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Ceramic samples of Na-doped lithium lanthanum titanates have been synthesized by solid-state reaction
technique. Scanning electron microscopy has shown that the grain size of ceramics in LagsLips5-xNayTiO3
solid solutions decreases with an increase in sodium concentration. Complex impedance spectroscopy
measurements demonstrate that the origin of the electrical properties in LagsLips-xNaxTiO3 can be at-
tributed to equivalent circuit consist of 3 elements, when x=0-0.4 and 2 elements when x=0.5. The di-
electric constant and dielectric loss of polycrystalline samples of Lag sLip 5-xNa,TiO3 have been investigated
over a large frequency range. It has been found that the largest permittivity value is can be observed in
Lag sLig4NagTiO3 ceramic.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Over the last years, solid lithium ion-conducting perovskites at-
tract much interest | 1-6] firstly reported by Belous et al. [7,8], due to
their prospects for applications in gas sensors [9], cathodes in li-
thium batteries and as solid electrolytes [10]. Lanthanum lithium
titanate is one of the highest lithium-ion conducting oxides, has
been found to show lithium-ion conductivity as high as 10> S cm™
at room temperature [11]. La ions distribution affects the ionic
conductivity. Conduction of Li ions occurs via vacancies in the A-site
subcell of the perovskite ABOs structure [12] and is believed to be
associated with lithium-ion transport through the so-called struc-
tural conduction channels i.e. “bottlenecks” formed by oxygen ions
and A-site cations [13]. Larger channels provide lower activation
energy of conductivity. La-site substitution in lanthanum lithium
titanate with large cations (Na, K, Ag) or ions (Ba, Sr) has been re-
ported to enlarge the “bottlenecks” dimensions, however, it leads to
the deterioration of the lithium-ion conductivity due to the A-site
vacancies concentration decrease [14-16]. Cation vacancies are dis-
posed in alternating planes along the c-axis in Li-poor samples;
whereas in Li-rich samples, vacancies become disordered [17]. In
ceramic samples where lithium is partially replaced by sodium, Na
ions occupy A sites of the perovskite while Li ions are located at the
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center of the square planar windows connecting contiguous A
sites [7,8].

The contribution of mobile lithium ions to ion conductivity and
low-frequency polarization depends on the number of structural
vacancies in A-site and structural deformations [18]. It is important
for the material design in high values of low-frequency dielectric
constant.

Much attention is devoted nowadays to materials exhibiting the
so-called giant dielectric constant for their potential technological
applications [19-21]. In literature materials based on BaTiOs; [22],
NiO [23], CuO [24], ZnO [25] and BigsNagsTiO3 [26] exhibit giant
dielectric permittivity phenomenon and have been widely in-
vestigated due to their potential applications in the microelectronic
industry. High dielectric permittivity (¢21000) has been observed in
polycrystalline samples of Lag g7Lig 25Tig.75Alp.2503, where titanium is
partially substituted by aluminum. It has been demonstrated that
the origin of the high dielectric constant can be attributed to a
barrier layer capacitor associated with grain boundary effects in the
ion-conducting material [27].

In this paper, the dielectric properties of partially Na-substituted
Lag sLigs-xNa,TiO3 perovskite have been investigated. For this, im-
pedance spectroscopy data of the Lagsligs-xNayTiOs (0<x<0.5)
series, recorded at room temperature, have been analyzed.
Concerning cation mobility, impedance spectroscopy has been used
to determine the equivalent circuit of lithium-conducting oxides.
Scanning electron microscopy has been finally used to analyze the
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influence of lithium concentration on the microstructure of these
perovskites.

2. Experimental

Samples were obtained from stoichiometric amounts of dried
LiCO3 (Merck), NayCO3; (Merck), Lay05 (Aldrich 99.99%) and TiO,
(Aldrich 99%) by solid-state reaction technique. Li;CO3; and Na,CO3
compounds were dried at 300 °C, La,03 at 800 °C and TiO, at 600 °C.
The mixtures were ground in an agate mortar with acetone, and
calcined in air for 4 h at 1100 °C. The rate of temperature increase
was 200 °C/hour. The phases were characterized by X-ray powder
diffractometry (XRPD) using DRON-4-07 diffractometer (Cu Ka ra-
diation; 40 kV, 20 mA). The calcined powders were ground and
pressed into pellets with a diameter of 16 mm and a thickness of
6 mm under a pressure of 500 kg/cm? (50 MPa). The pellets were
sintered at 1300, 1306, 1312, 1318, 1324, 1330 °C depending on Na
content (x=0, 0.1, 0.2, 0.3, 0.4, 0.5 respectively) for 6 h. Finally,
samples with 1 mm thickness were cut out from prepared raw
ceramic.

Grain sizes of ceramic samples of LagsLigs-xNayTiOs system
(where 0<x<0.5) were determined using a scanning electron mi-
croscope JEM 10CX II (JEOL) and scanning electron microscope SEC
miniSEM SNE 4500MB equipped with EDAX Element PV6500/00 F
spectrometer. Sintered cylindrical pellets 10 mm in diameter and
2 mm thick, with evaporated electrodes, were used for electrical
measurements.

Impedance spectroscopy measurements were conducted using a
1260 Impedance/Gain phase Analyzer (Solartron Analytical). The
equivalent circuit and the value of its components were determined
using the ZView® software (Scribner Associates Inc., USA).

3. Results and discussion

XRD patterns of LagsLips-xNayTiO3 samples at x=0-0.1 (Fig. 1)
show the coexistence of rhombohedral symmetry (space group R3c,
No. 167) and tetragonal (space group P4/mmm, No. 123). At the same
time, LagsLips-xNaxTiO3 solid solutions with x=0.2-0.5 are single-
phase with a rhombohedral R3¢ symmetry. The observed rhombo-
hedral and tetragonal phases do not differ in chemical composition.
The main difference distinguishing these structures is that cation
order occurs in the tetragonal unit cell, while the rhombohedral
structure shows fully disordered A-site cations. Thus, sodium in-
troduction leads to cation disordering [28,29]. Unit cell parameters

Fig. 1. XRPD of LagsLip5-xNaxTiO3 of the rhombohedral phase at x=0 (1), 0.1 (2), 0.2
(3), 0.4 (4), 0.5 (5) (symbols “|” denotes the additional phase with space group
P4/mmm).
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depend on sodium concentration, unit cell volume increases with an
increase in x (Table 1).

The XRPD results showed that Lag sLig 5-xNaxTiO3 (0<x<0.5) solid
solutions are formed at temperatures higher than 1100 °C (Fig. 1). It
has been shown that this is a multistage process.

In LagsLigs-xNayTiO3 sample (x=0) [30], the phase LagsLig5TiO3
appears as a result of partial interaction of the phases Li;Ti,Os and
La,Ti»07 at temperature below 950 °C. An increase of temperature
above 980 °C leads to the formation of the LagsLig5TiO3 phase (ICDD
PDF-2 card #01-089-4928 [31]) as a result of interaction between
La,03 (#03-065-3185) and Li,Ti30; (#00-040-0303 [32]). The final
formation of the pure perovskite phase LagsLipsTiO3 takes place at a
temperature above 1000°C as a result of the reaction between
La,Ti,07 (#01-070-0903) and Li,Ti,Os5 [33].

000°C

lLElzTi207 + %LizTizO5 ]—>

LagsLip5TiO
2 05L1051103

Whereas a single-phase LagsLigs5-xNaxTiO3 solid solution (x=0.3) is
formed at temperatures above 1080 °C [34]. Intermediate phases in
Na-doped ceramics are NasTiO4 (#01-080-1785), Na4TisOq, (#01-
075-2497), NayTi 05 (#mp-779477 [35]), Li,TiOs (#01-071-2348),
LizTizOS, LizTi307, LazTi207, LaolsLi045T103 and Lao_sNao_sTiO3 (#O]-
089-4929). The Na,Ti, 05 phase is formed through the intermediate
NayTisOq, phase. And at the temperature higher 1000 °C it can be
observed formation LagsNagsTiOs and LagsLigsTiOs phases, ac-
cording to reactions:

%NazTizos + %LazTi207 105_9"C XLaolsNao_sTiO3

R 1000 °C
Li; Tip 05 -

La,Ti, 07 +

(1 4_1 X) (1 — x)LagsLigsTiOs

(1-x)
4

after all, solid solution LagsLigs-xNaxTiOs is formed by the in-
teraction:

80 °C

XLao.5N30'5TiO3 + (1 - X)Lao.sLao'sTiO3 ]0—> Lao.5L30'5,XNaXTiO3

Fig. 2 shows SEM photographs of Lag sLip 5-xNayTiO3 samples. The
crystallite size of ceramics in LagsLigs-xNa,TiO3 solid solutions de-
creases from 4.7 to 3 um for x=0.1 and 0.4, respectively. This may be
due to the partial segregation of Na* ions near the grain boundaries
[36] and the reduction of their mobility on densification. This retards
the mass transport and, as a result, smaller grains are formed [37].
Pores in the ceramics cause easy oxygen adsorption at the grain
boundaries so that they are also more favorable to form surface
acceptor states, compared with ordinary dense ones. It was pre-
viously shown [38] that an increase in sodium concentration leads to
a decrease in the density of the sample, which may be due to the
temperature difference between lithium and sodium carbonates. It is
known that the melting point of lithium carbonate is lower than the
melting point of sodium carbonate [39,40].

Fig. 3 shown the spectra imaginary part of complex electrical
modulus of LagsLips-xNayTiO3 ceramics at room temperature. The
spectrum of Na-doped lithium-lanthanum titanate is of typical
shape and includes three well-established dispersion regions [28].
Low-frequency region (marked as I-region) related to sample-elec-
trode interface polarization, intermediate region (II-region) related
to processes in grain boundaries and high-frequency region (Ill-re-
gion) related to charge carrier relaxation in grains. It can be assumed
that the main contribution to electrical properties in the wide fre-
quency range (107'<f<107 Hz) at room temperature of
LagsLips-xNayTiO3 (0<x<0.1) is made by II and Ill-regions, in
Lag sLips-xNa,TiO3 (0.2<x<0.4) is made by I, II, Ill-regions and in
Lag sLigs-xNaxTiO3 (0.45<x<0.5) is made by I and III regions. This can
be explained by the fact that the substitution of Li to Na leads to a
decrease in the concentration of mobile charge carriers. Decrease of
mobility occurs in grain boundaries of Na-doped lithium lanthanum
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Table 1

Unit cell parameters of Lag sLip5-xNaxTiO3 samples with R3¢ space group.
X 0 0.1 0.2 0.3 0.4 0.5
a, A 5.471(1) 5.472(1) 5.473(1) 5.474(1) 5.476(1) 5.477(7)
¢, A 13.402(4) 13.404(3) 13.402(3) 13.405(4) 13.406(4) 13.417(2)
v, A3 347.4(2) 347.6(2) 347.7(2) 347.9(2) 348.1(2) 348.6(9)

titanate ceramics. Up to x<0.3, the charge transport through the
grains and grain boundaries take place, despite the reduced con-
centration of mobile Li ions due to blocking of conduction channels
by Na. The M” maximum value of grain boundary (II-region, Fig. 3)
with the increase in sodium concentration (0<x<0.4) increases that
can be attributed to the limited mobility of lithium. In LagsNag5TiO3
there is no ion conductivity, the difference between grain bulk and
grain boundary electrical properties is disappeared, and the material
becomes dielectric.

Fig. 4a shows the complex impedance diagram at room tem-
perature for LagsLip4Nag;TiOs sample. One semicircle depressed
below the real axis, part of a second semicircle and a spike at the
lowest frequencies are observed. The arc at the highest frequencies is
presented in the inset of Fig. 4a. For all samples LagsLigs5-xNaxTiO3
(0<x<0.5) the real part of the impedance increases with an increase
in x (Fig. 4b).

The present experimental data (Fig. 4b) for LagsLigs-xNayxTiO3
samples were analyzed according to the equivalent circuit re-
presented earlier [28]. It has been found that the grain bulk and the
grain boundary contribute to the electrical properties of the studied
materials. Also, the sample-electrode area can be identified. Using
the methodology of calculating the parameters of the equivalent
circuit in [28] it has been shown these regions of the
LagsLips-xNa,TiO3 ceramic are electrically inhomogeneous and
characterize properties of grain bulk, grain boundary and electrode
contact area. Resistances at the grain boundary (Rgb), grain volume
(Rg) and at the electrode contact area (Rc) were given in Table 2.

According to our previous work [41], in LagsLigs-xNaxTiOs
(0<x<0.5) Li ions occupy unit cell faces of the perovskite. From this
fact, the amount of vacant A sites is higher than deduced from the
structural formula. Based on structural and spectroscopic data, the
number of vacant A-sites that participate in Li motion could corre-
spond to the sum of nominal vacancies plus Li content. The con-
ductivity of Li-rich samples (x<0.2) is very high at room
temperature, suggesting that A-sites associated with Li are not oc-
cupied and Li pass through square windows. In all perovskites the
number of vacant sites is controlled by the amount of Na and La
because Na and La ions are located at A sites, reducing the amount of
vacant A sites that are pathways for ion motion. The amount of
mobile Li ions decreases with the substitution of sodium for lithium
in the Lag sLig 5-xNayTiO3 (0<x<0.5) series. When the sodium content
increases above 0.2, conductivity is found to decrease.

It can be seen from Table 2, an increase in sodium concentration
leads to an increase in Rg. Resistance in the bulk of the grains is
determined by the concentration of free vacancies of Li and lithium
concentration. In Na-doped ceramics, lithium-ion motion is limited

Fig. 3. Frequency dependences of imaginary part of electric modulus of
Lag sLip 5-xNaxTiO3 (b) at x=0 (1), 0.1 (2), 0.2 (3), 0.3 (4), 0.4 (5), 0.5 (6). Three observed
dispersion regions are separated by vertical dotted lines and marked as I-region, II-
region and Ill-region.

by fixed sodium ions in A-sites of the perovskite structure ABOs. The
increase in Rgb of the samples in Lag sLig5-xNaxTiO3 (0<x<0.5) is can
be explained by the decrease in grain size (Fig. 2). With the decrease
in grain size, the contribution of the grain boundary resistance in the
total resistance increases.

Fig. 5 shows dielectric constant (Fig. 5a) and dielectric loss
(Fig. 5b) versus frequency at room temperature. It has been shown
that Lag sLig 5-xNaxTiO3 samples (where x=0, 0.1) have high ¢’ > 10* at
low frequencies (f<10 Hz). It should be noted that with increasing
sodium concentration, the maximum value of the dielectric constant
decreases for samples where x is higher than 0.2.

Substitution of Li* ions by Na* ions in LagsLigs-xNayTiO3 solid
solutions causes complex processes that affects the dielectric char-
acteristics in the low-frequency and radio frequency ranges
(103-10° Hz). According to the Fig. 5 there are typically two fre-
quency ranges of significant depression in € accompanied by the tg &
maximum. We connect corresponding changes in e and tg § with a
space-charge polarization for the frequency range of 1010 Hz and
an influence of Li* ionic conductivity, which has a noticeable effect in
the frequency range of 102-10° Hz.

The space-charge (migratory) polarization is a phenomenon ob-
served in inhomogeneous dielectrics. Generally, it contributes to the
dielectric constant in the low-frequency and radio frequency ranges

Fig. 2. Micrographs of LagsLip5-xNa,TiO3 at x=0.1 (a), 0.2 (b), 0.3 (c), 0.4 (d).

3
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Fig. 4. Complex impedance diagram of LagsLig4NagTiO3 (a) and Lag sLip 5-xNayTiO3(b) at x=0 (1), 0.1 (2), 0.2 (3), 0.3 (4), 0.4 (5), 0.5 (6).

Table 2
Parameters of the equivalent circuits in polycrystalline Lag sLip 5-xNaxTiO3 (0<x<0.5).

[Na], x Grain bulk Grain boundary Contact area
Rg, Ohm Rgb, Ohm Rc, Ohm

0 29.8 1.74-10° 9.60-10®

0.1 31.0 7.75-10% 3.05-10°

0.2 343 1.35-107 4.63-10°

0.3 42.7 1.49-107 1.36-10"

0.4 45.2 2.65-107 6.55-10"

0.5 4.64-107 9.77-10"

(104-10* Hz) [42/43]. The accumulation of electric charges at the
boundaries of inhomogeneities (and grain boundaries in particular)
leads to space-charge polarization. The space charge significantly in-
creases the dielectric capacity of the inhomogeneous capacitor. In the
present work, the space-charge polarization makes a most significant
contribution to the dependences ¢ (f) and tg & ( f) in the frequency range
of 10°3-10% Hz.

The dielectric constant is also affected by Li* ionic conductivity,
the effect of which is noticeable in the frequency range of 10>-10°
Hz. It is worth noting once again that the dependence of ionic
conductivity on sodium content changes non-monotonic. With the
increase in sodium content the unit cell volume increases (Table 1).
On the one hand, the volume change leads to an increase in the Li*
ions mobility and ionic conductivity increases. On the other hand, as
the sodium content increases, the concentration of mobile Li* ions
participating in ionic conductivity decreases. Na* ions are larger than
Li* and don’t move along conductive channels, formed by oxygen
cuboctahedra. Therefore Na* ions do not participate in conductivity.
At x>0.2, the conductivity of the Lag sLip 5-xNayTiO3 system decreases
with x.

A maximum bounded variance of e (f) in LagsLigsTiOs is ob-
served in the range of 10*-10° Hz. It is accompanied by a significant
depression in e and the presence of a tg 8 maximum (Fig. 5b curve 1).
With the increase in Li* substitution on Na* ions in Lag sLig 4Nag;TiO3
the value of Li* ions mobility and also ionic conductivity (o;)
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Fig. 5. Dielectric constant (a) and dielectric loss tangent (b) of LagsLips-xNayTiO3 at x=0 (1), 0.1 (2), 0.2 (3), 0.3 (4), 0.4 (5), 0.5 (6).

Table 3
Dielectric constant and dielectric loss tangent in Lag sLig 5-xNaxTiOs.
X ¢,1Hz ¢,10Hz ¢,10°Hz ¢,10°Hz ¢,10*Hz tan & (min)
0 8600 5220 3370 2100 800 0.36
0.1 40100 30000 23500 17400 12000 0.25
0.2 3400 814 573 472 388 0.29
0.3 333 248 200 177 165 0.012
0.4 222 180 153 141 137 0.006
0.5 97 96 95 94 93 0.003

increases, which leads to an increase in e. A decrease in ¢ ( f), which is
accompanied by a maximum on the tg § (f) dependence, also occurs
in the range of 10#-10° Hz in Fig. 5a, b, curve 2. Subsequent sub-
stitution of Li* ions by Na* ions (LagsLig3Nag,TiO3) leads to a de-
crease in ionic conductivity. As a consequence, a contribution to the
value of ¢ from ionic conductivity decreases.

It can be seen from Table 3 that sample LagsLip4NagTiO3 has a
maximum value of dielectric constant. This fact can be explained by
two competing processes related to the movement of lithium ions.
The dielectric response depends on the number of charge carriers
that can shift and the distance by which they can shift. On the one
hand, the increase in sodium substitution of lithium leads to an in-
crease in unit cell volume (Table 1). The size of the so-called bot-
tleneck, which limits the movement of lithium ions, also increases.
As a result, an increase in sodium concentration can facilitate the
migration of Li cations. On the other hand, lithium ions, which are
located at the A-cage faces of the perovskite are substituted by so-
dium ions that are located in the centers of oxygen octahedrons.
Thereby, vacancies that are conduction channels for lithium ions are
filled by sodium ions. A rise in the degree of Li substitution leads to a
decrease in lithium ions mobility. The amount of lithium ions also
decreases when replaced by sodium ions. Thus, two different pro-
cesses namely the increase in lithium ions mobility due to the
growth of bottleneck size and the decrease due to a decrease in the
number of vacancies leads to a maximum value of the dielectric
constant in LagsLip4NagTiO3 ceramic sample.

4. Conclusions

Ceramic samples of LagsLigs-xNaxTiOs were synthesized by
solid-state reaction technique. It has been shown that solid solutions
are formed at temperatures higher than 1050 °C. Dielectric proper-
ties have been studied in ceramic LagsLips-xNaxTiO3 (0<x<0.5) by
impedance spectroscopy. Using scanning electron microscopy, it has
been found that the grain size of ceramics in Lag sLig 5-xNaxTiO3solid

solutions decreases from 4.7 to 3 pm for x=0.1 and 0.4, respectively.
The dielectric loss increase with increasing in sodium concentration
that can be attributed to the fact that the substitution of Li by Na
decreases the lithium motion and reduces ion conductivity in the
samples of LagsLigs-xNayTiO3 (0<x<0.5) system. The dielectric con-
stant pass through a maximum (e~4-10% at 1 Hz) in Lag sLig4Nag 1 TiO5
ceramic. Two opposite processes can explain this maximum, namely
the increase in lithium ions mobility due to the growth of bottleneck
size and the decrease in lithium content and mobility due to a de-
crease in the number of vacancies.
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