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Abstract

Dense BaCe( gSmg,0,.99 (BCSO) thin films were successfully fabricated on porous NiO—BCSO substrates by dry pressing process. As
characterized by scanning electron microscope, the BCSO films were about 50 um. With Ba 5Srg sCog gFe,05_s (BSCF) as cathodes, single
cells were tested at 600 and 700 °C with humidified (3% HB,O) hydrogen as fuel and oxygen as oxidant. The open circuit voltage of 1.049 V at
600 °C and 1.032 Vat 700 °C were achieved, indicating negligible gas permeation through the BCSO thin films. Maximum power densities of 132
and 340 mW/cm? were obtained at 600 and 700 °C, respectively. The impedance measurements at open circuit conditions showed that there were
two rate-limiting processes for the electrode reactions and that the cell performances were essentially determined by the electrode polarization
resistances at temperature below 650 °C, which implied that it was essential to reduce the electrode polarization by developing novel electrode
materials to improve the performance of ITSOFC based on BCSO electrolyte. Conductivities of BCSO under the cell operating circumstances
were obtained as 0.00416, 0.00662 and 0.00938 Scm™ ' at 500, 600 and 700 °C, respectively. The activation energy of BCSO conductivity was
calculated as 29.5 and 43.8 kJ/mol for the temperature range of 550—700 °C and of 400—550 °C, respectively. Endurance test was firstly carried
out with 75 um BCSO electrolyte at 650 °C at the operating voltage of 0.7 V and current density about 0.12 A/em?®. Both voltage and current

density remained stable for 1000 min.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFC) have gained many attentions
due to their high thermodynamic efficiency and low impact to
the environment, as a promising energy conversion system. But
the high operating temperature (up to 1000 °C) of classical
SOFCs with stabilized zirconia as electrolyte can lead to
complex materials problems such as electrode sintering,
interfacial diffusion, and especially the preparation of hermetic
seals and interconnect. Great efforts have been devoted to
developing solid oxide fuel cells (SOFCs) capable of operating
at intermediate temperature by adopting novel electrolyte with
high ionic conductivity (such as doped ceria) and developing
thin film fabrication technology. And considerable achieve-
ments have been gained [1-5].
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Although current SOFC technology based on oxide ion
conductors, such as stabilized zirconia and doped ceria, is well
established, there are still many problems with respect to the
materials incompatibility and the poor intrinsic fuel utilization
due to the water vapor produced at the anode. It’s deemed that
developing novel electrolyte materials for SOFC is crucial for
the commercial development of SOFC.

Doped barium cerate (BaCeO3) materials have drawn
special attention as the substitute electrolyte materials for
LTSOFC for their high proton conduction over the wide
temperature range of 300 to 1000 °C. Although the conduc-
tivities of presently available BaCeO; are no higher than those
of the doped ceria, these materials have the possibility to meet
the criterion as LTSOFC electrolyte for the following four
reasons. First, the proton conduction of BaCeO; leads to the
water vapor produced at the cathode side, which helps to
improve the EMF and the conversion efficiency of SOFC
system [6]. Second, proton conduction in BaCeOj is governed
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by a mechanism based on the hopping of an extremely small
proton between adjacent oxide ions, which could result in
lower activation energies than those for oxide-ion conduction
in YSZ and the doped ceria [7]. Third, the electronic
conductivity of BaCeOj3 is much lower than that of doped
ceria under the operating circumstance, and thus, the cell EMF,
power output and conversion efficiency could be intensively
improved [8]. Fourth, the solubility of protons in the BaCeO;
bulk increases with the decrease of temperature which could
enhance the preexponential of proton conduction with the
decreasing temperature [9,10]. All these imply that doped
BaCeO; should be more appropriate for the application of
SOFCs electrolytes at reduced operating temperature.

High efficiency and high conductivity promote the applica-
tion of doped barium cerate materials to SOFC electrolyte. Yet,
due to the low sinterability of BaCeO; and insufficient
technology develop, electrolyte-supported configuration was
always adopted with the thickness of BaCeO3 about 0.5 mm,
and therefore, the maximum power densities of such SOFCs are
only about tens of mW/cm? at 700 °C [11-16], much lower
than conventional oxygen ion conducting SOFC. To improve
the performance of SOFC based on BaCeO; electrolyte,
configuration optimization must be made. In this study, we
focused on the fabrication of dense Sm-doped BaCeOj; thin film
on the porous anode substrate. Electrochemical characteristics
of a single SOFC with BCSO electrolyte were thus studied.

2. Experimental

BaCey sSm(,0,9 (BCSO) powders were synthesized
by modified glycine-nitrate process (GNP). Ba(C,H30,),, Ce
(NO3);3-6H,O and Sm(NOj3); were dissolved at the stoichio-
metric ratio and glycine was then added with the glycine/metal
mole ratio set at 1. The solution was heated under stirring, con-
verted to a viscous gel and ignited to flame, resulting in the pale
yellow ash. The ash was calcined at 1100 °C for 4 h to remove
any carbon residues and to form the stable oxide of BCSO.

NiO and BSCO powders were blended and pressed under
200 MPa as a green substrate with 13 mm in diameter and
0.65 mm in thickness. The BSCO powders and the substrate
were then co-pressed at 250 MPa to form a green bilayer and
subsequently co-fired at 1350 °C in air for 5 h to densify the
BSCO film. The thickness of the electrolyte was controlled at
50 or 75 pum by adopting appropriate amount of BCSO
powders. Slurry consisting of Bag 5Sry sCog.gFep 203 5
(BSCF) and BSCO was applied to the electrolyte by printing
and then fired at 1100 °C in air for 4 h to form a porous
cathode. Ag paste was applied on the electrodes as current
collector followed by calcination at 8§73 K for 30 min.

The phase identification of the sintered anode-electrolyte
bilayer was studied with the powder X-ray diffraction by Cu-
K, radiation (Bruker cop. Germany).

Single cells were tested at 600 and 700 °C in a home-
developed-cell-testing system with humidified hydrogen (~3%
H,0) as fuel and oxygen as oxidant, respectively. Fuel-cell
performances were measured with an EG&G potentiostate/
galvanostate (Model 273A) interfaced with a computer. A

scanning electron microscope (SEM, JSM-6301F) was used to
detect the microstructure of the tested cells.

Resistances of the cells under open circuit conditions were
investigated by AC impedance spectroscopy at the temperature
from 400 to 700 °C using a PerkinElmer 5210 frequency
response analyzer (0.5 Hz to 120 KHz) combined with EG&G
PAR potentiostat/galvanostat 263 A.

3. Results and discussion

Dry-pressing is a simple, reproducible, and cost-effective
method for thin film fabrication, in which the thickness of the
thin film could be easily controlled by adopting suitable
amount of the powders. Calculating from the theoretical
density of BaCe gSmg 1,0, 9 (BCSO) combined with the radial
sintering shrinkage of anode/electrolyte bilayer, we prepared
the electrolyte films of 50 and 75 um on the porous anodes.

Fig. 1 presents the XRD spectra of anode/electrolyte bilayer
sintered at 1350 °C for 5 h. It could be clearly seen that there
were only peaks corresponding to BaCengSmg,0,9 in
electrolyte film and to NiO and BaCe( gSm >0, o in the anode
substrate, which gave no evidence for the formation of other
substance.

The cross-section view of a post-test cell with the structure
of Ni-BCSO/BCSO/BCSF-BCSO was shown in Fig. 2. In
this case, the BCSO film was about 50 pm thick, quite dense,
uniform and adhered very well to Ni-BCSO anode substrate
and BCSF—-BCSO cathode (about 35 pm thick). Fig. 3 gave the
electrical performance of the single cell as a function of current
density and operating temperature. The open circuit voltage
(OCV) was over 1.0 V in humid H, and O, system, which was
close to the theoretical value and indicated that the BCSO film
fabricated on the porous Ni—BCSO substrate has enough
density to prevent gas leakage through it. An open circuit
voltage (OCV) of about 1.049 V was achieved at 600 °C, and
1.032 V at 700 °C, respectively. Maximum power densities
were obtained about 132 mW/cm? at 600 °C, and 340 mW/cm?>
at 700 °C, respectively. This result was much higher than the
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Fig. 1. XRD spectra for the bilayer of BCSO film (a) and NiO-BCSO anode
substrate (b) sintered at 1350 °C. *: BCSO; +: NiO.
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50um

Fig. 2. Cross-section images of the tested cell with BCSF—BCSO, BCSO and Ni—BCSO as cathode, electrolyte and anode from top to bottom. a) single cell

(b) cathode/electrolyte (c) electrolyte (d) electrolyte/anode.

forgoing results based on the protonic SOFC, but still not
satisfactory compared to the cell based on samaria-doped ceria
(SDC) films about 20 pum thick, for which maximum power
densities were 397 mW/cm? at 600 °C [17]. It’s deemed that
intensively reducing the thickness of BCSO film to about 20 pm
should improve the output of the cell. Bulk resistances of the
cell were obtained as 1.976 and 0.818 Q cm 2 at 600 and
700 °C, respectively, by fitting the linear region of /—J curves
as denoted by the dash line in Fig. 3.
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Fig. 3. Cell voltage (solid) and power density (hollow) as a function of
current density for the cell consisted of NiO—BaCe, gSmg ,0, 95 as composite
anode, BaCepg Smy,0,9 as electrolyte and Bag sSrysCoggpFe,0B3_s—
BaCe( gSm 0,9 as composite cathode. 7. gives the thickness of the cell
electrolyte.

Fig. 3 also gave the electrical performance of the single
cell with the BCSO film of 75 pm in thickness of which
OCV was 1.043 V at 600 °C and 1.029 V at 700 °C,
respectively. Maximum power densities were obtained about
105 and 208 mW/ecmP? at 600 and 700 °C, respectively. Bulk
resistances of the cell were figured by fitting the linear region
of I-V curves as 2.459 and 1.270 Q ecm™* at 600 and 700
°C, respectively.

To intensively explore the electrical characteristics of the
cell, AC impedance characteristics of the cell with 75 pum
BCSO film was measured at the open circuit condition from
450 to 700 °C. Fig. 4 presented the effect of operating
temperature on the impedance characteristics. It could be
clearly seen that each impedance spectra corresponded to two
overlapping arcs (depressed semicircles), which were taken as
the polarization resistance of the electrodes and implied that
there were two rate-limiting processes for the electrode
reaction. The arc corresponding to lower frequencies was
dominant and increased dramatically with the decrease of
operating temperature, while the arc corresponding to higher
frequency increased relatively slower than the former. Fig. 4(a)
illustrated the composition of the cell resistance, where Ry, was
the electrolyte resistance, R, was the electrode polarization
resistance and R, was the total cell resistance.

Shown in Fig. 5 was the total cell resistance, the interfacial
resistance and electrolyte resistance as determined from the
impedance spectra. Both the electrolyte resistance and polar-
ization resistances decreased with the increase of temperature
and the interfacial resistances exceeded the resistances of the
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Fig. 4. Impedance spectra of a single cell with a 50 um thick BCSO film
measured at different temperature. (a) 700, (b) 600—700, and (c) 450—550 °C.

electrolyte at temperature below 650 °C. The ratio of the
electrolyte resistance to the cell resistance decreased markedly
as the operating temperature was reduced, about 0.689 at
700 °C to 0.155 at 500 °C, as shown in Fig. 5. This implies that
developing novel electrode materials is essential to improve the
performance of the BCSO-based fuel cells. Hibino et al.
adopted 3 wt.% Pd-loaded FeO and BagsPrysCoO; as the
anode and the cathode, and a peak power density of 134 mW
cm® was attained at 600 °C using an even 0.5 mm thick
BaCe 75Y,503_5 electrolyte, which gave light to the novel
electrode developing [18].
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Fig. 5. The total cell resistances (R o), interfacial polarization resistances (R,,),
electrolyte resistances (Rp) and the ratio of electrolyte resistance to total
resistance (0) obtained from impedance spectra at different temperatures.
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Fig. 6. Arrhenius plots of BaCegSmg,0,9 conductivities under the cell
operating circumstance determined by impedance spectra. £, is the active
energy of conductivity.

Fig. 6 presented the Arrhenius plots of BCSO electrolyte
calculated from the cell impedance characteristics. It’s noted
that the curve had two regimes with different slope intersecting
at about 550 °C. As a mixed conductor, BCSO electrolytes
show not only proton but also oxide-ion conduction under the
fuel cell operating circumstance. The protonic conductivity was
reported to preponderate over oxide-ion conductivity at
temperature lower than 800 °C and to be about one order
higher than it at temperature lower than 600 °C. The
dominance of protonic conductivity at operating temperature
might suggest that the intersection of conductivity comes not
from the change of conducting species but from the depen-
dence of protonic defects concentration on temperature, which
is quite accordant with literature [10]. The activation energy
was calculated as 29.5 and 43.8 kJ/mol for the temperature
range of 550—700 and of 400—550 °C, respectively. Conduc-
tivities of BCSO under the operating circumstances were
obtained as 0.00416, 0.00662 and 0.00938 Scm™ ! at 500, 600
and 700 °C, respectively.

Chemical stability in the working environment is a major
factor for electrolyte materials. And it might be a severe
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Fig. 7. Short-term stability of the cell with 75 pm thick BCSO tested at 650 °C
at the voltage of 0.7 V with humid H, and O,.



P. Ranran et al. / Solid State lonics 177 (2006) 389—393 393

problem for BCSO for the possibility of forming alkaline earth
hydroxides at high water activities. Endurance test of the
present fuel cell with 75 um BCSO electrolyte was carried out
at 650 °C at the operating voltage of 0.7 V and current density
about 0.12 A/em”. As shown in Fig. 7, there was no obvious
decline for both voltage and current density for 1000 min,
implying the stability of the BCSO electrolyte and the strong
junction between the electrolyte and the electrode.

4. Conclusions

BaCey sSmg 05 9o (BCSO) thin films of 50 um in thickness
were successfully fabricated on porous NiO-BCSO substrate
by dry pressing process. The sintered BCSO film was quite
dense, uniform and adhered well to both electrodes. The open
circuit voltage of 1.049 V at 600 °C and 1.032 V at 700 °C was
achieved, respectively, when the BCSO-based cells were tested
with humidified hydrogen as fuel and air as oxidant. Maximum
power densities of 132 and 340 mW/cm? were obtained at 600
and 700 °C, respectively. The impedance measurements at
open cell conditions showed that there were two rate-limiting
processes for the electrode reactions and that the cell
performances were essentially determined by the electrode
polarization resistances at temperature below 650 °C. Conduc-
tivities of BCSO under the cell operating circumstances were
obtained as 0.00416, 0.00662 and 0.00938 Scm™ ! at 500, 600
and 700 °C, respectively. The activation energy of BCSO
conductivity was calculated as 29.5 and 43.8 kJ/mol for the
temperature range of 550-700 °C and of 400-550 °C,
respectively. Endurance test was carried out at 650 °C with
75 im BCSO electrolyte at the operating voltage of 0.7 V and
current density about 0.12 A/cm?. Both voltage and current
density remained stable for 1000 min.
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