.

111.2.1 Experimental Characterization

In this section, the experimental campaigns carried out to validate the reaction mechanism for the
pure LSCF electrode are described. The first cell (Cell I) was characterized by a post-doctoral student,
Dr. Sergii Pylypko, at CEA. The second cell (Cell II) was manufactured and tested by another PhD
student, Vladyslav Tezyk, in the frame of a collaboration with LEPMI/CNRS.

The tested cells and the experimental setups are described hereafter. Moreover, the experimental

results are analyzed.

111.2.1.1 Cells Description
Two different symmetric button cells (Cell 1 and Cell II) were fabricated with the same

Lao.6Sr0.4Co0.2Fe0.803.5 material. The manufacturing conditions were not the same for the two cells in
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order to obtain different electrode microstructures. The main characteristics and conditions of cell

fabrication are detailed hereafter:

e For the first cell (Cell I), a Lag.Sr0.4Coo.2Feo803.5 commercial powder provided by Fuel Cell
Materials was used (dso = 0.6 um). Porous LSCF electrodes with a thickness of = 35 um and a
surface area of 1 cm? were deposited symmetrically by screen printing on both sides of a dense
8YSZ electrolyte (diameter: 25 mm, thickness: 260 um, provider: Kerafol). A Ceos8Gdo2025
barrier layer of 2 um was deposited by screen printing to limit the formation of insulating phases
(SrZrOs and LaxZr207) between LSCF and YSZ (Figure I11-12a). GDC powder was provided by
Fuel Cell Materials. LSCF and GDC inks were made up by mixing LSCF or GDC powders (nearly
50 wt%) with a mixture of terpineol (Sigma Aldrich) as solvent and PVb (Polyvinyl butyral) as
binder. GDC was sintered at 1300 °C for 1 hour and LSCF at 1000°C for 1 hour.

Weight Weight
Au

grids
35 um
260 um 1 mm
2 pm* WE
Au
CE grids
GDC
barrier 11 mm
layer RE RE
®9 (Ag)
YSZ GDC
electrolyte electrolyte \. LSCF porous
LSCF porous electrodes
) 25 mm electrodes 18 mm

a) b)

Figure I1I-12: Cell dimensions and experimental setups: a) Cell I — b) Cell 1I.

e For the second cell (Cell II), a Lao.6Sr0.4Coo.2Feo.s03.5 commercial powder provided by Marion
Technologies (dso = 0.27 um) was used. X-Ray Diffraction showed that it contained a small
amount of SrCO3 impurity. Porous LSCF electrodes with a thickness of =10 um and a surface
area of 0.79 cm? were deposited symmetrically by screen printing on both sides of a dense
Ce0.9Gdo.102-5 electrolyte (Figure I1I-12b). The GDC substrate (1 mm thick and 18 mm in
diameter) was prepared by isostatic pressing of powder (Praxair, 99.9 %, 20.5 m?-g!) at 300 MPa,
followed by sintering at 1200°C for 2 h in air. Afterwards, the substrate was grinded in order to

obtain a flat and uniform surface with good adhesion. The LSCF ink was made up by mixing
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LSCF powder with a commercial solvent “Product KD2921” (ZSCHIMMER & SCHWARZ)
50/50 wt% and 2% total weight polymer PVb (Polyvinyl butyral) as binder. A printing screen
with a very fine mesh was used. The screen-printed sample was pre-annealed at 450°C (heating
rate 1°C-min’') in order to burn out binders and ink solvents. Then, it was fired at 900°C for 2
hours in air (heating rate 2°C-min’'). Observation of electrode polished cross-sections with a SEM

has revealed a rather fine LSCF microstructure.

It is worth noting that, also in these cases, a special attention has been paid to center the WE and the

CE on the two faces of the electrolyte in order to avoid any perturbation on the EIS measurements

[Adler 2000].

111.2.1.2 Experimental Setups and Testing Conditions

Both cells have been characterized using a three-electrode configuration, as presented in Figure
[11-12. For Cell I, the RE consists in a Pt wire applied on the upper surface of the electrolyte on the
periphery of the membrane as far as possible from the electrode (i.e. the diameter of the Pt wire ring
is =~ 25 mm as illustrated in Figure III-12a). For Cell II, on the other hand, an Ag wire is positioned
on the edge of the GDC pellet in the middle of the electrolyte thickness and is used as reference
electrode (Figure I1I-12b). It can be noticed that, for both configurations, the rules for positioning of
RE have been fulfilled [Jiang 2017]. Moreover, gold grids with equal surface to the LSCF electrodes
are used as current collectors. To ensure the electrical contact between the grids and the electrodes, a

load of = 0.7 kg is applied on the setups.

The electrochemical responses of Cell I and Cell II were characterized in two independent test rigs.
Before the study, the consistency of the two benches has been checked and calibrated by testing a

same type of cell in the two setups. The protocols of cells characterization are detailed hereafter:

e Cell I has been analyzed at three temperatures (700°C, 750°C and 800°C) with a high air flowrate
(67 Nml-min™) to ensure homogenized gas supply in the test rig. All temperature changes have
been performed with an heating rate of 1 °C-min’!. At each temperature, electrode polarization
curves have been recorded in galvanostatic mode with a current step of 1 mA-s™. EIS
measurements were carried out in galvanostatic mode at OCP and under anodic polarization for
different steady-state current densities, ipc. The diagrams were acquired in the frequency range

of 102 Hz — 10* Hz with a sinusoidal perturbation, iac, of +/- 10 mA-cm™. All electrochemical
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measurements have been conducted using an Autolab potentiostat/impedance frequency analyzer
(PGSTAT302N).

e For Cell II, the electrochemical characterizations have been conducted at 700°C with an air
flowrate of = 50 Nml-min™'. The polarization curves have been measured in potentiostatic mode
with an applied potential ranging from 0.3 V to -0.7 V (potential step of 50 mV) and an
equilibration time equal to 600 s. Impedance spectra have been acquired in potentiostatic mode
at OCP and under anodic polarization in the frequency range of 2x10% Hz to 5x10°! Hz with an
amplitude of +/- 50 mV. Prior to the electrochemical tests at 700°C, impedance spectra at OCP
were also measured as a function of the temperature from 400°C to 700°C. All the measurements

have been performed with a Solartron SI 1280B electrochemical workstation.

For both experiments, the amplitude of the sinusoidal perturbation for the impedance measurements
was chosen to remain in the linear regime of the cell polarization curve response. Furthermore,
diagrams measured on the half-cells (i.e. between the WE/CE and the RE) are roughly the same at
OCP, and their sum is equal to the EIS of the complete cell (i.e. between the WE and CE) confirming

the reliability of the measurements.

111.2.1.3 Experimental Results
Results for Cell I — The experimental electrode polarization curves n-i at 700°C, 750°C and 800°C of
the WE of Cell I are presented in Figure III-13a, while the corresponding electrode polarization

resistances are plotted in Figure III-13b.
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Figure I11-13: Results for the WE of Cell I at 700°C, 750°C and 800°C in air atmosphere (pO: = 0.21
atm): a) Experimental and simulated n-i curves — b) Electrode polarization resistance.
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Figure I1I-14: Impedance spectra for Cell I at 750°C recorded at different current densities, Nyquist
plot (left) and partial Bode plot (right): a) ipc = 0 mA-cm™ —b) ipc = 10 mA-ecm? — ¢) ipc = 50 mA-ecm™ —
d) inc = 70 mA.cm? (line=simulation, open symbols=experimental, iac=+/- 10 mA-cm.
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The electrode polarization curves exhibit a non-symmetrical shape with respect to the OCP (Figure
I11-13a). Indeed, the n-i curves present a strong potential-dependent activation in anodic polarization,
while in cathodic polarization, the curves show a more linear behavior. This evolution could be related
to a modification of the reaction mechanism depending on the cathodic or anodic polarization. This
statement is confirmed by the evolution of R,. plotted as a function of the electrode overpotential
(Figure III-13b). Indeed, the curves exhibit a dissymmetry with a steeper decrease in anodic
polarization indicating a strong potential-dependent activation. In addition, it can be seen at 700°C
that the change in the slope of R,o=f(#) occurs for a slight anodic overpotential. It means that the
change in reaction mechanism is triggered when the anodic polarization exceeds a specific threshold
estimated to = 0.02 V/air at 700°C. As shown in Figure III-13b, this threshold is found to be shifted

toward the OCP when the temperature is increased.
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Figure I1I-15: Impedance spectra for Cell I recorded at OCP and under anodic polarization at different
temperatures, Nyquist plot (left) and partial Bode plot (right): a) 700°C — b) 800°C (lines= simulation,
open symbols=experimental, isc= +/- 10 mA-cm?).

To go further in the analysis, impedance spectra have been acquired at OCP and for different anodic
DC currents. The evolution of the EIS with anodic polarization is given in Figure I1I-14 at 750°C. As
expected at OCP [Adler 1996, Grunbaum 2006], the diagram corresponds to a classical Gerischer-
type element. However, the shape of the spectra is affected by the anodic polarization. Indeed,

increasing the DC current results in a modification from the Gerischer-type element towards more
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flattened and convoluted diagrams. This observation is consistent with the change in electrode
reaction mechanism under anodic polarization that was deduced from the n-i curves. Moreover, the
same trend is observed at 700°C and 800°C as shown in Figure III-15. Interestingly, the modification
of the EIS shape happens at lower overpotential for higher temperature. These results also reinforce

the claim of a temperature-dependent threshold for the change in reaction mechanism.

Results for Cell Il — The results for Cell II are shown in Figure I1I-16 where the current density and
polarization resistance deduced from the EIS are plotted as a function of the electrode overpotential
at 700°C. Even if the two cells differ in terms of preparation techniques and microstructures, it can
be noticed that they present similar performances in cathodic polarization. However, the
performances of Cell II appear to be significantly higher under anodic polarization. This result is
consistent with its finer electrode microstructure due to its lower sintering temperature and also to its

smaller nominal grain size of the powder [Hubert 2016].
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Figure I1I-16: Results for Cell II at 700°C in air atmosphere (pO: = 0.21 atm): a) Experimental and
simulated n-i curves — b) Electrode polarization resistance.

It is worth mentioning that the electrode response for Cell II presents the same behavior of Cell I with
a clear non-symmetrical shape and a strong electrode potential-dependent activation in anodic
polarization. An “asymmetry in performance under cathodic and anodic polarization” was also
observed by Marina et al. [Marina 2007] for a Lag¢Sr04Coo.2Fe0s0s-5 electrode deposited on a
Samaria-doped Ceria barrier layer. Nevertheless, in their case, the losses were found to be lower in
cathodic than anodic polarization. This apparent discrepancy with these results could be also
explained by the dependence of electrode response with the microstructure as discussed in Hubert et

al. [Hubert 2016].
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Figure III-16b shows the evolution of the electrode polarization resistance for Cell II. The
overpotential for which Ry decreases abruptly at 700°C is detected at = 0.015 V/air. Therefore, a
similar threshold is found for Cell 1 and Cell II despite different test rigs and electrode
microstructures. As for the cell performances, the slight difference in the threshold could be also due
to the finer electrode microstructure of Cell II that could facilitate the change of the reaction

mechanism in anodic polarization.

The good agreement between the two independent experimental results confirms a change in the
reaction mechanism for a porous Lag sSto.4Coo.2Feo803.5 electrode arising at low anodic polarization.
According to the previous modeling studies [Hubert 2016, Laurencin 2015], this electrode behavior
in terms of n-i and EIS could be interpreted as the transition from a bulk path in cathodic and low
anodic polarizations to a surface path for higher anodic polarization. In order to fully validate this
claim and analyze the underlying electrode operating mechanisms for LSCF, the model capability to
reproduce the polarization curves as well as EIS at OCP and under polarization has been investigated

for Cell I.

111.2.2  Microstructural Reconstruction for Cell I

To simulate the electrode behavior, it is required to determine the electrode microstructural properties
in order to reduce the number of unknown model parameters. For this reason, the electrode
microstructure of Cell I has been reconstructed with a FIB-SEM FEI Versa 3D. The FIB-SEM
tomographic method consists in collecting a stack of electrode cross-sectional images, each

cross-section being successively milled by an ions beam of Ga™ [Vivet 2011].

| Gas phase
Figure I1I-17: Three-dimensional rendering volume for the LSCF electrode of Cell 1.
The detailed protocol for data acquisition and the procedure for the electrode reconstruction can be

found in [Lay-Grindler 2013, Vivet 2011]. As shown in Figure I1I-17, the 3D image presents a volume

of 7.7x7.7x7.7 um? with a voxel size of 17 nm. The electrode microstructural properties, which are
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listed in Table III-X, have been measured by image analysis on the 3D volume as reported in
[Laurencin 2012, Moussaoui 2018]. It can be noticed that the parameters are in the range of classical

LSCEF electrodes [Bertei 2013, Virkar 2000].

Table III-X: Microstructural parameters of Cell I reconstructed via FIB-SEM

Parameter Value Units
Density of TPBs at the LSCF/GDC at the interface ({7pp;) 2.56 (um™)
Specific surface area of LSCF/GDC at the interface (Spgpc—rscr) 0.55 )
Specific surface area of LSCF/gas interface (Sppores—Lscr) 6.67 (um™)
Average pore radius (%ores) 0.109 (pm)
Porosity of the electrode (£445) 41.4 (%)
Volume fraction of LSCF (&5¢r) 58.6 (%)
Tortuosity factor of LSCF (T,5cr) 1.885 )
Tortuosity factor of gas phase (7445) 2.088 =)

111.2.3 Description of the Modeling Tools

All the results obtained on Cell I have been analyzed in the light of the physically-based model
proposed in [Hubert 2016, Laurencin 2015] In parallel, the impedance spectra of Cell II have been
fitted by means of an electrical Equivalent Circuit Model (ECM). A brief description of the in-house
model used to simulate the behavior of porous LSCF electrode in anodic and cathodic polarization is
reported in this section. For more details, the reader is invited to read references [Hubert 2016,
Laurencin 2015]. Furthermore, the ECM used to analyze the experimental data of Cell Il is given and
described.

111.2.3.1 Physically-based Model Description

The micro-scale model considers an isothermal slice (1D) of electrode in which transport properties
and reaction kinetics are scaled on the microstructural parameters in a continuum approach (cf. Figure
I11-18). A transient term is introduced in the mass and charge conservation equations in order to model
the time-dependent response of the electrode. The set of equations are solved in the time domain
keeping the full non-linearity of the system. Thanks to this procedure, the model is able to simulate
the impedance spectra at OCP but also under polarization. Two possible reaction pathways for oxygen
reduction/oxidation are considered in the model. As depicted in Figure III-18 in electrolysis mode,
the ‘bulk path’ is characterized by oxygen ion migration in the GDC (T1) followed by the oxygen
transfer across the LSCF/GDC interface (R1). After diffusion in the bulk of LSCF (T2), oxygen is
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excorporated from the lattice to produce oxygen adsorbates on the surface (R2). In parallel, the
‘surface path’ considers the direct production of adsorbed oxygen atoms by oxidation at TPBs (R3).
Subsequently, oxygen adsorbates can diffuse on the surface of the LSCF particles (T3) before being
desorbed under gaseous molecules in the pores of the electrode (R4). Finally, the gaseous oxygen is
removed from the electrode by molecular and Knudsen diffusion (T4). For both reaction pathways,

holes migration in LSCF (T5) is also accounted in the model.
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Figure ITI-18: Illustration of the reaction pathways for the oxygen electrode (shown in electrolysis
mode): Bulk path: oxygen ion migration in GDC (T1) — oxygen transfer across the LSCF/GDC interface
(R1) — oxygen ion/vacancy diffusion in LSCF (T2) — oxygen excorporation from the bulk to the surface
of LSCF (R2) — oxygen adsorbate diffusion on the surface of the LSCF (T3) — associative desorption of
oxygen (R4) — gas diffusion (T4) — hole migration in the LSCF (T5). Surface path: oxygen ion migration
in the GDC (T1) — direct oxidation at the TPBs (R3) — oxygen adsorbate diffusion on the surface of the
LSCF (T3) — associative desorption of oxygen (R4) — gas diffusion (T4) — hole migration in the LSCF
(TS).

All the equations for the reactions (R1 to R4), for the mass and charge transport (T1 to T5) and for
the conditions at the LSCF/GDC interface are listed in Table III-XI. A classical Ohm’s law is used to
compute the ionic current in GDC as well as the electronic current in LSCF. The diffusion of oxygen
adsorbates on the surface of electrode particles and oxygen vacancies in LSCF is modeled using a
Fick’s law whereas the oxygen transport in the pores is computed in the frame of the DGM. It can be

noticed that in the latter, the Knudsen diffusion coefficient is expressed as a function of the mean

pore radius (Dk o, = Tpores* 2/3 \/ 8000RT /(mgp,m) , cf. [Krishna 1997]). Moreover, all the
effective transport parameters (such as effective conductivities and diffusivities) are expressed as a

function of their intrinsic values and the electrode microstructural parameters given in Table I11-X.

For instance, the effective electronic conductivity of LSCF is given by a,f{ SfCF = &15cr/TLscF Onygop
(so that T~ = — &,5¢p/TLscF Oy scrV Puscr > of. TS in Table III-XI). This is a typical approach for

homogeneous media as also reported in [Kanit 2003, Laurencin 2012]. The chemical and
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electrochemical reactions are written using the ‘Kréger-Vink’ notation and the corresponding kinetic
rates are also expressed as a function of the electrode morphological properties. It can be noticed that
the forward and backward kinetic constants for each reaction are linked in the model through the

thermodynamic equilibrium constants [Laurencin 2015].

For each species (holes, oxygen vacancies in LSCF, adsorbates, etc.), the conservation equations are
expressed with the chemical/electrochemical reactions as sources/sinks. Finally, a dynamic
contribution is also introduced in the mass/charge balances to consider the time-dependent response
of the electrode. The set of equations given in Table III-XI has been implemented in the mathematical
toolbox of COMSOL Multiphysics® software using the external boundary conditions detailed in
[Hubert 2016, Laurencin 2015]. Taking advantage of (i) the microstructural properties taken from the
3D reconstruction, (ii) the thermodynamic data and (iii) the transport properties known from literature
as a function of temperature and oxygen partial pressure [Hubert 2016, Laurencin 2015], it is possible
to reduce the unknown parameters of the model. Under the assumption of a fast ionic transfer at the
LSCF/GDC interface [Deseure 2005], only the kinetic constants for the reactions R2, R3 and R4, the
adsorbates surface diffusivity and the capacitance of the LSCF/GDC double layer have to be fitted

on the experimental data as a function of the operating temperature.

111.2.3.2  Equivalent Electrical Circuit Model

The impedance diagrams of Cell II have been fitted with an equivalent electrical circuit using the
EC-Lab® software (V11.01). As depicted in Figure I1I-19, the whole circuit is composed of one
element related to the electrolyte ohmic resistance, Ry, in series with the electrode circuit. The latter
is constituted by the combination a fractal Gerischer element, GE(f) [Diard 2017], taking into account
the non-faradaic processes (diffusion and surface reactions) in series with the resistance, Rin,
associated to the charge transfer at the LSCF/GDC interface (oxidation/reduction at TPBs and ionic
transfer). The capacitance of the LSCF/GDC double layer, Cu, is introduced in parallel to the
elements R;,; and GE(f) as reported in [Baumann 2006, Jamnik 1999, Prestat 2007]. Fitting the
experimental data with the equivalent circuit allowed to determine the electrode polarization

resistance, Rpo1, as well as the value of the double layer capacitance of the LSCF/GDC interface.
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Figure I11-19: Equivalent circuit used to fit the EIS of Cell II.
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Table III-XI: Equations of the physically-based model of the oxygen electrode made of porous LSCF (cf. List of symbols)

Reactions Kinetic rates
. . ke . Cox \*  (4alinF Cos \*  (—4azhHF
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111.2.4 Model Validation and Discussion

The physically-based model for the porous LSCF electrode has been validated on the experimental
data of Cell I taking advantage of the microstructural parameters coming from the 3D reconstruction.
In this section, the procedure followed for the model validation is described and the model results are

discussed. Furthermore, the extension of the model to composite LSCF/GDC electrodes is introduced.

111.2.4.1 Input parameters and procedure for model validation

Thanks to the 3D electrode reconstruction, all the microstructural properties required for the
simulations of Cell I are known (Table III-X). Regarding the transport properties for the mass and
charge transfers, the Knudsen and molecular gas diffusivities are calculated as a function of the
temperature using the classical relations given by Suwanwarangkul et al. [Suwanwarangkul 2003].
Except for the oxygen surface diffusivity, all the transport properties in LSCF are taken from
published works at 800°C as a function of oxygen partial pressure. The temperature dependence of
the oxygen bulk diffusion in LSCF is also taken into account through an Arrhenius law. Therefore,
only the surface diffusivity for the oxygen adsorbates has been adjusted on the experimental curves
at the three temperatures, whereas the activation energy for the LSCF chemical diffusivity has been

estimated with the data at 700°C and 750°C.

For the thermodynamic computation, all the data at equilibrium including the oxygen coverage rate
and the oxygen under-stoichiometry in LSCF are taken from literature [Bishop 2009, Deseure 2005].
The oxygen under-stoichiometry (or concentration at equilibrium) is given as a function of
temperature and partial pressure. In accordance with the bibliography data on LSCF [Deseure 2005,
Gong 2012, Svensson 1998], a very low numerical value for the oxygen coverage rate at equilibrium

is taken for the simulations (8.7 <« 1, cf. Table ITI-XII). Since its thermal evolution between 700°C

OLscF

and 800°C remains in the same range of such low values, its modification does not affect deeply the
reaction thermodynamic constants and hence the electrode response. Therefore, its temperature
dependence has been neglected in the simulations. Regarding the kinetic parameters, it is assumed
that the ionic transfer (R1) is non-limiting [Laurencin 2015] so that only the forward kinetic constants
for excorporation/incorporation (R2), charge transfer at TPBs (R3), and desorption/adsorption (R4)
are unknown.

Finally, because of a large scattering of values reported in the publications for the LSCF/GDC double
layer capacitance [Baumann 2006, Prestat 2007], it has been chosen to include the assessment of this
parameter in the study.
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In the first step of the modeling procedure, the oxygen surface diffusivity, and the three missing
kinetics constants have been fitted on the polarization curve at each temperature while the activation
energy for LSCF bulk diffusivity has been evaluated with the curves at 700°C and 750°C. Once these
parameters have been determined, the EIS at OCP and under polarization have been simulated using
the protocol detailed by Hubert et al. [Hubert 2016]. For this purpose, a sinusoidal perturbation on
the ionic current, Z, is applied in the electrolyte and the time-dependent response of the electrode is
computed. Ten cycles of current are calculated for each frequency and only the last two are used to
determine the electrode impedance. In the simulations 89 frequencies are computed, logarithmically

spaced between 10 Hz and 10° Hz.

111.2.4.2 Model calibration on the n-i curves and validation with EIS

The polarization curves computed with the input parameters reported in Table III-XII are compared
to the experimental data in Figure III-13a. Thanks to the dissymmetry of the n-i curves, only a set of
consistent solutions has been found for the unknown parameters of the model (cf. fitted parameters
in Table III-XII). It can be noticed that the activation energy for the LSCF chemical diffusion
coefficient is estimated to = 153 kJ-mol™! using the data reported in Table III-XII. It is worth
mentioning that dedicated methods, such as conductivity relaxation technique, must be used for an
accurate and precise determination of the oxygen chemical diffusivity. For example, Bouwmeester et
al. [Bouwmeester 2004] have measured the chemical diffusion constants of Lag.¢Sro4Coo.2Fe0803-5
leading to an activation energy of = 145 kJ-mol™! (with pO> = 0.1 atm), while Yashiro et al. [Yashiro
2011] have determined for the same material and in the same conditions an activation energy of =
116 kJ-mol™'. Moreover, Sogaard et al. [Sogaard 2006] have reported a value of ~ 132 kJ-mol™! for
the same LSCF composition. Therefore, our estimation of ~153 kJ-mol™ is in the same order of
magnitude of the values which have been specifically measured on the same kind of LSCF compound.
Moreover, the reaction kinetic constants estimated at 800°C are also found to be in good agreement
with the values determined at the same temperature on another LagsSro4Coo2FeosOs.5 electrode
microstructure [Laurencin 2015]. As a general comment, it is worth mentioning that an excellent
agreement is achieved between the simulations and the experiments for each temperature (Figure
I11-13a). Therefore, since the simulations are able to reproduce the transition in the polarization curve

at different temperatures, the model can be considered roughly validated.

Nevertheless, to fully confirm the model strength, the same set of parameters has been used to
compute the EIS. At 750°C, the model is able to predict with a high level of confidence the gradual

transition from a Gerischer-type element at OCP and at low anodic polarization (Figure III-14a and
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Figure I1I-14b) towards flattened and convoluted diagrams at higher polarization (Figure I1I-14c and
Figure III-14d). Besides, the same evolution of the spectra changing from OCP to higher anodic
polarization is also well reproduced by the model at 700°C and 800°C (Figure III-15a and Figure
I11-15b). Therefore, a good consistency in the global shapes of the simulated and experimental EIS is
observed whatever the polarization and the operating temperature. Only a slight shift in frequency
distribution is detected between the simulations and experimental results at OCP which tends to
disappear under polarization.

All the simulations in the time domain have been performed with a capacitance for the LSCF/GDC
double layer estimated to 10 uF-cm™. This value allows minimizing the error between the modeled
and the experimental spectra in the high frequency region (f > 1000Hz). Nevertheless, it is worth
underlining that the main part of the EIS ranging from low to medium frequencies (f<1000Hz)

remains unaffected by the choice of the Ca.

Table ITI-XII: Parameters used in the model to fit the experimental data (fitted values in italic)

Parameter Value Units
Electrode Thickness (£Lscr) 35 (pm)
Maximum oxygen concentration in the LSCF (Cpx"™* 83108 (mol-m™)
Electronic conductivity of LSCF (o ..) 33’739 (S'm™)
Oxygen coverage rate at equilibrium (933 scr) 4.6x10° =)
Maximum density of adsorption sites (I;gcr) 107 (mol-m?)
Kinetic constant for the ionic transfer (R1) (k) 106 (mol'm2-s)
Oxygen partial pressure (po,) 0.21 (bar)
Double layer capacitance (for EIS modeling) (Cy;) 0.1 (F-m?)
700°C 750°C 800°C
Oxygen Knudsen diffusion coefficient (D o,) 5.83x10°  5.98x10°  6.12x10°7 (m?s)
Tonic conductivity of GDC (0;4 6pc) 2.87 4.05 5.52 (S'm™)
Oxygen binary diffusion coefficient (Do, _y,) 1.51-10* 1.8:10 1.96x10* (m?s)
Oxygen concentration in the LSCF at equilibrium (C g; 82°887 82°666 82444 (mol-m™)
Oxygen chemical diffusion coefficient in LSCF (Doper)  1.51x10°7 5. 1x10°"  0.9x10710 (m?s")
Oxygen adsorbates diffusion coefficient (Do, ;) 2.52x107  7.7-107 2x10° (m2-sh
Kinetic constant for adsorption (R4) (kgqs) 1.25%10°  1.6x10° 2.8x10°  (m?mol!-atm'-st)
Kinetic constant for oxygen excorporation (R2) (kx€F/9%)  2.17x10°  2.8x10° 3x107 (m®mol”-s™)
Kinetic constant for oxidation at TPBs (R3) (k2B 0.354 2.61 7 (m?-mol'-s)

Aside from the double layer capacitance, it is worth reminding that the EIS simulations have been
performed without adjusting any input parameter of the model (which have been determined only on
the polarization curves). Without any additional fitting, the model is able to reproduce accurately the
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shape of the impedance whatever the temperature or the polarization. As a consequence, the overall
comparison between the simulated and experimental EIS confirms the model relevance to predict the

LSCF behavior so that it can be considered fully validated.

Even if the present work allows justifying the proposed reaction pathway for the porous electrode,
the use of the n-i curves and impedance spectra is not enough to avoid a slight uncertainty on the
determination of the kinetic constants and surface diffusivity. From this point of view, other
experimental studies are still needed to improve the precision for the determination of the model
parameters. In this frame, the modeling of experimental cyclic voltammetry [Kournoutis 2011, Tezyk
2019] and nonlinear impedance spectroscopy [Geary 2016] could be especially relevant.
Nevertheless, the model validity allows claiming that the experimental transition observed on the
polarization resistance and impedance spectra can be related to the passage from the bulk path to the

surface path as discussed hereafter.

111.2.4.3 Discussion

Influence of polarization on the reaction pathway — As proposed in Laurencin et al. [Laurencin 2015],
the relative proportion of the surface to the bulk paths can be expressed through the indicator ¢ defined
as the ratio between the kinetic rates of direct oxidation/reduction at TPBs (R3) and oxygen
incorporation/excorporation from LSCF (R2) (eq. (I1I-22)).

Vg3
fZ =fLSCF
z={Gpc

&=

(111-22)
Vpodz

It is reminded that the reaction at the TPBs occurs only at the LSCF/GDC interface (z = {gpc), while
the incorporation/excorporation reaction is liable to occur all over the electrode thickness
(€opc <z < {irscr). For this reason, the ratio between the two reaction rates has to be calculated
integrating the velocity of R2 on the whole electrode thickness. A value of ¢ lower than one
corresponds to a reaction mechanism dominated by the ‘bulk path’ while a ratio higher than one

indicates a mechanism controlled by the ‘surface path’.

Once the model has been validated, the ratio has been computed as a function of the current density
(Figure II1-20a). For example, at 750°C, it can be seen that the ratio becomes higher than the unity at
low anodic current (ipc = 15 mA-cm?) corresponding to an overpotential of 0.016 V/air. This result
confirms that the change observed in the experimental polarization curves at low anodic overpotential
(Figure I11-13) is explained by the transition from the bulk to the surface path. Moreover, at the same
temperature, the modification of the EIS shape from the Gerischer-type element to a flattened semi-
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circle is detected experimentally between ipc = 10 mA-cm™ and ipc = 50 mA-cm™ (Figure 111-14b
and Figure I1I-14c, respectively). This range of current for which the shape of the EIS changes is thus
fully consistent with the computed current of ~ 15 mA-cm™? for which the dominant reaction

mechanism is changed from the bulk to the surface path.
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Figure I1I-20: Results of the simulations: a) Ratio calculated with the model between the kinetic rate of

R3 and R2 - b) Oxygen vacancies concentration in the LSCF lattice, 3 = equilibrium concentration — ¢)
Comparison of the ratio at OCP and under anodic polarization at different temperatures

The transition from the bulk to the surface path in anodic polarization can be explained with the
evolution of the oxygen vacancies content in LSCF [Laurencin 2015]. To highlight this dependency,
the concentration of oxygen vacancies in the LSCF at the interface with the GDC has been plotted as
a function of the current density in Figure III-20b. A strong decrease in oxygen vacancies
concentration is found increasing the anodic overpotential. Indeed, under anodic polarization, a

depletion of oxygen vacancies in the LSCF lattice is expected (Cy;+ < C‘fof’.), due to the slower kinetic

of oxygen excorporation (R2) with respect to ionic transfer (R1) (vg; K Vvg1). When the vacancy
concentration tends to zero, the ionic transfer and the overall bulk path are limited all together in such

a way that the surface path with the oxidation at TPBs becomes predominant.
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Influence of temperature on the reaction mechanism — The influence of temperature on the ratio of
the surface to the bulk path is illustrated in Figure [1I-20a at 700°C, 750°C and 800°C. Over this range
of temperature at OCP, the ratio is found to be lower than the unity meaning that the reaction
mechanism remains controlled by the bulk path. Conversely, when the anodic current density is
increased, the contribution of the surface path becomes progressively more important until becoming
predominant (¢ > I). To study the electrode thermal behavior when the bulk or the surface path is
activated, the ratio has been plotted in Figure III-20c for different dc current densities from OCP

(& <I)to+50 mA-cm? (& » 1).

It can be seen in Figure III-20c that the ratio at OCP increases with the temperature. Therefore, even
if the bulk path remains predominant, this evolution points out that the contribution of the oxidation
at TPBs in the global reaction mechanism is enhanced with increasing the operating temperature.
Since the oxygen surface and bulk diffusivities evolve roughly similarly with the temperature (cf.
Table III-XII), the electrode behavior at OCP is basically explained by the characteristics of the
thermally-activated reaction kinetics. Indeed, as shown in Table I1I-XII, the temperature dependence
of the kinetic constant for the oxidation at TPBs is found to be higher than the one for oxygen
excoporation/incorporation. In this condition, the relative weight of the surface path at OCP is
enhanced with increasing the temperature. This statement is consistent with the plot of the
experimental polarization resistance in Figure III-13b. Indeed, at 700°C, the maximum of the
polarization resistance, which is linked to the transition in the reaction mechanism, is reached under
anodic polarization, while, at 800°C, it is found very close to the OCP. Furthermore, this result is also
confirmed by the impedance spectra acquired at OCP. At 700°C, a well-defined Gerischer-type
diagram is observed (Figure I1I-15a) which indicates a bulk path dominated mechanism (§ycp= 0.4,
cf. Figure I11-20c) as deeply discussed in Adler ef al. [Adler 1998, 1996]. Conversely, at 800°C, the
experimental diagram (Figure III-15b) becomes to be slightly flattened and convoluted indicating a
non-negligible contribution of the oxidation/reduction at TPBs ({gcp= 0.8, cf. Figure 111-20c¢). This
evolution of the impedance spectra with the temperature is in good agreement with the experimental
results reported in Kournoutis et al. [Kournoutis 2009]. Moreover, this statement is also consistent
with the studies of Liu ef al. [Liu 1998a, 1998b] who have proposed a likely contribution of TPBs
even at OCP.

It can be noticed that the error on the frequency distribution at OCP between the simulations and the
experiments discussed in section 111.2.4.2 increases with increasing the temperature (Figure I11-14

and Figure III-15). This discrepancy seems to be correlated to a more depressed impedance spectrum
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in the Nyquist representation at 800°C (cf. Figure III-15b). From this point of view, it could be
possible that a higher contribution of the charge transfer at TPBs would improve the agreement
between the model results and the experiments at 800°C. This remark means that, in the present

simulations, the role of TPBs at OCP could even be slightly underestimated at high temperature.

In contrast to the evolution at OCP, as illustrated in Figure I11-20c for ipc = +50 mA-cm™, the ratio
at ‘high’ anodic current density increases steeply by decreasing the temperature. This behavior is
explained since the oxygen under-stoichiometry at equilibrium for the LSCF material is strongly
decreased when the temperature is lowered [Bishop 2009, Hartley 2000]. Therefore, as the

concentration of oxygen vacancies at equilibrium is decreased (T | = C;Ofl. 1), the oxygen vacancies

depletion within the LSCF lattice under anodic current (Cyg-—> 0) is reached more rapidly at lower
temperature. As a consequence, the bulk path is more easily blocked under current when the
temperature is decreased. In this condition, despite the thermal effect on the kinetics, the potential-
activated charge transfer at TPBs is favored so that the surface path is promoted at low temperature

under anodic polarization (at 700°C, &;  _somacm-2 = 5.5 and at 800°C, §; | _somacm-2 = 1.6, cf.

Figure I11-20c). This explanation is consistent with the variation of the experimental polarization
resistance in anodic polarization (Figure III-13b). Indeed, at 700°C, the curve exhibits a steep
potential-dependent decrease in anodic polarization while at 800°C, the curve is more symmetric

indicating a smoother transition.

Finally, at low anodic current between OCP and ipc = +50 mA-cm™, the impacts of temperature on
the kinetics and on the oxygen vacancies concentration counteract each other leading to a roughly
constant value for the ratio. It can be noticed in Figure III-20c that, at low anodic current for
ipc = +13 mA-cm™, the ratio £ is roughly equal to one independently of the temperature. This remark
means that the transition from the bulk to the surface path occurs approximatively at the same current
density whatever is the temperature between 700°C and 800°C. However, it is reminded that the
polarization curve is strongly activated by the temperature (Figure I1I-13a) so that the threshold (§=1)
for a given current density appears at different electrode overpotential. Therefore, the transition

happens at higher anodic overpotential decreasing the temperature (ngg(fc < ngz(fc < ngg(fc), in

agreement with the experimental results previously discussed in section II1.2.1.3.

Value of the LSCF/GDC double layer capacitance — As reported in section 111.2.4.2 for Cell I, the
LSCF/GDC interfacial capacitance has been evaluated to be ~10 uF-cm™ by fitting the experimental

EIS with the physically-based model. This result is consistent with the value estimated for Cell II at
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OCP on both electrodes. Indeed, in this case, a capacitance comprised between 1 and 100 pF-cm™
has been obtained by fitting the experimental data with the equivalent electrical circuit described in
Figure I1I-19 in the temperature range 400°C — 700°C. For both cells, the double layer capacitance is
found to be roughly independent of temperature. This range of values (10 — 100 uF-cm™) corresponds
to a classical capacitance due to the electrostatic double layer for a metal-solid electrolyte interface
[Armstrong 1997, Mitterdorfer 1999]. This behavior for the LSCF/GDC system is expected
considering the LSCF as a good electronic conductor and the GDC as a good ionic conductor.
Nevertheless, some authors [Baumann 2006, Marinha 2012] have reported higher values for the
LSCF/GDC interfacial double layer capacitance ranging from 100 to 1000 pF-cm™. From this point

of view, further studies are needed to better analyze the nature of the LSCF/GDC interface.

111.2.5 LSCF-GDC Composite Electrodes

In this work, it can be noticed that a micro-kinetic model for LSCF-GDC composite electrode has
been also used for the simulation of Cell-A (cf. chapter II and section III.3). The model was initially
developed in [Hubert 2016, Laurencin 2015] while its validations is done in the frame of the thesis
of E. Effori [Effori 2019]. In this model, the porous LSCF oxygen electrode was extended to be able
to simulate the behavior of a composite LSCF-GDC electrode. This step has been done modifying
the mass and charge conservation equations considering the GDC in the entire electrode. In this case,
the surface path can occur in the whole electrode thickness. Because of this property, the charge
transfer at the TPBs was found to dominate the reaction mechanism independently of the polarization
[Effori 2019].

111.2.6 Concluding Remarks

In order to validate the reaction mechanism of the classical porous LSCF electrode, a set of
experiments has been conducted on two symmetric cells with different microstructures. The cells,
tested in two separate setups, have been found to exhibit consistent electrochemical behaviors. In
both cases, the 1-i curves present a clear dissymmetry between anodic and cathodic polarizations.
The transition occurs at a low anodic overpotential threshold that decreases with increasing the
operating temperature. This electrode behavior is confirmed by a modification of the electrochemical
impedance spectra from a classical Gerischer-type element at OCP to a flattened semicircle under
anodic DC current. All these results indicate a change in electrode reaction mechanism occurring at

low anodic polarization.
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In order to interpret the experimental results, a micro-scale physically-based electrode model has been
used. This model includes two parallel multi-step reaction pathways with an oxygen
incorporation/excorporation at the gas/LSCF interface (bulk path) and a direct oxidation/reduction at
TPBs (surface path). For one of the two studied cells, a 3D electrode reconstruction has been obtained
to determine all the microstructural properties required for the simulations. With a reduced number
of unknown parameters, the model has been found to be reproduce the dissymmetry of the electrode
polarization curves at different temperatures. Furthermore, the model simulates accurately the
impedance spectra reproducing the evolution of the diagrams from OCP to anodic polarization. The
good agreement between the simulated curves and experimental data allows validating the main
model assumptions. The analyses of the computed electrode kinetic rates have shown that the
transition detected at low anodic polarization is due to a change of dominant reaction pathway passing

from the bulk to the surface path.

Once validated, the model has been used to unravel the complex electrode operating mechanisms.
The analysis of the local quantities in the electrode has revealed that the change in electrode reaction
pathways is driven by a depletion of oxygen vacancies in LSCF under anodic polarization. Moreover,
the relative contribution of the bulk and the surface paths has been investigated as a function of
temperature. The simulations at OCP have shown that the weight of the surface path is reinforced
increasing the temperature even if the bulk path remains dominant. Conversely, under ‘high’ anodic
current, the surface path is always prevalent and its contribution is enhanced when the temperature is
lowered. In between, the surface and the bulk paths are equally activated at a ‘low’ anodic current
corresponding to different overpotentials depending on the temperature. This thermal behavior at
OCP and under current is explained by the combination of two opposite effects of temperature on the
global reaction mechanism: the temperature-dependent evolution of the oxygen under-stoichiometry

in LSCF at equilibrium and the thermal activation of reaction kinetics.

Subsequently, the LSCF/GDC double layer capacitance fitted on the impedance spectra at high
frequency has been found to be consistent with an electrostatic double layer capacitance for a metal-

solid electrolyte interface.
To conclude, this micro-kinetic model for the LSCF and the composite LSCF-GDC oxygen electrodes

can be considered validated. Therefore, it can be used to investigate the origins of the degradation in

LSCF-based oxygen electrodes after aging (cf. chapter V).
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III.3 Macro-Scale Model at the Cell level and Multi-Scale Integration

As already presented in [Hubert 2018, Laurencin 2017], the two micro-scale models are coupled with
a macro-scale model that has been developed at CEA to describe the cell behavior in SOFC
[Laurencin 2008] and SOEC modes [Aicart 2014, Bernadet 2015, Laurencin 2011]. The macro-scale
model allows the simulation of the overall response of the cell taking into account the macroscopic
operating parameters such as the operating temperature, the current density, the overpotentials and
the gas compositions [Godula-Jopek 2015].

In this section, the macro-scale model is shortly described, and the methodology used to link the
micro-scale models to the macro-scale model is introduced. Finally, the multi-scale model calibration
specifically obtained for this study is given based on the experimental data at the complete cell level

reported in chapter II.

I11.3.1 Macro-Scale Model Description

The macro-scale model allows the simulation of the cell performances starting from the nominal
operating conditions in terms of temperature, pressure and gas compositions. It can be noticed that
the knowledge of the microstructure properties for the current collecting layers is also essential to
reduce the number of unknown model parameters. As illustrated in Figure III-21 (left), a 2D radial
approach is adopted describing the geometry of the entire button cell and the interconnect, taking into

account the radial co-flow configuration of the experimental setup (cf. chapter II).

In the model version used for this study, the gas flows in the anodic and cathodic channels are taken
into account by using local mass balances performed of each species. Moreover, the mass transport
in the porous electrode is also considered using the DGM and taking into account the molecular and
Knudsen diffusional processes. In this frame, the source terms for the reactants and products at the
two electrodes are linked to the faradaic current originating from the electrochemical reactions that
are supposed to take place in the vicinity of the electrodes/electrolyte interfaces. In other words, the
functional layers are reduced to the electrode/electrolyte interfaces in this macroscopic approach.
Finally, all the Ohmic resistances are taken into account considering the ionic conductivity of the
electrolyte, the electronic conductivity in the two electrodes and the contact resistances at the two

electrode/current collector interfaces.

Using the Nernst equation, the OCV is determined in the macro-scale model starting from the gas

compositions and the operating temperature. From the OCV, the model can be used to compute all
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the contributions to the cell overpotentials. In particular, the Ohmic losses are directly derived from
the various contributions to the Ohmic resistances and the local current densities evolving along the
cell radius. In addition, the local concentration overpotentials for the two electrodes are obtained by
considering the evolutions of the gas compositions between the gas channel and the functional layers
at OCV and under operation. Finally, the local activation overpotentials are also calculated all along
the electrode/electrolyte interfaces. For this purpose, a global Butler-Volmer formalism is used
through local ‘apparent’ exchange current densities (ip) for each electrode. These exchange current
densities depend on the local gas partial pressure taken at the electrode/electrolyte interface. Using
this phenomenological approach, the activation overpotentials at the cell level include all the
microscopic processes occurring in the active layers (reaction kinetics, gaseous and adsorbate

diffusion, charge migration).

111.3.2 Multi-Scale Integration

The connection between the micro-scale and the macro-scale simulations is done by imposing the
same activation overpotential for each electrode at the two levels. With this objective, the micro-scale
models are used to evaluate the overpotentials associated to the reaction mechanisms in the electrodes
as a function of the local gas composition, and these are used to determine the local activation

overpotentials at the cell level as depicted in Figure III-21.
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Figure III-21: Illustration of the procedure to integrate the micro-scale models for the fuel and oxygen
electrodes in the macro-scale model at the cell level.

In other words, a classical multiscale approach is used to connect the cell and electrodes models.

Indeed, the activation overpotentials used at the cell levels are calculated along the cell radius thanks
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to the micro-scale electrode models. For these computations, the gas partial pressures are taken from
the macroscopic model and they are used as boundary conditions for the micro-scale simulations.
With this purpose, the exchange current densities in the macro-scale model are expressed according

to egs. (I1I-23a) and (I1I-23b) for the fuel and the oxygen electrodes, respectively.

Hjp
Hy _ Hy ¥V .. .X . _Egge 111-23a
ig? =1og " Xfy " Xfi o exp( L ( )
02
:02 _ 02 A _Eait 111-23b
lh? =1l " X0, exp( RT) ( )

In these expressions, the exchange current densities depend on the operating temperature and the
molar fractions of products and reactants (x;) in the vicinity of the active sites (i.e. at the
electrode/electrolyte interfaces for the macroscopic model and at the top of the active layer for the
microscopic ones). The terms E., represent the activation energies for the two electrodes, expressed
in kJ-mol!, whereas the exponents y, y and A are used to express the dependency of the exchange
current densities on the gas compositions. These exponents have been determined using a large
dataset of partial pressures in the two micro-scale models for the hydrogen and oxygen electrodes and
a least-square algorithm has been used to obtain the values for fuel cell or electrolysis operation
[Hubert 2018].

All the fitted valued are reported in Table I1I-XIII and it can be noticed that they are in good agreement
with published data for the both electrodes [Aicart 2015, Costamagna 1998, Kanno 2011, Nagata
2001, Yonekura 2011] as discussed in the thesis of M. Hubert [Hubert 2018].

Table III-XIII: Parameters for the computation of the exchange current densities for the fuel and
oxygen electrodes fitted on the micro-scale models [Hubert 2018]

Fitted parameter SOFC polarization SOEC polarization Unit
y 0.0871 0.073 )
Hydrogen electrode X 0.57 0.61 ()
E2 117 (kJ-mol ™)
A 0.34 0.15 )
Oxygen electrode
E2 120 (kJ-mol™)

111.3.3 Multi-Scale Model Validation

The multi-scale modeling framework has been validated considering the experimental results
reported in chapter Il for Cell-A1 and Cell-A2. In order to simulate the overall cell response, it is
necessary to take into account the microstructural data of the two electrodes. With this objective, the

microstructural data for the Ni-YSZ electrode have been obtained from a 3D reconstruction of a
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pristine cell of type A (as will be discussed in chapter IV). The data for the microstructure of the
LSCF-GDC//LSCF electrode bilayer have been taken from FIB-SEM reconstructions [Effori 2019]
for the micro-scale model, whereas the microstructure of the LSCF//LSC obtained by X-ray nano-
holotomography has been used for the macro-scale model. With these microstructural parameters the
multi-scale model has been validated on the initial performances for the two cells in both operating

conditions simulating the polarization curves without any additional fitting.

The results of the model validation in SOFC and SOEC modes are given in Figure III-22. As can be
seen, the experimental results and simulated polarization curves are well superposed with only a slight
difference at high current densities (= 5 — 8%) that does not invalidate the model results. Therefore,

the overall modeling scheme can be considered validated for the investigation of the degradation

mechanisms.
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Figure I11I-22: Validation of the multi-scale modeling scheme on the initial performances of Cell-41 and
Cell-A2 (SOFC fuel composition: H»/HO = 100/0 vol.%, SOEC fuel composition: H./H.O = 10/90
vol.%): a) SOFC performances of Cell-A1 at 800°C — b) SOEC performances of Cell-A1 at 850°C — ¢)
SOFC performances of Cell-42 at 800°C — d) SOEC performances of Cell-A2 at 850°C.
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II1.4 Conclusion of This Chapter

In this chapter, the improvements of an existing multi-scale modeling scheme have been detailed. A
specific focus has been dedicated to the development and the validation of a detailed micro-kinetic
model for the hydrogen electrode, i.e. Ni-YSZ cermet, while an existing oxygen electrode model has

been carefully validated for LSCF and LSCF-GDC.

For the hydrogen electrode, it has been shown that the reaction process can be successfully simulated
considering a double hydrogen spillover mechanism for the charge transfer. This mechanism has been
validated taking advantage of the experimental characterization of a symmetric cell consisting in a
Ni-3YSZ cermet. Based on the simulation results, the reaction mechanism appears to be co-limited
by the charge transfer, the vacancies migration in the ionic conductive material and an interaction
between the steam and the solid phases. Furthermore, it has been found that the limiting interaction
is strongly related to the operating conditions. Indeed, the simulations suggest that the interaction
with the YSZ could be co-limiting in SOFC mode, whereas the interaction with the Ni would become

the co-rate determining step in SOEC conditions.

In parallel, a micro-kinetic model for a porous LSCF oxygen electrode has been completely validated.
The model consists in two reaction pathways, named the ‘bulk path’ and the ‘surface path’. In
cathodic polarization and at the OCP, it has been shown that the electrode response is controlled by
the ‘bulk path’, whereas in anodic polarization the surface paths is the main reaction pathway. The
transition between the two reaction pathways would be related to the depletion of oxygen vacancies

in the LSCF material occurring in anodic polarization.

Finally, the two micro-scale models are coupled to a macro-scale model that allows simulating the
behavior of a complete button cell based in the operating conditions. The multi-scale modeling
scheme has been validated on experimental data of two different button cells demonstrating the large
flexibility of the modeling tool. Therefore, it can be used to investigate the degradation mechanisms
of the SOCs operated in the fuel cell and electrolysis mode, taking into account the evolutions at the

electrodes level and the overall cell response.
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IV. Hydrogen Electrode Degradation:
Impact of Polarization and Initial

Microstructure on the Ni Evolution

As introduced in chapter II, two types of cells with different Ni-YSZ cermets (Cell-4 and Cell-B),
which were aged by partners, have been thoroughly analyzed in the frame of this thesis with advanced
post-test characterizations and modeling. These cells were aged in fuel cell and electrolysis modes
for operating times ranging from 1’000 hours to 15’000 hours. Thanks to the careful inspection of the
experimental data, it was clearly confirmed and reported in chapter II that the degradation rate
measured in electrolysis mode is higher than in fuel cell mode (for the same type of cell). Moreover,
it has been shown that the degradation for Cel/-B is significantly higher than for Cell-4. According
to the literature, it is known that a significant part of the degradation could come from the Ni evolution
in operation (cf. chapter I). Therefore, it could be suggested that the difference in the degradation rate
between the two types of cells could be related to the difference in the initial Ni-YSZ cermets
microstructures. To go further in the interpretation, the microstructures for the pristine and aged
cermets (for the two types of cells) have been carefully characterized by 3D reconstructions obtained

via X-ray nano-holotomography.
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In a second step, the microstructural data extracted from the 3D volumes have been implemented in
the multi-scale modeling tool to quantify the impact of Ni evolution on the cell performances.

Concerning the Ni coarsening in the bulk, the phenomenological law for the Ni agglomeration
proposed in the thesis of M. Hubert has been used [Hubert 2018, 2018a] in order to evaluate the
impact on the performances for very long operating times. In addition, the extent of Ni depletion at
the electrolyte interface has been quantified and its effect on the electrode and cell response has been
evaluated. Thanks to the simulations, a mechanism to account for the higher nickel migration

observed after an operation in electrolysis mode has been proposed and discussed.

The first section of this chapter is dedicated to the presentation of the cermet reconstruction with the
data acquisition and the 3D image processing for microstructural computations. The second section
is devoted to the presentation and the analyses of the evolutions of the microstructural properties
before and after ageing. The assessment by electrochemical modeling of the impact of both the Ni
coarsening and migration on cell performances is reported in the third section of the chapter. Finally,
the presentation of an alternative mechanism for the Ni depletion is detailed in the last part of this

chapter.

IV.1 3D Reconstructions and Image Processing Techniques for Microstructural

Computations

To investigate the microstructural evolutions occurring in the Ni-YSZ cermet after operation, 3D
reconstructions have been obtained via X-ray nano-holotomography. The volumes have been
analyzed using in-house codes to determine the overall modifications in the microstructural properties
in the bulk of the cermets. In addition, a specific attention has been given to obtain the local evolutions
of the microstructural parameters in the vicinity of the electrode/electrolyte interface.

In this section the samples extracted from each cell are described as well as the procedure followed

to measure the evolutions of the microstructural parameters.

IV.1.1 Samples Extracted from Cell-A and Cell-B

Eight micro-pillars have been analyzed in this work. The samples have been prepared for the nano
holotomography experiment using the pFIB and following the procedure reported in section 11.3.2.2.

As an illustration, one of prepared pillars is shown in Figure IV-1a.
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Figure IV-1: Procedure for the sample preparation, reconstruction and analysis: a) Micro-pillar of
Cell-B Reference prepared with the pFIB — b) Comparison of a 2D slice before and after the
segmentation — c¢) 3D segmented volume — d) Illustration of the slice-by-slice approach for the
computation of the local microstructural properties at the electrode/electrolyte interface.

For Cell-A3, three samples have been extracted from the inlet, the center and the outlet segments as
reported in Figure [1-10b (named Cell-A3 Inlet, Cell-A3 Center and Cell-A3 Outlet, respectively). For
Cell-A4, one sample coming from the inlet of the fifth RU has been analyzed (Cell-A4 Inlet).

Moreover, two samples taken from Cel/l-B have been studied (Figure I[V-2).

oxygen
electrode
"\
\N 7z
- ——
i== *‘I sample
| .
v_ _ ) active
i~ = sample

hydrogen
electrode

Figure I'V-2: Illustration of the two samples taken from the aged cell of type B corresponding to Cell-B
Active and Cell-B Inactive.
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One of these two samples has been extracted from the center of the cell, in the electrochemically
active region (Cell-B Active). The other one has been taken from the periphery of the cell, from a
region in which no electrochemistry occurs (Cell-B Inactive). Finally, for both types of cells, a
representative reference sample coming from a pristine cell just after the cermet reduction has also

been prepared and reconstructed (Cell-A Reference and Cell-B Reference).

IV.1.2 Methodology for the Determination of the Microstructural Parameters

The 3D reconstructions of each sample have been obtained via X-ray nano-holotomography as
described in section IL.3. Once the microstructure had been reconstructed, a region containing part of
the hydrogen electrode and the electrode/electrolyte interface has been identified. For each sample, a
sub-volume of = 30x30x30 um? has been selected. These dimensions allow to be representative for
the classical Ni-YSZ cermet being larger than the typical Representative Volume Element (RVE) of
~ 17° um? [Moussaoui 2018]. The raw images have been processed by using in-house codes in order
to identify the percolated phases (Ni, pores and YSZ) [Quey 2013, Usseglio-Viretta 2014, Villanova
2013]. For this purpose, the raw data in grey levels have been filtered following the approach
proposed by [Perona 1990] to enhance the contrast between the different phases. Afterwards, the
filtered 3D images have been segmented using the criterion proposed by [Otsu 1979], and a specific
value has been assigned to each phase. A visual comparison between a 2D cross-section taken from
the raw 3D image and the corresponding 2D slice coming from the segmented reconstruction is shown
in Figure IV-1b. A good accordance can be noticed between the two images proving the reliability of
the filtering and segmentation procedures. A 3D rendering volume containing a part of the Ni-YSZ
cermet and a part of the electrolyte is also given in Figure IV-1c as an illustration. As a last step, the
connected paths for each phase have been identified in the reconstructions [Usseglio-Viretta 2014]
so that the microstructural properties are computed on the percolated and disconnected phases.

The density of active TPBs (7pgs), the volume fraction of each phase (Vf), the specific surface areas
(Spi—j) and the mean phase diameters (D,,) have been measured on the volumes using an in-house
algorithm [Moussaoui 2018]. Moreover, the M-factors (eq. (IV-1)), defined as the ratio between the
effective conductivity (or diffusivity) and the intrinsic value for the solid (or gas) phase, have been
computed by solving the Laplace equation on the microstructures [Laurencin 2012].

oI

— i 1v-1
Mi - Ugulk ( )
i

Where aief T and aP¥k represent the effective and the intrinsic conductivity/diffusivity of phase i

expressed in S-m.
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All these microstructural parameters have been computed in two ways: (i) to evaluate the global
microstructural evolution in the bulk and (ii) to take into account the potential gradients arising in the
neighborhood of the electrode/electrolyte interface. For this purpose, the microstructural properties
in the bulk of the electrodes have been calculated for each reconstruction on a sub-volume taken
~ 10 pm away from the electrode/electrolyte interface (= 30x30x20 um?) (Figure IV-1c). In order to
evaluate the gradients, the first 10 pm of each Ni-YSZ electrode reconstruction have been divided in
twenty slices of 30x30x0.5 um? (Figure IV-1d) and the local microstructural parameters have been

calculated with a slice-by-slice approach.

IV.2 Results of the Microstructural Analysis

The microstructural parameters extracted from the bulk of the pristine and aged samples have been
measured. In addition, the gradients and the electrode/electrolyte interfaces have also been computed
and compared between the different samples. In this way it has been possible to investigate the
evolutions of each cell as a function of the initial microstructures and operating conditions. In this
section, the comparison between the two pristine cells is analyzed as well as the changes occurring in
Cell-A and Cell-B after aging as a function of the operating modes. It can be noticed that the
occurrence of incidents during the long-term test does not seem to have significantly influenced the
morphological evolution in the cermets of the aged cells, so that the analysis of the Ni evolution after

aging can be considered as reliable.

1V.2.1 Microstructural Properties of the Reference Cells

As a first analysis, the reconstructions coming from the two reference samples (Cell-4 Reference and
Cell-B Reference) have been studied to investigate the differences in the initial microstructures

between the two types of Ni-YSZ electrodes.

The comparison between the two rendering volumes taken in the bulk of the two pristine cermets is
shown in Figure IV-3a and Figure IV-3b. It can be seen that the two initial microstructures differ
significantly between each other. On the one hand, Cell-4 Reference presents a fine microstructure
with a rather homogenous distribution of Ni particles (Figure IV-3a). On the other hand, Cell-B
Reference presents a much coarser microstructure, with large agglomerates of Ni even before aging
(Figure IV-3b). This difference in the initial microstructures is also revealed by the inspection of the

nickel Particle Size Distribution (PSD) plotted for the two electrodes (Figure IV-3c). The coarser
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microstructure for Cell-B Reference is reflected in a broader distribution for the Ni phase compared
to the narrow peak computed for Cell-A Reference. As a result, the Ni mean particle diameter of
Cell-B Reference is more than twice the one for Cell-4 (1.14 pm vs 0.46 um: cf. Table IV-I). From
this observation, an important difference in the other microstructural parameters for the two samples
can be expected. Indeed, a finer microstructure must lead to a higher number of active TPBs and
higher specific surface areas between the phases [Moussaoui 2019]. This dependence is well
confirmed by the microstructural properties provided in Table IV-I for the two types of cermet (as an

example, the density of TPBs for Cell-A Reference is four time larger than for Cell-B Reference).

o—Cell-A Reference
—o—Cell-B Reference
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Figure IV-3: Comparison of the microstructural properties between the two types of reference cells: 3D
rendering and 2D cross-section of a) Cell-A Reference and b) Cell-B Reference (White: Ni, Grey: YSZ,
Black: Pores) — ¢) Nickel particle size distribution for the two types of reference cells — d) Evolution of
the Ni volume fraction for the two cells at the electrode/electrolyte interface.

Finally, the local Ni volume fractions for the two pristine cells are plotted in Figure IV-3d as a
function of the position in the depth of the cermet starting from the electrolyte interface (i.e. z=0). In
both cases, gradients with a quite sharp increase of the Ni volume fraction are detected. Because of
its coarser microstructure, the transition for Cell-B is smoother and more extended before reaching
the Ni volume fraction in the bulk. These gradients, which are observed even for the pristine cermet,
can probably be explained by the manufacturing process based on the co-sintering of the electrolyte
and the cermet. To investigate the morphological evolution of Ni after operation for the two types of

cell, the reconstructions coming from the aged samples have been analyzed.
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Table IV-I: Connected bulk properties of the Ni-YSZ extracted away from the electrode/electrolyte
interface for the eight samples (Cell-A3: aged SOFC — Cell-A4 and Cell-B Active: aged SOEC)

Srees Viy  Vivsz  Vfni Spp-vsz Spp-ni Spysz-ni Bm_p Em_ysz Em_m Mpores Mysz  Mni

SAmPle Y (%) %) (%) () m) pm?) um) @m) @m) O )

Cell-A Reference 6.03 29.0 423 287 199 067 171 041 037 046 0.027 0.173 0.044

Cell-B Reference 1.55 29.1 36.8 341 121 028 09 072 059 1.14 0.036 0.150 0.065

Cell-43 Inlet 426 269 427 304 189 041 155 044 039 062 0.034 0.186 0.038
Cell-43 Center 442 275 424 301 189 043 154 044 039 0.61 0.037 0.180 0.039
Cell-A3 Outlet  4.11 277 425 298 1.87 041 147 045 040 0.63 0.038 0.184 0.037

Cell-A44 Inlet 440 253 449 298 190 045 152 040 041 0.61 0.024 0.207 0.039

Cell-B Active .11 283 323 394 1.07 0.18 076 080 0.59 1.81 0.061 0.124 0.073

Cell-B Inactive  1.14 321 306 372 1.07 026 060 084 0.63 193 0.079 0.103 0.055

1V.2.2  Microstructural Evolution of the Aged Cells

1V.2.2.1 Evolution in the Bulk

Figure IV-4 displays the 3D rendering volumes as well as the 2D images extracted from the bulk of
the aged samples. For Cell-43, only the reconstruction coming from the outlet (Cell-A3 Outlet) is
shown as an illustration of the overall microstructural evolution for this cell. The visual comparison
between Figure IV-3 and Figure IV-4 shows without any ambiguity that all cermets are subjected to
an agglomeration of nickel after aging. Nevertheless, it is clear that the morphological evolution is

more pronounced for Cell-B than for Cell-A whatever the considered operating mode.

To deepen the analysis, all the microstructural parameters measured on the 3D volumes after
operation have been computed and are given in Table IV-1. The evolution of the properties between
the fresh and the aged cells confirms the Ni agglomeration arising upon operation. Indeed, an increase
of the mean Ni diameter is found in all the reconstructions taken from the operated cells. As expected,
the Ni particle coarsening is accompanied by a loss of TPBs densities and by a decrease in the specific

surface area of Ni (Table IV-I).

It can be noticed that, for the aged specimens of Cell-4, the Ni volume fractions remain almost
constant after aging. This behavior confirms that the agglomeration in the bulk can be described by a
local particle sintering without significant redistribution of Ni at long-distance. Furthermore, the Ni

particle growth is not severely influenced either by the polarization or the gas composition, in good
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agreement with the thermally activated process related to Ni coarsening proposed by Hubert et al.
[Hubert 2018a]. This behavior is in accordance with the experimental results reported by [Khan
2018].

Conversely, for Cell-B, a noticeable enrichment of Ni is measured in the bulk of the cermet after
operation. This behavior is more pronounced in the sample taken from the electrochemically active
region (Cell-B Active) than in the sample extracted from the periphery of the cell (Cell-B Inactive).
This type of evolution could be explained by a combination of Ni agglomeration based on local

sintering and Ni volatilization/re-deposition process [Lee 2014].

Figure IV-4: 3D segmented rendering and 2D cross-sections extracted for the bulk reconstructions of
the aged samples: a) Cell-A3 Outlet — b) Cell-A4 Inlet — ¢) Cell-B Active — d) Cell-B Inactive (White: Ni,
Grey: YSZ, Black: Pores).

To investigate the Ni evolution at the electrode/electrolyte interface the local microstructural

properties of the aged cells have been calculated using the slice-by-slice approach.

1V.2.2.2 Evolution at the Electrode/Electrolyte Interface

In Figure IV-5, a zoom on the cermet microstructure at the electrode/electrolyte interface for each
reconstruction is shown. To better visualize the microstructural evolutions, 2D images coming from
the whole reconstructions are shown with slices taken perpendicular and parallel to the interface with
the electrolyte. Once again, for Cell-43 only the outlet reconstruction (Cell-43 Outlef) is reported as

an 1illustration.
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As shown in Figure [V-5a—c for Cell-A4, nickel is present at the electrode/electrolyte interface for the
reference cell as well as for all the aged samples. Nevertheless, it can be noticed that the sample
operated for 10°700 hours in electrolysis mode (Cell-A4 Inlet, Figure 1V-5c) presents a slight
depletion of Ni at the interface that is not observed in the sample aged for 15’000 hours in fuel cell
mode even at high steam partial pressure (Cell-A3 Outlet, Figure IV-5b).

electrode/electrolyte interface: a) Cell-A Reference — b) Cell-A3 Outlet — ¢) Cell-A4 Inlet — d) Cell-B
Reference — e) Cell-B Active — f) Cell-B Inactive (White: Ni, Grey: YSZ, Black: Pores).

On the contrary, the local evolutions for Cel/-B are quite different as can be seen in Figure [V-5d—.
In this case, after only 1’000 hours in electrolysis mode, a severe Ni depletion is observed at the
electrode/electrolyte interface for the sample coming from the electrochemically active region (Cell-
B Active, Figure IV-5¢). This evolution is in good agreement with the enrichment that has been
measured in the bulk of the sample. However, it is worth noting that a larger amount of Ni is still
present at the interface for the sample extracted from the periphery of the aged cell (Cell-B Inactive,
Figure IV-5f). These results reveal that an important loss of nickel from the electrode/electrolyte
interface occurs for this type of cell, specifically in the electrochemically active region.

To confirm these evolutions, the gradients in the local microstructural parameters have been evaluated

at the electrode/electrolyte interface using the slice-by-slice approach (Figure IV-6).
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Figure IV-6: Local microstructural parameters at the electrode/electrolyte interface for Cell-A and
Cell-B: (a, b) Nickel volume fraction — (c, d) Pores volume fraction — (e, f) TPBs density — (g, h) Ni
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For Cell-A3, the gradients for the inlet, center and outlet reconstructions are almost superimposed
with only a minor decrease of Ni volume fraction for the outlet segment (Figure IV-6a). This slight
evolution could be associated to the higher steam partial pressure at the outlet of this cell operated in
SOFC mode. However, it is worth mentioning that the difference is very limited even after 15’000
hours, indicating an overall similar evolution between the three segments.

Conversely, a more-pronounced decrease of Ni volume fraction is found for Cell-4A4, which is
concomitant with an increase of the pore volume fraction (Figure IV-6¢). This slight Ni depletion
extends from the electrolyte interface in the first two micrometers within the cermet. It can be noticed
that this extension is in good agreement with the observations reported by Rinaldi e al. [Rinaldi
2017a], where cells coming from the same stack have been characterized. This Ni depletion induces
a moderate loss of TPBs and Ni specific surface area as shown in (Figure IV-6¢ and Figure [V-6g).
From this analysis of Cell-4, it can be stated that the Ni depletion is favored under cathodic
polarization (i.e. electrolysis mode) although it is worth mentioning that this phenomenon is rather

limited for both cells (Cell-A3 and Cell-A4).

In contrast to Cell-A, the severe Ni depletion at the electrode/electrolyte interface for Cell-B Active is
confirmed by the local quantifications of the Ni volume fractions. Indeed, an important loss of Ni is
measured at the electrolyte interface, which spreads in the first = 5-6 pm of the electrode (Figure
IV-6b). This local decrease of Ni volume fraction is accompanied by a simultaneous increase of the
porosity (Figure IV-6d). Therefore, an almost full depletion of Ni is measured nearby the electrolyte
interface in good agreement with the 2D slice given in Figure [V-5e. Consequently, a huge decrease
of &rpas and Spyi is measured at the interface (Figure [V-6f and Figure [V-6h) for this sample. On the
contrary, the local evolutions for Cell-B Inactive are more similar to the pristine cermet, reinforcing
the observation that no severe migration of nickel is detected in this sample. This statement is in good
agreement with the experimental observation reported in [Hoerlein 2018, Mogensen 2017], indicating
the key impact of the electrochemical activity on the Ni depletion.

Finally, from the comparison between the behavior of Cell-4 and Cell-B, it can be pointed out that
the initial microstructure of the electrode and the nature of the materials of the Ni-YSZ cermet play

a central role on the severity of the loss of Ni from the electrode/electrolyte interface.

IV.3 TImpact of Ni Evolution on the Cell Performances

After the identification of the microstructural modifications for the aged cells, the multi-scale model

has been used to evaluate the impact of Ni agglomeration and depletion on the electrode and cell
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performances. Concerning the Ni agglomeration, the phenomenological law for the particle
coarsening proposed in the thesis of M. Hubert [Hubert 2018] has been used to predict the increase
of the Ni mean particle diameter. This evolution has been coupled with the microstructural
correlations developed in the thesis of H. Moussaoui [Moussaoui 2019a] to express the corresponding
evolution on the TPBs and thus, the effects on the overall cell response. In order to investigate the
effect of the Ni depletion at the electrolyte interface, the micro-scale model has been adapted to take
into account the gradients in microstructural properties measured with the slice-by-slice approach.

In this section, the impacts on the electrode and cell performances of the two phenomena associated

to the Ni phase modification in the cermet are presented and analyzed.

1V.3.1 Preliminary Remark: Adaptation of the H, Electrode Model

For this analysis, the second version of Model II for the hydrogen electrode, which was specifically
developed for the durability studies, has been employed (cf. chapter III section III.1.4.2, for
reminding, this model is based on the hydrogen spillover mechanism by considering all the expected
species on Ni surface). It is worth noting that this model was slightly adapted here to take into account
the gradients in microstructural properties measured on the 3D volumes. For this purpose, the kinetic
rates, the gas diffusivities and the electronic/ionic conductivities have been scaled with the local
microstructural properties evolving from the electrolyte interface into the electrode thickness. In other
words, each microstructural property implemented in the model is not a single value as used in chapter
IIT but depends on its position in the electrode thickness. Using this approach, it is possible to evaluate

the impact of Ni agglomeration/redistribution on the electrode and cell response.

1V.3.2 Role of Ni Agglomeration on Degradation

To investigate the impact of Ni agglomeration, our dataset for Ce//-4 has been merged with the one
analyzed in [Hubert 2018, 2018a] for the same type of cell. In Figure IV-7a, the evolutions at different
temperatures of the Ni mean particle diameters are plotted as a function of the operating time. It can
be noticed that the data for Cell-4A3 (aged in SOFC mode) and Cell-44 (aged in SOEC mode) are
roughly aligned with those of the sample aged at 750°C for 9°000 hours in fuel cell mode taken from
[Hubert 2018a]. For this reason, these data have been fitted approximating the aging temperature at
750°C and using the phenomenological agglomeration law given in eq. (IV-2) based on an Ostwald

ripening process that has been proposed by Hubert et a/. [Hubert 2018a].
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Where ¢, n and 4H represent the time, the process related exponent and the activation energy.

As it can be seen from Figure [V-7a, the data are accurately fitted using n = 8 and an activation energy
of = 210 kJ-mol™!. This high exponent confirms the inhibiting effect of the YSZ backbone that limits
the rate of Ni agglomeration in the cermet [Faes 2009, Hubert 2018a, Jiang 2003]. This statement is
also highlighted by the relative stability of Spysz.n: with respect to the Spp.ni, as reported in Table IV-1
for the aged cells of type 4. Conversely, the evolutions of the specific surface areas are quite different
for Cell-B with a higher modification of Sprszn: under operation (Table IV-I). This difference
between the two types of cells is in good agreement with the more severe Ni coarsening of Cell-B

and reveals the crucial role of the Ni/YSZ interfacial adhesion on the electrode microstructure

stability.
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Figure IV-7: Effects of the hydrogen electrode microstructural evolution on the H; electrode and cell
performances: a) Increase of the Ni mean particle diameter associated to the Ni agglomeration —
b) Effect of the Ni agglomeration on the density of TPBs — ¢) Simulated voltage drop at 750°C
and -0.5 A-cm? caused by Ni agglomeration at 750°C and 850°C — Effect of the Ni depletion on the
hydrogen electrode activation overpotential (d) and on the cell performances (e) — f) Evolution of the
EIS associated to the Ni depletion.

To determine the decrease of TPBs density associated to the Ni agglomeration as a function of the

aging time, eq. (IV-2) has been combined with the microstructural correlation given in [Moussaoui
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2019, 2019a]. As shown in Figure IV-7b, a satisfactory approximation of the TPBs decrease at §50°C
and 750°C is found without any additional fitting.

The TPBs evolutions at the two temperatures have been implemented in the multi-scale model to
quantify the impact of Ni agglomeration on the cell degradation. For the different values of &7pss, the
cell response has been evaluated at 750°C and -0.5 A-cm™. The gas compositions used for the

simulations were H>O/H> = 90/10 vol.% at the hydrogen electrode (total flowrate of 12

1 1

Nml-min"'-cm?) and air at the oxygen electrode (flowrate of 62 Nml-min™!-cm). Taking advantage
of the model calibration over long operating times, the voltage increase has been calculated up to
20’000 hours. It is shown in Figure IV-7c¢ that the voltage drop due to Ni agglomeration is higher
when the cell is operated at higher temperature and tends to stabilize for very long-term operation.
For instance, at 750°C, the voltage degradation associated to the Ni coarsening evolves from ~ 5 mV
at 8’000 hours to = 8 mV at 20’000 hours in electrolysis mode. Extrapolating this evolution for the
requested lifetime of = 40’000 hours, a voltage increase of = 10 mV is found. Therefore, even if there
is not a full asymptotic behavior for the Ni agglomeration, its impact on the performance does not

diverge and should not compromise the overall cell durability.

1V.3.3 Role of Ni Depletion on Degradation

In addition to the agglomeration, the depletion of Ni from the electrolyte interface is also expected to
decrease the cell performance. Although a general physically-based model describing the Ni
migration is still missing, the gradients measured after electrolysis operation for the two types of
studied cells (Cell-A4 Inlet and Cell-B Active) can be used as lower and upper bounds to evaluate the
impact of the loss of nickel. To quantify the cell degradation in these two limiting cases, the
corresponding microstructural evolutions at the electrode/electrolyte interface have been
implemented in the model. The hydrogen electrode activation overpotential and the cell performances
have been simulated after 11°000 hours at 750°C (Figure IV-7d and Figure IV-7¢). In case of
moderate depletion, it is found that the effects on the electrode and cell responses are quite limited.
Indeed, in this case a voltage loss of = 6.5 mV can be assessed for the complete cell after 11°000
hours at -0.5 A-cm™.

This value is slightly above to the degradation computed by considering only the agglomeration for
the same aging conditions (= 5.9 mV). This result indicates that, in this case, the degradation in cell
performances due to the microstructure change in the hydrogen electrode is mainly controlled by the
Ni agglomeration while the impact of Ni migration is noticeable but not dominant. On the contrary,

when a severe loss of Ni from the electrode/electrolyte interface is introduced in the model (with the
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gradients for Cell-B Active), the effects on the electrode and cell response are much more pronounced
(Figure IV-7d and Figure IV-7e). In this case, the increase of the absolute value for the electrode
overpotential is much higher than if only the agglomeration is taken into account. This huge electrode
degradation yields to a significant cell voltage loss of =~ 50 mV calculated at -0.5 A-cm™. A sensitivity
analysis has been conducted with the model to identify the most impacting microstructural
parameters. It has been found that the important cell degradation is mostly related to the substantial
loss in the local density of TPBs at the electrolyte interface that directly controls the rate of the charge
transfer reactions. At the same time, the effect of the other microstructural changes has been found to
be less impacting. More specifically, it has been found that the decrease of the Ni/gas interfacial
surface area has a much smaller influence on the electrode/cell performances compared to the drop
of TPBs lengths. Moreover, even with the significant decrease of the Ni volume fraction, the local
effective Ni conductivity in the active layer remains sufficiently high to not induce too large Ohmic

losses.

This high impact of the Ni depletion on the charge transfer reactions is also confirmed by the EIS
spectra computed at OCV for the hydrogen electrode in the two limiting situations of Ni migration
(Figure IV-7f). In case of moderate loss of Ni from the electrode/electrolyte interface, an overall
limited increase in the polarization resistance is obtained for the aged electrode, while the
characteristic frequencies remain comparable to the reference. Instead, when a severe depletion is
considered, an important increase of the polarization resistance is calculated. This higher resistance
is accompanied by an increase of the contribution of the high frequency phenomenon, which is
classically associated with the charge transfer at the TPBs [Nechache 2016]. In our case, it is worth
noting that Ni is still percolating up to the interface with the electrolyte even considering the severe
gradients taken for Cell-B Active. In this condition, the serial resistance determined from the EIS

diagrams is not shifted due to an additional Ohmic resistance induced by a fully depleted layer in Ni.

From these numerical analyses, it appears that the impact of the Ni depletion on the cell performances
can be very important depending on the initial cermet microstructure. This statement must explain a
large part of the higher experimental degradation rates measured for the Cell B compared to Cell A.
Moreover, it is worth reminding that the destabilization of the oxygen electrode material accelerated
under electrolysis current must also contribute to the overall cell degradation [Frey 2018, Laurencin
2017] as discussed in chapter V.

Finally, the comparison between the two studied cermet microstructures of Cel//-4 and Cell-B shows

that the mitigation of the Ni depletion should be possible by microstructural optimization.
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Nevertheless, in this objective, it is still required to clarify the underlying mechanisms driving the

migration.

IV.4 Suggested Mechanism of Ni Depletion

Based on our experimental results, it can be stated that the Ni migration causes a loss of nickel at the
electrolyte interface. This Ni depletion takes place within the cermet active layer where the
electrochemical reactions take place. Indeed, a clear influence of the electrochemistry on the severity
of the Ni depletion has been detected. Moreover, it appears that this phenomenon is strongly favored
in cathodic polarization (i.e. SOEC mode) whereas the analyses of the samples aged in fuel cell mode
indicate that the impact of the steam partial pressure remains less pronounced. Finally, the comparison
between Cell-A and Cell-B highlights the strong impact on the Ni redistribution of the initial
characteristics of the electrode (in terms of microstructure and materials). Indeed, it has been clearly
shown that the Ni migration is favored in case of coarser initial microstructures. Moreover, as for the
Ni agglomeration, it can be suspected that the nature of the Ni/YSZ interface could play a central role
in the Ni depletion (i.e. interfacial adhesion between Ni and YSZ).

Even if the precise mechanism for the Ni depletion is not completely understood, it has been proposed

that the Ni migration occurs in the gas phase with the formation of volatile hydroxyl species according

to egs. (IV-3a) and (IV-3b) [Chen 2016, Jiao 2011].

Ni+ OHy; — Ni(OH)(gas) (IV-3a)

Ni + Oy; + H,0(gas) — Ni(OH),(gas) (IV-3b)

Based on these reactions, an influence of the steam partial pressure and the activities of the oxygen

and hydroxyl species attached on the Ni surface could be expected.

To verify these dependencies, the micro-model for the hydrogen electrode has been used to simulate
the electrode behavior at +/- 0.5 A-cm™, with a gas composition of HyO/H, = 50/50 vol.% at 750°C.
The evolution of the steam partial pressure and the coverages of species attached on the surface of Ni
are presented in Figure IV-8 as a function of the position in the electrode. It can be seen that surface
concentrations of oxygen and hydroxyl adsorbates are increased in fuel cell mode and decreased in
electrolysis mode (Figure IV-8b and Figure IV-8c). According to the gas interaction with Ni (cf.
chapter III), these evolutions are consistent with the higher steam partial pressure at the electrolyte
interface in fuel cell compared to electrolysis mode (Figure IV-8a). Regarding the reactions of Ni

evaporation (egs. (IV-3a) and (IV-3b)), these simulations suggest that the Ni(OH)x formation should
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be promoted under fuel cell current in the electrode active layer. In other words, if the rate-limiting
step is the Ni evaporation, the global process should be accelerated in fuel cell mode. However, the
analysis of the experimental results has clearly revealed that the depletion of Ni from the
electrode/electrolyte interface is favored in electrolysis mode, while it remains almost negligible in
SOFC mode, even at high pH20. This contradictory result indicates that the Ni evaporation cannot be
the limiting step for the Ni depletion. This means that even if the Ni migration occurs via volatile

species, there must be another physical phenomenon triggering the nickel instability.
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Figure IV-8: Simulation results for the hydrogen electrode at HO/H, =50/50 vol.% and 750°C: a) Steam
partial pressure, b) hydroxyl Ni surface coverage and c) oxygen Ni surface coverage as a function of the
position in the electrode at +/- 0.5 A-cm™.

In this context, it has been proposed that the electrode polarization could be involved in the
mechanism of Ni depletion [Mogensen 2017]. To check this possibility, the local electrode
overpotentials have been plotted in the depth of the electrode for a current density of +/- 0.5 A-cm™
(Figure IV-9a). In contrast to the coverages and steam partial pressures, sharp evolutions of the
electrode overpotential are simulated. These evolutions spread from the electrolyte interface over = 5
pm micrometers within the cermet. Interestingly, this penetration depth of the charge transfer
reactions is in the same range as the one for which the Ni depletion has been observed in Figure
IV-6b. Therefore, the large overpotential difference in anodic and cathodic polarization could be

associated to the process of Ni depletion triggered in electrolysis mode.

In this frame, it has been recently proposed that the driving force for the Ni transport could be a
gradient in Ni wettability across the active layer as a function of the electrode overpotential [Nakajo
2020, Rinaldi 2019, Trini 2020]. Alternatively, it has been suggested that the reductive potential could
induce the detachment of Ni from YSZ [Chen 2013, Mogensen 2017]. Once detached, the Ni particles
would no longer be stabilized by the YSZ backbone. These highly unstable particles could evaporate

and increase the local partial pressure of hydroxyl species that would diffuse toward the bulk. Besides,
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the detachment of the Ni from the YSZ would modify the local electrochemical activity, inverting the
local steam partial pressure gradients. In this condition, the isolated Ni particles could also evaporate
and migrate in the gas phase to agglomerate in the upper layer of the electrode [Hoerlein 2018,
Mogensen 2017]. It is worth mentioning that a mechanism of Ni depletion controlled by the
delamination between Ni and YSZ is in good agreement with the experimental observation. Indeed,
it allows taking into account the influence of the Ni/YSZ interfacial stability highlighted by the
comparison between Cell-4 and Cell-B. As already discussed, this stability could be related to the
adhesion of Ni on the YSZ which is strongly dependent on contaminants in YSZ [Kishimoto 2012a,
Skarmoutsos 2000, Tsoga 1996b]. It could be also related to the microstructural difference between
the two cermets. Indeed, the fine microstructure of Ce//-4 with a high density of TPBs allows limiting
the overpotential for a given current density and could therefore mitigate the process of Ni migration.
To illustrate this possibility, the model has been used and it has been shown that the passage from the
coarse to the fine microstructure of Cell-B and Cell-A allows reducing significantly the absolute value
of the overpotential at the electrolyte interface. For example, at a current of -0.5 A-cm™, a decrease
of = 35 mV for the absolute value of the overpotential has been calculated at the electrolyte interface
(750°C and gas composition H>O/Hz = 50/50 vol.%). This quantification is in good agreement with
the analysis reported by [Hauch 2016] suggesting that a fine Ni particle distribution would reduce the
depletion of Ni. In addition, it can be noticed that increasing the temperature from 700°C to 800°C
also induces a significant decrease of the electrode overpotential. From this point of view, a higher

operating temperature should alleviate the rate of Ni depletion.

In spite of all these results, the exact microscopic process at the origin of the nickel instability at the
electrode/electrolyte interface remains unclear. As an explanation, it could be proposed that the high
cathodic overpotential could modify the structure of the double layer leading to the deterioration of
the Ni/YSZ interface. In other words, the polarization could affect the Ni/YSZ interfacial adhesion
through the accumulation of charges in the double layer. Indeed, the atomic interaction between the
Ni and YSZ is characterized by a large number of Ni-O bonds at the interface [Christensen 2001,
Sasaki 2004]. From this statement, it was suggested by Sasaki et al. [Sasaki 2004] that ‘the number
of on-top Ni-O bonds is one of the critical factors that can determine the stability of the metal/oxide
interface’. Therefore, the replacement of O atoms by vacancies (due to a modification of the double
layer structure in electrolysis mode) is expected to reduce the number of Ni-O bonds, and hence, to
weaken the Ni-YSZ adhesion.

To assess the relevance of this suggestion, the concentration of oxygen vacancies in the vicinity of

the electrolyte interface has been evaluated as a function the electrode polarization. In the bulk of the
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solid phases, that is to say far away from the TPBs lines, the Ni/YSZ interface can be seen as a
blocking electrode. In this case, the oxygen vacancies concentration could be modeled considering a
classical Boltzmann distribution, with a maximal concentration depending on the material [Hendriks
2002a], as reported in eq. (IV-4).

MAX ~bulk 2F
int va- Cvg' exp(—ﬁn)

Vo' T - MAX, ,bulk (_E )_
CVb' +va. (exp RT(n) 1)

(IV-4)

Where 7 is the electrode overpotential, C‘?g-t is the oxygen vacancies concentration taken at the
Ni/YSZ interface and C%‘-qx is the maximum concentration of vacancies in YSZ. The term Cf,’offlk

denotes the bulk concentration of vacancies. By coupling eq. (IV-4) with the electrochemical model,
the evolution of the oxygen vacancies at the electrolyte interface has been plotted as a function of the
current density. In Figure IV-9b, a sharp increase of oxygen vacancies can be observed at the
electrolyte interface with increasing cathodic current in SOEC mode. It can be noticed that this
evolution is steeper for a coarser microstructure due to the higher negative overpotential for a given
current density. Conversely, the decrease of vacancies is less pronounced under anodic polarization
in SOFC mode. The strong accumulation of vacancies in the double layer associated to a depletion of
oxygen could thus trigger the destabilization of the interface leading to the Ni/YSZ delamination
(Figure IV-9c). Interestingly, interfacial cracks between Ni and YSZ have been observed in the active

layer after aging in electrolysis mode [Chen 2013, Hauch 2016].
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Figure IV-9: Mechanism for Ni depletion: a) Electrode overpotential as a function of the position in the
electrode at +/- 0.5 A-em? — b) Normalized oxygen vacancies concentration in the YSZ at the
electrode/electrolyte interface as a function of the applied current density — ¢) Proposed mechanism for
the weakening of the Ni/YSZ interface.
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Finally, it can be noticed that the weakening of the Ni/YSZ interface due the accumulation of oxygen
vacancies could lead to the detachment of Ni and trigger the migration of the highly unstable isolated
particles via volatile species. Moreover, the decrease of the Ni-YSZ interfacial energy will increase
the Ni wettability in the vicinity of the electrolyte interface. This evolution has been measured by
Rinaldi et al. [Nakajo 2020, Rinaldi 2019] after aging in electrolysis mode and could also be involved
in the process of Ni migration. From this point of view, increasing the interfacial adhesion between
Ni and YSZ could represent the main challenge to mitigate the Ni depletion in electrolysis mode.

Nevertheless, further investigations are still required for a full validation of this proposition.

IV.S Conclusion of This Chapter

Two classical solid oxide cells with different Ni-YSZ microstructures have been aged in fuel cell and
electrolysis modes for operating times ranging from 1’000 hours to 15’000 hours. In electrolysis
mode, it has been found that the degradation is much higher for the cell that presents a coarser Ni-
Y SZ microstructure (cf. chapter II). To analyze this result, the hydrogen electrodes of the pristine and
aged cells have been reconstructed by synchrotron X-ray nano-holotomography. Thanks to the large
volume of the 3D images, the Ni-YSZ microstructural evolutions have been investigated in the bulk

and at the electrode/electrolyte interface.

The quantification of the microstructural properties in the bulk has revealed a Ni particle growth for
all the operated samples. This phenomenon of agglomeration is independent of the polarization and
it can be ascribed to a local sintering process. The comparison between the two cells has confirmed
the crucial role of the Ni/YSZ interfacial adhesion on this mechanism.

The microstructural evolutions have been introduced in the multi-scale model described in chapter
II1 to quantify the impact of the Ni agglomeration on the electrode and cell performances. Thanks to
the data extracted from the longest experimental dataset, the effects of the Ni agglomeration have
been extrapolated up to 20°000 hours with a good level of confidence. As expected, the contribution
of the agglomeration on the cell degradation is significant but tends to slow down for very long-term
operation. From this point of view, it should not compromise the cell durability on its overall

requested lifetime for fuel cell or electrolysis operation.

The analyses of the 3D electrode reconstructions have also revealed a Ni migration toward the bulk
of the electrodes resulting in Ni depletion at the electrode/electrolyte interfaces. It has been found that

this Ni migration is favored in electrolysis mode and much less pronounced in fuel cell operation.
142



Moreover, the phenomenon has been observed to occur only in the electrochemically active region
of the hydrogen electrode. The microstructural characterization of the two cells has highlighted the
strong impact of the initial characteristics of the electrode. Indeed, it has been clearly stated that the
Ni depletion is favored in case of coarser initial microstructure.

As for the agglomeration, the gradients in microstructure parameters due to the loss of Ni at the
electrode/electrolyte interface have been implemented in the model. In electrolysis mode, the impact
of the moderate Ni depletion observed for the fine electrode microstructure is limited in such a way
that the electrode degradation remains dominated by the agglomeration. Conversely, for the coarse
cermet microstructure, the severe depletion induces a strong decrease of the cell and electrode
performances. This behavior must explain a large part of the difference in the experimental
degradation rates measured for the two types of cells. A sensitivity analysis performed with the model
has shown that the important loss of active TPBs at the electrolyte interface is the main cause of the
degradation whereas the evolutions of the other parameters are less impacting. The effect of the Ni

depletion on the impedance spectra has been also computed and discussed.

Finally, the underlying mechanism at the origin of the Ni migration has been discussed taking
advantage of the model. The simulations at the electrode scale have shown that the reaction of Ni
evaporation cannot be the limiting step in the depletion process. Instead, the computation of the local
overpotential at the electrode/electrolyte interface has revealed a large difference between the two
operating modes. In this frame, the high cathodic overpotential under electrolysis current could be
involved in the rate of Ni depletion. In order to unravel the role of the overpotential on Ni
redistribution, the concentration of oxygen vacancies in the double layer has been estimated at the
electrolyte interface in both operating modes. A strong accumulation of vacancies at high cathodic
overpotential has been found. It has been proposed that this accumulation could deteriorate the
Ni/YSZ interface leading to detach the Ni particles and favor the loss of nickel from the
electrode/electrolyte interface. This mechanism allows taking into account the effect of the operating

mode as well as the role of the Ni/YSZ adhesion and the cermet microstructure.
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V. Oxygen Electrode Degradation:
LSCF Demixing and Interdiffusion at
the GDC/8YSZ Interface

As discussed in chapter II, two in-house long-term tests (= 1’800 hours) in electrolysis mode have
been carried out in the frame of this thesis to investigate the influence of the operating temperature
on the degradation (Cell-A 1 and Cell-A2). The electrochemical characterizations of the two cells have
revealed similar increases of the overall area specific resistance, whereas a larger increase of the
Ohmic resistance has been found for the cell aged at higher operating temperature. As indicated in
chapter II, this increase in the Ohmic resistance may be partially associated to a modification of the
inter-diffusional layer (IDL) between the GDC and the 8YSZ under operation [Matsui 2019, Tsoga
1999a].

In addition, a third cell (Cell-A3), presenting the exact same materials in terms of compositions and
microstructures, has been operated by partners in fuel cell mode for 15’000 hours with an overall
limited degradation, suggesting that the physico-chemical evolutions at the oxygen electrode would

be less severe in this case.

To verify these statements and analyze the destabilization of the LSCF and the IDL evolution as a

function of the operating conditions, specimens extracted from the three aged cells have been
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characterized via micro X-ray diffraction (uXRD) and micro X-ray fluorescence (uXRF). These
analyses have been complemented by the characterization of a pristine oxygen electrode to assess the
initial state after sintering. In particular, the formation of strontium zirconate (SrZrOs) at the
electrolyte interface, which is associated to the Sr release from LSCF due to its decomposition, has
been investigated. Moreover, a specific attention has been paid to highlight an expected modification
of the IDL after operation in electrolysis mode. All the physico-chemical evolutions occurring during
the long-term tests have been then qualitatively explained in the frame of the degradation mechanism

proposed by Laurencin et al. [Laurencin 2017].

The first section of this chapter is dedicated to the results corresponding to the characterization of the
fresh oxygen electrode just after manufacturing. The second section is devoted to the analysis of the
operated samples and it is sub-divided in three parts: Firstly, the degradation mechanism detailed in
the manuscript of Laurencin ef al. [Laurencin 2017] is recalled. Secondly, the effects of the operating
conditions on the LSCF demixing are analyzed. Finally, the evolution of the IDL after operation in
electrolysis mode is discussed as a possible cause to explain the increase of the cells’ Ohmic

resistances reported in chapter II.

V.1 Characterization of the Pristine Cell

As a first step of the characterizations, the pristine cell has been analyzed in order to investigate the
precipitation of strontium zirconates and the formation of an IDL at the interface between the barrier
layer and the electrolyte during the cell manufacturing. For this purpose, a lamella extracted from a
fresh cell of type 4 (Cell-A Reference) has been prepared and the pXRD/uXRF 2D maps have been

acquired and analyzed.

V.1.1  Detection of SrZrOj; After Sintering

In Figure V-la, 2D maps showing the normalized elemental distribution in the active layer of
Strontium (Sr), Cerium (Ce), Gadolinium (Gd) and Yttrium (Y) are given for the pristine cell.
According to the XRF signal, small amounts of Sr are detected at the interface between the barrier
layer in GDC and the 8YSZ electrolyte. The diffusion of Sr is also revealed in Figure V-1b in which
the XRF intensities integrated along the horizontal direction are given for each vertical position. This
indicates that during the LSCF electrode sintering the Sr diffuses through the GDC and reacts at the
barrier layer/electrolyte interface.
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Figure V-1: Analysis of the pristine oxygen electrode: a) 2D element distribution obtained from the XRF
signal at the electrode/barrier layer/electrolyte interface — b) Local XRF intensity integrated over the
horizontal direction — ¢) XRD pattern at the GDC/8YSZ interface.

To verify the crystalline phase of the Sr-based compound, the average XRD pattern obtained at the
interface is plotted in Figure V-lc. As can be seen, three peaks at 13.66° 19.38° and 23.78° are
detected corresponding to the (011), (020) and (121) reflections of the perovskte structure of SrZrOs.
Therefore, it is confirmed that during the sintering Sr diffuses through the barrier layer and forms
SrZrOs at the interface between GDC and the 8YSZ as already observed by several authors [Ferreira-
Sanchez 2017, Morales 2017, Villanova 2019].

V.1.2  Inter-Diffusional Layer Between the GDC and the YSZ

From the XRF data given in Figure V-1a and Figure V-1b, it can be also seen that the distribution of
gadolinium is significantly different with respect to the cerium with an accumulation of Gd in the
region close to the GDC/8YSZ interface. It could be suspected that this high Gd concentration could
be due to its dissolution in the YSZ resulting in the formation of the thin IDL at the barrier
layer/electrolyte interface. This claim is consistent with the results reported in literature [Morales
2017, Széasz 2018, Uhlenbruck 2009, Villanova 2019, Wilde 2015], in which a thin layer containing

a relatively high concentration of Gd was also observed at the electrolyte interface after sintering.
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The XRD pattern collected at the electrolyte interface (Figure V-2a) can also be used to contribute at
the fine characterization of this inter-diffusional layer. Indeed, the inspection of the XRD pattern has
allowed identifying a crystalline phase whose main peaks are detected at 13.15°, 15.20°, 21.56° and
25.33°. Interestingly, it can be noticed that all these peaks are close and slightly shifted with respect
to the peaks of the 8YSZ (found at 13.33°, 15.41°, 21.86° and 25.69° for the (111), (020), (022) and
(131) reflections, respectively). This simple shift indicates that the IDL presents the same cubic
structure than the fluorite 8YSZ but with a different lattice cell volume. This observation was
confirmed by the estimation of the lattice parameter obtained by Rietveld refinement. Indeed, it has
been found that the lattice parameter in the region close to the interface is slightly higher than one
measured in the bulk of the electrolyte (= 5.20 A vs 5.14 A). Moreover, it can be mentioned that the

peaks at the interface are significantly larger than the ones in the bulk.
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Figure V-2: Analysis of the XRD pattern at the interface for Cell-4A Reference: a) Main crystalline phases
identified at the barrier layer/electrolyte interface — b) 2D maps of the XRD showing the distribution of
the crystalline phases.

All the aforementioned characterizations by pXRF and pXRD are fully consistent with the Gd
diffusion in YSZ resulting in a solid solution corresponding to the IDL formation during sintering.
Indeed, the insertion of Gd in the Y203-doped ZrO; has been reported to favor the crystallization of
nanoscale-grains [Leib 2016], which is consistent with the broad peaks measured experimentally for
the IDL. Moreover, the bigger ionic radius of Gd with respect to Y would also be consistent with the
larger lattice parameter [Katamura 1995, Rebollo 2003].

Therefore, it can be reasonably stated that the crystalline phase ascribed to the IDL must correspond
to a Gd203-Y203-ZrO; solid solution exhibiting nano-grains and cubic fluorite-type crystal similar to

the ones reported in [Basu 2012, Lee 2009, Vaisakhan Thampi 2015, Yamamura 2003]. It can be
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pointed out that this type of IDL originating from the reactivity between the GDC and the 8YSZ is
expected to cause a drop in the ionic conductivity in the region [Matsui 2019, Tsoga 1999b, Xu 2019,
Yamamura 2003].

V.1.3  Crystalline Phases Distribution Across the Electrolyte and Barrier Layer

To confirm the localization of the inter-diffusional-layer, the spatial distribution of the crystalline
phases has been deduced from the XRD maps by identifying the peaks corresponding to the GDC,
the 8YSZ, the IDL and the SrZrOs. These distributions are shown in Figure V-2b across the barrier
layer including part of the electrolyte and the electrode. Firstly, the barrier layer and the electrolyte
can be clearly distinguished as they are ascribed to the GDC and 8YSZ, respectively. Secondly, the
zirconate corresponds to the line at the interface between the GDC and 8YSZ. Finally, the close
examination of the maps shows that the IDL is a fine layer of less than 1 um (thickness = 500 nm)
located just below the zirconates. This confirms the formation of the solid solution in the electrolyte
just at the interface with the barrier layer. Besides, this observation means that, in our case, the inter-
diffusion between the GDC and the 8YSZ does not prevent the formation of SrZrOs3 as it has been
reported for different types of IDL forming at different sintering temperature [Szasz 2018,
Wankmiiller 2017, Wilde 2018].Therefore, for this type of cells, the appearance of this IDL after
sintering presents mainly negative effects on the cell performances as it causes a decrease in the ionic

conductivity without preventing the reactivity between the Sr and the Zr from the electrolyte.

V.2 Characterization of the Aged Cells

Once the pristine cell has been characterized, the evolutions occurring in the oxygen electrode and at
the barrier layer/electrolyte interface after operation have been investigated. This analysis has been
based on the degradation mechanism proposed by Laurencin et al. [Laurencin 2017] in which it is
suggested that the decrease in performances would be primarily associated to the LSCF

destabilization favored by the operation in electrolysis mode.

Therefore, specimen extracted from the aged cells have been analyzed to investigate the impact of
the operating conditions on the LSCF destabilization and SrZrO3 formation. In particular, the

evolutions in Cell-A1 and Cell-A2 (aged in electrolysis mode for = 1’800 hours at 850°C and 750°C,

respectively) have been studied to understand the impact of the operating temperature. Moreover,
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Cell-A3 (aged in fuel cell mode at = 780°C for = 15’000 hours) has been also characterized to confirm

the aggravating effects of the anodic polarization.

Finally, the evolution of the IDL after operation in electrolysis mode as a function of the operating
temperature has been investigated by comparing the diffraction patterns at the barrier layer/electrolyte

interface of Cell-A1 and Cell-A2 with the pristine cell.

V.2.1  Preliminary Remark: Proposed Mechanism for the LSCF Destabilization

Thanks to the cells aged in the frame of M. Hubert’s thesis [Hubert 2018], which were complemented
with post-test characterizations and modeling, a mechanism for the LSCF destabilization has been
suggested by Laurencin ef al. [Laurencin 2017]. In this previous work, it has been proposed that the
degradation of the oxygen electrode should be accelerated in anodic polarization due to the nature of
the activated reaction mechanism for the LSCF and the LSCF-GDC composite electrodes. Indeed, as
discussed in chapter I, it is reminded that a passage from the ‘bulk path’ to the ‘surface path’ occurs
at low anodic polarization. This transition in the reaction pathway is associated with the evolution of
the oxygen vacancies content in LSCF that are depleted under electrolysis current. As a result, the
bulk path is blocked while, in the same time, the evolution of oxygen surface species on the LSCF
leads to promote the surface path (cf. chapter III section I11.2.4.3). As an illustration of this behavior,
the concentration of oxygen atoms in the LSCF lattice along the electrode thickness is plotted as a

function of the overpotential in Figure V-3.
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Figure V-3: Evolution of the oxygen atom concentration in the LSCF along the electrode thickness as a
function of the overpotential (illustrated for a pure LSCF electrode operated at 800°C).
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Operating the cell in electrolysis mode (n > 0 V) an accumulation of incorporated oxygen atoms in
LSCEF is found, especially in the vicinity of the electrolyte. This oxygen content is increased up to
reach an almost complete saturation of the material meaning that the understoichiometry in the

compound tends to zero (6 — 0).

Based on this observation, Laurencin et al. [Laurencin 2017] have proposed that the accumulation of
the oxygen in LSCF would be the main driving force for the electrode demixing associated with the
Sr excorporation from the perovskite structure. This proposition is illustrated with the following

reaction leading to the precipitation of strontium oxide (SrO) on the LSCF surface (eq. (V-1)).

Stiq + 05 = ST0gyrp +Vig + V5" (V-1)

It is worth noting that the strontium oxide is a passivation film that will block the electrochemical
reactions, while the loss of Sr will decrease the LSCF ionic conductivity (i.e. its chemical diffusivity).
The two phenomena will obviously degrade the electrode performances by increasing the electrode
polarization resistance [Baqué 2017]. Therefore, the LSCF demixing, which is clearly accelerated

under anodic current, could partially explain the higher degradation rates measured in SOEC mode.

It can be noticed that the strontium oxide could subsequently react with trace of steam present in the
air flow to form volatile strontium hydroxide (eq. (V-2)) which would then diffuse in the porosities
of the electrode and the barrier layer. Then, the hydroxide would react with the zirconium coming

from the electrolyte and form strontium zirconate in the porosity of the barrier layer (eq. (V-3)).

Srosurf + H,0(g) - Sr(OH),(9) v-2)

Sr(OH),(g) + Zr5.(YSZ) + 205(YSZ) — SrZrO; + H,0(g) + 2V (YSZ) + V5, (YSZ) (V-3)

This mechanism allows explaining the much higher amount of zirconates after an electrolysis
operation, which were observed in the porosity of the GDC at the electrolyte interface [Laurencin
2017]. Moreover, the precipitation of vacancies in the electrolyte could explain the concomitant

formation of a continuous line of nano-porosities in the electrolyte [The 2015].

Finally, it can be proposed that the depletion of Zr in the electrolyte could affect the inter-diffusional
layer that would evolve under electrolysis operation. The precipitation of zirconates in the porosities
of the barrier layer should not affect the cell performances. However, the Zr depletion in the IDL is
expected to decrease its ionic conductivity [Butz 2009]. This behavior could thus explain the increase
of the Ohmic resistances, which were clearly observed for Cell-41 and Cell-A2 (knowing that the Ni

depletion is very limited for this type of cells, cf. chapter [V).
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On the one hand, to better validate the mechanism of LSCF demixing, the oxygen electrode
crystallographic structure for the operated cells has been studied and related to the SrZrO3 formation
as a function of temperature and polarization. On the other hand, in order to check the assertion on a
possible evolution of the IDL upon electrolysis operation, an attempt to its characterization by uXRD

and uXRF is discussed.

V.2.2 LSCF Destabilization: Sr Release from the Material as a Function of

Temperature and Polarization

It has been reported by several authors that the loss of Sr in the LSCF structure is expected to cause
an increase in the unit cell volume (UCV) [Hardy 2012, Mineshige 2005, Swierczek 2009]. Therefore,
this parameter could be a relevant indicator to highlight the LSCF demixing. For this reason, the
evolution of the UCV for the tetragonal perovskite structure of the LSCF along the electrode thickness
has been estimated by Rietveld refinement to investigate the destabilization of the oxygen electrode

(Figure V-4).
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Figure V-4: 2D XRD maps of the LSCF phase and evolution of the LSCF Unit Cell Volume along the
oxygen electrode thickness for the four samples analyzed: a) Cell-A Reference —b) Cell-A1 — c) Cell-A2
—d) Cell-A3.
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These analyses have been carried out for the reference cell, for Cell-A1 and Cell-42, aged in
electrolysis mode for 1’800 hours at 850°C and 750°C, respectively, and for Cell-43 aged in fuel cell
mode for 15’000 hours at 780°C (cf. Appendix A). It is worth noting that the uncertainty of the LSCF
unit cell volume measured remains quite high, especially for the LSCF-GDC composite layer.
Therefore, the results reported hereafter must be considered as a preliminary study, with the main

purpose to demonstrate the relevance of the method.

Comparing the pristine cell to Cell-A1 (Figure V-4a and Figure V-4b, respectively), an overall
increase of the UCV is found across the active layer (LSCF-GDC) and the pure LSCF layer (UCV max
~ 353 A3 for Cell-Al and = 351 A3 for the pristine cell). On the other hand, Cell-A2 presents an
increase of UCV that appears to be less significant as can be seen in Figure V-4¢ (UCVmax = 352 A%).
In addition, in this case the increase of UCV is found to be limited to the composite layer in the
vicinity of the GDC whereas in the pure LSCF layer the UCV remains similar to the one of Cell-4
Reference. These observations would, thus, suggest that a significant destabilization of the LSCF
extended beyond the active functional layer of the electrode would occur in electrolysis mode when
the cell is operated at high temperature (Cell-41, 850°C). In contrast, a limited degree of Sr
excorporation, which seems to be restricted to the electrochemical active region close to the GDC
barrier layer, is observed for Cell-4A2 aged at lower temperature (750°C). Finally, the electrode
destabilization of Cell-43 aged in fuel cell mode for a very long time of 15’000 hours at 780°C is
roughly the same than the one found for Cel//-42 aged at around the same temperature for a shorter
time (1’800 hours). Therefore, it could be concluded that the destabilization is favored under

electrolysis current as expected. Moreover, it would be aggravated at high temperature.

These preliminary results show that the electrode demixing can be characterized by local XRD by
determining the evolution of the lattice parameter after operation. However, to analyze the
destabilization in the electrode thickness, the resolution is still insufficient here and must be improved

for further studies by using characterization techniques at the nanoscale.

To verify the diffusion of Sr towards the electrolyte, the normalized XRF signals from the
electrode/barrier layer/electrolyte area have been considered for the same samples (i.e. Cell-41, Cell-
A2 and Cell-A3). The 2D maps for the Ce, Gd, Sr and Y chemical-elements are shown in Figure V-5a.
The XRF maps show a clear signal of Sr, detected at the interface between the GDC and the 8YSZ
for all the samples (Figure V-5a).
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To quantify the amount of Sr at the barrier layer/electrolyte interface, the XRF signal has been
integrated over the longitudinal dimension along the direction parallel to the electrolyte interface. The
integrated data are plotted as a function of the position across the LSCF-GDC electrode, the barrier
layer and a part of the electrolyte in Figure V-5b. A clear evolution of Sr content can be detected as
a function of the operating conditions. Indeed, after aging in electrolysis mode at 850°C (Cell-A1),
the accumulation of Sr at the GDC/8YSZ interface is more than double with respect to the pristine
cell, consistently with the higher excorporation of Sr from the LSCF detected via the UCV evolution.
In addition, it can be seen that the amount of Sr at the interface in the two cells aged in electrolysis
mode at 750°C (Cell-42) and in fuel cell mode at 780°C (Cell-A3) is quite similar and only slightly
higher than Cell-A Reference. Once again, this observation is consistent with the limited

destabilization of the LSCF highlighted by the UCV estimations for these two samples.
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Figure V-5: Analysis of the operated cells: a) 2D element distribution obtained from the XRF signal at
the electrode/barrier layer/electrolyte interface for Cell-A1, Cell-A2 and Cell-A3 —b) Comparison of the
integrated XRF signal of Sr between the pristine cell and the aged samples.
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This observation (i.e. Srcer42 = Srcer-s3 at the interface) confirms that the process of LSCF
destabilization and the following formation of SrZrOs is favored in electrolysis mode as proposed by
Laurencin et al. [Laurencin 2017]. Indeed, these two cells (Cell-42 and Cell-A3) present similar
evolutions but the operating times are significantly different indicating that roughly the same extent
of LSCF destabilization and SrZrOs; formation have occurred after 1’800 hours in electrolysis mode
at 750°C and 15°000 hours in fuel cell mode at 780°C.

Furthermore, it can be pointed out that the important changes in UCV and the large XRF signal for
Sr found at the barrier layer/electrolyte interface for the operated at high temperature (Cell-41) mean
that the process of LSCF destabilization associated with the formation of zirconates is promoted with
the temperature. These results suggest that the kinetic rate of reaction for the Sr excorporation (eq.
(V-1)) would be strongly thermally activated, so that operating the cell at high temperature would
favor the destabilization. It can be noticed that this consideration is well consistent with the higher

degradation observed for the LSCF electrode at higher temperature by [Mai 2006, Oh 2012].

Based on these results it can be concluded that the Sr release from the LSCF appear to be favored by
the anodic polarization, confirming the results already discussed in the work of Laurencin et al.
[Laurencin 2017]. Moreover, it appears that the degradation would be significantly thermally
activated resulting in an acceleration of the LSCF demixing and Sr accumulation at the barrier

layer/electrolyte interface at higher operating temperature.

V.2.3  Evolution of the IDL After Aging in Electrolysis Mode: Preliminary

Characterizations and Discussion

V.2.3.1 XRF Maps and Profile for the Gadolinium

As already mentioned, the loss of Zr in the electrolyte due to the formation zirconates is liable to
change the composition of the IDL. In this frame, it can be noticed in Figure V-5a that the distribution
of gadolinium is not uniform for the operated cells with a clear increase at the interface with the
electrolyte. It can also be observed that the accumulation of Gd would be the highest for Cell-41
operated at high temperature in electrolysis mode. Therefore, a combined effect between the loss of
Zr due the SrZrOs precipitation and the diffusion of Gd could be suspected for the IDL. Indeed, it
could be proposed that the loss of zirconium from the 8YSZ associated to the formation SrZrO3 (eq.
(V-3)) could trigger the dissolution of gadolinium in the electrolyte via Zr*" substitution [Bekale
2008]. To discuss this hypothesis, the XRD patterns at the barrier layer/electrolyte interface have

been analyzed for the cells operated in electrolysis mode and compared to the pristine cell.
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V.2.3.2  Structural Analysis of the IDL After Electrolysis Operation

As a first step, the spatial distributions of the different crystalline phases for the 8YSZ, the GDC, the
StZrO; and the IDL are plotted for Cell-A1 and Cell-A2 in Figure V-6.

The maps for the 8YSZ and GDC allow identifying without ambiguity the electrolyte and the barrier
layer, respectively. Moreover, the inhomogeneity in the signal for the 8YSZ is simply explained by
the quite coarse crystallographic grains in the electrolyte. In comparison with the maps of the pristine
cell given in Figure V-2b, it can be noticed that the overall thickness of the IDL is roughly the same
after operation and remains in the order of a few hundreds of nanometers (500 nm). It is worth noting
that this dimension corresponds to the vertical resolution of the microXAS beamline. Therefore, a
precise analysis of this suspected evolution of the IDL upon electrolysis operation is not possible
here. This statement clearly indicates the need of post-test characterizations performed at the
nanoscale. Nevertheless, despite this limitation, a preliminary qualitative analysis has been conducted

for discussion.
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Figure V-6: XRD maps exhibiting the crystalline phases at the interface between the barrier layer and
the electrolyte in the cells aged in electrolysis mode.

With this purpose, the diffraction patterns obtained at the interface between the barrier layer and the
electrolyte for Cell-A1 and Cell-A2 are compared with the XRD of the pristine cell in Figure V-7. All
the peaks associated to the SrZrO; are increased after aging at high temperature (Cell-41 at 850°C,
Figure V-7a), whereas they remain similar to the pristine sample for the cell aged at lower temperature

(Cell-A2 at 750°C, Figure V-7b). These evolutions are consistent with the analysis of the XRF signal
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obtained for the two cells confirming the aggravating effect of the high operating temperature on the

formation of strontium zirconate associated with the accumulation of Sr.

Interestingly, an evolution of the intensity of the IDL peaks is also detected. For Cell-41, all the peaks
associated to the inter-diffusional layer are slightly increased in intensity. This evolution would
suggest a modification of the IDL with an increase in the amount of the solid solution. For Ce//-42,
instead, the peaks associated to the IDL are essentially superposed with the XRD pattern of the
reference cell (except the (111) reflection). This observation may suggest that in this case only a

limited augmentation of the IDL at the interface is detected.
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Figure V-7: Evolution of the XRD pattern at the interface for the cells aged in electrolysis mode as a

function of the operating temperature: a) Cell-A1 (aged at 850°C) vs Cell-A Reference —b) Cell-A2 (aged
at 750°C) vs Cell-A Reference.

Based on these observations, it could be suspected that the IDL would evolve after operation
especially at high temperature when the LSCF destabilization (eq. (V-1)) and the SrZrO; formation
(eq. (V-3)) are also aggravated. Therefore, this could represent a clue that the increase of the IDL at
the interface would be promoted by the loss of Zr from the electrolyte favoring the inter-diffusion of
gadolinium. It is worth noting that this proposition is quite in good agreement with the recent study
of Matsui et al. [Matsui 2019] who have observed an evolution of the IDL after aging by EDX
analysis. Moreover, Villanova et al. have used nanoscale X-ray fluorescence to investigate the
chemical evolutions after aging of a hydrogen electrode supported cell (inc = -0.75 A-cm™, T = 780°C,
t = 6100 hours) and an electrolyte supported cell (inc = -0.9 A-cm™, T = 840°C, t = 23’000 hours)
[Villanova 2019]. In their study, they have found no significant modification of gadolinium
distribution at the GDC/8Y SZ interface for the cell aged at lower temperature while an accumulation
of Gd has been observed at the interface for the cell aged at higher temperature (although in this case
the electrolyte was made of 6/1 mol.% scandia/ceria-doped zirconia (6Sc1CeSZ)). Their findings
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highlight the relevance of the operating conditions as well as the cell manufacturing protocol
(sintering that controls the IDL for the pristine cell). Nevertheless, it appears that further studies are

still needed to fully validate this mechanism.

Finally, it is reminded that the loss of Zr and the enrichment in Gd reduce the conduction of oxygen
ions in the IDL as measured by Matsui et a/. [Matsui 2019]. Indeed, these authors have synthetized
several compounds, based on the local atomic compositions obtained by EDX, and have shown that
the interdiffusional process of Gd and Zr corresponds to an overall decrease of the ionic conductivity.
Therefore, it can be reasonably proposed that the increase in Ohmic resistances measured
experimentally for Cell-A1 and Cell-A2 (cf. chapter II section I1.1) could be ascribed to an evolution
of the IDL. In this frame, the higher increase in the serial resistance of Cel//-4] with respect to Cell-
A2 would be consistent with a higher evolution of the IDL for this cell.

This discussion shows that more characterizations at the nanoscale are still needed to understand the

suspected physico-chemical evolution in the oxygen electrode/barrier layer/electrolyte region.

V.3 Conclusion of This Chapter

In this chapter the physico-chemical reactivity at the oxygen electrode/barrier layer/electrolyte
interface has been analyzed via coupled micro X-ray diffraction/micro X-ray fluorescence 2D maps.
The characterization of the specimen extracted from the pristine electrode has confirmed that the
reactivity between Sr released from the LSCF and Zr coming from the 8YSZ occurs already during
the sintering of the electrode. Moreover, the presence of a Gd-rich inter-diffusional layer has been
identified at the interface between the barrier layer and the electrolyte. The analysis of the XRD at
the interface has suggested that the IDL could cause a decrease in the local ionic conductivity of the

material.

The analysis of the aged cells has pointed out that the destabilization of the LSCF could be identified
by an increase of the UCV associated for the excorporation of strontium. This evolution has been
shown to be strongly dependent on the operating conditions. Indeed, it has been confirmed that the
LSCF destabilization is favored in electrolysis mode, whereas the evolution is significantly less
severe under fuel cell operation. Furthermore, it has been demonstrated that the Sr release is favored
at high operating temperature. The analysis of the Sr diffusion towards the electrolyte, has been found
completely consistent with the LSCF destabilization, with a larger formation of strontium zirconate

at the GDC/8YSZ interface after an operation in anodic polarization and at higher temperature. All
158



these results bring supplementary evidence for the validation of the LSCF destabilization mechanism
driven by the depletion of oxygen vacancies in the anodic polarization (associated with the transition

in the reaction pathway described in chapter III).

Finally, a preliminary study has been conducted to investigate the IDL evolution upon operation at
high temperature. It has been proposed that the loss of Zr*" from the electrolyte associated to the
SrZrOs formation could facilitate the inter-diffusion of Gd increasing the inter-diffusional layer and
reducing the local ionic conductivity. This type of behavior could explain the increase in the Ohmic
resistances observed for the cells operated in electrolysis mode and especially at high temperature.
However, the study has shown that further post-test characterizations at the nanoscale are required to

finely investigate the IDL and its evolution.
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VI. Conclusions and Perspectives

This last chapter is dedicated to outline the main results of this PhD thesis and propose different
perspective for forthcoming investigations. In the first part, the main findings of this work are

summarized and analyzed whereas in the second part some outlooks for future work are discussed.

VI.1 General Conclusions

This work has been dedicated to the investigation of the intrinsic causes of the degradation occurring
in SOCs during operation. Long-term durability tests have been performed and the pristine and
operated cells have been characterized to highlight the modifications occurring during the aging. In
particular, the microstructural evolutions at the hydrogen electrode and the physico-chemical
reactivity between the oxygen electrode and the electrolyte have been studied. A specific focus has
been paid to the modeling of the detailed reaction mechanisms at the two electrodes. These modeling
tools have been used to propose a better understanding of the underlying causes for the degradation
as a function of the operating conditions. For the hydrogen electrode, the kinetic model has been also

used to evaluate the impact of degradation on the electrode and cell performances.

Five long-term tests have been analyzed in this study. The electrochemical tests have shown that a
specific attention must be given when comparing different experimental results. Indeed, two long-

term tests on the same type of cell performed in electrolysis mode at different operating temperatures
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have shown that the measured degradation rate is strongly dependent on the aging conditions. The
cell aged at lower temperature exhibited a significantly higher degradation rate with respect to the
cell aged at higher temperature. Nevertheless, when comparing the behavior of the two cells at the
end of the tests in the same conditions, similar performances have been found indicating that the
‘intrinsic’ degradation would remain similar in this temperature range and for this test duration. These
results highlight the importance of standardized conditions for the assessment of the degradation, to
avoid contradictory results. In addition, it has been shown that operating the cell at higher temperature
may be associated with a higher increase of the Ohmic resistance.

In parallel, very long-term tests on two cells having the same cermet microstructure have been
performed by partners in SOFC mode and in SOEC mode. The durability results obtained have clearly
indicated that for this type of cell the degradation is higher in electrolysis mode with respect to fuel
cell operation. Moreover, the experimental results obtained for another cell with coarser initial cermet
microstructure in SOEC mode have demonstrated that the nature and the microstructure of the Ni-

YSZ electrode also plays a significant role on the degradation under electrolysis current.

Specimens extracted from the aged and pristine cells have been characterized via synchrotron X-ray
nano-holotomography and synchrotron X-ray micro-diffraction/micro-fluorescence techniques to

investigate the microstructural and physico-chemical evolutions after aging.

In particular, the holotomography experiments allowed obtaining 3D reconstructions of the Ni-YSZ
cermet with a large field of view to draw good statistics on the microstructural properties. In this
frame, the effects on Ni evolution of the initial electrode microstructure and electrode polarization in
SOFC and SOEC modes have been studied. In the bulk of the electrodes, it has been observed that a
Ni agglomeration occurs during operation for all the aged cells causing a decrease in the density of
triple phase boundary lengths. It has been confirmed that this nickel particle coarsening is purely
thermally activated, whereas no significant effect of the polarization has been found. Contrary to
nickel agglomeration, the analyses of the local microstructural evolutions at the hydrogen
electrode/electrolyte interface have shown that a depletion on Ni is found specifically in the
electrochemically active area after aging in cathodic polarization (SOEC mode). On the contrary, in
SOFC mode, no Ni redistribution in the cermet has been detected. Moreover, the comparison between
the two different types of cells has highlighted a clear impact of the initial electrode microstructure
on the Ni depletion. Indeed, a severe redistribution of nickel has been observed for the coarser initial
cermet microstructure whereas this phenomenon was moderate in the cell presenting the finer Ni

distribution. These results highlight the importance of the electrode microstructure during the
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manufacturing process. Moreover, as the results have been obtained on two different cells, it can be
speculated that the physical properties of nickel and YSZ interface could also play a key role on Ni

migration in electrolysis mode.

The X-ray micro-diffraction/micro-fluorescence characterizations have been performed to study the
reactivity between the LSCF-based oxygen electrode and the 8YSZ electrolyte. 2D maps giving the
elemental and crystallographic distributions in the electrode at the sub-micron scale have been
obtained for a pristine electrode and after aging. The impact of polarization and operating temperature
has been assessed by comparing the evolutions for cells tested in SOEC mode at two temperatures
and in SOFC mode. The analysis of the pristine cell has confirmed that the reactivity between the
electrode and the electrolyte occurs already during the sintering forming strontium zirconates at the
interface between the GDC barrier layer and the electrolyte. In addition, the formation of a Gd-rich
inter-diffusional layer has been found in the electrolyte just below the zirconates. It has been proposed
that this inter-diffusional layer could correspond to a Gd-doped YSZ exhibiting a similar crystal
structure but lower ionic conductivity. The investigation of the LSCF destabilization after aging has
been carried out by analyzing the evolution of its unit cell volume which is a function of the strontium
content. It has been confirmed that the Sr release should be favored in electrolysis conditions and this
phenomenon has been found to be strongly thermally activated. A consistent correlation has been
found between the destabilization of the LSCF and the accumulation of strontium zirconate at the
barrier layer/electrolyte interface. Moreover, a possible evolution of the inter-diffusional layer
associated to the reactivity of Zr coming from the electrolyte with the Sr coming from the electrode

material has been suggested based on preliminary observations.

To investigate the intrinsic causes and quantify the impact of these degradation phenomena at the
scale of the two electrodes it is necessary to have detailed models able to describe the reaction
mechanisms occurring therein. Therefore, an important part of this thesis was dedicated to the
development and the preliminary validation of an elementary kinetic model for the reaction
mechanism of the hydrogen electrode. Furthermore, an existing model for the LSCF-based oxygen
electrode has been fully validated for the operation under air studying the effects of the operating
temperature on the electrode response. Both models are able to simulate the stationary and dynamic
behavior of the electrodes in the time domain and without linearization. Therefore, they can be used
to model polarization curves but also electrochemical impedance spectra at open circuit and under

polarization. In addition, it can be noticed that they could also be employed to simulate the response
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of the electrodes to non-linear perturbations, such as cyclic voltammetry and non-linear impedance

spectroscopy, even if this application is beyond the scope of this work.

The preliminary validation of the elementary kinetic model for the hydrogen electrode has indicated
that the most suitable reaction mechanism occurring therein would be based on the hydrogen spillover
charge transfer. The analysis of the experimental data on a Ni-3YSZ cermet has shown that the
electrode response appears to be co-limited by the charge transfer at the triple phase boundaries, the
migration of oxygen ions in the depth of the electrode and a steam-solid interaction coupled with
diffusional processes of surface-attached species. Thanks to the modeling scheme, it has been
proposed that the steam-solid interaction could change as a function of the polarization. Under anodic
current (SOFC mode) the steam interaction with the YSZ would be the rate co-determining step,
whereas in cathodic polarization (SOEC mode) the adsorption of H>O on nickel would become
limiting.

For the LSCF-based oxygen eclectrode, the validation of the model has shown that the reaction
mechanism based on two parallel pathways is able to reproduce the response of the electrode at
different temperatures under air. The two reaction pathways consist in the ‘bulk path’, in which the
ionic transfer at the LSCF/GDC interface and the surface reactions are considered, and in the ‘surface
path’, in which the oxidation/reduction at the triple phase boundaries is taken into account. For a pure
LSCF electrode, the simulations have shown that at open circuit and under cathodic polarization
(SOFC mode) the reaction mechanism is dominated by the ‘bulk path’, whereas in anodic polarization
(SOEC mode) the ‘surface path’ becomes the main reaction pathway. This modification of the main
reaction mechanism allows explaining the changes of the impedance spectra measured from open
circuit to anodic DC current. The activation of the ‘surface path’ is associated to the evolution of the
surface coverage and to the depletion of oxygen vacancies in the LSCF in the vicinity of the
electrolyte. This latter phenomenon is dependent on the current (or polarization), the thermal
activation of the reaction and the evolution of the oxygen vacancies concentration at equilibrium as

a function of the operating temperature.

Finally, these two micro-scale models have been coupled with a macro-scale model to simulate the
response of the complete cell and investigate the effects of the degradation phenomena on the overall

performances.

This overall modeling scheme has been implemented to quantify the impact of Ni agglomeration and

Ni depletion from the hydrogen electrode/electrolyte interface.
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Regarding the agglomeration in the bulk, the Ni coarsening has been simulated using a classical
power-law model. The decrease of the triple phase boundary lengths associated to the agglomeration
has been mimicked combining the power-law and microstructural correlations. Thanks to the very
long experimental data, it has been possible to simulate the nickel particle growth and the decrease
of triple phase boundaries up to = 20’000 hours with a good level of confidence. It has been confirmed
that the agglomeration tends to decelerate over time thanks to the stabilizing effect of the YSZ
scaffold. As a consequence it has been found that the Ni coarsening causes a significant drop in the
overall cell performances even if the inhibiting role of the YSZ backbone on the nickel agglomeration
allows limiting its impact on the cell performances for very long operating times (> 20’000 hours).

For the Ni migration over large distance, the gradients obtained for the severe and moderate Ni
depletion have been implemented in the micro-scale model to quantify the effects on the electrode
and cell performances. The simulations have shown that the loss of nickel from the interface becomes
a dominant contribution on the cell degradation in electrolysis mode and for coarse initial
microstructures. Therefore, it appears that the Ni depletion must explain a part of the higher

degradation rates measured in SOEC mode compared to SOFC operation.

The model has been also used to analyze the causes of Ni detachment from the YSZ. It has been found
that the reaction of Ni volatilization cannot explain the severity of the phenomenon in electrolysis
condition whereas an impact of the cathodic overpotential has been highlighted. To justify this effect,
it has been proposed that the accumulation of oxygen vacancies in the double layer between the nickel
and YSZ in electrolysis mode could reduce the interfacial adhesion. The deterioration of the interface
could thus trigger the Ni detachment. Subsequently, as they are not stabilized anymore by YSZ, the
nickel particles, could evaporate, diffuse and re-condense in the upper part of the electrode (where
the electrochemical reaction can still occur). Besides, the modification of the interfacial adhesion
modifies the wettability properties and could generate gradients in curvatures between Ni and YSZ

that could represent a second driving force for nickel migration.

In parallel, the results of the characterizations of the oxygen electrode have been analyzed in the
frame of a degradation mechanism that was previously proposed (on the basis of the detailed model
for the LSCF electrode). In this mechanism, the depletion of oxygen vacancies in the LSCF structure
taking place in electrolysis mode would trigger the destabilization of the material and the
excorporation of strontium. The evolutions observed for the aged cells are consistent with this
mechanism suggesting that the performance loss for the LSCF electrode in electrolysis mode could

be controlled by this degradation phenomenon. As the LSCF decomposition has a direct impact on
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the performances, it can be concluded that the demixing of the oxygen electrode material must also
explain in part the higher degradation rated under SOEC condition.

Finally, it has been proposed that the formation of strontium zirconates associated to the
destabilization of the LSCF, could contribute to the evolution of the inter-diffusional layer. Indeed,
the loss of Zr from the electrolyte material could favor the interdiffusion of gadolinium in the
electrolyte. This hypothesis could contribute to explain the increase in the Ohmic resistance measured
after aging in electrolysis mode, even if more characterizations at the nanoscale are needed to fully

prove this claim.

In summary, this work has brought new insights on the causes and impacts of the Ni evolution in the
hydrogen electrode, and on the physico-chemical reactivity at the oxygen electrode/electrolyte
interface. Based on the results presented in this work, it can be confirmed that the degradation of
SOCs is significantly larger in electrolysis mode with respect to fuel cell operation. This difference
can be ascribed to two main phenomena: On the one hand, the effect of the cathodic overpotential on
the Ni instability at the interface with the electrolyte and, on the other hand, the high-temperature

destabilization of the LSCF in the oxygen electrode favored by the anodic current.

VI.2 Perspectives

To investigate the effects of the operating conditions on the degradation, it has been necessary to
analyze the results of long-term tests which are by nature severely time consuming. In order to speed-
up the analysis of the degradation in SOCs, while keeping a good representativeness of the real
durability, the implementation of standardized accelerated tests could be proposed. In this context,
the development of aggravated but representative testing protocols could represent an important
achievement to facilitate the study of the degradation mechanisms in SOCs under fuel cell and
electrolysis operation. As an example, durability tests could be performed adding steam in the air
flow for the oxygen electrode to facilitate the decomposition of the LSCF and the formation of
strontium zirconates. Indeed, this type of test is expected to increase the kinetics of the destabilization
reaction but would not modify its nature.

For the degradation of hydrogen electrode, the addition of specific pollutants in the fuel flow, such
as hydrogen sulfide, could be used to block the active sites and accelerate the degradation.
Alternatively, durability experiments at low temperature and high current density could be envisaged

to exacerbate the overpotential in the hydrogen electrode and investigate its effects on the Ni
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migration. In this context, degradation tests on symmetric cells having Ni-YSZ cermet electrodes

could help discriminate even more decisively the effect of the electrode polarization.

Aside from the tests duration, this study has highlighted the importance of the precise determination
of the reaction mechanisms at the two electrodes as a tool to investigate the intrinsic causes of the
degradation and its effects on the cell performances. The validation of the two micro-kinetic models
has allowed to employ a reliable modeling scheme to analyze the electrodes and cell response.
Nevertheless, some improvements to both models are still needed. In particular, the predictability of
the hydrogen electrode micro-kinetic model can still be improved. This could be achieved by a better
understanding of the interaction between hydrogen, steam and the Ni-YSZ cermet. For example, it
has been pointed out that a more precise determination of the thermodynamic and transport properties
for the surface-attached species is requested. With this objective the use of numerical tools, such as
density functional theory or molecular dynamics, could help obtaining more trustworthy input data
for the kinetic modeling.

For the LSCF-based oxygen electrodes, in order to catch the evolutions of the electrode response at
different operating pressure it could be envisaged to enrich the model by implementing a full-
elementary approach taking into account the double layer arising at the LSCF/gas interface. This

improvement is currently being addressed in the frame of the PhD thesis of E. Effori.

The analysis of Ni agglomeration and redistribution in the hydrogen electrode has highlighted that
the coarsening of nickel should remain an important issue but should not compromise the long-term
durability of SOCs. Indeed, the stabilization of the microstructure provided by the YSZ backbone
should allow to slow down the degradation for very long operating times. In contrast, the Ni depletion
from the interface appears to be intrinsically triggered by the operation in electrolysis mode. The
origin of the Ni migration remains unclear and more investigations are needed to completely
understand the cause of the nickel detachment. Based on the coupled experimental and modeling
approach, it has been proposed in this work that the modification of the double layer at the Ni/YSZ
interface could be the triggering phenomenon leading to the Ni instability. In other words, the
accumulation of oxygen vacancies at the interface between the Ni and the YSZ could weaken the
interfacial adhesion between the two causing the nickel detachment. However, other groups have
recently suggested that the driving force for Ni migration could be the evolution of the Ni/YSZ
interfacial energy with the polarization [Trini 2020]. The two hypotheses are both relevant although
they appear to be contradictory. At this stage, there are not enough experimental evidences to

conclude on the most likely mechanism. Therefore, further experimental and modeling investigations
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are needed to bring additional information on the underlying causes of Ni migration in electrolysis

mode.

From a practical point of view, in this work it has been shown that this phenomenon could be
dominating for coarser electrodes microstructures. Therefore, it should be possible to mitigate or at
least limit the Ni depletion by microstructural optimization. In addition, it has been proposed that the
Ni/YSZ adhesion must play a crucial role on the Ni stability. Consequently, methods to anchor Ni
onto the YSZ backbone should stabilize the microstructure for both Ni agglomeration and migration.
For example, addition of impurities in YSZ such as titanium could be envisaged as a potential solution
to increase Ni/YSZ adhesion. Indeed, it has been shown that this element could enhance the Ni/YSZ
interfacial adhesion [Skarmoutsos 2000, Tsoga 1996a]. Alternatively, in order to reduce the
overpotential that triggers the Ni detachment, it could be possible to operate the cells at higher
temperature. This last option could, theoretically, contribute to reduce the severity of Ni depletion,
but it is expected to increase the impact of other thermally activated degradation phenomena. Finally,
it can be pointed out that the modification of the electrode materials could be also a solution in the
stabilization of the microstructure in electrolysis operation. In this context, the use of Ni-GDC

electrodes could represent a more stable alternative to classical Ni-YSZ cermets.

Concerning the degradation of the LSCF-based oxygen electrode, an impact of the anodic current on
the material destabilization has been highlighted. Furthermore, a clear effect of the temperature has
been observed indicating that the phenomenon of strontium release could be alleviated by operating
the cell at lower temperature. It has been shown that the formation of secondary phases at the barrier
layer/electrolyte interface is ascribed to the LSCF destabilization. In this frame, it has been suggested
that the inter-diffusion layer in the electrolyte could evolve under electrolysis current. However, this
phenomenon could be strongly dependent on the cell and operating conditions. To validate this
proposition, new characterizations at the nanoscale level will be necessary. The results reported in
this thesis have indicated that the adopted approach remains valid. Therefore, the same type of
characterizations, performed at the nanoscale, could be envisaged to analyze the oxygen electrode
degradation coupling chemical and crystallographic data. Alternatively, Transmission Electron
Microscopy (TEM), could be used to obtain the localized crystallographic information, whereas

Secondary-Ions Mass Spectrometry (SIMS) could be used to investigate the chemical composition.

In addition to the precise determination of the underlying causes for the LSCF destabilization, the

quantification of its impact on the performances could be envisioned. With this objective, the multi-

168



scale kinetic modeling scheme represents a powerful tool. Indeed, the passivation associated to the
LSCF demixing could be implemented in the validated micro-scale model to directly evaluate the
evolution of the electrode and cell response as a function of time. In addition, this approach could be
coupled with computational thermodynamic data to identify a suitable law describing the demixing

and the passivation during the aging.

For the application, it is clear that classical MIEC electrodes exhibits intrinsic material destabilization
arising under anodic current. To find a mitigation solution by keeping the same material, it would be
necessary to optimize the microstructure to spread and thus limit the strong depletion of vacancies in
the electrode occurring in electrolysis mode. Moreover, it could be proposed to replace LSCF by
alternative materials with a higher stability for SOEC operation. For example, rare-earth nickelates
(Ln2NiOg+s with Ln = La, Pr, Nd) have recently shown promising results in terms of durability for an

operation in electrolysis mode [Khamidy 2020].

To conclude, several challenges arise when operating a solid oxide cell in electrolysis mode and to
face them it is necessary to deeply understand their origins. In this context, the threefold methodology
applied in this work by coupling (i) electrochemical characterizations (ii) advanced post-test analyses
and (iii) multi-scale modeling, appears as a suitable procedure to investigate the intrinsic causes of
the cell degradation. Based on this study, it can be stated that some compromise may be needed to
improve the durability of SOCs in electrolysis and reversible mode and thus ensure their commercial

attractiveness.
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Appendix A

Cells Description and Experimental Conditions
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Appendix B

Development of the Micro-Kinetic Model for the Hydrogen Electrode Reaction
Mechanism: Model I Based on the Oxygen Spillover Mechanism

As explained in chapter III section III. 1, the oxygen spillover mechanism implemented in Model I is
described by five chemical reactions and one electrochemical charge transfer reaction.

These reactions are accompanied by the surface diffusion of the adsorbed species (Hy;, H,Oyi, OHy;,
Oyi and 0%3;), the ionic conduction in the YSZ, the electronic conduction in the nickel phase and gas
diffusion in the pores of the electrode (H2 and H>O).

For each reaction, the kinetic rate is expressed according to eqgs. (III-2a) and (I1I-2b).

ADS  _ . .(1,4Ds ,PH20 DES

Vi,on; = SPpores—ni * Ini <kH20Ni Pref Oni — kHZONl- O1,0p; (B.1)
DISS _ .12 . (1,DISS+ . . _ 1,DISS— . .

VH,0ni = SPpores—ni * Ini (kHZONi Ou,0p; " Oni kHZONi Bony; QHNi) (B.2)
DISS _ .12 . (1,DISS+ . . _ 1,DISS— . .

VoHy; = SPpores-ni " i (kOHNi Bomy; * Oni kOHNl- Boy; QHNi) (B.3)
DES _ .12 .(1,DES .p2 _ 1,ADS ,PH2 2
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The thermodynamic equilibrium constants for the five chemical reactions (CR1-CRS5) are evaluated

using eqgs. (Il1-6a) and (II1-6b).
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The thermodynamic data used for the calculations are reported in Table III-I1I.

Once the equilibrium constants have been determined, these have been used to evaluate the surface

coverages at equilibrium on Ni and YSZ with eq. (III-7).

For the equilibrium on Ni surface:
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Subsequently the surface coverages at equilibrium have been used to evaluate the equilibrium

constant for the electrochemical charge transfer reaction ER1 as reported in Eq. (III-8).
ot
eq _ M oysz 2F
it aeo = gy e (G 7) w19

The diffusion of all the species involved in the reaction mechanism has been modeled according to

eqs. (I11-9) to (I1I-15) and using the diffusion coefficients reported in Table III-IV.
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Solving this set of partial differential equations with the boundary conditions reported in chapter III

section III.1.1.5, the model is used to simulate the n-i curves and the impedance spectra.
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Appendix C

Development of the Micro-Kinetic Model for the Hydrogen Electrode Reaction
Mechanism: Model II Based on the Hydrogen Spillover Mechanism

The H spillover mechanism implemented in Model Il is described by five chemical reactions and two
electrochemical reactions.

These reaction steps are accompanied by the surface diffusion of the adsorbed species (Hy;, H,Oi,
H,0ysz, OHyg, and 0%5,), the ionic conduction in the YSZ, the electronic conduction in the nickel
and gas diffusion in the pores of the electrode (H2 and H20).

For each one of the electrode reactions, the kinetic rate is expressed according to eqs. (IlI-2a) and

(I11-2b).
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The thermodynamic equilibrium constants of the five chemical reactions (CR1-CRS) are obtained

using egs. (I1-6a) and (I11-6b) and the thermodynamic data reported in Table III-II1.
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Once the equilibrium constants have been determined, these have been used to calculate the Ni and
YSZ surface coverages at equilibrium with eq. (III-7) and subsequently the equilibrium constants for

the electrochemical reactions as reported in eq. (I11-8).

For the Ni surface, the coverages at equilibrium are:

eq

0 eq
eq _ _ Ha0p; eq _ req L PH20°7  heq
KADS,HZOM T pHz0%7 jeq = U,0n; = KADS:HZONL‘ Pref Oni (C.13)
Pref N
pH2%? jeq? e
Ni
eq _ Pref eq _ 1 PH3 eq
KpEs i,y = — =20y, = | ) Oy (C.14)
Hani 9ed Ni Kpgst,y; Pref

Hyi
-1

pH,0%9 1 pH,0€9

Y0=1260=|1+K;] - - (C.15)
i ADSH2ONE  pyeg KDlIIES,HzNi Pref
While for the YSZ surface:
eq
Keq _ aHZOYSZ = eq _ Keq . PH20%1 . 99‘7
ADS,HyO0ysz — pHZO_eqlaeq Hy0ysz — DADSH20vsz o YSZ (C.16)
DPref YSZ
Cox- 051 c
e, = e > 00 = — 22051 (C.17)
- - e - - e .
INGOysz CVb"eog‘ Osz Kuzcoz‘ v 5z
YSZ "YYSZ
2
eq
Ked _ OHysz eq  _ |peq e  pH0% 1 Cop 9ed
DISS,H20ysz — g€ 0% OHysz — DISSHz0ysz  “ADSH20vsz prr KD Cpe YSZ (C.18)
H20ysz 0557 INCOys, [9)
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X

_ eq _ eq _PH20%1 eq . rea . PH20°1 1 . 9%
2o=1= GYSZ =|1+ KADS,Hzoysz Pref + KDISS.H20ysz KADS,HZOYSZ eq Cooe +
-1 (C.19)

1 Cox

_I_ eq— - —_—
KT Cpes
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Finally, the equilibrium constants of the charge transfer reactions (ER1 and ER2) are obtained:

eq geq
eq _ _HNi OHyggz F req
Kee1-rep = 929 ged_€XP RTE (C.20)
Ha0p; Ovsz
i O
eq _ __Ni Oysg F req
K2 rep = 990 _ 4 €XP EE (C.21
OHy s, ONi

The diffusion of all the species involved in the reaction mechanism has been modeled according to

eqs. (I11-9) to (I1I-15) and using the diffusion coefficients reported in Table ITI-IV.

acy ) eff _ 4.,DES
Epores - TV (=D VCy,) = +viis, (C22)
4CHy0 eff _ ADS ADS
Epores d_tz +V- (_DHZOVCHZO) = ~VH,0ysz ~ VH0n; (C.23)
dE t,1 t,2
Spui-vszCar ey = =V (=o' Voa) + F(vih + viis (C.24)
aE _ eff INC
=Spni-vszCagy = =V (=015 Vpio) = 2F v (C.25)
ady.,.. t,1 t,2
SPpores—nilni dtNL +V- (_Sppores—NirNiDHNiVHHNl-) = _ZngAS;i + 1/IgED + 1/IL?‘ED (C.26)
A0k, 0 1
SPpores-nilni dzt Mty (_Sppores—NirNiDHZONiVeHZONl-) = +nggm - l/EED (C.27)
dbH,0
SpYSZ—poreerSZ% +V  (=Spysz—poresIvszDuyoys;V Oroys7) = +vgzDgysz - Vﬁé%sysz (C.28)
@bony t1 t2
SpYSZ—pores[;’SZ thSZ +V- (_SpYSZ—pores[;/SZDOH;SZVQOH;SZ) = +2V521%5;5Z + V1§ED - V1§ED (C-29)
do -
[ t,2 INC
SpYSZ—pores[;’SZ dfsz +V- (_SPYSZ—pores[;/SZDoxz,gzVeoxz,s‘.z) = _nglsf;izsz + V;ED - voxzfs_‘z (C.30)

Solving this set of partial differential equations with the boundary conditions reported in chapter I11

section III.1.1.5, it is possible to simulate the n-i curves and the impedance spectra.
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Analysis of the Degradation in Solid Oxide Cells Operated in Fuel Cell and
Electrolysis Modes: Microstructural Evolution and Stability of the Electrodes
Materials

This work was dedicated to the analysis of the degradation of solid oxide cells operated in electrolysis
and fuel cell modes. A threefold methodology has been applied by coupling (i) electrochemical tests,
(i1) advanced post-test analyses and (iii) multi-scale modeling. Long-term durability experiments
have been carried out on standard cells (Ni-YSZ/YSZ/GDC/LSCF) to investigate the performance
loss as a function of the operating conditions. Specimens, which have been extracted from the pristine
and aged samples, have been characterized to evaluate the microstructural and physico-chemical
evolutions occurring at the two electrodes. In parallel, detailed micro-kinetic models for the hydrogen
electrode (Ni-YSZ cermet) and for the oxygen electrode (LSCF/LSCF-GDC) have been developed
and experimentally validated before being integrated into a macro-scale model for the complete cell.
The multi-scale numerical tool has been used to propose a better understanding of the underlying
forces driving the degradation. Moreover, the impact on the cell performances has been simulated
and discussed as a function of the operating conditions. Based on the results presented in this work,
it has been confirmed that the degradation of SOCs is significantly larger in electrolysis mode with
respect to fuel cell operation under H». On the one hand, it has been shown that the difference in
durability behavior can be ascribed to the effect of the cathodic overpotential on the nickel instability
in the hydrogen electrode. On the other hand, it has been observed and demonstrated that the
destabilization of the LSCF is favored by both the anodic current and the high operating temperature.

Analyse de la dégradation des cellules a oxydes solides fonctionnant en mode pile a
combustibles et électrolyse : Evolution microstructurale et stabilité des matériaux
d’électrodes

Ce travail a été dédi¢ a I’étude de la dégradation des piles a oxyde solide fonctionnant en mode
¢lectrolyse et pile a combustibles. Une approche intégrée couplant (i) des caractérisations
¢lectrochimiques, (ii) des analyses post-test avancées et (iii) une modélisation multi-échelle a été
adoptée. Des tests de longue durée ont ¢ét€é menés avec des cellules standards
(Ni-YSZ/YSZ/GDC/LSCF) pour évaluer la dégradation des performances en fonction des conditions
de fonctionnement. Des échantillons, extraits de cellules initiales et apres test, ont été finement
caractérisés pour déterminer les évolutions microstructurales et physico-chimiques des deux
¢lectrodes en fonctionnement. En outre, des modéles de cinétiques élémentaires ont été développés
et validés expérimentalement pour 1’¢lectrode a hydrogéne (cermet Ni-YSZ) et pour ’électrode a
oxygéne (LSCF/LSCF-GDC) avant d’étre intégrés dans un modele de cellule a I'échelle
macroscopique. L'outil numérique multi-échelle a ét¢ utilisé pour étudier les mécanismes sous-jacents
contrdlant les phénomenes de dégradation. Par ailleurs, leurs effets sur les performances de la cellule
en fonction des conditions de fonctionnement ont été évalués et discutés grace au modele. Sur la base
des résultats présentés dans ce travail, il a été confirmé que la dégradation des SOCs est nettement
plus importante en mode électrolyse par rapport a un fonctionnement en pile a combustibles
fonctionnant sous H». Cette différence peut étre attribuée d’une part, a l'effet des surtensions
cathodiques sur 1'instabilité du nickel dans 1’électrode a hydrogéne. D’autre part, il a été observé et
démontré que la déstabilisation du LSCF est favorisée sous fort courant anodique a haute température.




