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Abstract: Cathode materials based on SrCoOs-s perovskite-type oxides hold great potential, given
the huge oxygen permeability exhibited by the cubic phase of this oxide, which must be stabilized
though suitable cationic substitutions. We present here two novel materials of the series Sr1xYxCoOs-
5 (x=0.1, 0.2), prepared by solid-state reactions. The crystalline structure was explored by neutron
powder diffraction. At RT, we identified a subtle tetragonal superstructure, yet preserving the
wanted framework of vertex-sharing CoOs octahedra. A noteworthy result of the neutron analysis
is the presence of conspicuous amounts of oxygen vacancies, ordered in layers and responsible for
the formation of the mentioned superstructure. The stability was investigated by thermal analysis,
using thermogravimetry (TGA). The maximum value of electrical conductivity was 800 °C of 122
S:ecm-l. To determine the resistance associated with the oxygen reduction reaction (ORR),
electrochemical impedance spectroscopy as a function of temperature was carried out, finding a
value for the activation energy of Ea=0.82 eV. This is a much lower value than that usually obtained
for cathodes with a high catalytic activity for the ORR. In single-cell tests, the materials generated a
power density up to 0.25 Wem-2 at 800°C, using pure H: as fuel. Those features suggest that this
perovskite is a suitable candidate as cathode material in intermediate-temperature SOFCs

Keywords: cathode, SOFC, SrCoO3-6

1. Introduction

One of the most promising electrochemical conversion devices are the Solid Oxide Fuel Cells
(SOFCs). They typically have operating temperatures between 800 and 1000°C. They drive the direct
transformation of the chemical energy stored in a fuel directly into electricity [1,2]. These fuel cells
are highly efficient devices with the added advantage over other fuel cells that they can operate not
only with pure Hz, but accept low purity H2 and other fuels such as methane (CH4) and ammonia
(NHs) [3,4], due to their high working temperatures. Their use is relevant mainly for stationary
applications, where they may replace conventional combustion systems, constituting essential s in
the hydrogen-based energy economic model [5-9]. It should be noted that SOFCs can operate
reversibly, producing Hz from H2O vapor electrolysis with higher yields than low-temperature
electrolysers. A major disadvantage of these devices is the high working temperatures around
1000°C, which is detrimental to the stability and duration of the cell components. Therefore, it is
essential to implement new materials that are active at lower temperatures, taking care not to sacrifice
the great performance of these cells.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The cathode is one of the most important components in a SOFC, since the reduction of oxygen
from the air to O* ions (oxygen reduction reaction, ORR) has a sluggish kinetics that determines the
performance of the cells [10-12]. Their optimization at lower temperatures is a real challenge. These
electrodes must be mixed ionic-electronic conducting material (MIEC). In this way, they provide the
contact area necessary for the ORR reaction to happen in the entire surface of the electrode, and not
only in the triple phase boundary (TPB), where the electrolyte, the fuel and the electrode come
together [13-16].

Among the compounds commonly considered as cathodes in SOFCs, an appealing candidate is
the SrCoOs-5 perovskite, one of the most metallic oxides. In its cubic phase (denominated 3C in the
perovskite nomenclature, with a vertex-sharing octahedral framework) it exhibits one of the highest
electrical conductivities and, additionally, it can host many oxygen vacancies. Unfortunately, above
900 °C the cubic phase irreversibly transforms into a 2H hexagonal phase with low electrical
conductivity [17-20]. Therefore, it is necessary to stabilize the 3C phase in the temperature range in
which a SOFC would normally operate. Much research has been conducted to stabilize this phase in
a large temperature range, mainly by replacing some strontium [21-24] or cobalt [25-27] by aliovalent
elements.

In this work, we describe the stabilization of a cubic perovskite phase by Y doping at the Sr
positions. These samples has been studied by the pertinent characterization techniques: X-ray
diffraction (XRD), to check the correct synthesis of the compounds and the chemical nature of the
samples, and neutron powder diffraction (NPD) for a complete crystallographic characterization and
determination of oxygen vacancies. Thermal analysis permitted to study the chemical stability of the
samples; electrical conductivity as a function of temperature was complemented with single cell tests,
as real energy conversion devices where these materials demonstrate its performance with pure
hydrogen as fuel.

2. Materials and Methods

2.1. Synthesis

Polycrystalline samples of SrixYxCoOs-s (x= 0.1, 0.2) were synthesized by solid-state reaction.
SrCOs, Y203 and Co(NOs)2.6H20 oxides were ground in an agate mortar for half an hour and then
annealed in air at 800°C for 20 h. Subsequently, the reagents were ground again for half an hour and
then heated to 1200°C for another 20 h.

2.2. Structural Characterization

A Huber diffractometer was used to perform the X-ray diffraction (XRD). A CuKa radiation (A
=1.5418 A; 40 kV, 30 mA) was used in Bragg-Brentano mode. The scanned range was from 20° to 80°
with steps of 0.02°. The D2B high-resolution powder diffractometer at the Laue-Langevin Institute
(ILL) (Grenoble, France) was used for the neutron powder diffraction (NPD) analysis with A= 1.549
A. 2 g of product were placed in a cylindrical vanadium can; the data collection lasted 3 h. NPD data
were analyzed by the Rietveld method [28] through the FULLPROF [29] software. A pseudo-Voigt
function was used to model the shape of the diffraction peaks. The order of the refined parameters
were: the scale factor, zero point offset, background coefficients, unit cell parameters, asymmetry
correction for the shape of the profile, the atomic positional coordinates and finally, the isotropic
thermal factor of cations. In the case of the oxygens atoms, an anisotropic model was used to describe
the thermal displacements. The NPD data also allowed us to refine the occupancy factor of oxygen
atoms.

2.3. Thermal Analyses

To determine the sample weight as function of temperature, thermal analysis for the samples
was carried out in a Setaram TG-DTA system. Alumina oxide crucibles of 70 pl were used for about
50 mg of sample in air. The heating ramp was of 10°C min™ from RT until 1000°C. The cooling was
also recorded.
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2.4. XPS

A SPECS GmbH electron spectrometer was used to obtain the X-ray photoelectron spectroscopy.
The spectrometer was equipped with a hemispherical electron analyzer, with a X-ray source (200 W,
12 kV) of Mg Ka (hv =1253.6 eV, 1 eV =1.603 x 10-19 ]) radiation. The degassing process was at 10
mbar. The residual pressure of the ion-pumped analysis chamber was maintained below 4 x 10 mbar
during data acquisition. Binding energies (BE) were referenced to the C 1s signal from carbon
contamination of the samples (284.8 eV). The experimental peaks were fitted by a combination of
Lorentzian/Gaussian lines of variable proportions and the peak intensities were assessed. Atomic
surface contents were estimated from the areas of the peaks.

2.5. Electrical Characterization

Four-probe method: The powders obtained were compacted at 1 [Ton] of pressure in a bar-shaped
die and then sintered at 1000°C obtaining dense pellets. Four platinum wires were wound around
these pellets and then painted with platinum ink to create a weld between the wires and the material,
completing the circuit of the four-probe method. The conductivities were measured between 25 and
800°C, applying an electric current in a range of 0 to 100 [mA].

Impedance spectroscopy: Impedance was measured in a symmetrical cell using LSGM
(LaossSro17GaosMgo20s3-) as electrolyte. Cathode inks were prepared by mixing the powders with
terpineol and then calcined at 1000°C for 1 h. To ensure the electrical contact, both sides were painted
with platinum ink and finally annealed at 800°C for 1 h. The data were collected in an AC from an
Solartron 1260 FRA from 1 KHz to 10 mHz frecuencies and a signal amplitude of 50 mV between
500°C - 800°C temperature range. The software ZView was used to analyze the data to yield the Area-
specific resistance (ASR) (QQcm?).

Single Cell Performance: Single-cell experiments were conducted by assembling an authentic fuel
cell comprising the SrosY01CoOss cathode, LSGM electrolyte, and SrMoosFeo20s-» anode (also
prepared in our lab [30]). The electrolyte was fabricated using the ceramic method with initial
materials; the final sintering temperature was 1450°C. A final pellet was meticulously polished with
a diamond wheel to a thickness of 300 um. Once the desired thickness was achieved, a buffer-layer
ink was applied to one side of the electrolyte. This buffer layer serves to prevent ionic interdiffusion
and chemical reactions between the electrolyte and anode. It comprises a suspension of lanthanum-
doped ceria CeosLaosO25 (LDC) in terpineol. Subsequently, the electrolyte and buffer layer were
subjected to heating at 1300 °C for 1 hour to enhance adhesion.

Following this, an anode ink, prepared in a similar manner, was deposited on the surface of the
buffer layer and heated at 1100 °C for 1 hour. The cathode was deposited on the opposite surface of
the electrolyte, using the corresponding ink and undergoing heating at 1100 °C for 1 hour. Once the
single-cell assembly was completed, a platinum gauze was positioned on both the anode and cathode
to serve as an electrical collector, with two intertwined platinum wires attached through platinum
ink, dried for 1 hour at 850 °C. The working electrode area of the cell was 0.25 cm? (0.5 x 0.5 cm?). The
cells underwent testing in a vertical tubular furnace at 650°C, 700°C, 750°C and 800°C; the anode side
was fed with pure dry Hz, while the cathode operated in air. Fuel cell tests were conducted using an
AUTOLAB 302N Potentiostat-Galvanostat by varying the cell voltage from the OCV ("open current
voltage") to 0.1 V, with increments of 0.010 V and holding for 10 seconds at each step. The current
density was calculated based on the recorded current flux through the effective area of the cell (0.25
cm?).

3. Results

3.1. XRD and NPD Characterization

The characterization of SrixYxCoOs- (x= 0.1 and 0.2) polycrystalline samples was performed by
XRD at 25 °C (Figure 1) to assess the purity and crystallographic nature of the samples. The XRD
patterns effectively show that by doping with small amount of Y at the strontium site, it is possible
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to stabilize a cubic phase [31] at room temperature. No impurities appear in the 10% Y sample. Two
additional peaks appears in the 20% Y sample at 38° and 42.5° (asterisks in Figure 1) indicating a tiny
impurity. The XRD diagrams seem to be characteristic of cubic structures, with a0 parameters close
to 3.8 A.
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Figure 1. XRD diagrams for SrixYxCoOs- (x=0.1 and 0.2) samples.

3.2. NPD Investigation

A neutron powder diffraction analysis at 25°C was essential to investigate the actual symmetry
and crystallographic features of the selected SrosY01CoOs compound. Whereas the previous analysis
from XRD data suggested a cubic symmetry, the presence of some superstructure reflections in the
NPD pattern clearly indicated the presence of a tetragonal superstructure with doubled c axis. The
crystal structure was then properly refined in the P4/mmm space group (s.g. # 123), with unit-cell
parameters a =b = ao, ¢ = 2a0, where ao stands for the cubic edge of the aristotype. In this model, Sr
atoms are situated at 2h (1/2,1/2,z) positions, two types of cobalt atoms, Col and Co2 at 1a (0,0,0) and
1b (0,0,1/2) sites, respectively, and the three kinds of oxygen atoms O1 at 2f (1/2,0,0), O2 at 2g (0,0,z)
and O3 at 2e (1/2,0,1/2) positions. Y atoms are statistically distributed at the Sr 2h positions. Table 1
includes the unit-cell parameters and volume, atomic positions, anisotropic displacement parameters
for some O atoms and isotropic ones for the metal atoms and reliability factors, after the Rietveld
refinement of the crystal structure at 25° C. Figure 2a shows the NPD pattern for SrosY01CoQOs-s after
the Rietveld refinement against the 25° C data, where the observed and calculated NPD profiles are
in good agreement. The oxygen content was also refined (Table 1), yielding a final formula
S109Y01C002790). O1 and O2 are almost stoichiometric, whereas the highest amounts of vacancies are
found in O3, as shown in Table 1. From these formulae, and assuming Sr? and Y3+ oxidation states, a
mixed valence for Co ions are obtained, as Co348*,

3500

30004 @ Sru SYmCOOs’ RT
NPD, 1= 1.594 A

2500

2000 +

u.)

1500

Intensity (a

T T T
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2 theta (deg)

Figure 2. a) Rietveld plot from NPD data at RT for SrosY01CoOs-5, including the observed profile (red
crosses), calculated (black line), difference (blue line) and Bragg positions (green ticks. b) View of the
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5
tetragonal crystal structure, where large Co20s and small ColOs octahedra alternate along the c axis,
with a large fraction of oxygen vacancies concentrated at the O3 sites.
Table 1. Structural parameters for SrosY01CoOs-s from NPD data at 295 K.
Crystal data
Tetragonal, _ o
P4/mmm A=1.594 A
a=3.83899 (8) A ¢=7.7017(3) A
V=113.51 (1) A3 7=2
Refinement
Rp =3.15% Rwp =4.01%
Rexp=2.70%  RBragg=6.18%
x2=2.20 3149 data points
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (A2)
X y z Uiso*/Ueq Occ. (<1)
Sr 0.5 0.5 0.2580 (4) 0.0111 (7)* 0.9
Y 0.5 0.5 0.2580 (4) 0.0111 (7)* 0.1
Col 0 0 0 0.0008 (9)*
Co2 0 0 0.5 0.0008 (9)*
0.979
O1 0.5 0 0 0.0010 (8)* 12
1
02 0 0 0.7683 (7) 0.042 (2) 12
0.807
(OX] 0.5 0 0.5 0.041 (4) 14
Atomic displacement parameters (A2)
Un Uz Uss U U Uz
02 0.054 (3) 0.054 (3) 0.019 (2) 0 0 0
O3 0.008 (3) 0.068 (6) 0.048 (4) 0 0 0

Figure 2b displays the tetragonal superstructure of SrosY01CoOss at 25° C, in which layers of
contracted octahedra containing Col are alternated with layers of elongated Co20Os octahedra. Col-
O1 and Co2-03 bond lengths exhibit the same distance of 1.919(1) A, whereas Co1-O2 bond length is
much shorter (1.784(5) A) than Co2-O2 (2.066(5) A). This fact, together with the long-range ordering
of the oxygen vacancies in the crystal, could be the origin of this superstructure, as suggested in
previous works with similar compositions [26,32-34]. These significant differences in the octahedral
size could imply a higher oxidation state in Col with respect to Co2, presenting a virtually tetravalent
oxidation state at Col positions, while Co2 sites exhibit a trivalent oxidation state. This scenario
implies a full charge disproportionation of Co ions: thus, the Jahn-Teller axial elongation of Co206
octahedra would be attributed to the existence of Co? in an intermediate-spin configuration.

3.2. Thermal Analysis

A thermogravimetric analysis (TG) was carried out from 25 to 900 °C to determine the oxygen
deficiency of the Sro9Y01CoOs-» sample at the working temperature of a SOFC. Figure 3 shows the
experimental TG curves in the heating and cooling runs, showing a total weight loss of 1.44% at
1000°C that corresponds to the creation of new oxygen vacancies with increasing temperature. There
is a weight gain at 400 °C; in similar compounds [32,33,35] related to doped SrCoOs, a phase transition
from tetragonal to cubic phase has been observed in this temperature range, which is concomitant
with a subtle oxygen uptake. The cooling run confirms the reversibility in air atmospheres of the
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oxygen of the perovskite, the specimen recovers the lost oxygen, virtually reaching the same initial

composition.
10004+ Sry6Y,,C00,,
—— Heating
— Cooling
99,5 1
S
S 99,0
(]
E
1.44%
98,5
98,0 T T T T T T T T
200 400 600 800 1000

T(°C)

Figure 3. Thermal analysis (TG curve) for the Sro9Y01CoOs-» perovskite.

3.3. XPS Measurements

The characterization of the surface of the sample was carried out to know the oxidation state of
the Sr, Y, and Co elements in the SrosY02C0Os-s sample. The XPS spectra are shown in Figure 4. The
peaks at binding energy (see Figure 4d) of 133.1, 157.1, 284.1, 530.1 and 781.8 eV are ascribed to Sr 3d,
Y 3d, C1s, O1s, and Co 2p. Figure 4a shows that the binding energy value is compatible to Co 2p3/2.
Two doublets are observed at 781.1 eV and 794.2 eV, those corresponding respectively to Co 2p3/2
peak Co 2p1/2. Their corresponding satellite are located at 790 and 803 eV. This means that Co is
present as a mixed oxidation state of Co(IV) and Co(Ill), which is consistent with the cation
distribution inferred by NPD. The energy difference between Co 2p3/2 and Co 2p1/2 due to spin-
orbit splitting is about 13.1 eV. Concerning the binding energy of the Y 3d core level, Figure 4b shows
a value of doublets around 156.5 and 158.3 eV, characteristic of Y?* species. Figure 4c also shows the
surface information of the Sr 3d that correspond to Sr?* oxidation state.
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Figure 4. XPS spectra of SrosY02C0Os-» surface sample (a) cobalt Co 2p, (b) yttrium Y 3d, (c) strontium

Sr 3d and (e) full binding energy scan.

3.4. Electrical Conductivity

The electrical conductivity of the SrosY02CoOs-» sample was determined by the dc four-probe
method between 100 and 800 °C in a densified pellet under the air atmosphere (Figure 5). The material
shows semiconductor behavior with a maximum conductivity of 170 S-cm~' at 360 °C. A metal-
insulator transition occurs around 400°C. The conductivity at 800 °C is 122 S-cm-'. The conductivity
values at this last temperature can be considered quite high, which is attractive for the performance
of this material as a cathode. In fact, it is comparable with the magnitudes obtained for related
derivatives of SrCoO:s-» that have been used successfully as electrode materials in SOFC [26,31,32,35].

Conductivity (Scm™®)

200
SrO.SYOAZCOOB-S
.__.- .
- \"""q...
150 - - -
- "-...'-
. .
I. 5.-
100 N
50 4 .
O T T T T T
0 200 400 600 800

Temperature (°C)

Figure 5. DC- conductivity as a function of temperature for SrosY020s-.
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3.5. EIS Measurements

The electrode performance was initially assessed through impedance spectroscopy in ambient
air under open-circuit potential (OCP) conditions, utilizing the same electrode on opposing sides of
the LSGM electrolyte. Figure 6 illustrates the impedance spectra recorded from 500 to 800 °C for
Sr09Y01C00s-5. The resistances ASR associated with the kinetics of electrode processes decrease with
increasing temperature, as expected.

In general, the charge conduction processes within these materials exhibit characteristics of both
resistive (impediment to charge circulation) and capacitive ("double layer" effect) processes,
operating concurrently. Consequently, each of these transport processes is typically modeled as an
(R-CPE) circuit, with both contributions represented as a semicircle in a Nyquist diagram. CPEs
represent a time-dependent capacitive element, often referred to as pseudo-capacitance.

All measured spectra incorporate an ohmic resistance (R1) (the intercept between the impedance
arc at high frequencies and the real axis), which represents the resistance of the electrolyte. As
expected, this resistance increases with decreasing temperature.

A lower temperatures, the spectra here were simulated by a (R1, R2-CPE1, R3-CPE2) circuit,
indicating that two processes are associated with the mechanism of oxygen incorporation in the
material implying that the oxygen reduction reaction is diminished by the effect of temperature,
becoming more resistive the ionic conduction within the electrode structure

From 600°C to 800°C only one arc is observed for this compound, as observed in the inset of
Figure 6. The spectra were simulated by (R1, R2-CPE1) elements. Due to these high temperatures, it
becomes evident that the hopping of oxygen species from the electrode to the electrolyte structure it
becomes much more efficient. The lowest polarization resistance was found at 800°C

100 5 1,0
) = 800°C b)
a P = 750°C St Y, ,CoO0, - Air
£ = 700°C u
80 S
I = 650°C 054 ..
. g 600°C .
NE a = 550°C —
o 604 € 500°C € e
a N & 00+ R
N = .
T < -
@0 ~ N\ = .
<< 3 054 o m
S ™
N Ea=0,82 eV R
1,0 *
T T T T T T T T
0 20 40 60 80 100 09 095 100 105 1,10 1,15 1,20 1,25 1,30
2
Z ASR/2(Q.cm”) 1000/T [1/K]

Figure 6. a) Impedance spectra obtained from 500°C to 800°C in symmetrical cells of SrosY01CoOss
over LaosSro2GaossMgo17Os-» electrolyte. b) Polarization resistance (ASR) as a function of temperature
for Sro.9Y01C0Os-».

The electrode polarization in this case measures 0.25 and 0.43 Q)-cm? at temperatures of 800 °C
and 750 °C, respectively, while for 500°C a value of 30.43 ()-cm? is obtained.

The favorable performance of SrosY01CoOs-s as a cathode with the LSGM electrolyte is evident
in the low electrode polarization resistances. These values, particularly at 800 °C, closely resemble
those of perovskites within the same class.

The activation energy (Ea) for SrosY01CoOs-s perovskite was obtained from an Arrhenius plot, as
shown in Figure 6, where the total area specific polarization resistance (ASR) is represented as a
function of temperature. This value of activation energy, Ea = 0.82 eV [34,36,37], is associated with
the process of oxygen reduction reaction. It is noteworthy to mention that this value is much lower
than those reported for other similar compounds, typically around 1.0-1.5 eV. This value implies that
there will be a greater mobility of oxygen ions in the structure of the perovskite, given the large
number of vacancies existing within its crystalline structure.


https://doi.org/10.20944/preprints202311.1099.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 November 2023 doi:10.20944/preprints202311.1099.v1

3.6. Single Cell Performance

The performance of the Sro9Y01CoOs-s oxide as a cathode material was tested in single cells in an
electrolyte-supported configuration using a 300-pum-thick LSGM electrolyte. The test was carried out
only for x= 0.1, because this sample does not present impurities.

Figure 7 illustrates the cell voltage and power density as a function of current density between
650°C and 800 °C for the single cells fed with pure Hz. The cathode side is in direct contact with air
atmosphere. The maximum power densities generated by the cell are 0.25, 0.18, 0.11 and 0.06 Wem™2
at 800, 750, 700 and 650°C respectively. The obtained results show that SrosY01CoOs-s exhibit a
moderate catalytic activity for the oxygen reduction reaction at intermediate temperatures, i.e, and
the material is a plausible candidate to be used as a cathode in a SOFC.
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Figure 7. Cell voltage (left) and power density (right) as a function of the current density for
Sro9Y01CoOs-» perovskite acting as a cathode in a test cell fed by pure H2 at different temperatures.

5. Conclusions

We have studied the effect of the Y doping in the SrCoOs-s perovskite, showing that Sri.xYxCoOs-
5 (x =0.1 and 0.2) oxides can be successfully utilized as cathode materials in single SOFC cells with
LSGM as electrolyte. A structural study from NPD data unveils the presence of conspicuous amounts
of oxygen vacancies, ordered in layers and responsible for the formation of a tetragonal
superstructure with doubled c axis. A maximum power density of 0.25 W-cm=2 was obtained at 800
°C with pure H: as fuel for x = 0.1. This result is consistent with the excellent electronic conductivity
and low ASR resistance, similar to those observed for other cathodes used in SOFC.
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