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ABSTRACT

The spinel material Li
4
Ti

5
O

12
 has attracted considerable attention as an anode electrode material for many battery applica-

tions owing to its light weight and high energy density. However, the real capacity of Li
4
Ti

5
O

12
 powder as determined by the

solid-state method is lower than the ideal capacity. In this study, we investigated the effect of the dopants in M-doped spinel

Ba
x
Li

4-2x
Ti

5
O

12
(x=0.005, 0.05, 0.1) powders prepared by the solid-state reaction method and used as the anode material in lithium-

ion batteries. The results confirmed the effect of the Ba and Sr dopants on the powder properties of the spinel Li
4
Ti

5
O

12
, which

exhibited a pure spinel structure without any secondary phase in its XRD pattern. Moreover, the electrochemical properties of

the spinel M-LTO materials were investigated using a half cell. The electrochemical data show that cells with anodes made of

undoped Li
4
Ti

5
O

12
 and Ba- and Sr-doped Li

4
Ti

5
O

12
 have discharge capacities of 97, 130, and 112 mAh/g, respectively, at the first

cycle. Moreover, the Ba- and Sr-doped spinel Li
4
Ti

5
O

12
 demonstrated good properties in the mid-voltage range at 1.55 V, showing

stable cyclic voltammogram properties which surpassed those of the same material without Ba or Sr at 1 C after 100 cycles. 
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1. Introduction

ithium-ion secondary batteries have been widely used

in potable electronic devices such as cameras, cellular

phones, and notebook personal computers due to their

advantages of a high density and a light weight.1) LiCoO
2
/

graphite is the most widely used electrochemical couple in

commercial lithium ion batteries. 

However, highly lithiated LiC
6
 electrodes are highly reac-

tive, as they operate close to the potential of metallic lith-

ium at full charge during the charge process. In order to

resolve the safety limitations of lithium ion cells, cells con-

taining a nickel-based cathode and the spinel Li
4
Ti

5
O

12
 as

an alternative anode have been studied. Li
4
Ti

5
O

12
 spinel is

regarded as an ideal anode material with good cycle proper-

ties due to the absence of strain or changes when lithium

intercalates and deintercalates.2) Moreover, It has a stable

mid-discharge voltage close to 1.55 V versus Li+/Li,3) and its

chemical coefficient is 10-6 cm2s-1.4) As spinel Li
4
Ti

5
O

12
 has a

higher voltage than carbon materials, it can be coupled with

cathode materials with higher voltages. Moreover, Li
4
Ti

5
O

12

and cathode materials such as LiMn
2
O

4
 share the same

spinel structure with the same space group, Fd3m.

However, spinel Li
4
Ti

5
O

12
 is an insulator, which results in

its having a low rate capability, and the electrochemical prop-

erties of the powder synthesized using the solid-state method

are lower than those of the material obtained using the new

synthesis method, due to the poor crystallinity of the former.5)

Other reports indicated that doping the structure with a

small amount Ta5+ ions into the Ti4+ lattice6) or Mg2+ and Al3+

ions into the Li+ lattice7,8) helps to improve the conductivity

and electrochemical properties. There was also a report in

which Ba- and Sr-doped Li
2
MTi

6
O

14
 were used as alternative

anodes to Li
4
Ti

5
O

12
.1) However, these materials still exhib-

ited a poor mid-discharge voltage or unstable structure. 

In this study, we examine the effect of two dopants, Ba2+

and Sr2+, on the structure of Li
4
Ti

5
O

12
 in an effort to improve

the electrochemical properties of spinel Li
4
Ti

5
O

12
. We found

that the unstable voltage and structural properties of

Li
4
Ti

5
O

12
 synthesized by the solid-state method can be

improved by doping it with Ba2+ and Sr2+. The effects of Ba2+

or Sr2+ doping on the structure and electrochemical proper-

ties are discussed in detail. The structural properties of the

M
x
Li

4-2x
Ti

5
O

12
 (M=Ba, Sr) powder were characterized by X-

ray diffraction and scanning electronic microscopy. The elec-

trochemical properties of the materials were characterized

by impedance measurements and a charge-discharge tester.

2. Experimental

Spinel Li
4
Ti

5
O

12
 materials were prepared from Li

2
CO

3
,

TiO
2
 and BaCO

3
 or SrCO

3
 dopants. Fine powders of Li

2
CO

3

and TiO
2
 were mixed at a 1:1 mole ratio and doped with

0.0005 mol of BaO or SrO. The samples (Li
4
Ti

5
O

12
:LTO,

Ba
0.0005

Li
3.9990

Ti
5
O

12
:Ba-LTO, and Sr

0.0005
Li

3.9990
Ti

5
O

12
:Sr-LTO)

L
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were synthesized by the solid-state method under heating

at 950oC for 6 h in air. The crystal structures of all of the

samples were characterized by XRD (D/max, Rigaku Corpo-

ration, Japan) and the particle morphology and size were

observed by SEM (JSM-6380, Jeol, Japan). 

The two-electrode half cells were assembled as follows.

Electrodes were made by coating pastes containing LTO, Ba-

LTO and Sr-LTO as the active material, a super P carbon

conducting additive, and poly binder (PVDF) at a

70:25:5 wt% ratio on a copper foil collector. The electrode

foils had a surface area of 3×3 cm2 and contained 1~1.5 mg

of the active material. A 1 mol/L solution of LiPF
6
 dissolved

in EC/EMC at a 1:2 volume ratio was used as the electro-

lyte. Li metal was used as the counter and reference elec-

trodes and Celgard as the separator. All half cells were

fabricated in a glove box filled with Ar gas (99.999%). The

cells were charged and discharged (BTS-EDLC 100, Human-

Technology, Korea) at a constant current density of 100 mA/

g between 3.0 and 1.0 V vs. metallic lithium in the first cycle.

Electrochemical impedance measurements (VSP, Bio-Logic

SA, America) were carried out in the frequency range of

100 kHz to 10 MHz with an excitation signal of 20 mV at

room temperature. Cyclic voltammogram (VSP, Bio-Logic

SA, America) tests were performed in the range of

1.0 V~3.0 V at a scan rate of 0.5 mV/s. 

3. Results and Discussion

3.1. Crystalline structure

Fig. 1 shows XRD patterns of the samples synthesized by

the solid-state method. All of the samples show sharp peaks

indicating their good crystalline structure. All consist of a

single-phase cubic material with the space group, Fd3m,

which has predominantly the (111) orientation. To under-

stand the effects of Ba and Sr doping on the structural prop-

erties of the Li
4
Ti

5
O

12
 anode material, the lattice parameters

of the Ba and Sr-doped materials were compared those of

LTO. The lattice parameters of LTO were 8.342 Å,

V=580.59 Å
3, those of Ba-LTO were 8.359 Å, V=584.09 Å

3,

and those of Sr-LTO were 8.343 Å, V=580.81 Å
3. The param-

eters of the Ba- and Sr-doped LTO are larger than those of

LTO. The slight increase in the unit cell parameters and vol-

umes of Ba and Sr-LTO was expected, as the Ba2+ and Sr2+

ions entered into the crystal lattice, in both cases. The vol-

ume expansion of the unit cell assists the intercalation and

deintercalation of Li ions during the charge-discharge pro-

cesses, which would increase the conductivity.9)

The SEM images of the samples are shown in Fig. 2. Accord-

ing to Fig. 2, the particle sizes of the Ba- and Sr-doped LTO

are smaller than that of the un-doped LTO. The dopants help

to reduce the particle size and produce an agglomerate of

small particles with a chain-like structure. They help to

improve the electrochemical properties by aiding the conduc-

tive material, super P, to penetrate between the particles of

the reacting precursors, resulting in their thorough mixing.10)

The Li ions can easily move due to the increase in the lat-

tice parameters without any structural changes. The elec-

trode made of LTO showed the best characteristics due to the

reduced particle size through the doping with Ba or Sr. 10)

3.2. Electrochemical characteristics 

Fig. 3 shows the impedance spectra after cycling. As

shown in Fig. 3, there is a significant difference between the

first cycle and 100th cycle. 

The electrolyte resistance and contact resistance are iden-

tical in all of the samples. (The minimum value of Z appears

to be 1~3 Hz.) Therefore, the semicircle is closely related to

the powder density. Fig. 3(a) shows that the resistance of the

Ba- and Sr-doped LTO at the first cycle is larger than that of

undoped LTO due to the increase in the surface areas caused

by the dopants entering into the surface vacancies at the

same frequency. After the 100th cycle, the contact resistance

was changed in all of the samples. We confirmed that Ba and

Sr-LTO showed a decrease in their internal resistance and

Fig. 1. X-ray diffraction patterns of (a) Li
4
Ti

5
O

12
 and (b) Ba-,

and (c) Sr-doped spinel Li
4
MTi

5
O

12
 synthesized by the

solid-state method for 6 h at 950oC.

Fig. 2. Scanning electron micrographs of (a) LTO, (b) Ba-
LTO, and (c) Sr-LTO powder.
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an increase in the frequency between the electrolyte and the

approximal surface (LTO=0.3, Ba-LTO=56, Sr-LTO=86 Hz).

Because the surface area between the electrolyte and LTO

particles was increased, the capacity of each of the particles

increased due to of the large surface area available for the

intercalation and deintercalation of Li ions.

The cyclic voltammograms of the samples recorded at a

scan rate of 0.5 mV/s between 3.0 and 1.0 V are shown in

Fig. 4. The kinetics of lithium intercalation into and deinter-

calation from Ba-LTO and Sr-LTO in the first cycle displays

relatively good properties. However, after the 100th cycle,

LTO did not undergo smooth oxidation/deoxidation,

whereas the oxidation/deoxidation of Ba-LTO or Sr-LTO

proceeded smoothly, although at a reduced capacity. 

The oxidation and reduction processes of Fig. 4(a) show

major peaks centered at 1.8 V and 1.4 V, respectively. A

minor peak at 1.0 V corresponding to the irreversible capac-

ity was observed in the discharge process. Moreover, the

redox peak underwent changes after the 100th cycle. Accord-

ing to Fig. 4(a), the anode peak became wider and the cath-

ode peak almost appeared. The anodic scan after the 100th

cycle is shifted by 0.45 V to a higher voltage (Fig. 4(a)). This

Fig. 3. Impedance spectra after (a) the first cycle and (b)
100th cycle of a Li half cell.

Fig. 4. Cycle voltammograms of (a) LTO, (b) Ba-LTO and (c)
Sr-LTO anode materials during the first cycle and
after the 100th cycle. The scan rate was 0.5 mVs-1

between 1.0 V~3.0 V.
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Fig. 5. The charge/discharge properties in the first cycle of all
of samples ((a) LTO, (b) Ba-LTO, and (c) Sr-LTO) at
0.1 C.

Fig. 6. Cycling properties of all of samples ((a) LTO, (b) Ba-
LTO, and (c) Sr-LTO) at a rate of 1 C (Discharge pro-
cesses).

Fig. 7. X-ray patterns of a (a) LTO, (b) Ba-LTO, and (c) Sr-LTO electrode sheet before cycling and after the 100th cycle between
1.0~3.0 V at a current of 10 mAs-1 (▲ : titania sheets exfoliated).
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behavior implies that structural degradation occurs during

the lithium intercalation/deintercalation process of LTO.11)

Ba-LTO and Sr-LTO showed decreased capacity, but oxi-

dation and deoxidation progressed smoothly compared to

LTO. The Ba or Sr ions fill the vacancies and act as a bridge

between the particles,1) resulting in a decrease in the break-

down of the structure due to the intercalation/deintercala-

tion of the Li ions. The Ba or Sr ions assist the movement of

Li ions by preventing the ordering of the vacancies, as they

have a pillaring effect.12)

Fig. 5 compares the first cycle performance of the LTO, Ba-

LTO, and Sr-LTO electrodes between 1.0 and 3.0 V at a rate of

0.1 C. The discharge capacities of the samples were 97 mAh/g,

130 mAh/g, and 112 mAh/g at 0.1 C, respectively, with the

capacity of Ba-LTO being 33 mAh/g higher than that of LTO.

Their columbic efficiencies in the first cycle were 75.2%, 98.5%,

and 94.9%, respectively. LTO has an extensive irreversible

range. Moreover, Ba-LTO and Sr-LTO were very stable in the

mid-voltage range of 1.5~1.6 V during the discharge process.

The M-doped LTO has better reversible properties than the

un-doped LTO. As the doping process of Ba and Sr progressed,

a part of the extra charge led to an increase in the capacity and

electric conductivity,1) and the irreversible capacity was

decreased, as shown impedance results. 

The cycle performances of LTO, Ba-LTO, Sr-LTO at a rate

of 1 C with a voltage of 1.0~3.0 V are shown in Fig. 6. The

cycle properties of the undoped and doped LTO show a clear

difference. For both LTO and Sr-LTO, their capacities rap-

idly changed at the 40th and 70th cycles, respectively. In the

charge/discharge graph, rather than a capacity increase, a

broken cell ensued, as shown in Fig. 7. However, in the case

of Ba-LTO, the electrode cell remained stable up to the 100th

cycle and both Ba-LTO and Sr-LTO exhibited greater struc-

tural stability than LTO. 

This study of the electrochemical properties showed that

the Ba and Sr ions enter into the vacancies, thereby increas-

ing the stability of LTO during the intercalation/deinterca-

lation of the Li ions by acting as a bridge between the

particles. Moreover, the unstable mid-voltage range of LTO

was maintained at 1.5~1.56 V, while the charge/discharge

capacity and cycle performance were enhanced. 

4. Conclusion

 In this work, BaO or SrO dopant was doped into Li
4
Ti

5
O

12

prepared by a solid-state reaction method for the purpose of

improving its properties. The particle size of the product was

decreased and its lattice parameters increased. The proper-

ties of Ba
0.005

Li
3.9990

Ti
5
O

12
 and Sr

0.005
Li

3.9990
Ti

5
O

12
 were investi-

gated in comparison to those of Li
4
Ti

5
O

12. 
Ba

0.005
Li

3.9990
Ti

5
O

12

and Sr
0.005

Li
3.9990

Ti
5
O

12
 were found to have good properties

in the mid-voltage range at 1.55 V, showing stable cyclic

voltammogram properties which were better than those of

LTO without Ba or Sr at 1C after the 100th cycle.

Ba
0.005

Li
3.9990

Ti
5
O

12
 and Sr

0.005
Li

3.9990
Ti

5
O

12
 showed an irre-

versible capacity and stable voltage due to the enhancement

of their electric conductivity. Moreover, they exhibited a

greater capacity (40 mAh/g) and stable structural properties

up to the 100th cycle at a rate of 1 C.
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