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ABSTRACT

Perovskites with nominal compositions L, Sr,,Co0,, (Ln=Gd, Nd, Pr, Sm, or Yb) were fabricated as cathode materials using
a solid-state reaction method for low-temperature operating Solid-Oxide Fuel Cells (SOFCs). X-ray diffraction analysis and micro-
structure observation for the sintered samples were performed. The ac complex impedance was measured in the temperature
range of 600-900°C in air and fitted with a Solartron ZView program. The crystal structure, microstructure, electrical conductiv-
ity, and polarization resistance of Ln, Sr,,Co0,, were characterized systematically. ’
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1. Introduction

fuel cell is a device that directly converts chemical

energy into electrical energy. Solid-Oxide Fuel Celis
(SOFCs) continue to attract interest as potentially reliable,
durable, and inexpensive technology for generating electric-
ity from hydrocarbon fuels. Compared with other fuel cells,
fabrication of a SOFC is much simpler.”

SOFCs operating at temperatures near 1000°C are fre-
quently studied due to the fact that they are environmen-
tally friendly and can generate high levels of power
efficiency. However, widely used interconnection materials,
such as La(Sr)CrQ,, account for much of the cell cost of high
temperature SOFCs; thus commercialization of SOFCs has
been hampered. If the operating temperature of a SOFC is
reduced to less than 700°C, cheaper materials can be used
in place of La(Sr)CrO,. The high power generation efficiency
of SOFCs should be maintained at this low temperature,
however. To achieve this, considerable efforts have been
dedicated to reducing the ohmic loss of the electrolyte by
fabricating a thin YSZ layer or by finding new materials
with high ionic conductivity, such as Sc-stabilized zirco-
nias.? It is important that the cathode materials have high
electrical conductivity at a low temperature, adequate
porosity for oxygen gas transportation, good compatibility
with the electrolyte, and long-term stability. Recently,
porous ceramic structures synthesized from perovskite
oxides have been used as cathodes that provide low operat-
ing temperatures for SOFCs.” In these perovskites, substi-
tution of a divalent cation for a trivalent cation results
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mostly in electronic holes in air. At lower oxygen pressures,
however, charge compensation is likely to be achieved
through the formation of oxygen-ion vacancies. These oxy-
gen vacancies provide a pathway for the oxide ions through
the electrode material. Therefore, flux through the hulk
electrode material is likely to increase. A high oxygen flux
at modest overpotentials is expected to be an advantage of
these materials for use as SOFC cathodes.”

The objective of this study is to investigate the electrical
properties of lanthanide cobaltite perovskite oxides as a
function of the sintering conditions and composition. The
electrical conductivity was evaluated using an impedance
analyzer. The interfacial reaction and morphology between
the cathode and the electrolyte were observed through Field
Emission Scanning Electron Microscopy (FESEM). Follow-
ing these analyses, the relationship between the polariza-
tion resistance and porosity was examined.

2. Experimental Procedure

As starting materials, Gd,0;, Nd,O,, Pr,0,, Sm,0,, Yb,0,,
SrCO,, and Co,0, were used in this experiment. The pow-
ders were mixed in ethanol and milled for 48 h, after which
the powders were pressed into pellets and calcined at
1000°C for 4 h. The cathode powders and the vehicle were
mixed at a 75:25 weight ratio and ground to form a paste. 8-
mol% YSZ was used as an electrolyte. The YSZ powder was
pressed into a pellet and sintered at 1600°C for 4 h.

To study the electrical properties of the cathode materials,
the slurry was screen-printed onto the YSZ electrolyte. The
screen-printed samples were sintered at 1200°C for S h, as
shown in Fig. 1. Following this procedure, Pt-paste was
applied on the rear side of the YSZ electrolyte as the refer-
ence electrode and the counter electrode. The half-cells were
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Fig. 1. Flow chart of the experimental procedure.
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Fig. 2. Schematic diagram of the half-cell.

all formed as shown in Fig. 2. The YSZ electrolyte was
approximately 1.6 mm in thickness. The mterface between
the cathode layer and the YSZ electrolyte was observed
through the use of an FESEM (Hitachi 4300, Hitachi). The
samples were mounted and polished before they were
observed. Porosity was calculated using an Image Analyzer.
Electrical properties were measured using an Impedance
Analyzer (81 1260, Solartron) and an Electrochemical Inter-
face (Sl 1287, Solartron). Measurements were taken with-
out a DC bias and spectra were obtained within a frequency
range of 3x 10'~0.01 Hz with an applied AC voltage ampli-
tude of 10 mV. All of the samples were measured in a tem-
perature range of 600-900°C.

3. Results and Discussion

3.1. Physical Properties
Fig. 3 shows XRD patterns of the lanthanide cobaltite
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Fig. 3. X-ray diffraction data of the lanthanide cathode mate-
rials calcined at 1000°C for 4 h.

cathode materials after calcining at 1000°C for 4 h. From
these results, the prepared cathode powders appeared to be
single-phase without showing peaks from second phases
except when Ln was Yb. In the case of the Yb-base cobaltite,
peaks were detected from Yb,O, along with those of
Yb, ,Sr, ,CoO,, a result that was also reported by James et
al® 1t is postulated that for the Yb, Sr,,Co0, cathode
material, calcination at 1000°C for 4 h was insufficient for a
single-phase synthesis, in contrast to the other cathode
materials prepared.

In Fig. 4, the surface morphology of each cathode material
is displayed. In Fig. 5, the interfaces between the cathode
layer and the electrolyte are shown after cathode layer sin-
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Fig. 4. Surface micrographs of the cathode material sintered at 1200°C for 3 h: () Gdy 81, ,Co0y35, (b) Nd,gSr,,C00,;, (0) Pr,eSr,,Co0,,,

(d) Sm,4Sr,,Co0,,, and (e) Yh, Sr, ,Co0, ;.

tering at 1200°C for 3h. As seen from the SEM micro-
graphs, the cathode layers on the YSZ electrolyte were very
porous and the thickness of the cathode was approximately
15 um. It was found that the cathode grains were well inter-
connected with high open porosity. The porosity was calcu-
lated using the image analyzer. With a range of 30% to 39%,
the porosity is held to be sufficient for oxygen gas transport.
The porosity of the Sm, Sr,,CoO, was higher than that of
the other samples. In addition, as shown in Fig. 5, the cath-
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ode layers were relatively well adhered to the electrolyte.
Consequently, it is thought adequate to secure the active
sites for the oxygen reduction process in the cathode.

To investigate the long-term stability of the prepared
cathode materials, samples were tested at 700°C for 100 h.
Surface micrographs of these samples are shown in Fig. 6. All
cathode layers continued to exhibit moderate adhesion to the
YSZ electrolyte; however, compared with Fig. 4, it was
observed that the connectivity of the cathode deteriorated
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Fig. 5. Cross-secticnal micrographs of the cathode material sintered at 1200°C for 3 h: (a) Gd, 481, ,Co0,,, (b) Nd, ,Sr,,Co0,,
(¢) Prys8r,,C00,,, (d) Sm4Sr,,Co0,;, and () Yb,,Sr,,Co0,,.
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Fig. 6. Surface micrographs of the cathode materials tested at 700°C for 100 h: (a) Gd, 4Sr,,C00,, (b) Nd,Sr,,C00,, () Pr,sSr,,Co0,,
(d) Sm,Sr,,Co0,, and (e) Yb, Sr;,CoO,,.
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Fig. 7. Impedance spectra of the Nd,gSr,,Co0, cathode mate-

rial sintered at 1200°C for 3 h.
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Fig. 8. Impedance spectra of the Sm  Sr,,Co0, cathode mate-

rial sintered at 1200°C for 3 h.
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considerably after the test, with the exception of the
Sm, ,Sr, ,CoO, cathode material.

3.2. Electrical Properties

In order to invesrigate the electrical properties of the sam-
ples, impedance measurements were carried out at 600°C,
700°C, 800°C, and 900°C. However, measurements of the
Yb-base cobaltite were not taken, as a single-phase
Yb, ;Sr,,Co0, was not synthesized. In Figs. 7 and 8, selected
impedance spectrea of Nd, Sr,,Co0, and Sm, Sr,,CoO, at
temperatures of 600°C and 700°C are presented. As shown
in these figures, as the operating temperature increases, the
polarization resistance values decrease due to the change
in the electrode kinetics. The polarization resistance of
the Nd, ;Sr, ,Co0, was 5.87 Qcm? at 600°C, and at 700°C it
was 0.81 Qem?®. From Fig. 8, the polarization resistance
of Sm,,Sr,,Co0, was 13.8 Qecm® at 600°C, while it was
0.56 Qcm?® at 700°C. Although the polarization resistance
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Fig. 9. Polarization resistance of the lanthanide cobaltite
cathode materials.
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Fig. 10. Electrical conductivity of the lanthanide cobaltite
cathode materials.
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value of the Sm,Sr,,Co0, cathode material was nearly
twice that of Nd, .Sr,,C00,, the former was slightly lower
than the latter at 700°C. The polarization resistance values
for all of the cathode materials are depicted in Fig. 9, and
the electrical conductivities are shown in Fig. 10. At tempera-
tures over 700°C, compared with the other two materials,
Nd, ,Sr,,Co0, and Sm,Sr,,Co0, exhibited lower polariza-
tion resistance values and higher electrical conductivities.
At 700°C, the electrical conductivities of Nd, ¢Sr,,Co0; and
Sm, ¢Sr, ,Co0, were similar, at 0.003 Scm™ and 0.002 Scm ™,
respectively.

It is thought that the superior performance of Sm,Sr,,
CoO,, originates from the higher porosity relative to the
other materials with the identical preparation methods
described in the previous section. The porosity is most
important in decreasing the polarization resistance, as the
area of the Three-Phase Boundary (TPB) consisting of the
cathode, electrolyte, and pore phases, would increase with
open porosity; moreover, there is the benefit of the reduction
of the polarization resistance. In addition, considering the
microstructural change at 700°C shown in Fig. 6, it is
believed that Sm, ,Sr, ,Co0, is likely a better cathode mate-
rial at 700°C compared to Nd,,Sr,,Co0,, as the former
showed a more stable structure than did the latter at 700°C.
At 800 and 900°C, Sm, ;Sr, ,CoO, showed significantly lower
polarization resistance values and higher electrical conduc-
tivities than the other materials. The mechanism for such
improvements is not yet well understood and requires fur-
ther research.

4. Conclusions

Perovskite materials with nominal compositions Ln, Sr,,
Co0,; Ln=Gd, Nd, Pr, Sm, or Yb) were fabricated as cath-
ode materials for low-temperature operating Solid Oxide
Fuel Cells (SOFCs). Their physical and electrical properties
were then investigated. All samples sintered for 3h at
1200°C were observed to have a sufficient porosity for cath-
ode materials, but Sm,, Sr,,CoO, showed the highest poros-
ity. The microstructure of SmgSr,,Co0, did not change
after a long-term stability test at 700°C, In contrast to the
other candidates tested. Impedance analyses were per-
formed on half-cells fabricated with L, Sr, ,CoO, ,on a YSZ
electrolyte, and the cell with the Nd, Sr,,CoO,; cathode
layer showed a polarization resistance of 5.87 Qem® at
600°C, which was the lowest value at this temperature.
However, at an operating temperature of 700°C, Sm, Sr,,
Co0,; showed a lower polarization resistance relative to the
other cathode materials. Considering both the physical and
electrical properties, it is believed that the Sm Sr,,CoO,
cathode material is likely a suitable choice for low-tempera-
ture SOFCs.
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