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Novel particle-based model development for Solid Oxide Cell electrodes microstructure • Model adaption for the functional and current collecting layers • Synthetic microstructures morphological and physical validation on 3D reconstructions • Representativeness checked on synchrotron X-ray and FIB-SEM reconstructions • Fine quantification of the different porosity length-scales within the substrate Abstract. A novel particle-based model is proposed to generate synthetic yet representative 3D microstructures of typical SOC electrodes. The model steps can be related to the real electrode manufacturing routes, classically via powders processing, making it a practical tool for electrodes design optimization. The representativeness of the synthetic microstructures is checked on several two-phase (LSCF, LSC) and threephase (Ni-YSZ) electrodes reconstructed by synchrotron X-ray and FIB-SEM tomography.

The validation shows a very good agreement between the real and synthetic media in terms of metric, topological and physical properties. Furthermore, the model is adapted to simulate the microstructure of a typical Ni-YSZ current collecting layer by taking into account a bimodal pore-size-distribution. In this objective, the macro-pores resulting from the burning-off of specific pore-formers are morphologically separated in the reconstruction from the micro-porosity network.

Finally, the geometrical features of the macro-pores are meticulously characterized and successfully emulated by using parametric ellipsoids.

Introduction

The industrial development of the renewable energy sources, such as wind turbines or solar panels, is considered as the main solution to meet the ever-growing demands and to face the exhaustion of the fossil fuel reserves. However, because of the intermittent nature of these energy sources, their utilization requires new innovative solutions to match the fluctuations between the demand and the production. A flexible energy system for storing energy is thus required to absorb the peaks of production or consumption [1]. Considering the hydrogen as the most promising energy vector, Solid Oxide Cells (SOCs) have attracted attention as an efficient and flexible electrochemical energy conversion system. Indeed, thanks their reversibility, the same object can be alternatively used to transform hydrogen into electricity (SOFC for the fuel cell mode) and vice versa (SOEC for the electrolysis mode) [START_REF] Singhal | High Temperature Solide Oxide Fuel cells, Fundamental, Design and Applications[END_REF].

The SOCs are composed of a dense electrolyte sandwiched between two porous electrodes. The state of the art for the SOCs materials are Yttria Stabilized Zirconia (YSZ) for the electrolyte while the fuel electrode is a cermet made of Nickel and YSZ (Ni-YSZ) [START_REF] Singhal | High Temperature Solide Oxide Fuel cells, Fundamental, Design and Applications[END_REF][START_REF] Godula-Jopek | Hydrogen Production by Electrolysis[END_REF]. Mixed Ionic and Electronic Conductors (MIECs) such as Lanthanum Strontium Cobaltite (LSC) or Lanthanum Strontium Cobalt Ferrite (LSCF) are classically used as oxygen electrode materials. Recently, the addition in LSCF (or LSC) of a highly ionic conducting phase such as Gadolinium-Doped Ceria (GDC) has shown promising results [START_REF] Effori | [END_REF]5]. Concerning the cell design, two types of geometries are usually considered based on the electrolyte or electrode supported cell. In the latter configuration, a thick porous Ni-YSZ is used as substrate on which the thin electrodes and electrolyte are layered.

The selection of raw materials with high electronic and/or ionic conductivity, high activity for the reactions and low reactivity with other components is certainly crucial for the performances and durability of SOCs. Nevertheless, the effective properties of the porous electrodes can largely differ from the intrinsic characteristics of the dense materials [6,7]. For this reason, the charge and mass transfer as well as the effective electrochemical activity within the electrodes are strongly dependent of the morphological characteristics of the microstructure [START_REF] Effori | [END_REF][8][9][10][11]. Regarding the Ni-YSZ support, the gas diffusion losses across the thick layer, which can affect the cell response when operated at high current density, are also highly sensitive to the porosity network [12][13][14]. Therefore, the complex microstructures of both the electrodes and the Ni-YSZ substrate have a huge impact on the cell performances. Besides, it is also known that the electrode microstructure plays a key role on the cell durability. For example, a coarse cermet microstructure for the H2 electrode favors the Ni depletion under electrolysis operation while a fine microstructure allows limiting this issue [15][16][17]. Moreover, the porosity level and the Ni/YSZ ratio can affect the cermet long-term stability as well [17]. For all these reasons, the microstructure of both the electrode and the cell support can be optimized to improve the cell performances and durability.

In this objective, it is crucial to characterize the morphological details of the microstructure by keeping a large field of view for the observations. This latter requirement is necessary to capture all the heterogeneities distributed within the porous media. In this frame, the recent developments of 3D imaging techniques have been successfully applied to reconstruct the SOCs electrodes microstructure. The technique based on the Focused Ion Beam sectioning coupled with a Scanning Electron Microscope (FIB-SEM) is especially well adapted for the SOCs electrodes [18][19][20].

Indeed, it allows resolving fine details of few tens of nanometers with reconstructed volumes of 10 3 -20 3 µm 3 . In complementarity with the FIB-SEM method, synchrotron X-ray absorption tomography [21][22][23], ptychography [24][25][26] or holotomography [11,[27][28][29] have also been successfully employed to reconstruct samples with a high spatial resolution. In the latter case, reconstructions with a field of view as large as 50 3 µm 3 have been obtained [27,[29][START_REF] Hubert | Durability of Solid Oxide Cells: an experimental and modelling investigation based on synchrotron X-ray nano-tomography characterization[END_REF][START_REF] Moussaoui | [END_REF]. This feature is essential to obtain good statistics of the heterogeneous microstructure especially for the cell support for which the Representative Volume Element (RVE) is in the order of 35x35x35 µm 3 [28]. This large RVE is mainly due to the presence of large pores in addition to the micro-porosity network resulting from partial powders sintering and the NiO reduction. Therefore, from our best knowledge, only one reconstruction of the Ni-YSZ support has been published [29].

The electrode microstructural optimization is a time-consuming task, as it requires the manufacturing and the characterization of many samples [20,32]. Therefore, a modeling approach based on the generation of synthetic microstructures can be helpful by providing recommendations and guidelines with the identification of targeted electrode properties. Moreover, the synthetic microstructures can be used to derive the mathematical correlations linking some key properties such as the density of Triple Phase Boundary lines (TPBls) to the geometrical attributes of the electrode (composition, porosity and particle size distribution of the solid phases) [33][34][35].

Therefore, many attempts have been devoted to the development of relevant 3D geometrical models able to mimic the actual microstructure of SOCs electrodes.

Nevertheless, despite its crucial importance regarding the cell performances and robustness, there is still no available model developed for the specific microstructure of the Ni-YSZ exhibiting a bi-modal pore size distribution.

Two kinds of models can be distinguished according to whether they adopt a pure mathematical approach based stochastic geometry or they involve a particle-based process. The former methods present the advantage of very fast executing time since they are not based on iterative processes. Besides, it has been shown that they can produce synthetic microstructures that mimic accurately the SOCs electrodes. For example, Moussaoui et al. [START_REF] Moussaoui | [END_REF] have adapted the multigaussian random fields to emulate representative two-phase and three-phase electrodes. Neumann et al. [36] have also proposed a model based on beta-skeletons providing relevant synthetic microstructures. The major drawback of these pure mathematical approaches is that it is difficult to link the synthetic microstructure to the electrode manufacturing based on the sintering of powders (with techniques such as the tape-casting or the screenprinting).

Conversely, the particle-based models present the advantage to be more easily related to the electrode manufacturing. Indeed, the particle collection used for the simulations can be linked to the powders employed in the electrode manufacturing [37,38]. However, these models, which are based on iterative algorithms, require longer executing time to generate the synthetic microstructures. Besides, their geometrical representativeness can be questionable if compared to the real SOC electrode microstructure in which the phases exhibit a complex and continuous shape [39]. Indeed, as a general matter, the final synthetic microstructure keeps the reminiscence of the initial particles geometry used for the packing. For example, Choi et al. [40] have compared a FIB-SEM reconstruction to a numerical microstructure generated by sphere packing. They obtained significant differences in the resulting structures.

Consequently, Neumann et al. [36] have mentioned that these approaches must allow qualitative conclusions even if 'their applicability to real materials are still unclear'.

From this point of view, a particle-based model producing representative synthetic microstructures of real electrodes is still missing.

A detailed description of the particle-based methods is already available in [START_REF] Moussaoui | [END_REF]41,[START_REF] Moussaoui | Microstructural optimization of Solid Oxide Cells: a coupled stochastic geometrical and electrochemical modeling approach applied to LSCF-CGO electrode[END_REF] so that only a brief review is given hereafter. In general, these methods are based on a random packing of spheres [39,[START_REF] Nishida | [END_REF] with a uniform particle size whereas only few studies consider a more realistic distribution on the spheres radii [37,44]. The numerical procedures begin by distributing initial spheres or "seeds" in the domain. This first step is generally done by the so-called "drop & roll" algorithm [10,[44][45][46] or by the random positioning of "seeds" on a lattice structure [41,[START_REF] Nishida | [END_REF]47]. This step is crucial as it can lead to irrelevant structuration or anisotropy in the final microstructure [48][49][50]. Then, the medium is densified according to different methods such as the expansion of the initial spheres [41,46,48,49], the overlap of spheres [10,44,45], or the creation of necks [47].

In this study, an original particle-based algorithm is proposed to generate synthetic (used as H2 electrode). The active part of the O2 electrode is a porous bilayer composed of a LSCF-GDC composite (15 µm) associated with a LSCF inlayer (18 µm) on which is deposited a current collector in LSC (20 µm). A thin barrier layer of GDC is also added between the electrolyte and the O2 electrode (~ 3 µm) in order to limit the chemical reactivity between LSCF and YSZ.

The second cell, referenced as Cell-B in the following of the article, presents a Ni-YSZ H2 electrode as well, composed of a thick current collector (500 µm) co-sintered with a thin active functional layer (10 µm). The cermet bilayer is used as structural support on which is layered the YSZ electrolyte (5 µm), the thin GDC barrier layer (2 µm) and the O2 electrode in LSC (40 µm). The H2 electrode and the electrolyte were manufactured by water-based tape casting and co-sintered, while the barrier layer and the O2 electrode were applied on the electrolyte by screen printing.

A polished cross section of this cell was observed by Scanning Electron Microscopy (SEM) using the Back-Scattering Electron (BSE) mode (Philips XL30). The acquired micrograph is shown in Fig. 1 with the porosity in black and the solid phases in grey.

It is worth noting that the substrate is characterized by the presence of large disconnected pores with a typical size in the range of few micrometers in addition to a fine network of micro-porosities. SEM images acquired at higher magnification show the other constitutive cell layers (Fig. 1). 

3D reconstructions by synchrotron X-ray nano-holotomography and

FIB-SEM

Two techniques were used in the frame of this study to obtain the reconstructions of the investigated electrodes microstructures, the FIB-SEM tomography and X-ray holotomography. The choice of the method to use depends on the targeted volume size and resolution. As a general matter, FIB-SEM is well adapted to reconstruct electrodes with a fine microstructure (such as the electrode functional layer for example), for which high image resolution and intermediate reconstructed volume are needed.

Indeed, as already mentioned, this method allows imaging microstructures with a very fine spatial resolution of down to 10 nm (with reconstructed volumes of around 10 3 -20 3 µm 3 size). In contrast, the synchrotron X-ray holotomography is well adapted for specific microstructures requiring higher volume by keeping a good resolution in order to characterize large and fine morphological features in the same reconstruction [11,[START_REF] Hubert | Durability of Solid Oxide Cells: an experimental and modelling investigation based on synchrotron X-ray nano-tomography characterization[END_REF]51].

Therefore, depending on the targeted resolution and volume size, one of the two methods has been adopted. In practice, as it exhibits a very fine microstructure, only the O2 electrode of Cell-B was reconstructed by FIB-SEM tomography using a cubic voxel size of 16 nm. The imaging of the substrate of Cell-B and the rest of the electrodes was carried out by synchrotron X-ray holotomography at the beam line ID16A at ESRF (European Synchrotron Radiation Facilities). In this case, the reconstructions were acquired with a cubic voxel size of 25 nm (corresponding to a physical spatial resolution estimated to 50 nm [11,[START_REF] Hubert | Durability of Solid Oxide Cells: an experimental and modelling investigation based on synchrotron X-ray nano-tomography characterization[END_REF]). The description of the protocol for the FIB-SEM acquisition is already detailed in [START_REF] Effori | [END_REF][START_REF] Moussaoui | [END_REF] while the one for the holotomogphy experiments and reconstruction is extensively presented in [11,15,[START_REF] Hubert | Durability of Solid Oxide Cells: an experimental and modelling investigation based on synchrotron X-ray nano-tomography characterization[END_REF]. It is worth noting that the electrode reconstructions for the functional layers have been already presented in [START_REF] Moussaoui | [END_REF] while the electrode reconstruction for the current collector of Cell-B has been specifically acquired for the present study.

Image analysis for microstructural characterization

In order to obtain the final 3D microstructures, the raw images in grey-scale level have been pre-processed and segmented according to the methods detailed in [52,29]. The microstructural properties in terms metrics and topological parameters were then computed thanks to a set of numerical tools already presented and thoroughly detailed in [53,[START_REF] Moussaoui | [END_REF]. In this study, the volume fraction (e), the connectivity (d), the mean phase diameter (dp) the geometrical tortuosity factor (t geo ) (centroid path method [54]), the constrictivity parameter (b), the specific surface area (Sp), the density of TPBls (xTPBls)

and the M-factor (ratio between the effective and intrinsic conductivities or diffusivities) were systematically calculated for all the reconstructions. The determination of these morphological parameters was complemented by the computation of the Particle Size Distributions (PSDs) and the covariance functions [START_REF] Moussaoui | [END_REF].

Furthermore, a special attention has been paid in this study to analyze the microstructure of the Ni-YSZ support of Cell-B exhibiting a bimodal pore size distribution (Fig. 1). Indeed, the identification and then the separation of the macropores resulting from the burning-off of specific pore-formers from the microporosity network (arising from the incomplete electrode densification and NiO reduction) is a crucial step in order to characterize the two radically different morphologies, and therefore investigate the properties of each porosity length-scale. As both types of porosities are identified with the same label in the segmented reconstruction, a specific procedure based on mathematical morphology [START_REF] Serra | Image analysis and mathematical morphology: Theoretical advances[END_REF] has been developed. The methods to separate the macrospores from the rest of the volume is divided in three subsequent steps illustrated in Fig. 2 and summarized hereafter:

(1) The method starts by applying a morphological erosion on the total pore phase. For this purpose, a small spherical structuring element is used to remove the very small porosities in the volume. This operation leads to shrink the pore phase according to the radius of the structural sphere. As a result, the initial percolated network of micro-pores is deleted in part yielding to a set of disconnected micro and macro pores.

(2) The second step consists in removing the small-disconnected porosities from the reconstruction. For this purpose, each of the disconnected pores are labeled and then removed if their size is smaller than a critical value.

(3) Finally, a morphological dilatation is applied on the pore phase using a spherical structuring element of the same size of step (1). This operation allows retrieving the initial external frontier of the macropores that was moved inward by the initial morphological erosion of step (1).

Fig. 2. Illustration of the different steps for the separation of the macropores from the micropores network. Step (2) was not necessary in this particular illustrative case, as the fine micropores were deleted using step (1).

Model description

A flexible model based on the packing of spherical spheres has been developed in the frame of this study in an attempt to emulate representative two-phase and three-phase electrode microstructures. For this purpose, the model has been built with specific constraints to control the heterogeneity of the microstructure and its morphology.

Two-phase material for O2 electrode

In order to generate two-phase synthetic microstructures representative of the O2 electrode, the model has been divided into a sequence of three steps detailed hereafter: (

) 1 
where r is the random variable for the sphere radius, and k and λ are respectively the shape and scale parameters of the distribution. The characteristics of the spheres population (mean, standard deviation, skewness, etc.) are expressed directly as a function of these two parameters. It is worth noting that the Weibull distribution is consistent with the one of the classical powder particles used for the electrode manufacturing. Indeed, the real powders distribution usually follows a non-symmetrical repartition [START_REF] Nelson | [END_REF][START_REF] Hubert | Durability of Solid Oxide Cells: an experimental and modelling investigation based on synchrotron X-ray nano-tomography characterization[END_REF], which is well captured by the Weibull function.

The positioning of the initial spheres in the domain is also crucial to control the final pattern of the microstructure and the possibility to have some local aggregation in the synthetic medium. For this purpose, a specific procedure has been implemented by dividing the domain V into 𝑛 /""0

1 cubic sub-volumes 𝑈 #∈3),5 !""# $ 6 .
In each sub-volume, an initial sphere is randomly placed as illustrated for a 2D slice cross-section in Fig. 3a.

The number of initial spheres or seeds, nseed, is then a model parameter that needs to be adapted depending on the microstructure to emulate. An initial domain division in a large number of sub-volumes yields a homogeneous microstructure whereas a low number of initial spheres results in the creation of aggregates. This dependency of the microstructure homogeneity with the number of seeds is explained since any new sphere added in the generation process (cf. next step) needs to be put in contact with an existing sphere already present in the volume (in order to achieve a good connectivity in the final microstructure). In this condition, the division of the domain in sub-volumes associated to a number of seeds enables to control the level of clustering in the final microstructure.

(b) Volume filling -In order to fill the volume and reach the targeted pore volume fraction, new spheres are added in the domain in an iterative process. Assuming that they are also related to the powder particles used for the electrode fabrication, the diameters of the new spheres follow the same Weibull distribution than the initial one.

As previously mentioned, each sphere is added in the domain to be in contact with an existing one, already positioned in the volume. This constraint ensures a good solid phase connectivity as it is generally observed in real microstructures [START_REF] Moussaoui | Microstructural optimization of Solid Oxide Cells: a coupled stochastic geometrical and electrochemical modeling approach applied to LSCF-CGO electrode[END_REF]57]. In order to take into account the partially densified nature of the SOC electrodes, some conditions of the particle interaction/contact have to be fulfilled and are described hereafter.

Firstly, a controlled overlap is allowed between particles during the volume filling process. In practice, the distance between two overlapping spheres Si and Sj with respective radii ri and rj (cf. Fig. 3e) is defined as follows:

𝑑 #7 = 𝑟 # + 𝑟 7 2 (1 + 𝑟𝑎𝑛𝑑 5 %&"'()* ) (2) 
where rand denotes a uniformly distributed random variable in the interval [0,1], and noverlap a variable controlling the overlap distribution. In fact, values higher than unity for this paramater (noverlap>1) lead to high degrees of spheres interpenetration while lower values (noverlap<1) lead to more punctual contacts. A sensitivity analysis has been conducted over this parameter, and a value of noverlap =1 was retained as the best compromise. This choice means that the overlap extend is equally distributed between the two bounded positions (i.e. between the maximum overlap 𝑑 #7 = (𝑟 # + 𝑟 7 )/2 and the punctual contact 𝑑 #7 = (𝑟 # + 𝑟 7 )).

Secondly, the direction of each new sphere with respects to the old one needs to be totally random in order to account for the isotropy of the sintered electrode. Therefore, the azimuth and elevation angles, Φ and 𝜃 , have been expressed in the spherical coordinates system as follows:

Φ = 2 * 𝜋 * 𝑟𝑎𝑛𝑑 ) and 𝜃 = arcsin (𝑟𝑎𝑛𝑑 8 ) (3) 
Where rand1 and rand2 are two uniformly distributed random variables in the interval

[0,1].
It can be noticed that the elevation angle 𝜃 is not expressed directly as a function of the random variable, but through the inverse sine function. The reason behind this choice is to avoid a privileged position close to the poles and thus to obtain uniformly distributed directions [58].

Finally, the number of interconnections is constrained in the model. Indeed, the coordination number is computed for each sphere, and a maximum value ncoord is set to avoid non-realistic local heterogeneities. In practice, before counting the number of coordination, it is necessary to test if two spheres are overlapping or not. This preliminary step is carried out by checking the following condition (Eq. 4):
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Where (ci,x,ci,y,ci,z) and (cj,x,cj,y,cj,z) are the Cartesian coordinates of the spheres i and j centers.

The iterative process for the volume filling is ended when the targeted volume fraction is reached. However, for time machine optimization, the phase volume fraction εp is not computed at each step of the simulation at the beginning of the procedure, but only when nopti ~ 500 spheres are added within the domain. Then the frequency of volume fraction, assessment is increased continuously when the simulation gets closer to the targeted value.

(c) Creation of neck curvature between sintered particles -The sintering leads to the formation of necks between the particles, which has been taken into account in the previous step of the algorithm (i.e. thanks to the volume filling by the sphere overlap).

Nevertheless, the mass transfer resulting from the diffusion toward the particles intersections also yields the creation of neck curvature as illustrated in Fig. 3c. For instance, Metcalfe et al. [47] have proposed to set the radius of this neck curvature to one-twentieth of the particle diameter based on SEM observations of SOC electrodes.

In our case, this radius is created by applying a morphological opening defined as the dilation of the erosion of the microstructure [START_REF] Serra | Image analysis and mathematical morphology: Theoretical advances[END_REF]. For this operation, a spherical structuring element has been employed. The diameter of the sphere, which is one of the model parameters, is of central importance to control the geometry of the curvature. In practice, a diameter of one-sixth to one-fifth of the mean particle diameter provides good results for typical SOC electrodes. It can also be noticed that the morphological opening induces a slight change of the electrode phase volume fractions, which is taken into account in the algorithm.

Finally, it should be mentioned that an edge effect has been observed on the resulting synthetic microstructures. Indeed, the spheres have less probability to occupy the regions close to the external faces of the simulated domain. Therefore, slices with a thickness of around a phase mean diameter has been removed from the volume sides as shown in Fig. 3d. This edge effect could be avoided as well by considering a simulation volume larger than the actual observation window [59]. 

Three-phase material for H2 electrode

The particle-based model has been extended to simulate the Ni-YSZ porous composite electrodes. For this purpose, two kinds of sphere populations related to the two electrode solid phases are used to generate the synthetic microstructure. For each case, the particles are assumed to follow a distinct Weibull distribution. The initial sphere positioning is carried out in order to respect the volume fraction of the solid phases.

Then, the ionic and electronic particles networks are built step-by-step to fill the volume. In this iterative procedure, the addition of a new sphere in the domain follows the same rules than the ones defined for the two-phase electrode. However, at each step of the process, the attribution of the ionic or electronic nature of the new particle is carried out with a constraint added to fulfill the targeted electrode composition. Besides, in order to maintain a high phase connectivity, each new sphere is positioned in contact with an existing particle of the same nature. The neck curvature between the spherical particles of the microstructure is subsequently created by applying a morphological opening for the two solid phases. For this last operation, the same structuring element has been considered for the two phases. Finally, to remove the edge effect, the thickness of the slices (which are removed from the simulated microstructure) is set to the highest mean diameter of the ionic or electronic spheres.

Model input parameters

As a general matter, the simulation of the electrode microstructure requires as input data (i) the phase volume fractions, (ii) the size of the structuring element for the morphological opening and (iii) the parameters of the Weibull distributions for the ionic and electronic conducting spheres. As already discussed, these last parameters could be roughly ascribed to the ones describing the particles size distribution for the powders used for cell manufacturing. Moreover, if the sintering is not too high, the geometrical characteristics of the particles used for the simulation should not be too far from the phase size measured on the 3D reconstruction. Therefore, these last distributions for the ionic and electronic conducting phase could be taken for the simulation. However, it has been observed that the numerical sintering leads to a linear shift between the distribution of the particles used for the simulation and the one measured on the 3D reconstruction. Thus, the input sphere size distribution needs to be shifted to accurately reproduce the microstructure according to Eq. 5 (cf. Fig. 3f):
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Where P is the cumulative probability density function of the particles radii (probability that a random sphere radius is less or equal to r), r is the sphere radius, and r shift is the translation value between the input spheres PSD and the targeted reconstruction PSD (as illustrated in Fig. 3f).

For the model validation presented in the following section, the distributions of the solid phases have thus been measured on the 3D reconstructions and then shifted with a value equal to 20% of the mean radius measured on the 3D volumes. It is worth noting that this translation has been found to be the optimum shift to reproduce correctly all the tested microstructures (cf. model validation). This systematic observation suggests that there is a simple relation (given by eq. ( 5)), between the PSD of the final synthetic microstructures (representative of the real electrodes) and the one used for the initial spheres population. This behavior can be justified since, as mentioned in [37], the particle size and distribution of the initial powder must roughly represent the size and distribution of the particle in a sintered electrode. According to the present analysis, the relation between the two PSDs seems to be a simple shift.

Results

Reconstructions and microstructural characterization

Active layer of Cell-A and Cell-B

Microstructure visualizations and RVE estimations -The 3D rendering volumes after segmentation for the O2 and H2 electrodes of both cells are displayed in Fig. 6. These volumes can be used to determine the microstructural properties for all the studied electrodes. For this numerical analysis, an appropriate spatial resolution for the analyzed volume is required to catch all the microstructural details of different lengthscales without leading to excessive computational time. For example, 10-15 voxels are necessary on the particle diameter to determine accurately the specific surface area [52,[START_REF] Joos | Representative volume element size for accurate solid oxide fuel cell cathode reconstructions from focused ion beam tomography data[END_REF]. For this reason, all the properties have been determined by keeping a voxel size of 25 nm (and 16 nm for the O2 electrode of Cell-B) as this dimension is requested to describe precisely the fine porosity network of the electrodes (cf. results in Table1 and 2). Besides, a relevant size for the volume is also necessary to be statistically representative of the heterogeneous medium without leading to superfluous computational time as well. In this perspective, the Representative Volume Element (RVE) has been estimated for the different microstructures by using the expansion method described by Yan et al. [58]. This analysis, which is reported in the supplementary S1, has been carried out for the M-factor. Indeed, compared to the other properties, the RVE determination for this parameter leads to the most restrictive condition requesting a large volume to obtain good statistics (the M-factor includes the effects of the volume fraction, the geometrical tortuosity and the constrictivity [7]). A typical RVE of » 15 Microstructure properties determination -The microstructure properties for the O2 and H2 electrodes of both cells are listed in Tables 123. As a general matter, it is worth mentioning that the microstructural properties for the two studied cells drop within typical values for the SOCs Ni-YSZ, LSCF or LSC electrodes [START_REF] Joos | Microstructural Characterisation, Modelling and Simulation of Solid Oxide Fuel Cell Cathodes[END_REF]. Nevertheless, it can be noticed that the electrodes microstructure of cell-B is substantially finer than the one of cell-A. For example, the LSCF mean phase diameter of Cell-A is almost 3/2 times the one of the LSC particles for Cell-B. Meantime, a factor of 2.16 on the mean pore size is found between the two electrodes (Table 1). Therefore, the specific surface area is much higher for the O2 electrode of Cell-B. Regarding the Ni-YSZ cermet, the difference of microstructural properties between the two cells is less pronounced even if the coarser microstructure of Cell-A yields a lower density of TPBls (Table 2 and3).

It can be thus concluded that the electrodes of the two studied cells present typical but distinct microstructures that will be used to validate the particle-based model. Microstructure properties determination -Taking advantage of the large reconstruction obtained by synchrotron X-ray holotomography, the microstructural properties of the current collector have been computed with a good level of confidence.

The calculated properties are listed in Table 4 and are carefully analyzed hereafter.

As expected, it is found that the current collector of Cell-B exhibits a highly porous and coarse microstructure compared to the Ni-YSZ functional layer. Indeed, the pore volume fraction reaches 45.46% for the substrate while the mean YSZ and Ni diameters are respectively equal to 0.56 µm and 0.42 µm (compared to » 0.3 µm for the functional layer). This statement is consistent with the rather low specific surface areas measured for the two solid phases (SpYSZ = 1.79 µm -1 and SpNi = 1.25 µm -1 ) that are almost two times lower with respect to the ones in the active layer. It can be noticed that a higher content of Ni is found in the solid phase eNi/(eYSZ+eNi) = 36.10%, compared to 32.75%

for the functional layer. Indeed, a higher Ni proportion is needed in the current collecting layer to ensure a good electronic conductivity and electrical contact with the interconnects. Besides, all the phases are well connected as the different volume fractions do not drop below the percolation threshold. Moreover, both solid phases are more tortuous and constrictive leading to lower conductivities compared to the functional layer (MYSZ = 0.100, MNi = 0.011). Finally, it can be noticed that the coarse microstructure of the current collector results in a low density of connected TPBls of 3.19 µm -2 .

Impact of macro-pores on the gas phase properties -Thanks to the macro-porosity identification, the morphological characteristics of the macro-and micro-pores can be evaluated independently. The properties calculated for the two types of pores are also reported in Table 4. It can be seen that the volume fraction of macrospores (14.21%) increases significantly the total porosity of the support whereas the one for the microporosity network remains comparable to the functional layer. Besides, the disconnected macro-pores identification allows separating the contribution of each porosity lengthscale to the whole porosity bimodal distribution. The result is shown in Fig. 4b where the particle size distribution is plotted for the two types of porosities. Thanks to this analysis, a mean diameter of 0.61 µm was found for the micro-porosity network, whereas the larger-scale porosities exhibit a mean size of 2.48 µm. The macro-pore size distribution reveals a relatively high standard deviation of 𝜎 = 1.18 µ𝑚 and a positive skewness of γ = 0.50. The difference in pore size and volume fraction between the two porosity length scales leads to a pronounced unbalance between the specific surface area developed by the microporosity Spmicropore = 1.92 µm -1 , and the one by the macroporosity Spmacropore = 0.28 µm -1 . As expected for a highly porous layer, the gas paths are less tortuous compared to the functional layer, with 𝜏 E=+" F"= = 1.62 . However, because of the large bimodal pore size distribution (Fig. 4b), a large difference was obtained between the maximum section Smax, dominated by the macro-porosity and the necks size Smin controlled by the micro-porosity. This leads to a pronounced bottle-neck effect quantified to 𝛽 E=+" = 0.20.

It is worth reminding that the macro-pore size distribution (Fig. 4b) can be related to the employed pore-formers distribution as their morphology is quite conserved after sintering in the final microstructure [62]. Concerning the orientation, it can be observed from Fig. 4a that the macropores are almost perpendicular to the vertical axis and thus parallel to the electrode/electrolyte plane. To quantify this statement, each volume was fitted with an ellipsoid geometry as illustrated in Fig. 5a. This allowed obtaining an approximation of the distribution of these voids dimensions and orientation [START_REF] Petrov | Ellipsoid fit[END_REF]. It was found that the volumes have a mean tilt angle of ~ 6°, while no privileged orientation has been detected within the parallel plane to the electrode (xy-plane). To quantify the impact of this orientation on the mass transfer, the ratio between the intrinsic and effective gas diffusivity (M-factor) was calculated. As expected, a noticeable difference was found between the three space directions. Indeed, a very close M-factor was obtained in the two parallel directions to the electrode surface 𝑀 E=+" 9 ≈ 𝑀 E=+" : = 0.156 , while a lower diffusivity was obtained in the orthogonal direction to the electrode 𝑀 E=+" ; = 0.100 . This anisotropy is obviously related to the privileged macropores orientation reported before. This trend was also observed for the YSZ and Ni phases ( 𝑀 GHI 9,: = 0.112; 𝑀 GHI ; = 0.083 and 𝑀 J# 9,: = 0.012; 𝑀 J# ; = 0.009 ). This tendency is opposed to the desired cell characteristics, as the transport phenomena in the support are supposed to be favored in the orthogonal direction to the electrode (i.e.

z-direction). This anisotropy of the substrate could be related to its manufacturing method by tape casting [START_REF] Noponen | [END_REF] that induces a privileged orientation as discussed in [65].

Therefore, the present study based on the detailed morphological analysis of a large 3D reconstruction reveals that the macro-pores in the cell could still be optimized to improve the gas diffusion. 

Model validation for two-and three-phase materials

The sphere-packing algorithm presented in Section 3 has been validated using the electrodes reconstructions of Cell-A and Cell-B. In order to be comparable, the synthetic microstructures have been emulated with the same volume size and spatial resolution than the ones previously considered for the microstructural properties computations (i.e. volumes taken at the same size than the electrode RVE with a voxel discretization of 25 nm).

Validation for the two-phase O2 electrodes

The reconstructions of the LSCF and LSC O2 electrodes of Cell-A and Cell-B have been specifically employed for the model validation. The model being built on a stochastic approach, it was preliminary checked that the criterion of repetitiveness is fulfilled when considering the size of synthetic microstructures taken at the electrode RVE (i.e. 9 3 µm 3 for the O2 electrode). In this condition, it was well verified that two distinct synthetic volumes simulated with the same inputs do not differ from each other in average, in such a way that only one single realization is necessary to draw good statistics on the microstructural properties.

The 3D rendering volumes of the real and synthetic microstructures are compared in Fig. 6a and6b. As a first approach, the visual inspection of the 3D volumes for both electrodes reveals that the virtual microstructures seem to mimic quite perfectly the real ones. Interestingly, the synthetic solid phase does not present the reminiscence of the initial sphere geometry (as usually observed with typical sphere packing algorithms) but exhibits a more relevant continuous shape. Therefore, it seems that the model would be able to describe accurately the coarse microstructure of Cell-A as well as the finer microstructure of Cell-B.

As illustrated in Fig. 7a and7b, this first statement is confirmed by the very good agreements between the cumulative solid phase size distributions calculated on the synthetic volumes and the reconstructions. This good agreement is expected as the Weibull distribution for the sphere population in the model was fitted and then shifted (according to Eq. 1 and 5) starting from the LSCF or LSC phase size distribution measured on the reconstruction. Nonetheless, this important result shows that there is a direct relation between the particle size distribution used in the model and the solid phase PSD in the final microstructure. Therefore, the model is able to generate synthetic volumes that mimic correctly all the length scales of the electrode solid phase.

Furthermore, the size distribution of the complementary phase, i.e. porosity, is also well retrieved by the model (Fig. 7a-b). Indeed, a very good agreement is found for both cells, even though a slight discrepancy on the last part of the pore cumulative PSD is detected for the LSCF electrode of Cell-A. This can be explained by some large-scale porosities in the real reconstruction that was not perfectly reproduced by the model. To go further in the model validation, the covariance functions and all the electrode morphological and physical parameters of the virtual electrodes have been determined

in the same conditions than the data extracted from reconstructions. The comparisons between the real and synthetic electrodes for the covariance function and the microstructural properties are provided in Fig. 7c-d and Table 1, respectively.

As highlighted in Fig. 7c-d for the two cells, a very good agreement between the covariance functions calculated on the real and synthetic electrodes has been found for both solid and gas phases. This first statement is confirmed by the general good consistency regarding the metric properties. Indeed, negligible errors are obtained over the phase volume fractions and the specific surface areas (Table 1), which are directly deduced from the covariance functions [53]. For instance, the disagreement with respect to the electrode specific surface area, which is a crucial parameter controlling the electrode kinetic rate for the oxygen incorporation [66], does not exceed 4% for both cells. Still on the metric properties, the phase mean diameters are perfectly retrieved by the model as this parameter is directly inferred from the particle size distribution.

A general good agreement is also achieved for the topological properties calculated for both electrodes. Firstly, as observed for the real electrodes, the virtual microstructures are almost fully percolated (more than 99.90% is connected for both solid and pore phases). Secondly, the discrepancy on the geometrical tortuosity and the constrictivity factor remains very limited since the error ranges from 2 to 8%. It can be concluded from this analysis on the metric and topological properties that the proposed particlebased model is able to correctly predict the morphological characteristics of the studied microstructure.

Table 1

Microstructural properties for the O2 electrodes of Cell-A and Cell-B computed on the tomographic reconstructions and the synthetic volumes.

O2 electrode of Cell-A

Gas phase Solid phase (LSCF)

Properties Sp µm -1 d (%) e (%) dp (*) (µm) t geo (-) b (-) M- factor (-) d (%) e (%) dp (*) (µm) t geo (-) b (-)
Mfactor (-) Real µ-structure (*) mean phase diameter taken from the PSD.

Regarding the physical properties, the M-factor, which describes the transport phenomena in the solid and pore phases, have been examined. The comparison shows low relative errors that does not exceed +/-13% (Table 1). Indeed, this mismatch combines the errors obtained on all topological properties (the geometrical tortuosity, the constrictivity factor and the phase percolation [7,[START_REF] Moussaoui | [END_REF]). Nevertheless, considering the general good agreement between the real reconstructions and their digital twins over a large variety of properties, it can be claimed that the model is able to reproduce with a good level of confidence the microstructure of the two O2 electrodes in LSCF and LSC. 

Validation for the three-phase electrodes

As previously discussed for two-phase electrodes, it has been checked that the generation of one single synthetic volume is sufficient for the cermet of Cell-A when the size is taken at the microstructure RVE of 15 3 µm 3 . In the same time for the cermet of Cell-B, the generation of 16 SVEs with a size of 8.5 3 µm 3 was necessary to obtain in average good statistic on the synthetic media (cf. Section 4.1.1).

The 3D rendering volumes of the synthetic microstructures are compared to the Ni-YSZ cermet reconstructions in Fig. 6c-d. As for the LSCF and LSC electrodes, their visual inspection reveals that the more complex microstructure of the three-phase electrodes can accurately be predicted by the model. This preliminary observation is also supported by the good agreement found between the phase size distribution of the real and synthetic microstructures (Fig. 7e and7f). This good match is obviously obtained for the solid phases, but also on the complementary phase (i.e. porosity) for which the pore size distribution is not directly controlled by the model. This statement means that all the length-scales present in the real reconstructions are accurately taken into consideration by the model, thus proving its relevance.

To check more in depth the model representativeness, the same approach has been adopted for the validation of the two-phase electrodes. Indeed, the covariance functions have been compared in Figs. 7g and 7h and the microstructural properties have been summarized in Tables 2 and3 for Cell-A and Cell-B respectively. The covariance functions computed for the three phases accurately fit the ones computed on the real reconstructions of both cells. This accordance was confirmed by the good agreement obtained on the metric properties extracted from these curves, namely the phase volume fractions and the specific surface areas. In fact, the errors obtained on these two properties do not exceed +/-4% for the three phases of both cells. This result is of central importance as some kinetic rates (of adsorption/desorption for example) are directly scaled to the electrode specific surface areas [START_REF] Effori | [END_REF]. The density of TPBls, which is also a crucial parameter controlling the Ni-YSZ electrode efficiency [9], is well retrieved by the model with negligible relative error that does not exceed +/-6%. Finally, the phase mean diameters were perfectly recovered by the model as expected from the PSD validation. Consequently, it is found that the metric properties are precisely simulated, providing an initial evidence of the model extension relevance to three-phase materials.

The second step of the validation consists in checking if the topology of the three phases is well reproduced in the simulated electrodes. For this purpose, the synthetic microstructures have been compared in terms of topological properties to the real reconstructions. As a first remark, the three simulated phases are almost totally connected as expected. The average relative error on this parameter is only 2.5%. The highest mismatch is found for the Ni phase of Cell-B for which a connectivity of 98.38% is obtained compared to 92.81% for the real electrode. This slight disagreement seems to be correlated to the rather low Ni volume fraction in Cell-B (i.e. 24.41%). The model ability to predict the geometrical tortuosity and constrictivity factors has also been evaluated. As shown in Tables 2 and3, these two properties are accurately retrieved for the YSZ backbone of both electrodes, which is the less tortuous and less constrictive phase as it exhibits the highest volume fraction (>44%). For the more constrictive phases (i.e. Ni and porosity), the model succeeds to estimate the geometric tortuosity quite accurately (error < +/-6%); whereas a higher mismatch is obtained on the constrictivity parameter, with a maximum error of +18% obtained for the Ni phase of Cell-A. As a general matter, the model does not perfectly capture the high constrictivities related to geometrical bottlenecks in the real microstructure. This finding is confirmed by the mismatch obtained on the M-factor of these two phases.

Indeed, as explained previously, the effective conductivity and diffusivity are directly linked to the topological properties of the medium. A maximum error of +21% is thus detected on the M-factor of the Ni phase of Cell-B (resulting from the accumulation of the morphological errors for this phase).

Table 2

Microstructural properties for the H2 electrode active layer of Cell-A computed on the tomographic reconstruction and the synthetic volume.

H2 electrode of Cell-A

Gas phase Electronic conducting phase (Ni)

Properties Sp

(µm -1 ) d (%) e (%) dp (*) (µm) t geo (-) b (-) M- factor (-) Sp (µm -1 ) d (%) e (%) dp (*) (µm) t geo (-) b (-) M- factor (-)
Real µ-structure (*) mean phase diameter taken from the PSD. (**) density of 'active' TPBls computed on the connected phases.

Table 3

Microstructural properties for the the H2 electrode active layer of Cell-B computed on the tomographic reconstruction and the synthetic volume.

H2 electrode of Cell-B

Gas phase Electronic conducting phase ( (*) mean phase diameter taken from the PSD. (**) density of 'active' TPBls computed on the connected phases.

To sum up, it appears that the model is able to accurately reproduce the metric properties (i.e. volume fractions, specific surface areas, mean phase diameters and density of TPBls), whereas a higher discrepancy on the topological parameters (i.e. constrictivity and tortuosity) is detected for the very high constrictive phases associated with a low volume fraction. Nevertheless, it is worth mentioning that this limitation of the model remains acceptable for the investigated SOCs electrodes (in the worst case, the error on the microstructural factor does not exceed +/-21% for Cell A and +/-18% for Cell-B: cf. Tables 2 and3). As a consequence, despite the limitation on the constrictivity factor, it can be concluded that the adapted particle-based model is able to accurately simulate the main electrode properties, and then to provide realistic and representative Ni-YSZ synthetic microstructures.

Discussion

Model advantages and flexibility

With the present validated numerical tool, different synthetic microstructures can be generated by changing the model input parameters. Indeed, the powder mix composition and the particle size distribution as well as the porosity can easily be controlled to generate a large set of different microstructures. This kind of sensitivity analysis can be used to establish the link between the parameters controlling the electrochemical reactions (Sij and TPBl density) to the basic microstructural parameters (composition, porosity and PSD) that are directly controlled by the cell manufacturers [33]. These correlations are of capital importance in a numerical optimization of the electrode microstructures in order to provide practical guidelines for the cell manufacturing.

Aside from the classical electrode microstructure produced by powder processing and sintering, the sphere-packing algorithm can be easily adapted for the generation of alternative and promising electrode architectures. For instance, it is straightforward to introduce some spatial heterogeneities such as agglomerates by controlling the initial sphere allocation. Indeed, as mentioned in Section 3.1, increasing the size of the subvolumes associated to the number of seeds will introduce some spatial heterogeneities in the final synthetic microstructure. Gradients in composition, particle size or porosities could also be considered by adding a spatial constraint on the volume fractions or particle size distributions. Anisotropies with oriented phases could also be obtained by creating privileged directions when positioning new spheres during the domain filling step (i.e. by using non-uniformly distributed directions in Eq. 3). The spheres could also be changed into needle-like particles or nanofibers for the simulation of original microstructures produced for instance by electrospinning [67].

Finally, it would be very important to address the microstructural modeling for the Ni-YSZ cell support with a bimodal pore size distribution as observed for Cell-B. This substrate holds the thin electrolyte and electrode active layers while promoting the gas diffusion. In that view, the optimization of porosity by virtual material design could be especially relevant. To date, there is no specific geometrical stochastic model available in the literature dedicated to this particular microstructure. For this reason, the spherepacking model flexibility has been illustrated on this particular case.

Microstructure modeling for the Ni-YSZ support

The configuration of the model does not allow simulating the microstructure of the Ni-YSZ support of Cell-B. However, thanks to the flexible nature of the proposed particlebased algorithm, it can be easily adapted to take into account the disconnected set of macrospores as observed in Fig. 4. The analysis of the reconstruction in Section 4.1.2 has shown that they are homogeneously distributed within the layer, and have ellipsoidlike morphologies with varying degrees of flattening and tilt.

Model extension to current collecting layer

The sphere-packing algorithm has been modified to simulate the cermet microstructure with a bi-modal pore size distribution. For this purpose, the numerical procedure has been split in three steps detailed hereafter.

(i) A first synthetic microstructure is generated for the percolated micro-pores and solid phases. Since this part of the microstructure results from the partial sintering of the initial powders, the same procedure than the one previously described in Section 3.2 is used.

(ii)

The second step of the process is devoted to producing a volume with the disconnected macropores (coming from the use of pore-formers). In this case, a specific algorithm has been developed.

(iii) Finally, the two volumes are merged to model the microstructure with the bi-modal pore size distribution.

For the second step related to the macropore modeling, the same rules than the ones defined for the initial particle positioning in the domain is followed. In this frame, the number of sub-volumes is directly given by the number of macropores. This method allows generating a uniform but non-periodic repartition of the macro-pores in the volume. Then, the morphology and orientation of these macropores are modelled thanks to parametric ellipsoids with a distribution on size, degree of flattening and orientation. The model input distributions are computed from the real microstructure presented in the previous section. In practice, the ellipsoids are defined in a spherical coordinates system (Fig. 5b) by using three space dimensions a, b, and c; a polar angle θ to describe the volume tilt with respect to the z-axis, and an azimuth angle ϕ to introduce the xy-plane rotation:

x = 𝑎 cos (𝜃)cos (Φ) ; y = 𝑏 cos (𝜃)sin (Φ) ; z = 𝑐 sin (𝜃)

As described in the previous section 4.1.2, the macropores fitting to ellipsoid volumes allowed obtaining the real distribution of the voids dimensions (a, b, and c), and orientation (θ and ϕ).

Elements of model validation

For the simulation of the cell-B Ni-YSZ substrate, a large synthetic volume of 200x200x200 µm 3 was considered to ensure the statistical representativeness of the synthetic structure, and to achieve a good repetitiveness of the model. Thanks to the rather coarse microstructure of the cell support, a resolution of 50 nm has been chosen to generate the synthetic microstructure. Indeed, this voxel size is a good compromise to optimize as far as possible the computation time while keeping a fine description of the microstructure (with this resolution, the rule of 10-15 voxels per particle diameter is still respected).

The visual comparison of one 2D cross-section extracted of the synthetic microstructure and a SEM micrograph of the real electrode is shown in Fig. 8. For what concerns the porosity, it can be seen that the two structures seem to be geometrically similar. In order to validate this preliminary remark, several 36x36x36 µm 3 volumes were cut off the synthetic structure, and their microstructural parameters were averaged. It is worth noting that only 5 SVEs are requested to obtain very good statistics with a negligible standard deviation. From this point of view, the error margins on the data computed on the single volume of 36x36x36 µm 3 can be roughly considered acceptable. The properties computed on the synthetic and real reconstruction are compared in Table 4. It can be noticed that the phase volume fractions were accurately retrieved, as they are input model parameters. Besides, it can be seen that the discrepancies on the properties for the YSZ, Ni and micro-porosity network are rather low. More precisely, the same error bars than the ones obtained for the functional layer were found for the solid phases and the micro-porosity network of the synthetic substrate (Table 4). This statement is rather logical, as the properties of these good percolating phases must not be strongly affected by the presence of the disconnected macrospores. In other words, the properties of the solid and micro-pore phases are mainly controlled by the partial densification of the Ni and YSZ powders while the impact of the pore former is rather limited. For this reason, the following discussion is focused on the parameters directly depending on the macro-porosity distribution (i.e. parameters for the macro-pores and the total pore phase).

As it is used as input model parameter, the macro-pores mean diameter is precisely reproduced in the synthetic microstructure. However, while the specific surface area developed by the micropores network Spmicropores is well simulated (-3% error), the one induced by the macropores Spmacropores is slightly under-estimated (-7% error). This disagreement can be explained by the roughness at the surface of the real macropores that is omitted by the fitted ideal ellipsoids. Regarding the total pore phase, a good agreement was also obtained for the topological properties including the connectivity, the geometrical tortuosity and the constrictivity factor, for which the errors do not exceed +/-2%, +/-5% and +/-10%, respectively. As discussed previously, the addition of macropores yields a rather low geometrical tortuosity and constrictivity for the gas phase. These specific features of the substrate are well retrieved by the model (Table 4). Therefore, a good agreement is also found for the M-factor of this phase.

Table 4

Microstructural properties for the diffusion layers of the H2 electrode of Cell-B computed on the tomographic reconstructions. The specific surface area, the connectivity, the volume fraction, the mean particle/pore diameter, the geometrical tortuosity, the constrictivity factor, the M-factor, and the connected TPBl density are given for each electrode phase. It can be noted that the porosity is divided into microporosity and macroporosity Moreover, a noticeable anisotropy of the real substrate was detected thanks to the computation of the M-factors in the three spatial directions. It has been found for the synthetic microstructures that the M-factors are respectively 24%, 24% and 33% lower in the z-direction for the YSZ, Ni and pore phases than in the two other directions (compared to 26%, 25% and 36% for the real reconstruction). This quantification shows that the anisotropy is also well captured by the model thanks to the control of the macropores flattening and orientation.

To conclude, the proposed ellipsoid-based model is able to accurately reproduce all the macrospore characteristics of Cell-B substrate. This result can be useful in an objective of microstructural optimization. Indeed, the amount of macro-porosity as well as their morphology and orientation can easily be tuned in the model in order to sweep a wide range of microstructures. The influence of these parameters on the transport properties can thus be investigated in order to limit the diffusional losses across the thick substrate, and hence, enhance the cell performances.

Model limitations

In order to highlight the limitation and the main drawbacks of this particle-based model, its characteristics in terms of computational time and predictability are compared to a second model based on the multi-Gaussian Random Fields (RF) method. This alternative model, which has already been presented in a previous article [START_REF] Moussaoui | [END_REF], is based on radically different assumptions than the proposed Sphere-Packing (SP) model.

Indeed, the RF model is founded on the hypothesis that the covariance function can 'fully' characterize the stochastic morphology of the electrode. On the other side, the proposed SP method is an iterative particle-based algorithm that builds a microstructure by positioning representative geometries following a given distribution on size and overlap. It can be inferred that if the RF model considers a statistical representation of the continuous medium as a whole, the SP model breaks it down to a discrete set of representative particles. This later model can thus be considered closer to the classical cell manufacturing process via powders sintering. However, the non-iterative nature of the RF model allows drastically reducing the computational time compared to the common iterative methods. To illustrate this assertion, the time required to emulate the same microstructure of a two-phase electrode with a volume of 9 3 µm 3 and a voxel size of 25 nm has been evaluated by using the two models on the same workstation. It was found that only » 8s is needed to generate the synthetic microstructure by using the RF model, while » 90 minutes is needed for the SP model. This much longer computational time for the iterative SP method constitutes one of the main drawbacks of the method.

Indeed, for a microstructural optimization requiring the generation of a large dataset of microstructures, the method will not be perfectly efficient. From this point of view, it would be interesting to draw a mathematical relation between the targeted volume fraction and the number of particles that could be used to distribute the spheres in one single step, as done with some stochastic geometrical models such as the Boolean model [START_REF] Lantuéjoul | Geostatistical Simulation, Model and Algorithms[END_REF][START_REF] Matheron | Random Sets and Integral Geometry[END_REF][START_REF] Serra | [END_REF].

In terms of model predictability to mimic the real electrodes microstructures, it has been found that the morphological properties are generally well retrieved by both RF and SP methods. Indeed, if considering all the tested electrodes, a relative mean error of » 5% and » 4% have been calculated by using the RF and SP microstructures, respectively.

Unfortunately, neither the RF nor the SP models succeeded to perfectly reproduce the very high constrictive phases. In this case, the highest relative errors of 25% and 21%

were obtained on the M-factors for the RF and SP microstructures, respectively. This common limitation of the two models seems indicating a change in the geometry and topology of the real phases when approaching the percolation threshold. Since they use the same rules whatever the targeted electrode composition, the two models would thus not be able to catch this morphological evolution across the percolation threshold.

Further investigations are thus still necessary to highlight and better analyze this evolution. For example, this expected change in the microstructure geometry could be characterized by reconstructing electrodes below and above the percolation threshold.

Nevertheless, in spite of this shortcoming for the high constrictive phases close to the percolation threshold, it is worth underlining that the two models are able to predict the microstructural properties with negligible overall mismatches. Therefore, both models can be used to generate synthetic and representative SOC microstructures.

Conclusion

A stochastic geometrical model based on an original sphere-packing method has been developed to produce synthetic microstructures of SOC electrodes. A special attention has been paid to build the model in such a way that the synthetic volumes mimic correctly the complex morphology of the electrodes microstructures. Moreover, the model has been constructed to be able to link the input parameters for the simulations to the powder characteristics used for the cell manufacturing.

The representativeness of the synthetic microstructures has been checked on various FIB-SEM and synchrotron X-ray tomographic reconstructions of typical LSCF, LSC, and Ni-YSZ electrodes. The visual inspection of the electrode reconstructions and their digital twins has revealed that the model is able to reproduce the complex morphology of the tested electrodes. For a full model validation, all the relevant electrode properties have been computed on the real and synthetic volumes. It has been shown that the morphological and physical properties are similar for the synthetic and real media with an average error of »4%. The highest discrepancy of »21% was found for the constrictivity and M-factor only for the phases close to the percolation threshold. This Step [START_REF] Singhal | High Temperature Solide Oxide Fuel cells, Fundamental, Design and Applications[END_REF] was not necessary in this particular illustrative case, as the fine micropores were deleted using step (1). 
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 21 microstructures. A special attention has been paid to add specific constrains in the model in such a way that it can yield synthetic microstructures representative of real SOCs electrodes. The model ability to mimic real microstructures has been checked on various LSCF, LSC and Ni-YSZ electrodes reconstructions. Moreover, the model has been built to be flexible with the possibility to emulate different kinds of electrodes microstructures. In particular and for the first time, the microstructure of the Ni-YSZ substrate with a bimodal pore size distribution has been simulated with an adapted version of the model. The relevance of the synthetic microstructure has been also verified thanks to a specific reconstruction obtained by synchrotron X-ray holotomography. The present article is organized as follows. First, the experimental part of electrode reconstruction and characterization is presented in Section 2. The model description is given in Section 3, while its validation is summarized in Section 4. Finally, the model flexibility to emulate the Ni-YSZ support is illustrated in Section 5. 2 Experimental: three-dimensional electrode reconstruction and characterization Cells and materials Two different complete cells were analyzed in the frame of this work. Both are commercial circular cells with the H2 electrode used as mechanical support. The first investigated cell, later named Cell-A, consists of a dense 8%mol Yttria Stabilized Zirconia (YSZ) electrolyte of 5 µm supported by a 260 µm thick porous Ni-YSZ cermet

Fig. 1 .

 1 Fig. 1. SEM cross-section image of Cell-B observed in EsB mode. Higher magnification images reveal the different constitutive cell layers (black color representing porosity, dark grey Ni, and bright grey YSZ).

  (a) Initial sphere allocation -The microstructure generation starts with an empty volume V in which are positioned some initial spheres with a given particle size distribution. The choice of this distribution is of capital importance to control the geometrical characteristics of the final microstructure. In practice, different distributions were tested and it was found that the Weibull function is the best compromise to reproduce the SOC electrode microstructures (Eq. 1): 𝑓 !"#$%&& (𝑟; 𝜆, 𝑘)

Fig. 3 .

 3 Fig. 3. (a-d) 2D illustration of the three steps for building the particle-based twophase microstructure; (a) Initial spheres allocation, (b) volume filling (with three examples of spheres overlap extend: high, medium and low in green, black and red respectively), (c) creation of neck curvature, and (d) edge effect correction by volume cropping. (For interpretation of the references to colors in this figure legend, the reader is referred to the web version of the article.) (e) Schematic representation of the contact geometry between two particles i and j in the spherical coordinate system. (f) Illustration of the shift between the model input spheres size distribution and the reconstruction PSD for the LSCF O2 electrode of Cell-A.
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 3 3375 µm3 has been determined for the H2 electrodes functional layer while the description of the coarse microstructure for Ni-YSZ support requires a larger volume of » 36 3 = 46656 µm 3 . Since the H2 electrode active layer of Cell-B has a thickness limited to 10 μm, the computation of its microstructural properties has been carried out by averaging the data computed on 16 independent Stochastic Volume Elements (SVEs) of » 8.5 3 = 614 μm 3 (for which the standard deviation becomes negligible). Finally, the RVE for the O2 electrodes is limited to » 9 3 = 729 µm 3 since the microstructure is only composed of one single solid-phase.
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 12 Current collector of Cell-BMicrostructure visualizations with macro-pores separation -The rendering volume for the reconstruction of the thick current collector of Cell-B is displayed in Fig.4a. A set of large disconnected macropores resulting from the use of pore-formers during the manufacturing is observed in the microstructure. These macropores allow reducing the gas diffusion losses across the thick substrate. By applying the numerical procedure detailed in Section 2.3, the macrospores have been morphologically separated from the rest of the microstructure. The visual results of this operation are shown in Fig.4awith a volume containing only the macropores. Their close examinations reveal that they have an ellipsoid-like shape, with a variable degree of flattening going from an almost spherical to an oblate geometry. It can also be noticed that they seem homogenously distributed within this diffusion layer and they are fully disconnected from each other.

Fig. 4 .

 4 Fig. 4. (a) Illustration of the macropores separation for the current collector of Cell-B, (b) Pore Size Distribution (PSD) separated in microporosity PSD in blue and macroporosity PSD in red.

Fig. 5 .

 5 Fig. 5. (a) Illustration of a macropore volume fitting to an ellipsoid. (b) Schematic representation of an ellipsoid cut used in the macropores simulation. An illustration is given for the three space lengths a, b and c in a spherical coordinates system where θ is the polar angle (tilt angle with respects to z-axis) and ϕ is the azimuth angle (rotation within the xy-plane).

Fig. 6 .

 6 Fig. 6. Visual comparison between the synthetic microstructures and the reconstructed volumes for the O2 electrodes of (a) Cell-A and (b) Cell-B, and the H2 electrodes of (c) Cell-A and (d) Cell-B.

Fig. 7 .

 7 Fig. 7. Comparison between the synthetic and real electrodes microstructures in terms of (a-b,e-f) the cumulative PSDs and (c-d,g-h) the covariance functions for both Cell-A and Cell-B, O2 and H2 electrodes.

Fig. 8 .

 8 Fig. 8. Comparison of the 2D slice cuts of the real and synthetic microstructures.

Fig. 1 .

 1 Fig. 1. SEM cross-section image of Cell-B observed in BSE mode. Higher magnification images reveal the different constitutive cell layers (black color representing porosity, dark grey Ni, and bright grey YSZ).

Fig. 2 .

 2 Fig.2. Illustration of the different steps for the separation of the macropores from the micropores network. Step (2) was not necessary in this particular illustrative case, as the fine micropores were deleted using step (1).

Fig. 3 .

 3 Fig. 3. (a-d) 2D illustration of the three steps for building the particle-based two-phase microstructure; (a) Initial spheres allocation, (b) volume filling (with three examples of spheres overlap extend: high, medium and low in green, black and red respectively), (c) creation of neck curvature, and (d) edge effect correction by volume cropping. (e) Schematic representation of the contact geometry between two particles i and j in the spherical coordinate system, (f) Illustration of the shift between the model input spheres size distribution and the PSD for LSCF computed with the reconstruction for the O2 electrode of Cell-A.

Fig. 4 .

 4 Fig. 4. (a) Illustration of the macropores separation for the current collector of Cell-B, (b) Pore Size Distribution (PSD) separated in microporosity PSD in blue and macroporosity PSD in red.

Fig. 5 .

 5 Fig. 5. (a) Illustration of a macropore volume fitting with an ellipsoid. (b) Schematic representation of an ellipsoid cut used in the macropores simulation. An illustration is given for the three space lengths a, b and c in a spherical coordinates system where θ is the polar angle (tilt angle with respects to z-axis) and ϕ is the azimuth angle (rotation within the xy-plane).

Fig. 6 .

 6 Fig. 6. Visual comparison between the synthetic microstructures and the reconstructed volumes for the O2 electrodes of (a) Cell-A and (b) Cell-B, and the H2 electrodes of (c) Cell-A and (d) Cell-B.

Fig. 7 .

 7 Fig. 7. Comparison between the synthetic and real electrodes microstructures in terms of (a-b,e-f) the cumulative PSDs and (c-d,g-h) the covariance functions for both Cell-A and Cell-B, O2 and H2 electrodes.

Fig. 8 .

 8 Fig. 8. Comparison of the 2D slice cuts of the real and synthetic microstructures.

  

electrode of Cell-B Gas phase Solid phase (LSC)

  

		3.80	99.96	43.64	0.26	1.22	0.10	0.194	99.99	56.36	0.32	1.34	0.11	0.289
	Virtual µ-structure	3.95	99.97	43.71	0.26	1.24	0.11	0.209	99.99	56.29	0.32	1.39	0.12	0.252
	Error	+4%	~0%	~0%	~0%	+2%	+5%	+8%	~0%	~0%	~0%	+4%	+8%	-13%
	O2 Properties	Sp µm -1	d (%)	e (%)	dp (*) (µm)	t geo (-)	b (-)	M-factor (-)	d (%)	e (%)	dp (µm)	t geo (-)	b (-)	M-factor (-)
	Real µ-structure	6.28	99.76	28.83	0.12	2.27	0.23	0.078	100	71.17	0.22	1.31	0.31	0.474
	Virtual µ-structure	6.09	99.99	28.79	0.12	2.15	0.25	0.082	100	71.21	0.22	1.27	0.32	0.498
	Error	-3%	~0%	~0%	~0%	-5%	+8%	+6%	~0%	~0%	~0%	-3%	+5%	+5%
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discordance has been attributed to some bottleneck effects in the real geometry that are not perfectly captured by the model. Despite this model limitation for the high constrictive phases, the overall good agreement for all the calculated properties means that the synthetic media emulate correctly the complex sintered microstructure of typical LSCF, LSC and Ni-YSZ electrodes.

In order to illustrate the model flexibility to generate a large range of microstructures, the algorithm has been modified to simulate the microstructure of classical Ni-YSZ cell supports exhibiting a bimodal pore size distribution. To validate this adapted version of the model, a typical cell substrate has been specifically reconstructed by synchrotron X-ray holotomography. Thanks to the large reconstructed volume of 36 3 µm 3 , the disconnected macro-pores have been separated from the microporosity network and their geometry has been carefully characterized. On the basis of this preliminary image analysis, the model has been validated at the two length scales of the microstructure (i.e. the percolated phases and the macro-pores). It has been shown that the generated synthetic medium mimics all the characteristics of the thick substrate with a high level of confidence. 
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