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LapgSro2GapsMgp2025 (LSGM8080) powder, showing the highest electrical conductivity among LSGMs
of various compositions, is synthesized using the glycine nitrate process (GNP) and used as the electrolyte
for an intermediate-temperature solid oxide fuel cell (IT-SOFC). The LDC (Cegs5Lap4501.775) powder is
synthesized by a solid-state reaction and employed as the material for a buffer layer to prevent the reac-
tion between the anode and electrolyte materials. The LDC also serves as the skeleton material for the
anode. An anode-supported single cell with an active area of 1 cm? is constructed for performance evalu-
ation. A single-cell test is performed at 750 and 800 °C. The maximum power density of the cell 459 and
664 mW cm—2 at 750 and 800 °C, respectively.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

La;_,SrxGa;_yMgyO3_s (LSGM) is one of the materials that
many fuel cell developers are considering as a potential candi-
date to replace the state-of-the-art yttria-stabilized zirconia (YSZ)
electrolyte for intermediate-temperature solid oxide fuel cells
(IT-SOFCs), mainly due to its high oxygen-ion conductivity. In addi-
tion, LSGM has attracted particular attention because it shows
mechanical stability and long-term durability [1-4]. Neverthe-
less, the chemical instability of LSGM has so far prevented its
use as an electrolyte for IT-SOFCs. It has been reported [5] that
the reaction occurring at the Ni-based anode|LSGM electrolyte
interface during sintering leads to degradation of cell perfor-
mance, due to the formation of insulating reaction products. The
occurrence of the interface reaction has been confirmed in our
laboratory [6].

According to the data of Huang et al. [4], who systematically
synthesized LSGMs via a solid-state reaction while varying both x
and y over the compositional range from 0.05 to 0.3 in steps of 0.05,
Lag goSro.20Gag.g3Mgp1705_s (LSGM8083: a combination of La and
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Ga atomic percentages is used in this symbolic system) showed the
highest conductivity at 800 °C. On the other hand, LSGM8080 gave
the highest conductivity in our previous data [6]. In that study, how-
ever, it has to be noted that the conductivity measurements were
made for only four compositions, namely: LSGM9090, LSGM9080,
LSGM8090 and LSGM8080

In this investigation, an attempt is made to use a chemically-
stable LDC (45 mol% lanthanum-doped ceria) buffer layer to prevent
the reaction between Ni and LSGM at the anode|electrolyte inter-
face. The LDC is prepared via a solid-state reaction and also used
as the anode skeleton material. The composition of LSGM is chosen
as the one with the highest conductivity. For this purpose, LSGMs
with the compositions, 8080 and 8083, which were previously
reported to exhibit the highest conductivity, are prepared by the
glycine nitrate process (GNP) and their conductivities are measured
for comparison. A single-cell test is conducted at intermediate-
temperatures of 750 and 800 °C with and without the buffer layer
to examine its effect.

2. Experimental procedure
2.1. Sample preparation
LSGM powders with the compositions 8080 and 8083 were syn-

thesized by means of the GNP and calcined at 1000°C for 2 h.
Commercial powders of La(NO3)3-6H,0, Sr(NO3 ), Ga(NO3)3-xH,0


http://www.sciencedirect.com/science/journal/03787753
mailto:dylee@korea.ac.kr
mailto:hanjuh99@korea.ac.kr
mailto:keg0710@nate.com
mailto:rhsong@kier.re.kr
mailto:drshin@korea.ac.kr
dx.doi.org/10.1016/j.jpowsour.2008.06.028

208 D. Lee et al. / Journal of Power Sources 185 (2008) 207-211

Fig. 1. (a) Schematic configuration and (b) cross-sectional BSE micrograph of anode-supported single-cell.

and Mg(NO3),-6H,0 (Kojundo Chemical) were used as the starting
materials together with glycine (Duksan Chemical). The details of
the synthesis procedure have been described in earlier work [6].
The synthesized powder was compacted into a disc (20 mm @) and
sintered at 1400°C for 4 h in air for characterization. The LDC pow-
der was prepared from La, 03 and CeO, powders (Kanto Chemical)
by the solid-state reaction at 1400 °C for 3 h. Prior to the reaction,
a mixture of the two powders with an La:Ce molar ratio of 45:55
were ball milled in ethyl alcohol for 48 h and the slurry was dried
in an oven.

The phases of the sintered LSGM and of the synthesized LDC
were identified by means of X-ray diffraction analysis (XRD, Rigaku
Geigerflex, DMAX-IIA). The microstructures of the sintered LSGM
were observed through a field emission scanning electron micro-
scope (FE-SEM, Hitachi S-4300). The electrical conductivities of the
LSGM were measured at various temperatures between 500 and
800°C using ac two-probe impedance analysis (Hewlett-Packard,
HP4192A) and the composition with the maximum conductiv-
ity was determined from the gathered data. Platinum paste was
painted on both sides of a disc specimen and fired at 900 °Cfor 3 h to
form the electrodes necessary for the measurement. Once the com-
position of maximum conductivity was determined, only the LSGM
,with that composition, was used in the subsequent experiments
and the other compositions were no longer considered.

2.2. Chemical stability of LDC buffer layer

In order to examine the chemical stability of the LDC layer in
contact with LSGM, a powder mixture of LDC and LSGM with a
weight ratio of 1:1 was prepared. For uniform mixing, the mixture
was wet-milled in a mortar using an agent of ethyl alcohol. After
drying, it was heated at 1400 °C for 4 h (this was actually the sinter-
ing condition for the specimen with successive layers of LDC and
LSGM on top of the anode-support) to ensure a sufficient reaction
between the two materials. Finally, the material was crushed into
a powder again in a mortar for XRD analysis, in order to examine
whether or not there were any reaction products formed during
heating.

2.3. Single-cell tests

For single-cell tests, an anode-supported cell with an active
area of 1cm? was constructed, as shown in the schematic dia-
gram presented in Fig. 1(a). A powder mixture of 45 vol.%NiO/LDC
together with activated carbon as a pore former was ball milled
in ethanol for 48h, dried in an oven, pressed uni-axially into
a disc (diameter: 24 mm), and pre-sintered at 1250°C for 3 h
to prepare an anode-support. The LDC buffer layer was then

coated on to the anode by repeated dipping in a suitably pre-
pared slurry and co-fired at 1400°C for 4 h. The LSGM electrolyte
layer was formed likewise. The thickness of each layer was
controlled by adjusting the number of dip-coatings. Finally, dou-
ble layers of LSM (LaggsSrg15Mn0O3)-LSGM composite and LSCF
(LaggSrg4CogoFeqg03) were coated as a cathode successively on
top of the LSGM layer by screen printing. The single cell was ready
for the test after firing the cathode layer at 1200 °C for 3 h. The BSE
(back-scattered electron) micrograph in Fig. 1(b) shows a cross-
sectional view of the single cell. Dry hydrogen and air were fed as
fuel and oxidant gases, respectively. Both gases were supplied at
the same flow rate of 100 mImin—! by mass-flow controllers.

3. Results and discussion
3.1. Characterization of LSGMs

The XRD patterns of LSGM8080 and LSGM8083, which have a
single phase of perovsikte structure in their as-sintered states, are
shown in Fig. 2. According to the XRD patterns that have been pre-
sented by Datta et al. [7], LSGM8080 synthesized by a solid-state
reaction contains very little of the above-mentioned second phases.

The SEM images of the two LSGMs are given in Fig. 3. The aver-
age grain sizes are estimated from the images and summarized in
Table 1, together with the relative densities measured using the
Archimedes method. No practical differences can be found in the

® Perovskite-type phase
™ [ ] [ ] (]
° .

LSGM8080
e

1 " 1 " 1 n 1

20 30 40 50 60 70 80
20(degree)

Intensity (arb. unit)

|

LSGM8083

A ]

Fig. 2. XRD patterns of LSGM8080 and LSGM8083 sintered at 1400°C for 4 h.
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Fig. 3. SEM images of LSGM8080 (left) and LSGM8083 (right) sintered at 1400°C for 4 h.

Table 1
Average grain sizes and relative densities for LSGM8080 and LSGM8083 sintered at
1400°C for 4 h.

Composition Average grain size (um) Relative density (%)

LSGM8080 3.9 9915
LSGM8083 3.7 99.3

two images. Both show well-developed grains with quite simi-
lar average sizes. The grains are arranged densely with no visible
pores between them and, as can be seen in the Table, the values
of the relative density are over 99% for the two LSGMs, mean-
ing that they were both well sintered. Fig. 4 shows the Arrhenius
plot for the electrical conductivity of the two LSGMs. According to
the data, the electrical conductivity of LSGMB8080 is slightly higher
than that of LSGM8083 over the whole range of temperature cho-
sen for the measurements. At 800°C, for example, the electrical
conductivity values for LSGM8080 and LSGM8083 are 0.144 and
0.116 Scm™!, respectively. Electrical conductivity tests were per-
formed four or five times and the measurement error was +5%.
The value of 0.144Scm~! for LSGM8080 is more than three times
as high as ~0.045Scm™! reported for YSZ at 800°C [8] and even
higher than ~0.1 Scm~! for YSZ at 1000 °C. Thus, it can be said that
LSGMB8080 is a promising electrolyte for IT-SOFCs.

The above finding, however, is contrary to that of Huang et al.
[6]for which LSGM8083 showed higher electrical conductivity than
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Fig. 4. Arrhenius plot for ionic conductivity of LSGM8080 and LSGM8083 sintered
at 1400°C.

LSGM8080 in the temperature range of 600 to 800 °C. This may have
been caused by the different synthesis methods used for the LSGM
powders or by their different grain structures.

3.2. Chemical stability of LDC buffer layer material

An Ni-YSZ cermet is generally used as the anode in the case
of an YSZ electrolyte. Likewise, an Ni-LSGM cermet would be the
natural choice as the anode material in the case of an LSGM elec-
trolyte. It was observed in our laboratory, however, that LSGM8080
reacted extensively with Ni to form an insulating product phase of
LaNiOs [6], as mentioned above. It was therefore concluded that
LSGM would not be an adequate skeleton material for the anode.
Furthermore, the anode containing Ni should not be in direct con-
tact with the LSGM electrolyte. A chemically-stable buffer layer
has to be inserted between the anode and electrolyte layers. Some
searches were made for a proper material and, after a few trials,
LDC was finally chosen.

Figs. 5 and 6 give the XRD patterns of the LDC/NiO and
LDC/LSGM8080 mixtures, respectively, before and after heating at
1400°C for 4 h. In both figures, the XRD patterns before and after
heating are practically the same and no extra peaks for reaction
product phases can be seen. This means that the LDC is inert to
both NiO and LSGMS8080 and therefore can be used as a mate-
rial for the buffer layer, as well as for the skeleton of the anode.
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Fig. 5. XRD patterns of LDC/NiO mixture before and after heating at 1400 °C for 4 h.
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Fig. 6. XRD patterns of LDC/LSGM8080 mixture before and after heating at 1400°C
for 4h.

As a final verification before its use, the electrical conductivity of
LDC was measured. It turned out to be about the same as that of
YSZ.

3.3. Single-cell performance

The current density-voltage (I-V) and current density-power
density (I-P ) characteristics of a cell with a (NiO+LDC)
LDC|LSGM|cathode configuration at 750 and 800°C are shown in
Fig. 7. In order to minimize the ohmic losses, the LDC buffer layer
and the LSGM electrolyte layer were made as thin as 15 and 20 p.m,
respectively. The value of the open-circuit voltage (OCV) normally
expected from the theoretical calculation (high heating value basis)
for a typical solid oxide fuel cell operating at 800°C is 0.978V [9].
However, as can be seen in the Fig. 7, the OCV is 0.81V at 800°C,
which is lower than the expected value, and 0.84V at 750°C. The
maximum power density is 517 and 426 mW cm~2, respectively.

Efforts were made to find the possible causes for the low OCV
observed in Fig. 7. First of all, the reproducibility of the experimen-
tal data was checked by repeating the same single-cell test. Then,
for comparison, another single-cell test was performed using the
same cell but without an LDC layer. Fig. 8 compares the polariza-
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Fig. 7. Performance of single-cell (thin LSGM) with LDC buffer layer at 750 and
800°C.
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Fig. 8. Comparison of cell performances in cases with and without an LDC buffer
layer at 800°C.

tion curves for the cells with and without an LDC layer at 800°C.
It can be easily seen that the cell without an LDC layer shows a
higher OCV (0.98 V) than that with an LDC layer. The OCV of 0.98 V
for the former is quite close to the theoretically expected value. The
cell without an LDC layer also shows a lager IR drop (the slope of
the I-V curve) than that with an LDC layer. This large IR drop must
have been caused by the product phase (LaNiOs ) resulting from the
aforementioned chemical reaction between Ni and LSGM.

The only difference between the two cells is the presence or
absence of an LDC buffer layer. Therefore, it is natural to assume that
the low OCV originates from the LDC layer. It is well known that,
in the case of ceria-based electrolyte such as LDC, some Ce** ions
are reduced to Ce3* in a reducing atmosphere and rise to increased
electron conduction and thus internal currents. According to the
theory on fuel cell irreversibilities, the internal current is supposed
to shift the polarization curve to the lower current side by the
amount of the internal current and thus causes a voltage drop at
open-circuit [9]. Besides, the LSGM layer is too thin to block the
electron flow from the LDC layer. Recently, Bi et al. [ 10] encountered
the same situation as found here when conducting performance
tests of an anode-supported solid oxide fuel cell with a bilayered
LDC/LSGM electrolyte. They investigated systematically the effect
of LSGM layer thickness on the OCV and concluded that electron
flow from the LDC layer cannot be blocked completely by an LSGM
layer with a thickness of less than 50 wm [10].

On the basis of the conclusion of Bi et al. [10], an attempt was
made to thicken gradually the LSGM layer by increasing the num-
ber of dip-coatings. Finally, as can be seen in Fig. 8, the OCV of the
cell at 800°C increased from 0.81 to 0.98V, which is the same as
the value for the cell without an LDC layer, when the LSGM layer
was thickened from 20 pm (thin LSGM) to 60 p.m (thick LSGM) with
the other conditions kept the same as those corresponding to Fig. 7.
The 60 pm thick LSGM layer thus seems to be thick enough to block
electron flow from the LDC layer. The IR drop for the cell with the
thick LSGM is a slightly larger than that for the cell with the thin
LSGM, but not as large as would be expected given that the LSGM
layer has been triply thickened. Fig. 9 shows the I-V and I-P char-
acteristics at 750 and 800 °C for the cell with the thick LSGM layer.
The OCV obtained from the experimental data is 0.99V at 750°C
and the maximum power densities at 800 and 750 °C are 664 and
459 mW cm~2, respectively. At 800 °C, for example, a ~28% increase
in the maximum power density has thus been achieved simply by
thickening the LSGM layer.
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Fig. 9. Performance of single cell (thick LSGM) with LDC buffer layer at 750 and
800°C.

4. Conclusions

The performance of LSGM (La;_,SrxGa;_y,Mgy03_s) as the elec-
trolyte for IT-SOFCs has been evaluated using an anode-supported
single-cell at intermediate-temperatures of 750 and 800°C. A
chemically-stable LDC (45 mol% lanthanum-doped ceria) buffer
layer is inserted between the layers of the Ni-LDC cermet anode
and LSGM electrolyte to prevent reaction between Ni and LSGM at

the anode|electrolyte interface. The composition of LSGM chosen is
the one with both x and y equal to 0.2, which is proven to have the
highest conductivity when prepared by the glycine nitrate process.

The cell shows relatively poor performance with a lower OCV
(0.81V at 800°C and 0.84V at 750°C) than the theoretically calcu-
lated value when the LSGM layer is thin (20 wm). On the other hand,
when the LSGM layer is thickened to 60 pm, which is thick enough
to block electron flow from the LDC buffer layer, an OCV very close
to the theoretical value is obtained (0.98V at 800°C and 0.99V at
750 °C). The maximum power densities are 664 and 459 mW cm 2
at 800 and 750°C, respectively.
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