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Cathode processing is one of the main challenges in the manufacturing of metal-supported solid oxide fuel cells (MSCs). Cathode
sintering in ambient air is not applicable to MSCs, as oxidation of the metal substrate and the metallic Ni of the anode damages
the cell. A recently developed ex situ sintering procedure for the LSCF cathode in an argon atmosphere was shown to significantly
improve cathode adherence. However, the stability of the sintered cathode layer posed a challenge during storage in ambient air. In the
present work, adapting the ex situ sintering approach to LSC/GDC dual-phase cathodes not only enabled the ex situ sintering process
to be applied to LSC-based cathodes, but also resulted in the superior stability of the cathode after sintering. Despite the hygroscopic
properties of the partially decomposed perovskite, LSC/GDC dual-phase cathodes were shown to withstand more than 1 year of
storage in ambient air without failure. Electrochemical single-cell measurements and post-test analysis confirmed the reversibility
of phase transformations and the electrochemical activity of such dual-phase cathodes. Current densities of 1.30 A cm−2 at 750°C,
0.85 A cm−2 at 700°C, and 0.54 A cm−2 at 650°C were obtained at a cell voltage of 0.7 V.
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Solid oxide fuel cells (SOFCs) are electrochemical energy convert-
ers that directly convert chemical energy stored in fuels into electrical
energy. This direct conversion yields high efficiencies, both electri-
cal and total, especially if combined with excess heat utilization in
combined heat and power plants. The high operating temperature of
SOFCs enables fuel flexibility, for instance using hydrogen as well as
reformates from methane, ethanol, or diesel. SOFC power generators
might therefore use existing infrastructure during the transition period
from a power supply based on fossil fuels to one based on renew-
ables. Moreover, the direct conversion facilitates silent operation, as
the intermediate conversion steps of thermal energy and mechanical
energy to electrical energy can be omitted. Therefore, no moving parts
are present in an SOFC. These properties make SOFCs a promising
technology for contributing substantially to the clean power supply of
prospective energy systems.1–4

Metal-supported fuel cells (MSCs) utilizing a porous metal for
mechanical support were developed in various institutions.5–12 The
anticipated improvement in robustness for these types of cells with
respect to thermal cycles, vibrations, and redox stability is an impor-
tant prerequisite for use in mobile applications, where short start-up
times, cyclic operation, and higher mechanical loads are inevitable.
Whereas initial approaches were aimed at utilizing MSCs in auxiliary
power units (APUs) for heavy-duty vehicles (e.g. those developed by
AVL List GmbH, Graz, Austria), recent attempts have included their
application as a range extender for battery electric vehicles (AVL List
GmbH; Nissan Motors Co. Ltd., Japan).11,13 Since 2008, Plansee SE
(PSE, Reutte, Austria) has developed an MSC concept based on its
ITM (intermediate temperature metal) oxide-dispersion-strengthened
ferritic steel support in close cooperation with Forschungszentrum
Jülich GmbH (Jülich, Germany).14–18 While the fabrication of anode,
electrolyte, and diffusion barrier layers (DBLs) can be adapted to ap-
plications on the metal substrate, a separate cathode sintering step has
not yet been implemented in the state-of-the-art process. This is due to
the contradicting requirements of the metal substrate and the cathode
with regard to the sintering atmosphere. Whereas the metal substrate
must be sintered in a reducing atmosphere, cathode sintering is typi-
cally performed in oxidizing conditions. Hence, in situ activation by
feeding air to the cathode side after sealing the gas compartments or
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the infiltration of pre-sintered ceramic backbone structures are com-
monly used for cathode fabrication. These procedures are, however,
restricted in terms of the adherence of in-situ-activated cathodes to the
electrolyte or the performance degradation of infiltrated cathodes due
to the coarsening of fine catalyst particles.6,19

Recently, an ex situ sintering procedure was developed for LSCF
cathodes.14,20–22 The sintering of entire cells in argon at 950°C clearly
improved cathode adherence. At the same time, detrimental oxidation
of the metal support and the Ni in the anode was prevented reliably.
Partial phase decomposition of the perovskite cathode material, caused
by sintering in a low p(O2) atmosphere, was found to be reversible
upon heating in ambient air during the first hours of cell operation.
Single-cell testing of cells with such cathodes sintered ex situ did
not reveal a detrimental effect on cell performance. Nevertheless, the
formation of small amounts of La2O3 during sintering was found to be
critical with regard to layer stability, if stored under ambient conditions
between sintering and operation. Within several days, the reaction of
La2O3 with humidity from ambient air to form La(OH)3 resulted in the
detachment of the cathode layer due to significant volume expansion
associated with hydroxide formation. Encapsulation of the sintered
cell in a foil pouch prevents exposure to humidity, thereby extending
the tolerable time between sintering and testing of the cell.14,21 In
an industrial environment, storage might be enabled by using a dry
room. Nonetheless, this procedure complicates the long-term storage
and handling of cells. Optimized fabrication aiming to enhance the
reliability of cathode layers is therefore favorable. This paper reports
on the recent progress achieved by applying LSC/GDC dual-phase
cathodes sintered ex situ on MSCs.

Experimental

MSC half-cells, i.e. cells without a cathode layer, were fabricated
and provided by PSE. The substrate was prepared by powder metal-
lurgy, starting with mechanically alloyed ITM (Fe-26Cr, Mo, Ti) pow-
der. Tape casting and sintering was used for substrate fabrication.23,24

A Ce0.8Gd0.2O2-δ (gadolinium-doped ceria – GDC) diffusion barrier
layer (DBL) was applied on the ITM support by magnetron sputter-
ing – a physical vapor deposition (PVD) process – in order to prevent
the interdiffusion of Fe/Cr from the substrate and Ni from the anode.
The Ni/YSZ (Zr0.85Y0.15O2-δ – yttria-stabilized zirconia (YSZ)) cer-
met anode was produced by screen printing and sintering. A graded
3-layer structure was applied in order to cover the coarse substrate
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surface and obtain a smooth surface for the subsequent electrolyte
coating. The YSZ electrolyte was applied by gas flow sputtering and a
second GDC DBL was deposited by magnetron sputtering to prevent
the formation of zirconate phases between the electrolyte and cathode.
Finally, the cathode was screen-printed to prepare the full-cell. Sin-
gle phase La0.58Sr0.4Co1-xFexO3-δ (LSF: x = 1; LSCF: x = 0.8; LSC:
x = 0) and dual-phase La0.58Sr0.4CoO3-δ/Ce0.8Gd0.2O2-δ (LSC/GDC)
powders were used as cathode materials. Perovskite powders with a
d50 of 0.8 ± 0.1 μm were prepared in-house by spray drying. For the
experiments on dual-phase cathodes, the fabrication was based on the
use of commercial GDC powder (d50 = 0.25 μm, Treibacher Indus-
trie AG, Austria). Different cathode materials were investigated as an
alternative to LSCF in order to improve the reliability and storage ca-
pability of cells with cathodes sintered ex situ. LSF was chosen as a
potentially more stable perovskite composition compared to LSCF and
LSC.25–29 Moreover, dual-phase compositions of the perovskites with
GDC were prepared in order to improve the stability and reliability
of the cathode. This effect is expected to result from i) the formation
of a mechanically supporting GDC network, preventing delamination
of the decomposed perovskite layer, or ii) reduction of the thermal
expansion of the (dual-phase) cathode layer, which reduces the stress
level in the sintered layer. Details of the cell preparation are reported
elsewhere.30–33 In addition, model samples were prepared by coating
YSZ electrolyte substrates (25 × 25 cm2, 200 μm thickness, Kerafol,
Germany) with a GDC barrier layer by PVD and screen printing the
cathode. These samples were sintered in a reducing atmosphere for a
preliminary investigation of decomposition behavior and the mechan-
ical stability of cathode layers.

The sintering of model samples and entire cells was performed
in a tube furnace (RS 80/750/11, Nabertherm, Germany). During the
sintering of MSCs, Ar(5.0) with 99.999% purity was fed at a flow rate
of 840 sccm in order to protect the metal substrate from oxidation.
Model samples with cathodes on electrolyte substrates were sintered
in an Ar/2.9%H2 (Ar/H2) atmosphere to simulate the influence of the
porous metal on the p(O2) during thermal treatment. In previous ex-
periments, this influence was identified by measuring the p(O2) in the
exhaust of the furnace. Pure Ar contains < 2 ppm residual oxygen
(i.e. p(O2) < 2 · 10−6 bar). Due to a gettering effect of the porous
metal, the p(O2) was lowered to 10−13 bar during the sintering of
MSCs, depending on temperature, flow rate, and number of cells sin-
tered simultaneously. The more reducing Ar/H2 atmosphere (p(O2) ≈
10−20 bar) was therefore chosen for model samples to process cath-
ode layers under even more challenging conditions. Furthermore, the
Ar/H2 gas mixture provides a stable p(O2) during thermal treatment
with good reproducibility. Re-oxidation of the partially decomposed
cathodes was performed under thermal treatment at T ≥ 800°C for 3 h
in ambient air (model samples) or under air flow during cell operation
(MSCs).

After sintering, the phase composition of the manufactured cath-
ode layers was analyzed by X-ray diffraction (XRD, D4 Endeavor,
Bruker Corp., USA, and Empyrean, PANalytical GmbH, Germany).
The reversibility of phase decomposition was investigated by XRD
analysis of re-oxidized cathodes, both for model samples and tested
cells.

Single-cell testing at JÜLICH was performed on 50 × 50 mm2 cells
with a 16 cm2 active cathode area using a commercially available test
rig from EBZ GmbH (Dresden, Germany) with a channel design flow
field, in order to ensure a stable gas supply over the entire active area.
Dry H2 was fed as fuel at a flow rate of 1000 sccm, with ambient air
as an oxidant at 2000 sccm. Taking into account the maximum current
density of 2 A cm−2 (total current limited to 32 A by the test rig),
these flow rates ensure a maximum fuel utilization of 22%. There-
fore, no concentration limitation is expected during electrochemical
characterization. Cells were sealed between two thin YSZ frames at
850°C using a glass sealant developed at ZEA-1 (Forschungszentrum
Jülich).34 A Ni mesh was used as the anode contact and a Pt mesh
as the cathode current collector. I-V curves were recorded at inter-
vals of 50 K between 850°C and 650°C. The current density was
increased in steps of 1.2 A min−1 until the maximum current of 32 A,

Figure 1. Reference I – I-V characteristics of an MSC with an LSCF cathode
sintered ex situ at 950°C. Cell dimensions: 50 × 50 mm2 with a 16 cm2 active
cathode area. Gas supply: 63 ml min−1 cm−2 H2, 125 ml min−1 cm−2 air.

or the minimum cell voltage of 0.6 V, was reached. Our previous work
found that LSCF cathodes sintered ex situ on MSCs and re-oxidized
during operation perform well and exhibit improved adhesion to the
electrolyte compared to cathodes fabricated by the usual in situ activa-
tion procedure.14,21 In the present investigation, new test benches and
increased gas flow rates were used. Therefore, a cell with an LSCF
cathode sintered ex situ was first tested electrochemically as a refer-
ence.

Single-cell testing at PSE was performed on button cells with a
35 mm diameter and a 3.14 cm2 active cathode area. Dry H2 was fed at a
flow rate of 200 sccm, resulting in an identical area-specific fuel supply
rate of 63 ml cm−2 min−1 as was supplied at JÜLICH. Air was supplied
at 600 sccm, as was the case in previous experiments.14 Both gases
were supplied through alumina tubes perpendicular to the cell. Porous,
3-D-printed alumina stamps and zirconia felts were placed between
the tubes and the meshes (anode – Ni, cathode – Au) contacting the
cell, in order to provide reliable contact and homogeneous distribution
of fuel and air.16

Post-test analysis was performed by SEM cross-sectional imaging
(Ultra 55, Zeiss, Germany).

Results and Discussion

Single-phase cathodes.—In order to investigate whether LSF pro-
vides improved thermochemical stability compared to LSCF, LSF
cathode layers were printed on electrolyte substrates and sintered at
950°C in an Ar/H2 atmosphere. Strong decomposition of the per-
ovskite phase was observed by XRD, similar to results previously
obtained for LSCF. Moreover, the failure of the sintered cathode layer
by spallation occurred within several days, as had been reported ear-
lier for LSC and LSCF.14 It was therefore shown that LSF does not
provide a significant improvement of phase stability and storage ca-
pability with regard to ex situ sintering. It can thus be concluded that
none of the investigated La0.58Sr0.4Co1-xFexO3-δ perovskite composi-
tions are stable in the long term under ambient conditions after ex
situ sintering in an argon atmosphere. As a consequence, LSF was not
considered for further experiments, as it is commonly regarded as a
lower performing cathode material compared to LSCF. This means
that LSCF is the only remaining pure perovskite material for ex situ
sintering, as LSC was disregarded in our previous work14 due to its
low thermochemical stability. Nonetheless, LSC was considered for
conventional in situ activation in order to make use of its high electro-
chemical performance and to compare the performance of cathodes
sintered ex situ.

In Figure 1, reference I shows the I-V curves of a cell with an LSCF
cathode sintered ex situ and measured at operating temperatures be-
tween 850°C and 650°C. The substantially higher performance com-
pared to nominally identical cells published earlier14 is related to the
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Figure 2. Reference II – I-V characteristics of an MSC button cell with an
LSC cathode activated in situ during operation at 850°C. Cell dimensions:
35 mm Ø with a 3.14 cm2 active cathode area. Gas supply: 63 ml min−1 cm−2

H2, 190 ml min−1 cm−2 air.

increased fuel and air supply in the present tests. Furthermore, an im-
proved sealing procedure in the new test rig provides a higher OCV
and might also contribute to improved performance. The current den-
sity of 1.32 A cm−2 obtained at 0.7 V and 750°C corresponds well
with the performance of button cells tested at Plansee, almost reach-
ing the value of 1.37 A cm−2 achieved with an LSC cathode activated
in situ, which is shown in Figure 2 reference II. Due to the identical
area specific fuel supply rates, these current densities correspond to
fuel utilizations of 15% for both cells, which is sufficiently low to
avoid gas conversion polarization. Using LSC as a cathode material,
enhanced performance was achieved at a lower temperature, resulting
in 0.99 A cm−2 at 700°C and 0.60 A cm−2 at 650°C.

Dual-phase cathodes.—A substantial improvement of cathode
layer stability was achieved by utilizing dual-phase materials. Proof-
of-concept was achieved on LSC/GDC cathodes, which were sintered
on electrolyte substrates at 950°C under Ar/H2 conditions for 3 h. It
was found that the cathodes do not fail, even when stored in ambient air.
As LSC is known to provide the highest electrochemical performance
compared to LSF and LSCF, a further investigation was conducted
on LSC/GDC (60/40 wt.-%) dual-phase cathodes. LSC/GDC (20 ×
20 mm2) printed on a small MSC sample (25 × 25 mm2) was sintered
under ex situ conditions (950°C, 3 h, Ar). No mechanical failure was
observed during one year of storage. This is a very promising result,
as it simplifies the handling of cells after ex situ sintering and enables
larger time frames between sintering and operation.

The XRD analysis presented in Figure 3a reveals a pronounced
phase decomposition of LSC after ex situ sintering, including the for-
mation of La2O3 and La(OH)3. The formation of Sr2CeO4 indicates
interaction between the LSC and GDC during thermal treatment in
a low p(O2) atmosphere. Figure 3b shows the XRD result after cell
operation – i.e. after oxidative heat-treatment (T ≥ 750°C) of the de-
composed cathode. From the observed peaks, the phase composition
can be identified as GDC and LSC. Accordingly, a fully reversible

Figure 3. XRD analysis of an LSC/GDC cathode on an MSC a) sintered ex
situ and b) after re-oxidation during cell operation (only the main diffraction
peaks are indexed).

phase transformation (within the accuracy range of the XRD tech-
nique) occurred during cell operation.

Cell testing was performed at JÜLICH using the same proce-
dure applied to the cell with an LSCF cathode. Figure 4 shows
the I-V curves measured between 850°C and 650°C. The achieved
performance, 1.30 A cm−2 at 0.7 V and 750°C, is in the same
range as previously observed with an LSCF cathode sintered ex situ
(reference I). At higher temperatures, the performance of the dual-
phase cathode is slightly lower, whereas at lower temperatures, cell

Figure 4. I-V characteristics of an MSC with an LSC/GDC cathode sintered
ex situ at 950°C. Cell dimensions: 50 × 50 mm2 with a 16 cm2 active cathode
area. Gas supply: 63 ml min−1 cm−2 H2, 125 ml min−1 cm−2 air.

Table I. Comparison of the electrochemical performance of MSCs with an LSCF and LSC/GDC cathode sintered ex situ and an LSC cathode
activated in situ.

Reference I LSCF cathode sintered ex situ LSC/GDC cathode sintered ex situ Reference II LSC cathode activated in situ

T [°C] OCV [V] j @ 0.7 V [A cm−2] T [°C] OCV [V] j @ 0.7 V [A cm−2] T [°C] OCV [V] j @ 0.7 V [A cm−2]

851 1.09 2.03 @ 0.74 V 874 1.09 2.02 - - -
800 1.11 1.99 796 1.11 1.90 811 1.11 1.48 @ 0.73 V
750 1.12 1.32 750 1.13 1.30 758 1.13 1.37
701 1.14 0.82 701 1.14 0.85 707 1.13 0.99
650 1.15 0.49 651 1.15 0.54 654 1.14 0.60
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Figure 5. Cathode microstructure after single cell testing. a) LSCF cathode, b) LSC/GDC cathode, both sintered ex situ and re-oxidized during cell operation, and
c) LSC cathode activated in situ.

performance is somewhat higher compared to LSCF but lower than
pure LSC activated in situ (reference II), as summarized in Table I. The
result confirms the applicability of ex situ sintering to perovskite/GDC
dual-phase cathodes. Similar to pure LSCF cathodes, the electro-
chemical performance of the dual-phase material is restored during
re-oxidation by reversible phase transformation. The performance on
the same level as pure LSCF demonstrates the high potential of the
dual-phase cathode, as the microstructure has not yet been optimized.
Optimization of the microstructure is expected to bring about a fur-
ther enhancement of performance by adjusting the particle size, per-
ovskite/GDC ratio, and sintering conditions. However, at the current
state of development, LSC cathodes activated in situ still appear to
be the best choice in terms of high-performance MSC applications,
especially when targeting at low operation temperatures.

Microstructural post-test analysis of the cells by SEM on pol-
ished cross sections is shown in Figure 5. The microstructure of the
LSC/GDC cathode (Figure 5b) appears to be slightly finer and denser
compared to the LSCF (Figure 5a). Both phases – perovskite and GDC
– are homogeneously distributed in the dual-phase cathode layer. The
LSC cathode (Figure 5c) exhibits the finest microstructure due to its
lower activation temperature of 850°C compared to the ex situ sintering
temperature of 950°C. These finer structures contribute to enhanced
performance at low operation temperatures because of the larger active
surface. In general, grain size, pore size, and their volume fractions
are important parameters for the electrochemical activity of a cathode.
These parameters, in turn, depend on the cathode composition as well
as on the temperature of thermal treatment. Therefore, similar pro-
cessing conditions do not necessarily result in similar microstructures
for different materials.29,35 The present work focuses on demonstrat-
ing the suitability of novel cathode concepts for MSCs and discusses
the advantages and disadvantages of these concepts in a more general
way. More detailed microstructural analysis and optimization will be
the topic of future investigation. As the applicable sintering temper-
ature range is rather narrow for the present MSC setup, adaptation
of the composition and particle sizes present the greatest flexibility
for improving the cathode design. The relatively small differences in
performance between the different cathodes are expected to become
even larger for Ni/GDC containing cells since the latter was shown
to significantly improve cell performance thus increasing the influ-
ence of the cathode. The investigation of durability of such cells in
long-term tests is subject of ongoing work, which will shed more light
on stability of cathodes and anodes as well as interdiffusion and oxi-
dation phenomena. Preliminary results show stable performance over

>700 h of continuous operation at 0.3 A cm−2 and 700°C with H2 as
fuel and air as oxidant, indicating sufficient stability of the investigated
cathodes.

A comparison of the achieved MSC performance to those of other
MSC concepts is difficult to project for the cathode properties, as dif-
ferent cell setups and their specific properties must be considered.
Well-established concepts include those of LBNL (USA), DTU (Den-
mark), and Ceres Power (UK), which conducted research on MSCs
for more than one decade. All of these concepts utilize Ni and doped
ceria as an active anode material, which provides higher electrochem-
ical performance compared to Ni/YSZ, as was previously shown in
PSE MSCs.16,18 LBNL uses the infiltration of catalyst precursors into
porous backbones for both the anode and cathode. Whereas most pub-
lications report on LSM as an active cathode material achieving 1.5 A
cm−2 at 0.7 V and 700°C,19 it was recently reported that Pr6O11 pro-
vided a superior performance of about 2.1 A cm−2 under the same
conditions.36 The coarsening of infiltrated catalyst particles is ex-
pected to be the main degradation mechanism of these cells. DTU
also applies an infiltrated anode design combined with the in situ ac-
tivation of screen-printed (La,Sr)(Co,Fe)O3-δ cathodes, or composites
thereof with GDC. Besides a performance of 1.3 A cm−2 at 0.7 V and
700°C,37 challenges regarding cathode delamination were reported.9

Ceres Power is the only institution reporting cathode sintering in air
(no temperature reported) before cell operation. Their specific cell de-
sign aims at a low operation temperature of ≤ 600°C, as it utilizes a
GDC electrolyte. At 600°C, Ceres Power reports 0.53 A cm−2 at a cell
voltage of 0.75 V.38 It is expected that the slightly lower performance
reported here of 0.85 A cm−2 with the LSC/GDC cathode sintered ex
situ and of 0.99 A cm−2 with the LSC cathode activated in situ is a
result of the electrochemically less active Ni/YSZ anode cermet com-
pared to the Ni/doped ceria cermets.16,18 This conclusion is supported
by the high performance obtained at JÜLICH on anode-supported
SOFCs,39 in which the LSCF cathodes are subjected to higher sinter-
ing temperatures of more than 1000°C, thus resulting in a coarser (i.e.
less active) microstructure.

Conclusions

The present investigation was carried out in order to pursue the
previous steps of improving the cathode fabrication of MSCs, thereby
enhancing their reliability during cell operation. The results provide
a significantly improved handling of entire cells sintered ex situ. The
application of ex situ sintering to LSC-based cathodes was enabled
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by utilizing the cathode as a dual-phase composite consisting of the
perovskite material LSC and GDC as the second phase. Moreover, im-
proved stability of the dual-phase cathode was achieved compared to
pure LSCF cathodes sintered ex situ. Whereas LSCF cathodes sintered
ex situ fail within a few days of storage in ambient air due to La(OH)3

formation resulting in the spallation of the layer, LSC/GDC cathodes
can be stored under ambient conditions without impeding their me-
chanical integrity. It was concluded that a rigid GDC network pro-
vides additional mechanical stability. Therefore, failure is prevented
even when the LSC is decomposed and La(OH)3 is formed. During the
first hours of cell operation, the initial cathode phase composition is re-
stored by a reversible phase transformation, which occurs at T ≥ 750°C
in air. Electrochemical activity of the re-oxidized dual-phase cathode
was proven in a single-cell measurement. At T < 750°C, the perfor-
mance of the LSC/GDC dual-phase cathode was found to be higher
than that of the pure LSCF cathode sintered ex situ, but lower than that
of the LSC cathode activated in situ. Overall, a current density of 1.30
A cm−2 at 750°C, 0.85 A cm−2 at 700°C, and 0.54 A cm−2 at 650°C
was achieved at a cell voltage of 0.7 V for the LSC/GDC dual-phase
cathode. For LSCF, current densities of 1.32 A cm−2, 0.82 A cm−2,
and 0.49 A cm−2 were obtained, whereas LSC achieved 1.37 A cm−2,
0.99 A cm−2, and 0.60 A cm−2 at 0.7 V and operating temperatures of
750°C, 700°C, and 650°C, respectively. Electrochemical performance
can be further enhanced through the application of improved cathodes
on cells with Ni/GDC anodes, which are known to result in increased
electrochemical activity. Furthermore, dual-phase cathodes might be
enhanced by optimizing the cathode microstructure. Approaches for
achieving this optimization include an adjustment of the LSC/GDC ra-
tio, the particle sizes of the powders, and the cathode thickness as well
as a specific adjustment of the sintering conditions to the dual-phase
composition.
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