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Samples of Sr- and Mg-doped LaGaO3 (LSGM) with various concentrations of Sr and Mg were
prepared by using solid-state reaction method. Results show that ionic conductivities increase
with the increase of relative densities. It can also be known that the optimized concentration in
Las_xSrxGai-,Mg,03 o5(x: with high conductivity is LSGM1520 or LSGM2015. The results
also show that, in various concentrations of LSGM, equiaxed, rode-like, polygonal secondary
phases such as LaSrGaO,4 or LaSrGaz0; were detected besides (La,Sr)(Ga,Mg)O3; by means of
SEM and EDX. With the increase of doped elements, i.e. x + y, the grain size increases.

© 2006 Springer Science + Business Media, Inc.

1. Introduction

SOFCs convert chemical energy of a fuel gas directly
into electrical work, with great current density and trans-
formation efficiency (more than 50%), and are environ-
mentally clean without corrosion and leakage of liquid
electrolyte. So they have been widely used in many fields
[1-5]. The key materials for SOFCs are solid electrolytes.
Yttria-stabilized zirconia (YSZ), as it is well known, is
the most widely used solid electrolyte in SOFCs, because
of its attractive ionic conductivity at higher temperature,
stability in dual environment (oxidizing and reducing)
and stability against the electrode materials [3]. But ionic
conductivity of YSZ decreases quickly with the decrease
of the working temperature [6, 7]. So it must be used
at higher temperature. This leads to degeneration when
used for a long time and the joint materials for SOFC be-
ing oxidized and reduced at high temperature and under
oxidizing and reducing atmosphere. Therefore, many sci-
entists are much more interested in the ways to lower the
temperature of SOFCs [8]. Sr- and Mg-doped LaGaOs,
first synthesized by Ishihara [9] and Goodenough [10],
appears high promising as a new solid electrolytes for use
at intermediate temperature [11]. The oxide ionic conduc-
tivity of La;_ Sr,Ga;_,Mg;O03_¢ 5(:+y)(LSGM) is around
0.10 S/cm at 800°C (comparable to that of yittria- stabi-
lized zirconia at 1000°C) [12]. It has negligible electronic
conduction at temperature lower than 800°C and a stable
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performance over long operating time [12]. These supe-
rior electrical and chemical properties appear to make it
the leading new generation material for use as a solid elec-
trolyte in SOFCs operating at or below 800°C [13]. It was
reported that the synthesis of LSGM without secondary
phase was found to be rather difficult [13—16], the sec-
ondary phases such as LaSrGaO,4,LaSrGa;O;,LasGay Oy
or LaGa, 0y, appeared easily. Goodenough et al. investi-
gated the synthesis of LSGM powders by Sol-gel method
[17]. Tarancon et al. investigated the synthesis of LSGM
powders by acrylamide polymerization [18]. Cong et al.
investigated the synthesis of LSGM powders by glycine-
nitrate combustion method [19]. Baskaran et al. investi-
gated mechanical properties of LSGM [20, 21], the results
show that the addition of 2 wt% Al,O3 could increase the
bending strength effectively. The systematic works about
this materials on phase relationships, ion conductivity,
microstructures and testing of single cells were done by
Goodenough et al. [22-24]. It was found that the struc-
ture of LSGM is cubic, while Lerch and Yao reported
that the structure of LSGM is orthorhombic [25, 26] by
means neutron scattering and Raman spectroscopy meth-
ods. It was found that higher conductivity was found if
LSGM was composed of cubic perovskite, the conductiv-
ity of LSGM would be decreased quickly if there exist
secondary phases [22]. However, the systematic works on
the microstructures of this material, especially the effect
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Figure 1 X-ray diffraction patterns of LSGM with various concentrations of Sr and Mg.
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Figure 2 Phase region diagram of LSGM with various concentrations of
Sr and Mg.

of the chemical compositions on the microstructure, have
not been reported. The purpose of this study is to investi-
gate the relationship between the chemical composition,
phase structure, microstructure and ionic conductivity, es-
pecially to aim at these secondary phases appeared in the
microstructure, in order to provide a better basis for the
application of LSGM in SOFCs.

(a)

TABLE I Effect of sintering time on densities of LSGM1520

Relative
Sintering technology density(%)
1500°C holding 6 h 93.3
1500°C holding 12 h 95.6
1500°C holding 24 h 97.5
1500°C holding 36 h 95.4

2. Experimental

LSGM samples various concentrations of Sr and Mg
were prepared by means of solid-state reaction method.
LayOs (purity 99.99%, Aldrich Chemical Company,
Inc Miwaukee, USA), SrCO; (purity 99%, Aldrich
chemical CO., Ltd. Gillingham, dorset-England), Ga, O3
(purity 99.99% Sigma-Aldrich chemie Gmbh, Steinheim,
Germany) and MgO (purity 99.99%, MERck KGaA,
Darmstadt, Germany) were used as starting powders. In
order to obtain LSGM with various x, Sr concentrations
and y, Mg concentrations (0.05 < x < 0.25,0.05 <y
< 0.30), every starting powders were put into nylon pot
after weighed with the high accuracy analytical balance
by stoichiometric proportion, mixed with ZrO, ceramic
ball and appropriate amount of absolute alcohol and then
grinded for 2 h in planetary ball mill (rotation speed,
100 r/min) to get slurries. The slurries were desiccated
in desiccator and then abraded in an agate abrasive
bowl. The abraded powders in a ceramic vessel were
heated to 1200°C in a 5 kw box electronic furnace at a
heating rate 1°C/min, heat-preserved for 24 h, calcined
and furnace-cooled, then calcined again with the same

Figure 3 Typical back-scattered SEM micrograph of LSGM 1520 sintered at 1500°C for different times. (a) 1500°C x 6 h, (b) 1500°C x 12h, (c) 1500°C

x 24 h, (d) 1500°C x 36 h.
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technology. The sintered powders were prilled by using
solution of polyvinyl alcohol water solution as plastizer,
uniaxially pressed at 170 MPa, then degreased and
pre-sintered to 900°C and finally sintered at 1500°C for
24 h at a heating rate 0.5°C/min. In order to denote the
effect of sintering time on the density and microstructure,
the LSGM1520 was sintered at 1500°C for 6, 12, 24 and
36 h at a heating rate 1°C/min, respectively.

The densities of sintered samples were measured by us-
ing the Archimedes water immersion method. The phase
structures of starting powders and sintered samples were
analyzed by D/max-rB (Rigaku CO., Ltd, Japan, using
Cu Ko radiation), X-ray diffractometer (XRD). The mi-
crostructures of sintered samples were observed by XL.30-
ESEM (Germany), scanning electron microscope (SEM).
The chemical compositions of some typical microstruc-
tures were analyzed by an X-ray energy-dispersive

spectrometer (EDX) attached to SEM. The ionic conduc-
tivities were measured in air as a function of temperature
by using a four-probe impedance spectroscopy. In this
method, a small DC potential was applied to electrolyte
samples ~ 13 mm in diameter and 4 mm in thickness,
to which platinum electrodes had been applied. In this
paper, Sr- and Mg-doped LaGaO3 ceramics with various
Sr and Mg additions (La;_Sr,Ga;_yMg;O3_q 5+(r+y)) are
refer to as LSGM100x100y. For example, LSGM1015
means Lag 9Srg.1 Gag gsMgo.1502.575-

3. Results and discussion

3.1. XRD

The XRD patterns of 27 kinds of compositions of LSGM
are shown in. Fig. 1. The detailed results are shown in
Fig. 2. It can be seen that there exist regions of single-
phase, two-phase or three-phase in Sr- and Mg-doped

Figure 4 Typical back-scattered SEM micrograph of various LSGM. (a) LSGMO0510, (b) LSGM 0515, (c) LSGMO0520, (d) LSGM 0525, (e) LSGM1005,
(f) LSGM1010, (g) LSGM1020, (h) LSGM1030, (i) LSGM1510, (j) LSGM1515, (k) LSGM1525, (1) LSGM1530, (m) LSGM2015, (n) LSGM2020, (o)

LSGM2025, (p) LSGM2510.
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Figure 4 Continued.
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LaGaO;. This depends on different compositions of
Sr and Mg. In single-phase region, samples of various
compositions of LSGM electrolytes are composed of
only cubic perovskite-LaGaO;. While in two-phase
region or in three-phase region, there exist secondary
phases such as LaSrGrO4 or LaSrGr;O; besides
LaGaO3,

3.2. Relative densities

Effect of sintering time on relative density sintered sam-
ples is shown in Table I and Fig. 3. It can be seen that
relative densities are increased when sintering time varies
from 6 to 24 h. When over sintered sintering time is greater
than 24 h (over sintered), as shown in Fig. 3, the grains
will grow continuously, cavities at interface of matrix

TABLE II EDX analysis results of part microstructure of Fig. 4

EDAX ZAF Qualification (Standardless)
Element Normalized

Element Wt% At% K-ratio Z A F

(a) Chemical composition of secondary phase matrix phase in LSGMO0510

OK 18.33 59.11 0.0841  1.2500 0.3668  1.0002
GaL 19.14 14.16 0.0910  0.9938  0.4782  1.0005
MgK 0.34 0.71 0.0013  1.1907 03309  1.0011
SrL 13.42 7.90 0.0825 0.9563  0.6450  1.0012
LaL 48.77 18.11 0.4297  0.8726  1.0097  1.0000
Total 100.00  100.00

(b) Chemical composition of matrix phase in LSGM0510

OK 15.41 53.85 0.0801  1.2635 0.4114  1.0003
GaL 27.70 22.21 0.1302  1.0043  0.4681 1.0001
MgK 0.33 0.77 0.0012  1.2033  0.2956  0.0004
SrL 1.71 1.09 0.0098  0.9683  0.5923  1.0013
LaL 54.84 22.07 0.4912  0.8831  0.0141  1.0000
Total 100.00  100.00

(c) Chemical composition of secondary phase in LSGM1005

OK 15.64 50.06 0.0621  1.2362  0.3210  1.0005
GaL 41.12 30.21 0.2478  0.9831  0.6124  1.0007
MgK 0.00 0.00 0.0000  1.1781  0.3271 1.0012
SrL 17.59 10.28 0.1065  0.9408  0.6430  1.0006
LaL 25.65 9.45 0.2218  0.8590  1.0069  1.0000
Total 100.00  100.00

(d) Chemical composition of matrix phase in LSGM1005

OK 15.77 34.13 0.0804  1.2589  0.4048  1.0003
GaL 30.64 24.14 0.1482  1.0007  0.4834  1.0001
MgK 0.00 0.00 0.0000  1.1991  0.2960  1.0004
SrL 2.35 1.47 0.0135 0.9638  0.5944  1.0012
LaL 51.25 20.26 0.4569  0.8792  1.0141  1.0000
Total 100.00  100.00

(e) Chemical composition of secondary phase in LSGM1010

OK 17.99 53.86 0.0712  1.2243  0.3280  1.0006
GaL 41.51 28.52 0.2544 09738  0.6289  1.0008
MgK 0.00 0.000 0.0000 1.1669 03337  1.0013
St 18.10 9.90 0.1101 09302  0.6534  1.0005
LaL 22.40 7.72 0.1919  0.8197  1.0083  1.0000
Total 100.00  100.00

(f) Chemical composition of matrix phase in LSGM1010

OK 19.07 58.68 0.0951  1.2374  0.4027  1.0004
GaL 33.80 23.86 0.1714  0.9840 05153  1.0001
MgK 0.00 0.00 0.0000 1.1791 0.3045  1.0004
SrL 3.62 2.03 0.0208  0.9443  0.6085  1.0010
LaL 43.51 15.42 0.3811  0.8621  1.0161  1.0000
Total 100.00  100.00
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TABLE III The quantitative XRD results of the secondary phases
Secondary phase(%)
Specimen LaSrGa307 LaSrGaOq4
LSGM1005 2.7 0
LSGM1010 2.8 0
LSGM1015 6.4 0.5
LSGM1505 13.0 1.0
LSGMI515 7.1 0.8
LSGM1530 0 5.7
LSGM2005 10.6 0.6
LSGM2010 4.2 0.4
LSGM2020 0.8 0.9
LSGM2025 0 1.1
LSGM2520 1.0 1.2
LSGM2525 1.1 1.0
6
. —=— LSGM2515
5L —e— LSGM2520
£) —a— LSGM2525
o
=) \
e 3l
£
2L
1

0.9 1.0 1.1 1.2 1.3
(1000/T)/(K

Figure 5 The conductivities of LSGM sintered at 1500°C for different
time.

and secondary phase will increase,and Ga will volatilize
[27]. It is generally known that oversintring cause lower
densities.

3.3. Microstructure

Typical back-scattered SEM micrographs of various
composite LSGM are shown in Fig. 4. From Fig. 4a, it
can be seen there existed long rod-like phase as secondary
phase and granular-like matrix phase in LSGMO0510
(shown with arrows). EDX analysis of rod-like phase
and matrix phase are shown in Table Ila and b (Figure
omitted), respectively. It can be seen that rod-like sec-
ondary phase is composed of (La,Sr);Ga,Oy and matrix
phase is composed of (La,Sr) (Ga,Mg)Os;. But from
XRD (see LSGMO0510 in Fig. 1), it can be concluded
that LSGMO0510 is composed of only one phase-(La,Sr)
(Ga,Mg)O3; without secondary phase. This is probably
because the small content of secondary phase can not be
detected by XRD. This shows the limitation of phase-
region diagram constructed only by XRD. From Fig. 4a—d,
i.e. when x, Sr concentration = 0.05%mol and y, Mg con-
centration are increased, it can be seen that long rod phase
disappeared gradually and equiaxed secondary phase



grow. From Fig. 4e, it can be seen that microstructures of
LSGM1005 are composed of matrix phase and secondary
phase (dark color), as shown with arrow. EDX analysis of
matrix phase and second phase of LSGM1005 are shown
in Table Ilc and d (Figure omitted), respectively. From
Table Ilc and d, it can be seen that matrix phase is cubic
perovskite-(La, Sr)(Ga, Mg)Oj3 and secondary phase is
LaSrGas;0O5. It is correlated well with the XRD result
shown in Fig. 1 (LSGM1005). From Fig. 4f, it can be
seen that there existed matrix phase and polygonal phase
as secondary phase, as shown with arrow. EDX diagrams
of matrix phase and secondary phases of LSGM1010 are
shown in Table Ile and f (Figure omitted), respectively.
From Table Ile and f, it can be seen that polygonal
secondary phase is LaSrGa;O; and matrix phase is cubic
perovskite (La,Sr)(Ga,Mg)Os. It is correlated well with
the XRD result shown in Fig. 1 (LSGM1010). Fig. 4e-h,
i.e. when x = 0.10% mol and y are increased, it can be
seen that there is a tendency, i.e. secondary phase grows
from irregular phase into polygonal phase. From Fig. 4i—1,
i.e. when x = 0.15% mol and y are increased, it can be
seen that numbers of cavities are increased remarkably.
From Fig. 4m—o, i.e., when x = 0.20% mol and y are
increased, it can also be seen that cavities distribute at the
interfaces of the matrix and secondary phases, the grain
size is enhanced remarkably. From Fig. 4a—o, i.e., when x
are fixed and y are increased, the grain size increases. The
reason is maybe due to the increase of the strain energy
caused by the addition of Mg. Fig. 4p also shows that

there appears large grain size. From the works mentioned
above, it can be concluded that with the increase of doped
contents, i.e. x + y, the grain size increases.

By using quantitative XRD technique, the volume frac-
tions of the secondary phases were shown in Table III.
It should be pointed out that, in the SEM micrographs,
the volume fractions of the secondary phases with large
grains were greater than that of actual contents of the sec-
ondary phases (for example Fig. 4f) due to the selected
area of photographing.

3.4. lonic conductivity

Fig. 5 shows the conductivities of LSGM1520 samples
sintered at 1500°C for different times under different test-
ing temperature. It can be seen that, when sintering time
changes from 6 to 24 h, conductivities increase, reach
maximum then decrease with the further prolongation
of sintering time. From Table I, it can be deduced that
there is similar relationship between the relative densities
and sintering time. It can be concluded that conductiv-
ities increase with the increase of the relative densities.
This is because, with the increase of the relative densi-
ties, the cavities will be decreased and the resistance to
conductivity caused by cavities will be decreased, there-
fore ionic conductivities will increase. The conductivities
of LSGM with different Sr and Mg concentrations under
different testing temperature are shown in Table I'V. Tonic
conductivity variation with concentration Sr and Mg of

TABLE IV  Conductives of different composition LSGM under different testing temperature

Conductivities under different testing temperature (S/cm)

Sample 500°C 550°C 600°C 650°C 700°C 750°C 800°C
LSGMO0505 9.0E-4 0.002 0.005 0.011 0.0209 0.034 0.050
LSGMO0510 0.001 0.004 0.011 0.021 0.035 0.053 0.072
LSGMO515 0.002 0.007 0.017 0.032 0.054 0.081 0.110
LSGMO0520 0.002 0.006 0.016 0.032 0.054 0.078 0.107
LSGMO0525 0.003 0.007 0.014 0.026 0.046 0.070 0.092
LSGMO0530 7.2E-4 0.002 0.006 0.015 0.027 0.046 0.070
LSGM1005 0.003 0.006 0.013 0.024 0.037 0.055 0.080
LSGM1010 0.002 0.006 0.014 0.027 0.052 0.080 0.114
LSGM1015 0.003 0.008 0.018 0.034 0.060 0.085 0.125
LSGM1020 0.002 0.007 0.017 0.033 0.057 0.092 0.127
LSGM1025 0.005 0.009 0.018 0.035 0.057 0.091 0.123
LSGM1030 0.001 0.004 0.010 0.018 0.035 0.057 0.092
LSGM1505 0.003 0.008 0.017 0.035 0.062 0.093 0.123
LSGM1510 0.003 0.008 0.018 0.036 0.062 0.093 0.130
LSGM1515 0.003 0.009 0.021 0.038 0.065 0.095 0.135
LSGM1520 0.003 0.008 0.018 0.036 0.067 0.105 0.148
LSGM1525 0.004 0.009 0.021 0.035 0.063 0.095 0.138
LSGM1530 0.002 0.005 0.013 0.027 0.048 0.074 0.106
LSGM2005 0.002 0.005 0.011 0.022 0.043 0.064 0.091
LSGM2010 0.001 0.004 0.010 0.025 0.048 0.087 0.130
LSGM2015 0.003 0.008 0.018 0.036 0.066 0.103 0.146
LSGM2020 0.004 0.009 0.021 0.036 0.063 0.101 0.134
LSGM2025 0.002 0.007 0.016 0.033 0.059 0.092 0.135
LSGM2510 0.002 0.006 0.012 0.024 0.045 0.067 0.095
LSGM2515 0.004 0.008 0.018 0.036 0.062 0.094 0.123
LSGM2520 0.0038 0.009 0.021 0.038 0.065 0.095 0.138
LSGM2525 0.003 0.008 0.017 0.034 0.058 0.083 0.121
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Figure 6 Tonic conductivity variation with concentration Sr and Mg of LSGM at 800°C (a) x, Sr concentration = constant, (b) y, Mg concentration =

constant.

LSGM at 800°C are shown in Fig. 6. It can be seen that
the ionic conductivities of LSGM increase with the in-
crease of Sr addition or Mg addition firstly, and after
reach maximum,then decrease. The optimized concen-
tration in La;_Sr,Ga;_y;Mg,O3_¢ 5(,4y) With the highest
conductivity at 800°C (¢ = 0.148 S/cm) is x = 0.15%
mol, y = 0.2% mol i.e. corresponding to LSGM1520.
At same time,it is noticed that LSGM2015 also has high
conductivity at 800°C (¢ = 0.146 S/cm). From Fig. 1,
it can be seen that, at this two compositions, the samples
remain a single-phase cubic (La, Sr)(Ga, Mg)Os. This can
explain the higher ionic conductivities of LSGM1520 and
LSGM2015.

4. Conclusions

(1) The relative densities of samples depend on sintering
time. With the prolongation of sintering time, the densities
of samples prepared increase at first, reach a maximum
and then decrease. With the increase of the relative den-
sities of samples, the ionic conductivities increase.

(2) The ionic conductivities of LSGM increase with the
increase of x, Sr concentration or y, Mg concentration at
first, and after reach a maximum, the ionic conductivities
of LSGM decrease with the increase of Sr concentration
or Mg concentration. The optimized composition with
high conductivity is LSGM1520 or LSGM2015. At this
two compositions, the samples are composed of single
phase-(La,Sr)(GaMg)O3 without secondary phase.

(3) There exist regions of single-phase, two-phase or
three-phase in various compositions of LSGM. Equiaxed,
rode-like and polygonal secondary phases were examined
by using SEM and EDX. With the increase of doped
elements, i.e. x + Yy, the grain size increases.

(4) Owing to the limitation of XRD method, the phase-
region diagram of LSGM with various concentrations of
Sr and Mg constructed only from XRD is not accurate.
In order to get LSGM with higher ionic conductivities,
the phase-region diagram will be constructed more accu-
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rately. Many different testing ways will be used such as
SEM, EDX, TEM, HRTEM, etc., in order to get more
accurate phase diagram. The next work is expected to
concentrate on constructing more accurate phase-region
diagram.
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