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Abstract

Spinel lithium titanate, Lis TisO,,, with novel hollow-sphere structure was fabricated by a sol—gel process using carbon sphere as template. The
effect of the hollow-sphere structure as well as the wall thickness on the Li storage capability and high rate performance was electrochemically
evaluated. High specific capacity, especially better high rate performance was achieved with this LisTisO;, hollow-sphere electrode material with
thin wall thickness. It is believed that this macroporous hollow-sphere structure has shortened the Li diffusion distance, increased the contact area
between LisTisO;, and electrolyte, and also led to better mixing of the active material with AB. All these factors have resulted in the good rate

capability of the hollow-sphere structured Li,Tis O, electrode material.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The spinel lithium titanate, LisTisO12, has attracted great
interest as anode material of rechargeable lithium batteries
because of its unique characteristics, such as the ‘zero-strain’
effect and the flat Li insertion voltage at about 1.55V versus
Li [1-5]. Upon Li insertion, the expansion of the unit cell of
LisTi5O1, is almost negligible [3], which may enable a stable
cycle life. The high Li insertion potential may stabilize most
of the electrolytes and organic solvents since the reduction of
electrolytes normally cannot occur at such a high potential.
Additionally, LigTisO1> also has excellent lithium ion mobility
[4], hence promising for high rate battery applications.

To develop high rate lithium storage devices, highly divided
active materials and high contact area between the active mate-
rials and electrolyte are usually two basic requirements [6].
However, in most of previous works, LisTisO1> powders were
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fabricated by the high-temperature solid-state reaction method
(typically firing at 8001000 °C for 12-24 h) [1-5]. This method
will inevitably yield micron-sized or submicron-sized prod-
ucts even after a post milling step. Although several sol-gel
processes were suggested [7—11], high-temperature calcination
was always necessary to improve the phase purity [7,8] and
electrochemical performance [9]. This makes the fabrication of
nano-sized LisTisO1; rather difficult. In a recent work, Kavan
and Gritzel [12] reported a very excellent high rate perfor-
mance in a nanocrystalline thin-film LisTisO1, electrode even
at a charging rate as high as 250 C. This indicates that nano-
sized LisTisO1y electrode material is truly beneficial for the
rate capability of Li-ion batteries.

Another method to improve the rate performance of Li-ion
battery is to increase the contact area between the active mate-
rials and electrolyte, hence making the Li insertion/extraction
more sufficiently. For this purpose, keeping more porosity and
less agglomeration of the active materials through assembling
them into three-dimensional (3D) architecture seems to be an
effective way. Recently Sorensen et al. [13] demonstrated that
3D ordered macroporous LigTisOj; electrode could deliver
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excellent high rate capacity if carefully controlling the wall
thickness. Based on a similar idea, recently we successfully fab-
ricated micron-sized LisTisO1> hollow spheres with thin wall
thickness by a sol—-gel process using carbon spheres as template.
Significant improvement of the rate capability towards Li inser-
tion/extraction was confirmed in the hollow-sphere structured
LisTi5O1, electrode in comparison to the densely agglomer-
ated Li4 Tis Oy electrode with the similar primary grain size (ca.
100 nm). In this communication, the synthesis and high rate Li
storage capability of Lis TisO1, hollow spheres will be reported.

2. Experimental details
2.1. Preparation of carbon spheres

Carbon spheres (CS) with diameters ranging from 500 nm to
2 wm were prepared by hydrothermal treatment of 0.5 M glucose
aqueous solution in a teflon-lined autoclave at 180 °C for 20h,
according to the report of Sun et al. [14]. The surface of the
carbon spheres has a distribution of -OH and —C=0 groups.
When the carbon spheres are homogeneously dispersed in the
starting sol, a homogenous gel layer containing Ti and Li cations
will be coated on them. After burning out the carbon spheres,
LigTi5O1, hollow spheres can thus be fabricated.

2.2. Preparation of LisTisO 2 hollow spheres

LigTi5O1, hollow spheres were fabricated from titanium
tetraisopropoxide (TTIP), [Ti(OCH(CH3);)4] (Wako), and
lithium acetate dihydrate (LiCH3CO,-2H,0) (Wako), by a
sol—gel process using the as-prepared carbon spheres as tem-
plate. This sol—gel process has been proven of a facile process
to produce well mixed lithium and titanium oxides [7,8]. Typi-
cally, 0.1 or 0.2 g as-prepared CS was dispersed in 10 g ethanol
by ultrasonic vibrating and magnetic stirring. 1.02 g (for 0.1g
CS) or 0.5 g (for 0.2 g CS) LiCH3CO;-2H;0 was dissolved in
above solutions under magnetic stirring. These different loading
amounts of CS were designed to control the wall thickness of
the hollow spheres. TTIP was added to these solutions drop wise
while keeping the mole ratio of Li:Ti=1:1. With continuously
stirring at room temperature, gels were formed, which were fur-
ther dried in vacuum at 60 °C. To make a comparison, a sample
without addition of CS was also prepared by the same sol-gel
process, named as pure. The dried precursors were ground and
sintered at 700 or 750 °C for 1-2h in air to complete the phase
transformation. The two kinds of lithium titanate hollow spheres
were named as LTHS-1 (for 0.1 g CS) and LTHS-2 (for 0.2 g CS),
respectively, to simplify the description. The phase purity and
microstructure of the synthesized powders were studied by XRD
and scanning electron microscope (SEM).

2.3. Electrochemical characterizations

The charge—discharge capacities were measured with a
beaker-type three-electrode cell. To make the working electrode,
70 wt.% LigTi5O12, 20 wt.% acetylene black (AB) carbon and
10wt.% teflon (poly(tetrafluoroethylene)) binder were mixed
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Fig. 1. XRD patterns of the synthesized LisTisO12 powders with different
microstructures.

and ground into a paste. The prepared paste was spread uni-
formly on a thin nickel sheet (100 mesh) using the doctor-blade
method. The working electrode was dried at 105 °C in vacuum
overnight before cell assembly. Li metal on nickel mesh was used
as counter and reference electrodes. The electrolyte was 1 M
LiClO4 in (EC + DEC) (EC/DEC = 1/1, v/v). The cell assembly
was carried out in a glove box filled with high purity argon gas.
Galvanostatic discharge—charge measurement was performed in
a potential range of 1.0-2.7 V versus Li under different current
densities. The specific capacity and current density were based
on the active material (Li4TisOj72) only, which was typically
1.5-2 mg per electrode.

3. Results and discussion

The colors of the synthesized powders are white, indicating
that (1) the CS has been burned out during the heat treatment, and
(2) all the samples are insulators. This is different from the results
of Zaghib and coworkers [15]. In their work, the powders with
carbon addition appeared as grey color even after heat treatment,
suggesting that Ti** or residual carbon might exist.

The X-ray diffraction patterns of the synthesized powders are
shown in Fig. 1. All the sharp diffraction peaks can be indexed
on the basis of a cubic spinel structure, LisTisO12 (JCPDS file
no. 26-1198). This suggests that high purity LisTisO12 can be
prepared by firing the sol—gel derived precursors at 700-750 °C
for only 1-2 h. In all these samples, a small amount of Li; TiO3
phase can be traced, as marked by arrow in Fig. 1. In preliminary
studies we found that TiO; and Li»TiO3 phases would coexist
with the main LisTisO1, phase when the sintering temperature
was lower than 600 °C. With increasing the heat treatment tem-
perature, TiO, or LirTiO3 would disappear depending on the
starting composition, Li rich or Ti rich. The Li rich composition
and also the low heat treatment temperature may account for the
small amount of impurity Li» TiO3 phase in our samples.

Fig. 2 shows the SEM images of the synthesized pure (Fig. 2a
and b), LTHS-1 (Fig. 2c and d) and LTHS-2 (Fig. 2e and f) pow-
ders with low and high magnification, respectively. Generally,
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Fig. 2. Low and high magnification SEM images of the synthesized LisTisO1, powders with different microstructures, (a) and (b) pure, (c) and (d) LTHS-1, and (e)

and (f) LTHS-2.

the crystallite size of LisTi5O1; is about 100 nm in all these
samples. These fine Lis Ti5O1> powders could be attributed to the
sol—gel process in which an atomic level mixing of elements was
achieved. The short sintering time was also important to prevent
the grain growth. As is seen in Fig. 2a and b, the pure sam-
ple shows very densely agglomerated particles with diameters
of ca. 1-2 pm. For these densely packed particles, we assume
that the electrolyte can only contact with the LisTi5O1, grains
resided at or near the outer surface. The LisTisO1> grains inside
the particles might be inactive especially when being cycled at
high current densities due to the increased Li diffusion length.
LTHS-1 also shows micron-sized particles of ca. 1 um in diame-
ter. However, from the magnified image, Fig. 2d, we can clearly
see that the micron-sized particles are actually hollow spheres
but with thick wall. The wall of these hollow spheres consists

of about two grains, i.e., is about 200 nm thick. This thick wall
should be ascribed to the lower loading amount of CS in the
starting solution. By increasing the loading weight of CS (sam-
ple LTHS-2), the wall of the hollow spheres was reduced to one
grain thick, i.e., ca. 100 nm, see Fig. 2e and f. Macroporous pow-
ders with well assembled LisTi5O1y primary grains were thus
obtained. It is believed that these micron-sized hollow spheres
with thin wall thickness may facilitate Li insertion/extraction
due to the nano-sized diffusion distance and large contact area
between the active material and electrolyte.

The specific capacities of these samples were determined by
discharge—charge test at constant current density. Fig. 3 plots the
first and second discharge and charge curves of these samples
at a current rate of 0.1 Ag~! (ca. 0.57C, 1C=175mAg™").
The pure and LTHS-1 samples show similar first and second
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Fig. 3. The first and second discharge and charge curves of LisTisO, powders
with different microstructures cycled at 0.1 Ag~!.

discharge capacities of ca. 160 and 145 mAh g~!, respectively.

This indicates that at a relatively low current density, 0.1 A g™,
LTHS-1 shows a similar electrochemical performance as the
pure sample due to the thick wall of the hollow spheres. However,
by decreasing the wall thickness and increasing the porosity,
LTHS-2 delivers a much improved capacity. For example, the
discharge capacities of LTHS-2 are 175mAhg~! at the first
cycle and 159 mAhg~! at the second cycle, respectively, sug-
gesting that the lithiation/delithiation processes were greatly
facilitated by decreasing the lithium diffusion distance and
increasing the contact area between Lis Ti5O12 and electrolyte.

The cycle performance of these samples at 0.1 A g~ ! is given
in Fig. 4. As is seen in this figure, all these samples show an
irreversible capacity of about 10% at the first cycle. This might
be ascribed to the low crystallinity of our Lis TisO1, samples due
to the short sintering time and low sintering temperature. This
can also be identified from Fig. 3 that the discharge curves in a
potential range of 1.50—1.0 V are not as sharp as that of the high-
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Fig. 4. Cycling performance of the pure, LTHS-1 and LTHS-2 electrodes at a
current rate of 0.1 Ag~!
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Fig. 5. Effect of current rate on the relative discharge capacities of the pure,
LTHS-1 and LTHS-2 samples. The data was obtained by normalizing the second
discharge capacities at different current rates to that at 0.57 C.

temperature sintered samples [1-5]. However, after the initial
capacity loss, all these samples show very high coulombic effi-
ciency and capacity retention upon cycling. LTHS-2 exhibits the
highest capacity among all these samples. A discharge capacity
of 146 mAh g~! was maintained after 30 cycles.

To evaluate the rate capability of the Lis TisO, powders with
different microstructures, we have also measured the specific
discharge—charge capacities at higher current rates. Fig. 5 plots
the relative discharge capacities of three samples as a function
of the discharge—charge C rate. The discharge capacity deter-
mined at 0.57 C (0.1 A g~!) was taken as standard. Clearly, the
rate performance was improved in the turn of pure, LTHS-1 and
LTHS-2 samples. Moreover, the advantage of the hollow-sphere
electrode material on the high rate capability was highlighted
with increasing the current rate. For example, at 2.86 and 5.7 C,
the second discharge capacities of the pure sample were only 96
and 46 mAh g~!, being only 66% and 31.8% of the capacity at
0.57 C, respectively; whereas these values of LTHS-2 were 151
and 121 mAh g~!, being 95% and 76% of the capacity at 0.57 C,
respectively. These results demonstrated that using LisTi5O12
hollow-sphere electrode material especially with thin wall thick-
ness had significantly improved the rate capability of lithium ion
cells.

It should be pointed out that the rate capability of our hollow-
sphere LisTisO1, anode is inferior to that reported by Nakahara
et al. [16], in which ball milled fine Li4Ti5O1, particles could
retain 86% of the capacity at 0.15 C when being cycled at 10 C.
One possible reason for this difference might be the partial con-
tact of Li4TisO1, primary grains in hollow spheres with AB due
to the hollow-sphere structure, which limited the electronic con-
ductivity, in turn the rate capability. The different crystallinity,
phase purity and morphology between our samples and that pre-
pared by Nakahara et al. [16] might have also possibly caused
such a difference.

As seen in Fig. 5, the difference of capacity between three
samples is not large at low current rate. As discussed in
ref. [13], at low current density, more sufficient Li insertion/
extraction can be realized even in bulk materials, which mini-
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mized the difference between the lithium storage capabilities of
different samples. However, with increasing the current rate,
the transportation of Li ions and electrons in the solid-state
electrode material becomes a limiting factor to the lithium inser-
tion/extraction. The hollow-sphere structure of LisTisO1> may
have two merits to account for the better high rate performance
than the solid spheres. First, about 100 nm-sized LisTisO12
grains were assembled on the wall of the hollow spheres. All
these fine LisTisOy grains were exposed to the electrolyte,
hence greatly reducing the Li diffusion distance and increasing
the contact area between Lig TisO17 and electrolyte. By contrast,
besides the low specific surface area, Li ions could not reach
the LigTi5Oq, grains inside the densely agglomerated micron-
sized particles in the pure sample when the discharge—charge
current rate was high. Only the LisTisO1, grains at or near the
outer surface of the micron-sized particles could be active dur-
ing discharge—charge. This will inevitably decrease the specific
capacity. Second, since LisTisO1> is electronic insulator, con-
ducting assistant material (AB in this study) has to be mixed
evenly with the active material to give good electronic conduc-
tivity. Compared with the densely packed LisTi5O1, particles
in the pure sample, more LisTi5;O1y primary grains can con-
tact with AB, hence improving the electronic conductivity. This
may also help to improve the high rate performance. Since
aggregation is a common shortage of nanopowders, the hollow-
sphere structured materials may have advantages as electrode
over highly aggregated nanoparticles in order to improve the rate
capability. However, as already being pointed, in comparison to
evenly dispersed fine particles, the advantage of the hollow-
sphere structured electrode materials on high rate performance
would be limited.

4. Conclusion

LiyTi5sO12 hollow spheres with thin wall thickness (ca.
100nm) were fabricated by a simple sol-gel process using
carbon spheres as template. In comparison to the densely
agglomerated micron-sized particles, the LisTisO2 hollow-
sphere material shows higher lithium storage capacity, especially

at higher current rates. It is believed that the short Li diffusion
distance, large contact area between LisTi5O1, and electrolyte,
and also the well mixing of LisTi5;O1, with AB have increased
both the efficiency of Li ion and electronic conductivity, hence
the rate capability. Our process is a versatile method, which can
possibly be applied to other lithium intercalation materials.
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