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Abstract

The structure and transport properties of lithium-containing lanthanum metaniobates with defect-perovskite structure, La2/3-x

Li3x&4/3-2xNb2O6, have been studied. It has been shown that in the structure of La2/3-xLi3x&4/3-2xNb2O6, Li+ cations occupy,
preferably, positions 1a in the range x=0��0.5, and occupy positions 1c (vacancies) at x>0.5. It has been noted that the direction

1c$1c is energetically a more favorable pathway of lithium ion migration. It has been shown that the materials under investigation
possess a high lithium ion-conductivity.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The interest in lithium-containing lanthanum meta-
niobates La2/3-xLi3x&4/3�2xNb2O6 (where & is vacancy
in lanthanum site) is due to the possibility of obtaining
on their basis lithium-conducting solid electrolytes.1 We
proposed for the first time an unconventional approach
to the search for and synthesis of novel cation-conduct-
ing materials, which consists of the introduction of
ions into a basic structure which is potentially con-
venient for charge transport.2 We have prepared solid
electrolytes with high lithium ion-conductivity by the
aliovalent of 3Li+ for La3+ in the structure of the
defect perovskite La2/3&1/3TiO3.

2 The fact that complex
oxides La2/3-xLi3x&4/3-2xNb2O6 have promise in the
development of lithium-conducting materials on their
basis is associated with the peculiarities of the crystal
lattice of the lanthanum metaniobate La2/3&4/3Nb2O6 with
defect-perovskite structure (Fig. 1).3 The presence in the
structure of a sufficient number of vacancies and channels,
where lithium ions can reside, creates prerequisites for
lithium ion-conduction.

The aim of the present work was to study crystallo-
graphic features and electrophysical properties of lithium-
containing lanthanum metaniobates with defect-perovskite
structure, La2/3-xLi3x&4/3-2xNb2O6 at x=0–0.616.
2. Experimental

The compounds were synthesized using solid-state
reactions technique. Extra pure Li2CO3, Nb2O5 and
La2O3 of the sort ‘‘LO-1’’ were used as starting
reagents. To remove moisture and adsorbed gases, heat
treatments of the reagents were made for 2 h at 570 K
(Li2CO3), 1020 K (Nb2O5) and 1220 K (La2O3). Taking
into account the high hygroscopicity of the starting
components and the ability of La2O3 to actively absorb
CO2 from air, the reagents were weighed just after heat
treatment. Homogenizing grinding was performed in a
vibrating mill in acetone for 5 h. The blend was evapo-
rated, dried additionally at 370 K (1 h), and sieved
through a nylon net (0.063 mm). Powders were pressed
into tablets (d=10 mm) under a pressure of 500 kPa
and synthesized at 1320 K (2 h) in a furnace with hea-
ters made of silicon carbide. Samples had been ground,
homogenized in a vibrating mill and dried. A 5% aqu-
eous solution of polyvinyl alcohol was added as plasti-
cizer. The pressed samples were sintered at 1400–1520 K
(1 h).

The phases were identified by X-ray powder diffracto-
grams (XRPD) taken on a DRON-4-07 diffractometer
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(Cu Ka radiation; 40 kV, 18 mA). Data were collected
in the range 2�=10–150� in step mode with the step
�2�=0.02� and an exposure time of 6 sec each point.
SiO2 (2� standard) and NIST SRM1976-Al2O3 (certified
intensity standard) were used as external standards.4

The crystal parameters were refined using Rietveld full-
profile analysis (FullProf program, version 3.5d).

The electrical properties were measured on a
PGSTAT-30 impedance analyzer (Solartron) in a fre-
quency range of 10 Hz–1 MHz. Silver applied to sam-
ples by thermochemical method was used as electrodes.
Samples ca. 9 mm in diameter and ca. 3 mm in thickness
were used for measurements. The equivalent circuit was
determined using the computer program Frequency
Response Analyzer 4.7.
3. Results and discussion

XRPD of La2/3-xLi3x&4/3-2xNb2O6 samples with var-
ious amount of Li (x) at x <0.25 indicates the forma-
tion of single-phase products with defect-perovskite
structure of orthorhombic crystal system (space group
Pmmm). At x>0.25, when the relation [Li+]/[&]>1
(where [Li+] and [&] are the number of lithium ions
and vacancies respectively) holds, a lithium metaniobate
(LiNbO3) phase with pseudoilmenite structure (space
group R3c) is present in addition to the perovskite
phase. The amount of LiNbO3 increases with x, and it is
predominant at x=0.47 and becomes the main phase at
x=0.62. The presence of superstructure reflections in
diffractograms of La2/3&4/3Nb2O6 indicates ordering of
lattice vacancies,5,6 whereas their broadening as well as
the decrease in their intensity with increasing amount of
lithium (x) indicate statistical occupation of vacant sites
and a decrease in the degree of order.

Structure parameters of complex oxides La2/3-xLi3x-
&4/3-2xNb2O6 as a function of lithium content are given
in the table. The atomic coordinates in the structure of
La2/3&4/3Nb2O6 were taken as the reference coordinates
of the La, Nb, and O atoms.7 Decrease in the unit cell
volume of complex oxides La2/3-xLi3x&4/3-2xNb2O6 with
increasing x takes place in accordance with the Vegard
rule (Table 1) due to the substitution of lanthanum ions
by lithium ions with smaller ionic radius (RLa

(CN=6)=1.06 Å, RLi (CN=6)=0.74 Å8). As follows from
the table, substitution of lithium for lanthanum in solid
solutions La2/3-xLi3x&4/3-2xNb2O6 shifts the coordinates
of the Nb, O3, and O4 atoms in the NbO6 octahedron
along the z axis (see Fig. 1). An analysis of the intera-
tomic distances as a function of the amount of lithium
(x) is illustrated in Fig. 2. The concentration depen-
dences of the interatomic distances are characterized by
a kink at x=0.17. In the structure of La2/3&4/3Nb2O6,
the lanthanum atoms statistically occupy every other
layer of cubooctahedra in the basic perovskite structure
(positions 1a in Fig. 1).7 As a result of unsymmetrical
electrostatic interaction (repulsion) between Nb atoms
and the positive charge of the second coordination
sphere, Nb atoms shift along the z axis towards the
layer of ‘‘empty’’ 12-coordinated octahedra (cuboctahe-
dra). It is obvious that when this layer is filled with
cations (positions 1c in Fig. 1), Nb atoms will shift in
the direction of 1a layer. This is observed in the struc-
ture of La2/3-xLi3x&4/3-2xNb2O6 (Table, Fig. 2). It fol-
lows from Fig. 2 that as the amount of lithium (x)
increases the Nb-O1 interatomic distance decreases and
the Nb-O2 distance increases. This fact indicates that
niobium atoms shift towards position 1a (Fig. 1) and
Fig. 1. Structure of defect perovskite La2/3&4/3Nb2O6. Positions of

atoms and vacancies: La (1a) 0 0 0; Nb (2t) 1/2 1/2 z; O1 (1f) 1/2 1/2 0;

O2 (1h) 1/2 1/2 1/2; O3 (2s) 1/2 0 z; O4 (2r) 0 1/2 z; & (1c) 0 0 1/2.
Fig. 2. Nb-O interatomic distances in the NbO6 octahedron as a

function of lithium content (x).
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reach symmetrical arrangement along the Z axis (Nb-
O1=Nb-O2) at x�0.25. From these results it may be
concluded that preferential occupation of positions 1a
at x=0–0.5 takes place at first. At x>0.5, positions 1a
are completely occupied, and positions 1c (vacancies)
are occupied.

On the basis of the results of complex impedance at
various lithium contents and temperatures, concen-
tration dependences of the electrical conductivity (293–
573 K) and activation energy of La2/3-xLi3x&4/3-2x

Nb2O6 samples have been calculated. Isoterms of
electrical conductivity against the amount of lithium are
shown in Fig. 3. The activation energy of conductivity
of the solid solution investigated is 0.32–0.48 eV for
samples with x=0-0.25 (single-phase region) and 0.48–
0.58 eV for samples with x>0.25 (multiphase region),
which corresponds to Ea of lithium-conducting solid
electrolytes.

The increase in conductivity at room temperature to
s�10�4 S cm�1 with increasing x (x<0.13) is caused by
an increase in current carrier concentration at a pretty
large number of unoccupied vacancies ([&]=1.08). The
decrease in conductivity and increase in activation
energy in the range x=0.13-0.25 (Figs. 3 and 4) is
accounted for by a decrease in the number of vacant
sites (at x=0.25, [&]=0.84) and narrowing of migration
channel (table) owing to the formation of substitutional
solid solutions in this range, and at x>0.25 also by the
Table 1

Structure parameters of complex oxides in the system La2/3-xLi3xNb2O6 as a function of lithium content (x)
Composition
 La0.64Li0.08Nb2O6
 La0.56Li0.32Nb2O6
 La0.5Li0.5Nb2O6
 La0.46Li0.62Nb2O6
 La0.42Li0.74Nb2O6
Unit cell parameters
a (Å)
 3.9184(1)
 3.906(2)
 3.9002(1)
 3.8948(1)
 3.8943(1)
b (Å)
 3.9086(1)
 3.907(2)
 3.9005(2)
 3.9112(2)
 3.900(1)
c (Å)
 7.9081(2)
 7.8785(2)
 7.8521(2)
 7.7936(5)
 7.794(2)
V (Å3)
 121.115(6)
 120.21(9)
 119.452(6)
 118.72(1)
 118.38(5)
Positions of atoms (z/c)
Nb
 0.2610(2)
 0.2596(2)
 0.2580(2)
 0.2545(4)
 0.2503(7)
O3/O4
 0.234(1)
 0.233(1)
 0.232(1)
 0.220(3)
 0.208(4)
Agreement factors
Rb (%)
 7.14
 8.39
 9.14
 9.57
 15.1
Rf (%)
 6.69
 6.76
 6.98
 8.30
 13.3
Interatomic spacing Nb-O, Å
Nb-O1
 2.064 (5)
 2.045 (5)
 2.026 (5)
 1.98 (2)
 1.95 (2)
Nb-O2
 1.890(4)
 1.894 (4)
 1.900 (4)
 1.91 (1)
 1.94 (1)
Nb-O3, �2
 1.966 (3)
 1.965 (5)
 1.961 (3)
 1.97 (1)
 1.98 (2)
Nb-O4, �2
 1.971 (3)
 1.964 (5)
 1.961 (3)
 1.96 (1)
 1.98 (2)
hNb-Oi
 1.971(4)
 1.966(5)
 1.962(4)
 1.963(1)
 1.967(2)
Bottleneck size, S, Å2
1(a)$1(a)a
 14.48
 14.31
 14.17
 13.25
 12.42
1(a)$1(c)b
 15.32
 15.26
 15.21
 15.23
 15.19
1(c)$1(c)c
 16.44
 16.39
 16.37
 16.89
 17.51
a jO1-O1j
	 jO4-O4j

	 sin�2
b jO3-O3j

	 jO4-O4j
	 sin�3

c jO2-O2j
	 jO4-O4j

	 sin�1
Fig. 3. Isoterms of electrical conductivity of La2/3-xLi3x&4/3-2xNb2O6

samples as a function of lithium content (x).
Fig. 4. Activation energy of conductivity (Ea) of La2/3-xLi3x&4/3-2x

Nb2O6 samples as a function of lithium content (x).
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contribution from the lithium-conducting phase LiNbO3

with lower conductivity (s�10�5 S cm�1 at 293 K9).
The shift of the conductivity maximum smax towards

higher x value and the considerable increase in smax

(smax�10�3 S cm�1 at 373 K,smax�10�1 S cm�1 at 573 K)
with increasing temperature are caused by an increase in
the number of both charge carriers and thermally
activated vacancies, which arises from an increase in
lattice heat energy. At high temperature, migration
channels, where ion transport takes place, widen,
which also contributes to higher conductivity in the
system.

The electrical conductivity of a material is known to
be determined by concentration and mobility of charge
carriers. One of the not unimportant factors that deter-
mine the ion mobility is the size of migration channels.
Table 1 lists sizes S of the so-called ‘‘bottleneck’’,10

between the adjacent positions 1a$1a, 1a$1c and
1c$1c for lithium ion transport, which were calculated
as the area of a parallelogram, which contains oxygen
ions at the centers of each side. As x increases the S
value between positions 1a$1c does not practically
change, and between positions 1a$1a and 1c$1c it
varies in a like manner to the concentration dependence
of the Nb-O1 and Nb-O2 interatomic distances (Table 1,
Fig. 2). For all compositions, the S value increases in
the order: 1a$1a<1a$1c <1c$1c (Table 1). The
mobility of cations is known to be determined by the
optimum ratio of their size to that of migration chan-
nels.1 As follows from the results presented in Table,
migration channels may be both 1a$1c and 1c$1c
directions. Investigation of interrelations between
lithium ion mobility and migration channel size shows
that ion transport in lithium-containing lanthanum
titanate with defect-perovskite structure may take place
at an interatomic distance more than 3.96 Å (i.e.
Li-O=1.99 Å).11 Taking into account the above fact
and the correlation between the concentration depen-
dences of electrical conductivity (Fig. 3), activation
energy (Fig. 4), and the ‘‘bottleneck’’ size in the direc-
tion 1c$1c (Table 1), it may be concluded that this
direction is energetically a favorable pathway of lithium
ion migration in La2/3-xLi3x&4/3-2xNb2O6 oxides.
4. Conclusion

The homogeneity range of solid solutions La2/3-x

Li3x&4/3-2xNb2O6 with defect-perovskite structure
(rhombic distorsion) at x=0–0.25 has been determined,
and structure parameters have been refined. It has been
found that when Li+ is substituted for La3+ in the
structure of La2/3&4/3Nb2O6, Nb atoms shift along the
Z axis towards the layer of occupied cuboctahedra
(position 1a) and reach symmetrical arrangement at
x=0.25.

It has been shown that in the structure of La2/3-x

Li3x&4/3-2xNb2O6, Li+ cations occupy preferably posi-
tions 1a in the range x=0��0.5, and occupy positions
1c (vacancies) at x>0.5.

Transport properties of La2/3-xLi3x&4/3-2xNb2O6 have
been studied. It was noted that the direction 1c$1c is
energetically a more favorable pathway of lithium ion
migration.

It has been shown that materials with high lithium ion
conductivity (at 573 K, s �10�1 S cm�1) can be pro-
duced on the basis of lithium-containing lanthanum
metaniobates.
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