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nanospheres (PNs), graphene oxide (GO), carbon nanospheres (CNs),
and metal-organic framework (MOF) nanocrystals. Last, we demon-
strate the potential use of these mesoporous TiO2 nanoshells as anode
materials for LIBs with long-term cycling stability.
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RESULTS

The general synthesis procedure is very simple and illustrated in Fig. 1.
The nanoparticles to be coated are homogeneously dispersed in etha-
nol by ultrasonication, followed by the addition of hexadecylamine
(HDA) surfactants and ammonia under stirring. The HDA surfactants
segregate to the surface of the nanoparticles. Then, TIP is added to the
dispersion under stirring. The amino groups of the HDA molecules
participate in hydrogen-bonding interactions with a TIP hydrolysis
product (TiO2) to form inorganic-organic composites that coat the
nanoparticle, whereas the hydrophobic long carbon chains of HDA
self-organize into rodlike micelles that will become pores in TiO2

domains. This process generally completes at room temperature with-
in 10 min. To remove the organic species, we perform a follow-up
solvothermal treatment at 160°C. Depending on whether ammonia
is used during the treatment, either amorphous TiO2 (aTiO2) or crys-
talline TiO2 (cTiO2) will remain as the nanoshell.

Synthesis of mesoporous aTiO2 shells
In a typical synthesis, SiO2 nanospheres with an average diameter of
220 nm (Fig. 2A and fig. S1A) are used as the core, and HDA is used
as the surfactant for the formation of TiO2 mesostructures. Figure 2B
shows a transmission electron microscopy (TEM) image of the formed
SiO2@TiO2/HDA core-shell spheres with a total diameter of 340 nm
and shell thickness of 60 nm. The core-shell spheres are nearly mono-
disperse, and the surfaces are very smooth (fig. S1B). These SiO2@TiO2/
HDA core-shell spheres are transformed into SiO2@aTiO2 yolk-shell
nanospheres (Fig. 2, C and D) through a solvothermal treatment at
160°C in ammonia solution (0.5 M) for 16 hours. Each SiO2@aTiO2

yolk-shell nanosphere contains a small SiO2 core with a diameter of
about 70 nm, hollow cavity, and a uniform TiO2 shell with a thickness
of about 60 nm. The yolk-shell spheres obtained are still smooth and
uniform without any cracks in the shells, in agreement with the field-
emission scanning electron microscopy (FESEM) observation (fig. S1C).

To further characterize the uniform TiO2 coating on the SiO2

nanospheres, we characterize the hydrodynamic diameters of SiO2

and SiO2@TiO2/HDA nanospheres with dynamic light scattering
(DLS). The distributions in both DLS curves (fig. S2) are quite similar,
with polydispersity index of only about 1%. The hydrodynamic diam-
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eter of SiO2@TiO2/HDA nanospheres is larger than that of SiO2

nanospheres by about 130 nm. The cooperative self-assembly of
TiO2 and HDA is evidenced by small-angle x-ray diffraction (XRD)
analysis (fig. S3). The XRD pattern of SiO2@TiO2/HDA nanospheres
shows one broad diffraction peak at about 2.0°, suggesting the forma-
tion of mesostructured TiO2 shells. The status of the HDA molecules
before solvothermal treatment is probed by Fourier transform infrared
(FTIR) analysis (fig. S4). The bands of –NH2 stretching vibration near
3340 cm−1 and N–Hwagging vibration at 810 cm−1 disappear, and the
band of N–H deformation vibration shifts from 1570 to 1510 cm−1.
This indicates the strong interaction between HDA and TiO2 in the
mesostructured TiO2 shell. The wide-angle XRD patterns (fig. S5)
confirm the amorphous nature of the obtained SiO2@TiO2/HDA
core-shell nanospheres. After the solvothermal treatment under alkaline
condition, the obtained yolk-shell particles (SiO2@aTiO2) are still
amorphous. The Brunauer-Emmett-Teller (BET) specific surface
area of the SiO2@TiO2/HDA core-shell nanospheres is very small
(SBET < 10 m2 g−1) (fig. S6A). After the solvothermal treatment under
alkaline condition, the HDA molecules are mostly removed (fig. S7)
to generate mesopores with the diameter in the range from 2 to 3 nm
(fig. S6B), which gives rise to a drastically increased BET surface area
of 329 m2 g−1.

Hollow TiO2 nanospheres with an amorphous shell can be obtained
by the solvothermal treatment of SiO2@TiO2/HDA core-shell nano-
spheres at 160°C in ammonia solution (0.5 M) for 24 hours (fig. S8, A
and B), which etches away the SiO2 core completely. Compared with
SiO2@aTiO2 yolk-shell spheres, the BET surface area of aTiO2 hollow
spheres increases to 342 m2 g−1 (fig. S9). The diameter, interior cavity
size, and shell thickness of mesoporous TiO2 hollow spheres can be
precisely tailored at the nanoscale by tuning the amount of Ti precursor
and the particle size of SiO2 template nanospheres. The as-prepared
TiO2 hollow spheres are highly uniform with smooth surfaces
(fig. S10). As shown in Fig. 3, the shell thickness can be easily varied
Fig. 1. Schematic illustration of the synthesis procedure for mesostruc-
tured TiO2 shells.
Fig. 2. TEM characterizations of SiO2@TiO2/HDA core-shell spheres and
SiO2@aTiO2 yolk-shell spheres. (A) SiO2 template spheres. (B) SiO2@TiO2/
HDA core-shell spheres. (C and D) SiO2@aTiO2 yolk-shell spheres.
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from 8 to 54 nm, and the cavity size is tuned in the range from 270 to
475 nm.

Synthesis of mesoporous TiO2 shells with nanosized
crystalline domains
SiO2@cTiO2 core-shell nanospheres with a crystalline shell are obtained
via a solvothermal treatment at 160°C without the addition of ammonia
(fig. S11A). The HDA molecules are mostly removed to generate me-
sopores with the size in the range from 5 to 6 nm, which gives rise to a
BET surface area of 186 m2 g−1 (fig. S12). The aTiO2 in the precursor
is transformed to anatase phase (fig. S13). The different degrees of
crystallinity between the TiO2 samples obtained under alkaline and
neutral conditions might be due to the suppressing effect of silica
Guan et al. Sci. Adv. 2016; 2 : e1501554 4 March 2016
on the crystallization process. Similar phenomena have also been
observed in other SiO2/TiO2 reaction systems (25, 45). After the
calcination in air (fig. S11B) and removal of silica template spheres,
the cTiO2 hollow spheres retain their morphology without apparent
damage (Fig. 4, A and B). As can be seen from the rough surface
of the nanosphere in the TEM image (Fig. 4C), the cTiO2 nanoshell
is composed of very small nanoparticles (~12 nm). At a high magni-
fication, disordered intercrystallite mesopores and very small nano-
crystals are clearly observed within the shell (Fig. 4D). A high-resolution
TEM (HRTEM) image reveals lattice fringes of the nanocrystals, which
can be correlated to the (101) planes of anatase TiO2 (Fig. 4E). The
distinct selected area electron diffraction (SAED) pattern also con-
firms the anatase phase of the sample (Fig. 4F). The BET surface
 o
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Fig. 3. TEM characterizations of mesoporous aTiO2 hollow spheres. (A to C) aTiO2 hollow spheres with identical hollow core size of about 230 nm
but varied shell thicknesses: 8 nm (A), 41 nm (B), and 54 nm (C). (D to F) aTiO2 hollow spheres with average diameter (core size) of 300 (270) nm (D),
410 (325) nm (E), and 680 (475) nm (F).
n June 11, 2017
Fig. 4. FESEM and TEM characterizations of mesoporous cTiO2 hollow spheres. (A and B) FESEM (A) and TEM images (B) of cTiO2 hollow
nanospheres. (C and D) Magnified TEM images show an individual cTiO2 hollow nanosphere (C) and the mesoporous shell (D). (E) HRTEM image of
the cTiO2 shell. (F) Corresponding SAED pattern of cTiO2 hollow nanospheres.
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area of cTiO2 hollow spheres is 176 m2 g−1 (fig. S14) and is compa-
rable tomany other reported porous TiO2 hollow particles (15, 24, 25, 45).
No peaks corresponding to Si element are found in the energy-dispersive
x-ray spectroscopy spectrum (fig. S15), indicating the purity of the
cTiO2 nanoshells. Moreover, the pH value has some effect on the
structure and crystallinity of the final products during the solvothermal
process (fig. S16).

Yolk-shell and core-shell particles with various functional
core materials
In addition to TiO2 hollow spheres, yolk-shell particles with meso-
porous TiO2 shells can be easily prepared. It is very easy to coat a layer
of silica on different materials to form core-shell structures. After that,
a TiO2 shell can be further grown on the core-shell particles to generate
three-layered core@SiO2@TiO2 structures. As a demonstration, two
such structures are prepared with Au nanoparticles and Fe2O3

cubes as the inner cores. After selectively etching the SiO2 interlayer,
Au@TiO2 yolk-shell nanospheres and Fe2O3@TiO2 yolk-shell cubes can
be obtained under alkaline conditions (Fig. 5, A and B, and figs. S17
and S18). A double-shell TiO2-polymer hollow structure with two
functional materials in the shell can also be obtained by coating a
polymer layer on the hollow TiO2 spheres (Fig. 5C and fig. S19).

We further demonstrate the versatility of our method by growing a
layer of mesostructured TiO2 on many other commonly used
materials, including MSNs, PNs, GO, CNs, and MOF nanocrystals
(Fig. 5, D to H, and figs. S20 to S22). This versatile method could even
be applied to form mesostructured TiO2 layers on HNO3-treated hy-
drophilic carbon nanotubes (CNTs) with many functional groups and
untreated hydrophobic CNTs to synthesize smaller core-shell structures
with a diameter of about 50 nm (fig. S23). Magnified TEM images and
small-angle XRD patterns of representative samples further confirm
the formation of mesostructured TiO2 shells on diverse materials
(fig. S24). These results indicate that the formation of a mesostruc-
tured TiO2 layer by this assembly-directed method is facile and uni-
versal, independent of composition, surface functional groups,
hydrophilicity, curvature, and size of the substrate particles.
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Electrochemical performance for lithium storage
To demonstrate the potential use of the TiO2 nanoshells in elec-
trochemical systems, we select cTiO2 hollow spheres as a representative
sample to investigate their lithium storage properties as anode materials
for LIBs. The cyclic voltammograms (fig. S25) exhibit the characteristic
Li+ ion insertion/deinsertion behaviors for anatase TiO2, with two
redox peaks recorded at approximately 1.6 and 2.2 V versus Li+/Li.
Figure 6A shows typical discharge-charge voltage profiles within a
cutoff voltage window of 1.0 to 3.0 V. There are two notable voltage
plateaus at approximately 1.7 and 2.1 V versus Li+/Li, which respec-
tively correspond to the Li+ ion insertion/deinsertion processes (23).
The initial discharge and charge capacities are 184.1 and 142.8 mAh g−1,
respectively, with a high initial coulombic efficiency of 77.5%. After
the first few cycles, the capacity quickly stabilizes, indicating that the
electrochemical Li+ ion insertion/deinsertion reactions are highly
stable and reversible in the electrode. Figure 6B shows the cycling
performance of cTiO2 hollow spheres at a current density of 10 C
(1 C = 173 mA g−1). The capacity decays from initially 184.1 to
140.8 mAh g−1 in the second cycle, then to 138.6 mAh g−1 in the fifth
cycle, and remains at 127.7 mAh g−1 after 1000 cycles, corresponding
to a very low capacity fading rate of <0.01% per cycle from the second
cycle onward. The long-term cycling stability of these TiO2 hollow
spheres is superior to that of other reported TiO2-based anode
materials (11, 12, 46–48). Moreover, the cTiO2 hollow spheres can
also be cycled with high stability at lower current rates of 1 and 5 C
(fig. S26). As shown in Fig. 6C, the cTiO2 hollow spheres also exhibit
good rate capability at discharge-charge current rates ranging from
1 to 30 C. The average specific capacities are 196.2, 164.5, 127.4, 76.1,
and 49.1 mAh g−1 at current rates of 1, 5, 10, 20, and 30 C, respec-
tively. After the high-rate discharge-charge cycling, a specific capacity of
199.5 mAh g−1 can be restored when the current density is reduced
back to 1 C. These results demonstrate that these mesoporous TiO2

nanoshells have excellent electrochemical kinetics and lithium storage
properties as potential anode materials. Moreover, a postmortem study
of the material after the cycling test reveals that the hollow structure is
retained after discharging/charging at 10 C for 100 cycles (fig. S27),
 June 11, 2017
Fig. 5. TEM characterizations of TiO2 yolk-shell and double-shell hollow structures and nanocomposites. (A) Au@TiO2 yolk-shell nanospheres.
(B) Fe2O3@TiO2 yolk-shell cubes. (C) TiO2-polymer double-shell nanospheres. (D) MSN@TiO2 core-shell nanospheres. (E) PN@TiO2 core-shell nanospheres.
(F) GO@TiO2 composite nanosheets. (G) CN@TiO2 core-shell nanospheres. (H) MOF@TiO2 core-shell particles.
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indicating the excellent structural robustness of these cTiO2 hollow
spheres.
DISCUSSION

In summary, a universal cooperative assembly-directed method is
developed to form mesoporous TiO2 shells on different particles at
room temperature. A key feature of this new method is that HDA
molecules serve as the soft template for mesostructured TiO2,
which allows successful growth of a layer of mesoporous TiO2 (both
amorphous and crystalline) on many functional nanomaterials ir-
respective of composition, shape, and size. This provides the platform
for making many designed TiO2-based hollow nanostructures, includ-
ing hollow and yolk-shell structures with tailored cavity size and shell
Guan et al. Sci. Adv. 2016; 2 : e1501554 4 March 2016
thickness and hybrid structures for different applications. It is foreseen
that the present recipe will open up vast opportunities to precisely
control the structure of TiO2 nanocomposites for a wide range of
applications. As a demonstration of their potential applications, cTiO2

hollow spheres consisting of very small nanocrystals are shown to
manifest improved lithium storage properties with remarkably stable
capacity retention over 1000 cycles.
MATERIALS AND METHODS

Synthesis of SiO2 nanospheres
Briefly, SiO2 nanospheres were synthesized by a modified Stöber
method. In a typical reaction, 23.5 ml of water, 63.3 ml of 2-propanol,
and 13 ml of ammonia (25 to 28%) were mixed and heated in an oil
Fig. 6. Electrochemical characterizations of cTiO2 hollow spheres as an anode material in LIBs. (A) Discharge-charge voltage profiles in the
voltage range from 1.0 to 3.0 V at a current rate of 10 C. (B) Cycling performance and corresponding coulombic efficiency at a current rate of 10 C.

(C) Rate performance at various current rates from 1 to 30 C. 1 C = 173 mA g� 1.
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