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Abstract

Ceramic samples of lithium titanate spinel Li
4
Ti

5
O

12
 and Li

4
Ti

5
O

12
/Li

2
TiO

3
 composites with different content of 

Li
2
TiO

3
 as an additional phase were obtained by means of solid-phase synthesis. The phase composition and 

transport properties of the obtained samples are investigated. By means of impedance spectroscopy within the 
frequency range 20 Hz–1 MHz, three contributions into total resistance of the samples were discovered. 
Assumptions concerning the reasons for higher direct-current conductivity of Li

4
Ti

5
O

12
/Li

2
TiO

3
 composites at 

room temperature than that of lithium titanate spinel Li
4
Ti

5
O

12
 are made.
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INTRODUCTION

Lithium ion batteries (LIB) are widely used as 
chemical energy sources for mobile phones,  
laptops, electric vehicles, etc. The most widespread 
anode material for LIB is graphite. One of the 
shortcomings of graphite anodes is a sharp 
decrease in charge capacity during cycling [1]. 
The reason for this behaviour is in substantial 
deformations in the layered structure of graphite 
while intercalation/deintercalation of lithium ions 
occur during charging/discharging processes. As 
a result, the destruction of crystallites takes place, 
which causes worsening of contacts between the 
grains and current collector, thus the resistance 
of the electrode increases. In parallel, the 
destruction and renewal of the solid electrolyte 
layer formed at the electrode during charging 
take place, which leads to the contamination of 
the electrolyte with the products of layer 
destruction. Gradually, the graphite layer 
becomes electrochemically passive, and instead of 
intercalaction, direct deposition of metal lithium 

may occur on the anode, in particular in the form 
of lithium dendrites [2], which has a negative 
effect on the reliability and safety of LIB.

Lithium titanate with spinel structure 
Li

4
Ti

5
O

12
 (LTO) is considered as an alternative 

anode material. Unlike for graphite anode, this 
material does not undergo noticeable structural 
changes during charging/discharging [3] and 
does not form any solid electrolyte layer on grain 
surface, because it has a flat plateau with the 
high potential at about 1.5 V (in comparison with 
Li/Li+) [4]. A small change in volume is connected 
with the fact that the crystal structures and unit 
cell parameters of LTO spinel and lithium-
containing phase with the structure of rock salt 
type Li

7
Ti

5
O

12
 are very close to each other [5]. A 

disadvantage of LTO is its low electronic (10–13 S/
cm) and ionic (less than 10–9 S/cm) conductivity, 
which explains insufficient efficiency of recharging 
processes at high charging – recharging rates. In 
spite of this fact, LTO remains one of the most 
promising anode materials for rechargeable 
batteries because this material possesses high 
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reliability and excellent cycling capacity. The 
proposals for the improvement of LTO 
characteristics include several versions of 
doping with different ions [6–9], a decrease in 
particle size [10], modification of the surface 
using conductive coatings [11]. It has been 
demonstrated recently that LTO/Li

2
TiO

3
 

composites possess good cycling capacity at the 
high charging/discharging rate 10C, and the 
addition of electrochemically inactive Li

2
TiO

3
 

provides the stability of microstructure of the 
active material LTO [12]. In [13], the effect of 
Li

2
TiO

3
 addition on the electrochemical properties 

of LTO was studied in the composites obtained in 
the form of nanofibres by means of electrospinning. 
It was discovered that the charge capacity of 
LTO/Li

2
TiO

3
 nanocomposites exceeds the 

corresponding values for LTO. The reasons for 
this effect remain unclear.

In the present work, we describe the studies 
of the ion conductivity of LTO and the composites 
LTO/Li

2
TiO

3
 carried out by means of impedance 

spectroscopy for the purpose of revealing the 
reasons of the influence of Li

2
TiO

3
 addition on the 

electrochemical properties of LTO.

Experimental

LTO and LTO/Li
2
TiO

3 
composites were syn-

thesized using the solid-phase method from ini-
tial reagents: TiO

2
 and Li

2
CO

3
 (Kh. Ch. reagent 

grade). To obtain pure LTO, we used initial com-
ponents with the molar ratio Li/Ti = 4 : 5 accord-
ing to the stoichiometric composition. To prepare 
the composites corresponding to the calculated 
compositions 0.8LTO/0.2Li

2
TiO

3
 (LTС20) and 

0.7LTO/0.3Li
2
TiO

3
 (LTС30), the molar ratio Li/Ti 

was 4.8 : 5 and 5.2 : 5, respectively. Initial mix-
tures were subjected to mechanical treatment in 
an AGO-2 ball mill for 5 min with the rotation 
frequency of 400 r.p.m., then the samples were 
pressed in pellets. The synthesis was carried out 
at a temperature of 900 °С for 5 h. 

The crystal structure of the obtained samples 
was analyzed by means of X-ray phase analysis 
with the help of a Bruker Advance D8 diffrac-
tometer (Germany) with CuKα-radiation. Phases 
were identified using the ICDD-PDF2 database.

Measurements of the conductivity of LTO and 
composites were carried out using a two-electrode 
scheme with the electrodes deposited from the 
silver paste. Measurements were carried out by 
means of impedance spectrometry within the 

low-temperature region (25–250  °С) in vacuum 
and at high temperature (200–600 °С) in the air 
with the help of a HP-4184A Precision LCR 
Meter (USA) within the frequency range of 
variable field from 20 Hz to 1 MHz. The 
temperature was changed stepwise under the 
control with the help of a Termodat temperature 
controller. Conductivity values were calculated 
from an analysis of the hodographs of complex 
impedance Z′′ = f(Z′).

Results and discussion

Diffraction patterns of the obtained LTO  and 
LTC30 composite samples are shown in Fig. 1. 
The diffraction pattern of the composite (see 
Fig. 1, b) contains overlapping diffraction peaks of 
LTO and Li

2
TiO

3 
. The lattice parameters of LTO 

and Li
2
TiO

3 
 phases in the composite were refined 

using the Rietveld method. These values turned 
out to be close to those reported in the literature. 
Diffraction data were used also to determine the 
phase composition of the composites, which 
corresponded to the values calculated from the 
amounts of initial reagents with the accuracy of 
±10 %. 

Temperature dependencies of the conductivity 
(σ) of LTO and LTC20, LTC30 composites are 
presented in Arrhenius coordinates in Fig. 2. 
Conductivity σ was calculated from sample 
resistance (R) with the help of equation 
σ = (1/R) (L/S)
where S is electrode area, L is pellet thickness. 
Sample resistance R was determined by fitting 
the theoretical parameters of standard equivalent 
schemes to the experimental values of the real 
(Z′) and imaginary (Z′′) components of complex 
impedance (Z*). The values of σ are well 
reproduced in heating/cooling cycles. Therefore, 
conductance occurs not due to surface conductivity 
or metastable defects but it is an equilibrium 
characteristic of the substance. 

Analysis of the spectra of complex impedance, 
the frequency and temperature dependencies of 
conductivity showed that the experimentally 
measured impedance of LTO is described by the 
equivalent circuit consisting of three serially 
connected (R/CPE)-elements, where CPE is a 
constant phase element (see Fig. 2). Each element 
of the circuit corresponds to a separate stage of 
ion transfer in the material. 

The first element of the equivalent circuit 
describes the fastest stage, which is characterized 
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by the highest conductivity σ
1
 with the lowest 

activation energy E
1
 = 0.31 eV. This stage is likely 

to be due to local jumps of lithium cations in LTO 
lattice. It was established on the basis of the 

results of ab initio modeling by means of molecular 
dynamics that the distribution of energy barriers 
for the conductivity of lithium ions is extremely 
complicated. As a consequence of random 
distribution of lithium and titanium atoms, the 
major positions of lithium in the lattice are 
nonequivalent. Calculation results show that the 
lowest energy barrier corresponding to local 
displacements of lithium cations is about 0.30 eV 
[14]. The possibility of migration for lithium ions 
with low activation energy was predicted by 
theoretical estimations described in [15]. These 
data are confirmed by the presence of the 
contribution from high-frequency conductivity 
with low activation energy in the samples under 
study. A similar contribution provided by the 
presence of LTO is observed also in LTС20 and 
LTС30 composites.

The second element of the equivalent circuit 
describes ion transfer through the volume of the 
material and is characterized by volume 
conductance σ

2
 with activation energy E

2
 = 

0.60  eV. This activation energy is in agreement 
with calculation data described in [14]. The value 
of LTO conductivity at room temperature as 
determined by us (2.5•10–9 S/cm) gets within the 

Fig. 1. Diffraction patterns of LTO (a) and LTС30 composite (b).

Fig. 2. Comparison of the temperature dependencies of the 
conductivities of LTO and LTС20, LTС30 composites. The 
equivalent electric circuit used to interpret the data obtained 
by means of impedance spectroscopy is shown in the insert in 
the upper part. The values of s

1
, s

2
 and s

3
 correspond to the 

elements with resistance R
1
, R

2
 and R

3
 of the equivalent circuit.  
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range of values reported in the literature: from 
8•10–10 [16] to 7.6•10–8 S/cm [17]. Low conductivity 
values may be explained by the absence of 
vacancies in 8а positions and interstitial lithium 
ions in 16с positions of the spinel structure. 

The third element of the equivalent circuit 
describes the transfer of ions through intergrain 
boundaries and is characterized by the effective 
conductivity s

3
 with activation energy E

3
 = 

0.76 eV. This process is limited by the contribution 
from grain boundaries into the total impedance of 
the sample. 

Sample conductivity measured at the direct 
current, s

dc
 = 1/(1/s

1
 + 1/s

2
 + 1/s

3
), is limited at 

low temperatures by s
3
 value. This value, 

determined by the resistance of grain boundaries, 
depends on the size of particles in the samples, 
pellet density and the presence of impurities 
adsorbed on grain boundaries. The addition of a 
small amount of Li

2
TiO

3
 into LTO leads to a 

decrease in the resistance of grain boundaries 
and an increase in σ

3
. In spite of the difference in 

the symmetry of crystal structures, LTO and 
Li

2
TiO

3
 possess similar chemical and physical 

characteristics, their densities at room 
temperature differ by 1.5 %. Therefore, it may be 
expected that adhesion between LTO and 
Li

2
TiO

3
is strong, and a good interfacial contact is 

formed between the components during sintering 
of their mixture. Additional point defects may 
arise at the LTO/Li

2
TiO

3
 interface due to the 

surface interaction between the phases, 
accompanied by the transfer of cations from one 
phase into another. Similar processes are 
characteristic of composite solid electrolytes [18]. 
The change of morphology with the transition 
from LTO to composites is shown schematically 
in Fig. 3. As a result, the concentration of charge 
carriers near the interface increases, which leads 
to a decrease in the resistance of the grain 
boundary (an increase in σ

3
) for LTС20 sample to 

the values comparable with the volume 
conductivity of LTO. Because of this, there is no 
contribution from the second element of the 
equivalent circuit into total impedance of this 
composite (see Fig. 2). With an increase in the 
concentration of Li

2
TiO

3
 , the contacts between 

LTO particles get broken as a consequence of an 
increase in the number of particles of the 
dielectric phase Li

2
TiO

3
 , which leads to an 

increase in the resistance of grain boundaries. As 
a result, σ

3
 becomes substantially lower than the 

volume conductivity of LTO. 

Because of relatively high conductivity of 
composites with respect to LTO, the electrodes 
made of LTO/Li

2
TiO

3
 may operate at higher 

charging and discharging modes. In addition, 
they possess higher charging capacity due to the 
effect of the boundaries between the phases, 
which provides the appearance of new positions 
in Li

2
TiO

3
 structure in which lithium cations may 

be arranged [9].

CONCLUSION

The conductivity of ceramic LTO and 
composite LTO/Li

2
TiO

3
 samples containing 

different amounts of Li
2
TiO

3
 is investigated. Using 

impedance spectrometry, three contributions into 
the total resistance of samples were distinguished. 
These contributions correspond to fast local 
motions of lithium cations in the structure (σ

1
), 

volume conductivity (σ
2
) of the sample, and the 

contribution determined by the resistance of 
grain boundaries in the ceramics (σ

3
). Conductivity 

values measured at the direct current at room 
temperature are higher in the composites than in 
LTO, which is explained by a lower resistance of 
grain boundaries due to the effect of LTO/Li

2
TiO

3
 

interfaces in the composites.
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