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A B S T R A C T   

Li-containing La0.5Li0.5-xNaxTiO3 and La0.67Li0.2-yNayTi0.8Al0.2O3 solid solutions have been obtained by solid- 
state reaction route that involves chemical decomposition reactions. Complex impedance spectroscopy mea
surements demonstrate that the electrical properties in La0.5Li0.5-xNaxTiO3 and La0.67Li0.2-yNayTi0.8Al0.2O3 sys
tems depend on different areas of the ceramic’s grain and can be represented by the equivalent circuit consisting 
of two (when x = 0.5, y = 0.2) and three series-connected elements (0 ≤ x ≤ 0.4, 0 ≤ y ≤ 0.15). It has been 
shown that an increase in sodium concentration leads to a decrease in the ceramic’s grain size for La0.5Li0.5- 

xNaxTiO3 and La0.67Li0.2-yNayTi0.8Al0.2O3 solid solutions. Substitution of lithium ions by sodium leads to an in
crease in the unit cell volume of the perovskite structure. It has been demonstrated that La0.67Li0.14Na0.06

Ti0.8Al0.2O3 and La0.5Li0.4Na0.1TiO3 materials with low sodium concentration have the maximum value of 
dielectric constant.   

1. Introduction 

Solid-state Li-ion conducting perovskites are currently attracting 
considerable research attention as they present a viable opportunity for 
applications when compared to conventional liquid electrolyte-based 
devices [1–10]. Lithium lanthanum titanate is one of the most prom
ising solid electrolytes has been found to show high ionic conductivity of 
10− 3 S cm− 1 at room temperature [11]. 

The conductivity of lithium ions depends on the ion distribution and 
the presence of vacancies in the lanthanum sublattice [12–14]. The 
movement of lithium ions occurs along the structural conduction 
channels formed by oxygen ions and is limited by the presence of 
“bottlenecks” in the conduction channels [15]. When lanthanum ions 
are replaced by ions with a large ionic radius, the “bottleneck” size in
creases, while the number of vacancies in the A sublattice of the struc
tural type ABO3 perovskite decreases [16–19]. When lithium ions are 
partially replaced by sodium ions, sodium ions occupy the center of 
position A, while lithium is located at the center of the square plane face 
formed by oxygen [16,17]. 

High dielectric, low loss perovskite materials [20–23] are attracting 

considerable attention and can store more energy than low dielectric 
materials [24–37]. It was shown that a high dielectric constant (ε ≥
1000) was observed in the La0.67LixTi1-xAlхO3 (0.15 ≤ x ≤ 0.3) system. 
The origin of high dielectric constant value can be explained by barrier 
layer capacitor associated with grain boundary effects [38]. It has been 
found that in La0.67LixTi1-xAlхO3 system La0.67Li0.2Ti0.8Al0.2O3 solid so
lution has the maximum dielectric constant in a wide frequency range 
[39]. 

In this work, the effect of lithium substitution for sodium in high 
dielectric constant La0.5Li0.5-xNaxTiO3 and La0.67Li0.2-yNayTi0.8Al0.2O3 
materials has been studied. The parameters of the unit cell and the ce
ramic’s grain sizes of La0.5Li0.5-xNaxTiO3 and La0.67Li0.2-yNayTi0.8Al0.2O3 
solid solutions were determined. Using complex impedance the effect of 
sodium concentration on the equivalent circuit parameters and the 
dielectric characteristics (ϵ and tg δ) of materials was established. 

2. Material and methods 

Samples were obtained from stoichiometric amounts of dried Li2CO3 
(Merck), Na2CO3 (Merck), La2O3 (Aldrich 99.99%), Al2O3 (Aldrich 
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99.99%), and TiO2 (Aldrich 99%) by solid-state reaction technique. 
Li2CO3 and Na2CO3 compounds were dried at 300 ◦C, La2O3 at 800 ◦C, 
and TiO2 at 600 ◦C. The mixtures La0.5Li0.5-xNaxTiO3 and La0.67Li0.2- 

yNayTi0.8Al0.2O3 were ground in an agate mortar with acetone and 
calcined in air for 4 h at 1100 ◦C and 1200 ◦C, respectively. The rate of 
temperature increase was 200 ◦C/hour. The phases were characterized 
by X-ray powder diffractometry (XRPD) using DRON-4-07 diffractom
eter (Cu Kα radiation; 40 kV, 20 mA). The calcined powders were ground 
and pressed into pellets under a pressure of 500 kg/cm2 (50 MPa). The 
pellets were sintered at 1300-1330 ◦C depending on Na content (6 h). 
Finally, samples with 2 mm thickness were cut out from prepared raw 
ceramic. 

Grain sizes of ceramic samples of La0.5Li0.5-xNaxTiO3 and La0.67Li0.2- 

yNayTi0.8Al0.2O3 systems were determined using a scanning electron 
microscope JEM 10CX II (JEOL) and scanning electron microscope SEC 

miniSEM SNE 4500 MB 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 
model of the equivalent circuit and the value of its components were 
determined using the ZView® software (Scribner Associates Inc., USA). 

3. Results and discussion 

X-ray diffraction patterns of La0.67Li0.2-yNayTi0.8Al0.2O3 (0 ≤ y ≤ 0.2) 
and La0.5Li0.5-xNaxTiO3 (0 ≤ x ≤ 0.5) ceramic samples for 12 h in 
planetary ball mill (Fig. 1) showed that solid solutions have rhombo
hedral (trigonal) symmetry (space group R-3c, N◦ 167). It was found 
that with an increase in sodium concentration, the volume of the unit 
cell increases, which is associated with the difference in the ionic radii of 
sodium and lithium (Table 1). 

For 0 ≤ y ≤ 0.06, 0 ≤ x ≤ 0.1, in XRPD spectra additional lines of 
phases La0.5Li0.5-xNaxTiO3 and La0.67Li0.2-yNayTi0.8Al0.2O3 with tetrag
onal symmetry (space group P4/mmm, N◦ 123) in the XRPD spectra are 
observed (Fig. 1). Tetragonal and rhombohedral phases are identical in 
chemical composition. There is nanoscale ordering in the domains of the 
tetragonal phase, while in the rhombohedral phase, there is no ordering 
of domains. With an increase in sodium concentration, the tetragonal 
phase disappears [40,41]. 

The XRPD results showed that La0.5Li0.5-xNaxTiO3 (0 ≤ x ≤ 0.5) solid 
solutions are formed at temperatures higher than 1100 ◦C whereas 
La0.67Li0.2-yNayTi0.8Al0.2O3 (0 ≤ y ≤ 0.2) solid solutions are formed at 
temperatures higher than 1200 ◦C. Solid-state reaction technique in
volves chemical decomposition reactions of carbonates Li2CO3 and 
Na2CO3. The reaction in a mixture of solid reactants starts at the points 
of contact between the initial components and continues successively by 
ionic interdiffusion at high temperatures. 

It has been shown that single-phase La0.5Li0.5-xNaxTiO3 solid solu
tions are formed at temperatures above 1100 ◦C. Intermediate phases in 
Na-doped ceramics are La(OH)3, La2O2CO3, Na4TiO4, Na4Ti5O12, 
Na2Ti2O5, Li2TiO3, Li2Ti2O5, Li2Ti3O7, La2Ti2O7, La0.5Li0.5TiO3 and 
La0.5Na0.5TiO3. Final solid solution La0.5Li0.5-xNaxTiO3 is formed by the 
interaction: 

xLa0.5Na0.5TiO3 + (1 − x)La0.5Li0.5TiO3 1100◦C
̅̅→

La0.5Li0.5− xNaxTiO3 

In La0.67Li0.2-yNayTi0.8Al0.2O3 (0 ≤ y ≤ 0.2) solid solutions, the in
termediate phases are La(OH)3, La2O2CO3, Li2TiO3, Li2Ti2O5, Li2Ti3O7, 
Na2TiO3, Na2Ti2O5, La2Ti2O7, La2/3TiO3, LaAlO3, La0.67Li0.2Ti0.8Al0.2O3, 

Fig. 1. XRPD of La0.5Li0.5-xNaxTiO3 at x = 0 (1), 0.1 (2), 0.2 (3), 0.3 (4), 0.4 (5), 
0.5 (6) and La0.67Li0.2-yNayTi0.8Al0.2O3 at y = 0 (7), 0.06 (8), 0.15 (9). (symbols 
“•” denotes the phase with tetragonal space group P4/mmm). 

Table 1 
Unit cell volume of La0.5Li0.5-xNaxTiO3 (0 ≤ x ≤ 0.5) and La0.67Li0.2-yNay

Ti
0.8

Al0.2O3 (0 ≤ y ≤ 0.2) samples with R-3c space group.  

La0.5Li0.5-xNaxTiO3 system 

X 0 0.1 0.2 0.3 0.4 0.5 
V, Å3 347.4(2) 347.6(2) 347.7(2) 347.9(2) 348.1(2) 348.6(9) 
La0.67Li0.2-yNayTi0.8Al0.2O3 system 

Y 0 0.04 0.06 0.10 0.15 0.2 
V, Å3 345.86(4) 346.1(3) 346.3(3) 346.66(2) 346.8(5) 347.4(4)  

Fig. 2. Micrographs of La0.5Li0.5-xNaxTiO3 and La0.67Li0.2-yNayTi0.8Al0.2O3 at x = 0 (a), 0.1 (b), 0.2 (c), 0.3 (d), 0.4 (e), 0.5 (f); y = 0.06 (g), 0.15 (h).  

T. Plutenko et al.                                                                                                                                                                                                                                



Solid State Communications 343 (2022) 114663

3

La0.67Na0.2Ti0.8Al0.2O3 
The final reaction of the La0.67Li0.2-yNayTi0.8Al0.2O3 solid solution 

formation is the interaction of perovskite phases at temperatures above 
1200 ◦C: 

Fig. 2 shows SEM photographs of La0.5Li0.5-xNaxTiO3 and La0.67Li0.2- 

yNayTi0.8Al0.2O3 samples. The grain size of ceramics in La0.5Li0.5-xNax

TiO3 and La0.67Li0.2-yNayTi0.8Al0.2O3 solid solutions decreases from 5.2 
to 2.4 μm (for x = 0 and 0.5) and from 6.1 to 1.8 μm (for y = 0 and 0.2), 
respectively. With an increase in sodium concentration, the sintering 
temperature of solid solutions increases. The driving force for grain 
growth is related to the reduction of surface and interfacial energy. The 
limited stage of the grain growth in ceramics is related to the interfacial 
reactions at interfaces. A decrease in grain size with an increase in so
dium concentration can be associated with partial segregation of sodium 
ions near grain boundaries and a decrease in their mobility [42–45]. In 
this case, the rate of mass transfer decreases, which leads to the 

formation of fine-grained ceramics [46–48]. 
On the spectra of the imaginary part of the complex electrical 

modulus (Fig. 3) for La0.5Li0.5-xNaxTiO3 and La0.67Li0.2-yNayTi0.8Al0.2O3 
solid solutions, three dispersion regions can be distinguished [40]. 
Low-frequency region I is associated with polarization at the 
sample-electrode interface. Region II characterizes processes at grain 
boundaries and high-frequency region III is associated with charge 
carriers relaxation in grains. As can be seen from Fig. 3 the main 
contribution to the electrical properties of La0.5Li0.5-xNaxTiO3 (0 ≤ x ≤
0.4) and La0.67Li0.2-yNayTi0.8Al0.2O3 (0 ≤ x ≤ 0.15) solid solutions in a 
wide frequency range at room temperature is made by dominant process 
in regions I, II, III. While at high sodium concentrations in La0.5Li0.5-x

NaxTiO3 (0.45 ≤ x ≤ 0.5) and La0.67Li0.2-yNayTi0.8Al0.2O3 (0.16 ≤ x ≤
0.2) the main contribution to the electrical properties of solid solutions 
is made by the dominant ones in regions I and III. This can be attributed 
to the fact that when lithium is replaced by sodium, the mobility of 
lithium ions in La0.5Li0.5-xNaxTiO3 (0 ≤ x ≤ 0.4) and La0.67Li0.2-yNay

Ti0.8Al0.2O3 (0 ≤ x ≤ 0.15) decreases as Na+-ions block the conductivity 
channels. In this case, lithium remains mobile within the grain. At high 
sodium concentrations La0.5Li0.5-xNaxTiO3 (0.45 ≤ x ≤ 0.5) and 
La0.67Li0.2-yNayTi0.8Al0.2O3 (0.16 ≤ x ≤ 0.2), the ionic lithium conduc
tivity is absent and the difference between electrical properties in the 
grain and the grain boundaries disappears, and the material becomes a 
dielectric. 

Fig. 4a shows the complex impedance diagram at room temperature 
for La0.5Li0.4Na0.1TiO3 and La0.67Li0.16Na0.04Ti0.8Al0.2O3 samples. In the 
La0.5Li0.4Na0.1TiO3 solid solution, one semicircle, depressed below the 
real axis, a part of the second semicircle, and a spike at the lowest fre
quencies are observed. While in La0.67Li0.16Na0.04Ti0.8Al0.2O3 solid so
lution, the complex impedance spectra show two semicircles and a spike 

at the lowest frequencies. The arcs at the highest frequencies are shown 
in the inset to Fig. 4a. For all samples of La0.5Li0.5-xNaxTiO3 (0 ≤ x ≤ 0.5) 
and La0.67Li0.2-yNayTi0.8Al0.2O3 (0 ≤ y ≤ 0.2) solid solutions the real part 
of the impedance at high frequencies increases with increasing sodium 
concentration (Fig. 4b). 

It has been found that the electrical properties of solid solutions can 
be analyzed according to the equivalent scheme presented for 
lanthanum-lithium titanate [40]. It has been illustrated that the main 
contribution to the electrical properties of ceramic samples is made by 
three electrically inhomogeneous regions: ceramic’s grain (high-
frequency region). grain boundary (intermediate frequencies region) 
and the sample-electrode contact area (low-frequency region). 

Fig. 3. Frequency dependences of imaginary part of electric modulus of 
La0.5Li0.5-xNaxTiO3 and La0.67Li0.2-yNayTi0.8Al0.2O3 at x = 0 (1), 0.2 (2), 0.3 (3), 
0.5 (4); y = 0 (5), 0.04 (6), 0.2 (7). Three observed dispersion regions are 
separated by vertical dotted lines and marked as I-region, II-region and 
III-region. 

Fig. 4. (a) Complex impedance diagram for La0.5Li0.4Na0.1TiO3 (1) and La0.67Li0.16Na0.04Ti0.8Al0.2O3 (2) ceramic samples. (b) Complex impedance diagram for 
La0.5Li0.5-xNaxTiO3 at x = 0 (1), 0.1 (2), 0.2 (3), 0.3 (4), 0.4 (5), 0.5 (6) and La0.67Li0.2-yNayTi0.8Al0.2O3 at y = 0 (7), 0.04 (8), 0.06 (9), 0.1 (10), 0.15 (11), 0.2 (12). 

yLa0.67Li0.2Ti0.8Al0.2O3 + (1 − y)La0.67Na0.2Ti0.8Al0.2O3 1200◦C
̅̅→

La0.5Li0.5− xNaxTiO3   
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An increase in sodium concentration leads to an increase in ceramic’s 
grain resistance Rg and grain boundaries resistance Rgb for La0.5Li0.5- 

xNaxTiO3 (29.8 ≤ Rg ≤ 45.2 Ohm for 0 ≤ x ≤ 0.4, 1.74⋅103 ≤ Rgb ≤
4.64⋅107 Ohm for 0 ≤ x ≤ 0.5, for x = 0.5 the value of Rg was not 
observed) and La0.67Li0.2-yNayTi0.8Al0.2O3 (64 ≤ Rg ≤ 114 Ohm for 0 ≤
y ≤ 0.15, 3.17⋅103 ≤ Rgb ≤ 1.25⋅108 Ohm for 0 ≤ y ≤ 0.15 for x = 0.2 Rg 
value was not observed). The electrical properties in the bulk of grains 
depend on the charge carriers Li+ concentration and the number of 
vacancies in the lanthanum sublattice. With an increase in the substi
tution degree of lithium by sodium, the concentration of charge carriers 
Li+ decreases, and the resistance in the grain Rg increases. In addition, 
the grain size of the ceramics decreases with an increase in sodium 
concentration, and the total resistance at the grain boundaries Rgb 
increases. 

The frequency dependences of the dielectric constant and dielectric 
losses for La0.5Li0.5-xNaxTiO3 and La0.67Li0.2-yNayTi0.8Al0.2O3 solid so
lutions are shown in Fig. 5. It was shown that the samples La0.5Li0.5- 

xNaxTiO3 (0 ≤ x ≤ 0.1) and La0.67Li0.2-yNayTi0.8Al0.2O3 (0 ≤ y ≤ 0.15) 
have high values of dielectric permittivity ε′ > 103 in a wide frequency 
range (Table 2). There are two relaxation peaks on the curve of dielectric 
loss tangent are observed, which can be attributed to the coexistence of 
rhombohedral R-3c and tetragonal phases P4/mmm (Fig. 5b). The 
maximum permittivity values ϵmax are observed in La0.5Li0.5-xNaxTiO3 
(x = 0.1) and La0.67Li0.2-yNayTi0.8Al0.2O3 (y = 0.04) samples. This can be 
explained by the fact that with the introduction of a small amount of Na, 
the unit cell volume increases (Table 1). In this case, the size of the 
bottleneck and, as a result, the mobility of lithium ions increases, which 

leads to an increase in the dielectric constant. Further sodium intro
duction into the La0.5Li0.5-xNaxTiO3 (0.2 ≤ x ≤ 0.5) and La0.67Li0.2- 

yNayTi0.8Al0.2O3 (0.06 ≤ y ≤ 0.2) solid solutions leads to decrease in 
dielectric constant. Lithium ions located on the faces of the A-sublattice 
of perovskite are replaced by sodium ions located in the centers of the A- 
sublattice [49]. In this case, sodium ions block the movement of lithium 
ions, reduce the number of vacancies, and charge carriers Li+. This leads 
to a decrease in the lithium-ion mobility and a decrease in the dielectric 
constant. 

4. Conclusions 

The dielectric properties of La0.5Li0.5-xNaxTiO3 and La0.67Li0.2-yNay

Ti0.8Al0.2O3 solid solutions obtained by solid-state reaction technique 
were investigated by the complex impedance spectroscopy. Using full- 
profile Rietveld analysis it has been shown that the unit cell volume 
increases with an increase in x and y values. It has been found that the 
growth of sodium substitution degree leads to a decrease in the ceramic 
grain size and an increase in resistance at the grain boundary. The 
dielectric loss increases with increasing in sodium concentration that 
can be attributed to the fact that substitution of Li by Na decreases the 
lithium motion and reduces ion conductivity. It has been illustrated that 
La0.5Li0.4Na0.1TiO3 and La0.67Li0.16Na0.04Ti0.8Al0.2O3 samples had the 
maximum values of the dielectric constant that can be attributed to a 
large number of charge carriers Li+ and the optimal bottleneck size in 
these materials. 
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