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Abstract

La1xSrkCoy-1FeyOs-5 (LSCF), a typical oxygen electrode in Solid Oxide Cells (SOCs), is an
oxygen-deficient perovskite material. Although this mixed ionic and electronic conductor
(MIEC) offers good electrochemical performances, it suffers from chemical decomposition
in operation at high temperature. The oxygen over-stoichiometric electrode material
Laz2NiOs+5 (LNO) is considered nowadays as an alternative solution to the classical
perovskite-based electrodes. Indeed, LNO is chemically stable in a wide range of
temperatures and oxygen partial pressures, providing high MIEC conductivity as well as fast
oxygen reaction kinetics.

A deep understanding of the reaction mechanisms taking place in a SOC oxygen electrode
is a prerequisite before microstructural optimization. In this work, we propose a coupled
experimental and modeling approach aimed to investigate the reaction mechanisms for both
under- and over-stoichiometric oxygen electrode materials. Two main reaction pathways
have been considered, the oxygen incorporation/excorporation at the gas/electrode
interface for the bulk path and the direct charge transfer at the Triple Phase Boundary
lengths (TPBIs) for the surface path. Polarization curves and impedance diagrams under
various operating conditions (650-750°C, 0.15 - 1 atm, and * 100 mA cm) have been
recorded by using a three-electrode setup. These data were used to calibrate the models
based on elementary reactions. In addition, all the microstructural parameters required for
the simulation have been computed on a 3D electrode reconstruction obtained by FIB-SEM
tomography. A change from the bulk towards the surface path was observed for the LSCF
electrode under low anodic polarization, which was explained by the progressive depletion
of oxygen vacancies when increasing the anodic polarization. Conversely, a limitation of the
bulk path was observed under cathodic polarization for the LNO electrode, which was due
to the significant reduction of the oxygen over stoichiometry under these conditions. The
impact of the temperature and the pOzon the reaction pathways has been also investigated
for both materials and is discussed in this article.
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Introduction

SOCs are high-temperature electrochemical energy-conversion devices that produce
efficiently clean electricity (solid oxide fuel cell, SOFC mode) or hydrogen (solid oxide
electrolysis cell, SOEC mode). These technologies are composed of an assembly of two
porous electrodes separated by a thin dense electrolyte in Yttria Stabilized Zirconia (YSZ).
The porous hydrogen electrode is usually a Nickel and YSZ cermet while mixed ionic and
electronic conductors (MIECs) are mostly developed as oxygen electrode materials. This
mixed property allows extending the oxygen reaction on the whole gas/electrode interface.
The classical MIECs material is the lanthanum doped strontium cobalt ferrite La1-xSrxCoy-
1FeyOs5 (LSCF) [1] [2]. This oxygen-deficient perovskite presents a good ionic and
electronic conductivity as well as a high oxygen surface exchange rate. However, LSCF
suffers from large degradation rates due to chemical decomposition at high operating and
reactivity with electrolyte [3] [4] [5]. These degradations induce significant loss in SOCs
performances, especially when they are operated in SOEC mode. In this context, rare earth
nickelates Ln2NiO4+5 (Ln = La, Pr, Nd) are considered nowadays as alternative oxygen
electrode materials. The crystal structure of this over-stoichiometric material consists of
LnNiOs perovskite block inter-grown between LnO rock-salt layers. The excess oxygen
occupies interstitial sites within the LnO layers. Among the different components, LazNiOa4+s
(LNO) has been chosen in this study thanks to its chemical stability in a wide range of
temperature [6]. This work aims to analyze, by an experimental and a modeling approach,
the effect of the temperature, polarization, and oxygen partial pressure on the reaction
pathways for LSCF and LNO electrodes.

1. Scientific Approach
1.1 Experiments

The two electrode materials, LSCF and LNO, were deposited by screen-printing on each
side of a circular and dense 8YSZ electrolyte (thickness = 260 um, diameter = 25 mm). To
prevent the reactivity with YSZ that leads to the formation of insulating phases [7] [8], a
Ce0.8Gdo.202-5 (CGO) barrier layer of 2 ym of thickness was added in between the
electrodes, and the electrolyte. The symmetrical cells were then tested in a 3-electrodes
setup. A platinum wire was positioned at the periphery of the electrolyte membrane and
used as a reference electrode (RE). Two platinum grids with a mesh of 3600 meshes.cm?
and a surface equal to the electrodes were used as current collectors. It can be noticed that
a thick disk in porous gold was also added between the ceramic housing and the platinum
grids so that each electrode surface can be considered equipotential. A load of 0.7 kg/cm?
was applied to ensure the electric contact between the metallic grids and the electrodes. At
the beginning of the test, the cells were heated up to 800°C at a rate of 1°C/min. This
temperature has been maintained during several hours until the stabilization of the
electrochemical impedance spectra (EIS) measured at open circuit potential (OCP).

Electrochemical characterizations were then carried out at a temperature of 750, 700 and
650°C under air condition, with a gas flow rate of ~ 2NL.min"'. For each temperature,
polarization curves have been recorded for both cells whereas EIS diagrams were acquired
at OCP, in a frequency range of 106 to 102 Hz, with an amplitude of + 10 mA/cm-2. For the
temperature of 700°C, the electrochemical characterizations were complemented by EIS
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diagrams measured under anodic and cathodic current (with isc = + 50 mA/cm? for LSCF
electrode and ia«c = + 100 mA.cm? for LNO electrode) and over a large range of oxygen
partial pressure from 0.1 to 1 atm.

2.2 Model Description

An elementary model framework for MIEC electrodes has been developed and used to
investigate the LSCF and LNO reaction mechanisms occurring under anodic and cathodic
polarization. In this approach, surface and bulk species are taken into account as well as
their transport in the electrodes phases. A temporal term is also added to each mass/charge
balance for the EIS computations. The mass transfer in the LNO and LSCF is calculated
through the chemical diffusivity of the oxygen interstitials or vacancies, respectively, while
the electronic current density is modeled using a classical Ohm’s law. Both molecular and
Knudsen diffusions are taken into account for the mass transport in the gas phase. Finally,
the diffusion of oxygen adatoms 0,4, OXygen ions 0,4, and molecular oxygen 0, . at the

surface of both materials is computed using a classical Fick’s law.

The proposed model considers two possible reaction pathways for oxygen
oxidation/reduction divided into a sequence of elementary steps as represented in Figure 1
in the electrolysis mode. The “bulk path” is characterized by an ionic transfer at the
electrode/electrolyte interface (R1). After diffusion of the oxygen interstitials (for LNO) or
oxygen vacancies (for LSCF) in the bulk of the electrode material, the oxygen is ex-
corporated to produce oxygen adatoms on the electrode surface (R2). In parallel, the
“surface path” considers direct oxidation at the TPBIs (R3) leading to the formation of oxygen
ions on the electrode surface. Then, in both cases, the second reaction of charge transfer
(R4) takes place on the surface to produce oxygen adatoms that can be associated (R5)
and desorbed (R6) in the porosity of the electrodes.

s Bulk path
==l Surface path

,gas
=l COMmon path @

045 (LSCE

0,(LSCF)

R3 TPB
(=

V,(CGO)

CGO | V,(LSCF) LSCF

Figure 1 - Schematic description of the reaction pathway considered in the elementary model (in electrolysis
mode) represented for the LSCF electrode.

The kinetic constants have been estimated by calibrating the model on the LSCF and LNO
polarization curves. Due to the influence of the microstructure on the electrochemical
response, all the microstructural properties used as inputs in the model have been extracted
from 3D reconstructions obtained for both electrodes. Thereafter, the model has been
validated using the electrochemical impedance diagrams recorded at OCP and under
polarization for different oxygen partial pressures. The elementary kinetic model has been
already published for the LSCF electrode [9] while the one for the LNO is an adaptation of
a simplified version available in [10].
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2. Experimental Results

The experimental electrode polarization curves n-i at 650°C, 700°C, and 750°C are
represented in Figure 2 for the LSCF and LNO oxygen electrodes.

As expected, it can be noticed that the electrode performances are thermally activated [11]
[12]. To the OCP, a non-symmetrical shape of the n-i curves is observed at 650°C and
700°C for both electrodes. However, it is worth mentioning that the electrode performances
are better under anodic polarization (SOEC mode) for the LNO electrode, whereas the LSCF
electrode exhibits lower overpotentials under cathodic current (SOFC mode). Within the
narrow investigated overpotential range, a linear behavior of the n-i curves is observed at
750°C. The dissymmetry of the polarization curves at a lower temperature can be explained
either by a change in the reaction mechanism or the rate-determining steps. Conversely, a
uniqgue dominant mechanism with the same co-limitations could explain the linearity of n-i
curves at 750°C in the studied conditions.
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Figure 2 - Experimental (marks) and simulated (solid lines) polarization curves obtained at 650, 700, and
750 °C under air for a) LSCF and b) LNO electrodes.

The EIS diagrams acquired at OCP under air at 650 °C, 700 °C, and 750 °C are shown in
Figure 3 for the LNO and LSCF materials. It is worth noting that the absolute values of the
polarization resistances cannot be directly compared between the two electrodes since they
present rather different microstructures due to the fabrication. Nevertheless, the shape of
the impedance spectra can give key information about the reaction mechanisms. Indeed,
for the LSCF electrode, the impedance spectra show a "Gerischer-type" element, whatever
the temperature. A small contribution can be noticed at low frequencies on the EIS diagram
at 750°C which can be attributed to a limitation in the gas conversion reaction [13]. On the
contrary, the EIS diagrams at OCP of the LNO electrode show a different evolution
depending on the temperature. A “Gerisher-type” element is observed at 650°C whereas
the diagrams present a more depressed semi-circle at 700°C and 750°C. This evolution
suggests an influence of the temperature on the reaction mechanism at OCP for the LNO
electrode. On the other hand, the non-evolution of the shape of the EIS diagrams for the
LSCF electrode may suggest the presence of a unique dominant reaction mechanism in the
range of the studied temperature.
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Figure 3 - Experimental (marks) and simulated (solid lines) EIS diagrams under air at 650 °C, 700 °C, and
750 °C for LSCF (a, b, ¢) and LNO (c, d, f) electrodes

For both cases, the EIS diagrams recorded under dc current density at 700°C have not
revealed a change in the shape of the impedance spectra [9] [10] compared to the OCP.
These results suggest that, for both electrodes, there is no change in the reaction
mechanism at 700°C under polarization for the limited investigated range of dc current. The
evolution of the impedance spectroscopy with the oxygen partial pressure is shown in Figure
4. As expected, the polarization resistance of both electrodes decreases with increasing
pOo.
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Figure 4 - Impedance diagrams (Nyquist plots) recorded at 700°C for the investigated range of oxygen
partial pressure for a) LSCF and b) LNO electrodes.

3. Modeling Results and Discussion

3.1 Model calibration and validation

The missing parameters for the models (i.e. the forward kinetic constants for all the
reactions, the surface diffusion coefficients, and surface coverages at equilibrium for
p0O2=0.21 atm [9] [10]) have been obtained by adjusting the simulations on the experimental
polarization curves. The results of this fitting procedure are given in Fig. 2 for the two
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electrodes. Once the model was calibrated, the validation was carried out by simulating the
impedance spectra without additional fitting. As shown in Fig. 3, the model for LSCF or LNO
electrode can simulate accurately the impedance diagrams at OCP for the three
investigated temperatures. Moreover, the reaction order n was deduced from the
experimental and simulated impedance spectra (Fig. 4) according to :
Rpol x (POZ)_n (1)

These simulated reaction orders are in good agreement with the experimental ones. Indeed,
the errors between the computed and experimental coefficients do not exceed 12% for LSCF
and only 9% for LNO. Therefore, the model for the two electrodes can be considered
validated.

3.2 Effect of polarization, temperature, and pO:2 on the reaction pathways

Thanks to the model, the electrode reaction mechanism can be studied as a function of the
temperature, polarization, and oxygen partial pressure. For this purpose, the parameter ¢ is
introduced to quantify the relative contribution of the surface or bulk path in the electrode
operation. It is expressed as the kinetic rate ratio between (i) the oxygen ad-ions produced
at the TPBIs for the surface path and (ii) the oxygen ad-ions produced by excorporation all
along with the electrode thickness for the bulk path:

z=¢ (1)

E=vy/ v, dz
z=0

where v; and v, are kinetic rates for the charge transfer reactions R3 and R2, respectively.
The term ¢ represents the electrode thickness. According to this definition, the reaction
mechanism is dominated by the “bulk path” when the ratio is lower than one (¢ < 1). On the
opposite, a value higher than one (¢ > 1) indicates a mechanism controlled by the “surface
path”.

For the LSCF electrode, Figure 5a shows an increase of the ratio £ when increasing the
anodic polarization. A transition from the bulk path (¢ < 1) to the surface path (¢ > 1) is thus
observed at low anodic current density for the three temperatures. This behavior can be
explained by the evolution of the kinetics rates plotted in Figure 5b as a function of the
current density. Indeed, when the anodic polarization increases, the oxygen excorporation
rate becomes bounded while the direct oxidation at TPBs remains activated. This behavior
is related to the strong decrease of the oxygen vacancies concentration in the LSCF when
increasing the anodic polarization [14] [15]. In other words, the under-stoichiometry 6 falls
to zero under anodic polarization in such a way that the material can no longer accept
oxygen [16]. In parallel, the surface concentrations of the adsorbed species involved in the
surface path are increased and remain unlimited (since the sum of surface coverages of all
the adsorbates remains lower than the coverage of the available sites). On the other hand,
the opposite trend is observed under cathodic polarization. In this case, the incorporation
reaction is activated because the concentration of vacancies is increased when increasing
the cathodic polarization without limitation (indeed, & remains lower than d™@%). Conversely,
the charge transfer at TPBs becomes limited since the surface coverages decreases down
to zero.

The same behavior is obtained for the three investigated temperatures (Figure 5a).
Nevertheless, the influence of temperature on the reaction mechanism is not negligible.
Indeed, the contribution of the surface path becomes rapidly more important at 650°C
(Figure 5a). At intermediate temperatures (700°C and 750°C), the slopes of the curves are
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less steep. These results explain the strong dissymmetry of the experimental polarization
curves at 650°C while a more linear behavior is observed at 750°C. To summarize, for the
LSCF oxygen electrode, the bulk path appears as the dominant pathway under fuel cell
conditions regardless of the temperature. For electrolysis mode, a transition from the bulk
path to the surface path appears when the anodic polarization is increased. This transition
occurs when the oxygen vacancy concentration tends to zero.
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Figure 5 — (a) Ratio of the surface to the bulk path as a function of the current density plotted for the LSCF
electrode at 650°C, 700°C, 750°C, and 800°C. (b) Kinetics rates for the charge transfer at TPBs and the
oxygen excorporation/incorporation reaction (integrated along with the electrode thickness) as a function of
the current density at 700°C, for the LSCF electrode.

The same analysis has been conducted on the over-stoichiometric LNO which exhibits an
opposite behavior compared to the LSCF. Indeed, as shown in Figure 6a, the surface-to-
bulk path ratio decreases with increasing the overpotentials from cathodic to anodic
polarization. This behavior can also be explained by the kinetics rates of the charge transfer
at TPBIs and the oxygen excorporation/incorporation reaction (integrated along with the
electrode thickness) plotted as a function of the electrode overpotential (Figure 6b). Indeed,
under cathodic polarization, the charge transfer at TPBIs remains strongly activated while
the oxygen incorporation reaction becomes bounded. This behavior, which is responsible
for the limitation of the bulk path, is directly linked to the concentration of oxygen interstitial
in the LNO. Indeed, the simulations have revealed that the concentration of oxygen
interstitial becomes very low under cathodic polarization. According to Fig. 6b, the surface
path is thus predominant under the investigated range of the cathodic currents.
Nevertheless, the charge transfer at TPBIs should also tend towards a limitation when the
surface coverage at the LNO surface falls to zero. However, it seems that this limitation is
not reached even for the higher cathodic polarization achieved in this work.

Under anodic polarization, both surface and bulk paths remain activated (Fig. 6b). Indeed,
the concentration of oxygen interstitial is increased with increasing the polarization without
reaching the maximum value of oxygen over-stoichiometry (i.e. o remains much lower than
Omax = 0.15 for LNO [17]). On the other hand, the direct oxidation at TPBs is still promoted
since the adsorption sites are not saturated under the applied anodic polarization. These
observations allow explain the results obtained on the experimental electrode polarization
curves n-i (Figure 2b). Indeed, the higher performances of the LNO electrode under anodic
polarization are explained by the contribution of both bulk and surface paths to the reaction
mechanism while only the surface path remains activated under cathodic polarization.
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The impact of the temperature on the ratio is shown in Figure 6a. At OCP, the bulk path at
650°C controls the reaction mechanism (¢ < 1) while the surface path becomes predominant
at higher temperature (¢ > 7). Thus, it can be stated that the temperature promotes the
contribution of the charge transfer at the TPBIs for the LNO electrode.
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Figure 6 — (a) Ratio of the surface to the bulk path as a function of the current density plotted for the LNO
electrode at 650°C, 700°C, and 750°C. (b) Kinetics rates for the charge transfer at TPBs and the oxygen
excorporation/incorporation reaction (integrated along with the electrode thickness) as a function of the
current density at 700°C, for the LNO electrode. (c) Oxygen over stoichiometry in the electrode thickness,

under air, at 700°C, at different polarization.

Simulations have also been carried out by changing the oxygen partial pressure from 0.10
atm to 1 atm (Figure 7). Whatever the current density, it has been found that the ratio
increases with increasing pO2 for the LSCF electrode. This statement is explained because
the under-stoichiometry is reduced at high oxygen partial pressure [16]. The opposite
behavior has been obtained for the LNO electrode. Indeed, the concentration of interstitials
increases with the oxygen partial pressure.
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Figure 7 - Ratio of the surface to the bulk path as a function of the electrode overpotential at OCP and
700°C for different oxygen partial pressure for (a) LSCF and (b) LNO.

From this analysis, it appears that the LNO over-stoichiometric material is especially well
adapted for an operation in the electrolysis mode. Indeed, it has been shown that both
surface and bulk paths are promoted under anodic polarization. This result is consistent with
the higher performances obtained for the material when operated in SOEC mode. Regarding
the oxygen-deficient LSCF material, it has been found that the bulk path is predominant for
cathodic polarization whereas the surface path becomes favored under anodic current.

B1601 / Page 8-10



AL
e EFCF 2022: 15" European SOFC & SOE Forum 5 - 8 July 2022, Lucerne Switzerland

These statements mean that the material can be operated in both modes. However, its
performances are slightly higher in fuel cell mode. To enhance the surface path and thus
increase the electrode efficiency, it has been shown that a composite electrode made of
LSCF/CGO is a relevant solution [18]. The precise role of CGO in an LNO/CGO composite
electrode on its operation and performances still needs to be studied. Moreover, the stability
of these electrodes for long-term operations remains also a subject of investigation for the
two materials.

Conclusion

Elementary models have been developed and used to predict the electrochemical response
of the classical oxygen-deficient oxide La1-xSrxCoy-1FeyOs-5 (LSCF) and the alternative
oxygen over-stoichiometric material La2NiO4+5 (LNO). To validate the models, dedicated
experiments have been performed on symmetrical cells using a three-electrode
configuration. For the two materials, the determination of the unknown parameters of the
models has been done by fitting the experimental electrode polarization curves at three
temperatures (650°C, 700°C, and 750°C). For the validation, the impedance spectra at OCP
and under polarization for different oxygen partial pressures have been computed without
additional fitting. A good agreement between the experimental and the simulations has been
obtained.

Once validated, the models have been used to analyze the electrochemical response of the
LSCF and LNO materials by investigating the reaction mechanisms as a function of the
polarization. For the LSCF, the ‘bulk’ path related to the oxygen exchange with the material
appears as the dominant pathway under cathodic current regardless of the temperature.
However, the ‘surface’ path associated with the charge transfer at TPBIs is activated under
anodic polarization. This behavior has been ascribed to the strong decrease of the oxygen
vacancies concentration in the LSCF when increasing the anodic polarization.

For the LNO electrode, it has been found that both the ‘bulk’ and ‘surface’ path are favored
under anodic current while only the ‘surface’ path remains active under cathodic polarization.
In this case, the limitation of the ‘bulk’ path is due to the decrease of the oxygen interstitial
concentration in the LNO lattice. These results have allowed explain the better performances
obtained for this material in SOEC mode.
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