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Abstract

La;_,Sr,Ga;_,Mg,0;_; (x=0.1-0.2, y=0.1-0.2) (LSGM) electrolytes, which have high ionic conductivities, were synthesized by a solid-state
reaction at 1500 °C. In our study, Lag ¢Sto GagoMgo 103_s and Lag oStp.1Gag sMgp,05_s crystallized in an orthorhombic (Imma) structure, and
La;_Sr,Ga;_,Mg,03_s (0.1 <x<0.2, 0.17<y<0.2) crystallized in a rhombohedral (R3c) structure. Active Raman bands at approximately 532,
674, and 750 cm™' were observed in these samples because of the decrease in local symmetry induced by the oxygen vacancies. When
x+y > 0.35, the conductivity was approximately 0.164-0.173 S/cm at 800 °C. The ionic conductivity mechanism changed at temperatures of
approximately 500-650 °C. Lag 9Sto.1GagoMgo 10;5_s and Lag oSty 1GaggMgp,03_s samples possessed higher resistances at 300—400 °C as a
result of existing stacking faults and defects. The thermal expansion coefficients (TECs) were approximately 9.1 x 107%°C to 11 x 107%/°C at

200-500 °C.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Solid-oxide fuel cells (SOFCs) have been studied over the
past few decades. SOFCs that operate at lower operating
temperatures (600-800 °C) are called intermediate-temperature
SOFCs. Among solid electrolytes, La;_,Sr,Ga;_,Mg,03_;
electrolytes are good, purely ionic conductors (> 0.1 S/cm at
800 °C) with high chemical stability at oxygen partial pres-
sures of approximately 107> to 1 atm and stable performances
over long operating times [1,2].

LaGaO; undergoes a structural phase transition from an
orthorhombic (Pbnm) to a rhombohedral (R3c) structure at
145 °C and further transforms to a cubic (Pm3m) structure at
1000 °C [3-5]. However, previous reports [5—8] showed that
Sr- and Mg-doped lanthanum gallates have five crystal
structures from room temperature to high temperature: two
orthorhombic (Pnma, denoted as PO, and Imma, denoted as
10), monoclinic (I2/a, denoted as M), rhombohedral (R3c,
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denoted as hR), and cubic (Pm3m, denoted as C). Guenter
et al. [7] also reported that the crystal structures of Lag ¢St ;-
Gao_gMg0.103_5 and LaO_QSro_lGao_gMg0.203_5 are orthorhom-
bic (Imma) at room temperature.

Oxygen vacancies are created by doping with divalent ions,
replacing the La and Ga atoms, which improves the ionic
conductivity [9]. The best divalent ions are Sr and Mg;
however, secondary phases, e.g., LaSrGa;0,, LaSrGaO,, and
La,;Ga,0y, are easily produced from LSGM systems and lead
to a lower conductivity [9,10]. The changes in the slope of the
Arrhenius plot coincide with structural transitions and changes
in the thermal expansion coefficient (TEC) [6]. In air, the
oxygen transference numbers vary from 0.984 to 0.998 and
decrease with increasing temperature or oxygen partial
pressure (Po,) [11,12]. At low temperatures, the oxygen
vacancies (denoted as V) in the LSGM oxygen sublattice
are in the GaOs-V -GaOjs state, resulting in a higher activation
energy (E,~1 eV). At temperatures above 500 °C, the vacan-
cies are in the Ga(OsVo16)s State, and E, is approximately
0.7eV [4]. The LaygSry,Gagg3Mgp1705_s sample had a
higher ionic conductivity of 0.17 S/cm at 800 °C [2]. Mg
doping at the B-site had a stronger effect on the TEC than did
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Sr doping at the A-site; the TEC of the Lag gSr,GaggMgo-,03_s
sample was approximately 10.47 x 107%/°C [13,14].

In the present work, the microstructures and electrical
properties of La;_,Sr,Ga;_,Mg,O3;_s were measured by
X-ray diffractometry (XRD), Raman spectroscopy, scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), and frequency response analysis. The purpose of this
work is to determine the relationship between the electrical
properties and microstructural changes of the various
compounds.

2. Experimental procedure
2.1. Preparation of LSGM samples

Lay053 (99.99%, Showa Denko, Kanagawa, Japan), SrCOj;
(99.9%, Showa Denko, Kanagawa, Japan), Ga,O3 (99.99%,
D.F. Goldsmith, Illinois, USA), and MgO (99.9%, J.T. Baker,
Pennsylvania, USA) powders were mixed to form the
La,_,Sr,Ga;_,Mg,Os;_s; samples by solid-state reaction, and
the La,O3 powder was first fired at 1200 °C for 5h. The
La;_,Sr,Ga,;_,Mg,O5_s specimens are designated as LSGMAB,
where A and B indicate the Sr and Mg contents in mol%
respectively. The compound powders were ball milled in
ethanol for 24 h, and then the slurries were dried. The dried
powders were deagglomerated using an agate mortar and pestle
and then calcined at 1250 °C for 5 h (heating rate 5 °C/min).
The calcined powders were ball milled again to reduce the size
of the agglomerated powder and improve the sintered densifica-
tion. The powders were dried and deagglomerated again using
an agate mortar and pestle and then passed through a 200-mesh
sieve. Finally, the powders were pressed into disks by uniaxial
pressing under a pressure of 150 MPa. These pellets were
burned out at 550 °C for 4 h and then sintered at 1550 °C for 10
and 15h at a heating rate of 5 °C/min. The relative densities
were estimated using the Archimedes method.

2.2. Crystal structure and microstructural analysis

First, the surfaces of the sintered samples were polished and
coated with a thin Au film. The samples were then heat treated
at 450 °C. The diffraction peak (26=38.18°) of the Au film
was used as the internal standard peak for XRD analysis. The
crystal structure was identified by X-ray diffractometry (XRD,
Rigaku DMX?2200, Tokyo, Japan) with Cu Ka radiation,
operated at 40kV and 30 mA, and also analyzed at room
temperature by Raman spectroscopy (Labram HR800 UV,
Horiba Jobin Yvon, France).

The polished samples were chemically etched, and
the microstructures were analyzed by scanning electron
microscopy (SEM, Hitachi S-4700, Tokyo, Japan) at 15 kV
and 10 mA. The bright field images and selected area
electron diffraction (SAED) patterns were obtained by
transmission electron microscopy (TEM, JEOL™ 2100F,
Tokyo, Japan).

2.3. Analysis of physical and electrical properties

The TECs of the samples were measured in air using a
NETZSCH 402C dilatometer (NETZSCH, Germany) in the
temperature range of 50-800 °C at a heating rate of 5 °C/min.
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Fig. 1. (a) LSGM1010, (b) LSGM1020, (c) LSGM1520, (d) LSGM2020,
(e) LSGM2017, (f) LSGM2015, and (g) LaGaO5 samples sintered at 1500 °C
for 10 h and (d-1) and (f-1) the corresponding samples sintered at 1500 °C
for 15 h. The scanning conditions of XRD are 2deg/min in (A) and 0.01deg/5 s
in (B).
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Fig. 2. Raman spectra of the LSGM specimens at room temperature.
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The dilatometer was calibrated using the NETZSCH Al,O;
standard. Pellets with diameters of 1 cm were wet-ground to a
thickness of approximately 1 mm. Electrodes were formed by
screen-printing silver (Ag) paste onto both sides of the
samples, creating a Ag area of 5x 5 mm?” and then fired at
800 °C in air. AC impedance spectra were measured with a
frequency response analyzer (HIOKI-3532-50, USA) over a
frequency range from 42 Hz to 5 x 10° Hz with an AC voltage
of 1 V in air, and the operating temperature was increased from
300 °C to 800 °C in intervals of 100 °C. Ag wires were used as
current collectors. Each measurement was allowed to reach
equilibrium prior to recording the data. The impedance spectra
were fitted with equivalent circuits. The conductivities of the
samples were also measured using the dc four-point probe
method in air at an applied voltage of 10 V as the operating
temperature was increased from 500 °C to 800 °C in intervals
of 50 °C.

3. Results and discussion

3.1. Structural analysis

Fig. 1(A) shows the XRD patterns of the La;_,Sr,Ga;
Mg, 05_5 (x=0-0.2, y=0-0.2) samples sintered at 1500 °C
for 10 and 15 h. Three additional peaks (20=48°, 51.2°, and
53.9°) appeared in the LaGaO5 sample [Fig. 1(A)(g)], indicat-
ing an orthorhombic (Pnma) phase (JCPDS 83-0566); this
sample also contained fewer La,O; (JCPDS 83-1349) impu-
rities (20=29°). Fig. 1(B) shows the XRD patterns resulting

from slow scanning at 20=66.5-69.5°, and the LSGM1010
and LSGM1020 samples exhibit an orthorhombic (Imma)
phase. Fig. 1(A)(c)—(f) and (B)(c)—(f) shows that the structures
of these specimens had changed and no longer contained an
orthorhombic (Pnma) phase; rather, they featured a rhombo-
hedral (R3c) phase, as observed at 20=67-69°.

According to a report by Guenter et al. [7], the crystal
structure of Lag ¢St 1GagoMgp 1035 is orthorhombic Imma at
room temperature, which is similar to the results of our study.
A SrLaGa;0O, phase (JCPDS 45-0637) was also detected at
20=29.9° in the LSGM1010 and LSGM2015 samples [Fig. 1
(A)]; however, SrLLaGaz0; is an insulator and will therefore
lower the overall conductivity. Consequently, doping with Sr
and Mg ions, which have larger ionic radii, can decrease the
tilting angle of the octahedral GaOg, thereby slightly increasing
the structural symmetry, as shown in Fig. 1(B)(c)—(f). As the
sintering time increased from 10 to 15 h, the crystal structure
did not change [Fig. 1(A)]. However, the asymmetric peaks at
20=46° in Fig. 1(A)(b)—(e) cannot be assigned to the
orthorhombic structure, and their source is not clear.

3.2. Raman spectra

Fig. 2 shows the Raman spectra of LSGM samples at room
temperature. According to the report of Tompsett et al. [15], the
17 bands of PO-LaGaO; and 4 bands of hR-LaGaO; were
observed at 21 °C and 500 °C, respectively, in the Raman
spectra. Fig. 2(g) shows that the LaGaO; sample has a PO-
structure, and bands are observed in the range 50-900 cm™h:

)

Fig. 3. SEM images of the LSGM samples sintered at 1500 °C for 10 or 15 h, (a) LSGM1010, (b) LSGM1020, (c) LSGM1520, (d) LSGM2020, (d-1) LSGM2020
(15 h), (€) LSGM2017, (f) LSGM2015, (f-1) LSGM2015 (15 h), and (g) LaGaOs (chemically etched).
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98(B1y), 124(By,), 151(Ay), 176(Bsy), 257(Ay), 283(A,), 340
(Bsy), 408(B3g), 436(A,), and 454(Bs,) cm™'. The Raman
spectra of the LSGM samples are different from that of the
LaGaOj3 sample, which indicate that the structures have changed
[as shown in Fig. 2(a)—(f)]. The Raman peaks in Fig. 2(c)—(f) are
broader than those of LSGM 1010 and LSGM 1020, as shown in
Fig. 2(a) and (b) and, according to the XRD analysis in Fig. 1
(B), correspond to hR- and 1O-structures, respectively.
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Three active bands at approximately 532, 674, and 750 cm™

appear in the range 470-900 cm™' in Fig. 2(a)~(f), and their
scattering intensity depends on the amount of Sr and Mg. These
three active bands arise from the decrease in local symmetry
induced by the oxygen vacancies [16], as shown in the
following:

LaGaO3 / ' . X
MgO + StO = Mg, + Sr,+Vo + 207, (1)
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Fig. 4. TEM bright field images and SAED patterns of the LSGM samples sintered at 1500 °C for 10 h, (a) LaGaOj, (b) LSGM1010, (c) LSGM1020,

(d) LSGM1520, and (e) LSGM2020.
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Doping with Sr and Mg ions is effective for producing
oxygen vacancies, and their use further improves ionic
conductivity. The data indicate that the crystal structures were
altered by doping with aliovalent ions, as shown in Fig. 2(g)
and (a)—(f), and the Raman-active vibrational modes decreased
and broadened.

3.3. Microstructural analysis

The polished specimens were chemically etched, and the
microstructures were observed by using SEM. Fig. 3 shows the
SEM images of samples sintered at 1500 °C for 10 and 15 h. All
specimens were quite dense, with relative densities of approxi-
mately 93-97%. Extremely sparse, small pores were present in
the grain boundaries or trapped inside the grains.

A salient feature of the LSGM1010 and LaGaO; samples was
observed [Fig. 3(a) and (g)]: the microstructures of these samples
may be ascribed to twins, stacking faults, or antiphase phase
boundaries induced by the phase transition. The microstructures
could only be further analyzed using TEM. However, except for
LSGM1010 and LaGaOs, all other LSGM samples [Fig. 3(b)—(f-
1)] did not display this salient feature, i.e., twins or stacking
faults. The tilting of the GaOg octahedron decreased as the Sr and
Mg contents increased beyond 0.3 mol; thus, the structure was
closer to that of the more symmetrical systems, e.g., the hR phase.
The average grain size (G,,) also increased significantly with
increasing sintering time and amount of Sr and Mg, e.g., from 13
to 18 pm for sintering times of 10 to 15h in the LSGM2015
sample and from 6.5 to 14.1 ym for y=0.1 to y=0.2 in the
Lag oSty 1Ga;_,Mg,03_s; samples.

3.4. TEM analysis

Previous reports have shown that La;_,Sr,Ga;_,Mg,O3_s
(x=0-0.2, y=0-0.2) samples have five crystal structures that

exist at different temperatures: PO-, 10-, M-, hR-, and
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C-phases [5-8]. The microstructures and phases of the LSGM
samples were also analyzed by TEM. Fig. 4 shows the TEM
bright field images (viewed from the zone axis Z=[111];o or
[1101],r) and SAED patterns of the LaGaOs;, LSGM1010,
LSGM1020, LSGM1520, and LSGM2020 samples. Defects
were not clearly observed in grain A of LaGaOs;, and the
patterns were indexed to Z=[010]pp, [111]po, and [210]pe of
the orthorhombic (Pnma) phase [Fig. 4(a)-(a-3)]. Stacking
fault fringes were observed in the LSGM1010, LSGM 1020,
and LSGM1520 samples but not in the LSGM2020 sample.
The fringes of stacking faults and defects decreased and
gradually disappeared as the number of Mg and Sr ions
increased, as shown by the arrows in Fig. 4(b)—(e). The
stacking faults or defects were induced by the aggregation of
oxygen vacancies. The patterns of the last four samples can be
indexed to Z=[010];o or [2021],r, [111];o or [1101],g, and
[210]po or [0001],r of the orthorhombic (Imma) or rhombo-
hedral (R3c) phases [Fig. 4(b)—(e-3)]. These patterns in the
Imma phase are similar to those in the R3¢ phase from the
simulated SAED patterns. The patterns are indexed to the
IO-phase for LSGM1010 and LSGM 1020 and to the hR-phase
for LSGM1520 and LSGM2020 according to our previous
XRD data. The tilting degree of octahedral GaOg decreased
upon doping with Sr and Mg ions, which increased the
structural symmetry [17,18].

3.5. lonic conductivity

The conductivity was measured by the dc four-point probe
method in air, which is a simple method for the determination of
the total conductivity of a specimen. Fig. 5(a) shows the ionic
conductivity of LSGM as a function of measuring temperature
(500-800 °C). The conductivity depends strongly on the mea-
suring temperature and dopant amount and increased signifi-
cantly with increasing measuring temperature and increasing
amounts of Sr and Mg. According to M. Shi et al. [19], higher
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Fig. 5. DC conductivities of the LSGM samples sintered at 1500 °C for 10 and 15 h. (a) Temperature dependence of electrical conductivity and (b) Arrhenius plot

of In(¢T) and 1000/T (T*: slope of the Arrhenius plot).
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conductivity at higher measuring temperatures is the result of
the acceleration of oxygen vacancy migration. The conductiv-
ities of LSGM 1010, LSGM1520, and LSGM2020 were 0.095,
0.173, and 0.167 S/cm at 800 °C (Table 1 and Fig. 5),
respectively, which is in good agreement with the values of
0.166 S/cm reported by Huang et al. [2] and 0.177 S/cm
reported by Lu et al. [20] at 800 °C in the LaggSry,-
Gaj g3Mg.170,.815 sample. When x+y>0.35 mol, the conduc-
tivities of the samples were higher than 0.16 S/cm at 800 °C for
a sintering period of 10 h (Table 1), and doping with Mg ions
had a significant effect on increasing the ionic conductivity, i.e.,
y=0.15-0.20 at x=0.2.

In studying the effect of sintering time on conductivity, the
conductivity clearly decreased from 0.167 to 0.137 S/cm with
increasing sintering time from 10 to 15 h in the LSGM2020
specimens (similar to the LSGM2015 specimens) [Table 1,
Figs. 5(a) and 6(a)]. When the Sr and Mg contents are fixed, a
prolonged sintering time will increase the process of thermal
activation, thereby promoting grain growth [Fig. 6(a)]. The
larger grain size will increase the average pathways of oxygen
ionic migration and thereby decrease the conductivity.
However, it is obvious that the ionic conductivities of the
LSGM (x+y>0.35) samples in our study are higher than those
of ZrO,- or CeO,-based oxides and somewhat lower than those
of Bi,Os-based oxides [21]. The ionic conductivity can be
expressed as

-E,
exp< = )
where g, gy, T, E,, and k are the ionic conductivity, pre-
exponential factor, absolute temperature, activation energy,
and Boltzmann constant (8.617343 x 107> eV/K), respectively.
A plot of In(¢T) vs. 1000/T should be a straight line with a
slope equal to —E,/1000k, allowing E, to be calculated.

The Arrhenius plot of In(¢7) and 1000/7 is plotted in Fig. 5(b),
and the slope changes dramatically at a 7* of approximately 600—
650 °C. The change at 7 indicates a phase transformation or a
change in the oxygen ionic conductive mechanism. Fig. 5(b) and
Table 1 show that E, is higher (0.99-1.54 eV) at low tempera-
tures (T<T") and decreases (0.69-0.86¢eV) with increasing
temperature (T > T%).
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At T <T* the vacancies are progressively trapped into
clusters to form ordered oxygen vacancies [2,17]. The oxygen
migration pathways become longer as the oxygen atoms move
through the clustered vacancies and the activation energy F, .
increases (as shown in Fig. 5(b)). At T > T*, the vacancies are
dissolved and distributed uniformly in the matrix. At this point,
the pathways of the oxygen migration become shorter, and the
activation energy FE, y decreases [2,17].

According to Skowron et al. [22], increasing the temperature
destroys the planar ordering and eliminates the associated
streaking on electron diffraction patterns in the LSGM2015
sample under high-temperature electron diffraction (20—
900 °C) using TEM, with the electron diffraction patterns
changing at approximately 500 °C [22]. This finding supports
the claim that 7% in Fig. 5(b) is the temperature at which either
a phase transformation or order—disorder oxygen vacancy
transition occurred. The ionic conductivities at 800 °C, grain
sizes, and activation energies of the LSGM samples are shown
in Fig. 6.

a Sintered at 1500°C [} g
T~ 0n 2
~ 15h =— T 8
3 . 150 =
9 T S
Z ] nx 2
£ ° by 2
S 15h 8= L0
o
@ H _—
2 10 o x
5 10h .\ 5
[ ] » | »
< & Feo 5
b 5 T T T T T é’
10h\
15
3 . A
; a-L -—
g 1.2 4
H /
g A 15h
" 09 E . o
. aH— T T
3] —
< 10h ,/ ‘ 415h
0.6 4 Ea changes at 600°C

00/00 10/10 10/20 15/20 20/20 2017 20/15
XIY mole% content in La, Sr,Ga, Mg O, system
XX 1y 'y 35

Fig. 6. Electrical conductivities at 800 °C, grain sizes, and activation energies
as a function of LSGM composition.

Electrical conductivities and activation energies of the LSGM (x=0.1-0.2, y=0.1-0.2) samples at 500-800 °C.

Specimen Conductivity (S/cm) (1073 Activation energy (eV)

500 °C 550 °C 600 °C 650 °C 700 °C 750 °C 800 °C E.1 T* (°C) E.n
LSGM2015-10 h 5 13 27 53 75 122 161 1.00 650 0.74
LSGM2017-10 h 2 7 26 47 78 125 164 1.35 650 0.80
LSGM2020-10 h 3 9 21 43 68 109 167 1.16 650 0.86
LSGM1520-10 h 5 12 25 48 70 114 173 0.99 650 0.82
LSGM1020-10 h 1 3 10 19 35 58 94 1.40 600 0.85
LSGM1010-10 h 1.6 6 20 35 49 68 95 1.54 600 0.69
LSGM2015-15 h 3 8 17 32 55 86 123 1.02 650 0.86
LSGM2020-15 h 2 6 17 38 62 97 137 1.26 650 0.83
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3.6. AC impedance spectroscopy

Fig. 7 shows the ac (Nyquist) impedance spectra of the
LSGM samples measured in the range 300-800 °C in air. Each
semicircular arc corresponds to a series of resistance (R)-
capacitor (C) combinations. The equivalent circuit mode
assumes a total impedance that includes grain interior (Ry;),
grain boundary (Rgy), and electrode polarization (R.) effects.
Because the LSGM specimens are not perfect, homogenous
materials, a constant phase element (CPE) was added to the
equivalent circuit mode instead of a capacitor. A CPE is
needed when there is distortion introduced by local inhomo-
geneities, e.g., secondary phases, pores, local charge inhomo-
geneity, and variations in composition [23]. The equivalent
circuit mode was designed to correspond to Ry-(Rgi/CPEg;)-
(Rov/ CPEqp)-(R/CPE,), where the hyphens (-) and slash marks
(/) denote connections in series and in parallel, respectively,
and R, is the unavoidable resistance associated with the testing
equipment [24]. The high-frequency arc ( > 10* Hz) represents
the bulk response, the middle-frequency arc is the series grain
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boundary response according to the brick-layer model, and the
low-frequency spike is the electrode response. The electrode
response is more complicated because it is inclined at 45° from
the vertical, called the Warburg response [25], because oxygen
ions are unable to diffuse through the entire thickness of the
electrode at the lowest frequency.

Fig. 7(A) and (B) shows two somewhat depressed arcs and
one electrode spike at 300 °C and 400 °C, and feature a larger
grain interior response and a small grain boundary response due
to the larger grain size, respectively. These spectra were
simulated using the Z-view software [26] for the equivalent
circuit. For 7> 500 °C, the impedance clearly decreases and is
always below 200 Q [Fig. 7(C)—(F)], and the conductivity
values were approximately 4-7 Q at 800 °C. The time constants
(r=RC) of relaxation become very small [27], and the
depressed semicircles of the grain interior and grain boundary
therefore also become small and then disappear. The ac
impedance spectra cannot be resolved because of the strong
overlap of the grain interior and grain boundary semicircles. The
electrode processes are dominant at 500 °C. Only one arc was
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Fig. 7. AC impedance plots of the LSGM samples measured at 300-800 °C.
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observed, and it shifted to higher frequencies above 500 °C as a
result of strong electrode polarization processes [27].

The higher-frequency tails shown in Fig. 7(C) and (D) stem
from the inductance (L) of the device and the connecting wiring
[28,29]; the mode is designed as (Ro/Le)-(Rgi/ CPEqi)-(Ro/
CPEy)-(R/CPE,). A similar phenomenon appeared in Fig. 7
(E) and (F) (700 and 800 °C), and the mode was corrected to
Ro-Lei-(Rqi/ CPE i)~(Ro/ CPEgp)-(R./CPE,) [28,30]. Reverse arcs
appeared at a lower frequency at 700 and 800 °C [as indicated
by arrows in Fig. 7(E) and (F), respectively] and are similar to
the complex plane impedance of the active—passive transition of
a metal-solution interface, as reported in the literature [31], and
thus the reverse arc is attributed to the active electrode
polarization interfacial processes.

The device and connecting wiring in the testing sample
significantly influences the accuracy of the resistance measure-
ments at higher temperatures. When the measuring temperature
increases, variations in the impedance arc also increase. Only
the ac impedance data at 300 °C and 400 °C were fitted to
calculate the impedances and the capacitance of the grain
interior and grain boundary using Eq. (3). The results are listed
in Table 2.

C = RI-1/m oi/m (3)

where C, R, Q, and n are the capacitance, resistance, and the
constant phase elements of CPE-T and CPE-P, respectively [32].
The CPE,;-P of the bulk material was approximately 0.8—-1, and it
exhibited almost pure capacitance behavior. The CPE,-P of the
grain boundary was approximately 0.36—1 (Table 2). The
capacitances C,; and Cg, were in the ranges of 23-99 pF and
26-753 nF, respectively, at 300400 °C.

The total impedance varied significantly with the Sr and Mg
contents at 300 and 400 °C, and the lower resistance occurred
for x4y of approximately 0.35 [Figs. 7(A) and (B) and 8]. The
LSGM1010 and LSGM1020 samples possessed higher resis-
tances, and stacking faults and defects were present in the
samples [Figs. 4(b) and (c) and 8]. At temperatures below
500 °C, these defects will cause oxygen ions to require higher
energy to migrate.

For the LSGM2015, LSGM2017, and LSGM2020 samples,
the resistance of the grain interior clearly increased with an
increase in Mg content:  Rgisom20is < Rei-Lsom2017
< Rgi-Lsom2020- However, the resistance of the grain boundary
did not obviously change, which is also a result of the grain
growth [Fig. 6(a)]. The energy barrier of the oxygen ions
migrating along the grain interior is higher than that along the
grain boundary at 300 and 400 °C, and the volume of the grain
interior occupies a larger fraction of the sample than does the
grain boundary. Thus, grain size is also the predominant
characteristic for improved conductivity at 300-400 °C.

3.7. Thermal analysis

Fig. 9 shows the thermal expansion analyses of the LSGM1010,
LSGM1020, LSGM1520, LSGM2020, and LSGM2015 samples
from 25 °C to 800 °C. The thermal expansion coefficient is an
important characteristic for the application of SOFCs. The physical

Table 2

AC impedance fitting results for the LSGM samples at 300 °C and 400 °C.

Ry (@) CPE4-T (pF) CPEg- Cyi (pF) Ry (Q) CPE,T (nF) CPEy,- Cyo (0F) Ryi+Ry, (Q)

Ro (Q)

Temperature

O

Sample

28,176

26
113

0.61
0.70
0.61
0.48
0.44
0.75
0.58
0.98
0.36
0.50
0.53
0.73
0.83
0.75
0.59
0.63

1065
3316

2633

23

0.90
0.94
0.90

94
170

25,543

60
307

300
400
300
400
300
400
300
400
300
400
300
400
300
400
300
400

LSGM1010-10 h

781
37,611

135
8716

65

646
28,895

128
154
565
464

1774
28,453
16,935

24
72

25

107

25
264

LSGM1020-10 h

963
24,944

257
4243

72
108
243

705
20,701

0.90
0.92
0.92
0.83
0.93
0.89
0.93
0.90
0.90
0.80
0.90
0.95

25
273

LSGM1520-10 h

635
10,870

67 6007

1634

64

568
9236

33 2512 45

107
1801

72
204

LSGM2015-10 h

303
17,643

69
753

94

30,585
30,000

38
3933

99
32
81

265
13,710

84
561

67
195

LSGM2017-10 h

520
27,592

113
330
288

125
4435

395
23,257

7129
5462

32
46

86

280

20
200

LSGM2020-10 h

812
13,435

62
1325

750
12,110

62
199

307
3331

26

124
2928

77
220

LSGM2015-15h

373
27,958

73
3408

89
25

300
24,550

156
226

3311
10,903

99

LSGM2020-15 h

824

130

61

148

694

301
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expansion coefficient (@) is the slope of the relative length—change
curve at a given temperature (7) [Eq. (4)], as shown in Fig. 9(B).

aT) = (1/lp)(dl/dT), (4)

where [ is the initial length of the sample. The TECs of the five
samples range from 9.1 x 107%°C to 11 x 107%°C at 200~
400 °C and from 10 x 107%/°C to 14 x 107%/°C at 500-800 °C,
and a turning point appears at 475-550 °C [Fig. 9(B)]. The data
show that the phase transition occurs at temperatures above
approximately 500 °C, and the results are consistent with the
slope change in the temperature range 600-650 °C, as shown in

40000+ AQ B Ry-10h AR -10h @ (R;+R,)-10h
T R,-15h A Ryp-15h O (Ry+R,)-15h
30000 300°C
20000
=}
o 10000
o
c
8 0
0
4
g 80
600
400
200

10/10 10/20 15/20 20/20 20117 20/15
o .
X/Y mole% content in La, ,Sr,Ga, Mg, 0, ; system

Fig. 8. Grain interior resistances, grain boundary resistances, and total
resistances of the LSGM samples calculated from the ac impedance plots at
300 and 400 °C.
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Fig. 5(b). This finding is also similar to those reported by
Vasylechko et al. [6] and Shibasaki et al. [33]. Vasylechko et al.
[6] reported that there are three phase transitions in LSGMO0510, i.
e., 247-297 °C (Imma-12/a), 497 °C (I12/a—R3c), and 597 °C
(R3¢—R3¢), and two transitions in LSGM1020, i.e., 497 °C (I2/a—
R3c) and 597-697 °C (R3c—R3c).

The differential thermal analysis (DTA) and thermogravi-
metric (TG) analysis results for the LSGM1010 and LSGM?2020
samples are shown in Fig. 10. A sharp endothermic peak was
detected at temperatures above 700 °C in the DTA curve, which
is in agreement with the results reported by Chen et al. [34].
This finding verifies that gradual phase transitions occurred at
ca. 700 °C. The obvious changes in weight varied with the
change in temperature. The weight decreased with increasing
temperature at 100-300 °C, and the decrease in weight was
approximately 0.05%. This mass loss is due to the presence of
absorbed water [35]. The weight then increased with increasing
temperature beginning at approximately 300 °C, and the
increase in weight was approximately 0.2% at 800 °C. When
temperature decreased from 800 °C to room temperature, the
weight returned to the total mass loss of 0.05%. Therefore, the
variation of weight at 300-800 °C was due to the variation in
the number of oxygen ions in the LSGM samples. The results
verified that the ionic conductivity mechanism had changed or
that gradual phase transitions occurred.

4. Conclusions

LagoSto,1GagoMgo.103_5 and Lag oSro.1GaggMgo203_s samples
are orthorhombic (fmma) in structure. La,_Sr,Ga;_,Mg,0Os3_;
(0.1 <x<0.2, 0.17<y<0.2) samples with rhombohedral (R3c)
structure were obtained by sintering at 1500 °C for 10h in a

b16

(a)LSGM1010
{(b)LSGM1020
(c)LSGM1520
(d)LSGM2020
| (e)LSGM2015

14

12

200
LI T T T T

i T
0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 9. Thermal expansion analyses of the (a) LSGM1010, (b) LSGM1020, (¢) LSGM2020, and (d) LSGM2015 samples sintered at 1500 °C for 10 h.
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cooling
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Fig. 10. (a) Differential thermal analysis and (b) thermogravimetric analysis of
the LSGM1010 and LSGM?2020 samples.

solid-state reaction. The average grain size increased with an
increase in either the Sr and Mg contents or the sintering time. The
relative densities of all LSGM samples were greater than 93%.
SrLLaGa;0O; was observed as a result of excess Sr in the LSGM
sample. Active bands at approximately 532, 674, and 750 cm™"
appeared as a result of a decrease in the local symmetry induced by
the oxygen vacancies.

The conductivity clearly increased as a result of an increase
in either the measuring temperature or the amount of Sr and
Mg and decreased with an increase in grain size. When the
amount of co-doping of Sr and Mg exceeds 0.35 mol, the
conductivity is approximately 0.164-0.173 S/cm at 800 °C. A
phase transformation occurred or the oxygen ionic conductive
mechanism changed at a T* of approximately 500-650 °C. The
LSGM1010 and LSGM1020 samples possessed larger resis-
tances for grain interiors and grain boundaries at 300-400 °C
as a result of existing stacking faults and defects. Stacking
faults gradually decreased with an increase in dopant content.
The TECs of the LSGM sample were approximately
9.1 x 107%/°C to 14 x 107°/°C at 200-800 °C.
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