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La0.8Sr0.2Ga(0.8x)Mg0.2O3−δ (LSGM) (x = 0.85, 0.9, 0.95, 1) precursor powders were prepared by spray pyrolysis from spray
solutions with various Ga contents. The pellets fired at 1400 °C had dense structures without pores, irrespective of the Ga
content of the powders. The grain sizes of the pellets formed from powders with low Ga contents were larger than those of
the pellets formed from powders with stoichiometric Ga contents. At firing temperatures of 1300 oC and 1400 oC, phase-pure
LSGM pellets were obtained from powders with a stoichiometric amount of 85 at.% Ga (x = 0.85), as was evident from the
results of crystal structure analysis. An orthorhombic–rhombohedral phase transition occurred in the pellets formed from
powders with stoichiometric amounts of 95 at.% (x = 0.95), and 85 at.% (x = 0.85) Ga at a firing temperature of 1400 oC. The
conductivities of LSGM with orthorhombic and rhombohedral structures sintered at 1400 oC were 0.007 S/cm and 0.022 S/cm,
respectively, at a low measurement temperature of 600 oC.
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Introduction

Solid oxide fuel cells (SOFCs) are gaining attention
because their efficiency and fuel flexibility are better than
those of other fuel cells [1, 2]. SOFCs operating at tem-
peratures above 800 oC are termed high-temperature
SOFCs. Yttria-stabilized zirconia (YSZ) is used as the
electrolyte in high-temperature SOFCs [3, 4]. SOFCs
operating at temperatures below 800 oC are termed
intermediate-temperature or low-temperature SOFCs,
depending on the operating temperature. Studies have
been carried out on the feasibility of using doped lanthanum
gallate oxide La1−xSrxGa1−yMgyO3−δ (LSGM) as the
electrolyte in low-temperature SOFCs; this is because
of the high ionic conductivity of this compound at low
temperatures [5-7]. LSGM electrolytes are expected to
have good chemical homogeneity and a low porosity at
low sintering temperatures.

The use of LSGM electrolytes in various solid-state
reactions and liquid solution methods has been studied
[5, 7, 8-11]. However, it is difficult to obtain phase-pure
LSGM powders under mild preparation conditions since
the product is contaminated with various intermediate phases
formed, such as LaSrGa3O7, LaSrGaO4, and La4Ga2O9

[4, 12, 13]. The sintering characteristics of LSGM electrolytes
are affected by the mean size, morphology, and phase

homogeneity of the LSGM powders.
Spray pyrolysis, a gas-phase reaction, has been successfully

used for the synthesis of multicomponent ceramic powders
with good phase homogeneity [14]. Electrolyte powders
with various compositions have been prepared by spray
pyrolysis for use in SOFCs, and the characteristics of these
powders have been studied extensively [15-17]. However,
very few studies have focused on the preparation of
LSGM electrolytes by spray pyrolysis.

In this study, LSGM powders were prepared by spray
pyrolysis from spray solutions with various Ga contents.
The Ga content of the spray solution affected the crystal
structures of the prepared LSGM powders. The electrolytic
characteristics of LSGM powders with various Ga
contents were studied.

Experimental procedure

The precursor powders of La0.8Sr0.2Ga(0.8·x)Mg0.2O3−δ

(x = 0.85, 0.9, 0.95, 1) electrolytes were prepared by
spray pyrolysis. A 1.7-MHz ultrasonic spray generator
with six vibrators was used to generate a large number of
droplets, which were carried to a high-temperature tubular
reactor by a carrier gas. Droplets and powders evaporated,
decomposed, and/or crystallized in the quartz reactor. The
length and diameter of the quartz reactor were 1200 mm
and 50 mm, respectively. The spray solution was prepared
by dissolving lanthanum nitrate hexahydrate (Yakuri, 97%),
strontium nitrate (Junsei, 97%), gallium nitrate hexahydrate
(Aldrich, 99.99%), and magnesium nitrate hexahydrate
(Junsei, 99%) in distilled water. The total concentration
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of the La, Sr, Ga, and Mg components was fixed at 0.5 M.
The flow rate of air used as the carrier gas was
20 Lminute−1. The precursor powders obtained by spray
pyrolysis at 900 oC were post-treated in a box furnace
and maintained at 1000 oC for 6 h at a heating rate of
5 K·minute−1. The post-treated powders were pressed into
pellets using a uniaxial hydraulic press and subjected to
cold isostatic pressing at 200 MPa. The pellets with diameter
and thickness of 4.9 and 2.6 mm were sintered at 1300 oC
and 1400 oC for 5 h at a heating rate of 5 K·minute−1. Pt
electrodes were fabricated on both sides of the pellets by
coating the sides with Pt paste. The Pt-coated pellets were
calcined at 1000 oC for 1 h at a heating rate of 5 K·minute-1.

The crystal structures of the calcined LSGM powders
were studied by X-ray diffraction (XRD, Rigaku, D/MAX-
RB) using Cu Ka radiation (λ = 1.5418 × 10−10 m). The
morphological characteristics of the powders were
investigated by scanning electron microscopy (SEM, JEOL,
JSM 6060). The grain size and microstructure of the
pellets were determined by SEM observations. The
impedance of the pellets was measured with a dielectric/
impedance analyzer (Model Alpha-N, Novocontrol,
Germany) in range of frequency from 10−1 to 107 Hz with
an AC amplitude of 0.1 mV.

Results and Discussion

The morphology of the precursor powders of LSGM
prepared by spray pyrolysis is shown in Fig. 1. The precursor
powders had a spherical shape and non-aggregated
characteristics, irrespective of the Ga content of the
spray solutions.

The LSGM precursor powders obtained by spray pyrolysis
were post-treated at 1000 oC for 6 h. The main peaks in
the XRD patterns of the post-treated powders (Fig. 2) were
attributable to LSGM, irrespective of the Ga content of
the spray solutions. However, the impurity phases in the
powders, such as LaSrGa3O7 and LaSrGaO4, decreased
with a decrease of x in La0.8Sr0.2Ga(0.8x)Mg0.2O3−δ. Moreover,

the crystal structure of LSGM was affected by the Ga
content of the spray solution. La0.8Sr0.2Ga(0.8x)Mg0.2O3−δ

(x = 1) had a cubic crystal structure, but with a decrease
in the Ga content, the crystal structure became hexagonal.
This change was confirmed from the characteristic splitting
of the (110) peak corresponding to the cubic phase into
(110) and (104) reflections corresponding to the hexagonal
phase at 2θ 32o [18].

The SEM micrographs (Fig. 3) of the powders post-treated
at 1000 oC reveal that these powders are spherical, irres-
pective of the Ga content of the spray solutions. The
morphologies of the precursor powders remain unchanged
after the post-treatment.

The firing characteristics of the powders obtained from
spray solutions with various Ga contents were investigated.
The powders post-treated at 1000 oC were pressed into
pellets using a uniaxial hydraulic press and then subjected
to cold isostatic pressing at 200 MPa. Figs. 4 and 5 show
the SEM images of the surface of the LSGM pellets

≈

Fig. 1. SEM image of the precursor powder prepared by spray
pyrolysis.

Fig. 2. XRD patterns of powders post-treated at 1000 oC: (a)
x = 1, (b) x = 0.95, (c) x = 0.9, (d) x = 0.85, (e) x = 0.8.

Fig. 3. SEM images of post-treated powders post-treated at 1000 oC :
(a) x = 1.0, (b) x = 0.95, (c) x = 0.9, (d) x = 0.85.
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fired at 1300 oC and 1400 oC, respectively. Sintering of
the pellets occurred at 1300 oC, irrespective of the Ga
content of the powders. The pellets fired at 1300 oC had
numerous small pores and similar grain sizes irrespective
of the Ga content of the powders. Considerable grain

growth occurred in the pellets after firing at 1400 oC.
The pellets formed from the powders with a low Ga content
had a larger grain size than those formed from the powders
with a stoichiometric Ga content after firing at 1400 oC.
The mean grain sizes of the pellets shown in Figs. 5(a),

Fig. 4. SEM images of La0.8Sr0.2Ga(0.8·x)Mg0.2O3−δ pellets sintered
at 1300 oC : (a) x = 1.0, (b) x = 0.95, (c) x = 0.85.

Fig. 5. SEM images of La0.8Sr0.2Ga(0.8·x)Mg0.2O3−δ pellets sintered
at 1400 oC : (a) x = 1.0, (b) x = 0.95, (c) x = 0.85.
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5(b), and 5(c), were 3.1 µm, 3.6 µm, and 6.8 µm, respec-
tively. The pellets fired at 1400 oC had dense structures
without pores, irrespective of the Ga content of the powders.

Fig. 6 shows the XRD patterns of the LSGM pellets
fired at 1300 oC and 1400 oC. The XRD patterns of the
pellets formed from the powders with stoichiometric Ga
contents showed small impurity peaks corresponding to
the Ga-rich LaSrGa3O7 phase at 1300 oC. The peaks of
the LaSrGa3O7 phase decreased with a decrease in the
Ga content of the powders and an increase in the firing
temperature. The results of crystal structure analysis revealed
that phase-pure LSGM pellets were obtained from powders
with a stoichiometric amount of 85 at.% (x = 0.85) Ga
at firing temperatures of 1300 oC and 1400 oC. An
orthorhombic-rhombohedral phase transition occurred
at a firing temperature of 1400 oC in the pellets formed
from powders with stoichiometric amounts of 95 and
85 at.% Ga contents.

Figs. 7 and 8 show the complex impedance spectra
measured at 300 oC; the three low-frequency contributions
in the spectra are from electrode polarization (ρep), grain
boundaries (ρappgb), and grain interiors (ρgi). The ρgi values
of the LSGM pellets fired at 1300 oC and 1400 oC were
similar, irrespective of the Ga content of the powders.
As expected from the microstructures of the LSGM samples
with different Ga contents, the ρappgb value decreased with
an increase in the grain size. The ρapp

gb values of the
LSGM pellets fired at 1300 oC were very similar, irrespective
of the Ga content of the powders. In contrast, the ρapp

gb

values of the LSGM pellets fired at 1400 oC decreased
with the Ga content of the powders. As shown in Fig. 5,
the La0.8Sr0.2Ga(0.8x)Mg0.2O3−δ (x = 0.85) ceramic had the
largest grain size. Thus, the smallest percentage of the
grain boundary region resulted in the smallest ρappgb value.
This difference in ρappgb with the grain size was in agreement
with the results reported in the literature [19].

The conductivities of the pellets formed from powders

Fig. 6. XRD patterns of La0.8Sr0.2Ga(0.8·x)Mg0.2O3−δ pellets : (a)
1300 oC, x = 1, (b) 1300 oC, x = 0.95, (c) 1300 oC, x = 0.85, (d)
1400 oC, x = 1, (e) 1400 oC, x = 0.95, (f) 1400 oC, x = 0.85.

Fig. 8. Impedance plots of La0.8Sr0.2Ga(0.8×x)Mg0.2O3−δ pellets
sintered at 1400 oC.

Fig. 7. Impedance plots of La0.8Sr0.2Ga(0.8x)Mg0.2O3−δ pellets
sintered at 1300 oC.
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with various Ga contents are shown in Figs. 9 and 10.
The interior resistivity (ρgi), the grain boundary resistivity
(ρapp

gb), and total resistivity (ρtotal) deconvoluted by the
impedance spectrum were converted into conductivity
values. As shown in Table 1, the total conductivities of the
pellets fired at 1300 oC were similar at all the measurement
temperatures, irrespective of the Ga content of the powders.
In contrast, the conductivities of the LSGM pellets fired at
1400 oC were affected by the Ga content of the powders.
The conductivity of La0.8Sr0.2Ga(0.8x)Mg0.2O3−δ (x = 0.95) was
considerably higher than that of La0.8Sr0.2Ga(0.8x)Mg0.2O3−δ

(x = 1). An orthorhombic-rhombohedral phase transition
occurred in the pellets when the Ga content of the
powders decreased. It has been reported that the average
thermal expansion coefficient of the rhombohedral phase
(13.2 × 10−6 K−1) is higher than that of the cubic phase
(11.0 × 10−6 K−1) [20]. The thermal expansion coefficients
increase with the dopant content [21]; this increase is
proportional to the number of oxygen vacancies in the
LSGM [21]. Therefore, the conductivity of LSGM
electrolytes is affected by their crystal structure. The

conductivities of the La0.8Sr0.2Ga(0.8x)Mg0.2O3−δ (x = 0.95)
and La0.8Sr0.2Ga(0.8x)Mg0.2O3−δ (x = 1) electrolytes were
0.017 S/cm and 0.007 S/cm, respectively, at a low measure-
ment temperature of 600 oC. When x was changed from 0.95
to 0.85, the conductivities of the La0.8Sr0.2Ga(0.8x)Mg0.2O3−δ

electrolytes with a rhombohedral structure increased from
0.017 S/cm to 0.022 S/cm at the above mentioned meas-
urement temperature; this increase was attributed to the
decreased grain boundary resistivity (ρapp

gb) caused by
grain growth.

Conclusion

The effect of the Ga content of LSGM precursor powders
prepared by spray pyrolysis on the characteristics of the
LSGM electrolytes fired at 1300 oC and 1400 oC were
investigated. The post-treated powders in which the main
phase was LSGM were spherical in shape. The pellets
formed from the powders with a stoichiometric amount of
85 at.% Ga content had a high phase purity, large grain size,
low grain boundary resistivity, and high total conductivity.
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