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Abstract Perovskite-type compounds, LixLa(1)x)/3NbO3

and (Li0.25La0.25)1)xSr0.5xNbO3 as lithium ionic conduc-
tors, were synthesized by a solid-state reaction. From
powder X-ray di�raction, the solid solution ranges of the
two compounds were determined to be 0 � x � 0:25 and
0 � x � 0:125, respectively. In the LixLa(1)x)/3NbO3

system, the ionic conductivity of lithium at room tem-
perature, r25, exhibited a maximum value of 4.7 ´ 10)5

S á cm)1 at x � 0.10. However, because of the decrease
in the lattice parameters with increasing Li concentration
_x, r25 of the samples decreased with increasing x from
0.10 to 0.25. Also, in the (Li0.25La0.25)1)xSr0.5xNbO3

system, the lattice parameter increased with the increase
of Sr concentration and the r25 achieved a maximum
(7.3 ´ 10)5 S á cm)1 at 25 °C) at x � 0.125.

Key words Lithium ionic conductor á Perovskite-type
compound á Lithium lanthanum niobate á Lithium
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Introduction

In recent years, lithium secondary batteries have been
developed for the power sources of electronic devices
because of their high energy density and high discharge
voltage. In almost all the researches on lithium second-
ary batteries, organic electrolytes have been used.
However, the use of organic electrolytes may cause
many technological problems, e.g. leakage, combusti-
bility and electrochemical decomposition at relatively
low charge voltage. To overcome these problems, all-
solid batteries in which an inorganic solid electrolyte is
substituted for the liquid electrolyte have attracted much
attention [1]. However, all a few solid lithium secondary

batteries have been commercialized in earnest because of
lower electrical conductivity and poor chemical stability
of the solid electrolytes.

In spite of such di�cult circumstances, there have
recently been several reports on perovskite oxides con-
taining rare earth metals and lithium, which has a high
ionic conductivity. In particular, Inaguma et al. [2±4]
and Belous et al. [5] have reported that lanthanum
lithium titanates with the perovskite structure exhibit
very high ionic conductivity (~10)3 S á cm)1) at room
temperature. Also, Latie et al. [6] have investigated the
ionic conduction of lithium in the LixLn1/3Nb1)xTixO3

(Ln �La, Nd) system with a Ln1/3NbO3 perovskite-
type structure. Such a high lithium ionic conductivity of
these perovskite compounds is considered to come from
the presence of a vacancy on the A site and a large
number of equivalent sites for the lithium ion (Li+) to
move freely in the A site space of the perovskites.

The perovskite compound La1/3NbO3 has a unique
structure (space group: Pmmm[7]). The NbO3 frame-
work is made up of NbO6 octahedra sharing common
corners in three space directions. The unit cell of La1/3
NbO3 contains two NbO6 octahedra, while 2/3 of 1a
sites (z � 0) are occupied by La atoms and 1c sites
(z � 1/2) are unoccupied (Fig. 1). Such a distribution
leads to twice the a-parameter of the cubic perovskite-
type cell, so that tetragonal symmetry could be expected
(atetra » acub, ctetra » 2acub). In fact, the crystal has or-
thorhombic symmetry because a small orthorhombic
distortion occurs [6, 7].

Belous et al. [8, 9] have prepared the perovskite
compound La2/3)xLi3xNb2O6 (by substitution of Li

+ for
part of the La3+ in La2/3Nb2O6) with this unique
structure and investigated the crystal structure and ionic
conductivity of the lithium.

In the present study, we have also investigated both
the lithium ionic conduction and the crystal structure of
the perovskite compound LixLa(1)x)/3NbO3 and have
found that this perovskite compound shows high ionic
conductivity at room temperature. Also, in order to
expand the lattice of this perovskite, we have prepared
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the perovskite compounds (Li0.25La0.25)1)xSr0.5xNbO3

by substitution of the larger Sr2+ for part of equal
amounts of the smaller Li+ and La3+ in Li0.25-
La0.25NbO3 and have attempted to improve the ionic
conduction of lithium by this expansion of the lattice.

Experimental

Samples were prepared by a conventional solid-state reaction.
Li2CO3 (99.9%, Soekawa Chemical Co.), SrCO3 (99.9%, Soekawa
Chemical Co.), La2O3 (99.9%, Soekawa Chemical Co.) and Nb2O5

(99.9%, Soekawa Chemical Co.) were used as starting materials.
These reagents in the desired ratio were mixed in an agate mortar
with ethanol. A mixture of starting materials was pelletized and
heated at 800 °C for 2 h and then at 1100 °C±1250 °C for 24 h in
air with several intermediate grindings. X-ray di�raction patterns
of the powdered samples were obtained using an X-ray di�racto-
meter (Rigaku: RINT 2500V) equipped with a curved graphite
monochromator. The lattice parameters were evaluated under the
experimental conditions, 40 kV and 150 mA.

Ionic conductivity for the bulk of the sample was measured by
the a.c. impedance technique. The pelletized sample was sintered at
1200±1250 °C for 24 h. After polishing both sides of the pellet with
an emery paper (No. 1200), the pellet was washed in acetone using
an ultrasonic cleaner and dried at 110 °C in a vacuum. The size of
the pellet was about 5 mm in diameter and about 2 mm in thick-
ness. Gold was sputtered on both sides of the pellet surface in order
to maintain the ohmic contact of the electrodes. Complex im-
pedance was measured using an LF impedance analyzer
4192A(HP) under vacuum over the temperature range 20±300 °C
and over the frequency range 5±1.3 ´ 107 Hz. The electronic con-
ductivity was measured by the d.c. polarization method.

Results and discussion

LixLa(1)x)/3NbO3 system

Figure 2a shows the powder X-ray di�raction patterns
of the LixLa(1)x)/3NbO3 system (x � 0, 0.10, 0.20, 0.25
and 0.30). The only perovskite phase was observed in the
composition range from x � 0 to x � 0:25, while a small

amount of LiNbO3 phase with ilmenite-type structure
was observed in the sample at x � 0:30. Therefore, the
homogeneous region of the LixLa(1)x)/3NbO3 system
with the perovskite structure was determined to be
0 � x � 0:25.

Belous et al. [8] have reported that the crystal sym-
metry changed from orthorhombic to tetragonal and

Fig. 1 The structure of La1/3NbO3

Fig. 2a Powder X-ray di�raction patterns of LixLa(1)x)/3NbO3

samples with x � 0, 0.10, 0.20, 0.25 and 0.30, and b Variation of
the powder X-ray di�raction patterns with Li fraction x in LixLa(1)x)/3
NbO3
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then to cubic with increasing Li fraction x. In this study,
the X-ray di�raction patterns of the samples with
x � 0:05 were also indexed in an orthorhombic system
because the (024) peak in tetragonal split into two peaks
(024) and (204) in orthorhombic (Fig. 2b). Furthermore,
when Li fraction x became x � 0:10, as shown in
Fig. 2b, overlap of the (204) line and the (024) line in the
orthorhombic system was observed. This indicates that
the lattice parameter aorth becomes equal to borth in the
orthorhombic cell at x � 0:10, with a transformation
from orthorhombic to tetragonal. Therefore, the X-ray
di�raction patterns of the samples with 0:10 � x � 0:20
were indexed in the tetragonal system. Also, when the Li
fraction was x � 0:25, the (024) line and the (220) line in
the tetragonal system overlapped with each other
(Fig. 2b), and the (001) line and the (011) line (Fig. 2a)
in the tetragonal system became broad and weak in in-
tensity. This indicated that the ordered distribution of
La3+ ions shown in Fig. 1 is destroyed, and that the
La3+ ions, Li+ ions and vacancies almost randomly
occupy 12-coordinated sites (A sites) among the NbO6

network, and the lattice parameter ctetra becomes equal
to 2 ´ atetra in the tetragonal cell because of the stacking
of two perovskite-cubic cells. Therefore, it is considered
that the sample with x � 0:25 has a cubic-like structure,
namely, the pseudo-cubic structure. However, because
broad and weak-intensity peaks were observed in the X-
ray di�raction pattern at x � 0:25, as shown by
open circles in Fig. 2a, which could be produced by a
superlattice with twice the cubic lattice parameter along
c-axis, it seems that two planes which have slightly
di�erent occupancy of La3+ ions in each would exist,
and these two planes would be ordered alternately per-
pendicular to the c-axis. The variation of the lattice
parameters with Li fraction x is shown in Fig. 3. The
lattice parameters decreased with increasing Li fraction
x, and especially a marked decrease in the lattice pa-
rameter c was observed. Probably, the perovskite cell
would shrink because the electrostatic interaction in-

creased along the c-axis because of the introduction of
Li+ ions into VLa sites (z � 1/2).

Figure 4 shows the Cole-Cole plots of Li0.1La0.3NbO3

obtained from a.c. impedance measurement. The bulk
resistance of the sample was estimated from the crossing
point of the extrapolated semicircle with the real axis at
lower frequency range. Figure 5 shows the reciprocal
temperature dependence of ionic conductivity for the
sample with lithium fraction x in 0:05 � x � 0:25 (Ar-
rhenius plots). All the pro®les exhibited an almost linear
relationship. Since the electronic conductivity of all the
samples was estimated to be of the order of
10)10~10)9 S á cm)1 at room temperature, the electrical
conduction of the sample might be almost ionic.

The variation in ionic conductivity at room temper-
ature, r25, and the activation energy Ea for ionic

Fig. 3 Variation of the lattice parameters with Li fraction x in
LixLa(1)x)/3NbO3

Fig. 4 Typical example of the Cole-Cole plots for the sample
(Li0.1La0.3NbO3)

Fig. 5 Typical Arrhenius plots of the ionic conductivity for LixLa(1)x)/3
NbO3 samples with x � 0.05, 0.10, 0.15, 0.20 and 0.25

208



conduction with Li fraction x are shown in Fig. 6. The
value of r25 exhibited a maximum (4.7 ´ 10)5 S á cm)1)
at x � 0.10, while the activation energy Ea monoto-
nously increased with increasing Li fraction x.

Inaguma et al. [3] have considered the variation of
ionic conductivity for lanthanum lithium titanate using
the relationship between Li fraction and A site vacancy.
The ionic conductivity r is ordinarily given as follows:

r �j e j �n � l �1�
where j e j is the charge of Li+, n is the density of Li+

and l is the mobility of Li+. According to the electric
neutrality condition in (LixLa(1)x)/3h2(1)x)/3)NbO3, the
fractions of Li+, La3+ and vacancies in the A sites are x,
(1)x)/3 and 2(1)x)/3, respectively. Since it expected that
Li+ can migrate only through the vacant A sites, and its
mobility l is proportional to the fraction of vacancy, so
the ionic conductivity in Eq. 1 is proportional to the
following factor

r �j e j �n � l / x � 2
3
� �1ÿ x� � ÿ 2

3
� xÿ 1

2

� �2

� 1
6

�2�

Equation 2 indicates that r increases until x � 0.5.
However, in this study, r25 achieved a maximum value
at x � 0.10 and decreased over the range from
x � 0.10 to x � 0.25. This suggests that the mobility l
depends not only on the fraction of vacancy but also on
the lattice parameters. In this study, the activation en-
ergy increased with increasing Li fraction x according to
the shrinkage of the lattice. The mobility l would de-
crease considerably with increasing Li fraction x because
of this increase in the activation energy. Consequently,
in spite of the increase in the density of Li n with in-
creasing Li fraction x, the r25 value would begin to de-
crease from x � 0.10 because the mobility l decreases
considerably.

The (Li0.25La0.25)1)xSr0.5xNbO3 system

In order to improve the ionic conductivity of LixLa(1)x)/3
NbO3, it would be necessary to expand the lattice of
peroÂ vskite. The substitution of the larger Sr2+(1.44 AÊ )
for the smaller La3+ (1.36 AÊ ) and Li+ (0.92 AÊ [10]) in
Li0.25La0.25NbO3 with the maximum Li fraction may
contribute to the expansion of the lattice of the per-
ovskite for improving the ionic conductivity.

Figure 7 shows the powder X-ray di�raction patterns
of the (Li0.25La0.25)1)xSr0.5xNbO3 system (x � 0, 0.05,
0.125 and 0.150). The only cubic perovskite phase of the
(Li0.25La0.25)1)xSr0.5xNbO3 system was observed in the
composition range from x � 0 to x � 0.125, while a
small amount of SrNb2O6 phase was observed in the
sample with x � 0.15. Therefore, the homogeneous
region of the (Li0.25La0.25)1)xSr0.5xNbO3 system with the
cubic perovskite structure was determined to be in the
range 0 � x � 0:125. The lattice parameter of the cubic
phase increased with increasing Sr fraction x (Fig. 8).
This indicates that the lattice of the sample expands
because of the substitution of the larger Sr2+ for the
smaller La3+ and Li+ in A sites.

Figure 9 shows the variations of ionic conductivity at
room temperature, r25, and the activation energy Ea
with the increase of Sr fraction x. In spite of the decrease
in the amount of Li+ ions due to the substitution of
Sr2+ for La3+ and Li+, the ionic conductivity at room
temperature, r25, increased with increasing Sr fraction x
and achieved a maximum (7.3 ´ 10)5 S á cm)1 at 25 °C)
at the end composition x � 0.125, while the activation
energy for ionic conduction decreased with increasing x.
Allowing for the fraction of vacancy in A site being al-
ways constant, this indicates that the mobility of Li+

Fig. 6 Variations of the ionic conductivity at room temperature, r25,
(open circles) and the activation energy Ea for ionic conduction (closed
circles) with Li fraction x in LixLa(1)x)/3NbO3

Fig. 7 Powder X-ray di�raction patterns of (Li0.25La0.25)1)xSr0.5x
NbO3 samples (x � 0, 0.05, 0.125 and 0.150)
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ions would increase accompanying the increase in r25
because of the expansion of the lattice by the substitu-
tion of Sr2+ for Li+ and La3+.

Conclusions

In the present study, the perovskite compounds Lix
La(1)x)/3NbO3 and (Li0.25La0.25)1)xSr0.5xNbO3 were
synthesized by a solid-state reaction. The homogeneous
region of the LixLa(1)x)/3NbO3 system was determined
to be in the range 0 � x � 0:25. The crystal symmetry
changed from orthorhombic to tetragonal and then
pseudo-cubic with increasing Li fraction x. Also, the
lattice parameters decreased with the increase of Li
fraction x. The activation energy Ea monotonously in-
creased with increasing x, while r25 exhibited a maxi-
mum (4.7 ´ 10)5 S á cm)1 at 25 °C) at x � 0.10.

In the (Li0.25La0.25)1)xSr0.5xNbO3 system, the homo-
geneous region was determined to be in the range
0 � x � 0:125. The cubic lattice parameter increased
with increase of Sr fraction. The r25 value increased with
increasing Sr fraction x and achieved a maximum
(7.3 ´ 10)5 S á cm)1 at 25 °C) at x � 0.125, while the
activation energy Ea decreased with increasing x. This
indicates that the ionic conduction becomes easier by
expansion of the perovskite lattice due to the substitu-
tion of Sr2+ for La3+ and Li+. It has been found that

the substitution of the larger Sr2+ for the smaller La3+

and Li+ is a more e�ective method for improving ionic
conduction.
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