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Abstract

A solid oxide fuel cell (SOFC) was fabricated by co-firing laminated sheets of air-electrode, electrolyte, and fuel-electrode and the
influence of the physical characteristics of the air-electrode on the cell performance was studied. Tailoring the sintering shrinkage of green
sheets to one another was found to be an important factor in fabricating a flat and fracture-free three-layer cell. Controlling the binder
content in the fuel-electrode green sheet and calcination of La0.7Sr0.3MnO3 (LSM) powder were effective for tailoring the sintering
shrinkage of green sheets. The performance of the co-fired three-layer cell was greatly influenced by the porosity of the air-electrode,
and the maximum power density was attained at 70% of relative density, which is determined by the gas permeability and conductivity of
air-electrode. 1998 Elsevier Science S.A.
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1. Introduction

A solid oxide fuel cell (SOFC) is an attractive system that
promises high-power-generation efficiency and low emis-
sion [1]. However, the cell performance needs to be
improved and production costs must be decreased to bring
SOFCs into practical use. An SOFC is composed of differ-
ent ceramic materials and, to date, electrochemical vapor
deposition (EVD) [2], plasma spraying [3], and screen print-
ing [4] have been used to fabricate the cell components.
These procedures are complicated and need large and
expensive apparatus. A simpler process that does not require
a large apparatus is desired to fabricate high-performance
SOFCs at low cost. Co-firing meets this requirement. In this
process, the cell is fabricated by laminating air-electrode,
electrolyte, and fuel-electrode green sheets, and then sinter-
ing them together at the same time.

However, co-firing has some problems to be solved. Each
ceramic material shrinks at a different rate during sintering.
SOFC is composed of several different ceramic materials
and if the shrinkage differences are large, the co-fired sam-
ple will be warped or broken because of large interfacial
stress. Thus, the sintering shrinkage of cell materials should
be tailored to restrain such stress [5].

Moreover, electrodes should be porous (60–80% in rela-
tive density [6]) and electrolyte and interconnection should

be dense (more than 94% in relative density [7]) for SOFC.
Therefore, for a cell made by one sintering process, each
cell component should have the desired configuration and
warping and all damage must be prevented.

Co-firing has been applied to both tubular and flat-plate
SOFCs. [8–10] Few studies on making the flat-plate SOFC
have been reported because of its technical difficulties,
though the flat-plate SOFC promises superior cell perfor-
mance to the tubular type on account of its short current path
[11]. There are two types of flat-plate cell, self-supported
and supported. Takagi et al. [10] reported a self-supported
cell fabricated by co-firing that was supported by a 200-mm
thick electrolyte. However, the externally supported cell
promises better cell performance because a thinner electro-
lyte (about 1/7 of the self-supported one [12]) can be fabri-
cated. In this report, we studied the optimum conditions for
co-firing on the supported cell, and successfully made three-
layer cells with a 15-mm thick electrolyte. Their cell perfor-
mances are also presented.

2. Experimental

2.1. Powders

In this study, 8 mol% Y2O3 stabilized ZrO2 (YSZ; Tosho)
and cermet of 60 wt.% NiO (Furuuchi Chemical) and YSZ
were used for electrolyte and fuel-electrode, respectively.
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For the air-electrode, a mixture of La0.7Sr0.3MnO3

(LSM(x = 0.3)) (Seimi Chemical) and 30 wt.% YSZ was
used. In order to increase the porosity of the air-electrode,
spherical carbon powder with a particle size of 5mm dia-
meter was added to the air-electrode powder.

2.2. Specimen preparation

All specimens were fabricated using green sheets pre-
pared by the doctor blade method. Slurries were prepared
by mixing ceramic powder, binder, plasticizer, and solvent,
and ball milling the mixture for 48 h. Solvent was then
evaporated and slurry was tape-cast by the doctor blade
method.

Specimens were prepared by laminating the green sheets
and cutting them to size, and sintering. Before sintering, the
binder in the specimens was burned out by heating them at
360°C.

2.3. Measurements

Sintering characteristics were evaluated by shrinkage,
which was calculated based on the original length and
reduced length after sintering. Relative densityy was calcu-
lated from the measured densityrm which was determined
from the weight and volume of the sintered body, and the-
oretical densityrth Of each material using Eq. (1). (The
following theoretical densities of each material were used:
YSZ, 5.9 g/cm3; NiO, 6.96 g/cm3; La0.7Sr0.3MnO3, 6.39 g/
cm3 [13]).

z(%) =rm=rth × 100 (1)

Gas permeability coefficientK was calculated by Eq. (2)
using the amount of permeated gasQ and pressure differ-
ence across the specimenDp, measurement areaA, and
sample thicknessv. Helium gas was used for measuring
the electrolyte and fuel-electrode and nitrogen gas for the
air-electrode.

K (cc ⋅ cm=g ⋅ s) =Q × v=A × Dp (2)

Conductivity was measured by the four-terminal method at
1000°C and the microstructure of the co-fired cell was
observed by scanning electron microscopy (SEM). Warp
W of co-fired body was measured on a 4-cm square speci-
men, and calculated by Eq. (3) [14] using the length of
diagonal lined, warping amountt, and sample thicknessv.

W(%) = (t −v)=d × 100 (3)

Cell performance was tested on two-layer (fuel-electrode
and electrolyte) and three-layer co-fired specimens (air-
electrode, electrolyte, and fuel-electrode) of 30-mm dia-
meter discs. In the case of the two-layer specimen, a 0.5
cm2 Pt electrode was formed on the electrolyte surface by
applying Pt paste. The co-fired cell was fixed in the appa-
ratus as shown in Fig. 1. The cell performance tests were
performed at 1000°C supplying pure oxygen and humidi-
fied pure hydrogen gas to each electrode at 100 cc/min.

3. Results and discussion

3.1. Selection of co-firing temperature

As described above, the electrolyte should be dense
enough to prevent gas from leaking. Therefore, we selected
the co-firing temperature considering electrolyte density.
Fig. 2 shows the relationship between sintering temperature
and relative density, and gas permeability coefficient of the
electrolyte. As the sintering temperature increased, the rela-
tive density became larger and saturated at about 98% over
1300°C. As the electrolyte must have density over 94% of
the theoretical one, 1300°C is an acceptable firing tempera-
ture for the electrolyte. The gas permeability coefficient
decreased drastically with firing at temperatures over
1200°C. The electrolyte must have been dense enough for
firing at 1300°C, because no helium gas was detected on the
electrolyte fired at that temperature.

3.2. Fabrication of two-layer co-fired cell

Before making the three-layer co-fired cell, we co-fired a
two-layer cell composed of fuel-electrode and electrolyte.
First, after the binder had been burned out, the specimen
was found to be broken and some parts of the electrolyte had
peeled off. This damage is mainly related to the shrinkage
difference caused in the binder burn-out process. Fig. 3
shows the influence of binder content in the green sheet
on the sintering shrinkage difference between fuel-electrode
and electrolyte. The shrinkage difference after binder burn-
out was reduced to under 2% by decreasing the binder con-
tent in the fuel-electrode green sheet. Then two layers were
successfully co-fired with a relative binder content of 1.
From these sintering characteristics, there was about 7%
shrinkage difference between fuel-electrode and electrolyte

Fig. 1. Schematic diagram of the test cell fixed in the apparatus for the
power generation test.
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at 1300°C but they were still co-fired successfully. This
result suggests that the thickness of each layer was partly
related to the co-firing process. In this co-firing study,
the electrolyte was much thinner than the fuel-electrode
(20 mm and 1 mm, respectively), so the interfacial stress
mainly caused by shrinkage of the electrolyte was sup-
pressed.

Fig. 4 shows the relative density of the fuel-electrode
fired at each temperature. Before reduction (just after sinter-
ing), the relative density of the fuel-electrode was more than
80% for sintering over 1300°C, which is not appropriate for
SOFC electrode. But under the actual power generation
conditions, fuel-electrode is exposed to the H2 and high-
temperature atmosphere, and NiO is reduced to Ni. After
this reduction, the relative density of the fuel-electrode
decreased by 10–15%, and had porosity under 80% in the
temperature tested. The relative density of the fuel-electrode
fired at the co-firing temperature of 1300°C was 74%, which
is porous enough for the electrode.

Fig. 5 shows the performance of the two-layer co-fired
cell. The open circuit voltage (OCV) is over 1 V, which
almost equals the theoretical value (1.1 V). This high
OCV suggests that the electrolyte of the co-fired cell is
dense enough for actual use. This two-layer co-fired cell
showed superior voltage characteristics, and the maximum
power density was 1.8 W/cm2.

3.3. Fabrication of three-layer co-fired cell

For co-firing the three-layer cell, we controlled the sinter-
ing characteristics of the air electrode green sheet. Fig. 6
shows the sintering characteristics of the air-electrode and
fuel-electrode green sheets. In three-layer co-firing, the
stress is generated by the shrinkage difference between
air-electrode and fuel-electrode, because they account for
most of the thickness of the cell.

Fig. 2. Influence of the sintering temperature on the gas permeability
coefficient and relative density of electrolyte.

Fig. 3. Influence of the organic binder content on shrinkage. Numbers in
parentheses indicate relative binder content.

Fig. 4. Relationship between sintering temperature and relative density of
fuel-electrode before and after reduction.

Fig. 5. I–V characteristics of the fuel-electrode and electrolyte of two-layer
co-fired cell.
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As shown in Fig. 6, as-received LSM powder has easier
sinterability. In order to co-fire three layers, the sintering
characteristics of LSM powder were tailored to the fuel-
electrode. Using this tailored air-electrode green sheet, a
flat (warp of sintered body was under 2%) and fracture-
free three-layer cell was successfully co-fired.

3.4. Improvement of air-electrode porosity

In order to clarify the influence of air-electrode porosity
on cell performance, we prepared several air-electrodes
having different relative densities by adding carbon
powder. Fig. 7 shows the effect of carbon powder content
in the green sheet on relative density and shrinkage. Rela-
tive density could be continuously decreased to 50% by
raising the carbon powder content to 15 wt.%, without
affecting the shrinkage changes. Thus the porosity of the
air-electrode was increased from 20% to 50%. Using these

air-electrode green sheets (LSM 1–3), three-layer cells
(cells A–C) were co-fired.

Power generation tests were carried out on the co-fired
cells and their characteristics are shown in Fig. 8. Cell B had
the highest performance and the maximum power density
was 0.45 W/cm2. Cell C had lower performance than cell B,
even though the relative density of the air-electrode was
decreased. This relationship between relative density and
cell performance seems to be related to the physical proper-
ties of the air-electrode. Fig. 9 shows the effect of relative
density of the air-electrode on the gas permeability coeffi-
cient and conductivity of the sintered body. The gas perme-
ability coefficient decreased but conductivity became higher
with increasing relative density. Based on the highest per-
formance being obtained with cell B, which was composed
of LSM-2, we consider 70% of relative density to be accep-
table from the point of view of both gas permeability and
conductivity.

As described in Section 3.2, a two-layer co-fired cell of
fuel-electrode and electrolyte had high power density, but

Fig. 6. Sintering characteristics of cell components. Air-electrode contains
30 wt.% YSZ.

Fig. 7. Influence of carbon content on relative density and shrinkage of air-
electrode. Sintering temperature was 1300°C.

Fig. 8. Performances of three layer co-fired cells. LSM- 1, LSM-2, LSM-3
are used for the air-electrode of cells A, B and C, respectively. Solid and
dotted lines indicate terminal voltage and power density, respectively.

Fig. 9. Effect of relative density of air-electrode on performance.
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that of the three-layer cell was lower. Comparing the cell
performances in Figs. 5 and 8, the slope of theI–V char-
acteristic of the three-layer cell is steeper, so its internal
resistance seems to be higher. Because cell B uses the
same materials as in the two-layer co-fired cell for the
fuel-electrode and electrolyte, its performance seems to be
strongly affected by properties of the air-electrode. The
internal resistance includes material resistance and cell reac-
tion resistance and gas diffusion resistance in the electrode.
But the gas permeability coefficients of the fuel-electrode
and air-electrode fired at 1300°C are 1.87× 10−3 and
2.66 × 10−3 cm3.cm/g.s, respectively, and gas diffusion
resistance of the air-electrode is considered to be as small
as that of the fuel-electrode. Thus the internal resistance of
the three-layer cell seems to be predominantly caused by the
material resistance and cell reaction resistance of the air-
electrode/electrolyte interface.

Fig. 10 is an SEM image of the fracture surface of co-fired
cell B. The dense electrolyte about 15mm thick is sand-
wiched by two porous electrodes. The effect of carbon pow-
der addition in the green sheet is clearly observed in the air-
electrode, and pores 2–5mm in diameter remained. But the
diameters of these pores are larger than those in the fuel
electrode, and the length of the three-phase boundaries
around the air-electrode/electrolyte interface seems to be
shorter. The microstructure of the airelectrode should be
improved in order to improve the performance of the co-
fired cell.

4. Conclusions

Fabrication of a supported SOFC by co-firing was stu-
died. The decrease in shrinkage difference between the fuel-
electrode and electrolyte after burning out the binder was
effective for co-firing the two layers. A two-layer (fuel-
electrode and electrolyte) co-fired cell showed superior per-
formance with maximum power density of 1.8 W/cm2 being
attained. This results from the thin and dense electrolyte and
sufficiently porous microstructure of the fuel-electrode.

The suppression of shrinkage difference between the air-
electrode and fuel-electrode was effective for the three-layer
(fuel-electrode, electrolyte, and air-electrode) co-fired cell.
Three-layer co-fired cells were obtained on several kinds of
air-electrode with different porosities. The co-fired cell per-
formance was mainly influenced by the porosity of the air-
electrode, and maximum cell performance was 0.45 W/cm2

at 70% of relative density, which has an acceptable gas
permeability and conductivity. The performance of the co-
fired three-layer cell may be further improved by optimizing
the properties of the air-electrode.
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Fig. 10. Cross-sectional SEM image of three-layer co-fired cell. Air-elec-
trode is LSM-2.
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