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< The over-discharge performance of La-modified Li4Ti5O12 anode is first reported.
< La modification improves the conductivity and reversibility of the Li4Ti5O12.

< La-modified Li4Ti5O12 anodes remarkably exhibit high rate performance.
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a b s t r a c t

A micro-sized particle Li4Ti5�xLaxO12 (0 � x � 0.2) material has been synthesized by a simple solid-state
method at air. The obtained Li4Ti5�xLaxO12 materials are Li3xLa2/3�xTiO3 (LLTO)eLi4Ti5O12 (LTO) solid
solution, and well crystallized with a particle size in the range of 1e2 mm. The electronic conductivity and
lithium diffusion coefficient of La-modified LTO (Li4Ti4.95La0.05O12) are improved because LLTO exhibits
a high ionic conductivity during Liþ extraction. Li4Ti4.95La0.05O12 material shows discharge capacities of
more than 206 and 197 mAh g�1 after 100 cycles at 1 C and 3 C chargeedischarge rates, respectively.
Especially, in rate performance, the Li4Ti5�xLaxO12 (x ¼ 0.1, 0.2) samples maintain capacity of about
181 mAh g�1 until 5 C rates after 200 cycles, while the pure LTO sample shows a severe capacity decline
at corresponding rate. These results suggest that La modifying is an effective way to improve the
chemical stability of the electrode in contact with the electrolyte and improve their cyclability and rate
capability during long term cycling. Since high rate performance is an important factor that needs to be
considered in fabricating power batteries in industry, the La-modified LTO moves closer to real and large-
scale applications.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Rechargeable lithium batteries (LIBs) arewidely used in portable
equipment today. However, there have always been safety issues
arising from their organic electrolytes or electrode materials. These
issues are becoming more serious with the increasing size of
batteries for use in electric vehicles (EVs), hybrid electric vehicles
(HEVs) or load-leveling applications [1,2]. Developing anode
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materials with high safety is one of the key challenges for lithium-
ion batteries. One of the key safety issues in anode for LIBs would be
the dendritic lithium growth on the anode surface at high charging
current because the conventional carbonous materials approach
almost 0 V versus Li/Liþ at the end of Li insertion [3]. Spinel
Li4Ti5O12 (LTO) has been viewed as one promising alternative to
graphite due to its small dimensional change during
chargeedischarge process and high insertion potential of 1.55 V,
which can avoid the reduction of electrolyte on the surface of
electrode. However, the poor electronic conductivity of Li4Ti5O12

limits the sufficient use for high current applications before any
materials modifications. The conductivity and rate performance of
LTO has been improved by coating with carbon or a metallic con-
ducting layer [4], by doping with metal ions (such as Zn2þ [5], Mg2þ

[6], Ni3þ [7], Al3þ [8], Cr3þ [9], Co3þ [9], La3þ [10,11], Ga3þ [12], Zr4þ
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Fig. 1. TGeDSC curves of the mixture of Li4Ti4.95La0.05O12 precursor powders.
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[13], Mo4þ [14], Ru4þ [15], V5þ [16,17], Nb5þ [18,19], Ta5þ [20]) or
non-metal ions (F� [21] and Br� [22]) in Li, Ti or O sites, or reducing
the particle size. Lithium-ion battery has a risk of explosion from
possible inner short circuit due to the drastic operational fault
conditions, such as over-charge, over-discharge, or short circuits.
An internal short is much more dangerous than an external short
circuit, because the former induces an enormous heat instanta-
neously and locally to cause thermal runaway of the electrolyte and
electrode materials [23]. High energy density can be obtained
either by high voltage or high capacity. Therefore, it is necessary to
study the over-discharge behaviors (down to 0 V) of Li4Ti5O12
anode materials considering the safety and energy density.
Although safety and excellent cyclability are contributed to the
commercial success of Li4Ti5O12 and future applications as anode
material of power sources (like HEV, EV), power sources also
require a high chargeedischarge rate capability. Hence, when the
electrochemical performances of different anode materials are
compared, loading is very important especially at high C rates.
Although Gao et al. [10,11] reported the electrochemical perfor-
mance of lanthanum-doped Li4Ti5O12 prepared by an outer gel
method. It is difficult to meet the commercial applications on
lithium-ion batteries due to the complicated synthetic routes and
high synthetic cost of solegel method mentioned above. From
a commercial viewpoint, the solid-state synthesis of LTO material
exhibits a potential commercial application due to the simple
synthesis route and low synthesis cost. In addition, Gao et al. [10,11]
only reported the electrochemical performance between 1 and 3 V,
and the chargeedischarge rate was not more than 2 C. To our
knowledge, no investigation was reported on the rate cycling
performance of lanthanum-modified Li4Ti5O12 (Li4Ti5�xLaxO12)
discharged to 0 V synthesized by the solid-state method. In the
present work, we reported the rate cycling performance of
Li4Ti5�xLaxO12 compound (0 � x � 0.2) prepared by the solid-state
method. A careful investigation has been carried out to give new
insights into the structural properties, rate performance, over-
discharge performance (down to 0 V) and the modifying effect on
the conductivity of the material.

2. Experimental

2.1. Material preparation

La-modified and pure lithium titanates, Li4Ti5�xLaxO12 (x ¼ 0,
0.05, 0.1, 0.15, 0.2) were synthesized by a solid-state reaction. TiO2,
Li2CO3, and La(NO3)3$6H2O, used as raw materials, were mixed by
ball milling for 4 h in an acetone slurry, followed by drying at 80 �C
for 12 h. Finally, the powders were calcined at 850 �C for 24 h in
a flowing air atmosphere to obtain the samples. Excessive Li (5 wt%)
was provided to compensate for the volatilization of Li during
synthesis.

2.2. Material characterization

Thermogravimetry-differential scanning calorimetric analysis
(TGeDSC) was performed using a NETZSCH STA 449C in the range
of 25e830 �C at a heating rate of 5 �C min�1 under flowing air
atmosphere. Powder X-ray diffraction (XRD) employing Cu Ka1
(10�<�2q< 80�) radiationwas used to identify the crystalline phase
of the prepared powders. Raman measurements were performed
on a SPEX-1403 Raman spectrometer. The laser light source was the
488 nm line of an Arþ laser excited at 400 mW. All the powder
samples were pressed into pellets before measurements. A Hitachi
S-4000 scanning electron microscope (SEM) was used for
morphological studies. Cyclic voltammetry was carried out using
a two-electrode system on a CHI 852C electrochemical working
station (CH Instrumental) between 0 and 3 V (versus Li/Liþ) at
a scanning rate of 0.2mV s�1. EIS measurements were carried out in
two-electrode cells by using Zahner Zennium IM6ex electro-
chemical workstationwith a�5mV ac signal and a frequency range
from 104 to 0.01 Hz. The electrochemical performances of the LTO
materials were evaluated using a battery test system, LAND
CT2001A model (Wuhan Jinnuo Electronics Co., Ltd.), and the cells
were tested at 0.5, 1, 3 and 5 C chargeedischarge rate between 0.0
and 2.5 V (versus Li/Liþ), respectively.

2.3. Battery preparation

To evaluate electrochemical performance, composite electrodes
were constructed bymixing the Li4Ti5�xLaxO12 (x¼ 0, 0.05, 0.1, 0.15,
0.2), polyvinylidene fluoride (PVDF) dissolved in N-methylpyrolline
and carbon black, in the weight ratios 82:10:8. The mixture was
prepared as a slurry and spread onto copper foil using the doctor
blade technique. Following evaporation of the solvent and drying,
electrodes were incorporated into an electrochemical cell (coin cell
CR 2025) in an Ar-filled glove box. Metal lithium was used as
counter and reference electrodes, Celgard 2300 as separators. The
electrolyte solution was 1 M LiPF6/ethlylene carbonate (EC)/
dimethyl carbonate (DMC)/ethylmethyl carbonate (EMC) (1:1:1 by
volume). The water content in the electrolyte was low than 1 ppm.

3. Results and discussion

Fig. 1 shows the TGeDSC curves of the mixture of precursor
powders with a heating rate of 5 �C min�1 from room temperature
to 830 �C in air. There are three temperature intervals where
significant mass loss can be detected. The first one is the interval
between room temperature and about 250 �C that corresponds to
the superficial water loss due to the hygroscopic nature of the
precursor complex and the crystal water in the sample. In the
second region (250e620 �C), the endothermic peak observed at
530 �C is accompanied by noticeable weight loss in the TG curve. It
can be considered as a result of the decomposition of the inorganic
constituents of the precursor followed by crystallization of spinel
Li4Ti4.95La0.05O12 phase. In the last region, the TG curve becomes
flat, indicating that no phase transformation occurs, and that any
further heating onlymakes the structure of samples more perfectly.
However, it can be clearly seen an exothermic peaks in the
DSC curves located at around 750 �C. This can be assigned to the
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phase-change reaction (formation of Li4Ti4.95La0.05O12) and the
completion of the crystallization reaction.

Fig. 2 shows the XRD patterns of the as-prepared Li4Ti5�xLaxO12
(0� x� 0.2). The diffraction patterns of all samples are similar, with
all the peaks indexable in the Fd-3m space group with a cubic
lattice, and no impurities are observed in pure Li4Ti5O12 samples.
The few impurity peaks observed in the XRD patterns of Li4Ti5�x-

LaxO12 (0.05 � x � 0.2) as shown in Fig. 2(bee) indicate that La-
modified Li4Ti5O12 material has an impure spinel structure, and
a little lanthanum element cannot substitute titanium element in
the octahedron 16d site. The reason may be due to the great
difference of ionic radius between La3þ ion (1.032 Å) [24] and Ti3þ

ion (0.67 Å [24]). The impurity can be identified as Li3xLa2/3�xTiO3
(LLTO) according to the XRD patterns [25]. Hence, Li4Ti5�xLaxO12
material may be a LLTOeLTO solid solution. It has been reported
that LLTO exhibits a high conductivity, which can arrive at
10�3 s cm�1 at room temperature for x ¼ 0.1 [26,27]. Li4Ti5�xLaxO12
(LLTOeLTO) may have a high conductivity due to the high
conductivity of LLTO. Hence, it can be expected that Li4Ti5�xLaxO12
has a good electrochemical performance. However, the peaks of the
Li4Ti5O12 shift to lower diffraction angles after La modifying, indi-
cating the lattice parameters increase after La modifying. However,
the positions of the diffraction peaks of Li4Ti5�xLaxO12

(0.05 � x � 0.2) almost are fixed when x values exceed 0.05. The
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Fig. 2. XRD pattern of as-prepared Li4Ti5�xLaxO12 (a) x ¼ 0; (b) x ¼ 0.05; (c) x ¼ 0.1; (d)
x ¼ 0.15; (e) x ¼ 0.2.
only difference is the intensity of the diffraction peaks for the
impurity (LLTO) increases with increasing of the modified La
contents. This indicates that only little La3þ can enter the crystal
lattice of Li4Ti5O12, and the modifying of lanthanum element makes
the crystal lattice expand to a certain extent because the radius of
La3þ ion is greater than that of Ti3þ ion. The expansile channels
reduce the block for the diffusion of Liþ, and then improve the
electrochemical performance of the material.

Raman spectra of Li4Ti5�xLaxO12 (0� x� 0.2) are shown in Fig. 3.
The typical Raman scattering features of the pristine Li4Ti5O12 are
well-evidenced in all samples. Each spectrum shows five main
Raman bands peaked at about 257, 348, 423, 674, and 748 cm�1

representing the features of the spinel structure (A1g þ Eg þ 3F2u)
[28]. The only difference is that the intensities of Raman signals for
modified samples are higher than that for the pristine compound.
Themost intense Raman signal at 673 cm�1 can be assigned toTieO
stretches in “TiO6” octahedral. The middle frequency bands at 348
and 423 cm�1 can be assigned to the stretching vibrations of the
LieO bonds in LiO4 and LiO6 polyhedra, respectively [29]. This
observation demonstrates the modification cannot change the
basic spinel structure of Li4Ti5O12.

Typical scanning electron microscope (SEM) images of the as-
prepared Li4Ti5�xLaxO12 (x ¼ 0, 0.05, 0.1) are shown in Fig. 4. It is
apparent that the morphologies of three samples are similar. All
material is well crystallized with a uniform and narrow size
distribution in the range of 1e2 mm.

Fig. 5 presents typical steady-state cyclic voltammograms (CVs)
of Li4Ti5�xLaxO12 (0 � x � 0.2) electrodes obtained at a scan rate of
0.2 mV s�1. The narrow oxidation peaks at about 1.7 V (anodic
delithiation) and the reduction peak at 1.5 V (cathodic lithiation)
can be attributed solely to the successive oxidation/reduction
reactions of the Ti3þ/Ti4þ couple in the cubic structure, compen-
sated by lithium deinsertioneinsertion. The voltage difference of
the Li4Ti5�xLaxO12 (0 � x � 0.2) electrodes between oxidation and
reduction peaks is listed in Fig. 5. DE (4a � 4c) is 244 mV for the
pristine electrode, obviously much larger than those for the La-
modified electrodes. Li4Ti5�xLaxO12 (x ¼ 0.05) sample shows the
lowest potential interval between anodic and cathodic peak
(207mV). The potential interval can be determined by the potential
polarization of the active material during charge and discharge
process. Hence, the low potential interval demonstrates that the
lithium insertion into the La-modified Li4Ti5O12 composite behaves
more likely as a Nernst system [30]. All these analyses show that
the improved dynamic behaviors can be attributed to the La
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Fig. 3. Raman spectra of as-prepared Li4Ti5�xLaxO12 (x ¼ 0, 0.05, 0.1, 0.15, 0.2) samples.



Fig. 4. SEM images of Li4Ti5�xLaxO12 prepared by the solid-state method (a) x ¼ 0, (b) x ¼ 0.05 and (c) x ¼ 0.1.
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modifying. Based on the results, it can be concluded that the
reversibility and electrochemical performance of La-modified
Li4Ti5O12 are significantly improved.

Electrochemical impedance spectroscopy (EIS) was performed
on the fresh coin batteries, and the corresponding Nyquist plots of
the spectra were presented in Fig. 6a. Fig. 6b shows the equivalent
circuit used to fit the EIS. All spectra have a depressed semicircle in
high frequency region and an inclined line in low frequency region.
The sloping line in the low frequency represents lithium diffusion
resistance within the anode indicating the Warburg impedance of
long-range Li-ion diffusion. The capacitive loop is caused by charge
transfer resistance (Rct) [31,32]. The intercept impedance on the
real axis corresponds to the solution resistance, and the depressed
semicircles at high frequency are reflective of SEI film [33]. From
Fig. 6, the charge transfer resistance of Li4Ti4.95La0.05O12 (551.1 U)
and Li4Ti4.9La0.1O12 (489.5 U) is much smaller than that of Li4Ti5O12
(755.9 U). It can be confirmed that the decrease of charge transfer
resistance is beneficial to the kinetic behaviors during charge/
discharge process. This indicates that La modifying in the Li4Ti5O12
is favorable to improve the conductivity, and then lead to the
improvement of rate performance. As mentioned above, the
Li4Ti5�xLaxO12 (0.05 � x � 0.2) may be a LLTOeLTO solid solution. It
can be concluded that La modifying in the Li4Ti5O12 is favorable to
improve the conductivity due to the formation of LLTO. In addition,
the increased slope in the low frequency end for the Li4Ti4.95-
La0.05O12 sample indicates that Li4Ti4.95La0.05O12 has the highest Li
migration among all samples. According to the electrochemical
results mentioned above, clearly, Li4Ti4.95La0.05O12 has the best
kinetic performance among all samples.
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Fig. 5. Cyclic voltammerty (CV) and values of the CV peaks for
The EIS can be used to calculate the lithium diffusion coefficient
(DLi) using the following equation [34,35]

Zre ¼ Rct þ Rs þ su�1
2 (1)

DLi ¼
R2T2

2A2n4F4C2
Lis

2
(2)

where the meanings of T is the absolute temperature, R the gas
constant, n the number of electrons per molecule during oxi-
dization, A the surface area, F the Faraday’s constant, CLi the
concentration of lithium ion in solid (4.37 � 10�3 mol cm�3) [36], u
the angular frequency, and s is the Warburg factor which has
a relationship with Zre. The Zre � u�1/2 plots were presented in
Fig. 7. The lithium diffusion coefficients of Li4Ti5�xLaxO12 (x ¼ 0,
0.05, 0.1) are calculated to be 7.79 � 10�15, 10.98 � 10�15 and
5.27 � 10�15 cm2 s�1, respectively. It can be found that Li4Ti4.95-
La0.05O12 has the highest lithium diffusion coefficient among three
samples. The lowest lithium diffusion coefficient of Li4Ti4.9La0.1O12

may be due to the much impurity (See Fig. 2), and then block the
migration of lithium ions. Therefore, Li4Ti4.95La0.05O12 sample with
uniform morphology, narrow size distribution, little agglomera-
tions, high electronic conductivity and large lithium diffusion
coefficient would exhibit much better electrochemical perfor-
mance than the pure Li4Ti5O12.

The cycling performance and initial chargeedischarge curves of
the annealed Li4Ti5�xLaxO12 (0 � x � 0.2) samples at 0.5 C
chargeedischarge rate are shown in Fig. 8. Each sample shows a flat
.0
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Li4Ti5�xLaxO12 (0 � x � 0.2)/Li cell between 0 V and 3 V.
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plateaus around 1.5e1.6 V (versus Li/Liþ), which correspond to the
reversible phase transition between Li4Ti5O12 and Li7Ti5O12.
Obviously, Li4Ti5O12 is able to host more Li when cycled to
a lower potential. The Li4Ti5O12 electrode shows a slightly higher
initial capacity than that of La-modified Li4Ti5O12 due to the high-
est amount of titanium ions in Li4Ti5O12 spinel phase. A large
irreversible capacity for all electrodes in the second cycle is mainly
attributed to some side reactions for solid electrolyte interface (SEI)
formation and lithium adsorption in the carbon black [37,38]. In
addition, some lithium ions occupied 48f sites cannot be extracted
out electrochemically, and this can also lead the irreversible
capacity [15,39]. Li4Ti4.95La0.05O12 shows the highest discharge
capacity among all samples between 0.0 and 2.5 V at 0.5 C
chargeedischarge rate. Rate capabilities for Li4Ti5�xLaxO12
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Fig. 7. Graph of Zre plotted against u�1/2 at low frequency region for Li4Ti5�xLaxO12

electrodes (a) x ¼ 0, (b) x ¼ 0.05 and (c) x ¼ 0.1.
(0 � x � 0.2) are shown in Fig. 9. Li4Ti4.95La0.05O12 reaches
a reversible capacity of 206.9 mAh g�1 at 1 C chargeedischarge rate
after 100 cycles, which keeps 97% of its discharge capacity at the
second cycle (213.6 mAh g�1) and 69% of the theoretical capacity
(298 mAh g�1). Li4Ti5�xLaxO12 (0.1 � x � 0.2) materials have
a relative lower discharge capacity at low chargeedischarge rate.
Based on our previous studies [16,19], it is known that almost all the
electrochemical energy comes from the reversible redox reactions
between trivalent titanium ion (Ti3þ) and tetravalent titanium ion
(Ti4þ). Hence, the increase of the modified La can decrease the
amount of active titanium ions, and then reduce the discharge
capacity. However, better electrochemical performance for La-
modified Li4Ti5O12 materials was found with increasing of
chargeedischarge rate. At 3 C rate, the reversible capacities for
Li4Ti4.95La0.05O12 and Li4Ti5O12 are 197.9 and 187.7 mAh g�1 after
100 cycles, respectively. Li4Ti5�xLaxO12 (0.05 � x � 0.15) materials
have higher reversible capacities than that of pristine Li4Ti5O12 after
100 cycles. At 5 C rate, the reversible capacities of Li4Ti5�xLaxO12
(x ¼ 0, 0.05, 0.1, 0.15, 0.2) are 175.7, 181.1, 176.4, 180.6 and
179 mAh g�1 after 200 cycles, respectively. The results indicate that
rate cyclic performance of Li4Ti5O12 at room temperature can be
markedly improved by La modifying. Hence, it can be concluded
that the structure of La-modified Li4Ti5O12 is very stable for lithium
ions insertion and extraction during high rate cycling. Thesemay be
explained by the facts that: (1) smaller particles can provide more
interfacial area for contact within the liquid electrolyte and hence
can be beneficial for Li ion batteries as a result of providing short
diffusion length; (2) the relatively higher conductivity and lithium
diffusion coefficient would help to release the stresses generated by
the repetitive Liþ intercalation, and then reduce the electro-
chemical polarization during high rate chargeedischarge. Based on
the above results, it can be confirmed that modifying with La3þ can
improve the rate-capacity and cyclic reversibility of Li4Ti5O12.
However, the contents of modified La have strong impact on the
rate capability of Li4Ti5O12 electrode. Hence, it is important that
a proper La modifying level should be optimized to achieve a good
cell performance. From the overall performance point of view,
sample Li4Ti4.95La0.05O12 shows the best electrochemical perfor-
mance among all samples. Therefore, the high energy density
(discharge to 0 V) together with good high rate cycling performance
of the prepared Li4Ti4.95La0.05O12 material by the simple solid-state
methodmake it a promising alternative to next generation lithium-
ion batteries.
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Fig. 9. Capacity retention upon cycling for Li4Ti5�xLaxO12 (0 � x � 0.2) at different
chargeedischarge rates between 2.5 and 0.0 V (a) 1 C, (b) 3 C and (d) 5 C.
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4. Conclusions

We introduce a synthesis of micro-sized La-modified Li4Ti5O12
anode material and a new approach to enhance the rate perfor-
mance of Li4Ti5O12 anode material by La modifying. La modifying
results in the formation of Li3xLa2/3�xTiO3-Li4Ti5O12 solid solution
with an average particle size of approximately 1e2 mm. La modi-
fying enlarges the Liþ ion transport channel, resulting in a signifi-
cantly great capacity and cycling stability of Li4Ti5O12 at high
chargeedischarge rate. Li4Ti4.95La0.05O12 electrode exhibits the
highest conductivity and lithium diffusion coefficient during Liþ

extraction among all samples. The resulting Li4Ti4.95La0.05O12
sample demonstrates remarkable rate capability in that it delivers
a reversible capacity of 200.8 mAh g�1 at the second cycle, and still
retains 90.2% of the capacity (vs. 2nd cycle) at 5 C chargeedischarge
rate after 200 cycles. The Li4Ti4.95La0.05O12 anode described in the
present work is capable of large-scale applications, such as electric
vehicles and plug-in hybrid electric vehicles, requiring fast charge,
long life, high power and a wide operating voltage range, and also
for stationary energy storage systems emphasizing cycle life,
calendar lifespan and high safety.
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