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The SrCoi_xSbxOs_s (x=0.05, 0.1, 0.15 and 0.2) system was tested as possible cathode for solid oxide
fuel cells (SOFCs). X-ray diffraction results show the stabilization of a tetragonal P4/mmm structure
with Sb contents between x=0.05 and x=0.15. At x=0.2 a phase transition takes place and the mate-
rial is defined in the cubic Pm-3m space group. In comparison with the undoped hexagonal SrCoO;
phase, the obtained compounds present high thermal stability without abrupt changes in the expansion
coefficient. In addition, a great enhancement of the electrical conductivity was observed at low and inter-
mediate temperatures (T <800°C). The sample with x=0.05 displays the highest conductivity value that
reaches 500S cm~! at 400°C and is over 160S cm~! in the usual working conditions of a cathode in SOFC
(650-900°C). Moreover, the impedance spectra of the SrCo;_xSbyO3_s/CeosNdp20;,_5/SrCoq1_xSbxO3_s
(x> 0.05) symmetrical cells reveal polarization resistances below 0.09  cm? at 750 °C which are much
smaller than that displayed by the pristine SrCoO;_s sample. The composition with x=0.05 shows the
lowest ASR values ranging from 0.009 to 0.23 2 cm? in the 900-600°C temperature interval with an
activation energy of 0.82 eV.
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1. Introduction

One of the major requirements for the commercialization of
solid oxide fuel cells (SOFC) is the development of new mixed
ionic-electronic conductors as cathode materials with better per-
formance at lower temperatures (650-850°C) that also fulfil with
the cell requirements. High-temperature SrCoO3;_s phases with
cubic 3C-like crystal structures are mixed conductors with very
high oxygen permeability values [1,2]. At room temperature and
normal pressure, SrCoO3_g oxides show an approximate stoichiom-
etry of Sr,Co, 05 with two different polymorphs. If the samples are
quenched from the reaction temperature (~1000 °C) an orthorhom-
bic brownmillerite-type structure is obtained. In this metastable
phase the oxygen vacancies are long-range ordered in layers of iso-
lated MO, tetrahedral zigzag chains, alternating with octahedral
layers [3]. However, if the samples are slowly cooled from the reac-
tion temperature (~1000°C), a hexagonal polymorph is obtained,
with a structure related to that of 2H-BaNiO3 [4]. Further studies
have demonstrated that the crystal structure of the hexagonal phase
could be described as a face-sharing arrangement of CoOg octahe-
dra [5-7] and that this polymorph is, in fact, slightly Co-deficient,
acquiring the SrgCos50415 chemical stoichiometry [8]. This hexago-
nal structure has shown to be almost non-oxygen permeable [1].
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Moreover, at temperatures above 900 °C it undergoes a phase tran-
sition to a cubic C-perovskite with abrupt changes in the expansion
coefficient that could produce cracking problems during the cell
operation [9].

Among the various phase structures of SrCoO3_g, the oxide with
the cubic symmetry shows the highest electronic and ionic conduc-
tivity values. However, the structural transition to the hexagonal
phase at temperatures below 900 °C is an important handicap for
high temperature electrochemical devices. The room temperature
stabilization of the SrCoO3_s cubic perovskite has been achieved by
doping with several elements [10-12]. However, it has also been
observed that the oxygen permeability and electrical conductivity
in the related solid solutions increase with decreasing the concen-
tration of the substituting cations in Sr and Co positions [13,14].

In a previous work we have stabilized a tetragonal perovskite
phase by doping the SrCoO3_g system with 10% of Sb in the cobalt
position obtaining a great improvement of the electrical prop-
erties compared to the undoped hexagonal phase [15]. In this
work, we aim to study the effect of the doping content along the
SrCoq_»Sbx03_g system (x=0.05, 0.1, 0.15 and 0.2) and its potential
as SOFC cathode material. For this purpose, the structural, mechan-
ical, electrical and electrochemical properties have been analyzed.

2. Experimental

The synthesis of the SrCo;_,Sbx0O3_s (x=0.05, 0.1, 0.15 and 0.2)
series was performed via the nitrate-citrate route. For this pur-
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pose, stoichiometric amounts of commercial Sb,05, Sr(NO3), and
Co(NO3),-6H,0 were dissolved in a citric acid aqueous solution
containing some drops of HNO3 (65%). The solutions were slowly
evaporated, leading to an organic resin which was dried at 120°C
and slowly decomposed at 600°C. The obtained precursors were
then heated at 900°C for 12 h and at 1000°C for 24 h with inter-
mediate grinding. After the thermal treatments, the samples were
slow-cooled in the furnace.

The freeze-drying precursor route [16,17] was used to prepare
the CeggNdg20,_5 (20CNO) electrolyte material. Stoichiomet-
ric amounts of the involved cations were dissolved in distilled
water using Ce(NO3)3-6H,0 (Aldrich, 99.99%) and Nd(NOs )3-6H,0
(Aldrich, 99.9%) as reactants The solutions were frozen in liquid
nitrogen and introduced in a freeze-dryer (Heto Lyolab) for 3 days.
The amorphous powders were then calcined at 375°C for 4h to
decompose the nitrates. Sintered pellets of about 7mm diame-
ter and 1 mm thickness were prepared by uniaxial pressing after
milling the powders (precalcined at 375 °C) with zirconia balls and
heating at 1500 °C for 10 h.

The obtained powders were characterized by X-ray diffraction
in order to assess phase purity and crystallinity. The structural char-
acterization was determined by Rietveld analysis of the X-ray data
using the FULLPROF suite program.

In order to analyze the chemical compatibility of cathodes and
electrolytes, XRD measurements were performed in mixtures of
powders of 20CNO electrolyte and the cathode materials after being
calcined at 1000°C for 4 h and 850°C for 50 h.

Thermogravimetric (TG) and differential thermal analysis (DTA)
in air were performed using a Stanton STA 781 instrument in the
range of 25-900 °C. In reducing conditions they were performed in
a Mettler Toledo STAR SW 9.01 instrument, in the 30-900 °C tem-
perature range, under a 10%H;/90%N, flow (100 mlmin~1). About
50 mg were used in each experiment. An OmniStar™ mass spec-
trometer was coupled to the TG system to analyze the gases formed
during the processes.

Thermal expansion coefficients and electrical conductivities of
the SrCoq_,SbxO3_g system were measured in sintered samples
prepared by pressing the powders in cylindrical pellets (10 mm in
diameter and about 1.4 mm in thickness) and calcining at 1200°C
for 5h.

The electrical conductivity of the system was measured in air
by the Van der Pauw DC four probe method. The measurements
were carried out in the temperature range of 350-950 °C. The dense
ceramics were placed on an alumina support and four platinum-
wire contacts were pressed onto the surface of the pellets using
a spring loaded alumina tube. A current load ranging from 0.5 to
1A was applied by a DC power source (Agilent E3646 A) and the
potential drop was recorded by a Fluke 179 True RMS Multimeter.

AC impedance spectroscopy measurements were carried
out in air conditions on symmetrical cells of SrCoj_xSbxO3_s/
CepgNdg20,_5/SrCo1_xSbxO3_g5 (xSCSb//20CNO). For this purpose
inks of the cathode materials and a binder (Decoflux™, WB41,
Zschimmer and Schwartz) were prepared and symmetrically
painted onto the surfaces of the sintered pellets obtaining 5.50 mm-
diameter symmetrical electrodes. The cells were calcined at 1000 °C
for 4h to obtain a good adherence between the cathodes and the
electrolytes. Subsequently, two Pt electrodes were painted onto the
cathode surfaces and calcined at 950°C for 1 h to ensure equipoten-
tial conditions.

The symmetrical cells were placed into a ceramic support and
four Pt wires were used to supply the current and record the voltage
drop through the system. Impedance measurements were per-
formed from 550 to 850°C in air, using an AUTOLAB FRA system
(PGSTAT30 and FRA2 module) from Eco Chemie B.V. The mea-
surements were carried out in potentiostatic mode from 1 MHz to
10 mHz in open circuit conditions with a signal amplitude of 50 mV.

3. Results and discussion
3.1. Structural characterization and chemical compatibility

The synthesis of pure and well crystallized powders of the
SrCoq_xSbxO5_s series and CepgNdp20,_5 was checked by X-
ray diffraction measurements. The sample x=0.1 was previously
described in the tetragonal P4/mmm space group with a=ao,
c=2ag (ag~3.9A) by neutron powder diffraction studies [15]. In
this structure, flattened and elongated (Co,Sb)Og octahedra were
alternatively distributed along the c axis, sharing corners in a three-
dimensional array (3C-like structure). The oxygen vacancies were
located in the equatorial oxygen positions; these oxygens presented
high thermal factors suggesting high ionic mobility. It was also
observed a phase transition to a cubic perovskite unit cell, in the
temperature range of 500-700°C.

In this work, the crystal structure of the SrCo;_,SbxOs3_s
compounds was determined by Rietveld refinement from X-ray
diffraction data using the Fullprof Suite program. The low-Sb con-
tent oxides (x < 0.15) were adequately described with the tetragonal
P4/mmm space group previously described (Fig. 1a). However, a
cubic Pm-3m space group was used to describe the crystal struc-
ture of the x=0.2 oxide, considering that Sb atoms are distributed
at random over the Co positions, and the oxygen vacancies are also
randomly distributed in the oxygen sublattice (Fig. 1b). Fig. 2 shows
the variation of the unit cell parameters with the Sb content in
which the tetragonal to cubic phase transition is observed forx=0.2.

In order to assess the chemical compatibility between the
SrCoq_xSbxO3_g (x=0.05, 0.1, 0.15 and 0.2) cathode materials and
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Fig. 1. Rietveld refinement from XRD data (a) in the tetragonal P4/mmm space group
for the x=0.05 sample and (b) in the cubic Pm-3m space group for the x=0.2 sample.
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Fig. 2. Variation of the unit-cell parameters with the Sb content along the
SrCoq_xSbxO3_g series. A phase transition occurs at x = 0.2 from a tetragonal P4/mmm
to a cubic Pm-3m structure.

the 20CNO electrolyte, mixtures of the powders in a ratio of 2:1
(w:w, cathode:electrolyte) were calcined at 1000°C (4 h) and sub-
sequently at 850°C (50 h). XRD diagrams of the calcined mixtures
did not reveal chemical reaction between the cathodes and the elec-
trolyte, avoiding the formation of unwanted secondary phases as it
is observed in Fig. 3 for x=0.1.

3.2. Thermogravimetric and differential thermal analysis

The oxygen content of SrCo;_xSbxO3_gs (x=0.05, 0.1, 0.15 and
0.2) was determined by thermogravimetric analysis under reducing
conditions (10%H,/90%N, ) from 300 to 900 °C. The oxygen release
was followed by the formation of water using a mass spectrometer
coupled to the TG instrument. After cooling the samples, the final
products were identified by XRD as a mixture of SrO, metallic Co
and Sb,0s. Fig. 4 evidences that, along the series, the compounds
SrCoq_xSbx03_; display an increase in the oxygen content (decrease
of the oxygen vacancies, §) concomitant with the increment of Sb
content.

In order to study the thermal stability of the SrCo;_,SbxO5_s sys-
tem, simultaneous TG and DTA measurements were performed in
air between 25 and 1000 °C during heating and cooling processes.
In all the studied samples the TG curves show a weight loss start-
ing at around 400 °C and monotonously increasing up to 1000°C,
accompanied by a broad endothermic peak around 400-500°C in
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Fig. 3. XRD patterns for (a) pure 20CNO, (b) pure SrCog9Sbg103_s and (c) mixture

of SrCog 9Sbp103_g and 20CNO calcined at 1000°C, 4 h and subsequently at 850 °C,
50h.
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Fig. 4. Variation of the oxygen vacancies content (§) with the Sb content in the
SrCoq_xSbxO3_g system.

the DTA curves (Fig. 5). This weight loss would probably be due
to the oxygen release from the sample leading to the reduction of
Co cations. It has also been observed a slight endothermic peak at
around 900°C for all the compositions under study. However, in
our previous work [15], no structural transitions where found for
SrCog 9Sbg103_g at this temperature.

The XRD study of the samples after the thermal analysis gives
exactly the same diffraction patterns as the initial compounds, con-
firming the absence of phase segregation or decomposition after the
thermal treatments in air.
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Fig. 5. Thermal analysis in air between 25 and 1000 °C for SrCog g5Sbg1503_s: (a)
TG and (b) DTA.
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Fig. 6. Thermal expansion curves for SrCo;_,SbxO5_s.

3.3. Thermal expansion measurements

The thermal expansion of each compound was measured
on dense cylindrical pellets sintered at 1200° C for 5h. Fig. 6
shows a regular variation of the thermal expansion along the
SrCoq_Sbx03_s (0.05 <x <0.2) series without the presence of the
abrupt changes observed in the undoped compound. [9]. However,
the relative thermal expansion is not totally linear in all the tem-
perature range under study. A change in the slope can be observed
around 400-450°C that could be related to the oxygen release
observed by TG/DTA analysis. Moreover, for some compositions
another change of slope is observed at high temperatures. Some
authors [18] have related these high temperature anomalies to the
reduction of Co3* to Co?* that could also explain the slight endother-
mic peak at 900 °C observed in the DTA curve (Fig. 5).

The thermal expansion coefficients obtained for the
SrCoy_xSbxO3_s system (Table 1) are considerably high for
SOFC applications but they are in the range of those presented by
other Co-containing perovskite like materials [19-21].

3.4. Electrical conductivity measurements

The electrical conductivity of dense pellets was obtained in air by
a DC current-voltage procedure by means of the Van der Pauw four-
probe method from 200 to 900 °C (Fig. 7). The undoped SrCoOs_s,
with hexagonal structure, shows a semiconductor-like behaviour
in which the conductivity increases with temperature from 6 to
19Scm! in the temperature range of 200-800°C. At 800°C the
hexagonal (1D conduction) to cubic (3D conduction) phase transi-
tion takes place, leading to an overall increment of the conductivity
up to 175Scm~1 at 900 °C as previously reported [9].

The introduction of Sb provokes a huge increase of the electri-
cal conductivity at temperatures <800°C due to the stabilization
of a 3D perovskite-like structure at RT. The highest conductivity
value is presented by the x=0.05 sample, reaching a maximum of
505Scm~! at 400°C. Then, the conductivity decreases for higher
temperatures obtaining 157 Scm~! at 900°C. On the other hand,
there is a clear decrease in the electrical conductivity when the Sb

Table 1
Thermal expansion coefficients (TEC, x10~6 K1) for the SrCo;_xSbxO5_g system.

X TEC;00-400°c TEC400-1000°C TEC;00-1000°C
0 21.70 13.382 19.342

0.05 15.12 19.35 18.78

0.1 16.5 23.08 22.82

0.15 15.76 293 26.92

0.2 13.6 21.20 19.24

4 For the x=0 the TEC was measured till 750°C.
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Fig. 7. Electrical conductivity as a function of temperature for SrCo;_,SbxO3_s.

content increases from 0.05 to 0.20, displaying a value of 51 S cm™!
at 900°C for x=0.2 (Fig. 7). This reduction of the electrical con-
ductivity is due to the increment of non-conducting Sb-O bonds,
which hinder the electronic transport. It is noteworthy that the
electrical conductivities of pure SrCo0O5_; are well below 25S cm™!
in the 600-800°C temperature range. Thus, there is an overall
improvement of the electrical behaviour of the undoped hexago-
nal oxide after the Sb-doping in the SrCo;_,SbxO3_g system. This
enhancement is due to the stabilization of a 3D framework of cor-
ner sharing CoOg octahedra with open Co-0-Co angles favouring
the Co(3d)-0(2p) orbital overlap and therefore the electronic con-
duction.

It is important to note that there is a change of the conductivity
behaviour from semiconducting-like to metallic-like for tempera-
tures higher than 400 °C for all the compositions. This transition
could be related to the reduction of the sample and the lattice
expansion observed at these temperatures by thermogravimetric
and dilatometric analysis, respectively.

3.5. Electrode performance characterization (AC impedance
measurements)

The electrode performance of the system SrCo;_,SbxO3_5 was
analyzed by AC impedance spectroscopy. The polarization resis-
tance of the xSCSb//20CNO symmetrical cells was measured under
air in OCV conditions. Fig. 8a shows the Nyquist plots obtained
at 750°C. The original impedance spectra are characterized by an
ohmic contribution, mainly due to the electrolyte resistance, and
the polarization contribution of the cathode/electrolyte interface.
The electrolyte contribution is taken into account by the introduc-
tion of a series resistance (Rs) in the equivalent circuit employed
for fitting the experimental data, whereas the polarization process
is simulated by two Rp-CPE elements (Rp1, Q1, Rpa, Q2) (Fig. 8b).
At high temperature the spectra are also affected by an inductive
process coming from the experimental set up, which is taken in
consideration by the introduction of a series inductance (L) in the
equivalent circuit (Fig. 8b). The spectra represented in Fig. 8a have
been displaced to the origin of the Z' axis after the subtraction of
the series ohmic resistance in order to allow an easier comparison
of the polarization process. It is clearly observed a huge decrease of
the overall polarization resistance of the Sb-doped SrCo;_,Sbx03_;
(x=0.05, 0.1, 0.15 and 0.2) system with a perovskite 3D-structure
compared to the undoped SrCoO5_s with a hexagonal 1D-structure.
The sample with the lowest Sb content, SrCog 95Sbg 05053_s, displays
avalue 0f0.038  cm? at 750 °C, 5 times smaller than that presented
by the undoped hexagonal phase. The overall electrode polariza-
tion resistance (Fig. 9) increases in parallel with the Sb content
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Fig. 8. (a) Nyquist plots for xSCSb//20CNO symmetrical cells (electrolyte resistance
(Rs) was subtracted from the experimental data) and (b) equivalent circuit used for
fitting the experimental data.

from x=0.05 to x=0.15, probably due to the reduction of oxy-
gen vacancies content when Sb°* is introduced into the structure.
However, the sample with x=0.2 with cubic symmetry, presents
slightly lower values of electrode resistance than those of the tetrag-
onal x=0.15 perovskite. The activation energies obtained for the
xSCSb//20CNO system are: 0.82, 0.91, 0.92 and 0.96 eV for x=0.05,
0.1, 0.15 and 0.2, respectively.

It is worth noting that the polarization process in a cathode/
electrolyte interface usually possesses three different contribu-
tions. The high frequency arc is usually attributed to the oxygen ion
transference from the electrode-electrolyte interface to the elec-
trolyte [22,23]. The intermediate frequency arc is usually attributed
to the charge transfer reaction whereas the low frequency arc is
usually attributed to the oxygen diffusion process [24]. In the sys-
tem under study we have only identified the high and intermediate
frequency processes which could indicate that the oxygen diffu-
sion process is not a limiting step for the oxygen reduction and
transference in the studied xSCSb//20CNO system.

The fitting of the experimental data to the above described
equivalent circuit (Fig. 8b) allows us to analyze the effect of the
Sb content on each polarization contribution. Fig. 10a shows that
the polarization resistance of the high frequency arc (Rp;) is not
highly influenced by the cathode composition. This result is in
agreement with previous studies revealing that the polarization
resistance associated with the oxygen ion transference from cath-
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Fig. 9. Area specific resistance at different temperatures for the xSCSb//20CNO sys-
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Fig. 10. (a) Electrode polarization contribution due to (a) process 1 (Rp;) and (b)
process 2 (Rpy) as a function of Sb content at the xSCSb//20CNO symmetrical cells.

ode/electrolyte interface to the electrolyte is mainly dependent
on the electrolyte conduction process [25-27]. However, Fig. 10b
evidences that the intermediate frequency arc (Rpy), which is
attributed to the charge transfer reaction, is highly affected by
the Sb-content in the SrCo;_,SbxO3_s electrodes. The increase in
the intermediate frequency resistance with the Sb-doping from
x=0.05 to x=0.15, might be probably due to the decrease of the
oxygen vacancies content of the SrCo;_,Sbx03_s system hindering
the charge transfer reaction. The results obtained in Figs. 9 and 10
suggest that the charge transfer reaction is the limiting step in
the overall electrode polarization. Note that the improvement in
the electrode performance obtained for x = 0.2 compared to x=0.15
could be due to the cubic phase transition obtained for x=0.2.
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Fig. 11. Cathodic overpotential for xXSCSb//20CNO as a function of the current flux.
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Fig. 11 shows the cathodic overpotential at 700°C for the
SrCoq_xSbx03_g system working with 20CNO electrolyte as a func-
tion of the current flux. It is worth noting the low overpotential
obtained for x=0.05, which is sensibly increased for higher con-
tents of Sb. The results reveal values from 40 to 120 mV for a current
value of 800 mA cm~2, which indicates the very good performance
of SrCo;_»Sbx03_g cathode system working with 20CNO electrolyte.
On the other hand, if the internal resistances of the cell (anode
and cathode polarization and electrolyte resistance) are not current
dependent, we can assume that the theoretical maximum power
density is only dependent on the open circuit voltage (OCV), for
the used electrolyte, and the internal resistances of the cell [25].
The low polarization resistances obtained along the SrCoy_,SbxO3_;
series compared with other cathodes with ceria-based electrolytes
[28,29] suggest the possibility of obtaining high power densities
in SOFC for these materials in ceria-based systems. The good per-
formance of SrCogg5Sbg 0503_s was confirmed by the estimation
of a value of maximum power density higher than 300 mW cm~2
at 700°C assuming an electrolyte thickness of 200 wm in a ceria-
based SOFC. For this purpose we have introduced the typical values
of 0.85V and 0.1 2cm? for the OCV and the anode polarization,
respectively, previously obtained for ceria-based systems [28]. This
stands out the SrCogg5Sbg0503_5 as an excellent candidate to be
used as cathode material in temperature solid oxide fuel cells.

4. Conclusions

In order to stabilize a 3D perovskite-like structure with low dop-
ing levels, the oxides SrCo;_,SbxO3_gs (x=0.05, 0.1, 0.15 and 0.2)
have been synthesized as new materials by the citrate-nitrate route.
The introduction of Sb in the undoped hexagonal SrCo0O3_g allows
the stabilization of a tetragonal 3D perovskite structure for doping
levels between 0.05 and 0.15, whereas for x = 0.2 a cubic Pm-3m per-
ovskite is obtained. The Sb-doping also produces an enhancement
of the thermal stability avoiding the presence of reconstruc-
tive structural transitions and eliminating abrupt changes in the
thermal expansion. Moreover, there is also a great increment of
the electrical conductivity at intermediate and low temperatures
(T<800°C) compared to the undoped SrCoO5_s. The electrical con-
ductivity increases with the decrease in the Sb-content, obtaining
avalue as high as 500S cm~! at 400°C and above 160Scm™! in the
usual range of SOFC working conditions (650-900 °C) for the sam-
ple x=0.05. The polarization resistance of the cathode-electrolyte
interface is greatly decreased with the Sb introduction when the
system is working with CeggNdp,0,_s as electrolyte, and all the
samples display values below 0.1 2 cm? for T> 750 °C. However the
performance is higher for lower contents of Sb, and the sample with
x=0.05 possesses values of polarization resistance between 0.009
and 0.23  cm? from 900 to 600 °C and estimated values of power

density higher than 300 mW cm~2 at 700°C in ceria-based SOFC.
These results allow us to propose this material as an excellent can-
didate to be used as cathode component in intermediate solid oxide
fuel cell.
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