New Journal of Glass and Ceramics, 2012, 2, 59-64

3% Scientific
http://dx.doi.org/10.4236/njgc.2012.21009 Published Online January 2012 (http://www.SciRP.org/journal/njgc)

#%% Research

Crystal Structure and Electrical Properties of
L3045C€01L|027T|O3 Syntheszed by Sol-G€l TeChnlque

Néstor Fernandez', Purificacion Escribano?, Eloisa Cordoncillo?, Héctor Beltran?,
Mario F. Garcia-Sanchez’, I ssis C. Romero-l1barra*, Nahum M as6?

1Depar‘[amento de Quimica Inorganica, Facultad de Quimica, Universidad de la Habana, Ciudad de la Habana, Cuba; 2Depar‘[ament
de Quimica Inorganica i Organica, Universitat Jaume I, Castellon, Espafia; *Unidad Profesional Interdisciplinaria en Ingenieria y
Tecnologias Avanzadas, Instituto Politécnico Nacional (IPN), México D.F., México; 4Depar‘tamento de Reologia, Instituto de
Investigaciones en Materiales, Universidad Nacional Autonoma de México, México D.F., México.

Email: rusonil@yahoo.com

Received November 26", 2011; revised December 20", 2011; accepted December 30" 2011

ABSTRACT

The lithium ionic conducting Laj4;Ceg 1Lig»7TiO; has been synthesized by sol-gel method. This solid is the result of
substitutional doping with Ce(IV) in Lags;Lig»;TiO; compound. The aim of the replacement of La(Ill) by Ce(IV) is
increase the number of vacancies in the structure and favors the ionic mobility. Structural characterization shows that
the obtained material have the expected tetragonal P4/mmm perovskite structure. Chemical analysis shows that compo-
sition was homogeneus in all the sample. The bulk conductivity measured at room temperature is about the same as
previously reported for its related lanthanum lithium titanate. However, the lower activation energy for ionic conduction

encourages further searching for better conductors in this system.
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1. Introduction

Fast lithium ion conductors with the general formula
RE( 6 xLi3xTiO3 (RE: La, Pr, Nd, Sm) have been inten-
sively studied since the last decade [1-9]. The materials
were prepared mainly by ceramic methods and showed
perovskite-like crystal structure. The presence of RE(III)
in the perovskite A-site causes the existence of vacancies
in the crystal structure and allows lithium ion to move
through the solid leading to a DC conduction. The
maximum bulk conductivity found at room temperature
in this kind of solids was 1.1 x 10~ S-cm ' for lanthanum
lithium titanate system (LLTO) Laggs xLizx( )13 2xT10;
with x = (.11, which results is the better compromise
between number of vacancies and lithium ions [2,3]. In
this equation, () represents the number of vacancies.
Substitution of other RE for A-site La always results in
lower bulk conductivity. This fact has been related to the
shortening of cell parameters found as a result of the
smaller substitute cation ionic radius [9]. Many other
related systems were prepared by substitutional doping
for RE or Ti [10-12]. As a rule, none of these related
solids improves the maximum conductivity value pre-
viously reported.

The accepted conduction mechanism consists on hop-
ping lithium ions from its lattice site to adjacent vacancy
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across the so called “bottleneck” formed by four TiOg
octahedra [8-10]. The reduction of cell parameters shrinks
the bottleneck and raises the activation barrier for ionic
movement. Conductivity values for these solids depend
on the number of ionic charge carriers and the number of
vacancies as well.

Crystal radii for Ce(IV) and La(IIl) in 12-coordination
are reported by Sannon as 1.28 A and 1.50 A respect-
tively [13]. This value is in the borderline of the usually
accepted 15% size difference limiting range for substitu-
tion without disrupting the structure [14]. It follows that
Ce(IV) could substitute La(IIl) in LLTO A-site. Substitu-
tion of Ce(IV) for La(Ill) creates additional vacancies
and must facilitate the ionic diffusion movement through
the solid and improves its conduction properties, despite
of the expected bottleneck shrinkage effect.

The sol-gel method preparation for precursor powders
was chosen owing to its known lower reacting and sin-
tering temperature and time. In addition, the materials
synthesized by this method have uniform particles size
and shape. These features are expected that improve the
total material conductivity [15,16].

This paper discusses the preparation of Ce(IV) substi-
tutional doped perovskite-like solid Lag45Ceq 1Lig27TiO5
via sol-gel and its structural and electrical characteriza-
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tion. This solid could be considered as a member of the
hypothetical series Lag 66« yCeo.75yLi3T103 with x = 0.09
and y = 0.133. This material have the same lithium con-
tent that the equivalent material without Ce (i.e. Lagys,
Lig,70Jg.153Ti03), but the number of vacancies is about
20% higher (0.187).

2. Experimental Section

The synthesis was carried out by sol-gel technique. 5 ml
ethanol (99.8% Scharlau), 16.74 g Ti(isoO-Pr)s (98%
Strem Chemicals) and 6.07 g acac (99.5% Panreac) were
placed in a beaker with continuous stirring. Thereafter,
another solution with 8§ ml ethanol, 11.11 g La(NOs);.
6H,0 (99.9% Strem), 3.16 g (NHy4),[Ce(NO;)¢] (99.9%
Strem) and 1.07 g LiNO; (99% Strem) was added to the
previous one. The solvent was evaporated during three
days below IR lamp and the obtained gel was thoroughly
dried in the oven at 100°C. The dried gel was ground up
in aghata mortar, placed into alumina crucible and heated
at 2°C/min up to 500°C. This temperature was main-
tained for 2 h to complete the decomposition of organic
precursors in the sample. The precursor powder obtained
was ground up, pressed into 13 mm disk pellets and
placed in Pt crucibles. The sample was covered with
isocompositional powder and closed with Pt foil in order
to prevent evaporation of lithium compounds [12,15,17-
19]. The sample was heated for reacting and sintering at
15°C/min up to 1100°C, at which temperature stood for 2
hours. Then it was slowly cooled to room temperature
during about 10 hours.

Phase identification was done by X-ray diffraction
(XRD) in a Siemens D-500 diffractometer using Cu K,
radiation. Scanning electron microscopy (SEM) and en-
ergy dispersive X-ray spectroscopy (EDS) analysis were
performed in an Oxford Instrument LEO 440i micro-
scope. AC electrical measurements were performed from
room temperature up to 300°C in air using an HP 4192
Impedance analyser over the frequency range 100 Hz-13
MHz. Samples for electrical measurements were pre-
pared from the pellets as they came out from synthesis,
coated with gold paste and assembled between Pt elec-
trodes. Dimensions of samples were measured with 0.01
mm precision caliper and they were weighted with
0.0001 g precision.

3. Results and Discussion

Figure 1 shows the XRD pattern obtained from solid
sample. The obtained peaks were indexed according to
PDF 87 - 936 with reports parameters of P4/mmm
tetragonal perovskite-like structure. Similar results were
obtained in compounds without cerium synthesized by
sol gel [16]. The phase tetragonal is usually found in
compounds obtained by this method due to the low tem-
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Figure 1. XRD pattern form Lag4sCepLig7TiOs.

peratures of synthesis [15,16]. Secondary phases can not
be identified. The lattice parameters calculated from
XRD data are: a = 3.8583(9) A and ¢ = 7.739(2) A. The
reported values for the related LLTO with x = 0.09 are: a
~3.87 A and ¢ = 7.74 A [3,20,21]. The apparent smaller
unit cell size for the Ce(IV) doped LLTO compared to
the undoped one is in agreement with the expected effect
caused by the replacement for La(Ill) by the smaller
cation Ce(IV).

Theoretical density calculated from these cell parame-
ters as 5.010 g-cm°, and the experimentally calculated
value was 4.258 gecm” (85.5% from theoretic). The
rather low density achieved for this material is usual for
sol-gel samples, due to the low temperature and short
time of sintering step.

Figure 2 shows SEM images from sintered disk. It can
be seen the rounded particle shape, uniform particle size,
and the high porosity nature of sample. The last feature
agrees with the low experimental density found. The
mean particle size, estimated from 50 randomly selected
particles, is (1.3 £ 0.3) um. All these observed morpho-
logical features are consistent with the expected proper-
ties of a solid obtained from a sol-gel method.

The EDS analysis performed on several points on the
sample showed good compositional homogeneity and a
ratio of elements: Ti:Ce:La = 1:0.1:0.49; which corre-
spond fairly well with nominal composition. This corre-
spondence in the calculated ratios and the nominal com-
position suggest that Ce remains with the 4+ oxidation
state. Moreover, the presence of different oxidation states
of Ce change the color of sample to dark [17].

Figure 3 shows an impedance plot measured at 20°C,
where three different processes can be observed. The two
higher frequency processes were modeled with semicir-
cles. The semicircle centers are clearly depressed below
the baseline, indicating a non-Debye response in this
material, as usual in other ionic conductors [12,22-26].

The third process in Figure 3 can be simulated with
another semicircle or with a line (spike). The difference is
due to the kind of process (conductive or dielectric) and
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Figure2. SEM image from sintered Lag4sCey1Lio27TiOs.
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Figure 3. Complex impedance plot for LagssCey Ligo7TiO3
at 20°C.

it must be defined before to select the equivalent circuit.
Figure 4 shows the admitance plot for sample meas-
ured at 20°C. It is well known that conductive process
have an admitance value different of cero at cero fre-
quency [22]. As the admitance plot begin in cero, the
third process is unambigous associated to a dielectric
process and simulated with a spike. Then, the electric
behavior of sample was modeled with an equivalent cir-
cuit comprising a set of a capacitor, resistance and CPE
(constant phase element) in parallel for each semicircle
[22,23,27] and an additional CPE element for modelling
the spike, all in series between them. All fitting was
processed by using the Zview software package [28].
Figure 5 shows the equivalent circuit used and the
simulated values obtained for sample presented in Fig-
ures 3 and 4. The capacities obtained values are about
102 F and 10 F for high and low frequency semicircles
respectively. From these values the responses can be as-
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Figure 5. Equivalent circuit and fitting results of AC data
for Lao'4sceo_1Li0'27TiO3 at 20°C.

sociated to bulk and grain boundary behavior respect-
tively [22]. The spike could be ascribed to a low conduc-
tivity layer on the pellet surface as it has been reported
for similar materials [23].

Conductivities at different temperatures were calcu-
lated from resistance values of the modeled circuit. The
temperature-conductivity data fit very well an Arrhenius
format as is shown in Figure 6. The conductivity at 25°C
and the activation energy (Ea) were calculated for grain
and grain boundary from these graphics.

Table 1 discloses the conductivity and the activation
energy at 25°C for Lag 45Ceg 1Lig27TiO;.

It is important to note that the activation energy Ea =
0.29 eV is lower than the value 0.37 eV reported by
Bohnke et al. [21] in the range 200 - 400 K and also
lower than 0.36 eV, which was reported by Itoh et al. [29]
for LLTO with its optimum conducting composition x =
0.11 and cubic structure. The activation energy is related
with the bottleneck [30]. In compounds with partially
occupied sites, abnormally large cation-anion distances
are usually found, as expected if the anions surrounding
unoccupied sites relax toward their bonded cation
neighbours. Therefore average distances should increase
as the occupancy factor decreases. In this way the bot-
tleneck around the vacancies is higher although the cell
volume is lower as average. Another aspect in the active-
tion energy is the electrostatic interaction in the sur-
rounding of lithium. The partial substitution of Bismuth
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Figure 6. Arrehnius plots for Lag4sCey1Ligo7TiOs: (a) bulk
and (b) grain boundary.

Table 1. Conductivity at 25°C (orr) and activation energy
values (Ea) for Lag4sCeyilio2rTiO3.

orr (S-em™) Ea (eV)
Bulk 4.67x 10" 0.29
Grain boundary 3.46x10° 0.33

in this compounds do not change the cell parameters, but
decrease the lithium conductivity. More experimental re-
search or computational simulation is necessary in or-
der to clarify this behaviour.

The obtained bulk conductivity at 25°C (ogrr) of Ce(IV)
doped solid (4.67 x 10* S:cm ™) is in order of the maxi-
mum value previously reported for tetragonal LLTO with
x = 0.1, which varies between 1.1 x 10° [3] or 3.9 x 107"
S-cm' [21]. For increasing this conductivity value must
be higher the concentration of carriers, in this case, lith-
ium ions [17]. These results suggest that rising the Li
content in the composition of Ce(IV) doped solid, if it
was permitted by the nature of solid solution in this sys-
tem, the conduction property of material could be im-
proved.

The conductivity value encountered for the grain boun-
dary is lower than the bulk conductivity reported for
LLTO [10]. This is actually one of the limiting facts in
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order to practical application of this kind of materials. In
general, this value is higher in sol-gel obtained samples
than in ceramic obtained samples [15]. The activation
energy is slightly higher than in grains, which is related
with the fact of the grain boundary is a very defective
region [11,12]. Anyway, this value is lower than reported
in related systems, which suggest that the optimization of
this system can result in low conductivity materials. Fur-
ther experiments in this direction are now in progress.

4. Conclusion

Lag43Ceq1Liy,7TiO3 has been synthesized by sol-gel me-
thod. XRD shows the P4/mmm tetragonal perovskite
structure and secondary phases are not present. The ex-
perimental composition is homogeneus and corresponds
fairly well with nominal composition. An uniform grain
size of (1.3 £ 0.3) um was observed. The bulk conduc-
tiveity measured at 25°C for the obtained solid is simi-
lar as previously reported for its related lanthanum lith-
ium titanate. However, this parameter can be increased
with the increase of lithium concentration. The activation
energy for ionic conduction is lower than the obtained in
similar systems, which suggest the potentialities of this
material in the search of better lithium conductors at
room temperature. The grain boundary conductivity must
be increase in order to practical applications.
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