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The powders of LaggsSro.15GapgoMgo2002.825(LSGM) were synthesized by glycine combustion method
(GCM) and EDTA combustion method (EDTACM). XRD results show that the main phase (LSGM) exists in the
uncalcined powders synthesized by GCM. The LSGM materials are composed of the main phase without
secondary phases when calcined at 1300 °C. The LSGM materials contain fewer amounts of secondary phases
than those prepared by EDTACM at the same calcination temperature. The conductivities of LSGM increase
with the increase of testing temperature. The ionic conductivities of LSGM prepared by GCM and EDTACM
were calculated to be 0.053Scm™! and 0.060 S cm™! at 800 °C, respectively. The curve of In(oT) vs. 1/T
exists two straight lines. It indicates that activation energy of oxygen-vacancy motion at lower temperatures
is greater than that at higher temperatures.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) have attracted much attention for
they offer a pollution-free energy source with great current density
and conversion efficiency [1-3]. The key materials for SOFCs are solid
electrolytes. Yttria-stabilized zirconia (YSZ) is the most widely used
solid electrolyte material in SOFCs[1,3,4]. But ionic conductivity of YSZ
decreases quickly with the decrease of the working temperature [5].
Therefore YSZ need be used at higher temperature (800-1000 °C)
[4,6]. But this leads to physical and chemical degradation of SOFCs
component, interface reaction between electrolytes and electrolytes
[1-4]. In order to reduce the operating temperature of SOFC, designing
and developing novel intermediate-temperature (IT) electrolytes for
IT-SOFC operating temperature over 500-800 °C has now become one
of the major responsibilities for SOFC developers [2].

Ishihara et al. [7], Feng and Goodenough [8], developed Sr and Mg-
doped lanthanum gallate(LSGM). It has now become an attractive
new solid electrolyte used at intermediate temperatures
(500-800 °C) [8]. The oxide ionic conductivity of LSGM is almost
one order of magnitude larger than that of YSZ at same working
temperature [1].The oxide ionic conductivity of LSGM at 800 °C is
comparable to that of YSZ at 1000 °C. It possesses negligible electronic
conductivity at temperatures lower than 800 °C and a stable
performance over a long operating period [4]. Its superior ionic
conductivity and chemical properties make it a new generation
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material as an intermediate-temperature solid electrolyte of SOFCs
operated at or below 800 °C [9]. But both phase purity and
microstructure of LSGM materials depend on synthetic procedure
and processing and, as a matter of fact, the synthesis of LSGM without
secondary phases is rather difficult [10]. Djurado et al. [11,12] pointed
that, for the presences of impurity phases or secondary phases may
decrease the conductivity of LSGM greatly. So LSGM with high purity
should be prepared. Sr and Mg-doped lanthanum gallate were mainly
synthesized by the solid-state reaction method [13,14]. For this
method requires, the multiple repetitions of prolonged grinding and
thermal treatment is need, the synthesized powder sizes are large
(1-10 pm), calcination temperature of powders are greater than
1500 °C and the powders contain many secondary phases [2,15,16]. So
many researchers have turned to wet chemical synthesis methods
such as sol-gel [17,18], co-precipitation [14], hydrothermal synthesis
[18], the amorphous citrate process [12] and the Pechini method
[19,20]. Polini et al. [10,21] showed that calcination temperatures as
high as 1500 °C were necessary to prepare pure LSGM without
secondary phases. Higher calcination temperatures would lead to
overgrowth of powders. The combustion method used as a new
synthesis route has been developed by Chlik et al. [22,23]. Due to the
exothermic effect of combustion, many organic components or inter-
phases are decomposed. Materials with small amount of secondary
phases can be obtained and calcination temperatures of powders can
be decreased.

In this work, LSGM powders were prepared by two combustion
methods, i.e. glycine combustion method (GCM) and EDTA combus-
tion method (EDTACM). By comparing two different combustion
processes, we are able to obtain LSGM with higher purity and decrease
calcination temperatures of LSGM. The phase structures, the
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morphologies and the ionic conductivities of LSGM prepared by two
combustion methods were also investigated in detail.

2. Experimental
2.1. Powder synthesis and sample preparation

The powders of Sr and Mg-doped lanthanum gallate (Lag gsSro.15-
GaggMgp 20,825, hereinafter abbreviated as LSGM) were prepared by
glycine combustion method (GCM) and EDTA combustion method
(EDTACM). La,05 (purity>99.95%), Ga,05; (purity>99.95%), SrO
(purity>99.95%), and MgO (purity>99.95%) were used as starting
materials. To remove adsorbed H,0 or CO,, La,0, Ga,03; and MgO
were precalcined at 1000 °C for 6 h; SrCO3; were precalcined at 800 °C
for 6 h. According to the stoichiometry of LSGM, stoichiometric
amount of Ga,03, La,03, MgO and SrCOs; were first dissolved into
HNOs to obtain four corresponding nitrate solutions. The above-
mentioned solutions were mixed in a glass beaker to get a uniform
nitrate solution. For glycine(C;HsNO,) combustion method, the
stoichiometric molar ratio of glycine to oxidant is 1.57:1,considering
a little amount of HNO3 remaining in the nitrate solution, the molar
ratio of glycine to oxidant need to be raised to 1.7:1. The glycine was
dissolved in the above-mentioned solution. The solution was heated
and sufficient water was evaporated. It began to froth and spontane-
ously burn violently. In this way, the homogeneous white powders
were obtained within several minutes. But by the sol-gel method or
by solid-state reaction method, it will take several hours or several
days. According to propellant chemistry, the combustion gases are
generally CO,, H,0 and Ny, a possible reaction equation of combustion
can be written as follows:

80La(NO;); + 20Sr(NO;), + 85Ga(NO;); + 15Mg(NO;),
+ 313gc2H5N02—>
13 4

100Lag STy, Gag gsMg 1505 g25 + 627%C02 +78475H,0 + 4395 N,

For C;oH1gN20g (EDTA) combustion method, according to the
stoichiometry of LSGM, stoichiometric amount of EDTA, used as a
chelating agent, was added into above-mentioned nitrate solution. A
calculated amount of citric acid (CgHgO-), i.e. 1 mol of trivalent cation
needs 1 mol of citric acid and 1 mol of divalent cation needs 2/3 mol of
citric acid, was then dissolved. NH4NO3 was used as ignition. A certain
amount of NH4NO3 (the molar ratio of NH4NO5 to EDTA is 1:2.) was
added. The pH value of nitrate solution was adjusted to 7-8 by adding
ammonia to the solution to avoid precipitation. The aqueous solution
was heated in a baker, and sufficient water was evaporated until the
solution boiled, began to bubble up and burn slowly. The possible
reaction equation of combustion is as follows:

80La(NO;); + 20Sr(NOs), + 85Ga(NOs); + 15Mg(NO;),
+ 70§C10H16N208—>

100Lag §Sr),Gag gsMgo 1505 525 + 706‘11C02 + 565H,0 + 353%1\12

In order to investigate the evolution of phase constitution with
calcination temperature, the obtained powders prepared by two
combustion method were homogenized in a ceramic mortar and
calcined under temperatures ranging from 1200 to 1400 °C. The
powders, synthesized by two combustion methods, precalcined at
1000 °C, were pressed uni-axially into ®12x2 mm cylindrical
samples under 200 MPa for 1 min. The compact samples were then
calcined in an air box furnace at 1400 °C for 6 h at a heating rate of
5°Cmin~ .
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Fig. 1. DSC curves of uncalcined powders synthesized by different methods; (a)
synthesized by GCM; (b) by EDTACM.

2.2. Characterization

The thermal effect of the powders synthesized by GCM and
EDTACM were investigated by DSC, Differential Scanning Calorimetry
(NETZSCH, STA409C) at rate of 5 °C min~" in air. The phase analysis of
the uncalcined and calcined powders prepared by two combustion
methods were performed, using a powder X-ray diffractometer
(Rigaku,D/Max-rB) with CuKa at a scanning speed of 2°min~'.The
XRD patterns were analyzed with MDI Jade 5.0 software to calculate
Lattice parameters and cell volume of the powders. The compositions
of calcined powders prepared by two combustion methods were
analyzed by Inductively Coupled Plasma Mass Spectrometer (Thermo
fisher Scientific, X Series 2). The particle size and morphology of the
LSGM powders prepared by two combustion methods were examined
by transmission electron microscope (Hitachi, H800). Microstructures
of the samples were observed by scanning electron microscope
(Cambridge, S-360). The ionic conductivities of LSGM samples at
different testing temperature, prepared by two combustion methods,
calcined at 1400 °C, were calculated by the AC impendence spectra
method, using an electrochemical workstation (Chenhua, CHI604A),
analyzed with the Zsimp Win analysis software.

3. Results and discussion
3.1. DSC analysis

The DSC curves of uncalcined LSGM powders prepared by the GCM
and EDTACM were shown in Fig. 1, respectively. For GCM, it can be
seen that there exist a weak exothermic peak at about 630 °C which
may be due to the complex decomposition reactions of organics [3], an
strong endothermic peak at about 800 °C which may be attributed to
decomposition of the crystal process of the secondary phases, an
obvious endothermic peak at about 1000 °C which corresponds to the
transformation of secondary phases to the main phase [24]. For
EDTACM, it can also be seen that there exist a distinct endothermic
peak at about 330 °C and an obvious exothermic peak at about 410 °C,
which may be attributed to the decomposition and combustion of the
organics, such as EDTA and citric acid. At a temperature range of 600-
800 °C, there exist two exothermic peaks and an endothermic peak,
which may be related to the decomposition of carbonate and nitrate.
At about 1000 °C, there exists an endothermic peak, which corre-
sponds to the transformation of secondary phases to the main phase
[15]. This is in agreement with the DSC result of LSGM powders
prepared by the GCM.
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Fig. 2. XRD patterns of powders and samples calcined at different temperatures for 6 h;
(a) synthesized by GCM; (b) synthesized by EDTACM.

3.2. Phase analysis of XRD

Fig. 2(a) and (b) shows X-ray diffraction spectra (XRD) of LSGM
powders prepared by GCM and EDTACM, respectively. From Fig. 2(a),
it can be seen that, in the uncalcined powders, there exist the main
phase-Lag gSro2Gagp gsMgo.1502.825 (JCPDS card No. 52-0022) and a
great amount of impurity phases or secondary phases, i.e. SrLaGas0-
(JCPDS card No.45-0637) and SrLaGaO, (JCPDS card No. 24-1208). But
for other powder synthesis methods, it is very difficult to obtain the
main phase (LSGM) in the uncalcined powders [18]. Fig. 2(a) also
illustrates powders calcined at 1200 °C still contain a certain amount
of secondary phases except the main phase. Polini et al. [10,17,26]
have estimated the relative amounts of secondary phases approxi-
mately by calculating As/Ap, the ratio of the total integrated
intensities of the most intense XRD peaks of these secondary phases
over the integrated intensity of the most intense peak of LSGM.
From Fig. 2(a), the relative amount of SrLaGas0; and SrLaGaO, was
estimated by calculating As/Ap, the ratio of the total integrated
intensities of the most intense XRD peaks of these secondary phases
over the integrated intensity of the (110) peak of LSGM. It is about 4%.
The relative amount of secondary phases decreased with the increase
of sintering temperature. With the further increase of temperature,
the fractions of secondary phases decreased remarkably. This shows
that the secondary phases has transformed partly to the main phase.

Nearly no secondary phases can be detected when calcination
temperature reaches 1300 °C. The compositions of LSGM powders
calcined at 1300 °C were analyzed by Inductively Coupled Plasma
Mass Spectrometer (ICP-MS).The procedures for ICP-MS are as
follows, a certain amount of LSGM powders was firstly weighed,
dissolved in aqua regia to obtain a solution, then the solution was
dissolved in another standard solution to obtain a new solution, the
new solution was analyzed by ICP-MS, finally mass of La, Sr, Ga, Mg
can be obtained. Mass of LSGM powders minus total mass of La, Sr,
Ga and Mg in LSGM powders gives mass of O in LSGM powders.
Therefore the molar ratio of La, Sr, Ga, Mg, and O in LSGM powders
can be deduced. ICP-MS analyses indicated that the average molar
ratio of La, Sr, Ga, Mg, and O for powders calcined at 1300 °C is
0.849:0.151:0.799:0.201:2.827. This is close to the stoichiometric
ratio OfLaOBSSr()J 5Gag gMgo 0, g25. However, Khanlou et al. [22,27,28]
indicated that there was no main phase existing in the uncalcined
powders; even after calcination at 1400 °C for 6 h, the powders were
still not composed of a single phase and contained about 5 vol% of the
secondary phases. LSGM powders with high purity can be obtained
by using the GCM when calcined at 1300 °C. Thus the calcination
temperature of LSGM powders prepared by GCM is at least 100 °C
lower than those prepared by solid-state reaction or other wet
chemical synthesis methods, as reported in literature [2,11,15,22].
This helps to avoid the formation of non-stoichiometric powders [22].

Fig. 2(b) indicates that there is nearly no main phase in the
uncalcined powders prepared by EDTACM, the powders calcined at
1300 °C still contain a certain amount of secondary phases, the
relative amounts of SrLaGas0 and SrLaGaO,, estimated by calculating
As/Ap, is about 12%. Fig. 2(b) also shows that nearly no secondary
phases can be detected when calcination temperature reaches
1400 °C. ICP-MS analyses indicated that the average molar ratio of
La, Sr, Ga, Mg, and O for powders calcined at 1400 °C is
0.851:0.148:0.802:0.202:2.824. This is also close to the stoichiometric
ratio of Lag g5St¢.15Gag sMgo 202 825. Compared Fig. 2(a) with Fig. 2(b),
it can be seen that synthesized powders prepared by GCM contain
fewer secondary phases than those prepared by EDTACM at the same
calcination temperature. The reason is that by GCM, the combustion
process is more violent and it produces more heat and higher
temperature, makes phase transformation more completely. There-
fore LSGM materials contain fewer amounts of secondary phases than
those prepared by EDTACM at the same calcination temperature. The
calcination temperatures of powders synthesized by GCM are 100 °C
lower than those synthesized by EDTACM. It can be inferred that GCM
is a better way to obtain LSGM materials with high purity. Owing to
the decrease of secondary phases which lower the conductivity of
LSGM, it will help to acquire LSGM electrolyte materials with higher
ionic conductivities [5].

The XRD results, analyzed with MDI Jade 5.0 software, were shown
in Table 1.1t can be seen that, the lattice parameters and cell volume of
LSGM, prepared by GCM and EDTACM, are a little greater than those of
undoped lanthanum gallate (LaGaOs, JCPDS card no: 89-4796). For
ionic radius of doped Sr is greater than that of La, ionic radius of doped
Mg is greater than that of Ga. This leads to lattice expansion of LaGaO3
crystal when La and Ga are partly replaced by Sr and Mg, respectively.
Table 1 also indicates that a small amount of dissolution of Sr and Mg
to LaGaOs does not make crystal structure of LaGaOs; changed.

Table 1
Crystal structure, Lattice parameters, Cell volume of LSGM, synthesized by GCM and
EDTACM, calcined at 1400 °C for 6 h.

Materials Crystal structure  Lattice parameters (A)  Cell volume (A%)
LSGM(GCM) Cubic a=b=c=3913 59.92
LSGM(EDTACM)  Cubic a=b=c=3.912 59.86
LaGaOs Cubic a=b=c=3.886 58.68
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Fig. 3. TEM micrographs of powders; (a)synthesized by GCM, calcined at 1400 °C for
6 h; (b)synthesized by EDTACM, calcined at 1400 °C for 6 h.

3.3. Morphology and microstructure

Fig. 3(a) and (b) show TEM micrographs of powders, synthesized
by GCM and EDTACM, respectively. Fig. 3(a) shows that the powders
form agglomerates, sizes of the powders range from about 200 nm to
about 900 nm, the distributions of sizes of the powders are wide and
the average size of powders is about 600 nm. Fig. 3(b) also shows that
the powders form agglomerates, sizes of the powders range from
about 70 nm to about 110 nm, the distributions of sizes of the
powders are narrow and the average size of powder is about 90 nm.
Compared Fig. 3(a) with Fig. 3(b), it can be seen that the powders
with smaller powder sizes can be obtained by EDTACM.

Fig. 4(a) and (b) show the SEM micrographs of LSGM samples,
prepared by GCM and EDTACM, respectively. Fig. 4(a) indicated that
the average crystallite size of LSGM materials were about 5 pum, only a
small number of small pores or pin holes can be seen on the surface of
sample, which will decrease the ionic conductivity of LSGM. From
Fig. 4(b), it can be seen that no cracks, pores or pin holes were seen on
the surface of LSGM sample prepared by EDTACM and the average
crystallite size of LSGM materials were about 6 pm.

3.4. Conductivity of LSGM samples

LaGaO; (ABOs) possesses perovskite structure. For La; —SryGag —y
Mg, 03, La in position A of perovskite structure is partially replaced by
Sr and Ga in position B is partially replaced by Mg. On the basis of
electric neutrality principle, oxygen vacancies form. Oxygen motion
from one vacancy to adjacent vacancy gives rise to conductivity.

The AC impedance spectra of LSGM samples prepared by GCM and
EDTACM at different temperatures are given in Fig. 5(a) and (b),
respectively. It indicates that there exists an arc, which corresponds to

Sum 24/DEC/09

X6,500 2um 24/DEC/09

Fig. 4. SEM micrographs of LSGM samples; (a) synthesized by GCM, calcined at 1400 °C
for 6 h; (b) synthesized by EDTACM, calcined at 1400 °C for 6 h.

interface resistance between electrolyte and electrodes. With the
increase of testing temperatures, the arcs move towards left and are
depressed to a semicircle. The conductivities can be calculated from
Eq. (1)

o=L/RA (1)

where ois ionic conductivity, L and A are the thickness and area of the
pellets, R is electrolyte resistance, which can be obtained from the
impedance spectra [16]. The calculated conductivities of LSGM
samples prepared by two combustion methods are shown in Fig. 6.
It can be seen that, the ionic conductivities of LSGM, prepared by two
combustion methods, increase with the increase of testing temper-
ature. This is due to the acceleration of oxygen-vacancy motion with
the increase of testing temperature. At same testing temperature, the
conductivities of LSGM samples prepared by EDTACM are greater than
that of LSGM samples prepared by GCM. It may be due to unfavorable
effect of a small number of small pores in LSGM prepared by GCM (as
shown in Fig. 4(a)) on ionic conductivities. The pores trapped in grain
and grain boundaries block oxygen ion migration, decrease the ionic
conductivity consequently. At 800 °C, the ionic conductivities of LSGM
samples prepared by GCM and EDTACM are 0.053Scm™' and
0.060 S cm™!, respectively, which is obviously greater than those
reported in literatures [2,25], as shown in Table 2.

From Arrhenius equation, Eq. (2) or (3) can be derived as follows
[14]:

oT = Bexp (—E/KkT) (2)
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or

In(oT) = InB—E/ kT (3)
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Fig. 6. Conductivities of LSGM samples, at different temperatures; (a) synthesized by
GCM, calcined at 1400 °C for 6 h; (b) synthesized by EDTACM calcined at 1400 °C for
6 h.

Table 2
The ionic conductivity of LSGM for this work and other researchers' work [2,25].

Materials Calcined temperature(°C) Testing temperature(°C) o (Scm™ ')

LSGM prepared by 1400 800 0.053
GCM

LSGM prepared by 1400 800 0.060
EDTACM

LSGM reported in 1400 800 0.0179
literature|2]

LSGM reported in 1400 800 0.0385

literature[25]

where o stands for ionic conductivity, B stands for ratio factor, k
stands for Boltzmann constant, T stands for testing temperature, and E
stands for activation energy of oxygen-vacancy motion, i.e. energy for
oxygen motion from one vacancy to adjacent vacancy.

From Eq. (3), It can be seen that there should exist linear
relationship between In(oT) and 1/T. Fig. 7 shows variation of In
(oT) with 1/T. It can be seen that there exists two straight lines
intersecting at T* (T* is about 700 °C), though it is not very obvious
and appears as a gradual changeover. According to the literature
[12,14], such a changeover could be used to explain the change of
activation energy. From Fig. 7, E was deduced. For LSGM prepared by
GCM, E; =0.709 eV (E,, activation energy at T<T*), E;=0.515 eV (E;,
activation energy at T>T*). This shows that the activation energy of
oxygen-vacancy motion at lower temperatures (T<T*) is greater than
that at higher temperatures (T>T"). The reason is that the oxygen
vacancies are progressively trapped out into the clusters with
decreasing temperature below T, while they are dissolved into the
matrix of oxygen sites from the clusters and the activation energy
becomes small with increasing temperature above T* [17]. For LSGM
prepared by EDTACM, Fig. 7 shows the similar result. From Fig. 7,
activation energies E of LSGM prepared by EDTACM were also
deduced, i.e. E;=0.644 eV, E; =0.424 eV. The values of activation
energies were found to be smaller than that reported in the relevant
literature (E; =1.073 eV, E; =0.845 eV) [12]. From Eq. (3), it can be
seen that the ionic conductivity will increase with the decrease of
activation energy.

4. Conclusions
LSGM powders were synthesized by GCM and EDTACM. The XRD

pattern shows that the main phase (LSGM) exists in the uncalcined
powders prepared by GCM. With the increase of temperature, the
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Fig. 7. Arrhenius plot of ionic conductivity of the LSGM samples; (a) synthesized by
GCM, sintered at 1400 °C for 6 h; (b) synthesized by EDTACM, sintered at 1400 °C for
6 h.
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fractions of secondary phases decreased remarkably. LSGM materials
are composed of the main phase without secondary phases when
calcined at 1300 °C. But no main phase (LSGM) exists in the
uncalcined powders prepared by EDTACM. LSGM materials are
composed of the main phase without secondary phases when calcined
at 1400 °C. The GCM is a better way to obtain LSGM materials with
high purity. The calcination temperature of LSGM powders prepared
by GCM is 100 °C lower than those prepared by EDTACM. The average
grain sizes of powders synthesized by EDTACM are smaller than those
synthesized by GCM. The ionic conductivities of LSGM, prepared by
two combustion methods, increase with the increase of testing
temperature. At same testing temperature, the conductivities of LSGM
prepared by EDTACM are greater than that of LSGM prepared by GCM.
The curve of In(oT) vs 1/T exists two straight lines intersecting at T*
(T* is about 700 °C). This shows that activation energy of oxygen-
vacancy motion at lower temperatures is greater than that at higher
temperatures.
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