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A microtubular solid oxide fuel cell (SOFC) consisting of Gd-doped CeO, (GDC) interlayer-Sc stabilized
zirconia (ScSZ) electrolyte has been prepared on an anode supported tube using one step sintering pro-
cess at 1350°C. The cell performance under high fuel utilization condition, with H, flow rate as low as
4.3 mLmin~! per 1 cm? electrode area is evaluated. The one-step sintering process results in an improve-
ment of open circuit voltage but an increase of ohmic resistance due to possible high resistive layer

and voids observed between GDC and ScSZ layers. The performance of the cell shows power densities
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of 0.35-0.57 W cm~2 with corresponding energy efficiencies of 45-20% (LHV), respectively, at 700°C.

SOFC Impedance analyses at different voltages have shown that the overpotential due to gas transport is
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dominant in the low current density region.
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1. Introduction

Solid-oxide fuel cells (SOFCs), which are known to be high effi-
ciency energy devices, have been intensively studied for a variety
of applications [1-3]. In order to accelerate the commercialization
of SOFCs, lowering the operating temperature of SOFCs is of impor-
tance, since it can broaden the selection of materials, and increase
the life-time of the cell. So far, many studies related to lowering
operating temperatures of SOFCs have been reported, mainly focus-
ing on new electrode and electrolyte materials [4-9]. In addition,
many research groups have put considerable efforts toward prac-
tical application, for examples, direct use of hydrocarbon fuels by
selecting appropriate anode materials [10,11] and giving the stabil-
ity to the cells under quick-startup/shutdown operation [12-14].

Developing a cost-effective fabrication process is another
important issue for commercialization of SOFCs. In our previous
study, we have shown that the conventional ceramic processes
(extrusion and wet-slurry coating) can be applied to fabricate
high performance microtubular type SOFC, using conventional,
commercially available raw ceramic materials [15]. The fabri-
cation process includes three successive stages of sintering, to
make an electrolyte-anode support at 1350 °C, an interlayer (Gd-
doped CeO, (GDC)) at 1200°C, and a cathode at 1100°C. The GDC

* Corresponding author. Tel.: +81 52 736 7083; fax: +81 52 736 7405.
E-mail address: toshio.suzuki@aist.go.jp (T. Suzuki).

0378-7753/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2011.10.046

interlayer acts as a protective layer to prevent a reaction between
a cathode (especially, cobaltite perovskite type oxide) and a sta-
bilized zirconia electrolyte to form La;Zr,0; and SrZrOs3 [16]. A
shortcoming of the use of GDC is that it may react with the zirconia
electrolyte to form (Ce-Zr)0O, solid solutions at the interface at high
sintering temperature above 1300 °C, which have high resistance.
Thus, the sintering temperature of the interlayer must be carefully
controlled. On the other hand, various different fabrication pro-
cesses have been evaluated, and successful examples are the use of
pulsed laser deposition (PLD) and co-sintering for fabricating dense
Sm doped ceria layer on a zirconia electrolyte [17,18].

In this study, to seek for low cost fabrication process, a one step
sintering process has been applied to the GDC interlayer-ScSZ elec-
trolyte on the anode supported microtube and evaluated for cell
performance. The cell was tested at high fuel utilization, where the
cell performance was typically reduced. We then considered the
effect of the co-sintering procedure on the energy efficiency of the
single cell as a step toward module fabrication. Impedance analysis
at different cell voltages was investigated in order to understand
the contribution of electrochemical and gas transport processes on
the cell performance in open circuit region.

2. Experimental

Cell fabrication process includes following four steps: (1) prepa-
ration of a clay mixture for anode tube extrusion and of slurries of an
anode functional layer, an electrolyte, an interlayer, and a cathode
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Fig. 1. The cross-sectional fracture SEM image of the microtubular SOFCs prepared using (a) conventional method and (b) one-step sintering process.

for coating process; (2) extrusion of the anode support tubes; (3)
the coating process for the anode functional layer, the electrolyte,
the interlayer and the cathode; and (4) the sintering process after
each coating. The detailed fabrication process and materials for the
standard cell were described elsewhere [19].

The microtubular SOFC consisted of an anode (60 wt¥%:
NiO-40 wt%: 8 mol% yttria-stabilized zirconia (YSZ) as a tubu-
lar support), an anode functional layer (60wt%: NiO-40 wt%:
10 mol% scandia-stabilized zirconia (ScSZ)), an electrolyte (ScSZ),
an interlayer (10 mol% gadolinia-doped ceria (GDC)), and a cathode
(70 Wt%: Lag 6St0.4Cop2Fegg03_y (LSCF)-30 wt%: GDC).

A one-step sintering process was applied to the ScSZ
electrolyte-GDC interlayer. After extruding the anode tube from
the clay mixture, the anode tubes were first dipped in the anode
functional layer (NiO-ScSZ) slurry and dried in air. Second, they
were dipped in the electrolyte (ScSZ) slurry and dried in air. Third,
the tube coated with the anode functional layer and electrolyte
were dipped in the interlayer (GDC) slurry, and co-sintered at
1350°C for 1 h in air. Usually, the GDC interlayer coating is applied
after the anode tube with the anode functional layer and the elec-
trolyte has been co-sintered at 1350°C for 1h in air. The GDC
interlayeris then sintered at 1200 °C. Finally, the cathode slurry was
dip-coated and sintered at 1100 °C. The dimension of the resulting
cell was 1.93 mm in diameter and 3 cm in length with the cath-
ode length of 10 mm, and an effective electrode area of 0.61 cm?.
Note that this fabrication process is effective for controlling of the
microstructure of the anode tube for the improvement of cell per-
formance [20-22].

A scanning electron microscopy (SEM) (JSM6330F, JEOL Ltd,
Tokyo, Japan) was utilized for the observation of the cell struc-
ture. The performance of the cell was studied using a potentiostat
and impedance analyzer (Solartron Analytical, Hampshire, United
Kingdom). Ag wire was used for collecting current from the elec-
trodes, which were both fixed using Ag paste. The current collection
from the anode side was made from an edge of the anode tube,
and the collection from the cathode side was made from the whole
cathode area. 20% H,-Ar balance fuel was allowed to flow inside
the anode tube at a flow rate of 13-47 mLmin~! (H, flow rate:
4.3-15.4mLmin~! per 1 cm? electrode area) for power output per-
formance testing. Air was supplied at the cathode side at a flow rate
of 100 mL min~1.

3. Results and discussion

Fig. 1 shows SEM images of the microtubular SOFCs prepared
using (a) the conventional process (GDC interlayer separately
sintered at 1200°c); and (b) the one-step sintering process. As
can be seen, while the GDC interlayer prepared using conven-
tional method included large amount of pores among GDC grains
(Fig. 1(a)), the co-sintered GDC interlayer became dense, although

it included voids between the GDC interlayer and the electrolyte
(Fig. 1(b)). This has also been observed in the literature [16,23], yet
the mechanism of generating voids are not well understood. It is
reported that unknown Zr-Sc-Ce-Gd oxide solid solution, which
has low ionic conductivity, was detected at the interface and this
is probably related to the formation of voids. Thus, an increasing
in contact resistance is expected for cells prepared using one-step
sintering process.

Fig. 2 shows the performance of the microtubular SOFCs
prepared by the one-step sintering process at 700 °C furnace tem-
perature at the fuel (20% H; in Ar) flow rate of 13-47 mLmin~!.
The cell temperature at this furnace temperature was about 692 °C,
and stable at each fuel flow rate. As can be seen, the performance
of the cell showed 0.35, 0.42, 0.5, 0.55 and 0.57 W cm~2 maximum
power density at fuel flow rates of 13, 17, 25, 34 and 47 mLmin~!,
respectively. In our previous study [19], a cell prepared using the
conventional process showed 0.52-0.88 W cm~2 at fuel flow rates
of 17-47 mLmin~!, showing about 19% and 35% reduction from
the maximum power density was observed at fuel flow rates of 17
and 47 mLmin~!, respectively. It is worth noting that the perfor-
mance of the cell prepared using one-step sintering process reached
a limiting value at high fuel gas flow rates, where the cell would
be expected to show increased output power. The high resistance
layer between the GDC interlayer and the electrolyte seemed to be
the reason for this behavior. The advantage of the cell fabricated
using one-step sintering process is seen to be the improvement
in the open circuit voltage (OCV) to 1.08V at the fuel flow rate
of 17mLmin~!, compared to 1.01V for the conventional cell at
the same condition. The dense GDC layer (reducing fuel cross-
over)is expected to improve fuel efficiency. Another possibility was
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Fig. 2. The IV characterization of the cell prepared using the one-step sintering
process at fuel (20% H, in Ar) flow rates of 13-47 mLmin~! at 700°C.
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Fig. 3. Impedance spectra of the cell obtained at fuel (20% H, in Ar) flow rates of
13-47 mLmin~"' at 700°C.

that the GDC layer accelerated the densification of the electrolyte
layer by diffusing Ce into the electrolyte. ScSZ does actually include
1 mol% of Ce for structural stabilization, and additional Ce may help
stabilizing the cubic phase of zirconia.

Fig. 3 shows the impedance spectra at 700°C furnace tem-
perature obtained at 1.0V with an amplitude of 10mV for a cell
prepared using one step sintering. Interpretations of the spectra
may be found in the literature [24-26]. The lower frequency semi-
circle became smaller as the fuel flow rate increased as previously
reported, however, the degree of the change were relatively small
compared to the conventional sample at 700 °C. At 700°C, the area
specific resistance of the electrolyte (5 wm thick ScSZ) is expected
to be 0.015 2 cm? [27], far below the value of the ohmic resistance,
which corresponds to high frequency intercept shown in Fig. 3.
Thus, we may account for the anode tube resistances because of its
unique method of anode current collection [28], as well as the GDC
interlayer and the cathode resistance. The observed ohmic resis-
tance was 0.32 € cm?2, which was about 0.1  cm? higher than that
of a cell prepared using the conventional process [15] due to co-
sintering of the GDC and ScSZ layers. In addition, not only the ohmic
resistance but also the polarization resistances were increased for
the cell prepared using the one-step sintering process. Thus, the
effective contact area (electrode area) was reduced due to the pres-
ence of voids between the GDC layer and the electrolyte.

The lower heating value (LHV) energy efficiency was calculated
by the equation, energy efficiency, n=Us x Vgperation/1.25, where Ug
and Vperation are fuel utilization and the operating voltage, respec-
tively. 1.25V is the theoretical voltage for the following reaction
[29],

Hy + 10, — H,0 (steam) (1)

Since the fuel utilization is calculated using the operating current
density and the fuel flow rate, the maximum energy efficiency can
be given by the maximum power density per fuel flow rate. Fig. 4
shows the energy efficiency of the cell as a function of fuel utiliza-
tion at 700 °C furnace temperature. The resulting energy efficiency
of the cell increased from 20% to 45% when the fuel flow rate was
decreased at 700 °C. Table 1 summarizes the relationship between

Table 1
The relationship between the maximum energy efficiency and the maximum power
density of the cell obtained at various fuel flow rates at 700 °C.

H, fuel flow rate (mLmin~' cm~2) 43 5.6 8.2 121 154
Max. P (Wcm~2) 0.35 0.42 0.5 0.55 0.57
Efficiency (%) 45 41 34 25 20
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Fig. 4. The energy efficiency as a function of fuel utilization for the cell prepared
using one step sintering process at 700 °C furnace temperature at various fuel flow
rates.

the maximum energy efficiency and the maximum power density
of the cell obtained at various fuel flow rates at 700°C furnace
temperature. High peak power densities of the cell were obtained
at higher fuel flow rate by sacrificing energy efficiency, and as
a result, power densities of 0.57 (efficiency: 20%) and 0.35 (effi-
ciency: 45%)W cm~2 were obtained at 700°C. This effect should
carefully be considered in the further development toward SOFC
systems.

Impedance analyses at different voltages were conducted at a
fuel flow rate of 17 mLmin~! and the results are shown in Fig. 5.
Fig. 5(a) shows the voltages for impedance measurements and the
corresponding impedance spectra are shown in Fig. 5(b). The lower
current density region is typically termed activation polarization,
where it is considered that polarization for electrochemical reac-
tions is dominant. The results, however, showed that overpotential
due to gas transport (low frequency semi-circle) was dominant in
the region close to the open circuit voltage and reduced as the
current density was increased. Fig. 5(c), the magnified graph of
Fig. 5(b), showed that the high frequency semi-circle is also reduced
at higher current density, thus, the activation polarization was also
decreased. Further investigation is necessary to understand this
behavior, however, the results clearly indicated that gas transport
phenomena could be adominant factor for the fuel cell performance
at lower current density region depending upon testing conditions,
i.e., gas flow rate, and cell geometry.

In summary, the results obtained for a cell prepared using a one-
step sintering process for GDC-ScSZ were comparable to those in
the literature and may be effective for developing a low-cost SOFC
fabrication process. Further improvement can be achieved by, for
example, reducing the co-sintering temperature [30].

4. Summary

A microtubular solid oxide fuel cell (SOFC) consisting of
Gd-doped CeO, (GDC) interlayer-Sc-stabilized zirconia (ScSZ) elec-
trolyte was prepared on an anode supported tube using a one-step
sintering process at 1350 °C and evaluated for cell performance at
various fuel flow rates at 700°C. The one-step sintering process
results in an improvement of open circuit voltage but an increase
of ohmicresistance due to possible presence of a high resistive layer
and of voids observed between the GDC and ScSZ layers. The per-
formance of the cell shows power densities of 0.35-0.57 W cm~2
at corresponding LHV energy efficiencies of 45-20% respectively,
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Fig. 5. (a) The IV characterization of the cell at the fuel flow rate of 17 mLmin~" at 700°C in the low current density region (b) impedance spectra of the cell at different
voltages obtained at the fuel flow rate of 17 mLmin~" at 700 °C and (c) a magnified graph of (b).

at 700°C. Impedance analyses at different voltages have shown
that the overpotential due to gas transport is dominant in the low
current density region.
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