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Abstract. Perovskite La; 3y, Lizc1iO3 samples with 0.06 < x < 0.15 were prepared by a double mechanical alloying
method. Structure and Li™-ion conductive properties of the Lag 3y ,LizTiO3 samples were investigated. Most of the
analyzed perovskite samples exhibit a double unit cell. In these samples, a change of symmetry from tetragonal to
orthorhombic is observed for sample with lithium content x = 0.06. Structural modifications were obtained mainly due
to the cation vacancies ordering along the c-axis, which disappeared gradually when the lithium content increased.
At room temperature, the maximum values of grains and grain boundaries conductivities of the Lag 3y, LizTiO3

samples were found to be of 1.5x1073 S/cm and 5.8x 107> S/cm, respectively. The temperature dependence of ionic
conductivity obeyed a non-Arrhenius behaviour. At temperature from 30 to 125 °C, the activation energy for grain and
grain-boundary conductivity was found to be of ~ 0.23 eV and ~ 0.32 eV, respectively.
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I. INTRODUCTION

Recently, ionic conducting solid materials have received considerable attention due to their
potential applications in all-solid-state ionic batteries, energy storage and conversion,
electrochromic displays, and in environmental monitoring electrochemical sensors, etc [1]. These
materials are non-toxic solid electrolytes exhibiting easy preservation and comfortable use. From
many works it is seen that a family of the perovskite structure of La(/3)_,Li3TiO3 (hereafter
abbreviated to LLTO) possess the best lithium ionic conductor. At room temperature, their grain
conductivity can reach a value up to 1073 S.cm~! [2-7]. However, the grain-boundary conductiv-
ity is still low and strongly dependent on conditions of samples preparation. This results in the
deacrease of the total conductivity of polycrystalline LLTO materials (namely 107> S.cm™!).

In fact, the polycrystalline materials are used for most practical applications, thus the effect
of the grain-boundary must be taken into account to determine the ionic conduction. In recent
years, to enhance the Li* ion conductivity, great efforts have been devoted to analyzing structural
and other intrinsic attributes of the LLTO, such as the concentrations of charge carriers and vacan-
cies [3,4,6] lithium coordination [8], structural distortions [6,9], vacant site distribution [8,10,11],
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charge carrier mobility [12], etc. Using the extended synchrotron X-ray absorption fine structure
(EXAFS) analysis, the author in [13] demonstrated that the lithium ion conductivity is governed
by main two factors: (i) the Coulombic repulsion force between the lithium ion and the titanium
ion and; (ii) the bottle-neck distortion in the lithium ion channels consisted of four oxygen ions.
Previous works also showed that the electrical performance of LLTO ceramics is strongly depen-
dent on their chemical homogeneity, particle size and morphology of initial LLTO powders. Thus
the synthesis of LLTO powders always plays an important role in getting LLTO ceramics with
desired properties [14, 15].

In recent previous work [7], we reported on annealing effect on the Li* ionic conductivity of
perovskite La, 3),Li3,TiO3 prepared by a double mechanical alloying (AMA) method. The results
showed that 1200 ° C is an optimal temperature for sintering LLTO with a high total conductivity.
In this work, the composition dependence of the on the crystal structure and electrical properties of
LLTO samples has been studied. X-ray difraction (XRD), Raman scattering (RSS) and electrical
impedance spectra (IS) of the LLTO ceramics with different Li contents have been presented.

II. EXPERIMENTAL

Lay/3)-,L13,TiO3 crystalline powders (0.06 < x < 0.15) were prepared from the stoichio-
metric mixture of dehydrated LayO3 (99.9%), Li,CO3 (99.9%) and TiO; (99.8%) powders which
were purchased from Aldrich Ltd. The solid state reaction of the LLTO formation is as follows:

((2/3) —x)La203 + 3XLi2CO3 + 2Ti02 — 2La(2/3),xLi3xTiO3 + 3XC02. (1)

where seven values of ”x” were chosen as 0.06, 0.09, 0.10, 0.11, 0.12, 0.13 and 0.15. Samples
corresponding to these compounds are called LLTO06, LLTO09, LLTO10, LLTO11, LLTO12,
LLTO13 and LLTO15, respectively.

By dMA method, the LLTO powder synthesized according to the following procedure. The
initial materials, including La; O3, LioCO3 and TiO, were mixed and grinded with absolute alcohol
for 4 h, by a grinder of “Fritsch model Pulverisette 6”. The cation molar ratio in the samples is
La:Li:Ti = ((2/3)-x):3x:1. The grinded mixture is dried at 200 °C, then preliminarily annealed at
800 ° C in air, for 4 h in order to eliminate CO,. Afterwards, the mixtures were react-grinded by
a grinder at speed of 600 rev/min for 6 h. The obtained powder was referred to the “precursor”
hereafter. To prepare ceramic specimens, precursor powder was isostatically pressed under ~450
MPa into pellets with 12.5 mm in diameter and 1.5 mm in thickness. Finally, the pellets were
sintered at temperatures 1200°C for 4 h with a heating rate of 5 °C/minand the cooling is natural.

Phase purity and crystalline structure of the obtained materials were determined by XRD
analysis on a Siemen D5000 diffractometer, at room temperature using CuKa radiation. To re-
search the molecular structure of the sample LLTO, the RSS was done on "LABRAM-1B” Micro-
Raman spectrometer. Equipment used excitation radiation source is He-Ne laser has a wavelength
of 632.8 nm, the backscattering configuration.

The ionic conduction properties of all samples were characterized by IS analysis on Au-
toLab. Potentiostat-PGS30 using FRA-2 impedance software. To characterize impedance spec-
troscopy (IS) the samples were mechanically polished and chemically treated in order to have
clean and parallel surfaces, then on these surfaces a metallic silver coating with 8 mm-diameter
circle was vacuum evaporated. Thus, two silver parallel electrodes of an area of A ~ 0.5 cm?
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were used for electrical measurements. IS measurements were recorded under normal atmosphere
between room temperature (RT) and 200 °C, in the frequency range of 0.1 to 10® Hz with an
amplitude of 20 mV. The grain and grain boundary resistances of the samples were obtained by
fitting experimental data with the theoretical curves using appropriate equivalent schema, as has
been shown in previous reports [7].
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peaks associated with the doubled cell, marked with arrows in Fig. 2, are broad while those of
the cubic sublattice are narrower. These results are consistent with the results obtained from
Ibarra et al [6]. The appearance of the superstructure peaks are due to alternate arrangement of
the La**, Li* ions and vacancies on the adjacent ab plances along the ¢ axis. For samples with
low lithium content (x = 0.06), superstructure peaks are sharp and strong. The intensity of the
superstructure peaks decrease and broadened lines as the lithium content in sample increased.
Because the distribution of the La3*, Li* ions and vacancies become more disorder when Li
content in sample increases.

iii) For samples with low lithium content (x = 0.06), the XRD patterns are slightly different. Split-
tings of different peaks have been detected, in particular, (200) line split into three components
(004), (200) and (020) (see inset of the Fig. 2), indicating the presence of an orthorhombic distor-

tion in the perovskite network [6].
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Fig. 3. Room temperature Raman spectra
of La(y/3-)Li3TiO3 samples with different
lithium contents: a) x = 0.06, b) x =0.11 and
c)x=0.15.
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Fig. 4. Complex impedance diagrams of
LLTO06, LLTO10, LLTO11 and LLTO15
samples were measured at room temperature
and in the range of frequencies from 1 MHz to
0.1 Hz.
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IIL.2. Ionic conductivity

Fig. 4 shows the complex
impedance diagrams (CID) of the LLTO06, LLTO10, LLTO11 and LLTO15 samples at room
temperatures. From this figure one can see that all the CIDs consist of two parts: the first part is
the semicircle relating to grain-boundaries conductivity and the second one is the line obtained at
low frequencies that relates to the diffusion process in the Helmholtz layer.

From the CIDs can be seen, the grain resistance (R, - intercept point of the semicircle by
the real axis towards high frequency) changes slightly when changing lithium content. In contrast,
the grain boundary resistance (Rg, - intercept point of the semicircle by real axis towards low
frequency) significant changes according to lithium content in sample.

For the accurate determination of the ionic conductivity we used a fitting method between
experimental curves and the theoretical curves obtained from equivalent schema to the CIDs.
These CIDs of the La, /3_,Li3, TiO3 samples with Ag electrode (Ag | LLTO | Ag) were well fitted
by the equivalent schema of Rg(Cg5Rg5)(RQ)(Cin[Rin(CayW)]. By this schema, Ry is the resis-
tance characterizing the grain conductivity; Ry, and C,y, are the resistance and capacity of grain
boundaries, respectively; R;, and C;, are the resistance and the capacity formed by the contact
between the Ag thin film electrode and samples surface; W and Cy; are the Waburg impedance
characterizing the charge shift and the capacity of the double charge layer, respectively; R, and O,
are the resistance and the constant phase component (CPE) related to electrodes, respectively.

To determine the ionic conductivity (o) one can use the following formula:

4

o = ,
A

3

where, d is the thickness of the sample (d = 0.1 cm), A — area (A = 0.5 cmz) and R- resistance
relating to ionic conductance that is determined from equivalent schema.

The obtained results of the calculation for all the samples are listed in Table 1. Table 1
shows ion conductivity values measured at room temperature, as a function of lithium content in
the solid LLTO solution. The maximum value of grain conductivity is obtained for lithium content
of x = 0.11, namely 0, = 1.5x 1073 S.cm~!. Meanwhile grain boundaries conductivity reached
the highest value for samples with lithium content x = 0.10, namely 5.8x107> S.cm~'. These
values of the conductivities are fairly larger than the one of La, 3)_Li3, TiO3 sample prepared by
method of conventional solid-state reactions that was reported [2-6,15,18]. This was explained by
the different loss of Li ions during annealing at high temperatures. Grain conductivity increase
may be due to: i) By the dIMA method, LLTO compounds formed in react-grinding process at low
temperatures, thereby limiting the evaporation of lithium. The compounds received had the ideal
stoichiometry; ii) Samples have fabricated high uniformity.

Dependence of the ionic conductivity on ambient temperature are investigated with in-
situ impedance spectroscopic measurements with temperature range from 30 to 200°C. Fig. 5
shows the Arrhenius plots of LLTO ceramics. A bending of the curve, similar to those reported in
[2,6,18,19,21] has been observed. As shown in Fig. 5, one transition point in Arrhenius plots of
the grain and grain-boundaries conductivities can be determined for different specimens, which re-
late to tilt or rotate the TiO¢ octahedra, leading to “open or close the bottle neck™ in the perovskite
structure, through which lithium ions move into nearby A-site vacancies. When the temperature
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Table 1. Li-ionic conductivity vs. Li concentration in LLTO samples made by dMA method

Li* conductivity (S/cm)
Sample G, /107 (G /10 | G,y 1107
LLTO06 1.0 3.0 3.8
LLTO09 12 5.0 48
LLTO10 13 5.8 5.6
LLTO11 15 45 44
LLTO12 14 4,0 39
LLTO13 12 3.5 34
LLTO15 N 3.2 3.1

increases could make the tilt and/or rotate of octahedra upwards easier, this process leads to pro-
mote ion thermal support mechanism [19,20]. The plots of In(cT) against 1000/T in Fig. 5 are
found to follow the Arrhenius law expressed as ¢ ~ 0, /T exp(—E,/kT).
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Fig. 5. Arrhenius plots of the LLTO samples: a) for grain conductivity, b) for grain-

boundary conductivity.

From the Arrhenius plots, activation energy (E,) was determined. The results showed that
the activation energy for grain and grain-boundary conductivity of samples with different lithium
content value not significantly different: E,q = (0.23 4= 0.01) eV and E g, = (0.32 & 0.02) eV,
respectively. These values ?7are smaller than the activation energy obtained from the sample is

made of solid state reaction (0.36 eV [2-6]).

IV. CONCLUSION

Ultrafine perovskite-type LLTO powders with an optimal Li-content (x ~ 0.10) were suc-
cessfully synthesized at near room temperature by solid-state reactions using the dMA method.
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The dMA method appeared to be more suitable due to the mixing of elements at molecular level
during the synthesis. Structural modifications are produced mainly due to cation vacancies order-
ing along the c-axis, which disappear gradually when the lithium content increases. The LLTO ce-
ramics obtained when sintered at high temperature are considered pure ionic conductive materials.
At room temperature, the lithium ionic grains and grain boundaries conductivities of the LLTO11
and LLTO10 have a maximum value of 1.5x1073 S/cm and 5.8 x 107> S/cm, respectively. In all
samples analysed, a non-Arrhenius temperature dependence of ionic conductivity was obtained.
At temperature from 30 to 125 °C, the activation energy for grain and grain-boundary conductivity
was found to be of ~ 0.23 eV and ~ 0.32 eV, respectively.
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