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TiO, hollow spheres are fabricated by a sol-gel process using carbon spheres as template. The diameter
and the shell thickness of the TiO, hollow spheres are about 400-600 nm and 60-80 nm, respectively.
The electrochemical properties of the hollow spheres are investigated by galvanostatic cycling and cyclic
voltammetry (CV) measurements. The initial discharge capacity reaches 291.2 mAhg-! at a current den-
sity of 60 mA g~'. The average discharge capacity loss is about 1.72 mAh g~! per cycle from the 2nd to the
40th cycles and the coulombic efficiency is approximately 98% after 40 cycles, indicating excellent cycling
stability and reversibility.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The demand for rechargeable batteries is increasing in power
sources both of portable electronic equipments and automobile
electrical systems. Among various candidate power systems, Li-
ion batteries have attracted much attention because of their high
energy storage density, long cycle life, little memory effect, poi-
sonous metals free and so on [1,2]. To fabricate better Li-ion
batteries, it is very important to explore novel materials for bat-
tery components, including cathode, anode and electrolyte. In the
present commercial Li-ion batteries, graphite has been widely
used as the intercalating anode for its high reversible capacity,
even discharge/charge potential profile and low cost. However,
graphite does have some disadvantages and cannot meet the perfor-
mance requirements of some important applications satisfactorily,
especially in the safety and rate performance [3]. To avoid these
drawbacks, transition metal oxides such as WO3, MoO3 and TiO,
have stimulated interest greatly [2,4,5]. Especially, titanium oxide is
regarded as a promising active lithium intercalation material with
high capacity, low-voltage (below ca. 2.0V versus Li*/Li) and low
production cost.

A method to improve the electrochemical performance of Li-
ion batteries is to increase the contact area between the active
materials and electrolyte, hence making the Li* insertion/extraction
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more sufficiently [6]. For this purpose, keeping more porosity and
less agglomeration of the active material through assembling them
into three-dimensional architecture seems to be an effective way
[6-8]. TiO, hollow spheres have been synthesized successfully by
various methods, such as templating method [9], polymer-induced
method [10], sol-gel method [11], hydrothermal method [12], etc.
The most-applied method for the synthesis of hollow spheres is by
far the templating of larger colloidal carbon spheres prepared by
dehydrating glucose or sucrose under hydrothermal conditions. The
surface of the carbon spheres have a distribution of ~-OH groups and
-C=0 groups, which makes surface modification unnecessary. The
electrochemical properties of TiO, with varied morphologies, for
instance, nanocrystallines [13], nanorods [14], nanotubes [15] and
nanowires [16] have been studied by many previous researchers.
However, the electrochemical features of TiO, hollow spheres have
been reported rarely.

In this paper, we synthesized TiO, hollow spheres successfully
by a sol-gel route using carbon spheres as template. This method
is convenient, low cost and easily adaptable to mass production.
The electrochemical properties were investigated by galvanostatic
cycling and cyclic voltammetry.

2. Experimental
2.1. Preparation of TiO, hollow spheres

Carbon spheres with diameter about 1 wm were prepared by
hydrothermal treatment of 1.0 M glucose aqueous solution in a
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teflon-lined autoclave at 190 °C for 16 h, according to the report of
Sun and Li [17].

In a typical synthesis of TiO, hollow spheres, 6 ml Ti(OC4Hg)4
was dissolved slowly in 30 ml ethanol under constantly stirring to
form the starting solution. Then the as-prepared carbon spheres
(0.5 g) were added and well dispersed into the above solution. The
mixture was kept at room temperature in a sealed beaker for 24 h
with vigorous stirring before the products were collected by cen-
trifugation. The products were washed with ethanol thoroughly to
remove residual cations and anions, and then dried in air at 70°C.
The TiO, hollow spheres were obtained after annealing the dried
powder at 500°C in air for 3 h.

2.2. Structure and morphology characterization

X-ray diffraction (XRD, DX-2500, Fangyuan) measurement
was performed on a diffractometer with Cu Ka radiation with
A =1.54145 A. The Raman spectrum was measured by a laser Raman
Spectrometer (Renishaw-1000) at an output power of 100 mW
of 457.5 nm solid-state laser. Scanning electron microscopy (SEM,
JSM-5600LV, JEOL) and transmission electron microscopy (TEM,
JEM-100cx, JEOL) were applied to examine the morphology.

2.3. Electrochemical characteristics

To prepare the working electrode, the TiO, hollow spheres,
acetylene black (AB) and polyvinylidene fluoride (PVDF) binder
were mixed together homogeneously in a weight ratio of 80:10:10,
several drops of N-methylpymolidinone (NMP) was added until a
slurry was obtained, the slurry was coated uniformly on a 10 pwm
thick copper foil. After drying at 120 °C for 24 h, a circular electrode
with a diameter of 15 mm was punched from the copper foil and
used as working electrode.

The simulated battery was assembled in a glove box filled with
high-purity argon. The moisture content and oxygen level were
less than 1 ppm inside the glove box. The TiO, hollow spheres as
the working electrode and lithium foil was used as both the ref-
erence and counter electrodes. A solution of 1M LiPFg dissolved
in a mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC) (v/v=1/1) was used as electrolyte and Celgard 2400 was
used as separator membrane. The electrochemical measurements
were performed using a three-electrode system at room tempera-
ture. The galvanostatic cycling was measured on a LAND cell test
(Land-CT 2001A) system at a constant current density of 60 mA g~
between 2.5 and 1.0V. Cyclic voltammetry was performed on a
CHI660B electrochemical workstation and recorded in the voltage
range from 2.7 to 0.8V at a scan rate of 0.2 mVs~1.

3. Results and discussion
3.1. Physical characteristics

The SEM image of carbon spheres is shown in Fig. 1. It can be
seen from the figure that the as-prepared carbon spheres is regu-
lar and smooth, with average diameter of 1 wm. Fig. 2 displays the
XRD pattern of the TiO, hollow spheres after calcination at 500°C
using the as-prepared carbon spheres as template. It can be clearly
seen that all of the diffraction peaks correspond to the pure anatase,
which is in good agreement with JCPDS card 65-5714. The Raman
spectrum of TiO, hollow spheres obtained at room temperature
is plotted in Fig. 3. Raman peaks centered at ~140, 197, 395, 515
and 637cm~! are observed, which are consistent with the typi-
cal Raman features of anatase TiO, phase [15,18]. Fig. 4(a) and (b)
illustrates the morphologies of the TiO, hollow spheres by SEM
and TEM observations. It is apparent that the obtained products are
interconnected hollow spheres with a size distribution from 400 to

Fig. 1. SEM image of the carbon spheres.
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Fig. 2. XRD pattern of the TiO; hollow spheres.

600 nm, smaller than the original size of carbon spheres template.
Some hollow spheres broken can be clearly observed from the SEM
image. The shell thickness has a distribution of 60-80 nm accord-
ing to the TEM image. To examine the stability of the hollow sphere
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Fig. 3. Raman spectrum of the TiO, hollow spheres.
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Fig. 4. SEM (a) and TEM (b) images of the TiO, hollow spheres.
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Fig. 5. Discharge/charge curves of the TiO, hollow sphere (a) and nano-TiO, particle (b) electrodes at a current density of 60 mA g1, and the voltage window is 1.0-2.5V.

structure through electrode fabrication, the morphology of TiO,-
based electrode is also investigated by SEM (not shown). The SEM
result demonstrates that the TiO, hollow spheres can well survive
through the mixing and grinding steps, without broken during the
fabrication of the electrode.

3.2. Electrochemical characteristics

Fig. 5(a) displays the initial five cycles of the TiO, hollow sphere
electrode with cutoff voltages of 2.5-1.0V (versus Li*/Li) at a cur-
rent density of 60mAg-'. In the first cycle, there are distinct
discharge/charge potential plateaus at 1.75 and 1.94 V, respectively,
which is consistent with the presence of predominant anatase
as the starting materials [16,19]. The discharge curves can be
divided into three domains. The first domain characterized by a
monotonous potential decrease corresponds to a solid solution
insertion mechanism [20]. The second domain characterized by
a plateau at about 1.75V is characteristic of a two-phase electro-
chemical reaction [21]. The Li* insertion/extraction reaction in TiO,
hollow sphere electrode can be written as:

xLit +xe™ +TiO, < LixTiO, (1)

Table 1
Comparison of cycling performances of the HSTO and NNTO at the same condition.

where x is insertion coefficient, and it is usually close to 0.5 in
anatase [22]. The third domain following the plateau is a further
Li* inserting into LigsTiO, process as the voltage drops linearly,
which demonstrates that Li* inserting into Lig 5TiO, can take place
to a higher extent. It can be seen that most capacity is obtained
between 2.0 and 1.0V from the discharge/charge curves, higher
discharge/charge voltage than that of graphite, hence improving
the safety and stability of Li-ion batteries. To make a comparison
with anatase TiO, nanoparticle electrodes, the nano-TiO, without
addition of carbon spheres was prepared by the same sol-gel pro-
cess and their electrochemical properties were also investigated by
galvanostatic cycling. The initial five cycles of the nano-TiO, with
cutoff voltages of 2.5-1.0V (versus Li*/Li) at a current density of
60mAg-! are displayed in Fig. 5(b). It can be seen from Fig. 5(b)
that there are also distinct discharge/charge plateaus at 1.75 and
1.94V for nano-TiO,, which are characteristic lithiation/delithiation
potentials for anatase material. The discharge curves in Fig. 5(b) can
also be divided into three domains.

The cycling performance of the TiO, hollow sphere electrodes at
a current density of 60 mA g~! in the potential range of 2.5-1.0V is
displayed in Fig. 6(a). The cycling behavior of the nano-TiO, particle
electrodes is also presented in Fig. 6(b) for a direct comparison. The

Cycle number Discharge capacity (mAhg~') (HSTO/NNTO)

Charge capacity (mAh g-!) (HSTO/NNTO)

Coulombic efficiency (%) (HSTO/NNTO)

1 291.2/259.3 200.5/154.3 68.9/59.5
2 209.1/165.7 188.2/144.6 90.0/87.3
3 199.0/151.6 185.7/138.4 93.3/91.3

40 141.9/88.1 139.2/86.5 98.1/98.3
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Fig. 6. Cycling performance of the TiO; hollow sphere (a) and nano-TiO, particle (b)
electrodes at a current density of 60mA g1, and the voltage window is 1.0-2.5 V.

more detailed comparison of the cycling performances of the TiO,
hollow sphere (HSTO, for short) and nano-TiO, (NNTO) at the same
condition is shown in Table 1. All these results indicate that the spe-
cial structure of hollow spheres improves the capacity and cycling
stability. The TiO, hollow spheres have a high initial discharge
capacity 0f291.2 mAh g~1, with corresponding insertion coefficient
86.9%. It is believed that the high capacity of obtained sample
should be attributed to the unique structure of hollow spheres. On
one hand, most of the TiO, particles could be exposed to the elec-
trolyte because of the unique structure of hollow spheres, reducing
the Li* diffusion distance and increasing the contact area between
TiO, and electrolyte greatly, and this can lead to a decrease of con-
centration polarization, thus the cycling performance improved
naturally [23]. On the other hand, the primary grains of the TiO,
hollow spheres can contact with AB (conducting assistant mate-
rial) sufficiently, hence improving the electronic conductivity, and
this may also help to improve the high rate performance. In addi-
tion, there are some extra site occupations of the hollow spheres
for lithium insertion and the acetylene black and/or electrolyte
decomposition in the TiO, hollow spheres may also contribute to
the capacity [24]. The subsequent Li* extraction, proceeding up to
2.5V, delivers a capacity of 200.5 mAh g~!, with corresponding irre-
versible capacity 90.7 mAh g~!. During discharge/charge cycles, the
potential range was confined above 1.0V. This should minimize the
electrolyte reduction and hence any SEI layer formation. The trace
water in the electrolyte could react irreversibly with lithium to form
Li> O, and this could be the major reason for the large irreversible
capacity [16]. There is another explanation that the irreversible
capacity is attributed to lithium intercalation into irreversible sites
and side reactions [25].
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Fig. 7. Cyclic voltammetry of the TiO, hollow sphere electrode at a scan rate of
0.2mVs~! (voltage range: 0.8-2.7 V).

In the 2nd cycle, the discharge capacity reduces to
209.1 mAh g, with a large discharge capacity fading (82 mAhg-1)
comparing with the first cycle. It can be seen from Fig. 5(a) that
the discharge capacity decreases in every domain of the 2nd
discharge curve compared with the 1st one. In the following
cycles, the discharge capacity of the first and second domains
scarcely changes, but the third domain decreases upon cycles,
demonstrating the capacity decay mainly occurs in the third
region. From the 2nd to the 40th cycles, the discharge capacity of
TiO, hollow spheres decreases from 209.1 to 141.9 mAhg~!, with
a little average capacity fading of 1.72mAh g~ per cycle, showing
better cycle performance comparing with the same morphology of
TiO, as anode material reported by Chen et al. [18]. In their study,
the discharge capacity of TiO, hollow microspheres decreases from
210 to 35mAhg~! from the 2nd to the 30th cycle, with a larger
average capacity fading of 6.0mAhg-! per cycle, showing a poor
cycling performance of the products, which was attributed to the
relatively large structure strain during repeated lithium insertion
and extraction processes. Based on Chen’s work, the improved
cycling performance in our study could be attributed to the smaller
size of hollow cavity prepared by the sol-gel method, which is
favorable in reducing the diffusion distance of lithium ions, and
thus results in a much higher efficiency in the intercalation and
extraction processes. After 40 cycles in our study, the coulombic
efficiency reaches 98%, demonstrating that the discharge/charge
tends to be stabilized and the coulombic efficiency increases upon
cycles. Itis believed that in the initial several cycles, the irreversible
Li insertion sites are filled completely, the trace water is consumed
gradually and the residual lithium in TiO, could improve the
electric conductivity [26], thus, the irreversible capacity decreases
and the coulombic efficiency increases naturally. In the 40th
cycle, the discharge capacity reduces to 141.9mAhg-!. Although
the theoretical capacity of anatase TiO, is 335 mAhg~! [27], the
practical achievable capacity is only half of the theoretical capacity,
this is mainly because of the fact that, presence of Li greater than
x=0.5 in LixTiO, leads to strong Li-Li interaction in the lattice
[28,29].

To probe the electrochemical behavior of TiO, hollow sphere
electrodes during the cycles, CV measurement was carried out at
a scan rate of 0.2mVs~! after the 10th cycle, which is presented
in Fig. 7. The obtained CV profile shows an apparent pair of reduc-
tion/oxidation peaks located at 1.695 and 2.086V (versus Li*/Li),
which are characteristic for Li* intercalation/deintercalation reac-
tions in anatase lattice. The interval of cathodic/anodic peaks of the
TiO;, hollow sphere electrode is 0.391V, much lower than that of
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the nanocrystalline TiO; (0.49 V) [14]. Because the peak separation
is determined by the overpotential required for the transformation
of TiO, to LixTiO,, the lower peak potential interval indicates that
the lithium inserting reaction of TiO, hollow spheres is more easily
[30,31]. The ratio for anodic (ipq) and cathodic (ipc) peak currents,
ipa/ipc, is nearly 1, which demonstrates that Li ions intercalate and
deintercalate reversibly and this redox system remains in equilib-
rium throughout the potential scan [26].

4. Conclusions

Anatase TiO, hollow spheres were synthesized successfully by
a simple sol-gel process using carbon spheres as template in this
work. There were a large initial discharge capacity of291.2 mAh g!
and alittle discharge capacity fading of 1.72 mAh g1 per cycle in the
following 39 cycles. CV results exhibited a pair of cathodic/anodic
peaks and the peak interval was only 0.391V when the scan rate
was 0.2mVs~1, It is believed that the short Li diffusion distance,
large contact area between TiO, and electrolyte, and the well mix-
ing of TiO, with AB have enhanced both the efficiency of Li ion
and electronic conductivity, hence improving the electrochemical
properties.
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