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Abstract The structure, microstructure, and dielectric
and transport properties of (La,Sr)(Ga,M)O, (M =Mg,
Fe, and Ni) ceramic solid solutions have been studied by
X-ray diffraction, thermogravimetry, and dilatometry in
various gas atmospheres. Enhancement of conductivity
and an increase of the thermal expansion coefficient have
been confirmed to correlate with an increasing concen-
tration of oxygen vacancies at high temperatures in the
samples studied. Transformation from pure ionic to
mixed conductivity has been revealed in the samples
with increasing iron or nickel content.

Keywords Perovskite structure - Fe- and Ni-substituted
lanthanum gallate - Thermal expansion - Mass loss
Dc and ac conductivity

Introduction

Investigations of ionic and mixed conducting oxides at-
tract much attention due to the prospects of their
applications as catalysts, sensors, solid electrolytes,
materials, etc. [1, 2, 3, 4]. Moreover, mixed conducting
membranes are also known to be key elements of the new
technologies of natural and off-gas conversion [5]. Dur-
ing recent years, intensive efforts have been devoted to
the search for mixed conducting multicomponent oxides
that meet the demands for membranes exposed to severe
reaction conditions. The solid-state membranes must
provide high oxygen flux, and have a sufficient chemical
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stability in air and methane environments. A sufficiently
low expansion under the operating conditions is desired
to sustain the applied mechanical load at high tempera-
tures. Although a lot of compositions are known to
satisfy the oxygen flux criterion, these compositions
typically do not meet the other above-mentioned de-
mands. For example, mixed conducting oxides reported
in the systems Sr(Fe,Co)O, [6], (Ba,Sr)(Fe,Co)O, [7], and
Ca(Ti,Fe)Os; [8] do not completely meet the criteria of the
membrane materials. High ionic conductivity and high
chemical stability in reducing atmospheres at tempera-
tures higher than 700 °C were revealed in perovskites
based on lanthanum gallate [9, 10, 11]. Superior electrical
and chemical properties make the LaGaOs-based oxides
the leading new materials for application in solid oxide
fuel cell (SOFC) and methane conversion technologies,
and stimulated their further investigation as well [12, 13,
14, 15, 16]. In the perovskite-like oxides ABO;, wide
variation of ionic and electronic constituents of con-
ductivity are possible due to aliovalent substitutions of
the host cations in the A and B sites of the crystal lattice.
In particular, partial substitution of Sr and Mg for La
and Ga, respectively, ensures enhancement of oxygen
conductivity up to 0.1 S/cm in solid solutions of
(La,Sr)(Ga,Mg)O;_s (LSGM) [9, 11].

In this work complex investigation of the structure,
microstructure, and dielectric and transport properties
of the (La,Sr)(Ga,M)O, ceramic solid solutions with
M=Mg (system I), (Mg,Fe) (system II), and (Mg,Ni)
(system IIT) have been carried out. Changes of the mass-
and electrical-transport properties along with the struc-
tural characterization of oxides have been made in var-
ious atmospheres in a wide temperature range.

Experimental

Preparation of the samples

Ceramic samples (La;_,Sr,)[(Ga;_Mg,]JO3_s with x= 0-0.2,
y=0-0.2 (I), (Lag.oSro.)[(Ga;_Fe,)9sMgo]03_5 with x=0-1.0
(II), and (Laolgsrol1)[(G'd],xNix)0.gMg0.2]>< 03,(5 with x=0-1.0 (III)
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were prepared by two-step solid-state reactions at 7,=970-
1,300 K (6 h) and T>= 1,700-1,770 K (1-4 h). Starting materials
with chemical grades that ensured the content of main product was
not lower than 98% have been used: La,O;, Ga,03;, MgO, NiO,
and SrCOs. The salts La(NO3);-6H,O and MgCO5-Mg(OH),3H,0
were also tried as precursors in some experiments.

Methods of investigation

The samples were studied by X-ray diffraction (Cug,), electron
microscopy (JEOL-35CF), X-ray energy-dispersive microprobe
analysis of individual grains and elemental composition (LINK
system), and thermogravimetry and dilatometry methods in various
gas atmospheres. All the experimental units were computer com-
patible, PROFITVZ, POWDER, and the standard Microsoft Of-
fice programs being used for calculations of the measured
characteristics [17]. Two-probe dielectric measurements were car-
ried out at a frequency interval of 1 kHz—1 MHz, in the tempera-
ture range 290-1,170 K, using the samples with Pt electrodes that
allow evaluation of electronic conductivity by means of dc mea-
surements at low temperatures. Ac current measurements give the
values of total ionic plus electronic conductivity. In order to pre-
vent the effects of electrode polarization, bar-like samples with
dimensions 1.5x1.5%8 or 3x3x7 mm were used for the conductivity
measurements with the smallest-area faces of the bars being at-
tached to the electrodes.

Table 1 Element composition of grains in Lag_gSro >Gag g3-
Mg, 1702815 (LSGM_I1), LagsSrg2GagsMgo2025 (LSGM_2),
and (Lao_gsro_|)[(Gal,_XNix)()_gMg0>2]O3,_5(Ni_O.4, N1_06, N1_10)
according to the results of the energy- dispersive X-ray micro-
analysis, normalized to B site concentration. “A” letters markin-
dicates analysis of areas 600xx450 um, “B” — indicates analysis of
individual grains with size ~1,.5+-10 um

Composition, x La Sr Ga Ni Mg
(£0.02) (£0.02) (£0.03) (£0.03) (£0.02)

LSGM_1

A 0.88 0.21 0.76 - 0.24

A 1.03 0.21 0.82 - 0.18

B (1:1) 0.84 0.18 0.79 - 0.21

B (3:2) 1.19 0.22 0.82 - 0.18

B (3:2) 1.12 0.21 0.81 - 0.19

LSGM 2

A 0.71 0.145 0.82 - 0.18

B (1:1) 0.845 0.11 0.82 - 0.18

B (1:1) 0.47 0.43 0.97 - 0.03

B (3:2) 0.73 0.58 0.89 - 0.11

B (3:2) 0.79 0.61 0.88 - 0.12

Ni_0.4

A 0.92 0.11 0.44 0.40 0.16

B 0.77 0.10 0.47 0.39 0.15

B (1:1) 0.89 0.12 0.33 0.51 0.16

Ni_0.6

A 0.89 0.14 0.29 0.60 0.11

B (3:2) 1.16 0.16 0.19 0.75 0.06

B (3:2) 1.08 0.17 0.20 0.685 0.11

B (1:2) 0.27 0.19 0.51 0.35 0.13

Ni 1.0

A 1.42 0.13 0.07 0.84 0.09

B (2:1) 1.71 0.26 0.13 0.87 0

B (2:1) 1.76 0.15 0 1.00 0

B (2:1) 1.68 0.28 0 1.00 0

B (MgNiO,) 0 0 0 0.56 0.44

B (3:2) 1.28 0.08 0 1.00 0

Results and discussion
Phase content, structure, and microstructure parameters

The perovskite-like phase is the main phase in samples
of I, though small contents (< 1%) of various admixture
phases such as LaySrO5, La,SrO4. 5, and (La,Sr)GaO;
are also often detected using X-ray and electron micro-
probe analysis (Table 1) [18, 19]. According to the X-ray
diffraction patterns, change of the unit cell symmetry
from orthorhombic (at 0 <x+ »<0.3) to rhombohedral
(at 0.3<x+y<0.35 and finally to cubic (at
x+y>0.35) takes place (Fig. 1). However, the symme-
try of the latter composition is really lower than cubic,
as it follows from IR [18], Raman [20], and electron
diffraction [21] data. This discrepancy may be explained
by the fact that the X-ray diffraction method registers
only the mean macroscopic symmetry of the tested
samples. In reality, there is evidence of lattice relaxation
and ion ordering effects, that can lead to formation of
the different symmetry nanoscale domains and further
phase separation in compositions with a high number of
the vacant anion sites.

Taking into account the highest values of the LSGM
ionic conductivity reported, the composition containing
10 and 20% of Sr and Mg, respectively, in the A and B
sites of the perovskite lattice has been chosen as the base
composition for systems II and III [9, 11]. Substitution
of iron or nickel for gallium ensures contraction of the
rhombohedral perovskite unit cell with increasing Fe
cation content up to ~30%, and with increasing Ni
cation content up to 50% (Fig. 2). On increasing the Fe
content further, the unit cell volume grows.

In system III, a mixture of the perovskite solid solu-
tion, the tetragonal phase (La,Sr),NiO4 and cubic phase
MgNiO, were revealed in the samples with x>0.4
(Table 1). These data allow us to testify the substitution
of Ni*" for Ga®" in the perovskite compositions with
x<0.5 in system III. The observed contraction of unit
cell volume is explained by the substitution of the Fe**
cations for Ga®* at x<0.3 in system II. Substitution of
the high spin configuration Fe*" ions for Ga should be
assumed in order to explain the observed increase of the
unit cell volume at x>0.4.

The mean size of grains in the ceramics studied varied
from 10-50 um in pure LaGaO; ceramics to 1-3 um in
the LSGM and the Fe- and Ni-doped ceramics (Fig. 3).

Mass changes

On heating up to 870 K, negligible mass losses Am/m
have been detected in all the ceramics I-IIT (Fig. 4).
With further temperature increase, noticeable mass los-
ses have been revealed in the LSGM samples doped with
Fe or Ni. The observed difference in the mass loss for
samples with various concentrations of Fe or Ni ion may
be explained by the different content of the oxygen
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Fig. 1 The unit cell parameter a= V' as a function of concentra-
tion of the substituting Sr and Mg cations (x+y) in the samples
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Fig. 2 The unit cell parameter 2= V"' as a function of concentra-
tion x of the substituting cations in the (LagoSrg )[(Ga;_Fe,)s
Mgo]O3_s (curve 1) and (Lag.oSto )[(Ga;_Ni)osMgo2]Os_5
(curve 2) systems

species weakly associated with iron or nickel ions in the
lattice. In both systems, the highest mass losses have
been observed for the samples with x=0.2-0.3. This
correlates with nonlinear unit cell parameter behavior,
conditioned by variations in the transition element va-
lence and pointing to a maximum concentration of
weakly bonded high-valence species at the same x values
(Fig. 5).
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Thermal expansion

Similarly, the dilatometry curves AL/L(T) measured for
samples II and III revealed linear temperature depen-
dence up to ~870 K on heating in air (Fig. 6). With
further heating, additional expansion, evidently due to
the effect of oxygen vacancy creation, contributes to the
ordinary linear thermal expansion of the lattice. Calcu-
lated for the temperature interval near 1,070 K, the
thermal expansion coefficient o reveals maximum values
~(16+1)-107° 1/K (II) and ~(22+1)-107° 1/K (III) at
x=0.3-0.5 and 0.2-0.4, respectively (Fig. 7). At higher
concentrations, the o values slightly decrease being
practically constant in the samples with x>0.6. This
result evidently confirms that more stable oxygen species
are being provided when the concentration of the Fe or
Ni cations increases.

The mass and linear expansion changes were also
studied for samples of I1I with x =0.4 during a reduction—
oxidation cycle. The Am/m changes turned out to be
completely reversible with heating (up to 1,170 K)—cool-
ing cycles beginning in air, then in nitrogen and finally, in
oxygen atmospheres. The AL/L value did not change
when the atmosphere was reversed from nitrogen to
oxygen at temperatures lower than 970 K, while a slight
~0.04% contraction of dimensions happened when the
nitrogen atmosphere was reversed to oxygen at 1,120 K.

Conductivity measurements

The ac conductivity values of samples of I increase with
increasing electric field measuring frequency at tem-
peratures <770 K, while they do not depend on mea-
suring frequency at higher temperatures. The observed
feature may be explained by the dielectric relaxation
effect that is confirmed to contribute to the low-fre-
quency conductivity values in the low-temperature re-
gion [19, 22]. According to the Debye model,
displacement of charged ion species in the lattice
corresponds to electrical dipole creation. We observed
characteristic peaks in the dielectric loss and dielectric
permittivity versus temperature curves. The peaks shift
to higher temperature with increasing measuring
frequency. Moreover, straight lines were found to de-
scribe the frequency—temperature dependences for the
peaks on tand(7) and €(7) curves in coordinates In
fversus 1/T and In f/T"? versus 1/T, respectively, for
all the samples of I studied. This supports the validity
of the approach used and allows evaluation of relaxa-
tion parameters. The size of the relaxing dipoles / was
estimated as /~0.7 A. The / value obtained is essentially
lower than the distance between the oxygen positions
in the lattice (~2.75 A). This has allowed the conclu-
sion that correlated movement of oxygen vacancies
is possible at temperatures lower than 770 K [15].
This conclusion agrees with the computer simulation
results on cluster formation in perovskite-type oxide
[23].
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Fig. 3 Electron micrographs of
surface of the samples:
(La;_,Sr)[(Ga;_Mg,]O05_;
with x, y=0 (top left), x=0.2,
y=0.1 (top right) (as fired
surfaces); (LagoSrg 1)
[(Ga;_M,)9.sMgo]0;_; with
M=Fe, x=0.4 (bottom left),
M =Ni, x=1.0 (bottom right)
(fracture surfaces)
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Fig. 4 The mass change as a function of temperature on heating in
air for the samples (LagoSro)[(Ga;_Niy)osgMgo2]O;_5 with
x=0.2 (1), 0.5 (2), 0.6 (3)

At temperatures higher than 770 K, the ac conduc-
tivity follows the Arrhenius law with the activation en-
ergy E,=0.7-1.4 eV.

The electronic part of the conductivity o, estimated
by dc measurements, is low for the pure ionic (oxygen)
conducting compositions I and for the ceramics II and
I with x=0. o, values are much lower than 10~® S/cm
at room temperature, while they increase up to ~5-1073
S/em at 1,000 K. Introduction of Fe or Ni cations en-
sures a total conductivity increasing up to ~2 orders of
magnitude at ~1,000 K, with ¢, increasing to more than
5-7 orders of magnitude at room temperature and up to
~4 orders of magnitude at 1,000 K (Figs. 8, 9).
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Fig. 5 The mass loss measured in the temperature range 650—
800 °C as a function of concentration x of M=Fe (curve 1) or
M=Ni (curve 2) cations for the samples (LagoSrg)
[(Ga;-M.)osMgo2]0s-5

According to the results obtained, the perovskite
structure phase is the dominant one in samples I and II
at all values of x and at x<0.5 in samples of III.
Namely, in the compositions II and III with 0.1 <x<0.4
the electronic constituent of conductivity increases sig-
nificantly. So, the observed transition from pure ionic to
the mixed ionic—electronic conductivity is evidently
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Fig. 7 Coeflicient of thermal expansion a=d(AL/L)/dT calculated
at 1,070 K as a function of concentration x for the samples
(Lag.oSro.)[(Ga; M) sMgo2]O3 s with M=Fe (curve 1) or
M =Ni (curve 2)

provided by substitutions in the perovskite-phase solid
solutions. It is also clear that high ¢, values >1 S/cm,
which are sufficient for practical use of the oxides as
membrane materials, can be easily reached at high
temperatures in the Fe- or Ni-doped ceramics.

Bearing in mind the enhancement of the ionic con-
ductivity with the increasing concentration of oxygen
vacancies, and taking into account the observed mass
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Fig. 8 Dc conductivity as a function of the reciprocal temperature

for the samples (Lag oSrg 1)[(Ga;_Niy)gsMg»]03_s with x=0 (1),
0.1 (2), 0.2 (3), 0.3 (4), 0.4 (5), 0.5(6), 0.6 (7), 0.8 (8), 1.0 (9)
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Fig. 9 Dc (solid) and ac (open) conductivity values measured at
room temperature (/, 2) and at 1,000 K (3, 4) as a function of
concentration x for (LagoSrg1)[(Ga;_Fe,)osMgy,]O3_s ceramics
(circles, up triangles), and for (LagoSrg1)[(Ga;_,Ni,)9sMgp2]O3_s
ceramics (squares, down triangles)

loss, we may assume the preservation of ionic conduc-
tivity at a level 6;~0.1 S/cm in the compositions II and
III with x<0.4. The o; values are lower than the o,
values, so in the sense of application, ionic conductivity
should be improved. The improvement may be achieved
in the pure phase ceramics of high density prepared
using wet chemical methods [24].

The results of the study confirm the possibility of
regulation of conductivity in compositions II and III. As
the conductivity values at high temperatures are similar
(Fig. 9), the compositions studied may be considered as
promising for development of membrane materials. It is
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also worth noting that the Ni-composed catalysts may
be used in the methane conversion reactor [16].

Conclusions

The results obtained confirm formation of solid solu-
tions in the whole range of concentrations in the case of
Fe substitutions, with multiphase compositions in the
Ni-containing ceramics III with x> 0.5. Transformation
from pure ionic conductivity to mixed ionic—electronic
conductivity in the perovskite (La,Sr)(Ga,M,Mg)O,
oxides with M = Fe or Ni has been observed. Mass losses
were proved to correlate with the thermal expansion
coefficient and electrical transport properties. The
properties of the ceramics studied point to their pros-
pects for development of membrane materials for
methane conversion.
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