N

N

3D geometrical characterization and modelling of solid
oxide cells electrodes microstructure by image analysis
Hamza Moussaoui, Johan Debayle, Yann Gavet, Gérard Delette, Maxime

Hubert, Peter Cloetens, Jérome Laurencin

» To cite this version:

Hamza Moussaoui, Johan Debayle, Yann Gavet, Gérard Delette, Maxime Hubert, et al.. 3D geomet-
rical characterization and modelling of solid oxide cells electrodes microstructure by image analysis.
Thirteenth International Conference on Quality Control by Artificial Vision 2017 (QCAV 2017), Chuo
University, May 2017, Tokyo, Japan. pp.1033804, 10.1117/12.2264376 . hal-01526466

HAL Id: hal-01526466
https://hal.science/hal-01526466
Submitted on 8 Jun 2017

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01526466
https://hal.archives-ouvertes.fr

3D geometrical characterization and modelling of solid oxide cells
electrodes microstructure by image analysis

H. Moussaoui ¢, J. Debayle®, Y. Gavet®, G. Delette®, M. Hubert®>d, P. Cloetens?, J. Laurencin®
aUniv. Grenoble Alpes, F-38000 Grenoble, France
PCEA, LITEN - CEA Grenoble, 38054 Grenoble Cedex 9, France
°Ecole des Mines de Saint-Etienne, SPIN, CNRS 5307, LGF, F-42023 Saint-Etienne, France
dEuropean Synchrotron Radiation Facility (ESRF), 71 avenue des Martyrs, 38000, Grenoble, France

ABSTRACT

A strong correlation exists between the performance of Solid Oxide Cells (SOCs), working either in fuel cell or electrolysis
mode, and their electrodes microstructure. However, the basic relationships between the three-dimensional characteristics
of the microstructure and the electrode properties are not still precisely understood. Thus, several studies have been recently
proposed in an attempt to improve the knowledge of such relations, which are essential before optimizing the
microstructure, and hence, designing more efficient SOC electrodes. In that frame, an original model has been adapted to
generate virtual 3D microstructures of typical SOCs electrodes. Both the oxygen electrode, which is made of porous LSCF,
and the hydrogen electrodes, made of porous Ni-YSZ, have been studied. In this work, the synthetic microstructures are
generated by the so-called 3D Gaussian ‘Random Field model’. The morphological representativeness of the virtual porous
media have been validated on real 3D electrode microstructures of a commercial cell, obtained by X-ray nano-tomography
at the European Synchrotron Radiation Facility (ESRF). This validation step includes the comparison of the morphological
parameters like the phase covariance function and granulometry as well as the physical parameters like the ‘apparent
tortuosity’. Finally, this validated tool will be used, in forthcoming studies, to identify the optimal microstructure of SOCs.

Keywords: SOC, Fuel cells, Microstructure modelling, 3D Gaussian random field model, LSCF, Ni-YSZ, X-ray nano-
tomography.

1. INTRODUCTION

Ceramic high-temperature fuel cell and electrolyser are efficient energy-conversion systems for electrical power generation
and hydrogen production. Thanks to their high flexibility in terms of technological applications, the same device can be
alternatively used in fuel cell and steam electrolysis modes (i.e. in Solid Oxide Fuel Cell or Electrolysis Cell, SOFC or
SOEC). This type of high-temperature electrolyser-fuel-cell device is constituted by a stack of elementary Solid Oxide
Cells (SOCs), each one being composed of a dense electrolyte sandwiched between two porous electrodes. The
microstructure of the electrodes plays a major role in the global cell performances by controlling the rates of the
electrochemical reactions. Nevertheless, electrodes present a complex three dimensional microstructure that is submitted
to numerous functional constrains, such as maximizing electrochemical reactive sites while increasing gas, electronic and
ionic transport properties. From that point of view, the electrode microstructural optimization is crucial to improve all
together the performances and the durability of SOCs. However, the basic relationships between the three-dimensional
characteristics of the microstructure and the electrode properties are not still precisely understood. In the objective to better
understand such relations, a method able to generate representative virtual microstructures will be especially helpful. In
this article, a method based on the ‘Gaussian Random Field” approach is detailed and validated on real 3D electrode
reconstructions.
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2. IMAGE ACQUISITIONS & CHARACTERIZATION

2.1 Materials and sample preparation for X-ray tomography

Sample investigated in the present work was taken from commercial cell. The oxygen electrode is constituted by a porous
Mixed lonic-Electronic Conductor (MIEC) of Lanthanum Strontium Cobalt Ferrite (LSCF). The hydrogen electrode is a
cermet composed of a pure ionic conductor of Yttria-Stabilized Zirconia (YSZ) and an electronic conductor of Ni. It is
worth mentioning that this study examines the active layer of this latter electrode in its reduced state.

Adequate sample preparation for X-ray nano-tomography is of central importance for accurate measurements. Both size
and geometry of the sample impact the quality of the projections recorded during a scan. A thin sample is required to limit
absorption. In contrast, a sufficiently large volume is necessary to be representative for the main morphological properties
of the complete electrode. In this study, the samples have been prepared with a Plasma-FIB Vion (FEI™) using an
inductively coupled plasma source of Xe* ions [1].

2.2 X-ray nano-tomography procedure

Image acquisition has been carried out at the new ID16A Nano-Imaging beamline of the European Synchrotron Radiation
Facility (ESRF). The tomography procedure is based on an optical phase contrast imaging technique that follows a
holotomographic scheme [2]. This method is well adapted to separate the porosity as well as the different solid phases [3-
4]. It can be noticed that these volumes are sufficiently large to be statistically representative for the studied heterogeneous
media. Indeed, the Representative Volume Elements (RVEs) are roughly equal to 15 x 15 x 15 pum? and 9 x 9 x 9 um? for
the Ni-YSZ cermet and the LSCF electrode respectively [5]. The beam’s energy used in these experiments is as high as
33.6keV. The spatial resolution has been estimated at = 50 nm by analysis of the gray level profile across the interface
between the solid and pore phases [1]. It is worth mentioning that this resolution is fine enough to describe the fine
microstructure of the electrodes.

2.3 Microstructure characterization

Once the 3D reconstructions were obtained, a set of numerical tools has been used to characterize as objectively as possible
the morphology and the physical behavior of the microstructures. Thus, in-house Matlab® programs have been
implemented in this frame. It is worth highlighting that all the studied volume sizes are high enough to be statistically
representative for the whole electrodes. Moreover, the isotropy in the morphological properties has been fulfilled.
Consequently, all the properties presented hereafter are an averaging of the values along the three spatial directions.

2.3.1  Morphological measurements

Morphological measurements include mainly the covariance function, the phase size distribution, the geometric tortuosity,
constrictivity and the density of Triple Phase Boundary lengths (TPBIs).

The covariance function shows how the phase is distributed in the 3D space. It is considered as the footprint of the
microstructure as it contains the most relevant information of the microstructure. In a mathematical point of view, it is the
probability that two points distant by a distance h belong to the same phase X:

Cy(h)=P(xe X,x+heX) @
We recall here some properties of this function:
0<Cy (h)< fy =C4 (0)
1im Cy () = F5 @

where fx is the volume fraction of the phase X.

Phase Size Distribution (PSD), also called granulometry, is computed using morphological openings with homothetic
spheres as structuring elements as detailed by J. Serra [6].

The specific surface area Sy of a phase X is defined simply as the total surface area of the interface between this phase X
and its complementary X°, normalized by the volume fraction of this phase [5]. The mean phase diameter d, is also
computed for each phase using its granulometry.



The geometric tortuosity 19 takes into account the fact that transport in one phase (heat and mass) is hampered since the
pathway for diffusion is not straight but sinuous and entangled. It is defined simply by the ratio of the length of the curve
to the distance between the ends of it.

The geometric constrictivity B is a dimensionless parameter with values between 0 (e.g. for trapped pores) and 1 (e.g. for
cylindrical pores with constant radius) [7]. It contributes to a transport resistance caused by some flux constriction effects
since the cross section area for diffusion is not constant. This parameter describing the ‘bottleneck’ phenomenon can be
simply defined as the ratio of minimum over maximum cross section area.

Since the gas and charge species can only flow within the connected network, only the connected phases contribute to the
overall cell efficiency, the volume percentage of the connected phase ¢ is then calculated for each phase.

Finally, the TPB lengths correspond to the lines in the Ni-YSZ microstructure where the ionic, electronic and gas phases
meet. They are of central importance since they correspond to the sites for the electrochemical reactions [5].

2.3.2  Physical characterization

Gas diffusion through the open porosity and charge transport through the connected ionic and electronic conducting phases
are strongly hindered by the complex microstructure of the electrodes. Thus, ‘intrinsic’ gas diffusivities or charge
conductivities are much higher than their effective values in the electrode microstructure. Therefore, an ‘apparent tortuosity
factor’ 12" is defined in chemical science engineering as [8]:

D;J(LI”(
PP =(ex fx) Def 3)
X

where DY and DS are the charge conductivity (for the solid phase) or gas diffusivity (for the porous phase) of the
bulk (dense material) and the porous material respectively.

One way to determine the effective coefficients is by employing some homogenization techniques as detailed by J.
Laurencin et al. [8]. These methods aim to replace a three-dimensional representation of the real heterogeneous electrode

by an equivalent homogeneous medium characterized by its effective properties. In this study, Finite Element Method
(FEM) simulations have been employed to solve the Laplace’s equations for gas diffusion or charge transfer.

It is worth noting that the ‘apparent’ tortuosity corresponds to a purely phenomenological representation of the
microstructure morphology, and encompasses both the geometric tortuosity t9° and the constrictivity factor B [7-8].

3. TWO-PHASE MATERIALS MODEL

We will try now to build a synthetic microstructure that is morphologically and physically equivalent to the real
microstructure reconstructed in the European Synchrotron Radiation Facility, and described in part 2.

Many geometrical models can be used to build synthetic microstructures; ‘Random Set Models’ for example involves
generating the phases by spatially combining geometrical random sets (e.g. union of uniformly dispersed spheres of random
radius) [9-14]; ‘Random Field Models” however consists in generating a spatial random field assigning a random gray
level to each voxel. This field is afterwards truncated by thresholding [15-18].

We chose to use the Gaussian ‘Random field model” over its simplicity and nearly immediate code execution. A convenient
way to produce these simulations is to work in Fourier space as it makes operations easier [19].

The microstructure is generated by the convolution of a Gaussian random field U with a weight function o as described
for the first time by Alder et al. [17] and further developed by Liang et al. [18]. The resulting field Zy is thresholded. The
value of the threshold Ay is chosen to reproduce the measured volume fraction fy of the phase.

For the set X, we use:
X ={x;Zy(x) = Ay} 4
Zy(x) = (wxy xU)(x), U~N(0,1) )



where = is the convolution operator, Ay is the threshold and U(x) follows the normal distribution N(0, 1) of mean
0 and variance 1. The expectation of the indicator function of the random set X leads to:
fx = P{Zx(x) = Ax} = P{N(0,1) = Ay} (6)
This equation provides the threshold Ay. Indeed:
Ay =F7H(L-fx) )

where F is the cumulative distribution function of the normal distribution and the volume fraction fy is given by
measurements on the real image.

The weight function, normalized and symmetric, is related to the covariance function Cy (k) of X by [15] [20]:

ox () 2
Cy ()= — I 1 e g ®)
2 5 N1-t?

where gy (h) = (wyx * wy)(h). The function wy is thus obtained by using:

wy = FFT (JFFT (oy)) (9)

with FFT referring to the discrete Fast Fourier Transform, and FFT its inverse form.

The only data we need to extract from the real microstructure is its covariance function Cx of the solid phase. Then 4 steps
are necessary to generate the final microstructure:

1. Generate a non-correlated Gaussian random field with null expectation and unit variance U(x)~N(0,1)
2. Compute the threshold Ay (c.f. eq 7)

3. Introduce a correlation to the random field to produce Z, (c.f. eq 5). Note that oy is obtained by inverting
numerically the equation relating gy to Cy and Ay.

It is worth mentioning that our numerical model includes a step of fitting a discrete correlation function ox. It has been
found that the mean of three Gaussian functions with different correlation lengths gave the best fitting. The use of only
one Gaussian function seems to be less relevant in our case and leads to a significant error on the fit especially for the Ni-
YSZ electrode. Moreover, a linear interpolation of the discrete correlation function induces a noise at the interface between
phases. In fact the fitting function should fulfill some conditions as detailed by C. Lantuéjoul [20].

4. Thresholding: the resulting field Zy is finally thresholded with the value A4to get X.

4. MODEL EXTENSION TO THREE-PHASE MATERIALS

Three-phase synthetic microstructures are modeled using two underlying independent truncated random fields X and Y
[4]. Each truncated random field X and Y is created as described in the previous section on two-phase materials. In order
to obtain the final synthetic three-phase (A1, Az, As) microstructure we consider the following combination of the two
random sets X and Y:

A=X, Ay =X°AY, A =XCNY© (10)
Each field A; (i=1,2,3) is used to represent either the porous, Ni or YSZ phase. Then we have six possible combinations
for the attribution of these three phases. In practice, the best combination will be retained.

The covariance functions of the two underlying random sets read:
Cx()=Coh) 5 Cy(h) =2 (12)
x\N)= v ey)=="—=—
& Ca(h)



where: Ca(hy=C p (N =1-2C, (0)+Cy () (12)

Consequently, we can apply the same procedure (as previously detailed) to generate the two random fields Zy and Zy.
Thereafter, the thresholds 1y and A,will give the random sets X and Y. Using equation (10), we retrieve the three phases
(pore, Ni and YSZ).

5. RESULTS AND DISCUSSIONS

In order to validate the representativeness of our synthetic microstructures, a set of key parameters is carefully analyzed.
For each couple of real and synthetic media, the covariance function, phase size distribution, and finally all subsequent
morphological and physical parameters are computed and the gap is discussed.

Taking into account the stochastic aspect of our model, first we generated several synthetic microstructures and we chose
the one that fitted best the real covariance function. The error was always small whatever the realization as we used a
volume large enough to be statistically representative.

5.1 Two-phase materials

A first visual inspection seems to indicate that the synthetic microstructure is quite similar to the real one (Fig. 1). This
statement is confirmed by the comparison of the covariance functions computed for the synthetic and real microstructures.
As shown in Fig. 2a, a very good agreement is found for both phases meaning that the method allows generating a
representative microstructure. To go further in the validation, the phase size distributions or granulometry plots are given
in Fig. 2b. As expected, the curves of the virtual and the real microstructures present a similar shape. Nevertheless, it can
be noticed that the porosity distribution of the real microstructure is slightly wider than the synthetic one. This slight
discrepancy in the phase size distribution is liable to affect some of the morphological parameters of the synthetic
microstructure. All these parameters are listed in table | and compared to the ones measured on the 3D electrode
reconstruction. Firstly, it worth noting that the overall error on the computed properties are rather negligible. Thus, it
allows validating the method to generate valuable synthetic microstructure for the SOC oxygen electrode. Nevertheless,
the highest mismatch is found on the geometrical tortuosity and the constrictivity parameter leading to an error of around
10% on the ‘apparent’ tortuosity factor of the solid phase. This discrepancy on tortuosity and phase constriction is well
correlated with the difference in granulometry between the synthetic and real microstructure. It means that the model would
be not able to catch a microstructure with a highly tortuous phase or with high constriction effects.

Despite this slight mismatch in tortuosity and constrictivity, it can be claimed that the Gaussian ‘Random Field’ model
mimics accurately this typical real microstructures of SOCs oxygen electrode. In general point of view, the method is able
to represent the continuous network of each phase as shown in Fig. 1. Other methods based on sphere packing usually fail
to reproduce this feature of the sintered porous electrode since they tend to keep in the final microstructure the geometry
of the initial spheres [10] [14].

The validation of this tool on other cell electrodes with different microstructures is ongoing, and it will be used afterwards
to investigate the morphological relationships between the microstructure parameters.

B LSCF
I Porosity

Figure 1. Visual comparison of the real microstructure (a) and the synthetic microstructure (b) of the oxygen electrode’s
microstructure.
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Figure 2. Quantitative comparison of the covariance function (a) and granulometry (b) of the two phases between the
synthetic and the real microstructures.

Table 1. Summary of the validation of the morphological and physical parameters.

Porous phase LSCF phase

f e T80 i PP f € T8O 3 PP S,
Parameter o 0 dp f 0 0 dp . f ll

Qo) (%) (um) () () () | P G (m) (%) () () | (um')
Re“l“f 4363 9997 037 122 014 2255637 9999 044 136 023 195 | 3.62
structure
Synthelic 4= 1 43 57 9993 040 124 015 237 | 5643 9998 046 147 024 177 | 345
structure
Error (%) | 0% 0% 7% 2% 7% 5% | 0% 0% 5% 8% 4% 10% | 5%

5.2 Three-phase materials

For the three-phase model, six combinations are possible as shown in the previous section. All the six combinations have
been generated and compared. No significant difference has been found whatever the choice of the combination. However,
the numerical phase generated from the first random field Ax presents the best results whereas the other complementary
phases deduced by set operations (cf. eq. (10)) are less representative for the real microstructure. To illustrate this
phenomenon, the Ni-YSZ synthetic microstructure provided in Fig. 3 have been generated considering the pore phase
ascribed to the “first’ random set A; (Pore=A1, YSZ=A,, Ni=As). As shown on Fig. 4a, the covariance function for the
porosity matches perfectly the one of the reconstructed electrode. However, a noticeable difference arises for the ‘third’
created phase corresponding to Ni. The slight mismatch on the Ni covariance function is consistent with the simple visual
inspection of the 3D synthetic and real volumes. Indeed, the 3D rendering volumes given in Fig. 3 reveal that the two
microstructures present some morphological differences. This is confirmed by the PSD curves plotted in Fig. 4b: the
granulometries of the pore and Ni phases for the real microstructure are much widespread than those measured on the
synthetic volume. In other words, the three PSDs of the virtual microstructure present less variability compared to the
reality.

As already discussed for the oxygen electrode, the mismatch in PSD is accompanied by some substantial differences for
the microstructural parameters listed in Table 2 The main error is found on the constrictivity factor, and hence on the
‘apparent’ tortuosity factor, for both the Ni and porous phases. Indeed, as suspected for the oxygen electrode, the method
presents some limitations to generate microstructure that mimics phases with low constrictivity factor (i.e. high constriction
effect). Note that the low values reported for the Ni and YSZ phases for the real microstructure are simply correlated to
their low volume fractions of around 28% (compared to 44% for YSZ). In spite of this limitation, the density of TPBs has
been successfully retrieved with the model. Indeed, an error of around 11% has been found for this parameter. Therefore,
it can be concluded that the method remains valid even for the hydrogen electrode composed of three phases. As for the
oxygen electrode, other methods based on sphere packing have been already used to generate this Ni-YSZ electrode [11-
14]. However, from our best knowledge, no direct comparison with real microstructure has been done. As discussed for



the oxygen electrode, it can be suspected that the current description of the phase by set of overlapping spheres requires
some improvement to be fully adapted regarding the morphology of the SOCs electrodes.
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Figure 3. Visual comparison of the real microstructure (a) and the synthetic microstructure (b) of the oxygen electrode’s
microstructure.
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Figure 4. Quantitative comparison of the covariance function (a) and granulometry (b) of the three phases between the
synthetic and the real microstructures.

Table 2. Summary of the validation of the morphological and physical parameters.

Porous phase YSZ phase

f 3 d, S, B TP f £ d, Sp T8 B TP
Parameter

%) (%) (um) (um) ) () ) (Vo) %)  (um) (o) ) G )
Realp= 1 og 04 0474 039 267 167 009 967 | 4408 9978 036 368 143 013 229
structure
Synthetic | 57 50 9364 038 255 161 012 522 | 4475 9992 040 347 144 013 228
p-structure
Error (%) | 2% 4% 3% 4% 4% 33% 46% | 1% 0% 1% 6% 1% 0% 0%

Ni phase

Parameter f € d, S, T8 B P | TPBL density

(%) o) (um) (um') ) () ) (um>)
Real b 2788 9745 047 230 175 008 695 4.78
structure
Synthetic i1 o0 07 9937 034 285 180 013 460 531
structure
Error (%) 1% 2%  38% 24% 3% 38% 34% 1%




6. CONCLUSION AND PROSPECTS

A methodology has been implemented for simulating 3D SOC electrodes microstructure by means of Gaussian ‘Random
Field” model. The representativeness of the resulting synthetic microstructures has been validated by comparing them to
the real microstructures reconstructed by X-ray nano-tomography. The experiments have been performed at the new Nano-
Imaging beamline ID16A-NI at the European Synchrotron Radiation Facility (ESRF) enabling us to obtain large field of
view while maintaining a high spatial resolution. It has been shown that the method is able to mimic accurately the two-
phase oxygen electrode microstructure composed of porous LSCF. The model has been also extended to the three-phase
hydrogen electrode composed of porous Ni-YSZ. It has been found that the method remains valid for this electrode.
However, the analysis has revealed that the method fails to perfectly reproduce highly tortuous and constricted phase
geometries.

Work is ongoing to overcome this restriction, either by adapting this model or by using a different ‘Random Set’ Model
including stochastic overlapping sphere distributions. However, it should be kept in mind that no model is able to generate
synthetic volumes representative of the large variety of SOC electrodes microstructures. From that point of view, coupling
two models could be a promising way to encompass a wider range of material microstructures.
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