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ABSTRACT: A facile, green strategy is explored to synthesize
mesoporous Au/Li4Ti5O12 spheres based on in situ conversion of
titanium glycolate in LiOH aqueous solution. Compared with TiO2
precursors, titanium glycolate possesses some strengths: (i) fast and
easy preparation; (ii) direct reaction with LiOH without introduce of
TiO2 impurity. In the synthesis, the produced chemical waste is only
the mixed solvent of acetone and ethylene glycol (EG). Furthermore,
acetone and EG in chemical waste can be easily separated by
distillation and reused in the next synthesis process due to the great
difference between their boiling points. In particular, the as-prepared
mesoporous Au/Li4Ti5O12 spheres combines the advantages of large
specific surface area (166 m2/g) and good electronic conduction
enhanced by Au nanoparticles when used as an anode electrode
material. The electrochemical tests show that the mesoporous
Au/Li4Ti5O12 spheres display excellent high rate capability and cycling performance.
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■ INTRODUCTION
Lithium ion batteries have long been considered to be one of
the most promising power sources for popular mobile devices,
such as mobile phones, notebooks. Currently, most of the
commercial lithium ion batteries have LiCoO2 as a cathode and
graphite as an anode.1−3 However, the lithium-storage capacity
of graphite especially in rate capability is not enough to meet
the user’s demand because of the continuous evolution of
diversified multifeature devices with increasing power levels
though they show good cycle behavior. The development of
high-performance rechargeable lithium ion batteries for efficient
energy storage has become one of the key components in today’s
information-rich mobile society. Current trend of research in
rechargeable lithium ion battery technology is dedicated toward
the development of lithium ion batteries, which have superior
performance in terms of energy capacity, cycling stability, and rate
capability.4−6 This may be obtained only by achieving break-
throughs in electrode materials, as these devices depend intimately
on the properties of their materials. To this end, a great deal of
effort has been paid to the research and development of key
materials.7−10

Spinel lithium titanate (Li4Ti5O12) as a potential long-life
anode material in high power lithium ion batteries as well as
hybrid super capacitors has attracted great interest owing to its
zero-strain characteristic during lithium insertion/extraction
when compared with other anode materials.11−16 The almost

negligible volume change enables a stable cycle life. Besides,
this active material shows a very flat potential plateau close to
1.55 V vs Li+/Li, which is higher than the reduction potential of
most organic electrolytes. The high discharge potential may
stabilize the electrolytes and organic solvents since the
reduction of electrolytes cannot occur at such a high potential.
Despite these advantages, Li4Ti5O12 still suffers from the
problem of poor capacity at high rate because of its low
electronic conductivity. Recent studies have demonstrated that
use of nanosized or porous materials can improve the rate
capability significantly because of their larger electrode−
electrolyte contact area, shorter transport length for Li+ and
electronic transport. Unfortunately, the synthesis of nanosized
or porous Li4Ti5O12 material using conventional solid-state
reactions or sol−gel routes is very difficult because these
methods are carried out at high-temperature and cannot control
the morphology, particle size and homogeneity, which have
great effect on the electrochemical properties of the materials.
Recently, several solution-based methods have been developed
to synthesize porous Li4Ti5O12 nanomaterials using TiO2 as
precursors.17−20 The effective porous structure in a controllable
fashion provides desirable surface area and open structure,
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which can achieve higher rate capability and better cycle
performance. However, TiO2 impurity can be easily introduced
into the products because of incomplete reaction.
Apart from reducing the dimension of materials, there is

another route to improve the electrochemical performance, that
is, introducing electronically conductive phases, such as carbon,
carbon nanotubes, metal nanomaterials, polyacene, and so
on.21−24 The better electronic conduction can enhance the
charge transfer of electrode materials, resulting high Li ion
storage especially high-rate performance. For example, Huang
et al. found that the incorporation of Ag clearly improved the
rate capability and capacity retention due to the conductive
effects of Ag nanoparticles.23 Recently, Jiang group reported
that the Li4Ti5O12/carbon nanotubes composites exhibited
better rate capability than those of pure Li4Ti5O12.

24 They
attributed the improved electrochemical performance to better
electronic conduction of the nanocomposites.
Herein, we devise a facile, green strategy to synthesize

mesoporous Au/Li4Ti5O12 spheres by an in situ conversion
route in water-isopropyl alcohol (IPA) mixed solution using
titanium glycolate as a precursor. In comparison with TiO2
precursors reported previously, titanium glycolate possesses
many advantages: (i) fast and easy preparation; (ii) direct
reaction with LiOH without introduce of TiO2 impurity. The
produced chemical waste in the synthesis is only the mixed
solvent of acetone and EG, which can be easily separated by
distillation and reused in the next synthesis process because of
great difference between their boiling points. Importantly, the
as-obtained mesoporous Au/Li4Ti5O12 spheres possess a highly
specific surface area of 166 m2/g and good conduction. As
anode materials for high-rate lithium ion battery, the
mesoporous Au/Li4Ti5O12 spheres show excellent high-rate
performance and capacity retention.

■ EXPERIMENTAL SECTION
The schematic procedure for the preparation of mesoporous Au/
Li4Ti5O12 spheres is shown in Figure 1. The first step involved the
preparation of the titanium glycolate precursor spheres adsorbed with
AuCl4

−. In the next step, the titanium glycolate spheres were converted
into amorphous Au/Li4Ti5O12 in the present of LiOH by hydro-
thermal reaction. Finally, the spinel Au/Li4Ti5O12 spheres were
obtained after calcinations. In this study, HAuCl4 plays two
important roles. First, AuCl4

− can adsorb on the surface of sphere

and act as a stabilizing agent for the synthesis of monodisperse
titanium glycolate spheres. Without the addition of HAuCl4, the
titanium glycolate spheres suffer from severe aggregation, as shown
in Figure 2. On the other hand, HAuCl4 can be reduced into Au

nanoparticles in the reaction and act as an additive to improve the
electrical conduction of Li4Ti5O12 spheres, therefore improving the
high rate capacity.

Synthesis of Titanium Glycolate Precursor Spheres. The
titanium glycolate precursor spheres were synthesized according to the
route reported previously with minor modification.25,26 In a typical
synthesis, tetrabutoxytitanium (TBT, Aldrich) was added to ethylene
glycol (EG, 50 mL; Merck) in a 100 mL flask under vigorous stirring;
then the system was buddle with nitrogen for about 30 min to remove
water and oxygen. After that, the flask was sealed and stirred for 8 h at
room temperature. The obtained mixture was poured into 200 mL
acetone in beaker, followed by addition of 1.9 mL of water and 0.8 mL
of 30 mM HAuCl4. The beaker was then sealed with parafilm and
stirred for 1 h. The white precipitate was harvested by centrifugation
and washing with ethanol for three times and dried at 50 °C in an oven
for further usage.

Synthesis of Mesoporous Au/Li4Ti5O12 Spheres. Fifty milli-
grams of titanium glycolate precursor was added to mixed solution of
isopropyl alcohol and deionized water containing 1 mmol of LiOH
under vigorous stirring. The mixture was transferred into a Teflon-
lined autoclave with a volume of 50 mL and kept in an electric oven
at 180 °C for 48 h. After being cooled down, the white product was
collected by centrifugation and washed with deioned water and

Figure 1. Schematic diagram for the preparation of the mesoporous Au/Li4Ti5O12 spheres.

Figure 2. TEM images of titanium glycolate precursor prepared
without addition of HAuCl4. Scale bar: 500 nm.
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absolute ethanol several times, followed by drying in an oven
at 80 °C for 12 h. Finally, the product was calcined at 500 °C
for 4 h.
Characterization. Crystallographic phases of the prepared

products were investigated by X-ray power diffraction method
(XRD) using Shimadzu XRD-6000 with Cu Kα radiation. The
morphologies of the as-prepared sample were characterized by a field-
emission scanning electron microscopy (FESEM; JSM-6700F),
transmission electron microscopy (TEM; JEM-2010, 200 kV), selected
area electron diffraction (SAED), and high-resolution transmission
electron microscopy (HRTEM; JEM-3010, 300 kV). Fourier transform
infrared (FTIR) spectrum was record for KBr dilute sample using a
Bio-Rad FTS-135 FTIR spectrometer. Specific surface area measure-
ment and porosity analysis for mesoporous Li4Ti5O12 spheres samples
were performed using N2 adsorption−desorption isotherms (Quan-
tachrome NOVA-3000 system at 77K). Au content was determined by
inductively coupled plasma (ICP) emission spectroscopy (Dual-view
Optima 5300 DV ICP-OES system).
Electrochemical Characterization. Electrochemical studies were

characterized in CR2016-type coin cell with a multichannel current
static system Arbin (Arbin Instruments BT 2000, USA). The electrode
materials were prepared by mixing the active material with 10 wt %
carbon black and 20 wt % binder (LA133 and CMC) in distilled water
to form homogeneous slurry. The well-mixed slurry was then spread
onto a copper foil and dried at 105 °C in a vacuum oven for 12 h.
Circular disk electrodes were punched from the foil and a lithium
metal foil was used as the counter electrode. One molar LiPF6 in a
mixture of ethylene carbonate (EC), dimethyl carbonate (DMC), and
ethyl methyl carbonate (EMC) (EC:DC:DMC = 1:1:1) was used
as the electrolyte. The assembly of the test cells was performed in
an argon-filled glovebox using Li foil as counter electrode,
polypropylene (PP) film (Celgard 2400) as separator, the cells
were discharge and charged galvanostatically between 1.0 and 2.5 V
at room temperature. 1C is defined as the amount of discharge
current the battery delivers when discharged in one hour to the
point of 100% depth of discharge (the current density herein is
120 mA g−1).

■ RESULTS AND DISCUSSION

The phase structure of the as-synthesized samples was
characterized using power X-ray diffraction (XRD); a
representative diffraction pattern is shown in Figure 3. All

these peaks can be indexed as spinel lithium titanate (space
group Fd3 ̅m, JCPDS card No. 49−0207).27−29 The lattice
parameter a was found to be 0.837 nm by analysis of the X-ray
pattern, which is in agreement with bulk cubic materials. The
broadending of the diffraction peaks is ascribed to nanoscale
structure of the material. No other peaks such as TiO2 were
detected, indicating the purity of the product.
Uniform-sized titanium glycolate spheres are synthesized in

large scale using tetrabutoxytitanium and ethylene glycol (EG)

as precursors. This experiment is based on a simple sol−gel
route. The morphology of the precursor titanium glycolate
spheres were investigated by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Figure 4

shows the representative SEM and TEM images of the
as-prepared titanium glycolate spheres. From Figure 4a, we found
that the product consisted of monodispersed spheres with sizes
of 400−500 nm. TEM image (Figure 4b) shows that the
titanium glycolate spheres have uniform size and rather smooth
surface. Some Au nanoparticles were clearly observed on the
surface of these spheres. We speculated the AuCl4− adsorbed
on the spheres were partly reduced by EG with the assistance of
ultrasonication. The content of gold detected by inductively
coupled plasma (ICP) is around 0.9%. The chemical
composition and bonding situation of the spheres have been
investigated by FTIR (Figure 5). The band at around 3340 cm−1

assigned to the stretching mode of O−H group; the peaks at
2930, 2865, and 1635 cm−1 corresponding to the C−H, which is
clear evidence of the existence of EG.25,26 After the hydrothermal
reaction between titanium glycolate and LiOH at 180 °C, SEM
images of the product reveals that the size and spherical mor-
phologies can be completely preserved. The TEM images also
confirmed porous nature of the materials, as shown in Figure 6a.
The pores in mesoporous spheres (about several nanometers)
are clearly observed. The mesoporous spheres consist of a lot of
interconnected nanoparticles of ca. 10 nm size. The High
resolution TEM (HRTEM) image (Figure 6d) shows clear lattice
fringes with an interfringe distance of approximately 0.48 nm,
which corresponds to the lattice spacing of the {111} planes. To
investigate the porous structure of the as-obtained Li4Ti5O12
spheres, we have carried out nitrogen adsorption/desorption
measurements at 77 K. Figure 7 presents the isotherm of the

Figure 3. Powder XRD pattern of the mesoporous Au/Li4Ti5O12
spheres.

Figure 4. Representative (a) SEM and (b) TEM images of the
as-prepared titanium glycolate spheres.

Figure 5. Representative FTIR spectrum of as-prepared titanium
glycolate spheres.
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Li4Ti5O12 spheres and its corresponding pore size distribution
curve. The isotherm can be classified as a type IV isotherm
characteristic of mesoporous materials. The corresponding pore size
distribution calculated from the isotherm by the Barrett−Joyner−
Halenda (BJH) method shows a narrow pore size distribution
ranging from 2 to 5 nm. The Brunauer−Emmett−Teller (BET)

surface area and pore volume are 166 m2/g and 0.32 m3/g,
respectively. Most importantly, major chemicals (acetone and
EG) in this work can be easily recovered by distillation at 80 °C
due to the great difference in the boiling point (EG, bp:
197.8 °C, acetone bp: 56 °C). Gas chromatograph (GC) results
indicated that used acetone can be completely separated from
product remains with a purity of ∼99% (see Figure SI-1 in the
Supporting Information). Besides, the recycled acetone was
used again to prepare titanium glycolate spheres; no difference
can be found by using fresh acetone or recycled one (seeFigure
SI-2 in the Supporting Information).
On the basis of experimental results, the mesoporous sphere

formation of Au/Li4Ti5O12 can be explained by a localized
kirkendall effect. The main reaction in the solution is the
liquid−solid interface reaction between the LiOH and titanium
glycolate precursor. Herein, titanium glycolate spheres act as
both site template and reactant. After titanium glycolate spheres
were added to the IPA-water solution containing LiOH, LiOH
and H2O would first react with titanium glycolate on the
surface of spheres to form porous amorphous Li4Ti5O12 shell.
Then, LiOH and H2O would enter into the spheres and
interact with titanium glycolate to form amorphous Li4Ti5O12.
The outer shells, acting as buffer layer, not only protect the
sphere from cracking, but also prevent the fast outward
diffusion of titanium species. Without the protection of the
outer shells, the produced titanium hydroxyl species would
quickly diffuse to the outer solution and nucleate. On the other
hand, the inward diffusion rate of water is much faster than the
outward diffusion of titanium species. Therefore, the reaction is
localized inside spheres, and porous structure was achieved. It
should be noted that mesoporous spheres can hardly be obtained
from titanium glycolate precursors obtained by low concen-
tration TBT. The obtained titanium glycolate precursors are also
monodisperse spheres without any difference with the typical
procedure, as shown in Figure 8. During the process of
hydrolysis, relatively high concentration of OH− led the fast
diffusion of titanium hydroxyl species through the shells,
resulting outside growth. Figure 9 shows the TEM images of
Li4Ti5O12 using titanium glycolate spheres precursors with
different TBT concentration ((a) 0.8 mL of TBT in 50 mL of
EG; (b) 1.5 mL of TBT in 50 mL of EG). From the images, a lot
of sheetlike structure can be found in the products. Therefore, for
in situ conversion synthesis of nanostructures, one must carefully
control nucleation kinetics by reactant concentrations because
good morphology preservation becomes favorable in a
conversion process with suitable reaction rate.

Figure 6. Typical (a) SEM, (b, c) TEM, and (d) HRTEM images of
the mesoporous Au/Li4Ti5O12 spheres.

Figure 7. N2 adsorption−desorption BET isotherm and pore size
distribution curve.

Figure 8. Representative TEM images of titanium glycolate spheres prepared at low TBT concentration: (a) 0.8 mL of TBT in 50 mL of EG,
(b) 1.5 mL of TBT in 50 mL of EG.
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It has been suggested that good electronic conduction and
large specific surface area are very important factors to enhance
the electrochemical performance of Li-ion battery anodes.
Intrigued by this interest, the mesoporous Au/Li4Ti5O12
spheres were expected to be advantageous to high-rate
performance lithium ion batteries because of their porous
structure and enhanced electronic conduction by Au nano-
particles. Figure 10a depicts the first charge/discharge curves of
the mesoporous Au/Li4Ti5O12 spheres at different discharge
current densities from 1C to 20C. The charge−discharge curves
at a current density of 1C display a very flat charge/discharge
plateau in the voltage range between 1.5 and 1.6 V, which is the
reversible redox potential of spinel Li4Ti5O12, and the discharge
capacity reaches 164 mA h g−1 to an end voltage of 1.0 V.30

With increasing of the charge−discharge rates, the cell voltages
decreased from 1.57 V at 1C to around 1.45 V at 20C, which is
related to the sluggish diffusion kinetics of Li-ion at high rates.
The corresponding rate performance was shown in Figure 10b.
For each stage, the process was taken with 50 cycles. A specific
discharge capacity is around 154.8 mA h g−1 obtained at a rate
of 1C. The specific discharge capacity was slightly reduced to
145, 135, and 127 mAhg−1 at rates of 2C, 5C, and 10C,
respectively. At the high rate of 20C, the specific charge
capacity is still 120 mA h g−1. It is clearly observed that the rate
performance is much higher than that of plain Li4Ti5O12
spheres (Figure 10b). Furthermore, the mesoporous Au/
Li4Ti5O12 spheres show much better high-rate performance
compared to the Li4Ti5O12 nanorods, Li4Ti5O12 nanotubes,
Li4Ti5O12 nanowires, and Li4Ti5O12 nanoparticles reported
previously.13a,27,28,31 The improved high-rate performance may
be that attributed to the enhancement of electronic
conductivity of Au nanoparticles and porous structures. Besides,
the nanosized particles would definitely increase the efficiency
of lithiation and delithiation, and are more capable of
accommodating volume expansion. In particular, these rich
and hierarchical diffusion channels facilitate electrolyte trans-
portation and lithium ion diffusion, which ensure enough
lithium ions to rapidly contact the much larger surfaces of the
electro-active Li4Ti5O12 spheres. To further investigate the
cycling performance of mesporous Li4Ti5O12 spheres, we
charged/discharged the cell for 100 cycles at 0.5C and 1C, as
shown in Figure 10c. The sample shows very high capacity
retention. The discharge capacities in the first cycle was 175.0
and 154.1 mA h g−1, after 100 cycles, the capacities still
remained at 158.3 and 149.2 mA h g−1 at 0.5C and 1C,

Figure 9. TEM images of Li4Ti5O12 obtained by titanium glycolate spheres precursors with different TBT concentration ((a) 0.8 mL of TBT in
50 mL of EG; (b) 1.5 mL of TBT in 50 mL of EG).

Figure 10. (a) First charge and discharge curves for the mesoporous
Au/Li4Ti5O12 spheres between 1.0 and 2.5 V at different current
densities, (b) rate performance of the mesoporous Au/Li4Ti5O12
spheres, (c) cycle performance of the mesoporous Au/Li4Ti5O12
spheres at a current rate of 1C between 1.0 and 2.5 V.
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respectively. Although the capacities decrease in the initial
several cycles, the total capacity fade only is around 2.5% during
the 10−100th cycles. The excellent cycling ability can be
ascribed to the nanosized particles, good crystallinity, and zero-
volume expansion of mesporous Li4Ti5O12 spheres over the
whole stoichiometric range.

■ CONCLUSIONS
We developed an in situ conversion route to synthesize
mesoporous Au/Li4Ti5O12 spheres in water-IPA mixed solution
using titanium glycolate spheres as precursor. In the synthesis,
the titanium glycolate spheres acted as both site template and
reactant. Because of the large specific surface area and improved
electronic conductivity by Au nanoparticles coating, the
mesoporous Au/Li4Ti5O12 spheres manifested superior high-
rate performance and capacity retention when used as anode
materials for lithium ion battery.
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