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bstract

Anode-supported solid oxide fuel cells (SOFCs) with lanthanum-doped ceria (LDC)/Sr-, Mg-doped LaGaO3 (LSGM) bilayered or
DC/LSGM/LDC trilayered electrolyte films were fabricated with a pure La0.6Sr0.4CoO3 (LSC) cathode. The behaviors of the two electrolytes

n cells were investigated by using scanning electron microscopy, impedance spectroscopy and cell performance measurements. The reactions
etween LSGM and anode material can be suppressed by applying a ca. 15 �m LDC film. Due to the Co diffusion from the LSC cathode to the
SGM electrolyte during high temperature sintering, the electronic conductivity of the LDC electrolyte cannot be completely blocked with an
SGM layer below 50 �m, which leads to open-circuit potentials of these cells of ca. 0.988 V at 800 ◦C. The electrical conductivities of LDC
nd LSGM electrolytes in the cells under operation conditions are obtained from the dependence of the cell ohmic resistance on the electrolyte

−1 ◦
hickness. The electrical conductivity of LDC electrolyte is ca. 0.117 S cm at 800 C on the bilayered electrolyte cells with a 50 �m LSGM
ayer. The bilayer electrolyte cells with a 25 �m LDC layer at 800 ◦C, had a cell ohmic resistance two-stage linear dependence on the LSGM layer
hickness, which showed the electrical conductivity of ca. 1.9 S cm−1 for the LSGM layer below 50 �m and 0.22 S cm−1 for the LSGM layer above
00 �m. With a LDC/LSGM/LDC trilayered electrolyte film for the anode-supported cell, an open-circuit potential of 1.043 V was achieved.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Many studies have been conducted on the fabrication
f anode-supported solid oxide fuel cells with the LSGM
r gadolinia-doped ceria (GDC) thin electrolyte films. In
he case of the ceria-based electrolyte, some Ce4+ ions are
educed to Ce3+ ions under reducing conditions on the anode
ide, resulting in a mixed ionic–electronic conductivity of
he electrolyte and a decreased open-circuit voltage. It is
herefore considered that ceria-based electrolytes cannot be
sed alone above 700 ◦C [1,2]. Attempts have been made to

lock the electronic conductivity of the ceria-based electrolytes
sing composite electrolyte consisting of samaria-doped ceria
SDC) and yttria-stabilized zirconia (YSZ), but the single cell
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erformance largely depended on the thickness and covering
niformity of the YSZ layer. Compared with a supported YSZ
hin film cell, the SDC–YSZ bilayered electrolyte cell seems
o have no obvious advantage [3,4]. On the other hand, the
reparation of a supported LSGM thin film by co-firing appears
o be much more difficult due to the extensive reaction between
node materials and LSGM at high temperatures [5–7]. It is also
ifficult to prepare thin LSGM films by the other traditional
ethods such as electrochemical vapor deposition (EVD) and

puttering due to the complex composition of the LSGM.
ecently, we reported the anode-supported LDC–LSGM bilay-
red electrolyte cell, in which a 25-�m LDC and 75-�m LSGM
ilayered electrolyte film was supported on GDC–NiO anode
ubstrate through co-firing at 1400 ◦C [8]. The two electrolytes,

DC and LSGM, show good chemical compatibility at 1400 ◦C

9]. The dense LDC layer can prevent the LSGM electrolyte
rom exposure to anode materials and the reducing atmosphere
nd thus insure stability of LSGM in a reducing atmosphere

mailto:mjcheng@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2006.03.065
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sintered together very well, although the sintering property and
thermal expansion coefficient of LDC and LSGM powders are
different. No peel-off or cracking could be found at the interface
between the LSGM layer and the LDC layer. Some isolated
Z. Bi et al. / Journal of Po

bove 800 ◦C [10]. For the LSGM electrolyte, the cobalt-based
athodes are often adopted, and diffusion of cobalt ions from the
SC into the LSGM electrolyte has been observed [11,12]. Due

o the Co diffusion, however, the bilayered electrolyte cell with
LSC cathode gives an open-circuit potential slightly lower

han the expected value, and the measured specific resistance
f bilayered electrolyte film is lower than the calculated value
10]. It would be interesting to learn of the effect of Co diffusion
n the electrical properties of the LSGM electrolyte and cell
erformance. The properties of the LDC electrolyte in the
node-supported bilayered electrolyte cell might also change
nder the reducing conditions in the intermediate temperature
ange.

In the present study, the effects of Co diffusion from the LSC
athode on the properties of LSGM thin films and the cell per-
ormances are investigated on the anode-supported LDC/LSGM
ilayer electrolyte cells. In order to restrain the Co diffusion from
he LSC cathode into the LSGM electrolyte, an anode-supported
DC/LSGM/LDC trilayer electrolyte SOFC was also fabricated
nd tested.

. Experimental

.1. Cell fabrication

GDC (Gd0.1Ce0.9O1.95), LDC (La0.45Ce0.55O2−σ/2), LSC
La0.6Sr0.4CoO3) and LSGM (La0.9Sr0.1Ga0.8Mg0.2O2.85) pow-
ers were synthesized by an EDTA-citric acid method. GDC
40 wt.%) and commercial NiO (60 wt.%) powder was mixed
nd grinded with alcohol and a little polyvinyl butyral (PVB) for
h, then the mixture was dried and screened through a 110-mesh

ieve. For the preparation of the green body, the NiO and GDC
ixed powder was first pressed under 100 MPa into a substrate

n a stainless-steel die. Then, the LDC powder was added and
ressed with the substrate at 120 MPa. Finally, the LSGM pow-
er was added onto the LDC layer and co-pressed at 280 MPa to
orm a green assembly. The green assembly was subsequently
red at 1400 ◦C for 4 h in air, and thus a dense, well-bonded
DC–LSGM bilayer electrolyte-anode assembly was obtained.
he diameters of the green and the sintered pellets were 25
nd 21 mm, respectively. The supported LDC/LSGM/LDC tri-
ayer electrolyte-anode assembly was fabricated by the similar

ethod. The thickness of the LDC and LSGM layers was con-
rolled by the amount of powder. The total thickness of every
node substrate was about 0.9 mm. Pure LSC porous cathode
as applied by screen-printing, followed by firing at 1150 ◦C

or 2 h in air and the effective cathode area was 0.5 cm2.

.2. Single cell test

Single cells were sealed on one end of alumina tube. Sil-
er meshes were used as current collectors and spring-pressed
gainst the anode and cathode. After the in situ reduction of
he NiO in anode under flowing H2 for several hours, the cell

erformances were measured at various temperatures from 800
o 650 ◦C by changing the external load. Hydrogen was passed
ver the anode at a flow rate of 80 ml min−1, and air flowed
ver the cathode surface at a flow rate of 150 ml min−1. The
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mpedances were measured typically under open-circuit condi-
ions using a Solartron 1287 potentiostat and 1260 frequency
esponse analyzer with a computer. The frequency ranged from
.01 Hz to 5 kHz with signal amplitude of 10 mV. The tested cells
ere fractured and examined by scanning electron microscopy

SEM). The SEM observation was performed on a scanning
lectron microscope (Philips XL-30).

. Results and discussion

.1. Sintering properties between LDC and LSGM

The cross-section SEM micrographs in Fig. 1 clearly depict
he four-layer structure of the single cell. Fig. 1(a) shows the
ell with a composite electrolyte consisting of a dense 25 �m
DC layer and a 50 �m LSGM layer, and Fig. 1(b) shows the
ell with the thickness of a 25 �m LDC layer and a 100 �m
SGM layer. As shown in Fig. 1, whatever the thickness of LDC

ayer or the LSGM layer, the LDC and LSGM electrolyte were
ig. 1. SEM micrographs of the anode-supported LDC–LSGM composite elec-
rolyte cells with (a) a 50 �m-LSGM layer and (b) a 100 �m-LSGM layer,
espectively.
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of the single cells with a different thickness of LSGM elec-
6 Z. Bi et al. / Journal of Po

efects such as small void pores exist, but no cross-membrane
racks or pinholes were found. It can be seen in Fig. 1, that there
s a clear interface between the cathode and the LSGM layer,
hich could be attributed to the two-step sintering process in

he single cell fabrication.

.2. Behavior of the LDC electrolyte in the bilayer
lectrolyte cells

Table 1 summarizes the maximum power densities and open-
ircuit potentials of the H2–air cells at various temperatures. All
hese cells have a 50 �m-thick LSGM layer but a different thick-
ess of the LDC layer. The maximum power density of the cells
ncreases while the thickness of the LDC layer decreases. The
pen-circuit potentials remain a constant of ca. 0.99 V, which
mplies that the open-circuit potential is independent of the
hickness of the LDC layer. Generally, the open-circuit potential
or the ceria-based electrolyte cells increases when the opera-
ion temperature decreases from 800 to 600 ◦C. However, for the
ilayered electrolyte LDC/LSGM cells, the open-circuit poten-
ial shows no dependence on temperature. The observed low
nd almost constant open-circuit potential in the present work
ndicates that the electronic conductivity of the LDC electrolyte
annot be restrained through increasing the LDC thickness. It
s known that the transport number of the oxygen ions in the
o-doped LSGM electrolyte varies at different temperatures

13–15]. Therefore, the LSGM layer dominates the open-circuit
otential of the single cells with a 50-�m LSGM layer due to
he lower transport number of oxygen ion of the LDC layer.
n contrast, the maximum output power density is dramatically
ependent on the thickness of LDC layer. The specific ohmic
esistance of the single cell increases with the increment of the
hickness of LDC layer, as depicted in the impedance spectra
f Fig. 2. The intercept with the real axis at the highest fre-
uency represents the resistance of the electrolytes, electrodes
nd the resistance of electrical connection wires. The specific
hmic resistances across the LDC–LSGM bilayered electrolyte

ell were 90.96, 99.40, 103.1 and 109.5 m� cm2, respectively.
n the meantime, all the single cells give a similar interfacial
esistance. Fig. 3 shows the specific ohmic resistances and open-
ircuit potentials of the single cells as a function of thickness

able 1
aximum power densities and open-circuit potentials of the bilayer electrolyte

ingle cells with different thickness of the LDC layer and a 50 �m thickness of
he LSGM layer at temperatures from 800 to 600 ◦C

hickness of
DC layer (�m)

OCV and MPD 800 ◦C 750 ◦C 700 ◦C 650 ◦C 600 ◦C

5 OCV (V) 0.987 0.995 0.997 0.991 0.978
MPD (W cm−2) 1.565 1.195 0.843 0.531 0.290

5 OCV (V) 0.984 0.986 0.984 0.973 0.958
MPD (W cm−2) 1.377 0.911 0.604 0.361 0.200

0 OCV (V) 0.988 0.993 1.002 1.006 0.998
MPD (W cm−2) 1.323 0.958 0.653 0.400 0.210

7 OCV (V) 0.982 0.994 1.002 1.003 0.994
MPD (W cm−2) 1.215 0.897 0.600 0.362 0.189

t
i
2

F
t

ig. 2. Impedance spectra of the single cells with different thickness of the
DC layer as measured using two-electrode configuration under open-circuit
onditions at 800 ◦C.

f LDC layer. The bulk conductivity of LDC in single cells at
00 ◦C is obtained from the linear fitting of the specific ohmic
esistances, which is 0.117 S cm−1. The measured conductivity
f bulk LDC at 800 ◦C in cells is much higher than the previous
eports, which was measured directly on the electrolyte under
ir atmosphere [16]. Under a reducing atmosphere, the total con-
uctivity of CeO2 increases with the decreasing of oxygen partial
ressure [17]. The low OCV values of these cells suggest that
he electronic conductivity cannot be completely blocked by the
hin LSGM electrolyte layer due to the diffusion of cobalt from
athode to the LSGM layer [9]. Thus, the bulk conductivity of
DC from the ohmic resistance curve is a mixture of oxide ion
onductivity and electronic conductivity.

.3. Behaviors of the LSGM electrolyte in the bilayered
lectrolyte cells

The open-circuit potentials and maximum power densities
rolyte layer at the temperatures from 800 to 600 ◦C are shown
n Table 2. In all these cells, the thickness of LDC layer is at
5 �m. As expected, the open-circuit potential increases with

ig. 3. Open-circuit potential and ohmic resistance of the single cells as a func-
ion of the thickness of LDC layer at 800 ◦C.
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Table 2
Maximum power densities and open-circuit potentials of the bilayer electrolyte
single cells with different thickness of the LSGM layer and a 25 �m thickness
of the LDC layer at temperatures from 800 to 600 ◦C

Thickness
of LSGM
layer (�m)

OCV and MPD 800 ◦C 750 ◦C 700 ◦C 650 ◦C 600 ◦C

25 OCV (V) 0.775 0.793 0.815 0.836 0.854
MPD (W cm−2) 1.152 0.901 0.651 0.42 0.24

37 OCV (V) 0.848 0.836 0.848 0.858 0.862
MPD (W cm−2) 1.300 0.866 0.584 0.352 0.189

75 OCV (V) 1.027 1.041 1.055 1.069 1.081
MPD (W cm−2) 1.351 0.895 0.602 0.364 0.200

100 OCV (V) 1.051 1.062 1.076 1.092 1.100
MPD (W cm−2) 1.315 0.912 0.632 0.397 0.225

125 OCV (V) 1.069 1.082 1.095 1.106 1.117
MPD (W cm−2) 1.305 0.870 0.561 0.342 0.180

150 OCV (V) 1.070 1.078 1.089 1.101 1.112
MPD (W cm−2) 1.217 0.843 0.572 0.343 0.190
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the cells with a thin LSGM layer is due to the current leakage
under the OCV conditions. From the impedance spectra, the
total specific ohmic resistances, mainly from the LDC/LSGM
bilayered electrolyte film, can be obtained. Fig. 5 shows the area
00 OCV (V) 1.058 1.069 1.083 1.096 1.108
MPD (W cm−2) 1.122 0.805 0.540 0.341 0.190

he thickness of the LSGM layer when the LSGM layer is below
50 �m. When the LSGM layer is above 150 �m, the open-
ircuit potential remains at ca. 1.07 V, which is slightly lower
han the value of theory calculation (1.10 V). This result might
e due to the Co diffusion from LSC to LSGM electrolyte and
he low density of electrolyte in this experiment conditions. The
ell with a 25-�m LSGM layer exhibits an open-circuit poten-
ial of 0.775 V, which is about 0.3 V lower than that of the cell
ith a 150-�m LSGM layer cell, and which is equal to the cor-

esponding value of the single cell with only a LDC electrolyte.
his indicates that the 25-�m LSGM layer cannot block the
lectronic conductivity of the LDC layer at all, and the trans-
ort number of oxygen ion of 25-�m LSGM layer is lower
han that of the LDC layer under this experiment conditions.
or all the single cells, the open-circuit potential decreases with

ncreasing of the operating temperature, except for the single
ell with a 50 �m LSGM layer. The possible reason is that the
o concentration in the LSGM layer is approximately equal to

hat of La0.8Sr0.2Ga0.8Mg0.2−xCoxO3 (x = 0.085–0.1), of which
he transport number of oxygen ion decreases with decreasing
emperature [18]. The single cell with a 25-�m LSGM layer
hows similar performance to the LDC electrolyte single cell.

hen the oxide ion transport number of the LSGM layer is
igher than that of LDC layer, the LSGM layer will dominate
he open-circuit potential. The results suggest that the depth and
oncentration of Co diffusing into the LSGM electrolyte have an
bviously effect on the performance of anode-supported SOFC
ith the LDC/LSGM composite electrolyte. It can be speculated

hat the concentration of Co ions in the LSGM electrolyte might
radually decrease from the LSC cathode side. Several reports

uggested that the substitution up to 10 mol.% Co for Mg in the
SGM sample is beneficial for cell performance, because the

onic conductivity of LSGM electrolyte increases in this range
ithout significant increase of electronic conductivity. But when

F
a

ig. 4. Impedance spectra of the single cells with a different thickness LSGM
ayer as measured using two-electrode configuration under open-circuit condi-
ions at 800 ◦C.

he Co concentration is much higher than 10 mol.%, an increase
n the electronic P-type conductivity will cause the short circuit
f the cell [19,20].

Fig. 4 shows the impedance spectra of these single cells mea-
ured using the two-electrode configuration at 800 ◦C. For the
ell with a LSGM layer below 100 �m, the interfacial resistance
ecreases when the thickness of the LSGM layer decreases.
hereas, the interfacial resistances are similar for the cells with
LSGM layer over 100 �m. It has been reported that some

art of the electrode reaction is strongly dependent on the elec-
rolyte performance, and the electrode overpotential decreases
ith the increasing of oxide ion conductivity [21,22]. The dif-

usion of cobalt from the LSC cathode to the LSGM electrolyte
an increase the conductivity of the LSGM layer and reduce the
olarization resistance [9]. However, since all these cells were
abricated under the same conditions, and the cells with a LSGM
ayer over a100 �m present the same polarization resistance, it
s obvious that the decrease in the polarization resistance for
ig. 5. Open-circuit potential and specific ohmic resistance of the single cells
s a function of the thickness of LSGM layer at 800 ◦C.
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650 and 600 ◦C, respectively.

The impedance spectrum of the trilayered electrolyte single
cell using the two-electrode configuration under open-circuit
conditions at 800 ◦C is shown in Fig. 8. The ohmic resistance of
ig. 6. SEM micrograph of the anode-supported LDC/LSGM/LDC composite
lectrolyte cell.

pecific ohmic resistance and open-circuit potentials of the cells
s a function of the thickness of LSGM layer. While the LSGM
ayer is over 100 �m, the bulk conductivity of LSGM electrolyte
an be obtained from the linear fitting of the specific ohmic resis-
ances. The conductivity for the LSGM electrolyte over 100 �m
n single cell is 0.221 S cm−1. It is a little higher than that of
a0.9Sr0.1Ga0.8Mg0.2O2.85 [23], but is slight lower than that
f La0.8Sr0.2Ga0.8Mg0.115Co0.085O3 [18]. It indicates that the
istance of Co diffusing into the LSGM might be more than
00 �m. However, when the LSGM layer is less than 50 �m,
he specific ohmic resistance increases very slightly with the
ncrease of the thickness of the LSGM layer, and the conduc-
ivity of the LSGM layer is estimated to be 1.9 S cm−1. These
esults show that the closer the LSGM is to the LSC cathode, the
igher the conductivity of the LSGM layer. While the thickness
f LSGM layer is more than 100 �m, the specific ohmic resis-
ance increases monotonically with the thickness of LSGM layer.
ecause of the cobalt diffusion, a high open-circuit potential
nd power density can only be obtained on the anode-supported
DC–LSGM bilayered electrolyte with a proper thickness of the
SGM layer.

.4. Performance of single cell with LDC–LSGM–LDC
rilayer electrolyte

In order to avoid the Co diffusing from the LSC cath-
de to the LSGM layer, an anode-supported SOFC with a
DC–LSGM–LDC trilayer electrolyte was fabricated and

ested. The cross-section view of SEM picture of single cell in
ig. 6 clearly shows the trilayered structure of the composite
lectrolyte, consisting of two 20-�m LDC layers and a 50-�m
SGM layer. It can also be seen from Fig. 6 that the pinholes

n LDC layer are smaller than those in LSGM layer, which is
robably due to the better sintering property of the LDC than the
SGM. Comparing with the results in Fig. 1, it can also be found
hat the sintering properties of trilayer electrolyte are much
oorer than those of bilayer electrolyte, which might be due to
he decrease of the co-pressing pressure from 280 to 200 MPa
uring cell fabricating. However, no peel-offs or cracks were

F
e
c

ig. 7. Voltage and power density vs. current density of the anode-supported
ingle cell with the LDC/LSGM/LDC trilayer electrolyte using H2 (80 ml min−1)
s fuel and air (150 ml min−1) as oxidant at different temperatures.

ound at the interface between the LDC and LSGM layers,
ndicating that the anode and cathode can also be completely
nsulated by the composite electrolyte. The current–voltage
nd current–power density characteristics of single cell with
DC–LSGM–LDC trilayer electrolyte at temperatures from
00 to 600 ◦C are presented in Fig. 7. The open-circuit potential
f the trilayered electrolyte single cell is 1.043 V at 800 ◦C, and
.088 V at 650 ◦C, respectively, higher than those of the bilayer
lectrolyte single cell with a 50-�m-thick LSGM film (about
.988 and 0.998 V at 800 and 600 ◦C, respectively). The results
uggest that the oxide ion transport number of the thin LSGM
ayer in the trilayer electrolyte single cell is higher than that
f the thin LSGM layer in the bilayered electrolyte single cell.
he Co diffusion from the LSC cathode to the LSGM layer was
lso restrained by the LDC layer. Unfortunately, the maximum
ower density of the trilayer electrolytes single cell are only
.871, 0.585, 0.36, 0.21 and 0.109 W cm−2 at 800, 750, 700,
ig. 8. Impedance spectrum of the single cell with the LDC/LSGM/LDC trilayer
lectrolyte as measured using two-electrode configuration under open-circuit
onditions at 800 ◦C.
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[21] M. Watanabe, H. Uchida, M. Yoshida, J. Electrochem. Soc. 144 (1997)
1739.
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he trilayered electrolyte single cell was about 162.5 m� cm2,
lightly higher than the theoretically calculated value (about
60.0 m� cm2), which is one of the main reasons for the
ecrease of maximal power density. Compared with the bilay-
red electrolyte cells, the polarization resistance for the cell with
rilayered electrolyte cell shows a large arc in the high frequency
ange, which may be arisen from the large charge-transfer resis-
ance at the LDC–LSC interfaces than that at the LSGM–LSC
nterfaces.

. Conclusions

The properties of the LDC and LSGM electrolyte in the
node-supported LDC–LSGM bilayer electrolyte cells with
SC cathodes were tested. The conductivity of bulk LDC at
00 ◦C is 0.117 S cm−1. The properties of the LSGM elec-
rolyte are complicated due to the Co diffusion from LSC to
SGM layer, which results in increasing of the conductivity
nd decreasing of the oxygen ion transport number. The prop-
rties of the LSGM electrolyte in the cell with the LSC cathode
re dependent on its thickness. The electrical conductivity is
.22 S cm−1 for the LSGM layer above 100 �m, and it is higher
han 1.9 S cm−1 for LSGM layers below 50 �m. Under the
resent experiment conditions, however, the transport number
f oxygen ions in the 25-�m LSGM layer is lower than that
f the LDC layer and the open-circuit potential of the 25-�m
SGM layer single cell was only 0.775 V, which was equal to

he corresponding value of the single cell with a LDC layer. The
DC interlayer between the LSC cathode and the LSGM layer
an avoid the Co diffusion into the LSGM layer.
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