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ABSTRACT

In this work, the variation in the structural and electrical properties of lithium-

doped sodium titanate, obtained from an ultrafast (15 min) microwave-assisted

synthesis has been reported. X-ray diffraction and Rietveld analysis have been

done to identify the present phases, their composition, and lattice parameters.

Na2Ti3O7 was identified as the major phase, while Na2Ti6O13 was obtained as a

secondary phase in all samples. The phase composition usually varies

depending on the content of the doping element. In the sample with 0.5%

lithium ions, an additional phase corresponding to NaLiTi3O7 appeared. The

microstructure of the ceramic samples showed an increase in the grains size and

the appearance of small particles on the surface of the grains. This effect

becomes more evident for the samples with 0.5% Li. Finally, the electrical

properties of the ceramic samples studied were favored with an increase in

doping and rdc values of 1.94 9 10- 5 S cm- 1, 2.51 9 10- 5 S cm- 1, and

4.00 9 10- 5 S cm- 1 were determined for Na2 - xLixTi3O7 with x = 0.0%, 0.1%,

0.5% of Li?.
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1 Introduction

Currently, the world is going through a new energy

transition process, perhaps the most important from

a climate point of view since the industrial revolu-

tion. In this context, the research for materials capable

of generating and storing energy in a solid state is an

area of strategic interest. The interest in solid-state

batteries has been increasing due to their high dura-

bility, loading speeds, and energy density when

compared with liquid ones. However, solid-state

battery technology still needs to be improved before

gaining market scale, requiring the replacement of

rarer elements by more abundant species. Thus,

sodium titanates have been widely studied in the

past two decades due to their ion exchange capacity

[1, 2]. With the chemical formula Na2TixO2x ? 1

(n = 3–8), they have been reported for applications in

photocatalysis [3], as adsorbents [4, 5], and in energy

storage systems [6–11]. Sodium titanates have several

crystalline phases [1, 2]. Between them, sodium tri-

titanate (Na2Ti3O7) and sodium hexatitanate (Na2-
Ti6O13) have been highlighted due to their

compelling electrical conductivity values, which are

in the order of 10- 6 S cm- 1 [12–14]. Na2Ti3O7 is a

layered structure with a stacked TiO6 octahedral

ribbon, while Na2Ti6O13 is a type of tunnel structure

with a TiO6 octahedron that shares its edges [6, 7, 15].

The channels of the tunnel may help to elucidate the

higher mobility of the active sodium vacancies that

are demonstrated by sodium hexatitanate structures

[2, 7, 16]. Although hexatitanate shows higher elec-

trical conductivity, both phases might improve the

ion exchange capacity. Wu et al. [7] reported the

synergistic effect of Na2Ti3O7 and Na2Ti6O13 hybrid

structures to enhance electrochemical performance

when compared with isolated structures.

Sodium titanates have been reported as possible

candidates to replace lithium as a material for bat-

teries due to their similar physical and chemical

properties [6–8, 17–24]. Despite the considerable

similarity in sodium and lithium properties, previous

experiments have shown that Li? has greater diffu-

sion capacity than Na? and, consequently, higher

electrical conductivity [8, 18, 19]. Therefore, many

studies have been carried out to improve the electri-

cal conductivity of sodium titanates, in particular,

Na2Ti3O7 and Na2Ti6O13 [1, 20, 22].

To overcome this poor ion and electron conduc-

tivity, some studies have involved doping sodium

titanates, especially Na2Ti3O7[25, 26]. For instance,

Song et al. [20] carried out a self-doping of Ti3? in the

Na2Ti3O7 electrode material and confirmed that it

exhibited a superior electrochemical performance

than the non-doped Na2Ti3O7 electrode material. Xia

et al. [22] synthesized Na2Ti3O7 doped with some

elements of the lanthanides series and compared

them with pure Na2Ti3O7. All doped samples exhib-

ited superior electrochemical performance for use as

an electrode material. Pal et al. [15] synthesized

lithium mixed sodium trititanates and reported that

the conductivity increases as the concentration of

lithium increases due to the accommodation of

lithium and sodium ions in the interlayer space.

Several synthesis methods have been applied in

order to synthesize sodium titanates, such as the use

of solid-state reaction [8, 15–17], the sonochemical

method [12, 14, 18], ball milling [2], sol-gel [19, 20],

and microwave-assisted hydrothermal methods

[6, 13]. Although all methods are effective, most of

them have a longer synthesis time. For instance,

Dynarowska et al. [8] used the solid-state method for

24 h and synthesized Na2Ti3O7 and Na2Ti6O13 as a

secondary phase. Youssry et al. [2] used the ball

milling method for 20 h and synthesized pure Na2-
Ti3O7 while Basilio et al. [13] used the microwave-

assisted hydrothermal method for 1 and 4 h and

synthesized Na2Ti3O7 as a major phase and Na2Ti6-
O13 as a secondary phase. The main objective of this

work is to reveal the influence on the structural and

electrical properties of lithium-doped sodium tita-

nate, obtained by microwave-assisted ultrafast syn-

thesis (15 min).

2 Experimental procedure

First, a solution composed of 1 mol L- 1 sodium

hydroxide (NaOH, Synth, purity[ 98%), dissolved

in deionized water, isopropyl alcohol (C3H8O, Synth),

and titanium isopropoxide (C12H28O4Ti, Sigma-

Aldrich, 97%) was obtained. The titanium iso-

propoxide was diluted in isopropyl alcohol, and, in

an ultrasonic bath, it was dripped into the NaOH

solution. The mixture was maintained in the ultra-

sonic bath for 10 min. Subsequently, the precursors

were placed in a microwave (Anton Paar, Multiwave

3000) under the parameters of 800 W for 15 min. The

obtained powder was dried in an oven at 110� C, then
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a portion of the material was heat-treated at 800�C/
1 h to induce crystallization [2].

For the synthesis of sodium titanates doped with

lithium, fractions of NaOH were replaced by 1 mol

L- 1 lithium acetate dihydrate (C2H3LiO2.2H2O,

Sigma-Aldrich, 97%). The calculation of substitu-

tional NaOH doping for C2H3LiO2.2H2O was per-

formed in terms of molarity (1 and 5%) and

converted into volumetric ratios considering the

concentrations: 0.96 g/mL C12H28O4Ti, 0.040 g/mL

for NaOH and 0.102 g/mL for C2H3LiO2.2H2O. The

lithium-doped sodium titanate-doped samples were

also heat-treated at 800 �C/1 h. The material heat-

treated at 800 �C/1 h was compacted (150 MPa) into

disc shape samples (2 mm thickness and 12 mm

diameter) for 5 min. Then, the green samples were

sintered at 850 �C for 1 h, using a muffle furnace

without atmosphere control. These sintered samples

will be called NLT0, NLT1, and NLT5, for x = 0.0%,

0.1%, and 0.5% depending on the lithium content,

respectively.

The X-ray diffraction (XRD) was carried out in a

diffractometer (Empyrean, Malvern Panalytical), in

the interval (2h) from 5� to 80�, using a copper tube as

an x-ray source (ka = 1.5406 Å), at 40 kV voltage and

40 mA. The structural refinement was performed

using the Rietveld method and the Fullproff software

[27].

The morphology was analyzed using scanning

electron microscopy (VEGA3, TESCAN), equipped

with a tungsten thermionic emission system, suit-

able for high and low vacuum operations.

The electrical characterization was carried out

using the Complex Spectroscopy technique, in an

impedance analyzer (Solartron 1260). Measurements

were carried out at room temperature using a

potential of 500 mV in a frequency ranging from

10 Hz to 1 MHz.

3 Results and discussion

Figure 1a–c shows the Rietveld refinement plot for all

synthesized samples studied using the Fullprof soft-

ware (2018). The quantitative phase analysis identi-

fied two monoclinic phases in the NLT0 sample

(Fig. 1a): disodium trititanate - Na2Ti3O7, which

exhibits the space group of P21/m (ICSD 25,000) and

lattice parameters a, b, c, and b of 8.568(5) Å, 3.797(1)

Å, 9.128(5), and 101.576o (6), respectively, as

illustrated in Table 1; sodium hexatitanate - Na2Ti6-
O13, with the space group of C2/m (ICSD 23,877) and

lattice parameters of 15.088(2) Å, 3.750(5) Å, 9.164(1)

Å, and 98.831o (1). The quantitative analysis for the

NLT0 sample showed the existence of a majority

phase (85.81�1.96 ) that corresponds to Na2Ti3O7.

However, a secondary phase, which corresponds to

Na2Ti6O13 (14.19�1.09% was also identified. The

weight fraction of each phase and the statistical

parameters of the refinement can be seen in Table 1.

Similar to what was found for sample NLT1, there

are two polymorphs in their composition, as can be

observed in Fig. 1b. The majority fraction (66.03�2.43

) was reached for the Na2Ti3O7 phase, therefore,

indicating that the addition/insertion of 1 of Li? ions

favors the increase (33.97�2.13% of the Na2Ti6O13

phase content. Although there are two monoclinic

structures, a third phase was found for the NLT5

sample (Fig. 1c). This corresponds to the

orthorhombic structure of NaLiTi3O7 with the space

group of Cmca and lattice parameters a, b, and c of

16.521(1), 11.215(1) Å, and 11.504(1) Å, respectively.

For NTL5 the majority phase continuing to be Na2-
Ti3O7; however, this phase was 14% greater than that

obtained for NLT1 and 6%less than the phase per-

centage obtained for NLT0.

Several factors can influence phase formation and

concentration. One factor might be the introduction

of doping. The Li-ion has an ionic radius of 0.92 Å for

coordination with seven oxygen atoms [28]. This

radius is small compared to the Na? ion of 1.12 Å and

1.24 Å in the coordination of seven and nine,

respectively [28]. Therefore, one should expect a

decrease in the lattice parameters when the Li-ion

replaces the Na? ion in the crystal structure. The non-

variation of the lattice parameters and the unit cell

volume in Na2Ti3O7 phases for the NLT1 and NLT5

samples indicates that the Li-ion enters an interstitial

form in the structure. In the NLT5 sample, a decrease

in the parameters a, c, and b in Na2Ti6O13 is observed.

This suggests that the Li-ion replaced the Na ion in

the Na2Ti6O13 crystal structure. The appearance of

the third phase NaLiTi3O7 for the NLT5 sample

indicates a solubility limit of the Li-ion within the

Na2Ti6O13 structure. Statistical parameters showed

the result of Rietveld refinement (see Table 1).

To reaffirm the result discussed above, the cation-

anion bond lengths and the distortion index of the

Na-O oxygen polyhedrons were determined. For this,

the atomic positions of the Na? and O2- ions in the
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Na2Ti3O7, Na2Ti6O13, and NaLiTi3O7 phases were

refined. The crystalline structures of the three phases

were visualized using the VESTA software [29] and

are shown in Fig. 2. Six Ti octahedrons and four Na

polyhedrons with seven and nine oxygen anions are

observed in the Na2Ti3O7 phase. Twelve Ti octahe-

drons and two equivalent Na polyhedrons are

maintained in the Na2Ti6O13 phase. The values of the

average bond length and the distortion index of the

Na–O polyhedrons are shown in Table 2.

Table 2 shows that the distortion index in the NLT1

sample is below 1% in the Na-O polyhedrons in the

Na2Ti3O7 and Na2Ti6O13 structures. In addition, the

distortion index values of the Na–O polyhedrons are

very close in the NLT0 and NLT1 samples. This

suggests that the Li-ion introduces itself interstitially

in both Na2Ti3O7 and Na2Ti6O13 structures for the

NLT1 sample, as a represented in Fig. 2. In the case of

the NLT5 sample, the distortion index reached the

value of 1.12% for Na–O oxygen polyhedrons in the

Na2Ti6O13 structure, indicating an increase in the

distortion and the possibility of a minor substitution

of the Na? by Li? ion. The highest distortion value

(1.75%) appears for the Li–O polyhedrons in the

NaLiTi3O7 structure. These results agree with the

behavior of the lattice parameters and unit cell

volume.

Figure 3 shows the images obtained by scanning

electron microscopy for the NLT0, NLT1, and NLT5

samples. As can be observed in Fig. 3a, there are

grains with elongated and homogeneous formats,

which appear randomly in the entire image. This

morphology has been reported quite frequently in the

literature [13]. For NLT1 (Fig. 3b), a microstructure

Fig. 1 Rietveld refinement plot of the three studied samples, a NLT0, bNLT1, and c NLT5. Where NLT0, NLT1 and NLT5 = 0.0%, 0.1%

and 0.5% lithium content, respectively. The identification of each line appears inserted in the upper part of the graph
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that is very similar to that seen in Fig. 3a can be seen;

however, there is an increase in the agglomeration of

the grains. Moreover, some regions can be observed

with the presence of small particles on the surface of

some grains. This small difference could be related to

the introduction of Li? ion into the sodium titanate

structure. However, it is worth remembering that

there were changes in the lattice parameters for this

composition, as well as in the phase composition

present in the material, which reinforces the possi-

bility that these changes may indeed be motivated by

the introduction of Li in the crystal structure of

sodium titanate. Finally, in Fig. 3c, the presence of

grains with shapes similar to those described above is

observed, though covered with particles of smaller

size and a different shape, which may be an impor-

tant element to consider since it could be related to

the increase in the amount of Li in the sodium tita-

nate structure. Previously, using XRD, it was

observed that for this concentration of lithium ions,

the sample presents the appearance of a new crys-

talline phase, NaLiTi3O7. Despite representing only

10% of the total crystalline phases present in the

sample, this may be the reason for the changes in the

morphological characteristics of the material.

Considering the structural and microstructural

changes presented by the ceramic samples with dif-

ferent Li contents, it is of great interest to verify what

happens from the point of view of electrical proper-

ties with this ceramic system. This study was per-

formed using complex impedance spectroscopy as

stated in the previous section. Figure 4a shows the

Cole-Cole semicircles for the three samples under

study. This graph shows the behavior of the imagi-

nary part of the resistivity (q00) as a function of the

real part of the resistivity (q0) andq� ¼ q0 þ iq00. It was

clearly noted that as the Li? ion content increases, the

diameter of the semicircle of resistivity decreases. It

Table 1 Lattice parameters,

phase composition, and

refinement parameters

Sample NLT0 NLT1 NLT5

Phase Na2Ti3O7

a (Å) 8.568 (5) 8.564 (9) 8.566 (4)

b (Å) 3.796 (1) 3.796 (4) 3.799 (2)

c (Å) 9.128 (5) 9.125 (9) 9.127 (5)

b (o) 101.58 (6) 101.57 (7) 101.59 (4)

V (A3) 290.8 (3) 290.5 (5) 290.9 (1)

q (g/cm3) 3.443 3.528 3.442

% wt 85.81�1.96 66.03� 2.43 79.79�00.93

Phase Na2Ti6O13

a (Å) 15.088 (2) 15.100 (2) 15.008 (6)

b (Å) 3.750 (5) 3.747 (5) 3.752 (8)

c (Å) 9.164 (1) 9.147 (2) 9.128 (8)

b (o) 98.831 (1) 98.122 (14) 97.006 (7)

V (A3) 512.3 (1) 511.2 (2) 509.7 (5)

q (g/cm3) 3.506 3.504 3.471

%wt 14.19�1.09 33.97� 2.13 10.15�00.78

Phase NaLiTi3O7

a (Å) 16.521 (1)

b (Å) 11.215 (9)

c (Å) 11.504 (10)

V(A3) 2131.55 (1)

q (g/cm3) 3.557

%wt 10.07�0.10

Refinement parameters

Rwp 7.99 7.42 8.37

Rexp 6.61 6.36 7.29

v2 1.46 1.36 1.32

The errors of each magnitude are included. Where NLT0, NLT1, and NLT5 = 0.0%, 0.1%, and 0.5%

lithium content, respectively
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should be noted that the diameter of this semicircle is

associated with the total resistivity of the samples,

and in this case, the values were indicated inside the

graph. It was verified that the NLT0 sample, with 0%

lithium ionsin its structure, has the highest resistivity

value (51 kX cm). The values reported here are at

least one order of magnitude lower than those pre-

viously reported for ceramics materials with a similar

Fig. 2 Visualization of the crystalline structures fora Na2Ti3O7,b Na2Ti6O13,and c NaLiTi3O7. In this figure, the red spheres represent

oxygen atoms, the yellow ones are sodium atoms and the blue ones, titanium atoms

Table 2 Values of the average

bond length of Na–O, Ti–O,

and Na–Ti, and the distortion

index of the oxygen

polyhedrons

Parameter Bond NLT0 NLT1 NLT5

Na2Ti3O7

Polyhedron average distance (Å) Na1–O 2.72(1) 2.72(1) 2.72(1)

Na2–O 2.56(1) 2.56(1) 2.56(1)

Distortion index (BL)% Na1–O 0.74 0.89 0.84

Na2–O 0.24 0.21 0.22

Na2Ti6O13

Polyhedron average distance (Å) Na1–O 2.51(5) 2.58(2) 2.58 (1)

Distortion index (BL)% Na1–O 0.68 0.63 1.12

NaLiTi3O7

Polyhedron average distance (Å) Na1–O 2.63(7)

Na2–O 2.69(7)

Li1–O 2.00(5)

Distortion index (BL)% Na1–O 0.08

Na2–O 0.92

Li1–O 1. 75

Where NLT0, NLT1, and NLT5 = 0.0%, 0.1% and 0.5% lithium content, respectively
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phase composition [13]. It�s important to remember

that the synthesis time in this work was only 15 min.

In the case of reference [13], the synthesis times were

1 and 4 h, respectively.

As can be seen with the increase in lithium content

in the samples, there is a decrease in the diameter of

the semicircles. This behavior is associated with a

decrease in the resistance of the samples. The total

resistivity values obtained for each sample were 51

Fig. 3 SEM image of the ceramic samplesa NLT0, b NLT1, and c NT5. Where NLT0, NLT1, and NLT5 = 0.0%, 0.1%, and 0.5% lithium

content, respectively
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KX cm, 40 KX cm and 25 KX cm for the samples

NLT0, NLT1, and NLT5, with 0.0, 0.1, and 0.5% of

lithium, respectively. It is possible to note that NLT5

presented the lowest resistivity value compared to

the other samples. This fact is probably linked with

the minor presence of Na2Ti6O13. Usually in the lit-

erature this phase is reported to have poor perfor-

mance in the electrical conductivity [30]. In addition,

this phase (in sample NLT5) presents lower b (o) and

higher distortion index (BL). Then, it may have dif-

ferentiated electronic properties. The minor content

of Na2Ti6O13 is partly compensated by the obtaining

the phase NaLiTi3O7, which increases the ionic

mobility [31].

A simple and very useful way to determine the DC

conductivity is by using the Jonscher equation [32].

This allows us to study the dependence of the AC

conductivity with frequency and considers the so-

called universal response, which is associated with

the total DC conductivity in the region of low

frequencies:

r0 fð Þ ¼ r0 1þ f

f0

� �n� �

Where r0;f and f0are the DC conductivity, the linear

frequency, and the frequency at which dispersion

begins, respectively. Meanwhile, n represents the

exponential parameters, with values between 0 and 1.

Figure 4b presents the behavior of AC conductivity

as a function of frequency; the solid lines represent

the adjustment following the Jonscher equation. In

this figure, it can be seen that the three samples show

similar behavior, though with different values. The

values of DC conductivity were determined for each

sample. In all cases, the adjustment error was less

than 3.5%. As expected, the highest conductivity

value corresponded to the sample with the highest

concentration of lithium ions, namely NLT5

(4.00 9 10- 5 S cm- 1). The NLT1 sample corre-

sponded to a value of 2.51 9 10- 5 S cm- 1. While the

pure sample NLT0 presented the lowest value of DC

conductivity, which was 1.94 9 10- 5 S cm- 1. These

results are in agreement with what was discussed

and presented previously herein. There are not many

reports in the literature regarding the samples pre-

sented here, and this makes a direct comparison of

these results difficult. However, Hongzheng Zhu

et al. [33] presented an extensive study and various

materials with potential application in solid-state

electrolytes, and reported DC conductivity values of

between 10- 4 S cm- 1 and 10- 6 S cm- 1, which are

similar to those reported herein. Martınez-Cisneros
et al. [34] reported DC conductivity values of

between 10- 3 S cm- 1 and 10- 5 S cm- 1 for NASI-

CON materials; however, these were for applications

in liquid electrolytes. These results can be considered

a possible route for a new generation of materials

with potential application in solid-state electrolytes,

and which can be obtained simply and quickly.

However, more conclusive studies are still required.

Fig. 4 a Cole-Cole diagram with symbols for the different

samples in the study. b Relation between AC conduction and the

measurement frequency. The solid red lines represent the

adjustment made by the equivalent circuit in graph (a) and the

adjustment following the Jonscher equation (b) NLT0, NLT1, and

NLT5 = 0.0%, 0.1%, and 0.5% lithium content, respectively
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4 Conclusion

The lithium effect on the structural and electrical

properties of Nax-1LixTi3O7 ceramics produced in a

short period of time (15 min) using the microwave

method were investigated. It was verified by XRD

and Rietveld analyzes that lithium induces a varia-

tion in the composition of the phases (Na2Ti3O7 and

Na2Ti6O13) present in all ceramics. For the NLT5

sample, the appearance of a major crystalline phase

corresponding to NaLiTi3O7 and lower presence of

Na2Ti6O13 was detected. The SEM images presented

samples with similar grain formats, which increase

and become covered with smaller particles with the

increase in lithium content. From the electrical point

of view, it was shown that with the introduction of

the dopant, an improvement in the conductivity of

the samples occurs. The highest value of DC con-

ductivity was 4.00 9 10- 5 S cm- 1 and corresponded

to NLT5. Finally, it can be said that this is a fast

synthesis route and that the materials obtained here

present good DC conduction properties, making

them possible candidates for solid-state electrolytes.
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