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Abstract Effects of a sintering agent for La-doped ceria
(LDC) as a buffer layer to prevent a chemical reaction
between Ni in anode and Sr- andMg-doped lanthanum gallate
(LSGM) electrolyte during sintering were studied for improv-
ing sintering and electrical properties. Electrochemical per-
formance of anode-supported solid oxide fuel cells (SOFCs)
using LDC and LSGM films prepared by screen printing and
co-sintering (1,350 °C) was also investigated. The prepared
cell with dense LDC (ca. 17 μm) and LSGM electrolyte (ca.
60 μm) films showed an open circuit voltage close to the
theoretical value of 1.10 V and a high maximum power
density (0.831 Wcm–2) at 700 °C. The addition of 1 wt.%
LSGM to porous LDC buffer layer was effective for
improving the sintering density and electrical conductivity,
resulting in the high power density due to the decreased
internal resistance loss.

Keywords Solid oxide fuel cell . LaGaO3 film . La-doped
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Introduction

Solid oxide fuel cells (SOFCs) have been attracting much
interest as a reliable and efficient power generator because of
their high efficiency. One of the most important objectives in
the development of intermediate temperature solid oxide fuel
cells (IT-SOFCs) is to increase power density and energy-
conversion efficiency at 500–700 °C. Moreover, decrease in
the internal resistance of the cell is essential for IT-SOFCs [1–
3]. Sr- and Mg-doped lanthanum gallate (LSGM) is
considered to be a promising alternative electrolyte material
because of its higher oxide ionic conductivity and oxygen
transport number [4, 5]. In recent years, there have been
many studies on the performance of SOFCs using a thick
LSGM electrolyte support [6, 7]. However, the ohmic
resistance of the thick electrolyte was still larger than that
of the electrodes, although the electrode polarization loss
became dominant at 700 °C [7]. Thus, it is expected that
further improvement in cell performance can be achieved by
an anode-supported SOFC using a thin LSGM electrolyte
film, owing to the reduced electrolyte resistance loss.

Recently, anode-supported SOFCs using a LSGM electro-
lyte film were fabricated using several methods [8–18].
Among various processes for preparing a thin-film electro-
lyte, a conventional wet process such as screen printing, dip
coating or centrifugal deposition is simple, cost effective, and
favorable from the viewpoint of commercialization for
SOFCs. However, preparation of LSGM thin films by the
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conventional wet process is rather difficult because of the
reaction between Ni in the anode and the LSGM electrolyte
during high-temperature sintering (>1,400 °C) [19, 20]. It has
been reported that the chemical reaction can be prevented
using a La-doped ceria (LDC) as a buffer layer between the
LSGM electrolyte and Ni-based anode [6]. Therefore, it
would be possible to fabricate both LSGM electrolyte and
LDC buffer layer on Ni-containing anode supports by wet
processes followed by co-sintering. However, only a few
results have been reported for the cell performance using
anode-supported LSGM electrolyte films prepared by the
conventional wet process [11, 13–16]. This may be due to the
fact that sintering LDC is rather difficult, and its electrical
conductivity is lower than that of LSGM [21–25]. Therefore,
increasing the property of sintering and conductivity on LDC
buffer layer plays an important role in cell performance [11].

For a Gd- or Sm-doped ceria (GDC or SDC), effects of
sintering additives have been widely investigated. In partic-
ular, a transition metal oxide such as CuO, Co3O4, Fe2O3, and
MnO2 has been reported to improve sintering and electrical
properties for doped ceria [26–32]. However, the influence
of sintering property for LDC on the power density of the
resulting cell has not been studied in details, although a few
results on the effect of co-doping for the electrical
conductivity of LDC have reported [22–25]. LDC has to
be co-fired with LSGM electrolyte for preventing a chemical
reaction. Thus, a transition metal is undesirable as a sintering
agent of LDC because a cation diffusion of transition metals
into LSGM electrolyte may occur during sintering. This
induces a partial electronic conduction in LSGM and
deteriorates ionic conductivity as well as cell performance
[33, 34]. In this aspect, a sintering agent should be inert
against the LSGM electrolyte and also the anode.

In this study, the effect of a sintering agent was investigated
to enhance sintering and electrical properties of a LDC buffer
layer. Various oxides such as ZrO2, MgO, In2O3, Ga2O3, SrO,
and LSGM were examined as a sintering aid. The
electrochemical performance of SOFCs using LDC/LSGM
laminating films prepared by screen printing and co-sintering
was also investigated at the intermediate temperature range
from 500 °C to 700 °C. In addition, characterization on the
sintering property of LSGM electrolyte was carried out for a
dense and single phase LSGM electrolyte film co-fired at a
reduced temperature of 1,350 °C, which was intended to
decrease Ni reactivity.

Experimental

Powder preparation

The powder mixture of a commercial NiO (Wako, 99.99%)
and Sm0.2Ce0.8O2−δ (SDC, Daiichi Kigenso Kagaku

Kogyo Co. Ltd., Japan) used as the anode support for
SOFCs was pressed into a disk (20 mm in diameter)
followed by pre-sintering at 800°C for 2 h. LSGM
(La0.9Sr0.1Ga0.8Mg0.2O3−δ) was prepared by a solid-state
reaction method. Stoichiometric amounts of La2O3 (Kishida,
99.99%), SrCO3 (Rare Metallic, 99.99%), Ga2O3 (Wako,
99.99%), and MgO (Wako, 99.9%) powders were ball milled
in ethanol for 24 h. After drying, the mixture was
calcined at different temperatures (900–1,300 °C) for
6 h and then ground. LDC (La0.4Ce0.6O2−δ) was also
prepared by ball milling stoichiometric amounts of La2O3

and CeO2 (Wako, 99.99%) in ethanol and then calcined at
1,350 °C for 6 h to obtain a single phase of LDC with
fluorite structure (Fm-3m).

Sintering agents (5 wt.%) were added by ball milling a
mixture of the prepared LDC powder and the additives in
the form of oxide and carbonate in ethanol for 2 h. The
additives were MgO, SrO (derived from SrCO3), Ga2O3,
ZrO2 (Kishida, 99.9%), In2O3 (Kishida, 99.9%), and the
LSGM powder prepared above. After drying the composite,
it was heated at 800 °C for 2 h and then ground. In
addition, either LDC or a sintering agent-added LDC
powder was mixed with NiO–SDC anode powder of the
same weight ratio by ball milling for 1 h and then fired at
1,350 °C for 5 h to examine the reactivity with Ni.

Sample preparation

Sintering properties of LSGM and LDC were studied for
preparing a dense LDC/LSGM laminated film on the NiO-
SDC anode substrate prepared by screen printing and co-
firing. The LSGM powders calcined at 900–1,300 °C were
pressed into disks (20 mm in diameter) and then sintered at
1,350 °C for 5 h; this sintering temperature is the condition for
co-firing screen printed samples. LDC and sintering agent
added LDCs were also sintered under the same conditions.

The screen printing slurries of LDC and LSGM were
prepared by mixing each powder with ethyl cellulose as a
binder and isobutyric acid as a solvent. Slurries of the
buffer and electrolyte layers were screen printed in regular
sequences onto the pre-sintered anode, and the printed
samples were then dried in air. The coating thickness was
controlled by adjusting the coating time. The coated
samples were co-fired at 1,350 °C for 5 h in air. A
Sm0.5Sr0.5CoO3 (SSC) as the cathode material was prepared
by a modified citric acid method. The cathode electrode
was prepared using a slurry-coating method on the prepared
LSGM electrolyte film. A reference Pt electrode was also
coated close to the cathode and connected with a Pt lead
wire by using Pt paste. The cathode and the reference were
calcined at 1,100 °C for 0.5 h. Pt meshes covered surfaces
of the anode and cathode as current collectors. A molten
Pyrex glass was used for sealing the cell.
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Characterization

Sintering properties of LSGM and LDC powders were
confirmed and adjusted to form a dense coating layer
without delamination or cracks. The linear shrinkage
percent of LSGM and LDC disks was calculated by the
change in diameter before and after sintering. The relative
density and porosity were measured by the Archimedes
method. The electrical conductivity of buffer layer materials
was measured by a dc four-probe method in air.. X-ray
diffraction (XRD) using Cu Kα radiation (Rigaku Rint 2500,
Japan) was analyzed to determine the phase formation. The
power generation property of a single cell using LDC buffer
and LSGM electrolyte film prepared by screen printing
method was measured by a conventional four-probe method
at 500–700 °C. Humidified hydrogen (100 ml min−1, with
3 vol.% H2O) and oxygen (100 ml min−1) were supplied as
the fuel and oxidant, respectively. The anode of the cell was
reduced in hydrogen before cell test. Overpotential of the
prepared cell was measured using a current interruption
method. Microstructure of the cell was studied using a
scanning electron microscope (SEM, VE-7800, KEYENCE,
Japan)/energy dispersive X-ray spectroscopy (EDX) after the
cell test.

Results and discussion

For preparation of a thin-film electrolyte by a wet process
on an anode support, a co-sintering process is required for
both the film layer and the anode at a high temperature.
Thus, the sintering properties of the coating layer materials
must be confirmed to prevent delamination or sample
bending after sintering.

Figure 1 shows the effect of sintering temperature on the
relative density for LSGM and LDC disks. The disks were
prepared from LSGM and LDC powders, which were
calcined at 1,000 °C and 1,350 °C, respectively, and
sintered for 5 h. It is found that the LSGM prepared by
the solid-state reaction of ball milling can be dense (~99%)
after sintering above 1,300 °C. On the other hand, the LDC
is still porous (78.3%) after sintering at 1,400 °C.
Therefore, it is difficult to form a dense LDC buffer layer
with the LSGM electrolyte after co-sintering. Since the
LDC shows a low conductivity compared with that of
LSGM [4, 21], a large internal resistance (IR) loss is
expected for the cell with a porous LDC buffer layer.
Therefore, in order to achieve a high power density of the
cell using LDC/LSGM layers prepared by a wet process,
improving sintering and electrical properties of LDC is
essentially requested.

Table 1 summarizes the linear shrinkage of LSGM disks.
The disks were prepared with calcined powders treated

under different temperatures after sintering at 1,350 °C. The
shrinkage gradually increases with decreasing the calcina-
tion temperature of LSGM. This is related to the particle
size of the calcined LSGM powder because the powder
calcined at lower temperature has a fine particle size.
However, the particle size typically increases with increasing
calcination temperature and becomes much larger at higher
calcination temperatures. Since finer particles have high
surface energies, agglomeration and grain growth occur more
significantly than in coarse particles during sintering at a given
temperature, resulting in a large volumetric change [35].
Similar results with respect to linear shrinkage were also
observed for LSGM with different particle sizes-controlled
by calcination temperature in this study. Thus, LSGM
consisting of fine particles had a much greater shrinkage
compared to that calcined at high temperatures.

The effect of LSGM calcination temperature on phase
formation was investigated by XRD analysis. Figure 2
shows XRD patterns of LSGM disks prepared from the
powders calcined at given temperatures after sintering at
1,350 °C for 5 h. It can be seen that the single phase LSGM
with perovskite structure (Imma) is obtained by calcination
at greater than 900 °C and less than 1,300 °C. However,
LSGM calcined at 900 °C and 1,300 °C indicates a
secondary phase of SrLaGaO4. Formation of SrLaGaO4

phase is influenced by thermodynamics and solubility of
substituted cations in doped LaGaO3 system [36–38].
Rozumek et al. reported that equilibrium phases for LSGM
are facilitated by a mass transportation in precursors
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Fig. 1 Relative densities of LSGM and LDC after sintering at various
temperatures

Table 1 Linear shrinkage of LSGM disks after sintering at 1350°C as
a function of calcination temperature

T (°C) 900 1000 1100 1200 1300

ΔL/L (%) 20.8 19.7 16.8 15.4 12.4
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through an amorphous networking formed with increasing
temperatures [37]. In particular, a thermodynamic equilib-
rium condition is obtained above a certain temperature for
LSGM depending on powder preparation methods or
compositions. Majewski et al. reported that a liquid phase
in a ternary system of SrO–MgO–Ga2O3 was observed
during DTA measurement. An extended and complete
melting was occurred at ~1,260 °C and ~1380 °C,
respectively [36]. Thus, the presence of a liquid phase can
be also expected during calcination of the LSGM powder.
Since the liquid phase during calcination may induce a
variation on the stoichiometry of LSGM precursors, this
can lead to the formation of secondary phase on the LSGM
calcined at 1,300 °C during subsequent sintering. Similarly,
the secondary phase of SrLaGaO4 was also detected on the
LSGM with the same composition calcined at 1,200 °C
followed by 1,400 °C while the final sintering was
conducted at 1,500 °C [38]. Accordingly, the dense and
pure phase of LSGM perovskite prepared by ball milling is
obtained at the temperature range from 900 °C to 1,300 °C
for the calcination temperature in this study, although lower
sintering temperature was applied.

Figure 3 shows the power generating property of the cell
using LDC buffer (ca. 15 μm) and LSGM electrolyte (ca.
60 μm) layers prepared by screen printing followed by co-
firing at 1,350 °C. This cell shows 1.09 V of open circuit
voltage (OCV) at 700 °C (Fig. 3a), which almost
corresponds to the theoretical value of 1.10 V. The OCV
substantially increases with decreasing operating temper-
atures. This suggests that the LSGM electrolyte film
prepared by screen printing and co-sintering at 1,350 °C
is dense with a negligible gas leakage through the
electrolyte. However, maximum power densities (MPDs)

are not high as expected from the thickness of LSGM
electrolyte (60 μm), i.e., 0.290, 0.132, and 0.032 Wcm–2 at
700, 600, and 500 °C, respectively. In addition, a rapid drop
of the cell voltage was observed at higher current densities
probably due to insufficient gas diffusion of the fuel. This
cell used a 60 wt.% Ni-SDC cermet which was supposed to
have a less porous microstructure for the anode. Figure 3b
shows details on the internal resistance of the cell measured
by the current interruption method at 700 °C. Evidently, the
IR loss is dominant for the potential drop of the cell. The
estimated IR loss is much larger than that of LSGM
electrolyte film. Therefore, the large IR drop seems to be
attributed not to the electrolyte but to the interface or the
LDC buffer layer. Considering the low electrical conduc-
tivity and porous structure of LDC, one reason for the large
IR drop can be assigned to the large resistance of the LDC
buffer layer. A thinner LDC buffer layer is thus desirable
for decreasing the IR loss of the cell, but the thinner LDC
layer is not suitable for preventing the chemical reaction
between the LSGM electrolyte and Ni substrate [11]. Thus,
increasing the density and electrical conductivity of the
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Fig. 2 XRD patterns of LSGM disks after sintering at 1,350 °C as a
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1496 J Solid State Electrochem (2012) 16:1493–1502



LDC buffer layer is strongly requested for improving the
power generating property of intermediate temperature
SOFCs using LSGM electrolyte. Additionally, it should be
noted that the cathodic overpotential was also prominent on
the cell performance, and it was assumed due to the partial
delamination of the SSC cathode layer observed, which
might be occurred by the mismatch of thermal expansion
coefficient between the LDC/LSGM bi-layer and SSC
cathode.

In order to increase the sintering density of the LDC
buffer layer, various oxides such as MgO, SrO, ZrO2,
In2O3, Ga2O3, and LSGM as a sintering aid were examined
in this study. Figure 4 shows the SEM images of LDC
surfaces with different sintering additives after sintering at
1,350 °C for 5 h. The open porosity is reduced by the
addition of SrO, Ga2O3, and LSGM (Fig. 4e–g). In

particular, much higher sintering density (~99%) is
achieved by the addition of LSGM. Since the high density
is obtained, and the conductivity of LSGM is higher than
that of LDC, it is expected that the electrical conductivity of
LDC may be also increased by the LSGM addition.
Although the addition of LSGM was effective for improv-
ing the sintering density, LSGM addition in the LDC buffer
layer would cause a problem of the reaction with Ni in the
anode during the co-sintering. However, an effect of LSGM
as a sintering agent for LDC has not been reported up to
now. Thus, further detailed investigation on the effect of
LSGM is needed for optimizing the LSGM sintering agent
and increasing the electrical conductivity of the LDC buffer
layer.

Figure 5 shows the result on the sintering properties of
LDC with different LSGM amounts after sintering at

Fig. 4 SEM images of LDCs
with and without sintering
additives after sintering at
1,350 °C; LDC a without
additive and with b ZrO2,
c MgO, d In2O3, e Ga2O3,
f SrO, and g LSGM additives
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1,350 °C. The porosity is significantly decreased even
adding 1 wt.% LSGM. The shrinkage is also much
increased and becomes more compatible with that of
LSGM electrolyte (Table 1) by the addition of LSGM
sintering aid. This suggests that the small amount of LSGM
addition is still effective for enhancing the sintering
properties of LDC. Therefore, it is expected that the LDC
buffer layer mixed with 1 wt.% LSGM agent could be
dense and co-fired with the LSGM electrolyte prepared by
screen printing.

Figure 6 shows SEM images on the surfaces of LDCs
mixing with different amount of LSGM additives. It was
found that large open pores were located on the surface of
LDC after sintering (Fig. 4a). In contrast, LSGM added
LDCs clearly exhibit much denser and larger grain sized
surfaces compared with that of LDC. The grain size of
LSGM-LDC rarely varied with the amount of LSGM

addition. However, the grain size of LSGM sintering
additive placed at grain boundaries or triple junctions in
10 wt.% LSGM-LDC sample is larger than that in 1 wt.%
LSGM-LDC, as shown in Fig. 6a and d. The grain size of
LSGM particles tends to decrease with reducing the LSGM
amount. This implies that the added LSGM particles with
the perovskite structure are separated from LDC phase with
the fluorite structure and thus segregated at the grain
boundaries or triple junctions of LDC during sintering.
Moreover, the LSGM addition is supposed to be useful for
decreasing the particle size of LDC during ball mill mixing
because LSGM particle is smaller than that of LDC. Thus,
the linear shrinkage might be also increased by the LSGM
addition as small as 1 wt.% along with the densification of
the porous LDC.

The effects of the LSGM amount on the phase purity as
well as the reactivity against Ni were further studied. Figure 7
shows XRD patterns of LSGM-LDC disks after sintering at
1,350 °C. Main diffraction peaks are assigned to those from
the LDC fluorite phase, and perovskite LSGM peaks are
substantially detected except for the 1 wt.% LSGM-LDC.
There is no impurity peak observed after sintering. This
supports that LDC has no reactivity with LSGM [6]. On the
other hand, no XRD peak from the LSGM perovskite is
observed near 2θ=40° on the sample of 1 wt.% LSGM-
LDC. Thus, it was assumed that the amount of LSGM was
too small to be detected by XRD measurement. Considering
the small amount of LSGM, which is desirable for
preventing the reaction with Ni, the optimum amount of
LSGM addition for the LDC buffer layer seems 1 wt.%.

Further investigation on the reactivity between 1 wt.%
LSGM-LDC and NiO-SDC anode was carried out by
powder XRD analysis. As shown in Fig. 8, diffraction
peaks assigned only to NiO and doped CeO2 with the
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fluorite phase, respectively, are observed in the patterns for
the powder mixture of the NiO-SDC and LDC after
sintering at 1,350 °C for 5 h. Thus, it reveals that LDC
has no reactivity with the anode during sintering. Moreover,
XRD peaks for the mixture of the NiO-SDC and 1 wt.%
LSGM-LDC (Fig. 8b) are identical to those of the anode
and LDC mixture (Fig. 8a). There is neither an impurity
phase nor a peak shift observed. This means that the
reaction between the anode and 1 wt.% LSGM as a sintering
agent in LDC is not recognized. So, it can be said that the
influence of 1 wt.% LSGM on the reactivity with Ni is
much small enough to be negligible during the sintering.
Therefore, it was confirmed that 1 wt.% LSGM had no
significant effect or reactivity against the LDC and anode.

Influence of the LSGM additive on the conductivity of the
LDC material was evaluated. The electrical conductivity for
LDC and 1 wt.% LSGM-LDC samples sintered at 1,350 °C
for 5 h was measured using a dc four-probe method in air and
compared. The Arrhenius representation of the specimens is
shown in Fig. 9. The corresponding activation energies were
calculated from the slops. It is clear that the conductivity of
LDC increases with the addition of LSGM. The measured
conductivity of the 1 wt.% LSGM-LDC is 0.010 S cm−1 at
700 °C, which is much higher than 0.006 S cm−1 of LDC.
This value is slightly higher that of a 15 mol% La-doped
ceria sintered higher than 1,400 °C [21] but still lower than
that of LSGM [4]. In contrast, the activation energy of
1 wt.% LSGM-LDC is not much different compared with
that of LDC, as shown in Fig. 9. This suggests that no
significant reaction between the LDC and LSGM sintering
aid has occurred as confirmed by XRD analysis (Fig. 7). It
is noted that in a doped ceria, the electrical transport
property is influenced by sintering density and phase
homogeneity for bulk transport and also grain size for
grain boundary property [39]. Since the 1 wt.% LSGM
indicates no chemical interaction with LDC, the possibil-
ity related with a phase transformation can be excluded.
Therefore, the increased electrical conductivity can be
elucidated by the densification and probably a consequent
grain growth derived from the LSGM addition. It is thus
anticipated that the enhanced conductivity of LDC can be
effective for decreasing IR loss and thus increasing the power
density of the cell using LDC/LSGM screen printed layers.

The electrochemical performance of the single cell using
1 wt.% LSGM-LDC buffer (ca. 17 μm) and LSGM
electrolyte (ca. 60 μm) films fabricated by screen printing
and co-sintering at 1,350 °C is shown in Fig. 10. LSGM
calcined at 1,100 °C was used for the electrolyte layer, and
75 wt.% Ni-SDC cermet anode was used to diminish the
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rapid potential drop. This cell shows 1.07 V of the OCV at
700 °C, which is close to the theoretical value. This means
that the prepared LSGM electrolyte film is dense, and the
screen printing method is reproducible for fabricating the
dense LSGM film. Comparing with the result of the cell
using the LDC layer (Fig. 3a), this cell shows much
improved cell performance. The maximum power densities
of 0.831, 0.267, and 0.067 Wcm–2 are achieved on the cell
at 700 °C, 600 °C, and 500 °C, respectively (Fig. 10a). It
should be noted that the observed OCV and MPD are
higher than previous data [9, 13–16]. This implies that a
high performance can be obtained with an anode-
supported SOFC using the 1 wt.% LSGM-LDC buffer
and LSGM electrolyte films prepared by screen printing,
and the buffer layer effectively works for preventing the
formation of a resistive phase between the anode and the
LSGM electrolyte film. Figure 10b shows details of the
potential drop on the cell. Although the main reason for
the overpotential is still the IR loss, it is much smaller than
that using the LDC buffer layer. IR loss can be generally

related to two aspects: the electrical resistance of cell
components and the contact resistance of electrode/
electrolyte. Figure 11 shows the cross-sectional images
of the prepared cells using LDC and 1 wt.% LSGM-LDC
buffer layer as well as the result of EDX linear analysis on
the cell with 1 wt.% LSGM-LDC buffer layer after test.
LDC/LSGM and 1 wt.% LSGM-LDC/LSGM layers show
good adhesion with the anode, respectively. However, the
microstructure of coating layers is much different. The
LDC buffer layer is relatively porous compared to the
dense 1 wt.% LSGM-LDC layer. Thus, it was confirmed
that the sintering density of the LDC buffer layer prepared
by screen printing was also enhanced by the addition of
1 wt.% LSGM.

Since a small contact resistance is expected due to the
good contact, the difference of the IR loss on the cells can
be explained by the decreased resistivity of the dense 1 wt.
% LSGM-LDC buffer layer. This is why the MPD of the
cell using 1 wt % LSGM-LDC layer increases over twice
higher than that with the porous LDC layer. On the other
hand, the cathodic overpotential on this cell is still large
except for the IR loss although it is decreased compared
with that of the cell in Fig. 3. At present, although the
reason for the decreased cathodic overpotential is not clear,
it can be related with the improved contact at the interface
of the LSGM and SSC layers. This may be related with the
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Fig. 10 a I–V and I–P curves and b IR loss of the cell using 1 wt.%
LSGM-LDC buffer and LSGM electrolyte layers. NiO-SDC cermet
(Ni/SDC=75:25) was used for substrate

Fig. 11 Cross-sectional SEM images of the cells using a LDC/LSGM
and b 1 wt.% LSGM-LDC/LSGM layers and c EDX linear scans on
the cross-section of the cell with 1 wt.% LSGM-LDC/LSGM layer
after cell test
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variation in thermal expansion property of the bi-layer of
LSGM and 1 wt.% LSGM-LDC as mentioned in Fig. 5. In
any case, the cell performance could be further improved
by decreasing the cathodic overpotential. In addition, the
lowered anodic overpotential may also have an effect on the
cell performance because of the minimized concentration
polarization of the anode in Fig. 10. Accordingly, it can be
deduced that the electrochemical performance of the cell
using the 1 wt.% LSGM-LDC buffer and LSGM electrolyte
films is enhanced mainly by the high densification and
conductivity of the buffer layer, which is attributed to the
LSGM addition in LDC, as well as by the additional
reduction of the electrode overpotential. From Fig. 11c, the
Ni element was clearly detected at the interface of the 1 wt.
% LSGM-LDC and LSGM layers as well as in the LSGM
layer. This was also confirmed in the cell using the LDC/
LSGM films. Similar Ni diffusion in a SOFC using a LDC
buffer layer with a LSGM electrolyte film prepared by a
wet process was reported in other studies [11, 15].
Therefore, it seems that the buffer layer with ~17 μm
thickness cannot entirely prevent Ni diffusion during co-
firing, although the dense buffer layer can be obtained at
the reduced co-sintering temperature. This also implies that
the reduced sintering temperature is not enough to inhibit
the Ni diffusion. In addition, the Ni remained in the LSGM
electrolyte can cause the electronic conduction [40]. Thus,
the reduced OCV is attributed to the diffused Ni toward the
electrolyte.

Conclusions

Anode-supported SOFCs incorporating a LDC buffer layer
and LSGM electrolyte film on a NiO-SDC anode were
successfully prepared by screen printing and co-sintering
method. A dense LSGM electrolyte with a single perovskite
phase was obtained after sintering at 1,350 °C for 5 h. A
dense and uniform LDC buffer layer could be also prepared
by adding a small amount of LSGM as a sintering agent.
The addition of 1 wt.% LSGM improved the sintering
density and conductivity of LDC with no significant
reactivity with LDC and the anode. MPDs of 0.831,
0.267, and 0.067 Wcm–2 on the cell using the 1 wt.%
LSGM-LDC buffer and LSGM electrolyte layers were
achieved at 700 °C, 600 °C, and 500 °C, respectively, but
were slightly lower than that expected from the electrolyte
thickness. The reason is supposed due to the still high
resistivity of the 1 wt.% LSGM-LDC compared with that of
LSGM and the thicker electrolyte film. Ni diffused into the
LSGM electrolyte layer, although the dense LDC buffer
layer was fabricated at the reduced sintering temperature of
1,350 °C. Accordingly, this study reveals that a LSGM film
prepared by screen printing can be used as the electrolyte of

intermediate temperature SOFCs with almost theoretical
OCV and high power generating property. Sintering and
electrical properties of a LDC buffer layer can be improved
by the addition of a sintering agent, resulting in decreasing
IR loss and thus enhancing cell performance.
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