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bstract

We report the fabrication and characterization of a micro-tubular cathode-supported cell consisting of a Ce0.9Gd0.1O1.95 electrolyte with a
i–cermet anode on a porous La0.6Sr0.4Co0.2Fe0.8O3−δ/Ce0.9Gd0.1O1.95 (60:40 volume) tube (460 �m wall thickness and 2.26 mm diameter). The

ells were fabricated by a cost-effective technique involving extrusion molding and slurry coating through a co-firing process. Densification of the
eria film (thickness < 15 �m) was successful by co-firing the laminated electrolyte with the porous cathode at 1200 ◦C. NiO–Ce0.9Gd0.1O1.95 (Ni:
e Gd O = 50:50 in volume after reduction) was subsequently sintered on the electrolyte at 1100 ◦C to construct a 10 �m thick, porous and
0.9 0.1 1.95

ell-adherent anode. The cell having 1.5 cm tube length fed with humidified 30 vol.% H2–Ar (3% H2O) yielded the maximum power densities of
.16, 0.13 and 0.11 W cm−2, at 600, 550 and 500 ◦C, respectively. It was found that the cell performance is strongly dominated by the tube length,
ue to a high substrate resistance from the cathode current collections.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Ohmic loss of the electrolyte and cathodic polarization resis-
ance are two important issues that hinder solid oxide fuel cell
SOFC) lowering operation temperature from the traditional
000 ◦C to an intermediate range of 500–800 ◦C. The ohmic
oss can be decreased by the reduction of thickness of the con-
entional yttria stabilized zirconia (YSZ) electrolyte and/or the
se of materials with faster ionic transport over YSZ, such
s doped ceria [1], scandia stabilized zirconia [2] and doped
anthanum gallate [3]. To decrease the cathodic polarization, var-
ous promising alternatives, including of perovskite-type oxides,
.e., La1−xSrxCoyFe1−yO3−δ [4], BaxSr1−xCo1−yFeyO3−δ [5]

nd K2NiF4-type oxides, i.e., La2NiO4−δ [6] have been explored
o the conventional La1−xSrxMnO3−δ.

∗ Corresponding author. Tel.: +81 46 856 2121; fax: +81 46 856 5571.
E-mail address: yu@criepi.denken.or.jp (Y. Liu).
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As one of the usual cell forms, tubular geometry has attracted
uch interesting due to better thermo-cycling behavior and

igher sealing feasibility over planar design [7]. Once the cell
iameter gets smaller, i.e., in the millimeter or sub-millimeter
ange, several potential advantages further appear [8,9]. First,
ue to the substantial increase in reactive area per unit vol-
me of a stack, it can possibly achieve a higher volumetric
ower density. Secondary, reduction in wall thickness of tube
ignificantly alleviates the difficult for mass transportation (gas
iffusion activity), which is a major barrier to the cell perfor-
ance. The micro-tubular designs that possess a rapid start-up

haracteristic due to high-thermal shock resistance are promis-
ng for cogeneration and transportation application. Many recent
fforts for the micro-tubular cells that can operate at inter-
ediate temperature are mainly based on the anode-supported

hin film because of its easy fabrication [10,11]. These cells

an be capable of yielding high-power densities below 650 ◦C
ue to a significantly reduced ohmic resistance of the thin-
lectrolyte in association with the selection of suitable materials
nd the development of advanced fabrication techniques. For
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Table 1
Powders characteristics for the cell components

Average particle
size (D50) (�m)

Specific surface
area (m2 g−1)

Theoretical
density (g cm3)

Preparations As cell components

La0.6Sr0.4Co0.2Fe0.8O3−δ 0.50 9 6.330 Citrate method Cathode

Ce0.9Gd0.1O1.95
0.22 30 7.214 Newly devised

low-temperature process
in coprecipitation [15]

Electrolyte

0.66 39 7.227 Citrate method Cathode

NiO–Ce0.9Gd0.1O1.95

(Ni:Ce0.9Gd0.1O1.95:
0.40 14 7.005 Citrate method Anode
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50:50 in volume after
reduction)

nstance, Suzuki et al. fabricated the cell consisting of a
a0.6Sr0.4Co0.2Fe0.8O3−δ cathode with a thin Ce0.9Gd0.1O1.95
lectrolyte on a Ni–cermet support tube (diameter: 1.6 mm)
sing the cost-effective wet co-firing process, and demonstrated
high-power density of 1.0 W cm−2 at 570 ◦C with H2 fuel

11].
In contrast, there is few work published to data for the

athode-supported thin film under micro-tubular configuration,
lthough it delivers several desired feasibilities, i.e., allow-
ng the using of metal (Ni) for electrical connection for cells,
nd relatively high-mechanical stress during thermal or redox
ycling. This can be highly attributed to the fabrication dif-
culties of a dense thin electrolyte on a porous cathode. For

nstance, densification of thin electrolyte in the well-known wet-
eramic co-firing technique is generally achieved by co-sintering
he laminated electrolyte with the support electrode at a rela-
ively high temperature, i.e., 1400 ◦C for a typical Ni–cermet
node-supported cell [10,11]. This represents a high risk to
ntroduce several severe issues for the cathode-supported cell
ncluding of (1) chemical reactions between cathode and elec-
rolyte, (2) excessive coarsening of cathode particles with loss
f triple phase boundaries (TPB) for oxygen reduction reac-
ion and (3) dense electrode structure with little porosity, which
ignificantly raises the impedance to gas transport [12–14].
he development of the pervious cathode-supported thin film
tructure in Siemens–Westinghouse is based on electrochemi-
al vapor deposition (EVD) processes to avoid high-sintering
emperature during densification of the electrolyte [7].

In pervious report, we have fabricated a small planar
ell that consists of a thin, supported electrolyte with a
hin Ni–cermet on a porous cathode via a cost-effective wet
eramic co-firing process [12]. The promising combination
f La0.6Sr0.4Co0.2Fe0.8O3−δ and Ce0.9Gd0.1O1.95 was used as
athode and electrolyte. Densification of the Ce0.9Gd0.1O1.95
embrane was successful on the porous substrate at 1200 ◦C
hile the shrinkage between cathode and electrolyte was highly

ailored to avoid any deformation and crack in either layer dur-
ng co-sintering. Regarding the advantages of both micro-tubular

nd cathode-supported configurations, this work thus applied the
bove technology to fabricate such a cell, with a specific interest
o use the La0.6Sr0.4Co0.2Fe0.8O3−δ/Ce0.9Gd0.1O1.95 couple for
ntermediate temperature operation.

t
a
a

. Experimental

.1. Sintering behavior, thermal expansion and electrical
onductivity measurements

The preparations of the powders for cell components can
e referred to pervious report [12]. Powders characteristics
ere summarized in Table 1. To investigate the sintering char-

cteristics, the as-prepared powders were pressed to discs in
0 mm diameter and 2–3 mm thickness by uniaxial dry pressing
t 200 MPa. This was followed by sintering at selected tem-
eratures over the 600–1200 ◦C range with a heating rate of
.3 ◦C min−1. The dimension and weight of the unfired and
intered discs were measured to determine the bulk density
nd the shrinkage. Theoretical density was calculated using
he theoretical value determined from the experimental lattice
arameters and unit formula based on X-ray diffraction (Mac-
cience M18XHF, Japan). The relative density was derived
rom a ratio of bulk density to theoretical. The shrinkage of
he discs was determined as 100 × (d2 − d1)/d1, where d1 and
2 are initial and final diameter, respectively. Microstructure
f the sintered samples was recorded by scanning electron
icroscopy (SEM, Hitachi, S-3500H, Japan). Linear thermal

xpansion was measured in air and H2 from 50 to 650 ◦C using
ac Science 5000S system by sintered rectangular shapes of

0 mm × 5 mm × 5 mm. A heating/cooling rate was 2 ◦C min−1,
ith a 5 min annealing time at maximum temperature. Decom-
osition behavior of binder and pore formers was measured by
hermogravimetric (TG) analysis using Mac Science 5000S sys-
em at the temperature range of 30–1000 ◦C with a heating rate
f 2 ◦C min−1 in air. Electrical conductivity was measured by
he four-terminal method using a sintered rectangular bar. The
otential and current leads were contacted by applying platinum
aste and fixing platinum.

.2. Fabrications of the micro-tubular cathode-supported
ells
La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF)/Ce0.9Gd0.1O1.95 (GDC)
ubes were extruded from a plastic mass through a die forming
3 mm outside diameter. The mass was created by mixing the

s-prepared LSCF and GDC powders under a desired volumet-
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ic ratio (LSCF:GDC = 60:40 volume) in water for 1–2 h in the
resence of ethyl cellulose as binder and polymethyl methacry-
ate (PMMA) beads as pore-former. A vacuum was applied to
he mixing chamber for 10–30 min to remove air from the mass.
he mass was left to age over night and then extruded using a

am extruder (Ishikawa-Toki Tekko-sho Co. Ltd., Japan) with
n in-house designed die. After drying, the tubes were cut to a
esirable length and dip-coated in the GDC slurry, which was
repared by ball-milling the GDC powder, organic ingredients,
uch as binder, dispersant and solvents for 24 h. These were
o-fired at 1200 ◦C for 10 h with a heating and cooling rate of
.9 and 5 ◦C min−1, respectively. Cathode tubes with the dense
lectrolyte were further dip-coated in an anode slurry containing
iO–GDC (Ni:GDC = 50:50 in volume after reduction) powders
ith organic ingredients and graphite as pore formers. These
ere finally fired at 1100 ◦C for 1 h. The heating rate for the

node formation was 2.9 ◦C min−1.

.3. Electrochemical measurements

The electrochemical performance of the single micro-tubular
athode-supported cell was measured under the apparatus shown
n Fig. 1a. The current collection was done with a mode shown
n Fig. 1b where Pt meshes used as current collectors were cov-
red to the anode section and Pt wires were well wound at two
erminals of the tube as cathode current collectors. These were
xed with Ag paste and further heated to 800 ◦C for 5 h in air.
bout 30 vol.% H2–Ar (saturated with H2O vapor at 20 ◦C)

nd air gases were flowed through the anode and cathode in
counter-flow arrangement with a flow rate of 100 mL min−1.
he electrochemical measurement was carried out in the tem-
erature range from 500 to 600 ◦C. Gas sealing was ensured by
sing the thermosetting sealants such as Aron ceramic C and
.C (Toagosei Co. Ltd.). No gas leakage in the electrochem-

cal measurements was confirmed using bubble-type gas flow

eter. Power generation was measured using a current pulse

enerator (Nikkokeisoku, NCPG-105S, Japan) as a load, with
n electrometer (Hokuto-denko, HC-104, Japan) to record the
erminals voltages. During the measurement, the effective anode

ig. 1. (a) Schema of the experimental apparatus for the single micro-tubular
athode-supported cell measurement; (b) the enlarged view at the cross section
f the sealant cover and current collection through the cell, I1, I2: current collect
erminals, and V1, V2: voltage detect terminals.
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eactive areas for the cells with tube length of 1.5 and 2 cm
ere 0.07 and 0.22 cm2, respectively. Current densities were

alculated based on the anode areas. The impedance analysis
as carried out using a Solartron 1260 frequency response ana-

yzer with a 1296 interface. Microstructures of the micro-tubular
ells were recorded with scanning electron microscopy (SEM)
nd energy dispersive X-ray analysis (EDX) (Hitachi, S-3500H,
apan).

. Results and discussion

.1. Fabrication of the micro-tubular cathode-supported
ells

The tube is required to provide a high mechanical strength
fter extrusion and further have a high porosity >40% after
intering due to a mass transportation limitation [7]. This can
e achieved by introducing the suitable binder and pore for-
er without altering shrinkage characteristics of the ceramic

ody. Decomposition behaviors of ethyl cellulose (a common
inder for ceramics extrusion [16]), and pore formers includ-
ng PMMA beads and carbon beads were investigated. It was
hown in Fig. 2 that the decompose temperatures, i.e., ≤400 ◦C
or PMMA and ≤550 ◦C for ethyl cellulose, are relatively lower
han the shrink beginning temperature of ca. 700 ◦C for the sub-
trate. This avoids the influence on the shrinkage behavior of the
athode. In contrast, the carbon beads, which have higher decom-
ose temperatures (800–1000 ◦C), highly retard the shrinkage of
he ceramic body.

The effect of changing the amount of ethyl cellulose and
MMA beads and identity on both the shrinkage and relative
ensity of the ceramic body was further shown in Fig. 3. As
xpected, relative density, which potentially indicated a resid-
al porosity, decreased with increasing polymer amounts while
aintaining necessary linear shrinkage. However, a higher con-

ent of ethyl cellulose (i.e., >5 wt.% vs. ceramic) was found

o be obviously harmful to the morphology of ceramic sub-
trate, as shown in Fig. 4, postulated as being caused by the
el-aggregation of ethyl cellulose during mixing. Suitable type
thyl cellulose with a relatively high viscosity was thus selected

ig. 2. TG curve of ethyl cellulose, PMMA beads, and carbon beads as a function
f temperature in air.
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ig. 3. Linear shrinkage and relative density of the cathode substrates sintered
t 1200 ◦C for 0 h as a function of the contents of PMMA and ethyl cellulose.

o ensure a high-mechanical strength with a possibly low content
f 5 wt.% [16].

Fig. 5 shows linear shrinkage of the cathode (without and
ith pore former and binder) compared with the GDC elec-

rolyte; relative density of the GDC powder was plotted as a
unction of temperature. Due to the high surface solid-state dif-
usion of the nano-sized GDC (specific surface area: 30 m2 g−1),
igh density ≥92% of theoretical for the electrolyte was reached
t 1200 ◦C. Increase in the holding time to 10 h further gave a
ise to the densification with a relative density >98%. According
o a detailed investigation that has been performed previously
12], the cathode contains 40 vol.% (ca. 43% by weight) nano-
DC with specific surface area of 39 m2 g−1 besides the LSCF.
y this, the shrinkage of the cathode can match well with

hat of the electrolyte in 800–1200 ◦C range. Fine scale pow-
ers of GDC are further expected to improve the TPB area

eading to a low-cathodic polarization. For such composites,
0–40% by weight of gadolinium-doped ceria was reported
s being optimum for an improved electrochemical perfor-
ance [17]. It can be seen in Fig. 5 that 20 wt.% of PMMA

ig. 4. SEM micrograph of the cross section of the LSCF–GDC (60:40 volume)
ubstrate containing 12 wt.% ethyl cellulose after sintered at 1200 ◦C for 10 h.

l
a
w
a
0
t
o
F
c
t
o
a
b
d
(
t
t
t
T
d
fi
s
0

rolyte and the cathode (without and with binder and pore formers); relative
ensity of GDC was plotted as a function of temperature.

lus 5 wt.% ethyl cellulose (vs. ceramic) can be introduced
ithout altering shrinkage characteristics for the LSCF–GDC.
he relatively lower decompose temperatures of ethyl cellu-

ose and PMMA appear to be the consequence. Furthermore,
he formed pores are thermodynamically stable during sinter-
ng since the pore size (ca. 5 �m) is much larger than the
rains size (ca. 1 �m) of the ceramic substrate with larger
umber of surrounding grains (as confirmed by SEM) [18].
ptimum in the sintering properties and sintered microstruc-

ure makes it possible to laminate the dense GDC thin-film to
e compatible with the porous substrate allowing co-firing at
200 ◦C without introducing undue stress or cracks in either
ayer.

After drying, the as-extruded cathode tube shows a high-
echanical strength that can allow its length being desirably

ong, as shown in Fig. 6a-1. The shrinkage after sintering
t 1200 ◦C for 10 h was 24.7%, which is in good agreement
ith the values in Fig. 5. Fig. 6a-2 shows the photograph of
typical cell whose wall thickness and outer diameter were

.46 and 2.26 mm, respectively (see Fig. 6b). Microstructure of
he cathode and anode layers near the electrolyte where most
f the electrochemical reaction occurs was further shown in
ig. 6c, in which the cathode possesses uniform and spheri-
al pores (ca. 5 �m; porosity: approximately 50%) suggesting
hat the PMMA beads were homogeneously distributed through-
ut the substrate prior to sintering. The two oxides (LSCF
nd GDC) were not separated completely from each other,
ut were agglomerated in a mixture. Fine Ni–cermet pow-
ers used in this study allowed lower sintering temperatures
<1200 ◦C) to avoid the destruction of the microstructure of
he as-established cathode in the subsequent anode forma-
ion. The process allows to achieve a good adhesion at both
he anode–electrolyte and the electrolyte–cathode interfaces.
he dense GDC film showed thickness of ca. 12–15 �m and

id not exhibit cracks or pinholes, that were further con-
rmed by SEM observations on the electrolyte surface, as
hown in Fig. 6d, where the grain size was approximately
.5–1.5 �m.
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ig. 6. Photographs of (a-1) cathode tubes after extrusion, and (a-2) a typica
athode/electrolyte/anode interface and (d) surface of the dense electrolyte.

.2. Thermal expansions of cell components

Matching in the thermal expansions of the cell compo-
ents is essential to maintain a high reliance under operation
onditions. Fig. 7 shows the linear thermal expansions of
SCF–GDC, GDC and NiO–GDC as a function of temperature.
he cell components showed coinciding thermal expansions
ith <0.2% difference at ≤600 ◦C in air. The change in atmo-

phere to a reducing environment for both the anode and
lectrolytes leads to an obvious volume expansion, which in turn

esults in mechanical stresses. At 650 ◦C, the thermal expan-
ion coefficient (TEC) of the LSCF–GDC cathode was 11.5
o 12.0 × 10−6 ◦C−1 (air), as compared to 14.1 × 10−6 ◦C−1

or the dense GDC (H2), and further 16.0 × 10−6 ◦C−1 for the

ig. 7. Thermal expansions of the cell components of cathode (LSCF–GDC),
lectrolyte (GDC) and Ni–cermet anode, in air and H2.
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; SEM micrographs of (b) cross section of the tube, (c) cross section at the

i–cermet (H2). The reduction of ceria appears to be the major
onsequence in addition to the high thermal expansions of the
etallic Ni. However, no crack and destruction was observed for

he cells during the repeated thermal cycles under the operation
onditions. This can be partly benefited from the micro-tubular
eometry [8–10]. In addition, the cathode-supported cell with a
hin anode layer that is not dominating the mechanical integrity
f the GDC membrane is promising and efficient to lower the
nfluence associated with the bulk volume change resulting from
he thermal expansions [19]. It is thus expected that this type cell
an be operated without introducing the mechanical instability
ypical of the anode, leading to a high reliability.

.3. Electrical conductivity of the porous tube

Electrical conductivity of the porous substrate has been
roven to be one of the key performance-limiting factors for
he cathode-supported cells [7,20]. Fig. 8 shows electrical con-
uctivity of the porous tube, while influence from the porosity
nd GDC contents was clarified for comparison. The dense
SCF shows a fairly high conductivity of ca. 310 S cm−1 in
00–600 ◦C range. The conductivity of the p-type conductor
LSCF) gradually increases up to 600 ◦C and then slightly
ecreases. This decrease in the conductivity is attributed to the
ncrease in oxygen non-stoichiometry arising from a decrease
n the concentration of p-type charge carriers at high temper-
tures [4]. The porous LSCF had an electrical conductivity

145 S cm−1) two and a half times smaller than the dense one,
nd this decrease could be explained by the difference in the
harge carries (electron) transport characteristics in a dense or
orous body, which is strongly influenced by the microstruc-
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Fig. 8. Arrhenius plot of the conductivity of (a) LSCF (porosity < 5%), (b)
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SCF (porosity: 50%), (c) LSCF-GDC (60:40 volume, porosity: 50%) and (d)
s-prepared cathode tube (2.26 mm diameter and 460 �m wall thickness). The
alues at 600 ◦C were highlighted.

ure and sintering condition. The electrical conductivity further
ecreased with adding of the GDC. The present LSCF–GDC
ube has a conductivity of 65 S cm−1 (600 ◦C). It is suggested
hat the porous cathode can provide relatively high conductiv-
ty while maintaining high porosity (50%). Further optimum on
he microstructure and dimension that are variably affecting the
lectrical conductivity remains to be done.

.4. Electrochemical properties

Since a current-collection model (Fig. 1b), in which the cath-
de current collections are taken from the terminal of the tube, is
ntroduced for the electrochemical measurement for the single
ell [10], the cathode tubes thus become the current collectors,

hich in turn raise an obstacle to the cell performance since the

ubstrate resistance is linearly dependent on the tube length.
Under such a measurement limitation, the cell still demon-

trated a relatively high-power density. Fig. 9 shows the power

r
u
a
t

Fig. 10. Cross-section of the co-fired cell: SEM micrograph and
Fig. 9. Current–voltage and power density characteristics of the cell.

nd j–V performance for a typical cell with 1.5 cm tube at 600,
50 and 500 ◦C. The cell polarization curves were almost lin-
ar in all current density range. The maximum power densities
eached at 0.16, 0.13 and 0.11 W cm−2, at 600, 550 and 500 ◦C,
espectively. The open circuit voltage (OCV) obtained here is
elatively low due to the use of ceria-based electrolyte.

The OCV drops could be partly attributed to the interfacial
eaction associated with the elemental diffusion from LSCF to
DC that causes microstructure degradation of the electrolyte
uring co-sintering of the electrolyte and cathode. Fig. 10 shows
ross-sectional SEM micrograph and elemental distribution of
he co-fired cell. Small trace of transition metal of Co and
e (<2 mol.%, as confirmed by energy dispersive X-ray anal-
sis, EDX) was found in the electrolyte layer. Small additions
<2 mol.%) of transition metal oxides into the doped ceria have
een reported to considerably favor the densification [21]. It can
e explained by a formation of an amorphous transition metal

ich grain boundary film that facilitates the densification via liq-
id phase with a minimum of grain growth. The minor dopant
dditions have no essential effect on total and ionic conduc-
ivity, but considerably increase the p-type electronic transport

elemental mapping distribution of Ce, Ni, Co, La and Fe.
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ig. 11. Impedance spectra for the cell measured at different temperatures.

21]. Further investigation regarding how such effect influences
he thin electrolyte membrane associated with the cell design
nd electrode microstructure, and optimum in the co-firing con-
itions remains to be done.

AC impedance spectroscopy was carried out to further reveal
hich parts of the cell contributed most to the performance.
he results obtained under open circuit conditions at 600, 550
nd 500 ◦C are shown in Fig. 11, in which a large impressed
rc appeared indicating the charge transfer at the electrode and
lectrode/electrolyte interface and the mass transportation pro-
esses.

Fig. 12 shows the area specific resistances (ASRs) contributed
rom different parts for the cell as a function of temperature. For
he comparison, the ASRs of the GDC electrolyte with a 15 �m
hickness were given based on the conductivities of GDC from
he literature (0.095, 0.017 and 0.0253 S cm−1 at 500, 550 and
00 ◦C) [1]. At 500, 550, 600 ◦C, the ASRs of ohmic type did
ot vary much with the change of temperature, and were 2.73,
.24 and 2.1 � cm2, which are almost 15 times higher than the

hmic resistances based on the 15 �m thick GDC. This large
eviation confirms the influence from the current collection loss
or the cathode. The ASRs of non-ohmic resistances (total) at

ig. 12. Area specific resistance (ASR) of the different resistances for the cell
n comparison with the resistance of thin GDC electrolyte.
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Fig. 13. Calculated performance loss as a function of tube length.

00, 550 and 600 ◦C were 3.78, 1.65 and 0.46 � cm2. The non-
hmic resistances that indicates the polarization losses including
f two general categories of concentration polarization due to
esistance to gas transport, and activation polarization due to
imitations in the charge-transfer process, obviously decreased
s the temperature increased, indicating that the electrochemical
eaction kinetics are mainly dominated by the cathode side [20].

.5. Influence of tube length on cell performance

Using the values of the tube conductivity given in Fig. 8 and
ower performance in Fig. 9, we can detect the influence of the
ube length on the cell performance loss under the present cur-
ent collection. The calculated result of the performance loss as
function of the tube length was shown in Fig. 13. The detailed
alculation can be referred to pervious publication by Suzuki et
l. [22]. The performance loss increased significantly as increas-
ng the tube length due to the increased cathode resistance as a
urrent collector. The practically measured cell with 1.5 cm tube
as highlighted. At 500, 550 and 600 ◦C, its performance loss

eached at 37, 26 and 17%, which are obviously higher than those
f the anode-supported cell under a similar composition and con-
guration of LSCF–GDC (cathode) and GDC (electrolyte) on
i–GDC (anode tube) [11,22].
Fig. 14 further compared the maximum powder densities

ractically measured for the cells with different tube length
s 1.5 and 2 cm. The decrease in maximum power density
as noticeable with increasing the tube length, i.e., 0.16, 0.13

nd 0.11 W cm−2 for the 1.5 cm cell, versus 0.090, 0.049 and
.030 W cm−2 for the 2 cm one, at 600, 550 and 500 ◦C. The
easured values for the 2 cm tube have a deviation as compared
ith the calculated ones (0.11, 0.08 and 0.06 W cm−2) accord-

ng to Fig. 13. It could be attributed to the influences from other
actors, such as gas diffusion activity through the porous tube.

The results clearly suggest that the cell performance is

trongly limited by the tube length due to the present current
ollection for the cathode. Therefore, an optimum in the cath-
de current collection might be very effective to the single cell
erformance. For instance, this can be realized by impregnating
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ig. 14. Maximum power densities of the cells as a function of tube length.

he porous cathode with the well-dispersed Ag particles to obtain
n obviously improved conductivity [23]. It is also feasible to
esign a small interconnect, as discussed previously by Ota et
l. [24]. On the other hand, a concept using the cube-shaped cell
undle [25], where the cells are integrated in a metal (Ni) matrix,
an possibly make these cathode-supported micro-tubular cells
owards application with a high volumetric power density.

. Conclusion

A dense thin Ce0.9Gd0.1O1.95 electrolyte (thickness < 15 �m)
nd a Ni–cermet anode (Ni:Ce0.9Gd0.1O1.95 = 50:50 in
olume after reduction, thickness < 10 �m) on a porous
a0.6Sr0.4Co0.2Fe0.8O3−δ/Ce0.9Gd0.1O1.95 (60:40 in volume)
athode tube have been successfully fabricated by a cost-
ffective technique involving extrusion molding and slurry
oating through a co-firing process. Co-firing temperatures for
athode/electrolyte and subsequent anode formation were 1200
nd 1100 ◦C, respectively. The wall thickness and diameter of
he cells were 460 (m and 2.26 mm. The micro-tubular cathode-
upported cell with 1.5 cm long tube yielded maximum power
ensities of 0.16, 0.13 and 0.11 W cm−2, at 600, 550 and 500 ◦C,
espectively. The analysis revealed that the present current col-
ection way for the cathode tube during single cell measurement,

s well as the relatively low-open circuit voltage due to the cur-
ent leakage of the ceria electrolyte influenced by the support
lectrodes and the fabrications, highly hinder the cell perfor-
ance.
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