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a b s t r a c t

Proton-conducting solid oxide fuel cells (SOFCs), consisting of BaCe0.7In0.3O3−ı (BCI30)-NiO anode sub-
strates, BCI30 anode functional layers, BCI30 electrolyte membranes and BCI30-LaSr3Co1.5Fe1.5O10−ı

(LSCF) composite cathode layers, were successfully fabricated at 1150 ◦C, 1250 ◦C and 1350 ◦C respec-
tively by a single step co-firing process. The fuel cells were tested with humidified hydrogen (∼3%H2O)
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as the fuel and static air as the oxidant. The single cell co-fired at 1250 ◦C showed the highest cell perfor-
mance. The impedance studies revealed that the co-firing temperature affected the interfacial polarization
resistance of a single cell as well as its overall electrolyte resistance.

© 2009 Elsevier B.V. All rights reserved.
ingle step co-firing
olid oxide fuel cell (SOFC)

. Introduction

Solid oxide fuel cells (SOFCs) have received considerable atten-
ion for their high energy conversion efficiency and low impact to
nvironment as a mean of generating electricity [1,2]. Presently, the
evelopments of SOFCs face some challenges. One of them is the
igh manufacturing costs, which hinders the commercialization of
OFC [3]. The reduction of the fabrication costs is a main object
f current developments in SOFCs. We know that the firing pro-
ess in the SOFC fabrication consumes much time as well as energy,
nd multiple firing steps are usually involved for a single cell fab-
ication [3–6]. Therefore, the reduction of firing steps can greatly
educe the SOFC manufacturing costs. It is well known that the co-
ring process can reduce the manufacturing processes. However,
p to now, many works in SOFCs are just focused on the co-firing
f the bi-layer of substrate and supported electrolyte [7–10]. The
o-firing of tri-layer of a single cell, consisting of the support, elec-
rolyte membrane and the electrode, receives much less attention.
o realize the co-firing of SOFCs by a single step, it is critical to

ower the sintering temperature of the electrolyte materials as the
igh electrolyte sintering temperature will lead to a severe reac-
ion between electrodes and the electrolyte. Furthermore, the high
intering temperature will also lead to a difficulty in choosing a

∗ Corresponding author. Tel.: +86 551 3606929; fax: +86 551 3601592.
E-mail address: wliu@ustc.edu.cn (W. Liu).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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substrate material with enough porosity after sintering. Yoon et al.
[11–13] have successfully fabricated anode supported SOFCs by a
single step co-firing process with scandia-stabilized zirconia and
yttrium-stabilized zirconia as the electrolyte materials. Recently,
Liu et al. [14] have employed a single step co-firing process to pre-
pare a cathode supported Sm0.2Ce0.8O1.9 electrolyte SOFC. These
research results indicate that the fabrication of SOFCs by a single
step co-firing process is possible and this simple process is quite
beneficial to the reduction of manufacturing costs for SOFCs.

The current trend in SOFC developments is the reduction of
their working temperatures [14–16]. High temperature proton-
conducting oxides, especially the BaCeO3-based materials, are
promising electrolyte candidates for intermediate temperature
SOFCs because of their high protonic conductivity and low acti-
vation energy [15–18]. However, one of the challenges for the
development of proton-conducting SOFCs is the poor sinterabil-
ity of the BaCeO3-based materials. The sintering temperature of
doped BaCeO3 is usually higher than 1300 ◦C [19–21]. Therefore,
the multiple firing steps are needed to fabricate a single proton-
conducting SOFC. To the best of our knowledge, the fabrication of a
proton-conducting SOFC by a single step co-firing process has not
been achieved before. In this study, we co-fired the green fuel cells,
comprising of the four layers of BaCe0.7In0.3O3−ı (BCI30)-NiO anode

substrates, BCI30 anode functional layers, BCI30 electrolyte mem-
branes and BCI30-LaSr3Co1.5Fe1.5O10−ı (LSCF) composite cathode
layers, at different temperatures. The cell performances and the
effect of the firing temperature on the polarization resistance as
well as the electrolyte resistance were studied.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:wliu@ustc.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.02.049
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. Experimental

BaCe0.7In0.3O3−ı (BCI30) powder was synthesized by a modi-
ed Pechini method. Ba(NO3)2, Ce(NO3)3·6H2O and In(NO3)3 were
issolved at the stoichiometric ratio and citric acid was then
dded, which was used as complexation agent. Molar ratio of cit-
ic acid/metal set at 1.5. The solution was heated under stirring to
vaporate water until it changed into viscous gel and finally ignited
o flame, resulting in a white ash. The ash was calcined at 1000 ◦C for
h to form fine BCI30 powders. The BCI30 powder was well mixed
ith NiO in a weight ratio of 40:60 as the anode. To form sufficient
orosity in the anode, 10 wt.% starch was added as the pore for-
er. The BCI30 anode functional powder was prepared by mixing

he BCI30 powder and NiO in a weight ratio of 50:50. BCI30 anode
unctional layers and BCI30 membranes were fabricated on NiO-
CI30 anode substrates by a co-pressing method and the thickness
f the layers was controlled by varying the amounts of the pow-
ers used. The mixed BCI30 and NiO anode powder was pressed
nder 200 MPa as green substrates with 15 mm in diameter and
.6 mm in thickness. The anode functional layer powder and the
ubstrate were co-pressed at 250 MPa to form a green bi-layer of
he anode substrate and the anode functional layer. Then the BCI30
owder was co-pressed with the above green bi-layer at 300 MPa
o form a green tri-layer structure of a BCI30-NiO anode substrate,
BCI30 anode functional layer, a BCI30 electrolyte layer. A cathode

lurry, consisting of BCI30 and LaSr3Co1.5Fe1.5O10−ı (LSCF) powders
weight ratio of 30:70) and ethyl cellulose-terpineol vehicle, was
rinted on surface of the electrolyte. Finally, the green single cells,
onsisting of BaCe0.7In0.3O3−ı (BCI30)-NiO anode substrates, BCI30
node functional layers, BCI30 electrolyte membranes and BCI30-
aSr3Co1.5Fe1.5O10−ı (LSCF) composite cathode layers, were co-fired
t 1150 ◦C, 1250 ◦C and 1350 ◦C for 5 h respectively to form single
ells.

Powder X-ray diffraction (XRD) measurements were made using
Philips X’Pert Pro Super diffractometer with CuK� radiation. Elec-

rochemical measurements of the fuel cell were performed in an
l2O3 test housing placed inside a furnace. Humidified hydro-
en (∼3% H2O) was fed to the anode chamber at a flow rate of
5 mL min−1, while the cathode was exposed to atmospheric air.
he anode side was sealed with Ag paste. Two silver wires were
onnected to each electrode as current leads. Fuel cell performances
ere measured with DC Electronic Load (ITech Electronics model

T8511). Resistances of the cells under open circuit condition were
easured at different temperatures by an impedance analyzer

CHI604C, Chenhua Inc., Shanghai). A 5 mV a.c. signal was applied
nd the frequency was swept from 100 KHz to 0.1 Hz. A scan-
ing electron microscope (SEM, JEOL JSM-6700F) was employed to
bserve the fracture morphology of the assembled single cells and
he surface of the cathode layers after firing.

. Results and discussion

The phase of the as-prepared BCI30 powder was examined with
-ray diffraction. Fig. 1 presents the XRD spectra of BCI30 powder
fter firing at 1000 ◦C for 6 h. It can be seen that there are only peaks
orresponding to BCI30, without any formation of other substance.

Fig. 2 presents the SEM images of the single cells co-fired at
ifferent temperatures. The cells, which were co-fired at 1150 ◦C,
250 ◦C and 1350 ◦C, were named as Cell-1150, Cell-1250 and Cell-
350 respectively for short. Each SEM image presents a four-layer
tructure with a porous anode substrate, an anode functional layer,

dense electrolyte membrane and a porous cathode. We can see

hat the BCI30 membranes are dense, which implies the BCI30
lectrolyte membrane became dense even after firing at 1150 ◦C,
uch lower than the sintering temperature for the other doped

aCeO3 materials. The dense BCI30 membranes are about 20 �m in
Fig. 1. XRD spectra of BCI30 powder after calcining at 1000 ◦C for 6 h.

thickness. We also note that with the increasing co-firing temper-
ature, the microstructure of the cathode layer of the cells became
less porous, which may block the transportation of the air at the
cathode side. Fig. 3 also shows top views of the cathode layers
of the single cells co-fired at 1150 ◦C, 1250 ◦C and 1350 ◦C, respec-
tively. The cathode particle size increased gradually with the higher
co-firing temperatures. This result implies that the length of triple-
phase boundary (TPB), where electrochemical reactions take place,
becomes smaller with the increase of co-firing temperatures [22].
Therefore, it is expected that the Cell-1150 can achieve the high-
est cell performance as it shows the best cathode microstructure,
which will lead to a lower polarization loss. Furthermore, with the
lower co-firing temperature, the reaction between the cathode and
the electrolyte became less severe [23].

For the preliminary fuel cell testing, we used the
LaSr3Co1.5Fe1.5O10−ı (LSCF)-BCI30 composite material as the
cathode, in which LSCF has been proven to be a good cathode
material for oxygen-ion SOFCs [24]. Shown in Fig. 4 are the I–V and
power density curves of the Cell-1150, Cell-1250 and Cell-1350
at 700 ◦C. With humidified hydrogen (∼3% H2O) as the fuel, the
open circuit voltages (OCV) are 0.936, 0.905 and 0.903 V for the
Cell-1150, Cell-1250 and Cell-1350 respectively, which agrees
with the SEM results that the BCI30 electrolyte membranes fired
at different temperatures are quite dense, as any leakage of gas
will lead to severe OCV drops. It has to be mentioned that the
Cell-1150 has the highest OCV value thought it was fired at the
lowest temperature. The highest OCV value for the Cell-1150 may
be due to the higher oxygen partial pressure at the cathode side.
As we used a single step co-firing process to prepare the cells,
the cathode was co-fired together with the electrolyte at different
temperatures. We know that the higher co-firing temperature will
lead to a lower cathode porosity, which will partially block the
oxygen diffusion at the cathode side, especially the static air in our
experimental condition. The cathode of the Cell-1150 was fired at
the lowest temperature, which led to a more porous cathode layer.
The more porous cathode microstructure can lead to the easier
diffusion of oxygen to the cathode catalyst layer, thus resulting
in a higher oxygen partial pressure at the cathode side for the
cell co-fired at a lower temperature. The OCV of the fuel cell is
considered proportional to the oxygen partial pressure, so the
higher oxygen partial pressure at the cathode side for the Cell-1150
gives rise to a positive spike in cell voltage. The maximum power

−2
densities of 114, 160, 63 mW cm were obtained for the Cell-1150,
Cell-1250 and Cell-1350 respectively at 700 ◦C. The Cell-1250, not
the Cell-1150 as we expected, shows the highest cell performance.
There must be other factors besides the cathode microstructure
governing the cell performance.
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resistance associated with interfaces, which is usually taken as the
overall electrolyte resistance of the cell. The low frequency intercept
corresponds to the total resistance of the cell. Therefore, the differ-
ence between the high frequency and low frequency intercepts with
ig. 2. Cross-section views of the four-layer green cells fired at (a) 1150 ◦C, (b) 1250 ◦C
nd (c) 1350 ◦C.

Resistances of the single cells under open circuit conditions

ere investigated by AC impedance spectroscopy. Three typical

mpedance spectra for Cell-1150, Cell-1250 and Cell-1350, mea-
ured at 700 ◦C, are shown in Fig. 5. The intercept with the real
xis at high frequencies represents the ohmic resistance of the
rces 191 (2009) 428–432

cell including ionic resistance of the electrolyte and some contact
Fig. 3. SEM images of top views of the cathode layers fired at (a) 1150 ◦C, (b) 1250 ◦C
and (c) 1350 ◦C.
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Fig. 4. Performances of different temperature co-fired BCI30-based single cells with
humidified hydrogen at 700 ◦C.
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ig. 5. Impedance spectra of different temperature co-fired single cells measured at
00 ◦C.

he real axis represents the total interfacial polarization resistance
Rp) of the cell. Fig. 6 presents the total cell resistances, the overall
lectrolyte resistances and Rp of the cells as determined from the
mpedance spectra at 700 ◦C. The overall electrolyte resistances of
he cells are 1.45, 0.86 and 1.6 � cm2 for the Cell-1150, Cell-1250
nd Cell-1350 respectively. The Rp values for the Cell-1150, Cell-
250 and Cell-1350 are 0.25, 0.33 and 1.23 � cm2. The impedance
nalysis shows that the Rp becomes greater with the increase of the
ring temperature. This result shows agreement with our expec-
ation that the higher temperature fired cathode layer leads to a
maller TPB and a greater polarization resistance, as we discussed

bove. It is noted that the Cell-1250 shows the smallest overall elec-
rolyte resistance. It seems when a single green cell was co-fired
t 1250 ◦C, the electrolyte layer and the cathode layer had a bet-
er connection than the single cell fired at 1150 ◦C, but the higher

ig. 6. Total resistance, overall electrolyte resistance and interfacial polarization
esistance of the fuel cells as a function of co-firing temperature measured at 700 ◦C.
Fig. 7. SEM images of the electrolyte membranes fired at (a) 1150 ◦C, (b) 1250 ◦C and
(c) 1350 ◦C.

sintering temperature of 1350 ◦C led to a severer reaction between

the electrolyte layer and the cathode layer, which increased the
contact resistance [23]. However, Fig. 7 shows the SEM images of
the electrolyte for the Cell-1150, Cell-1250 and Cell-1350 after fir-
ing. We can see that with the increasing firing temperature, the
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ig. 8. The electrical conductivity of the BCI30 membrane as a function of co-firing
emperature measured at 700 ◦C.

CI30 electrolyte membrane became denser. Although the elec-
rolyte membrane of the Cell-1150 is gastight, many close pores
xist in the electrolyte, which may decrease the electrolyte con-
uctivity. The differences in the overall electrolyte resistance for
hese cells may partially result from the different densification of
he membranes fired at different temperatures. Therefore, the dif-
erences in the overall electrolyte resistance for these cells cannot
ust be explained by the different contact resistance.

In order to prove this point, we tested the conductivities of the
upported BCI30 membranes by a.c. impedance. The anode sup-
orted BCI30 membranes were fired at 1150 ◦C, 1250 ◦C and 1350 ◦C
espectively to form half-cells with the structure of BCI30 mem-
ranes on BCI30-NiO anode substrates. Then Pt paste was printed on
hese BCI30 membranes and then fired at 900 ◦C for 1 h. As shown
n Fig. 8, the BCI30 membrane fired at 1150 ◦C shows the lowest
lectrical conductivity, which agrees with the SEM result shown in
ig. 7(a) that the close pores decrease the electrical performance
f the BCI30 membrane greatly. The conductivity of a BCI30 mem-
rane shows a dramatic increase when the membrane was fired at
250 ◦C. The Fig. 7(a and b) indicates that the BCI30 membrane fired
t 1250 ◦C shows a higher density compared to the BCI30 membrane
red at 1150 ◦C, which is beneficial to the enhancement of the elec-
rical conductivity. When the firing temperature further increases
o 1350 ◦C, the conductivity of the BCI30 membrane shows only a
light increase compared to the BCI30 membrane fired at 1250 ◦C,
hich implies the higher temperatures only affect the membrane

onductivities a little. The Fig. 7(b and c) also reveals that the densi-
cation of the BCI30 membranes shows no significant change when
he firing temperature increased from 1250 ◦C to 1350 ◦C. From
he above discussion, we know that although the single cell co-
red at 1150 ◦C shows the lowest polarization resistance, the low
embrane conductivity of the membrane fired at 1150 ◦C limits
ts application in SOFC. In another aspect, the single cell co-fired
t 1350 ◦C shows a too high polarization resistance regardless its
ighest membrane conductivity, which results in the poorest cell
erformance among these three single cells. The firing tempera-
ure of 1250 ◦C seems to be an optimized fabrication condition for

[
[

[
[
[

rces 191 (2009) 428–432

a BCI30-based proton-conducting SOFC prepared by a single step
co-firing process, which achieve high membrane conductivity as
well as a reasonable polarization resistance. As a result, the cell
co-fired at 1250 ◦C shows the lowest total cell resistance and the
best single cell performance. Considering its single step co-firing
process, it makes this type of BCI30-based proton-conducting SOFC
interesting for manufacture.

4. Conclusions

A single step co-firing process was successfully employed to fab-
ricate BCI30-based proton-conducting SOFCs. The four-layer green
SOFCs, consisting of anode substrates, anode functional layers, elec-
trolyte membranes and cathode layers, were co-fired at 1150 ◦C,
1250 ◦C and 1350 ◦C respectively to form single cells. The supported
BCI30 membranes became gastight after firing at these temper-
atures. Although the cell co-fired at 1150 ◦C showed the lowest
polarization resistance and the cell co-fired at 1350 ◦C showed the
highest membrane conductivity, the cell co-fired at 1250 ◦C seems
to reach a proper compromise between the polarization resistance
and the membrane conductivity, which led to the lowest total cell
resistance and the best cell performance of these single cells.
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