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Fast synthesis of uniform mesoporous titania
submicrospheres with high tap densities for
high-volumetric performance Li-ion batteries
Kunlei Zhu1,2, Yinghui Sun3, Rongming Wang3, Zhongqiang Shan1* and Kai Liu2*

ABSTRACT  High-tap density electrode materials are greatly
desired for Li-ion batteries with high volumetric capacities to
fulfill the growing demands of electric vehicles and portable
smart devices. TiO2, which is one of the most attractive an-
ode materials, is limited in their application for Li-ion bat-
teries because of its low tap density (usually <1 g cm−3) and
volumetric capacity. Herein, we report uniform mesoporous
TiO2 submicrospheres with a tap density as high as 1.62 g cm−3

as a promising anode material. Even with a high mass load-
ing of 24 mg cm−2, the TiO2 submicrospheres have impres-
sive volumetric capacities that are more than double those of
their counterparts. Moreover, they can be synthesized with
~100% yield and within a reaction time of ~6 h by optimiz-
ing the experimental conditions and formation mechanism,
exhibiting potential for large-scale production for industrial
applications. Other mesoporous anode materials, i.e., high-
tap density mesoporous Li4Ti5O12 submicrospheres, are fabri-
cated using the generalizedmethod. We believe that our work
provides a significant reference for the industrial production
of mesoporous materials for Li-ion batteries with a high vol-
umetric performance.

Keywords:   fast synthesis, Li-ion batteries, mesoporous materi-
als, TiO2, volumetric performance

INTRODUCTION
Volumetric performance is of vital importance for electro-
chemical energy-storage devices, considering the energy
output in a limited space for electric vehicles and portable
smart devices [1–3]. One strategy for improving the volu-
metric performance is to promote the volumetric capacity
of the electrode materials [4,5]. Although the nanomate-

rials used as electrode materials show an impressive gravi-
metric capacity, they usually have an extremely low tap den-
sity [6], inevitably leading to an unsatisfactory volumetric
capacity. Thus, electrode materials with a high tap density
are needed to improve the volumetric performance of en-
ergy-storage devices. Mesoporousmaterials with pore sizes
of 2–50 nm are ideal candidates [4]. They have not only
abundant pores, facilitating the entry of electrolytes and the
transport of Li ions, but also a high tap density, which im-
proves the volumetric performance.

As one of the most attractive candidates for anode mate-
rials of Li-ion batteries, TiO2 has drawn increasing interest
[4,7–11]. It has several remarkable characteristics, includ-
ing its low cost, environmental non-toxicity, a high opera-
tion voltage (suppressing the formation of solid-electrolyte
interphase layers and Li dendrites), a small volume change,
and a robust structure. However, the tap density of TiO2

materials is low. For example, Yu et al. [12] reported rutile
TiO2 submicroboxes with superior Li-storage performance
but a TiO2 tap density of only 0.44 g cm−3. The tap density
of TiO2-(B) was improved by using large starting materials
[13], but the value was only 0.67 g cm−3. Saravanan et al.
[4] reported mesoporous TiO2 with impressive capacities
nearly five times better than those of commercially avail-
able TiO2 nanopowders. However, the tap density of the
mesoporous TiO2 is only 0.714 g cm−3, which limits its vol-
umetric capacity. Thus, the mesoporous TiO2 with a high
tap density is highly desirable for improving the volumetric
capacity of Li-ion batteries with high mass loading.

The mesoporous TiO2 submicrospheres composed of
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densely packed nanocrystals are an excellent choice for
high-tap density TiO2 materials [14]. In addition to the
aforementioned advantages, mesoporous TiO2 submicro-
spheres have abundant pores, densely packed nanocrystals,
a relatively large size, and a spherical morphology, granting
them unique traits, including adequate access for elec-
trolyte entry, a high tap density, the absence of aggregation,
and the formation of a compact electrode layer [15–17].
Soft-templating method is one of the most common
methods for the synthesis of high-quality mesoporous
TiO2 spheres. However, the synthesis is usually complex
[18–20], tedious [21–23], and time-consuming (see Ta-
ble S1) [24,25]. For example, the fabrication of uniform
mesoporous TiO2 beads involves a two-step method: an
18 h sol-gel process followed by 16 h of solvothermal
treatment in the presence of n-hexadecylamine (HDA) as a
structure-directing agent (SDA) [17,21]. The mesoporous
beads were obtained via solvothermal treatment for 24 h
using a PVC-g-POEM graft copolymer as an SDA [23].
There are reports of the fast synthesis of mesoporous TiO2

within several hours, but the products are aggregated
[26–28], amorphous [29], uneven [30] or in bulk [31,32].
Although mesoporous hollow TiO2 spheres have been
intensively investigated [11,33,34], their low density/tap
density can lead to a low volumetric performance. In
addition, hierarchical mesoporous TiO2 nanowire bundles
(HM-TiO2-NB) with a tap density as high as 1.63 g cm−3

were synthesized by using the triblock copolymer P123 as
a soft template [35]. However, their fabrication process
took over 48 h (Table S1), inevitably increasing the cost of
large-scale production. Thus, the simple and fast synthesis
of uniform mesoporous TiO2 submicrospheres (UMTSs)
with a high tap density remains very challenging.

Herein, we report UMTSs as a promising anode mate-
rial with a tap density as high as 1.62 g cm−3. Even with a
high mass loading of 24 mg cm−2, the UMTSs have a volu-
metric capacity of ~70 mA h cm−3 after 50 cycles at 1 C (1
C = 170 mA g−1), which is superior to the performance of
their counterparts. Moreover, they were fabricated with a
yield of ~100% and within a reaction time of 6 h, exhibit-
ing potential for large-scale production for industrial appli-
cations. Other mesoporous anode materials, i.e., high-tap
density mesoporous Li4Ti5O12 submicrospheres, were syn-
thesized using the generalized method. This work pro-
vides a significant reference for the industrial production of
mesoporous materials in Li-ion batteries with a high volu-
metric performance.

EXPERIMENTAL SECTION

Chemicals
HDA (90%) and titanium isopropoxide (TTIP, 98%) were
purchased from ACROS. Absolute ethanol (>99.7%), con-
centrated ammonia water (~25 wt.%), and glacial acetic
acid were obtained from Tianjin Guangfu Fine Chemical
Research Institute. Cetyl trimethyl ammonium bromide
(99%) and hydrochloric acid were provided by Tianjin
Kemiou Chemical Reagent Co., Ltd. Sodium dodecyl ben-
zene sulfonate (95%), and lithium hydroxide monohydrate
(LiOH·H2O, 98%) were purchased from Aladdin.

Fast synthesis of UMTSs
Instead of the previously reported two-step method com-
bining sol-gel and solvothermal processes [21], we adopted
a fast and facile solvothermal method using HDA as an
SDA, as follows. First, 1.5 g of HDA was dissolved in 150
mL of absolute ethanol, followed by the addition of 1.8 mL
of concentrated ammonia water. Then, 3.0 mL of TTIP was
added to the aforementioned mixture under vigorous stir-
ring at 30°C, yielding a white precursor suspension. The
precursor suspension was directly transferred into a 200
mL Teflon-lined stainless-steel autoclave without aging and
treated with a solvothermal process at 200°C for 4 h. After
being centrifuged and washed with ethanol three times, the
air-dried white powder (intermediate TiO2) was prepared.
The intermediate TiO2 was calcined at 500°C for 2 h in the
ambient air to remove any organic species, and the final
product—UMTSs—was obtained. The total reaction time
was only 6 h (including the solvothermal and calcination
time). Synthesis of one batch produced ~0.79 g UMTSs.
The yield of UMTSs was calculated to be ~100% using the
following equation:

mM M Vp/ 100%,2 1 × (1)

where m is the mass of UMTSs; M1 (79.87 g moL−1) is the
molar mass of TiO2; and M2 (284.22 g moL−1), ρ (0.96 g
mL−1), V (3 mL), and p (98%) are the molar mass, density,
volume, and purity of TTIP, respectively.

Fast synthesis of uniform mesoporous Li4Ti5O12

submicrospheres
In a typical synthesis procedure, 1.0 g ofHDAwas dissolved
in 100 mL of absolute ethanol, followed by the addition
of 1.2 mL of concentrated ammonia water. Next, 2.0 mL
of TTIP was added to the aforementioned mixture under
vigorous stirring at 30°C. Then, 50 mL of absolute ethanol
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(containing LiOH·H2O, Li/Ti = 1/1) was poured into the re-
action solution. The resulting solution was directly trans-
ferred into a 200 mL Teflon-lined stainless-steel autoclave
without aging and kept at 200°C for 12 h. After centrifu-
gation and ethanol washing, the intermediate product was
calcined at 500°C for 2 h in the ambient air to remove any
organic species, yielding mesoporous Li4Ti5O12 submicro-
spheres.

Material characterizations and measurements
X-ray diffraction (XRD) patterns were obtained using a
Rigaku D/max 2500 PC diffractometer (Japan). Raman
spectra were obtained using a DXR Microscope (USA)
under 632.8-nm excitation. Scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS)
were performed using a Hitachi S-4800 microscope (Japan,
15 kV) equipped with a Thermo Scientific energy-disper-
sion X-ray fluorescence analyzer. For the EDS analysis, the
samples were dispersed in ethanol and dropped on a Cu
substrate to avoid C signals from the conductive adhesive
used to fix the samples. Transmission electron microscopy
(TEM) was performed using a JEOL JEM-2100F micro-
scope (Japan) operated at 200 kV. Scanning TEM high-an-
gle annular dark-field (STEM-HAADF) imaging and
electron energy-loss spectroscopy (EELS) were performed
using a FEI Tecnai G2 F20. The N2 adsorption/desorption
isotherms were obtained using a Quantachrome NOVA
instrument and a micromeritics surface area and porosity
analyzer (ASAP 2020 HD88). The pore-size distribution
curve was calculated using Barrett-Joyner-Halenda (BJH)
pore-size analysis of the N2 gas desorption curve.

The electrochemical performance was investigated at
room temperature using 2032 coin cells. The anodes were
prepared by mixing the active materials—acetylene black
and polytetrafluoroethylene (PTFE)—at a weight ratio
of 70:20:10. We pressed a mixture containing 27.1 mg
of TiO2, 5.8 mg of acetylene black, and 9.7 mg of PTFE
(60% solution) into circular tablets 12 mm in diameter
using a homemade device with a constant pressure. The
film thickness of the uniform mesoporous TiO2 with 24
mg cm−2 mass loading was ~0.5 mm, whereas the value
for commercial TiO2 is ~1 mm. Li was employed as both
the counter electrode and the reference electrode. The
gravimetric capacity and volumetric capacity were calcu-
lated according to the mass of TiO2 and the volume of the
electrodes, respectively. For the electrolyte, 1 mol L−1 LiPF6

dissolved in a mixture of ethylene carbonate, diethyl car-
bonate, and dimethyl carbonate (1:1:1 in volume) was used.

Galvanostatic charge/discharge tests were performed using
a LAND CT2001A battery-test system. Cyclic voltamme-
try (CV) (0.1 mV s−1) was performed using an LK 3200
electrochemical workstation. The voltage windows were
1–3 V (vs. Li+(1 mol L−1)/Li) for TiO2. Electrochemical
impedance spectroscopy (EIS) was performed using an
electrochemical station (IM6e, Zahner, Germany) with an
applied perturbation of 5 mV.

RESULTS AND DISCUSSION

Fast synthesis of UMTSs with high tap density
Fig. 1 shows the synthesis process for the UMTSs.
After the addition of TTIP into the ethanol solu-
tion containing HDA and concentrated ammonia wa-
ter, smooth precursor spheres were obtained. These
amorphous inorganic-organic composites consisting of
Ti(OCH(CH3)2)4−x(OH)x-HDA (TOH) hybrid species were
formed via hydrogen-bonding interactions between the
hydrolyzed products of Ti(OCH(CH3)2)4−x(OH)x species
and amino groups of HDA (Fig. S1) [21]. The precursor
solutions were directly transferred into a Teflon-lined
stainless-steel autoclavewithout aging for the fast synthesis.
The intermediate TiO2 samples were fabricated within 4 h,
which was far shorter than the combined 18 h sol-gel and
16 h solvothermal processes reported in the literature [21].
During the solvothermal treatment, some HDA species
escaped from the hybrid composites, leaving vacancies
within the intermediate, well-crystallographic, and robust
TiO2 because of the destruction of the hydrogen-bonding
interactions of HDA and Ti(OCH(CH3)2)4−x(OH)x, which
was caused by the condensation of –OH species (see the
Supplementary information for detailed discussions on
the mechanism). After 2 h of calcination in the ambient
air, the spherical structure was maintained, and the va-
cancies were connected together, leading to the formation
of UMTSs composed of nanocrystals with pores (Fig. 2).
The reaction was controlled so that the pores were well
maintained, the nanocrystals were tightly packed, and the
spheres were not merged together, ensuring the porosity,
high tap density, and uniformity of the UMTSs. In ad-
dition, a series of systematic experiments (Figs S1–S10)
indicated that the solvothermal time could be shortened
by elevating the solvothermal temperature and the specific
surface area increased at higher temperatures (Fig. S11),
which implies that UMTSs are fabricated more quickly if
the solvothermal temperature is increased appropriately.
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Figure 1   Schematic of the synthesis of the UMTSs.

Figure 2   SEM (a, b), STEM (c), and TEM images (d) of anatase UMTSs.
The upper and lower insets in d show an HRTEM image and an SAED
pattern, respectively.

The SEM image (Fig. 2a) shows the morphology of the
UMTSs. The spheres were uniform and ~240 nm in size.
Their sizes were controlled between ~200 and ~330 nm
by changing the amount of concentrated ammonia water
(Fig. S13). They have a rough surface and are composed
of 6–25 nm (13.8 nm in mean) nanocrystals, as revealed by
the high-resolution SEM image shown in Fig. 2b. These
nanocrystals are loosely connected, indicating that pores
form among them. However, the pores are disordered, as
revealed by the low-angle XRD pattern shown in Fig. S14.

Both the EELS (Fig. S15) for the red region in Fig. 2c and
the EDS spectrum (Fig. S16) exhibit only peaks of Ti and
O, suggesting that the samples are pure TiO2 and that the
organic components are completely removed.

The STEM-HAADF image shown in Fig. 2c clearly
shows the TiO2 spheres consisting of 7–24 nm (13.2 nm
in mean) nanocrystals, which is consistent with the SEM
images. The TEM image shown in Fig. 2d confirms that
the TiO2 spheres consist of nanocrystals and contain plenty
of pores, as indicated by the scattered white dots. The
high-resolution TEM (HRTEM) image (upper inset in Fig.
2d) reveals well-defined crystalline lattices with a d-spac-
ing of 0.35 nm, which are assigned to the (101) planes
of anatase TiO2. The selected-area electron diffraction
(SAED) pattern (Fig. 2d, lower inset) acquired for a single
sphere exhibits a series of diffraction rings, indicating that
the TiO2 spheres are polycrystalline.

The XRD pattern confirms the anatase phase (JCPDS
card No. 21-1272; a0 = b0 = 0.37852 nm, c0 = 0.95139 nm;
space group I41/amd) of the UMTSs, as shown in Fig. 3a.
The crystal size of the basic nanoparticles is ~15.2 nm, as
calculated using the full width at halfmaximumof the (101)
peak via the Scherrer equation. This agrees well with the
aforementioned observations. The Raman spectrum (Fig.
3b) confirms that the calcined samples are pure anatase
TiO2 without any residual organic species (e.g., C).

The N2 adsorption-desorption isotherms (Fig. 3c) reveal
a type-IV isotherm with  a  type-H3  hysteresis  loop at the
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Figure 3   XRD pattern (a), Raman spectrum (b), N2 adsorption/desorption isotherm (c), and pore-size distribution curve (d) of uniform TiO2 spheres.
Chart of the tap density of the UMTSs, meso-TiO2 [4], TiO2(B) [13], TiO2 submicroboxes [12], and commercial TiO2 (e).

relative pressures of P/P0 = 0.4–0.75 for the UMTSs. The
curves are typical for mesoporous solids [11,21]. The spe-
cific surface area of the TiO2 spheres was estimated to be
60.9 m2 g−1 using the multi-point Brunauer–Emmett–Teller
method. The curve shown in Fig. 3d indicates a narrow
pore-size distribution centered at ~3.9 nm, suggesting that
uniform mesopores exist among the nanocrystals of the
spheres.

The tap density of the UMTSs is as high as 1.62 g cm−3,
which is far higher than that of meso-TiO2 (0.714 g cm−3)
[4], TiO2 submicroboxes (0.44 g cm−3) [12], TiO2(B) (0.67 g
cm−3) [13], and commercial TiO2 (0.54 g cm−3) (Fig. 3e).
Efficient synthesis of ~0.79 g of UMTSs with a yield of
~100% (ratio of the mass of UMTSs to the theoretical mass
of TiO2) is achieved in one batch within a reaction time
of 6 h, suggesting fast and high-yield production. These
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UMTSswith high tap densities are favorable for the fabrica-
tion of compact electrodes, which are expected to improve
the volumetric capacities of Li-ion batteries. The facile,
fast, and high-yield synthesis of the materials exhibits great
potential for the large-scale and cost-effective production
of high-performance electrodes for Li-ion batteries.

Generalization of the fast synthesis to fabricate mesoporous
Li4Ti5O12 submicrospheres
Interestingly, our synthesis method for UMTSs was gener-
alized to fabricate other mesoporous anode materials, i.e.,

uniform mesoporous Li4Ti5O12 submicrospheres. To syn-
thesize the mesoporous Li4Ti5O12 spheres, TTIP was added
to an ethanol solution containing HDA and concentrated
ammonia water, followed by the introduction of LiOH. The
resulting mixture was subjected to solvothermal treatment
at 200°C for 12 h, followed by 2 h of calcination. As shown
in Fig. 4a, the uniform spheres are generally ~240 nm in
size and are composed of 10–20 nmnanocrystals. TEMand
STEM images (Fig. 4b, c) confirm that the spheres com-
prise numerous fluffy nanocrystals. Abundant pores are
present among these nanocrystals (Fig. 4a–c).  According

Figure 4   Uniform mesoporous Li4Ti5O12 submicrospheres: SEM (a), TEM (b), and STEM (c) images; XRD pattern (d); N2 adsorption/desorption
isotherm (e); and pore-size distribution curve (f). The peak marked by the asterisk at ~20.4° is indexed to Li2TiO3.
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to the XRD pattern (Fig. 4d), the spheres are indexed
to spinel Li4Ti5O12 [36]. The N2 adsorption/desorption
isotherm was measured to check their porosity (Fig. 4e),
and their specific surface area was calculated to be ~86.7
m2 g−1. The pore-size distribution curve of the Li4Ti5O12

spheres is centered at ~7.3 nm (Fig. 4f), and the pores
are disordered (Fig. S14). Thus, the synthesis of sub-mi-
crosize, uniform, and mesoporous Li4Ti5O12 spheres is
achieved. These submicrospheres have a tap density as
high as 1.33 g cm−3, which is higher than that of com-

mercial Li4Ti5O12 materials (~1.0 g cm−3), indicating their
potential for industrial applications.

Electrochemical performance of UMTSs
Fig. 5a shows the galvanostatic charge/discharge curves of
the UMTSs for the first three cycles over a voltage range of
1–3 V at 0.1 C. The galvanostatic discharge process can be
divided into three stages. The first stage shows a sharp drop
from the open-circuit voltage to ~1.75 V, corresponding to
the  formation of  a  solid  solution  domain  of  tetragonal

Figure 5   Galvanostatic charge/discharge curves for the first three cycles at 0.1 C (a) and CV curve obtained at a scan rate of 0.1 mV s−1 for the UMTSs.
The cycle-performance curves at 1 C (c), a performance-comparison chart (d), and the EIS (e) of the three samples. Volumetric rate capability curves
(e) of the UMTSs and commercial TiO2. The mass loading of all the electrodes was 24 mg cm−2.

 310  April 2017 | Vol.60 No.4
© Science China Press and Springer-Verlag Berlin Heidelberg 2017

ARTICLES SCIENCE CHINA Materials



anatase TiO2 (I41/amd) and Li-poor tetragonal LixTiO2

(I41/amd), with a small fraction of the Li intercalating into
the bulk TiO2 [16,17]. The second stage exhibits an obvious
discharge plateau at ~1.75 V, resulting from the phase-co-
existing domain of the Li-poor tetragonal LixTiO2 and
the newly formed Li-rich orthorhombic Li0.5TiO2 (Imma)
with further Li insertion [8,11,16]. The last stage—below
~1.75 V—involves the further storage of Li ions on the
surface/interface of TiO2 [17,37,38], which leads to an
inconspicuous peak at ~1.5 V. The first discharge capacity
is 273.4 mA h g−1, and the subsequent charge capacity is
243 mA h g−1, leading to a Coulombic efficiency of 88.9%
for the first cycle, which is probably due to the trapping
of some Li ions within UMTSs. However, the efficiencies
increase to 95.6% and 99.1% in the second and third cycles,
respectively.

Fig. 5b shows the CV of UMTSs obtained at a scan rate of
0.1 mV s−1. The pair of cathodic/anodic peaks at ~1.71/2.01
V corresponds to the insertion/extraction of Li+ ions in/out
of the UMTSs. The peak at ~1.71 V is characteristic of the
biphasic transition from tetragonal anatase (I41/amd) to or-
thorhombic Li0.5TiO2 (Imma) and is consistent with the gal-
vanostatic curve. In addition to the two aforementioned
typical peaks, there is another pair of peaks at ~1.80/1.45
V, probably arising from the Li storage on the surface/in-
terface of mesoporous TiO2, which has been previously re-
ported [17,37,38].

The cycle performance is shown in Fig. 5c. The cells were
activated for the first three cycles at 0.1 C. After 50 cycles at
1 C, theUMTSs still have a discharge capacity of ~150mAh
g−1, even with a mass loading of 24 mg cm−2. The Coulom-
bic efficiency of each cycle almost reaches 100% (Fig. S17).
In addition, the capacities of the mesoporous TiO2 spheres
are maintained at ~170 mA h g−1, independent of the mass
loading of active materials ≤ 24 mg cm−2 (Fig. S18). Even
if the mass loading reaches 44 mg cm−2, a discharge capac-
ity as high as ~150 mA h g−1 is obtained. In comparison,
commercially available anatase TiO2 (25 nm in size) cal-
cined at 500°C for 2 h before use and bulk TiO2 compris-
ing nanoparticles fabricated without HDA (Fig. S11) only
provide discharge capacities of ~110 and ~70 mA h g−1, re-
spectively, after 50 cycles. Because of their high tap density,
the mesoporous TiO2 spheres have a far higher volumetric
storage capacity (~70 mA h cm−3) after 50 cycles than their
counterparts (~26 and ~34 mA h cm−3 for commercial TiO2

and bulk TiO2, respectively). A comparison is shown in Fig.
5d. Notably, the volumetric capacity of the UMTSs is more
than double those of commercial and bulk TiO2.

The EIS (Fig. 5e) of the three materials all exhibit a

semicircle and a linear Warburg region spanning the high-,
medium-, and low-frequency areas. The high-frequency
region is associated with the internal resistance, including
the resistance of the separator, the electrode/electrolyte in-
terface, and the electrical contact. Among the three mate-
rials compared in the inset of Fig. 5e, the UMTSs have the
smallest internal resistance, indicating the effective elec-
tron transport. Themedium region is related to the charge-
transfer resistance in the interfacial transfer of Li ions. The
semicircle for the UMTSs has the smallest diameter, indi-
cating the smallest charge-transfer resistance. Thus, the
mesoporous TiO2 spheres with the enhanced reaction ki-
netics promote the transfer and exchange of electrons, Li
ions, and electrolytes, improving the electrochemical per-
formance.

The rate capacity is an important parameter for Li-ion
batteries. The values for the UMTSs and commercial TiO2

are presented in Fig. 5f and Fig. S19. Although their gravi-
metric capacities are comparable (Fig. S19), the volumet-
ric capacities of the UMTSs are double those of commer-
cial TiO2 (Fig. 5f). Because of their high tap density, the
UMTSs have volumetric capacities of ~105, ~90, ~75, and
~60 mA h cm−3 at 0.1, 0.2, 0.5 and 1 C, respectively, which
are substantially higher than the corresponding values of
the commercial TiO2 (~50, ~42, ~36, and ~26 mA h cm−3,
respectively). In addition, the Coulombic efficiency of the
UMRSs is almost 100% in each cycle at various currents
(Fig. 5f).

To clearly explain the good performance of the UMTSs,
a schematic is presented in Fig. 6. The mechanism can be
explained as follows. 1) The UMTSs have a large specific
area, providing abundant Li-insertion sites. 2) The meso-
pores within the UMTSs facilitate the entry of Li+ ions and
the electrolyte, which maximizes the contact between the
TiO2 nanocrystals and Li+ ions, reducing the diffusion dis-
tance of the Li+ ions. 3) The UMTSs with a sub-microsize
diameter are free of aggregation, which usually occurs for
nanomaterials. This is beneficial for the uniform coating of
the conductive agent onto the spheres during the electrode
fabrication, which is believed to improve the transmission
of electrons. 4) The spherical mesoporous TiO2 has better
particle mobility, leading to the formation of a more com-
pact electrode layer [15,16]. More importantly, the UMTSs
have a very high tap density and are thus capable of form-
ing compact electrodes and yielding a high volumetric per-
formance. They are expected to be promising materials in
other fields, such as catalysis, photovoltaics, drug delivery,
and sensors [39–41].

The electrochemical performance of the uniform meso-
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Figure 6   Schematic of the transport path of Li ions and electrons within
the UMTS-based electrodes.

porous Li4Ti5O12 spheres is shown in Fig. S20. Their perfor-
mance is comparable to that of mesoporous Li4Ti5O12 pre-
pared by a two-step method. For example, Li4Ti5O12 pre-
pared by a two-step method had a discharge capacity of
~110 mA h g−1 at 10 C (1 C = 175 mA g−1) after 100 cycles
[36], and our mesoporous Li4Ti5O12 spheres have a corre-
sponding value of ~120 mA h g−1. Thus, the uniform meso-
porous Li4Ti5O12 spheres with a high tap density demon-
strate good electrochemical performance and potential for
industrial applications.

CONCLUSION
We prepared TiO2 UMTSs with a high tap density and
~100% yield via a fast solvothermal method. These
UMTSs were demonstrated to be potential candidates for
high-volumetric performance Li-ion batteries. Uniform
mesoporous Li4Ti5O12 submicrospheres with a high tap
density were fabricated using a similar method. Our results
can be applied for improving the volumetric performance
of Li-ion batteries and realizing the large-scale production
of mesoporous materials.
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快速制备均匀的高振实密度亚微米级二氧化钛介孔球及其在锂离子二次电池中的应用
朱坤磊1,2, 孙颖慧3, 王荣明3, 单忠强1*, 刘锴2*

摘要   随着人们对电动汽车和可穿戴电子产品需求的增加,开发具有高体积比容量的锂离子二次电池非常必要,特别是制备高振实密度的
电极材料尤为重要. TiO2是一种具有应用前景的阳极材料,然而它们的振实密度普遍较低(通常小于<1 g cm−3). 本论文报道了一种均匀的亚
微米级TiO2介孔球,其振实密度高达1.62 g cm−3. 以其作为锂离子二次电池的阳极材料时,在高达24 mg cm−2的负载量的情况下, TiO2介孔球
的体积比容量比其他对比TiO2材料的体积比容量高出2倍之多. 制备该TiO2介孔球仅需6 h的反应时间且产率接近100%,因此其工业化生产
可能性很大. 此外,该制备方法的普适性非常好，其他高振实密度介孔材料,如亚微米级Li4Ti5O12介孔球,也可采用类似方法制备. 因此,本
工作可为工业化制备高振实密度介孔材料及其在高体积比容量锂离子二次电池中的应用提供重要借鉴.
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