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The perovskite lithium lanthanum titanate shows high ionic conductivity at room temperature. Doping
the lithium lanthanum titanate by niobium preserves the perovskite structure, which is synthesized by ceramic
technology at high temperature (1300°C). The X-ray diffraction and scanning electron microscopy results
show that the samples exhibit single phase. AC impedance measurements indicate total conductivity of about
8.93 x 10~* S/cm for composition of z = 0.05 at room temperature. The Raman spectra and cyclic voltammetry

results of the compound are also reported.

PACS: 61.05.cp, 68.37.Hk, 78.30.—j, 66.10.Ed
1. Introduction

In recent years, much attention has been paid to mate-
rials with perovskite and perovskite-like materials, with
general formula ABO3 which are of particular interest as
ionic conductors [1, 2]. The ideal perovskite has a cu-
bic unit cell of side length about 3.9 A, the space group
Pm3m and Z = 1. The great interest in the investigation
of lithium-ion conductors is intended by their consider-
able potential for use as solid electrolytes. These appli-
cations are offered by LigsLag 5TiO3 perovskite, which
possess high conductivity 1 x 1072 S/cm at room tem-
perature [3, 4]. The conductivity of these compounds
depends on the relationship between the concentrations
of lithium ions and A-site vacancies and also effect of Ti
site substitutions on the ionic conductivity of the mate-
rials.

In the present paper we discuss the system
Liob5,$Lao,5Tilwabg;03 (a? = 0, 005, 0.1, and 015)
which is based on Lig 5Lag.5TiO3 with substitution of Nb.
Special attention is given to phase formation, crys-
tal structure, impedance, and modulus analysis of the
oxides.

2. Experimental

2.1. Preparation

The Lio_5,mLa0,5T11,mNbx03 ({L = O, 005, 01, and
0.15) (LLTN) materials are prepared by solid state reac-
tion method

(0.25 — 2/2)Li2 O + 0.25Laz03 + (1 — 2)TiOq
+ (SL’/Q)NbQOg, — Lio.5,ILa0_5T11,Ime03
(z =0, 0.05, 0.1, and 0.15).

The starting materials are lithium oxide (Merck
99.9%), lanthanum(IIT) oxide (Himedia 99.9%), tita-
nium(IV) oxide (Sigma-Aldrich 99%) and niobium(V)
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oxide (Himedia 99.9%) which are mixed in stoichiometric
ratio. Raw chemicals with high purity are used for the
material preparation. The constituents of required spec-
imen are taken in a stoichiometric ratio and dry mixed
followed by wet mixing with methanol as medium. The
mixing is accomplished using agate mortar and pestle.
The powder is calcined at 500°C for 4 h and at 800°C
for 4 h and then cooled to room temperature. The cal-
cined powder was ground and calcined again at 1150 °C
for 12 h. After calcination, the powder is ground again
and is mixed with polyvinyl alcohol (PVA) (which acts as
binder) to reduce the brittleness and to have better com-
pactness among the granules of the material. The pellets
of dimension 10 mm diameter and 1 or 2 mm thickness
are made using hydraulic (KEROY) press with the help
of stainless steel dye. The pellets are sintered at 1300°C
for 6 h using platinum foil to increase the density.

2.2. Experimental techniques

The phase constitutes of the calcined sample were iden-
tified by X-ray diffraction with RIGAKU X-ray diffrac-
tometer Ultima III (with Cu K, radiation, A = 1.5402).
The microstructure of the sintered samples was char-
acterized by scanning electron microscopy (SEM) (Carl
Zeiss, EVO MA 15, Oxford Instruments, Inca Penta
FET x3.JPG). Raman experiments were carried out for
the calcined sample (Nicolet 6700 FT-Raman spectro-
meter). The spectra were recorded from 0 to 1000 cm™1.
The conductivity for the sample was measured by an
AC impedance technique. The bulk resistances of the
composite electrolyte systems are computed from the
complex impedance plots with the help of LCR Bridge
(HIOKI, model 3532-50, Japan) operating in the fre-
quency range of 42 Hz to 5 MHz and the temperature
range from 30°C to 150°C. The cyclic voltammograms
are recorded within the potential range —2.0 to 3.0 V
at the scanning rate of 0.05 mV /s at room temperature
using the Electrochemical workstation, CH instrument
(CHI 760C).
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3. Results and discussion
3.1. X-ray diffraction

The X-ray diffraction patterns of calcined
Li0.5_wLa0_5Ti1_bex03 (.fE = O, 005, 01, and 015),
in which the Bragg reflections have been indexed as a
cubic unit cell Pm3m (Z = 1), are shown in Fig. 1. The
Nb®* ions occupy the octahedral interstitial and La3"
ions locate at the corner of the cubic unit cell. Recently,
the attention has been paid again to the niobium doping
into the B sublattice, where Nb°* substitutes Ti*t,
bringing more oxide ions or more electrons into the
system [6, 7]. Due to the electrostatic interaction among
the constituent ions, the ordering of the A-site vacancies
along the c-axis occurs naturally. Simultaneously, Nb>*+
ions are reduced to Nb**. The materials possessing the
above properties could be used as electrode materials
for the lithium-ion battery. Some impurity phases are
observed in the samples with the composition of x larger
than x = 0.1. The perovskite phase was observed in the
composition range from x = 0 to = 0.1, while a small
amount of LiNbO3 phase with perovskite-like structure
was observed in the sample at z = 0.15 [8, 9].
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Fig. 1. XRD pattern of Lio.s—zLao.5Ti1—zNb,O3 (z =

0, 0.05, 0.1, and 0.15).
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Fig. 2. Variation of lattice parameter in

Lio_s_xLaojTil_waxOs (l’ = 0, 0.05, 0.].7 and 0.15).

The lattice parameter and the unit cell volume of the
LLTN increase with the x value (Fig. 2). This is ex-

pected, as the ionic radius of the Nb>+ (0.69 A) is higher
than that of Ti*.

The crystallite size was calculated by using Scherrer’s
formula and it is found to decrease with x value. The
crystallite sizes are 68.51, 62.31, 49.54, and 42.96 nm for
the samples with x = 0, 0.05, 0.1, and 0.15, respectively.

3.2. Scamning electron microscopy

Figure 3 shows the SEM micrographs for the samples
sintered at 1300°C for 6 h with x = 0, 0.05, 0.1, and
0.15, respectively. All sintered samples exhibit dense mi-
crostructures. The grain sizes of the samples are calcu-
lated by linear intercept method. The average grain size
is calculated to be 2.2, 1.86, 1.76, and 1.71 pum for z = 0,
0.05, 0.1, and 0.15, respectively [10].
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Fig. 3.
0.15).

SEM images of LLTN (z = 0, 0.05, 0.1, and

3.3. Raman spectrum

In Fig. 4 Raman spectra of LLTN (z = 0, 0.05, 0.1,
and 0.15) are recorded at room temperature. The Ra-
man scattering spectra are carried out using exciting laser
with the wavelength A = 1.06 um. The spectra are ob-
tained for calcined powder samples. The wavelengths of
the peaks in particular, overlapping ones are determined
by experimental data. It is possible to follow changes in
positions of the peaks with concentration of the Nb®*t
dopant. There are only five apparent resonance bands
in the best resolved spectra of all the samples, although
from theoretical considerations one anticipates fifteen de-
grees of freedom per unit cell. In cubic phase it has Oy,
symmetry and the 15 degrees of freedom divided into op-
tical representations 3F1, + Fb,, while another Fi, sym-
metry mode corresponds to acoustical branch [11]. The
144, 240, and 536 cm~! modes are arising from the Fy,
cubic phase modes. The 455 cm™! mode comes from
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Fig. 4. Raman spectra of LLTN (z = 0, 0.05, 0.1,
and 0.15).

the splitting of the cubic Fb, mode and the somewhat
broader 821 cm~—! mode is observed also as Fy, mode.

3.4. Duelectric constant

The variation of dielectric constant measured at 5 MHz
frequency as a function of  value for LLTN (z = 0, 0.05,
0.1, and 0.15) is shown in Fig. 5. The dielectric constant
decreases slightly with the increase in « value. According
to the Clausius—Mossotti (C-M) equation, the dielectric
constant increases with increasing total dielectric polariz-
ability ap and decreasing unit cell volume. The unit cell
volume was estimated from XRD data and changed little
from 57.8932 (A)3 for z = 0.0 sample to 58.1045 (A)? for
x = 0.15 sample. The effect of ap on dielectric constant
is much larger than that of unit cell volume [12]. A small
change of ap will result in large variation of dielectric
constant. So the dielectric constant should be decreased
with increasing lithium content, which is in agreement
with the results in Fig. 5. The dielectric constant of the
sample is much lower at x = 0.15.
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Fig. 5. Variation dielectric constant as a function of x

value for LLTN (z = 0, 0.05, 0.1, and 0.15).

3.5. Impedance analysis

Figure 6 shows the Cole—Cole plots of
Ligs_LagsTi;_zNb,Os obtained from impedance
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Fig. 6. Cole-Cole plot LLTN (x = 0, 0.05, 0.1,
and 0.15).
measurements. The bulk resistance of the sample is

estimated from the crossing point of the extrapolated
semicircle with the real axis at lower frequency range.
The conductivity can be expressed as ¢ = wege”,
where ¢ is the dielectric permittivity in air; w is the
angular frequency = 27 f and ¢” = tande’. Since the
conductivity of all the samples is estimated to be of the
order of 107* to 107° S/cm at room temperature, the
electric conduction of the samples might be almost ionic.

Up till now, the bulk and grain boundary conduc-
tivity values reported on LLT are subjected to large
variations even for the same composition. Suppose the
bulk conductivity of Li; sLa; 2 TiO3 falls in the range of
1075—1072 S/cm at room temperature. This variation
indicates that the sample preparation conditions such as
sintering temperature may have a great influence on the
ionic conductivity. We expect this since the volume frac-
tions of grains and grain boundaries in specimen vary
with the grain size, and the grain size normally varies
with the sintering temperature and duration. Further-
more, the carrier concentration may also be altered due to
possible evaporation of lithium during sintering. There-
fore, pre-optimization of the sample preparation process,
particularly the sintering process will be of utmost im-
portance in the present case in order to rule out the pos-
sibility that any difference in conductivity is due to the
difference in microstructure rather than due to the dop-
ing effect.

The conductivity of all samples increases with increase
of temperature. With the decrease in the amount of Lit
ions due to the substitution of Nb>*t for Ti**+ and LiT, the
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conductivity decreased with increasing Nb%* fraction ,
while the activation energy for ionic conduction increased
with increasing = value [13]. Allowing the fraction of va-
cancy in A-site being always constant, this indicates that
the mobility of Li* ions would increase accompanying the
increase of conductivity because of the expansion of the
lattice by the substitution of Nb®*+ for LiT and La®t.

The highest value of the conductivity (8.93 x
10~% S/cm) is obtained for the material with composition
corresponding to x = 0.05 and the conductivity decreases
with increasing the content [14]. The lithium lanthanum
niobium titanate at = 0.05 presents a higher conductiv-
ity than the corresponding lithium lanthanum titanate.
The conductivity is also higher than the titanates of other
rare earths.
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Fig. 7. Arrhenius plots (AC) for different composi-
tions.

The activation energy (0.257 €V) increases gradually
up to z = 0.15 (Fig. 7). The activation energies indicate
that the differences in conductivity come from differences
in the pre-exponential factors.

3.6. Modulus analysis

The modulus analysis has an advantage that it sup-
presses the information about electrode effects. This can
also be used to study conductivity relaxation times. The
complex modulus is defined as the inverse of the complex
permittivity. In the present work, the impedance data
were converted into electrical modulus by using the rela-
tion M’ = wCyZ’ (real part) and M = wCyZ"” (imag-
inary part), where Cy = e9A/L, A is the area of the
sample, L is the thickness of the sample and gg is the
permittivity of the free space (8.854 x 10714 F/cm) [15].

The macroscopic behavior of a dielectric can be under-
stood by considering the dielectric in between a parallel
plate capacitor. The capacitance (C) of the capacitor
with the dielectric is

C =¢e04/d,
where e, = €/¢q is the dielectric constant of the dielectric.

It is also called as relative permittivity, € is called the per-
mittivity of the dielectric, eo (8.854 x 10714 F /cm) is the
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permittivity of the free space, A and d are corresponding
area and thickness of the plates, respectively [16]. The
frequency dependence of M’ and M" for the compound
are shown in Fig. 8.
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Fig. 8. Frequency dependence of M’ and M" for LLTN
(z =0, 0.05, 0.1, and 0.15).

At lower frequencies, M’ tends to be very small, con-
firming that the contribution from the electrode effect
is negligible. The observed dispersion in M’ at higher
frequencies may be due to conductivity relaxation. The
variation of imaginary part of electrical modulus (M"') of
the compounds with frequency at different temperatures
is shown in Fig. 8. It is observed that M" decreases with
increase in frequency at lower temperatures but above
100°C, variation of M"” with frequency attains a max-
imum value (peak) at a particular frequency, and that
peak is shifted to higher frequency with rise in temper-
ature. The peak in the M” vs. frequency plot is asym-
metric in nature indicating the spread of relaxation time.
The asymmetric nature of the modulus peak indicates the
stretched exponential character of relaxation time [17].
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3.7. Cyclic voltammetry

The cyclic voltammogram curves (Fig. 9) indicate that
the electrochemical reaction is completely reversible. As
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Fig. 9. Cyclic voltammograms of LLTN (z = 0, 0.05,
0.1, and 0.15).

the result of this reaction, electronic conductivity appears
in the niobium compounds. The overall stability of the
electrolytes is good with no electrochemical oxidation oc-
curring at potentials smaller than 3 V. Therefore these
materials can be used as solid electrolytes in secondary
barriers down to low potential [18].

4. Conclusions

The lithium lanthanum niobium titanate LLTN (z = 0,
0.05, 0.1, and 0.15) solid electrolytes are prepared by a
solid state reaction method. By X-ray diffraction anal-
ysis of the prepared samples, it is found that its crystal
structure is exactly the same as the cubic perovskite. The
microstructure of all samples is measured by scanning
electron microscopy and the grain size is about 2 pm
for all samples. The bonding nature of the samples is
identified using the Raman spectroscopic studies. The
impedance of LLTN (x = 0, 0.05, 0.1, and 0.15) elec-
trolyte is measured in the temperature range of 30°C to
150°C and in the frequency range 42 Hz to 5 MHz. The
activation energies for the lithium ionic conduction are

estimated to be 0.2 eV. The maximum conductivity is
found as 8.66 x 10~* S/cm at x = 0.05 which must be
a good ionic conductor at low temperatures and a good
candidate as an electrolyte for low temperature electro-
chemical cells. The cyclic voltammogram curves indicate
that the electrochemical reaction is completely reversible.
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