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Abstract. A typical LaosSro4Coo2FeosOss (LSCF) electrode was reconstructed by X-ray
nanotomography. The new Nano-Imaging beamline ID16A-NI of the ESRF was used to
conduct the investigation. Furthermore, a specific attention has been paid to prepare samples
with a shape especially well adapted for the tomography experiments, resulting in electrode
reconstructions of 51x25.52xm um® with an improved resolution of about 50 nm.

The LSCF microstructural properties were quantified on the 3D volume and used as input
data in a dynamic micro-scale electrochemical model. The numerical tool includes two
parallel reaction pathways with an oxygen exchange at the LSCF/gas surface and a charge
transfer at the electrode triple phase boundaries. Electrochemical impedances were computed
in the time domain at open circuit potential, as well as under anodic and cathodic
polarizations. Simulations allowed linking the microstructural parameters to the basic
mechanisms of electrode operation according to the electrode polarization. A microstructural
sensitivity analysis was performed on the single-phase LSCF and LSCF-Ceria doped
Gadolinium Oxide (CGO) composite electrodes with the objective to identify the parameters
that impact most the electrode response. It was found that the LSCF-CGO composite presents
much higher performances compared to the LSCF single phase electrode especially in anodic

polarization.
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1. Introduction

In the demand of low pollution energy conversion systems, Solid Oxide Cells (SOCs)
correspond to promising electrochemical conversion devices operating at high temperatures.
Among several advantages, SOCs present a high flexibility in terms of technological
applications. Indeed, the same device can be alternatively used in fuel cell and steam
electrolysis modes (respectively SOFC and SOEC for Solid Oxide Fuel Cell and Solid Oxide
Electrolysis Cell). The SOCs consist in two porous electrodes separated by a dense
electrolyte. The usual materials employed for the SOC are Yttria-Stabilized Zirconia (YSZ)
for the electrolyte, Ni-YSZ cermet for the H, electrode and Mixed Ionic Electronic
Conductors (MIECs) such as LagSro4Coo2Feo 3055 (LSCF) for the O- electrode. In this case, a
thin barrier layer of Ceria doped Gadolinium Oxide (CGO) is usually added between LSCF
and YSZ to mitigate material reactivity at high temperatures. Moreover, composite electrodes
made of LSCF and CGO have been recently proposed to improve the mechanical
compatibility with the electrolyte.

The SOCs electrodes have a complex 3D microstructure that plays a major role in the cell
electrochemical performances [Virkar,2000, Cai,2011, Lay-Grindler,2013b]. Electrode
microstructural properties are also key parameters regarding the cell mechanical robustness
[Delette,2013, Liu,2011]. The characterization of the three-dimensional electrodes
microstructures is therefore essential to determine morphological properties such as the
specific surface area, the tortuosity factor, etc... The implementation of these parameters in
electrochemical models allows to unravel the entangled mechanisms of the cell operations and

to provide precise guidance for microstructural optimizations.

During the last decade, different 3D characterization methods have been developed to
compute the electrodes microstructural properties from a reconstructed volume. Wilson et al.
[Wilson,2006] were the first to use a Focused Ion Beam (FIB) coupled with a Scanning
Electron Microscope (SEM) to obtain a 3D representation of a SOC electrode. Since this first
study, the FIB-SEM technique has been improved to image larger 3D volumes within a
reasonable acquisition time [Vivet,2011,Kanno,2011,Jo0s,2014]. Nowadays, FIB-SEM
technique allows the reconstruction of volumes with a typical field of view of 10-15 um and a
spatial resolution of few tens of nanometers (=10-20 nm) [Vivet,2011, Holzer,2011]. Aside
from the FIB-SEM, X-ray tomography techniques constitute other complementary methods to
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characterize the microstructure. Among them, transmission X-ray microcopy based on near
edge differential absorption has been used by several groups to investigate the microstructure
of SOC electrodes [Grew,2010, Cronin,2013, Shearing,2012]. Using X-rays from a
synchrotron light source, J.S. Cronin et al. [Cronin,2013] have reported a reconstructed
domain with a typical size of ~40 um and a spatial resolution announced at 50 nm. Finally, the
X-ray holotomography method, which takes advantage of the electron density contrast
between the electrode phases, allows obtaining 3D reconstructions with a large field of view
of =50 um and an intermediate resolution of =75 nm [Villanova,2013]. It can be pointed out
that the Representative Volume Element (RVE) of SOC electrodes is proportional to the
characteristic length of the microstructure [Harris,2015a, Harris,2015b, Laurencin2012].
Therefore, a reconstructed volume as large as 35x35x35um’ is required to obtain good
statistics for a Ni-YSZ substrate with a coarse microstructure [Laurencin,2012]; whereas a
smaller volume of 13x13x13 pum’® may be sufficient to describe the fine microstructure of an

electrode functional layer [Usseglio-Viretta,2014].

The identification of the relationships between the electrode polarization resistance and
microstructural properties measured on 3D reconstruction requires electrochemical models.
Several stationary micro-scale models have thus been proposed to link the electrode response
to the microstructural parameters for both H, and O, electrodes [Hajimolana,2011]. However,
transient modeling for impedance spectroscopy is a much more powerful tool to understand
how the microstructure impacts the basic mechanisms of electrode operation. Nevertheless, in
comparison to stationary models, fewer studies have been dedicated to electrochemical
impedance simulations as a function of the electrode microstructure [Huang,2007].

Different steady-state models of porous MIEC electrodes operated in SOFC mode have been
proposed  [Svensson,1997,1998, Coffey,2003,Fleig,2007 ,Carraro,2012, Nicholas,2012,
Gong,2014]. Within this frame, the authors have recently developed a stationary model able to
simulate the electrochemical response in both SOEC and SOFC modes as a function of the
electrode microstructure [Laurencin,2015]. For that purpose, the reactive pathway has been
divided into two parallel paths, with a first oxidoreduction at the MIEC/gas surface (bulk
path) and a second one at MIEC/gas/CGO Triple Phase Boundaries (TPBs) (surface path).
This model was also adapted to simulate the electrochemical behavior for a composite
electrode made of LSCF and CGO. Among the most cited electrochemical impedance
approaches, Adler, Lane and Steel [Adler,1996] have proposed an analytical solution to

calculate impedance spectra for a MIEC single-phase electrode at the Open Circuit Potential
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(OCP). The model considers the bulk path with oxygen diffusion in the solid phase and one
reaction of oxygen exchange at the MIEC/gas surface. The solution has been derived for
boundary conditions representative of a finite-length electrode thickness: on the top of the
electrode (at z=¢: see Fig. 3-1), the oxygen flux in the MIEC is equal to the rate of the
exchange reaction rate at the surface. They also proposed a simplification for an infinite
electrode thickness with a zero oxygen flux when {—eo. This simplified solution is equivalent
to a “Gerischer-type” impedance [Boukamp,2003] and is often referred to in other articles as
the so-called ALS-model [Nicollet,2015]. Following a similar approach, J.E. Mortensen et al.
[Mortensen,2014] have proposed an analytical solution for MIEC-CGO composite electrodes.
The model takes into account the oxygen exchange at the MIEC/gas surface and is able to
compute impedance diagrams at OCP as a function of the electrode microstructure. The
authors have assumed that the oxygen flux in the MIEC is blocked at the top of the electrode
layer (i.e. the oxygen flux in the MIEC is considered nil at z=¢ in Fig.3-1). As for the ALS-
model, the solution tends to a “Gerisher-type” impedance when the electrode is sufficiently
thick ({—c0). Inversely for thin electrodes, the boundary condition leads to restrict the solid-
state diffusion resulting in a “finite-length Gerischer-type” impedance with “blocking”
condition. In that case, the diagram is constituted by a Gerischer-type element at high
frequencies associated to a pure semi-circle at low frequencies. J. Nielsen et al.
[Nielsen,2011] have also proposed analytical solutions for the composite electrode. They
considered as boundary conditions at z={ either a zero oxygen flux or an oxygen
concentration in the MIEC fixed at the equilibrium. The first case is equivalent to the
approach of J.E Mortensen [Mortensen,2014] while the second case yields a “finite-length
Gerischer” impedance (without blocking condition) [Boukamp,2006]. Conversely to the
analytical approach, V. Yurkiv et al. [Yurkiv,2014] proposed a pure numerical tool to simulate
impedance spectra at OCP with a detailed elementary reaction scheme for the oxygen
exchange at MIEC/gas surface. Nevertheless, as for the model proposed by J.E. Mortensen et
al. [Mortensen,2014] or J. Nielsen et al. [Nielsen,2011], they did not take into account the
plausible charge transfer at the gas/MIEC/CGO TPBs (extended in the whole layer for the
MIEC-CGO composite electrode) [Laurencin,2015].

In this work, a typical LSCF electrode has been reconstructed using X-ray holotomography
with a large field of view and an improved image spatial resolution. For this purpose, a new

sample preparation method has been developed and the experiments were carried out at the



new Nano-Imaging beamline ID16A-NI at the European Synchrotron Radiation Facility
(ESRF). A special attention has been paid to estimate the actual resolution in the 3D volume
of the reconstructed electrode.

Thanks to the reconstruction, the LSCF microstructural properties were quantified and used as
input data in the stationary electrochemical model developed by the authors [Laurencin2015].
In this study, the steady-state model has been extended to compute electrochemical impedance
at OCP and under anodic or cathodic polarization. Simulations were performed to determine
how the microstructural parameters influence the basic mechanisms of electrode operation as
a function of the electrode polarization. Finally, a microstructural sensitivity analysis was
performed for the single-phase LSCF and for the LSCF-CGO composite electrodes to identify

the parameters that impact most the electrode response.

2. Experimental

2.1 Materials

A sample taken from a symmetrical button cell is analyzed in this work. The cell consists in a
dense 260 pm thick electrolyte of 8 mol%Y.0;3-ZrO, (8YSZ) on which two symmetrical
electrodes are screen-printed. The two porous layers are made of LaoeSro4Coo2FeosOss
(LSCF) and are about 25 pum thick. To reduce the detrimental chemical reactivity between
LSCF and YSZ, a thin interlayer (2-3um) of 10%Gd,0s-CeO, is inserted between the

electrolyte and the electrode.

2.1 Sample preparation for X-ray tomography experiments

Adequate sample preparation for the X-ray nanotomography is of central importance for
accurate measurements. Both the size and the geometry of the sample impact the quality of
the projections recorded during a scan. A thin sample is desirable to limit absorption. In
contrast, a sufficiently large volume is necessary to be representative of the main
morphological properties of the complete electrode. A complex process involving laser cutting
followed by mechanical polishing and wire cutting stage was previously used by the authors
[Villanova,2013]. However, the final dimension of the sample was not perfectly controlled. To

overcome this issue, sample preparation by milling with Focused Ion Beam (FIB) working
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with Gallium is an interesting alternative. Indeed, this equipment is commonly used for the
preparation of samples for tomographic measurements. Nevertheless, the drawback is a
specimen dimensions restricted to ~10-20 pum if considering a reasonable process time
[Bleuet,2013]. New Plasma-FIBs using Xenon ions allow milling about 60 times faster than a
classical Ga-FIB and are therefore promising tools for the preparation of much larger samples

[Kwakman,2011]

In this study, the sample has been prepared with a Plasma-FIB Vion (FEI™) using an
inductively coupled plasma source of Xe" ions. A piece of the cell fixed on a support is placed
on a 5-axis motorized stage. Once the vacuum is achieved in the chamber, the first steps
consist in the beam focalization and the identification of the eucentric height. This position
corresponds to the location where the imaged part of the sample is always the same whatever

the rotation and the tilt.

After these preliminary adjustments, a clean and plane zone of interest is chosen at the surface
of the electrode. The first step for the preparation is the deposition of a circular platinum
protective layer with a thickness of about 2 pm and a diameter close to the required final
sample width (Figure 2-1(a)). This layer protects the top of the sample of potential
degradation throughout the whole FIB milling process. A sufficiently large ring is initially
milled to facilitate the final sample removing by the lift-out process (Figure 2-1(a)). The
width and the depth of the FIB milling will have a huge impact on the size of the final sample.
This step does not require a high precision and is generally performed using the highest
current available on the P-FIB (1.3 pA at 30 kV). Figures 2-1(b) illustrates the FIB milling of
the LSCF sample. Several passes are necessary to obtain the final milling depth and to avoid
too much sputtered material. The completion of this stage requires about 3-4 hours.

The sample is then removed from the cell and placed on a needle adapted for the tomographic
scan. For this step, a micromanipulator located in the P-FIB chamber is used (Figure 2-1(c)).
Once fixed on the needle, the diameter of the sample is reduced to the desired value. For this
purpose, a low current (59 nA) is selected to obtain a smooth and undamaged surface (Figure
2-1(d)). The produced sample presents a close to perfect axisymmetric geometry which is

well adapted for tomographic scan.

2.2 Holotomographic method at the new ID16A beamline
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The sample has been characterized by X-ray nanotomography at the ESRF at the new ID16A
Nano-Imaging beamline. This new beamline has been designed to achieve high spatial
resolution. In that objective, the distance from the X-ray emission source to the position
where the sample is analyzed has been increased to 185 m. This specificity of the beamline
allows to reach a coherent beam along with a high photon flux. The two high energies
available for the experiments are 17.05 keV and 33.6 keV. Thanks to a fixed-angle multilayer
optics located at 28 m from the source, a moderate monochromatic beam is obtained with an
X-ray bandwidth of about 10, The monochromaticity of the beam is limited in order to keep
a high photon flux at 185 m. At this position, the X-ray beam is nano-focused by a pair of
Kirkpatrick-Baez (KB) mirrors adapted for each beam energy. The mirrors are placed in a
large vessel under vacuum that also contains the set-up for the sample nano-positioning.
Piezo-motors with a high precision and a good stability are used for the sample positioning
and rotation during the tomographic experiments. A high resolution Frelon detector placed
behind the vessel records the projections during a scan. It should be noticed that the spatial
resolution is bounded by the focal spot size if the stability of the sample and the detector are
not limiting. At ID16A, the focal spot size has been evaluated to about 37x23 nm? at 17.05
keV and 21x27 nm? at 33.6 keV.

Several 3D characterization techniques are available at ID16A, such as X-ray fluorescence
microscopy or the coherent imaging techniques as ptychography or holotomography. In this
study, the LSCF electrode has been reconstructed using holotomography. Phase contrast
projections have been recorded using a propagation-based method. As the X-ray beam is
nano-focused, magnified projections of the sample are recorded by the detector. The distances
between the focal point, the sample and the detector are selected so that the resolution of the
magnified projections are independent of the detector pixel size. Projections are obtained at
different angles and for different distances between the focal point and the sample to avoid the
problem of missing spatial frequencies which can occur for some propagation distances

[Zabler,2005].

For the LSCF sample, the beam energy of 17.05 keV was selected for the holotomographic
scans. At the 4 different distances between the focus and the sample, each scan consisted in

1500 projections over 180 degrees. For this experiment, the smallest pixel size of 25 nm was



chosen. The exposure time for each projection was 1 second so that about 4 hours were

needed to achieve the complete holotomographic scans.

2.3 Three-dimensional reconstruction

The projections saved from the holotomographic scans are a combination of absorption and
phase contrast images which are proportional to the electron density of the sample. To
reconstruct the 3D volume, a holographic scheme has been used to retrieve the phase
[Cloetens, 1999, Villanova,2013]. For the phase retrieval, the projections recorded at the four
distances from the focal plan are realigned. In addition, all the projections are rescaled down
to the smallest pixel dimension recorded during the scan. After this step, a classical
tomographic reconstruction is realized by filtered back projection to obtain the final 3D LSCF
volume. The procedure for electrode reconstruction has been validated previously for SOC
electrode materials in ref. [Quey,2013].

The final LSCF reconstructed electrode presents a field of view of 51.2 um and a voxel size
of 25 nm. A 2D slice extracted from the whole reconstruction is shown in Figure 2-2a. This
3D volume is used to determine the electrode microstructural properties which are essential to

simulate accurately the LSCF electrochemical behavior.

3. Electrochemical model description

An in-house model describing MIEC single solid phase and MIEC-CGO composite electrodes
was already developed and available for the present study in steady-state operation. This
stationary model was presented in details in a previous article [Laurencin, 2015]. In this work,
the model has been extended to describe the dynamic behavior of both MIEC single phase and
MIEC-CGO composite electrodes. The dynamic model was developed to compute the
impedance diagrams at OCP, as well as under anodic or cathodic polarizations. In this section,
the main model assumptions regarding the reactive pathway, charge and mass transfers are
summarized; whereas the modifications performed to enable transient simulations are more

specifically detailed.



As depicted in Fig. 3-1a, the model is isothermal and considers one slice of electrode. In the
following description, the model equations are given for the general case of the MIEC-CGO
composite bi-material. The limiting case of a single solid phase MIEC electrode is obtained
by restricting charge transfer reactions to the interface with the electrolyte (z={cco: see system
of coordinate in Fig. 3-1a). These reactions can occur along the Gas/MIEC/CGO Triple Phase
Boundaries (TPBs) lengths or across the MIEC/CGO interfaces. Both of these microstructural
parameters extend in the depth of the electrode for the composite material but are limited to

the interface with the electrolyte in the case of the single phase one.

3.1 Reactive pathway

The reactive mechanism and the expression of the kinetic rates implemented in the model are
summarized in Table 1. All the reactions are presented using the ‘Kroger-Vink’ notation and
are expressed in both electrolysis and fuel cell modes (and written in the direction of
electrolysis for anodic polarization). In the model, all the forward and backward kinetic
constants k; for each reaction are linked each other by their respective thermodynamic
equilibrium constants K, [Laurencin, 2015]. The proposed reactive pathway is decomposed
into a succession of steps that combines a “bulk” and a “surface” path (Fig. 3-1b). Both
pathways are joined in a common reaction R4 corresponding the oxygen
desorption/adsorption that produces/consumes gaseous oxygen molecules in the electrode

porosities.

Table 1. Reactive pathways used in the model. Expression of kinetics rates that arise in the
electrode thickness (i.e. for {coo <z<lcco+{).

Reaction Expression of the Kinetic rate
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Bulk path — The first step R1 of the bulk path corresponds to the oxygen transfer across the
CGO/LSCF interface (Table I) (Fig. 3.1b). In the expressions of the reaction and its kinetic,

pre O*
the term represents the oxygen vacancies in the CGO or the MIEC and ’ represents the
oxygen atoms incorporated in one of the solid phases. The terms k. and k. denote respectively
the forward and backward kinetic rate constants for anodic and cathodic polarizations.
Although there is no change in the oxidation state between reactants and products, the
reaction is still affected by the electrical field arising at the interface between the electrolyte
and the MIEC electrode material. For this reason, the reaction rate R1 is expressed by the
generalized Butler-Volmer expression. The reaction rate is then computed in the model as a
function of the local electrode potential E that corresponds to the electrical field across the

CGO/MIEC interface [Laurencin, 2015, Coffey, 2003, Svensson, 1998]. The rate of the

reaction R1 is also dependent on the concentration of oxygen atoms incorporated in the MIEC

C

0;
. Since the reaction occurs across the interface between CGO and LSCF, its kinetics

constants are directly proportional to the MIEC/CGO interfacial specific surface area

SCGO/MIEC
P

Once the oxygen is transferred from CGO into the MIEC, it diffuses up to the free surface of
O-S,6c
electrode particles where it is excorporated into adsorbed oxygen species (Fig 3.1b).
This second step of the bulk path is described by reaction R2 in Table I and is liable to occur
on the whole MIEC/Gas interface. Together with the oxygen transfer from the bulk onto the
N Ve
surface, reaction R2 consumes holes and produces an oxygen vacancy in the MIEC.
As a consequence, the reaction is accompanied with a change in the oxidation state of
reactants and products. Nevertheless, R2 is considered in the model as a pure chemical
oxidation as discussed extensively in [Laurencin 2015, Svensson, 1997, Adler, 1996, 1998,

2004]. In that condition, its reaction rate is expressed by a classical expression for a pure

S MIEC/ Gas
p

chemical reaction and depends on (i) the electrode specific surface area , (11) the

surface density of available sites I, (iii) the coverage rate of adsorbed oxygen atoms 6,.,, (iv)
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CO* Jo MIEC/ Gas

the concentration of oxygen in the MIEC and (v) the kinetic constants and

kMIEC/ Gas
red

As depicted in Fig. 3.1b, the oxygen adsorbates produced on the surface of electrode particles
can diffuse and are finally desorbed by reaction R4 (which belongs to the bulk and surface
paths).

Surface path — In parallel to the bulk path, the possibility for direct oxidation at the
Electrolyte/MIEC/Gas TPBs is included in the model. The reaction mechanism is expressed
by R3 and its kinetic rate is computed following the classical generalized Butler-Volmer

formalism (table I). In that condition, the rate of the reaction depends on the electrode

potential £, the oxygen coverage rate of the electrode surface 6,., and scales linearly with the

gTPB
density of TPBs length .

3.2 Mass and charge transport

The model equations associated to the mass and charge transport are listed in Table II and III.

Each equations are briefly described hereafter according to the modelled phases.

Oxygen vacancies diffusion in the MIEC — In electrolysis mode, reaction R2 results in the
Ve
consumption of oxygen atoms and the production of oxygen vacancies at the MIEC/Gas

interface. Oxygen vacancies flow toward the CGO/MIEC interface where they are consumed

N

vy

by the ionic transfer R1. The flux of vacancies in the MIEC can be expressed by a solid
state diffusion driven by the gradients of chemical and electrical potentials. As MIECs such as
LSCF are higher electronic than ionic conductors, it can be demonstrated that the flux of

oxygen vacancies follows a classical Fick’s law expression [Laurencin, 2015]. The flux is thus

V(..

Yo

proportional to the oxygen vacancy concentration gradient through the oxygen
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D,.
VH
chemical vacancy diffusivity . This parameter is expressed with the oxygen vacancy self-

diffusion coefficient and the so-called thermodynamic factor [Katsuki, 2003, Elshof, 1997,

MIEC
&

Laurencin 2015] (Table IT). The flux is corrected by the ratio of the volume fraction to

MIEC
T

the tortuosity factor in order to take into account for the effect of the
porous/heterogeneous microstructure of the material on transport [Laurencin, 2015b].

Regarding the equation of oxygen vacancy conservation (Table II), the source terms
associated to the kinetic rates of R1 and R2 mean that the flux is modified by the consumption

and production of species. Those contributions arise even in the steady-state regime. On the

8M1ECBCV.. /ot
contrary, the temporal term represents the capability of the material to store

species on transient periods and consequently depends upon the volume fraction of the MIEC

phase.

i_
Migration of holes in the MIEC — The local electronic current density  is linked to the

migration of holes in the MIEC. As shown in Table II, the flux is expressed by a classical

Gh

Ohm’s law in which the term denotes the MIEC electrical conductivity. It is multiplied by

gMIEC /TM[EC

the ratio, , to accounts for the effect of the electrode microstructure on transport.

— 4F(v(2) + V<3))
In the equation of charge balance (Table II), the faradaic term, , 1s related to

the consumption of holes by R2 and R3. The transient component,

MIEC/CGO
s? C

dla((leEc - ¢CGO)/at
, 1s ascribed to the capacitance effect of the MIEC/CGO

double layer Ca.

Migration of oxygen ions in CGO — In the electrode CGO network (i.e. for €cco <z<lcco+?),

io

the ionic current  obeys the classical Ohm’s law. On can note that the intrinsic ionic
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10

conductivity of the material is modified by the microstructural ratio of the
CGO phase. Similarly to the MIEC phase, the charge balance for CGO presents a faradaic
contribution induced by the electrochemical reactions R1 and R3. The other contribution is
due to the electrode/electrolyte double layer capacitance. It is worth noting that the same
value of capacitance has been considered in the model regardless the electrochemical reaction
R2 or R3. Indeed, it is assumed that the structure of the double layer depends only on intrinsic
properties of materials, and hence, it is the same whatever the position along the MIEC-CGO

interface (i.e. in the bulk where R2 happens or in the vicinity of TBBs where R3 occurs).

The pure CGO electrolyte is also considered in the model (i.e. for 0<z<lcco. see Fig. 3.1a). It
is assumed that the layer is purely resistive and fully dense so that the ionic conductivity

corresponds to the material bulk property (table III).

Diffusion of oxygen adsorbates on electrode MIEC surface — The model takes into account
surface diffusion of adsorbed oxygen onto the MIEC particles. The associated flux is driven

9073
by the gradient in relative coverage of oxygen adsorbates as shown in Table II. It is also

S MIEC/ Gas

p
proportional to (i) the MIEC/Gas specific surface area , (i) the density of available

D

O-s
site /" and (ii1) the surface diffusivity . Equation of mass conservation (Table II) is also

written in order to take into account the effect of reactions R2 and R3 that produce adsorbed

oxygen as well as the reaction R4 that removes the adsorbates from the surface. A dynamic

20, _.(z,1)
ot

contribution, , 1s also included in the mass conservation in order to

MIEC/ gas
§MIECI g

describe the capacity of the surface to store oxygen adsorbates during transient periods.

Gas diffusion in porosity — The electrode gas composition is a mixture of oxygen and
nitrogen. Since the pressure gradient remains low in the porosity, the viscous flow is assumed
negligible compared to the diffusive flow. Gas phase transport is described by the Dusty Gas
Model (DGM) that combines molecular and Knudsen diffusion [Suwanwarangkul,2003]. The

effect of the microstructure on gas diffusivities is taken into account by multiplying the
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intrinsic properties by the ratio of the volume fraction to the tortuosity factor of the gas phase.
The mass conservation is finally written on the oxygen gas flux to describe the variation in
gas composition (either due to the desorption reaction R4 or because of transient gas

accumulation or depletion in the porosities).

Table II. Model equations for transport, charge and mass conservation in the electrode

thickness (i.e. for £ceo <z<lcco+{).

Process

Equation for transport

Mass or charge conservation
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Table III. Model equations for transport and charge conservation inside the electrolyte

thickness (i.e. for 0 <z<{cco).

Process Equation for transport Mass or charge conservation
Oxygen ionic
migration in i, =—0,XV@.., Vi =0
CGO

3.3 Numerical method

The set of equations has been implemented in the software Comsol® using the integrated
mathematical toolbox. The boundary conditions for stationary simulations are detailed in our
previous work [Laurencin,2015].

The procedure to compute the transient electrode behavior and more specifically the
impedance spectra is summarized hereafter. First, the steady-state model is run at a given

overpotential and the stationary solutions are cast as initial values in the related transient
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simulation. For the computation of impedance spectra, each point of the diagram is calculated
by applying a sinusoidal perturbation to the ionic current density in the electrolyte at z=0:

i,(z=0,t)=1i,+(i,)sin(27 fx1) (1)

Where K is the constant ionic current at which the electrode is operated, & is the amplitude
of the oscillating signal and f'is the frequency. It is worth noting that the present method is
based on the computation of the full nonlinear electrode response. In contrast to the method
based on the resolution in the Laplace frequency domain, the present approach does not
require any linearization of the oscillating signal [Bessler,2005].

The procedure of data acquisition consist in running simulations for ten full periods, among
which the two last are analyzed to estimate the impedance. This method is required to restrict
the simulated signal to the steady periodic response [Bessler,2005, Pakalapati,2014].
Moreover, before computing the impedance diagram, a sensitivity analysis has been carried
out on the amplitude of the applied signal in the objective to identify the simulating conditions
corresponding to the small perturbations assumption. In this work, impedance spectra have

(iio)

been computed in the frequency range 10°-5x10* Hz by applying an amplitude of =25
mA.cm™. For each period of the oscillating signal, 1000 values of time are calculated, while

up to 70 frequencies are computed for each spectrum.

Finally, the electrode impedance is classically expressed with the transfer function Z(f). One
can note that the same impedance spectra are obtained whatever the choice of the applied
independent variable (i.e. the ionic current density or the electrode potential). Moreover, for
all simulations, it has been checked that the real part of the impedance Real[ Z(f)] corresponds
to the pure resistance of the electrolyte for the highest investigated frequency (i.e. when
f—0). At the opposite, for the lowest calculated frequency (i.e. /—0), it has been also verified
that Real[Z(f)] is equal to the electrode polarization resistance calculated by the stationary
model.

4. Results and discussion

4.1 Resolution of the 3D reconstruction and microstructural quantification
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Spatial resolution — The voxel size of the 3D reconstruction is 25 nm but this dimension can
differ from the real spatial resolution. Indeed, the number of voxels can be increased without
changing the spatial resolution. Thus, it appears necessary to define a way to determine this
value. A simple approach for the assessment of the spatial resolution is based on the analysis
of the grey level distribution across the boundary between the solid and gas phases. It consists
in counting the number of voxels enclosed in the edge between the two phases. Grey scale
line profiles have been measured within the electrode 3-D volume in the three space
directions for the polar, azimuthal and orthogonal orientations as depicted in Fig. 4-1a to 4-1c.
Figure 4-1d shows the grey level distributions as a function of the position across the edge
between LSCF and gas. The transition zone contains two voxels of 25 nm for all orientations,
which indicates that the spatial resolution of the 3D electrode reconstruction is of almost 50
nm.

This value can be considered as an upper bound for the beam line as the present
reconstruction has been obtained with non-optimized parameters for the holotomographic
experiments. Indeed, the X-ray beam energy at 17 keV as well as the chosen voxel size are
not optimum to achieve the highest image resolution with a SOC sample. Moreover, other
relevant methods such as the Fourier Shell Correlation [Van Heel,2005] can be used to refine
the assessment of the spatial resolution. This work is out of the scope of the present article
and further specific experiments and analysis will be carried out to determine properly this

parameter according to tomographic conditions (voxel size, number of projections, etc...).

Microstructural quantification — The 3D volume of the LSCF electrode has been analyzed in
order to obtain the main morphological properties. A cubic volume of 22.5x22.5x22.5 um?® has
been extracted from the whole reconstruction and analyzed with a set of procedures presented
in details in [Laurencin,2012, Villanova,2013, Usseglio,2014]. As a summary of the
developed workflow, an anisotropic diffusion filter is first applied to improves to separation of
the peaks in the grey-level histogram [Villanova,2013]. Then, the volume is segmented with
the Otsu method which consists in maximizing the variance between the material phases
[Otsu,1979]. After these preliminary steps, the morphological properties as the volume
fraction can be determined. The geometric covariogram and its dependent covariance function
are used to measure the mean particle diameter and the specific surface area. Finally, the
tortuosity factors are calculated with a Finite Element Method (FEM) by determining the
effective diffusion coefficient for each phase. All the morphological properties determined on

the LSCF electrode are summarized in the Table I'V.

16



The spatial resolution required for the accurate computation of the properties is dependent on
the electrode characteristic lengths. By analyzing synthetic microstructure, J.Joos et al.
[Joo0s,2012] has found that around 10-15 voxels on the particle diameter are needed to
determine accurately the electrode specific surface area. In the present work, an artificial
volume has also been generated using sphere packing and the surface area has been computed
using the technique of the geometrical covariogram. It was found that convergence to the
theoretical value of S, is reached at 10 voxels on the particle diameter. Regarding the present
characteristic length of the microstructure (0.5 um: cf. Table IV), the resolution of around 50
nm achieved in the tomographic measurement allows the accurate description of the electrode

microstructure.

The minimum size of the Representative Volume Element of the studied electrode has been
estimated for the pore volume fraction. Several sub-volumes have been taken from the
segmented domain and analyzed. The mean values and the standard deviations are plotted in
Fig. 4-2 as a function of the size of the sub-volumes. As expected, the standard deviation
decreases by increasing the domain size and becomes equal to 6=0.022 for a length of 7.5 pm.
This dimension allows obtaining good statistics and can be considered as the RVE size of the
studied electrode. It corresponds to a length of 15 times the mean particle diameter which is
consistent with the rule proposed in [Harris,2015a, Harris,2015b, Metcalfe,2010]. Therefore,
the fine microstructure of the studied electrode explains the relatively low size of the RVE.
Since all the properties have been analyzed on a cube of 22.5 um, the uncertainty in the
computed microstructural parameters should be very low.

As a consequence, all the properties have been determined with a high level of confidence and
can be used in the modeling approach. This single phase electrode was used as the reference

for the simulations.

Table I'V. Microstructural properties calculated on the LSCF reconstructed electrode.

Gas phase LSCF phase
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Volume fraction Tortuosity Mean pore Volume fraction Tortuosity Mean particle

) factor diameter (um) ) factor diameter (um)
“) ¢)
0.446 1.80 0.5 0.554 1.56 0.46
Interfacial density of TPBs Electrode specific surface area LSCF/electrolyte interfacial surface
(i) () area (-)
2.56 3.62 0.55

4.2 Electrochemical simulations

All the simulations have been carried out at 800°C considering the actual materials of the

reconstructed cell (i.e. LaoeSro4Coo2FeosOss and CeooGdo1Oi1os : cf. § 2.1). The
thermodynamic data, reactions kinetic constants, diffusivities and conductivities are given in
[Laurencin,2015]. This set of properties correspond to the input data required for the
stationary model. Dynamic simulations require in addition the interfacial capacitance for
LSCF/CGO as input parameter. The present analysis considers a value of 5 F/m?. Indeed, D.
Marinha et al. [Marinha,2012] have characterized by impedance spectroscopy thin films of
Lag¢S104C002Fe030s.5 deposited onto Ceo9Gdo 10195 electrolytes. They found that the semi-
circle assigned to the charge transfer at the LSCF/CGO interface presents a capacitance
comprised between 1 and 10 F/m?. Similarly, Baumann et al. [Baumann,2006] have reported

an interfacial capacitance of 6 F/m? for LSCF/CGO samples.

4.2.1 LSCF single-phase electrode

Reference case — The reference case defined for the simulations corresponds to the
reconstructed sample (microstructural parameters listed in Table IV, cf. § 4.1).

As experimentally highlighted for LSCF material [Laurencin,2015], the simulated
polarization curve (Fig. 4-3a) is asymmetric suggesting a dependence of the reactive
mechanism on the polarization. To investigate this possibility, the ratio of kinetic rates
between the surface and the bulk paths is shown in Fig. 4-3b. It remains below the unity in
cathodic polarization indicating that the reactive pathway is controlled by the bulk path. As
discussed and analyzed in [Laurencin, 2015], this result means that in fuel cell mode, the
reactive mechanism at T=800°C is decomposed into (i) gas transport in porosities, (il) oxygen
adsorption on the electrode surface, (ii) incorporation into the material, (iii) solid state

diffusion in LSCF and (iv) finally ionic transfer into electrolyte (Fig. 3-1b). In electrolysis
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mode, the mechanism depends on the range of the electrode polarization [Laurencin,2015]. At
low overpotential, the ratio plotted in Fig. 4-3b remains smaller than one because the bulk
path still controls the global electrochemical process. At higher polarization, the ratio
increases steeply and becomes larger than one. In this case, the reactive pathway is dominated
by the surface path, i.e. (i) direct oxidation at TPBs, (ii) surface diffusion onto LSCF particles,
(111) oxygen desorption in porosities and (iv) gas diffusion (Fig. 3-1b).

Impedance spectra have been computed at OCP and in both anodic and cathodic polarizations
at i=+/- 0.4 A.cm? (Fig. 4-4) to analyze in details the rate determining steps for each

pathways.

(i) Impedance diagram at OCP: The simulated diagram at OCP shown in Fig. 4-4a exhibits a
shape and frequency distribution in qualitative agreement with the experimental spectra
reported in [Grunbaum,2006,2009, Liu,2012, , X, Endler-Schuck,2015, Marinha,2012, Adler,
1996, Flura,2015, Ringuedé,2001]. A sensitivity analysis has been performed by varying the
reaction kinetic constants and the transport properties to identify each contribution in the
spectrum. The analysis has revealed that the semi-circle at low frequencies (f' <1 Hz) can be
ascribed to the surface reactions R2 and R4 related to the adsorption/desorption and
incorporation/excorporation steps. Indeed, a decrease of kuis or ko by 70% clearly increases
this contribution at low frequency in the diagram (Fig. 4-4a). Since it corresponds to the
largest component of the spectrum, it can be claimed that the surface reactions R2 and R4
constitute the main rate determining steps in the global process at OCP. More precisely, in the
simulated conditions, the adsorption/desorption is found to be less limiting than the

incorporation/excorporation step (as highlighted by the sensitivity analysis in Fig. 4-4a).

At the opposite side in the diagram, the semi-circle at high frequencies (£>10° Hz) has been
assigned to the charge transfer reactions R1 and R3 arising at the LSCF/CGO interface. Since
the reactive pathway at OCP is mainly controlled by the bulk path (Fig. 4-3b), this high
frequencies contribution originates from the oxygen ionic transfer R1 through the
electrolyte/electrode interface (even if the electrochemical reaction at the TPBs slightly
participates to the semi-circle). This attribution of the high frequency semi-circle to the ionic
transfer across the LSCF/CGO interface is in good agreement with the identification of
physical processes performed on experimental impedance spectra by D. Marinha et al.

[Marinha,2012] and by F.S. Baumann et al. [Baumann,2007].
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Regarding the contribution distinguished at intermediate frequencies (f=5-100 Hz), a
sensitivity analysis performed on the model transport properties indicates that it is correlated
to the bulk oxygen vacancies transport in LSCF. This contribution arises since in the present
case of a thin layer of 25 pm, the extent of the reactions is limited by the thickness of the
electrode. In others words, the layer affected by the solid-state diffusional process is restricted
and bounded by the electrode dimension. Considering a zero flux condition at z=¢, this
limited diffusion associated to reaction within the porous electrodes leads to the “finite-
length”  Gerischer-type impedance with “blocking” condition [Mortensen,2014,
Nielsen,2011]. Except the high frequency semi-circle due to the charge transfer reaction, it is
worth noting that the global shape of the diagram plotted in Fig. 4-4a is consistent with the
“finite-length” Gerischer-type impedance with “blocking” condition. This type of impedance
has been clearly observed by several authors such as N. Grunbaum et al. [Grunbaum,2006] for
LSCF electrodes, A. Ringuedé¢ et al. [Ringuedé¢,2001] for strontium-doped lanthanum
cobaltite (LSC) and even A. Flura et al. [Flura,2015] for over-stoichiometric MIEC. It can be
noticed that N. Grunbaum et al. [Grunbaum,2006] and A. Ringuedé¢ et al. [Ringuedé,2001]
have fitted their data with an equivalent circuit composed of a Warburg-type impedance at
low frequencies in series with a resistance and capacitor element representative of the surface
reactions. Nevertheless, as the phenomena are strongly convoluted in the frequency range,

the full relevance of this approach could be reviewed using the present modeling tool.

As a conclusion, at OCP and T=800°C for the investigated microstructure and electrode
thickness (reference case), it is found that the reactive mechanism is controlled by the bulk
path for which the main rate determining steps are the adsorption/desorption and
incorporation/excorporation (followed by the solid state diffusion and the ionic transfer trough
the CGO/LSCEF interface). This set of results is in good agreement with the statements from
Adler et al. [Adler,1996] who claimed that “solid state diffusion and O, surface exchange

dominates the electrochemical behavior” of LSCF.

(ii) Impedance diagram at i=-0.4 A.cm™: The impedance spectrum simulated under cathodic
polarization at i=-0.4 A.cm™ is shown in Fig. 4-4b. In this case, it is reminded that the
impedance response is fully controlled by the bulk path (since the ratio of surface to bulk
paths tends to zero as shown on Fig. 4-3b).

A first observation is that the semi-circle at high frequencies tends to vanish by increasing the

electrode cathodic polarization (Fig. 4-4b). Indeed, this semi-circle has been assigned to the
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electrochemical reaction R1, which is activated by the electrode potential. Instead of this
contribution, a phase shift of 45° is clearly visible at the highest frequency of the diagram (cf.
zoom in Fig. 4-4a). This behavior is related to the well-known Warburg impedance arising at
high frequencies in the Gerischer type-element. Unlike the spectrum at OCP, the 45° phase
shift at the highest frequencies is thus not convoluted anymore with the contribution of the
ionic transfer R1. Finally, the impedance due to the surface reactions of oxygen adsorption
and incorporation corresponds to the same low frequency semi-circle as the one attributed at
OCP. Indeed, the characteristic frequency of this chemical impedance does not change with

the electrode polarization.

(iii) Impedance diagram at i=+0.4 A.cm™: Under such condition of current density, the cell
voltage for the reference case is equal to 0.06 Volts (Fig. 4-3a) and the ratio of the surface to
the bulk paths reaches a value of ~1.85 (Fig. 4-3b). This computed ratio indicates that the
reaction R3 at the TPBs prevails over the excorporation step R2. Nevertheless, the
contributions of both reactive mechanisms to the overall electrode response remain non
negligible. Under this regime, the impedance diagram includes several convoluted processes
belonging to both pathways (Fig. 4-4c).

Firstly, the small semi-circle at the highest frequencies (£>5x10° Hz) corresponds to the charge
transfer at the TPBs. Indeed, even if this contribution was very low at OCP, it becomes visible
under anodic polarization when the surface paths is promoted. Secondly, the spectrum
presents a large flattened “semi-circle” in the intermediate frequency range (=/=5x10°-5 Hz).
The sensitivity analysis reveals that this contribution is mainly due to the oxygen mass
transfer on the surface and in the bulk of the electrode particles. Nevertheless, under this
anodic polarization, the diffusion impedance due to the oxygen surface diffusivity is more
visible than the one due to the transport of oxygen vacancies in LSCF. In that condition, any
change in the diffusion coefficient of oxygen adsorbates Do., is found to strongly impact this
contribution of the spectrum (Fig. 4-4c). Moreover, in the highest frequency domain of this
intermediate contribution, the Warburg impedance is convoluted with the surface reactions of
excorporation and desorption. This statement is consistent with the reminiscence of a pure
semi-circular contribution observed at the lowest frequencies of the diagram (Fig. 4-4c). It
corresponds to the chemical impedance assigned to the surface reactions (mainly controlled in

this case by the oxygen desorption R4).
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Sensitivity analysis on microstructural properties — The effects of variations in the
microstructural properties on the response of the electrode in steady-state and in the frequency

domain have been investigated.

(i) Impact of the LSCF tortuosity factor: The LSCF tortuosity factor computed on the

reconstructed sample is rather low compared to the data reported for similar electrodes [Lay-

MIEC
T

Grindler,2013, Joos,2011]. As a consequence, has been multiplied by a factor of three to
reach an upper bound regarding SOC electrodes. In that condition, the simulated polarization
curve and evolution of the ratio between the surface and the bulk paths are shown by the
green dashed lines in Fig. 4-3a and 4-3b. The polarization curve is slightly modified in anodic
polarization, compared to the reference case (solid black lines) whereas a non-negligible
effect is found in cathodic polarization (Fig. 4-3a). Indeed, the LSCF tortuosity directly
influences the oxygen solid-state diffusion, and hence impact the bulk path that governs the
electrode operation in fuel cell mode (i.e. cathodic polarization). On the contrary, the surface
path which controls the electrode behavior at high anodic overpotential, is not sensitive to the

LSCF tortuosity factor. As shown in Fig. 4-3b, the curve of the surface to the bulk paths ratio

MIEC
T

is slightly shifted towards lower anodic polarization when is increased. This statement

means that the passage from the bulk mechanism to the surface one arises at lower

MIEC
T

overpotential. Indeed, the solid-state diffusion is hindered by increasing , so that the

bulk path is disadvantaged to the benefit of the surface path. It can be inferred from the

MIEC
T

present analysis that the morphological parameter should be tuned to improve the cell
performance in fuel cell mode (while the electrode performance is quite insensitive to this

parameter in electrolysis mode).

Correspondingly to the steady-state performance, the electrode response in the frequency

MIEC
T

domain is mainly impacted by the modification of at OCP and under cathodic

polarization. Indeed, in these operating conditions, the resistance induced by the oxygen solid-

MIEC
T

state diffusion in LSCEF is significantly increased by increasing . The related contribution
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at the intermediate frequencies is then swollen in the impedance diagram and leads to increase
the total electrode polarization resistance compared to the reference case (Fig. 4-5a and 4-5b).
Moreover, the broadening of the oxygen transport impedance at intermediate frequencies
tends to enlarge its convolution with the semi-circle assigned to the surface reactions. As
shown in Fig. 4-5a and 4-5b, the result is a larger and flattened “semi-circle” that includes the
impedance contributions due to the diffusion process and the surface reactions.

MIEC
T

More precisely, the diffusion resistance is exacerbated by decreasing and increasing the
current density. That phenomenon tends to restrict the extension of the reactions into the
electrode thickness [Cai,2011, Laurencin, 2015b]. In that condition, the characteristic length

for diffusion tends to become equal or even lower than the electrode thickness. Therefore, as

3 XTM]EC

observed for , the computed diagrams are shifted from a Gerischer-type impedance
with “blocking” condition (representative of the reference case) toward a typical Gerischer-
type impedance. Indeed, this last element stands for infinite electrode thickness for which the
length affected by diffusion is lower than the electrode dimension. It is represented in the

Bode plan by a phase shift of 45° followed by a skewed semicircle as observed in Fig. 4-5a

3XTMIEC

and 4-5b for . In other words, these simulated diagrams tend towards the limiting
case of a semi-infinite solid-state diffusional process, so that they are approaching the ALS
solution [Adler,1996] equivalent to a Gerischer element. It is worth mentioning that, in
addition to the “finite-length” Gerischer-type impedance with “blocking” condition, the
Gerischer-type response was also successfully employed to interpret the experimental
impedance diagrams for MIEC materials [Adler,1996,1998, Endler-Schuck,2015,
Nicollet,2015].

This analysis shows that apparent discrepancies in the interpretation of the experimental
spectra with a simple Gerischer element or a finite-length Gerischer impedance with blocking
condition may stem from differences in electrode microstructure. Indeed, the modeling results
clearly indicate that the transition from one case to another strongly depends upon the

electrode microstructure.

23



(ii) Impact of LSCF specific surface area: The specific surface area of the reconstructed

S[]:/HEC/GHS
sample can be considered as a lower bound regarding the published data on LSCF

electrodes [Laurencin,2015, Joos,2012]. This morphological parameter has been consequently
doubled in the present sensitivity analysis in order to assess its effect on the electrode
performance. As shown in Fig. 4-3a, the electrode efficiency is significantly improved over
the whole range of investigated polarization. Performances are thus increased in fuel cell
mode when the bulk path is predominant, as well as in electrolysis mode when the surface
path becomes prevalent. Impedance spectra have been computed at OCP and also under
polarizations to unravel the underlying mechanisms of this trend (Fig. 4-6).

As shown on the diagram plotted in Fig. 4-6a, the electrode polarization resistance at OCP is
strongly lowered by increasing the specific surface area. Only the low frequencies assigned to
the surface reactions are affected by this morphological change. As discussed previously,
oxygen adsorption and incorporation are the main limiting steps at OCP. By increasing the
surface available for these reactions, the rate of the global process is favored.

The same behavior is observed in cathodic polarization (Fig. 4-6b). However, the decrease of
the polarization resistance is less compared to the situation at OCP. It can be also noticed that
the relative weight of the contribution due the oxygen bulk diffusion in LSCF is enhanced in

the spectrum. Therefore, even if the surface reactions kinetic are improved by increasing

S MIEC/ Gas
p

, the oxygen solid-state diffusion under cathodic current limits the rate of the global

reactive process.
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For the computed diagram in anodic polarization (Fig. 4-6¢), the increase of the electrode
specific surface area impacts the semi-circle at low frequencies but also contracts the
contribution ranging at the medium frequencies. Indeed, for the simulated operating condition
(anodic polarization at i=+0.4 A.cm?), the electrode response is mainly controlled by the

surface path for which the oxygen desorption and the surface diffusivities are the two rate

S[]:/HEC/ Gas
determining steps. Since affects the reaction kinetic of desorption as well as the flux
of oxygen adsorbates (cf. table II), any increase of this parameter lowers their respective
impedance in the spectrum.

This analysis identifies the electrode specific surface area as a key parameter for the electrode

performance in both electrolysis and fuel cell mode. Further, the underlying mechanisms

S MIEC/ Gas
p

responsible for the dependence of the electrode performances upon change with the

operating polarization.

(iii) Other microstructural parameters: The effects of additional morphological and physical
properties have been studied in the sensitivity analysis. Among them, the effect of volume
fraction and tortuosity factor for the gas phase has been analyzed. In our conditions of
simulations, no evolution of the electrochemical performances is found for any “realistic”
modification of these microstructure properties. Indeed, as already discussed in [Lay-Grindler,
2013b,], mass transport by gas diffusion is not a limiting step for a porous electrode of few
tens of micrometers (25 um for the present analysis), as long as the gas phase percolates.

MIEC
£

In contrast, the LSCF volume fraction has a non-negligible effect on the performance,
especially under the regime controlled by the bulk path, i.e., at OCP or under cathodic
polarization. For instance, the polarization resistance computed at OCP decreases from ~0.16
Q.cm? to =0.15 Q.cm? by increasing the LSCF volume fraction from 0.55 to 0.77. This stems
from the direct relationship between the volume fraction of the solid phase and the effective

oxygen diffusion coefficient of LSCF (cf. Table II).
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When the reactive pathway is shifted toward the surface path under anodic polarization, an
impacting parameter could be the number of TPBs at the interface with the electrolyte.
Nevertheless, it is found that any increase of the interfacial density of TPBs does not change
significantly the electrode performances. This result is explained because the reference
electrode already offers a sufficiently high density of interfacial TPBs. In that condition, the
electrochemical oxidation at TPBs is not a rate-determining step of the reactive process,
which is actually much more limited by the subsequent steps of surface diffusion and oxygen
desorption [Laurencin,2015]. Therefore, only an extension of the active TPBs in the depth of
the electrode can increase the performances. That microstructure corresponds to a composite

LSCF-CGO electrode.

4.2.2 LSCF-CGO composite electrode

The electrochemical behavior of a LSCF-CGO composite architecture has been investigated
with the model by a sensitivity analysis performed on the main electrode microstructural
properties. In this frame, a reference microstructure has been defined according the
parameters listed in table V. They constitute a set of data which are assumed to be
representative of a classical composite electrode in terms of volume fractions of each phase
[Usseglio-Viretta ,2014, Laurencin,2015b, Joos,2014, Nelson ,2011]. Nevertheless, the
selected values for the density of TPBs, tortuosity factors and specific surface area have been
chosen such as they range in the lower limits of a typical electrode [Usseglio-Viretta ,2014,
Laurencin,2015b, Joos,2014, Nelson ,2011]. They have been thus increased in the sensitivity

analysis to assess their impacts on the electrode response.

Table V. Reference microstructure for the LSCF-CGO composite electrode.

CGOJ/LSCF Interfacial CGO/LSCF Interfacial
CGO volume fraction LSCF volume fraction Gas volume fraction

specific surface area specific surface area
LSCF e
€60 gh5¢ ehore GMIEC] CGO GMIEC/ Gas
() ¢ ¢ ? 1 g )
(um’) (um’)
0.35 0.35 0.3 2 3
CGO tortuosity factor ~ LSCF tortuosity factor Gas tortuosity factor Density of TPBs Mean pore radius
TCGO TLSCF rpore é:TPB ppore
) - ‘) (um?) (um)
1.5 1.5 1.5 0.05 0.25
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Reference case — The 1-V curve and the ratio of the surface to the bulk path are plotted in
Fig. 4-7a and 4-7c. Despite a quite low density of TPBs, it is found that the performance of
the simulated composite electrode is higher than the single-phase electrode especially in
electrolysis mode. For instance, the current density at +0.03 Volts is increased from +0.173
A.cm? for the pure LSCF electrode to 0.480 A.cm™ for the LSCF-CGO composite electrode
(at -0.03Volts, the current is improved from -0.228 A.cm™ to -0.371 A.cm?). That result is
consistent with the experimental study of H.J. Hwang et al. [Hwang,2005] who claimed that
“adding CGO to the LSCF electrode resulted in its having a lower polarization resistance than
the pure LSCF electrode”. The statement is also reported in E.P. Murray et al. [Murray,2002]
who measured better performances for the composite electrode than the pure LSCEF.

Moreover, as expected for the composite electrode, the ratio of the surface to the bulk path is
found to be higher than the unity whatever the investigated overpotential (Fig. 4-7c). This
result means that the charge transfer across the LSCF/gas interface is quite negligible
compared to the direct oxidoreduction at TPBs. The reactive pathway for the LSCF-CGO
composite electrode is thus decomposed into the oxygen solid-state transport, the charge
transfer at TPBs, the surface diffusion and the reaction of desorption/adsorption from the
LSCF surface. In anodic polarization, the CGO network supports most of oxygen transport
function, with only a limited contribution of the LSCF phase. Indeed, in this polarization
mode, the fast oxygen ionic transfer R1 compared to the excorporation step R2 results to
supply the material in oxygen. The oxygen concentration in LSCEF is then increased up to tend
to the material saturating value, which, in turn, hindered the oxygen flux [Laurencin,2015]. In
cathodic polarization, the participation of LSCF into the oxygen transport is more pronounced
since, in this case, the material is not saturated in incorporated oxygen atoms. In fact, LSCF is
globally depleted in oxygen due the fast ionic transfer R1 compared to the rate of
incorporation R2. One can note that, for this electrode, the gas transfer and the adsorbate

diffusion do not limit the whole reactive process [Laurencin,2015].
The impedance spectra computed at OCP and under current are shown in Fig. 4-8. The global

shape and frequency distribution is in line with the experimental data reported in

[Mortensen,2014] and in [Nielsen,2011] for a “coarse” microstructure.
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At OCP and under current, the diagrams indicate a Warburg-type behavior with a frequency
line at 45° followed by a transition zone and a semi-circle at low frequencies (Fig. 4-8a). The
Warburg impedance is assigned to the oxygen transport in the solid phases of the electrode
while the low frequency semi-circle is ascribed to the reaction of adsorption/desorption. Note
that a slight deformation of the line at 45° has been detected for the highest investigated

frequency range and was attributed to the electrochemical reaction at TPBs.

For the spectrum computed under anodic current (Fig. 4-8c), the contribution due to the
oxygen solid-state diffusion is found to be significantly convoluted with the contribution due
to due to the reaction of desorption. That results in a 45° line that smoothly turns into a semi-
circle. As already discuss for the single-phase electrode, this behavior can be interpreted in

term of a Gerischer-type element for a semi-infinite diffusion.

Under cathodic polarization, the contribution due the oxygen adsorption is more marked and
results in a rather separate and well-defined semi-circle (comparison of Fig. 4-8b and c).
Indeed, the kinetic constant for adsorption is lower than the kinetic for desorption
[Laurencin,2015]. In other words, the oxygen desorption in electrolysis mode is easier than
the adsorption reaction in fuel cell mode. Therefore, in our conditions, the adsorption step
limits the global process in the whole electrode thickness in cathodic polarization. That
phenomenon yields to flatten the reaction profile along the electrode thickness, which results
in the increase of the characteristic length for the solid-state diffusion. As a consequence, the
characteristic length for diffusion tends to become higher than the electrode thickness (Fig. 4-
8b). This behavior explains the transition from the Gerischer impedance for the diagram in
anodic polarization toward a finite-length Gerischer impedance with blocking condition for

the one in cathodic polarization.
Microstructural sensitivity analysis —Impact of the MIEC/gas specific surface area, density

of TPBs and tortuosity factors of the solid phases have been studied in the microstructural

sensitivity analysis of the composite electrode:
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SM[EC/ Gas
p

(i) Impact of LSCF/Gas specific surface area: Increasing the specific surface area by
a factor two improves the global electrode i-V curve (Fig. 4-7a). As shown on the related
computed impedance spectra (Fig. 4-8), this microstructural change affects the low

frequencies domain of the diagrams related to the reaction of adsorption/desorption. Indeed,

Sg/IIEC/ Gas

the increase in results in more active sites for this rate-determining reaction leading
to accelerate its kinetic rate, and to lower its contribution in the electrode polarization
resistance. This effect is particularly pronounced under cathodic polarization (Fig. 4-7b), since
in that condition, the reactive mechanism is specifically controlled by the oxygen adsorption

step (as previously discussed, the kinetic for adsorption is lower than that for desorption).

(ii) Impact of density of TPBs: Fig. 4-7 shows that an increase in the density of TPBs from

0.05 um™ to 0.15 um™ improves the electrode performance, but the effect is less compared to

SMIEC/ Gas
p

the variation of considered here. This indicates that, in the simulated conditions, the
reactive pathway is sensibly more limited by the adsorption/desorption reaction than the
oxidoreduction at the triple phases active sites. Any increase in the density of TBPs allows to
speed up the reaction rate of the surface reaction leading to reduce its contribution in the

impedance diagrams. That phenomenon explains the reduction of the semi-circle ranging in

gT PB

the low frequency region of the impedance spectra when is increased (Fig. 4-8).

CGo
T

(iii) Impact of tortuosity factors of CGO and LSCF: The multiplication of by a factor of 4

significantly reduces the electrodes performance especially in anodic polarization (Fig. 4-7a).

MIEC cGo
T T

In contrast, the increase of in the same magnitude than affects the performances in
cathodic polarization whereas its impact on the i-V curve in anodic polarization is rather

limited (Fig. 4-7a).
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The trend is confirmed by the impedance spectra computed in electrolysis mode (Fig. 4-9). As

shown in the diagrams plotted in Fig. 4-9 under anodic current, the electrode polarization

CGo MIEC
T T

resistance is much more risen by the increase of than . Indeed, in this operating

mode, it is reminded that oxygen atoms are mainly transferred trough the CGO backbone

CGo
T

while the role of LSCF is limited. Therefore, increasing decreases the effective oxygen

diffusivities in the CGO phase and consequently lower the performance in anodic

€GO MIEC
T T

polarization. In cathodic polarization, the effect of and are similar since both solid

phases are involved in the oxygen transport.

The simulation results indicate that the electrode i-V curve and impedance spectra are
strongly dependent on the electrode microstructure and on the polarization in fuel cell or
electrolysis modes. Therefore, studies on these materials require the precise knowledge of the
electrode microstructural properties. Moreover, investigations based upon impedance
simulations and/or measurements at OCP only conveys partial information for mechanistic
studies. Therefore extension of such analysis to conditions under polarization is

recommended.

5. Conclusions

A LSCF electrode has been reconstructed by holotomography. A new sample preparation
using a specific Xe" PFIB equipment has been developed. The high precision and throughput
of the device allowed the production of a specimen with a section as large as 50 um and a
controlled axisymmetric geometry, which is well adapted for tomographic measurements.

The nano-holotomographic experiment has been performed at the new Nano-Imaging
beamline ID16A at the European Synchrotron Radiation Facility (ESRF). This new beamline
has been designed to obtain three-dimensional reconstructions with a combined large field of

view and a high spatial resolution. The volume of the reconstructed LSCF electrode material

is of ®51x25%xm um’. The spatial resolution has been estimated at =50 nm by analysis of the
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grey level profile across the interface between the solid and pore phases, which ensures the

fine description of the electrode microstructure.

The morphological properties of the electrode have been computed on the reconstructed 3D
domain and implemented in a micro-scale model for the simulations of the oxygen
reduction/oxidation in the LSCF in both steady-state and transient regimes. Electrochemical
impedance simulations have been performed in the time domain by keeping the full non-
linearity of the system. Computations have been performed at the Open Circuit Potential
(OCP), as well as under anodic and cathodic polarization to analyze the contribution of each
mechanistic step in the global reactive process.

At OCP and under cathodic current, the electrode is governed by the bulk path, that is to say
the oxygen adsorption and incorporation in the LSCF followed by solid-state diffusion. Under
this regime, the impedance spectra computed for the reconstructed electrode exhibits a high
frequency contribution assigned to the ionic transfer, a contribution associated to the diffusion
of oxygen vacancies in the bulk of the LSCF and a chemical impedance ascribed to the
surface reactions of adsorption and incorporation. A finite-length Gerischer element with
blocking condition is found representative of the general shape of the computed diagrams at
OCP and under cathodic current. This indicates that, for the reconstructed electrode simulated
at T=800°C, the characteristic length of diffusion exceeds the electrode thickness.

Under anodic polarization, the reactive pathways is shifted toward the surface path controlled
by the direct oxidation at TPBs. Therefore, the impedance spectra under anodic current
include several contributions belonging to both pathways. Nevertheless, the diagram presents
a large contribution which has been ascribed to the diffusion of oxygen on the surface of the
electrode material and in the bulk. The present analysis clearly shows that the combination of
precise characterization of the electrode microstructure by 3D imaging with a model capable
of simulating impedance diagrams at OCP as well as under polarization, is an efficient tool to

unravel the underlying mechanisms of electrode operation.

Finally, the effect of the electrode microstructure on the cell response has been studied by
sensitivity analysis for both the single-solid phase LSCF and LSCF-CGO composite
electrodes (the reference case corresponding to the reconstructed electrode). The numerical
analysis has revealed that some of the morphological properties can have a huge impact on the
electrode performances. For the single solid phase electrode, the electrode specific surface

area (between MIEC and gas) is found to have a strong impact on the performances in both
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cathodic and anodic polarizations. The ratio of the volume fraction to the tortuosity factor for
the MIEC phase has a non-negligible impact under cathodic polarization (while its effect is
rather negligible under anodic polarization). Moreover, the LSCF-CGO composite presents a
much higher performance compared to the LSCF single phase electrode, especially in anodic
polarization. In that condition, an electrode made of a LSCF-CGO composite should be
particularly relevant for the electrolysis mode.

Electrochemical impedance simulations have allowed the analysis of the reactive mechanisms
explaining the dependence of the electrode performances on microstructural properties. For

the single solid phase electrode, the underlying mechanisms that explain the dependence of

S;\:IIEC/Gas
the electrode performance on change with the operating polarization. For both
electrode types, specific variations in the microstructural properties modify the diagram from
a finite-length Gerischer element with blocking condition into a Gerischer-type impedance
with semi-infinite diffusion. This explains apparent discrepancies in the analysis of

experimental diagrams.
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Figure 2-1: Main steps in the sample preparation by FIB : (a) Platinum deposition (b) FIB
milling around the sample (c) Lift-out process (d) Sample after the final adjustment of the
geometry and cleaning.
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I Porosity

Figure 2-2: (a) Slice extracted from the whole 3D reconstruction of the LSCF sample. The
field of view is 51.2 pm and the voxel size is 25 nm. White phase is the LSCF, black phase
is porosity. (b) Cubic volume after segmentation and ready for the measurement of the
microstructural parameters.
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Figure 3-1: (a) Schematic of a single solid phase MIEC electrode in electrolysis mode. The
fluxes of oxygen atoms, holes and O, gas are represented, with a zoom illustrating the
surface diffusion of adsorbed oxygen atoms. (b) A schematic representation of the reactive
bulk and surface pathways.
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Figure 4-1: Estimation of the resolution: (a) zoom in of the region where the red line profile in
d has been plotted for radial resolution, (b) for azimuthal resolution (blue dot line), (c) for
orthogonal resolution (green dash line), (d) Grey level plotted as a function of the position in
the line profiles. A spatial resolution of about 2 pixels (50 nm) is achieved in the three space
directions.
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Figure 4-2: Porosity € plotted as a function of the cube size L* extracted from the whole
reconstruction to estimate the Representative Volume Element.
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Figure 4-3: (a) Polarization curves for the single solid phase electrode and (b) ratio of
kinetic rates between the surface and bulk paths plotted as a function of the electrode
overpotential. The solid line corresponds to the reference case (i.e. microstructural
parameters listed in table IV and corresponding to the reconstructed electrode). Simulations
performed at T=800°C, Po,=1 atm and for an electrode thickness of 25 um.
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Figure 4-4: Impedance spectra simulated for the single phase electrode (a) at OCP (b) under

cathodic current at i=-0.4 A cm™ and (c) under anodic current at i=+0.4 A cm™. The solid

line corresponds to the reference case (i.e. microstructural properties listed in table TV
corresponding to the reconstructed electrode). Simulations performed at T=800°C, Po,=1
atm and for an electrode thickness of 25 pm. The numbers indicates the logarithm of the

computed frequency.
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Figure 4-5: Impact of the MIEC tortuosity factor on impedance spectra for the pure LSCF
electrode simulated (a) at OCP and (b) under cathodic current at i=-0.4 A cm™. The solid
line corresponds to the reference case (i.e. microstructural properties listed in table IV
corresponding to the reconstructed electrode). Simulations performed at T=800°C, Po,=1
atm and for an electrode thickness of 25 pm. The numbers indicate the logarithm of the

computed frequency.
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Figure 4-6: Impact of the electrode specific surface area on impedance spectra for the pure
LSCF electrode simulated (a) at OCP (b) under cathodic current at i=-0.4 A cm™ and (c)
under anodic current at i=+0.4 A cm™. The solid line corresponds to the reference case (i.e.
microstructural properties listed in table IV corresponding to the reconstructed electrode).
Simulations performed at T=800°C, Po,=1 atm and for an electrode thickness of 25 pm.
The numbers indicate the logarithm of the computed frequency.
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Figure 4-8: Impact of the MIEC/Gas specific surface area and density of TPBs on
impedance spectra for the composite electrode simulated (a) at OCP, (b) under cathodic
current at i=-0.4 A cm™ and (c) under anodic current at i=+0.4 A cm™. The solid line
corresponds to the reference case (i.e. microstructural properties listed in table V).
Simulations performed at T=800°C, Po,=1 atm and for an electrode thickness of 25 pm.
The numbers indicate the logarithm of the computed frequency.
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Figure 4-9: Impact of the tortuosity factors of LSCF and CGO on impedance spectra
simulated for the composite electrode under anodic current at i=+0.4 A cm™. The solid line
corresponds to the reference case (i.e. microstructural properties listed in table V).
Simulations performed at T=800°C, Po,=1 atm and for an electrode thickness of 25 pm.
The numbers indicate the logarithm of the computed frequency.
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