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1. INTRODUCTION 

In recent years, spinel Li4Ti5O12 is being considered as one 
promising alternative to graphite to be an anode material for lith-
ium-ion batteries. Li4Ti5O12 has an excellent cycle performance 
due to its small volume change (the so-called zero-strain material) 
during charge–discharge cycling [1], excellent lithium insertion–
extraction reversibility and a high theoretical capacity of 175 
mAh.g−1. It has very flat charge and discharge curves and the po-
tential for Li-insertion is about 1.55 V vs. Li+ /Li [1-3], which is 
above the potential range where most electrolytes are reduced. 
This makes Li4Ti5O12 a promising anode material of lithium ion 
batteries for safety concerns [4]. Although its medium level of 
discharge voltage discourages the application as a positive elec-
trode, Li4Ti5O12 can be coupled with a high-voltage electrode such 
as LiMn2O4, LiCoO2, LiCoPO4 or LiFePO4 to provide a cell with 
an operating voltage above 2.0 V [4-8]. 

The synthesis process plays a major role in improving the phys-
icochemical properties of the electrode materials. And it is well 
known that the use of nanophase Li4Ti5O12 as electrode reduces the 
diffusion length leading to improved lithium intercalation kinetics 
[9-11]. Moreover, the use of nanomaterials allows for an increased 
number of active sites for surface reaction decreasing the local 
current density which, in turn, lowers the over potential and leads 

to high rate capability [12, 13]. Various techniques for the prepara-
tion of nanostructured Li4Ti5O12 have been reported in the litera-
tures. These include emulsion gel [14], spray drying [15], hydro-
thermal [16-18], and sol–gel method [19-25]. However, such wet 
chemical synthesis methods are complicated and always require a 
non-aqueous medium which increases the cost. Up to now, the 
solid-state reaction is still the most attractive process for potential 
industrial application because it has a series of advantages such as 
simple process, without using solvent and friendly to the environ-
ment. In most of previous works, using bulk TiO2 and 
Li2CO3/LiOH/LiAc as the raw materials, high-temperature calcina-
tion and prolonged time were always necessary to improve the 
phase purity [26-31]. These synthetic conditions (for example, 
sintering time and temperature), which require long-range diffu-
sion of the reactants, may result in non-homogeneity, irregular 
morphology, large particle size, broad particle size distribution, 
and poor control of stoichiometry. In order to avoid the problem 
above mentioned, the precision control of starting mixture is very 
important to decrease the temperature and time of calcination and 
prepare Li4Ti5O12 in nanometer regime. 

In this study, we obtained the starting mixture precursor by hy-
drolysis precipitation using the raw materials of tetrabutyl titanate 
(Ti(OC4H9)4), lithium acetate (LiAc·2H2O). The conditions to 
prepare spinel Li4Ti5O12 with narrow size distribution were opti-
mized, and the electrochemical properties of the prepared 
Li4Ti5O12 were characterized. 
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2. EXPERIMENTAL 

2.1. Sample preparation and characterization 
All chemicals were used as received. Tetrabutyl titanate (CP) 

was procured from Shanghai Meixing Industries Co. Ltd., China 
and lithium acetate (AR) from Shanghai Hengxin Chemical Re-
agent Co. Ltd., China. Typically, 0.5 mol of tetrabutyl titanate was 
dissolved in ethanol to obtain solution A. A stoichiometric lithium 
acetate with a Li:Ti molar ratio of 4:5 was dissolved in deionized 
water to obtain solution B. To compensate for the Li2O sublimation 
during the thermal treatment, a LiAc.2H2O weight excess from 2% 
to 10% was adopted. Then, the LiAc aqueous solution was dropped 
slowly into Ti(OC4H9)4 ethanol solution under magnetic stirring. In 
this dropping process, the solution turn to white as Ti(OC4H9)4 
hydrolyzing. After 1 h stirring, the white solution was treated at 80 
�  to remove solvents gradually, and became a precursor finally. 
Then, the dry precursor was ground and calcined at different tem-
perature for 12 h in air at a heating rate of 5 � /min, followed by 
natural cooling in the furnace. Finally, a white powder with amount 
of about 45 g was obtained. All electrode active samples were pre-
pared according to above sequence. 

The thermal analysis (TGA-DSC, SDT Q600) to determine suit-
able temperatures for calcining the precursor were performed with 
�-Al2O3 as the reference substance at a heating rate of 5 � .min−1 in 
air. The crystal structures of the as-prepared powders were carried 
on X-ray diffractometry (XRD, RIGAKU DMAX-33) using Cu K� 
radiation (�= 1.5418×10−10 m). The morphological characteristics 
of the powders were investigated using scanning electron micros-
copy (SEM, Hitachi TM3000). 

2.2. Electrode preparation and electrochemical 
characterization 

A two electrode coin-type cell (CR 2032) was fabricated for 
charge–discharge tests. To make the working electrode, 80 wt.% 
Li4Ti5O12, 10 wt.% super-P carbon, and 10 wt.% polyvinylidene 
fluoride (PVdF) were mixed well together in N-methyl pyrrolidone 
(NMP). The prepared slurry was spread uniformly on current col-

lectors of copper foil (10 �m), and it was dried overnight at 100 �  
in vacuum. The test cell is a two-electrode system and all of the 
cells were assembled in a glove box filled with dry argon gas. A 
lithium foil was used as the counter electrode, and a microporous 
polypropylene film (Celgard, 2400) was used as the separator. An 
equal volume of the ethylene carbonate (EC) and diethyl carbonate 
(DEC) (1:1) solvent with 1M lithium hexa-fluoro-phosphate 
(LiPF6) salt was used as an electrolyte. The polypropylene mem-
brane was soaked in the electrolyte for 24 h prior to use. The spe-
cific capacity and current density were based on the active material 
(Li4Ti5O12) only, which was typically 6–7 mg per electrode with a 
surface area of about 2 cm2. 

Galvanostatic charge–discharge test was performed using auto-
matic charge–discharge equipment (Land 2001A) in a potential 
range of 1.0–3.0 V versus Li+/Li electrode at 0.1 C rate (16.7 
mA.g−1). All electrochemical experiments were conducted at room 
temperature with a constant humidity. 

3. RESULTS AND DISCUSSION 

DSC/TGA was performed on the dry precursor powders prepared 
from hydrolysis precipitation with 8% Li weight excess, which was 
provided to compensate for the loss of Li during thermal treatment 
according to the other researchers’ work [32]. The thermal treat-
ment temperature is in the range of 30 to 1000 � . The result is 
shown in Fig.1. The figure clearly shows a step-like pattern of 
weight loss for the precursor. There are two distinct steps of weight 
loss. The first step of weight loss below 100 �  is attributed to the 
vaporization of residual organic substance and the decomposition 
of water from LiAc.2H2O in the precursor powders. The weight 
loss is about 22% in this process. The endothermic peak in the DSC 
curve centered at 65 �  comes from the melt of LiAc. The weight 
loss of the second step is about 25%. But two strong exothermic 
peaks are observable in this stage. The exothermic peak centered at 
330 �  is due to the decomposition of the containing Ti(OH)4 in the 

 

Figure 2. XRD patterns of the samples calcined at 800 �  for 12h 
with (a) no Li excess, (b) 8% Li excess. The main diffraction 
peaks of Li4Ti5O12 and rutile phase TiO2 are marked in the dia-
graph. 
 

 

Figure 1. TGA and DSC curves of the dry precursor powders pre-
pared from hydrolysis precipitation with 8% Li excess. 
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precursor, which comes from the hydrolysis of Ti(OC4H9)4, and 
another peak centered at 360 �  is attributable to the decomposition 
of LiAc. Above 500 � , no obvious weight loss is observed in the 
TGA curve. But the broad endothermic peak observed in the DSC 
curve indicates the reaction between Li2O and TiO2 continue to 
occur higher than 500 � . In order to investigate the effect of Li 
excess on the crystal structure, the morphology and the electro-
chemical performance of the Li4Ti5O12 anode powders, the follow-
ing calcination temperature for the dry precursor powders is firstly 
carried out at 800 � , assuring the complete reaction. 

The XRD patterns and SEM images of the samples calcined at 
800 �  for 12h with no Li excess and 8% Li excess are presented in 
Fig.2 and Fig.3. It can be seen that the primary product for the sam-
ple with no Li excess is a mixture of spinel-type Li4Ti5O12 phase 

 

Figure 5. XRD patterns of the as-prepared samples with 8% Li 
excess calcined at 600 �  and 750 �  for 12h. The main diffraction 
peaks of Li4Ti5O12, rutile phase TiO2 and anatase phase TiO2 are 
marked in the diagraph. 
 
 

 

Figure 4. The initial charge-discharge profiles of the as-prepared 
oxides with different Li excess from 1 to 3V at 0.1C rate. 
 

 

a 

c 

b 

Figure 3. SEM images of the samples with (a) no Li excess, (b) 
8% Li excess calcined at 800 �  for 12h and (c) 8% Li excess 
calcined at 750 �  for 12h. 
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with Ti deficit and rutile-type TiO2. But when 8% excess of Li is 
considered, very minor amount of rutile TiO2 was detected. The 
mean size of the powders with no Li excess measured from the 
SEM image is much larger than that of the sample with 8% Li ex-
cess due to the fairly existing TiO2 phase. The initial charge-
discharge test shown in Fig.4 presents that the electrode material 
with 8% Li excess have the best performance, comparing with the 
other samples with 0%, 2%, 5% and 10% Li excess. So 8% Li ex-
cess is considered hereafter. 

Fig.5 shows the XRD patterns of the as-prepared samples with 
8% Li excess calcined at 600 �  and 750 �  for 12h. After the cal-
cination at 600� , the product mainly comprises Li4Ti5O12 phase, 
anatase-type TiO2 and rutile-type TiO2 based on the XRD results. 
With the increase of calcination temperature, the peak intensity of 
the spinel Li4Ti5O12 increases greatly, indicating that much more 
Li4Ti5O12 is formed as well as the improved crystallinity of the 
material with temperature. Meanwhile, no obvious diffraction 
peaks of rutile TiO2 and anatase TiO2 are detected after the calcina-
tion at 750 � . But with increasing temperature to 800 � , the dif-
fraction peaks corresponding to rutile-type TiO2 phase emerge 
again, as shown in Fig.2. This may be attributed to the much more 
loss of Li by evaporation at temperature higher than 750 � , which 
is corresponding to the weight loss in the TGA curve as shown in 
Fig.1. Therefore, it suggests that the precusor powder from the 
hydrolysis precipitation can be transformed into spinel Li4Ti5O12 

after calcination at 750 � , which greatly increases the precise 
stoichiometry of the oxide. The sample calcined at 750 �  has a 
much smaller particle size and a more homogenous distribution 
than that of the sample calcined at 800 �  as shown in Fig.3. 

To clarify the effect of impurity on the electrochemical perform-
ance of the Li4Ti5O12, some electrochemical tests were carried out. 
Fig.6 shows the charge–discharge curves of the as-prepared oxides 
after the calcination between 600 �  and 900 �  at 0.1 C rate over 
the potential range of 1.0-3.0 V (versus Li+/Li). It can be seen that 
the oxides calcined between 700 �  and 850 �  exhibit extremely 
flat discharge/charge plateaus at the voltage about 1.5–1.6V (versus 

Li+/Li), which is an intrinsic electrochemical property of spinel 
Li4Ti5O12. Moreover, the small potential difference between charge 
and discharge plateau is only 60 mV, indicating that the polariza-
tion of all the samples is very low. However, the charge plateau of 
the sample after the calcination at 900 �  departs from the standard 
potential gradually. The main reason is perhaps due to the high 
lithium deficiency in Li4Ti5O12 from the evident lithium evapora-
tion at high temperature, which causes the high polarization of the 
electrode. The sample calcined at 750 �  exhibits the best electro-
chemical performance with a discharge specific capacity of 152 
mAh.g−1 and 97% coulombic efficiency, while the sample calcined 
at 900 �  exhibits a specific capacity of only 92.5 mAh.g−1 in the 
first cycle. 

Different from the anodes prepared from the calcination higher 
than 700 � , which show only one discharge/charge voltage plat-
form at ~1.5 V/~1.6 V, the 600 �  calcined one shows two dis-
charge/charge platforms, one around 1.7 V/1.9 V and the other at ~ 
1.5V/1.6V. As observed in Fig.5, the 600 �  calcined sample is 
characterized by the presence of noticeable amount of anatase-type 
TiO2 impurity. And some literatures also testified that the dis-
charge/charge platform at ~1.7 V/1.9 V is an intrinsic electrochemi-
cal property of anatase TiO2 [33-35]. We also synthesized anatase 
TiO2 through the hydrolysis precipitation without adding the LiAc 
and tested the pure anatase-type as the anode at the dis-
charge/charge rate of 0.1 C. As shown in Fig.7, broad discharge 
and charge platforms are observed at the voltages of 1.8 V and 1.9 
V, respectively. Such results strongly support that the second dis-
charge/charge platforms for the 600 �  calcined sample are origi-
nated from the lithium intercalation and de-intercalation into the 
impurity phase of anatase-type TiO2 in the anode. 

The cycling stability of the 750 �  calcined sample with 8% Li 
excess, which has the highest initial discharge capacity, is shown in 
Fig.8. High cycling stability was observed. At 0.1 C rate, the decay 
in discharge capacity after the 7 cycles was only 2.6%. It suggests 
the high reversibility and stability of the Li-intercalation and de-

 

Figure 6. The initial charge-discharge profiles for the as-prepared 
oxides after the calcination at between 600 �  and 900 �  for 12h 
at 0.1C rate. 
 
 

 

Figure 7. A comparison of discharge and charge curves of pure 
Li4Ti5O12, anatase TiO2 and the as-prepared oxides after the calci-
nation at 600 �  at 0.1 C rate. 
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intercalation through the as-prepared Li4Ti5O12. 
The spinel Li4Ti5O12 with smallest possible particle size and 

highest possible phase purity exhibits the best electrochemistry 
performance. So the lowest possible temperature is needed to syn-
thesize phase pure and well-crystallized Li4Ti5O12 nanoparticles via 
a solid state route, which is the most attractive process. Different 
from the conventional solid-state reaction, the hydrolysis precipita-
tion as the precursor is obtained firstly in this study. The precise 
control and uniform mixing of the reactants are realized, which is 
very important to the preparation of pure Li4Ti5O12. Meanwhile, the 
newly formed reactant mixture is highly likely to be interconnected 
with each other and the reactivity of them is elevated through the 
hydrolysis precipitation reaction, which will decrease the following 
calcination temperature finally. 

 

4. CONCLUSION 

We have synthesized spinel Li4Ti5O12 materials as the negative 
electrode for Li-ion batteries using a hydrolysis precipitation-
assisted solid state method. The influence of hydrolysis precipita-
tion is positive to the preparation of Li4Ti5O12 at the lowest tem-
perature. A pure Li4Ti5O12 phase not containing an impurity phase 
is obtained based on the XRD measurements, when the precipita-
tion precursor mixture with 8% excess lithium is calcined at 750 �  
for 12h. The as-obtained Li4Ti5O12 powder is in a narrow size dis-
tribution. Accordingly, it shows the higher capacity of �152 
mAh.g−1 at 0.1 C rate, comparing with the Li4Ti5O12 products con-
taining impurity phases, such as rutile TiO2 and/or anatase TiO2. 
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