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Stochastic Geometrical and Microstructural Modeling for Solid Oxide Cell Electrodes

As it plays a key role on the performances and durability of solid oxide cells, the electrode microstructure has to be finely characterized and modelled. In this frame, a plurigaussian random field model and an original sphere packing algorithm have been developed to simulate a large variety of electrode microstructures. The two stochastic geometrical models have been validated on various electrode reconstructions obtained by synchrotron X-ray holotomography including the microstructures of thin functional layers and a thick current collector. Afterwards, semi-analytical microstructural correlations have been proposed and validated on a large dataset of representative synthetic microstructures. These equations allow establishing the links between the microstructural properties controlling the performances (Triple Phase Boundary lengths density and specific surface areas) to the 'basic' geometric attributes of the electrode (composition, porosity and particle size distribution). These correlations have been used to model the loss of active TPBl due to the Ni agglomeration.

Introduction

The electrode microstructure plays a key role on the performances and the durability of Solid Oxide Cells (SOCs) (1,2). In that view, it is essential to unravel the complex relationships linking the main microstructural properties controlling the electrode response to the 'basic' geometric attributes of the electrode microstructure (i.e. composition, porosity and Particle Size Distribution (PSD)). In order to establish these correlations, a first strategy consists in the manufacturing of different electrode microstructures by changing the composition, the porosity and the PSD of the initial powder. The microstructural properties can be estimated with the acquisition of 3D electrode reconstructions obtained by X-ray Computed Tomography (XCT) or by Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) (3,4). This experimental approach requires a large number of samples for the parametric studies. However, the number of experiments is generally very limited as the method is very time consuming. To overcome this issue, an alternative approach is based on the generation of synthetic microstructures that can be obtained either by the random packing of initial particles (5,6) or by geostatistical simulations [START_REF] Lantuéjoul | Geostatistical Simulation, Model and Algorithms[END_REF]. In this case, emulating representative digital twins of the real electrodes is of central importance to avoid any shortcomings.

In this work, a plurigaussian random field model based on geostatistical simulations [START_REF] Moussaoui | [END_REF] and an original sphere packing algorithm have been proposed (9). Both methods aim at simulating microstructures of typical SOCs electrode manufactured by powder sintering (e.g. screen printing, tape casting). The fundamental difference between the two models allows providing two approximations of a same microstructure, and hence, drawing conclusions that are independent of the chosen model. Besides, using two models enables sweeping a larger range of microstructures and thus evaluating various promising electrode architectures. For both methods, a specific attention has been paid to build the models in such a way that they are able to mimic accurately the electrode microstructures. To check this assertion, they have been validated on different electrode reconstructions. Afterwards, semi-analytical microstructural correlations for the density of Triple Phase Boundary length (TPBl) and the interfacial specific surface areas have been validated on a large dataset of representative synthetic microstructures (10). These correlations are used to model the loss of active TPBl due to the Ni agglomeration.

Three-dimensional electrode reconstructions

Electrode microstructures of two typical cells, named Cell-A and Cell-B thereafter, have been characterized by synchrotron X-ray holotomography. The O2 electrodes for Cell-A and Cell-B are made of Lanthanum doped Strontium Cobaltite (LSC) and Lanthanum doped Strontium Cobaltite Ferrite (LSCF), respectively. The H2 electrodes of both studied cells are composed of a cermet made of Nickel and Yttria Stabilized Zirconia (Ni-YSZ). Besides, the H2 electrode of Cell-B is composed of a thick current collector (500 µm) associated to a thin functional layer (10 µm). The tomographic experiments have been performed on the Nano-Imaging beamline ID16A-NI at the European Synchrotron Radiation Facility (ESRF). The data acquisition and post-processing have been specifically adapted by adding random displacements during the sample rotation in order to suppress ring-shaped artifacts in the final reconstructions (11). With such an improved method, the H2 and O2 electrodes of the studied cells have been successfully reconstructed with volumes of ≈51×25 2 × π μm 3 and a spatial resolution of ≈50 nm (12). These characteristics of the 3D images allow the accurate description of the geometrical details of the microstructure as well as the morphological heterogeneities at a larger scale. The 3D rendering volumes after reconstruction and segmentation are displayed in Fig. 1 and2 for the active functional layers of cell-A and Cell-B, respectively. The volume for the current collector of cell-B is shown in Fig. 2c highlighting a bimodal pore size distribution. Isolating the macro-pores from micro-porosities has allowed showing that the disconnected macropores are homogeneously distributed and have ellipsoid-like morphologies with varying degrees of flattening and tilt (9). The Representative Volume Element (RVE) has been evaluated for each electrode by using the volume expansion method described by Yan et al. (13). Fig. 3 illustrates the results of this approach applied for the Ni phase of Cell-A. The RVE is reached when the standard deviation for each investigated parameter becomes negligible. By using this method, it has been found that the RVE for the two O2 electrodes is equal to »9x9x9 µm 3 while the one for the H2 electrode of Cell-A is evaluated to »15x15x15 µm 3 . A large cubic volume of 36x36x36 µm 3 is needed for the current collector (Cell-B) in order to be representative of its coarse microstructure. Since the H2 electrode active layer of Cell-B has a thickness limited to 10 µm (Fig. 1), it has been shown that the computation on 16 independent Stochastic Volume Elements of »8.5x8.5x8.5 µm 3 are requested to have good statistics on the investigated properties (i.e. the standard deviation becomes negligible). Based on this preliminary study, the most valuable morphological parameters have been computed on the 3D volumes to characterize the microstructures ( 14): (i) connectivity d, (ii) phase volume fraction e, (iii) specific surface area Sp, (iv) constrictivity b, (v) geometrical tortuosity t geo and (vi) M-factor defined as the ratio the effective to the bulk conductivities for each phase (cf. Table I and Table II). 

Generation and validation of synthetic microstructures

Plurigaussian random field method Model description. The truncated Gaussian random field model has been employed to generate the electrode microstructures of cell-A and cell-B [START_REF] Moussaoui | [END_REF]. For a two-phase electrode (i.e. for the porous LSC or LSCF), a direct application of the classical method can be used Mean value/ std. dev. [START_REF] Lantuéjoul | Geostatistical Simulation, Model and Algorithms[END_REF][START_REF] Armstrong | Plurigaussian Simulations in Geosciences[END_REF]. As illustrated in Fig. 4, it consists in the generation of a Gaussian random noise 𝑈(𝑧). This 'white noise' is then correlated with a weight function 𝜔(ℎ) that must contain the statistical information on the medium to mimic. This operation aims at introducing the requested spatial correlation in the random field 𝐺 ( (𝑧) as follows: 𝐺 ( (𝑧) = 𝑈(𝑧) * 𝜔(ℎ) with 𝜌 ( (ℎ) = 𝑐𝑜𝑣/𝐺 ( (𝑧), 𝐺 ( (𝑧 + ℎ)2 = (𝜔 * 𝜔)(ℎ) [1] Where X denotes one of the electrode phases (e.g. X=LSCF or LSC) whereas 𝜌 ( (ℎ) is a correlation function 'fitted' on the covariance function 𝐶 ( (ℎ) of the real microstructure (8):
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Where 𝜀 ( denotes the targeted phase volume fraction. To obtain the final microstructure composed of 𝑋 and its complementary 𝑋 J (Fig. 4), the correlated random field is truncated with a threshold 𝜆 ( such as 𝑋 = L𝑧, 𝐺 ((M) ≥ 𝜆 ( O. This threshold is given by the partitioning of the normal distribution described by its probability density function p(x): The method has been extended to simulate the three-phase electrodes (i.e. for the porous Ni-YSZ). In this case, two random fields 𝐺 ( (𝑧) and 𝐺 [ (𝑧) must be considered. They are related to the sets X and Y representing two of the three phases for the porous composite electrode (e.g. X=Ni and Y=YSZ). The main structure and sequence of the procedure is summarized below:
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The first step of the process consists in the generation of the two independent fields with the previous method. They are then combined to form a bigaussian random field 𝐺 ([ (𝑧) = {𝐺 ( (𝑧); 𝐺 [ (𝑧)} that follows a normal bivariate distribution. The thresholding of this bigaussian field provides the synthetic microstructure:

𝑋 = {𝑧; 𝐺 ([ (𝑧) ∈ 𝐷 ( } ; 𝑌 = {𝑧; 𝐺 ([ (𝑧) ∈ 𝐷 [ } and 𝑍 = 𝑋 ∪ 𝑌 JJJJJJJ [4]
As shown in Fig. 5, the identification of the domains 𝐷 ( and 𝐷 [ results from the partitioning of the probability density function p(x,y) for the bivariate normal distribution. As detailed in [START_REF] Moussaoui | [END_REF], this step is carried out to respect the targeted phase volume fractions with an additional constrain on the interfacial specific surface areas. Model validation. The 3D rendering volumes of the Random Field (RF) synthetic microstructures are displayed in Fig. 6 for Cell-A and Cell-B. They can be compared to real reconstructions given in Fig. 1 and2. As a first approach, the visual inspection of the 3D volumes for both cells reveals that the virtual microstructures seem to mimic quite perfectly the real ones. To go further in the model validation, the electrode microstructural parameters for the synthetic electrodes have been determined in the same conditions than the data computed with the tomographic reconstructions (i.e. for the same voxel and RVE sizes or number of realizations considering the SVE for the H2 electrode of Cell-B). As an illustration for this analysis, the microstructural properties for the synthetic Ni-YSZ electrode of Cell-A and Cell-B are compared to the real values in Table I and II. As a general comment for all the investigated electrodes of Cell-A and Cell-B, it has been found that the model is able to accurately retrieve the density of TPBl and the specific surface areas. Indeed, for these two microstructural properties, the mismatch between the 

Random Field Microstructures

Sphere Packing Microstructures synthetic material and the real reconstruction does not exceed +/-5% whatever the tested electrode. The highest discrepancy has been found on the M-factor and the constrictivity parameter. For the latter, the uncertainty of the model prediction can reach 22% for the very high constrictive phases (cf. Table I for example). Nevertheless, the model can be considered validated despite this limitation on the transport properties. TABLE I. Microstructural properties for the H2 electrodes of Cell-A computed on the tomographic reconstruction and the synthetic volumes simulated with the Random Field (RF) and Sphere Packing (SP) methods.

H2 electrode of Cell-A

Gas phase Electronic conducting phase (Ni) 

Properties Sp (A) µm -1 d (B) (%) e (C) (%) dp (D) (µm) t geo (E) (-) b (F) (-) M-factor (G) (-) Sp µm -1 d (%) e (%) dp (*) (µm) t geo (-) b (-) M- factor (-)

H2 electrode of Cell-B

Gas phase Electronic conducting phase (Ni)

Properties Sphere packing algorithm

Sp (A) µm -1 d (B) (%) e (C) (%) dp (D) (µm) t geo (E) (-) b (F) (-) M-factor (G) (-) Sp µm -1 d (%) e (%) dp (*) (µm) t geo (-) b (-) M- factor (-)
In complementarity with the non-iterative mathematical model based on the Random Field method, an original particle-based algorithm has also been developed (9). In this case, the packed structures must mimic the characteristics of two-phase and three-phase electrodes commonly fabricated with the sintering of powder materials. Ionic-conducting and electronic-conducting particles are used to emulate the solid phases, while the porosity constitutes the complementary phase of the partially densified medium.

Model description. The process is divided into four steps as depicted in Fig. 7 for a two-phase medium (i.e. LSCF or LSCF electrodes): (a) Initial sphere allocation: Initial spheres with a Weibull distribution pWeibull on the particle size are initially distributed on an empty volume V:

𝑝 defghii (𝑟) = 𝑘 𝜆 l 𝑟 𝜆 m nZo 𝑒 Zl p T q m [5]
Where r is the random variable for the sphere radius, while k and λ are the shape and scale parameters of the probability density function, respectively. The positioning of the initial spheres in the domain is crucial to control the pattern of the microstructure and the possibility to have some local aggregation in the final medium. For this purpose, a specific procedure has been implemented by dividing the domain V into 𝑛 seet u cubic sub-volumes

𝑈 f∈vo,w xyyz { | .
In each sub-volume, an initial sphere is randomly placed as shown in Fig. 7a for a 2D slice cross-section. The number of initial spheres or seeds, nseed, is then a model parameter that needs to be tuned depending on the microstructure to emulate. (b) Volume filling -In order to fill the volume and reach the targeted pore volume fraction, new spheres (following the same Weibull distribution as the initial ones) are added in the domain (Fig. 7b). In this iterative process, each new sphere is dropped in the building microstructure to be in contact with an existing one, already positioned in the volume. This procedure ensures a good solid phase connectivity as it is observed in real microstructures (cf. Table I andII). During the process, a controlled overlap is allowed between the adjacent particles (Fig. 8). In practice, the distance between two overlapping spheres Si and Sj with respective radii ri and rj is defined as follows:

𝑑 f} = /𝑟 f + 𝑟 } 2 ⁄ 2(1 + 𝑟𝑎𝑛𝑑) [6]
where rand denotes a uniformly distributed random variable in the interval [0,1]. With this method, the overlap extent is equally distributed between two bounded positions (ranging from 𝑑 f} = (𝑟 f + 𝑟 } )/2 to the punctual contact). Besides, 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 (Fig. 8): Φ = 2𝜋 × 𝑟𝑎𝑛𝑑 o and 𝜃 = arcsin (𝑟𝑎𝑛𝑑 • ) [START_REF] Lantuéjoul | Geostatistical Simulation, Model and Algorithms[END_REF] Where rand1 and rand2 are two uniformly distributed random variables in the interval [0,1].

Finally, the number of interconnections is constrained in the model. For this purpose, the coordination number is computed for each sphere, and a maximum value ncoord is set to avoid non-realistic local heterogeneities.

(c) Creation of neck curvature -The previous step of the algorithm leads to the formation of neck between the particles due to the sintering. Nevertheless, the mass transfer resulting from the diffusion of solid mater to the particle intersections also yields the creation of neck curvature (Fig. 7c). In our case, this radius is created by using a morphological opening defined as the dilation of the erosion applied on the microstructure [START_REF] Armstrong | Plurigaussian Simulations in Geosciences[END_REF]. For this operation, a spherical structuring element is used with a diameter of one-sixth to one-fifth of the mean particle size ( 9). (d) Removing edge effect artifact -As the spheres have less probability to occupy the regions close to the external faces of the simulated domain, slices with a thickness of around the mean diameter of the solid phase have been removed from each side of the cubic volume (Fig. 7d).

The particle-based model has also been extended to simulate the Ni-YSZ porous composite electrodes. In this case, two sphere populations related to the two solid phases are considered (each one having a distinct Weibull distribution). 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. Model Validation. The 3D rendering volumes of the Sphere Packing (SP) microstructures are shown in Fig. 6 for Cell-A and Cell-B. As a preliminary remark, the synthetic microstructures seem to reproduce accurately the morphology of the real electrodes displayed in Fig. 1 and Fig. 2. More precisely, as shown in Table I and II for the Ni-YSZ electrodes, the metric properties are well captured by the SP method with a maximum relative error of +/-4%. This margin of uncertainties on the SP model predictions is lying in the same range as the one calculated with the RF method. Interestingly, as found for the RF microstructures, the SP model also fails to accurately reproduce the constrictivity parameter and the M-Factor when the phase volume fraction is approaching the percolation threshold. In this particular case, the relative error can reach 21% (cf. Table I andII). Further investigations should be done to improve this 'limitation' for the phases close to the percolation threshold. Nevertheless, considering the negligible overall mismatches, the SP microstructures can be considered representative of the real SOCs electrodes.

Microstructure of the Ni-YSZ thick current collector. The SP model has been adapted to take into account the bimodal pore size distribution for the Ni-YSZ substrate of Cell-B. By using the previous algorithm, a first synthetic microstructure is generated for the percolated micro-porosity and solid phases (resulting from the sintering of powders). The second step of the process is devoted to produce a volume with the disconnected macropores (coming from the use of pore formers). In this case, a specific algorithm has been developed to describe the morphology and the orientation of the macro-pores (thanks to parameterized ellipsoid particles with a distribution on size, degree of flattening and orientation) (9). Finally, the two volumes are merged to simulate the microstructure with the bi-modal pore size distribution. The visual comparison of the 2D slice cuts of the real and synthetic microstructures is shown in Fig. 9. It can be seen that the two structures are geometrically similar. To confirm this observation, the microstructural properties have been computed on the real tomographic reconstruction and the numerical microstructure. As shown in Table III, a good agreement is found between the two sets of data proving the reliability of the method. For example, the addition of macro-pores yields a rather low geometrical tortuosity and constrictivity for the gas phase (Table III). This specificity is well retrieved by the model. 

Microstructural correlations for porous composite electrode

Semi-analytical relations

In order to optimize the SOCs performances and durability, it can be worthwhile expressing the microstructural properties controlling the electrochemical response as a function of the geometrical attributes describing the porous electrode. These "basic" microstructural parameters of the microstructure can be defined by (i) the porosity, ep, (ii) the relative phase volume fraction of solid phases, α= θYSZ/θNi, and (iii) the parameters describing the shape and the distribution of the particles (for the ionic and electronic conductors). In that objective, Gokhale et al. ( 17) have used the concept of 'extended' microstructure (18) to propose the following correlation for the density of TPBl:

𝐿 ••' = 𝜋 4 𝛼 (1 + 𝛼)² 𝜀 " /𝑙𝑛𝜀 " 2²𝛽 [-˜𝛽™f 1 〈𝐷 [-˜〉 〈𝐷 ™f 〉 /1 + 𝐶𝑉 [-˜• 2 /1 + 3𝐶𝑉 [-˜• + 𝛾 [-˜𝐶 𝑉 [-˜u 2 /1 + 𝐶𝑉 ™f • 2 /1 + 3𝐶𝑉 ™f • + 𝛾 ™f 𝐶𝑉 ™f u 2 [8]
Where the mean particle size 〈𝐷 f 〉, the Coefficient of Variation 𝐶𝑉 f and the skewness 𝛾 f are the three parameter describing the particle size distribution for the ionic (YSZ) and electronic (Ni) phases. By following the same approach, the correlations for interfacial specific surface areas have been derived for the contact between the Ni and the pores, eq.

[9], the YSZ and the pores, eq. [10] and for the two solid phases, eq. [11]. All the details for the demonstrations are given in (10):

𝑆 ™f/" = -1 1 + 𝛼 𝜀 " 𝑙𝑛 𝜀 " ¡𝛽 ™f 1 〈𝐷 ™f 〉 1 + 𝐶𝑉 ™f • ¡ 1 + 3𝐶𝑉 ™f • + 𝛾 ™f 𝐶𝑉 ™f u ¡ [9] 𝑆 [-˜/" = -𝛼 1 + 𝛼 𝜀 " 𝑙𝑛 𝜀 " ¡𝛽 [-˜1 〈𝐷 [-˜〉 1 + 𝐶𝑉 [-˜• ¡ 1 + 3𝐶𝑉 [-˜• + 𝛾 [-˜𝐶 𝑉 [-˜u ¡ [10] 𝑆 ™f/[-˜= 𝜋 8 𝛼 (1 + 𝛼)² 𝜀 " /𝑙𝑛𝜀 " 2² 𝛽 [-˜𝛽™f 𝑎 =max {〈𝐷 ™f 〉, 〈𝐷 [-˜〉 } × (〈𝐷 [-˜〉 + 〈𝐷 ™f 〉) × /1 + 𝐶𝑉 [-˜• 2 /1 + 3𝐶𝑉 [-˜• + 𝛾 [-˜𝐶 𝑉 [-˜u 2 /1 + 𝐶𝑉 ™f • 2 /1 + 3𝐶𝑉 ™f • + 𝛾 ™f 𝐶𝑉 ™f u 2 [11]
Where the parameters 𝛽 ei , 𝛽 f¤ , are related to the geometry of the particle collection considered for the analytical demonstration, and 𝑎 is a parameter associated to their interaction. Nevertheless, knowing that the solid phases of the real SOCs electrode exhibit a continuous shape for which it is not possible to identify a characteristic particle geometry (Fig. 1 and 2), the three parameters have been considered as scaling factors that must be fitted on the 3D microstructures. Therefore, the relationships for LTPB and Si/j given in eqs [START_REF] Moussaoui | [END_REF]- [11] can be seen as semi-analytical correlations.

Calibration and validation

In order to determine the three fitting parameters and to validate the correlations, a large database of synthetic microstructures has been generated with the RF and SP models. In this sensitivity analysis, the Ni-YSZ microstructure of Cell-A has been taken as the reference. The dataset of synthetic volumes has been produced by changing the porosity, the electrode composition and the mean phase diameters (with volume fractions higher than »18% to keep a good percolation for all the phases). Afterwards, all the properties needed for the correlations have been measured on the 3D microstructures. Once the three scaling parameters fitted, the density of TPBl and all the interfacial specific surface areas have been computed on the synthetic volumes. The results are plotted in Fig. 10 as a function of the predictions given by the microstructural correlations. It can be seen that all the points are aligned with a slope equal to 1 meaning that the two sets of data are identical (either for the RF or the SP models). In other words, the semi-analytical correlations are found to capture all the evolutions in terms of porosity, electrode composition and mean phase diameters. Moreover, it is worth noting that the values for scaling factors identified by fitting the RF and SP microstructures are very close (𝛽 [-¥ ¦ /𝛽 [--• = 0.97, 𝛽 ™f ¥¦ /𝛽 ™f -• = 1.01 and 𝑎 ¥¦ /𝑎 -• = 1.02). It means that the two predictions remain fully coherent when considering the two approximations given by the RF and SP models. Finally, the correlations have been used to calculate the properties of the Ni-YSZ electrode of Cell-B. It has been found that the equations are able to predict the electrode properties with a margin of error that does not exceed 7% (10). As a consequence, it can be claimed that the correlations are able to accurately predict the density of TPBl and the interfacial surface areas for 'typical' SOC electrodes (manufactured by the classical manufacturing routes for ceramics). 

Modeling the TPBl loss due to Ni agglomeration

Reconstructions by X-ray holotomography have been acquired for the Ni-YSZ electrode of Cell-A after different long-term operations at 850°C (19). All the microstructural properties have been computed on the reconstructed volumes before and after ageing in order to detect and quantify any morphological evolution in the electrode. As expected, the data analyses have revealed a substantial Ni particle coarsening that can be described by an Ostwald ripening power-law model:

[〈𝐷 ™f (𝑡)〉 w -〈𝐷 ™f (𝑡 = 0)〉 w ] = 𝑘 "¤« × 𝑡 [12]
Where 𝑡 is the time, 𝑘 "¤« the rate constant and the exponent 𝑛 taken to 8 to fit accurately the experimental data (19). As depicted in Fig. 11, the characterizations have revealed that the Ni agglomeration induces a significant loss to TPBl, whereas the volume fractions and the mean phase diameters for the complementary phases remain quite unaffected by the ageing. To compute the TPBl decrease, Eq. [9] and [12] can be combined to form a physically-based model for the Ni agglomeration. As shown in Fig. 11, it is found that the prognosis given by the model is in good agreement with TPBl density measured on the 3D reconstructions. 

Conclusions

Two distinct models have been developed to generate synthetic but realistic microstructures of SOCs electrode. The proposed methods are based on two different considerations; the first one is built on an original particle-based algorithm, while the second one is founded on the plurigaussian random field method based on geostatistics. This difference was necessary to obtain two approximations of the same media, and thus to draw conclusions that do not depend on the chosen model. The validation of both models has been carried out with various electrode reconstructions acquired on Ni-YSZ, LSCF and LSC functional layers. The sphere-parking model has also been adapted to the coarse microstructure of typical current collectors exhibiting a bi-modal distribution on the pore size. This second version of the sphere-packing model has been specifically validated with the reconstruction of a typical Ni-YSZ cell substrate. It has been shown that the numerical volumes mimic accurately all the morphological properties for the electrodes active layers as well as the properties of the thick current collector. Nevertheless, both numerical tools fell short from perfectly retrieving the high constrictivities of the phases with low volume fractions, and thus close to the percolation threshold. Microstructural correlations for the density of TPBl and the interfacial specific surface areas have been calibrated by using two datasets of synthetic microstructures generated from the developed models. It has been shown that the correlations are able to capture all the evolutions in terms of porosity, electrode composition and mean phase diameters. Finally, combining the calibrated equation for the density of TPBl with a power-law model describing the particle growth due the Ni coarsening allow to predict the loss of TPBl upon operation.
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 12 Figure 1. 3D visualization of the reconstructed volumes for the Cell-A with the O2 electrode (a) and the H2 electrode (b). LSCF Gas phase YSZ Ni (a) (b)

Figure 3 .

 3 Figure 3. Estimation of the RVE size for the H2 electrode of Cell-A (Ni-YSZ) with respect to the Ni volume fraction (a), the connected TPBl density (b), and the normalized Ni effective conductivity (M-factor) (c).
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 4 Figure 4. 2D Illustration of the random field model methodology for a two-phase material (a) uncorrelated Gaussian field, also called 'white noise', (b) correlated Gaussian random field (c) the binary image, representing the final microstructure.

Figure 5 .

 5 Figure 5. Distribution and definition of the thresholds for a three-phase electrode (e.g. porous Ni-YSZ): the Gaussian field follows a normal bivariate distribution with probability density function p(x,y) (a) segmented with a domain partitioning shown in (b).

Figure 6 .

 6 Figure 6. Synthetic microstructures simulated with the Random Field (RF) method and the Sphere Packing (SP) algorithm for the electrodes of Cell-A (a) and Cell-B (b).
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 7 Figure 7. Steps for building the particlebased two-phase microstructure.
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 8 Figure 8. Schematic representation of the contact geometry between two particles.
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 9 Figure 9. Comparison of the 2D slice cuts of the real and synthetic microstructures.

Figure 10 .

 10 Figure 10. Density of TPBl, interfacial specific surface areas for Ni/pores, YSZ/pores and YSZ/Ni computed on the SP and RF microstructures plotted as a function of the values calculated with the correlations [8]-[11].

Figure 11 .

 11 Figure 11. Evolution of the density of TPBl upon operation due to the Ni agglomeration.

TABLE II .

 II Microstructural properties for the H2 electrodes of Cell-B computed on the tomographic reconstruction and the synthetic volumes simulated with the Random Field (RF) and Sphere Packing (SP) methods.

TABLE III .

 III Microstructural properties for the Ni-YSZ substrate of Cell-B computed on the real reconstruction and SP synthetic volume. The porosity is divided into micro-porosity and macro-

porosity Ni-YSZ substrate (current collector) of Cell-B

  

	Properties	Sp	d	e	dp	t geo	b	M-factor TPBl density	
	Units	µm -1	%	%	µm	-	-	-	µm -2	
	Micro-porosity Macro-porosity YSZ phase	1.92 0.28 1.79	99.94 99.22	31.25 14.21 34.85	0.61 2.48 0.56	1.62 1.78	0.20 0.43	0.131 0.100	3.19	Real µ-structure
	Ni phase	1.25	96.71	19.69	0.42	2.20	0.35	0.011		
	Micro-porosity Macro-porosity YSZ phase	1.86 0.26 1.81	99.97 99.43	31.51 13.46 34.98	0.63 2.42 0.56	1.57 1.73	0.22 0.43	0.140 0.110	3.08	Synthetic µ-structure
	Ni phase	1.28	98.46	20.05	0.43	2.08	0.36	0.013		
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Correlation [START_REF] Moussaoui | [END_REF] combined with eq. [12]