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a b s t r a c t

La0.8Sr0.2Ga0.8Mg0.2O2.8 (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 (Ce0.55La0.45O1.775) 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 cm2 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.
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. Introduction

La1−xSrxGa1−yMgyO3−ı (LSGM) is one of the materials that
any fuel cell developers are considering as a potential candi-

ate to replace the state-of-the-art yttria-stabilized zirconia (YSZ)
lectrolyte for intermediate-temperature solid oxide fuel cells
IT-SOFCs), mainly due to its high oxygen-ion conductivity. In addi-
ion, LSGM has attracted particular attention because it shows

echanical stability and long-term durability [1–4]. Neverthe-
ess, the chemical instability of LSGM has so far prevented its
se as an electrolyte for IT-SOFCs. It has been reported [5] that
he reaction occurring at the Ni-based anode|LSGM electrolyte
nterface during sintering leads to degradation of cell perfor-

ance, due to the formation of insulating reaction products. The
ccurrence of the interface reaction has been confirmed in our
aboratory [6].
According to the data of Huang et al. [4], who systematically
ynthesized LSGMs via a solid-state reaction while varying both x
nd y over the compositional range from 0.05 to 0.3 in steps of 0.05,
a0.80Sr0.20Ga0.83Mg0.17O3−ı (LSGM8083: a combination of La and
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a atomic percentages is used in this symbolic system) showed the
ighest conductivity at 800 ◦C. On the other hand, LSGM8080 gave
he highest conductivity in our previous data [6]. In that study, how-
ver, it has to be noted that the conductivity measurements were
ade for only four compositions, namely: LSGM9090, LSGM9080,

SGM8090 and LSGM8080
In this investigation, an attempt is made to use a chemically-

table LDC (45 mol% lanthanum-doped ceria) buffer layer to prevent
he reaction between Ni and LSGM at the anode|electrolyte inter-
ace. The LDC is prepared via a solid-state reaction and also used
s the anode skeleton material. The composition of LSGM is chosen
s the one with the highest conductivity. For this purpose, LSGMs
ith the compositions, 8080 and 8083, which were previously

eported to exhibit the highest conductivity, are prepared by the
lycine nitrate process (GNP) and their conductivities are measured
or comparison. A single-cell test is conducted at intermediate-
emperatures of 750 and 800 ◦C with and without the buffer layer
o examine its effect.

. Experimental procedure
.1. Sample preparation

LSGM powders with the compositions 8080 and 8083 were syn-
hesized by means of the GNP and calcined at 1000 ◦C for 2 h.
ommercial powders of La(NO3)3·6H2O, Sr(NO3)2, Ga(NO3)3·xH2O
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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
Fig. 1. (a) Schematic configuration and (b) cross-se

nd Mg(NO3)2·6H2O (Kojundo Chemical) were used as the starting
aterials together with glycine (Duksan Chemical). The details of

he synthesis procedure have been described in earlier work [6].
he synthesized powder was compacted into a disc (20 mm Ø) and
intered at 1400 ◦C for 4 h in air for characterization. The LDC pow-
er was prepared from La2O3 and CeO2 powders (Kanto Chemical)
y the solid-state reaction at 1400 ◦C for 3 h. Prior to the reaction,
mixture of the two powders with an La:Ce molar ratio of 45:55
ere ball milled in ethyl alcohol for 48 h and the slurry was dried

n an oven.
The phases of the sintered LSGM and of the synthesized LDC

ere identified by means of X-ray diffraction analysis (XRD, Rigaku
eigerflex, DMAX-IIA). The microstructures of the sintered LSGM
ere observed through a field emission scanning electron micro-

cope (FE-SEM, Hitachi S-4300). The electrical conductivities of the
SGM were measured at various temperatures between 500 and
00 ◦C using ac two-probe impedance analysis (Hewlett-Packard,
P4192A) and the composition with the maximum conductiv-

ty was determined from the gathered data. Platinum paste was
ainted on both sides of a disc specimen and fired at 900 ◦C for 3 h to
orm the electrodes necessary for the measurement. Once the com-
osition of maximum conductivity was determined, only the LSGM

with that composition, was used in the subsequent experiments
nd the other compositions were no longer considered.

.2. Chemical stability of LDC buffer layer

In order to examine the chemical stability of the LDC layer in
ontact with LSGM, a powder mixture of LDC and LSGM with a
eight ratio of 1:1 was prepared. For uniform mixing, the mixture
as wet-milled in a mortar using an agent of ethyl alcohol. After
rying, it was heated at 1400 ◦C for 4 h (this was actually the sinter-

ng condition for the specimen with successive layers of LDC and
SGM on top of the anode-support) to ensure a sufficient reaction
etween the two materials. Finally, the material was crushed into
powder again in a mortar for XRD analysis, in order to examine
hether or not there were any reaction products formed during
eating.

.3. Single-cell tests

For single-cell tests, an anode-supported cell with an active
rea of 1 cm2 was constructed, as shown in the schematic dia-

ram presented in Fig. 1(a). A powder mixture of 45 vol.%NiO/LDC
ogether with activated carbon as a pore former was ball milled
n ethanol for 48 h, dried in an oven, pressed uni-axially into

disc (diameter: 24 mm), and pre-sintered at 1250 ◦C for 3 h
o prepare an anode-support. The LDC buffer layer was then
al BSE micrograph of anode-supported single-cell.

oated on to the anode by repeated dipping in a suitably pre-
ared slurry and co-fired at 1400 ◦C for 4 h. The LSGM electrolyte

ayer was formed likewise. The thickness of each layer was
ontrolled by adjusting the number of dip-coatings. Finally, dou-
le layers of LSM (La0.85Sr0.15MnO3)–LSGM composite and LSCF
La0.6Sr0.4Co0.2Fe0.8O3) were coated as a cathode successively on
op of the LSGM layer by screen printing. The single cell was ready
or 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-
ectional view of the single cell. Dry hydrogen and air were fed as
uel and oxidant gases, respectively. Both gases were supplied at
he same flow rate of 100 ml min−1 by mass-flow controllers.

. Results and discussion

.1. Characterization of LSGMs

The XRD patterns of LSGM8080 and LSGM8083, which have a
ingle phase of perovsikte structure in their as-sintered states, are
hown in Fig. 2. According to the XRD patterns that have been pre-
ented by Datta et al. [7], LSGM8080 synthesized by a solid-state
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 LSG

Table 1
Average grain sizes and relative densities for LSGM8080 and LSGM8083 sintered at
1400 ◦C for 4 h.
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omposition Average grain size (�m) Relative density (%)

SGM8080 3.9 99.5
SGM8083 3.7 99.3

wo images. Both show well-developed grains with quite simi-
ar average sizes. The grains are arranged densely with no visible
ores between them and, as can be seen in the Table, the values
f the relative density are over 99% for the two LSGMs, mean-
ng that they were both well sintered. Fig. 4 shows the Arrhenius
lot for the electrical conductivity of the two LSGMs. According to
he data, the electrical conductivity of LSGM8080 is slightly higher
han that of LSGM8083 over the whole range of temperature cho-
en for the measurements. At 800 ◦C, for example, the electrical
onductivity values for LSGM8080 and LSGM8083 are 0.144 and
.116 S cm−1, respectively. Electrical conductivity tests were per-
ormed four or five times and the measurement error was ±5%.
he value of 0.144 S cm−1 for LSGM8080 is more than three times
s high as ∼0.045 S cm−1 reported for YSZ at 800 ◦C [8] and even

igher than ∼0.1 S cm−1 for YSZ at 1000 ◦C. Thus, it can be said that
SGM8080 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

ig. 4. Arrhenius plot for ionic conductivity of LSGM8080 and LSGM8083 sintered
t 1400 ◦C.
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M8083 (right) sintered at 1400 ◦C for 4 h.

SGM8080 in the temperature range of 600 to 800 ◦C. This may have
een caused by the different synthesis methods used for the LSGM
owders or by their different grain structures.

.2. Chemical stability of LDC buffer layer material

An Ni–YSZ cermet is generally used as the anode in the case
f an YSZ electrolyte. Likewise, an Ni–LSGM cermet would be the
atural choice as the anode material in the case of an LSGM elec-
rolyte. It was observed in our laboratory, however, that LSGM8080
eacted extensively with Ni to form an insulating product phase of
aNiO3 [6], as mentioned above. It was therefore concluded that
SGM would not be an adequate skeleton material for the anode.
urthermore, the anode containing Ni should not be in direct con-
act with the LSGM electrolyte. A chemically-stable buffer layer
as to be inserted between the anode and electrolyte layers. Some
earches were made for a proper material and, after a few trials,
DC was finally chosen.

Figs. 5 and 6 give the XRD patterns of the LDC/NiO and
DC/LSGM8080 mixtures, respectively, before and after heating at
400 ◦C for 4 h. In both figures, the XRD patterns before and after

eating are practically the same and no extra peaks for reaction
roduct phases can be seen. This means that the LDC is inert to
oth NiO and LSGM8080 and therefore can be used as a mate-
ial for the buffer layer, as well as for the skeleton of the anode.

ig. 5. XRD patterns of LDC/NiO mixture before and after heating at 1400 ◦C for 4 h.
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ig. 6. XRD patterns of LDC/LSGM8080 mixture before and after heating at 1400 ◦C
or 4 h.

s a final verification before its use, the electrical conductivity of
DC was measured. It turned out to be about the same as that of
SZ.

.3. Single-cell performance

The current density–voltage (I–V) and current density–power
ensity (I–P ) characteristics of a cell with a (NiO + LDC)|
DC|LSGM|cathode configuration at 750 and 800 ◦C are shown in
ig. 7. In order to minimize the ohmic losses, the LDC buffer layer
nd the LSGM electrolyte layer were made as thin as 15 and 20 �m,
espectively. The value of the open-circuit voltage (OCV) normally
xpected from the theoretical calculation (high heating value basis)
or a typical solid oxide fuel cell operating at 800 ◦C is 0.978 V [9].
owever, as can be seen in the Fig. 7, the OCV is 0.81 V at 800 ◦C,
hich is lower than the expected value, and 0.84 V at 750 ◦C. The
aximum power density is 517 and 426 mW cm−2, respectively.
Efforts were made to find the possible causes for the low OCV
bserved in Fig. 7. First of all, the reproducibility of the experimen-
al data was checked by repeating the same single-cell test. Then,
or comparison, another single-cell test was performed using the
ame cell but without an LDC layer. Fig. 8 compares the polariza-

ig. 7. Performance of single-cell (thin LSGM) with LDC buffer layer at 750 and
00 ◦C.
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ig. 8. Comparison of cell performances in cases with and without an LDC buffer
ayer at 800 ◦C.

ion curves for the cells with and without an LDC layer at 800 ◦C.
t can be easily seen that the cell without an LDC layer shows a
igher OCV (0.98 V) than that with an LDC layer. The OCV of 0.98 V

or the former is quite close to the theoretically expected value. The
ell without an LDC layer also shows a lager IR drop (the slope of
he I–V curve) than that with an LDC layer. This large IR drop must
ave been caused by the product phase (LaNiO3) resulting from the
forementioned chemical reaction between Ni and LSGM.

The only difference between the two cells is the presence or
bsence of an LDC buffer layer. Therefore, it is natural to assume that
he low OCV originates from the LDC layer. It is well known that,
n the case of ceria-based electrolyte such as LDC, some Ce4+ ions
re reduced to Ce3+ in a reducing atmosphere and rise to increased
lectron conduction and thus internal currents. According to the
heory on fuel cell irreversibilities, the internal current is supposed
o shift the polarization curve to the lower current side by the
mount of the internal current and thus causes a voltage drop at
pen-circuit [9]. Besides, the LSGM layer is too thin to block the
lectron flow from the LDC layer. Recently, Bi et al. [10] encountered
he same situation as found here when conducting performance
ests of an anode-supported solid oxide fuel cell with a bilayered
DC/LSGM electrolyte. They investigated systematically the effect
f LSGM layer thickness on the OCV and concluded that electron
ow from the LDC layer cannot be blocked completely by an LSGM

ayer with a thickness of less than 50 �m [10].
On the basis of the conclusion of Bi et al. [10], an attempt was

ade to thicken gradually the LSGM layer by increasing the num-
er of dip-coatings. Finally, as can be seen in Fig. 8, the OCV of the
ell at 800 ◦C increased from 0.81 to 0.98 V, which is the same as
he value for the cell without an LDC layer, when the LSGM layer
as thickened from 20 �m (thin LSGM) to 60 �m (thick LSGM) with

he other conditions kept the same as those corresponding to Fig. 7.
he 60 �m thick LSGM layer thus seems to be thick enough to block
lectron flow from the LDC layer. The IR drop for the cell with the
hick LSGM is a slightly larger than that for the cell with the thin
SGM, but not as large as would be expected given that the LSGM
ayer has been triply thickened. Fig. 9 shows the I–V and I–P char-
cteristics at 750 and 800 ◦C for the cell with the thick LSGM layer.

he OCV obtained from the experimental data is 0.99 V at 750 ◦C
nd the maximum power densities at 800 and 750 ◦C are 664 and
59 mW cm−2, respectively. At 800 ◦C, for example, a ∼28% increase

n the maximum power density has thus been achieved simply by
hickening the LSGM layer.
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ig. 9. Performance of single cell (thick LSGM) with LDC buffer layer at 750 and
00 ◦C.

. Conclusions

The performance of LSGM (La1−xSrxGa1−yMgyO3−ı) as the elec-

rolyte for IT-SOFCs has been evaluated using an anode-supported
ingle-cell at intermediate-temperatures of 750 and 800 ◦C. A
hemically-stable LDC (45 mol% lanthanum-doped ceria) buffer
ayer is inserted between the layers of the Ni–LDC cermet anode
nd LSGM electrolyte to prevent reaction between Ni and LSGM at [
urces 185 (2008) 207–211 211

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

The cell shows relatively poor performance with a lower OCV
0.81 V at 800 ◦C and 0.84 V at 750 ◦C) than the theoretically calcu-
ated value when the LSGM layer is thin (20 �m). On the other hand,

hen the LSGM layer is thickened to 60 �m, which is thick enough
o block electron flow from the LDC buffer layer, an OCV very close
o the theoretical value is obtained (0.98 V at 800 ◦C and 0.99 V at
50 ◦C). The maximum power densities are 664 and 459 mW cm−2

t 800 and 750 ◦C, respectively.
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