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a b s t r a c t

Spinel Li4Ti5O12/C was synthesized by one-step solid-state reaction route using lithium polyacrylate
(PAALi) as lithium and carbon sources, and TiO2 as titanium source. The characteristics of Li4Ti5O12/C
composites were determined by X-ray diffraction, scanning electron microscopy, transmission elec-
tron microscopy and thermogravimetric-differential thermal analysis methods. Their electrochemical
performances were investigated by cyclic voltammograms, constant current charge–discharge and rate
charge–discharge. It was found that molecular weight of polyacrylic acid (PAA), heating rate and sintering
eywords:
i4Ti5O12/C
nfluence factors
ithium polyacrylate
olid-state reaction

duration directly affected the physical and electrochemical performances of Li4Ti5O12/C composites. The
Li4Ti5O12/C composites with the optimized electrochemical performances were obtained in the following
conditions, i.e., PAA with the molecular weight of 10,000, heating rate of 20 ◦C min−1 and sintering dura-
tion of 8 h. At charge–discharge rate of 4 C and 8 C, the optimized sample showed discharge capacities of

, with
city w
lectrochemical properties 148.4 and 142.4 mAh g−1

at 20 C, its discharge capa

. Introduction

Lithium-ion battery has developed rapidly in the past decades
ue to growing needs of electronic and information industries.
owadays, the demand for lithium-ion batteries is still increasing
nd safety requirements are higher and higher. Therefore, explo-
ation of a new anode material that is high safety and excellent
ycleability, as compared to commercial carbon/graphite materi-
ls, has been extensively attempted to meet the new need such as
lectric vehicles (EVs) industry. Spinel Li4Ti5O12 is considered as
n alternative anode material [1,2] for lithium-ion batteries due to
ts appealing features such as “zero-strain” structure characteris-
ic, high safety feature and flat charge–discharge voltage plateau. It
as a stable operating voltage of about 1.55 V vs. Li/Li+. Therefore,

n principle, a cell with an operating voltage of about 2.5 V can be
rovided when Li4Ti5O12 couples with high-voltage cathode mate-

ials such as LiCoO2, LiNiO2, LiMn2O4 and a 2 V cell can be yielded
hen it couples with LiFePO4. In addition, Li4Ti5O12 can also be

pplied in lithium metal rechargeable batteries [3,4], asymmetric
upercapacitors [5,6], etc.
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capacity retention of 94.48 and 90.53% after 50 cycles, respectively. Even
as 116.0 mAh g−1 with capacity retention of 87.61% after 50 cycles.

© 2010 Elsevier B.V. All rights reserved.

However, Li4Ti5O12 has a low electric conductivity. Several
methods have been utilized to improve the electric conductiv-
ity of Li4Ti5O12, such as the formation of unique structure [7,8],
reducing particle size [9,10], doping Li4Ti5O12 with other metals or
metal oxides [11,12], and coating Li4Ti5O12 with conductive car-
bons [13–18]. In these methods, deposition of carbon on Li4Ti5O12
particle surface has been proved as an effective way to improve the
electric conductivity of the material. Xia et al. [13] synthesized a
carbon-coated nanostructure Li4Ti5O12 via a solid-state reaction
using carbon-coated TiO2 and Li2CO3. Gao et al. [17] synthe-
sized a spherical Li4Ti5O12/C composite via an “outer gel” method
using TiOCl2, NH3 and carbon black as raw materials. Dominko
et al. [18] prepared a Li4Ti5O12/C composite using nano-titania
coated a thin carbon film as precursor. It was observed that the
Li4Ti5O12/C obtained from all synthetic methods showed enhanced
electrochemical performance. In addition, Li4Ti5O12/C derived from
other carbon sources such as sugar [19,20] and polymers [21,22]
were examined. The added carbon, act as conductive network for
Li4Ti5O12 active particles, effectively improve the electrical contact
of each Li4Ti5O12 particle, thus enhancing electrochemical perfor-
mances of Li4Ti5O12.
However, previous studies [13–23] mainly focused on the syn-
thesis of Li4Ti5O12/C composite materials by adding adscititious
carbon source. In this work, spinel Li4Ti5O12/C composite was syn-
thesized from PAALi and TiO2 via one-step solid-state reaction
without adscititious carbon source. Herein, PAALi was proposed to

dx.doi.org/10.1016/j.jallcom.2010.06.165
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zhdeng@cioc.ac.cn
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ig. 1. XRD patterns of as-prepared Li4Ti5O12/C from PAA with different molecular
olour in this figure legend, the reader is referred to the web version of the article.)

e both the lithium and carbon sources. It is favorable to mix well,
eact completely and get homogenous Li4Ti5O12/C samples because
o extra carbon source was added. The physical and electrochem-

cal properties of the Li4Ti5O12/C samples derived from PAA with
ifferent molecular weights (mol. wts.), different heating rates and
intering durations were examined. Moreover, the electrochemi-
al performances of the Li4Ti5O12/C sample prepared at optimized
ynthesis conditions were tested.

. Experimental

.1. Preparation of Li4Ti5O12/C composites

A stoichiometric amount of LiOH·H2O was dissolved into aqueous solutions of
olyacrylic acid (PAA, M = 2000, 4500, 10,000, 100,000) with the molar ratio of 1:1.
hen powdered TiO2 (Li:Ti = 4:5) was added into the PAALi solutions with continuous
tirring for 6 h to yield homogeneous PAALi + TiO2 slurries. Subsequently, the above
ixtures were dried, sintered at 800 ◦C for 4–12 h in flowing nitrogen with heating

ate of 5–25 ◦C min−1, followed by cooling down to room temperature slowly. The
nal Li4Ti5O12/C samples were obtained by grinding.

.2. Cells assembly and performance evaluation

Electrochemical properties of the Li4Ti5O12/C composites were evaluated using
032 coin cells with a lithium metal foil as the counter electrode. The Li4Ti5O12/C
orking electrodes were made by mixing active materials, conductive carbon black

Super P, TIMCAL) and an aqueous binder LA132 (Indigo, China) in a weight ratio of
6:10:4, and then pasted uniformly onto a copper foil and dried at a temperature of
20 ◦C to give the electrodes. All electrodes were cut into disks with a diameter of
.45 cm (thus the area of 1.65 cm2), pressed, dried at 90 ◦C under vacuum for 6 h, and
hen stored in an argon-filled dry box. The cells were assembled in an argon-filled
ry glove box. The electrolyte was a 1.0 M LiPF6 solution in the mixture of ethylene

arbonate, dimethyl carbonate and ethylene methyl carbonate (1:1:1 by volume). A
elgard 2400 polypropylene membrane was used as the separator.

X-ray diffraction (XRD) of Li4Ti5O12/C was carried on a Rigaku D/Max 2550 pow-
er diffractometer with Cu-K� radiation of � = 1.5418 Å in the range of 10◦ < 2� < 90◦ .
canning electron microscopy (SEM) was conducted on a JEOL JSM-6700F scan-
ing electron microscope. Transmission electron microscopy (TEM) was revealed
ts (red line means the standard Li4Ti5O12). (For interpretation of the references to

by a JEOL JEM-3010 transmission electron microscope. The amount of carbon in
Li4Ti5O12/C composite was measured by thermogravimetric-differential thermal
analysis (TG/DTA) methods with scanning rate of 10 ◦C min−1 in air atmosphere
from 25 to 800 ◦C, by a Netzsch STA409PC thermal analyzer. The particle size dis-
tribution was identified by a BT-2003 laser particle size analyzer. Constant current
charge–discharge and cycle performance of the cells were tested on a Neware Bat-
tery Tester and cyclic voltammograms were investigated by an Arbin Instrument.
All the tests were carried out at room temperature.

3. Results and discussion

3.1. XRD analysis

Fig. 1 shows the XRD patterns of as-prepared spinel Li4Ti5O12/C
using PAALi with different mol. wts. As is seen in the figure, the
crystal structure of the samples is greatly changed with molecular
weight (mol. wt.) of PAA. When the mol. wt. of the PAA is 10,000
(Fig. 1c), the XRD diagram of the Li4Ti5O12/C shows the absence
of parasitic peaks, and it is in good accordance with the standard
Li4Ti5O12 pattern (PDF no. 26-1198), demonstrating that a single
phase is obtained with no evidence of other lithium titanates with
different crystal structure in the composite and the carbon from
PAALi does not greatly affect the structure of Li4Ti5O12. When the
PAA with mol. wt. of 2000, 4500 and 100,000 are adopted, all the
samples show the impurity phase peaks, as shown in Fig. 1a, b and d.
When the mol. wt. of PAA is too small (e.g. 2000), the obtained PAALi
would be fluid due to fusing like small-molecule inorganic lithium-
salts when be sintered. Flow of PAALi induces surface segregation
phenomena between PAALi melt phase and TiO2 solid phase, which

results in poor uniformity of the precursor mixtures. Therefore,
lithium titanates with different ratios of Li/Ti would yield where
the lithium salt is enriched or lacking. Therefore, the final sample
is the eutectic mixture of Li4Ti5O12, Li2Ti3O7 and TiO2. When the
mol. wt. of PAA is 4500, there is a small amount of impurity phase
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Fig. 2. Li4Ti5O12/C derived from different molecular weight PAA 2000 (a), 4
natase TiO2. When the mol. wt. of PAA is too large (e.g. 100,000),
he obtained PAALi would disperse non-homogeneously in pre-
ursor mixtures due to the effect of polymer framework, hence

Fig. 3. The particle size distribution of Li4Ti5O12/C.
), 10,000 (c), 100,000 (d) of SEM images, and TEM image of Li4Ti5O12/C (e).
resulting in excessive or insufficient PAALi content at partial areas.
Thereby, the eutectic mixture of Li4Ti5O12, Li2Ti3O7 and TiO2 is also
obtained.

Fig. 4. TG–DTA curves of Li4Ti5O12/C.
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Fig. 5. CVs of the Li4Ti5O12/C electrodes

.2. Electron microscopy, particle size distribution and TG/DTA
nalysis

Fig. 2a–d shows the SEM pictures of Li4Ti5O12/C derived from

AALi with different mol. wts. The samples mainly display regular
rystalline morphology when the mol. wts. of PAA are 4500 and
0,000. The crystalline morphology of the sample is the most reg-
lar when the mol. wt. of PAA is 10,000 (Fig. 2c). Otherwise, as
evealed in Fig. 2a and d, the samples demonstrate the crystalline

Fig. 6. Constant current charge–discharge curves of the Li4Ti5O12
PAALi with different molecular weights.

morphology of not only Li4Ti5O12 but also impurities when PAA
with the mol. wts. of 2000 and 100,000 are used, which indicates
other lithium titanates or carbon exists in Li4Ti5O12/C samples. The
above results of SEM images illustrate that the samples display reg-

ular crystalline morphology and no other lithium titanates exist
when the mol. wts. of PAA are 4500 and 10,000, which is consistent
with the results of XRD patterns. Fig. 2e presents the TEM pho-
tograph of Li4Ti5O12/C derived from PAA with mol. wt. of 10,000.
It can be clearly seen from the figure that most Li4Ti5O12 parti-

/C electrodes from PAALi with different molecular weights.
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Fig. 7. Specific capacities of as-prepared Li4Ti5O12/C sintered

les are wrapped with carbon webs [24]. The connection between
i4Ti5O12 and pyrolytic carbon is tight, which is profitable to the
mprovement of electronic conductivity. The electronic conductiv-
ty of Li4Ti5O12/C samples as shown in Fig. 2a–d reaches 2.7 × 10−7,
.9 × 10−7, 2.9 × 10−7 and 3.0 × 10−7 S cm−1, respectively. It is seen

n Fig. 3 the particle size distribution of the Li4Ti5O12/C derived from
AA with mol. wt. of 10,000 is narrow and the average particle size
s 280 nm, which is consistent with the results of TEM image. The
ontent of carbon in the composite Li4Ti5O12/C derived from PAA
ith mol. wt. of 10,000 is 4.66% measured by TG/DTA method, as

hown in Fig. 4.

.3. Cyclic voltammetry

Fig. 5 shows the cyclic voltammograms (CVs) of the Li4Ti5O12/C
lectrodes from PAALi with different mol. wts. The CVs’ voltage
anges of all electrodes are 0–3.0 V, and the scan rates are all
.2 mV s−1. It is obvious that four samples show two pairs of redox
eaks, the first pair of redox peaks is the characteristics redox peaks
f Li4Ti5O12 (1.70 and 1.46 V), the second pair of redox peaks is
ttributed to the carbon component in the Li4Ti5O12/C composite
below 1.0 V) [25]. However, there is a third pair of redox peaks that
s located at 1.37 and 1.20 V, as shown in Fig. 5a and d. It is proved
hat the third pair of redox peaks is caused by oxidation–reduction
ehavior of Li2Ti3O7 [26]. These facts are consistent with the results
f XRD patterns.

.4. Electrochemical measurements

Fig. 6 shows the constant current charge–discharge curves of
he Li4Ti5O12/C electrodes from PAALi with different mol. wts.
he charge–discharge test is carried out at a current density of
.86 mA cm−2 (1 C). As shown in Fig. 6a and d, the appearance of
characteristic plateau different from Li4Ti5O12 is due to Li2Ti3O7.

t is confirmed that there are impurity phase Li2Ti3O7 in Li4Ti5O12/C
omposites when the PAA with the mol. wt. of 2000 and 100,000
re adopted. These facts are consistent with the results of XRD pat-
erns and CVs curves. However, as revealed in Fig. 6b and c, the
ypical characteristic plateau of Li4Ti5O12 is obtained, where the

ol. wt. of PAA is 4500 and 10,000, respectively. It is clear that the
i4Ti5O12/C electrode has a higher capacity when the mol. wt. of
AA is 10,000.
The above results show that the mol. wt. of PAA is an impor-
ant factor for the synthesis of spinel Li4Ti5O12/C. The physical and
lectrochemical performances of as-prepared Li4Ti5O12/C are influ-
nced greatly by the mol. wt. of PAA. The increase of the mol. wt.
ncreases the distribution homogeneity of lithium source in pre-
r different heating rates (a), different heating durations (b).

cursors when be heat-treated. However, on the other hand, the
increase of the mol. wt. increases the dispersion inhomogeneity
of PAALi in precursors because of the effect of polymer framework
of PAA. The both extreme choice would lead to failure to synthesize
the purity phase Li4Ti5O12/C. Therefore, the PAA with mol. wt. of
10,000 is chosen as the optimum value for the synthesis of regular
crystalline morphology and purity phase Li4Ti5O12/C composite.

The heating rate and sintering duration are another two impor-
tant influence factors on the electrochemical performances of
Li4Ti5O12/C. Fig. 7a shows the reversible capacities of as-prepared
Li4Ti5O12/C sintered at 800 ◦C with different heating rates and
PAA with the mol. wt. of 10,000. It is seen from the figure that
the maximum reversible capacity is reached at heating rate of
20 ◦C min−1. The reason may be that vacancies left by small volatile
molecules when heat-treatment can be kept in the formed prod-
uct and result in an increase of micropores. The micropores are
effective places for lithium storage [27,28]. Moreover, the intercon-
nected microstructure helps the electrolyte to equably penetrate
the electro-active materials, which leads to better electrochemical
performance of Li4Ti5O12/C. At higher heating rates (>20 ◦C min−1),
the in-situ pyrolyzed PAA form a large number of small and inter-
connected pores. However, excessive pores result in an increase of
“dead lithium”, which affects reversible capacity of Li4Ti5O12/C. At
lower heating rates (<20 ◦C min−1), large but separated pores are
mainly formed because of small volatile molecules escaping from
solid samples at lower speed, which is unfavorable for the elec-
trolyte to equably penetrate the electro-active materials. Therefore,
the heating rate of 20 ◦C min−1 is an optimum value for the syn-
thesis of spinel Li4Ti5O12/C. Fig. 8 shows the constant current
charge–discharge curves of the Li4Ti5O12/C in Fig. 7a. Fig. 7b shows
the reversible capacities of as-prepared Li4Ti5O12/C sintered at
800 ◦C under different sintering durations with the heating rate of
20 ◦C min−1 and PAA with the mol. wt. of 10,000. It is seen from the
figure that the maximum reversible capacity is obtained at sintering
duration of 8 h. It is well known that crystal integrality and gran-
ularity of products are considered to be the main factors affecting
the electrochemical performances. When the sintering duration is
shortened, single-phase Li4Ti5O12 or products with complete crys-
tal structure may not be obtained, which leads to the instability
of crystal and causes bad influence on the electrochemical perfor-
mances of the products. When the sintering duration is increased,
it is unfavorable for Li+ diffusing in crystal due to the increase of

particle size and the decrease of specific surface area, which also
affects the electrochemical performances of the products. There-
fore, the sintering duration of 8 h is chosen as the optimum value
for the synthesis of Li4Ti5O12/C composite. Fig. 9 shows the constant
current charge–discharge curves of the Li4Ti5O12/C in Fig. 7b.
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Fig. 8. Constant current charge–discharge curves of the Li4Ti5O12/C in Fig. 7a.
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Fig. 10 shows the cycle curves of as-prepared Li4Ti5O12/C at
he optimum values of PAA with the mol. wt. of 10,000, heating
ate of 20 ◦C min−1 and sintering duration of 8 h. The constant cur-
ent charge–discharge curves of as-prepared Li4Ti5O12/C at high
ates are shown in Fig. 11. It can be seen that Li4Ti5O12/C has good

ycle stability though the reversible capacities decreased gradually
ith the increase of current density. At 0.2 C, the initial capac-

ty is 162.2 mAh g−1 with capacity retention of 99.34% at 50th
ycle. At 4 C and 8 C, the initial capacity is 148.4 and 142.4 mAh g−1
Fig. 9. Constant current charge–discharge curves of the Li4Ti5O12/C in Fig. 7b.

with capacity retention of 94.48 and 90.53% at 50th cycle, respec-
tively. Moreover, even at 20 C the initial capacity is 116.0 mAh g−1

with capacity retention of 87.61% at 50th cycle. However, at 20 C,
polarization of the cell is very obvious, and noticeably, its dis-

charge voltage platform significantly drops. The results show that
Li4Ti5O12/C composite has good cycle life performance at high rates.
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Fig. 10. Cycleabilities of Li4Ti5O12/C derived from optimized synthesis conditions
at various rates.
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. Conclusions

In this work, spinel Li4Ti5O12/C was obtained from PAALi and

iO2 via one-step solid-state reaction without adscititious car-
on sources. Herein, the PAALi supplies both lithium and carbon
ources. The mol. wt. of PAA, heating rate and sintering dura-
ion directly affect the physical and electrochemical performances
f Li4Ti5O12/C. The results demonstrate that the mol. wt. of PAA,

[
[

[

[

mpounds 506 (2010) 160–166

heating rate and sintering duration is optimized to be 10,000,
20 ◦C min−1 and 8 h, respectively, at which the Li4Ti5O12/C shows
the initial capacity of 148.4 mAh g−1 with 5.52% capacity fading
after 50 cycles at 4 C, and 142.4 mAh g−1 with 9.47% capacity fad-
ing after 50 cycles at 8 C. An initial capacity 116.0 mAh g−1 with a
capacity fading of 12.39% after 50 cycles is obtained even at 20 C.
The Li4Ti5O12/C composite derived from this synthetic route shows
good rate cyclic performance and will be a very promising material
to be used in high-rate lithium-ion batteries.
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