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a b s t r a c t

A Li4Ti5O12/carbon/carbon nano-tubes (Li4Ti5O12/C/CNTs) composite was synthesized by using a solid-
state method. For comparison, a Li4Ti5O12/carbon (Li4Ti5O12/C) composite and a pristine Li4Ti5O12

were also synthesized in the present study. The microstructure and morphology of the prepared sam-
ples are characterized by XRD and SEM. Electrochemical properties of the samples are evaluated by
vailable online 15 January 2010
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using galvanostatic discharge/charge tests and AC impedance spectroscopy. The results reveal that the
Li4Ti5O12/C/CNTs composite exhibits the best rate capability and cycling stability among the samples of
Li4Ti5O12, Li4Ti5O12/C and Li4Ti5O12/C/CNTs. At the charge–discharge rate of 0.5 C, 5.0 C and 10.0 C, its
discharge capacities were 163 mAh/g, 148 mAh/g and 143 mAh/g, respectively. After 100 cycles at 5.0 C,
it remained at 146 mAh/g.
4 5 12

onductive network
ate capability

. Introduction

Lithium ion batteries have been widely applied as power sources
or electronic devices such as cameras, mobile phones, comput-
rs and other related devices. Recently, lithium ion batteries have
lso attracted attention as electric sources for electric and hybrid
lectric vehicles (EVs and HEVs), respectively [1]. In fact, the devel-
pment of lithium ion batteries with high power and high energy
ensity is key to their successful application in EVs and HEVs
2]. For this purpose, new electrode materials exhibiting high
harge/discharge current rates are urgently requested. The spinel
ithium titanate (Li4Ti5O12) has been demonstrated as a potential
andidate for the anode electrode material in high power Li-ion
atteries as well as hybrid super capacitors [3–11] because it has
ome unique characteristics as compared with carbon based anode
aterials. It has good structural stability with an almost negligible

olume change during the Li+ insertion and extraction processes,
hich suggests virtually unlimited cycle life. It features a flat oper-

ting voltage of about 1.5 V versus lithium, which is higher than the
eduction potential of most electrolyte solvents. These character-

stics indicate that Li4Ti5O12 is advantageous as an anode for use in
ithium ion batteries with safety, long life and reliability.

Despite these mentioned advantages, however, Li4Ti5O12 suf-
ers from the problem of poor rate capability mainly due to

∗ Corresponding author. Tel.: +86 28 85229790; fax: +86 28 85242280.
E-mail addresses: yzuolong@163.com, yu.zuolong@yahoo.com (Z. Yu).
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© 2010 Elsevier Ltd. All rights reserved.

its low electronic conductivity. Several methods have been uti-
lized to improve the electronic conductivity of Li4Ti5O12. These
include synthesizing Li4Ti5O12 with small particle sizes [12,13],
heating pure Li4Ti5O12 under a reducing atmosphere [14], doping
Li4Ti5O12 with aliovalent metal ions [15–21] and forming a com-
posite of Li4Ti5O12 and a conductive second phase such as Ag, C
and polyacene [22–27]. According to the literatures, synthesizing
a composite of Li4Ti5O12 and a conductive second phase is a good
way to improve the electronic conductivity for this can take part in
controlling particle growth and can uniformly coat on the surface
of the Li4Ti5O12 material, which are favorable to the transfer of the
electron. However, this method cannot efficiently improve the elec-
tronic conductivity of Li4Ti5O12. This is because that the conductive
second phases are generally nano-size particles, which result in
the composites of Li4Ti5O12/conductive second phases still make
no actual contact with each other in the electrode. In the present
work, we found that a composite of Li4Ti5O12/carbon/carbon nano-
tubes (Li4Ti5O12/C/CNTs) had better electrochemical performance
than a composite of Li4Ti5O12/carbon (Li4Ti5O12/C). We believed
this is because that the CNTs can act like bridges, which connect
the isolated particles of Li4Ti5O12/C, resulting in the composite of
Li4Ti5O12/C/CNTs has better electronic conductivity than the com-
posite of Li4Ti5O12/C. For comparison, pristine Li4Ti5O12 was also
investigated.
2. Experimental

Li4Ti5O12 was prepared from TiO2 (anatase structure) and
Li2CO3 by using a solid-state method. The starting materials, TiO2

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:yzuolong@163.com
mailto:yu.zuolong@yahoo.com
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nd Li2CO3 in a Li:Ti molar ratio of 4:5 were mixed in acetone
nd ball-milled for 24 h. The obtained binary precursor slurry was
reated at 80 ◦C, and became dried powder. The dried powder was
hen calcinated at 800 ◦C for 12 h in Ar atmosphere. The Li4Ti5O12/C
as also prepared by using a similar solid-state method as men-

ioned above. In this case, however, it was prepared from a ternary
recursor mixture of TiO2, Li2CO3 and pitch. The Li4Ti5O12/C/CNTs
as prepared with TiO2, Li2CO3, pitch and CNTs. Firstly, TiO2,

i2CO3 and pitch were mixed in acetone and ball-milled for 24 h
o obtain a homogeneous mixed slurry. CNTs were dispersed in
cetone with sufficient ultrasonication to form a uniform slurry.
he obtained two slurries were then mixed together and treated
t 80 ◦C to become dried powder. Finally, the dried powder was
alcinated at 800 ◦C for 12 h in Ar atmosphere. The CNTs are multi-
all CNTs with a diameter and length of about 20–30 nm and

–2 �m respectively, produced from Chengdu Organic Chemicals
o. Ltd.

The crystal structures of the samples were characterized by X-
ay powder diffraction (XRD) measurement using the Philips X’
ert Pro MPD DY1219 with a Cu K� radiation source. Particle mor-
hologies of the samples were observed by scanning electronic
icroscopy (SEM FEI INSPECT-F). The amount of C in Li4Ti5O12/C

omposite and C and CNTs in Li4Ti5O12/C/CNTs composite were
easured by thermogravimetry (TG) and differential thermal anal-

sis (DTA) method, using HENVEN HCT-1, with scanning rate of
0 ◦C in air atmosphere from 25 ◦C to 800 ◦C. Specific surface
reas of the samples were determined through nitrogen adsorp-
ion/desorption at −196 ◦C using a Builder SSA-4200 apparatus.

The electrochemical characterizations were measured by means
f two-electrode coin-type half cells, which consist of Li4Ti5O12-,
i4Ti5O12/C- or Li4Ti5O12/C/CNTs-based positive electrode (92 wt.%
ctive material, 3 wt.% acetylene black and 5 wt.% LA-132 binder),
Celgard 2400 separator, and a lithium foil as negative elec-

rode. The active mass and electrode thickness of the positive
lectrode are about 4.5 mg and 50 �m, respectively. The elec-
rolyte was 1 M LiPF6/EC:DEC:DMC (1:1:1 in volume). The cells
ere assembled in a glove box filled with high purity argon gas.
alvanostatic discharge–charge measurements were performed at
onstant cut-off voltages of 1–3 V at room temperature (25 ◦C). The
C impedance spectrum was measured by using a Solatron 1260

mpedance Analyzer in the frequency range 10−2–106 Hz.

. Results and discussion

X-ray diffraction patterns of the samples are shown in Fig. 1.
rom Fig. 1, it can be observed that the main phases of all inves-
igated samples are Li4Ti5O12 with a cubic spinel structure, which
uggests that the addition of pitch or pitch and CNTs in the pre-
ursor does not influence the formation of spinel Li4Ti5O12 during
eat-treatment. Furthermore, Fig. 1 shows that the patterns of the
i4Ti5O12, Li4Ti5O12/C and Li4Ti5O12/C/CNTs are similar, except for
weak peak in the curve of Li4Ti5O12/C/CNTs at 26◦(2�) due to the
NTs in the composite.

Fig. 2 shows the SEM pictures of the Li4Ti5O12, Li4Ti5O12/C and
i4Ti5O12/C/CNTs samples. Image A is the Li4Ti5O12 sample, image
is the Li4Ti5O12/C sample and image C is the Li4Ti5O12/C/CNTs

ample. There, it can be observed that the particles of Li4Ti5O12/C
nd Li4Ti5O12/C/CNTs have relatively less agglomerations while the
article of Li4Ti5O12 form larger agglomerations. In the composite
f Li4Ti5O12/C/CNTs, it can be seen that the CNTs are well dispersed

mong Li4Ti5O12/C particles. Furthermore, as is shown in the close-
p SEM images of A, B and C, the particle surface of Li4Ti5O12 is
mooth, whereas the Li4Ti5O12/C and Li4Ti5O12/C/CNTs composites
ave a rougher surface, which should be ascribed to the carbon
erived from pitch during heat-treatment.
Fig. 1. X-ray diffraction patterns of synthesized Li4Ti5O12, Li4Ti5O12/C and
Li4Ti5O12/C/CNTs samples.

The content of C in the composite of Li4Ti5O12/C and the content
of C and CNTs in the composite of Li4Ti5O12/C/CNTs were measured
by a TG-DTA method, as shown in Figs. 3 and 4 respectively. Fig. 3
shows that there is a single exothermic peak at about 450 ◦C and the
content of C in the composite of Li4Ti5O12/C is about 6% by weight.
Fig. 4 exhibits that there are two exothermic peaks at about 450 ◦C
and 650 ◦C respectively and the total content of C and CNTs in the
composite of Li4Ti5O12/C/CNTs is also about 6% by weight. Further-
more, as is shown in Fig. 4, the weight ratio of C and CNTs in the
composite of Li4Ti5O12/C/CNTs is about 1:1. Table 1 shows the BET
surface areas of the Li4Ti5O12, Li4Ti5O12/C, Li4Ti5O12/C/CNTs, CNTs
and C. There, it can be observed that the BET surface areas of the
Li4Ti5O12, Li4Ti5O12/C, Li4Ti5O12/C/CNTs, CNTs and C are 22.8 m2/g,
31.5 m2/g, 36.4 m2/g, 128 m2/g and 0.8 m2/g, respectively. Since the
percentage of C in the composite of Li4Ti5O12/C amounts to 6% and
the BET surface area of that Li4Ti5O12/C composite is comprised of
94% Li4Ti5O12 and 6% C, and the BET surface area of Li4Ti5O12 in
the composite of Li4Ti5O12/C is 33.46 m2/g. The above calculation
process can be summarized as the following formula:

0.94 × SLiTiO + 0.06 × Scarbon = SLiTiO/C

According to the above mentioned method, the calculation pro-
cess of the BET surface area of Li4Ti5O12 in the composite of
Li4Ti5O12/C/CNTs can be summarized as the following formula:

0.94 × SLiTiO + 0.03 × Scarbon + 0.03 × SCNTs = SLiTiO/C/CNTs

From the above formula, it can calculate that the BET surface area
of Li4Ti5O12 in the composite of Li4Ti5O12/C/CNTs is 34.61 m2/g.
These results indicate that the BET surface areas of Li4Ti5O12 in
the composite of Li4Ti5O12/C and Li4Ti5O12/C/CNTs are obviously
larger than that of the Li4Ti5O12 (22.8 m2/g) without the addition
of pitch or pitch and CNTs. It is well known that smaller particle
sizes can be obtained by adding carbon to the precursor because
this can control particle growth [28] during heat-treatment. The
above results indicate that the addition of pitch or pitch and CNTs
to the precursor hinders particle agglomeration and growth during
the calcination process, resulting in smaller particle sizes.

Fig. 5 shows the AC impedance spectra of the Li4Ti5O12,

Li4Ti5O12/C and Li4Ti5O12/C/CNTs electrodes, which were mea-
sured at the stable voltage of 1.55 V, respectively. AC impedance
spectra are fitted using an equivalent circuit. In this equivalent
circuit, Rs and Rct are the solution resistance and charge-transfer
resistance, respectively. CPE is placed to represent the double layer



2980 X. Li et al. / Electrochimica Acta 55 (2010) 2978–2982

Fig. 2. SEM pictures of Li4Ti5O12, Li4Ti5O12/C and Li4Ti5O12/C/CNTs samples.

Table 1
BET surface areas of the Li4Ti5O12, Li4Ti5O12/C, Li4Ti5O12/C/CNTs, CNTs and C.

Li4Ti5O12 Li4Ti5O12/C Li4Ti5O12/C/CNTs CNTs C

BET surface area (m2/g) 22.8 31.5 36.4 128 0.8

c
W
c

d
c
c

Fig. 3. TG–DTA curves of the Li4Ti5O12/C composite.

apacitance and passivation film capacitance. W represents the
arburg impedance [29,30]. The parameters of the equivalent cir-

uit are recorded in Table 2.

From Table 2, it can be observed that the exchange current

ensities (i0 = RT/nFRct) [31] of Li4Ti5O12/C and Li4Ti5O12/C/CNTs
ell are higher than the Li4Ti5O12 cell, and the Li4Ti5O12/C/CNTs
ell has the biggest exchange current density. Furthermore, the

Fig. 4. TG–DTA curves of the Li4Ti5O12/C/CNTs composite.
Fig. 5. AC impedance spectra of the Li4Ti5O12, Li4Ti5O12/C and Li4Ti5O12/C/CNTs
electrodes at the voltage of 1.55 V.

Li4Ti5O12/C and Li4Ti5O12/C/CNTs electrodes exhibited much lower
charge-transfer resistance than that of the Li4Ti5O12 electrode,
and the Li4Ti5O12/C/CNTs electrode shows the lowest charge-
transfer resistance. Li4Ti5O12/C and Li4Ti5O12/C/CNTs have higher
exchange current densities and lower charge-transfer resistance
than Li4Ti5O12 could be attributed to two reasons: (1) the addi-
tion of pitch or pitch and CNTs to the precursor hinders particle
agglomeration and growth during the calcination process, result-
ing in smaller particle sizes, which reduces the distance for lithium
ion diffusion while providing a higher electrode/electrolyte con-
tact surface area. Therefore, a better electronic conductivity was

achieved. (2) The coating C (derived from pitch) and CNTs are
good electron conductive materials, coating on or locating among
the Li4Ti5O12 particles, which are favorable to the electrons trans-
fers. Therefore, they also improve the electronic conductivity.
Li4Ti5O12/C/CNTs has higher exchange current density and lower

Table 2
Impedance parameters of the Li4Ti5O12, Li4Ti5O12/C and Li4Ti5O12/C/CNTs
electrodes.

Sample Rs (�) Rct (�) W (S1/2 cm−2) i0 (mA/cm2)

Li4Ti5O12 3.31 203.86 0.00514 0.126
Li4Ti5O12/C 2.90 155.28 0.00356 0.165
Li4Ti5O12/C/CNTs 2.42 68.83 0.00172 0.372
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Fig. 7. Charge and discharge curves of the Li4Ti5O12, Li4Ti5O12/C and
Li4Ti5O12/C/CNTs electrodes at the rate of 10 C.
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harge-transfer resistance than Li4Ti5O12/C could be ascribed to
he following reason: as we know, C is a good electric conduc-
or that uniformly coated on the surface of Li4Ti5O12 particles,
hich is favorable to improve the electronic conductivity, how-

ver, as shown in the SEM image (image B), it can be seen that C is
ano-size particle, might resulting in the composite of Li4Ti5O12/C
till make no actual contact with each other in the electrode,
hich cannot efficiently improve the electronic conductivity of

i4Ti5O12. In the composition of Li4Ti5O12/C/CNTs, as CNTs can act
ike bridges, connecting the isolated Li4Ti5O12/C particle and giv-
ng rise to valid conductive network in the electrode, which result
n the Li4Ti5O12/C/CNTs has higher exchange current density and
ower charge-transfer resistance than that of the Li4Ti5O12/C.

Fig. 6 shows the cyclic performances of the Li4Ti5O12,
i4Ti5O12/C and Li4Ti5O12/C/CNTs samples at different rates from
.5 C, 1.0 C, 3.0 C, 5.0 C to 10.0 C. The charge–discharge processes
f the samples were taken for 5 cycles at 0.5 C, 1.0 C, 3.0 C, 5.0 C
nd 10.0 C respectively. As shown in Fig. 5, the discharge capac-
ty gradually decreased with the rate increase for all the samples.
owever, the Li4Ti5O12/C/CNTs and Li4Ti5O12/C samples mani-

ested a higher reversible capacity than the Li4Ti5O12 sample,
specially at high discharge rates. For example, at 5.0 C and at
0.0 C, the capacity of the Li4Ti5O12/C/CNTs and Li4Ti5O12/C sam-
les remained 148 mAh/g, 143 mAh/g and 132 mAh/g, 121 mAh/g
espectively, while the capacity of the Li4Ti5O12 sample remained
nly 100 mAh/g and 74 mAh/g at the same rates. Furthermore, in
ll the samples, the Li4Ti5O12/C/CNTs sample exhibited the high-
st reversible capacity. These results indicate that Li4Ti5O12/C/CNTs
omposite exhibits the best rate capability among the samples of
i4Ti5O12, Li4Ti5O12/C and Li4Ti5O12/C/CNTs.

Fig. 7 shows the charge–discharge curves of the Li4Ti5O12,
i4Ti5O12/C and Li4Ti5O12/C/CNTs electrodes at the rate of 10 C.
here, it can be seen that Li4Ti5O12/C and Li4Ti5O12/C/CNTs have
imilar charge–discharge plateaus as compared with the Li4Ti5O12,
hich indicates that the addition of C or C and CNTs did not

ffect the electrochemical reaction process of Li4Ti5O12. Further-
ore, the margins between the charge and discharge plateau

otentials of Li4Ti5O12/C/CNTs and Li4Ti5O12/C are obviously
maller than in the case of Li4Ti5O12, and the Li4Ti5O12/C/CNTs
as the smallest margin, which means that the polarization of

i4Ti5O12/C/CNTs and Li4Ti5O12/C are lower than that of Li4Ti5O12,
nd the Li4Ti5O12/C/CNTs has the smallest polarization.

For evaluating the cycling stability of the Li4Ti5O12/C/CNTs sam-
le, it was further charge-discharged at a current rate of 5.0 C
or another 100 cycles after the 25 cycles electrochemical tests

ig. 6. Cyclic performances of the Li4Ti5O12, Li4Ti5O12/C and Li4Ti5O12/C/CNTs sam-
les at different rates: 1st–5th cycles at 0.5 C, 6th–10th at 1.0 C, 11th–15th at 3.0 C,
6th–20th at 5.0 C, 21th–25th at 10.0 C.
Fig. 8. Cyclic performance of the Li4Ti5O12/C/CNTs sample at 5.0 C.

performed at 0.5 C, 1.0 C, 3.0 C, 5.0 C and 10.0 C. This is shown
in Fig. 8. It can be observed that the Li4Ti5O12/C/CNTs sample
shows a stable cycle life. The discharge capacity of the sample
was 148 mAh/g, and even after 100 charge–discharge cycles, its
capacity still remained at 146 mAh/g. Furthermore, as is shown
in Fig. 8, the charge and discharge efficiency remained almost at
100%.

4. Conclusions

The Li4Ti5O12/C/CNTs composite was synthesized and its elec-
trochemical characteristics were investigated in the present study.
For comparison, Li4Ti5O12/C and Li4Ti5O12 were also investigated.
The results show that Li4Ti5O12/C composite has better electro-
chemical performances than Li4Ti5O12, however, Li4Ti5O12/C/CNTs
composite exhibits the best electrochemical performances among
the samples of Li4Ti5O12, Li4Ti5O12/C and Li4Ti5O12/C/CNTs. This
indicates that although forming a composite of Li4Ti5O12 and
a conductive second phase C could improve the rate capabil-
ity and cycling stability of Li4Ti5O12 through controlling particle
growth and improving electronic conductivity, the effect was not
resultful. It should be attributed to that the C coating on the

surface of Li4Ti5O12 is generally nano-size particle, which might
make the composite of Li4Ti5O12/C still make no actual contact
with each other in the electrode. Therefore, it cannot efficiently
improve the electronic conductivity of Li4Ti5O12. In the composite
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f Li4Ti5O12/C/CNTs, however, as CNTs can act like bridges, con-
ecting the isolated Li4Ti5O12/C particle and giving rise to valid
onductive networks in the electrode, resulting in better electronic
onductivity, which makes Li4Ti5O12/C/CNTs composite have bet-
er rate capability and cycling stability than that of Li4Ti5O12/C
omposite.
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