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bstract

he intermediate temperature electrolytes La1−xSrxGa1−yMgyO3−δ (LSGM, where δ = (x + y)/2) with perovskite structure were prepared using a
oly(vinyl alcohol) (PVA) solution polymerization method. Three secondary phases were identified by X-ray diffraction, LaSrGaO4, LaSrGa3O7

nd La4Ga2O9. The relative amount of these secondary phases depended on the doping compositions. Sr doping produced more Sr rich secondary
hases with increasing content, while enhanced solid solubility was observed with Mg addition. Sintered samples showed dense microstructures

ith well-developed equiaxed grains, and the secondary phases were mainly in the grain boundaries. LaSrGaO4 could not be detected by SEM

or the sintered pellets. The oxygen ionic conductivity was enhanced by doping with Sr and Mg. Mg doping showed the increased conductivity
ctivation energy. La0.8Sr0.2Ga0.9Mg0.1O2.85 had the highest ionic conductivity σ = 0.128 S/cm at 800 ◦C in this work.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFCs) convert chemical energy
f the fuel directly to electrical energy with high efficiency
nd are environmentally friendly.1 Typical SOFCs with yttria-
tabilized-zirconia (YSZ) electrolytes require high operating
emperatures (800–1000 ◦C). The high temperature may cause
erious problems for sealing materials, thermal mismatches and
eaction between interface materials, leading to higher man-
facturing cost and application limitation.2 Therefore, effect
as been focused on developing and designing novel oxide
lectrolytes which can operate at intermediate temperatures
500–800 ◦C). Stabilized Bi2O3 and doped CeO2 show higher
onductivity than YSZ at low temperatures and should thus
e interesting alternatives. But later works showed that CeO2
nd Bi2O3 based oxides become mixed electronic/oxide-ion

onductors in the reducing atmosphere.3 In 1994, Ishihara et
l.4 and Feng and Goodenough5 reported that the perovskite
aGaO3 doped with Sr and Mg had an oxide ion conductiv-
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conductivity

ty σ > 0.10 S/cm at 800 ◦C, which exceeded those of YSZ by a
actor of about three. Moreover, the materials had a near unity
ransference number in the oxygen partial pressure region from
0−22 to 1 atm and showed a stable performance over long oper-
tion time.4–7 These superior electrical and chemical properties
ake the LaGaO3 based oxide one of the most promis-

ng candidates as intermediate temperature electrolytes for
OFCs.

LSGM ceramics were mostly prepared by the conven-
ional solid state reaction method.4–8 The method suffers from
ime-consuming grinding and high temperature firing; and the
ynthesized powder is not chemically homogeneous and the
article size is large. LSGM ceramics have also been syn-
hesized by other methods, such as sol–gel method,9 Pechini

ethod,10,11 and combustion method.12 Recently, Li et al. stud-
ed the preparation of La0.85Sr0.15Ga0.85Mg0.15O2.85 by a PVA
olution polymerization method and compared it with the solid
tate reaction method.13 The method involves a mechanism of
teric entrapment of cations into the polymer network, which

revents precipitation and thus ensures a homogeneous mixing
t atomic level.14 It was concluded that the PVA method was
ffective and efficient with pure perovskite phase produced at a
uch lower sintering temperature than the conventional ceramic

mailto:shuail@kth.se
dx.doi.org/10.1016/j.jeurceramsoc.2008.08.017
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the sintered samples, pellets were crushed into powders and then
examined. The operating conditions for XRD were 45 kV, 40 mA
at room temperature. Scans were taken in a 2θ range of 20–80◦
with a step size of 0.02◦.
140 S. Li, B. Bergman / Journal of the Euro

ethod, and this was attributed to the fine and homogeneous
owders produced by the PVA method.

However, the secondary phases and microstructure of LSGM
eramics depend strongly on the synthesis methods and doping
ompositions,15 and as a matter of fact, the synthesis of single
erovskite phase is rather difficult. According to Huang et al.,
wo secondary phases, namely LaSrGaO4 and LaSrGa3O7, were
dentified in the sintered samples prepared by solid state reac-
ion method.7,8 While in a phase diagram study by Majewski
t al., further secondary phases exist in the quaternary system
a2O3–SrO–MgO–Ga2O3, e.g. LaSrGaO4, LaSrGa3O7, MgO,
a2O3, and MgGa2O4.16 Moreover, the amounts of secondary
hases in LSGM may not only relate to the synthesis route, but
lso depend on the dopants.6 For example, when Sr and Mg
ere present together, it was found that the solubility of Sr and
g in LaGaO3 increased significantly.16 Polini reported that the

mount of secondary phases decreased with the increase of Mg
t a given Sr content, while increased with the Sr content at a
iven Mg content.11 The LSGM ceramics were mostly reported
o have a microstructure with equiaxed grains.8,11 Secondary
hases, such as LaSrGa3O7 and MgO, could easily be identified
n the SEM microstructures and were primarily accumulated
long the grain boundaries. However, in a microstructure study
f LaGaO3 based electrolytes by Liu et al., secondary phases
uch as LaSrGa3O7 and LaSrGaO4 existed with a rod shape in
he perovskite phase matrix.17

In this work, we report a systematic study in which the
elationship between doping composition and the secondary
hases and microstructure was further investigated. To study
he effect of Sr and Mg separately, La1−xSrxGa0.95Mg0.05O3−δ

x = 0.05–0.25) and La0.8Sr0.2Ga1−yMgyO3−δ (y = 0.05–0.20)
ere prepared by the PVA method. In order to get as pure
erovskite phase as possible, the powders were calcined at
emperature of 1300 ◦C.10,11,13 The sintered pellets were char-
cterised by X-ray diffraction, scanning electron microscope, as
ell as ac impedance spectroscopy. We also discuss the effect of
oping content on the electrical properties of LSGM electrolytes,
uch as ionic conductivity and activation energy.

. Experimental

.1. Materials and preparation

The powders were synthesized using the following nitrate
alts as cation sources: La(NO3)3·6H2O (99.99%), Sr(NO3)2
99.97%), Ga(NO3)3·xH2O (99.9%) and Mg(NO3)2·6H2O
99.97%) (all of them were from Alfa Aesar, a Johnson Matthey
ompany). The x value in the formula of gallium nitrate was
etermined to be 9 using a thermogravimetric analysis (TGA).
toichiometric amounts of the given nitrate salts were mixed

nitially in distilled water and homogenized in a glass beaker.
his solution was then mixed together with PVA solution in a
lass beaker. The PVA solution was made by dissolving appro-

riate amount of PVA (–(CH2–CHOH)–n, molecular weight of
7,000–66,000, Alfa Aesar) into distilled water and stirring on
hot plate at 150 ◦C. The proportions of PVA to nitrate salts
ere adjusted in such way that the ratio of positively charged

F
(

Ceramic Society 29 (2009) 1139–1146

alences from metal cations to hydroxyl group of PVA is 1:1. For
xample, in the case of 1 mol La0.9Sr0.1Ga0.95Mg0.05O2.925, total
ositively charged valences are 5.85 mol, and then the amount
f PVA corresponding to 5.85 mol hydroxyl group is needed.
he resulting precursor solution was stirred and homogenized
n a hot plate for 1 h at room temperature. The solution was
hen heated at 250 ◦C to evaporate water while stirring. Black
risp char was finally formed and dried in an oven at 250 ◦C
vernight. The char was ground into fine powder with an agate
ortar and pestle. Calcination was subsequently performed in

n air atmosphere in a tube furnace at 1300 ◦C for 3 h.
The as calcined powder was mixed with 1 wt.% PVA solution

or binder and ground with an agate mortar and pestle. This
owder was uniaxially pressed into pellets with 11 mm diameter
nd 2 mm thickness. The pressure was 200MPa. Green pellets
ere sintered at a temperature of 1470 ◦C for 20 h in air in a
uffle furnace.

.2. Characterisation

The phases in specimens were identified using X-ray Diffrac-
ion (XRD) (X’Pert Pro, PANalytical) with Cu K� radiation. For
ig. 1. XRD patterns of sintered La1−xSrxGa0.95Mg0.05O3−δ pellets
x = 0.05–0.25).
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cubic symmetry which is confirmed by the well defined (1 1 1)
reflection peak. The peak splitting for sample LSGM2010 is
not as much for sample LSGM2005, and this might reveal the

Table 1
Estimation of the amount of secondary phases in LSGM

Specimen LaSrGa3O7 (%) LaSrGaO4 (%) La4Ga2O9 (%)

Calcined Sintered Calcined Sintered Calcined Sintered

LSGM0505 1.4 0 0 0 6.1 2.4
LSGM1005 5.1 2.0 0 0 1.3 0
LSGM1505 10.9 0 5.8 1.3 3.3 0
LSGM2005 15.3 4.0 8.9 4.0 2.5 0
ig. 2. (a) XRD patterns of sintered La0.8Sr0.2Ga1−yMgyO3−δ pellets (y = 0.05
rthorhombic to cubic symmetry.

The microstructures of sintered pellets were studied by scan-
ing electron microscope (SEM) (JSM-840, JEOL). The pellets
ere wet-ground, polished and thermally etched at 1350 ◦C

or 0.5 h. Chemical compositions were determined by an X-ray
nergy dispersive spectrometer (EDS) (Link, Oxford) attached
o the SEM.

The ac conductivity of sintered pellets was obtained using
wo-probe impedance spectroscopy. Pellets were wet-ground
o a thickness of about 1 mm. Gold paste (Agar Scientific)
as applied on both sides of pellets and fired at 730 ◦C for
h. Measurements were made using electrochemical impedance

pectroscopy (EI300, Gamry Instruments) over a frequency
ange of 300 kHz to 1 Hz in air. The temperature range was
00–800 ◦C at an interval of 50 ◦C. Pellets were kept at each
emperature for at least 40 min to allow thermal equilibrium.
mpedance from cablings, leads and sample holders were
btained by measuring a blank cell.

In this paper, La1−xSrxGa1−yMgyO3−δ composition is
eferred to LSGM with numbers denoting contents of Sr and

g. For example, La0.8Sr0.2Ga0.9Mg0.1O2.85 is denoted as
SGM2010.

. Results and discussion

.1. X-ray diffraction patterns
Fig. 1 shows the XRD patterns of the sintered
a1−xSrxGa0.95Mg0.05O3−δ (x = 0.05–0.25) pellets. Diffraction
eaks from the perovskite phase are found in the LSGM pellets,
llustrating that LaGaO3 perovskite is essentially formed after

L
L
L
L

). (b) Enlarged XRD pattern portion around 2θ = 40◦ showing a change from

intering. The peak splitting at around 2θ = 40◦ shows the
tructure to be noncubic and the samples could be indexed with
he orthorhombic LaGaO3 (JCPDS 24-1102). Fig. 2 shows
he XRD patterns from sintered La0.8Sr0.2Ga1−yMgyO3−δ

y = 0.05–0.20) pellets. These samples are also characterised
ith perovskite phase after sintering. However, it is interesting

o note that the sintered samples with a fixed Sr content of
0 at.% have a structure change from orthorhombic to cubic
ith increasing Mg content. The enlarged portion of XRD
atterns around 2θ = 40◦ for these samples are shown in
ig. 2(b). Sintered LSGM2005 has an orthorhombic symmetry,
hich is verified in Fig. 2(b) where two reflection peaks are

dentified. But the samples LSGM2015 and LSGM2020 have a
SGM2505 25.6 14.1 14.1 9.3 1.7 0
SGM2010 16.1 3.0 10.9 3.0 0 0
SGM2015 13.5 0 11.0 0 0 0
SGM2020 9.2 0 14.3 0 0 0
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ig. 3. SEM showing microstructures and secondary phases of La1−xSrxGa0.95

d) LSGM2005, (e) LSGM2505.

act that the sample has a mixture of orthorhombic and cubic
tructure. The crystal structure of LSGM strongly depends on

he doping content and temperature. There are contradictory
eports about the crystal structure of Sr and/or Mg doped
aGaO3 perovskite.5,6,7,18 Huang et al. reported a primitive
ubic structure of LaGaO3 at all doping levels of Sr and Mg.7

o
s
w
y

5O3−δ, where x = 0.05–0.25: (a) LSGM0505, (b) LSGM1005, (c) LSGM1505,

owever it was found in other works that the structure could
hange from orthorhombic to cubic with increasing content

f dopants.6,18 For example, Datta reported an orthorhombic
tructure for samples with total dopant content x + y < 0.25,
hereas a cubic symmetry for x + y > 0.35 with either x or
> 0.2. It is generally believed that the higher symmetry of the
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rystal structure gives a better oxide ion conductivity and thus
s preferable.19

Secondary phases in sintered samples are demonstrated in
he XRD patterns in Figs. 1 and 2. These secondary phases
re identified to be La4Ga2O9 (JCPDS 53-1108), LaSrGa3O7
JCPDS 45-0637) and LaSrGaO4 (JCPDS 24-1208). Surpris-
ngly, all the sintered samples of La1−xSrxGa0.95Mg0.05O3−δ

ith x = 0.05–0.25 have secondary phases (Fig. 1). Trace amount
f secondary phases are detected in La1−xSrxGa0.95Mg0.05O3−δ

ith x = 0.05–0.20, while La0.75Sr0.25Ga0.95Mg0.05O3−δ shows
uite a lot of secondary phases. The solubility of Sr in LaGaO3 is
0–20 at.% when Mg content is kept 5 at.%, as reported by vari-
us researchers.6,7,16 So the solubility limit of Sr in LaGaO3 does
ot reasonably explain the presence of these secondary phases.
ne of the possible reasons for the trace amount of secondary
hases is maybe the short calcination time (3 h). It is believed
hat a higher calcination temperature or prolonged holding time

ay result in a pure sintered pellet. For instance, Tas et al.
ound that LSGM2017 prepared by a Pechini method contained
–5 wt.% secondary phases even after calcination at 1400 ◦C for
h. It was reported that increasing calcination time or increas-

ng firing temperature could remove these secondary phases
ffectively.10 It is seen in Fig. 2 that the secondary phases are
lso identified in La0.8Sr0.2Ga1−yMgyO3−δ with y = 0.05–0.2,
aSrGa3O7 and LaSrGaO4. However, as the Mg content

ncreases, the amount of secondary phases decreases, and in
articular, no secondary phase is detected in LSGM2015 and
SGM2020.

The amount of secondary phases is estimated by the ratio
f the integrated intensity of the most intense peaks of the
econdary phase over the perovskite LaGaO3. This is a semi
uantitative estimation of XRD patterns and reflects the rela-
ive amount of the secondary phases. Table 1 shows the amount
hange of secondary phases in calcined and sintered samples.
ll the powders suffer from secondary phases after calcination

t 1300 ◦C. Except for low doping specimens, LSGM0505 and
SGM1005, calcined powders contain much secondary phases,
20% as shown in Table 1. The sintering process can the sub-
tantially reduce these secondary phases. The amount change
f secondary phases in the sintered pellets with doping content
s illustrative. At a Mg content of 5 at.%, the amount of sec-
ndary phases, such as LaSrGa3O7 and LaSrGaO4, increases
hen the content of Sr increases. LaSrGa3O7 and LaSrGaO4

re Sr rich compounds, so it is believed that excessive addition
f Sr is compensated by formation of Sr rich secondary phases
ith increasing x value in La1−xSrxGa0.95Mg0.05O3−δ. On the
ther hand when Sr is fixed to 20 at.%, there is a fast decrease
f amount of Sr containing secondary phases as the Mg content
ncreases. The solubility of Sr could be extended by the addition
f Mg.

.2. Microstructure
The SEM microstructures of La1−xSrxGa0.95Mg0.05O3−δ

x = 0.05–0.25), polished and thermally etched at 1350 ◦C, are
hown in Fig. 3. Equiaxed microstructure with no abnormal
rain growth is demonstrated. The pellets are dense and with

i
(
t
L

ig. 4. SEM showing microstructures and secondary phases of
a0.8Sr0.2Ga1−yMgyO3−δ, where y = 0.10–0.20: (a) LSGM2010, (b)
SGM2015, (c) LSGM2020.

ew pores. Increasing Sr content results in bigger grains, but
his is not apparent with high Sr doping content. However, SEM

llustrates increasing grain sizes for La0.8Sr0.2Ga1−yMgyO3−δ

y = 0.10–0.20) pellets, as shown in Fig. 4. The reason for
he larger average grain size (20–26 �m) in LSGM2015 and
SGM2020 could be the less secondary phases (Table 1). The
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values.5,6 According to Huang et al., the highest conductivity at
800 ◦C (σ = 0.17 S/cm) was observed for LSGM2017 prepared
by a solid state reaction method.7 However, it was reported that
LSGM with x + y = 0.35 had the highest conductivity in another
144 S. Li, B. Bergman / Journal of the Euro

ensity of all sintered pellets, as determined by the Archimedes
ethod, is larger than 97% of theoretical density.
Secondary phases could be easily distinguished from the

atrix perovskite phase in the microstructures as shown in
igs. 3 and 4. The dark grains accumulated along grain
oundaries are secondary phases, LaSrGa3O7 or La4Ga2O9,
emonstrated by energy dispersive spectroscopy. Although
SGM2015 is found to be single LaGaO3 perovskite by XRD,

wo secondary phases are clearly visible in the SEM microstruc-
ures, Fig. 4(b). The small amount of secondary phases is
pparently beyond the detection limit of XRD. The dark intra-
ranular secondary phase is found to be LaSrGa3O7 by EDS.
hile for the bright plate-like phase protruding from grain

urface, the region is too small to perform EDS. Similar phe-
omenon was also reported by Abram et al. in a study of
SGM2017.20 The authors attribute this plate-like phase to be
aSrGaO4. This should not be the case in this work, because
o such bright plate-like phase could be detected by SEM in
hose other samples containing LaSrGaO4, as determined by
RD. Therefore, no LaSrGaO4 could be found in the microstruc-

ures, even when it is detected by XRD. It has been reported that
aSrGaO4 has a low melting point, ∼1400 ◦C,8 and should be

n a liquid state at the sintering temperature of 1470 ◦C. The
iquid phase LaSrGaO4 may wet over grains, thus no detectable
aSrGaO4 could be found in the microstructure. On the other
and, secondary phases, such as LaSrGa3O7 and La4Ga2O9 have
igher melting points, >1600 ◦C and ∼1700 ◦C, respectively.
hey do not melt at the sintering temperature, and thus remain
long grain boundaries. LSGM2020 has no secondary phase in
he microstructure observation, which corresponds to the XRD
nalysis.

Few and uniformly distributed pores can be seen through the
EM microstructure. Detailed examination shows that the pores
re mainly accumulated along grain boundaries. However, in
SGM2015 and LSGM2020, more pores are found and they are

n both grain boundaries and grain bulks. Considering the much
igger grain sizes in these two pellets, the reason for this could
e that these pores are trapped in the grains during the grain
rowth. The pores, whether in grain boundaries or grains, may
eteriorate the electrical properties. They block the oxide ion
igration, and thus decrease the ionic conductivity.

.3. Electrical properties

Electrical properties of sintered samples are characterised
sing ac impedance spectroscopy (IS). Generally, impedance
pectroscopy allows separation of bulk, grain boundary, and
lectrode processes of the ceramics.21 A typical impedance
pectroscopy of ceramics normally resolves three parts, a bulk
emicircle, a grain boundary semicircle, and an electrode arc.
uang et al. investigated the grain boundary effect in LSGM
sing impedance spectroscopy.8 It was reported that LaSrGa3O7
long the grain boundary is oxide ion insulating and con-

ributes a depressed grain boundary semicircle in the impedance
pectroscopy. While Abram et al. discussed the effect from
aSrGaO4 secondary phase within LSGM2017 grains, using a
ore quantitative approach to model the IS data with equivalent

F
t

ig. 5. The conductivity of La1−xSrxGa0.95Mg0.05O3−δ as a function of Sr con-
ent.

lectrical circuit.20 The equivalent circuit is rather difficult to
ssess, and the authors demonstrated the importance of correct
quivalent circuit to extract physically significant parameters.
n this work, simple hand fitting procedure to measure total
esistance from impedance complex plane (Z′ vs Z′′) is used.

Fig. 5 shows the total conductivity of
a1−xSrxGa0.95Mg0.05O3−δ (x = 0.05–0.25) at 600 ◦C, 700 ◦C
nd 800 ◦C, respectively. At a Mg level of 5 at.%, the con-
uctivity increases with Sr content to a maximum at x = 0.15
or 600 ◦C and x = 0.20 for 700 ◦C and 800 ◦C. At different
emperatures, the highest conductivity occurred at different
ontents. This reflects a different dependence of conductivity
ctivation energy on composition. LSGM2505 has an inferior
lectrical conductivity, which apparently has much to do with
he large amount of secondary phases in the sintered pellets (see
able 1). As shown in Fig. 6, the ionic conductivity increases
ith increasing Mg content initially, and decreases after

eaching a maximum. LSGM2010 has the highest conductivity
t 800 ◦C, σ = 0.128 S/cm, which is comparable to literature
ig. 6. The conductivity of La0.8Sr0.2Ga1−yMgyO3−δ as a function of Mg con-
ent.
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Table 2
Electrical properties of LSGM pellets

Pellet Total conductivity (S/cm) ln A E (eV) E (eV)* E (eV)**

600 ◦C 700 ◦C 800 ◦C

LSGM0505 0.016 0.029 0.056 9.908 0.547 N/A 0.634
LSGM1005 0.021 0.044 0.081 10.875 0.597 0.87 0.642
LSGM1505 0.030 0.053 0.085 10.218 0.524 0.918 0.624
LSGM2005 0.027 0.058 0.102 11.275 0.609 0.874 0.602
LSGM2505 0.017 0.038 0.057 10.565 0.590 N/A 0.615
LSGM2010 0.033 0.079 0.128 11.588 0.614 0.950 0.789
LSGM2015 0.029 0.060 0.101 11.384 0.617 1.06 0.785
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SGM2020 0.019 0.042 0.093

* Ref. 6.
** Ref. 7.

ork.6 This discrepancy is maybe caused by the different
ynthesis methods, microstructures and crystal structures of
SGM oxides. It should be pointed out that LSGM2010 pellet
as trace amount of secondary phases according to the XRD
nalysis, although it has the highest ionic conductivity at
00 ◦C. So it is reasonable to expect that the conductivity
ould be higher if purer perovskite phase can be obtained for
SGM2010. LSGM2015 and LSGM2020 have inferior ionic
onductivities, and even they are found to have purer perovskite
hase. As shown in the microstructures (see Fig. 4), the amount
f pores in these two samples is found to be higher than in other
pecimens, and they may block the oxygen ion migration as
iscussed above. The pores may thus be a deteriorating effect
n the ionic conductivity for LSGM2015 and LSGM2020.
eanwhile, LSGM2015 and LSGM2020 microstructures show

pparent thickening of grain boundaries, Fig. 4. This indicates
molten composition forms and wet over grains. This grain

oundary thickening is probably amorphous and could be
nother reason for the inferior conductivity of LSGM2015 and
SGM2020.
Table 2 compares the electrical properties of sintered LSGM
amples with various compositions. The Arrhenius plots for
a0.8Sr0.2Ga1−yMgyO3−δ in the temperature range 500–800 ◦C
re shown in Fig. 7. A linear relationship of conductivity with

Fig. 7. Arrhenius plots for La0.8Sr0.2Ga1−yMgyO3−δ pellets.

i
s
e
i
o

F
c

12.556 0.739 1.15 0.837

emperature was found. The conductivities of other samples are
ound to follow a similar linear relationship. Activation ener-
ies (E) for conductivities of all pellets are calculated from the
rrhenius plots and are listed in Table 2. The activation energy
alues are lower than the reported literature values.6,7 The acti-
ation energy for LSGM consists of association energy (Ea) and
igration energy (Em), where Ea is the energy needed for dis-

ociation of oxygen vacancies from their cation atmosphere,
nd Em is the migration energy or mobility barrier for oxy-
en vacancies. At low temperatures both are present, but with
ncreasing temperatures, there is an order–disorder transition at
critical temperature T* and only the migration energy remains
t elevated temperatures. Huang et al. reported the critical tem-
erature to be 599 ± 49 ◦C.7 It is thus reasonable to attribute
he activation energy (E) to the migration energy (Em) in our
ase. Therefore, the lower activation energy values in our work
ould be explained by a lower migration barrier. And the rea-
on for this difference is probably related to lattice strain or
ismatch introduced by different synthesis methods. The issue

s complex and there is not yet a definite explanation to it. It
s seen that further work is required to get a complete under-

tanding of this phenomenon. Fig. 8 compares the activation
nergies of all samples. It is revealed that the activation energy
ncreases with increasing content of Mg. However, there is no
bvious trend with the increase of Sr content. This indicates that

ig. 8. The conductivity activation energy of LSGM as a function of dopant
ontent.
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he Mg addition increases the migration energy, while the Sr
ddition has no specific effect on the migration energy. Ear-
ier calculations on the perovskite type oxides demonstrated
hat vacancy migration take place along the 〈1 1 0〉 edge of
he anion octahedron.22,23 In LaGaO3, an oxygen atom forms
wo bonds both with Ga and La. Significant binding energies
etween Mg and oxygen vacancy was found compared with the
ear-zero binding energy for Sr and oxygen vacancy using a
omputer simulation.23 This means that an oxygen vacancy is
ore strongly trapped by Ga–O–Mg pair than by the La–O–Sr

air. Therefore, addition of Mg has more effect on the migration
arrier than Sr.

. Conclusions

LSGM ceramics with various dopant contents were pre-
ared using a PVA solution polymerization method. The crystal
tructure of the LaGaO3 perovskite changes with increas-
ng dopant content. La1−xSrxGa0.95Mg0.05O3−δ (x = 0.05–0.25)
ellets could be characterised with orthorhombic symmetry.
owever, the sintered samples with fixed Sr content of 20 at.%

howed a structure change from orthorhombic to cubic with
he increase of Mg content. A cubic symmetry was observed
or La0.8Sr0.2Ga1−yMgyO3−δ with y ≥ 15 at.%. The secondary
hases in pellets were mainly LaSrGaO4, LaSrGa3O7 and
a4Ga2O9 as revealed by XRD analysis. The relative amount
f these secondary phases was found to depend on dopant
ontents. The amount of Sr rich secondary phases, LaSrGaO4
nd LaSrGa3O7, increased with increasing Sr content, while
nhanced solubility was observed when doping with Mg.
EM observation showed equiaxed grains in sintered sam-
les. Secondary phases, such as LaSrGa3O7 and La4Ga2O9,
ere confirmed by EDS and they were found to accumulate

long grain boundaries. Because of the lower melting point of
aSrGaO4, it was liquid at the sintering temperature of 1470 ◦C
nd wetting the grains. Thus no LaSrGaO4 was detected in
he SEM microstructures for all sintered pellets. Oxygen ionic
onductivities were enhanced by doping with Sr and Mg. The
ctivation energy increased with increasing content of Mg, while
here was no specific trend with the Sr content. The highest
onic conductivity value σ = 0.128 S/cm at 800 ◦C was found for
SGM2010.
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