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Introduction

Nowadays, the energy demand is mainly ensured by fossil energies such as coal, oil and natural gas. As shown on Figure 0.1, their contributions to the world energy supply are exceeding 80% of the total 1 . The massive use of such resources is affecting the climate due to greenhouse gas emissions. A significant global warming has been noticed by the experts of Intergovernmental Panel on Climate Change (IPCC) in their last report 2 . The international community has recognized the need to limit greenhouse gas emissions. In this context, the European Union (EU) has fixed targets to cut the emissions to 80% below 1990 level by 2050 3 . Knowing that the power sector, in other words the electricity production, is considered as the biggest potential for cutting emissions as shown on Figure 0.2, the massive deployment of renewable energy production technologies such as wind turbines, solar panels, biomass digesters or hydroelectricity is required. However, many of these clean energy sources being intermittent by nature, a new flexible energetic vector for storing energy when produced and non-consumed has to be developed. In that frame, hydrogen appears as a relevant energy vector. Indeed, the H2 molecule presents a high ratio of energy to mass4 of about 120 MJ.kg -1 well above coal (29 MJ.kg -1 ), oil (43 MJ.kg -1 ) or natural gas (50 MJ.kg -1 ). Nowadays, the dominating process to produce hydrogen is steam reforming of hydrocarbons that is emitting greenhouse gas. Therefore, there is a need to promote cleaner technologies with a low carbon footprint such as steam reforming of biogases or water electrolysis. From the different technologies available for the hydrogen production, the high temperature solution is considered as the less mature but also the most promising in terms of efficiency and cost. Indeed, this process exhibits the higher electrical efficiency compared to the other solutions as shown on Figure 0.3 at the scale of a single cell. In other words, for a given electrical consumption, the hydrogen production is higher when using Solid Oxide Cells (SOCs). Indeed, in the case of the high-temperature electrolysis, a part of the required energy for the reaction is assumed to be provided by "free" heat. It is thus necessary to combine hightemperature electrolysers with available sources of heat (such as nuclear plants, incinerators, or any industrial furnace).

SOCs are made of ceramic and ceramic-metallic materials without any expensive catalyst. Their operating temperatures are comprised between 600-900°C. Among all these advantages, it is worth noting that SOCs are reversible devices contrary to the low temperature solutions that require specific catalysts for each reaction. It means that the same object can be used to produce hydrogen or to produce electricity. This flexibility is especially interesting for the application to renewable energy storage. Indeed, the electricity can be used to produce hydrogen when there is a low electrical demand (electrolysis mode). Then, this hydrogen can be used to fulfil the electrical demand during the peaks of consumption (fuel cell mode).

During the last decade, a huge effort has been paid to develop the high temperature SOC technology. Nevertheless, the lifetime of SOCs still remains insufficient for their industrial deployment and their durability is nowadays considered as the main issue of the technology. Indeed, the operation at high temperature is strongly affecting the material and interfacial stabilities by promoting interdiffusion, chemical decompositions, generation of pollutants or microstructural evolutions. It is thus still necessary to acquire a deep understanding of these degradation mechanisms to be able either to develop solution for avoiding them or to select operating conditions minimizing their effects. It means that the links between the electrode microstructure with the cell performances and the degradation should be examined. This is the context of the present study.

Objectives of the study

This work aims at better understanding the degradation mechanisms of SOCs in fuel cell and electrolysis operations. It will mainly focus on the relationships between the microstructural evolutions and the loss of performances in different operating conditions over time. To reach this goal, a coupled experimental and modelling approach has been used as depicted on Figure 0.4. It is important to carry out long-term durability tests on elementary cells for the experimental investigation of the degradation processes. These tests must be performed with well controlled operating conditions and regular electrochemical characterizations. The effects of polarisation, current density, temperature or gas compositions will be considered in this work.

It has been shown by several previous studies 37 that the electrode microstructure tends to evolve upon operation. Nickel agglomeration is known to occur in the hydrogen electrode. Nevertheless, despite a strong impact on the electrochemistry, the rate of these morphological changes can be rather low especially when considering the state-of-the-art cells. In order to observe such fine evolutions, a highly sensitive characterization method has to be employed. In this work, X-ray nano-holotomography will be used to study the electrodes microstructures.

The improvement of the spatial resolution as well as the enhancement of the procedure reliability are two main objectives of this thesis. Morphological and microstructural parameters will be extracted from the obtained 3D volumes of pristine and aged cells.

The data acquired with the characterization methods will be introduced in a multi-scale and multi-physics modelling approach to compare experimental and theoretical performances. In this framework, a model dedicated to new oxygen electrode materials showing Mixed Ionic and Electronic Conduction (MIEC) must be developed to complete the available simulation software. The model takes into account the elementary processes occurring in the electrodes and allows the scale-up to the cell macroscopic behaviour. Comparison of the degradation measured during durability tests and the results of simulations will allow the global contribution of each degradation mechanism to be evaluated. 

Layout of the manuscript

The first chapter is dedicated to the presentation of the context of high temperature Solid Oxide Cells. Firstly, both performance and durability of the state-of-the-art SOCs are provided. Then, a special effort has been given to detail and to rank as far as possible the importance of the main expected degradation mechanisms. In the light of this literature review, the choices and the strategy adopted in the present study are presented.

The second chapter presents the state-of-the-art in synchrotron X-ray imaging by phase contrast. A special discussion has been added to highlight the advantages and drawbacks of nano-holotomography compared to other 3D characterization techniques available for SOCs.

The specific method used for the SOCs electrode reconstruction is presented in detail.

The third chapter shows the adaptations of the X-ray nano-holotomography experimental protocol to reach higher spatial resolution and to enhance the reconstruction reliability. In particular, the new ID16A Nano-Imaging beamline is presented as well as the new sample preparation and data acquisition process. The morphological properties extracted from the 3D volume of pristine O2 and H2 electrodes are detailed in this chapter.

The long-term electrochemical tests and post-mortem characterizations are described in the chapter IV. The degradation rates obtained with the test bench are discussed regarding the selected operating conditions. Post-mortem characterizations of every aged cell are also presented to highlight the operating parameters affecting the Nickel agglomeration in the hydrogen electrode.

These microstructural properties are used as input data for the modelling approach presented in the chapter V. The multi-scale modelling approach is validated and used to discuss the degradation effects. The nickel agglomeration contribution on the experimental degradations is detailed in this chapter.

The last chapter is dedicated to an overview of all the results obtained in this study. They are discussed together in the light of recent published literature in the objective to make a synthesis and propose some outlooks to the present work. In this chapter, the context of high temperature Solid Oxide Cells (SOCs) is introduced. In particular, the architecture, the materials and the fundamentals of solid-state electrochemistry in SOCs are presented. The basic reactive mechanisms occurring in the electrodes are discussed according to the fuel cell or the electrolysis mode. The SOCs performances and the long-term tests available in the literature are reported and analysed to estimate the most impacting operating parameters on the cell degradation rate. A section is finally dedicated to the underlying mechanisms of material ageing upon operation which are liable to explain the durability tests. From that introduction, a summary and justification of the chosen approach is done. A SOC consists of three layers made of a dense electrolyte sandwiched between two porous electrodes. The so-called hydrogen electrode is the cell layer in which hydrogen is oxidized in fuel cell mode or produced from steam in electrolysis mode according to the half reactions (I.2) and (I.3) respectively. The electro-oxidation or reduction of O2 takes place in the so-called oxygen electrode according to the half reactions (I.4) and (I.5) respectively.

SOFC mode SOEC mode H2 electrode

Anode (I.2) Cathode (I.3)

𝐻 2 + 𝑂 2-→ 𝐻 2 𝑂 + 2𝑒 - 𝐻 2 𝑂 + 2𝑒 -→ 𝐻 2 + 𝑂 2-

O2 electrode

Cathode (I.4) Anode (I.5)

1 2 𝑂 2 + 2𝑒 -→ 𝑂 2- 𝑂 2-→ 1 2 𝑂 2 + 2𝑒 -
The electrolyte ensures the conduction of the oxygen ions produced by electrochemical reactions from one electrode to the other. In fuel cell mode, gaseous oxygen molecules are reduced at the oxygen electrode into 𝑂 2-ions that migrate through the dense electrolyte to react spontaneously with gaseous hydrogen at the hydrogen electrode and to produce steam and electrons. In electrolysis, the water molecules are dissociated to form hydrogen gas and oxygen ions. These ions diffuse through the dense electrolyte and are oxidised at the O2 electrode Working at high temperature has other interesting advantages. First of all, no expensive catalysts such as Platinum are required for the activation of the electrochemical reactions conversely to the low temperature technologies (polymer electrolyte membrane fuel cells for instance) [Kiburakaran2009, Mekhilef2012]. In addition, from a pure thermodynamic point of view, working at high temperature can also allow reducing the cost of the produced hydrogen if the electrolyser can be connected to a free or cheap available heat source. Indeed, the electrical demand for the water splitting (∆𝐺) is reduced when increasing the operating temperature. As depicted in The tubular design can be favourably replaced by the planar architecture that presents several advantages. Indeed, this design is easier to manufacture. It exhibits much higher performances by limiting the cell ohmic losses and by ensuring a better gas distribution onto the electrodes [Hino2004, Ni2008]. Nowadays, the use of the planar design is widespread and can be considered as the classical architecture for the high temperature technology. Planar cells are assembled with metallic interconnects to form a stack of high power density. The interconnect plates are designed to ensure the gas distribution and to collect the current. The main drawback of this configuration lies in the management of the gas tightness. Thanks to the thin electrolyte, the ohmic resistance is reduced and the temperature can be decreased down to 700°C. In this case, the performances can be limited by the gas diffusion across the electrode substrate. In order to increase the cell mechanical reliability, some authors have proposed to use porous metallic interconnects as support for both electrodes and the electrolyte [Villareal2003, Brandon2004, Tucker2010] (Figure I.4c). The main advantage of this variant is its capability to withstand many thermal cycles without any degradation but it raises drastic corrosion issues. The architecture that is the most commonly used nowadays is the hydrogen electrode support concept.

Materials in SOC

The selection of materials is decisive for the cell performances and durability. They must fulfil several constraints. Regarding the cell mechanical stability, the Thermal Expansion Coefficients (TECs) of the electrodes should match with the electrolyte one. As general features, the electrode materials must also exhibit a high electro-activity regarding the electrochemical reactions and a high electronic conductivity. They should be stable at high temperature either under oxidising atmosphere at the O2 electrode or under reducing condition at the H2 electrode. The electrolyte material must exhibit a good ionic conduction whereas its electronic conductivity must be negligible to prevent short circuit. Moreover, the material should be also chemically stable under a large range of oxygen partial pressure at high temperature. The most classical components for the electrolyte and electrodes are presented in the following parts.

Electrolyte

Stabilized zirconia are the most common materials for SOC electrolyte. Several dopants such as Yb2O3, Sc2O3 or Y2O3 can be used to improve the ionic conductivity and the stability of zirconia. Yttria Stabilized Zirconia (YSZ) is the most classical compound which exhibits the best compromise between mechanical and conduction properties [Ni2008]. The doping ratio has a huge impact on the ionic conductivity of the electrolyte as it stabilizes the cubic zirconia.

The ionic conductivity evolves between 0.05 S.cm -1 and 0.14 S.cm -1 at 1000°C for a doping ratio comprised between 5%mol and 12%mol [Yamamoto2000]. The electrolyte is often doped with 8%mol Y2O3 even if a 3%mol can also be used for a better mechanical stability. The ionic conductivity is thermally activated, even with a thin electrolyte, the operating temperature cannot be decreased below 650-700°C to limit reasonably the ohmic losses. Stabilized zirconia are now rather well understood and optimized for operation around 800°C in combination with a number of known electrode materials. To decrease the operating temperature, several alternative materials are being studied such as Gadolinium Doped Ceria (GDC) [Kreuer2003, Ni2008].

Hydrogen electrode

Since Nickel is a good electronic conductor and presents a very high electrochemical activity towards hydrogen, it is nowadays used as the standard material for the H2 electrode. Nevertheless, it is worth mentioning that the active sites for the reaction (I.2) or (I.3) are limited to the vicinity of Triple Phase Boundary (TPB) lines where the oxygen ions coming from the electrolyte, the electrons transported in the Ni and the gaseous molecules can meet. To extend the TPB lines in the volume of the electrode, a porous cermet of Ni and YSZ (Ni-YSZ) is realized. This architecture allows the electrochemical reaction to be delocalised in the thickness of the electrode. The ratio of Ni to YSZ is directly impacting the performances of the electrode as well as its mechanical robustness [Zhu2003]. Indeed, the thermal expansion coefficient of the cermet is varying with the Ni content [Ni2008]. Moreover, the electronic conductivity strongly depends on this ratio. It has been shown in [Aruna1998] that a content of Ni comprised between 30%vol and 50%vol presents the best properties. It should be noticed that the microstructure of this electrode (especially the TPB density) has a huge impact on the cell performances.

Oxygen electrode

The materials of this electrode are working under a highly oxidising atmosphere at high temperature. As a consequence, pure oxide ceramics are usually used there. Several designs have been developed for this electrode. The first one consists of a composite electrode composed of a good electronic conductor mixed with electrolyte material for the ionic conduction. The architecture of such electrode is similar to the hydrogen electrode with electrochemical reaction taking place at TPB lines (Figure I.5a). By choosing an adapted ratio between the two materials, it is possible to obtain a TEC closed to the electrolyte. A classical composite used for the oxygen electrode is La1-xSrxMnO3 -YSZ (LSM-YSZ) where LSM ensures the electronic conductivity and YSZ the ionic one. A second class of materials presenting a Mixed Ionic and Electronic Conduction (MIEC) is getting more and more used as oxygen electrodes. In this case, the same material ensures the conduction of electrons and ions. Moreover, the electrochemical reaction is no longer limited to TPB lines but is able to extend onto the whole material surface (Figure I.5b). La1-xSrxCoO3 (LSC) or La1-xSrxCoyFe1-yO3 (LSCF) perovskites are the most common MIEC materials used as oxygen electrodes. These compounds allow the electrochemical performances to be improved compared to the LSM-YSZ composite [Tietz2006]. However, the chemical instability of LSC or LSCF and their reactivity with YSZ are major drawbacks that limit the cell durability. To mitigate this issue, a thin barrier layer of GDC is classically added between the electrolyte and the electrode. Moreover, composite electrode made of LSCF and GDC has been also proposed to adapt the electrode TEC to the electrolyte one [Gao2016]. )

(I.6)
where 𝑈 0 is the standard potential of the reaction and 𝑎 𝑥 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒,𝑖=0 the activity of the element 𝑥 taken at the interface with the electrolyte under a nil current. ℱ is related to the Faraday's constant and 𝑅 is the gas constant (𝑅 = 8.314 J.mol -1 .K -1 ). Upon operation, several overpotentials are generated that modify the cell voltage.

Ohmic overpotential

The ohmic overpotential includes the material resistance to the flow of electrons and ions as well as the contact resistance grouped under 𝑅 Ω expressed in ohm.cm 2 . This overpotential is proportional to the current density and obeys the classical Ohm's law (Eq. (I.7)).

𝜂 𝑜ℎ𝑚𝑖𝑐 = 𝑅 Ω × 𝑖 (I.7)
The resistance of the dense electrolyte represents the main part of the ohmic overpotential. The second contribution is due to the contact between cells and current collectors. A grid is usually used in test set-up to limit this resistance as much as possible.

Concentration overpotential

The concentration overpotential 𝜂 𝑐𝑜𝑛𝑐 arises in operation because of the electrode inability to maintain the fluid initial composition in the neighbourhood of the electro-active sites. It can be expressed as the sum of the gas conversion losses ∆𝑈 𝑟𝑒𝑣 and the diffusion overpotential  𝑑𝑖𝑓𝑓 :

𝜂 𝑐𝑜𝑛𝑐 = ∆𝑈 𝑟𝑒𝑣 +  𝑑𝑖𝑓𝑓 (I.8)

Gas conversion losses

Even if the system is considered as ideal (i.e. the thermodynamic conditions are fulfilled), the cell potential remains impacted by a reversible contribution due to the change in the gas composition with the current [Laurencin2015]. These conversion overpotentials can be deduced from the Nernst equation when it is applied under current assuming a steady state situation. They are expressed as follows for each electrode (Eq. (I.9) and (I.10)): where 𝑎 𝑥 𝑐𝑎𝑛𝑎𝑙,𝑖=0 and 𝑎 𝑥 𝑐𝑎𝑛𝑎𝑙,𝑖≠0 are the activity of the species 𝑥 taken in the canal of gas distribution at a current density 𝑖 = 0 and 𝑖 ≠ 0 respectively. These expressions do not consider the mass transfer in the electrode porous thickness. It only expresses the gas conversion limitation on the cell voltage. They reflect the fact that the cell current density reaches a limiting value when all the reactant has been consumed.

𝑈 𝑟𝑒𝑣 𝐻 2 = 𝑅𝑇 2ℱ 𝑙𝑛 ( 𝑎 𝐻 2
It is worth mentioning that the gas conversion losses depend only on the operating conditions defined by the current density and the gas feeding conditions. These 'thermodynamic' contributions are thus 'unavoidable' and will be the same whatever the SOC materials. In these conditions, cell polarisation curves can be compared only if the contributions 𝑈 𝑟𝑒𝑣 𝐻 2 and 𝑈 𝑟𝑒𝑣 𝑂 2 are identical. In other words, assessment in performances of different cells is relevant only if the i-U curves are compared for identical conditions of inlet gas fluxes 𝑁 𝑔𝑎𝑠 𝑖𝑛𝑙𝑒𝑡 that lead to the same steam conversion and oxygen production rates. The gas conversion rates are usually defined as follows for fuel cell and for steam electrolysis respectively: where the ratio 𝑖/2ℱ represents the hydrogen or steam consumed by the electrochemical reaction according to Faraday's law.

Gas diffusion overpotential

The porous electrodes constitute a barrier to the gas transfer from the gas channel to the electrode active sites. This limitation on the gas transport induces a partial pressure gradient across the electrode thickness resulting in the so-called diffusion overpotentials: The activities are considered under current in the canal or in the electrochemical active area noted TPB.

Activation overpotential

The activation overpotential takes into account the irreversible phenomena associated to the electrochemical reactions. They include all the elementary reactive mechanisms taking place within the active part of the electrodes in which the reactions extend such as the charge transfer or diffusion around the TPBs. At the cell level, they are simply modelled according to a Butler-Volmer formalism [Ni2007, Udagawa2007]. It should be noticed that it is a purely phenomenological approach as this equation only considers a charge transfer at the electrode/electrolyte interface [Laurencin2015]. The activation overpotential for both electrodes are given in Eq. (I.14) and (I.15).

𝜂 𝑎𝑐𝑡 𝐻 2 = 𝑅𝑇 ℱ 𝑠𝑖𝑛ℎ -1 ( 𝑖 2𝑖 0 𝐻 2 ) (I.14) 𝜂 𝑎𝑐𝑡 𝑂 2 = 𝑅𝑇 ℱ 𝑠𝑖𝑛ℎ -1 ( 𝑖 2𝑖 0 𝑂 2 ) (I.15)
where 𝑖 0 is an "apparent" exchange current density that characterizes the electrochemical reactions. This parameter is mainly dependent on the microstructure and the temperature but also on the gas composition. It should be noticed that the microstructure of the electrode active part plays a major role on the activation overpotential [Virkar2000].

Reactive mechanisms

The determination of the elementary reactive mechanisms occurring in the electrodes is complex and requires fine analysis and characterisations. The modelling approach is generally used to compare experimental data with simulated ones assuming precise hypothesis in the objective to identify a relevant reactive pathway. It should be noticed that the reactive mechanism may differ according to the polarisation or the test conditions. Moreover, the microstructure of the electrodes affects directly the mechanisms since the kinetic rates depends on the morphological properties. An overview of the reactive mechanisms considered in the literature for the hydrogen and oxygen electrodes is proposed hereafter.

Hydrogen electrode

The reactive mechanisms in the classical Ni-YSZ electrode have been studied in many works [Mizusaki1994, Mogensen1996, Bessler2007, Vogler2009, Goodwin2009, Grondin2011, Dasari2013]. A major part has been dedicated to the fuel cell mode. With this polarisation, a multi-step reactive pathway is generally considered in the studies. The first elementary step is the hydrogen adsorption on the Ni surface. In parallel, the oxygen ions are excorporated from the YSZ bulk to its surface. The charge transfer reaction takes place at the TPB. Complex surface reactions referred to hydrogen spillover have been proposed in the literature [Bessler2007]. The water is finally desorbed from the surface to give steam. In this series of reactive steps, there is a large concordance to consider the charge transfer reaction at TPBs as the limiting step of the global mechanism in that polarisation.

In electrolysis mode, the multi-step reactions could be different. Some experiments tend to show a limitation by the water partial pressure suggesting that an adsorption reaction could be the limiting step [Grondin2011, Laurencin2015]. The global reactive pathway is thus expected to be different from the fuel cell mode. However, at the time of writing, there is no clear consensus on the elementary reaction pathway in electrolysis mode on the Ni-YSZ electrode.

Oxygen electrode

For a composite oxygen electrode made of LSM-YSZ, it is generally admitted that the reduction reaction in fuel cell mode is the reverse of the oxidation reaction occurring in electrolysis polarisation. The proposed reactive mechanism is usually based on two main steps [Lay2013, Shin2013]. In SOFC, the first step is the oxygen adsorption on the surface of LSM. Then, a charge transfer reaction takes place at the TPB to give an oxygen ion into the YSZ phase. The reverse mechanism would occur in electrolysis. There would be firstly a charge transfer reaction at TPBs. The oxygen is then desorbed to give an O2 gas molecule. Some authors propose a more complex pathway on surface of the LSM by adding other steps [Jorgensen2001, Kim2001, Chen2003]. All these models show that the surface diffusion of the adsorbed oxygen or its desorption have a huge impact on the cell performance.

Mixed ionic and electronic conductors have the advantage to extend the electrochemically active area on the whole surface of the solid phase. It can be easily understood that the reactive pathway will be different from the LSM-YSZ electrode. In fuel cell mode, the reactive mechanisms are generally described by a three steps mechanism. The first reaction is the oxygen adsorption on the MIEC surface. The adsorbed molecules are then reduced by charge transfer and incorporation into the lattice of the MIEC material. Finally, the oxygen ions flow by solid-state diffusion and are transferred into the electrolyte by a second charge transfer reaction. It is generally admitted that this reaction pathway, which is called the "bulk path", controls the global reactive mechanism of MIECs operated in fuel cell mode [Adler1996, Deseure2005, Fleig2007, Rueger2007, Carraro2012]. Nevertheless, some authors have pointed out that the direct reduction at the electrolyte/MIEC/gas TPB lines could be also involved in the mechanism [Liu1998, Liu1998b, Coffey2003, Simrick2012, Enrico2014, Gong2014]. Moreover, it is expected that the direct charge transfer at TPB lines could become nonnegligible for some operation conditions or materials compositions. For example, in the case of a composite MIEC-GDC, the density of TPB is substantially increased as the active sites extend in the whole electrode thickness. In this composite a reactive mechanism limited to the bulk path could appear too restrictive. Contrarily to the fuel cell mode, very few studies have been dedicated to analyse the reactive mechanisms in electrolysis mode [Coffey2003, Wiemhoefer2002]. They suggested the contribution of TPBs in the electrode performances.

The reaction pathway activated under anodic polarisation for O2 production remains almost unknown.

State of the art of modelling

The development of numerical tool to understand the SOC response is of high interest. These approaches can be used to allow the interpretation of experimental results or to find the reactive mechanisms of an electrode. There is a lot of approach to model the physical phenomena in SOC as illustrated on Figure 1.I.7. They can be differentiated in several categories such as the state (transient or steady state) or the dimension (from 0D to 3D). There is also different scale level to model SOCs [Andersson2010, Stempien2013]. Some numerical tools proposed in the literature are dedicated to the understanding of the electrochemical mechanisms in the electrodes whereas others describe the cell or stack response. The main goals of models developed from the atomistic to the macroscopic scale are reminded hereafter. 3.1 Atomic nano-scale modelling Some studies have been dedicated to a better understanding of the processes occurring at the atomic scale. These models are especially interesting to identify some properties required for the upper scale modelling. There are different approaches based for example on density functional theory, molecular mechanics or kinetic Monte-Carlo simulations. There are few works for SOFC to describe electrode reactions [Anderson2006, Mukherjee2007, Rossmeisl2008, Shishkin2009]. These models are not yet able to give access to macroscopic information as polarisation curve or impedance spectra.

Electrode micro-scale modelling

A lot of studies have been dedicated to the modelling of the elementary kinetics in the oxygen and hydrogen electrodes. The main goal of these simulations is to investigate the possible reactive mechanisms and their delocalisation in the electrode thickness. A review of the main models for cathode and anode is proposed in [Adler2010]. In these simulations, the reactions occurring at the solid/gas and solid/solid interfaces are taken into account. The different species transports are also considered in these models. The electrode response can be calculated with these numerical tools in different operating conditions. The limiting step in the global electrochemical reaction can be determined with the simulation. Some models are dedicated to steady-state simulations whereas others are dealing with the electrochemical impedance spectra. There is not a consensus on the reaction pathways, intermediate species and ratelimiting steps for both electrodes [Bessler2007]. For the cathode (O2 electrode), the mechanism in MIEC have been modelled by successive steps as proposed in [Adler1996, Liu1998, Coffey2003, Deseure2005, Fleig2007, Rueger2007, Gong2014, Yurkiv2014]. For the anode (H2 electrode), the reactive pathway is divided into successive elementary steps or limited to a simple charge transfer at TPBs for simplification of simulations [Mizusaki1994, Mogensen1996, Costamagna1998, Bieberle2002, Bessler2005, Goodwin2009]. At this scale, the transport in the gas channel is usually neglected. They can be taken into account in more general simulation tools developed at the cell level.

Cell macro-scale modelling

Several groups have developed models allowing the prediction of the complete cell performances. The simulations are used to explain the experimental polarisation curve recorded in different operating conditions. These approaches are generally based on the calculation of the Nernst potential at equilibrium. Then, the overpotentials are subtracted to this value. In these models, the activation overpotential is generally calculated by using a Butler-Volmer type equation to describe the electrochemical kinetic. It means that the possible complex reactive mechanisms occurring in the electrodes is simplified by a single charge transfer reaction. This approach is widely used as it is computationally cheap and the cell response is rather well described. There is also models considering the system level [Winkler2002, Leucht2011]. They are mainly used for basic feasibility studies as big simplifications are generally assumed.

Modelling of the electrolysis mode

Most of the models have been developed for the fuel cell mode. There is less literature dedicated to the simulation of the electrolysis polarisation. A review of articles devoted to this mode can be found in [Stempien2013]. It appears that some numerical tools developed for the fuel cell mode have simply been used to simulate the operation in electrolysis. However, this polarisation presents some specificities. Some models have been developed at the electrode scale to describe this operating condition [Grondin2011, Lay2013]. There are also simulations to describe the cell response in electrolysis mode. In-house and CFD approaches are found in the literature [Ni2007, Udagawa2007, Ni2009, Laurencin2011]. It appears that there is still a lack in the understanding of the reactive mechanism in electrolysis. More researches are needed on this specific polarisation.

State of the art of SOC performances and durability

A deep understanding of the physical processes involved in the SOCs operation is essential to improve the cell performances and durability all together. Well defined protocols are also of major importance to evaluate both the initial performances and the degradation rates in relevant experimental conditions. In this context classical measurements are proposed in the literature in an attempt to compare the performances and the degradation between different cells. Despite these efforts, it is worth noting that a direct comparison between the data reported in the literature is somewhat complicated due to differences in the test conditions (temperature, gas composition, flow rates …). However, in this section, typical cell performances and degradation rates are reported. The underlying mechanisms, which are assumed to be involved in the cell performance degradation, are also reported.

SOC performances

One of the best performances reported up to now on both modes is illustrated on Figure I.8 where a typical polarisation curve in both modes for a H2 electrode supported cell made of Ni-YSZ//YSZ//GDC//LSCF is shown. The complete test conditions can be found in [Schefold2012]. In fuel cell mode, with a ratio H2/H2O of 92/8, a current density of 1 A.cm -2 is reached at 0.78 V, T=776°C and a Fuel Utilisation (FU) rate of 63%. In electrolysis mode, with a ratio H2/H2O/N2 of 9/80/11, a current density of -1 A.cm -2 is reached at 1.08 V, T=772°C and a Steam Conversion (SC) rate of 36%. (1) 0.72 0.3 [Zhang2013] LSCF (2) 0.81 0.3 [Zhang2013] 850 LSM-YSZ 0.82 0.5 0.21 [Hauch2006] LSCF (3) 0.82 0.3 [Zhang2013] LSM-YSZ (3) 0.8 0

.3 [Zhang2013] SOEC 750 LSM-YSZ 1.26 -0.5 0.65 [Hauch2006] 770 LSCF 1.08 -1 [Schefold2012] 800 LSCF (1) 1.04 -0.3 [Zhang2013] LSCF (2) 0.95 -0.3 [Zhang2013] LSM-YSZ 0.83 [Laguna2010] LSCF 0.70 [Laguna2010] 850 LSM-YSZ 1.06 -0.5 0.27 [ Hauch2006 
] LSCF (3) 0.95 -0.3 [Zhang2013] LSM-YSZ (3) 0.99 -0.3 [Zhang2013] Cell Manufacturer: (1) SOFCPower Inc., (2) Ceramatec Inc., Materials and Systems Research Inc., (3) Saint Gobain Advanced Materials.

In Table I.1, the performances of different Ni-YSZ cermet supported cells are reported in terms of current density and Area Specific Resistance (ASR). As expected, higher temperature leads to better performances since the conductivities and the reactions are thermally activated [Hauch2006]. Knowing that the activation losses at the O2 electrode are reckoned to be significant [Leonide2010], the cell efficiency is also strongly dependent on the choice of the O2 electrode material. As already discussed, MIECs such as LSCF or LSC perovskites allow the activation losses to be significantly reduced, and hence, to improve the global cell efficiency [Laguna2010, Tomoshige2013, Zhang2013, Mori2015].

Nevertheless, even for the same materials tested in the same conditions, a large discrepancy in the cell performances is found when testing cells from different manufacturer [Zhang2013]. It tends to mean that the electrodes microstructures play a major role on the performances and constitute key parameters that govern the cell efficiency. More specifically, the microstructure of the cell support can be expected to be crucial for the gas diffusion whereas the microstructure of the electrode active layer would favour the electrochemical reactions (for example, by increasing the density of TPBs).

SOC durability

The long-term tests are commonly performed in galvanostatic conditions (i.e. the current density is imposed) whereas the cell voltage is recorded over time. The degradation rate is then defined as the voltage loss divided by the test duration ∆𝑡 as shown in Eq. (I.16): In fuel cell mode, one of the longest ageing tests reported in the literature measured a degradation rate of 0.32 mV.kh -1 after 19000h on a planar cell [Torabi2016]. The durability of planar SOCs in fuel cell mode ranges currently around few millivolts per 1000h (i.e. around 1-0.5 %.kh -1 ) [Tietz2006, Orui2008, Ghezel2013, Borglum2015, Hatae2015, Noponen2015, Trofimenko2015]. In electrolysis mode, the degradation rates are found to be higher. The order of magnitude is about 10 mV.kh -1 (i.e. 1-5 %.kh -1 ) [Brisse2008, Hauch2008, Schefold2013]. In one of the longest tests, performed during 9300h, a degradation rate of 40 mV.kh -1 was measured [Schefold2012]. Better durability has been obtained in [Schefold2015] with a degradation rate of about 7 mV.kh -1 after 11000h or in [The2015] with a value below 1 %.kh -1 after 6100h. Despite this quite low values, the degradation rates are still too high. Indeed, to be economically viable, the cell degradation rates should not exceed 0.25 %.kh -1 in fuel cell mode [Blum2013] and 1-3 %.kh -1 in electrolysis mode [Relhy].

𝑟 𝑑𝑒𝑔 = 𝑈 𝑡 -𝑈 0 ∆𝑡 (I.
In fuel cell mode, several studies have been dedicated to identify the operating parameters that affect the degradation rates. As a general rule, it is well accepted that the inlet gas composition and flow, and the current density have a major impact on the durability curve. For example, Hagen et al. [Hagen2006] have shown that the degradation is significantly accelerated by any increase of the current density (35 mV.kh -1 at 0.41 A.cm² and 125 mV.kh -1 at 0.75 A.cm²). Surprisingly, many authors reported that the degradation rate is lowered at higher temperature [Hagen2006, Hauch2006, Diethelm2013, Fang2015, Kotisaari2016]. As an illustration, [Hagen2006] have measured a rate of 125 mV.kh -1 at 750°C and 20 mV.kh -1 at 850°C. There are much less studies devoted to the durability in electrolysis mode [Hauch2006, Knibbe2010, Sun2015]. The operating parameters influencing the degradation are not precisely determined. In addition, the degradation rates seem to be higher under electrolysis mode compared to fuel cell mode.

Degradation mechanisms

The degradation rate reflects the material ageing of SOC components upon operation. The cell ohmic losses and/or the electrode overpotentials are increased over time because of pollutions or of microstructural evolution such as phase coarsening or material destabilisation at high temperature. These evolutions are different according to the operating conditions or the cell materials. Nowadays, despite several efforts, the underlying mechanisms of degradation are not fully understood. In practise, advanced post-test characterizations are required to analyse the change in electrode microstructure or in physico-chemical properties of the materials. In the literature several degradation mechanisms are proposed for the SOC components, which are presented hereafter.

Oxygen electrode

A lot of studies exist on the degradation occurring at the oxygen electrode in fuel cell and electrolysis mode. The main mechanisms that have been highlighted in the literature are related to the cation diffusion, the materials reactivity with the electrolyte or the delamination of the electrode. Numerous articles are also dedicated to Chromium poisoning coming from the metallic interconnects.

Segregation, diffusion and reactivity of cations

The oxide materials used in the oxygen electrode are subject to an electrochemical potential gradient. It induces the mobility of chemical or charged elements inside the electrode. In practise, with classical oxygen electrode components (LSM-YSZ or MIEC), reactivity of cations with the electrolyte has been observed after cell operation. The new phases SrZrO3 and La2Zr2O7 have been detected by many authors [Setoguchi1990, Jiang1999, Mai2005, Yokokawa2008, Adijanto2011, The2015]. They are mainly localised at the electrodeelectrolyte interface as shown by [Simner2006].

The mechanism for the reactivity of these materials is still unclear, but some experimental works allow proposing hypothesis. A Strontium segregation at the surface of LSCF has been observed in several articles [Simner2006, Oh2012, Pan2015, Wang2016]. A SrO passivation film has been clearly identified after heat treatment by [Oh2012]. A hydroxide strontium species Sr(OH)2 has even been found on a LSCF surface by [Cai2012]. As suggested by F. Tietz et al. [Tietz2008], the Strontium transport from the electrode to the interface with the electrolyte probably occurs in the gas phase due to the Sr(OH)2 volatile species. The effects of operating parameters as temperature or polarisation on this degradation mechanism are unclear as contradictory results can be found in literature. Nevertheless, the water content in the gas at the oxygen electrode seems to be an impacting parameter [Hjalmarson2008, Bucher2011].

The new phases created at the interface with the electrolyte have a low conductivity and will not be electrochemically active. Their localisation could favour the delamination of the oxygen electrode [Jiang1999]. As already mentioned, a thin GDC barrier layer is generally added between the electrode and the electrolyte [Mai2006, Uhlenbruck2009, Adijanto2011] to limit the material reactivity. Nevertheless, the Strontium segregation at the LSCF surface and the precipitation of a SrO passivation film is suspected to affect the reaction kinetics and to degrade the electrode performances [Simner2006, Oh2012]. Therefore, even if SrZrO3 formation is avoided, the electrode performances could be impacted. This degradation mechanism could be non-negligible in the overall cell performance decay.

Delamination

At the oxygen electrode side, the delamination at the interface with the electrolyte is another impacting degradation. Few studies observed a delamination of the oxygen electrode in fuel cell mode [Hagen2006, Virkar2007, Park2010], which were attributed to a TEC mismatch between the electrode and electrolyte materials [Park2010]. More studies have highlighted a delamination upon electrolysis operation [Knibbe2010, Laguna2011, Hjalmarsson2013, Kim2013, Tietz2013].

For a composite LSM-YSZ oxygen electrode, a degradation mechanism has been proposed to explain the delamination in electrolysis mode [Chen2011, Keane2012]. The cations reactivity with zirconia is creating the new phases La2Zr2O7 and SrZrO3 [Keane2012] that could induce a mechanical stress in the particle leading to micro cracks [Chen2011]. The repetition of such micro-cracking all along the interface could result in the complete delamination of the electrode. This degradation would be favoured in electrolysis mode as the internal oxygen pressure in the electrolyte is high under anodic polarisation [Virkar2007, Knibbe2010, Virkar2010, Zhang2012]. A higher temperature could also enhance this degradation mechanism as the cations mobility would be favoured [Rashkeev2012, Zhang2012]. However, it is specific of LSM-YSZ electrodes.

Chromium poisoning

The metallic interconnects are often made in ferritic steel containing a large amount of Chromium. Many studies have demonstrated that the Chromium can be released from interconnects under oxidizing atmosphere at high temperature and react with the O2 electrode material [Matsuzaki2001, Simner2005, Konysheva2006, Jiang2014]. The Cr poisoning is a well-documented degradation mechanism. In the literature this pollution has been mainly observed in fuel cell mode even if it also happens in electrolysis mode [Sharma2010]. A significant amount of SrCrO4 is usually observed in the area directly in contact with the interconnect [Jiang2006, Ardigo2011]. In this case, solid state diffusion would be the main transport mechanism. However, many studies have shown that Chromium is transferred from the interconnect into the electrode by volatilisation and re-deposition [Hilpert1996, Simner2005, Chen2010]. The gaseous molecules react with the LSM, LSC or LSCF to form SrCrO4 particles, which are mainly observed within the electrode current collecting layer [Sharma2010, Schuler2012, Jiang2014, Park2014b, Wei2015]. The most classical volatile species would be CrO3 under dry atmosphere and CrO2(OH)2 under humid atmosphere.

From that point of view, the gas humidity appears like a strongly impacting parameter [Hilpert1996, Chen2010]. The higher the steam content in the gas, the higher the volatilisation and the reactivity in the electrode. Moreover, high temperature has been found as another operating parameter increasing the Chromium poisoning [Tucker2006, Wei2015]. In fuel cell mode, Park et al. [Park2014] studied the effect of the electrode polarisation. It seems that the Cr deposition is favoured for high polarisation whereas the current density would have no effect on this degradation. The segregation of cations at the surface of oxygen electrode material seems to assist the Chromium poisoning [Park2014, Park2014b].

Nowadays, appropriate protective coatings are usually layered on the interconnects to avoid the Cr poisoning. Moreover, even without protection, the Cr volatilization is slowed down thanks to the use of dry gas. This degradation should not affect the electrochemical reactions before a very long time of operation [Schuler2012].

Electrolyte

The dense electrolyte is sensitive to some degradation mechanisms such as phase transformation or electro-reduction of the stabilised zirconia. A short presentation of the mechanisms affecting the yttria stabilised zirconia is given in the following sections.

Phase transformation

As shown previously, yttria stabilised zirconia (YSZ) is the most classical material for SOC electrolyte. However, a loss in ionic conductivity has been spotlighted by some studies under reducing atmosphere at the hydrogen electrode [Linderoth2001, Haering2005, Kishimoto2012, Shimonosono2012]. Raman spectroscopy has been carried out periodically to follow the phase evolution of YSZ at 900°C over time and reported in [Kishimoto2012]. A phase transformation from cubic to tetragonal, which is less conducting, has been observed after 20h in these operating conditions. This crystallographic transformation was observed to start from the Ni-YSZ interface and to spread to half of the electrolyte thickness.

A mechanism has been proposed in [Linderoth2001] that is based on the initial Nickel diffusion into the electrolyte layer during the cell layer co-sintering at high temperature [Lefarth2011, Priebe2016]. An exsolution of Ni from YSZ is then suspected to occur in operation under reducing atmosphere and should create the conditions of a phase transformation from cubic to tetragonal. A high doping level of zirconia would limit this problem [Linderoth2001, Haering2005, Delaforce2007]. It should be noticed that other studies claim that the electrolyte phase transformation is limited over time [Aarberg1998, Liu2012]. The effect of this degradation on the cell performance are expected to remain limited.

Electro-reduction

The electro-reduction of the electrolyte is a potential degradation mechanism for cells tested in electrolysis mode. This degradation occurs locally for steam conversion exceeding 100%. This condition can happen at very high current density or in case of heterogeneous gas distribution in the cell. This phenomenon has been reported in several articles [Laguna2011, Laguna2011b]. It results in the reduction of YSZ giving rise to a non-negligible electronic conductivity in the electrolyte. The induced current short-circuit leads to a saturating potential in the polarisation curve, the value of which changes according to the experimental conditions. It has been estimated around 1.5 V and 2.2 V for YSZ at 800-1000°C [Weppner1977, Schouler1981, Schefold2009]. To avoid this degradation, the operating conditions are generally restricted to steam conversion rates below 80% for cells operated in electrolysis mode. The glass seal containing silica appears to be an important source for this degradation. Indeed, SiO2 phase is often detected at TPBs. The steam content tends to accelerate the electrode poisoning as Si is transported under hydroxide Si(OH)4 species in the gas phase [Jacobson2005]. In electrolysis mode, Hauch et al. [Hauch2008] tested different sealings. Low impurity quantities have been found in the hydrogen electrode of cells using a metallic seal. However, SiO2 pollution has been already observed after 68h at 950°C when using a glass seal. The use of clean raw materials and a pre-treatment of the glass seal should be sufficient to limit the degradation. As expected, the temperature plays a major role on the Ni agglomeration [Sehested2006, Yokokawa2008, Pihlatie2011, Lee2014]. An increase of this operating parameter results in larger particle size as shown in [Lee2014]. Several studies have also reported the effect of humidity contained in the gas phase on the particle growth [Jiang2003, Yokokawa2008, Holzer2011, Pihlatie2011, Lee2014]. It has been shown by [Sehested2006] that the presence of water enhances the diffusion of Ni2-OH complex at the particles surface. It could also favour the formation of Ni volatile species in the vaporisation mechanism [Hauch2008, Jiao2011].

The potential effect of the cell polarisation, current density or FU/SC rates on the Ni agglomeration have not been decorrelated from the other operating parameters. In [Hagen2006], the Nickel particle sizes are found to be larger after a long-term test performed in fuel cell mode with a higher current density and temperature. In [Lay2014], the Nickel mean diameter increases with the current density and SC rate for tests performed in electrolysis mode at 800°C.

There is an interest to develop microstructural evolution laws depending on the operating conditions to better understand the Ni agglomeration. As the coarsening proceeds slowly, it requires long-term experiments with different test conditions that are difficult to complete. In the literature, few studies proposed evolution laws for microstructural properties. Most of them are based on 2D image analysis and proposed laws for the growth of the Nickel particle diameter [Simwonis2000, Vassen2001, Tanasini2009, Nelson2012]. Much less works are dedicated to the decrease of electrochemical active sites. Faes et al. [Faes2009] fitted the density of TPBs estimated on SEM cross sections with an equivalent unloading capacitor model. In [Nelson2012], the TPBs have been measured on 3D reconstructions to determine an evolution over time. However, there is a clear lack of data in the literature of large 3D microstructural characterisations of long-term aged cells.

Conclusions of this chapter

This chapter proposed the context of high temperature Solid Oxide Cells (SOCs). The operating principles have been reminded as well as the classical materials and architecture. The effects of physical phenomena on the cell performances have been shown. These contributions are generally understood thanks to modelling approaches developed at different scales. An overview on the state-of-the-art of SOC performances is reported in this chapter. The strong effect of operating conditions and the electrodes microstructures have been highlighted. Data on durability are also proposed. While the degradation rates are lower and lower, they are still too high to be economically viable. To improve the durability, the degradation mechanisms must be better understood. The main mechanisms affecting the electrolyte and the both electrodes have been presented and their criticality on the SOC performances are summarized in Table I Two degradation mechanisms appear severe for the SOC durability. It is known that the Nickel agglomeration is responsible of a significant part of the degradation rates measured during long-term tests. This work aims at better understanding the Nickel coarsening contribution on the SOC degradation by using the triangular approach (electrochemical tests, characterizations and modelling). To reach this goal, a typical single-cell has been used for the electrochemical long-term tests. It is made of classical materials in both electrodes. This cell presents good performances and a high robustness. It is thus important to carry out long-term durability tests with well controlled operating conditions and regular electrochemical characterizations. Moreover, a highly sensitive characterization method should be employed since the microstructural evolutions could be limited. In this work, X-ray nano-holotomography will be used to study the Nickel agglomeration in the hydrogen electrode. This technique is described in the following chapter.

II. Chapter II:

State-of-the-art in synchrotron X-ray imaging by phase contrast

In this chapter we focus on methods able to characterize the electrode microstructure in three dimensions (3D). Indeed, a fine description of the microstructure is requested to establish the links between the electrodes properties and the SOC performances. The electrodes microstructural evolutions, which are an important topic in the literature, are suspected to explain a major part of the electrochemical degradation. Several techniques have been developed to obtain the electrode morphological properties. Among these existing methods, the synchrotron X-ray tomography techniques appear as interesting solutions as they are nondestructive and they allow a sufficient high spatial resolution and field of view to be reached. A specific attention is paid to the synchrotron X-ray nano-holotomography method developed at the ESRF and used as main 3D characterisation technique in this work. An exhaustive description, going from the X-ray interaction to the volume reconstruction, is proposed. In particular, the phase contrast imaging principle is detailed step by step.

The 3D characterisation techniques

For a fine description of SOCs microstructure, several techniques have been used to get the main morphological properties. Historically, before the development of 3D characterisation techniques, 2D images obtained by scanning electron microscopy were used. Thanks to stereological assumptions, it is possible to have a rough estimate of some important properties of the cell such as volume fractions, particle sizes or specific surface area [Lee2002, Song2006,

. Nevertheless, 3D electrode reconstruction is the most relevant way to quantify without prior model important properties, such as the percolation rate, the tortuosity factor [Holm2006] or the density of triple phase boundaries. As these last properties can have a huge impact on the cell performance and can evolve in operation, there is a great interest to develop 3D characterisation techniques. However, because of the features of the SOC electrode microstructure (characteristic length scale, multiphase materials, etc.), the reconstructions must combine a high spatial resolution in the nanometre range with a large analysed volume of few tens of micrometres. To fulfil these specifications, three techniques are usually employed for the microstructure 3D imaging. They are described in the following sections.

FIB-SEM

This is a destructive method for the 3D imaging of SOCs consisting of a Focused Ion Beam coupled with a Scanning Electron Microscope (FIB-SEM). The FIB is used to cut away the material slice by slice and the SEM allows the imaging (cf. Synchrotron X-ray absorption and X-ray near-edge absorption tomographies are conventional techniques that have been widely used in other scientific domains [Ketcham2001, Maire2001, Salvo2003]. Compared to the FIB-SEM, this process is interesting as it is a non-destructive method. Simple X-ray absorption tomography works well to distinguish a solid phase from the porosity in an electrode. For more complex microstructures with multiple phases such as the Ni-YSZ cermet, it is necessary to scan twice the sample at two energies located under/above the absorption edge of one phase of the sample. For example, Shearing et al. [Shearing2010] obtained a volume of 680 µm 3 with a 22 nm voxel size for a Ni-YSZ porous electrode by imaging above and below the Ni absorption edge. The main drawback of this technique is the long process time as two scans have to be recorded for a composite. Moreover, since the energies of the absorption edge are generally low, the sample size has to be reduced to obtain enough transmitted X-ray photons on the detector placed behind the specimen. As a result, the characteristic sizes of these reconstructions are quite low even by using high flux synchrotron X-ray radiation. As shown in the Figure II.4 (red square and red dot circle), the volumes have typically the same sizes than the FIB-SEM reconstructions, except for a few studies carried out at the Advanced Light Source (ALS) located in Argonne [Shearing2010b, Cronin2013, Guan2016]. In this last case, the authors succeeded to reach a 3D volume as large as 30x30x30 µm 3 . It can be noticed that the voxel size is generally around 25-60 nm and thus larger than in FIB-SEM studies. In this work, the nano-holotomography technique has been chosen for SOC characterization.

The state-of-the-art for the characterisation by synchrotron X-ray nano-holotomography is presented hereafter. A reminder of the X-ray physics used for synchrotron imaging is provided. Then, the detailed steps of the image formation process (direct problem) and the phase retrieval process (inverse problem) are given. Finally, the standard analytical algorithm used for the 3D tomographic reconstruction is detailed.

X-ray physics

The discovery of X-rays has been done in 1895 by Wilhelm Roentgen [Roentgen1896]. The first radiography was performed on the hand of his wife with a ring (Figure II.5). Quickly, researchers found an interest for these new rays. They were especially used for medical diagnostics by Marie Curie during the First World War. In the 1940s, first studies on synchrotron radiation were realised. The radiation obtained from accelerated relativistic electrons is described by Schwinger [Schwinger1949]. It was not until the 1980s that dedicated equipment for synchrotron radiation was built. Nowadays, the X-rays produced by this way are used in numerous fields such as medicine, chemistry, materials or art restoration. In the next section, a more precise explanation of synchrotron radiation is given as well as its main characteristics. Then, the interaction between X-rays and matter is described. Finally, we describe the specific instrumentation required for the detection of the X-rays after the sample. In this work, X-ray synchrotron radiation is used for the study of SOCs. The X-ray beam obtained with this equipment has interesting properties for the materials analysis. The main advantages are presented hereafter.

Principle

It is reminded that charged particles emit a radiation when they are accelerated to nearly the light speed. Therefore, because of its radial acceleration, an electron guided in a magnetic field at a relativistic speed is emitting so-called synchrotron radiation in the tangential direction ( The electrons used in the machine are produced from an electron gun, which consists of a heated cathode. Then, the electrons are pre-accelerated on a linear section ("LINAC") before being injected in a small ring. This ring is called booster as it increases the electron's energy until the desired value. At the ESRF, this energy is 6 GeV. The electrons are then injected in an 844 meters circumference storage ring. The electrons' orbit and frequency are monitored thanks to different control systems such as bending magnets and radiofrequency cavities. The complete ring is under ultra-high vacuum (<10 -8 mbar) to reduce the probability of collision between the electrons and residual gas. Figure II.8 -Spectra obtained with a bending magnet (black), a wiggler (green) and an undulator (blue) (from photonscience.desy.de)

Brightness

Synchrotron radiation has interesting properties compared to classical X-ray sources. One of the most important is the brightness. Its units are given in the following expression:

𝐵𝑟𝑖𝑔ℎ𝑡𝑛𝑒𝑠𝑠 = 𝑃ℎ𝑜𝑡𝑜𝑛𝑠 𝑠. 𝑚𝑚 2 . 𝑚𝑟𝑎𝑑 2 . (0.1%𝐵𝑊) (II.1)
This parameter expresses the photon flux as a function of angular divergence, source size and 0.1% bandwidth of the central wavelength. A high brightness means a lot of photons of a given energy in a small surface. This allows to scan faster or more absorbing materials. It can be noticed that the brightness at the ESRF is about twice the one of the sun.

Coherence

Another important characteristic of synchrotron radiation is the coherence. This is an essential property for the tomographic phase contrast imaging that has been employed in this work. Indeed, the ability to create interference fringes with good optical contrast is controlled by the coherence of the incident beam [Margaritondo2001]. There are two types of coherence. The first one is the temporal or longitudinal coherence, which is related to the monochromaticity of the beam (cf. Figure II.9). The temporal coherence corresponds to the length 𝑙 𝑡 for which two waves with a slight difference in the wavelength (∆𝜆) are in phase opposition. By doing the approximation that the difference in wavelength is small, the temporal coherence length can be expressed as follows:

𝑙 𝑡 = 𝜆 2 ∆𝜆 (II.2)
The second type of coherence is the spatial or transverse coherence. It describes the correlation between two points taken in the transverse plane of the wave propagation. When two points separated of a distance 𝑙 𝑠 are in phase opposition, their contribution to the fringe visibility cancels out. In the case of an incoherent source, this characteristic length is related to the wavelength 𝜆, the beamline length 𝐿 and the source size 𝑠 as expressed in equation (II.3). With the long beamline used in this work, the spatial coherence is about 155 µm at 33.6 keV in the vertical direction.

𝑙 𝑠 = 𝜆 𝐿 2 𝑠 (II.3)

X-ray interaction with matter

The X-ray imaging techniques are taking advantage of the X-ray interaction with matter. Indeed, the X-ray beam passing through a sample can be affected by two contributions (Figure II.10). One is the effect on the amplitude of the wave, it corresponds to the attenuation described by the absorption index 𝛽. The second one is related to the phase shift of the wave, which is described by the refractive index decrement 𝛿. These two effects are brought together in the complex refractive index 𝑛 which is expressed as:

𝑛 = 1 -𝛿 + 𝑖𝛽 (II.4)
The absorption index is directly linked to the linear attenuation coefficient 𝜇 by the following expression:

𝜇 = 4𝜋 𝜆 𝛽 (II.5)
where 𝜆 is the wavelength of the beam. The refractive index decrement describes the wave propagation in the material. Except at X-ray energies close to the absorption edges, the refractive index is proportional to the electron density of the material [Guinier1994]:

𝛿 = 𝑟 𝑒 𝜌 𝑒 𝜆 2 2𝜋 (II.6)
where 𝑟 𝑒 is the classical radius of the electron and 𝜌 𝑒 the electron density. This parameter can finally be expressed as a function of the mass density 𝜌 and the wavelength by making the approximation that the ratio electron number to atomic mass is approximately always equal to ½ [Guinier1994]. The images obtained with the refractive index 𝛿 are thus linked to the mass density of the sample:

𝛿 ≈ 1.3 10 -6 𝜌𝜆 2 (II.7)
with 𝜌 the mass density expressed in g.cm -3 and 𝜆 the wavelength in Angstrom. In general, the phase sensitivity is much greater than the amplitude one. This is especially true for light (low Z) elements, but it remains true also for heavier elements. The theoretical values of the physical parameters of the material (𝛿 and 𝛽) are calculated using the X-ray Optics software XOP [del Rio2004]. The ratio 𝛿 𝛽 ⁄ reflects the importance of phase effects compared to attenuation effects. It is plotted on the Figure II.11 as a function of the X-ray beam energy for three kinds of materials used in SOCs. One can note that this ratio increases to a value higher than 10 when hard X-rays are used for the experiment. X-ray phase imaging is a particularly relevant technique as the use of a high energy allows limiting the absorption while preserving a good sensitivity to small details. This is the key property to obtain tomography reconstructions with a large field of view and a high spatial resolution.

Figure II.11 -The ratio 𝛿 𝛽

⁄ plotted as a function of the beam energy for three kinds of materials used in SOCs.

X-ray detection

The X-ray beam that passed through the sample has to be recorded as an image by a detector. As the detector is sensitive to visible light, it is necessary to use a specific component to convert the X-ray photons in visible light photons. This component is a scintillator.

Scintillator

The principle of the scintillator is based on the energy gap in a material. According to the Pauli principle, the electrons are distributed in several band-gaps [Ishii1991, Beauger1999, Nikl2006]. The valence band is defined as the last band partially or totally filled at 0 K whereas the conduction band corresponds to the first one that is empty. The gap between the two bands is a forbidden area for the electron. For some materials at non zero temperature, electrons are transferred in the conduction band. Materials are thus classified as insulator, conductor or semiconductor according to the number of electrons filling these bands and the gap. By adding some dopants in a material, it is possible to create intermediate energy levels in the forbidden gap [VanEijk2002, Lempicki1998, Douissard2010, Kraemer2006]. After interaction with the X-ray beam, electrons are excited to the conduction band by Compton and photoelectric effects. The relaxation of the electrons produces a characteristic wave. The presence of dopant creating intermediate energy levels in the forbidden gap allows the emission of photons that cannot be reabsorbed by the scintillator matter (since its energy is lower than the material gap). These photons are emitted with a wavelength in the visible light so that they can be detected on a classical camera.

In order to select the best scintillator material, some key parameters can be checked. A first parameter is the ability of the scintillator material to absorb the X-rays. In that objective, a high density as well as a high atomic number are necessary since the photoelectric interaction is proportional to 𝜌𝑍 4 . A second main parameter is the ability of the scintillator to convert the absorbed energy to visible light. This light yield is calculated by the following equation [Lempicki1998, Nikl2006]:

𝑁 𝑝ℎ𝑜𝑡𝑜𝑛 = 𝐸𝑆𝑄 𝛽 𝑚𝑎𝑡 𝐸 𝑔𝑎𝑝 (II.8)
where 𝑆 and 𝑄 are respectively the transfer and quantum efficiency, 𝛽 𝑚𝑎𝑡 is a phenomenological constant comprised between 2 and 3, 𝐸 𝑔𝑎𝑝 is the band gap of the scintillator and 𝐸 the X-ray beam energy. Obviously, the scintillator has to be selected to generate photons detectable by the following sensor. Other important parameters are the luminescence decay time that should be as short as possible and the afterglow (persistence of the luminescence) which happens because of trapped electrons in the intermediate energy level [Nickl2006, Douissard2010]. Finally, the scintillator material has to be stable under the X-ray beam.

Detector

The photons emitted by the scintillator are recorded on a detector. Nowadays, Charge Coupled Device (CCD) camera are mainly used in the synchrotrons. At the ESRF, a specific low-noise detector with a high read-out speed (FReLoN) has been developed [Labiche2007]. This very performing camera exists in different versions integrating commercially available CCDs. It allows the recording of highly resolved 2D images in a short time. Faster image sensors based on CMOS technology are also increasingly used, at the expense of a lower degree of perfection and a low full well capacity. In general, the response of each pixel of the camera is not perfect. Indeed, the recorded data on a pixel is not a perfect Dirac pulse but a blurred signal. If the Point Spread Function (PSF) of the detector is known, this effect can be corrected by a deconvolution of the signal by the PSF.

3D reconstruction by holotomography

Holotomography is taking advantage of the coherence and brilliance properties of the X-rays produced by a synchrotron. Getting the final 3D reconstruction of a sample with this technique requires several steps. The first one is to be able to analyse the data recorded by the detector. In that goal, a fine description of the beam arriving on the detector is presented in the next section. The description of the phase contrast formation is named the direct problem: it consists in calculating the recorded image(s) for a known object and known experimental conditions.

In reality it is necessary to inverse the problem to retrieve the sample electron density. The specificity of the solution used for SOC electrodes is especially detailed in the following section. Finally, the process to build the 3D volume from the 2D projections is explained.

Phase contrast imaging

As presented in the previous section, the X-ray beam going through the sample is affected by two phenomena. The first one is a reduction of the wave amplitude and the second one is a phase shift of the wave. These effects are included in the complex refractive index 𝑛 which can be written in each space position as following:

𝑛(𝑥, 𝑦, 𝑧) = 1 -𝛿(𝑥, 𝑦, 𝑧) + 𝑖𝛽(𝑥, 𝑦, 𝑧) (II.9)
where 𝛿(𝑥, 𝑦, 𝑧) is the refractive index decrement and 𝛽(𝑥, 𝑦, 𝑧) the absorption index. The projections of these parameters, respectively 𝐵(𝐱) and 𝜑(𝐱), will affect the image formation as absorption and phase contrasts respectively:

𝐵(𝐱) = 2𝜋 𝜆 ∫ 𝛽(𝑥, 𝑦, 𝑧)𝑑𝑧 (II.10) 𝜑(𝐱) = - 2𝜋 𝜆 ∫ 𝛿(𝑥, 𝑦, 𝑧)𝑑𝑧 (II.11)
where 𝒙 = (𝑥, 𝑦) is the spatial coordinate in the plan orthogonal to the beam propagation direction.

Intensity recorded on the detector

To take into account absorption and phase shift of the X-ray beam after the sample, a transmission function is introduced with the following expression:

𝑇(𝐱) = 𝑒 -𝐵(𝐱) 𝑒 𝑖𝜑(𝐱) (II.12)
So, the X-ray wave after the sample 𝑢 0 is expressed by a multiplication of the transmission function with the incident beam 𝑢 𝑖𝑛𝑐 :

𝑢 0 (𝐱) = 𝑇(𝐱)𝑢 𝑖𝑛𝑐 (𝐱) (II.13)
It should be noted that the propagation inside the object itself is neglected in this expression, a good approximation in the case of hard X-rays.

If a detector is placed just after the sample, the signal recorded on it is the following intensity:

𝐼 0 (𝐱) = |𝑢 0 (𝐱)| 2 = |𝑇(𝐱)𝑢 𝑖𝑛𝑐 (𝐱)| 2 = 𝐼 𝑖𝑛𝑐 (𝐱)𝑒 -2𝐵(𝐱) (II.14)
The parameter 𝐼 𝑖𝑛𝑐 is the intensity of the incident beam. This expression corresponds to the classical Beer-Lambert law used in attenuation tomography. One can notice that the phase information disappears from the intensity recorded on the detector. Several techniques exist to retrieve this phase information.

Phase contrast imaging techniques

Different methods have been developed to exploit the phase shift for imaging. Each of them has advantages and drawbacks related to stability or restrictions on the set-up. Three main techniques with different phase sensitivities are presented hereafter.

Crystal interferometry

A first solution is the crystal interferometry imaging technique [Bonse1965] that measures directly the phase shift𝜑(𝐱) by comparison with a reference beam. For this method, a set-up is built with three successive single crystals. The first one is used to split the X-ray beam in two. A part of the beam is used as a reference whereas the second part is deviated on the sample with a second crystal. The two beams are recombined in a third crystal before reaching the detector. The intensity recorded on the detector is directly proportional to the cosines of the phase shift [Momose1995a, Momose1995b]. Despite an interesting potential for the phase shift analysis [Momose1996], the complexity of the set-up as well as its stability limit severely the application of this technique [Coan2006].

Analyser based imaging

Analyser based imaging (ABI) is a second group of techniques which is sensitive to the derivative of the phase. For this method, a first crystal is used as a monochromator upstream of the sample. A second analyser crystal is placed between the sample and the detector in Bragg condition. The diffracted Bragg intensity corresponds to a rocking curve when the angle of the crystal is moved around the maximum position. As the sample is changing the refraction angle, it is possible to retrieve the phase gradient from the following expression [Bushuev2001]:

∆𝛼 = - 𝜆 2𝜋 ∂𝜑 ∂x (II.15)
By rotating the sample and by considering several angles for the analyser crystal, it is possible to retrieve the phase from this imaging technique [Foerster1980]. The set-up is simpler than the previous technique and the stability requirements are less severe. This is why this technique is much more used in characterization [Davis1996, Bravin2003, Pavlov2004, Coan2005].

Requirements on stability and monochromaticity (related to the diffraction by perfect crystals) remain important drawbacks of analyser based imaging. Therefore, alternative techniques sensitive to the derivative of the phase have attracted a lot of momentum recently: grating based imaging [David2002, Momose2003, Weitkamp2005] and speckle based imaging [Morgan2012, Zanette2014]. These techniques are much more robust and compatible with a broader bandwidth of the radiation. Therefore, they can be applied with specific laboratory sources.

A common drawback of the phase contrast techniques mentioned above is their rather low spatial resolution of a few microns at the best. This limitation is related to the interaction of the beam with the object (crystal or grating) placed downstream of the sample to induce phase contrast.

Propagation based imaging

A third solution to convert the phase shift in detectable intensity variations is propagation based imaging [Snigirev1995, Cloetens1996]. This technique is, in first approximation, sensitive to the second derivative of the phase as it is measuring the edge enhanced phase contrast. For a long time, Fresnel diffraction was considered as an artefact in absorption tomography or ABI. However, it is an interesting solution to retrieve the phase. The phase of the incident beam is modified along the edge or inside the sample at the interfaces between the material phases or porosities. If the beam propagates after the sample over a distance D, a radiograph consisting of absorption and interference fringes is recorded on the detector. These fringes are due to Fresnel diffraction (free space propagation). In the following section, the direct problem of the beam propagation after a sample is presented in detail. By inverting this approach, it is possible to obtain the phase, and hence, when combined with tomography, the sample electron density.

Free space propagation

The X-ray wave of the beam at a distance D after the sample, 𝑢 𝐷 (𝐱), is described by the convolution of the wave function just after the sample at the distance D=0, 𝑢 0 (𝐱), with a propagation function 𝑃 𝐷 (𝐱) as expressed here [Goodman1996, Born2005]:

𝑢 𝐷 (𝐱) = 𝑃 𝐷 (𝐱) * 𝑢 0 (𝐱) (II.16)
It is important to know the expression of the propagation function to be able to retrieve the phase. The propagator can be expressed in the Fourier or real space.

Fourier space approach

It is easier to express the propagation function in the Fourier space. For that, equation (II.16) has to be expressed in the frequency domain, as a function of the frequency coordinate 𝐟, conjugate to the spatial coordinate 𝐱. Reminding that a convolution in the real space corresponds to a multiplication in the Fourier space, the wave function is then given by: 𝑢 ̃𝐷(𝐟) = 𝑃 𝐷 ̃(𝐟). 𝑢 ̃0(𝐟) In the Fourier space, this expression is given by the following equation:

𝑢 ̃𝐷(𝐟) = 𝑢 ̃0(𝐟) 𝑒 𝑖 2𝜋 𝜆 √ 1-(𝜆𝑓 𝑥 ) 2 -(𝜆𝑓 𝑦 ) 2 𝐷 (II.21)
The angle of the wavevector with respect to the propagation direction z can be considered small as the dimension of the sample is much more important than the wavelength [Cloetens1999a]. Thus, the following approximation can be done:

|sin 𝜃| ≈ |𝜃| = 𝜆|𝐟|, |𝜃| ≪ 1 (II.22)
Doing a Taylor expansion at the first order of the square root gives:

𝑢 ̃𝐷(𝐟) = 𝑢 ̃0(𝐟) 𝑒 𝑖 2𝜋𝐷 𝜆 𝑒 -𝑖𝜋𝜆𝐷|𝐟| 2 (II.23)
This expression is valid if the second order term is negligible, it means:

𝐷𝜆 3 |𝐟| 𝑚𝑎𝑥 4 8 ≪ 1 (II.24)
Due to the small wavelength compared to the spatial resolution (~1 |𝐟| 𝑚𝑎𝑥 ⁄ ), this will generally be the case.

In the equation (II.23) and disregarding an unimportant constant phase term 𝑒 𝑖 2𝜋𝐷 𝜆 , the Fourier transform of the propagator can be recognized as:

𝑃 ̃𝐷(𝐟) = 𝑒 -𝑖𝜋𝜆𝐷|𝐟| 2 (II.25)
This last expression can be used for the estimation of the intensity in the direct problem. Indeed, in the Fourier domain, the amplitude corresponds to the product of the propagator with the wave function after the sample. The intensity is then trivially calculated as the square of the amplitude in real space.

Real space approach

The propagation function can also be expressed in real space even if it is more complex. If the wave after the sample is considered as a distribution of secondary sources, the wave function can be linearized thanks to the Rayleigh-Sommerfield diffraction integral [Goodman1996, Born2005]:

𝑢 𝐷 (𝐱) = 1 𝑖𝜆 ∫ 𝑢 0 (𝐱 𝟎 ) 𝑒 𝑖𝑘|𝐫| 𝑐𝑜𝑠𝜃 |𝐫| 𝑑𝐱 𝟎 (II.26)
The integration is done in the diffraction plane located at a distance D from the object. The parameter |𝐫| is the length of the wave propagation between the object and the diffraction plane and 𝜃 is the angle made by r with the propagation direction. For hard X-rays, the angle 𝜃 is small, thus the cosine term can be approximated by one and the wave propagation length in the denominator is approximated by the distance D [Cloetens1999a]. By doing a Taylor expansion of the expression in the exponential, the term |𝐫| can be approximated by:

|𝑟| = 𝐷 [1 + 1 2 ( 𝑥 -𝑥 0 𝐷 ) 2 + 1 2 ( 𝑦 -𝑦 0 𝐷 ) 2 ] (II.27)
This is the Fresnel approximation. It is valid if the second order term is negligible, it means:

𝐷 3 ≫ 𝑚𝑎𝑥 𝜋 4𝜆 [(𝑥 -𝑥 0 )² + (𝑦 -𝑦 0 )²] 2
(II. [START_REF] Cronin | Three-dimensional reconstruction and analysis of an entire solid oxide fuel cell by full-field transmission X-ray microscopy[END_REF] This approximation seems difficult to fulfil with the small wavelength of the hard X-rays but this condition stays valid for a zone close to the point (x, y). The wave function in the diffraction plane at distance D can be expressed by:

𝑢 𝐷 (𝐱) = 𝑒 𝑖𝑘𝐷 𝑖𝜆𝐷 ∫ 𝑢 0 (𝐱 𝟎 )𝑒 𝑖 𝜋 𝜆𝐷 [(𝑥-𝑥 0 )²+(𝑦-𝑦 0 )²] 𝑑𝐱 𝟎 (II.29)
The propagator function in the real space can be deduced from the previous equation as:

𝑃 𝐷 (𝐱) = 1 𝑖𝜆𝐷 𝑒 𝑖 𝜋 𝜆𝐷 |𝐱| 2 (II.30)
It should be noted that the Fourier space approach is most appropriate in the case of relatively small distances D, considering equation (II.24) and expression (II.30) showing a very fast oscillation of the complex exponential for small distances. On the opposite, the real space approach is more appropriate for relatively large distances D, including the Fraunhofer diffraction limit, considering equation (II.28).

For imaging, the interesting quantity is the intensity recorded on the detector. The Fourier transform of the intensity can be obtained from the equations (II.14) and (II.29) as proposed by [Papoulis1974, Guigay1978]. The six integrals obtained with this calculation can be reduced to a double integral as shown by [Guigay1977]:

𝐼 ̃𝐷(𝐟) = ∬ 𝑇 (𝐱 - 𝜆𝐷𝐟 2 ) 𝑇 * (𝐱 + 𝜆𝐷𝐟 2 ) 𝑒 -𝑖2𝜋𝐟.𝐱 𝑑𝐱 (II.31)
This expression is not a simple Fourier transform of the transmission function 𝑇(𝐱) as the two terms are dependent of the frequency 𝐟. This expression can be considered as a plane in the 4D ambiguity function [Papoulis1974, Guigay1978, Nugent2007] expressed as:

𝐴 𝑇 (η, 𝐟) = ∬ 𝑇 (𝐱 - 𝜂 2 ) 𝑇 * (𝐱 + 𝜂 2 ) 𝑒 -𝑖2𝜋𝐟.𝐱 𝑑𝐱 (II.32)
with η = λD𝐟. This expression is fundamental as it is the base for the various approximations made to retrieve the phase. It will be used in the section dedicated to the inverse problem with the Transport of Intensity Equation (TIE).

Effect of partial coherence

So far, the X-ray beam was considered as perfectly coherent. However, it is not the case for the real beam, hence this effect has to be considered. The source can be decomposed in several sources each completely coherent but mutually incoherent [Born2005]. The total intensity is the incoherent sum of each contribution coming from each source. The mutual intensity can be used to describe this effect:

𝐽 𝐷 (𝐱 1 , 𝐱 2 ) = ∑ 𝑢 𝐷 (𝑝) (𝐱 1 )𝑢 𝐷 (𝑝) * (𝐱 2 ) 𝑝 (II.33)
which is the intensity obtained by the superposition of the wave coming from 𝐱 1 and 𝐱 2 in the plane located at a distance 𝑙 + 𝐷 from the source. When the two points are coinciding, the classical intensity is obtained. One can introduce the degree of coherence which is the ratio between the mutual intensity and the intensity in each point:

𝛾 𝑐 (𝐱 1 , 𝐱 2 ) = 𝐽(𝐱 1 , 𝐱 2 )
√𝐼(𝐱 1 )𝐼(𝐱 2 )

(II.34)
This parameter describes the coherence between the two points. It is equal to one when the points are coherent and zero in the case of total incoherence. In the plane located just after the object, the mutual intensity can be expressed by:

𝐽 0 (𝐱 1 , 𝐱 2 ) = 𝐽 𝑖𝑛𝑐 (𝐱 1 , 𝐱 2 )𝑇(𝐱 1 )𝑇 * (𝐱 2 ) (II.35)
By analogy with what was done before, the Fourier transform of the intensity can be expressed by [Guigay1978]:

𝐼 ̃𝐷(𝐟) = ∫ 𝐽 0 (𝐱 - 𝜆𝐷𝐟 2 , 𝐱 + 𝜆𝐷𝐟 2 ) 𝑒 -𝑖2𝜋𝐟.𝐱 𝑑𝐱 (II.36)
The calculation of the intensity is easier in the Fourier space as it is a multiplication by a factor which is only dependent on the difference between 𝐱 1 and 𝐱 2 .

Effect of detector

As was the case for partial coherence, the effect of the detector can be taken into account. Indeed, if all the non-uniformities and non-linearities are considered already corrected, the detector response is not a perfect Dirac but a Point Spread Function (PSF). It means that some blur is introduced in the intensity recorded by the detector. This effect is described by a convolution of the intensity with the PSF of the detector [Cloetens1999a]. This expression is equivalent to a multiplication in the Fourier space:

𝐼 ̃𝑑𝑒𝑡 𝑟𝑒𝑐 (𝐟) = 𝑅 ̃(𝐟). 𝐼 ̃𝑑𝑒𝑡 (𝐟)

(II.37)

Summary of the direct problem

Finally, one can notice that the intensity recorded on the detector is a succession of multiplications in respectively the real and Fourier space. The incident wave is first multiplied with the transmission function in the real space. The Fourier transform of this expression is then propagated by multiplication with the propagator at a distance D. The ideal intensity is then calculated as the square modulus of the wave in the real space. The partial coherence effect as well as the detector effect are corrected in Fourier space by multiplication with respectively the modulus of the degree of coherence and the detector transfer function. At the end, the intensity recorded on the detector can be expressed as follows:

𝐼 𝐷 (𝐱) = ℱ -1 [𝑅 ̃(𝐟)|𝛾 ̃𝑐(𝜆𝐷𝐟)|ℱ [|ℱ -1 {𝑃 ̃𝐷ℱ[𝑇𝑢 𝑖𝑛𝑐 ]}| 2 ] (𝐟)] (𝐱) (II.38)
From the direct problem, four Fourier transforms are necessary to obtain the final intensity. To achieve a 3D reconstruction, it is the inverse problem that must be solved. This is usually done in a two steps procedure: first the phase of the transmission function is retrieved from the recorded intensities and secondly the electron density is tomographically reconstructed from a large number of phase projections. Therefore, the inverse problem has to be solved: retrieving the unknown phase from the intensity recorded on the detector. The inverse problem method used for SOC samples is presented in the following section.

Transport of Intensity Equation

A lot of methods have been proposed in the literature to solve the inverse problem. They can commonly be divided in two classes and, to be efficient, make use of a linearization of the nonlinear relationship given by equation (II.38). The Contrast Transfer Function (CTF) approach [Guigay1977, Cloetens1996, Cloetens1999b, Turner2004] is based on a linearization of the problem with respect to the object functions 𝐵(𝐱) and 𝜑(𝐱). Therefore, it is valid for objects showing weak absorption and a slowly varying phase. The CTF approach is extensively used in holotomography of biological samples, but it is not appropriate for SOC samples due to the relatively strong absorption and fast changes of the phase. The Transport of Intensity Equation (TIE) approach [Teage1983, Gureyev1995, Paganin1998, Turner2004], on the other hand, is based on a linearization of the propagator of equation (II.25) with respect to the distance D. Therefore, it is valid for small propagation distances only, but theoretically without restrictions on the absorption. In this section, only the TIE is detailed as it is the approach yielding best results for SOC samples. Except for truly weak objects, the first guess of the phase obtained by the linearized methods will have to be iteratively improved to overcome the assumptions initially made.

The TIE is obtained by starting from the equation (II.31) which is the Fourier transform of the intensity under Fresnel diffraction. By considering only a small distance D between the object and the detector [Turner2004], the following Taylor expansion can be made:

𝑇 (𝐱 + 𝜆𝐷𝐟 2 ) = 𝑇(𝐱) + 1 2 𝜆𝐷𝑓 𝜕𝑇(𝐱) 𝜕𝐱 (II.39)
By introducing this last expression in the equation (II.31), the following expression is obtained:

𝐼 𝐷 (𝐱) = 𝐼 0 (𝐱) - 𝜆𝐷 2𝜋 ∂ ∂𝐱 [𝐼 0 (𝐱) 𝜕𝜑(𝐱) 𝜕𝐱 ] (II.40)
As the assumption 𝜆𝐷|𝐟| 𝑚𝑎𝑥 2 ≪ 1 is considered, the final expression of the TIE is obtained:

- 2𝜋 𝜆 𝜕𝐼 0 𝜕𝑧 = ∂ ∂𝐱 [𝐼 0 (𝐱) 𝜕𝜑(𝐱) 𝜕𝐱 ] (II.41)
This final expression is a linear relation between the phase and the intensity obtained by doing the approximation of small propagation distances. In the absence of absorption (𝐼 0 (𝐱) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) the intensity variation recorded at a small distance is thus simply proportional to the second derivative of the phase. In the absorbing case (𝐼 0 (𝐱) ≠ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡), the solution of equation (II.41) is not trivial, but possible using different methods [Gureyev1995]. A full TIE solution, without assuming a relationship between absorption and phase, will be sensitive to noise due to the small distance and weak contrast conditions.

Paganin's approach

The phase retrieval approach used for the SOC samples is based on a method using the TIE and considering the object as homogeneous, it means a constant ratio 𝛿 𝛽 ⁄ [Paganin2002]. The demonstration is based on the TIE. The Beer-Lambert law is a good approximation for the intensity in the plane located just after the object: 𝐼 0 (𝐱) = 𝐼 𝑖𝑛𝑐 𝑒 -µ𝑇 ℎ (𝐱) (II. [START_REF] Stockmar | X-ray nanotomography using near-field ptychography[END_REF] with Th(x) the local thickness of the object.

If the object is sufficiently thin, the phase is directly proportional to the thickness function as:

𝜑(𝐱) = - 2𝜋 𝜆 𝛿 𝑇 ℎ (𝐱) (II.43)
By introducing the two last equations in expression (II.41), a linear relation for 𝑒 -µ𝑇 ℎ (𝐱) is obtained:

𝜕𝐼 0 (𝐱) 𝜕𝑧 = - 𝛿 𝜇 𝐼 𝑖𝑛𝑐 𝜕 2
𝜕𝐱 2 . 𝑒 -µ𝑇 ℎ (𝐱)

(II. [START_REF] Julie | 3D phase mapping of solid oxide fuel cell YSZ/Ni cermet at the nanoscale by holographic X-ray nanotomography[END_REF] By considering small distances between the object and the image planes, the following approximation can be done:

𝜕𝐼 0 (𝐱) 𝜕𝑧 ≈ 𝐼 𝐷 (𝐱) -𝐼 𝑖𝑛𝑐 𝑒 -µ𝑇 ℎ (𝐱) 𝐷 (II.45)
By introducing this expression in equation (II.44), the equation is:

𝐼 𝐷 (𝐱) 𝐼 𝑖𝑛𝑐 = 𝑒 -µ𝑇 ℎ (𝐱) [1 - 𝛿 𝜇 𝐷 𝜕 2 𝜕𝐱 2 . ] (II.46)
By going through the Fourier space, the thickness function can be expressed in the real space by the following equation [Paganin2002]:

µ𝑇 ℎ (𝐱) = -𝑙𝑛 (ℱ -1 { ℱ{𝐼 𝐷 (𝐱) 𝐼 𝑖𝑛𝑐 ⁄ } [1 + 𝛿 𝛽 𝜆𝐷𝜋|𝐟| 2 ] }) (II.47)
From this last equation, it is possible to obtain the phase of the object as it is directly linked to the linear attenuation coefficient:

𝜑(𝐱) = - 𝛿 𝛽 𝜇 2 𝑇 ℎ (𝐱) (II.48)
By doing the approximation of homogeneous object besides small propagation distances, the Paganin's approach links the phase to the measured intensity 𝐼 𝐷 (𝐱) on the detector. The expression (II.47) is 'popular' both at synchrotron and laboratory sources because it allows determination of the phase from the intensity recorded in a single plane and knowledge of the 𝛿 𝛽 ⁄ ratio. The expression is similar to the one used in absorption tomography except for the presence of a low pass filter, implemented by two Fourier transformations. However, the result is necessarily a blurred version of the recorded intensity while the main goal is obtaining a high resolution 3D image of the microstructure. Therefore, this method needs to be enhanced iteratively without assumptions on the propagation distance or the homogeneity of the sample. This is done by the Conjugate Gradient Method (CGM) detailed in the following part.

Conjugate Gradient Method

The last relation can be used to reconstruct phase maps from a scan recorded at a single distance D. This method can be extended to a multiple distances approach. In this case it allows obtaining a better signal-to-noise ratio, less 'ring artefacts' and a more constant background level. However, with this approach, the use of multiple distances does not solve the blurring problem. This is solved by an iterative procedure using the full image formation problem. The main principle of CGM is presented hereafter.

Samples with materials presenting strong absorption and a complex microstructure such as SOC electrodes are difficult to analyse by the classical phase retrieval algorithms. In fact, some artefacts remain in the reconstruction and the distinction between the different material phases can be difficult. In order to improve the image quality obtained by a linearized solution of the phase (Eq. (II.48)), an iterative method using a conjugate gradient approach (CGM) is used [Cloetens1999, Suhonen2017]. The main idea of this approach is to reduce the difference between the measured intensity on the detector 𝐼 𝐷 𝑚𝑒𝑎𝑠 and the calculated intensity 𝐼 𝐷 𝑐𝑎𝑙𝑐 . In practice the difference in a least squares sense is used. Therefore, we minimize the following cost function C(T(x)) for the M distances with respect to the transmission function T(x): with 𝜂 𝑐𝑜𝑛𝑣 a convergence parameter. This corresponds to choosing the steepest descent direction to search for the minimum of the cost function. However, the convergence to a local minimum of such a function can be long. The speed of convergence is increased by using a non-linear conjugate gradient method that consists in following a 'conjugate' search direction.

𝐶(𝑇(𝐱)) = 1 𝑀 ∑ ∫|𝐼 𝐷 𝑚𝑒𝑎𝑠 (𝐱) -𝐼 𝐷 𝑐𝑎𝑙𝑐 (𝐱)|
The new search direction is not simply the steepest direction, but a linear combination of the steepest direction and the old search direction according to an update rule. The update proposed by Polak-Ribiere is used in practice [Polak1969].

Still, in the case of strong absorption and phase objects such as SOC electrodes, the algorithm can converge to non-physical results appearing as artefacts after tomographic reconstruction. It is possible, at the cost of supplementary calculations at each iteration, to avoid these artefacts by adding some constraints in the CGM. A first constraint that can be used is a limitation on the maximum phase gradient in the projection. This will avoid non-physical, very fast changes of the phase from one pixel to the other. A second constraint, acting on the absorption, is often required. For example, it is possible to take into account a uniform absorption in the transmission function or a fixed absorption distribution that is not updated. The last approach is used for SOC electrodes and the absorption determined from the generalized Paganin's approach is kept during all iterations. Finally, a last constraint exists to reduce the contribution of very bright spots that occur in the recorded intensity in the case of very porous samples such as SOC electrodes. After the phase retrieval procedure, phase projections are obtained at each scan angle. Another procedure is necessary to obtain a 3D volume. The tomographic reconstruction is described hereafter.

Tomographic reconstruction

To reconstruct a 3D volume by tomography requires to know the 2D projections of the sample at different angles of rotation. Then, the projections are put together to obtain a 3D volume. In the case of the holotomography method, it is necessary to retrieve the phase for each angle before doing this processing step. Some algorithms are developed to process the phase retrieval in the same time than the tomographic reconstruction [Bronnikov1999, Burvall2011]. In our case, the phase retrieval is always done according to the method presented in the previous section for each projection angle independently and before the tomographic reconstruction.

Once the phase is extracted from the measured intensity, the tomographic reconstruction is carried out according to an analytical algorithm described hereafter.

Fourier slice theorem

To reconstruct a 3D volume, it is necessary to link the projections with the final object. In this part, the X-ray beam is considered as a parallel beam meaning that a line on the detector corresponds to a slice of the 3D volume (see Figure The direct use of the slice-projection theorem to reconstruct the object is not straightforward and may introduce artefacts because it requires interpolating the complex function 𝑜 ̃(𝑓𝑐𝑜𝑠𝜃, 𝑓𝑠𝑖𝑛𝜃). An interesting solution is to change to the polar coordinate system for the inverse Fourier transform [Kak1988]. However, a simple backprojection leads to a convolution with a function 1 𝑟 ⁄ . This effect is illustrated on the Figure II.13 with the example of a circle. The summation of all the backprojections allows the reconstruction of the circle. Nevertheless, a halo is visible around it. To have a good sampling rate, the radial and angular resolutions in frequency space have to be the same. If the sampling interval is 𝑝 𝑠𝑖𝑧𝑒 , the maximum Nyquist frequency is given by

𝑓 𝑚𝑎𝑥 = 1 2𝑝 𝑠𝑖𝑧𝑒 (II.55)
The radius in the frequency domain corresponds to this maximum frequency [Kak1988].

The angular distance between two points at the maximum frequency value is given by:

𝑑 𝜃 = 𝑓 𝑚𝑎𝑥 𝛿 𝜃 = 𝜋 2𝑝 𝑠𝑖𝑧𝑒 𝑁 𝑝𝑟𝑜𝑗 (II.56)
For the radial distance, it is directly linked to the sampling interval and the number of pixels 𝑁 𝑝𝑖𝑥 :

𝑑 𝑟 = 2𝑓 𝑚𝑎𝑥 𝑁 𝑝𝑖𝑥 = 1 𝑁 𝑝𝑖𝑥 𝑝 𝑠𝑖𝑧𝑒 (II.57)
If the radial and angular resolutions are the same, the following relation is obtained for the number of projections that have to be recorded:

𝑑 𝑟 = 𝑑 𝜃 ⇔ 𝑁 𝑝𝑟𝑜𝑗 = 𝜋 2 𝑁 𝑝𝑖𝑥 (II.58)
In practise, this condition is not often verified to save time during a scan. This limitation is impacting the spatial resolution achievable in the 3D reconstruction. The Nyquist resolution limitation is expressed as:

𝑅 𝑁𝑦𝑞𝑢𝑖𝑠𝑡 = 𝜋 2 𝑝 𝑠𝑖𝑧𝑒 𝑁 𝑝𝑖𝑥𝑒𝑙 𝑁 𝑝𝑟𝑜𝑗 (II.59)
The parameter 𝑅 𝑁𝑦𝑞𝑢𝑖𝑠𝑡 represents the best spatial resolution achievable in a 3D volume obtained with 𝑁 𝑝𝑟𝑜𝑗 recorded on a detector of 𝑁 𝑝𝑖𝑥𝑒𝑙 and a pixel size 𝑝 𝑠𝑖𝑧𝑒 . This resolution is equal to 32 nm for a volume obtained at 25 nm pixel size with 2500 projections and a detector of 2048 pixels.

Conclusions of the chapter

This chapter is dedicated to the state-of-the-art of holotomography. This 3D reconstruction technique allows a large field of view to be obtained on SOCs compared to the other solutions.

It has been shown in this chapter that phase contrast is a highly sensitive method. A conjugate gradient method based on a Paganin's approach is used for phase retrieval of SOC samples. The 3D volumes are then obtained by using an analytical algorithm for the tomographic reconstruction. The improvement of the spatial resolution and reliability of the recording process will be described in the next chapter.

Synchrotron X-ray nano-holotomography has been presented as an interesting solution for SOC imaging. This technique allows obtaining large volumes. However, the spatial resolution can be considered limited for fine microstructures. In Villanova et al. [Villanova2013], the spatial resolution has been estimated at 80 nm. Moreover, the success of the tomographic reconstruction was uncertain due to a lack of control of the sample geometry. In this work, the new Nano-Imaging beamline ID16A has been used for the magnified holotomographic experiments. In this chapter, the new beamline as well as the improvement of the method in terms of sample preparation and recording process are presented. A special attention has been paid to the spatial resolution measurement in the final 3D volume. Finally, the microstructural properties extracted from the reconstruction are given for pristine oxygen and hydrogen electrodes. ). The use of a crystal monochromator could improve this characteristic but the photon flux would be severely impacted by two orders of magnitude. The spherical shape of the monochromator substrate focuses the beam in the horizontal direction onto a secondary source located at 40 meters from the source. In fact, it is necessary to reduce the horizontal size of the source as its original shape is highly elliptical (940(h) x 22(v) µm) due to the large horizontal emittance at the ESRF. In the vertical direction, the beam is not modified by any optics from the source all the way to the experimental hutch. The experimental hutch is located at 185 meters from the source where the beam has excellent coherence properties. Because of this long distance and the potential drift over time, it is necessary to control finely the position of the beam until the sample. To carry out this control, several Beam Position Monitors (BPMs) have been placed along the beam at pertinent positions. Some attenuators can also be put in the beam according to the sample that is scanned. All these components are mobile to limit the number of optical elements in the X-ray beam.

Focusing optics

On ID16A-NI, the X-ray beam is nano-focused after 185 meters thanks to Kirkpatrick-Baez (KB) mirrors [Kirkpatrick1948]. A specificity of the beamline is the design of two pairs of mirrors adapted for each available energy (17 keV and 33.6 keV). The mirrors consist of a multilayer deposited on a substrate with a specific fixed curvature. All the KB setups are made to achieve a focus spot-size of about 14 nm [Morawe2015]. Some 'knife scans' have been performed in horizontal and vertical direction to measure the focal spot-size. They consist in scanning a sharp edge of a lithography structure through the focus while recording the X-ray fluorescence emitted by the structure. With this method, the focus was found at 23(h) x 37(v) nm² at 17 keV and 24.9(h) x 19.5(v) nm² at 33.6 keV. These values are higher than the expected one. This can be explained by some alignment and stability issues which will be solved over time, but also by the knife scan approach that always overestimates the real focus size due to the width of the lithography structure. X-ray fluorescence images of a Siemens star lithography structure are shown in 

Sample stage

The KB mirrors are placed inside a vessel under high vacuum, which also includes all the sample stages (Figure III.3). A fine attention has been paid to develop a sample stage with high precision motions. Indeed, the setup stability as well as the good control of the sample position during rotation are two important aspects to achieve a high resolution in tomography. The new Nano-Imaging beamline is using a lot of piezoelectric motors to reach this goal. These motors have the advantage to be small in size, to lock to a fixed position after motion and to reduce the vibrations [Uchido1996]. The precise alignment and rotation of the sample is ensured by a short range hexapod designed at the ESRF. Twelve capacitive sensors are placed around the sample near a metrology ring to check online its positioning. These sensors are converted into Cartesian coordinates to measure 5 degrees of freedom (three translations and two tilts). A feedback loop permanently controls the six piezoelectric actuators of the hexapod in order to correct the tilt or position of the sample. Thanks to this high precision equipment, the resolution limitation due to the sample stability problem should not be very important. However, depending on the sample mounting, a drift of the sample itself with respect to the stage can still occur during the holotomography acquisition. 

Detector

The divergent X-ray beam comes out of the vessel through a large diamond window. The propagation of the wave further takes place in air. Two detectors are available for the projections recording. It should be noticed that the images are magnified on the detector as a focalised beam is used. The first available detector on ID16A-NI is using a semi-transparent scintillator allowing the beam to propagate to the second detector located downstream. The imaging sensor is a FReLoN CCD camera with 2048x2048 pixels of 24 µm, yielding an effective pixel size of 0.86 µm considering the magnification of the scintillator-CCD lens coupling. The second detector is also a FReLoN camera but with a larger number of pixels (4096x4096 pixels of 15 µm). A specifically designed lens is used to couple the scintillator to the large CCD area. It yields an effective pixel size of 1.5 µm. The pixels are usually binned (2x2) to 3 µm in order to reduce the data size and increase the recording time. The detectors are placed on motorized translation stages, with three degrees of freedom, to align them in and along the X-ray beam or to remove them from the beam.

In the parallel beam case, the pixel size of the detector can be a limiting factor for the spatial resolution in the 3D volume. Indeed, each pixel directly represents a voxel in the final reconstruction. The decrease of the pixel size of the detector can be an interesting solution to improve the image resolution. However, the decrease of the detector pixel size and resolution requires using a thinner and less efficient scintillator. This will require increasingly longer scanning times to maintain a good Signal-to-Noise Ratio (SNR). From that point of view, a compromise has to be found to preserve the SNR and to decrease as far as possible the pixel size of the detector (and hence the voxel size of the final image). Also, due to the finite wavelength of the visible light photons, the spatial resolution of parallel beam tomography is about 500 nm at the very best, or more likely about 1 µm to preserve some detection efficiency at high energies. In our case, magnified nano-holotomography is used. As the X-ray beam is focalised by the KB mirrors, a magnified projection of the object is recorded on the detector (Figure III.3). By choosing the distance between the focal point and the sample (𝑧 1 ) and the distance between the sample and the detector (𝑧 2 ), the X-ray magnification (M) can be selected. In that case, the detector is no more limiting the resolution for the 3D volume. In our case, with a source size of about 20 nm and distances 𝑧 1 = 10.5 𝑚𝑚 and 𝑧 2 = 1.255 𝑚, a blurring of 2.4 µm is obtained. This value is smaller than the pixel size of the detector which is 3 µm. The penumbra effect is thus not impacting too much the projections.

Sample changer

As specified previously, the entire sample environment is under vacuum (~10 -7 mBar). A specific load lock chamber has been designed to allow an easy sample change. The load lock is a small volume which can be isolated from the whole vessel (Figure III.3). In this way, it is not necessary to vent the complete vessel to change a sample what would take too much time.

The load lock can be vented and pumped in less than one hour. A support with several positions for sample holders is available in the load lock. In this way, time is saved as the venting is not necessary for each sample change. A pincer allows the sample to be removed from the load lock to the sample stage in the vessel and reciprocally.

The new sample preparation process

A new sample preparation process has been developed to improve the reliability of the global workflow. The studied SOC and the different steps are presented hereafter. 

Figure III.5 -SEM cross section image obtained with Secondary Electron

Detector of the studied cell. The materials and thicknesses are detailed.

Sample preparation requirements

The geometry of the pincer as well as the sample holder are limiting the overall size of the samples. As sample carrier, two kind of Huber pins made in brass or aluminium are used to fix the sample (Huber Diffraktionstechnik GmbH & Co. KG). The pin, with a length of 12.5 mm and a diameter of 3.15 mm, is attached to an in-house designed sample holder that is grabbed by the pincer of the sample changer. The height from the top of the Huber pin cannot exceed 7 mm. Moreover, the thickness and shape of the sample has a huge impact on the data quality and analysis. Firstly, an axisymmetric shape is the most suitable geometry for the specimen. Indeed, the sample being rotated during the tomographic scan, the cylindrical geometry has the advantage to present the same absorption whatever the angle. Secondly, for tomography, it is better to reduce the thickness of the sample to have enough signal on the detector and to reach high resolution. Moreover, the analytical tomographic reconstruction presented in chapter II is strictly speaking only valid if the width of the sample fits within the field of view of the images. However, the reconstructed 3D volume must be large enough to be representative of the complete electrode microstructure. Previously, a complex multi-steps process was used [Villanova2013, Lay2014]. It consists of an initial laser cutting of strips, which were then polished down to a thickness of 100 µm. Finally, small triangular needles were obtained by sword cutting the polished strips. The sample was then placed in a capillary and filled with a specific resin. The shape and thickness of the sample was not fully controlled and poorly adapted to the experiments.

Focused Ion Beam

In order to better control the localisation, geometry and size of the sample, a new preparation process has been developed. It is known that a Gallium Focused Ion Beam (FIB) setup is an interesting tool for the preparation of tomographic samples [Shearing2009, Shearing2010b] or for material characterisation in conjunction with a SEM [Phaneuf1999, Munroe2009]. Nevertheless, this equipment leads to a maximum sample dimension of 10-20 µm if a reasonable process time is considered [Bleuet2013]. A new category of Plasma-FIB (PFIB) using Xenon ions have been developed during the last decades. This tool is about 60 times faster than a conventional Ga-FIB [Kwakman2011]. This increase in the milling speed is due to the larger size of the Xenon ions compared to Gallium and the higher current available on the PFIB.

FIB milling

For all the samples studied, a Plasma-FIB Vion (FEI™) using an inductively coupled plasma source of Xenon ions has been employed. On this equipment, no SEM is available but the ion beam can be used at low current to image the sample. First of all, a piece of cell fixed on a support is placed on a 5-axis motorized stage. Once the chamber of the PFIB under vacuum, the beam is focused and the eucentric height is identified. This position corresponds to the location where the imaged part of the sample is always the same whatever the rotation and the tilt. After these preliminary adjustments, a clean and flat region of interest is chosen at the surface of the electrode. It should be noticed that it is easy to select the position of the sample.

In that way, if the inlet and outlet of the cell are well identified, it is possible to prepare a sample in these areas. The first step for the preparation is the deposition of a circular platinum protective layer with a thickness of about 2-5 µm and a diameter close to the required final sample dimension. The deposition is obtained by the decomposition under the ion beam of a carbonate gas mixed with Pt. This layer protects the top of the sample of potential degradation throughout the whole FIB milling process. To be able to remove the sample by the lift-out process, a sufficiently large ring is initially milled around the Pt deposition (Figure III.6a). Indeed, the width and the depth of the FIB milling will have a huge impact on the size of the final sample [Lombardo2012]. In our case, with our lift-out technique and a reasonable FIB milling time, the maximum sample height is about 100 µm. This value is smaller than the H2 electrode thickness. For the samples of the cermet at the interface with the electrolyte, the milling has been done from the O2 electrode side. To be sure to obtain a sufficiently large representative volume of the cermet, a part of the oxygen electrode has been removed with sandpaper. As no precision is required during this process step, the highest available current on the PFIB is used for the milling (1.3 µA at 30 kV). Concentric rings are milled one after the other to obtain the final required milling 

Lift-out process

The second part of the sample preparation is the lift-out process. The sample is removed from the cell and placed on a needle adapted for the tomographic sample holder [Lombardo2012, Chen2014]. For this step, a micromanipulator located in the PFIB chamber is used to handle the sample. The micromanipulator is first approached close to the sample (Figure III.6d). A small Pt deposition is done to weld the arm with the sample. Then, the cylinder is cut from the cell with the ion beam. At this time, it can be lift out of the cell and fixed to the needle with a Pt weld. Finally, the first weld between the micromanipulator and the sample is cut and the arm is removed from the chamber (Figure III.6e).

Once strongly fixed on the needle, the diameter of the sample is reduced to the required value.

A width of about 50 µm is a good compromise for the tomographic experiments and the representativeness of the microstructural parameters. For this purpose, a low current (59 nA) is used to obtain a smooth and undamaged surface (Figure III.6f). Thanks to the PFIB equipment, the final sample has a close to perfect axisymmetric geometry which is well adapted for tomographic scans. Indeed, the absorption in the projection is the same whatever the angle of the tomographic acquisition.

Once the sample has been prepared by PFIB, the needle is inserted in a Huber pin and fixed to the ID16A sample holder with silver lacquer. It is important to perfectly stabilize the sample to avoid any unwanted shivers during holotomographic scans. The sample is then ready to be characterized on ID16A-NI.

The new data acquisition process and 3D reconstruction

Before starting the experiment, some parameters have to be chosen. One of them is the beam energy. For SOCs which are made of strongly absorbent materials, it is better to work at 33.6 keV. For a sample of 50 µm thickness, the beam transmission is about 80% at this energy, it would be 50% at 17 keV. Furthermore, the phase shifts are reduced roughly by a factor two making the phase retrieval easier. All the data presented in this manuscript have been obtained at this high X-ray beam energy. The other steps for the data acquisition and 3D reconstruction are presented in the developments.

Magnification

As presented in the previous sections, the X-ray beam is focused by KB mirrors. The projections recorded on the detector are thus magnified (Figure III.7). The magnification depends on the distance between the focal plane and the sample (z1) and the distance between the sample and the detector (z2). In our experiments, the distance 𝑧 1 + 𝑧 2 between the focal point and the detector is kept constant. The pixel size of the projection can thus be chosen by changing the sample location between these two positions. The pixel size of the projection is obtained by the following relation:

𝑝 𝑠𝑖𝑧𝑒 = 𝑝 𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 𝑀 = 𝑝 𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 . 𝑧 1 𝑧 1 + 𝑧 2 (III.2)
Smaller pixels in the image allow a finer description of the microstructure to be reached but the field of view is smaller. It appears that a pixel size of 25 nm is a good compromise between a fine microstructural characterization of the SOC electrodes and a large final 3D volume (51.2xx25.6² µm 3 ) which is representative of the whole electrode. Although this way is slower compared to a continuous scan, it guarantees a high stability of the sample at each angle. With the current setup, it turned out that a continuous scan creates too much heat and vibrations to be compatible with high resolution imaging. Moreover, a waiting time of about 500 milliseconds is respected after each angular step before recording a projection to ensure a good stabilization of the motors. All these procedures improve the spatial resolution of the final 3D volume.

Before and after each tomographic scan at a given distance, flat field images are recorded without sample in the beam. No intermediate flat field images are recorded during the tomographic scan to avoid repositioning errors. Dark images without X-ray illumination are recorded at the end of each scan. The flat field and dark images are used to correct the nonlinearities of the detector [Cloetens1999a] and to correct for the non-homogeneous illumination. The corrected intensity is obtained with the following equation:

𝐼 𝑐𝑜𝑟𝑟 = 𝐼 -𝑑𝑎𝑟𝑘 𝑓𝑙𝑎𝑡 -𝑑𝑎𝑟𝑘 (III.3)
While this correction is not perfect, it improves the quality of images. Strictly speaking, equation (III.3) is only correct at zero propagation distance and with a perfect detector point spread function, see equation (II.14). In the presence of propagation, it is an approximation because the non-homogeneous incident wave 'mixes' with the object transmission function in a more complex way as seen in equation (II.38). Flat field images must be recorded regularly to take into account the beam drift over time.

Shift correction

As explained previously, for the phase retrieval, it is necessary to record scans at different sample positions. Four distances appear as a good compromise to avoid missing spatial frequencies information without increasing too much the tomographic time [Zabler2005]. The projections recorded at different sample positions present a different magnification. Before the phase retrieval processing, all the projections are rescaled at the best pixel size (it means the smaller pixel size). As some misalignment necessarily exists between the different planes, a horizontal and vertical shift correction is done. To limit the processing time, projections of the four distances at regular angle (every 100 projections for example) are compared by a correlation-based method. Then, a polynomial function is determined for the shift correction of all the projections.

Iterative Conjugate Gradient Method for SOCs

The phase retrieval for the SOC samples is done by using an iterative Conjugate Gradient Method (CGM) which has been introduced in the previous chapter. An illustration of the interest of the CGM and the relevance of the constraints is presented on the Figure III.8 for a Ni-YSZ porous electrode. The first slice corresponds to a result obtained by using only the linear method (Paganin multi-distances approach) without iterations and constraints. Even if the low frequencies are roughly right, it is not possible to identify the three different material phases as shown on the histogram (Figure III.8d). The second slice was obtained with the CGM after ten iterations without using any constraints. The identification of the phases is easier, but the segmentation remains uncertain as the histogram is not very well defined (Figure III.8b and Figure III.8e). The third slice was reconstructed by using CGM and constraints after ten iterations. The constraints consisted in slow change in the phase, imposed amplitude and limitation of bright spots. The visual result is good as well as the histogram that shows three separated peaks (Figure III.8f). Another advantage of the CGM with constraints is the improvement obtained in the whole 3D reconstruction. Thanks to the constraints, some errors such as streak artefacts or ring artefacts are reduced.

The number of iterations has a huge impact on the global process time of the phase retrieval. It is interesting to limit this number as much as possible. The cost function of the CGM could be considered as a good parameter to evaluate the level of convergence and determine a stop criterion. However, the cost function does not necessarily reflect the final image quality after tomographic reconstruction. Another more relevant criterion describing the quality of the material phase segmentation is used. The Otsu's method [Otsu1979] allows to compute an indicator comprised between 0 and 1 that reflects the "goodness" of the segmentation. A value of 1 indicates a perfect segmentation. This criterion has been calculated on slices obtained after a different number of iterations of the CGM (Figure III.9). The main improvement in the images are obtained with the first iterations. After six iterations, the criterion is increasing slowly. It appears that 10 iterations are sufficient to converge to a good physical solution in the reconstruction. The CGM based on a multi-distances Paganin's approach seems to be very relevant for SOCs as it allows the different solid phases to be distinguished. 

3D reconstruction of the hydrogen electrode with random displacement process

For the SOC samples, the phase retrieval is done with in-house codes using the GNU Octave programming environment [Eaton1997] and the public-domain image processing program ImageJ [Schneider2012]. A parallelization of calculations on a large cluster is ensured by using the resource manager OAR [OAR]. The value of the 𝛿 and 𝛽 parameters of the different materials making the studied cell are summarized in the Table III.1. Ten iterations are done to reach a good image quality. The 3D volume is then reconstructed by using a classical filtered back projection processing that is done with the software PyHST2 [Mirone2014]. The data are then converted to 8 bits and the grey level is inverted in order to obtain the pore phase in black and solid phase in white. For the cermet electrode, the transitional grey solid phase is the YSZ and the bright white solid phase is Nickel. Unfortunately, the reconstructed volumes present strong ring-like artefacts, especially in the middle of slices (Figure III.10a). Each ring is related to a wrong signal reception or acquisition of a given pixel of the 2D CCD camera. As the bad information is always localised on the same pixel, it results in a ring in the 3D tomographic data set [Ketcham2001, Vidal2005, Boin2006]. Different causes can explain this artefact. The fault can be due for example to a defect on the mirrors, the scintillator or a non-uniform pixel response on the CCD camera and it is not sufficiently corrected by the flat field procedure. In our case, we think that the main origin of the artefacts is the failure of the flat field due to the mixing of the incoming wave and the object. Two methods have been developed in the literature to solve the ring artefacts. The first one is based on image processing after the data acquisition. Several algorithms have been proposed to correct the rings from the sinogram [Raven1998, Boin2006, Yousuf2010, Rashid2012] or the slices [Sijbers2004, Kyriakou2009, Lyckegaard2011, Jha2014]. These methods are powerful but they require time after the reconstruction and it is not possible to separate perfectly the artefacts from the real object features. Moreover, the spatial resolution is often degraded in the volume. The second method consists of moving the detector or the sample during the scan [Davis1997, Doran2001, Jenneson2002, Zhu2013]. In that way, the faulty signal is not always localised on the same pixel during the recording of the projections. This method requires a good control of the movement. However, no complex extra-processing is necessary after the acquisition. For the SOC samples, a method based on the random displacement of the sample during the scan has been developed. Moving the sample is the best way to randomize the 'noise' introduced by the mixing of incident wave and sample. Moving the detector would only induce a translation of the recorded images, and hence, would only correct errors introduced by the detector. Before the recording of a projection at an angle, the sample is moved in the x-axis and y-axis of a random motion. This displacement is limited between ±12 pixels in both directions. This is sufficient to spread the wrong signal over a sufficient number of pixels without impacting too much the holotomographic scan time. The lateral displacement with the piezo-motors is done simultaneously with the incremental rotation and takes about the same time. The exact position of the sample for each angle is saved in a dedicated file. This file is used during the shift correction of the projections to also correct the random displacement: the opposite displacement as the one imposed during the scan is applied to the magnified projections. The phase maps obtained at the end of the phase retrieval are thus aligned. In that way, the data processing is not impacted by this change in the data acquisition. It should be noted that the random displacement approach is not compatible with a continuous tomography scan and it should be considered as an advantage of the step-by-step scan. The huge improvement of the image quality confirms that the interpretation of the origin of the artefacts is correct and that an efficient experimental solution has been found. However, a full theoretical justification does not exist yet.

It is important to check that no blurring is induced by the random motion in the final reconstruction. To this end, a comparison of phase maps with forward projections appears relevant. The forward projections are obtained by using the 3D reconstructed volume to go to 2D projections. It is implemented in the same software PyHST2. The forward projections can be different from the initial phase maps as they are obtained from a 3D volume which includes all the projections information. A correlation based method has been used to compare phase maps and forward projections. The small misalignment named "jitter" is given in horizontal and vertical direction on III.1). It seems that holotomography is not the best imaging method for this kind of composite layer for the moment. The sensitivity to small density changes needs to be further improved in the presence of huge density jumps related to the porosity. The two solid phases cannot be satisfactorily distinguished (white=porosity, black=solid phases).

Image analysis and microstructural quantification on pristine electrodes

The 3D reconstruction of pristine oxygen and hydrogen electrodes have been obtained by magnified nano-holotomography. Thanks to a new acquisition process, the different phases are identifiable in the volumes. A specific attention has been paid to the spatial resolution estimation of these volumes. The value will be compared with the 80 nm obtained in [Villanova2013] with the same reconstruction method. Moreover, the importance of this parameter for the fine microstructural characterisation is shown in the following section. A quick reminder is also given of the tools used at CEA for the 3D analysis of the electrodes. Some morphological properties are compared with the ones obtained from 2D SEM images. Finally, all the required properties for the models are summarized at the end of this section.

Evaluation of the spatial resolution

A common mistake in the 3D volume analysis is the mix between the spatial resolution and the voxel size. On the one hand, the spatial resolution depicts the width of the image of a point (point spread function) or the minimum distance between two distinguishable points in the image. This parameter can be affected by the magnified pixel size, but not only. It also depends on the beam size at the focal plane and the sample vibrations for example. On the other hand, the voxel size is the smallest unit of the 3D image. This value is tuneable and it can be reduced without changing the spatial resolution. If the voxel size is increased beyond the spatial resolution, the latter will be impacted due to incorrect sampling. The spatial resolution in the final 3D volume is important for the analysis.

Several methods are proposed in the literature to estimate the spatial resolution [Cardone2005, Holler2014, Robisch2016]. A simple solution is to look at the edges between the different phases. Indeed, the number of voxels included in the grey level distribution across a boundary between two phases is directly linked to the spatial resolution. The edge profile is fitted by a function based on a hyperbolic tangent to obtain the resolution. Grey scale line profiles have been measured within the LSCF electrode 3D volume in the three space directions for the polar, azimuthal and axial orientations as depicted in The spatial resolution of our reconstructions can thus be estimated at 50 nm. With the chosen pixel size at 25 nm, it is normal to not achieve higher spatial resolution since at least two voxels are the lower limit for the spatial resolution [Osten2016]. The high spatial resolution value is important for the determination of the microstructural properties. It has been shown by Joos et al. [Joos2012] that 10-15 voxels are necessary on the particle diameter to determine accurately the specific surface area. In [Usseglio2015], the theoretical value of the specific surface area is reached at 10 voxels on the particle diameter for a synthetic microstructure. The spatial resolution of 50 nm obtained on our 3D reconstruction of both electrodes allows a fine analysis of microstructure that presents characteristic lengths of around 0.5 µm.

Three dimensional analysis

To extract the main morphological and physical properties from the 3D volumes obtained on ID16A-NI, a series of image processing and data analysis steps are necessary. They are presented hereafter.

Volume segmentation

The first step of the process is an anisotropic diffusion filtering of the volume [Perona1990, Villanova2013]. The main goal of this step is to enhance the peak separation on the histogram. The filter is smoothing the voxels with a close grey level inside the material phases whereas the contrast at boundaries is enhanced. This is an iterative process done on the full 3D volume.

Thanks to this step, the segmentation of each phase is made easier. An automated segmentation method is used for the identification of the phases. The approach is based on the Otsu's method [Otsu1979], which determines the best threshold value to obtain the highest between-class variance. This method is adapted for a two or three phases volume; thus it can be used for both kinds of electrode obtained by holotomography. However, in the case of a three phases volume, it is necessary to correct the segmented volume at the interface between porosity and the brightest solid phase [Usseglio2015]. Indeed, a transition zone considered as intermediate grey level solid phase appears at this interface [Holzer2011] due to the finite spatial resolution and the finite voxel size. It is thus important to correct this non-real border. It is done by an inhouse code dividing these voxels between the two other phases. 

Volume fractions

Before the volume analysis, the voxel size is increased by binning the voxels eight by eight from 25 nm to the physical image resolution of 50 nm. The decrease of the number of elements in the volume limits the computation time for the morphological and microstructural properties without altering the quality of the recorded image too much. The percolation of the phases is then calculated. It appears that the phases are almost totally continuous as the percolating ratio is higher than 98% for each phase. The volume fraction is determined by counting the number of voxels corresponding to each phase. For the LSCF electrode, the solid phase represents 55.4% of the volume, the remainder being the porosity. In the hydrogen electrode, YSZ holds 43.7% of the volume with a ratio of solid phase of about 60%. SEM images of the cermet have also been made. By thresholding these images, the volume fractions have been estimated. It has been found that the volume fractions are 42.5% for YSZ, 32.5% for Ni and 25.0% for porosity respectively. These values are close to the ones found by holotomography. The differences can be explained by the inhomogeneity over the cell thickness (Figure III.19). This validates our segmentation process.

Mean particle diameter and specific surface area

The mean particle diameter and the specific surface area of each phase are computed from the geometrical covariogram and the covariance function [Haas1967]. The first tool allows the specific surface area to be determined. The geometrical covariogram 𝐾 is the intersection of a volume 𝑉 with the same volume shifted by a distance ℎ (Eq. (III.4) for calculation in x direction). The differentiation of 𝐾 at the origin presents an interesting property. Indeed, this derivative is directly proportional to the specific surface area of the studied phase (Eq. (III.5)) [Usseglio2014]. This method has the advantage to be independent from the voxelization of the volume. No correction factor is necessary contrary to the specific surface area that can be calculated by counting the voxel surface at the interface between the phases [Rajon2002 

𝑆 𝑝 = 𝑆 𝑎𝑟𝑒𝑎 𝑉 𝑝ℎ𝑎𝑠𝑒 = - 4 𝑉 𝑝ℎ𝑎𝑠𝑒 × 𝑑𝐾(ℎ) 𝑑ℎ | ℎ=0 (III.5)
The mean particle diameter is determined from the covariance function. This function represents the probability of two points separated by a distance ℎ to be part of the same phase (Eq (III.6)) [Haas1967, Usseglio2014]. This property is directly related to the geometrical covariogram. The covariance is starting from the volume fraction ε of the phase and tends toward an asymptotic value of ε 2 . The distance ℎ at which the covariance function reaches its asymptotic value corresponds to a representative dimension of the phase. This calculation is done in the three space directions and the mean particle diameter corresponds to the mean of these values.

𝐶(ℎ) = 𝑃(𝑥 ∈ 𝑝ℎ𝑎𝑠𝑒 𝑎𝑛𝑑 (𝑥 + ℎ) ∈ 𝑝ℎ𝑎𝑠𝑒) (III.6)
In the literature, several other solutions for the particle size measurement are proposed [Gelb1999, Holzer2011b, Ender2012]. It is also interesting to plot the Particle Size Distribution (PSD) of each phase to look if different particle diameters appear on the distribution. This effect is visible for example in Usseglio et al. [Usseglio2014] for porosity in a support of a cermet electrode, which presents two peaks (due to the use of pore-former). This method consists in evaluation the probability than a voxel belongs to the largest sphere. It should be noticed that the PSD gives a smaller value of the mean particle diameter than the covariance function as it is considering spherical particles [Holzer2011b, Usseglio2014].

Triple Phase Boundary length

Another very important property of the three phases electrodes is the Triple Phase Boundary length (TPB). It corresponds to the line where the ionic, electronic and gas phases meet each other. These lines play a major role in the electrode performance as the electrochemical reactions take place there. The length is calculated by counting the voxel's edges in contact with the three different phases [Vivet2011, Holzer2011b, Usseglio2014]. However, the TPB is overestimated with this method as it is considering cubic voxels. A correction factor of 1.455 has been proposed by Wilson et al. [Wilson2010] to take into account this problem. All the TPB presented in this work are corrected with this factor and are measured only on the percolating phases (as they are the electrochemically active phases).

Tortuosity factor

Finally, the last determined property is 𝜏 𝑝ℎ𝑎𝑠𝑒 , the tortuosity factor of the phase. The tortuosity factor includes the geometrical tortuosity as well as a constriction parameter. The geometrical tortuosity is the ratio of the effective length and the shortest length as illustrated on 

Summary of the microstructural properties

All the microstructural and morphological properties presented before have been computed for the oxygen and hydrogen electrodes. The Ni-YSZ electrode 3D volume (27.5x27.5x27.5 µm 3 ) has been divided into eight independent iso-volumes for the calculations of the properties to estimate the error whereas the whole LSCF electrode has directly been analysed as the volume is smaller (22.5x22.5x22.5 µm 3 ). The data are summarized in Table III Nevertheless, it has been observed on SEM images that the microstructure is not homogeneous over the entire electrode thickness. Indeed, in Figure III.19, some small differences are visible according to the area. These differences can be explained by the manufacturing of the electrode.

As the electrode is made by successive layer deposition, the microstructure is not perfectly homogeneous. This can explain a standard deviation in the measured morphological properties such as the volume fraction.

Figure III.19 -SEM image of the cermet (black=porosity, grey=YSZ, white=Ni).

The red circles highlight areas with visible variation in the composition.

Conclusions of this chapter

In this chapter, the improvements of the nano-holotomographic measurements have been presented. The implementation of a new beamline dedicated to the nano-imaging is of great interest to improve the 3D reconstructions quality. It offers a high X-ray energy option of 33.6 keV well adapted to absorbing SOC materials. The reliability of the global process for holotomography has been improved. This enhancement is possible thanks to a new sample preparation method. Indeed, a Focused Ion Beam using Xenon ions has been used. The sample geometry and size are now perfectly controlled. Moreover, the holotomographic acquisition and reconstruction have also been improved. By doing a random motion during the scan all ring like artefacts are eliminated. They originate from the complex mixing between the inhomogeneous incident wave and the object. A phase retrieval procedure based on a multidistance Paganin's method, followed by 10-15 constrained CGM iterations, was shown to give consistently good results.

A second milestone is the improvement of the spatial resolution. A specific attention has been paid to this measurement. It has been shown in this chapter that the spatial resolution of holotomographic reconstructions has been improved from 80 nm to 50 nm. This improvement seems modest, but together with the increased reliability it allows systematic studies of the evolution of the fine electrode microstructures. Moreover, the 3D volumes are large and representative of the whole electrode microstructure, as shown by the calculated RVEs.

Finally, classical tools developed at CEA for the 3D analysis of the microstructural and morphological properties are used for pristine electrodes. These values are in agreement with the ones obtained from SEM images. As the characterization tool is now ready, the microstructural investigation can be led to investigate the microstructure evolution on aged samples.

IV. Chapter IV:

Long-term electrochemical tests and postmortem characterizations

IV. Chapter IV: Long-term electrochemical tests and post-mortem characterizations

As detailed in the previous chapter, the X-ray nano-holotomography experimental protocol has been adapted for SOC microstructural characterization. This protocol has been used to investigate the electrode microstructural evolution upon operation. For this purpose, a set of long-term tests has been performed in the objective to identify the operating parameters affecting the electrochemical degradation.

In this chapter, the experimental set-up is described from the test bench main features to the start-up and shut-down procedures. Then, the electrochemical long-term tests are presented by starting with the initial performances, the selected test conditions for ageing and the degradation rates. The most striking results, which can be inferred from the regular electrochemical measurements carried out on aged cells, are detailed hereafter. Finally, the fine post-mortem characterizations are reported to highlight the effect of the operating parameter on the electrode microstructural evolution. The cell housings are made of Crofer22APU without coating. Despite the possible chromium poisoning, the metallic supports present several interesting advantages for the long-term testing. First of all, the metallic set-up is able to withstand thermal cycles without any large cell degradation. More precisely, it has been checked the accumulation of more than 25 thermal cycles does not lead to any fatal electrolyte failure or crack in the glass seal. Only a degradation of 2 mV per cycle (measured at 0.5 A/cm², FU=60%) has been found that would be related to a slight electrode deterioration and/or a damage of the electrode current collection [Rinaldi2015]. Furthermore, as shown on Figure IV.1, the metallic housing allows connecting easily the power supply to the set-up. It is worth noting that dry air was used for all the experiments in order to limit the issue related to the Cr release from the metallic interconnect [Fergus2005, Shuler2012]. Indeed, in this condition, the degradation induced by the Cr electrode poisoning is expected to be rather negligible over an operating period of more than 2000 hours [Ghezel2013].

In the test bench, the gas and electrical distributions are ensured by gold and nickel grids of 100 mesh.cm -2 at the oxygen and hydrogen electrode sides, respectively. As shown in Figure IV.1, weights corresponding to an applied pressure of 400 g.cm -2 have been put for the experiments on the oxygen support to improve the electrical contacts between the grids and the electrodes. The cell voltage is measured by gold wires that are welded on the gold grid or the metallic support for the O2 and H2 electrode respectively. The thermal control of the experiment is guaranteed by a thermocouple located close to the cell in the hydrogen gas outlet. A second measurement is done in the furnace near the set-up. On the test bench, the temperature and gas flow rate are driven with the supervision software RSView ® . All the data are automatically saved for each seconds. In addition, supervision allows the automation of procedures such as heating or Ni reduction. Security procedures can also be defined in case of alarms.

Electrochemical performance measurements

Two kinds of measurement have been done to evaluate the cell performances. The first one is the polarisation curve and the second one is the Electrochemical Impedance Spectroscopy (EIS). The specificities related to both the device and the conditions used for the measurements are detailed hereafter.

Polarisation curve

The polarisation curve consists in plotting the current density as a function of the cell potential.

A potentiostat/galvanostat (Autolab PGSTAT-302N) equipped with a FRA2 module and a 20 amps current booster has been used during the experiments. The i-U curves have been measured in galvanostatic mode with a sweep rate of 10 or 20 mA.s -1 . This sweep rate is a good compromise between a fast enough data acquisition and a sufficiently low scanning rate to consider the stationary conditions to be fulfilled.

Electrochemical Impedance Spectra (EIS)

The EIS is a technique used to separate and identify in the frequency domain the contributions coming from the electrochemical and transport processes occurring in the cell. It is based on the measurement of the system response to a small periodic perturbation in current i or voltage U [Barsoukov2005, Nechache2014]. The cell linear impedance Z(f)=U/i is then evaluated for different frequencies f of the applied signal.

For the tested cells, the data have been recorded in galvanostatic mode. It means that an alternative current perturbation iac is imposed on the operating direct current density idc. The cell voltage response is then recorded to evaluate the impedance Z(f). The same device than the one used for the polarisation curve measurements was employed for the EIS acquisition, while the NOVA software was used as interface with the equipment. The half-amplitude of the sinusoidal current density perturbation has been chosen at ±22 mA.cm -2 and a frequency range comprised between 10 5 Hz and 10 -2 Hz has been investigated. One can note that the amplitude of the applied signal was adapted to fulfil the small perturbation assumption in order to obtain a linear response of the system. Before starting the electrochemical characterization, the system was stabilized 2 minutes at the direct current density idc considered for the EIS data acquisition.

Start-up and shutdown procedure

The same starting-up procedure has been defined and followed for all the tested cells. The temperature is initially increased to 900°C for the sealing pre-treatment with a rate of 1 °C.min - 1 to limit the thermal gradient inside the cell. During the heating up, the O2 and H2 electrodes are swept under air and nitrogen respectively with flows of 0.5 NL.h -1 . After 30 minutes at 900°C, the temperature is reduced to 860 o C for a 90 minutes' step in order to finalise the thermal treatment of the glass seal. The cell is lastly cooled down to 800 o C for the next startup phase.

Before starting the electrochemical experiments, it is required to reduce the nickel oxide of the cermet into Ni. This procedure is carried out at 800 o C by replacing step by step the nitrogen gas flow by hydrogen according to the protocol given in Figure IV.3. Once under pure hydrogen, the cermet is maintained under this highly reducing condition during 2 hours to complete the full Ni reduction. The cell voltage is usually stabilized after the treatment and can be compared to the expected Open Circuit Voltage (OCV) which is a good indicator of both the full cermet reduction and the gas tightness of the hydrogen compartment. For all the experiments, a difference of less than 8% was obtained between the experimental and theoretical OCV meaning that the Ni contained in the cermet was fully reduced and the H2 hydrogen compartment was fully gas tight (cf. Table IV.1). Note that all the experiments were started with the humidifier emptied of water. If steam was required for the durability test, the container was filled with water only after the hydrogen electrode reduction step. The bubbler temperature was then increased to obtain the required ratio of H2/H2O.

When the long-term test was completed, the cell was cooled down to room temperature at a rate of -1 o C.min -1 . Anodic and cathodic gas flows were lowered to 2 NL.h -1 by keeping an air sweeping condition for the O2 electrode whereas a mixture of nitrogen and hydrogen with a N2/H2 ratio of 97/3 was used at the hydrogen electrode side. Thanks to this shutdown procedure, all the cells were retrieved without any mechanical damage or oxidation of the cermet. The cells were finally removed from the support by cutting the border with a diamond pen.

Electrochemical degradation tests

A series of long-term tests have been performed on the studied cell. The initial performances have been systematically obtained in identical conditions to check the cell reproducibility. The durability test conditions have been selected to highlight the main impacting parameters. The degradation rates are reported in the next section. An analysis of the cell polarisation curves measured during the ageing test is then proposed. Finally, a tentative analysis of impedance diagrams is presented.

Initial performances

The initial performances of the tested cells should be similar as they come from the same manufacturing batch. For all the tested cell, a polarisation curve was recorded at 800°C under dry hydrogen and air. The gas flows were 3.16 NL.h -1 and 22.6 NL.h -1 at the H2 and O2 IV.1. As already stated, they are close to the theoretical value of 1.186 V (at 800°C for dry H2 with 0.5% of residual steam) indicating a good cermet reduction and gas tightness of the anodic sealing. It can be mentioned that the cells from SOEC_C1 to SOFC_4 present a lower OCV than SOFC_5 and SOFC_6. That lower values are explained by a higher residual humidity in the inlet gas circuit (bubbler and buffer volume). By looking at the potential measured at 0.5 A.cm -2 , it can be seen that all the cells give a similar result (Table IV.1). The standard deviation on these measurements is about 8 mV. The ohmic resistance Rs given in Table IV.1 correspond to the electrolyte and contact resistance measured with EIS at 0.5 A.cm -2 . The cells SOFC_C5 and SOFC_C6 have a higher ohmic resistance that can be explained by a lower mass pressure was applied in these cases (330 g.cm -2 instead of 400 g.cm -2 ). All these results are consistent and validate the test bench reproducibility.

Table IV.1-Initial performances measures at 800°C under dry hydrogen for the tested cells.

Cell

OCV (V) U (V) (@0.5 A.cm -2 ) Rs (Ω.cm²) SOEC_C1 A set of long-term durability tests have been performed with different operating conditions. The experimental parameters have been selected to understand their effect on the degradation. All the experimental conditions are summarized in Table IV.2. The polarisation mode chosen for the ageing is indicated in the name of the sample. The green colours are related to cells tested in electrolysis whereas the blue colours refer to fuel cell mode. Tests have been performed in galvanostatic condition at current densities varying between -0.5 A.cm -2 and -0.75 A.cm -2 in electrolysis and 0.5 A.cm -2 and 0.67 A. cm -2 in fuel cell mode. The temperature has been mainly set at 850°C to enhance thermally activated mechanisms liable to produce cell degradation. One test was performed at 750°C to identify the effect of this parameter on durability and microstructural evolutions. For all tested cells, the air flow at the O2 electrode has been adapted to keep an air conversion rate of 20%. This low value has been chosen to limit the oxygen partial pressure gradient along the cell radius. For the hydrogen electrode, four tests have been performed with a gas composition ratio H2/H2O=50/50 and flow rates of 6.32 NL.h -1 (C1, C2 and C4) or 9.48 NL.h - 1 (C3). This ratio allows the same OCV to be reached whatever the polarisation selected for the ageing. In other words, the effect of electrolysis or fuel cell mode can be directly compared at this composition. The two other tests were operated under dry hydrogen with a flow rate of 3.16 NL.h -1 . It should be noticed that all the experiments have been done over more than thousand hours.

Long-term tests

On Figure IV.5, the cell voltage evolution over time is plotted for the cells aged with a ratio H2/H2O=50/50. The initial points are different as the operating conditions changed according to the cells. It can be noticed that the curves are oscillating with an amplitude of about 20 mV in electrolysis and 5 mV in fuel cell mode during the test. This effect is directly linked to the humidifier which generates a non-perfectly continuous steam flow. This phenomenon has also been seen in other studies using bubbler or evaporator [Schefold2012, Schefold2015, Shimada2016]. A transient period of about 200h can be observed before a linear evolution of the cell overpotential. For all these cells, the overpotential evolution over time is found to be limited after the transient period. The cell SOFC_C5 presents a high degradation that can tentatively be attributed to the severe operating conditions chosen in that case (FU 80%). The last test SOFC_C6 was done in collaboration with Bertrand Morel. This cell was aged at lower temperature (750°C) and during more than one year (9000h). Some test interruptions are visible but they are not detrimental for the cell life. A period of 300h at 80% FU is also observable after 1000h of ageing. It can be noticed that the cell voltage evolution is not critically evolving during 9000h. The other tests stopped after a shorter duration should thus be representative of the cell degradation over this long period of around 1 year. 

Degradation rate results

For all the tested cells, the degradation rates have been measured after the transient period of 200 hrs that is to say on the linear parts of the curve. The data are all summarised in Table IV From the degradation rate measurements, some discussions are possible on the "apparent" degradation of cells. The term "apparent" is specified to do the difference with the intrinsic cells degradation. The following statements can be inferred from the degradations rates given in Table IV.3:

 SOEC_C1 and SOEC_C2 are operated in the same operating conditions (-0.5 A.cm -2 ). As expected, their degradations rates are found to be similar. It can thus be concluded that the durability tests are reproducible.

 The test performed in electrolysis at -0.75 A.cm -2 (SOEC_C3) presents a higher cell voltage increase. In other words, it appears that the "apparent" degradation in electrolysis mode is more pronounced with a higher current density. This result is consistent and confirmed by many studies already reported in fuel cell mode [Hagen2006, Zhang2013, Sun2015].

 The cell SOFC_C4 was tested in fuel cell mode with comparable test conditions than cell SOEC_C1 and SOEC_C2 in terms of temperature, inlet gas compositions and current density. It is found that the "apparent" degradation is significantly lower in fuel cell mode than in electrolysis mode. This statement indicates that an operation under electrolysis current is liable to induce larger degradation in the cell layers. This result is found to be in good agreement with the study of Zhang et al. [Zhang2013] dedicated to the durability evaluation of reversible solid oxide cells.

 As expected, the cell SOFC_C5 aged with the most severe operating conditions, that is to say at the highest fuel utilisations (80%), exhibits the highest degradation rate. As for the effect of current density parameter, this result means that the highest is the fuel utilisation, the highest would be the "apparent" degradation rate. This statement has been already reported in many studies performed in fuel cell mode [Koch2006, Yokokawa2008]. Nevertheless, in our case, it is suspected that the very high degradation rates measured at 80% could be related to a nonhomogeneous gas distribution on the electrode surface. Indeed, in this case, some part of the cell surface could be operated at fuel utilisation approaching or even exceeding 100%. This local high fuel utilisation is assumed to accelerate the material degradation, and hence, should explain the rather big performance loss reported in Table IV.3 for SOFC_C5.

 The last durability experiment SOFC_C6 presents a rather low degradation rate over a period of more than 1 year. It worth reminding that this test was performed at a lower temperature than the others (i.e. 750°C instead of 850°C). However, despite a lower operating temperature, the "apparent" degradation rate is found to be slightly higher to the one obtained in similar conditions but at higher temperature (see degradation rate for SOFC_C4 operated at 850°C, 0.5A.cm -2 and FU=60%). This unexpected result has been already reported by other authors [Hagen2006, Diethelm2013, Fang2015, Kotisaari2016] and is still not understood.

All these results have shown effects of operating parameters on the "apparent" degradation. It is necessary to use other characterization techniques to analyse more finely the "intrinsic" cell degradation. The analysis of the polarisation curves and electrochemical impedance spectra is proposed hereafter.

Analysis of polarisation curves

Besides the overpotential evolution over time, regular electrochemical characterizations have been performed during the long-term tests. In particular, the polarisation curves of cells have been measured after different ageing time. For the experiments done with a ratio H2/H2O of 50/50, the i-U curves have been plotted in fuel cell and electrolysis mode whatever the ageing conditions. The effect of the operating parameters can thus be compared. The effect of current density on the degradation can also be studied with the polarisation curves.

They have been are plotted on Figure IV.8 for SOEC_C3 at the beginning and after 2000h. At the operating current density (-0.75 A.cm -2 ), the degradation rate is found to be close to the value obtained from the overpotential evolution over time (15.8 mV.kh -1 vs 18 mV.kh -1 ). At the "classical" current density of -0.5 A.cm -2 , the degradation rate is estimated at about 9 mV.kh -1 . This value is consistent with the ones obtained for SOEC_C1 and SOEC_C2 aged in the same conditions (8.8 mV.kh -1 and 9.7 mV.kh -1 ). Comparing these tests, it comes that the degradation tends to be the same whatever the current density during the long-term test. In other words, the intrinsic degradation of cells would be similar whatever the operating current density.

Figure IV.8 -Polarisation curves for SOEC_C3 after 0h (continuous line) and 2000h (dashed line). The degradation rates at -0.75 A.cm -2 and -0.5 A.cm -2 are detailed on the graph.

Analysis of Electrochemical Impedance Spectra

As for the polarisation curve, regular EIS have been recorded during the durability tests at a direct current density idc of ±0.5 A.cm -2 with gas composition ratio H2/H2O=50/50. Unfortunately, the steam flow instability does not allow well shaped spectra to be plotted. EIS recorded before ageing at idc=+0.5 A.cm -2 between SOEC_C2 and SOFC_C6 are compared on Figure IV.9. The spectra obtained with dry hydrogen is clearly better defined than the one recorded under humidified gas at the H2 electrode. In the following the analysis of EIS are thus limited to qualitative observations in the high frequency range. (SOFC) for cells SOEC_C2 (green) and SOFC_C6 (red). The spectrum obtained under dry hydrogen is better defined.

Despite the poor quality of EIS, a qualitative observation can be done for cell tested with H2/H2O=50/50. On Figure IV.10, a comparison between EIS recorded before and after ageing of cell SOFC_C4 in both polarisations is proposed. Figure IV.10a corresponds to the fuel cell mode. It is difficult to see any clear evolution. Indeed, the shift after operation of the high frequency intercept with the real axis could be ascribed to an increase of the electrolyte resistance or to an artefact (due to the convolution of the high frequency semi-circle with the inductance induced by the wires). On Figure IV.10b, the spectra recorded in electrolysis mode are proposed. There is a visible increase of the contribution at the beginning of the spectra corresponding to the high frequencies which are usually attributed to a charge transfer process [Jiang1999b]. In our case, the charge transfer process seems to be affected by the 1000h operation. Here again, hardly any difference can be found in SOFC mode whereas there is a clear increase of the high frequency contribution for spectra recorded in SOEC mode. From these observations, it can be suggested that degradation phenomenon impacting a charge transfer mechanism would be more visible in electrolysis mode. In other words, it would become more critical for electrolysis reactions. 

Post-mortem characterization

In addition to the electrochemical performances monitored during durability tests, fine characterizations of electrodes are essential. The first post-mortem observations of electrodes have been done by Scanning Electron Microscopy (SEM). Some interesting information on the nickel agglomeration mechanisms can be extracted from these 2D images. To take the analysis one step further, 3D nano-holotomographic reconstructions of aged cells have been performed. A summary of the available volumes is given before comparing the relevant microstructural parameters of each cell.

Scanning Electron Microscopy

Polish cross sections of pristine and aged cells have been prepared for SEM observations. As a general matter, the observations have not revealed any striking cell deteriorations such an electrode delamination, a massive Cr re-deposition in the O2 electrode or an extensive Ni agglomeration. More precisely, no delamination of the O2 electrode was found even in electrolysis mode operated at high current density (cell SOEC_3). Moreover, it has been checked that the Cr re-deposition was restricted to the LSC contact layer even after a test duration of 9000 hrs (SOFC_C6). Since the O2 electrode active layers (LSCF-CGO/LSCF) were protected from Cr pollution, the mechanism should not be involved in the electrochemical degradation. All these statements are in good agreement with the low degradation rates reported in the previous section.

Regarding the objective of the study, a focus on the Ni-YSZ electrode is detailed hereafter. A special attention has been paid to identify the most relevant conditions to distinguish the Ni, YSZ and pores phases on the micrographs. For this purpose, the electrode was embedded in an epoxy resin (Epofix ® ). The observations were realised in Secondary Electrons (SE) mode at a low acceleration voltage (0.5 kV). In addition, the working distance between the sample and the SE detector was lowered to 2-3 mm. This work has been done in collaboration with Sergii Pylypko.

As already discussed in the previous chapter, it is reminded that observations of the pristine cell have revealed a rather homogenous distribution of YSZ, Ni and pores in the cermet (see Figure III.16) even if some zones appear to be enriched in Ni or YSZ. It is reminded that such inhomogeneity is liable to a slight scattering in the data extracted from reconstructed volume which are restricted to around 25²xx50 µm 3 . This remark underlines the necessity to have 3D volumes as large as possible reinforcing the relevance of the X-ray holotomography compared to other techniques.

It has been stated by many authors that the cermet particles re-agglomerate under operation (see Chapter I). The global view of the cermet for the fresh and a tested hydrogen electrodes in both electrolysis (SOEC_C2) and fuel cell modes (SOFC_C4 and SOFC_C6) are presented in Figure IV.12. On the polished cross section micrographs, it can be remarked that the nickel phase mean diameter seems to be modified after long-term operation. Nevertheless, the differences that could arise between the different aged samples, cannot be easily quantified. Moreover, the analysis of the 2D microstructural evolution is not straightforward. A more sensitive tool taking into account the complex 3D structure of the cermet is thus necessary. In this study, nano-holotomographic reconstructions have been performed on Ni-YSZ electrodes to reveal this degradation phenomenon. The results are detailed in the following section. As discussed in the first chapter, some authors have reported a Ni volatilisation in operation leading to a Ni depletion or enrichment at the interface with the electrolyte. Some authors have even observed after operation a thin electrode layer in contact with the electrolyte for which Ni has been completely removed by volatilization and redepositing [Matsui2012, The2015, Mogensen2016]. However, in our case, the careful inspection of the interfaces of all the samples has not revealed any significant modifications whatever the duration of the test or the polarisation modes. This statement can be checked on Figure IV.13 that compares the cermet microstructure in the vicinity of the electrolyte interface for the fresh and tested cells. Even after 9000h of operation, it is clear that no major Ni depletion has occurred. It can be inferred from these observations that the long distance transport of Ni under vapour species should not be involved in the nickel coarsening for the studied cells. In our case, the nickel agglomeration would be rather controlled by short distance mechanisms such as Ni surface or bulk diffusion. As a consequence, the underlying mechanism of Ni transport seems to be dependent on the cermet microstructure and/or the chemical nature of the components (purity of materials, adhesion between Ni and YSZ, etc…).

Figure IV.13 -Zoom-in of the SEM cross section micrographs on the Ni-YSZ/YSZ interface of fresh (reference) and aged samples. Ni is white, YSZ is grey and porosities are black (Secondary Electron detector at Working Distance 2-3 mm and tension 0.5 kV). No Ni depletion is observed on aged samples.

3D tomographic reconstructions

The aged cells have been characterized by nano-holotomography with the same method developed for the pristine samples (see Chapter III). The study is focused on the cermet to measure the nickel agglomeration that has been detected by SEM. The summary of all the reconstructions is presented in the following section. Then, the evolutions of the cermet microstructural properties due to Ni coarsening are discussed with the long-term operating parameters.

3D reconstructions

Thanks to the new sample preparation by PFIB, the location of the tomography specimen can be easily chosen. Taking advantage of the method, four different localisations have been studied (Figure IV.14). Some samples have been extracted from the bulk of the hydrogen electrode that means close to the free surface. Others have been taken in the electrochemically active layer at the interface with the electrolyte. In addition to these two positions in the cermet thickness, samples have been cut at the gas inlet and outlet. Therefore, the effects such as the steam partial pressure change along the cell radius can be studied with these samples. The 3D volumes available for microstructural analysis are summarized in Table IV. 4. Thanks to this large amount of data, the effect of the operating parameters on the degradation can be analysed. The main interesting results are described hereafter whereas the whole dataset is detailed in Appendix 1.

Table IV.4 -Summary of 3D volume reconstructions

Bulk Interface Inlet Outlet Inlet Outlet Reference ☺ ☺ SOEC_C1 ☺ SOEC_C2 ☺ ☺ ☺ SOEC_C3 ☺ ☺ SOFC_C4 ☺ ☺ ☺ SOFC_C5 ☺ SOFC_C6 ☺ ☺

Effect of localisation in the thickness

The analysis of the 3D volumes has revealed some slight morphological differences in the thickness of the cermet substrate. Indeed, on fresh samples, it has been found that the microstructure is finer at the interface of the electrolyte with higher density of TPBs (i.e. 5.25 µm -2 at the interface versus 4.75 µm -2 in the bulk) and lower nickel particles size (i.e. 0.9 µm at the interface versus 1.01 µm in the bulk). Although the cermet does not have a functional layer, that gradient in the microstructure should allow enhancing the electrochemical efficiency of the active layer. It is consistent with the SEM images where some inhomogeneities due to the cell manufacturing have been observed in the hydrogen electrode layer (Figure III.19).

Effect of current density

The effect of current density can be analysed comparing the cell SOEC_C3 and SOEC_C2 which have been operated in similar conditions of temperature, air and steam conversion rates except for the current density (at -0.75 A.cm -2 instead of -0.5 A.cm -2 respectively). The evolution of the density of TPBs is shown on Figure IV.15 for samples taken at the interface with the electrolyte and gas outlet. A significant decrease of the TPBs is observed after ageing. However, despite a longer ageing time and higher current density, SOEC_C3 is not more degraded than SOEC_C2. This tendency is found with all other microstructural parameters such as mean particle diameters. As a consequence, in our operating conditions, there seems to be no effect of the current density on the Ni coarsening. This operating parameter can thus be considered as a non-impacting factor on the nickel agglomeration. This result is consistent with the polarisation curves. Indeed, while the "apparent" degradation is higher with a higher current density, the "intrinsic" degradation is similar. Despite a significant difference in the steam content lower at the cell outlet for these tests performed in electrolysis mode at a high conversion rate, there is no clear difference between the densities of TPBs. The same observation can be done on the nickel particle diameter which varies between 1.06 µm and 1.09 µm. This observation tends to indicate that, with our cells and in our operating conditions, the water partial pressure is not a first order degradation parameter for nickel coarsening. That result is consistent with the hypothesis of a Ni agglomeration mechanism that would not be based on the vaporisation of Ni under gaseous hydroxides Ni(OH)2(g) (cf. section 3.1 of this chapter). Indeed, this mechanism requires water molecules, and hence, is expected to be very sensitive to the steam partial pressure. In our case, the Ni coarsening would rather be controlled by sintering phenomena with mass transfer on the surface or in the bulk of the metallic particles. Nevertheless, no effect of this operating parameter is visible on the degradation.

Effect of polarisation

Thanks to the selected operating conditions for the long-term tests, the effect of polarisation can also be studied. For this purpose, properties extracted for the reconstructions of samples taken in SOFC_C4 and SOEC_C2 have been compared. In 

Effect of time and temperature

Conversely to the electrical field or the current density, it is generally accepted that the time and temperature are two parameters affecting the sintering process of metallic particles. Any increase in operating time or temperature should result in an increase of the Ni coarsening in the cermet. In the following sections, the YSZ, porosity and nickel phases evolutions over time and temperature are detailed assuming that all the cells tested either in fuel cell or electrolysis mode can be considered together.

YSZ phase and porosity

The microstructure of the YSZ ceramic skeleton has been analysed in the reconstructions of aged cells. The mean YSZ particle diameter obtained with the covariance function is presented on Figure IV.18 for cells tested over 9000h at temperatures of 850°C and 750°C. It is clear that the grain size stays stable over time in our test conditions. That result is consistent with the Particle Size Distribution (PSD) which is not evolving between samples. In other words, as expected the ceramic backbone does not suffer any microstructural evolution at 750°C and 850°C. The mean size of porosities shows also a relative stable behaviour over time. As a conclusion, it can be stated that both, the ceramic and porosities, remain constant during all the durability tests. 

Nickel phase

The Ni particle growth has been quantified in the aged cells thanks to the 3D reconstructions. On Figure IV.19, the percentage evolution of the Ni mean particle diameters is plotted over time for data measured in the bulk of all the tests. All these results can be gathered on the same graph and analysed all together as it has been shown previously that, in our case, the current density, the water partial pressure and the polarisation are not first order parameters for nickel coarsening. It is worth noting that all the data are consistent to each other and follow the same trend over time.

On this figure, data from Tanasini et al. [Tanasini2009] have also been reported as the cell and temperature (850°C) are identical. As shown in Figure IV.19, the data from Tanasini et al. [Tanasini2009] are in very good agreement with our measures as they are in perfect line with the Ni evolution found in the present study. This result allows validating all the protocol from the electrochemical test and the 3D reconstruction to the data analysis.

Apart from validation, the plot in Figure IV.19 highlights a significant increase in the Ni particle diameter at 850°C. Indeed, there is a clear increase by more than 30% after 2000h of the particle diameter at 850°C. This agglomeration is much more limited at 750°C as the Ni only growth by 13% after 9000h of operation. Therefore, the Ni coarsening is found to be strongly thermally activated. This temperature behaviour is obviously consistent with a classical sintering process. However, such a high impact of temperature could indicate a more complicated mechanism with a potential role of the ceramic backbone that is suspected by many authors to limit or even inhibit the Ni agglomeration at low temperature. In order to better understand the nickel agglomeration mechanism, the evolution of specific surface areas of nickel with gas and YSZ have been analysed. On Figure IV.21, the evolution of 𝑆 𝑝 𝑁𝑖/𝑔𝑎𝑠 is plotted as a function of time. A strong decrease is highlighted at 850°C whereas the evolution is more limited at 750°C. In the same time, it is found that the specific surface area between nickel and YSZ is quasi stable over time (for example, the decrease percentage is only 3.5% after 1000 hours at 850°C for SOFC_C4). In other words, the metal-ceramic interface does not change significantly with time whereas the surface in contact with the gas phase is strongly affected by the Ni coarsening. This statement indicates that Ni phase sintering in the cermet mainly results from the rearrangement of particles in contact with gas while the others seem to be strongly attached to the YSZ backbone. Such behaviour is rather logical knowing that the interfacial energy between Ni and gas is expected to be much lower than the one between Ni and YSZ. This result has been suspected by many authors who have reported a probable inhibition effect of the YSZ on the nickel agglomeration [Jiang1999b, Jiang2003, Zhu2003, Tu2004, Jia2006, Pihlatie2011]. In this study, the precise analysis of the tomographic reconstructions has allowed to highlight the crucial role of the YSZ network on the Ni sintering in the cermet. 

Conclusions of this chapter

The experimental set-up detailed in this chapter was used to perform six different durability tests in galvanostatic mode over periods of more than 1000h. The effect of operating conditions on cell degradation has been highlighted by changing the polarisation, the current density and the temperature between the experiments. The degradations measured on cell voltage evolutions are in the state-of-the-art of the literature for both polarisations. It appears that the degradation rate is higher in electrolysis than in fuel cell mode for similar operating conditions. A higher current density also leads to a higher "apparent" degradation of the cell.

Regular electrochemical measurements of the cell performances have been done during the long-term tests. The analysis of the i-U curves revealed that the current density would not affect the "intrinsic" degradation of cells when the performances are compared in the same operating conditions. However, the analysis of the polarisation curves in fuel cell and electrolysis modes allow explaining only a part of the degradation rate difference between SOFC and SOEC. It is found that the electrolysis operating conditions seem to highlight the cell degradation. Despite the poor shape of Electrochemical Impedance Spectra, a qualitative analysis showed the increase of a high frequency contribution whatever the ageing conditions.

To go further in the analysis of degradation, several post-mortem characterizations have been done. Polish cross-sections of the cermet have been observed by SEM. No nickel depletion was detected on the 2D images but a coarsening of the Ni particle was evidenced. This observation would indicate a short distance agglomeration mechanism for nickel such as surface or bulk diffusion (while, in our case, the Ni vaporisation/redisposition is not involved in the Ni microstructural evolution). As SEM images are limited to highlight the complex microstructural evolutions of the cermet, X-ray nano-holotomography has been performed on aged samples as for the pristine cell to extract the main morphological parameters.

From the 3D analysis, it has been found that the current density is not enhancing the nickel agglomeration what is consistent with the polarisation curves. Moreover, the steam partial pressure and polarisation appears like secondary order parameters for the nickel coarsening. However, time and temperature are strongly affecting the nickel phase evolution. Indeed, the nickel particle size growth reaches about 30% after 2000h of operation at 850°C whereas it is only 13% after 9000h at 750°C. This change was also shown to affect the density of electrochemically active sites directly impacting the cell performances. The significant effect of the YSZ skeleton on the nickel agglomeration has also been shown analysing the evolution of Ni specific surface area with gas and ceramic phases. While the interface with YSZ area is only slowly decreasing over time, a clear diminution of the Ni surface with the porosities is measured. That result confirms inhibiting effect of YSZ on the nickel agglomeration discussed in the literature. Now that the microstructural parameter evolving over time have been identified, it would be interesting to use these evolutions in a modelling approach. The contribution of nickel agglomeration on the performance losses could thus be evaluated. This multi-scale modelling approach is presented in the next chapter. All the microstructural properties obtained on the cells will be used as input data for the simulations.

As presented in the previous chapters, the main morphological properties of the H2 and O2 electrodes have been obtained by X-ray nano-holotomography. Moreover, the microstructural evolutions of the H2 electrode have been carefully analysed for aged cells in different operating conditions. In complementarity with the electrochemical and post-mortem characterizations, the electrode and cell modelling must ensure a better understanding of the underlying mechanisms of SOC operation and degradation. Besides, the simulations can be used to quantify the contribution of a specific degradation phenomenon on the total cell voltage loss measured experimentally.

In this chapter, a description of the multi-scale modelling approach used in this work is proposed. The main features of numerical tool developed at different scales are reminded hereafter with a special emphasis on the essential links between microscopic and macroscopic models. The model was initially calibrated on one experimental i-U curve obtained before ageing to determine some missing kinetic parameters. Then, it was validated by comparing the simulation results with other experimental polarisation curves measured for different gas composition, polarisation or temperatures. The second and third sections of this chapter are specifically dedicated to the model calibration and validation. Finally, the simulation was used to analyse the degradation mechanism. For this purpose, a model for nickel agglomeration was proposed and implemented in the model. The updated numerical tool was employed to quantify the contribution of Ni coarsening on the cell performances losses. The modelling and simulations of degradation due to Nickel agglomeration are detailed in the last section of the chapter.

Model structure

A complete multi-scale and multi-physics modelling framework has been developed at CEA. It is based on micro-models describing the operation at the electrode level and a macro-model for the global cell response. These two scales are connected to each other. The parameters allowing the link between micro and macro simulations are presented in the overview of the modelling approach in the subsection 1.1, whereas the specificities of the models are detailed in subsequent subsections (see section 1.2 and 1.3).

Overview of the modelling approach

The complete modelling framework is a combination of micro-models describing the electrodes operation [Lay2013, Usseglio2014] and macro-models illustrating the cell response under SOFC [Morel2005, Laurencin2008] and SOEC mode [Laurencin2011]. This multi-scale approach is relevant to explain finely the experimental results. Indeed, the micro-model can be used to analyse the co-limiting elementary steps in the electrodes whereas the cell-model allows the simulation of macroscopic operating parameters such as current densities, overpotentials, gas compositions, etc. In this modelling approach, the knowledge of the electrodes morphological properties is essential to reduce the number of unknown parameters. The parameters 𝐸 𝑎 𝐻 2 and 𝐸 𝑎 𝑂 2 are the activation energies for each electrode. The exponents 𝛼, 𝛽 and 𝛾 on the partial pressures are numerically determined with the micro-models to reach a match between the activation overpotentials of macro and micro models. To identify the exponent and the activation energies for the exchange current density laws, a large range of partial pressure and temperature has been investigated. A least square method has been used to find the best fit between the simulated exchange current densities and the evolution laws (V.1) and (V.2). The result obtained with micro-models for both electrodes are given in Table V For the hydrogen electrode, the exponent values are in good agreement with experimental data available in the literature. Indeed, in fuel cell mode, Jiang et al. [Jiang 1999] have found 𝛼 = 0.1 and 𝛽 = 0.5. Similar values have been reported in [Bieberle2001, Kanno2011] (𝛼 = 0.11 and 𝛽 = 0.67). The activation energy on the exchange current density identified in this work is also given in Table V.1. This result is consistent with the reported activation energy of this electrode in the literature [Costamagna1998b, Nagata2001, Usseglio2014].

For the oxygen electrode, the determined exponent is also in the range of the published data. For example, Costamagna et al. [Costamagna1998b] have proposed to take 0.25 for the exponent 𝛾 whereas Yonekura et al. [Yonekura2011] have found 0.3. The activation energy for the exchange current density of the oxygen electrode has been set to 120 kJ.mol -1 according to data from the literature [Costamagna2004, Hernadez2005, Bernadet2016].

Micro-model

The micro-scale modelling approach describes the electrochemical reactions taking place at the H2 and O2 electrodes. It is a 1D model considering a slice of isothermal electrode. To estimate the different mass and charge transport phenomena, the microstructural properties of the ionic and electronic conducting phases and porosity are essential input parameters. The main information on the kinetic rates for both electrodes are reminded in the following sections. It should be noticed that the micro-model aims at calculating the activation overpotential of each electrode to be used in the macro-scale model.

Hydrogen electrode

The morphology of the studied hydrogen electrode is relatively homogeneous in all the thickness and does not present a specific microstructure for the active layer. The parameters 𝛼 𝑜𝑥 and 𝛼 𝑟𝑒𝑑 are the symmetry factors of the reaction (𝛼 𝑜𝑥 + 𝛼 𝑟𝑒𝑑 = 1). The charge transfer reaction being thermally activated, the kinetic constant can be expressed through an Arrhenius law (Eq. (V.4)). The kinetic constants 𝑘 𝑜𝑥 and 𝑘 𝑟𝑒𝑑 are linked each other through a thermodynamic equilibrium constant of the charge transfer reaction 𝐾 𝑒 𝑐𝑡 (Eq. (V.5)).

The pre-exponential constant 𝑘 𝑜𝑥 0 has been adjusted to the experimental data during the models calibration at 800°C. In fuel cell mode, the ratio is found to be much smaller than the unity. It means that the bulk path contribution is much higher than the surface one. In other words, the reactions of adsorption, incorporation into LSCF followed by the oxygen bulk transfer are governing the electrode operation. This result is in good agreement with literature [Adler1996, Baumann2006, Grunbaum2009]. In electrolysis mode, it can be noticed that the ratio of surface to bulk path is increasing sharply above one. It means that at low overpotential the prevailing reactive pathway is still the bulk path whereas the surface one becomes predominant at higher polarisation. This change of reactive pathway can be attributed to the fast ionic transfer. Indeed, the MIEC is fed with oxygens atoms up to its maximum concentration under anodic polarisation resulting in a limitation of the bulk path. Then, only the reactivity at TPBs can occur.

It is worth mentioning that the specific LSCF-GDC/LSCF electrode bi-layer structure has been taken into account in the simulation. The ratio of surface to bulk path for this electrode is shown on Figure V.5. It can be observed that the ratio is higher than one whatever the polarisation. It means that the charge transfer at TPBs, which can extend in the whole thickness of the composite layer, governs the electrode response in electrolysis and fuel cell modes. The cell voltage is calculated in the macro-model through the determination of each irreversible contribution. The ohmic losses includes (i) the contact resistance extracted from the EIS characterizations of the pristine cell at different temperatures, (ii) the electronic resistance of the electrodes and (iii) the ionic resistance of the electrolyte. The concentration overpotentials are evaluated with the change in gas composition at the electrode/electrolyte interfaces that arises under operation. This contribution is affected by the transport of species in the electrode thickness and by the consumption/production of gaseous species along the cell radius. Finally, the activation overpotential encompasses all the reactive mechanisms occurring in the electrode active layer. It is calculated through the exchange current density. This parameter is determined with the electrode micro-scale model.

Model calibration

The modelling of SOC performances requires several input data. Thanks to the approach used in this work, most of them are known. The microstructural parameters of the electrodes are necessary to calculate the mass and charge transport as well as the kinetic rates. The characterization of electrodes done by nano-holotomography supplies most of these required data. Indeed, the main microstructural properties have been extracted from the 3D reconstructions excepted for the LSCF-GDC composite layer (see chapter III). In this case, the phase volume fractions and the mean pore radius have been estimated by SEM images analysis whereas the others parameters have been taken in the literature for similar composites [Wilson2010, Usseglio2014]. The physical properties in terms of conductivities and diffusivities for the ionic, electronic and gas phases are also required to compute the transport of the different species. These set of data are available in the literature. The thermodynamic data such as the standard electrode potential or the coverage rates at equilibrium used in the simulations are also coming from published data. The last set of unknown parameters in the model are the kinetic constants of reactions.

For the hydrogen electrode, the kinetic constant of oxidation at TPBs have to be determined.

There is three kinetic constant (TPBs, incorporation and adsorption) that have to be identified for the oxygen electrode. All these kinetic parameters have been adjusted on only one experimental polarisation curve recorded in fuel cell mode. The determination of the kinetic constants for both electrodes are detailed hereafter. The result of the calibration is presented in the last section.

Adjustment of kinetic constants

The kinetic constants of the reactions taking place in both electrodes have been adjusted on a single i-U curve. The polarisation curve recorded in fuel cell mode at 800°C for cell SOFC_C4 before ageing has been used for the adjustment. The gas compositions were H2/H2O=96.5/3.5 and O2/N2=21/79 at the H2 and O2 electrode. The respective gas flows were 3.92 10 -5 mol.s -1 and 2.8 10 -4 mol.s -1 . It should be noticed that it is the only experimental data used for the calibration. The reaction mechanisms being thermally activated, the micro-scale modelling allows estimating an activation energy for the kinetic constants. These steps are detailed hereafter for H2 and O2 electrode respectively.

2.1.1 Hydrogen electrode: determination of 𝑘 𝑜𝑥 0

As previously introduced, the electrochemical reaction is described by a charge transfer at TPBs as expressed in Eq. (V.3). Since the forward and backward kinetic constants are linked each other through a thermodynamic equilibrium constant (see Eq. (V.5)), only one needs to be adjusted. Moreover, the charge transfer reaction being thermally activated, the kinetic constant can be expressed through an Arrhenius law with a pre-exponential factor 𝑘 𝑜𝑥 0 and an activation energy for the charge transfer 𝐸 𝑎 𝑐𝑡 (see Eq. (V.4)). On Ni-8YSZ material, the activation energy for the charge transfer at TPBs has been reported at 201 kJ.mol -1 in the literature [Bessler2007]. This value has been used in the micro-model so that only the preexponential factor 𝑘 𝑜𝑥 0 remains to be identified. The model calibration on the experimental reference polarisation curve has led to identify a pre-exponential factor 𝑘 𝑜𝑥 0 equal to 140 mol.s - 1 .m -1 . To take into account the thermal activation of the reaction steps, it has been chosen to fix a common activation energy for all the four kinetic constants which results in a global electrode activation energy of 120 kJ.mol -1 [Costamagna2004, Hernadez2005, Bernadet2016]. In that way, the surface to bulk path is kept identical for each operating temperatures. This activation energy is about 159 kJ.mol -1 . The modelling approach validation has been also performed at other temperatures. On Figure V.8, experimental and simulated data are shown at 750°C and 850°C in both polarizations for test done with a ratio H2/H2O=50/50. The O2 electrode is fed with air. These test conditions are equivalent to the ones of tests SOEC_C1, SOEC_C2 and SOFC_C4. There is a perfect match between the experimental data and the simulations at high temperature. The difference is more pronounced at 750°C for data obtained in fuel cell mode. Nevertheless, the simulation has shown a good agreement with the experiments. The modelling approach is thus validated to describe the cell performance in different operating conditions. In particular, the dissymmetric behavior of the polarisation curve can be explained thanks to the simulation. This result is presented hereafter. 

Dissymmetry of the polarisation curve

The polarisation curves present an asymmetry between the fuel cell and the electrolysis mode. This phenomenon is illustrated on Figure V.9 for data recorded at 850°C and a ratio H2/H2O=50/50. There is a clear difference between SOFC and SOEC curves at high current density as shown by the symmetrical curve plotted on the graph. As the simulation is able to reproduce this behaviour, the numerical tool can be used to explain the dissymmetry.

Figure V.9 -Experimental and simulated polarisation curves for a pristine cell at 850°C, H2/H2O=50/50. The dissymmetry is highlighted by the symmetrical fuel cell curve reported in electrolysis mode. Gas flows were 7.84 10 -5 mol.s -1 and 2.8 10 -4 mol.s -1 for H2 and O2 electrode respectively.

In order to better understand this phenomenon, the overpotential evolutions expressed as a function of the current density can be analysed in these operating conditions. On Figure V.10, the activation and concentration overpotentials are reported for both electrodes. These values have been obtained for the complete cell at 850°C and for a gas composition of H2/H2O=50/50:

(i) Overpotential at the oxygen electrode: it can be observed that the concentration overpotentials of the oxygen electrode are extremely limited whatever the current densities. This is due to the low thickness, the relatively large porosity size of this electrode and also because of the low O2 conversion rates (due to high air inlet flow rate send at the O2 electrode).

Besides, it can be also remarked that the activation overpotentials for this electrode increase with increasing the current density and present quite similar values in both operating modes. As a matter of fact, it can be claimed that the voltage losses at the O2 electrode are not involved in the asymmetry of the polarization curve between the SOFC and SOEC modes.

(ii) Overpotentials at the hydrogen electrode: the concentration overpotentials at the hydrogen electrode exponentially increases steeply for high current densities because of fuel or steam depletion (due to high fuel utilization and steam conversion rates). These overpotentials represent the main part of the voltage losses in both operating modes. As they exhibits a nonsymmetrical behavior as shown in Figure V.6, it can be stated that they are mainly responsible of the dissymmetry of the polarisation curve. In addition, it can be also noticed that the activation overpotentials at the H2 electrode do not exhibit similar values in both operating modes. Therefore, in a less extent, they are also involved in the dissymmetry of the polarization curve. A much deeper analysis of these overpotentials can be done thanks to the models: Figure V.10 -Activation and concentration overpotentials obtained with the modelling approach at 850°C, H2/H2O=50/50 and air. Gas flows were 7.84 10 -5 mol.s -1 and 2.8 10 -4 mol.s -1 for H2 and O2 electrode respectively.

As stated, the concentration overpotential at the H2 electrode side plays a major role in the asymmetry of the polarisation curve. This effect is related to the gas diffusion in the hydrogen electrode. Indeed, the effective diffusion coefficient for steam is higher than the one for hydrogen in the model. This difference cannot be attributed to the molecular diffusion as the binary diffusion coefficient of H2O in H2 and H2 in H2O are the same. The dissymmetry is in fact explained by the higher Knudsen diffusion coefficient for H2O than the one for H2. Therefore, under electrolysis current, the Knudsen transport limits the mass transfer, which has to supply the electroactive site by steam, and hence, leads to the high concentration overpotentials observed in Figure V.10. This result is in good agreement with the high sensitivity of the model with the pore radius of H2 electrode introduced for the simulation. Indeed, the Knudsen diffusion coefficient is directly proportional to this parameter.

In addition to the concentration overpotential dissymmetry, the activation overpotential is also contributing to the dissymmetry. It is calculated by the exchange current density law previously presented. The exponent value found for the water partial pressure dependence in this equation is higher than the one for the hydrogen partial pressure (0.61 to 0.07). In electrolysis mode, the exchange current density is lower at high current density as there is less water and thus the activation overpotential is higher. This is the opposite in fuel cell mode. That dependence on water partial pressure explains the dissymmetry of this overpotential.

All these statements are fully consistent with the results reported in [Njodzefon2012, Njodzefon2013].

Modelling, simulation and analysis of SOC degradation

The modelling approach being calibrated and validated to simulate the initial performances, it can be used to explain the degradation. In particular, the fine 3D analysis of the microstructure evolution in the hydrogen electrode can be introduced in the model. In that goal, it is necessary to select a Ni agglomeration law that would be implemented in the modeling approach. A first section is dedicated to the presentation of the best model describing the Ni agglomeration and the decrease of TPB density. Then, these laws are used in the simulation to quantify the contribution of Ni coarsening in the total degradation rates.

Ni agglomeration law

From the 3D microstructural analyses of the aged cells, it has been observed that the Ni mean particle diameter is clearly increasing upon operation. This evolution is directly connected with the decrease of electrochemically active sites density. This loss in active TPBs lengths is impacting the cell performances. This degradation mechanism is suspected to be significant in the cell voltage losses. In the literature, several laws have been proposed to explain the Ni [Tanasini2009] with the same data measured on cells aged until 1000h. By adding new data obtained at the same temperature, the time constant has been pushed back to a higher value. In other words, it seems that the asymptotic value is reached later and later by increasing the duration of the long-term tests. This law could appear too much restrictive to model the Ni agglomeration at 850°C even for very long-term tests. The parameter 𝑘 𝑝𝑜𝑤 is the rate constant of the process. The sintering mechanism being thermally activated, the parameter 𝑘 𝑝𝑜𝑤 can be expressed by an Arrhenius law as shown in equation (V.8). The value of the exponent n is characteristic of the predominant mass transport mechanism involved in the agglomeration process. Evaporation-condensation corresponds to low exponent 𝑛 = 2 -3 whereas higher values are related to surface or bulk diffusion processes [Tsyganov2007, Pihlatie2011]. In the literature, some authors [Vassen2001, Chen2016, Kennouche2016] used 𝑛 = 4 to fit data obtained at temperature equal or above 1000°C. They found a rather good agreement of their models with experimental data.

A least square method has been used with our data of Ni particle diameter obtained at 850°C to identify the best fit between the experimental points and the model. An exponent n ranging between 7 and 9 gives the best result. As an illustration on Figure V.12, the agglomeration law calculated with 𝑛 = 8 is plotted for the different temperatures. It should be noticed that 𝑛 = 7 is regarded as surface diffusion mechanism for coarsening [Pihlatie2011]. In [Adda1978], the exponent 𝑛 = 7 is related to a surface diffusion mechanism for small particles of about one micrometer or less. It is the case in the studied hydrogen electrode. This high exponent value related to a surface diffusion mechanism is also consistent with the SEM characterizations previously presented (see Chapter IV, section 3.1). Indeed, an exponent around 2-3 related to an evaporation mechanism for the agglomeration is not expected since no Nickel depletion has been observed. The high exponent introduced in the model could be also related to the specific cermet architecture. Indeed, as already mentioned in the previous chapter, the YSZ backbone of the hydrogen electrode prevents the Ni phase from a massive agglomeration. To take into consideration this inhibiting effect of YSZ, a high exponent value is required in the power law model to enhance the asymptotic behaviour of the particle size evolution over the time.

In addition to the exponent value determination, the activation energy of the sintering process has been evaluated with the data presented on Figure V.12. The parameter 𝐸 𝑎 𝑁𝑖 has been found equal to about 376 kJ.mol -1 . In [Kennouche2016], the activation energy for the Nickel agglomeration process in SOC is found between 225 kJ.mol -1 and 266 kJ.mol -1 . This range of values is high compared to the classical activation energies reported in the literature for the sintering of Nickel particles [Elliot1968]. This apparent discrepancy could be once again due to the YSZ inhibiting effect on Ni sintering. The adhesion between Ni and YSZ being probable strongly thermally activated, it could explain the higher activation for the Ni coarsening in the cermet. Moreover, it has to be mentioned that the scattering in the activation energies is important as it is comprised between 109 kJ.mol -1 and 335 kJ.mol -1 . These variations are related to the different test conditions such as the particle diameter or the gas composition for the experiments. Besides the identification of the best agglomeration law for the experimental results, the same work has been carried out for the decrease in the density of active TPBs. There are many less studies dedicated to this parameter in the literature. In [Faes2009], a capacitor model similar to the one which describes the nickel particle size evolution has been used. In [Kennouche2016], the density of TPB is related to the particle size by using a geometrical sphere-packing model. In this work, the evolution of the TPB density over time is described by a power-law similar to the one used to describe the growth of the nickel particle diameter:

𝑙 𝑇𝑃𝐵 0 𝑛 -𝑙 𝑇𝑃𝐵 𝑛 = 𝑘 𝑝𝑜𝑤_𝑡𝑝𝑏 × 𝑡 (V.9)
The exponent has also been set to 8 in this model. On Figure V.13, the curves of the powerlaw model are plotted with the experimental results obtained at 750°C and 850°C. The decrease of the active sites is well described by the simulation. 

Contribution of Ni agglomeration on the degradation

From the multi-scale modelling approach, it is possible to study the contribution of nickel agglomeration on the total degradation measured on long-term operations. In that goal, the law of TPB density evolution upon operation has been implemented in the micro-model to determine the new exchange current density. The dependence with the partial pressure and the temperature have been kept as for the reference case. The contribution of nickel coarsening on the performances is detailed for the different tests hereafter.

For the test performed in fuel cell mode at 𝑖 = 0.5 A.cm -2 , T=850°C and a ratio H2/H2O=50/50 (SOFC_C4), it has been found with the model that the deterioration of the exchange current density is about 10% after 1000h. This change is impacting the activation overpotential calculated for the complete cell. The contribution of nickel agglomeration can thus be estimated from the loss of performance obtained with the modelling approach. On Figure V.14, the cell voltage increase from experiment and simulation are presented over time. It can be seen that the nickel agglomeration is explaining a part of the measured degradation. After 1000h, the cell voltage is decreasing of 1.1 mV according to the simulation. This value corresponds to about 32% of the total degradation rate obtained with the experiment. For the cell aged in electrolysis mode at 𝑖 = -0.5 A.cm -2 , T=850°C and H2/H2O=50/50 (SOEC_C1 and SOEC_C2), the exchange current density is found to decrease in the same order than fuel cell mode after 1000h. This new value can be introduced in the model to reach the degradation contribution of Ni agglomeration in electrolysis. On Figure V.15, the cell voltage increase from experiment and simulation are presented as a function of time. After 1000h, the simulation gives a degradation of 2.4 mV whereas it is 3.5 mV after 2000h. These values are higher than in fuel cell mode. This difference can be explained by the asymmetric response of the cell according to the polarization. However, the nickel agglomeration is found to be responsible of about 19-26% of the experimentally measured degradation rate. In electrolysis, the nickel coarsening is found to represent a smaller part of the total degradation compared to the fuel cell mode. This difference is mainly explained by the higher experimental degradation rate recorded in electrolysis mode. For the test done in fuel cell mode at 750°C under dry hydrogen, the exchange current density decrease is limited to 6% after 9000h of operation. The cell performance evolution has been simulated in these conditions to evaluate the contribution of the nickel agglomeration on the cell degradation. A loss of about 2.2 mV is obtained after 9000h of operation with the simulation what represents about 6% of the experimental degradation.

Conclusions of this chapter

The modeling approach used in this work has been presented in this chapter. It is based on models developed at the electrode as well as the cell level. They are strongly connected through the "apparent" electrode exchange current densities that take into account the limitation due to the electrochemical reaction at the macroscopic scale. To complete this approach, it has been required to develop a micro-model for the MIEC materials as used in the studied O2 electrode.

The determination of the unknown kinetic parameters of the model has been performed by fitting the simulations on an experimental polarisation curve recorded in fuel cell mode at 800°C under dry hydrogen. Once calibrated, all the simulations have been performed without changing any input parameter in the models. With the global approach, we were able to simulate the effect of the gas composition, flows or temperature on the cell performances. Moreover, the dissymmetry of the polarizations curves in fuel cell and electrolysis mode has been mainly explained by the Knudsen diffusion in the H2 electrode, and in a less extent, by the activation overpotential of the hydrogen electrode.

The models have been used to evaluate the contribution of the nickel agglomeration on the loss of performances measured experimentally. In that goal, evolution laws for the nickel particle diameter and TPB density upon operation have been fitted on the experimental data. It appears that a power-law with an exponent of about 7-9 is well adapted to describe the Ni coarsening. Then, the fitted relation of TPBs density over time has been implemented in the model to quantify the impact of Ni agglomeration on cell performances. It was found that this phenomenon represents about 32% in fuel cell mode and 26% in electrolysis mode of the experimentally measured degradation after 1000h at 850°C. Some other causes can be found to be responsible of the remaining degradation. They are discussed in the last chapter.

The approach based on electrochemical testing, 3D electrode characterizations and modelling has been successfully applied to investigate the contribution of Nickel agglomeration on the SOC performances. In this chapter, the main results are summarized and discussed in the light of other published data. Based on this discussion, some outlooks for further studies and developments are suggested. In particular, the X-ray holotomography contribution to SOC electrode characterization is detailed and future progresses for the imaging technique are proposed. The 3D volume allowed the quantification of electrode microstructural properties that are essential for the modelling. The potential improvements of the numerical tool are discussed in regard to the statements achieved in this work. The contribution of Nickel agglomeration on experimental degradation rates has been evaluated with the model. The results obtained with this method are detailed and discussed hereafter to explain some observations reported in the literature. It is also highlighted in this chapter that new developments still remain required to understand more deeply the global response and degradation of a SOC. Nevertheless, as presented in the last section, the approach used in this work appears to be fully relevant to extend the analysis to other degradation phenomena or even applications.

Contribution of the tomography to SOC electrode characterization

An important achievement of this work is the adaptation of X-ray holotomography for the fine characterization of SOC electrodes. The advantage of nano-holotomography compared to other tomographic techniques (i.e. FIB-SEM and X-ray absorption tomography) has been highlighted in chapter II. It allows reaching a large field of view while keeping a sufficient high spatial resolution in the 3D reconstructions. The state-of-the-art of the phase contrast imaging has been detailed in the same chapter. Then, the modifications brought to the technique to adapt experimental protocols to SOC materials specificities have been described in the chapter III.

The reliability of the global process has been especially improved thanks to a new sample preparation and an original acquisition technique. A Xenon P-FIB has been used to extract cylindrical samples from SOC electrodes. This equipment allows to easily control the sample location and its final shape. Moreover, the P-FIB is faster than conventional FIB working with Ga ions so that larger samples can be prepared in less time. The new Nano-Imaging ID16A beamline and acquisition process also contributes to enhance the global quality of the reconstructions obtained by X-ray nano-holotomography as shown in the third chapter. The data acquisition is based on the random displacement of the sample during the scan to compensate wavefront inhomogeneities. Without this method to record the projections, the 3D volumes are unusable because of strong ring artefacts. Finally, 3D reconstructions of both hydrogen and oxygen electrodes have been successfully obtained. The main physical and morphological properties of a pristine cell have been extracted from these volumes with specific tools available at the laboratory.

It should be noticed that the LSCF-GDC composite layer of the oxygen electrode was not reconstructed by holotomography. Indeed, the two ceramic phases could not be distinguished in the 3D image after the phase retrieval process. As illustrated on Figure V.16 for a slice taken in the 3D reconstruction, the contrast in grey level between LSCF and GDC is very poor and is clearly insufficient to proceed to the image thresholding. This difficulty is probably related to the absorption consideration in the phase retrieval process. The two solid phases cannot be satisfactorily distinguished (white=porosity, black=solid phases).

For this composite ceramic layer, the use of other imaging techniques could be more appropriate. SEM imaging is known to give a good contrast between the two ceramic phases. In the work, a special attention has been given to evaluate accurately the spatial resolution of the reconstructions. The measurement has been done directly on the 3D volumes obtained by nano-holotomography by measuring the grey-level profile at the interface between two phases. A spatial resolution of 50 nm has been obtained as shown in chapter III. Other methods can be used to evaluate this parameter as shown by [Holler2014]. In particular, the development of the Fourier Shell Correlation (FSC) [Van Heel2005] appears interesting to refine the assessment of the spatial resolution on 3D volumes. The use of a such method could limit the confusion often found on the determination of this parameter in the literature. For instance, the spatial resolution of 3D reconstructions is sometimes claimed without evidence [Cronin2013]. Some authors have also assessed the spatial resolution on 2D well defined objects and assumed that it is representative for the SOC electrode 3D images [Vila-Comamala2012, Nakajo2016].

The resolution of 50 nm obtained in this work has been strongly validated and appeared to be sufficient to describe accurately the electrodes microstructure. Indeed, it has been shown in the literature that about 10-15 voxels per particle diameter are required to describe accurately the microstructure [Joos2012, Villanova2013]. However, an improvement of this parameter will be necessary when finer microstructure and especially smaller morphological evolutions will be studied. In this objective, the X-ray ptychography appears as a promising imaging technique to enhance the spatial resolution [Da silva2015].

Modelling of a SOC in its initial state

The determination of the electrodes microstructure properties can be computed on the 3D reconstructions obtained by X-ray nano-holotomography. As detailed in chapter V, microstructural parameters are essential for the SOC multi scale models. Indeed, the knowledge of these data is mandatory to limit the number of unknown parameters in the simulations. The physical and thermodynamic data being taken in the literature, the kinetic constants were the last unknown parameters to be adjusted on an experimental curve. This model calibration step has been detailed in chapter V as well as the "top-down" and "bottom-up" links used between the micro and macro-scale models. At the microscopic level, it is assumed that the H2 electrode mechanism is controlled by a charge transfer at TPBs whereas a new model for the O2 electrode dedicated to the MIEC materials has been proposed and implemented in the multi-scale approach. It has been shown that the improved numerical tool is able to simulate accurately the cell polarisation curves in different conditions of temperature, gas composition, flow rates or even operating mode in fuel cell or electrolysis modes. Thanks to the simulations, the dissymmetry of the polarisation curve, which was experimentally measured between the two operating modes, has been explained and assigned to a difference in the concentration and activation overpotentials arising at the hydrogen electrode.

In chapter I, it has been shown that the reactive pathway in the hydrogen electrode is described by a series of elementary steps [Bessler2007, Vogler2009]. In fuel cell mode, it is nowadays widely acknowledged that the charge transfer reaction at TPBs is the rate-limiting step of the global process. Under electrolysis conditions, the global reactive pathway could be more complex. Indeed, in addition to the charge transfer, it seems that a gas-solid interaction could also affect the cell response [Grondin2011, Dasari2013]. Therefore, it could be necessary to consider in the electrochemical reactive pathway a co-limitation of the charge transfer with an adsorption step of water molecules at the Nickel surface. This additional step could be easily added to the micro-model of the hydrogen electrode. Nevertheless, as done for the MIEC oxygen electrode [Laurencin2015b], this amelioration of the Ni-YSZ model for cathodic polarisation will require a specific experimental validation on symmetrical cells with a three electrodes set-up.

With this supplementary reaction implemented in the model, it is expected that the dissymmetry between fuel cell and electrolysis operating mode will be increased. Indeed, the electrode activation overpotential should be increased in cathodic polarisation when taking into account this additional limiting step. However, it is worth underlying that the global cell polarisation curve should not be strongly different from the one currently simulated since the cathode activation overpotential only represents a minor contribution to the total cell voltage increase. Despite this expected minor impact on the i-U curve, the integration of this limiting step should be of most importance for electrode microstructural optimisation. Indeed, the optimum microstructure is expected to be different if TPBs or the Ni specific surface area are the main affecting parameter in the reactive mechanism. Finally, this supplementary step could also be essential to investigate some critical operating conditions more sensitive to the reactive pathway.

Modelling of SOC degradation

Aside from the description of the initial cell behaviour, the modelling approach is also useful to investigate the contribution of a given degradation mechanism on the global performance.

In that goal, a set of long-term tests have been carried out as presented in chapter IV. All the durability tests have been performed during more than 1000h and the measured degradation rates have been found to range within the state-of-the-art values reported for both fuel cell and electrolysis modes. From a technological point of view, it has been observed that the degradation rates in fuel cell are lower than the ones obtained in electrolysis mode. Moreover, a higher current density leads to a higher "apparent" degradation of the cell whereas the "intrinsic" degradation seems to remain unaffected.

The cells have been characterized by post-mortem analyses. The 2D SEM images revealed that no Nickel depletion has occurred in the cermet whatever the operating conditions. Therefore, in our case, it can be stated that the evaporation-condensation of the Nickel phase is not the mechanism governing the agglomeration. In complementarity with SEM observations, the pristine and aged Ni-YSZ electrodes have been analysed by X-ray nano-holotomography. The reconstructions and their analyses are given in the chapter IV. It has been found that current density is not involved in the Ni particles coarsening. Moreover, steam partial pressure and polarisation appeared as second order parameters whereas time and temperature are controlling parameters strongly affecting the Ni particle size as well as the TPB density.

In this work, the progressive evolution from small particles to bigger ones has been observed over time. The rearrangement of the Nickel phase was found to be directly linked to the decrease of the TPBs density. This significant decrease of electrochemically active sites being expected to lower the cell performances. It has also been shown that the YSZ backbone plays a major role on the Nickel agglomeration mechanism. Indeed, it has been highlighted that the specific surface area between Nickel and gas is decreasing over time whereas the one between the Nickel and YSZ stays stable. This result confirms the expected inhibition effect of the ceramic phase that prevents the Ni phase from a massive agglomeration at the SOFC/SOEC operating temperatures. It should be also noticed that the decrease of the nickel specific surface area in contact with porosity is expected to contribute to the performance degradation by limiting the adsorption of water molecules. This could be more accurately described with the simulation tool by adding an adsorption step in the H2 electrode model.

The Nickel agglomeration mechanism has been modelled in chapter V. In the literature, two constitutive laws are classically used to fit the experimental results. The first one, a "capacitor" law, is based on a pure geometrical approach. After an initial stage, it assumes that the Ni coarsening can be completely inhibited by the YSZ backbone. This model was found to describe correctly the experimental data obtained in this work. However, its asymptotic behaviour yielding to a maximal bound for the Ni particle size appears to be too restrictive. Indeed, it has been shown that the characteristic time constant for Nickel coarsening is pushed back to higher values as soon as supplementary experimental results obtained for longer ageing time are added to the set of data. The second model for Ni agglomeration mechanism is based on a physical approach. Assuming the sintering of two spherical particles, the growth of the Ni phase size over time can be expressed thanks to a power-law model. It has been found that this model is also able to describe accurately our experimental results with an exponent value comprised between 7 and 9. This is a rather high value for this type of law. Nevertheless, it is consistent with a sintering mechanism which would be based on Ni surface diffusion. Moreover, the high exponent also reflects the inhibiting effect of the YSZ backbone. Indeed, a high exponent of the power law model is required to describe the asymptotic behaviour of the Ni particle size plotted as a function of time. From this analysis, it appears that both the "capacitor" and "power law" models are able to fit our data. It has been shown that the first one corresponds to a lower bound for Ni agglomeration since it provides data that underestimates the Ni particle size after very long operation time. Conversely, the power law model could lead to overestimate the Ni coarsening. From that point of view, additional very long-term tests (more than 4000h) could be performed to clarify the evolution of the Nickel particle radius over time.

Finally, the TPB density evolution over time has been modelled using a similar power-law as shown in chapter V. The TPB decrease is directly affecting the cell performances as highlighted with the simulation results. Some authors choose to link the TPB evolution to the Ni particle agglomeration law by using a geometrical sphere-packing model [Kennouche2016]. The identification of an accurate morphological law for this degradation mechanism would allow describing better its evolution.

Performances degradation over time

The models of the Nickel agglomeration and of the TPB density decrease have been introduced in the cell performance simulation tool as shown in chapter V. The contribution of Ni coarsening on the global cell degradation has been quantified for the long-term tests presented in chapter IV. The durability experiments performed at 850°C under a composition ratio H2/H2O=50/50 presented a degradation rate of 3.5 mV.kh -1 in fuel cell mode and 9.2 mV.kh -1 in electrolysis. The simulation revealed that the Ni coarsening of the H2 electrode can explain around 30% of the total degradation rate measured in fuel cell mode after 1000h. This contribution would be reduced to about 25% for the cells aged in electrolysis mode.

Up to now, the modelling approach has only been used to quantify the Nickel agglomeration contribution on the total degradation rates in experimental conditions studied. As the model has been validated, it can be used to investigate other operating points or ageing time using interpolation or even extrapolation. The cell voltage losses due to the Nickel agglomeration has been computed for a cell aged in electrolysis mode after 1000h, 10000h and 17500h (2 years). These two long durations are representative of a real industrial application. On By comparing the diagrams horizontally, it can be observed that the degradation is expected to be significantly higher for the cell aged at the highest operating temperature. This result is consistent with the microstructural analysis done in this work. Moreover, it appears that the temperature to assess the degradation rate would strongly affect the results as shown comparing the diagrams vertically on Figure V.17. Indeed, for a given ageing temperature, the cell degradation rate is found to be lower when "estimated" at 850°C rather than 750°C. This statement is explained because the electrode activation overpotential is lower at high temperature. This analysis could explain the surprising results reported in the literature telling that the degradation rate would be lowered at higher temperature [Hagen2006, Hauch2006, Diethelm2013, Fang2015, Kotisaari2016].

However, it can be noticed that the Nickel agglomeration contributes only for a part of the total degradation rate. Moreover, this mechanism is not sensitive to the polarisation mode, and hence, cannot explain the higher degradation rates recorded in electrolysis mode compared to the fuel cell mode (with similar condition of cell ageing). The remaining part of the total degradation must be attributed to other degradation mechanisms. For the hydrogen electrode, as described in chapter I, the second most critical degradation mechanism in terms of criticality is pollutant poisoning. These pollutants would come from raw materials, glass seal or even from the gas. To detect these impurities, an equipment with a high chemical sensitivity is required as well as a high resolution since poisoning is expected to be located near the TPBs.

The oxygen electrode and the electrolyte can also participate to the total degradation rate. Their contributions are discussed in the following section.

Oxygen electrode degradation

The electrolyte and the oxygen electrode could also take part to the degradation measured after the long-term tests. In this work, the pristine O2 electrode in LSCF has been characterized by X-ray nano-holotomography as presented in chapter III. The main microstructural parameters have been extracted from the 3D reconstruction. The electrode morphology has been studied after ageing by SEM imaging on cross sectional samples. No evolutions were detected, this result being in good agreement with [Lay2013b, Wang2016] who shown the stability of LSCF in classical operating conditions for SOCs.

In addition to the 3D reconstructions of the hydrogen electrode, the GDC/YSZ interface has also been imaged by nano-holotomography. Even though the contrast is low between YSZ and GDC layers as shown on These preliminary results on the oxygen electrode degradation require deeper characterizations. It could be interesting to clearly identify the crystallographic phase of the reactive layer. Moreover, the modelling approach could be used to propose a mechanism for this degradation and also quantify its contribution to the global degradation. However, these first observations could allow proposing another contribution to the degradation measured experimentally. It should especially affect the cell performances in electrolysis mode and explain the difference measured between fuel cell and electrolysis degradation rates.

General aspect of the proposed methodology

The approach used in this work was based on an integrated methodology coupling electrochemical experiments, post-test characterizations and multi-scale modelling. In the present study, it has been shown that such methodology was relevant to study the degradation of SOCs. Indeed, by improving the three aspects of the approach, it has been possible to propose a better understanding of the underlying mechanisms that link the performances and the microstructure to the degradation rates. New results on the Nickel agglomeration have been obtained as shown in chapter V. This approach could be extended to other cases. A cell using classical materials with good performances and stability over time has been used in this work. It is worth mentioning that SOC manufacturing routes allow obtaining a large variety of electrode microstructures. Therefore, some commercial SOCs present an optimized microstructure with the H2 electrode composed of a bilayer [Tietz2002, Laurencin2012, Villanova2013]. With some specific analysis, the proposed methodology could be adapted for the different microstructures of SOCs. The method could also be extended to other materials. For instance, Nickelates are nowadays considered as promising oxygen electrode for SOCs [Mauvy2003, Lalanne2008, Sun2010, Chen2015]. Their analysis would require the development of a new micro-model for this kind of electrode to use the approach. Finally, the method could also be adapted for different operating conditions as co-electrolysis or operation under pressure [Aicart2014, Bernadet2015]. It requires adjusting and calibrating the simulation parameters to these new electrochemical conditions.

Conclusions of this chapter

In this chapter, the main results obtained in this work have been summarized and put into perspective against the literature. In particular, the possible improvement for the imaging of SOCs have been discussed. New techniques such as X-ray Ptychography or X-ray Near-Field Ptychography seem relevant to characterize materials with improved contrasts and high spatial resolution. More specific methods to measure the spatial resolution should also be developed and shared to avoid any confusion in the literature.

The modelling approach used in this work has allowed describing accurately the cell performances. This numerical tool could be further improved by adding a co-limiting step related to the adsorption of steam on the Ni surface which is suspected to happen and to be somewhat limiting in electrolysis mode. For the degradation, very long-term tests over 4000h would allow refining the fit of the power-law coarsening model for Nickel agglomeration.

The contribution of the Nickel coarsening on the degradation has been evaluated in different conditions with the numerical tool. It was found to explain 25% to 30% of the overall degradation rate. In addition, the simulations highlighted the effect of the temperatures at which the degradation is occurring and measured. The lower activation overpotential at higher temperature could explain some results from the literature where the highest degradation rates are surprisingly reported for the lower operating temperature.

As the degradation rates measured experimentally cannot be fully explained by the Nickel agglomeration contribution, some preliminary observation of the electrolyte and oxygen electrodes have been made. They revealed other degradation mechanisms such as nanoporosities or material reactivity that are specific of the electrolysis operation. These preliminary observations open a new filed of investigations to study the underlying degradation mechanism. Finally, the genericity of the approach used in this work could allow using it to study other microstructure, materials or operating conditions.

Conclusions

This work aimed to investigate the links between the microstructure, the performances and the degradation of high temperature solid oxide cells operated in fuel cell and electrolysis modes. Indeed, the durability of these electrochemical devices is still insufficient regarding the competitiveness and the economic viability of the technology. Therefore, the SOCs durability constitutes nowadays a major issue that remains to be solved. The deep understanding of the degradation mechanisms is thus essential in order to propose relevant solutions and recommendations to limit the deterioration of SOC performances upon operation. In that perspective, an integrated approach coupling long-term durability tests, 3D electrode characterizations based an advance X-ray tomography method and a multi-scale modelling framework has been used to investigate the SOCs degradation operated in both fuel cell and electrolysis modes.

First of all, a review on the state-of-the-art of high temperature Solid Oxide Cells (SOCs) has been made. Based on this bibliography review, it has been shown that the durability of SOCs has been significantly improved during the last years even if their degradation mechanisms are not precisely understood. Among the different causes of the performance loss, it was found that Nickel agglomeration in the hydrogen electrode shows a high level of criticality. Such a statement led us to focus the present work mainly on this problematic. Nevertheless, some improvements in the global approach were required before studying the Ni coarsening mechanism.

First improvements were related to the 3D electrode characterizations. In order to improve the global quality of the reconstructions, the complete protocol for nano-holotomography has been modified and adapted to the SOCs materials. In particular, a specific sample preparation method has been developed using a Xenon Plasma-FIB. This equipment allows maintaining a full control on the shape, the size and the localization where the sample is taken from the cell. It is worth noting that the final cylindrical shape obtained with this tool is especially well adapted to tomography experiments. The samples have been imaged on the new Nano-Imaging ID16A beamline at the ESRF. This new beamline has been designed to obtain threedimensional reconstructions with a large field of view while maintaining a high spatial resolution. A new acquisition method, using random displacements during the tomography scan, has been implemented in the process to achieve 3D reconstructions that are free of artefacts. A phase retrieval procedure based on a multi-distance Paganin's method, followed by 10-15 constrained CGM iterations, was shown to give consistently good results. The spatial resolution has been estimated at 50 nm by grey-level edge measurements; sufficient to describe accurately the microstructures of both hydrogen and oxygen electrodes. All the different materials present in the electrodes could be identified and segmented, except for the LSCF-GDC mixture of composite oxygen electrodes.

A second milestone was the achievement of relevant durability experiments. A set of long-term tests (t ≥ 1000h) has been carried out in different operating conditions. Degradation rates ranging within the state-of-the-art values (0.4 ≤ rdeg (%.kh -1 ) ≤ 7) have been obtained in fuel cell and electrolysis modes. While the ageing conditions have been confirmed to affect the measured degradation rates, fine post-test characterizations were required to analyse the intrinsic permanent degradation. Post-mortem analyses were especially dedicated to the identification of the Nickel agglomeration. High Resolution SEM observations of cell polished cross sections have revealed that no Nickel depletion occurs in the hydrogen electrode in our operating conditions. Furthermore, the H2 electrodes of aged cells have been reconstructed by nano-holotomography. As expected, the measurement on the 3D volumes of the cermet morphological parameters has shown a clear reorganization of small Ni particles to bigger ones. It has been found that the Ni coarsening is highly sensitive to the operating temperature and time. However, the analyses have also revealed that the current density is not affecting the Nickel coarsening, whereas, the steam partial pressure and the polarisation can be considered as second order parameters for this degradation mechanism. Finally, the suspected inhibition effect of the YSZ backbone, that prevents the Nickel from a massive agglomeration, has been emphasized by the microstructural analyses of the specific surface areas.

The data extracted from the 3D volumes have been fitted by a Ni coarsening power law model that was implemented in an in-house multi-scale modelling framework. Beforehand, it has been mandatory to enrich the numerical tool with a new module describing the studied oxygen electrode made of a Mixed Ionic Electronic Conductor operated in fuel cell and electrolysis modes. The global completed modelling approach has been calibrated on a single experimental curve recorded at 800°C in fuel cell mode. Then, simulations have been performed in different operating conditions (gas flows, composition and temperature) and compared to experimental polarisation curves. A good agreement has been obtained with these data allowing the validation of the model.

Once the model validated, it has been chosen to describe the Nickel agglomeration with a physics-based power law model related to the sintering of metallic particles. The exponents allowing to fit accurately the experimental data were found to range around 7-9. These rather high values for such power law model are consistent with a surface diffusion mechanism for small particles. It is also suspected that the high exponent of the agglomeration model reflects the inhibiting effect of the YSZ backbone, and hence, could be related to the specific cermet architecture.

With this completed modelling framework, the contribution of the Nickel agglomeration to the total degradation rate measured experimentally has been evaluated. It has been found that the microstructural change in the H2 electrode explains about 30% of the total degradation in fuel cell mode and about 20-25% in electrolysis mode at 850°C after 1000-2000h. Moreover, thanks to the modelling approach, it has been highlighted that the temperature for the assessment of the degradation plays also a role on the result. Indeed, due to the low activation overpotential at high temperature, it is possible to measure higher degradation rates at lower temperature while the intrinsic degradation of electrodes is less pronounced. This result could explain some surprising results reported in the literature.

Finally, the results of this work have been discussed in the light of the recent literature. It appears that this approach based on electrochemical tests, characterization and modelling is relevant to study SOCs and has allowed bringing new elements of comprehension. It could be extended to other microstructure, cell materials or operating conditions. Moreover, some improvements are possible for each section of the approach. Promising imaging techniques such as X-ray ptychography are developed with higher spatial resolution and possibly better phase sensitivity. The modelling approach could be refined by adding elementary reaction steps in the micro-models and could be enlarged for taking into account pressurized conditions or co-electrolysis operation. The Nickel agglomeration being only a part of the total degradation, other mechanisms should be investigated and quantified such as poisoning of the hydrogen electrode. Electrolyte and O2 electrode should also be characterized more thoroughly since preliminary results showed significant changes in these layers, especially for cells aged in electrolysis mode. 

________________________________________________

Durability of Solid Oxide Cells: an experimental and modelling investigation based on synchrotron X-ray nano-tomography characterization

This work aims at better understanding and quantifying the degradation of high temperature Solid Oxide Cells. An approach based on electrochemical tests, advanced post-test characterizations and multi-scale models has been used to investigate the links between the performances, the electrodes microstructure and their degradation upon operation. In that goal, long-term durability tests have been performed over few 1000h in different operating conditions. Electrode microstructures have been reconstructed by synchrotron X-ray nanoholotomography for the pristine and aged cells. It is worth noting that a special attention has been paid to the improvement of both the protocol reliability for the tomographic experiments and the spatial resolution of the 3D reconstructed images. Thanks to the valuable 3D volumes, the Ni-YSZ microstructural properties of the H2 electrode have been quantified for the fresh and the aged samples. Then, a physically-based model for Nickel particle agglomeration has been adjusted on the microstructural parameters obtained by the 3D analysis and implemented in an in-house multi-scale modelling framework. Beforehand, it has been necessary to enrich the available numerical tool with a specific module dedicated to the oxygen electrode made in Mixed Ionic Electronic Conducting materials. Once validated on polarisation curves, the completed model has been used to quantify the contribution of Nickel agglomeration on the total experimental degradation rates (~30%) recorded in fuel cell and electrolysis modes.

___________________________________________________________________________

Durabilité des convertisseurs électrochimiques haute température à oxydes solides : une étude expérimentale et de modélisation basée sur la caractérisation au synchrotron par nanotomographie des rayons X Ce travail porte sur l'étude de la dégradation des convertisseurs électrochimiques haute température à oxydes solides. Une approche couplant des tests électrochimiques, des caractérisations post-mortem fines et une modélisation multi-échelle a été mise en place afin d'établir les liens entre les performances, la microstructure des électrodes et leur dégradation en fonctionnement. Dans ce but, des essais de durabilité de quelques milliers d'heures ont été menés dans différentes conditions opératoires. La microstructure des électrodes a été reconstruite au synchrotron par nano-holotomographie des rayons X pour la cellule de référence avant et après vieillissement. Une attention particulière a été apportée à l'amélioration de la résolution spatiale et à la fiabilisation du protocole expérimental. Grâce aux volumes 3D, les propriétés microstructurales de l'électrode H2 en Ni-YSZ ont été quantifiées pour les cellules à l'état initial et vieillies. Un modèle physique d'agglomération des particules de Nickel a ensuite été ajusté sur les analyses tridimensionnelles et intégré dans une structure de modélisation multi-échelle développée au laboratoire. Il a auparavant été nécessaire de compléter l'outil numérique avec un module spécifique dédié aux matériaux composant l'électrode à oxygène fait avec un conducteur mixte ionique-électronique. Une fois le modèle validé sur des courbes de polarisation expérimentales, il a été utilisé pour quantifier la contribution de l'agglomération du Nickel sur les pertes de performances mesurées expérimentalement (~30%) en mode pile à combustible et électrolyse.
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 1 Introduction to SOCs On Figure I.1, a schematic representation [Lefebvre-Joud2010] of a high temperature SOC operated in electrolysis is shown. The basics of SOCs are given in this first section. The operation principles as well as the common architectures and materials are presented hereafter.

Figure I. 1 -

 1 Figure I.1 -Schematic representation of a planar high temperature SOC operated in electrolysis [Lefebvre-Joud2010]

  [Ni2008]. The schematic operation principle of SOFC and SOEC are shown on the Figure I.2.

Figure I. 2 -

 2 Figure I.2 -Schematic operation principle in (a) SOFC and (b) SOEC modes respectively with the half equations for each electrode.

Figure I. 3 ,

 3 the decrease in ∆𝐺 is then balanced by an increase in the thermal need (𝑇∆𝑆) while the enthalpy is only slightly affected by the operating temperature[Hino2004, Ni2008, Laguna2012].

Figure I. 3 -

 3 Figure I.3 -Energy demand forwater electrolysis as a function of temperature[Hino2004] 

  Several architectures have been proposed to ensure the structural resistance of the cell (Figure I.4).

Figure I. 4 -

 4 Figure I.4 -Schematic classical architectures of planar cells. (a) electrolyte supported cell, (b) electrode supported cell and (c) metal supported cell

Figure I. 5 -

 5 Figure I.5 -Schematic representation of the electrochemically active area (red). (a) case of a LSM-YSZ electrode where the reaction is limited to TPB lines and (b) case of a MIEC (LSCF) electrode where the reaction occurs on the whole surface of the material.

2 .

 2 Physical phenomena in SOCs Many physical phenomena are involved in the SOCs operation [Singhal2003, US2004, Kendall2015]. They affect the cell performances which are characterised by the polarisation curve. This curve plots the evolution of the cell voltage 𝑈 𝑐𝑒𝑙𝑙 as a function of the current density i. As depicted in Figure I.6, the cell voltage varies non-linearly with the current density and depending if its value is small or big, the mechanisms controlling the cell behaviour are different. All these different elementary mechanisms are detailed in the following parts.
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 6 Figure I.6 -Polarisation curve of a SOC in electrolysis and fuel cell modes.

Figure 1 .

 1 Figure 1.I.7 -Categories of model of physical phenomena [Stempien2013]

Figure I. 8 -

 8 Figure I.8 -Typical polarisation curves measured in both SOFC and SOEC modes for a H2 electrode supported cell made of Ni-YSZ//YSZ//GDC//LSCF [Schefold2012].

16 )

 16 The degradation rate 𝑟 𝑑𝑒𝑔 is usually expressed for 1000h of operation. Note that the rate is sometimes expressed in percentage of voltage loss during 1000h. A typical curve measured during a durability test of 9000h[Schefold2012] is shown on Figure I.9. The cell voltage evolution is noisy due to experimental instability (gas flows, power failure…).

Figure I. 9 -

 9 Figure I.9 -Cell voltage evolution over time for a cell operated in electrolysis mode at -1 A.cm -2 [Schefold2012]

Figure I. 10 -

 10 Figure I.10 -Degradation rates for single-cell (square) and stack (circle) long-term tests in both fuel cell (blue) and electrolysis (red) modes (data from [Skafte2016]).
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 323 Nano-porosities Some authors have observed the presence of nano-porosities at the grain boundaries after longterm operation in electrolysis mode as shown on Figure I.11 [Knibbe2010, Tietz2013]. The porosities formation mechanism remains unclear. It could be related to the reactivity of LSCF or LSC with YSZ leading to the precipitation of SrZrO3 at the interface with the electrolyte. The diffusion of Zr 4+ cations in the YSZ would create nano-porosities when passing through the grains boundaries [The2015].

Figure I. 11 -

 11 Figure I.11 -Images of a 8YSZ grain surface with fractured grain boundary after 9000h of operation in SOEC mode [Tietz2013]
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 332 Nickel agglomerationNickel agglomeration and volatilisation is reckoned as a major mechanism of the H2 electrode ageing[Iwata1996, Iosolevitch1997, Hagen2006, Hauch2008, Jiao2012, Lee2014]. Indeed, the microstructural change over time has been highlighted by post-test characterisations of cells (Figure I.12). The Ni coarsening has been initially characterised by simple 2D image analysis obtained with a Scanning Electron Microscope (SEM)[Simwonis2000, Jiang2003, Tanasini2009]. Because of the three dimensional complex microstructure of the cermet, tomographic techniques have been employed to reconstruct the electrode before and after operation [Wilson2006, Shearing2009, Cronin2011, Jiao2012, Lay2014]. The analysis of the 3D volumes allows to quantify the evolution of morphological parameters such as the TPBs, Ni tortuosity and specific surface area. These studies have revealed that the Ni agglomeration results in an increase in the mean particle diameter and a significant decrease in Nickel percolation and density of TPBs [Matsui2010, Cronin2011, Lay2014]. Introducing the morphological parameters in models allows evaluating the effect of the Nickel evolution on the electrode and cell electrochemical behaviour. By a modelling approach, it has been shown by Faes et al.[Faes2009] that Ni coarsening is responsible of a substantial loss in the electrode and cell performances ranging between 18% and 41% of the total degradation.
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 12 Figure I.12 -Slices extracted from 3D reconstructions obtained by X-ray nanoholotomography (a) on a pristine cell and (b) on a 1000h aged cell at 800°C in electrolysis mode showing pronounced Nickel agglomeration [Lay2014]

  Figure II.1). An advantage of this technique is the high lateral resolution obtained on the 2D images acquired with the SEM. However, the cutting with the FIB introduces a lower resolution in the third space direction. The stack of images is then aligned to obtain a 3D volume of the sample. This tool has been used for the first time by Wilson et al.[Wilson2006] for the characterisation of a SOC hydrogen electrode made of Ni-YSZ. A volume of 105 µm 3 is analysed in this paper with a voxel size of 50 nm. The size of the 3D volume was insufficient to obtain good statistics on the electrode properties. In other words, the size of the reconstruction was not large enough to reach the Representative Volume Element (RVE) of the studied microstructure that is required to quantify accurately the properties. After this first work, a lot of improvements have been made to enlarge the analysed volume and to reduce the processing time. Some published volumes associated to their voxel size are plotted on the Figure II.4 (blue dot and blue continuous circle). Nowadays, the typical domain size is still limited below 15 µm whereas the voxel dimensions range between 10 nm and 40 nm.

Figure II. 1 -

 1 Figure II.1 -Schematic viewof FIB-SEM settings and the measuring procedure[Brus2014] 

Figure II. 2 -

 2 Figure II.2 -Schematic view of absorption tomography settings [Izzo2008]

1. 3

 3 Synchrotron X-ray holotomography Synchrotron X-ray nano-holotomography is a more recent technique for the characterisation of SOCs. This is also a non-destructive technique which has been developed at the ESRF [Cloetens1999b, Mokso2007]. It has been applied to the SOCs electrodes in collaboration with CEA [Laurencin2012, Quey2013, Villanova2013, Usseglio2014]. The method is based on the optical phase contrast that arises between the electrode materials. The sensitivity of the measure allows separating the different solid phases in the sample also at higher X-ray energies, well above the absorption edges. In practice, the phase contrast is recorded on a detector placed at different distances from the sample (Figure II.3). The 3D reconstruction presents a large field of view and a medium voxel size. The main characteristics of the volume and voxel size are presented in Figure II.4 (green triangle and green dash circle).

Figure II. 3 -

 3 Figure II.3 -Schematic view of holotomography settings [Villanova2013]

Figure II. 4 -

 4 Figure II.4 -Voxel size as a function of the representative size of the 3D volume for data obtained by the three characterization techniques. The blue points and circle correspond to FIB-SEM, red squares and circle are related to absorption tomography and the green triangles and circle to holotomography. A reference number is written near each point. The list is given in the bibliography.
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 5 Figure II.5 -X-ray radiography of a human hand with a ring on the central finger [Roentgen1896]

  Figure II.6). As depicted in Figure II.6b, the radiation is emitted in a narrow cone, with an aperture that depends on the velocity of the particle. The European Synchrotron Radiation Facility (ESRF) is a third generation synchrotron dedicated to the emission and the use of the synchrotron radiation.

Figure II. 6 -

 6 Figure II.6 -Scheme representing the photon emission from an accelerated electron on a circular orbit (a) at non-relativistic and (b) at relativistic speed [Doucet2011]

Figure II. 7 -

 7 Figure II.7 -Schematic representation of the X-ray emission from (a) an undulator and (b) a wiggler. The difference in the photon emission angle involves different spectra according to the insertion device. [Bessiere1996]

Figure II. 9 -

 9 Figure II.9 -Schematic representation of the coherence. (a) represents an incoherent beam, (b) is a monochromatic but not spatially coherent beam, (c) is a temporally and spatially coherent beam. These properties allow the observation of interference patterns.

Figure II. 10 -

 10 Figure II.10 -Illustration of the effect of a sample placed in a beam. The amplitude is reduced, this is related to 𝛽 and the phase is shifted, this is related to 𝛿.

  is obtained without approximations by the direct problem with the equation (II.38). The transmission function of the iteration 𝑖 + 1 is changed to reduce the cost function compared to the iteration 𝑖. The minimization of this expression allows an improvement of the final image. The update of the transmission function at each iteration requires four Fourier transformations according to the expression (II.50): 𝑇 ̃𝑖+1 = 𝑇 ̃𝑖 + 𝜂 𝑐𝑜𝑛𝑣 𝑀 ∑ 𝑃 ̃𝑗 * ℱ[𝑢 𝑗 𝑖 ℱ -1 {𝑅 ̃(𝐼 ̃𝑗𝑖 𝑚𝑒𝑎𝑠 -𝐼 ̃𝑗𝑖 𝑐𝑎𝑙𝑐 )}]

  .12). A slice of an object is represented on the Figure II.12b in the fixed coordinate (𝑥, 𝑧) with the y-axis as the rotation axis. A coordinate system rotating with the sample is also shown on Figure II.12b. This system is turned by an angle 𝜃 compared to the system (𝑥, 𝑧). If a line along 𝑢 for an angle 𝜃 is considered, the projection of the object 𝑜(𝑥, 𝑧) can be written as:𝑃 𝜃 (𝑢) = ∫ 𝑜(𝑥, 𝑧)𝑑𝑣 +∞ -∞ (II.51)By taking the Fourier transform and by doing a change of variable to go to the (𝑥, 𝑧) system, the following expression is obtained:𝑃 ̃𝜃(𝑓) = ∬ 𝑜(𝑥, 𝑧)𝑒 -2𝑖𝜋𝑓.(𝑥𝑐𝑜𝑠𝜃+𝑧𝑠𝑖𝑛𝜃) 𝑑𝑥𝑑𝑧 = 𝑜 ̃(𝑓𝑐𝑜𝑠𝜃, 𝑓𝑠𝑖𝑛𝜃) (II.52)This relation is very important for the tomographic reconstruction. It is the slice-projection theorem, which shows that the 1D Fourier transform of the projection line at an angle 𝜃 is a line in the 2D Fourier transform of the object[Kak1988].

Figure II. 12 -

 12 Figure II.12 -(a) Illustration of tomography using a parallel beam: each line of the detector corresponds to a slice in the sample and (b) a slice of the tomographic reconstruction in the two coordinate systems

Figure II. 13 -

 13 Figure II.13 -Illustration of the reconstruction of a circle by simple backprojection with (a) 1 projection, (b) 2 projections, (c) 4 projections, (d) 8 projections, (e) 16 projections and (f) 32 projections. A halo is visible around the circle on (f). Moreover, it is clear that a sufficient number of projections are necessary to obtain a clear image
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 1 Data acquisition on the new Nano-Imaging beamline ID16A-NI Many scientific fields are interested by an improved spatial resolution in X-ray imaging[Baruchel2006, Ray2006, Carmona2008, Leppard2008, Bohic2012]. Reduction of the X-ray beam spot-size is a solution developed by the synchrotrons. At the ESRF, two parallel long beamlines have been built in that goal. The first one, ID16A-NI, is dedicated to nano-imaging at two fixed photon energies (17 keV and 33.6 keV), while the second beamline, ID16B-NA, proposes a large choice of nano-analysis techniques in a large energy range (~6-50 keV) with a larger spot-size[Martinez2016, Pacureanu2017]. The undulators of these two beamlines are located in the same straight section of the ring. They are canted symmetrically at angles of ±2.7 mrad in order to operate two independent experimental hutches at more than 165 meters from the source in a common satellite building. In the following section, the ID16A-NI set-up is described in detail.1.1 The new Nano-Imaging beamline ID16A-NIThis new beamline has been designed to achieve the highest spatial resolution. Specific enhancements have been done to reach that goal. The main characteristics are presented in the following sections.1.1.1 Beamline layoutThe Nano-Imaging beamline is 185 meters long from the source to the sample (Figure III.1). It uses two in-air revolver undulators delivering specific harmonics for the experiments. Choosing a period of 18.3 mm, the undulators operate as single line undulators delivering an X-ray energy of 17 keV. Complementary, the 22.4 mm period delivers a 33.6 keV beam on the third harmonic. The number of optics has been reduced as much as possible to preserve the coherence of the beam. The first optical element is a multilayer monochromator located at 28 meters from the source. It consists of a single bounce multilayer coated spherical mirror to select the harmonic of the undulator with the right photon energy 𝐸. The coating consists of different stripes with different multilayer spacings to select the energy according to Bragg condition, the angle of incidence being fixed at 8 mrad. Thanks to this element and its supplementary angular deviation of 16 mrad, the separation between the two beamlines is sufficient in the satellite building. The monochromaticity of the beam is determined by the width of the undulator harmonic and the bandwidth of the multilayer monochromator. Overall it is rather modest (∆𝐸 𝐸 ⁄ = 10 -2

Figure III. 1 -

 1 Figure III.1 -Schematic representation of the ID16 beamlines. The optics hutch is located inside the ESRF ring whereas the experimental hutches are in a satellite building at 165 m and 185 m from the source for ID16B and ID16A respectively.

  Figure III.2 to illustrate the improvement of the resolution from the old beamline ID22NI to the new ID16A-NI. It is clear that the thin, 50nm wide, inner lines are better resolved with the new setup. Moreover, the asymmetry of the focal spot is observable on the second image (Figure III.2).
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 2 Figure III.2 -Siemens star pattern imaged by X-ray fluorescence (a) on the former Nano-Imaging endstation ID22NI and (b) on the new ID16A-NI beamline. The improvement in resolution is visible as well as the asymmetry of the focal spot.
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 3 Figure III.3 -Scheme of the experimental hutch showing the KB focusing mirrors and the sample stage located in a vacuum vessel, as well as the load lock sample changer and the Xray imaging detector.

Figure III. 4 -

 4 Figure III.4 -Schematic representation of the penumbra effect due to the source size.
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 21 Studied cell A commercial circular cell has been used in this work. It is a hydrogen electrode supported cell. The electrolyte and hydrogen electrode have a diameter of 50 mm whereas the oxygen electrode presents an active surface of 9.08 cm². The electrolyte is made of a dense 5 µm thick layer of 8%mol Yttria stabilized Zirconia (YSZ). The hydrogen electrode is a ceramic-metallic composite of nickel and YSZ (Ni-YSZ). Its thickness is about 260 µm. The oxygen electrode is composed of several layers. A barrier layer made of 10%mol Gadolinium doped Ceria (Gd0.1Ce0.9O1.95 abbreviate GDC) is first added on the electrolyte to avoid chemical reactivity. It should be noticed that this layer is not fully dense. Then, a composite active layer of GDC and La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) is deposited. The mix of materials ensure a good matching between the thermal expansion coefficients of the cell layers. A single phase LSCF porous layer of about 18 µm thick is added to the oxygen electrode. Finally, a La0.5Sr0.5CoO3 (LSC) layer of about 20 µm is put on the surface of the oxygen electrode to ensure current collection. All the thicknesses and compositions are summarized on the Figure III.5 obtained by SEM.
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 6 Figure III.6 -Sample preparation by PFIB. (a) Pt deposition and start of the FIB milling, (b) Sample after a first concentric circle milling, (c) sample at the end of the FIB milling, (d) sample removed from the cell with the micro-manipulator, (e) sample fixed on the needle and (f) final sample with a clean and undamaged surface

  depth and to avoid too much sputtered material (Figure III.6b and Figure III.6c). The complete process is taking about 3-4 hours.
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 7 Figure III.7 -Set-up geometry

Figure III. 8 -

 8 Figure III.8 -Slice taken in the middle of a 3D reconstruction and the corresponding histograms of grey levels for volumes obtained (a) and (d) without iterations, (b) and (e) with 10 iterations in CGM without constraints, (c) and (f) with 10 iterations in CGM with constraints. Black is pores, black grey is YSZ and white grey is Ni.
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 9 Figure III.9 -Evolution of the Otsu criterion with the number of iteration in the CGM. The red cross represents the Otsu criterion obtained using the iterative CGM without constraints. It appears than 10 iteration are sufficient to converge to an asymptotic value.
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 10 Figure III.10 -Slices extracted from a 3D reconstruction of a cermet electrode and associated histograms for (a) and (c) a reconstruction obtained without random motion, (b) and (d) a volume obtained with the random motion process. It is clear that the ring artefacts disturb the phase separation on the histogram (c). The random displacement process allows removing these artefacts and identifying the three phases.

  On the Figure III.10a, a slice of a cermet electrode obtained without random displacement is shown. Strong ring like artefacts are visible in the middle of the slice. They are not continuous like the usual rings and their size is similar to the sample features. It is clear on the histogram (Figure III.10c) that the segmentation of the three different phases is not possible in that case. A slice of the same electrode obtained with the random motion is presented on Figure III.10b. The image is free of ring artefacts. Indeed, the rings are averaged in the background noise. On the histogram, three peaks are visible allowing a segmentation of the volume (Figure III.10d).

Figure III. 11 .

 11 The jitter amounts to few nanometres in both directions. It can be concluded from these results that the random motion is perfectly taken into account in the reconstruction procedure. No significant residual misalignments due to this motion are detectable.

Figure III. 11 -

 11 Figure III.11 -Residual movements in the 3D reconstruction obtained with the random displacement process. The jitters are smaller than 5 nm, they cannot be ascribed to the random movement.
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 12 Figure III.12 -Reconstruction of LSCF layer. (a) Slice extracted from the 3D volume, (b) zoom in of the slice and (c) the associated histogram. White phase is solid phase and black phase is porosity.
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 13 Figure III.13 -Slice extracted from a 3D reconstruction obtained by nanoholotomography of a LSCF-GDC electrode.The two solid phases cannot be satisfactorily distinguished (white=porosity, black=solid phases).

Figure III. 14 .

 14 The grey level distributions as a function of the position across the edge between LSCF and void is shown in Figure III.14d. The transition zone contains two voxels of 25 nm for all orientations, which indicates that the spatial resolution of the 3D electrode reconstruction is almost 50 nm. The same measure has been done within the Ni-YSZ reconstruction. The grey level distribution is also presented on Figure III.14d. Again, the edge contains two voxels of 25 nm.
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 14 Figure III.14 -Estimation of the resolution: (a) zoom in of the region where the red line profile in (d) has been plotted for LSCF radial resolution, (b) for LSCF azimuthal resolution (blue dot line), (c) for LSCF axial resolution (green dash line), (d) Grey level plotted as a function of the position in the line profiles for LSCF and Ni-YSZ electrodes. A spatial resolution of about 2 pixels (50 nm) is achieved for both electrodes.
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 15 Figure III.15 -Analysed oxygen electrode 3D volume: (a) slice extracted from the raw volume, (b) same slice after segmentation and (c) 3D rendering volume. (black/blue=porosity, white/grey=LSCF)

  Figure III.17a [Kishimoto2011]. The constriction corresponds to the bottleneck effect between two particles as illustrated in Figure III.17b [Holzer2013].
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 17 Figure III.17 -Schematic representation of (a) the geometrical tortuosity and (b) the tortuosity due to the bottleneck

  according to the microstructure and the analysed properties[Harris2015a, Harris2015b, Laurencin2012, Usseglio2014]. An estimation of the RVE has been done for the two kinds of electrodes by looking at the volume fraction of the porosity. The evolution of the mean value of the pore volume fraction as a function of the volume size is plotted on Figure III.18. The minimum and maximum value as well as the standard deviation of the independent iso-volumes are also presented on this Figure.The standard deviation becomes negligible for the LSCF electrode from a volume with an edge of 8 µm. This dimension can be considered as the RVE of this electrode. For the Ni-YSZ porous electrode, the RVE is around 15 × 15 × 15 µm 3 . It can be noticed that the domain size corresponds to about 15 times the mean particle diameter. This result is consistent with the rule proposed in[Harris2015a, Harris2015b, Metcalfe2010]. Since the analysed 3D volumes are larger than the RVE, the uncertainty in the computed microstructural parameters should be very low.
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 18 Figure III.18 -Estimation of the Representative Volume Element from the porosity volume fraction for (a) the oxygen electrode and (b) the hydrogen electrode. The RVE can be estimated around 8 µm for the LSCF and 15 µm for the Ni-YSZ.
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 1 Experimental set-up description 1.1 Test bench The electrochemical tests have been performed on test bench dedicated to the electrochemical assessment of single cell. As depicted on Figure IV.1, the test bench presents a geometry with a radial co-flow configuration. The set-up is adapted to operate in fuel cell or electrolysis mode.
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 1 Figure IV.1 -Schematic representation of the experimental set-up near the cell

Figure IV. 2 -

 2 Figure IV.2 -Schematic representation of the complete test bench

Figure IV. 3 -

 3 Figure IV.3 -Starting-up procedures for the cells including glass sealing treatment and hydrogen electrode reduction.

  Figure IV.4 -Initial polarization curve in fuel cell mode of cell SOFC_C6 after cermet reduction at 800°C.

Figure IV. 5 -

 5 Figure IV.5 -Cell voltage evolution over time for durability tests performed under H2/H2O=50/50.

Figure IV. 6 -

 6 Figure IV.6 -Cell voltage evolution over time for durability tests in fuel cell mode.

. 3 .

 3 Note that for the cell SOFC_C6, two values of degradation rates are given. Indeed, two periods are visible on the curve plotted in Figure IV.6. The first one lasted 2000h whereas the second one went to the end of the test with a lower degradation rate. The uncertainties given for the degradation rates stem from the noise on the recorded raw data (see Figure IV.5 and Figure IV.6). It can be noticed that the degradation rates are very limited and are among the best results published in the literature, especially in SOEC mode [Schefold2015, The2015, Trofimenko2015].

  The polarisation curves before and after 1000h ageing of cell SOFC_C4 are presented on Figure IV.7a. A first observation is a higher apparent degradation in electrolysis than in fuel cell mode. To illustrate this tendency, the potential evolution at ±0.5 A.cm -2 is highlighted on Figure IV.7a. The cell voltage evolution is about three times higher in electrolysis compared to fuel cell mode. The same curves for SOEC_C2 aged in electrolysis are presented on Figure IV.7b. Similar observations can be done with a factor three between the degradation rates in both modes. The difference between the cell voltage evolution upon ageing measured in fuel cell and electrolysis could come from this non-symmetric behaviour.

Figure IV. 7 -

 7 Figure IV.7 -Polarisation curves in both modes after 0h (continuous line) and 1000h (dashed line) for (a) SOFC_C4 and (b) SOEC_C2. The degradations at ±0.5 A.cm -2 are detailed on the graphs (red circles).

Figure IV. 9

 9 Figure IV.9 -Initial EIS at idc=+0.5 A.cm -2(SOFC) for cells SOEC_C2 (green) and SOFC_C6 (red). The spectrum obtained under dry hydrogen is better defined.

Figure IV. 10 -

 10 Figure IV.10 -Electrochemical Impedance Spectra of SOFC_C1 after 0h (dot) and 1000h (cross) (a) at 0.5 A.cm -2 and (b) at -0.5 A.cm -2 . There is a clear increase of the high frequency contribution in SOEC mode.

Figure IV. 11 -

 11 Figure IV.11 -Electrochemical Impedance Spectra of SOEC_C2 after 0h and 1000h (a) at 0.5 A.cm -2 and (b) at -0.5 A.cm -2 . There is a clear increase of the high frequency contribution in SOEC mode.

Figure IV. 12 -

 12 Figure IV.12 -SEM images of cermet for reference and aged cells at the interface with electrolyte. Ni is white, YSZ is grey and porosities are black. (Secondary Electron detector at Working Distance 2-3 mm and tension 0.5 kV). Changes of Ni phase is observable on aged samples.

Figure IV. 14 -

 14 Figure IV.14 -Schematic representation of the tomographic sample localisations (red rectangles) in the hydrogen electrode.
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 15324 Figure IV.15 -TPB density for cells tested with different current densities. No effect of this operating parameter on the degradation.

Figure IV. 16

 16 Figure IV.16 -TPB density at gas inlet and outlet for 2 aged cells. The water partial pressure is different according to the localisation.Nevertheless, no effect of this operating parameter is visible on the degradation.

  Figure IV.17a and Figure IV.17bthe densities of TPBs and the mean particle diameters at the interface with the electrolyte for the gas inlet are provided. The decrease in active TPBs in the cell aged in fuel cell mode is slightly higher than in the one aged in electrolysis although the ageing time in fuel cell mode was limited to 1000h whereas it reached 2000h in electrolysis mode. However, no significant difference is detected between the nickel particle diameter of the same two samples (Figure IV.17b), indicating that polarisation would have no clear effect on Ni coarsening. In that way, the polarisation cannot be considered as a major parameter for Ni coarsening. This result is quite logical since the Ni mass transfer involved in the sintering of metallic particles does not be dependent on the electrical field.

Figure IV. 17 -

 17 Figure IV.17 -Effect of polarisation on the degradation. (a) TPB density for cells aged in fuel cell (blue) and electrolysis (green). (b) Ni mean diameter for same aged cells. The effect of polarisation is not clear on the microstructural evolution.

Figure IV. 18 -

 18 Figure IV.18 -Evolution over time of YSZ mean particle diameter measured with covariance function on all the 3D reconstruction.

Figure IV. 19 -

 19 Figure IV.19 -Evolution of nickel mean diameter over time for aged cells at 850°C (red dot) and 750°C (blue dot). The diameters have been measured on samples extracted from the bulk. Data from [Tanasini2009] performed on similar cells have been added (red squares).

Figure IV. 20

 20 Figure IV.20 -Ni ParticleSize Distribution (PSD) for pristine and aged sample in electrolysis.

Figure IV. 21 -

 21 Figure IV.21 -Evolution of the specific surface area between nickel and gas phases at 850°C (red dot) and 750°C (blue dot).

Figure IV. 22 -

 22 Figure IV.22 -Evolution ofTriple Phase Boundary density over time for aged cells at 850°C (red dot) and 750°C (blue dot). The TPB densities have been measured on samples extracted from the bulk.

Figure V. 1 -

 1 Figure V.1 -Overview of the modelling structure with macro-model for the complete cell and micro-models dedicated to each electrode.
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 22 Figure V.2 -Schematic representation of the electrochemical reaction mechanism in electrolysis mode for the hydrogen electrode.

Figure V. 3 -

 3 Figure V.3 -Schematic representation of the electrochemical reaction mechanisms in electrolysis mode for the oxygen electrode.

Figure V. 4 -

 4 Figure V.4 -Kinetic rate ratio of surface path (TPBs) to bulk bath (MIEC surface) for a LSCF electrode of 23 µm thick. [Laurencin2015b]

Figure V. 5 -

 5 Figure V.5 -Kinetic rate ratio of surface path (TPBs) to bulk bath (MIEC surface) for the studied LSCF-GDC and LSCF electrode.

2. 1 . 2

 12 Oxygen electrode: determination of 𝑘 𝑜𝑥 0 , 𝑘 𝑇𝑃𝐵 0 and 𝑘 𝑎𝑑𝑠 0Compared to the hydrogen electrode, more reaction mechanisms are considered for the oxygen electrode. The adjustment of the kinetic constant related to the four reaction steps is thus more complicated. It should be noticed that the ionic transfer (Reaction R1) has been considered to be non-limiting in the simulations. The three other kinetic rates have been calibrated to reach the exchange current density evaluated with the experimental data while keeping a reasonable ratio of surface to bulk path as shown on Figure V.5.

Figure V. 7 -

 7 Figure V.7 -Experimental and simulated polarization curves for pristine cells at 800°C in electrolysis mode. Gas flows were (a) 4.31 10 -5 mol.s -1 and 8.62 10 -5 mol.s -1 for H2 and O2 electrode respectively, (b) 2.15 10 -5 mol.s -1 and 4.31 10 -5 mol.s -1 for H2 and O2 electrode respectively

Figure V. 8 -

 8 Figure V.8 -Experimental and simulated polarization curves for pristine cells at H2/H2O=50/50, O2/N2=21/79 and different temperatures. Gas flows were 7.84 10 -5 mol.s -1 and 2.8 10 -4 mol.s -1 for H2 and O2 electrode respectively.

Figure V. 11 -

 11 Figure V.11 -Experimental evolution of Ni particle diameter fitted by the capacitor model at different temperatures.

Figure V. 12 -

 12 Figure V.12 -Experimental evolution of Ni particle diameter fitted by the power-law model with an exponent equal to 8 at different temperatures.

Figure V. 13 -

 13 Figure V.13 -Experimental evolution of TPB density fitted by a power-law model with an exponent equal to 8 at different temperatures.

Figure V. 14 -

 14 Figure V.14 -Experimental degradation rate and simulated contribution from the Ni agglomeration.

Figure V. 15 -

 15 Figure V.15 -Experimental degradation rate and simulated contribution from the Ni agglomeration.

Figure V. 16 -

 16 Figure V.16 -View of a slice extracted from a 3D reconstruction obtained by nanoholotomography of a LSCF-GDC electrode.The two solid phases cannot be satisfactorily distinguished (white=porosity, black=solid phases).

  The tomographic method based on FIB-SEM appears as one relevant technique to separate LSCF from GDC in the reconstruction. A first work presenting a 3D volume obtained by FIB-SEM on similar electrode has been published recently[Kim2017]. Another way to characterize these materials over large volumes could be the X-ray ptychography. The experimental set-up is shown on Figure V.17a. The sample is scanned in the orthogonal plan to the X-ray beam. Diffraction patterns are recorded over 180° to reach a 3D volume. This technique presents a high potential with an improved resolution and a high material phase sensitivity[Da silva2015]. It allows the reconstruction of 3D electron density maps without any assumptions as weak phase object or negligible absorption[Dierolf2010]. An alternative method is the Near Field Ptychography (NFP) which also gives access to the microstructure as shown in[Stockmar2015]. The experimental set-up for this technique is similar to holotomography as shown on Figure V.17b. Several Fresnel diffraction patterns are recorded for different transverse shifts of the sample. This acquisition process is repeated at different angles to reach a 3D volume. These techniques should give access to large 3D volumes of the LSCF-GDC composite oxygen electrode that could be segmented. It would be fully complementary with the nano-holotomography method.

Figure V. 17 -

 17 Figure V.17 -Schematic of the experimental set-up used for (a) X-ray Ptychography (extracted from [Dierolf2010]) and (b) X-ray Near Field Ptychography (extracted from [Stockmar2015])

Figure V. 18 ,Figure V. 18 -

 1818 Figure V.18 -Simulated degradation due to Nickel agglomeration over time for two different operating conditions 𝑇 𝑎𝑔𝑒𝑖𝑛𝑔 and estimated at two different temperatures 𝑇 𝑎𝑠𝑠𝑒𝑠𝑠𝑚𝑒𝑛𝑡 .

  Figure V.19, a new phase has been detected inside the porosities of the GDC close to the electrolyte for the cells aged in electrolysis mode.

Figure V. 19 -

 19 Figure V.19 -Slice extracted from a 3D reconstruction of SOEC_C3 showing the GDC/YSZ interface. A new solid phase is observable in the GDC porosities.

Figure V. 20 -

 20 Figure V.20 -SEM-EDX images taken at GDC/YSZ interface complemented by Sr chemical maps (a) for pristine cell, (b) for SOFC_C4 and (c) for SOEC_C1

Figure V. 21 -

 21 Figure V.21 -SEM image at the interface GDC/YSZ for SOEC_C1. The white arrows highlight the line of nanopores observed at grain boundaries in the electrolyte.

  

  

  

  

  

  

  

  

  

  'objet de ce travail est l'étude de la dégradation des convertisseurs électrochimiques haute température à oxydes solides. C'est une approche expérimentale et de modélisation qui se base sur des reconstructions obtenues par nanotomographie des rayons X au synchrotron.De nos jours, la réponse à la forte demande énergétique mondiale est principalement assurée par des énergies fossiles comme le charbon, le pétrole ou le gaz naturel. Mais l'utilisation massive de ces sources d'énergies émet d'importantes quantités de gaz à effet de serre, ce qui affecte le climat. La communauté internationale en a pris conscience et des accords ont été conclus pour réduire l'impact de l'activité humaine sur le changement climatique. Dans ce cadre, l'Union Européenne a fixé des objectifs ambitieux de réduction d'émissions polluantes d'ici 2050. Le domaine de la production d'énergie est considéré comme ayant le plus gros potentiel pour réduire les émissions voire les éliminer totalement d'ici 2050. Cette objectif pourrait être atteint notamment grâce au développement des énergies renouvelables comme le solutions permettant de les éviter ou bien de choisir des conditions opératoires limitant leurs effets.Ce travail de thèse cherche à améliorer la compréhension des mécanismes de dégradation en mode pile à combustible et électrolyse. Cette étude se focalise principalement sur le lien entre les évolutions microstructurales dans les électrodes et la perte de performance dans le temps mesurée dans différentes conditions opératoires. Une approche complète, qui va des tests de durabilité longue durée jusqu'à la modélisation des performances en passant par la caractérisation fine des microstructures d'électrodes, est utilisée dans ce travail.Le premier chapitre est dédié à la présentation du contexte des convertisseurs électrochimiques haute température à oxydes solides. Les principes de base du fonctionnement de ces objets sont rappelés dans les deux polarisations (pile à combustible et électrolyse). Une revue des principales architectures et des matériaux classiquement utilisés pour les cellules est proposée. Il s'agit de l'empoisonnement par des impuretés, qui peuvent provenir des matériaux bruts, du joint de verre assurant l'étanchéité ou encore des gaz. Le deuxième mécanisme est l'agglomération du Nickel de l'électrode. La réorganisation de la phase Nickel implique un changement de densité des sites actifs pour les réactions électrochimiques ce qui affecte les performances de la cellule. De cet état de l'art, il ressort un intérêt à étudier l'agglomération du Nickel dans l'électrode à hydrogène. Afin d'approfondir la compréhension de ce mécanisme de dégradation, une approche triangulaire basée sur des tests électrochimiques longue durée, de la caractérisation fine par nanotomographie et de la modélisation semble pertinente. Cette étude est réalisée sur une cellule utilisant des matériaux classiques pour les différentes couches.Le deuxième chapitre présente l'état de l'art pour l'imagerie rayons X synchrotron par nanoholotomographie. Une première partie est dédiée à la présentation des différentes techniques Afin d'améliorer la fiabilité du procédé de caractérisation, une nouvelle méthode de préparation des échantillons a été développée. La préparation est maintenant assurée à l'aide d'un équipement spécifique : un Plasma-FIB utilisant des ions Xénon. Cet outil permet de choisir précisément la localisation de l'échantillon et il assure un parfait contrôle de sa taille et de sa forme finale. L'acquisition des données a également été améliorée. Tout d'abord grâce à l'utilisation d'une méthode itérative dont les résultats pour une électrode à hydrogène sont présentés. Ensuite grâce à une nouvelle méthode d'acquisition lors des scans tomographiques basée sur le déplacement aléatoire de l'échantillon. Ce nouveau procédé permet de supprimer les artefacts en forme d'anneaux qui rendaient impossible l'analyse des volumes 3D (notamment la segmentation des différentes phases). Les reconstructions de l'électrode à oxygène et à hydrogène dans leur état de référence ont été obtenues. La résolution spatiale a été mesurée directement dans les volumes 3D en regardant l'évolution du niveau de gris à la frontière entre deux phases. Celle-ci a été caractérisée à 50 nm ce qui apparait comme une valeur minimale pour permettre une bonne analyse des fines microstructures des électrodes de la cellule étudiée. de l'électrode H2). L'ensemble de ces reconstructions permet de disposer d'une grande quantité de données avec différentes conditions opératoires. Il ressort de l'analyse de ces données qu'un certain nombre de paramètres peuvent être considérés comme étant secondaire pour l'agglomération du Nickel (densité de courant, pression partiel de vapeur, polarisation). En revanche, le temps et la température semblent jouer un rôle primordial sur l'évolution microstructurale de la phase Nickel. Une réorganisation des petites particules vers des plus grosses a été identifiée à partir de l'analyse de la distribution de taille des particules (PSD). Une augmentation de 30% de la taille des particules de Nickel a été observée après 2000h de vieillissement à 850 o C tandis qu'elle est seulement de 13% après 9000h à 750 o C. Cette évolution de la phase Nickel affecte également sa surface spécifique. L'extraction des propriétés microstructurales a notamment permis de mettre en évidence l'effet inhibitif du squelette en zircone sur l'agglomération du Nickel. Enfin, la densité de sites actifs diminue également, ce qui devrait affecter directement les performances de la cellule. exemple en détaillant les mécanismes réactionnels se produisant dans l'électrode H2. Néanmoins, ces améliorations ne devraient pas changer l'évolution générale obtenue avec le modèle. Pour ce qui est de la modélisation de la dégradation, l'approche utilisée dans ce travail a permis d'améliorer la compréhension de l'agglomération du Nickel en mesurant sa contribution sur la perte des performances. Une amélioration de la description de la baisse de la densité de sites actifs en identifiant une loi morphologique permettrait de mieux décrire cette évolution. L'utilisation de ces lois d'agglomération permet de quantifier la part due à ce mécanisme de dégradation. La contribution de l'agglomération du Nickel a été quantifiée à un peu moins d'un tiers de la baisse de performance mesurée expérimentalement à 850 o C après 2000h de vieillissement. Le modèle peut également être utilisé pour faire des extrapolations dans d'autres conditions opératoires ou d'autres durées de vieillissement. Des résultats surprenants de la littérature ont notamment pu être expliqués grâce à cette approche. Enfin, des pistes sont avancées pour les contributions qui peuvent expliquer les deux autres tiers de la perte de performance de la cellule. Il a notamment été observé de la réactivité entre les matériaux d'électrolyte et d'électrode à oxygène pour les cellules vieillies en mode électrolyse.

	Parameters for tomography Résumé étendu en français	
	ℱ	Fourier transform	
	ℱ -1	Inverse Fourier transform	
	𝑁 𝑖 Abbreviations 𝑃 𝑖 (𝑥)	Number of element i Propagation function at distance i	
	ASR 𝑢 𝑖 (𝑥) CGM 𝑧 1 DGM 𝑧 2 EIS 𝐵(𝑥) FIB / PFIB 𝐷 GDC 𝐼(𝑥) LSC 𝑇(𝑥) LSCF 𝑛 MIEC 𝑠 OCV 𝛽 PSD 𝛿 PSF 𝜆 RVE 𝜇 SEM 𝜑(𝑥)	Wave function at distance i Area Specific Resistance Distance focus-sample Conjugate Gradient Method Distance sample-detector Dusty Gas Model Projection of absorption index Electrochemical Impedance Spectroscopy Distance of beam propagation Focused Ion Beam / Plasma Focused Ion Beam m m m Intensity of the beam Gadolinium Doped Ceria Transmission function Lanthanum Strontium Cobaltite Complex refractive index Lanthanum Strontium Cobalte Ferrite Source size m Mixed Ionic Electronic conductor Absorption index Open Circuit Voltage Refractive index decrement Particle Size Distribution wavelength m Point Spread Function Linear coefficient attenuation m -1 Representative Volume Element Scanning Electron Microscopy Projection of refractive index decrement
	SNR	Signal to Noise Ratio	
	SOC	Solid oxide Cell	
	SOEC	Solid Oxide Electrolysis Cell	
	SOFC	Solid Oxide Fuel Cell	
	TPB	Triple Phase Boundary	
	YSZ	Yttria Stabilized Zirconia	
	Parameters for electrochemistry	
	𝐷 𝑖 𝑁 𝑖	Diffusion coefficient of specie i Molar flux of specie i	mol.s -1 mol.s -1 .m -2
	𝑃 𝑖	Partial pressure of specie i	atm
	𝑎 𝑖	Activity of specie i	-
	𝜀 𝑖 𝜁 𝑇𝑃𝐵	Volume fraction of specie i Density of TPB	-µm -2
	𝜏 𝑖 ℱ	Tortuosity factor of specie i Faraday constant	-96483 C.mol -1
	𝑅	Gas constant	8.314 J.mol -1 .K -1
	𝑇 𝑈 𝑖 entre 1000h et 2000h lors d'un vieillissement en mode pile à combustible à 850 o C alors que Temperature K Voltage performances V Current density A.m -2
	𝛼, 𝛽, 𝛾 c'est seulement 20-25% en mode électrolyse pour des mêmes temps. Exponents for exchange current density -
		laws	
	𝜂	Overpotential	V

Lsolaire, l'éolien, la biomasse ou encore l'hydroélectricité. Ces sources d'énergies étant intermittentes, il apparait nécessaire de développer un nouveau vecteur énergétique capable de stocker cette énergie lorsqu'elle est produite et de la restituer lorsque la demande est forte. Il faut bien-sûr que ce vecteur énergétique soit à faible emprunte carbone pour rentrer dans les objectifs de diminutions de gaz à effet de serre. L'hydrogène ressort comme un candidat intéressant avec son fort ratio énergie sur masse (et malgré son faible ratio énergie sur volume). Actuellement, il est principalement produit à partir du pétrole par des procédés qui émettent beaucoup de gaz à effet de serre. Il existe pourtant des procédés moins polluants comme l'électrolyse de l'eau. Le développement d'une filière de production d'hydrogène propre se révèle indispensable pour envisager le déploiement de ce vecteur énergétique à plus large échelle. Le procédé d'électrolyse de l'eau, qui a été découvert au XIXème siècle par Sir W. Grove, consiste en la dissociation de la molécule d'eau en hydrogène et oxygène gazeux. Plusieurs technologies ont été développées ces dernières années comme l'électrolyse alcaline, celle utilisant des membranes polymères échangeuses de protons ou encore les électrolyseurs à oxydes solides. Cette dernière technologie fonctionnant à haute température n'est pas encore mature mais présente des perspectives prometteuses pour ce qui est du rendement et du coût. De plus, sa flexibilité qui permet soit de produire de l'hydrogène ou bien de produire de l'électricité à partir du même objet, est particulièrement intéressante pour le couplage avec des sources d'énergie renouvelable.

Un gros effort a été réalisé ces dernières années pour le développement de la technologie des convertisseurs électrochimiques haute température à oxydes solides. Cependant, la durée de vie de ces objets reste encore trop limitée pour envisager leur déploiement à plus large échelle. Le problème de durabilité est dû au fonctionnement à haute température qui favorise les évolutions microstructurales, le dépôt de polluants ou bien encore la réactivité des matériaux entre eux. Une meilleure compréhension de ces mécanismes de dégradation est nécessaire afin de développer des Les différents phénomènes physiques se produisant dans les électrodes sont détaillés ainsi que les mécanismes réactionnels généralement considérés dans les couches actives des électrodes. Un état de l'art des approches de modélisation est proposé en insistant sur les différentes échelles de description qu'on retrouve dans la littérature. Il faut noter que les modèles sont principalement développés en mode pile à combustible. Il y a beaucoup moins d'études dédiées au fonctionnement en électrolyse. Ensuite, un état de l'art sur les performances et la durabilité des convertisseurs électrochimiques à oxydes solides est présenté. On remarque que les performances données dans la littérature sont difficilement comparables du fait des différentes conditions opératoires sélectionnées. Il apparait que les hautes températures permettent d'atteindre de meilleures performances car les conductivités et les réactions sont thermiquement activées. Le choix des matériaux d'électrodes semble également influer sur l'efficacité des cellules. Enfin, la microstructure des électrodes est très certainement déterminante sur les performances de la cellule au vue de la divergence des résultats obtenus dans la littérature pour des cellules constituées des mêmes matériaux testées dans des conditions similaires. La durabilité d'une cellule est caractérisée par l'évolution de sa tension rapportée à une durée de vieillissement de 1000h (mV.kh -1 ). Il existe de nombreuses études de durabilité réalisées dans différentes conditions opératoires sur des cellules simples ou sur des empilements (stack). Les taux de dégradation mesurés sont de plus en plus faibles pour les deux polarisations mais ils restent encore trop élevés pour être économiquement viables. Cette baisse de performance des cellules est due à des mécanismes de dégradation impactant ses différentes couches. On trouve notamment dans la littérature pour l'électrode à oxygène que la ségrégation, la diffusion et la réactivité des cations pourraient avoir un effet non négligeable sur les pertes de performance. La délamination des électrodes à base de LSM est également possible. L'empoisonnement au chrome est le dernier mécanisme de dégradation affectant cette électrode qui est couramment reporté. Ce problème peut être évité en utilisant des revêtements spéciaux pour les inter-connecteurs métalliques et en introduisant des gaz secs dans l'électrode. Pour l'électrolyte dense, les principaux mécanismes de dégradation sont la transformation de phase, qui devrait avoir un effet limité, l'électro-réduction due à de mauvaises conditions opératoires et la formation de nano-porosités, dont la contribution à la dégradation est plus difficilement quantifiable. Enfin, deux mécanismes de dégradation sont principalement discutés dans la littérature pour l'électrode à hydrogène. d'imagerie en 3D pour caractériser les électrodes de convertisseurs électrochimiques à oxydes solides. Une brève description des 3 techniques majeures est donnée ainsi que leurs avantages et inconvénients majeurs. Le FIB-SEM est une méthode destructive qui permet d'obtenir de très bonne résolutions mais pour des volumes de taille limitée. On retrouve ensuite deux techniques utilisant les rayons X. La première est basée sur la tomographie d'absorption. Les matériaux des électrodes étant fortement absorbant, il est difficile d'obtenir de grand volume et la taille des voxels (pixels en 3D) est intermédiaire. La dernière technique qu'on retrouve dans la littérature est l'holotomographie. Avec cette méthode, la taille des voxels est relativement petite tout en ayant un large champ de vue ce qui permet d'être représentatif de la microstructure de l'électrode. C'est cette technique qui est utilisée dans ce travail de thèse. Une deuxième section du chapitre présente la base de la physique des rayons X utilisée pour cette technique de caractérisation. Il s'agit notamment de présenter succinctement le principe d'un synchrotron, les propriétés du faisceau de rayons X obtenu, son interaction avec la matière ainsi que l'enregistrement du faisceau transmis sur un détecteur. Ensuite, la méthode d'holotomographie, qui prend avantage du contraste de phase, est présentée en détail ainsi que les méthodes itératives spécifiques utilisées pour obtenir des reconstructions de bonne qualité des électrodes. La dernière partie est dédiée à la présentation de la méthode de reconstruction tomographique une fois l'information de phase obtenue. L'ensemble de ces outils permet d'obtenir des volumes représentatifs des microstructures des électrodes avec une bonne résolution spatiale.

Le troisième chapitre expose les adaptations du protocole expérimental de nanoholotomographie pour améliorer la fiabilité des reconstructions ainsi que la résolution spatiale dans les volumes 3D. Une première section décrit la nouvelle ligne de lumière ID16A pour la nano-imagerie à l'ESRF en insistant sur les évolutions permettant une amélioration de la qualité des reconstructions. Un faisceau haute énergie (33.6 keV) est disponible après 185 mètres de propagation, ce qui permet une meilleure cohérence des rayons X (propriété importante pour le contraste de phase). Le faisceau est nano-focalisé à l'aide de miroirs KB (Kirkpatrick-Baez) donnant accès à une très bonne résolution spatiale dans le volume 3D final. Des moteurs piézoélectriques de haute précision sont utilisés pour le positionnement de l'échantillon afin de limiter la perte de résolution due aux problèmes de stabilité ou de vibrations. Enfin, un détecteur d'imagerie haute résolution permet l'enregistrement des projections. Enfin, les principales propriétés microstructurales nécessaires à la modélisation ont été extraites à partir de programmes présentés de manière concise. Ces données de microstructure sont regroupées dans deux tableaux bilans.

Le quatrième chapitre est dédié à la présentation des tests électrochimiques de longue durée menés lors de la thèse ainsi qu'aux caractérisations post-mortem réalisées sur ces cellules. Le montage expérimental ainsi que l'ensemble de la procédure de démarrage d'un essai et de la mesure des performances initiales sont détaillés dans une première section. Les courbes de vieillissement sont dévoilées dans une deuxième partie du chapitre qui contient également les conditions opératoires choisies pour les vieillissements. Une première analyse sur la dégradation apparente est réalisée à partir de ces résultats expérimentaux. Il est notamment observé qu'une plus forte densité de courant entraine une dégradation apparente plus importante. Dans des conditions opératoires similaires, le taux de dégradation est moins important pour un vieillissement réalisé en mode pile à combustible qu'un test réalisé en électrolyse. Un essai effectué à plus basse température sous hydrogène sec pendant 9000h (plus d'un an de vieillissement) permet de montrer qu'il n'y a pas d'évolution critique de la tension de cellule pendant cette durée. On remarque également que la dégradation apparente semble plus importante bien que la température soit plus faible dans ce cas. Les courbes de polarisation et les spectres d'impédance enregistrés régulièrement au cours du vieillissement des cellules sont difficilement exploitables du fait du montage expérimental qui utilise un bulleur pour l'alimentation en vapeur. Des caractérisations post-mortem ont été réalisées sur ces même cellules. Ces résultats sont présentés dans une troisième section de ce chapitre. Les premières observations de l'électrode à hydrogène par microscopie électronique à balayage (MEB) permettent de constater une évolution de la phase Nickel. Cependant, cette évolution reste limitée, ce qui confirme la nécessité d'utiliser un outil comme la nano-tomographie qui est sensible aux faibles modifications microstructurales. De plus, l'observation fine de l'interface entre l'électrolyte et l'électrode H2 par MEB n'a pas révélé une déplétion significative du Nickel pour les vieillissements réalisés. Une caractérisation par nano-tomographie a été réalisée sur ces cellules en prélevant des échantillons à différentes positions (entré/sortie gaz, volume/interface Le cinquième chapitre décrit les outils numériques qui ont été utilisés pour l'étude de la dégradation due à l'agglomération du Nickel. Une première section est dédiée à la présentation de la structure de modélisation multi-échelle utilisée dans ce travail. Le lien unissant le macromodèle développé à l'échelle de la cellule avec les micro-modèles décrivant le fonctionnement de chacune des électrodes est particulièrement détaillé. Une calibration de l'approche de modélisation est nécessaire afin d'avoir une cohérence entre la simulation et les courbes expérimentales. Les constantes cinétiques des réactions étant les seules inconnues dans notre approche, elles sont ajustées sur une courbe expérimentale obtenue à 800 o C sous hydrogène sec. Le modèle est ensuite validé dans des conditions opératoires différentes (changement de composition, flux des gaz, changement de polarisation et de température). Le modèle permet notamment de comprendre la dissymétrie des courbes entre le mode pile à combustible et électrolyse. Celle-ci est principalement due à la diffusion Knudsen dans l'électrode à hydrogène. La dernière section de ce chapitre est consacrée à la modélisation de l'agglomération du Nickel afin de quantifier sa contribution sur les pertes de performances. Deux lois, qu'on retrouve classiquement dans la littérature, ont été utilisées sur les données expérimentales complétées avec d'autres données issues de la littérature sur des cellules similaires. Il apparait que la loi de type « Capacitor » peut être considérée comme une limite basse pour l'agglomération tandis que la loi « Puissance » serait sa limite haute. Une loi « Puissance » est également utilisée pour décrire la baisse de densité des sites actifs. En rentrant cette loi dans l'approche de modélisation, il est possible de quantifier la contribution de l'agglomération du Nickel sur les baisses de performances mesurées expérimentalement. Il apparait que ce mécanisme de dégradation explique environ 30% des baisses de Le dernier chapitre discute des résultats obtenus au cours de ce travail et les met en perspectives de travaux récents. Il est notamment discuté dans une première partie des évolutions potentielles des techniques d'imagerie pour encore améliorer la résolution spatiale et réussir à imager des matériaux avec des contrastes proches. Les aspects de modélisation se sont avérés pertinents pour décrire les performances des cellules. Cependant, des perfectionnements sont possibles, par Cette approche triangulaire complète s'avère donc pertinente pour l'étude de la dégradation des convertisseurs électrochimiques à oxydes solides. Cette méthodologie pourrait être étendue à d'autres microstructures d'électrodes, à d'autres matériaux ou encore à d'autres conditions opératoires.
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Table I .

 I 

1-Some initial performances from the literature highlighting the effects of operating temperature, cell materials and manufacturers. Mode T ( o C) O2 electrode materials U (V) i (A.

cm -2 ) ASR (Ω.cm 2 ) Reference

  

			LSM-YSZ	0.72	0.5	0.44	[Hauch2006]
		750	LSCF-ScSZ	0.71	0.35	[Tomoshige2013]
			LSCF	0.76	0.35	[Mori2015]
		780	LSCF	0.78	1	[Schefold2012]
			LSM-YSZ			0.93	[Laguna2010]
	SOFC	800	LSCF LSCF			0.79	[Laguna2010]

  (II.[START_REF] Shearing | 3D reconstruction of SOFC anodes using a focused ion beam lift-out technique[END_REF] where the functions 𝑢 ̃𝐷, 𝑃 𝐷 ̃, 𝑢 ̃0 are the Fourier transform of respectively the functions 𝑢 𝐷 , 𝑃 𝐷 , 𝑢 0 . The wave function after the sample is expressed in the Fourier space by the equation (II.18) and the inverse Fourier transform is given by equation (II.[START_REF] Shikazono | Numerical assessment of SOFC anode polarization based on three-dimensional model microstructure reconstructed from FIB-SEM images[END_REF].At a distance D, the wave function is the multiplication of a plane wave at D=0 with a phase factor expressed 𝑒 𝑖𝑘 𝑧 𝐷 with the wavevector 𝑘 = (𝑘 𝑥 , 𝑘 𝑦 , 𝑘 𝑧 )[Cloetens1999a] 

	𝑢 ̃0(𝐟) = ∫ 𝑢 0 (𝐱)𝑒 -𝑖2𝜋𝐱.𝐟 𝑑𝐱	(II.18)
	𝑢 0 (𝐱) = ∫ 𝑢 ̃0(𝐟)𝑒 𝑖2𝜋𝐱.𝐟 𝑑𝐟	(II.19)
	𝑢 𝐷 (𝐱) = ∫ 𝑢 ̃0(𝐟) 𝑒	𝑖	2𝜋 𝜆	√ 1-(𝜆𝑓 𝑥 ) 2 -(𝜆𝑓 𝑦 )	2 𝐷 𝑒 𝑖2𝜋𝐱.𝐟 𝑑𝐟	(II.20)

Table III . 1 :

 III1 Values of the refractive index decrement δ and the absorption index β for the studied materials at 33.6 keV.

	Material	δ	β
	Ni	1.57 10 -6	1.89 10 -8
	YSZ	1.02 10 -6	2.38 10 -8
	GDC	1.12 10 -6	1.38 10 -8
	LSCF	1.04 10 -6	1.23 10 -8
	LSC	9.98 10 -7	1.26 10 -8

  .2 and Table III.3.

	Table III.2 : Microstructural properties calculated on the hydrogen reference electrode 3D
	volume.		
	Properties	Phase	Hydrogen reference electrode
		Porosity	0.28 ± 0.014
	Percolated volume fraction (-)	YSZ	0.436 ± 0.003
		Ni	0.262 ± 0.013
	Mean particle diameter (µm) with covariance	Porosity YSZ Ni	0.96 ± 0.06 0.60 ± 0.00 1.01 ± 0.03
	Mean particle diameter (µm) with PSD	Porosity YSZ Ni	0.416 0.368 0.480
		Porosity	2.48 ± 0.07
	Specific surface area (µm -1 )	YSZ	3.62 ± 0.03
		Ni	2.09 ± 0.09
		Porosity	8.46
	Tortuosity factor (-)	YSZ	2.27
		Ni	7.45
	TPB length density (µm -2 )		4.75 ± 0.08
	Table III.3 : Microstructural properties calculated on the oxygen reference electrode 3D
	volume.		
	Properties	Phase	Oxygen reference electrode
	Percolated volume fraction (-)	Porosity LSCF	0.444 0.556
	Mean particle diameter (µm)	Porosity	0.5
	with covariance	LSCF	0.45
	Mean particle diameter (µm)	Porosity	0.390
	with PSD	LSCF	0.448
	Tortuosity factor (-)	Porosity LSCF	2.05 2.03
	Specific surface area (µm -1 )		3.38

To be representative of the whole electrode, it is necessary to analyse a sufficiently large volume. This is named the Representative Volume Element (RVE). The RVE is different

Table IV . 2 -

 IV2 Overview of tested cells operating conditions and ageing time

	Test name	Temp. ( h)
	SOEC_C1	850	50/50	60	-0.5	1500
	SOEC_C2	850	50/50	60	-0.5	2000
	SOEC_C3	850	50/50	60	-0.75	2400
	SOFC_C4	850	50/50	60	+0.5	1000
	SOFC_C5	850	100/0	80	+0.66	1200
	SOFC_C6	750	100/0	60	+0.5	9000

o C) H2/H2O SC/FU (%) j (A.cm -2 ) Ageing time (

Table IV .

 IV 3 -Degradation rates measured on the total curve or linear part for the tested cells.

	Test name	Degradation rate (mV.kh -1 ) Degradation rate (%.kh -1 )
	SOEC_C1	9.7 ±2.0	0.90 ±0.2
	SOEC_C2	8.8 ±1.0	0.84 ±0.1
	SOEC_C3	15.8 ±3.0	1.39 ±0.3
	SOFC_C4	3.5 ±1.0	0.43 ±0.1
	SOFC_C5	57.2 ±2.0	6.96 ±0.2
	SOFC_C6	(1) 13.5 ±0.5 (2) 4.1 ±1.0	(1) 1.64 ±0.1 (2) 0.50 ±0.1

  .1. TableV.1-Exponents and activation energies used for the expression of the exchange current density of both electrodes according to the partial pressures and temperature.

			Hydrogen electrode	Oxygen electrode
	Polarisation	α	β	𝑬 𝒂 𝑯 𝟐 (kJ.mol -1 )	γ	𝑬 𝒂 𝑶 𝟐 (kJ.mol -1 )
	SOFC SOEC	0.09 0.07	0.57 0.61	115	0.34 0.15	120 *

* Data extracted from literature

[Costamagna1998b, Nagata2001] 

  It has been checkedthat the reaction can extend in the depth of the electrode over a distance of about 15 µm. It has been assumed that the electrochemical reaction mechanism is controlled by a charge transfer at TPBs in both polarisations (see Figure V.2). This kinetic is consequently expressed by a Bulter-Volmer formalism as shown in Eq. (V.3). The rate 𝑣 𝑐𝑡 depends on the density of TPBs 𝜁 𝑇𝑃𝐵 , the gas partial pressures in the functional layer and the electrode potential 𝐸(𝑧).

	𝑣 𝑐𝑡 (𝑧) = 𝜁 𝑇𝑃𝐵 (𝑘 𝑜𝑥 𝑒	𝛼 𝑜𝑥 2ℱ𝐸(𝑧) 𝑅𝑇	𝑃 𝐻 2 (𝑧) -𝑘 𝑟𝑒𝑑 𝑒	-𝛼 𝑟𝑒𝑑 2ℱ𝐸(𝑧) 𝑅𝑇	𝑃 𝐻 2 𝑂 (𝑧))	(V.3)
	with	𝑘 𝑜𝑥 = 𝑘 𝑜𝑥 0 × 𝑒 -𝐸 𝑎 𝑐𝑡 𝑅𝑇	(V.4)
		and		𝐾 𝑒 𝑐𝑡 =	𝑘 𝑟𝑒𝑑 𝑘 𝑜𝑥		(V.5)

  The values used for the simulations for this layer are summarized in the Table V.2. Table V.2 : LSCF-GDC microstructural parameters used in the simulations.

	Properties	Phase	LSCF-GDC electrode
		Porosity	0.44
	Volume fraction (-)	GDC	0.33
		LSCF	0.23
	Interfacial Specific surface	LSCF/Gas	1.7 *
	area (µm -1 )	LSCF/GDC	2.0 *
		Porosity	2.1 *
	Tortuosity factor (-)	GDC	3.5 *
		LSCF	8.5 *
	TPB density (µm -2 )		2.0 *
	* Properties that have been estimated through similar composite reconstruction in the literature [Wilson2010,
	Usseglio2014].		

  The associated pre-exponential factors for each kinetic constant are summarized in Table V.3.

	Table V.3 : Pre-exponential factors for the kinetic constants of the oxygen electrode reactive
	mechanisms.		
	Kinetic constant	
	0 𝑘 𝑜𝑥 0 𝑘 𝑇𝑃𝐵 𝑘 𝑎𝑑𝑠 0	Reaction R2 Reaction R3 Reaction R4	9.95 10 9 m 8 .mol -3 .s -1 2.03 10 9 m 3 .mol -1 .s -1 1.24 10 10 m 2 .mol -1 .atm -1 .s -1

  The parameters 𝑟 𝑁𝑖 0 and 𝑟 𝑁𝑖 𝑚𝑎𝑥 are respectively the initial and maximal Ni particle radius and 𝑘 𝐶𝑎𝑝𝑎 is the rate constant of the process. Two effects are taken into account in this law. The first one is the mass transport from small particles to bigger ones. The second effect is related to the inhibition of the YSZ backbone on the nickel agglomeration. On Figure V.11, the "capacitor" model is plotted for Ni mean particle diameter obtained at different temperatures. On this figure, data from literature [Jiang2003, Tanasini2009] obtained on similar cells have been added to the post-mortem analyses done in this work. It should be noticed that this law fits accurately the Ni diameter evolution over time. Nevertheless, the asymptotic bounds seem to be reached rashly. While no data are available after long time of operation at 850°C, it appears very restrictive to consider that the Ni diameter evolution is stopped after 2000h. This condition can be discussed by inspecting the time constant of the process 𝑡 𝑠 = 1 𝑘 𝐶𝑎𝑝𝑎 ⁄ . This time constant is about 1200 hours for nickel coarsening obtained at 850°C with the data reported on Figure V.11. However, it was estimated at 445 hours by

	agglomeration. They can be classified into a physically-based law related to sintering of
	metallic particles [Simwonis2000, Vassen2001, Faes2009, Chen2011b, Pihlatie2011,
	Chen2016, Kennouche2016] and a phenomenological approach based on the geometric
	agglomeration of spheres [Faes2009, Tanasini2009, Nelson2012, Gao2014]. The
	phenomenological law, usually named as the "capacitor" model in the literature, is given in
	equation (V.6).	
	𝑟 𝑁𝑖 = (𝑟 𝑁𝑖 𝑚𝑎𝑥 -𝑟 𝑁𝑖 0 )(1 -𝑒 -𝑘 𝐶𝑎𝑝𝑎 𝑡 ) + 𝑟 𝑁𝑖 0	(V.6)

It should be noted that the comparison based on the ratio energy to volume is not so impressive for H2 that suffers poor compressibility.
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Result of the calibration

The result of the calibration is shown on Figure V.6. As expected, a good agreement between the simulation and the experimental data has been achieved by fitting the model missing parameters. It should be noticed that the model perfectly describes the cell response at low and high current density. 

Model validation with all experimental initial performances

Once the model has been calibrated on the reference experimental curve, its validation has to be done with other experimental data. In that goal, polarisation curves recorded in different test conditions have been used. The agreement between experimental curves and simulated ones will allow to validate the modelling approach. The comparison is detailed hereafter.

Validation with different operating conditions

The model has firstly been used with other data recorded at 800°C but with different operating conditions than the calibration curve. In particular, the gas compositions, inlet flow rates and operating mode have been changed. The comparison between the experimental and simulated polarisation curves are presented on