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Abstract: This study focuses on the synthesis, characterization and study of a new perovskite-type materials
as cathode in SOFC. The synthesized doped perovskites have been successfully synthesized with high purity.
The electrochemical performance of these materials was extensively examined through the characterization of
I-V-P and EIS curves at the three temperatures: 750, 800 and 850 °C. Where it is revealing a substantial reduction
of total resistances by approximately 50% and 70%, accompanied by an impressive increase in power densities
by around 200% and 300%, respectively. The cell featuring Smo.oiSrosFeosCoosOs exhibited the most
commendable electrochemical properties at each temperature, following closely were Pro.01Sros9FeosCo0s03 and
Lao.01Srog9FeosCo050s.
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1. Introduction

Within the segment formed by renewable energies, new energy generation systems have become
important over recent years, where Solid Oxide Fuel Cells (SOFC) stands out, since they have the
advantage of being able to directly convert chemical energy stored in fuels (hydrogen, natural gas or
biogas) into electrical energy with high efficiency. Electrode-supported fuel cells have operating
temperatures around 600-800 °C, while electrolyte-supported require higher temperatures, usually
above 900 °C. Nevertheless, solid oxide systems need to improve their durability, as the high
temperatures to which they are subjected induce diffusion processes of species through the
component materials, which results in losses in their electrochemical performance and compromises
their durability over long periods of operation. For this reason, it is necessary look for new materials
for electrodes with high catalytic activity and stability for SOFC [1,2].

Perovskite materials are crystalline compounds with a particular structure that have become
very popular in scientific research in recent years due to their amazing electrical and optical
properties [3-8]. The structure is characterized by a particular arrangement of the ions within it,
which allows a great variety of possible chemical combinations and great potential for its application
in electronic and photovoltaic devices. The general formula is ABOs, where A is a metal ion and B is
a nonmetal ion [9].

Regarding the chemical characteristics, perovskites are stable at high temperatures and
pressures, and are resistant to corrosion [10-12]. However, some perovskites are sensitive to moisture
and light. In terms of structural features, it has a cube-shaped crystal structure, with a large metal ion
surrounded by a group of small ions. This structure is responsible for the excellent electronic and
mechanical properties of perovskites. In addition, its structure is highly flexible, which allows its
properties to be modified through changes in the chemical composition [13,14].

Perovskites have shown to be promising materials due to their unique conductive and
semiconducting properties. It has been shown that perovskites can act as active electrodes and
catalysts in SOFCs [15-19], allowing for improved cell performance and stability. However, there are
still significant challenges to overcome before perovskites can be used in SOFCs in a practical way.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202312.0280.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 December 2023 doi:10.20944/preprints202312.0280.v1

2

These challenges include the long-term stability of perovskites, the synthesis of high-quality
perovskites, and the understanding of charge transport mechanisms in SOFC perovskites.

Starting from the fact that one of the best electrolytes used so far is YSZ due to its magnificent
properties, the cathode used must have: a high electronic and ionic conductivity, a high porosity to
allow the flow of oxygen and a catalytic activity to be able to to reduce oxygen and generate oxide
ions [20-23]. Although one might think that noble metals such as platinum could perform this
function, they present a high cost and limitations in the reduction process. It is very common to used
samarium doped ceria (SDC) or gadolinium doped ceria (GDC) as protective layer between the
electrolyte and the cathode, in order to prevent the formation of poorly conducting secondary phases,
which reduced the oxygen electrode performance [24].

The commercialization of SOFC technology depends largely on the improvement of the
durability and cost reduction of the cells, where the manufacturing methods have a great relevance.
The selection of a suitable fabrication method for each component of planar SOFC usually depends
on the cell structure and whether the SOFC are electrolyte-supported or electrode-supported, where
fast, economic and environmentally methods are required [25].

To produce anode supported SOFC, one of the most commonly used method is tape casting, due
to its low cost and the fact that expensive tools are not needed [26-28]. On the other hand, the
deposition of the layers is usually made by different techniques such as chemical vapor deposition,
screen printing or dip coating. Wet Powder Spraying (WPS) is considered a promising alternative
that allows to control the morphologies and the layer thickness with the advantage of being a low-
cost technique [24,29]. In our work three anode-supported cells have been fabricated by a tape casting
method. The aim of this research is to study the influence of the use of differente cathodes using self-
made powders obtained by freeze-drying. The deposition of the different layers (yttria-stabilized
zirconia, YSZ, as electrolyte, gadolinium doped ceria, GDC, as protective layer and
REo01Sro99Fe0sCo050s (RE=Pr, La, Sm) as cathode) has been done by WPS, optimizing the deposition
procedure. The samples were characterized by X-ray diffraction (XRD) and Scanning Electron
Microscopy (SEM). Electrochemical measurements were performed and analyzed.

2. Materials and Methods

2.1. Experimental materials

The reagents were used without further purification: SrCOs (Aldrich, 99.9%), Fe2Os (Panreac,
96%) and CoCOsH:0 (Acros Organics, 99%), PréOi (Aldrich, 99.9%), La20s (Merck, 99.9%),
Sm(NOs)s-6H20 (Aldrich, 99.9%), YSZ (3%Y, Tosoh), Gd(NOs);:6H20, Ce(NOs)s -6H20, NiO
(Chemlab, 99%).

2.2. Preparation of material

The method used was freeze-drying where cation solutions must be at basic pH. In addition,
and according to what was described by Marrero D. [30], 0.5: 1 ratio of EDTA with respect to metal
were added. Once removed from the lyophilizer, the samples were calcined immediately at 850 °C
for 4 hours and subsequently heated at 1050 °C for 24 hours.

SOFC’s measurements had been realized in National Hydrogen Center and the procedure was
carried out according to Wain-Martin method [16].

For the manufacture of the supports, 3 tapes with a diameter of 24 mm were cut and later they
were assembled using a Collin model P200E hot plate press, which is programmable in pressure,
temperature and time (20 bar at 115 °C for 60 seconds). Then, the supports were pre-sintered in air
before being used for YSZ spraying. In Figure 1 are shown the photographs of the green support (left)
and the sintered completed cells (right) with a diameter of 17 mm.
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Figure 1. Photograph of the top view of the green tape (left) and top view of the completed cells
(right).

The cells have a porous anode made by Ni-YSZ (8% mol Y20s stabilized ZrOz), a 10 um YSZ
electrolyte, 2 um GDC as a protective barrier and a porous cathode made with REo.01Sro.99Fe0sCo0503
(RE=Pr, La, Sm) of 25 um of thickness. The cathode area was 1 cm?2 for performance test. In order to
prevent the formation of poorly conducting secondary phases between the electrolyte and cathode
layers a protective barrier of GDC has been added.

The deposition of the different layers has been carried out by manual WPS using an Iwata Eclipse
HP-BCS airbrush. For the preparation of the inks, the starting powders were ground using a ball mil
with a dispersant for 24 hours, adding 2-propanol as solvent.

2.3. Characterization

The diffractograms were performed with an Empyrean PANalytical X-ray diffractometer with
Cu Ka1 radiation (a = 1.54056 A) in a range of 26 from 10° to 80°. The phase identification was done
using the X'Pert HighScore Plus program using the PDF-4 database.

Scanning Electron Microscopy (SEM) studies were carried out at SEGAI (Servicio General de
Apoyo a la Investigacion) with ZEISS EVO 15 (2nm resolution with 50mm2 Oxford X-MAX
Microanalyzer for X-ray Dispersive Energy (EDX)).

In order to perform the electrochemical test, Pt paste was added into the cathode and anode of
each sample to improve the contact between the cells and Ni and Au collectors. The cells were
mounted on a Open FlangesTM Test Set (Fiaxell) attached by a spring-loaded mechanism. Then, in
order to separate the anode and cathode chambers, Mica Phlogopite Paper was used as sealant.
Electrochemical measurements were collected using a Potentiostat/Galvanostat VSP (Biologic)
coupled to a Booster VMP3 (Biologic), using H2 (3 vol% H20) as fuel gas on the anodic side and air
on the cathodic one at temperatures of 750, 800 and 850 °C. The flow rates were set at 2 L/h for H
and 6 L/h for air and the polarization applied to the impedance test was 50 mA.

3. Results and discussions

3.1. X-Ray Powder Patterns

The XRD patterns are shown in Figure 2. This data presented are consistent with cubic phase,
and space group Pm3m with hkl positions illustrated in Table 1. As can be seen, when the proportions
of the atoms are changed, the peaks shift slightly to larger angles. This phenomenon is due to the
difference in ionic radio of the atoms in the structure and how they are introduced into it due to the
atomic dispersion factor.
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Figure 2. X-ray difraction patterns of samples (in colours) and their comparative with database (in

black).
Table 1. hkl positions.
HKl positions
h 1 1 1 2 2 2 2 3 2 2
k 0 1 1 0 1 1 2 0 2 1
1 0 0 1 0 0 1 0 0 1 0
20 22.9 32.7 40.3 46.9 52.8 58.3 68.5 73.3 73.3 78.0

The cell parameters and reliability factors obtained from Rietveld refinements are shown in
Table 2. The differences in cell volume are explained by the fact that iron atoms have a larger radius
in the case of the first three samples; while in the doped samples, the difference is due to the atoms
that share a hole with strontium. The factors obtained from the Rietveld refinement are comparable
to the bibliography consulted for this type of phase, so it is considered an optimal refinement for all

samples.

Table 2. Cell parameters and reliability factors.
Sample a (A) V(A3) RBragg Rp pr Rexp X2
SrFeos5Co050s 3.862 57.635 227 33.1 20.8 7.30 8.12
SrogsLao.oiFeosCoosOs 3.870 57979 185 828 39.4 27.08 212
Sro.9oPro.0iFeosCoos0s 3.868 57915 0.036 37.6 25.7 7.50 11.7
Sr0.99Smo.01FeosCo050s 3.865 57.765 0.0141 60.3 37.1 11.07 11.2

3.2. Morphological analysis

The morphology of the prepared materials was characterized by SEM. To see it in a better way,
each atom has been colored with a different color (Figure 3). A homogeneous surface is observed in
all samples and Table 3 shows the EDX analyzes in which the proportions of the atoms are confirmed.
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Figure 3. SEM images of: (a) SrFeo5Co00503; (b) Sro9sSmo.oiFeosCo0s03; (¢) SrossProoFeosCoosOs; (d)
SrogsLaoo1FeosCo050s.

Table 3. EDX analysis.

Sample %Sr %Fe  %Co %0 % other
SrFe05C00503 35.43 30.93 9.63 24.01 -
Sro.99L.ao.01Feo5C00503 31.59 2771 16.97 16.97 1.07
Sro.99Pro.01Fe0sC00503 35.63 27.35 13.57 22.48 0.97
Sro.99Smo.01Fe05C0050s3 21.11 17.02 38.01 22.20 1.06

Finally, SEM images of the built piles have been obtained, in which all the layers can be perfectly
observed (Figure 4). It should be noted that these images were after the measurements, so one can
ensure that they have not undergone degradation.
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EDS Layered Image 1

Figure 4. SEM image of one of the samples where it observed four layers. Each layer is Ni-YSZ, YSZ,
GDC and perovskite.

3.3. Cell electrochemical characterization

Polarization curves were performed at maximum current densities of 52 mA-cm? at each of the
samples for temperatures of 750, 800 and 850 °C. Ideal working way would have been to reach current
densities to obtain a potential of 0.6 V, as this fact had not possible, extrapolation of the data is
performed assuming that the slope of the obtained curves remains constant. In this way, the
polarization curves obtained are shown by attaching the obtained values after extrapolation. The
impedance measurements were performed at 50 mA with deacreasing frequency from 100 kHz to 1
Hz, with an amplitude of 10 mA.

The cells described have been characterized as a function of temperature: 750, 800 and 850 °C.
The current-voltage and current-power characteristics of the cells at these temperatures are given in
Figure 5. The obtained open circuit voltage (OCV) is the predicted by the Nernst Equation (1.10 V at
750 °C), except in sample with LaooSrosFeosCoosOs as cathode. It is observed that a change in
working temperature significantly affects electrochemical properties. The increase of the working
temperature favors a decrease in the resistance, and as a consequence, an increase in the working
power density.

Figure 5a shows polarization curves of LaooiSrosFeosCoosOs as cathode, it can be seen that
obtained resistances and maximum power densities are 10.58, 5.38 and 3.24 ()-cm?, and 21.90, 38.23
and 59.84 mW-cm?2 to 750, 800 and 850 °C, respectively. It is also observed that the OCV of 0.93 V is
lower than the 1.10 V expected by the Nernst equation, it is probably due to small leakages in the
mica sheet used as sealant. This fact affects the measured potencial and, as a consequence, the
maximum power density that the cell is able to generate.
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Figure 5. (I-V-P) curves of the cells at 750, 800 and 850 °C using: (a) SrossLaooiFeosCoos03; (b)
Sro.99Pro.01FeosC00503; (c) SrossSmo.o1FeosCoos0s as cathode.

In Figure 5b, polarization curves of SrosProoiFeosCoosOs cathode, own resistances and maximum
power densities are 9.55, 4.68 and 2.81 (O-cm?, and 28.30, 55.25 and 91.24 mW-cm-2 to 750, 800 and 850
°C, respectively. His OCV is 1.07 V, newly a similar value to expect by the Nernst equation.

Lastly, Figure 5c that’s for SrossSmo.oiFeosCoos0s as cathode, had resistances 7.14, 3.37 and 2.04
-cm? and maximum power densities 39.92, 82.82 and 131.82 mW-cm? to 750, 800 and 850 °C,
respectively. As in the previous case, OCV is 1.06 V, which brings back, a result similar to Nernst
equation.

Figure 6 shows, for each material, its EIS diagram as a function of temperatures. In all cases a
trend is observed: when the temperature increses, the values of real Z axis decrease. This means that
the ohmic drop, the activation of the electrodes as well as the difussion processes, are thermally
activated. From the EIS spectra is possible to obtain the ohmic resistance using the intersection values
with the Z real axis at high frequencies, as expected the ohmic resistance, mainly associated with the
YSZ electrolyte, remained almost constant for the three cells. In the case of the total resistance, value
that include ohmic and polarisation resistances, can be obtained from the intersection of the diagram
with the Z real axis in the low frecuencies zone. Polarization resistances, generally associated with
gas phase diffusion processes, decrease when the temperature decrese.

From the EIS spectra is possible to obtain the ohmic resistance using the intersection values with
the Z real axis at high frequencies. We are able to compare them with similar cells already studied,
which are collected in Table 4.
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Figure 6. Nyquist diagrams at 750, 800 and 850 °C wusing: (a) SrowLaonFeosCoosOs; (b)
Sro.99Pr0.01Fe05C00503; () Sro.9sSmo.oiFeosCoos0s as cathode.
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Table 4. Ohmic and polarization resistances obtained from the EIS of the cells at 750, 800 and 850 °C.
Temperature SrogLaooFeosC00503 SrosProoFeosCo00s0s  SroseSmuo.o1FeosCoos0s
Rohm (€-cm?) 0.33 0.28 0.20
750 °C Rpot (QQ-cm?) 9.09 8.43 6.86
Reota (Q2-cm?) 9.42 8.71 7.07
Rohm (€2-cm?) 0.21 0.20 0.13
800 °C Rpot (QQ-cm?) 4.89 4.10 3.04
Reotal (€2-cm?) 5.10 4.30 3.18
Rohm (Q-cm?) 0.15 0.14 0.09
850 °C Rpot (Q-cm?) 2.93 2.25 1.69
Riotal (Q2-cm?) 3.09 2.40 1.79

According to the data obtained, the resistance to polarization of our materials improves as we
increase the temperature and, furthermore, it is better for the compound doped with samarium than
with praseodymium and lanthanum. Although it is true that analogous systems doped with
lanthanum are among the most studied, it is observed that samarium, under the same conditions,
represents an improvement. Obtained polarization results of studied cells at 800 °C show values of
510, 430 and 3.18 for SrosslaooFeosC00503, SrogProoFeosCoos0s and SrogsSmo.oiFeosCoos0s,
respectively. Compared to other bibliographic studies such BaoosCoosFeo2NboiOs system [31],
Sro4Lao.cFeosCuo20s system [32], and others similar works as SrosLao4Nio2FeosOs compound [33] and
SrosBaosZn0.2FeosOs sample [34], Our results show slightly lower electrochemical performances,
however, we can assure that our material is promising but still needs microstructural optimization
to increase the response of the fabricated electrodes.

4. Conclusions

The synthesized doped perovskites have been successfully synthesized with high purity. In
addition, the results of I-V-P and EIS curves characterization verified very good electrochemical
performance of these materials at the three temperatures studied. It has been demonstrated that in
all cases when temperature was increased from 750 to 800 and 850 °C we obtained those total
resistances were reduced approximately by 50 and 70%, and power densities were incremented
approximately by 200% and 300%, respectively. As expected, these cells work better when
temperature is increased. Cell with Sro.9Smo.nFeosCo0s0s as cathode shows the best electrochemical
properties at each temperature, followed by SrosProoFeosCoosOs and SrossLaooiFeosCoosOs. The
results obtained for cell with SrossSmuo.01Fe0.5C00503 (ohmic polarization of 0.09 Q-cm?, OCV of 1.06
V, total resistances of 1.79 Q-cm? and maximum power densities of 131.82 mA-cm? at 850 °C) have
demonstrated optimal electrochemical parameters to use these types of material as cathode of SOFCs.
It is believed necessary to continue the study of cells with SrogsLao.o1FeosCo0s0s as cathode to confirm
if low OCV values are taken as valid or if they are due to small leakages in the mica sheet used as
sealant.
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