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LagsLipsTiO3 perovskite was synthesized by various wet chemical methods. By adopting
low temperature methods of preparation lithium loss from the material is prevented.
LagsLigsTiO3 (LLTO) was formed with cubic symmetry at 1473 K. LLTO was formed at
relatively lower temperature by using hydrothermal preparation method. PVA
gel-decomposition route yield tetragonal LLTO on annealing the dried gel at 1473 K. By
using gel-carbonate route LiTi,O4 minor phase was found to remain even after

heat-treatment at 1473 K. The hydroxylation of LLTO was done in deionized water as well
as in dilute acetic acid medium. By hydroxylation process incorporation of hydroxyls and
leaching out of Li* was observed from the material. The Li* concentration of these
compositions was examined by AAS. The electrical conductivities of these compositions
were measured by dc and ac impedance techniques at elevated temperatures. The
activation energies of electrical conduction for these compositions were estimated from the

experimental results. The measured activation energy of Li* conduction is 0.34 eV.
Unhydroxylated samples exhibit only Li*™ conduction, whereas, the hydroxylated LLTO
show proton conductivity at 298-550 K in addition to Li* conductivity. The effect of Zr or Ce
substitution in place of Ti were attempted. LagsLigsZrOs; Perovskite was not formed;
instead pyrochlore phase (La,Zr,07) along with monoclinic ZrO, phases was observed
above 1173 K; below 1173 K cubic ZrO, is stable. (LagsLigs)2,CeO4 solid solution was formed
in the case of Ce substitution at Ti sublattice on heat-treatment up to 1673 K.

© 2005 Springer Science + Business Media, Inc.

1. Introduction

A wide variety of inorganic solids are known to ex-
hibit high lithium ion conductivity. The well-known
materials are (i) lithium oxyacid salts [1, 2] (ii)
LISICON [3] (iii) NASICON structured Lij4,Tip—y
M,;(PO4); M = Al Ga, In, Sc) [4] and (iv)
A-site deficient perovskite solid solutions. The high-
est bulk lithium ion-conducting solid electrolyte is the
perovskite (ABO;3)-type, lithium lanthanum titanate
(Linga(2/3),xV(]/3),2xTi03 (004 <x<0.16and V =
vacancy)) and materials with the related structure
[5-12], which may be abbreviated as LLTO for con-
venient use. The lithium ion conducting perovskite ox-
ides show high ionic conductivity in the range of 107
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1073 S/cm [5-12] at room temperature and are stable at
high temperatures, so that they are promising materials
for various applications such as high energy batteries,
Li-ion separators and other electrochemical devices.
Lithiumion conductivity in Li3xLa(2/3)_x V(1/3)_2x TiO;
(V=vacancy) originates from the diffusion of
lithium ions via vacancies among A-sites. The
selective permitivity of Li3xLa(2/3)_xV(1/3)_2xTi03
(V =vacancy) to Li* ion diffusion can be utilized to
separate Li™ from other alkali metal ions as well as to
separate °Li from "Li isotope by using the perovskite
(as separator) on electrolysis [13].

The crystal structure of LLTO perovskite was stud-
ied by various investigators; a simple cubic perovskite
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structure was first claimed for Lag 5Liy 5TiO3 [14, 15],
while other studies proposed an orthorhombic struc-
ture [16] or a tetragonal tungsten bronze structure [17].
Many studies reported in literature emphasized on the
structure and properties of Liz,La/3)—x V(1/3)-2xTiO3
(V = vacancy) phases [12, 18-20] especially to un-
derstand the mechanism of Li™ ion conduction, which
essentially involves the A sites that contain a combi-
nation of La, Li and vacancies. A number of structural
polymorphs occur for this phase as a function of both
temperature and composition [21]. The compositions of
LLTO studied and reported in the literature were mostly
prepared by solid-state reaction route. The solid-state
reaction route involves repeated grinding and soaking
of reactant powders at temperatures between 1500-
1600 K for several hours (10-15 h). The annealing
of these powders at high temperatures leads to loss of
lithium as Li;O, thereby decreasing the concentration
of Li™ (current carriers), and a decrease in conductivity
of the material. This can be avoided by adopting suit-
able low temperature methods of synthesis. Kitaoka
et al. [22] reported the preparation of LagsLigsTiO3
thin films by sol-gel route by using metal acetates and
Ti-isopropoxides as starting materials. Preparation of
Linga(2/3)_xV(1/3)_2XTi03 (V = vacancy) COIIlpOSi-
tions by using other wet chemical routes such as metal
hydroxide-poly vinyl alcohol (PVA) gel decomposition
method and hydrothermal processing routes using eas-
ily available starting materials, are rarely reported in
the literature. In this study, such methods are employed.
The compositions were also prepared by using hydrox-
ide or carbonate precipitates of lanthanum, TiO, - xH,O
and LiOH-H,O as starting materials and their proper-
ties are studied and compared with products obatined
from PVA-gel decomposition and hydrothermal routes.
The samples prepared were subjected to hydrothermal
leaching of Li* and incorporation of hydroxyls in to the
lattice. The hydrogen/ deuterium exchange experiment
was also carried out to confirm hydrogen exchange,
which may give rise to proton mobility (H3O™) in these
solids. Preparation of Li3xLa(2/3)_x(1/3)_2xMO3 (M =
Zr, Ce and = vacancy) by replacing Ti** with Zr** and
Ce*t were also attempted. The materials were charac-
terized by various techniques and the electrical trans-
port properties of these compositions were measured
by AC and DC techniques in the temperature range of
298-1273 K. The results obtained in these experiments
are presented in this paper.

2. Experimental
2.1. Sample preparation
2.1.1. Preparation of La,_,Li,MQOs,

(M= Zr,Ti and Ce, x = 0.5)

by hydrothermal route
Stoichiometric amounts of TiO,-xH,O (3 < x < 8)
gels were precipitated from TiOCl; solution by adding
NH4OH and the gels were washed free from chloride
[23, 24]. Stoichiometric amounts of La,O3 (M/s. In-
dian Rare Earths Ltd. India) was dissolved in HNOj;
and precipitated as La(OH)3, filtered and mixed with
the TiO, gel. The entire mixture was put in a teflon
beaker with lid and heated at 423 K under hydrother-
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mal condition for 4 h. The reaction product was taken
out of the hydrothermal vessel after cooling to room
temperature and filtered. Stoichiometric amounts of
Li(OH)-H,O(M/s. Loba Chemie Pvt. Ltd, India) was
mounted on to the hydrothermally prepared product and
dried. The thoroughly mixed slurry-like precursor was
calcined at 1173 K for 5 h and subsequently at 1473 K
for 4 h. Similarly, the preparation of Lag 5Lig 5ZrO3 and
Lag sLip5CeO3 were attempted by using ZrO;,-xH,O
and CeO,-xH,0 precipitated from ZrOCl,-8H,O (M/s.
K.Chem. India) and Ce*t(NHy4), (NO3)g (M/s. Sarab-
hai M.Chemicals, India) salts respectively. The prod-
ucts obtained were characterized by XRD and other
techniques.

2.1.2. Preparation of Laj_xLi,MQOs,

(M= Zr,Tiand Ce, x =0.5)

carbonate co- precipitation route

(gel-carbonate route)
Stoichiometric amounts of TiO, and La(NO3);3 as de-
scribed above (Section 2.1.1) were taken along with
Li(OH)-(NH4),CO3 solution was added to the mixed
solution of La(NOs3); and LiOH-H,O and carbonates
of La and Li were co-precipitated. The precipitate (sub-
micron particles of the carbonates) was filtered and dis-
persed in the voluminous titania gel (TiO,-xH;0O). The
slurry (TiO,-xH;O + carbonates of La and Li) was oven
dried and the powders were calcined at 1173 K for 4 h.
This procedure was repeated to prepare Zr and Ce ana-
logues by using ZrO,-xH;0 and CeO;-xH;O0 instead
of TiO,-xH;0 gel and the products were characterized.

2.1.3. Preparation of LagsLig5TiO3 by
decomposition of metal-polyvinyl
alcohol (PVA) gel

Stoichiometric concentrations of TiO,-xH,O and
La(NOj3)3 as described in Section 2.1.1 were taken
along with Li(OH)-H,O. Poly Vinyl Alcohol (-[-CH;-
CHOH-]-,) was taken 3-times the molar ratio of the
reactants and added to the mixture of reactants. The
reaction mixture was sonicated for 30 min. in an ultra-
sonic cleaner for homogenization. The homogeneous
mixture was heated on a hot plate at 400 K for 1 h. The
solution dried up and charred to a fluffy mass. The fluffy
mass was subsequently calcined at 1173 K or higher
temperatures to obtain the single-phase perovskite in
lanthanum lithium titanium oxide system.

2.2. Experimental methods
of characterization

The oven-dried powders were examined by X-ray pow-
der diffraction employing a Siemens D-500 powder
X-ray diffractometer in the step-scan mode with a step
size of 0.02 deg. 20 /s with a counting time of 5 s per
step using Cu K, radiation. XRD patterns of the pow-
ders were indexed by using STADIP and X’pert Plus
software. The powders were also examined by TG/DTA
(STA-1500, Rheometric Scientific, U.K) in order to find
out the weight loss characteristics as well as phase trans-
formation within the programmed temperature range.



The infra-red (IR) spectra of the phase-pure powders
were taken in KBr as well as KCI matrix to identify
the presence of O—H groups (Bomem, MB-100 FTIR,
resolution 4 cm™").

The powders sintered at 1523 K for 4 h were sub-
jected to hydrothermal treatment in a teflon vessel with
lid, the purpose of doing this experiment was to in-
vestigate the possibility of ion exchange of Li* with
proton. Experiments were carried out in DO medium
as well as DO containing weak organic acids (10% v/v
acetic acid). The leachant solution was analysed for Li,
Ti and La by Atomic Absorption Spectroscopy (AAS).
Lit was found to leach out of the material. The Li*
leached out concentration was twice in weak organic
acid compared to ordinary deionized water medium.
The pellet surface was examined by Scanning Electron
Microscope (SEM XL 30, Philips) and the particle size
of the material was measured before and after sintering.

2.3. Electrical conductivity measurement
Electrical conductivity of the samples was measured
by DC as well as AC methods in air. The details of
the cell arrangement and sample mounting in the cell
are discussed in earlier papers [24-26]. The cylindrical
pellets of 5 mm diameter and 8 mm length were used
to measure the electrical conductivity in the tempera-
ture range of 298—1273 K. The total conductivity of the
specimens was measured by the DC method. Ag or Pt
electrodes were used to measure the electrical resistiv-
ity of the rod-shaped samples. A Solartron-1255 fre-
quency response analyser backed by a Solartron 1286
electrochemical interface was employed for AC mea-
surements. The frequency range covered in a typical
experiment was 1Hz to 10 MHz.

#Li,Ti,0,

2004

3. Results and discussion
3.1. Effect of preparation conditions and
temperature on the phase stability
of LagsLigsTiO3z, compositions

These perovskites (Li3xLa(2/3)_xV(1/3)_2xT103 (006 <
x < 0.16 and V = vacancy)) exhibit various crys-
tal structures, depending on the preparation conditions
(temperature, annealing ambient etc.) and the nature
of substituents. Lag sLip 5TiO3 stabilizes in perovskite
phase. A cubic structure is obtained by adopting hy-
drothermal treatment of TiO,-xH,O gel with La(OH);3
and then mounting LiOH-H,O to the hydrothermal re-
action product. The latter mixture on annealing at 1473
K for 4 h produces single phase, Lag sLigsTiO3. The
XRD pattern of the composition is given in Fig. la.
The powders prepared by hydrothermal treatment of
La(OH)3;-xH,0 + TiO;,-xH;0 gel and subsequent ad-
dition of LiOH-H,0 gave a slurry; the slurry was oven
dried and subsequently annealed in a Pt boat at 1100-
1273 K for 4 h to yield cubic perovskite phase. The
lattice parameters calculated by using X’pert pro pack-
age for this composition is given in Table I. In this
preparation method loss of Li was more from the com-
pound that was confirmed by the AAS examination of
the product. In this case the powders were observed to
react with the Pt boat forming a grey black coloured
stain on the Pt surface after annealing.

The product obtained from PVA gel decomposition
produces a tetragonal phase (Figs 1b and 2). The chem-
ical reaction can be written as follows

2TiO;,-xH;0 (gel) + La(OH); (precipitate)

A 1100 K(calcined)
+ LiOH-H,O 4 2 wt% PVA —M8M

2Lao.5Li()_5TiO3 + COz(g) + tzO (Vapour) (1)

La,oLiy<TiO, by carbonate route heated 1473 Kidh ()
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Figure 1 XRD patterns of Lag 5Lig 5 TiO3 prepared by various routes, heated at 1473 K/ 6 h (a) hydrothermal precursor route (b) PVA gel decomposition

route(c) carbonateprecipitation route.
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TABLE I Lattice parameters and densities determined at 298 K after sintering the compositions at indicated temperatures

Sintering Lattice constants (A) Density in
Compositions/Preparation route temperature (K)/4 h (XRD at 298 K) (g/crn3)
Lag sLig5TiO3
(i) hydroxide + pva route 1173 K /4 h Tetragonal, S.G : P4/mmm 4.999 [31]
1273 K/4 h a =3.873(1) 3.431(2)
1473 K/4 h c=1.787(1) 3.898(2)
1523 K /4 h -do- 4.023(1)
(ii) hydrothermally 1473 K/5h (ii) Cubic, S.G.: Pm3m 4.005(1)
treated (La(OH)3 + TiO;) a = 3.854(1)
LiOH.H;0
(iii) Carbonate 1273 K/4 h (iii) @ = 3.854(2) Pm3m with
precipitation route impurity phases Li» Ti;O4
*(Lag,sLig.5) CeO3) a = 5.412(1) for CeO,, S.G 7.211(1) for
:Fm3m [31] CeO, [31]
(i) hydroxide+PVA route 1273 K/4 h a = 5.465(1), solid solution -
1473 K/4 h a =5.508(1)
1673 K/4 h a =5.509(1)
*(Lag sLig.5) ZrOs a = 5.152(2) ZrO,, S.G: 5.883 (1) for
(i) hydroxide+PVA route Fm3m[31]. 7r0y), [31]
above 1023 K formation 1023 K/4 h a = 5.302(1). (Solid solution),

of pyrochlore (La;Zr,O7) above 1123 K

+ monoclinic ZrOy

a = 10.780(1),S.G=Fd3m
a = 313(1),b = 5.211(1)
¢ = 5.146(1), S.G=P2,/a

6.068 (2)[31]
5.817 (1)[31]

*Nominal composition attempted, in reality it form solid solution (Lag 5Lig 5)2MO4, (M=Ce or Zr).

1523 K/4h, then deuterated under hydrothermal condition

*=La, Li  TiO,

05-05

Tetragonal

1173 Kizh

Intensity

' T l 1
1060 K/ 5h

Figure 2 XRD patterns of Lag sLig sTiO3 prepared by PVA gel decomposition route and annealed at indicated temperatures.

The TGA/DTA plot of the powders is shown in Fig. 3.
The total weight loss was ~18%. The endotherm at
~380-400 K corresponds to the H,O loss (13%). The
endotherm at 750 K corresponds to the loss of hy-
droxyls. The exotherm at 1060 K is a recrystalliza-
tion step leading to the formation of perovskite phase.
The powders annealed at 1060—1100 K show evolu-
tion of LagpsLigsTiO3 as the major phase in XRD
examinations. The temperature of phase formation was
thus examined by TG/DTA and XRD studies.

The powders obtained from carbonate decomposi-
tion route contain Li, TiO4 as a minor phase at 1060 K
(Fig. 1c). Li; TiO4 phase was found to vanish on an-
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nealing the powders above 1573 K. The powders pre-
pared by carbonate co-precipitation and PVA gel de-
composition route did not show stains on the Pt boat
surface after annealing above 1173 K. The presence of
Li;TiOy4 in the product obtained from carbonate pre-
cipitation route (Fig. 1¢) below 1473 K is observed.
The effect of hydroxyls on crystal structure and
other properties were studied by subjecting the pow-
ders to ion exchange of Li* with H" or deuterium
ions. The experiments carried out in deionized H,O
+ D,0O medium under hydrothermal conditions did
not yield any remarkable results. However, the ex-
periments carried out in weak organic acid (acetic
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Figure 3 TG/DTA plot of LagsLipsTiO3 prepared by hydroxide co-
precipitation and PVA added gel dried at 400 K, TG/DTA carried out on
dried gel.
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Figure 4 IR spectra of Lag 5Lip 5TiO3 annealed at the temperatures in-
dicated and then treated under hydrothermal conditions to incorporate
hydroxyls from H,O + D,0 and H,O + D, 0 + acetic acid medium.
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(a)

acid) medium under hydrothermal condition showed
incorporation of hydroxyls into the crystal lattice. In
both the cases leaching out of Lit was observed. The
leaching of Li* in acetic acid medium is faster and more
complete when compared to that in neutral (pH = 7)
medium. The incorporation of OH groups to the lattice
was confirmed by FTIR examination of the powders af-
ter the leaching studies. The IR absorption band at 3450
cm™! is assigned to O—H stretch and at 1640 cm™! is
attributed to H—O—H bending for the sample processed
in acetic acid medium (Fig. 4). The IR absorption band,
in the case of samples treated in deionized water at 3350
cm™! are very weak; this may be due to the presence
of very small amounts of hydroxyls and possibly were
not significant. The XRD patterns and hence the crys-
tal structure of the compounds were not changed after
leaching out of Li™ under these experimental condi-
tions.

The crystal structure of LagsLigsTiOs is drawn
by using Diamond Software taking experimentally
measured lattice parameters (Table I) as the input
data and the structure is given in Fig. 5a. The
experimentally measured lattice parameters agree
well with the reported values for the compositions
Li3xLa(2/3)_xV(1/3)_2xTiO3(x =0.09—-0.13and V =
vacancy) [27]. The stabilization of cubic structure (S.G
= Pm3m) may be attributed to the random distribution
of La3t, Lit ions and vacancies over the A-sites.
The tetragonal structure obtained in case of PVA gel
decomposition route on annealing at 1523 K is drawn
using the experimentally measured lattice parameters
is given in Fig. 5b. The tetragonal distortion was
attributed to the unequal distribution of vacancies,
Li* and La’* cations on the two possible crystallo-
graphic sites la and 1b (12-fold coordination with

¢ ¥ |6

& ¢® |6

BSLralLit
Lat Li*
. Ti+4
[ Togd

(b)

Figure 5 Crystal structure of Lag 5Lig 5TiO3 (a) Cubic, (@ = 3.873;%) (b) Tetragonal, (a = 3.873 ¢ = 7.787 A).
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Figure 6 XRD patterns of ((Lag sLig5)2Ce)O4 annealed at indicated temperatures, solid solutions of cubic CeO,.
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(monoclinic) is observed above 1023 K.

oxygen) in the space group P4/mmm [28], analogous
to the superstructure data reported for Lay;3TiO3_5
6 0.007-0.079) [29]. In contrast, orthorhombic
perovskite [16—18, 30] or tetragonal tungsten bronze
structures were reported for compounds prepared by
solid state reaction routes or annealed at temperatures
above 1673 K for long durations. The sintering of the
powders at 1673 K may cause loss of Li* and create
more vacancies and hence the change in structure.
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26(7)

Figure 7 XRD patterns of (Lag sLips5Zr)O,_s annealed at indicated temperatures, cubic zirconia is stable below 1023 K, La;Zr,O7 (cubic) + ZrO,

3.2. Phase behaviour of (LagsLip5)MO3 (M =
Ce,Zr) compositions
The compositions La;_,Li,MOs; (M = Zr and Ce,
x = 0.5) did not stabilize in perovskite structutre.
The XRD patterns of these compositions are given in
Figs 6 and 7. The lattice parametrs of the composi-
tions are given in Table I. The experimentally mea-
sured lattice parameters were compared with the litera-
ture data [31]. The space group and atomic-coordinates



of the ideal structures of these compositions are taken
from FIZ/NIST Inorganic Crystal Structure Database
(ICSD) [31]. The replacement of Ti with Zr or Ce did
not form perovskite phases. The Ce substituted com-
position formed ((Lag sLig 5),Ce)Oy4 solid solution and
did not form any other phase on annealing upto 1673
K (Fig. 6). The ionic radii of Ce** (8-coordinated) in
CeO, is 1.11 A (ie. 1Y = 1.11 A), Y11 = 1.30 A,

Ce4+ La3+

r¥ll = 1.06 A and rJ!' = 1.40 A [32]. The XRD pat-
terns were indexed to cubic CeO; (S.G = Fm3m) with
expanded lattice constant. The lattice constant for CeO,
(a = 5.412 A) and for the solid solutionisa > 5.412 A
are givenin Table I. The expansion of lattice is attributed
to the accommodation of bigger size ion compared to
Ce** ionic radii.

The Zr substituted compositions form solid solutions
of (Lag sLig.5)2Zr)O4 below 1023 K. The XRD patterns
of ((LagsLigs)2Zr)O4 are shown in Fig. 7. The lattice
constants obtained on indexing the patterns show ex-
pansion of parent ZrO, lattice. The expansion in lattice
constant is attributed to the accommodation of La’*
and Li* ions in Zr-sublattice. The ionic radii of La**
(e. TV = 130 A) and Lit (Y, = 1.06 A) [31]

La}+ L1+ )
are marginally higher than that of Zr** in cubic ZrO,
(ie.r)ill =0.98 A) [31]. The cubic structure of ZrO,
was observed to be stable below 1023 K. However,
on annealing above 1100 K, La;Zr,O7 (pyrochlore) is
formed. The transformation of nano-crystalline zirco-
nia solid solution to LayZr,O; and minor monoclinic

ZrO, phases are shown in Fig. 7.

3.3. Effect of temperature on
electrical transport

Since LagsLipsTiOs (LLTO) could be prepared as
single-phase material by various wet chemical meth-
ods, electrical conductivity measurements were carried
out on these. The materials prepared by wet chemical
routes and sintered at 1473-1523 K show measurable
electrical conductivity at 298 K by ac as well as dc
techniques. The electrical conductivity (at 298-570 K)
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Figure 8 Log (oT) vs. 1/T plots of LagsLigsTiO3 (at 298-570 K)
prepared by PVA gel decomposition and subsequent annealing at 1523
K /4 h (tetragonal structure).
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Figure 9 Log (oT) vs. 1/T plots of LagsLigsTiO3 (at 298-570 K)
prepared by hydro-thermally processed TiO, and La(OH); gel +
LiOH.H;0 and subsequent annealing at 1473 K /4 h.
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Figure 10 Log (o T) vs. 1/T plots of Lag 5Lip 5TiO3 (at 298—-1000 K)
prepared by PVA gel decomposition and subsequent annealing at 1273
K /4 h (after acetic acid leaching under hydrothermal conditions).

of LLTO prepared by (i) PVA gel decomposition and
(i1) hydrothermally processed TiO, precursor is given
in Figs 8-9. The electrical conductivity of LLTO pel-
let (prepared by PVA gel decomposition) annealed at
1273 K for 4 h then subjected to leaching in acetic
acid medium under hydrothermal conditions is given in
Fig. 10. The conductivity of these compositions show
a decreasing trend below 375-390 K for the first cycle
of measurement (heating cycle) indicating the contri-
bution of surface adsorbed H,O on the specimen. The
contribution of hydroxyls towards electrical conduc-
tivity is negligible for the materials heated at or above
1473 K. The absence of hydroxyls was confirmed from
the IR examination of the samples sintered at 1473 K
(Fig. 4). The LLTO sample sintered at 1273 K (hy-
drothermal leaching not done) also did not contain hy-
droxyl groups in the lattice. Samples sintered at 1473 K
and hydrothermally treated in 1:1 = D,0:H,0 medium
did not show IR absorption peaks corresponding to
O—D nor O-H stretch indicating non-incorporation of
hydroxyls into the LLTO lattice at neutral pH. Hence,
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Figure 11 Log(oT)vs.1/T plots of Lag sLig s TiO3 prepared by hydro-
thermally processed TiO, and La(OH)3 gel + LiOH.H, O and subsequent
annealing at 1473 K /4 h.
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Figure 12 Logo T vs. 1/T plot of Lag sLig sTiO3 prepared by PVA gel
decomposition route and sintered at 1473 K/4 h, tetragonal structure (no
leaching carried out on this composition).

the electrical transport in LLTO perovskites (heated at
1473 K) may be due to the mobility of Li* ions in
the lattice. Most of the investigators believe the LLTO
structure supports the migration of Li* ions via va-
cancies available on A-sites [6, 33—-35]. However, the
samples treated under hydrothermal conditions in acetic
acid (10% v/v) medium contain hydroxyl groups in the
lattice (Fig. 4). The electrical conductivity of this com-
position is higher than that of the unleached compo-
sitions at 298—400 K. This may be attributed to the
presence of hydroxyls in the lattice. The overall con-
ductivity of this composition is less compared to the
unleached compositions (Figs 11-13). This may be
due to the loss of LiT-ion (current carriers) due to
leaching in acetic acid medium under the hydrothermal
conditions.

The electrical conductivity of the samples having cu-
bic crystal structure shows slightly higher conductivity
value compared to tetragonal structure. The log (o T)
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vs. 1/T plots are given in Figs 8-10. However, the
conductivity values of the three pellets can not be com-
pared, because these were prepared by using different
methods. The preparation methods have influences on
crystal structure stabilization. Cubic crystal structure
is stabilized by using hydrothermal precursor method
of preparation and annealing the powders at and be-
low 1273 K. The log (o T) values shown in Fig. 8 at
T = 500 K or 1000/T = 2 is about —3.2 S.K/cm
and the value shown in Fig. 9 at the same tempera-
ture is ~ —2.8 S.K/cm. This clearly shows that cubic
LLTO has slightly higher conductivity value. The lower
conductivity in tetragonal phases may be attributed to
the unequal ordering of Li, La and vacancies along the
c-axis. Thelog (o T') value givenin Fig. 10is about —4.2
S.K/cmat T = 500 K is attributed to the leaching out of
Li*. The results given in Figs 8—10 reveal that conduc-
tivities of the specimens vary with process conditions.
In all the conductivity measurements, log (6 T) vs. 1/ T
did not show continuous straight line at 298-1273 K.
A break/ bend in the conductivity curve occurred at
550-588 K. This may be attributed to the phase tran-
sition in the material or participation of other current
carriers above 550 K, thus giving rise to a conduction
process with two different activation energies. Similar
behaviour for LLTO was reported by several investiga-
tors [8—12]. Most of the authors describe the conduction
behavior of LLTO as thermally activated process as ob-
served in ionic conducting glasses [36] and define such
dependence as non-Arrhenius behaviour [37-39].

The AC impedance studies on the specimens were
carried out at 298-900 K with Pt electrodes. The semi-
circle at the low frequency end of the impedance plot
indicates blocking effect of Pt electrode to the mobil-
ity of Li* ions. The bulk conductivity was observed
at high frequency end of the impedance plot. The ef-
fect of temperature on the conductivity of the specimen
was evident from the decrease of impedance as shown
in Figs 14-19. The impedance of the specimens de-
creases on increasing the temperature of measurement,
indicating increase in conductivity of the pellet. This
may be attributred to the thermally activated mobility
of the ions. The time constant (7 =RC) of the diffu-
sion process was evaluated using formula »,RC = 1,
iet = 1/w,, where w, is the peak frequency of the
semi-circle, R is the resistance and C is the capaci-
tance of the equivalent circuit [40, 41]. The time con-
stant value of the semi-circle corresponding to bulk
conductivity is of the order of 1073 to 10™* s. The
composition leached in dilute acetic acid medium un-
der hydrothermal condition shows higher impedance
(low conductivity) compared to unleached composi-
tions (e.g., impedance for unleached composition at
~500 K in Fig. 14 is lower (6 x 10°Q2) than that for
leached composition (7.5 x 10°Q) in Fig. 16 at ~ 500
K). This trend was also observed in dc conductivity
meausrements. The loss of Lit under leaching con-
dition is ascribed to this observation. The effect of an-
nealing temperature on the electrical conductivity of the
pellets was clearly seen in ac impedance measurements.
The samples sintered at 1173 as well as 1273 K show
two semicircles in the impedance plot (Figs 14-17),
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Figure 17 Impedance plot of LagsLiosTiO3 prepared by PVA gel decomposition route heated at 1273 K, measurement carried out at indicated
temperatures after hydrothermal treatment of the pellet in acetic acid medium.
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Figure 18 Impedance plot of Lag 5LipsTiO3 pellet treated under hydrothermal condition at 423 K (pellet originally sintered at 1523 K/4 h) and
measurement carried out at indicated temperatures.
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Figure 21 SEM micrograph of LagsLipsTO;3 pellet sintered at 1523
K/4 h.

whereas samples sintered at 1523 K shows 3 semi-
circles in impedance plot measured at 623 K (Figs 18
and 19). This may be attributed to the formation of
distinct grain as well as grain boundaries on sintering
the pellets at 1523 K. The grain and grain boundaries

are shown in SEM micrograph (Fig. 21). The SEM mi-
crograph of pellets sintered at various temperatures is
shown in Figs 20 and 21. The powders heat-treated at
1100 K and pressed to pellet (green pellet without sin-
tering) shows particles of 180-200 nm size (Fig. 20). On
sintering the pellets to higher temperatures the particles
grew to 1-2 um size (Fig. 21). The particles with this
size showed 2-3 semicircles in the impedance plot at
500-700 K. The semicircle at low frequency end of the
plot (Fig. 18) corresponds to the electrode polarization
process; the semi-circle at 0.496-40.6 kHz (middle one)
corresponds to grain boundary (intergrain) impedance
and the semi-circle at high frequency end of the plot
correspond to intra grain impedance of the sample. On
increasing temperature the impedance due to intragrain
for the current flow became negligible and the semi-
circle did not appear in the impedance plot as shown in
Fig. 18 for 650K and Fig. 19 at 773 and 873 K. Similarly
for samples sintered at 1173 or 1273 K, the intragrain
impedance vanishes on increasing the temperature.

Several conduction mechanisms have been proposed
for LLTO based on structural considerations, concen-
tration of vacancy, bottleneck for Li™ migration and
tilting of TiOg octahedra. The high ionic conductivity
is believed to be due to the migration of Li* ions. The
ionic conductivity (6 = nZ,u) depends on the carrier
(i.e Lit with Z, = 1) concentration (n) and mobil-
ity (i) of the ions. The mobility mainly depends on the
activation energy of the ionic conduction and the bottle-
neck size [8, 33, 35] of the Li* ion-conducting channel.
The ionic conduction was evidenced from the hyster-
ysis obtained on heating and cooling cycle measure-
ments (Figs 11-13). The hysterysis may be attributed
to the polarization of the electrodes because of blocking
character of Pt- electrodes towards Li*.

4. Conclusion

The structure and electrical conductivity of
Li3x La(2/3)_x V(1/3)_2xTiO3 composition depend
on the preparation condition of the material. The
carrier concentrations can be improved by adopting
wet-chemical routes. The wet chemical preparation
can produce cubic crystal structure and thus provide
better structural framework for the enhanced mobility
of Lit ions. Compositions having cubic crystal
structure show higher conductivity than tetragonal
structure. The samples sintered at 1523 K show distinct
semicircles in the impedance pattern indicating better
crystallinity of the material in contrast to the pellets
sintered at 1173-1273 K. The samples prepared by
hydrothermally treated precursor process or hydroxyls
incorporated by hydrothermal treatment show higher
conductivity below 400 K. The samples prepared by
PVA gel decomposition or carbonate route do not show
presence of hydroxyls in the lattice. The conductivity
in this case arises due to Li™ mobility. The decrease
of conductivity on leaching out Li* from the lattice
by hydrothermal treatment in acetic acid medium
confirms the vital contribution of Li* concentration
towards ionic conductivity in LagsLigsTiO3. The
contribution of hydroxyls if present may be negligible
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towards electrical conduction above 550 K .The 100%
substitution of Ce at Ti sublattice does not form
perovskite phase, rather it forms (LagsLig5)2CeOq4
solid solution below 1673 K. The 100% substitution
of Zr at Ti site forms solid solution below 1073 K and
above this temperature La;Zr,O; along with minor
phase of monoclinic zirconia are formed.
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