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Abstract

We report a cost-effective processing method for fabricating intermediate temperature solid oxide fuel cells (SOFCs) with Ni-samaria doped ceria
(SDC) anode. First, SDC and NiO powders were mechanically treated to make their composite powder. Then, the composite powder was applied
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nto a ceramic tape casting method to form a thick layer for the anode supporting. Finally, an anode supported single cell with a configuration
f Ni-SDC/SDC/La0.6Sr0.4Co0.2Fe0.8O3 − � (LSCF) was prepared. Because of the usage of the composite powder, homogenous distribution and
onnection of each Ni and SDC were achieved. Peak power densities of 460, 750 and 910 mW cm−2 were obtained on the single cell at 550, 600
nd 650 ◦C, respectively.
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. Introduction

Solid oxide fuel cells (SOFCs) offer a low-pollution tech-
ology to generate electricity electrochemically with high effi-
iency. Current efforts are aimed at decreasing the cost of SOFC
y lowering the operating temperatures to 700 ◦C or less [1,2].
ne of the critical challenges for operation of SOFCs at low

emperature is how to reduce polarization losses at electrodes.
or intermediate temperature operation of SOFC, Ni-samaria
oped ceria (SDC) is a potential candidate as anode materials
3–5].

In Ni cermet anode, it has been recognized that controlled
omposite structures offer better performance due to the exten-
ion of triple phase boundary (TPB) [6–10].

To optimize the microstructure and distribution of each com-
onent, we have successfully developed a simple technique in
cost-effective manner. In our previous studies [9,10], Ni-YSZ
ermet anode was fabricated by conventional ceramic processing
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introducing NiO–YSZ composite powder. The composite pow-
der was of YSZ coated on NiO particles, which was made by
a mechanical method. The resultant Ni-YSZ cermet anode was
consisting of fine YSZ connections, as the conducting pass of
oxygen ions, on the surface of Ni network, as that of electrons,
with continuous pore structure and as that of gaseous species
indicating superior electrochemical performance at 700 ◦C.

In this study, an anode-supported cell with ceria-based mate-
rials was fabricated. Fig. 1 shows a schematic illustration of the
present powder processing. First, SDC and NiO powders were
mechanically treated to make their composite powder. Then,
the composite powder was applied into a ceramic tape casting
method to form thick layer for the anode supporting. The intro-
duction of the composite powder is a possible way for achieving
homogenous distribution and connection of each component in a
cost-effective manner. The SOFCs with the anode showed good
performance at intermediate temperatures.

2. Experimental

Two kinds of SDC powders were prepared by the co-

E-mail address: tfukui@hmc.hosokawa.com (T. Fukui). precipitation method. One was calcined at 900 ◦C for electrolyte
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Fig. 1. Schematic illustration of the present powder processing for SOFC.

and the other was calcined at 400 ◦C for anode, and their specific
surface areas (SSA) were 10 and 39 m2 g−1, respectively. The
SDC powder calcined at 900 ◦C was dispersed in ethanol solvent
with organic binders, and then tape-casted to form 20 �m thick
green sheet. After drying, the second green sheet of NiO–SDC
composite (750 �m thick) was formed on the SDC sheet. Before
the tape casting, NiO (Nikko-Rika Corp) and the SDC powder
calcined at 400 ◦C mixture (mass ratio NiO:SDC = 61.3:38.7)
were processed using an attrition type milling device (Nobilta
NOB-130, Hosokawamicron Corp. Japan) in dry ambience. The
mechanical treatment can present NiO–SDC composite powder.
The NiO–SDC/SDC bilayer was co-sintered at 1400 ◦C for 2 h in
air. La0.6Sr0.4Co0.2Fe0.8O3 − δ (LSCF) powder was prepared by a
citrate method for cathode material [11]. The LSCF powder was
mixed with polyethylene glycol to form paste, screen-printed
onto the SDC/NiO–SDC bilayer, and sintered at 1000 ◦C for 4 h
in air. NiO–SDC composite layer was converted into a Ni-SDC
cermet anode, when hydrogen fuel was supplied to the cell for
the first time. Finally, we made the Ni-SDC anode supported
SOFC single cell with diameter of 80 mm.

The microstructural analysis of Ni-SDC cermet anode was
conducted with SEM (ERA-8800FE, Elionix, Japan), and EDX
(EMAX-7021H, HORIBA). The anode-supported SOFC fab-
ricated was operated in the conditions of H2-3%H2O for the
anode and air for the cathode at 500–650 ◦C. Pt mesh was used
as the current collector for both the Ni-SDC cermet anode and
t
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Fig. 2. SEM image of the prepared NiO–SDC composite powder.

geneously detected for the aggregated particles in SEM–EDX
analysis, the aggregated particles formed in this study consisted
of NiO and SDC particles, i.e., were NiO–SDC composite par-
ticles. In our previous studies, NiO–YSZ composite particles
have been made in the similar manner [9,10]. Although the
detail nature of the mechanically induced particle bonding in
metal oxides is still under investigation, this method can be
applicable to design particles or powders for advanced materials
[12,13].

3.2. Structure of the fabricated SOFC

Fig. 4 shows the cross-sectional SEM image of the SOFC.
Thickness of the dense SDC layer is about 20 �m. Thickness
of the porous anode and cathode electrodes were about 570
and 20 �m, respectively. The present anode exhibited enough
strength to support the SOFC. Fig. 5(a) shows the magnified
SEM image of the Ni-SDC cermet anode. Micron-sized porous
structure was homogeneously formed, and porosity of the anode
layer was estimated to be about 35% from their volume and
weight. Fig. 5(b) and (c) shows the EDX mapping of Ni and Ce
in the region of Fig. 5(a). It reflected network structures of SDC
and Ni grains. These results indicated that Ni-SDC composite
anode was consisting of SDC connections, as the conducting
he LSCF cathode.

. Results and discussion

.1. NiO–SDC composite powder

Figs. 2 and 3 show the SEM image of the milled powder and
ts size distribution measured by laser diffraction and scattering

ethod. From the distribution, the average size was estimated to
e 441 nm. On the other hand, those of NiO and SDC estimated
rom their specific surface areas were 113 and 21 nm, respec-
ively. Therefore, aggregated particles were made by the present

echanical treatment. Since Ni and Ce signals were homo-
 Fig. 3. Particle size distribution of the NiO–SDC composite powder.
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Fig. 4. SEM image of the cross-sectional SOFC fabricated in this study.

Fig. 5. SEM–EDX analysis of Ni-SDC cermet anode, (a) magnified SEM image,
(b) mapping of Ni element, (c) mapping of Ce element (the mapped element is
white).

Fig. 6. I–V and power density curves of the anode-supported cell.

pass of oxygen ions, on the surface of Ni connections, as that of
electrons, with continuous pore structure and as that of gaseous
species.

3.3. Performance of the SOFC

Fig. 6 shows the I–V and power density curves of the
anode-supported SOFC tested at 500–650 ◦C. The maximum
powder densities were 230, 460, 750 and 910 mW cm−2 at
500, 550 600 and 650 ◦C, respectively. A possible cause of
the obtained high performance can be considered to be the
well-controlled Ni-SDC cermet anode as shown in Fig. 5. It
is remarkable that the present SOFC exhibited higher perfor-
mance than those of recently fabricated Ni-SDC anode sup-
ported SOFCs [14,15]. Ai et al. have balled milled a mix-
ture of NiO and SDC powders and finally fabricated Ni-
SDC/SDC(15 �m)/Ba0.5Sr0.5Co0.8Fe0.2O3(BSCF)-SDC layers
which showed a maximum power density of 648 mWcm−2

at 600 ◦C [14]. Yin et al. prepared NiO–SDC composite par-
ticles using gel-casting technique and finally fabricated Ni-
SDC/SDC(25 �m)/Sm0.5Sr0.5CoO3-SDC layers which showed
a maximum power density of 491 mW cm−2 at 600 ◦C [15].

In case of Ni-YSZ based SOFCs, a variety of preparation
methods have been tried to make NiO–YSZ composite particles
such as co-precipitation reaction [16], spray pyrolysis [4,17]
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nd citrate/nitrate combustion [18]. The anode polarization
ere lowered and showed superior stability at high temperature

17]. Recently, the authors have mechanochemically prepared
iO–YSZ composite particles using an attrition milling device

nd demonstrated the higher electrochemical activity [9,10]. In
his study, it was also demonstrated that the NiO–SDC composite
articles made through the mechanical method can improve per-
ormance of IT-SOFC. A recently discovered high performance
athode material, BSCF [2], will be applied into our processing
ethod in a future. It is also noted that the present mechanical
ethod is one of promising methods to present mass production

f composite particles.
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4. Conclusion

The Ni-SDC cermet anode has been fabricated by conven-
tional ceramic processing using NiO–SDC composite particles.
The resultant Ni-SDC anode provided good connections of SDC
grains, Ni grains, and pores, and substantially decreased the
polarization loss. For a single cell with a configuration of Ni-
SDC/SDC/LSCF, peak densities of 460, 750 and 910 mW cm−2

were achieved at 550, 600 and 650 ◦C, respectively. It can be con-
clude that the present processing is one of promising approaches
for achieving homogenous distribution and connection of each
component and pores in a cost-effective manner.
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