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It is shown that whatever the technique used, conventional solid-state reaction or
precipitation from solutions, the formation of lithium lanthanum titanate, LigsLaogsTiOsg, is
a multistage process, which occurs in a wide temperature range. Thermal analyses, X-ray
powder diffraction (XRPD), and infrared (IR) spectroscopy are used to investigate the phase
transformations that occur during the preparation of these ceramics. The different steps
involved in the mechanism of formation of this titanate are described as temperature is
increased. Both techniques lead to a pure perovskite phase. However, synthesis from solutions
allows one to produce nanosized powders of titanate phase and to carry out synthesis under
milder conditions as compared with solid state reaction synthesis. Furthermore, it has been
observed that, independently of the method used, a considerable loss of lithium occurs during
the synthesis of the ceramic samples and that the real composition is Lig41La05TiO2.9s5 for
both ceramics. The conductivity of these ceramics has been investigated by ac impedance
spectroscopy. It is shown that the ceramic samples, obtained after sintering around 1300
°C, display identical conductivity value, either for the bulk or for the grain boundary. This
result is due to the close ceramic grain size obtained after sintering, as shown by scanning
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electron microscopy (SEM) experiments.

Introduction

Lithium-conducting materials are of great interest
due to their potential use as electrolytes or electrode
materials in electrochemical devices such as sensors,
rechargeable batteries, miniature supercapacitors, and
electrochromic displays.! The objects of special interest
are lithium-conducting materials based on the lantha-
num lithium titanate, LisLay3—xTiO3 (hereafter named
LLTO), which crystallizes in perovskite-type structure
(ABO3).25> The main features of lanthanum lithium
titanate are its high lithium conductivity at room
temperature (1072 S-cm™1)27% and its high lithium
diffusion coefficient (~10~7 cm?/s).6 The reduction of
titanium ions (Ti**—Ti%") in contact with metallic
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lithium limits the application of lanthanum lithium
titanate. This chemical reduction does not allow one to
use this material directly with lithium anode for devel-
opment of solid-state lithium batteries (large-scale
battery systems). However, Kobayashi et al.” studied all-
solid-state batteries based on LisLays—xTiOsz electrolyte,
where LiMn,O4 and metallic lithium were chosen as
cathode and anode, respectively. To prevent the reduc-
tion of titanium, a PEO-based solid polymer electrolyte
(SPE) [ethylene oxide co-2-(2-methoxyethoxy)ethyl ether]
was sandwiched between anode (metallic lithium) and
LisxLags—xTiOs. Lithium tetrafluoroborate, LiBF,4, was
dissolved in the SPE. Such a system displayed good
charge/discharge characteristics over 100 cycles at 60
°C. The possible use of such a ceramic as a pH-sensor
has also been demonstrated.®® This application is
particularly interesting in food industry, where the use
of glass electrodes is prohibited. These works’—2 showed
that these lithium-conducting perovskites, LisLays;—xTiOs,
can be used in electrochemical systems due to their high
conductivity at room temperature.

(7) Kobayashi, Y.; Miyashiro, H.; Takeushi, T.; Shigemura, H.;
Balakisnan, N.; Tabuchi, M.; Kageyama, H.; Iwahori. T. Solid State
lonics 2002, 152/153, 137.

(8) Bohnkeé, Cl.; Duroy, H.; Fourquet, J.-L. Sens. Actuators B, Chem.
2003, 89 (3), 240.

(9) Bohnké, Cl.; Fourquet, J.-L. Electrochimica Acta 2003, 48, 1869.

© 2004 American Chemical Society

Published on Web 01/15/2004



408 Chem. Mater., Vol. 16, No. 3, 2004

According to the results found in the literature, it is
clear that the method of synthesis affects the crystal
structure and the physical properties of these titanates.
Therefore, the characteristics of the above-mentioned
electrochemical systems may be strongly dependent on
the physical properties and consequently on the method
of preparation of the ceramic. However, no data are
available about the phase transformations taking place
during the synthesis of lanthanum lithium titanates and
how the method of synthesis affects both the formation
and the electrophysical properties of LLTO. Conse-
quently, this does not allow one to optimize the synthe-
sis conditions of the above materials. For example, an
interesting question is how to obtain fine-grained
powders (nanoparticles) of lanthanum lithium titanates
for application as electrode materials or sensors.

Therefore, the purpose of the present study is to
investigate the phase transformations occurring during
the synthesis of LigsLagsTiOs with perovskite-like
structure, either by the solid-state reaction technique
or by precipitation from solutions, and to study the effect
of the synthesis method on the electrophysical proper-
ties of these lithium-conducting materials.

Experimental Section

Extrapure La,Os, TiO; (rutile phase), and Li,CO3 were used
as initial reagents for the synthesis of lanthanum lithium
titanates by a solid-state reaction technique. The traces of
water and adsorbed gases were removed from La,O3, TiO,, and
Li,COg3 by heat treatment during 4 h at 850, 600, and 400 °C,
respectively. Reagents were weighed immediately after heat
treatment and cooling of the powders in order to avoid any
error in the Li:Ti and La:Ti ratios in the content of the initial
powder mixture. The mixture of Li,CO3:La,03:TiO, in the
molar ratio 1:1:4 (suitable ratio to obtain LigsLagsTiO3) was
homogenized during 6 h in a vibrating mill using corundum
grinding bodies and bidistilled water. The homogenized mix-
ture was then dried at 100 °C. Isothermal heat treatment was
carried out in the temperature range from room temperature
(RT) to 1300 °C during 2 h.

Agqueous solutions of extrapure La(NOs)s, TiCl,, NH,OH,
and Li,CO; were used as initial reagents for synthesis of
lanthanum lithium titanates by precipitation from solutions.
An aqueous solution of ammonia was added to a stoichiometric
mixture (1:2) of solutions of lanthanum nitrate and titanium
chloride. The obtained precipitates were washed, and calcu-
lated amounts of Li.CO3z and bidistilled water were added.
Suspension after repulp washing was stripped with blending
and dried at 100 °C. Dry powder was sieved through a nylon
screen and isothermally heat-treated in the temperature range
from 500 to 1250 °C during 2 h.

Thermal analysis was performed in a Q-1000 OD-102 device
at a heating rate of 5 °C min~t in air using the alundum (Al,O3)
crucibles. The infrared (IR) spectra were recorded on a
“Specord-M80” spectrometer in the 250—4000 cm™* frequency
range. Standards for investigation were prepared as pellets
with KBr. X-ray powder diffraction experiments were carried
out in a DRON-4-07 diffractometer at the room temperature
using Cu Ka radiation and a step-scanning mode in the 26
range from 10° to 90°, with a step size of 0.04°. The electro-
physical properties of the ceramic samples were investigated
by complex impedance spectroscopy in the frequency range
from 1 Hz to 10 MHz using a 1260 frequency response analyzer
and a 1296 dielectric interface from Solartron. The measure-
ments were performed in the temperature range from 135 to
600 K under vacuum at low temperature in a cryogenerator
and under dry N, above room temperature in an oven (Data-
line). It has been verified that the electrochemical system
remains linear up to 1 V (rms); therefore, the applied ac voltage
was 300 mV (rms). The pellets were obtained from powders
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Figure 1. Results of thermal analyses of LigsLagsTiO3
samples prepared by the solid-state reaction technique.

coming from either solid-state reaction or precipitation from
solutions. The pellets obtained by the solid-state reaction
technique were sintered for 2 h at 1300 °C and those obtained
by precipitation from solutions were sintered for 2 h at 1280
°C.

Grain sizes of lanthanum lithium titanates obtained by
precipitation from solutions before and after sintering were
determined using a scanning electron microscope JEM 10CX
I1 (JEOL). The lithium content of the perovskite-like powders
was determined. To this aim a 10-fold excess of K,S,07; was
added to fine-grained powders and alloyed during 24 h on a
sand bath. The alloy was dissolved in the acidified water. The
analysis of the solutions was carried out with an atomic-
absorption spectrometer (SP-9 PueUnicom). Uncertainty in
measurement of lithium content was not more than 2%.

Results and Discussion

(A) Phase Transformation Occurring during Prepara-
tion of Ceramics by the Solid-State Reaction Technique.
It is known that the formation mechanism and the
properties of end products obtained from classical solid-
state reaction depend on the thermal history of the
powders. In the system Li,CO3-La,03-TiO,, this ap-
pears to a large extent. It is explained by the fact that
La,O3 intensively adsorbs CO, and H,O from air,
transforming them into carbonate and hydroxide, re-
spectively. Li,COj3 also can easily adsorb H,O. This can
introduce substantial errors in the La:Ti and Li:Ti ratios
on the initial stage of preparation.

Figure 1 shows the curves of thermal gravimetry
(TG), differential thermal gravimetry (DTG), and dif-
ferential thermal analysis (DTA) of the homogenized
mixture of Li»CO3:Lay03:TiO, in the molar ratio 1:1:4
from room temperature to 950 °C.

Figure 2 shows the X-ray powder diffraction (XRPD)
patterns and Figure 3 the IR spectra of this powder
mixture as a function of heat-treatment temperature in
the temperature range from 20 to 1300 °C. Both XRPD
patterns and IR spectra are recorded at room temper-
ature.

The XRPD pattern of the mixture of the initial
components, after homogenization in water and drying
and before any heat treatment, is shown in Figure 2
(curve 20 °C). It consists of hexagonal La(OH); (diffrac-
tion lines A), which is formed according to reaction 1,

La,0, + 3H,0 = 2La(OH), 1)
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Figure 2. XRPD patterns, obtained at room temperature, of LipsLaosTiO3; samples prepared by the solid-state reaction technique
after heat treatment at different temperatures. A = La(OH); (36—1421 au); B = TiO, (21—1276 au); C = Li,CO; (22—1141 au);
D = LaOOH (19-656 au); E = La,0,C0O;3 (37—804 au); G = Li,TiO3z (33—831 au); J = La,03 (5—602 au); K = Li,Ti,Os (38—270
au); L = La,Ti,07 (28—517 au); M = Li,TizsO7 (34—393 au); P = perovskite LLTO.
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Figure 3. IR spectra of LigsLagsTiO; powder samples prepared by the solid-state reaction technique after heat treatment at

different temperatures.

tetragonal rutile TiO, (diffraction lines B), and mono-
clinic Li,CO3 (diffraction lines C). In addition, IR
analysis shows the presence of OH groups, indicated by
the narrow band of v(OH) at ca. 3660 cm~! and of 6(OH)
at ca. 1090 cm~! related to La(OH)3 (Figure 3, 20 °C).

As heat-treatment temperature is increased, the
mixture of the initial components undergo several
transformations, as shown in Figure 1. At 380 °C an
endothermic process is observed on the DTA curve. This
is associated to a weight loss shown on the TG and DTG
curves. This is due to the decomposition of La(OH)s
(320—380 °C) and LaOOH (350—400 °C). These reac-
tions are followed by the thermal decomposition of
Li,CO3 (510—560 °C) and La,0,CO3 (600—900 °C).

These processes are described by the following reac-
tions (2—6):

2xLa(OH), = 2xLaOOH + 2xH,0t 320—350 °C (2)

2(1 — x)La(OH); + (1 — X)CO, =
(1 - x)La,0,CO, + 3(1 — x)H,0t 320-380 °C (3)

2xLaOOH + xCO, = xLa,0,CO; + xH,0t
350—400 °C (4)

Li,CO, + TiO, = Li,TiO, + CO,! 510-560 °C (5)
La,0,CO, = La,0, + CO,! 600—900°C  (6)
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The dehydration of La(OH)s occurs in two steps in
accordance with reactions 2 and 3. This fact is verified
by the presence of two minima at 346 and 380 °C on
the DTG curve (Figure 1). Moreover, the XRPD pattern
obtained after heating the initial mixture at 350 °C
(Figure 2) shows the appearance of the LaOOH (dif-
fraction lines D) and La;0,COj3; (diffraction lines E)
phases and the disappearance of the diffraction lines A
corresponding to the La(OH); phase.

The band at 865 cm~! (Figure 3, t = 20 °C) in the IR
spectrum indicates the presence in the mixture of
carbonate groups due to Li,CO3.1% As the temperature
increases to 350 °C, this band slightly shifts to 860 cm~.
This is explained by the formation of lanthanum oxy-
carbonate, La,0,CO3, which is detected by XRPD (Fig-
ure 2). This band fully disappears above 850 °C, which
agrees well with the results of XRPD and thermal
analysis. It should be noted that the decomposition of
lanthanum oxycarbonate, La,0,COj3; (reaction 6), occurs
in two steps.!! This conclusion is confirmed by the
presence of two endothermic processes on DTG at 710
and 902 °C, which are accompanied by a considerable
loss of weight. The first endothermic process at 710 °C
is the first step of the lanthanum oxycarbonate decom-
position according to the following reaction:

2L.a,0,C0O, = La,0,C0,4-La,0, + CO,t  (7)

And the second endothermic process at 902 °C is the
second step of its decomposition to finally form lantha-
num oxide according to

La,0,C04La,0, = 2La,0, + CO,t 8)

These two reactions, 7 and 8, lead to the reaction 6, as
written above. These results are in good agreement with
the XRPD patterns (Figure 2) that show the appear-
ance of the La,O3 phase (diffraction lines J) and the
concomitant disappearance of the La,0,COs; phase
(diffraction lines E) for the mixture heat-treated up to
900 °C.

The reaction of Li,CO3 with TiO, that occurs around
510560 °C leads to the formation of Li,TiO3 according
to the reaction 5. This is shown by the diffraction lines
G on Figure 2. This phase disappears above 820 °C to
transform into the lithium dititanate Li,Ti,Os (diffrac-
tion lines K) according to reaction 9:

Li,TiO, + TiO, = Li,Ti,0, 820—860°C (9)

Taking into consideration that there is no detailed
information about the crystallographic parameters of
Li,Ti,Os in the literature, we synthesized the Li,Ti,Os
phase by a solid-state reaction technique and collected
XRPD data (Figure 4). The analysis of the X-ray pattern
allows us to identify unambiguously the formation of
the lithium dititanate, Li>Ti>Os.

The diffraction lines of Li,TiO3 (line G) and Li,Ti»Os
(line K) phases are indiscernible in Figure 2. Therefore,
we analyzed the variation of the intensity of the line at
260 = 18.5° (this line relates to the phase Li,TiO3 and/

(10) Yurchenko, E. N.; Kustova, G. N.; Batsanov, S. S. Novosibirsk
1981, 143 (in Russian).
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Figure 4. XRPD pattern of Li,Ti»Os prepared by the solid-
state reaction technique at 900 °C during 2 h.

or Li»Ti,Os) and the line at 20 = 27.5° (TiO, rutile) as
a function of temperature. The intensity of these lines
does not vary in the temperature range from 600 to 750
°C. When the temperature is raised from 750 to 850 °C,
the intensity of the line at 260 = 18.5° increases, whereas
that of the line at 20 = 27.5° decreases. This may be
accounted for by the fact that in the temperature range
from 750 to 850 °C a reaction between the phases
Li,TiO3 and TiO, takes place to form Li,TiOs.

At 900 °C the diffraction lines of the perovskite phase
P, with starting composition LipsLagsTiO3, appear. At
the same temperature, the lithium trititanate Li,TizO7
also appears as diffraction lines M as well as the
lanthanum dititanate La,Ti,O7, as diffraction lines L.
The diffraction lines of these two last phases increase
with temperature up to 1100 °C to finally disappear
above this temperature. It is possible to explain these
results as follows: the major part of lanthanum oxide,
arising from decomposition of La,0,COs3, reacts with
rutile to form lanthanum dititanate (reaction 10):

(1 —*I)La,0, + (2 — X)TiO, = (1 — *,)La,Ti,0,
850—1100 °C (10)

The first traces of perovskite-type phase, LipslLags-
TiOg3, are revealed at 800 °C. Its appearance is described
by the following reaction:

(1 — X)Li,Ti,0f + (1 — X)La,Ti,0, =
4(1 — x)(LigsLaysTiO;) T > 850 °C (11)

As temperature increases, part of the lithium di-
titanate reacts with the remaining titanium oxide to
form lithium trititanate:

xLi,Ti,O5 + xTiO, = xLi,Ti;O;, 900—1100 °C (12)

XRPD data show that the Li,TizO; phase, which
forms according to reaction 12, has susceptibility to
disproportionate upon interaction with lanthanum oxide
to form lithium dititanate and perovskite-like lantha-
num lithium titanate, which are more thermodynami-
cally stable:

xLi,Ti;0, + */,La,0, = */,Li,Ti,Of +
2x(LigsLagsTiO;) 1000—1100 °C (13)
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Scheme 1. Scheme of LigsLagsTiO3; Synthesis by the Solid—State Reaction Technique

Table 1. Chemical Transformations and Reactions during the Synthesis of LipsLagsTiO3z by the Solid-State Reaction
Technique as a Function of Temperature

no. t(°C) composition reaction
1 20 Li,COs, TiO,, La(OH)s La,0, + 2H,0 20°c 2La(0H),
2 330 Li2C03, TiOZ, La(OH)3, LaOOH 2xLa(OH)3 320-350 °C 2xLaOO0OH + 2XHZOT
3 360 Li,COg, TiO,, LaOOH, La,0,CO3 2(1 — x) La(OH), + (1 — X) CO, 320-380 °C 1 - x)La,0,CO, +
3(1 — x) H,0t
4 380 Li2C0s, TiO, L220,COs 2xLaOOH + xCO, - x| a,0,CO; + xH,Ot
5 530 TiOy, Li,TiOs, Laz0,COs Li,CO, + TiO, %% | i, Tio, + CO,!
6 650 TiOy, Li;TiOs, Lay03 La,0,C0, ~220C | 5,0, + COL
(La,0,C0O,4 decomposed in two stages)
7 840 TiOZ, LizTizOs, LayO3, LazTi207 LizTiO3 4 T|02 820-860 °C LizTizos
A —*,)La,0, + (2 — X)Ti0, “=2"% (1 — */,)La,Ti,0,
8 900 TiOz, Laz0s, (LiosLaos)TiOs, (@) XTiO, + xLi,Ti,O5 — xLi, Ti;O;
LizTi20s, LizTisO7, LapTi2O7 (b) (1 — X)Li,Ti,O5 + (1 — x)La,Ti,0;, —
4(1 — x)(LigsLays)TiO,
9 1100 LizTiz0s, (LiosLaos)TiOs, LazTizO7 *I,La,05 + xLi,Ti;0; — 2x(LigsLag 5) TiO5 + */,Li, Ti,Ox
10 1300 (LipsLags)TiOs 900-1150 °C

Finally the formation of the single-phase perovskite
occurs above 1150 °C according to reaction 11 by
reaction of Li>Ti,Os formed during reaction 13 and the
remaining La,Ti,O; formed according to reaction 11.

The phase content of the mixture after heat treatment
at various temperatures and the different chemical
reactions and their sequence are shown schematically
in Scheme 1 and Table 1. From Scheme 1 we can
conclude that the formation of the perovskite-like phase,
LiosLagsTiO3, goes through three steps as the temper-

*I,La,Ti,0, + */,Li,Ti,0p

2x(LigsLay ) TiO,

ature increases. Below 1000 °C, the phase LipsLagsTiO3
appears as a result of partial interaction of the phases
Li,Ti,Os and La,Ti,O7 (reaction 11). An increase of
temperature above 1100 °C leads to the formation of
the LigsLagsTiO3 phase as a result of interaction of the
phases La;O3; and Li;TizO7 (reaction 13). The final
formation of the pure perovskite phase LipsLapsTiO3
takes place at a temperature above 1200 °C as a result
of the reaction between the phase La,Ti,O;, which
formed by reaction 10 and is not wholly consumed by
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Figure 5. Results of thermal analyses of LigsLagsTiOs
samples prepared by precipitation from solutions.

reaction 11, and Li,Ti»Os, which formed by reaction 13:
X/ZLiZTiZOS + X/ZLazTi207 = 2xLiysLay s TiO;  (14)

(B) Phase Transformation Occurring during Prepara-
tion of Ceramics by Precipitation from Solutions. It is
known that during synthesis from solutions an insoluble
(hard-soluble) precipitate appears in which metals must
be in the definite ratio? (in our case La:Li:Ti = 1:1:2).
Usually, the reagents interact during precipitation to
form compounds with definite structure, which we will
designate as “inorganic polymer”. Formation of the
definite structure of “inorganic polymer” facilitates the
formation of the final phase under more “soft” conditions
as compared with the solid-state reaction technique.!?
It is difficult to define the structure and the chemical
composition of such a phase; therefore, it will be
designated as phase X. In our case “inorganic polymer”
contains hydrated forms of oxyhydroxititanate and
lanthanum, which are X-ray-amorphous at room tem-
perature. After precipitation of the “inorganic polymer”
lithium carbonate is added.

Figure 5 shows the TG, DTG, and DTA curves of the
powders synthesized by precipitation from solutions
after addition of lithium carbonate into the precipitate.
DTA shows an endothermic process at 120—140 °C,
which is accompanied by a considerable loss of weight,
as shown by the DTG curve. Figure 6 shows the XRPD
patterns and Figure 7 the IR spectra of the final
precipitate as a function of heat-treatment temperature
in the temperature range from 20 to 1300 °C. Both
XRPD patterns and IR spectra are recorded at room
temperature.

The XRPD pattern of the final precipitate, dried at
20 °C, shows the diffraction lines of La,O(CO3),H,0.
Up to 200 °C, the weight loss, shown in Figure 5, can
be attributed to water extraction without any sub-
stantial rearrangement of the lattice precipitate. As a
result of water loss, the X-ray-amorphous phase X
transforms to another X-ray-amorphous phase that we
will designate as phase X'. XRPD and IR spectroscopy
confirm this transformation. Diffraction lines of lithium
carbonate and titanium compounds are absent in the
XRPD patterns. Bands in IR spectra at 900 and 1500
cm~1 (Figure 7, t = 20 °C) indicate the presence of
carbonate groups. In the IR spectra (Figure 7), bands

(12) Vasserman, I. M. Chemistry (Leningrad) 1980, 207 (in Rus-
sian).
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at 865 cm™! (related to the deformation vibrations of
CO) and at 1390 cm~1 (related to the valence vibrations
of CO) weaken as the temperature increases and disap-
pear above 520 °C. This is due to the transformation of
La,O(CO3)2-H>0 into La,0,CO3, which is accompanied
by degeneration of two valence vibrations to one at 1475
cm~1. The endothermic process at 440 °C, which is
accompanied by an insignificant loss of weight, indicates
the dehydration of amorphous phase X' and its transi-
tion into a new amorphous phase that we will designate
as X". IR spectra and XRPD patterns do not change
substantially with temperature up to 520 °C. The band
at 1670 cm1 (0s H,0) in the IR spectra disappears
above this temperature, confirming the water extrac-
tion. The wide band at 300—800 cm™1 is characteristic
of the formation of amorphous precipitate.’2 XRPD
patterns show the formation of the phases La(OH)s
(diffraction lines A) and Lay(CO3)3-H,0 (diffraction lines
N). At 520 °C, the XRPD pattern shows the formation
of lanthanum oxycarbonate, La,0,CO3; (Figure 6, dif-
fraction lines E).

A further increase of temperature above 680 °C
results in the formation of intermediate phases Li,TiOg,
Li,Ti,Os, La,TiO7, and perovskite phase. The final
single-phase product forms in the temperature range
from 1000 to 1150 °C as a result of the interaction of
LizTizO5 and LazTi207.

A characteristic feature of thermal curves of the
samples obtained by precipitation from solutions, to
form perovskite with composition LipsLagsTiOsg, is the
absence of considerable losses of weight in the temper-
ature range from 600 to 900 °C, in contrast to what is
observed for the solid-state reaction technique. Further-
more, the results of comparative analysis of IR spectra
(Figures 3 and 7) show that the amount of lanthanum
oxycarbonate appearing is insignificant when using the
precipitation technique as compared with the solid-state
reaction technique. This leads to very small weight
losses during decomposition of lanthanum oxycarbonate
in the temperature range from 600 to 900 °C.t Another
difference between these two techniques is the appear-
ance of the perovskite-type phase, LigsLagsTiO3, at
lower temperature when the precipitation from solu-
tions technique is used (i.e. 680 °C for precipitation and
900 °C for solid-state reaction).

Scheme 2 and Table 2 show the scheme of perovskite
formation in the case of precipitation from solutions and
the phase composition after thermal treatment at vari-
ous temperatures, respectively. Investigations showed
that in this case the formation of the perovskite phase,
LipsLaosTiOs, occurs under “softer” conditions and at
lower temperature than compared with the solid-state
reaction technique.

(C) Morphology of the Powders Obtained by Precipi-
tation from Solutions before and after Thermal Treat-
ments at Various Temperatures. The microstructure of
the LigsLagsTiO3 powders synthesized by precipitation
from solutions before and after thermal treatments at
various temperatures is presented in Figure 8 (gain x
10°). In the temperature range from 20 to 200 °C (Figure
8a,b) powders form agglomerates. However, the grain
size is small and does not exceed 5 nm. As the temper-
ature increases, the grain size considerably increases
and reaches ca. 70 nm at 460 °C (Figure 8c). A further
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Figure 6. XRPD patterns, obtained at room temperature, of LigsLaosTiO; samples prepared by precipitation from solutions
after heat treatment at different temperature. A = La(OH); (36—1421 au); E = La,0,CO3 (37—804 au); G = Li,TiO3 (33—831 au);
H = La,O(CO0s3),*H,0 (28—512 au); K = Li,Ti,Os (38—270 au); L = La,Ti,O7 (28—517 au); N = Lay(COs3)3*H,0 (25—1400 au); P =

perovskite LLTO.

Figure 7. IR spectra of LigsLaogsTiO3s powder samples prepared by precipitation from solutions after heat treatment at different

temperatures.

increase of temperature results in a sharp decrease of
grain size (25—30 nm at 680 °C) (Figure 8d). It should
be noted that in the temperature range from 20 to 500
°C, where considerable grain growth is observed, the
powders are mostly X-ray amorphous. A considerable
loss of weight is also observed due to extraction of free
and bounded water. Therefore, in the temperature range
from 20 to 500 °C, there is an increase in the size of the
grains that are formed during precipitation, and they
have the structure of “inorganic polymer” mainly formed
of titanium and lanthanum oxyhydroxydes.

Above 500 °C, the structure of the “inorganic polymer
collapses. It is accompanied by a considerable decrease
of grain size (25—30 nm at 680 °C) and by the appear-
ance of crystalline phases, including the perovskite one,
LiosLaosTiOs. A further increase of temperature (above
700 °C) results in the increase of the grain sizes of the
basic phase, LipsLagsTiOs, which reaches ca. 100 nm

1

at 900 °C (Figure 8f). Figure 9 shows the variation of
the powder’s grain size as a function of heat-treatment
temperature.

(D) Chemical Analysis. Results of chemical analysis
of polycrystalline powders of the perovskite phase
showed that there is substantial loss of lithium from
samples. So, chemical analysis of samples synthesized
by the solid-state reaction technique and by precipita-
tion from solutions shows that the real composition is
Lio.41LaosTiO2.055 for both ceramics after high-temper-
ature sintering.

(E) Electrophysical Properties of the Ceramics. Figure
10a shows the variation of bulk and grain boundary dc
conductivity as a function of temperature, plotted in an
Arrhenius fashion, in the temperature range from 135
to 550 K, for ceramics prepared by both techniques.
These conductivities have been determined by fitting
the experimental impedance spectra with the electrical
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Table 2. Chemical Transformations and Reactions during the Synthesis of LigsLagsTiO3 by Precipitation from Solutions

no. t(°C) composition reaction

1 20 X,2 La;0O(C0O3)2-H0

2 200 X', Laz0(CO3)2-H20, La(OH)3 X loses water, forming phase X', which is also amorphous

3 520 X", Laz0,C0O3 X' loses water, forming amorphous phase X"

4 680 X", LazTipO7, LixTiOs, (LigsLags)TiOs “inorganic polymer” collapses, forming crystalline phases

5 820 Li,Ti0s, LayTioO7, (Ligslags)TiOs perovskite phase appears as a result of the
interaction of Li>Ti»Os and La;Ti»O7:
LizTi205 + LagTi207 i 4(Li0_5La0_5)TiO3

6 900 (Lio,sLaols)TiO;g, LizTizOs, LazTi207

7 1280 (Lio.sLao,s)TiO3

a X is an amorphous precipitate, which in the literature is designated as “inorganic polymer”.

Scheme 2. Scheme of (LigsLags)TiOs Synthesis by
Precipitation from Solutions?

a The structure of amorphous phases X, X', X" are unknown.

model shown in Figure 10b. Among many possible
models, this particular model was able to fit all our
experimental impedance diagrams in the large range
of temperature investigated.

As described in previous papers, this model is built
from the following considerations: (i) the sample is
made of both a conductive system (I) and a dielectric
one (I1). The dielectric system is made of the permanent
dipoles of the material, which do not change with motion
of ions, and the conductive system is made of the
conductive pathways into which the mobile ions travel.
(if) During their motion in the oxide, the mobile ions
travel from one electrode to the other successively

through the grains and through the grain boundaries.
(iii) Both systems, dielectric and conductive, respond to
the ac applied voltage. According to these consider-
ations, we used an electrical model with ZARC elements.
The dielectric part of our sample is represented by a
constant phase element (CPEL), and the conductive part
is represented by two ZARC elements, ZARC2 (R>,
CPE2) for bulk and ZARC3 (R3, CPE3) for grain bound-
ary. Finally, the electrode part of the sample is repre-
sented by a constant phase element (CPE4). The induc-
tance of wires is represented by the L element. As
suggested by Macdonald,*2 this model (named circuit O
in the LEVMW software!?) is useful for fitting dielectric
and high-resistivity data associated with mobile ions,
as is the case with LLTO at low temperature. At high
temperature, the dielectric part has a very small influ-
ence (even none) on the impedance data. We recall that
we take the following model for the impedance of the
CPE distributed element

Zepe = V[A(o)"]

where A is the frequency-independent real constant, j
=+/—1, w is the angular frequency,andn (0 <n < 1)is
the constant phase parameter that is linked to the
constant phase angle ¢ through the relationship ¢ =
2mn.

From the fitted parameters R, and Rg, it is possible
to determine the bulk and grain boundary conductivity.
The frequency-independent real constant A, of CPE2 is
close to a true capacitance (n; ~ 1), its magnitude being
on the order of 10711 F; the Az component of CPES is
not a true capacitance (nz ~ 0.8—0.9), its magnitude
being on the order of 1078 F s"s, These two different
values of A able us to ascribed the ZARC2 element to
the impedance of the bulk and the ZARC3 element to
the grain boundary one. As observed in Figure 10a, the
bulk conductivity does not depend on the preparation
techniques. This is not surprising, since both techniques
lead to the same oxide phase, as explained above, with
therefore the same electrical properties. The bulk ogc
curves display a S-shape, as described previously for this
oxide.>15 This behavior cannot be ascribed to a struc-
tural change in LLTO, since both neutron diffraction
performed from RT down to 4 K6 and high-temperature
XRPD patterns obtained on LLTO up to 1470 K,'7 did

(13) Macdonald, J. R. J. Non-Cryst. Solids 1997, 197, 83.

(14) The latest version of the LEVMW fitting software may be
obtained at no cost from the Solartron Instruments website.

(15) Emery, J.; Buzaré, J.-Y.; Bohnké, O.; Fourquet, J.-L. Solid State
lonics. 1997, 99, 41.

(16) Bohnké, O. ILL report 1996 (unpublished results).
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Figure 8. Microstructure of powders of (LiosLaos)TiOs prepared by precipitation from solutions without heat treatment (a) and
after heat treatment during 2 h at 200 °C (b), 460 °C (c), 680 °C (d), 780 °C (e), and 900 °C (f).
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Figure 9. Grain size of (LipsLags)TiOs powder prepared by

precipitation from solutions versus temperature of heat treat-
ment.

0

not reveal any structural change. A change of conduc-
tion mechanism can then be invoked.

Below RT, o4, follows a classical Arrhenius law
expressed as

Op Ea
Oge = XD\~

(17) Bohnké, O.; Duroy, H.; Fourquet, J.-L.; Ronchetti, S.; Mazza,
D. Solid State lonics 2002, 149, 1-2, 81.

suggesting that the ionic motion is thermally activated.
In the thermally activated temperature domain (T <
RT), a change of activation energy is observed at 200
K. Below 200 K, an activation energy E, = 0.270 + 0.005
eV and a preexponential factor oo =5.1 +0.1 103 Scm™!
K can be determined. As temperature increases above
200 K, the activation energy increases to 0.305 + 0.005
eV and oy increases 1 order of magnitude to reach oo =
3.9 £ 0.1 10* S cm™! K. The increase of E, suggests a
change in the conduction pathways and the increase of
0p suggests that the number of long-range moving ions
increases as temperature increases, some Lit ions being
trapped in the A-cage of the perovskite structure at low
temperature.

Above room temperature, the plot displays a concave
curvature. This effect can be described by a Vogel—
Tamman—Fulcher (VTF)-type relationship, as suggested
in a previous paper.5 Originally, the VTF relationship
was developed to deal with viscosity properties of
supercooled liquids. It has been extended to charged
carrier motion in amorphous materials, such as glasses
or polymers!® This relationship, based on the free
volume theory,!® can be expressed as

_ B
A 1/2 e _
Oge = AT xp( RT—T) O))

where A is the prefactor, B a pseudo-activation energy,
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Figure 10. (a) Arrhenius plots of the bulk and grain boundary dc conductivity of (LigsLaos)TiOz ceramics obtained by solid-state
reaction techniques (white symbols) and precipitation from solutions (black symbols). The two mechanisms of conduction, Arrhenius
and VTF, are shown in the inset of the figure for the ceramic obtained by the solid-state reaction technique. The same behavior
is observed for ceramic obtained by precipitation. (b) Electrical model used for the fitting of the experimental data.

and Ty a characteristic temperature, the temperature
at which the free volume becomes zero.?° Such a
conduction mechanism is thermally assisted, which
means that the conducting process is largely promoted
by the polymer chain movement and also that the
distribution of barriers between the sites is constantly
changing with time due to the chain movement. We
could postulate that in these crystalline oxides a dis-
tribution of activation energy between the sites occurs
and also that it is changing with time due to the lattice
vibrations. However much work remains to be done to
clarify this point and to explain the concave curvature
of the conductivity vs reciprocal temperature plot in
disordered crystalline materials. The fitting of the
experimental data with the above VTF relationship
leads to A = 0.98 Scm~! K¥2, B =0.03 eV, and T =
234 K for LLTO obtained by the solid-state reaction
technique and to A = 4.26 S cm™1 K12, B = 0.04 eV,
and To = 244 K for LLTO obtained by the precipitation
technique. The dashed line in the inset represents the
VTF relationship calculated with the above parameters.
These two mechanisms, which occur in the grains of the
oxide, are independent of the method of preparation of
the oxide, as soon as the synthesis leads to the same
material. Therefore the same bulk conductivity is
observed.

A more surprising result is the identical value of the
grain boundary conductivity observed for both ceramics.
As previously explained, the two preparation techniques
lead to powders of different grain size. It has been shown
previously that nanosized grains can be obtained by
precipitation from solutions. However the heat treat-

(18) Ratner M. A. Polym. Electrolytes Rev. 1987, 1, 173.

(19) Vogel, H. Phys. Z. 1921, 22, 645; Tamman, G.; Heese, W. Z.
Anorg. Chem. 1926, 156, 245. Fulcher, G. S. J. Am. Ceram. Soc. 1925,
8, 339.

(20) Cohen, M. H.; Turnbull, D. J. Chem. Phys. 1959, 31, 1164.

Figure 11. SEM images of (LiosLaos)TiO3 ceramics obtained
by solid-state reaction (a) and precipitation from solutions (b)
after sintering for 2 h at 1300 °C and 1280 °C, respectively.

ment of the titanate powder obtained by this method
influences the grain size. At 900 °C, the grain size is
around 0.1 um. After sintering at 1280 °C for 2 h SEM
pictures show that the grain size increases up to 2—5
um (Figure 11b). This is also the grain size of the
ceramics obtained by the solid-state reaction technique
(Figure 11a). Therefore, the similar grain boundary
conductivity, observed in Figure 10, can be explained
by the final high-temperature sintering of the prepared
powders. The similar grain size explains the results of
conductivity. This result shows clearly that to take
advantage of the grain size of a material, and of
properties accompanying this grain size, it is necessary
to take care of the sintering temperature.

Further studies are on the way to prepare ceramics
with small grain sizes. Experiments of dilatometry will
be carried out on these powders, and sintering at
temperature between 900 and 1280 °C will be performed
on very fine grain LLTO obtained by precipitation to
avoid the increase of the grains.
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Conclusions

As a result of the investigations carried out, the phase
transformations and the successive chemical reactions
occurring during the synthesis of lanthanum lithium
titanate, LigsLagsTiO3, with perovskite-like structure,
either by the solid-state reaction technique or by
precipitation from solutions are described. It is shown
that this is a multistage process. The chemical analysis
showed that the lithium loss occurs during the synthesis
and that the synthesized ceramics have the chemical
composition Lip41LagsTiO29s5. The perovskite phase
obtained by precipitation from solutions is made of
nanoparticles of 5 nm size at low temperature. The grain
size increases as temperature increases to reach 100 nm
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at 900 °C. After sintering at high temperature, the
ceramics are made of grains of size on the order of 2—5
um, whatever the technique of synthesis used. Although
the titanate obtained by precipitation from solutions is
made of a powder of very fine grains, the high-temper-
ature heating increases the grain size, and therefore,
this heating leads to ceramics with the same conductiv-
ity as those synthesized from the solid-state reaction.
Heat treatment at lower temperature than 1280 °C is
necessary to keep the advantages of the precipitation
technique: formation of nanosized powders of titanate
phase and synthesis under milder conditions as com-
pared with the solid-state reaction technique.
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