Journal of Power Sources 195 (2010) 6758-6763

journal homepage: www.elsevier.com/locate/jpowsour

Contents lists available at ScienceDirect

Journal of Power Sources

Rapid synthesis of LaggSrg 1GaggMgp205_s electrolyte by a CO, laser and its
electric properties for intermediate temperature solid state oxide full cells

J. Zhang, EJ. Liang*, X.H. Zhang

School of Physical Science & Engineering and Key Laboratory of Materials Physics of Ministry of Education of China, Zhengzhou University,

No. 75, North Daxue Road, Zhengzhou 450052, China

ARTICLE INFO ABSTRACT

Article history:

Received 12 January 2010

Received in revised form 30 March 2010
Accepted 30 March 2010

Available online 8 April 2010

Keywords:

Intermediate temperature solid oxide fuel
cells

Laser rapid solidification

Solid state reaction

Relative density

Impedance spectra

Activation energy

A laser rapid solidification (LRS) method has been developed for the synthesis of LaggSro.1GagsMgp203_s
(LSGM), an excellent electrolyte for solid oxide fuel cells. It is shown that pure perovskite LSGM phase
can be produced within a few seconds with this method under optimized synthetic conditions and it
solidified in densely packed and relatively ordered ridge-like blocks with a relative density of 98.5%.
The unique microstructures are attributed to the oriented crystalline growth in the molten pool dictated
by heat transfer directions. It is found that the samples synthesized by LRS exhibit superior electrical
properties for fuel cell applications to those by solid state reactions. The conductivities of 0.027, 0.079
and 0.134 S cm~! measured at 600, 700 and 800 °C, respectively are much higher than those of the samples
synthesized by solid state reactions with similar purity and density.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) can directly convert chemical
energy of fuels to electrical energy with advantages of high elec-
trical efficiency, fuel versatility, and low pollution emissions [1].
Conventional SOFCs with Y,03-stabilized ZrO, (YSZ) electrolytes
require high operating temperatures (800-1000°C) and serious
problems may arise such as mechanical stress due to mismatch in
thermal expansion, interfacial diffusion and/or reaction between
electrolyte and electrode materials and difficulty in sealing. These
problems increase manufacturing cost and reduce the reliability
of the fuel cells [2]. In order to reduce the operating tempera-
ture, many efforts have been devoted to develop novel electrolytes
for intermediate temperature (600-800 °C) SOFCs. The perovskite
oxide, strontium- and magnesium-doped LaGaO3; (LSGM), exhibits
a higher ionic conductivity (~0.10Scm~! at 800°C [3,4]) than YSZ
over a wide range of oxygen partial pressure. These superior elec-
trical and stable properties make LaGaO3-based oxides the most
promising candidates as electrolytes for intermediate temperature
SOFCs.

LSGM powders were generally synthesized by solid state reac-
tions [5-9] or wet chemical routes [10-19]. However, the solid
state reactions suffer from the chemical in-homogeneity, severe
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time and energy wasting while the wet chemical methods require
expensive metal alkoxide precursors, great care in mixing the
precursors to achieve the desired stoichiometry and tedious pre-
treatment before the final calcinating step. Due to the narrow
composition range for the stability of the perovskite phase, small
deviations from the ideal composition would result in secondary
phases which deteriorate the performance of the electrolyte
[19,20]. The synthesis of a pure single phase material of LSGM is
arather difficult task. Therefore, it is necessary to explore new and
rapid synthetic methods.

The synthesis of pure bulk materials with laser rapid solidifica-
tion (LRS) is a relatively new technique [21-25]. In this paper, laser
rapid solidification was employed to synthesize LSGM electrolyte
and the microstructure and electrical properties of the samples
synthesized by laser were studied and compared to the samples
synthesized by solid state reactions. It is shown that high purity
LSGM electrolyte can be produced within a few seconds with this
technique which simplifies the processing procedures and shortens
the sintering time greatly. Further investigations on the samples
reveal that the LSGM material synthesized by the laser synthetic
route exhibits unique microstructure and superior electric proper-
ties for SOFCs.

2. Experimental

LaggSro.1GaggMgp203_5 (LSGM) samples were prepared with
starting materials of Ga;03 (99.99%), La;03 (99.99%), MgO (98%)
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Fig. 1. XRD patterns of LSGM powders synthesized by (a) solid state reaction at
respectively 1200°C for 24 h and at 1400°C for 6 h (SSR1); (b) solid state reaction at
respectively 1250°C for 10 h, 1500 °C for 6 h and 1600 °C for 2 h (SSR2); (c-g) laser
rapid solidification (LRS) with respectively 800, 1000 and 1100 W laser powers at
1mms~! scan speed, and 1100 W laser power at 2 and 0.6 mms~! scan speed.

and SrCO3 (99%). MgO and La, 03 were fired at 1000 °C for 7 h before
weighting to decompose carbonate and hydroxide impurities. The
absence of impurities in the reagents was checked by X-ray diffrac-
tion (XRD). The mixtures were ground in a mortar for 2 h and then
pressed into cuboid bars (40 mm x 5 mm x 5 mm) by uni-axial cold
press with a steel mould at a pressure of 10 MPa and dried for
2h at 100°C in a baking oven before sintering. The synthesis was
performed by using a 5 kW continuous-wave CO; laser. The laser
beam was striking onto a bar placed at a distance where the defo-
cus length was set to 120 mm. The beam spot on the sample was
approximately 12 mm in diameter. As the laser beam moves ahead
along the length direction, the synthesized sample behind cools
naturally and rapidly to room temperature. Such cooling process
can beregarded as rapid solidification. In order to optimize the syn-
thesis conditions, we changed the scan speed from 0.6 to 3mm ™!
at a fixed laser power and altered the laser power from 700 to
1100 W at a fixed scan speed. For comparison, two series of samples
were prepared by conventional solid state reactions with pressed
bars or pellets, one by calcinating at 1200 °C for 24 h and then sin-
tering at 1400°C for 6 h with intermediate grinding (denoted as
SSR1) and another by calcinating at 1250 °C for 10 h and then sin-
tering at 1500°C for 6h and at 1600°C for 2 h with intermediate
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Fig. 2. Representative AC impedance spectra at 250°C of the LSGM prepared by

solid state reaction (SSR2).
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Fig. 3. Representative AC impedance spectra from 250 to 900°C of the LSGM pre-
pared by solid state reaction (SSR2).
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Fig. 4. Representative AC impedance spectra from 250 to 900 °C of the LSGM pre-
pared by laser rapid solidification.
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Fig.5. Equivalent circuit for LSGM electrolyte, where Ry, Ry, and R, are the electrical
resistance of grain, grain boundary and electrolyte/electrode interface, respectively.

grindings (denoted as SSR2). The densities of the sintered samples
were measured via the Archimedes method.

The samples were analyzed by XRD with an X'Pert PRO X-Ray
Diffractometer at room temperature. Their microstructures were
studied with a JSM-6700F scanning electron microscope (SEM). The
laser sintered bars were re-melted by laser and polished to cuboids
with 7.26 mm x 7.00 mm x 2.76 mm and the samples SSR1 were
polished to 6.50 mm x 4.22 mm x 1.30 mm and SSR2 to 11.80 mm
in diameter and 2.60 mm in thickness for electrical measurements.
The electrical conductivities were measured in air as a function
of temperature (250-950 °C) by AC impedance spectra with Pastat
2273 (Princeton Applied Research). The range of ac frequency is
0.1 Hz to 10% Hz. Platinum paste was fired on opposite sides of the
pellets as the electrodes.

3. Results and discussion

Fig. 1a and b shows the XRD patterns of the LSGM samples SSR1
and SSR2 synthesized by solid state reactions, respectively. Itis seen
that the sample synthesized by solid state reaction by calcining at
1200°Cfor 24 h and at 1400 °C for 6 h still contains a little amount of
secondary phases of LaSrGaO4 and LaSrGa3 07 and unreacted SrCO3
due to lower sintering temperature (SSR1, Fig. 1a). It was noted
that LaSrGas07 did not vanish even sintered at 1500°C for 15h
[19]. Higher sintering temperatures (at 1250 °C for 10 h, 1500 °C for
6h and 1600°C for 2 h ordinally) with intermediate grindings are
required for the disappearance of the secondary phases as indicated
in Fig. 1b (sample SSR2). Fig. 1c-g shows the XRD patterns of the
samples synthesized by laser rapid solidification with 800 W (c),
1000 W (d)and 1100 W (e)laser power at 1 mm s~! scan speed, and
1100W at0.6 mms~' (g)and 2 mms~! (f) scan speed, respectively.
The XRD results indicate that the amount of the secondary phases
LaSrGas07 and LaSrGaO4 reduces with increasing laser power and
decreasing scan speed (Fig. 1c,d, and f) and LSGM samples with high
purity can be easily prepared with laser power around 1100 W at a
scan speed about 1 mms~! (Fig. 1e and g). A distinct feature of the
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Fig. 6. The total conductivities plots of the LSGM electrolytes: (a) SSR1 and (b) SSR2
prepared by solid state reactions and (c) by LRS.
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Table 1

Electrical properties and relative density of the LSGM samples prepared by solid state reactions (SSR) and laser rapid solidification (LRS).

Total conductivity (Scm=")

Activation energy (eV) and Rel. density

Temperature (°C) SSR1 SSR2 LRS Temperature (°C) SSR1 SSR2 LRS
600 0.007 0.019 0.027 250-400 0.72 0.76 0.72
700 0.016 0.034 0.079 400-650 0.67 0.66 0.71
800 0.029 0.041 0.134 650-900 0.61 0.28 0.63
900 0.045 0.048 0.212 Rel. density (%) 75.0 96.9 98.5

laser synthetic route is rapid. With this technique a sample can be
produced within a few seconds.

The electrical properties of the samples prepared by LRS are
studied and compared with those of the samples synthesized by
solid state reactions. Fig. 2 shows a typical impedance spectrum
of the sample SSR2 at 250 °C. The higher, medium and lower fre-
quency arcs represent the intragrain (R ), grain boundary (Rg) and
electrode (R.) responses, respectively [26-28]. The total resistance
of the bulk, which is indicated by the vertical line in Fig. 2, is thus
the sum of R, and Rgy. Figs. 3 and 4 show some of the measured and
calculated impedance spectra for the samples by solid state reac-
tions (SSR2) and by LRS, respectively. It is evident from Figs. 2-4
that the grain boundary resistance of LSGMs synthesized by LRS
decreases much more rapidly than that by solid state reaction with
increasing temperature.

The conductivities can be calculated by fitting experimental data
according to equivalent circuits comprising of a series of resistances
R, capacitances C, and CPE (constant phase element) in series and/or
in parallel as shown in Fig. 5. The electrolyte resistance R, sum of
grain resistance R, and grain boundary resistance Ry, can be calcu-
lated by fitting impedance spectra using ZSimpWin 3.0 software.
The conductivity o can then be calculated from:

0= — (1)

where L is the thickness and A is the area of the electrolyte sample.
Fig. 6 shows the calculated total conductivities of the samples syn-
thesized by LRS and SSRs. It is found that the conductivities of the
sample synthesized by LRS are superior to those of both samples by
solid state reactions at any temperatures and the conductivities of
0.027,0.079 and 0.134S cm™! obtained at 600, 700 and 800 °C (see
also Table 1 below), respectively, are very close to the best reported
values for this composition [20,29,30]. While a saturation effect in
conductivity appears at temperatures above ~650 °C for the sample
SSR2, the conductivity increases almost linearly with temperature
for the sample synthesized by LRS and no saturation occurs at even
the highest measured temperature.

Fig. 7 presents the Arrhenius plots of the total conductivities
for the LSGM samples prepared by solid state reactions and LRS,
respectively. The Arrhenius plots exhibit different slopes in the low
and high temperature regions and the transitional temperature is
around 450°C. Another turning point for SSR2 and the sample by
LRS appear at about 600-700°C which is in accordance with the
previous results [19,20,31]. The turning points imply an activation
energy changes at these temperatures. In Table 1 we summarize the
total conductivities, activation energies at different temperature
ranges of the samples prepared by solid state reactions and LRS,
respectively. Table 1 shows that the activation energy decreases
with increasing temperature and it does not have much difference
for all the samples in the low temperature range. However, the
sample SSR2 exhibits much lower activation energy in the high
temperature range (650-900°C) due to the saturation effect men-
tioned above.

The main transport mechanism in magnesium- and strontium-
doped LaGaO3 (LSGM) is the migration of oxygen vacancies which

are formed in the following defect reaction:
251022281+, +20%, 2Mg0“2¥2MgL, + Vo +208  (2)

here V, represents oxygen vacancy and O is the oxygen in the
crystal lattice. The activation energy normally includes the dissocia-
tion energy and the migration energy of oxygen vacancies. At lower
temperatures, the oxygen vacancies are trapped out into ordered-
vacancy clusters due to Coulombic interaction between the doped
cations and vacancies [18,20,30,31] and they hence need a higher
activation energy to dissociate. They can be progressively dissolved
into the matrix of the oxygen sites with increasing temperature,
leading to a lowering of the activation energy [18,20,30,31].

The electrical conductivity (o) is proportional to the concen-
tration of charge carriers n (cm~3), the charge of each carrier g
(coulombs) and their mobility & (cm?s~1V-1)[32-34], i.e.

o =nqu (3)

A higher conductivity may imply a higher concentration and/or a
higher mobility of the oxygen vacancies in the sample. The mea-
sured relative densities of the samples are 75.0% (SSR1), 96.7%
(SSR2) and 98.5% (LRS) (see Table 1), respectively. Although the
relative density could be one of the reasons for the differences in
conductivity of the three samples, it cannot explain the large differ-
ence in conductivity of the samples SSR2 and LRS since their relative
densities are very close. This means that the difference in carrier
mobility must be the main cause in the difference of conductivity.
The mobility  can be expressed as:

qr
=L (4)
where 7 is the mean free time and m* is the effective mass of charge
carriers. The mean free time 7 is mainly affected by the scattering
of the lattice vibration, impurities and grain boundaries.

In order to understand the super conductivity of the sample by
LRS, we show in Figs. 8 and 9 the typical SEM images of the sur-
face and fractured cross-section of the LSGM samples prepared
by LRS and solid state reactions, respectively. It is evident that
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Fig. 7. Arrhenius plot of total conductivities for LSGM electrolyte prepared by two
different methods: (a) LSGM/SSR1; (b) LSGM/SSR2; (c) LSGM/LRS.
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the microstructure of the sample by LRS is characterized by rela-
tive orderly arranged and densely packed blocks while the sample
SSR1 (Fig. 9a and c) prepared by solid state reaction is composed of
irregular shaped particles with many large poles and SSR2 (Fig. 9b
and d) consists of densely packed globose grains. The average
grain sizes of LRS SSR1 and SSR2 are about 10-20 pwm (with length
exceeding 20 wm), 1-3 pm and 5-10 pwm, respectively. The unique
microstructures of the sample by LRS, should account mainly for
its superior electrical properties to those of the samples by solid
state reactions. The relatively oriented and densely packed ridge-
like grains with large and regular sizes in the sample by LRS greatly
reduce the scattering probabilities and thus increase the mean free
path or the mean free time t of charge carriers during the drift
motion. In addition to the lower concentrations of oxygen vacan-
cies as indicated by the relative density measurements, the smaller
grain sizes in SSR2 and numerous poles, impurities and smallest
grain sizes in SSR1 lead to higher scattering probabilities and lower
mean free time of the carriers, making them the poorer and poorest
in conductivity, respectively.

The laser rapid solidification distinguishes itself from those of
solid state reactions and wet chemical routes in mechanism. In the
laser synthetic route, the raw materials were heated to melt imme-
diately upon illumination of the laser beam and formed a molten
pool where the chemical reaction took place. The products solid-
ified rapidly as the laser beam moved ahead. It can be speculated
from the appearances and SEM images that the starting materi-
als were sufficiently molten in the molten pool. A temperature
of above 2830°C in the molten pool is expected since the melt-
ing points of the raw materials La,03, SrCO3, Ga;03 and MgO are
about 2315, 1497, 1740 and 2827 °C, respectively. The sufficiently
high temperature ensured sufficient melting of the raw materials
and consequently rapid and uniform reactions. As the laser energy
was absorbed by the top layer of the raw materials, heat transfer
in a sample was mainly directed from the top surface to the bot-
tom and also governed by the moving direction of the laser beam.
The unique microstructures of the samples produced in the laser
synthetic route can be attributed to the relatively oriented crys-
talline growth governed by heat transfer directions in the liquid
droplet-like molten pool.

4. Conclusion

We developed a new and rapid synthetic route for the synthesis
of Lag 9Srg.1GaggMgp205_; by rapid solidification with a CO, laser.
Pure perovskite LSGM phase can be produced within a few sec-
onds with this method under optimized synthetic conditions. The
optimum conditions for the synthesis of LaggSrgGapgMgp203_s
are around 1000-1100W laser power and 1mms~! scan speed.
The materials solidified in densely packed and relatively ordered
ridge-like blocks with relative density of 98.5%. The unique
microstructures are attributed to the oriented growth of crystalline
in the molten pool dictated by heat transfer directions. The unique
microstructures together with the larger grain sizes and higher
density make the sample exhibit superior electrical properties as
fuel cell electrolyte. It is found that the sample synthesized by LRS
has much higher conductivities at any temperatures measured than

those of the sample synthesized by solid state reactions with simi-
lar purity and density. Particularly in the high temperature regions,
while the sample SSR2 shows a saturation effect at temperatures
above ~650°C, the sample synthesized by LRS increases almost lin-
early with temperature and no saturation effect appears at even the
highest measured temperature. The excellent electrical properties
suggest a higher concentration and mobility of the oxygen vacan-
cies in the sample synthesized by LRS than in those synthesized
by solid state reactions which are confirmed by relative density
measurements and microstructure observations.
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