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bstract

A dense membrane of Ce0.9Gd0.1O1.95 on a porous cathode based on a mixed conducting La0.6Sr0.4Co0.2Fe0.8O3−δ was fabricated via a
lurry coating/co-firing process. With the purpose of matching of shrinkage between the support cathode and the supported membrane, nano-
e0.9Gd0.1O1.95 powder with specific surface area of 30 m2 g−1 was synthesized by a newly devised coprecipitation to make the low-temperature

interable electrolyte, whereas 39 m2 g−1 nano-Ce0.9Gd0.1O1.95 prepared from citrate method was added to the cathode to favor the shrinkage
or the La Sr Co Fe O . Bi-layers consisting of <20 �m dense ceria film on 2 mm thick porous cathode were successfully fabricated at
0.6 0.4 0.2 0.8 3−δ

200 ◦C. This was followed by co-firing with NiO–Ce0.9Gd0.1O1.95 at 1100 ◦C to form a thin, porous, and well-adherent anode. The laboratory-sized
athode-supported cell was shown to operate below 600 ◦C, and the maximum power density obtained was 35 mW cm−2 at 550 ◦C, 60 mW cm−2

t 600 ◦C.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Lowering the operating temperature of solid oxide fuel cells
SOFCs) requires reduction of the thickness of the electrolyte by
owering the ohmic losses and/or the use of materials with faster
onic transport and higher catalytic activities [1]. Doped ceria
as been considered to be a promising alternative to yttria stabi-
ized zirconia (YSZ) or scandia stabilized zirconia (ScSZ), as its
xide-ionic conductivity is much higher in the low-temperature
ange [2–4]. The wide use of ceria is somewhat retarded because
eria electrolytes are reduced at low oxygen partial pressures
PO2 ) at the elevated temperatures and thereby create undesir-
ble electronic conductivity and volumetric expansion [4–6].
ome reports have suggested that optimization of the doped
pecies or operations may alleviate such dilemma to some degree

7–10]. Sintered ceria electrolytes are required to possess den-
ities greater than 95% of theoretical in order to exclude open
orosity and avoid reactant crossover. Although a higher sin-
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ering temperature yields a ceria of higher density, it tends to
lso produce micro-cracks, e.g. due to oxygen release caused
y reduction of CeO2 to Ce2O3, and poor mechanical stability
s a result of formation of a microstructure with a grain size in
he micron range [11–15]. This makes it necessary to develop a
ow-temperature sinterable ceria.

In addition to the electrolyte, an approach to improve the low-
emperature performance of SOFCs involves replacement of the
onventional La1−xSrxMnO3−δ cathode with one of mixed con-
uctivity. As such promising classes, La1−xSrxCoyFe1−yO3−δ

oped perovskites based on LaCoO3 have attracted con-
iderable attention [16]. The most common composition,
a0.6Sr0.4Co0.2Fe0.8O3−δ, exhibits nonstoichiometry at high

emperatures and at low PO2 and displays a high oxygen surface
nd tracer diffusion coefficients. It has a high electrical con-
uctivity of 350–400 S cm−1 at 500–600 ◦C and a high catalytic
ctivity for oxygen reduction [17–19]. La0.6Sr0.4Co0.2Fe0.8O3−δ

as found to be chemically and thermally compatible with a

oped ceria electrolyte giving a very low electrode/electrolyte
esistance [20–22]. Many successful examples have made
a0.6Sr0.4Co0.2Fe0.8O3−δ and doped ceria a promising combi-
ation for low-temperature SOFC operation [23–25]. However,

mailto:yu@criepi.denken.or.jp
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hese have mainly concentrated on electrolyte self-supported or
node-supported cells. This could be primarily attributed to the
ifficulties of fabricating a dense ceria thin-film on a porous
athode.

Cathode-supported cells like the tubular cell used in the
estinghouse concept, are particularly attractive due to their

easibility for current collecting for stacks. This study thus
ims at fabrication and characterization of a cathode-supported
ell though a slurry coating/co-firing process, which is a
ost effective technology, with a specific interest to use
he La0.6Sr0.4Co0.2Fe0.8O3−δ/Ce0.9Gd0.1O1.95 couple for low-
emperature operation.

. Experimental

.1. Sintering investigation of the cell components

Powder characteristics for the cell components are summa-
ized in Table 1. The Ce0.9Gd0.1O1.95 (10 mol% gadolinium-
oped ceria, GDC) powders were synthesized in two different
ays and described simply here:

1) Coprecipitation method [26]: Ce3+ and Gd3+ nitrite standard
aqueous solution (99.9%, Rhodia, France) was mixed in a
selected proportion and then poured into a NH4HCO3 (extra
pure regent, Wako Pure Chem. Ltd., Japan) water solution.
Solution stirring was kept for 3 h at 80 ◦C. After filtration,
the precipitate was dried and calcined at 700 ◦C for 5 h.

2) Conventional citrate coprecipitation method: Ce3+ and Gd3+

carbonates aqueous solution (99.9%, Seimi Chem. Co. Ltd.,
Japan) was mixed in a selected proportion and citric acid
and ethylene glycol were added. The solution was stirred
for 3 h at 80 ◦C to form a homogeneous chelate between
the metal cations and the citrate anions. The products were
gradually dried and then fired at 600–1000 ◦C for 5 h to
obtain the GDC powders with specific surface areas of 10,
30, 39 m2 g−1.

As previously revealed, compared with the conventional
itrate preparation, the coprecipitation method is capable of
ielding Ce0.9Gd0.1O1.95 powders with a comparable densifi-

ation accompanied with a relatively low shrinkage [26]. The
a0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) powders were prepared from
arbonates of each element by a citrate method similar with
he Ce0.9Gd0.1O1.95. The powders were obtained after cal-

2

L

able 1
owders characteristics for the cell components

Average particle
size, D50 (�m)

Specific surface
area (m2 g−1)

a0.6Sr0.4Co0.2Fe0.8O3−δ 0.5 9

e0.9Gd0.1O1.95
0.22 30

0.66 39
iO–Ce0.9Gd0.1O1.95 (Ni:GDC: 50:50,
vol.% after reduction)

0.4 14
ources 164 (2007) 56–64 57

ination of 900 ◦C for 5 h and further ball-milled for 48 h.
iO–Ce0.9Gd0.1O1.95 (Ni to GDC: 50:50, vol.% after reduc-

ion) powders were synthesized by a citrate method using
e3+ and Gd3+ carbonates and Ni2+ nitrite (Kanto Chemical.
o. Inc., Japan) aqueous solution similar with the GDC and
SCF described above. The powders were obtained after cal-
inations of 700 ◦C for 5 h. All the as-obtained powders were
onfirmed by powdered X-ray diffraction (XRD, MacScience
18XHF, Japan); their compositions were confirmed by induc-

ively coupled plasma (ICP) analysis, and specific surface areas
ere measured by BET (Brunauer–Emmett–Teller) absorption

sotherm method using N2 gas.
To investigate sintering characteristics, the as-prepared pow-

ers were pressed to discs in 20 mm diameter and 2–3 mm
hickness by uniaxial dry pressing at 200 MPa. This was
ollowed by sintering at selected temperatures over the
00–1200 ◦C range with a heating rate of 3.3 ◦C min−1. The
imensions and weight of the unfired and sintered discs were
easured to determine the bulk density and the shrinkage. The

heoretical density was calculated using the theoretical value
etermined from the experimental lattice parameters and unit
ormula based on XRD. The relatively density was derived from
ratio of bulk density to theoretical. The shrinkage of the discs
as determined as (d1 − d2)/d1, where d1 and d2 are initial and
nal diameter, respectively. The microstructure of the sintered
amples was recorded by scanning electron microscopy (SEM,
itachi, S-3500H, Japan).

.2. Conductivity and thermal expansion measurements

Electrical conductivity was measured by the four-terminal
ethod. The sintered samples were cut into rectangular bars of

pproximately 4 mm × 4 mm × 13 mm dimensions. The poten-
ial and current leads were contacted by applying platinum
aste and fixing to metallic platinum. The thermal expan-
ion was measured in air from 50 to 650 ◦C using a Mac
cience TG-DTA 5000S system using sintered rectangu-

ar shapes of 20 mm × 5 mm × 5 mm. A heating/cooling rate
as 5 ◦C min−1, with a 5 min annealing time at maximum

emperature.
.3. Fabrication of the co-fired cell

Preparation of the cathode substrates was as follows:
a0.6Sr0.4Co0.2Fe0.8O3−δ and Ce0.9Gd0.1O1.95 powders in the

Theoretical
density (g cm−3)

Preparations As cell
components

6.33 Citrate method Cathode
7.214 Newly devised

low-temperature process in
coprecipitation [26]

Electrolyte

7.227 Citrate method Cathode
7.005 Citrate method Anode
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esired volumetric ratio were mixed with ethyl cellulose and
raphite powders (both from Kanto Chemical. Co. Inc., Japan)
nd ball-milled with water for 24 h. The mixtures were dried
nd then uniaxially pressed into discs with 200 MPa to mold
he supports. The electrolyte slurry was prepared by ball-

illing. The mixture of the Ce0.9Gd0.1O1.95 powder, organic
ngredients, such as binder, dispersant and solvents was ball-

illed for up to 48 h. This slurry was then coated to the
athode substrates. After casting, the tapes were allowed to
ry gradually in air for 12 h at room temperature. Finally, the
i-layers of cathode substrate and Ce0.9Gd0.1O1.95 were co-
red at 1200 ◦C for 10 h. The heating and cooling rates were
.9 and 5 ◦C min−1, respectively. The anode slurry consist-
ng of NiO–Ce0.9Gd0.1O1.95 powder and organic ingredients
as prepared in a way analogous with the electrolyte. The

node slurry was coated on the sintered bi-layers and co-fired
t 1100 ◦C for 1 h. The dimensions of the resulting cells were
6 mm diameter × 2.0 mm thickness and the effective anode area
as 1 cm2.

.4. Cell characterization

Pt meshes were used as current collectors and attached to
he electrodes with Pt paste and fixed with a ceramic binder.
he cells were connected to a gas manifold and then placed in
n oven. The anode and cathode compartments were separately
ealed by melting a glass ring gasket at 900 ◦C. Hydrogen (sat-
rated with H2O vapor at 20 ◦C) and air gases were supplied to
he anode and cathode compartments, respectively. A flow rate

f 50 ml min−1 was used for both gases. The tests were carried
ut in the temperature range from 450 to 600 ◦C. No gas leak-
ge in the electrochemical measurements was confirmed using
ubble-type gas flow meter.

a
r
s
s

ig. 1. SEM micrographs of the La0.6Sr0.4Co0.2Fe0.8O3−δ powders sintered at differe
t 1200 ◦C, and (d) adding of 12 wt.% graphite at 1300 ◦C.
ources 164 (2007) 56–64

. Results and discussion

.1. Sintering characteristics of La0.6Sr0.4Co0.2Fe0.8O3−δ

Sintering characteristics of La0.6Sr0.4Co0.2Fe0.8O3−δ have
een seldom discussed in a temperature range over 1200 ◦C,
ince fabrications of such cathodes are usually made at a
ower temperature to prevent particles from agglomeration
nd to avoid a potential interfacial reaction during co-firing
ith the electrolyte [23–25]. Sintering temperatures play
vital role in the microstructure and densification of the

a0.6Sr0.4Co0.2Fe0.8O3−δ powders was found very speedy, fin-
shing within 1200 ◦C, as shown in Fig. 1a and b. This
ensification was retarded to some degree by adding some
ore formers (see Fig. 1c). However, with increasing temper-
ture to 1300 ◦C, a highly dense and pore-free microstructure
hown in Fig. 1d was obtained. Although the mixed con-
ucting La0.6Sr0.4Co0.2Fe0.8O3−δ tends to extend the active
rea beyond the electrode/electrolyte interface, the fast den-
ification will significantly reduce the three-phase-boundary
TPB) regions as a result of severe particle agglomeration. This
aises critical selection of the electrolyte powders, which are
xpected to have comparable sintering characteristics with the
a0.6Sr0.4Co0.2Fe0.8O3−δ in the co-firing region.

.2. Selection of Ce0.9Gd0.1O1.95 powders

Fig. 2 shows the sintering behavior of the as-obtained
e0.9Gd0.1O1.95 powders; the relatively density and the shrink-

ge were plotted as a function of temperature in Fig. 2a and b,
espectively. As can be seen, due to the enhanced surface solid-
tate diffusion, a larger specific surface area resulted in a higher
hrinkage followed by faster densification. However, it is appar-

nt temperatures for 10 h: (a) before, (b) 1200 ◦C, (c) adding of 12 wt.% graphite
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was then selected as the electrolyte to match the substrate in the

F
i

ig. 2. Temperature change as a function of: (a) relative density (dotted line was
lotted to highlight the relative density of 95%) and (b) shrinkage of different
e0.9Gd0.1O1.95 powders.

nt that the powder (30 m2 g−1) prepared by the newly devised
oprecipitation had a superior sinterability compared to the one
ith a similar surface area synthesized using the citrate method,
ostulated as being caused by the powder shape and particle
ize distribution. The microstructure from TEM micrographs

hown in Fig. 3 revealed that the newly devised coprecipitation
repared nano-Ce0.9Gd0.1O1.95 has a spherical and dispersible
hape, whereas the citrate prepared powder contains many severe
article agglomerations. The latter makes pore-formation easily

s
m
e
e

ig. 3. TEM micrographs of the Ce0.9Gd0.1O1.95 nano-powders with specific surface
n coprecipitation and (b) citrate method using carbonates.
ources 164 (2007) 56–64 59

n the green body during sintering and retards the densification,
nd thus limits the sinterability of the powder. The high density
f ≥92% and ≥95% of theoretical reached at 1200 ◦C for 0 h for
he powder with 30 m2 g−1 using newly devised coprecipitation
nd the 39 m2 g−1 one by citrate method, respectively. Increase
n the holding time to 10 h at 1200 ◦C gave rise to densification
or both nano-powders with a relative density >98%. This sug-
ested a potentially low co-firing temperature of 1200 ◦C via the
se of the nano-Ce0.9Gd0.1O1.95 proposed.

.3. Shrinkage control in the cathode substrate

Compared to the nano-Ce0.9Gd0.1O1.95 powders, the shrink-
ge of the La0.6Sr0.4Co0.2Fe0.8O−δ did not follow the
ensification and appeared slower for ca. 5–10% in the temper-
ture range from 800 to 1200 ◦C, as shown in Fig. 4a. In order
o favor the shrinkage of the La0.6Sr0.4Co0.2Fe0.8O3−δ, nano-
e0.9Gd0.1O1.95 powders were added. The Ce0.9Gd0.1O1.95 with

pecific surface area of 39 m2 g−1 prepared by the citrate method
as very effective because of a higher surface activity. Fine scale
aterials of Ce0.9Gd0.1O1.95 are further expected to improve the
PB area leading to a low cathodic polarization. For such com-
osites, 30–40 wt.% of gadolinium-doped ceria was reported as
eing optimal for improving the electrochemical performance
11,27]. In the present research, adding the Ce0.9Gd0.1O1.95 with
surface area of 39 m2 g−1 to the La0.6Sr0.4Co0.2Fe0.8O3−δ with
volumetric ratio of 30% and 40% (ca. 33 and 43 wt.%) yielded
high shrinkage of 20%, which was still lower than that of the
ano-Ce0.9Gd0.1O1.95 with surface area of 39 m2 g−1 prepared
y the citrate method but was comparable to the 30 m2 g−1 one
ynthesized using the newly devised coprecipitation. The latter
intering profiles, as shown in Fig. 4b. If the support cathode is
ade to dominate and assist the densification of the supported

lectrolyte film during co-firing, then the full density for the
lectrolyte film should be reached at approximately 1200 ◦C.

area of 30 m2 g−1 synthesized using (a) newly devised low-temperature process
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Fig. 4. Shrinkage profiles of: (a) La0.6Sr0.4Co0.2Fe0.8O3−δ and nano-
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e0.9Gd0.1O1.95 powders; (b) the nano-Ce0.9Gd0.1O1.95 (30 m2 g−1 as
lectrolyte) and the composites after adding of nano-Ce0.9Gd0.1O1.95

39 m2 g−1) to La0.6Sr0.4Co0.2Fe0.8O3−δ (in 30 and 40 vol.%).

.4. Morphological modification of the cathode substrate

For the cathode-supported SOFCs, the porosity of the sin-
ered cathode substrate has to be optimized for O2 diffusion
ue to a mass transportation limitations. Therefore, the effect of
hanging the amount and identity of the pore former on both the
hrinkage and relatively density of the substrates was studied,

s shown in Fig. 5. As expected, the relatively density, which
otentially indicates a residual porosity, decreased with increas-
ng amounts of pore formers, while maintaining a necessary
inear shrinkage. It was found that the influence of graphite

ig. 5. Shrinkage profiles and relative density of the cathode substrates based
n La0.6Sr0.4Co0.2Fe0.8O3−δ and nano-Ce0.9Gd0.1O1.95 (60:40, vol.%) sintered
t 1200 ◦C as a function of pore formers (relative density of 95% was plotted).
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owders on the shrinkage was slightly higher than ethyl cel-
ulose, but this was contradictory in producing porosity. This is
artly attributed to the decomposition temperature, ≤800 ◦C for
raphite and ≤500 ◦C for ethyl cellulose.

Fig. 6 further shows cross-sectional SEM micrographs of the
omposite substrates after sintering at 1200 ◦C for 10 h as a func-
ion of pore formers. Dense and pore-free bodies without any
ore former shown in Fig. 6a make it difficult for gas to diffuse
hrough the thick cathode. Comparing two porous samples, one
ith a non-uniform and partially closed porosity (ethyl cellu-

ose, Fig. 6b), the other with a uniform and connected porosity
graphite, Fig. 6c) made the fine graphite powders competitive
s fore formers. A possibly strong particle agglomeration, which
as caused by a high viscosity of ethyl cellulose dissolved with
ater, to some degree, could be the consequence. However,

thyl cellulose was found very effective to mold the substrates
nd prevent the as-coated electrolyte slurry from peeling off
he as-prepared discs prior to sintering. Therefore, 12 wt.% of
thyl cellulose plus 15 wt.% of graphite relative to ceramic (ca.
0 vol.%) was chosen and gave the substrates homogeneous and
ontinuous pores, as shown in Fig. 6d. This result is consis-
ent with that reported previously by Corbin and Apte [28] and
hows that graphite powders mixed with polymer are effective
n producing porosity without altering shrinkage characteris-
ics. Optimizing sintering properties and sintered microstructure

akes it possible to laminate a dense GDC thin-film to com-
atible with a porous LSCF–CGO substrate and co-firing at
200 ◦C without introducing undue stress or cracks in either
ayer.

.5. Electrical conductivity and thermal expansion
ehaviors of the La0.6Sr0.4Co0.2Fe0.8O3−δ based cathodes

Fig. 7 shows the electrical conductivity of the sintered porous
a0.6Sr0.4Co0.2Fe0.8O3−δ–Ce0.9Gd0.1O1.95 bodies (porosity of
a. 50%) as a function of temperature. For comparison, the
a0.6Sr0.4Co0.2Fe0.8O3−δ powders were sintered at 1200 ◦C for
0 h to have a density greater than 95% of theoretical. The
onductivity of such dense La0.6Sr0.4Co0.2Fe0.8O3−δ gradu-
lly increases up to 600 ◦C and then slightly decreases. This
ecrease in the conductivity is attributed to the increase in
xygen nonstoichiometry arising from a decrease in the con-
entration of p-type charge carriers at high temperatures [16].
t room temperature, La0.6Sr0.4Co0.2Fe0.8O3−δ is stoichiomet-

ic and becomes nonstoichiometric at T > 600 ◦C [16–19]. The
orous La0.6Sr0.4Co0.2Fe0.8O3−δ had an electrical conductivity
wo and a half times smaller than the dense one, and this decrease
ould be explained by the difference in the charge carriers (O2−
ons and electrons) in a dense or porous body, which is strongly
nfluenced by the microstructure and sintering conditions [29].
he electrical conductivity further decreased with addition of
e0.9Gd0.1O1.95 to the porous La0.6Sr0.4Co0.2Fe0.8O3. How-
ver, it is obvious that change in the Ce0.9Gd0.1O1.95 content

s negligibly small in a porous body suggesting that the opti-

um Ce0.9Gd0.1O1.95 content in a porous structure would have
lower influence on the conductivity but higher on the electrode
verpotential [27].
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for the dense Ce0.9Gd0.1O1.95, but decreased to about
(12–13) × 10−6 ◦C−1 for the porous La0.6Sr0.4Co0.2Fe0.8O3−δ

and further (11.5–12) × 10−6 ◦C−1 for the porous LSCF–GDC
composites. This suggested that the porous cathodes highly alle-
ig. 6. Cross-section SEM micrographs of the substrates based on La0.6Sr0.4Co
function of pore formers of: (a) without, (b) 12 wt.% ethyl cellulose, (c) 12 wt

Fig. 8a shows the thermal expansion behavior of the
a0.6Sr0.4Co0.2Fe0.8O3−δ based substrates as a function of the
e0.9Gd0.1O1.95 contents in air; their thermal expansion coef-
cients from 50 to 600 ◦C were summarized in Fig. 8b. To
eflect a real situation, the La0.6Sr0.4Co0.2Fe0.8O3−δ based com-
osites were sintered at 1200 ◦C with pore formers to have
porosity of ca. 50%, whereas the dense Ce0.9Gd0.1O1.95

as obtained with a full density over 95% of the theoret-
cal. With a porous microstructure, the thermal expansion
ehavior was dominated by La0.6Sr0.4Co0.2Fe0.8O3−δ and was
ndependent of the Ce0.9Gd0.1O1.95 content. Porous samples

ith various Ce0.9Gd0.1O1.95 contents showed coincident ther-
al expansions comparable to dense Ce0.9Gd0.1O1.95 with a
0.15% difference at ≤700 ◦C (see Fig. 8a). The thermal expan-
ion coefficient (TEC) of the dense La0.6Sr0.4Co0.2Fe0.8O3−δ

ig. 7. Electrical conductivity of the porous cathode substrates with
ifferent Ce0.9Gd0.1O1.95 contents in comparison to dense and porous
a0.6Sr0.4Co0.2Fe0.8O3−δ.

F
f
a

0.8O3−δ and nano-Ce0.9Gd0.1O1.95 (60:40, vol.%) after sintering at 1200 ◦C as
aphite, and (d) 15 wt.% graphite plus 12 wt.% ethyl cellulose.

as (14–15) × 10−6 ◦C−1 as compared to (11–12) × 10−6 ◦C−1
ig. 8. Thermal expansion behavior of: (a) porous cathode substrates with dif-
erent Ce0.9Gd0.1O1.95 contents compared with dense La0.6Sr0.4Co0.2Fe0.8O3−δ

nd Ce0.9Gd0.1O1.95 and (b) thermal expansion coefficients.
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membrane has to be as low as possible. Fig. 10 shows the OCV as
a function of the operating temperature of the as-proposed cells
in association with the thickness of the Ce0.9Gd0.1O1.95 mem-
brane. For comparison, Ce0.9Gd0.1O1.95 self-supported cells
ig. 9. Cross-section SEM micrographs of: (a) the co-fired cathode-supported c
d) anode/electrolyte layer after reduction.

iate the thermal expansion of La0.6Sr0.4Co0.2Fe0.8O3−δ and
hus are suitable substrates for Ce0.9Gd0.1O1.95 electrolytes.

.6. Fabrication of a co-fired cell

Fig. 9a shows a typical laboratory-sized cell including a dense
e0.9Gd0.1O1.95 thin-film between a porous LSCF/GDC sub-

trate (bottom) and a porous thin NiO–GDC layer (top). The
hickness was about 15 �m for the electrolyte membrane and
0 �m for the anode. The substrate contained 15 wt.% graphite
nd 12 wt.% cellulose and its relative density was ca. <50% after
intering, indicating a porosity of over 50%. The morphology
f the substrate shown in Fig. 9b was relatively uniform sug-
esting that the pore formers were homogeneously distributed
hroughout the substrate prior to sintering. The two oxides were
ot separated completely from each other, but were an agglomer-
ted mixture. Fig. 9c further shows the cathode and anode layers
ear the electrolyte where most of the electrochemical reaction
ccurs. There was good adhesion at both the anode–electrolyte
nd electrolyte–cathode interfaces. For such a co-fired con-
guration, the electrode microstructure and activity depended
trongly on the co-firing temperature for the cell components,
.g. ≤1200 ◦C for LSCF–GDC/GDC bi-layers, and <1200 ◦C
or the subsequent NiO–Ce0.9Gd0.1O1.95 anode forming. Fine
i-cermet powers proposed in this study allowed lower sinter-

ng temperatures to avoid the destruction of the microstructure
f the as-established cathode in the subsequent anode co-firing.
n theory, porous mixtures of electro-catalyst and electrolyte

aterials should increase the TPB line length and lead to an

nhanced performance. As compared in Fig. 9d, the microstruc-
ure of the cathode substrate (Fig. 9b) was slightly coarser than
hat of the anode layer, in which reduction of NiO to Ni has

F
fi
m

e enlarged images of (b) substrate, (c) cathode/electrolyte/anode interface, and

eneficial effects to create high porosity. However, mixed con-
ucting La0.6Sr0.4Co0.2Fe0.8O3−δ might have an extended TPB
o lower the influence from such a coarse microstructure.

.7. Cell performance

For doped ceria electrolytes, it is widely accepted that reduc-
ng operating temperature (<600 ◦C) and increasing the PO2 in
uel are effective to suppress the partial reduction of Ce4+ in
rder to achieve a high open circuit voltage (OCV) [4–10]. In a
ractical low-temperature operation, the thickness of the ceria
ig. 10. Open circuit voltage as a function of operating temperature of the co-
red cells in association with the cell design and thickness of Ce0.9Gd0.1O1.95

embrane.
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ith an electrolyte thickness of ≤500 �m and ≤1 mm were fab-
icated. As can be seen, the decrease in electrolyte thickness and
he increase in operating temperature gave a noticeable increase
n the unexpected OCV drops. This could be explained by a
ecrease in resistance for migration of the charge carriers (O2−
ons and electrons) in ceria which tends to increase the internal
hort circuit current [9,10]. The OCV for the self-supported ceria
ith thickness of 950 �m was ca. 0.95 V at 500 ◦C, 0.92 V at
50 ◦C, and 0.9 V at 600 ◦C, which are comparable to the values
n several publications [6,9,10]. Thinner electrolyte membranes,
.g. ≤50 and ≤20 �m, further obviously decreased the OCVs for
he cathode-supported cells. A previous report by Gödickemeier
nd Gauckler [6] revealed that, to ensure a high OCV, the opti-
um thickness of electrolyte with mixed conductivity requires
selection in the electrode pairs. More recently, Ogumi et al.

9,10] reported that the OCV of ceria electrolytes is dependent
n electrode activity and electrolyte thickness. These results
gree well with the present results. That is, due to an internal
hort circuit current caused by the mixed conductivity of ceria,
he overpotentials at the electrode/electrolyte interfaces related
ith the cell design and electrode microstructure affect the OCV,

nd such influences become stronger the thinner the electrolyte.
t is suggested that, in addition to ceria, a modification in the
ell design, such as the cathode microstructure in case of this
esearch, could yield optimum efficiency and power output from
practical point of view.

Furthermore, the interfacial reaction associated with elemen-
al diffusion from La Sr Co Fe O to Ce Gd O
0.6 0.4 0.2 0.8 3−δ 0.9 0.1 1.95
ends to cause microstructural degradation of the electrolyte
uring co-sintering of the electrolyte and cathode and could
otentially influence the OCV. Fig. 11 shows a cross-sectional

s
u
e

Fig. 11. Cross-section SEM micrograph and elemental distribution of the co-fi
ources 164 (2007) 56–64 63

EM micrograph and elemental distribution of the co-fired
athode-supported Ce0.9Gd0.1O1.95 cell. Small traces of tran-
ition metals of Co and Fe (<2 mol%, as confirmed by energy
ispersive X-ray analysis, EDX) were found in the electrolyte
ayer. Small additions (<2 mol%) of transition metal oxides into
he doped ceria have been reported to considerably favor densi-
cation [14,30,31]. This could be explained by formation of an
morphous transition metal rich grain boundary film that facili-
ates the densification via a liquid phase with a minimum of grain
rowth. The minor dopant additions have no essential effect
n the total and ionic conductivity, but considerably increase
he p-type electronic transport [14]. A further investigation
egarding such influences on the thinner electrolyte membrane
e.g. <50 �m) associated with the electrode microstruc-
ure and optimization of the co-firing conditions remain to
e done.

Fig. 12 shows the power and j–V performance of a cathode-
upported cell at 550 and 600 ◦C. The maximum power density
btained was 35 mW cm−2 at 550 ◦C, 60 mW cm−2 at 600 ◦C.
he cell polarization curves were almost linear in a low current
ensity range and the power drop after the peak was char-
cteristic of a gas diffusion limitation. The cell performance
ould be affected by various parameters, especially the gas-
iffusion activity of the cathodes (or the porosity), the degree
f fineness of the cathode microstructure and the thickness of
he porous cathode substrate. These greatly hinder the power
ensities of the cell being benefited from the good combi-
ation of the LSCF/GDC. It is suggested that further work

hould lead to the modification of cell construction, partic-
larly in the support electrode microstructure, thickness, or
lectrode/electrolyte interface associated with cathode polar-

red cathode-supported cell: SEM, and elemental map of Ni, Co, and Fe.
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ig. 12. Current–voltage and power density characteristics of a co-fired cathode-
upported cell at 550 and 600 ◦C.

zation. Furthermore, the OCVs obtained here are relatively
ow due to the use of a ceria-based electrolyte. This could be
esolved to some degree by optimization of the sintering condi-
ions and by some other solutions suggested by different authors
7–10,32,33].

. Conclusions

The fabrication and characterization of a La0.6Sr0.4Co0.2
e0.8O3−δ cathode-supported Ce0.9Gd0.1O1.95 thin-film cell via
slurry coating/co-firing process were investigated. Nano-

e0.9Gd0.1O1.95 powder with a surface area of 30 m2 g−1

as prepared by a newly devised coprecipitation method as
low-temperature sinterable electrolyte, whereas 39 m2 g−1

ano-Ce0.9Gd0.1O1.95 synthesized by the citrate method was
dded to the La0.6Sr0.4Co0.2Fe0.8O3−δ to favor matching of
hrinkage of the cathode substrate with the supporting mem-
rane. Such a combination was found to greatly assist the
ensification of the doped ceria membrane without introduc-
ng any cracks and deformations. Co-firing of the bi-layers
f cathode/electrolyte and a subsequent Ni-cermet forming
ere successful at 1200 and at 1100 ◦C, respectively. A

aboratory-sized tri-layer cell, not yet optimized for perfor-

ance, was shown to be feasible operating below 600 ◦C fed
ith humidified H2 (3 wt.% H2O), and the maximum power
ensity obtained was 35 mW cm−2 at 550 ◦C, 60 mW cm−2

t 600 ◦C.
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