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Abstract

To significantly improve on the unavoidable degradation of state-of-the-art Solid oxide fuel
cell (SOFC) anodes like Ni-YSZ, we elaborate on fully ceramic composite electrodes,
which are based on mixed ionic and electronic conductors (MIEC) like doped ceria and
perovskite materials. Thereby, a Digital Materials Design (DMD) framework is used for the
systematic and model-based optimization of MIEC SOFC-electrodes. In our DMD
approach we combine experimental methods, stochastic microstructure modeling, virtual
testing of 3D microstructures and a multiscale-multiphysics electrode model. The electrode
model developed in this contribution captures all the relevant physico-chemical processes
involved like the transport of charge carriers in the two MIEC solid phases, transport of the
gas species in the pore-phase and the reaction kinetics. A special emphasize is laid to the
appropriate description of the microstructure effects, applying the previously reported
DMD-methodologies. This model-based performance prediction enables to explore a
much larger design space than it would be possible with experimental methods only.

1. INTRODUCTION
1.1 Development of novel Ni-free solid oxide cell electrodes

The storage and efficient conversion of energy is one of the key issues for a successful transition to renewable
energies. Solid oxide cell (SOC) technology is a promising solution for the conversion of electrical energy to
storable chemical energy (power-to-gas) in the solid oxide electrolysis cell (SOEC) mode, and for the on-demand
supply of electrical energy using synthetic gas or biogas (or natural gas) as input in the solid oxide fuel cell (SOFC)
mode. However, there are still issues especially concerning the degradation behavior and lifetime, which calls for
the development of alternative material systems. For example, the most commonly used anode material in SOFCs
is Nickel - yttria-stabilized zirconia (Ni-YSZ), which shows various types of degradation [1,2] including Ni
coarsening [3], carbon coking [4-6] sulfur poisoning [7] and mechanical damage caused by redox cycling [8].
Moreover, the electrochemical reaction is bound to the three-phase boundaries (TPB), which induces a specific
microstructure limitation towards the electrochemical activity in Ni-YSZ cermet anodes. As an alternative anode
concept, mixed ionic and electronic conductive (MIEC) materials are drawing much attention. An obvious
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advantage of MIEC materials is the fact that the fuel oxidation reaction can take place on the complete MIEC/pore
interface (two-phase boundaries). Composite ceramic anodes consisting of perovskite and gadolinium doped ceria
(CGO) represent one of the most important alternative material concepts (e.g., [1,9-11]). Thereby, the Ni-phase
is replaced by a conductive perovskite-phase (e.g., La, Sr, titanate) with the goal to get rid of the harmful
degradation phenomena associated with Ni. CGO provides a high ionic conductivity and a high electrochemical
activity, which are both crucial for a high electrode performance. While pure CGO electrodes with a very high
performance are possible (e.g., reported by Graves et al. [12] and Nenning et al. [13]), there are issues with the
current collection and the structural stability (e.g., nano cracks as reported by Sciazko et al. [1]). In fact, an
additional perovskite-phase can provide a structural stabilization effect and thus an improved degradation
behavior compared to pure CGO electrodes [1]. In addition, the perovskite introduces an improved current
collection functionality because of its high intrinsic electronic conductivity. However, perovskites generally show
a lower electrochemical activity compared to CGO. Thus, perovskite-CGO electrodes are often impregnated with
an additional nano-sized metal catalyst [11,14-18] in order to improve the electrochemical activity, especially for
the case of high perovskite contents.

In the current contribution, a ceramic composite electrode with an LSCT-perovskite phase and a CGO-phase will
be studied with an additional Rh-impregnation. However, the anode performance is governed by complex physico-
chemical processes including transport of gas species in the pores, transport of ions and electrons in both solid
phases and fuel oxidation reaction on the surface of the MIECs, which are not yet fully understood. Hence, there
are numerous conflicting requirements and lack of knowledge complicating the development and optimization
process. Thus, Digital Materials Design (DMD) methodologies [19],[20] were developed to accelerate the
research in this field in a cost-efficient way. In our DMD approach we combine experimental methods, stochastic
microstructure modeling, virtual testing of 3D microstructures and a multiscale-multiphysics electrode model.
While the modules of this DMD-methodologies for stochastic microstructure modelling (Marmet et al. [20], [21])
and standardized microstructure characterization (Marmet et al. [22], [23]) are already published, the multiscale-
multiphysics electrode model will be reported in this contribution (section 3). Moreover, the whole DMD-
workflow is illustrated for the optimization of LSCT-CGO electrodes. Therefore, also two sets of experimental
data will be used, namely 1) FIB-SEM tomography to fit the stochastic microstructure model and 2) performance
characterization of the cells by electrochemical impedance spectroscopy (EIS) to calibrate the reaction Kinetics
within the multiphysics electrode model.

1.2. Important properties of LSCT-CGO MIEC electrodes

The use of a ceramic composite with two MIEC phases for an SOFC anode results in complex physico-chemical
processes involved governing the anode performance. Thus, additional aspects need to be considered for the
microstructure and cell design, which are quite different compared to the conventional SOFC anodes like Ni-YSZ.
The physico-chemical phenomena involved in LSCT-CGO electrodes and the corresponding microstructure
properties are illustrated in Fig. 1.

Ceramic Composite Anode  Gas transport
LSCT - + Dusty gas model, bulk and Knudsen diffusion
* Relative bulk diffusivity D,
* Relative Knudsen diffusivity Dy,
* Characteristic pore diameter dy,, ;o
» Gas flow permeability K

Charge Transport in MIEC composite
* Relative electronic composite cond. 0, con comp
* Relative ionic composite cond. O, jon comp

Fig. 1: llustration of the main physical phenomena and associated microstructure effects present in an LSCT-
CGO anode with Rh impregnation. On the right side, the effective transport properties and microstructure
characteristics are listed, which are used as input for the multiphysics model. The color code of the list
corresponds with the one in the figure.
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The gas transport within the pores of an SOC electrode is governed by diffusion. However, for fine porous
microstructures with pores in the range of sub-microns, the transport is governed by bulk and Knudsen diffusion.
The latter describes scattering events of gas molecules at the pore walls. Fine porous microstructures are relevant
for electrode optimization because of their potentially high electrochemically activity associated with their high
volume specific surface area or TPB-length. To capture the Knudsen effects in fine structured electrodes, the well-
known dusty-gas model (DGM) is often used to describe the combined transport mechanism by bulk and Knudsen
diffusion appropriately [24-27]. An implementation and further description of the dusty-gas model can be found
in Marmet et al. [28]. For the parametrization of the dusty-gas model, four microstructure properties are needed:

the relative bulk diffusivity D, (Eq. 17), the relative Knudsen diffusivity D (Eq. 18), the characteristic

rel,Kn

Knudsen length d and the gas permeability K .

Kn,pore

A unique feature for composite MIEC electrodes like LSCT-CGO is revealed with a remarkable property that can
be described as ‘composite conductivity’. Due to the fact that both solid phases are mixed ion- and electron-
conductors, the transports of neither the electrons nor the oxygen ions are limited to a single phase. However, the
intrinsic conductivities are different, i.e., the intrinsic ionic conductivity of CGO is about ten times higher than
for LSCT and the intrinsic electronic conductivity of LSCT is about ten times higher than for CGO. Nevertheless,

the effective ionic composite conductivity O o comp (Ed. 7) and the effective electronic composite conductivity

Octt concomp (EQ- 8) are much higher than the (hypothetical) single-phase conductivities of the same

microstructure. In composite MIEC anodes, the charge carriers can reach the reaction sites even when the volume
fraction of one MIEC-phase is below the percolation threshold. These MIEC properties thus open a much larger
design space for microstructure optimization of ceramic composite electrodes.

As a consequence of the composite with two MIEC materials, the possible reaction sites, e.g., for the hydrogen
oxidation reaction (HOR), are extended to the entire pore-CGO and pore-LSCT interface area. Thus, the volume
specific pore-CGO 1A, ..cco and pore-LSCT 1A, .\ scr interface areas are the relevant microstructure
properties for the reaction kinetics. Thereby, the reaction kinetics are improved by the impregnated Rh particles.

The reaction Kinetics of this material system needs to be calibrated to corresponding electrochemical performance
characterizations, as reported in section 3.3.2.

2. MATERIALS AND METHODS
2.1 Experimental
2.1.1. Fabrication of the LSCT-CGO+Rh cells

A batch of button cells was fabricated in order to study the microstructure and performance of LSCT-CGO anodes
with different compositions. The LSCT ( La, ,,Sr, ,sCa, 45 T10,) was supplied by Praxair Surface Technologies

Inc. and the CGO was supplied by Solvay. The button cells were fabricated by screen printing (using a manual
process) the anode and the cathode layers onto a 160 um thick electrolyte disk from 6ScSZ (HEXIS). The button
cells were prepared as full cells with an electrolyte supported cell design with an active area of 1.44cm?. Both,

the LSCT-CGO anode layer and the double layered LSM-based cathode were prepared using the previously
reported preparatory methods [11,29,30]. For the anode, separate slurries were prepared for CGO and the LSCT,
which were then mixed to achieve the different compositions. After the sintering process, the anode was
impregnated with an Rh-solution using a pipette, resulting in a Rh-loading in the range of <1wt.% . Rh belongs

to one of the suitable metal catalysts for the impregnation of SOFC anodes tested by Price et al. [11] (like Ni, Pd,
Pt, Rh and Ru) in order to improve the reaction kinetics. The anode side was contacted with a porous Ni current
collector layer (CCL) and with a Ni-mesh and the cathode side with a gold-mesh.

2.1.2 FIB-SEM tomography

Five 3D microstructures with different LSCT:CGO compositions have been reconstructed using FIB-SEM
tomography including a 100 % CGO (CGO0100) and a 100 % LSCT (LSCT100) sample. The image acquisition
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and segmentation have been performed according to the procedure reported in Marmet et al. [22]. An overview
of the microstructures is presented in the top row of Fig. 3.

2.1.3 Electrochemical impedance spectroscopy

The button cells (full cells) are operated on a seal-less button cell test stand at the laboratories of HEXIS with a
post-cell combustion zone. A more detailed description of the test stand can be found in the work of Price et al.
[11]. For the EIS-measurements a Zennium PP241 from Zahner is used. An excess hydrogen fuel supply on the
anode side and an excess compressed air supply on the cathode side are used in order to avoid gas conversion
impedance effects. The OCV and therewith the water content of the fuel is varied by changing the fuel flowrate,
which results in a specific gas composition due to the leakage of the seal-less setup. A fixed air flowrate of 520
ml/min is used on the cathode side. A more detailed description of the measurement setup can be found in the
PhD-thesis of Ph. Marmet [19].

2.2 Digital Materials Design: Modeling methods
2.2.1. DMD-workflow
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Fig. 2: Overview of the entire workflow for Digital Materials Design (DMD), which includes various
methodological modules. The module for performance prediction with a multiscale-multiphysics electrode
model, which is the main topic of the present paper, is highlighted in yellow. The methodological modules of
the DMD workflow are described in great detail in separate papers, such as the module including materials
processing and cell fabrication (see Burnat et al. [10,31]), the modules for imaging and standardized
microstructure characterization (Marmet et al. [22] and Holzer et al. [32]), and the module of stochastic
geometry modeling and associated realization of digital twins (Marmet et al. [20]).

The multiphysics electrode model presented in this contribution is a key-element of the Digital Materials Design
(DMD) workflow illustrated in Fig. 2. This DMD-workflow was already described in previous publications [19],
[20] and is briefly summarized in the following.

The basis for the DMD process is a set of fabricated solid oxide cells. The real microstructures are reconstructed
using FIB-SEM tomography for a small number of fabricated cells representing a variation of the parameters to
be optimized (e.g., composition and porosity). Stochastic digital microstructure twins with matching
microstructure properties are then constructed for each real structure using a pluri-Gaussian method (PGM).
Thereby, the PGM-script for virtual structure generation (developed in [20]) is available as a so-called GeoApp
within the GeoDict software package (GeoDict release 2023 [33]). On that basis, the microstructure can be
virtually varied for a large parameter space in a realistic way. The real and subsequently the virtual 3D structures
need to be characterized quantitatively by means of image analysis and numerical simulations. A standardized
and automated microstructure characterization tool has been developed within GeoDict [33] (see Marmet et al.
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[22]), which enables the fast determination of an extensive set of microstructure properties relevant for SOC
electrodes. The determined microstructure properties for the virtual structure variation can be used as an input for
multiphysics electrode models as illustrated in Fig. 2. The multiphysics simulation model can be used to predict
the impact of the microstructure variation on the electrode performance. This model-based performance prediction
enables to establish the relationship between fabrication parameters, materials choices, microstructure properties
and cell-performance. On this basis, design guidelines for the fabrication of electrodes with improved performance
can be provided, which closes the loop of this iterative workflow. This paper is focused on the multiscale-
multiphysics electrode model and especially on how the complex microstructure effects are incorporated to this
continuum finite element (FE) model.

2.2.2. Stochastic microstructure modelling of LSCT-CGO electrodes and prediction of effective properties

In order to study the influence of the microstructure on the cell performance, the microstructures are systematically
varied for porosity and LSCT-CGO composition using stochastic modelling. Moreover, the real and virtual
structures are characterized to obtain the needed microstructure properties presented in section 1.2 as an input for
the electrode model. Therefore, the corresponding parts of the DMD-workflow summarized in section 2.2.1 (and
documented in more detail in Marmet et al. [20], [22], [19]) are applied to the LSCT-CGO electrodes studied in
this contribution.

The real 3D microstructures are reconstructed by FIB-SEM tomography for a selection of the fabricated cells as
described in section 2.1.2. 2D-orthoslices of the captured real 3D-sructures with different LSCT-CGO
compositions are reported in the top row of Fig. 3. The imaging and microstructure characterization of these
samples is described in more detail in section 10.3 in the PhD-thesis of Ph. Marmet [19]. With the methodologies
presented in Marmet et al. [20], digital microstructure twins are constructed for each of the real microstructures
with matching microstructure properties based on a pluri-Gaussian approach. A visual comparison of the 2D
orthoslices of the digital twins is provided at the bottom row of Fig. 3. Note that the specific features are different,
but the underlying statistics of the stochastic digital twins matches the real structures very well, resulting in very
similar microstructure properties. A detailed description of the stochastic modelling of these microstructures can
be found in section 10.3 of the PhD-thesis by Ph. Marmet [19] including a detailed comparison of the real and
virtual structures.

) ; . . mCGOo
Visual comparison real structure vs digital twin Sopedcarm

WLscT
(Titanate)

content wt. %

2.8yum

Fig. 3: Orthoslices for visual comparison of the real LSCT-CGO anode microstructures captured by tomography
(top row) with the corresponding digital microstructure twins (bottom row) for different LSCT-CGO
compositions.

Based on the set of digital microstructure twins visualized in the bottom row of Fig. 3, a virtual microstructure
variation for different compositions and porosities was performed using the methods described in Marmet et al.
[20]. Thereby, 98 3D-microstructures were generated. The corresponding 2D orthoslices are shown in Fig. 4. The
orthoslices of the CGO100 and LSCT100 virtual microstructures are shown as well. The location of the real
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microstructures of the used anchor points are indicated with black circles (note that the microstructure represented
with the gray circle was excluded for the microstructure variation because of insufficient quality, see also section
10.3 in the PhD-thesis of Ph. Marmet [19] for further details). Note that the real structures CGO50-LSCT50 and
CGO70-LSCT30 have almost the same porosity. Thus, effects related to the porosity variation are expected to be
described less accurately compared to compositional changes with a much larger range of data. Nevertheless, the
porosity variation can still be expected to provide the right optimization direction for a suitable porosity range.

B

60

i

A
[ ek

n'd'él\;é
L"lz'l.é L‘}:.'Fz'\--x

o

50

40

%
Rl

35

Porosity /%

30

25

20

Composition ¢gp1, rel /%
Fig. 4: 2D orthoslices captured in the center of the virtual 3D structures, representing variations of porosity and
composition (i.e., relative solid phase volume fraction of CGO ¢, ;) based on the stochastic digital

microstructure twins. The black dots correspond to the locations of the real structures (i.e. FIB tomography data)
considered for the parameter variations: LSCT100 ( hspy o = 0%, & = 22.0%), CGO50-LSCT50 (

Pepy o = 36.4% , £ =30.4%), CGO70-LSCT30 (Pypy ¢ = 58.8% , & =30.9% ) and CGO100 (

Gsp1 s =100% , & = 27.7% ). The grey dot is the excluded structure CGO60-LSCT40 ( dyp, o = 44.4%,
£ =27.1%).

The microstructure properties of the virtual microstructures reported in Fig. 4 are determined using the
standardized microstructure characterization (characterization-app) introduced in Marmet et al. [22]). Thereby,
GeoDict Cloud [33],[34] was used for a fast parallel characterization of the 98 microstructures. In the following
the microstructure properties (introduced in section 1.2) needed for the parametrization of the multiphysics model

are reported for the variation of the virtual microstructures as a function of the total volume fraction ¢, and the
relative volume fraction of CGO @,  (composition). In all the plots, the locations of the real structures are
indicated with black circles.

The volume specific pore-CGO interface area IA\,’pom_CGO is reported in Fig. 5 a) and correlates positively with

the CGO-content and is maximal for a total solid volume fraction of about ¢, = 50% . However, the surface of
the data is relatively flat around the maximum and therefore leaves some flexibility for trade-offs. The volume
specific pore-LSCT interface area IA\/,pore-LSCT is reported in Fig. 5 b) and correlates positively with the LSCT-

content.
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Fig. 5: Microstructure properties relevant for the reaction kinetics: Contour plots of the volume specific
interface areas of a) pore-CGO and b) pore-LSCT as a function of the total solid volume fraction ¢, (i.e., 100

— porosity) and the relative volume fraction of CGO ¢ceo,re| (composition). The black dots represent the
locations of the experimental data (FIB-tomography).

In Fig. 6 a), the relative ionic composite conductivities and in Fig. 6 b) the relative electronic composite
conductivities are reported. The relative composite conductivities are defined in Eqgs. 7 and 8 in section 3.2.1 (see
also Marmet et al. [22]). The relative ionic composite conductivity is maximal for the highest total solid volume
fraction (i.e., lowest porosity) and the highest CGO-content, because of the relatively high intrinsic ionic
conductivity of CGO (see also section 1.2 and table 1). The relative electronic composite conductivity is maximal
for the highest total solid volume fraction and the highest LSCT-content (i.e., lowest CGO-content), because of
the relatively high intrinsic electronic conductivity of LSCT.
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Fig. 6: Microstructure properties relevant for the charge transport: Contour plots of a) the relative ionic and b)
the relative electronic (eon) composite conductivity as a function of the total solid volume fraction @, (i.e., 100

— porosity) and the relative volume fraction of CGO ¢ceo,re| (composition). The black dots represent the

locations of the experimental data (FIB-tomography).
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The contour plots of the microstructure properties relevant for the gas transport (according to the dusty-gas model
[28], [22]) are plotted in Fig. 7. Note that the characteristic size of bulges and pores vary slightly as a function of
the composition. Especially, the microstructure is coarser for compositions close to 100 % LSCT and finer for
compositions close to 100 % CGO. However, the relative bulk diffusivity (Fig. 7 a)) and the relative Knudsen
diffusivity (Fig. 7 b)) are non-dimensional and therewith almost independent from the composition. The Knudsen
characteristic length (Fig. 7 c)) and the gas permeability (Fig. 7 d)) depend on the characteristic structure size and
thus vary more significantly as a function of the composition, especially for compositions near 100 % CGO and
100 % LSCT.
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Figure 7: Microstructure properties relevant for the gas transport: Contour plots of the effective/relative
transport properties of the pore-phase (for the parametrization of the dusty-gas model) as a function of the total

solid volume fraction ¢, (i.e. 100 — porosity) and the relative volume fraction of CGO @ o (cOmposition):

a) relative bulk diffusivity, b) relative Knudsen diffusivity, c¢) Knudsen characteristic length (i.e., pore diameter)
and d) gas permeability. The black dots represent the locations of the experimental data.

A more detailed description and discussion of the microstructure properties of the LSCT-CGO electrodes can be
found in the sections 10.3.2 and 10.3.6 of the PhD-thesis by Ph. Marmet [19].
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3. DEVELOPMENT OF A MULTISCALE-MUTLTIPHYSICS MIEC ELECTRODE MODEL

The contour plots of the microstructure properties as a function of the porosity and composition reported in section
2.2.2 already allow for a quantitative estimation of suitable parameters. However, the quantitative optimum of
these trade-offs depends on the cell architecture (e.g., cell thickness, concept for current collection), the catalytic
properties (e.g., use of an additional catalyst like Ni or noble metals) and operating conditions (e.g., temperature,
fuel composition, fuel utilization). The most convenient way to solve such an optimization problem is to use
multiphysics electrode models as e.g., suggested by Marmet et al. [28] for a pure CGO-electrode, for Ni-YSZ
electrodes by Dierickx et al. [35] and Monaco et al. [36] and for a nickel-infiltrated CGO electrode by Kishimoto
etal. [27].

In the current publication we develop a multiscale-multiphysics model for an LSCT-CGO electrode. Special
empbhasis is thereby laid on the appropriate incorporation of microstructure effects and their variation. Moreover,
the reaction kinetics will be calibrated on measurements.

3.1. Model formulation

A multiphysics simulation model is used to predict the impact of the microstructure variation on the electrode
performance (i.e., area specific resistance ASRtot ). Therefore, the 1D FE-model published in Marmet et al. [28]

for porous ceria-based anodes (two-phase system) is adapted to describe the titanate-CGO-pore three-phase
system. In contrast to CGO, where a good basis of experimental data is available for calibration of a complex
model, such detailed information (e.g., for the reaction kinetics, vacancy concentrations and charge transport
properties) is missing for titanate-CGO material systems. Therefore, the three-phase model is reformulated in a
way which allows to calibrate the model consistently with the available experimental data.

A schematic representation of the involved physico-chemical processes used in this model is presented in Fig. 8.
Thereby, the model is limited to the anode half-cell. The 1D FE model is implemented in the commercial software
package COMSOL Multiphysics [37] in the steady state mode. The model consists of two computational domains
(see Fig. 8). The domain x =[0, L] is the porous LSCT-CGO anode functional layer (AFL), where the hydrogen
oxidation reaction (HOR), the transport of the charge carriers in the LSCT-CGO composite and the transport of
the gas species in the porous media take place. As the pores and the LSCT- and CGO-phase are not spatially
resolved, the effects of the porous microstructure are considered by using the effective microstructure properties

determined in section 2.2.2. The domain X =[— LStag , 0] represents the stagnant gas layer at the interface between
the gas flow channel and the anode functional layer. There, gas species diffusion corresponding to a button cell

setup with an excess flowrate is considered (see also Marmet et al. [28]). The electrolyte and the current collector
layer (CCL) are modelled as boundary conditions.

Xi= _LS/u.z_
eon eon
x =01
£ Nobel metal (Rh)
= nano-particles
gl Lscr
2 €GO
x=L4+— !
X | 02| o’ I electrolyte

Fig. 8: lllustration of the three-phase simulation model for a simplified microstructure scenario, showing
reaction locations and transport pathways for an anode with two solid MIEC-phases and a pore-phase. Legend:
CGO (green), LSCT/titanite (red), pore and gas channel (blue), current collector layer (CCL, gray) and catalyst

nanoparticles (orange dots). Arrows mark the transport pathways of ions (green), electrons (eon / purple) and
gas species (black).
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There are three different reaction sites considered for the hydrogen oxidation reaction (HOR), namely at the pore-
CGO interface, the pore-LSCT-interface and at the three-phase boundaries (TPB). The reaction kinetics are
thereby enhanced by a fine dispersed noble metal catalyst (i.e., Rh for the current study) and the corresponding
reaction kinetics are calibrated to dedicated experiments (see section 3.3.2).

The charge transport is modelled by Ohms law, using an ionic and electronic potential. This approach of modelling
the charge transport represents a considerable simplification of the transport mechanism in MIECs, which are
governed by drift and diffusion (as e.g., modelled for pure CGO-electrodes in Marmet et al. [28]). However, it is
currently not clear how the drift and diffusion transport evolve across the CGO-LSCT boundaries, and a
considerable amount of basic research is still needed for the LSCT-CGO material system (and also for perovskite-
CGO composites in general). Therefore, we stick to this simplified but consistent description of charge transport
by Ohms law. The microstructure effects including the LSCT:CGO composition is captured using the relative
ionic and electronic composite conductivities as introduced in Marmet et al. [22] (see also Egs. 7,8 and
corresponding discussion).

The gas transport is described with the dusty-gas model in the same way as for the CGO-electrode model reported
in Marmet et al. [22].

3.2 Equations for the three-phase electrode model
3.2.1 Basic equations for transport and charge transfer
The steady state continuity equations for electrons and ions reads:

\ ‘]ion = iion (1)

V ' ‘]eon = ieon ' (2)

The source terms for the ionic current i, and the electronic current i, are given by:
lion = ~lhor ©)
Ieon = IHOR ! (4)

where iHOR is the total reaction rate, which can consist of different reaction pathways (e.g., surface reactions and
TPB) as specified in Eq. 9. The total reaction rate I,,o; is expressed as a source term because of the used 1D
setup. Note that the total reaction rate I,,o5 and the resulting ionic I, and electronic I, source terms are

formulated as an electric current source with units A/M> and not in terms of the species concentrations for
electrons and oxygen ions and therewith, there is no factor two for the ionic species in Eg. 3.

The ionic and electronic current densities read:

‘]ion = _O_eff,ion,compv¢|on ®)
‘Jeon = _Geff,eon,compv¢eon ’ (6)
where @, istheionicand ¢, the electronic potential. T o, comp @Nd Ot eon comp re the ionic and electronic

composite conductivities for the combined titanate-CGO solid-phase and are given by (see also Marmet et al.

[22]):

Geff,ion,comp = Jrel,ion,compGO,ion,CGO (7)
O_eff,eon,comp = o_rel,eon,compo_o,eon,LSCT1 (8)
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Where O ion comp 1S the relative ionic composite conductivity, o the relative electronic composite

rel,eon,comp

conductivity, Oy ;o cco the intrinsic ionic conductivity of CGO and Oy o, scr the intrinsic electronic

conductivity of LSCT. Note that the relative ionic composite conductivity Gy ion comp = f(Ao,) is afunction
: L Og,ion,LscT , . :
of the ratio of the intrinsic ionic conductivities A, =——-— and the relative electronic composite
O -
0,ion,CGO

conductivity Oy concomp = T (Aeon) IS @ function of the ratio of the intrinsic electronic conductivities

1= 0 ,e0n,cGO .

eon
GO,eon,LSCT

The definitions for the relative and effective composite conductivities were introduced in Marmet et al. [22] in a
more general way.

The total reaction rate iHOR (Eq. 9) consists of different possible reaction pathways at the surfaces of CGO (Eq.
10) and LSCT (Eqg. 11) and at the TPBs (Eqg. 12). All contributions are formulated with Butler-Volmer Kinetics:

lhor =lsr.cco Thrsct Thee  (9)

. . Neon F 77 Neon F 77
Isr,ceo = losr,ceo | XP| Xeco e;;—.l.ad —€xp _(1_ aceo) eoRn TaCt (10)
gas gas

. . Neon F77 Neon F77

Isg Lsct = losr,Lser | €XP| Xiser e;;—.l.am —exp _(1_aLSCT )e;;—.rm (11)
gas gas

. . N F Ny, F

brpg = lo 1pe | EXP| X1pg Teon st | eXp _(l_aTPB) o ’ (12)

RyasT RyasT

where T is the temperature, R the ideal gas constant, F the Faraday constant, N, the number of participating
electrons in the reaction and gq, @ gcr, and Qqpg are the charge transfer coefficients and 77, is the

activation overpotential defined in Eq. 13. The exchange current densities Iy s oo+ lo.sr Lsct @nd Ig 1pg for the

three reaction pathways reported in Egs. 10-12 are formulated to fit the observations of the experimental
characterization. This calibration is reported in section 3.3.2.

The activation overpotential is defined as:

Mot = ¢eon - ¢|on : (13)

With this formulation, we assume that there is no direct link of the gas diffusion impedance to the extension of
the reaction zone. Within the porous MIEC anode, the transport and the reaction of the gas species need to be
described. The continuity equations for the gas species reads:

V-N =R, (14)

V-N, =R, (15)
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where N;, N, are the molar flux densities and R;, R, are the reaction rates for hydrogen (species 1) and water

vapor (species 2) , respectively. Thereby, the consumption rate of hydrogen is equal to the production rate of water
vapor, which is related to the current source term in the following way:

|
R2=—R1=;—°FR, (16)

where iHOR is defined in Eqg. 9. The molar flux densities N, and N, are modelled according to the Dusty-gas

model (DGM) as documented in a previous publication by Marmet et al. [28]. For this contribution, we restrict
the discussion on how the microstructure properties enter the DGM, which accounts for bulk and Knudsen

diffusion. The bulk-diffusion contribution is governed by the effective binary diffusion coefficient D, . :

Dy et = Drat Dz (17)

rel

where Dlzy0 is the intrinsic binary diffusion coefficient between hydrogen and water determined according to

Fuller et al. [38] and the relative diffusivity D_, for the pore-phase accounts for the effect of the microstructure.

rel

The effect of the Knudsen diffusion is governed by the effective Knudsen diffusion coefficients for hydrogen
D, ke and water D, . . , respectively:

DiKn,eff = DKn,reI DiKn,O’ (18)

where D, . , is the intrinsic Knudsen diffusion coefficient according to the kinetic theory of gases [39], Dy,

is the microstructure factor for the Knudsen diffusion mechanism and i denotes species 1 (hydrogen) or 2 (water
vapor). It is worth noting that the intrinsic (and thus also the effective) Knudsen diffusion coefficient is

proportional to a characteristic pore diameter d of the porous structure, while the effective binary diffusion

Kn, pore

coefficient Dlz’eff is size independent and does only depend on the morphology of the microstructure.

Finally, the DGM includes a convective part, which is governed by the gas-flow permeability x of the
microstructure and the dynamic viscosity of the gas mixture g4, . A detailed description how these

microstructure properties are determined can be found in Marmet et al. [22].
3.2.2 Boundary conditions

The boundary conditions for the charge transport equations are formulated in the following. At the AFL/CCL
interface at x = 0, the ions are blocked:

o (x=0)=0. (19)

At the AFL/electrolyte interface at X = L, the electrons are blocked:

Jeon (X=L)=0. (20)

Per definition, we set the electronic potential at the interface to the CCL to ground:

o (Xx=0)=0. (21)

The ionic potential at the AFL/electrolyte interface is set to a parameter 77,0, cnrgype COMbINing the overpotential

due to charge transport and reaction resistance and is adapted to result in a prescribed current density JchargE using

a global constraint within Comsol Multiphysics:
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¢|on (X = L) = 77HOR+chrgtpt' (22)

Furthermore, the boundary conditions for the gas transport are reported in the following. The goal of the simplified
model for the gas concentration overpotential as described in Marmet et al. [22] is to mimic an ideal fuel supply,
but respecting the diffusion limitations in the stagnant gas layer. Therefore, the concentrations at the end of the

stagnant gas layer at X = —LStag are fixed to the given gas concentrations of the fuel supply of hydrogen C, , and

water vapour C, ,:
G, (X = _LStag ) =Cio (23)

C, (X = _LStag ) =Cy0- (24)

A zero-flux boundary condition is implemented for all gas species at the AFL / electrolyte interface, as the non-
porous electrolyte is assumed to be impermeable for the gas species:

N,(x=L)=0 (25)
N,(x=L)=0. (26)

3.2.3 Overpotentials and contributions to the area specific resistance (ASR)

The local gas overpotential in the porous electrode is given by:

R T ,n[xl(oyxz(x)j e
2F " %(9-%,(0)

where X (0) and X,(0) are the hydrogen and water fractions at the electrode surface. The averaged gas

ngas =

overpotential of the porous electrode can be determined as follows:

L
0
L I& J,2Fdx, (28)

ngas,porous,avg = J
charge 0

where J, is the hydrogen species flux.
The gas overpotential in the stagnant gas layer is given by:

_ RgasT X1,0 X2 (0)
ngas,stag - In !
2F ¥, (0)%,,0

(29)

where X, , is the hydrogen fraction and X, , is the water fraction of the supplied fuel and X,(0) and X, (0) are

the hydrogen and water fractions at the electrode surface. This formulation enables to distinguish between the gas
concentration overpotential of the porous electrode and the stagnant gas layer. The total averaged gas
concentration overpotential reads:

ngas,avg = ngas,stag + ngas,porous,avg : (30)

The gas concentration contribution to the ASR is given by:

5
ASR,, = T (31)

charge
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The combined effect of charge transport and reaction resistance is given by:

ASR — M , (32)

HOR+chrgtpt — oJ
charge

where 77porchrgtpe FeSUlts from the constraint used for the boundary condition in Eq. 22 for a fixed current

density. The total area specific resistance results in:

ASR . = ASR omscnrgm + ASRyys - (33)

tot —

The overpotentials for the reaction and the charge transport can be formulated separately. The overpotential of
for the charge transport reads.

1 L L
nChfgtpt,avg = J [J- Eion ‘Jiondx + J- Eeon‘JeondXJ ) (34)
charge \ 0 0
The corresponding ASR contribution is given by:
0
ASR g = M (35)
6‘] charge

The average reaction overpotential 77, .4 is calculated from the local reaction overpotential 77, :

1 F
nact,avg = J—J-nactlHORdX . (36)

charge 0
The corresponding ASR contribution is given by:

0
ASR, o =—;7J”°R*a“g . (37)

charge

Note the derivations for the determination of the ASR are approximated numerically in the following way:

ASR = n (Jcharge +AJ charge) — 17 (‘Jcharge)

: 38
i X (38)

charge

where a value of AJ =10A/m? was used.

charge
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3.3. Parametrization of the model

3.3.1 Summary of the used model parameters

In order to obtain quantitively meaningful simulation results, the electrode model needs to be parametrized
appropriately. Thereby, three types of parameters are needed:

The effect of the microstructure enters the model using the effective microstructure properties described
in section 2.2.2 for gas and charge transport and the density of available reaction sites for the reaction
Kinetics.

Intrinsic material properties for the transport of charge carriers (i.e., intrinsic ionic and electronic
conductivities) and for the gas transport (i.e., intrinsic diffusivities and viscosity). These parameters are
reported in table 1. The intrinsic Knudsen diffusion coefficients depends on the pore diameter (i.e., is not
constant) and is determined as reported in Marmet et al. [28].

The reaction kinetics for the Rh-impregnated LSCT-CGO anodes is determined based on experimental
performance characterization by electrochemical impedance spectroscopy. The corresponding Kinetic
parameter are reported in table 1 and the calibration process is described in section 3.3.2.

The operating conditions, i.e., the operating temperature, the current density and the fuel composition
(humidity of hydrogen) need to be specified. The temperature is reported in table 1, while the other
operating conditions are varied and thus reported in the results and discussion section 4.

Table 1: Parameters used for the multiphysics anode model. The parameters calibrated with the EIS-

measurements are indicated with (*) in the reference-column. The intrinsic Knudsen diffusion coefficients

depend on the pore diameter and are determined as reported in Marmet et al. [28].

Parameter Value Description Reference
K, 200e6 Kinetic fit-parameter *)
k : Kinetic fit-parameter surface reaction of *)
SR,CGO qurrent
exp| ——=— CGO
8000A/m

kSR Lscr j Kinetic fit-parameter surface reaction of *)

’ 0.18-exp| 2 _ | | | sCT

8000A/m

kSR LSCTICGO 3.4 Kinetic fit-parameter surface reaction of *)

’ LSCT, influence of CGO
Kipg 0 Kinetic fit-parameter for the TPB-reaction ™)
Mo 0.3620 Power-law water fraction dependency ™
Qoo 0.5 BV parametrization CGO surface reaction ™)
Qser 0.5 BV parametrization LSCT surface reaction ™)
Ny, 2 Number of involved electrons -
1A, eceorer | 2.1 Mm'l Reference volume specific pore-CGO definition

P ’ interface area
1A, eceorer | 2.1 Mm'l Reference volume specific pore-LSCT definition

P ’ interface area
T 850 °C Temperature -
O eon LSCT 18.3S/cm Intrinsic electronic conductivity of LSCT [10,40]
O eon 60 1.83S/cm Intrinsic electronic conductivity of CGO [41]
Co.ion LsCT 0.013S/cm Intrinsic ionic conductivity of LSCT [10,40]
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O.i0n.C0 0.13S/cm Intrinsic ionic conductivity of CGO [41]

Dpo 9.3363-10“m?/s Binary intrinsic diffusivity H, / H,O [28,38]
Lise 2.2.10°Pa-s Dynamic viscosity of hydrogen [42]

LStag 0.5mm Stagnant gas layer thickness estimation

3.3.2 Calibration of the reaction kinetics

In Fig. 9, a typical EIS-spectrum is shown for LSCT-CGO anodes with noble metal catalyst Rh-impregnation by
reporting the Nyquist-plot and the imaginary part plot. Thereby, three major features are detected which are named
as low frequency arc (LF-arc), middle frequency arc (MF-arc) and high frequency arc (HF-arc) according to their
frequency range. The physical meaning of the different arcs have been thoroughly studied in the PhD-thesis of
Ph. Marmet [19] based on a large number of EIS-measurements for different cells and operating conditions. The
most important results are summarized in the following:

e The LF-arc is associated with the anode and is composed of a pore-CGO interface reaction / chemical
capacitance process and a gas impedance process.

e The MF-arc is related to an anode and a cathode process. The anode part of the MF-arc is probably
related to a HOR process at the pore-LSCT interface or/and the TPBs and to the ionic charge transport
resistance within LSCT.

e The HF-arc is associated with an interface effect, most probably an interface resistance at the
AFL/electrolyte interface.

=]
(=]
a

=]

Q

>
o
(=]
5

% : MF

5 0.04 ~

S MF io.oa £

< N

S 0.02 LF = 0.02

-0 " 001 HE

0.02 0
034 036 038 04 042 044 046 048 05 052 10° 102 104

Re(Z)/Qcm? f/Hz
a) Nyquist b) Imaginary part

Fig. 9: Example of a typical EIS-spectrum of an LSCT-CGO anode with a composition of CGO:LSCT = 30:70
wt.% (Nr. BC5-2021-034) for T =850°C, OCV,; =1100mV (i.e., water content 2.7 %) and | = 300 mA.

a) Nyquist-plot, b) imaginary part plot. Legend: LF = low frequency, MF = middle frequency and HF = high
frequency arc.

The following assumptions and procedure have been used for the model calibration:

e The reaction kinetics of the HOR is the process with the highest uncertainty. Therefore, the kinetic
parameters and their dependency on the operating conditions are fitted. The intrinsic properties for the
charge and gas transport are estimated from the literature as reported in table 1.

e To calibrate the reaction kinetics of the anode, the resulting total anode ASR from the simulation is fitted
to the measured polarization resistance corrected by an estimated cathode polarization part. The relatively
small HF-contribution is not removed and lumped to the anode polarization resistance. Moreover, the
relative contributions of the CGO- and LSCT-surface reactions are estimated from the measurements and
fitted as well.

e For the calibration, EIS-measurements for four button cells with nominal compositions CGO:LSCT =
[0:100,20:80,30:70,50:50,60:40]wt.% were used, which corresponds approximately to the
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volumetric composition of CGO:LSCT = [0:100,15:85,23:77,41:59,51: 49]vol.% . The cells
are measured at different current densities J =[0,0.208, O.625]A/cm2 and different reference OCVs
OCV,,; =[1050,1100]mV corresponding to water fractions of X, =[0.07,0.027].

The exchange current densities for the three reaction pathways reported in Egs. 10-12 (section 3.2.1) are
formulated to fit the observations of the experimental characterization as reported in the following:

1A,

H _ Moo ,pore-CGO

IO,SR,CGO - kO X2 ) kSR,CGO IA/ (39)

,pore-CGO,ref
H =k mHZOk I'&/,pore—LSCT 1+k IA\/,pore—CGO 40
IO,SR,LSCT - OXZ SR,LSCT I + SR,LSCT/CGO I ( )
A\/,pore-LSCT,ref A\/,pore—CGO,ref

lore = 0. (41)

The exchange current density for the TPB reaction (Eq. 12) is set to zero assuming that there is no distinct reaction
pathway related to the TPBs. The expressions for the surface reactions contain the same rate constant kO and the

same dependency on the water fraction X, using a power law with the exponent M, . The exchange current
densities for the CGO surface reaction iO,SR,CGO (Eq. 11) is assumed to be proportional to the volume specific
pore-CGO interface area A, . cco - The exchange current densities for the LSCT surface reaction lo.sr LscT

is assumed to be proportional to the volume specific pore-LSCT interface area A, . scr and additionally
catalyzed by the adjacent CGO-phase and thus, also depending on the volume specific pore-CGO interface area
IP\,Ypm_CGO . All interface properties are normed to a typical reference value. Therewith the used rate constants

kSR,CGO' kSRJ_SCT and kSR,LSCT/CGO are comparable and provide an estimate on the importance of the

corresponding reaction pathways.
4. RESULTS AND DISCUSSION

The multiscale multiphysics model allows for a quantitative assessment of the different physico-chemical
phenomena involved. Especially, the different components of area specific resistances (ASR) due to limitations
of (gas and charge) transport in the bulk and electrochemical reactions at pore-solid interfaces and their
dependency on the microstructure, cell design and operating conditions is presented. First, the different
contributions to the total anode ASR are reported as a function of porosity and composition for a fixed anode layer
thickness of L =15um in section 4.1. In section 4.2, the optimal anode layer thickness and associated

performance is reported as a function of porosity and composition for the full virtual LSCT-CGO microstructure
variation. Moreover, the influence of the operating conditions (section 4.3) and the characteristic structure size
(section 4.4) is presented.

4.1 Simulation results for a fixed anode layer thickness of L =15 pum .
In Fig. 10, the different contributions to the total anode ASR are reported for the virtual LSCT-CGO
microstructure variation for the total solid volume fraction ¢, (or porosity &, respectively) and the LSCT-CGO

composition @Peeo o reported in section 2.2.2 for a fixed anode layer thickness of L =15 um . The HOR-ASR

(Fig. 10 a)) negatively correlates with the CGO-content because CGO owns the higher electrochemical activity
compared to LSCT. The minimal values are observed for the total volume fraction of about ¢, = 60% , which

is slightly higher than the maximum of the volume specific pore-CGO and pore-LSCT interface areas reported in
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Fig. 5 a) and b). The data surface for the interface areas is very flat around the maximum at ¢, =50% . Thus,

the larger extension of the reaction zone associated with higher composite conductivities for higher @, results
in this shift.

The ASR due to charge transport (Fig. 10 b)) negatively correlates with the CGO-contentand ¢, and corresponds

inversely to the relative ionic composite conductivity o reported in Fig. 6 a).

rel,ion,comp

The ASR due to the gas transport (gas concentration impedance, (Fig. 10 c)) decreases sharply towards low
porosities (i.e., large @,, ). This is a consequence of the low relative diffusivity and the smaller characteristic pore-
size (resulting in a lower Knudsen diffusivity) associated with low porosities as reported in Fig. 7. The strong
increase of the gas impedance towards high CGO-contents is because of the finer microstructure observed for

high CGO-contents, which results in smaller characteristic pore-sizes and thus higher transport resistances due to
Knudsen diffusion.

ASRyor/Qcm?, L = 15 pm ASRprg tpt /S2em?, L = 15 pm

- 100 g
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a) ASR due to the HOR. b) ASR due to charge transport.
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¢) ASR due to gas transport. d) Total anode ASR.

Fig. 10 Simulation results for a fixed AFL-thickness L =15um as a function of total solid volume fraction
o, (i-€., 100 — porosity) and composition @ , - Different resistive components contributing to the total
ASR of the anode are computed under fixed conditions with OCV,; =1050mV (water content 7 %) and

J =0.208A/cm? . Contour plots of a) the ASR due to the HOR, b) the ASR due to the charge transport, ¢) the
ASR due to gas transport, and d) the total anode ASR, where the dashed magenta line represents the minimal
ASR and optimal ¢, upon a compositional variation. The iso-lines plotted in white have a smaller spacing in

order to provide additional information for the regions with lower values.
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The resulting total anode ASR (Fig. 10 d)) negatively correlates with the CGO-content, following the
contributions of the HOR (Fig. 10 a)) and the charge transport resistance (Fig. 10 b)). A sharp increase is observed
for CGO-contents below 20 vol.%. In contrast, the data-surface is very flat for a CGO-content above 60 vol.%,
which opens the possibility for trade-offs with additional goals like a good degradation behavior or improved
current collection functionality of the AFL, both associated with the LSCT-phase. The dashed magenta line

represents the minimal ASR and optimal total solid volume fraction ¢, upon a compositional variation. For high

CGO-contents, a relatively high porosity around 35 % (i.e., @, =65%) is favorable in order to have a large

surface area and a good gas transport. For low CGO-contents, a porosity below 30 % is favorable to maintain a
sufficient ionic conductivity.

4.2 Variation of total ASR for the optimal layer thickness

ASthot. min/[lcrn2

0.6 60

40

bcco,re /%
dcco,re/%

40 50 60 70 80

¢tut/% ¢'tut/%
a) ASRtot,min b) Lmin

Fig. 11: Minimal anode ASR ASR,; ., @) for the optimal AFL-thickness L ;. b) as a function of the total
solid volume fraction ¢, and the composition @.gq ., for OCV,; =1050mV (water content 7 %) and

J =0.208A/cm? (i.e., the ASR is minimized by computing the optimum anode layer thickness at each point

in the variation matrix). The dashed line represents the minimal ASR-value for a given composition and the
magenta point indicates the global minimum. The color range (0 - 0.6 Wcm?) for the ASR-plot in a) is the same
as in Fig. 10 d) with constant AFL-thickness.

The optimal thickness of the anode functional layer (AFL) obviously changes for varying porosity and
composition. Thus, the AFL-thickness is varied for every porosity-composition combination and the optimal AFL-

thickness L, providing the lowest ASR ASR,; .. is determined. The minimal anode ASR ASR .. is

reported in Fig. 11 a). The dashed magenta line represents the minimal ASR and optimal total solid volume

tot,min

fraction ¢, upon a compositional variation. The corresponding optimal anode layer thickness L. is reported

n
in in Fig. 11 b). The optimal anode layer thickness for a volume specific composition and ¢, is in the range of
L =12—-55 pm. A steep increase of L ;. is observed for an LSCT-content above 90 % (i.e., $ogo o <10%
). The low volume specific pore-CGO interface area is therewith partially compensated by a larger AFL-thickness
to limit the HOR-ASR. Moreover, there is a moderate increase of L .. towards a CGO-content of
Peco et = 90% because of the increasing ionic conductivity. For @ego o >90%, L, decreases because of

the finer microstructure, resulting in a different trade-off due to the smaller pores (i.e., higher Knudsen diffusion
resistance). The dependency of L ;, on @, is relatively week. Towards low ¢, L, decreases to limit the
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charge transport resistance and towards high @, L,;, decreases to limit the gas transport resistance. These
trends are well visible in Fig. 10 b) and c) for the corresponding ASR contributions.

The total anode ASR ASR\, i, values (Fig. 11 a)) reported for the minimal AFL-thickness L. are

noticeable smaller compared to the total anode ASR ASR, .. reported for a fixed AFL-thickness of
L =15 pum shown in Fig. 10 d). However, the differences are relatively small for sufficiently high CGO-

contents (i.e., ¢ceo,re| > 20%). Thus, the AFL-layer thickness needs to be chosen appropriately, but there is a

high robustness, e.g., for varying fabrication parameters.

4.3 Variation of ASR due to different operating conditions
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Fig. 12: Comparison of anode performances for two scenarios with different operating conditions. In both
scenarios, the anode ASR ASR,, .. (left) is computed for the optimal AFL-thickness L,

(right) as a

min
function of the total solid volume fraction @, (x-axis) and the composition ¢CGo‘re| (y-axis). a) and b)
OCV,, =1100mV (water content 2.7 %) and J = 0.208A/cm?, ¢) and d) OCV,, =1050mV (water

content 7 %) and J = 0.625A/cm? . The dashed line represents the minimal ASR-value for a given

composition and the magenta point indicates the global minimum. The color ranges for ASR (0 - 0.6 Wcm?) and
thickness (0 — 60 mm) are the same as in Fig. 11 (reference operating conditions) for an easier comparison.
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The anode model is calibrated for different operating conditions (see section 3.3) and thus, the effect of the

operating conditions on the electrode design can be studied. Therefore, the minimal anode ASR ASR and

tot, min

the corresponding optimal AFL-thickness L . as a function of composition and ¢@,, are compared for two
selected operating points (OP): OP1: OCV,  =1100mV (water content 2.7 %) and J =0.208A/cm?

reported in Fig. 12 a) and b), and OP2: OCV,; =1050mV (water content 7 %) and J =0.625A/cm?

reported in Fig. 12 c) and d). For OP2 with higher current density and water content, the anode ASR is
considerably lower (by a factor of about two) than for OP1. Compared to the standard operating conditions (

OCV,, =1050mV , water content 7 % and J = 0.208A/cm? ) reported in Fig. 11 a), the ASR is about

tot, min
40 % higher for OP1 and about 25 % lower for OP2. Moreover, the optimal ¢, is shifted to lower values for OP1

(around 4 vol. %) and to slightly larger values for OP2 (around 1 vol.%) compared to the standard operating

conditions (Fig. 10 a)). For OP1, the optimal AFL-thickness Lmi changes only marginally (Fig. 12 ¢)) compared

n

to the standard operating conditions (Fig. 11 b)). For OP2, L, .. changes more significantly (Fig. 12 d)) and is

n

typically about S5pm lower. Moreover, L .~ drops drastically around @eqq o <10%. The large HOR

min
resistance associated with the small active CGO- and LSCT-area for thin L is compensated by the small transport

resistances due to gas and charge transport, which results to the lowest anode ASR for very low L . This behavior
is also observable (but less clearly visible) for the other cases reported in Fig. 11-13, but only for even lower
CGO-contents.

The operating conditions have a significant impact on the optimal ¢tm and AFL-thickness and thus it is advisable

to check the anode design for all the important operating points. However, the change of the anode ASR upon a
deviation from the optimal AFL-thickness is rather low, at least in the vicinity of an optimal design point. Thus,
robust design parameters, which are insensitive to a change in the operating conditions and variations of the
fabrication process are easily achievable with the presented approach.

4.4 Effect of a scaling of the microstructure

The influence of the characteristic structure size (i.e., varying the particle and pore sizes) on the anode

performance shall be illustrated by a scaling of the microstructure. In Fig. 13, the total anode ASR ASR is

tot, min
reported together with the corresponding optimal AFL-thickness L.~ for a scaling factor of 0.2 (a) and b)) and

for a scaling factor of 5 (c) and d)). Thus, the characteristic structure sizes differ by a factor of 25 for these two
datasets. The global optimum of the performance for the fine structure (scaling factor 0.2) is by a factor of about
3 lower compared to the coarse structure (scaling factor 5) and by a factor of about 1.6 lower compared to the

unscaled structure reported in Fig. 11 a). The optimal ¢tm as a function of the composition is shifted to lower

values (around 8 vol.%) for the fine structure, as the gas transport is more restricted because of the lower Knudsen
diffusivity (associated with the smaller pores) and the charge transport is less restrictive because of the small AFL-

thickness. A vice versa behavior can be observed for the coarse structure, where the optimal ¢, is shifted to

higher values for about 6 vol. %. Moreover, the increase of the anode ASR for decreasing CGO-content is much
steeper for the coarse structure compared to the fine structure. This is predominantly because of the larger HOR
resistance associated with the smaller volume specific surface area of the coarser microstructure.

For the fine structure, the optimal AFL-thickness L .. reported in Fig. 13 c) is typically around L, =6 pm
and therewith about four times lower than for the unscaled structure (11 b)) with a typical L, =23 pm. In
contrast, for the coarse structure, the optimal AFL-thickness L. reported in Fig. 13 d) is typically around

L., = 70 um, which is about three times higher compared to the unscaled structure (Fig. 11 b)). This behavior
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can be explained by the extension of the reaction zone. For the coarse structure with low volume specific pore-
CGO interface area, there is a larger extension of the reaction zone in order to achieve more available reaction
sites. The associated decrease in the HOR-resistance thereby exceeds the additional resistance due to charge and
gas transport. Consequently, the optimal AFL-thickness is considerably larger for coarser microstructures.
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Fig. 13: Impact of microstructure-scaling on electrode performance: anode ASR ASR; ... (left) for the

optimal AFL-thickness L, (right) is plotted as a function of the total solid volume fraction ¢, and the

composition @Pgq e - Compared to the standard microstructure scenario (used in Figs. 10-12), a different

scaling is perfromed in Fig. 13 a) and b) by a factor of 0.2 (i.e., finer microstructure), and in Fig. 13 c) and d) by
a factor of 5 (i.e., coarser microstructure). The dashed line represents the minimal ASR-value for a given
composition and the magenta point indicates the global minimum. The color ranges for the ASR-plots (0 - 0.6
Wcm?) in Figs. 13 a) and c) are the same as in Fig. 11 a) with the unscaled structure. The color ranges for the

L., -plots in Figs. 13 b) and d) are alligned to the reported values (i.e., they are different in Fig. 11 b)).

The observed trends are in good agreement with findings from the literature. An experimental study for the
influence of the particle-size on the anode performance has e.g., been reported by. Sciazko et al. [43] for Ni-CGO
anodes. As expected, the smallest CGO-particles resulted in the best initial performance. However, also the most
severe degradation was observed for the smallest CGO-particles. Graves et al. [12] and Nenning et al. [13]
reported a very low polarization resistance with pure nano-sized CGO-anodes, which verifies that a considerable
reduction of the anode ASR can be achieved with a reduction of the particle size. The pure CGO anodes of
Nenning et al. [13] were fabricated by a standard powder-based processing route and an AFL-thickness of only
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L =3 wm was used, which confirms the reported tendency of this work for lower optimal AFL-thicknesses for

smaller structure sizes. On the other hand, Nakamura et al. [44] reported for an AFL-thickness variation of
L =[7,20,45] um for a pure CGO anode with a relatively coarse microstructure in the micrometer range the

best performance for the largest AFL-thickness of L =45 pum . This confirms a considerably larger optimal
AFL-thickness for coarse microstructures.

5. CONCLUSION

A novel LSCT-CGO composite anode has been studied with a model-based approach. This Nickel-free composite
anode does not suffer the degradation mechanism associated with Nickel-based electrodes. CGO provides a high
ionic conductivity and a high electrochemical activity, which are both crucial for a high electrode performance.
Moreover, the LSCT-perovskite provides a structural stabilization effect and thus an improved degradation
behavior compared to pure CGO electrodes [1]. In addition, the LSCT introduces an improved current collection
functionality because of its high intrinsic electronic conductivity.

In order to develop and optimize these LSCT-CGO anodes in a systematic and efficient way, Digital Materials
Design (DMD) methodologies are employed. Thereby, DMD methodologies introduced in previous publications
[22],[20] were applied for the virtual but realistic microstructure variation of LSCT-CGO anodes with respect to
the LSCT-CGO composition and porosity. Furthermore, while exploring for optimum electrode performance (i.e.,
minimal ASR), the impacts from variations of particle and pore sizes (called scaling), electrode thickness and gas
composition (water content) are also investigated. To model the impact of all these parameters, the DMD
methodologies had to be complemented with a dedicated electrode model. For this purpose, a multiphysics
continuum simulation model was developed and applied in this paper to predict the impact of the microstructure
variation on the electrode performance, using the previously determined microstructure properties (i.e., relative
ionic and electronic composite conductivity, 4 parameters for the parametrization of the dusty gas model and the
volume specific pore-CGO and pore-LSCT interface areas) as an input.

The multiphysics electrode model is a key-element of the DMD-workflow as it resolves the trade-off between the
different physical and microstructural aspects in a quantitative way. For example, the variation of porosity reveals
that a high solid-phase volume fraction provides a high ionic and electronic conductivity, but the resulting low
porosity hinders the gas transport and leads to a reduction of the volume specific surface area, which is available
for the fuel oxidation reaction to take place. The multiphysics electrode model thereby allows to predict the
optimal porosity for the lowest ASR for a specific LSCT-CGO composition. Typically, a minimum ASR is
reached for optimized anode microstructures with 35% porosity and high CGO contents > 60%. These optimal
parameters vary slightly with electrode thickness and gas composition. However, the simulation results also show,
that the optimum design of the LSCT-CGO composite is very robust. This means, for example, that a deviation
from the optimal porosity in a quite substantial range of & =30% —40% only leads to a moderate increase of

the ASR of less than 4 %. In a similar way, good total anode ASR values are obtained for a large range of
compositional variation. For example, the ASR only increases more than 50 % compared to the very low value of
100 % CGO when the LSCT-content exceeds 40 vol.%. This robustness allows to account for additional design
goals like the degradation behavior (i.e., ensuring not only a good initial but also good long-term performance)
and current collection functionality, e.g., with compositions containing ca. 20-40 vol.% LSCT. With our DMD-
approach we can easily and efficiently explore the impact of additional design parameters such as a variation of
the cell architecture, e.g., the electrode thickness. In fact, the optimal electrode thickness depends on the
microstructure and material system. Especially, the optimal layer thickness increases towards low CGO-contents
to enhance the otherwise small pore-CGO interface area relevant for the reaction kinetics (i.e., optimum thickness
varies from 20 um for 100% CGO to 32 pm for 10 % CGO for a fixed porosity of 35 %). However, the optimal
electrode thickness varies only slightly for a large area in the design space (i.e., varying composition and porosity)
and it is around 15-24 pum for a CGO content above 50 vol.%. Thereby also the dependency on the porosity is
moderate. Thus, DMD results indicate that the layer thickness is again a robust design parameter.

In addition, the reaction kinetic of the model were calibrated to the experimental performance characterizations
of the cells (i.e., EIS results) for different operating conditions. Hence, the impact of different operating conditions
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on the cell performance and design parameters could be assessed. Thereby, it is found that the operating conditions
have a significant impact on design parameters such as porosity and electrode layer thickness but are still small
enough to allow for a robust design. Moreover, the effect of the characteristic particle and pore sizes can be easily
assessed by the model. Thereby, it is clearly visible that the porosity and electrode layer thickness for a minimal
ASR depend strongly on the structure size. This illustrates that an isolated optimization of a single design
parameter does not lead to meaningful results. In contrast, the presented DMD framework, which combines
stochastic microstructure simulations with a multiphysics electrode model, provides unique opportunities for
efficient optimization in a multi-dimensional design space.

It must be emphasized that the presented simulation results are just a starting point for the huge playground of
possible optimization routes, which might be explored based on the presented methods. Moreover, the presented
DMD approach is applicable in a much larger context beyond its application to nickel-free SOFC anodes. First of
all, it can be used for any other material system of electrodes in SOFC / SOEC applications. Moreover, the
methods for microstructure optimization can easily be adapted to other energy applications like proton-exchange
membrane fuel / electrolysis cells, Li-ion batteries, flow batteries and partially even for porous media in general
(e.g., filters, sensors, membranes etc.).
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