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a b s t r a c t

The synthesis of spinel-type lithium titanate, Li4Ti5O12, a promising anode material of secondary lithium-
ion battery, from “inert” rutile TiO2, is investigated. On the purpose of increasing the reactivity of rutile
TiO2, it is treated by concentrated HNO3. By applying such activated rutile TiO2 as the titanium source
in combination with the cellulose-assisted combustion synthesis, phase-pure Li4Ti5O12 is successfully
synthesized at 800 ◦C, at least 150 ◦C lower than that based on solid-state reaction. The resulted oxide
vailable online 24 November 2009
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shows a reversible discharge capacity of ∼175 mAh g−1 at 1 C rate, near the theoretical value. The resulted
oxide also shows promising high rate performance with a discharge capacity of ∼100 mAh g−1 at 10 C rate
and high cycling stability.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Graphite/carbon-related materials have been the most applied
nodes in small size secondary lithium-ion batteries as power
ource of personal electronics, such as laptops, camcorders and
igital cameras [1–3]. For larger size applications like electric
ehicles and dispersed energy storage systems where high rate
harge/discharge is frequently required, the carbon anode may
uffer from serious safety problems. Due to the low lithium interca-
ating voltage of approximately 100 mV (vs. Li/Li+), highly reactive

etallic lithium forms easily under fast charge rate [4], which may
eposit on the surface of electrode particles and has the high risk
o react with the electrolyte or highly charged cathodes to result in
ombustion or explosion.

Recently lithium insertion oxides like Li4Ti5O12 have acquired
onsiderable attention as alternative anode to carbon/graphite in
echargeable lithium-ion batteries [5–9]. It is a spinel-type com-
osite oxide allowing the reversible lithium insertion at room
emperature via the reaction as follows:
i4Ti5O12 + 3Li+ + 3e− ↔ Li7Ti5O12

Three lithium can insert into the lattice of Li4Ti5O12 molecule
ith the formation of Li7Ti5O12, resulting in a theoretical capacity

∗ Corresponding author. Tel.: +86 25 83172256; fax: +86 25 83172256.
E-mail address: shaozp@njut.edu.cn (Z. Shao).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.11.073
of 175 mAh g−1. During the insertion process, the phase structure of
the oxide changes from a spinel-type (Li4Ti5O12) to a rock-salt type
(Li7Ti5O12) [10], both structures have the same cubic lattice sym-
metry and a cell volume difference less than 0.1% [11]. Thereby,
Li4Ti5O12 is also named as a zero-strain lithium insertion material
[11]. This is a beneficial feature ensuring a long cycling life. Simi-
lar to LiFePO4 cathode, the two-phase mechanism for the lithium
intercalation/de-intercalation results in an extremely flat discharge
platform at around 1.55 V for Li4Ti5O12. Such a medium discharge
voltage is well above the formation potential of metallic lithium;
as a result, the safety problem associated with carbon-based anode
due to metallic formation during fast charge is effectively avoided
by adopting the Li4Ti5O12 anode. Although its medium level of dis-
charge voltage discourages the application as a positive electrode,
it can be coupled with a high-voltage electrode such as 4 V LiMn2O4
and LiCoO2 or 5 V LiCoPO4 to provide a cell with an operating volt-
age of 2.5–3.5 V [12].

One practical problem associated with coarse Li4Ti5O12 anode
is its poor rate performance because of its negligible electronic
conductivity. Surface coating with conductive material such as
amorphous carbon and reducing the grain size are the effective
ways to minimize the electrode polarization resistance at high
charge/discharge rate [13–17]. The decrease of grain size would not

only lessen the diffusion distance for electron and lithium ion but
also increase the surface area for interfacial reaction; consequently
the rate performance can be effectively improved [15–17]. Con-
sequently, the preparation of ultrafine Li4Ti5O12 powder becomes
one of the key steps towards the commercialization of Li4Ti5O12

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:shaozp@njut.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.11.073
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node in rechargeable lithium-ion batteries. Although nano-sized
i4Ti5O12 has been successfully prepared in the literature using
dvanced techniques such as sol–gel process [18–21], up to now,
he most attractive process for potential industrial application is
till the solid-state reaction by applying cheap and abundant TiO2
s the titanium source for lower costs.

It is well known that the rutile TiO2 is the most suitable raw
aterial for synthesis of Li4Ti5O12 from the aspect of material avail-

bility, although the anatase TiO2 can accommodate much more
ithium in its crystal lattice compared to rutile TiO2 [22–24]. In fact

ost of these studies reported that bulk rutile hardly inserts any
ithium at room temperature. Consequently, very high calcination
emperature is needed to facilitate the solid-state reaction between
utile TiO2 and Li2CO3/LiOH to form Li4Ti5O12 [25,26]. The high-
emperature calcination, however, results in not only the difficulty
n precise control of the cation stoichiometry, but also the serious
intering of the product, consequently, poor rate performance is
requently observed for the as-prepared sample.

Previously we successfully prepared high rate performance
i4Ti5O12 oxide at reduced temperature via a cellulose-assisted
ombustion technique adopting anatase TiO2 as the titanium
ource [27]. In this study, we reported the synthesis of Li4Ti5O12
rom more commercially available but more passive rutile TiO2 at
educed temperature. A treatment of rutile TiO2 by concentrated
itric acid significantly improved the reaction kinetics, conse-
uently, a calcination temperature as low as 800 ◦C is sufficient to
btain a phase-pure Li4Ti5O12 by adopting the cellulose-assisted
ombustion technique. The resulted anode material shows high
ate performance and high cycling stability.

. Experimental

.1. Powder synthesis

The Li4Ti5O12 oxides were synthesized by a cellulose-assisted
ombustion process adopting rutile TiO2 as titanium source with
xcess 2 wt.% Li to compensate for the loss of Li followed by high-
emperature calcination [27]. Cotton fiber, pre-activated by HNO3,
as applied as the cellulose. Commercial TiO2 rutile powder with
surface area of 33.2 m2 g−1, purchased from Hangzhou WAN JING
ew Material Co., Ltd. (China), is adopted as the titanium source.

t is either applied directly as received or pretreated by concen-
rated HNO3 (67%) at room temperature for 10 h. For comparison,
i4Ti5O12 oxide was also synthesized by solid-state reaction adopt-
ng Li2CO3 and rutile TiO2 as the raw materials.

.2. Electrode fabrication

The electrochemical performance of Li4Ti5O12 powders was car-
ied out with coin-shape cells using metallic lithium film as the
ounter and reference electrode at room temperature (∼30 ◦C). The
ells are based on the configuration of Li metal (−) |electrolyte|
i4Ti5O12 (+) with a liquid electrolyte (1 M solution of LiPF6 in
thylene carbonate (EC)–dimethyl carbonate (DMC) (1:1, v/v)).
icroporous polypropylene film (Celgard 2400) was used as the

eparator. 85 wt.% Li4Ti5O12 with 8 wt.% conductive Super P (NCM
ERSBIT Chemical Co., Ltd., China) and 7 wt.% polyvinylidene
uoride (PVDF) binder homogeneously mixed in N-methyl pyrro-

idinone (NMP) were prepared into viscous slurries for efficient

eposition. The slurries were deposited on current collectors of
opper foil (10 �m) by blade, which was pretreated by etching
ith 1 M nitric acid solutions followed by rinsing with water and

hen acetone. The electrode was then dried under vacuum at 100 ◦C
or 12 h before electrochemical evaluation. Cell assembly was con-
ucted in a glove box filled with pure argon.
rces 195 (2010) 2883–2887

2.3. Characterization

The crystal structures of the synthesized powders were exam-
ined by X-ray diffraction (XRD) using a Bruker D8 advance
diffractometer with filtered Cu K� radiation. The experimental
diffraction patterns were collected at room temperature by step
scanning in the range of 10◦ ≤ 2� ≤ 80◦. The specific surface area of
the samples was characterized by N2 adsorption at the temperature
of liquid nitrogen using a BELSORP II instrument. Prior to analysis,
the samples were treated at 100 ◦C for 3–5 h in vacuum to remove
the surface adsorbed species.

The charge–discharge characteristics of the cells were recorded
over the potential range between 1.0 and 3.0 V using a NEWARE
BTS-5V50 mA computer-controlled battery test station at different
rates of 1–40 C at 30 ◦C.

3. Results and discussion

3.1. Synthesis

The synthesis of Li4Ti5O12 by traditional solid-state reaction
applying rutile TiO2 as reactant was first investigated. Stoichio-
metric amounts of Li2CO3 and rutile TiO2 (as received) were well
mixed by high energy ball milling (Fritsch, Pulveriette 6) at a rota-
tion speed of 400 rpm for 2 h, the mixture was then submitted
for calcination at various temperatures in air for a selected time
(5–24 h). Fig. 1a shows the corresponding room temperature X-ray
diffraction patterns of the powders calcined at 800–950 ◦C. After the
calcination at 800 ◦C for 5 h, there was still considerable amount of
rutile TiO2 detected in the product by XRD. With the increase of
calcination temperature and dwell time, the relative intensity of
the spinel phase increased. However, minor amount of rutile TiO2
was still detected even after the calcination at 950 ◦C for 24 h. In the
literature, time-consuming intermitting grinding is needed to pro-
mote the solid-state reaction by breaking up the particle size and
making intimating contact of the reactants to obtain pure phase
Li4Ti5O12 [28].

In our previous paper, we have demonstrated that the cellulose-
assisted method can result in the reduced synthesis temperature of
phase-pure Li4Ti5O12 when adopting anatase TiO2 as the titanium
source. The cellulose can suppress the grain growth of anatase TiO2
during the calcination on the one hand; the combustion process cre-
ated instant high temperature to promote the phase reaction on the
other hand. Consequently, nanocrystalline phase-pure Li4Ti5O12
was obtained at a low calcination temperature of 750 ◦C [27]. The
same technique was also adopted in this study on the purpose to
reduce the synthesis temperature of Li4Ti5O12 from rutile TiO2.
The sequence of materials addition was found to have significant
effect on the phase formation with the optimal sequence of first
impregnating the cellulose with a mixed solution of LiNO3 and
glycine, then with a suspension of TiO2 and HNO3 [27]. The same
sequence was adopted for the synthesis of Li4Ti5O12 from rutile
TiO2. Flame combustion was suddenly happened when the dried
precursors were quickly heated up by an electrical oven at 250 ◦C,
the combustion last for tens of seconds and left a primary prod-
uct which took the morphology of the initial cellulose fiber. It
was then pulverized and submitted for phase examination. Fig. 1b
shows the XRD patterns of the primary product and that by fur-
ther calcination at various temperatures for 5 h in air. After the
calcination at 800 ◦C for 5 h, the rutile TiO2 phase was still signifi-

cant in the product based on the XRD results, although the relative
intensity of spinel to rutile is several times that of the product
calcined at the same temperature from the solid-state reaction.
When the solid precursor was calcined at 850 ◦C for 5 h, the main
spinel phase was formed and the diffraction peaks of rutile TiO2
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Fig. 1. XRD patterns of Li4Ti5O12: (a) the pristine rutile TiO2 as reactant prepared
by solid-state reaction and (b) pristine rutile TiO2 as reactant prepared by cellulose-
assisted combustion and further calcined at different temperatures for 5 h. (o) Spinel
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115, 92, 71, and 56 mAh g−1was obtained at 1, 2, 5, 10, 20, and 40 C
i4Ti5O12, (*) rutile TiO2, (♦) Li2TiO3, and (�) Ti2O3.

hase were in very weak intensity. It suggests that a calcination
emperature around 850 ◦C is needed by applying the cellulose-
ssisted combustion technique when adopting rutile TiO2 as the
eactant.

To reduce the synthesis temperature of Li4Ti5O12 via the
ellulose-assisted combustion technique, the rutile TiO2 was acti-
ated by HNO3 treatment at room temperature for 12 h. It was
bserved that the combustion behavior of the solid precursor is
imilar whether the rutile TiO2 was acid treated or not. Fig. 2
hows the XRD patterns of the primary product prepared from
he cellulose-assisted combustion technique by adopting the acid
reated rutile TiO2 as the titanium source and the samples after
he further calcination of primary product at various temperatures
or 5 h. The spinel phase, although in very weak intensity, started
o appear in the primary product after the auto-combustion. After
he further calcination at 750 ◦C for 5 h, the oxide displayed the

ain spinel phase together with weak rutile TiO2 phase and Li2TiO3
hase. When the calcination temperature elevated to 800 ◦C, the
iO2 phase was totally disappeared and a phase-pure spinel oxide
as observed. It suggests that the Li4Ti5O12 phase was success-
ully formed at around 800 ◦C. Compared to the results in Fig. 1, the
ynthesis temperature of a phase-pure Li4Ti5O12 was effectively
owered.
Fig. 2. X-ray diffraction patterns of the primary product and the samples after the
further calcination at various temperatures for 5 h, prepared from the cellulose-
assisted combustion technique by adopting the acid treated rutile TiO2 as the
titanium source. (o) Spinel Li4Ti5O12, (*) rutile TiO2, and (♦) Li2TiO3.

3.2. Electrochemical performance

The electrochemical performance of the various Li4Ti5O12
oxides was then investigated at room temperature. Shown in
Fig. 3 are the second discharge curves at various discharge rates
of the Li4Ti5O12 anodes synthesized from rutile TiO2 by solid-state
reaction after the calcination at 950 ◦C for 24 h (Fig. 3a), from the
cellulose-assisted combustion technique applying rutile TiO2 as
titanium source after the calcination at 850 ◦C for 5 h (Fig. 3b), and
from the cellulose-assisted combustion synthesis applying the acid
treated rutile TiO2 as the titanium source and after the calcination at
800 ◦C for 5 h (Fig. 3c). For the sample from the solid-state reaction,
a discharge capacity of only 86 mAh g−1 was obtained at 1 C rate,
much lower than the theoretic value of ∼175 mAh g−1. Further-
more, the capacity in the flat plateau was only about 35 mAh g−1.
With the increase of discharge rate the capacity decreased sharply,
it retained only 40 mAh g−1 at 5 C rate. These results are much
worse than that prepared by a sol–gel process, or by the cellulose-
assisted combustion process by adopting anatase TiO2 as the
titanium source [19,27]. Two possible explanations for such poor
performance are as follows. First there was still some minor impu-
rity phase presented in the sample prepared from the solid-state
reaction after the calcination at 950 ◦C for 24 h, suggesting the
actual composition of the anode may deviate from the nominal
composition of Li4Ti5O12; second such high calcination tempera-
ture (950 ◦C) and prolonged calcination time led to the serious grain
growth and the decrease of surface area. Kavan et al. studied the
surface area and trace impurities on the electrochemical properties
of Li4Ti5O12 systematically [29]. Both resulted in a large polariza-
tion resistance for the lithium insertion into and extraction from
the lattice. For the sample prepared from the cellulose-assisted
combustion technique adopting rutile TiO2 as reactant, much
better discharge performance was obtained. A pretty flat discharge
platform was observed at around 1.55 V at 1 C rate, in well agree-
ment with the two-phase mechanism for the charge/discharge of
Li4Ti5O12 anode. The reversible discharge capacity of 117, 104, 87,
62, 44 and 32 mAh g−1 was observed at a discharge rate of 1, 2, 5,
10, 20 and 40 C, respectively. When adopting acid treated rutile
as the raw material of titanium, a discharge capacity of 175, 140,
discharge rates, respectively. It suggests that the acid treatment
greatly improved the rate performance of Li4Ti5O12 as compared to
that adopting rutile TiO2 by the same cellulose-assisted combus-



2886 T. Yuan et al. / Journal of Power Sources 195 (2010) 2883–2887

F repar
( ith ru
c actant

t
t
T
t
(
p
a
a
p
m
s
a

F
b
w

ig. 3. The discharge profiles of the Li4Ti5O12 oxides from 1 to 3 V at different rates, p
b) cellulose-assisted combustion process and further calcined at 850 ◦C for 5 h w
alcined at 800 and 850 ◦C for 5 h, respectively, with HNO3-treated rutile TiO2 as re

ion synthesis. The performance of Li4Ti5O12 is closely related with
he grain size of the oxide. The surface area of Li4Ti5O12 with rutile
iO2 and acid treated rutile TiO2 as the titanium source during
he combustion synthesis is 1.09 m2 g−1 (850 ◦C) and 2.78 m2 g−1

800 ◦C calcined), respectively. The improved Li4Ti5O12 anode
erformance from the acid treated rutile TiO2 raw material is likely
ssociated with the increased surface area and accessible active
rea due to the reduced calcination temperature for obtaining pure

hase Li4Ti5O12 [29]. To support such assumption, the rate perfor-
ance of Li4Ti5O12 prepared by the cellulose-assisted combustion

ynthesis applying the acid treated rutile TiO2 as titanium source
nd calcined at 850 ◦C was also conducted. As shown in Fig. 3d, a

ig. 4. Cycling performance at different discharge rates of the Li4Ti5O12 prepared
y the cellulose-assisted combustion process and further calcined at 800 ◦C for 5 h
ith acid treated rutile TiO2 as reactant with the cut-off voltage from 1 to 3 V.
ed by (a) solid-state reaction calcined at 950 ◦C for 24 h with rutile TiO2 as reactant;
tile TiO2 as reactant; (c and d) cellulose-assisted combustion process and further
.

reversible discharge capacity of 137, 108, 94, 77, 63, and 49 mAh g−1

was observed at 1, 2, 5, 10, 20 and 40 C, much lower than that
calcined at 800 ◦C, and only slightly improved as compared to
that calcined at the same temperature with rutile TiO2 as the raw
material during the combustion synthesis. The surface area of the
850 ◦C calcined sample is 1.32 m2 g−1, similar to that prepared from
rutile TiO2 and calcined at the same temperature (1.09 m2 g−1).

The cycling stability of the 800 ◦C calcined Li4Ti5O12 prepared
from cellulose-assisted combustion synthesis adopting acid treated
TiO2 is shown in Fig. 4. High cycling stability was observed. At 1, 2,
5, 10, 20 and 40 C rates, the decay in discharge capacity after the 51
cycles was only 9.7, 9.1, 9.9, 6.1, 2.1 and 2.6%, respectively. It sug-
gests the high reversibility and stability of the Li-intercalation and
de-intercalation through the as-prepared Li4Ti5O12. Above results
then highly promise the application of rutile TiO2 in the synthesis
of high performance Li4Ti5O12 as lithium battery anode by simple
acid treatment in combination with cellulose-assisted combustion
synthesis.

4. Conclusions

With nitric acid treated rutile TiO2 as the titanium source, phase-
pure Li4Ti5O12 anode powders were synthesized by a cellulose-
assisted combustion process at a reduced temperature of 800 ◦C
for 5 h calcination, more than 150 ◦C lower than that synthesized
by standard solid-state reaction. Besides the contribution from the
cellulose-assisted combustion synthesis, the decrease in synthesis
temperature was also benefited from the nitric acid treatment of

the rutile TiO2, which improved the kinetics of rutile TiO2, and then
facilitated the phase reaction to form Li4Ti5O12. The as-prepared
Li4Ti5O12 sample delivered a capacity of ∼175 mAh g−1 at 1 C rate
which near the theoretical value, and even reached ∼100 mAh g−1

at a high discharge rate of 10 C with high cycling stability. Such
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