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Abstract—Perovskite type complex oxide L,¢Sr,,Co0;_s symmetrical cells were prepared on Samaria doped ceria
electrolyte Ce,s;Sm,,;0,_, by using the screen-printing method in a laboratory scale. The performance of the symmetri-
cal cell was investigated by using electrochemical spectroscopy at frequency ranging from 0.1-300 kHz. Effect of firing
temperature from 975-1,050 °C was investigated under the controlled oxygen pressure from 0.002-0.21 atm and con-
trolled measuring temperature from 635-782 °C. The preliminary results indicated that, for all cells prepared at different
firing temperatures, the SEM and XRD did not indicate any differences between them. By using EIS, however, two
impedance arcs were obviously observed. This first arc was found at high frequency region (>1,000 Hz) and the second
one was observed at low frequency region (<10 Hz). The high frequency arc corresponded to the impedance of electron-
transfer and ion-transfer processes occurring at the current collector/electrode and electrode/electrolyte interfaces. The
low frequency arc was the convoluted contribution of the diffusion processes (non-charge transfer processes). Changing
firing temperature, measuring temperature and oxygen pressure leads to changing of symmetrical cell performances.
The activation energy of these symmetrical cells was around 1.5-2.0 eV depending on the firing temperature and oxy-

gen pressure.
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INTRODUCTION

Among various kinds of power generators, solid oxide fuel cells
(SOFCs) are believed to become high efficiency power generators
in the next century due largely to environmental friendly, fuel-versa-
tile electric power. SOFCs are operated at high temperature, so they
offer several potential advantages including reversible electrode reac-
tions, low internal resistance, high tolerance to typical catalyst poi-
son, possibility of burning other fuels besides H,, CH, and the pro-
duction of high-quality waste heat for reformation of liquid fuels
[Adler, 2004]. For example, by using CH, as a gaseous fuel, the gen-
erated electricity of the SOFC with 1 wt% Sr/La,0,-BiO;-Ag-YSZ
membrane increased by decreasing in C, selectivity and increasing
in CH, conversion [Guo et al., 1998]. In addition, this type of fuel
cell is much closer to commercial reality due to technological ad-
vances in electrode composition, microstructure control, thin-film
ceramic fabrication, and stack & system design. In SOFC, a nega-
tive charge ion (O*) is transferred from the cathode through the
electrolyte to the anode and thus the product water is formed at the
anode. The recently state-of-the-art electrolyte is zirconia based elec-
trolyte. Above a temperature of 800 °C, zirconia becomes a con-
ductor of oxygen ions (O™), which presents both challenges for con-
struction and durability, and also opportunities in combined cycle
applications in the range of 800-1,000 °C. The anode material is
usually a mixture of ceramic and metal known as zirconia cermets.
A popular metal component is nickel because of its high electronic
conductivity and its stability under chemically reducing and partial
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reducing conditions [Larminie and Dicks, 2003]. Strontium doped
lanthanum manganite, a p-type semiconductor, is the most com-
monly used as a cathode material due to its porous structure that
must allow fast mass transport of reactant and product gas. Other
attractive material for cathode side is the p-type conducting called
perovskite structure. This type of catalyst has been applied for de-
composition of nitric oxide [Klvana et al., 1999], for hydrocarbon
oxidation [Klvana et al., 2002], for natural gas combustion [Rosso
et al., 2003] and for oxygen reduction in high temperature fuel cells
such as SOFC. The composite L,_StMnO,_/YSZ (LSM/YSZ) elec-
trodes exhibit high electrochemical performance and are appropriate
for being a cathode material for SOFC due to its broad electrochem-
ical reaction site and its electrochemical characteristics [Jorgensen et
al,, 1999; Lee, 2002]. The chemical stability of the conventional LSM
can be improved by applying an interlayer of electrolyte, (Y,05),;5
(Ce0,)y5s and Ce,3Gd,,0, , between YSZ and cathode [Charojro-
chkul et al., 1999]. For intermediate temperature SOFC (550-750 °C),
the Ln,_,Sr,Co,_Fe,O,_; (LSCF) compositions showed high ionic
and electronic conductivity as well as high catalytic activity for oxy-
gen reduction [Adler, 1998]. Doping of Pt, Pd and Ag to the LSCF
catalyst can promote catalyst activity [Sahibzada et al., 1998; Wang
et al., 2002]. The material Dy,(Sr, ,Co,,Fe,O;_s (Dy-SCF) showed
higher catalytic activity for oxygen dissociation at this temperature
range [Gao, 2003]. Besides LSCF catalyst, Co-containing perovs-
kites La,_Sr.Mn,_,Co,0; (LSMC) showed good chemical compati-
bility with ceria-based electrolytes [Chen, 2003]. To reduce the cost
of SOFC, the development of low temperature SOFC becomes nec-
essary. The performance of SOFC, however, is strongly influenced
by the electrochemical properties of the cathode. A candidate cath-
ode material for low temperature SOFC is La,_.Sr,CoO, (LSCO).
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It is a perovskite-type complex oxide with a very high electronic
conductivity [Petrov et al., 1995] and high oxide ionic conductivity
[Sekido et al., 1990]. Preparation of LSCO electrode on YSZ elec-
trolyte produced an intermediate phase due to the diffusion of LSCO
into YSZ. This can be minimized by depositing a thin layer of ceria
electrolyte [Charojrochkul et al., 1999]. By using the pulsed laser
deposition technique, the LSCO epitaxial films grew with a (110)
preferred orientation on YSZ (100), while the porous polycrystal-
line films were formed on YSZ by the annealing of LSCO sam-
ples deposited at low temperature [Chen et al., 1999; Yuemei et al.,
2001]. Symmetrical cell of LSCO/ceria/LSCO was fabricated and
measured at various conditions [Adler, 2000]. The measurement
indicated that O, was reduced chemically at the porous mixed con-
ductor surface, and followed by diffusion of oxygen through the
mixed conductor to the electrolyte.

In the present study, we attempted to investigate the effect of the
firing temperature in a small temperature range (<75 °C) of the per-
ovskite type complex oxide from symmetrical LSCO/ceria/LSCO
and tested under the controlled oxygen pressures and temperatures.

EXPERIMENTAL

The electrolyte, Samaria doped ceria Ce,;Sm,,0,_,, was cut as a
square piece having a dimension of 2.54x2.54 cm and fired in the
furnace (Deltech DT-31-THM-666-Y550-00) at a controlled tem-
perature. Then LSCO 82 ink (La,Sr,,Co0O,) with composition of
x=0.2 was printed on the first surface of electrolyte by screen-printing
method (Ami MSP-053) and consequently fired in the furnace (Par-
agon DTC 800C). After that, the other surface was done by the sim-
ilar procedure. Three firing temperatures were used including 975 °C,
1,000 °C, and 1,050 °C. The active surface area of each side of the
catalyst was around 1 cm’. The quality of printed film and surface
morphology of the prepared catalysts were tested by using the XRD
(Philips PW 1830 generator) and SEM (JEOL JSM 5200), respec-
tively.

The AC-impedance spectroscopy method was used to investigate
the reduction reaction of oxygen on the prepared catalyst under the
controlled atmosphere and temperature. The potentiostat (Solartron
ST 1287 and EG&G PARC 362) and the frequency response ana-
lyzer (Solartron 1252A) connected with the computer were used to
analyze the performance of the electrode. Impedance data were re-
corded in the frequency ranging from 0.1-300 kHz with applied AC
amplitudes 20 mV. The performance of symmetrical cells was meas-
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Fig. 1. Schematic diagram of AC-impedance apparatus.

ured between 635 and 782 °C under various oxygen pressures (pO,);
0.002 atm O,/N,, 0.01 atm O,/N,, and 0.21 O,/N,. Fig. 1 shows the
configuration of the apparatus used to measure the cell impedance.

RESULTS AND DISCUSSION

The surface morphology and cross-section of LSCO/ceria/LSCO
catalysts prepared at various firing temperatures are shown in Fig. 2
and 3. For all firing temperatures, the SEM indicated that all cat-
alysts show porous structures. Large pores of 1.5-2 um occur and
are surrounded by smaller pores of 0.2-0.8 pm. The average poros-
ity of all catalyst is around 41% at the same magnification. The film
thicknesses of the porous LSCO layer are around 4, 5, and 6 pum at
firing temperature of 975 °C, 1,000 °C and 1,050 °C, respectively.

Fig. 4 shows the X-ray pattern of the LSCO catalyst prepared at
various firing temperatures. For all firing temperatures, ceria peaks
form a very strong background and cover a few LSCO peaks. The
peaks of catalysts prepared at 1,000 °C and 1,050 °C occur at the
same two-theta position and they have a little bit higher than that
of the catalyst prepared at 975 °C. A small peak of an unidentified
impurity is observed at low sintering temperature, 975 °C, at 26=

Fig. 2. Surface morphology of LSCO catalyst prepared at (a) 975 °C, (b) 1,000 °C, and (c) 1,050 °C at 7,500 magnification.

Korean J. Chem. Eng.(Vol. 23, No. 5)



722 M. Hunsom et al.

Fig. 3. A cross-section of LSCO/ceria/LSCO prepared at (a) 975 °C, (b) 1,000 °C, and (c) 1,050 °C at 5,000 x magnification.
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Fig. 4. X-ray diffraction pattern of LSCO/ceria/LSCO at (a) 975
°C, (b) 1,000 °C, and (c) 1,050 °C.
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Fig. 5. Example of Nyquist plot of symmetrical LSCO/ceria/LSCO
cell at different firing temperatures and p0,=0.21. T=975
°C (¥); T,=1,000 °C (O); T,=1,050 °C (+).

38.87 degree, which disappears when the catalyst was prepared at
high temperature. Nevertheless, the lattice structures of the prepared
LSCO catalysts are similar, namely, they are present in the rhom-
bohedral structure with the rhombohedral angle (&) close to 90.5°.

September, 2006

According to the results of this part, both XRD patterns and SEM
do not indicate any differences after firing at different temperatures.

Impedance spectroscopy was used to determine the performance
of symmetrical LSCO/ceria/LSCO cells at various temperatures and
oxygen pressures. Fig. 5 shows the impedance plot of this elec-
trode prepared at different firing temperatures. The spectra reveal
the presence of an inductance, on the order of 2 uH, at frequencies
above 47 kHz. For each firing temperature, two impedance arcs at
low frequencies are obviously observed similar to the previous works
of the perovskite catalysts [Lane et al., 1995; Anderson et al., 1995].
The high frequency arc reaches the maximum imaginary part at
around 1,500 Hz, whereas the low frequency arc reaches the maxi-
mum imaginary part at around 6 Hz. At the lower firing tempera-
ture, the high frequency arc is bigger than that at the higher firing
temperature and it decreases when the firing temperature increases.
Based on the ALS model of this catalyst [Adler et al., 1997], it can
be suggested that the high frequency arc may correspond to the charge
transfer processes consisting of electronic transfer and ionic trans-
fer processes at the current collector/electrode and electrode/elec-
trolyte interface, while the low frequency arc is the contribution of
non-charge-transfer processes. Higher firing temperature can reduce
the interface impedance because it changes the microstructure and
conductivity of the catalysts [Charojrochkul et al., 1999]. At fre-
quency below 0.6 Hz, a deviation of spectra is observed for all elec-
trodes especially for the lower measuring temperature. The cause
of these deviations is not investigated here due to the complication
of data interpretation.

The total activation energy of the electrode is calculated as a func-
tion of reciprocal absolute firing temperature at various oxygen pres-
sures, 0.002, 0.01 and 0.21 atm, as shown in Fig. 6. The activation
energy increases slightly as the firing temperature decreases because
a high firing temperature can promote the crystalline structure of
the symmetrical cell. In air (pO,=0.21 atm), it was found to be 1.76,
1.75, and 1.52 eV at 975, 1,000, and 1,050 °C, respectively. These
results are almost close to the results of the previous works of this
perovskite type [Yamamoto et al., 1987]. Increasing oxygen pres-
sure leads to decreasing electrode activation energy.

Effect of measuring temperature was investigated at temperature
ranging from 635 °C to 782 °C under controlled oxygen pressures
as shown in Fig. 7. The electrode resistance for both low and high
frequency arcs decreases with the increase of measuring tempera-
ture. In addition, the increase of the measuring temperature leads to
the decrease of the electrolyte resistance because high operating
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Fig. 6. Activation energy of symmetrical LSCO/ceria/LLSCO elec-
trode at different firing temperatures. p0,=0.21 atm (@);
0,=0.01 atm (H); p0,=0.002 atm (A).
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Fig. 7. Impedance plot of LSCO/ceria/LSCO at different measur-
ing temperatures at p0,=0.21. T,=635 °C (O); T,=685°C
(%); T,=742°C (+); T, =782 °C (-).

temperature can promote an ionic and electronic conductivity of
the electrolyte and cathode materials. Fig. 8 shows the plot of elec-
trolyte resistance as a function of firing temperatures at various meas-
uring temperatures in the air. The difference of firing temperatures
has a small effect on electrolyte resistance measured at the same
condition. Those are 11.100.71 Q-cm?, 8.00+£0.38 Oren?, 6.13£0.92
Q-cnt?, and 4.23+1.05 OQ-cm’ at 635 °C, 685 °C, 742 °C, 782 °C meas-
uring temperatures, respectively.

Effect of oxygen pressure was investigated at several values (0.002,
0.01, and 0.21 atm). Two arcs are still observed for each oxygen
pressure as shown in Fig. 9. Changing oxygen pressure has a strong
effect on the low frequency arc spectra, whereas it has no effect on
the high frequency spectra. At 0.002 atm, the low frequency arc
spectra are bigger than that at high frequency arc. For higher oxygen
pressure, however, the high frequency arc spectra become smaller.
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Fig. 8. Plot of electrolyte resistance as a function of firing temper-
ature at p0,=0.21. T, =635 °C (#); T,,=685°C (H); T,=742
°C (0); T,=782°C ().
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Fig. 9. Impedance plot of LSCO/ceria/LSCO at different measur-
ing pressure at T, =635 °C. p0,=0.21 atm (+); pO,=0.01 atm
(¥); p0O,=0.002 atm (O).

This is because high oxygen pressure can reduce the diffusion pro-
cesses of oxygen in the system. The relationships between the ca-
pacitance and the firing temperature and measuring temperature
are shown in Fig. 10.

Two values of the capacitance were separately calculated. For
both arcs, the capacitance increases as a function of measuring tem-
perature. For the higher firing temperature, however, the capacitance
at the high frequency arc increases, whereas that at the low fre-
quency arc remains constant. For all measuring temperatures, the
capacitances at the high and low frequency arcs are about 0.01-0.1,
and 0.1-10 mF/cm?, respectively. From previous work, it is sug-
gested that the value of double layer capacitance (C,) indicates the
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Fig. 10. Plot of capacitance at different firing temperature: (a) low
frequency capacitance; (b) high frequency capacitance. T,
=635°C (®); T,=685°C (H); T,=742°C (0); T,=782°C
-

surface area of the three-phase boundary [Sasaki et al., 1991]. The
larger the C,, value, the larger the surface area of the three-phase

boundary.

CONCLUSIONS

LSCO 82 symmetrical cells were prepared on ceria electrolyte by
using the screen-printing method and their performance was tested
by using electrochemical impedance spectroscopy. Effect of firing
temperature was investigated under the controlled pressures and
controlled temperatures. For all firing temperatures, two impedance
arcs are obviously observed. This first one occurs at the high fre-
quency region (>1,000 Hz), which may correspond to the electronic
and ionic transports. The last one is observed at the low frequency
region (<10 Hz), which corresponds to the oxygen diffusion pro-
cess. The firing temperature has a strong effect on the total elec-
trode resistance but a small effect on the electrolyte resistance. On
the other hand, the measuring temperature has a strong effect on
both electrode and electrolyte resistances. Changing the oxygen pres-
sure has a large influence on the impedance spectra at the low fre-
quency region, whereas it has a small effect on that at the high fre-
quency region. Increasing the oxygen pressure leads to a size reduc-
tion of the spectra at the low frequency arc. The total activation en-
ergy of the symmetrical cell changes as an inverse function of firing
temperatures and oxygen pressures. It decreases when firing tem-
perature and oxygen pressure increase.
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