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Abstract

The synthesis of Li0.30Ca0.35TaO3 perovskite by a Pechini-type polymerizable precursor method is carefully described. The

thermal decomposition of the precursor and the formation of a pure perovskite phase were investigated by means of differential

thermal analysis–thermogravimetric analysis (DTA–TGA) and XRD techniques. A pure and well-crystallized phase has been

obtained at a lower temperature and with a much shorter synthesis time than the phase obtained by conventional solid-state reaction

method. The morphology of the powder after heating at 1300 1C was observed by laser granulometry, Scanning Electron

Microscopy (SEM) and Transmission Electron Microscopy (TEM). Impedance spectroscopy data allowed us to determine the

electrical properties, i.e., permittivity and dc-conductivity, of the bulk and grain boundaries. The results are discussed on the

assumption of the brick layer model.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Lithium ion-conducting materials always deserve
great attention because of their potential application
as solid electrolytes in electrochemical devices such as
high-energy batteries. The compounds of the solid
solution Li3xLa2/3�xTiO3 are well known to be one of
the best lithium ionic conductors (10�3 S cm�1 at room
temperature for x ¼ 0:11) [1,2]. However, they are
chemically unstable against Li metal, because of the
thermodynamically possible Ti4+ reduction. This pre-
cludes their use in high-density lithium battery with Li
metal as anode with a direct contact between the anode
and the electrolyte. Apart from lithium batteries
application, Bohnké et al. recently reported the use of
these perovskite titanate ceramics as ion-selective
electrodes for pH detection [3,4]. In search of a more
e front matter r 2005 Elsevier Inc. All rights reserved.
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stable B-site cation than Ti in the perovskite lattice, Ta
was found to be less reducible and more appropriate
[5–8]. We recently showed that the Li2xCa0.5�xTaO3
perovskite compounds can be obtained, by means of the
conventional Solid-State Reaction (SSR) method, after
heating at very high temperature (1500 1C) and for a
long time (30 h) with several intermediate grindings. The
quenching of the pellets in air to room temperature is
essential to obtain a pure perovskite phase. These
compounds belong to a solid solution that exists for
0:05pxp0:25, the unit cell exhibits an orthorhombic
distortion of the cubic perovskite model (s.g. Pnma) and
shows a maximum dc-conductivity of 2� 10�6 S cm�1 at
200 1C for x ¼ 0:10 [9,10].
In order to find an easier and more appropriate way

to prepare these compounds for industrial application,
we investigated the Pechini route. This process is well-
known to be a versatile technique to obtain fine,
homogenous powders of oxide at low temperature and
with short time. However, the difficulty encountered in

www.elsevier.com/locate/jssc


ARTICLE IN PRESS
Q.N. Pham et al. / Journal of Solid State Chemistry 178 (2005) 1915–19241916
this synthesis route is to find compatible and stable
precursors. Generally, alkoxide precursors are used but
they are extremely sensitive to moisture and has to be
processed under a strictly dry atmosphere. To avoid the
use of alkoxide compounds as starting reagents, we used
a Pechini-type Polymerized-Complex (PC) route. This
kind of chemical synthesis, based on high viscosity
polyesters obtained from citric acid—metal chelates and
polyhydroxyl alcohols, was first developed by Pechini
[11]. Szanics et al. proposed a modified PC method, that
they successfully used to synthesize LiTaO3 from a
methanol–citric acid solution of TaCl5 as precursor,
without any special care about moisture in air [12].
In the present investigation, we describe the synthesis

of Li0.30Ca0.35TaO3 by using this modified PC method.
The advantages of this chemical solution method is
discussed in comparison to the classical SSR technique.
Thermal analysis is performed on the powder precursor
and the phase evolution with firing temperature, from
500 to 1300 1C, is studied by X-ray diffraction (XRD).
The morphology of the resulting Li0.30Ca0.35TaO3
ceramic is characterized by scanning and transmission
electron microscopy and laser granulometry. Finally,
the electrical conductivity of Ca-tantalate pellets are
measured, the influence of the synthesis method on the
grain boundaries properties are discussed.
2. Experimental

TaCl5 (99.8%), Li2CO3 (99.997%) from Aldrich and
CaCO3 (99.0%) from Merck were used as starting
materials. The traces of water and adsorbed gases were
removed from CaCO3 and Li2CO3 by keeping these
compounds in an oven at 110 1C before weighting. The
polymer precursor was prepared from the solution of
the above reagents with citric acid (CA) (99.5%) from
Riedel-de Haën in methanol (99.8% Merck) and
ethylene glycol (EG) (99%) from Aldrich. The detailed
procedure used for the synthesis is given in the next part
of the paper.
Thermogravimetric analysis (TGA) and differential

thermal analysis (DTA) were simultaneously performed
with a Setaram TGDTA92 equipment, with a heating
rate of 5 1Cmin�1 in air using Pt crucibles.
Powder XRD patterns of the fired powder precursor

have been recorded at room temperature with a Siemens
D500 (CuKa radiation) in the 2y range from 51 to 901. A
slow scan pattern of the final Li0.30Ca0.35TaO3 powder
was recorded with a Philips X’Pert PRO diffractometer
(Co source) equipped with a X’celerator detector, in the
2y range from 51 to 1251 with an interpolated step of
0.01671. This pattern was analysed through the Rietveld
method with the FULLPROF software [13].
Microstructure observations were performed using a

Hitachi 2300 Scanning Electron Microscope (SEM) with
Au-sputtered samples. Thin specimens for Transmission
Electron Microscopy (TEM) study were obtained by
ultrasonically dispersing particles in ethanol and depos-
ing one drop of the resulting suspension on a Cu grid
covered with a holey carbon film. After drying, the grid
was fixed in a side-entry 7301 double-tilt specimen
holder and introduced in a JEOL-2010 electron micro-
scope operating at 200 kV.
Particles size was determined using a Beckman-

Coulter LS 230 equipment in water at room tempera-
ture. This equipment uses a 5mW, 750 nm laser beam
and 126 detectors placed at a range of angles up to 351
to the laser beam. Conventional (Fraunhöfer) laser
diffraction is used to measure particles in the size range
from 2mm to 0.4 mm. A second unit measures particle
size down to 0.04 mm using a technique that Coulter
refers to as PIDS (Polarizations Intensity Differential
Scatter). This is also based on laser diffraction, but this
unit measures light flux only at high angles to the beam.
Using six detectors and a tungsten light source, the
PIDS unit compares the intensity of the scattered light
at two polarization angles and at three different
wavelengths (450, 600 and 900 nm), allowing measure-
ments down to 0.04 mm. In order to separate the soft
agglomerates, in situ ultrasonic vibration has been used
before measurement of the particles size.
Electrical conductivity measurements have been

carried out by impedance spectroscopy on pellets of
+ � 4:25mm in diameter and L � 1:25mm in thick-
ness with ion-blocking sputtered Pt electrodes under
dehydrated N2 atmosphere in a two-probe cell (Data
Line). The Frequency Response Analyser (Solartron
1260) and the Dielectric Interface (Solartron 1296) were
used in the frequency domain from 5MHz to 0.1Hz and
in the temperature range from 75 to 300 1C. The
procedure used for data acquisition and data analysis
were described previously [10]. We have to note that the
data-modulus type of data weighting has been used for
diagrams refinement [14].
3. Results and discussion

3.1. Synthesis and firing of the powder precursors

Fig. 1 shows the flow chart describing the synthesis
procedure used to prepare Li0.30Ca0.35TaO3. TaCl5 was
chosen as a source of tantalum, which is much less
expensive and more stable than Ta-alkoxides. In a
typical synthesis of 1 g of Li0.30Ca0.35TaO3, 21mL of
methanol (16.59 g) was used as a solvent to dissolve
0.00408mol of TaCl5 (1.4617 g). A large excess of CA
(0.1mol ¼ 19.2 g), which corresponds to a CA/
Ta ¼ 100:4 ratio, was added to the TaCl5-methanol
solution to chelate the metal cations. This step is carried
out in a glove box in order to avoid hydrolysis of TaCl5.
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Fig. 1. Flow chart for preparation of Li0.30Ca0.35TaO3 by Polymerized

Complex method.
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Fig. 2. TGA and DTA curves of powder precursor in air with a

heating rate of 5 1Cmin�1.

Q.N. Pham et al. / Journal of Solid State Chemistry 178 (2005) 1915–1924 1917
The solution is then taken out from the glove box.
0.00061mol of Li2CO3 (0.0452 g) and 0.00143mol of
CaCO3 (0.1429 g) were added and the mixture was
magnetically stirred for 1 h producing a transparent
solution of CA-metals chelates. Subsequently, 0.4mol of
EG (22.3mL ¼ 24.8 g) was added to this solution that
becomes reddish in colour. The CA/EG molar ratio was
taken as 1:4. This ratio ensures a large excess of
hydroxyl groups to promote the formation of low
molecular weight oligomers. All the procedures de-
scribed above were carried out at room temperature.
The clear solution thus prepared was heated at �60 1C
for 2 h under stirring to remove most of the methanol.
The temperature is then increased to 150 1C to promote
esterification between the hydroxyl groups of EG and
the carboxylic acid groups of CA and polymerization.
The prolonged heating at �150 1C produced a viscous,
bubbly mass that formed a yellow transparent glassy
resin upon cooling. No visible formation of precipita-
tion or turbidity was observed during the polymeriza-
tion. It can be assumed that the polymer precursor
contains lithium, calcium and tantalum cations trapped
homogeneously throughout the polymer matrix. This
configuration favours the synthesis of an homogeneous
oxide at temperature lower than the one used for solid-
state reaction. Therefore, pyrolysis of the polymer is
performed at 350 1C for 2 h in a furnace that yields a
black powder precursor, called hereafter ‘‘powder
precursor’’. The black colour indicates that the powder
contains carbon.
In order to determine the firing temperature of the

powder precursor, TGA and DTA are performed on
this black powder precursor. Fig. 2 illustrates the
resulting curves obtained from the powder precursor
fired in air, with a heating rate of 5 1Cmin�1, in the
temperature range from 30 to 1350 1C. The TGA plot
indicates a small weight loss of �3% up to 150 1C, an
abrupt weight loss of �51% in the temperature range
from 300 to 500 1C and no further weight loss up to
1350 1C. The first weight loss is attributed to the removal
of water and methanol molecules adsorbed on the
sample particles surface. The second abrupt weight loss
associated with exothermic DTA peak is due to the
degradation of the polymer, converting the organic
component into CO2 and H2O. At higher temperatures
(600–1350 1C) the chemical reactions between the
precursors occur. These chemical reactions do not lead
to weight loss, as shown in the TGA plot. According to
these curves, the powder precursor is fired in open air
for 2 h, at temperature between 500 and 1300 1C, with a
heating rate of 5 1Cmin�1.
Figs. 3a–f show the XRD patterns of powders

obtained after firing the powder precursor in air at
different temperatures for 2 h with a heating rate of
5 1Cmin�1 and natural cooling. The starting powder
precursor, when heat-treated below 500 1C, is amor-
phous in nature (not shown here). Its grey colour
indicates the presence of residual carbon. When heat-
treated at 500 1C (3a) and above, the powder appears
slightly yellowish in colour, which suggests the complete
burnout of residual carbon from the precursor powder.
At 700 1C (3c), the two well-known phases LiTaO3 and
CaTa2O6 (rynersonite) are observed and these phases
are considered to be intermediate phases. The formation
of the crystalline perovskite phase has been only
observed on the XRD pattern at 1200 1C (3f) along
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with intermediate phases mentioned above. The increase
of the heat treatment time from 2 to 4 h or the
quenching of the powder at this temperature (1200 1C)
have been carried out, however both failed to eliminate
the intermediate phases. A further increase of tempera-
ture up to 1300 1C followed by quenching to room
temperature (3g) results in the desired pure perovskite
phase without any intermediate and impurity phases. As
described in our previous paper [9], the quenching
enables us to avoid the formation of the two inter-
mediate phases that were present at lower temperature.
These results indicates the existence of a reversible
reaction between the above two intermediate phases and
the perovskite phase. The pure perovskite phase, formed
at 1300 1C, tends to dissociate into the intermediate
phases (LiTaO3, CaTa2O6) during a slow cooling of the
samples, according to the following equilibrium:

0:30LiTaO3 þ 0:35CaTa2O6 Ð Li0:30Ca0:35TaO3

In order to avoid this dissociation and to form a pure
perovskite phase, the samples have to be quenched to
room temperature.

3.2. Characterization of the quenched tantalate

3.2.1. Microstructure

Fig. 4 presents a XRD pattern (slow scan) of the final
ceramic obtained after firing the powder precursor at
1300 1C for 2 h and quenching in air to room tempera-
ture, as described above. According to our previous
structural study on the series Li2xCa0.5�xTaO3 obtained
by SSR [9], we used the same procedure to analyse the
pattern and found that all the peaks of the XRD pattern
of this Li0.30Ca0.35TaO3 phase can be indexed in the
same orthorhombic Pnma (No. 62) space group,
indicating the formation of a single phase, identical to
the phase obtained by the classical SSR method. This
analysis confirms that the material prepared by the PC
route has the same crystallographic characteristic as the
one prepared by solid-state reaction.
The SEM micrographs of Li0.30Ca0.35TaO3 after

calcination (Fig. 5) reveal the microstructure of the
ceramic sample. After heating at 1300 1C for 2 h, the
ceramic is made of small grains of diameter smaller than
1 mm (Fig. 5a). However these grains agglomerate as
shown in Fig. 5b. This is clearly revealed by laser
granulometry, as shown in Fig. 6, the solid line indicates
the percentage of grains for a particular diameter,
shown in the X-axis, whereas the dashed line corre-
sponds to the percentage of volume occupied by the
grains with a size smaller or equal to the considered one.
This histogram has been obtained from the same
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Fig. 5. SEM micrographs of sample obtained by PC route after

heating at 1300 1C for 2 h and quenching (a, b) and obtained by

SSR (c).

Fig. 6. Histogram of the particles and aggregates size of Li0.30Ca0.35-

TaO3 sample. Differential (solid line) and cumulative (dashed line)

volume percentage particle size distribution are plotted on the left and

the right axis, respectively.
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Li0.30Ca0.35TaO3 powder as used for SEM experiments.
The powder has been ultrasonically treated in situ in
water for 1min with a power of 20W. The presence of
three well-defined peaks shows that most of the grains
are aggregated. The grain size is centred around 0.2 mm
and the aggregate sizes are centred around 8 mm for one
and around 35 mm for the second one. The Li0.30Ca0.35
TaO3 powder obtained by this technique presents
smaller grains, even after heat-treatment at 1300 1C for
2 h, than those obtained by the conventional solid-state
reaction after heat-treatment at higher temperature
(1500 1C) for longer time (30 h), as shown in Fig. 5c. It
is clearly observed that the synthesis route influences the
microstructure of the material as well as the grain size.
The average grain size of the tantalate obtained by PC
route is around 0.2 mm, these grains agglomerate to form
big aggregates of average size around 20 mm. The oxide
prepared by SSR method shows grains around 10 mm
size which also agglomerate in 10–100 mm aggregates
[10]. It is worth noting that SEM micrographs (Figs. 5b
and c) show that the grain boundaries are always smaller
than the grain size whatever the synthesis procedure
used. We will show, in the remaining part of this paper,
in what extend the microstructure influences the total
impedance of the ceramic.
To probe the crystallinity of the oxide TEM experi-

ments have been performed. The micrographs are
identical to the one previously obtained with tantalates
synthesized by SSR, confirming that the oxide, prepared
by PC route, is well-crystallized despite the lower
synthesis temperature and time used. These micrographs
also showed the same ‘‘mosaic’’ structure [9].

3.2.2. Electrical properties

First, it has to be noted that the conductivity in these
samples is mostly ionic in nature since we did not detect
any electronic conductivity. Fig. 7 shows typical
impedance diagrams, recorded at 200 1C under dry N2

atmosphere, of the tantalates obtained by the PC route
(a) and the classical SSR (b). To be compared, the plots
have been normalized to the geometric factor of the
samples. It can be observed, in Fig. 7, that the total
resistance of the sample (bulk and grain boundaries)
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obtained by PC route (1.8MO cm) is much greater than
the total resistance of the oxide obtained by SSR
(0.35MO cm). This overall behaviour is observed for all
the temperature investigated. It is then strongly depen-
dent on the method of preparation and on the
microstucture of the oxide. The low frequency part of
the diagram, that appears as a straight line, can be
attributed to the electrode polarization since the
capacity is found to be of the order of 10 mF/cm2 and
increases as temperature increases.
As previously described in [10], the ‘‘semicircle’’

cannot be fitted with only one relaxation. Such an
overlapping suggests that bulk and grain boundary
relaxation are present in both oxides and that they do
not have highly different time constants. We analysed
the impedance diagrams by means of an electrical
model. From several possible electrical models, made
of series or parallel circuits, the model shown in Fig. 7
below the impedance diagram enabled us to fit all the
impedance diagrams obtained in the 75–300 1C tem-
perature range, with a weighted sum of squares always
smaller than 0.01. The circuit has the same physical
origin as the one described in our previous paper dealing
with Ca-tantalate obtained by SSR [10]. The diagrams
analysis clearly shows that three relaxations are
necessary to fit the ‘‘semicircle’’, instead of only two
for SSR Ca-tantalate. These three relaxations corre-
spond to three different ionic motions and electrical
barriers in the materials. If compared to the oxide
prepared by SSR route, the impedance diagram of the
oxide obtained by sol–gel route clearly shows two
particular features: (i) a low frequency relaxation is
added to the impedance diagram (ii) the resistance of the
medium frequency relaxation is increased. This would
strongly suggest that the blocking effect of the grain
boundaries is enhanced when the oxide is prepared by
PC route.
The fitting parameters extracted from the equivalent

circuit are the resistance, R, and the constant phase
element, CPE, of each relaxation. The CPE, which is
necessary to take into account that the centre of the
semicircle resides below the real axis, is made of a
frequency-independent real constant (also named pseu-
do-capacitance), A, and a constant phase parameter, n.
The impedance of the CPE is given by the well-known
relationship [15]:

ZCPE ¼ 1=½AðjoÞn�, (1)

where j ¼
ffiffiffi
1

p
, and o is the angular frequency. Each

relaxation is characterized by its own angular relaxation
frequency o0, which is independent on the geometric
factor of the sample. Fig. 8 presents the variation of the
characteristic relaxation frequency f 0 (f 0 ¼ o0=2p) of
the three relaxation processes as a function of the
inverse of temperature. The three relaxations show a
change of the activation energy at 150 1C, as previously
observed in SSR Ca-tantalate on both the conductance
and the NMR spin–lattice relaxation time curves [10].
This suggests, as previously discussed in [10], a change in
the mechanism of conduction with temperature. Below
150 1C, the relaxation frequency is thermally activated,
in the temperature range from 150 to 230 1C the
activation energy decreases and above 230 1C the
activation energy increases. This change cannot be
ascribed neither to a phase change, as shown by the
XRD and thermal analysis data, nor to an irreversible
process since the experimental data have been obtained
by first increasing the temperature from 125 to 300 1C
and then decreasing it to RT.
However we can postulate that a change with

temperature in the slight tilting of the TaO6 octahedra,
shown in [9], can yield to some change in the conduction
pathways and then in the mechanism of conduction.
Neutron diffraction experiments in this range of
temperature would be necessary to confirm this assump-
tion. Below 150 1C, the activation energy is 0.4470.05,
0.6270.05 and 0.6870.05 eV for the Hf, Mf and Lf
relaxation, respectively.
As described in [15], the resistance and the pseudo-

capacitance of a relaxation are related to its angular
relaxation frequency o0 through the relationship:
o0 ¼ ðRAÞ

�1=n, which is also related to the true
capacitance, C, through: o0 ¼ ðRCÞ�1. Therefore, it is
possible to determine, from the experimental fitting
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parameters R, A and n, the true capacitance C of a given
relaxation:

C ¼ Rð1�nÞ=nA1=n. (2)

Figs. 9a and b show the resistance of the three
relaxations, obtained from the refinement of the
impedance diagrams, and their respective true capaci-
tances, obtained from (2). As expected, the capacitances
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Fig. 9. Variation of the resistance (a) and capacitance (b) as a function

of inverse of temperature for the three observed relaxations.
are almost constant with temperature whereas the
resistances are thermally activated. A particular beha-
viour is also observed in these curves between 150 and
230 1C.
The high frequency relaxation (Hf) is ascribed with-

out doubt to the Li+ motion into the grains of the oxide
with the lower activation energy. The medium (Mf) and
the low frequency (Lf) relaxations are ascribed to Li+

motion into the grain boundaries. Two types of grain
boundary would then be present in the oxide obtained
by the PC method giving rise to two distinct relaxations.
This is consistent with the SEM pictures and the laser
granulometry analysis, which revealed the presence of
small grains of 0.1–0.8 mm size and of aggregates of
8–40 mm. It can then be assumed that two barriers exist,
one between the grains inside the aggregates and
another one between the aggregates.
The electrical characteristics of the bulk oxide, i.e., the

permittivity, �r
bulk and the dc-conductivity, sg, can be

determined by using the high frequency resistance, RHf,
and the true capacitance, CHf, with the sample geometry
(area S and thickness L) according to the following
equations:

Rg ¼ RHf ¼
1

sg

L

S

� �
pellet

, (3)

Cg ¼ CHf ¼ �r
bulk�0

S

L

� �
pellet

. (4)

A permittivity of 55 has been determined, which is in
good agreement with previous values of oxides and
calcium titanate dielectric constant [16,17]. Fig. 10
shows the bulk dc-conductivity, plotted in an Arrhenius
fashion. We also reported in this figure the dc-
conductivity previously determined in [10] for the SSR
Ca-tantalate. The plots are similar and confirm that the
Li+ conductivity in the grains of these oxides are
identical, meaning that the two synthesis routes lead to
the same bulk material and modify only the grain
boundaries part of the material. The activation energy
determined from the plot below 150 1C is found to be
0.4370.05 eV, the same as the activation energy of the
Hf f0.
To correlate the measured electrical properties with

sample microstructure, it is convenient to define a
microstructural model. The most widely used model is
the simple brick layer model [15,18,19]. Fig. 11 shows a
schematic view of the ceramic, drawn with the brick
layer model assumption, made of cubic grains of an
average size dgE0.2 mm and cubic aggregates, made of
n3 grains, of an average size of LaggregateE20 mm (a). We
can assume that the pellet is made of m3 aggregates (b).
According to this scheme, two types of barriers are
present, one, of thickness e1, between the grains and
another one, of thickness e2, between the aggregates.
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The form factor of the pellet (S/L)pellet is then given
by:

S

L

� �
pellet

¼ mnðdg þ e1 þ
e2

n
Þ. (5)

As previously mentioned, we can easily assume that
e1odg and that e2/n is obviously smaller than e1 since
n41. Therefore, the form factor of the pellet can be
approximated to:ðS=LÞpellet ¼ mndg.
To calculate the resistance and capacitance of the

grains and the grain boundaries, we assume that
electrodes are deposited onto the pellet in the (y,z)
planes and that the electric field is then applied along the
x-direction, as shown in Fig. 11. According to the brick
layer model, the total resistance and capacitance of the
pellet due to the grains are:

Rg ¼
1

sg

1

mndg
(6)

and

Cg ¼ �r
bulk�0mndg. (7)
assumption. We assume that the electrodes are deposited in the (y,z)
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The total resistance and capacitance of the pellet due to
the grain boundary between the grains are:

RðgbÞ1 ¼
1

sðgbÞ1

e1

mnðdgÞ
2

(8)

and

CðgbÞ1 ¼ �r
ðgbÞ1�0

mnðdgÞ
2

e1
(9)

and the corresponding total resistance and capacitance
of the pellet due to the grain boundary between the
aggregates are given by:

RðgbÞ2 ¼
1

sðgbÞ2

e2

mn2ðdg þ e1Þ
2

(10)

and

CðgbÞ2 ¼ �r
ðgbÞ2�0

mn2ðdg þ e1Þ
2

e2
. (11)

According to the relationships (9) and (11), it can be
shown that CðgbÞ24CðgbÞ1, therefore the Mf capacitance
can be ascribed to the grain boundary between the
grains, CðgbÞ1, and the Lf capacitance to the grain
boundary between the aggregates, CðgbÞ2. Furthermore,
Fig. 9b shows that Cg is of the same order of magnitude
than CðgbÞ1, i.e., CðgbÞ1=Cg � 1. Since the grain boundary
thickness e1 is smaller than the grain size dg and
according to the relationships (7) and (9), the permittiv-
ity of the grain boundary between the grains is much
smaller than the bulk one and can be approximated to
the following relationship:

�r
ðgbÞ1 � �r

bulk

e1

dg
. (12)

Because o0 ¼ ðRCÞ�1, the following relationship
exists between the permittivity and the electrical con-
ductivity of a particular medium:

si ¼ �r
i �0ð2pf i

0Þ, (13)

where si is the conductivity of the phase i, �ri its
permittivity, �0 the free space permittivity and ð2pf i

0Þ the
angular relaxation frequency. Therefore, the conductiv-
ity of grain boundary 1, sðgbÞ1, can be obtained by using
the relationships (7), (8) and (9) with o0 ¼ ðRCÞ�1 for
the grain boundary 1:

sðgbÞ1 ¼ �r
bulk

e1

dg

CðgbÞ1

Cg

� �
�0ð2pf Mf0 Þ. (14)

Because the term into brackets is not equal to unity, it
is not possible to assume that the permittivity of the
grain boundary is the same as the one of the bulk oxide.
Microstructural information are then necessary to
determine the true grain boundary conductivity. In the
same manner, the grain boundary conductivity between
the aggregates, sðgbÞ2 can be determined with relation-
ships (9), (10) and (11) with o0 ¼ ðRCÞ�1 for the grain
boundary 2:

sðgbÞ2 ¼ �r
bulk

e1

Laggreg

CðgbÞ2

CðgbÞ1

� �
�0ð2pf Lf0 Þ. (15)

The permittivity and the dc-conductivity of the grain
boundaries can than be calculated from the values of the
capacitances and the characteristic frequencies f 0. Fig.
12a shows the plot of the permittivity of the bulk and
grain boundaries, obtained from (4), (14) and (15), as a
function of temperature. Fig. 12b shows the correspond-
ing dc-conductivity as a function of temperature. To
determine these values we used the following assump-
tions: e1=dg ¼ 0:1 and e1=Laggreg ¼ 10�3. It is observed
that the permittivity of the grain boundaries is smaller
than the bulk one, indicating that grain boundaries are
slightly different in nature than the bulk material. It can
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be postulated that some Li+ mobile ions may be missing
from these grain boundaries. Consequently, the grain
boundary dc-conductivity is smaller than the bulk dc-
conductivity, indicating that the grain boundaries
formed barriers to the ionic motion, as already
suggested by the impedance diagrams.
4. Conclusion

The Li+ ionic conductor, Li0.30Ca0.35TaO3, was
synthesized by a Pechini-type polymerizable precursor
(PC) method. The method described herein is based on
the formation of precursors, which are very stable in
open air. The final powder, obtained by heating the
powder precursors at 1300 1C for 2 h in air followed by
quenching at RT, is a pure and well-crystallized
Li0.30Ca0.35TaO3 phase as revealed by powder XRD
and TEM. Both synthesis time and synthesis tempera-
ture of this oxide are considerably reduced in compar-
ison to the conventional Solid-State Reaction method.
Small particles (o1 mm) are formed which aggregate in
10–40 mm agglomerates. Despite the low energy con-
suming way of preparation, this PC synthesis procedure
leads to the formation of more blocking grain bound-
aries that increase the overall impedance of the oxide.
The blocking effect is mostly due to the low permittivity
of the grain boundaries.
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for appreciate discussions in the synthesis procedure.
Q.N. Pham thanks the MRT of France for the Ph.D
fellowship, M. Vijayakumar thanks the ‘‘Région des Pays
de la Loire’’ for postdoctoral fellowship. We also thank
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[3] C. Bohnké, H. Duroy, J.L. Fourquet, Sensors Actuators B 89

(2003) 240.
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