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Abstract
Wulff-shaped and nanorod-like nanoporous mesocrystals constructed from ultrathin rutile TiO2

nanowires were successfully fabricated for the first time in the presence of the surfactant
sodium dodecyl benzene sulfonate (SDBS). SDBS played a key role in the homoepitaxial self-
assembly process, in which titanate nanowires were used as the primary building blocks for
forming mesocrystals accompanying with a simultaneous phase transition. The nanoporous rutile
TiO2 mesocrystals have a large surface area and were subjected to detailed structural
characterization by means of X-ray diffraction (XRD), scanning and transmission electron
microscopy (SEM/TEM) including high-resolution TEM (HRTEM) and selected area electron
diffraction (SAED). Furthermore, the nanoporous rutile TiO2 mesocrystals were applied as the
electrode materials in rechargeable lithium-ion batteries and demonstrated a large reversible
charge–discharge capacity, excellent cycling stability and high rate performance. These
properties were attributed to the intrinsic characteristic of the mesoscopic structured TiO2

with nanoporous nature and larger surface area (which favored fast Li-ion transport), as well as
the presence of sufficient void space to accommodate the volume change.
& 2012 Elsevier Ltd. All rights reserved.
Introduction

Mesocrystals as proposed by Cölfen et al. [1–3] are 3D
ordered superstructures, with potential new physical and
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chemical properties arising from their unique mesostruc-
ture. Such specific morphologies—consisting of a few to
many thousand primary units (of size 1–1000 nm) assembled
in an orderly fashion—were first reported in biominerals,
such as corals, sea urchins and nacres [4–6]. It is worth
mentioning that mesocrystals are from via a so-called ‘‘non-
classical crystallization’’, which involves the mesoscopic
transformation of self-assembled and metastable precursor
particles into a single nanoparticulate superstructure [1,7].
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In this process, organic additives are generally used to
stabilize the primary nanoparticles, and to direct their self-
assembly into a mesocrystal [1,3,7]. It should be noted that
biominerals are highly evolutionarily optimized materials,
which indicate that non-classical crystallization is a favor-
able crystallization route that has the potential to be
applied in the synthesis of functional materials with
advanced properties. In fact, mesocrystals have recently
been applied to functional metal oxides such as TiO2 [8–14],
ZnO [15], BiVO4 [16], and LiFePO4 [17], producing improved
properties. Specific electrode materials fabricated using
hierarchical and porous mesocrystals can be considered as
ideal materials for high-performance Li-ion insertion [3,18].
TiO2 has been considered as a potential anode for lithium-
ion batteries (LIBs) due to its intrinsic advantages in safety,
low cost, and good cyclic stability [19]. However, one
drawback is that the poor lithium-ion and electronic
conductivity of bulk TiO2 polymorphs limit their perfor-
mance at high charge/discharge rates. To overcome this
obstacle, nanostructured and porous TiO2 has been devel-
oped and applied as electrode materials for LIBs. For
example nanometer-sized rutile TiO2 exhibited a much
higher electroactivity towards Li insertion than micro-
meter-sized rutile TiO2 [20]. Nano- or meso-porous TiO2

materials have been shown to be promising high rate anode
materials [12,21,22]. It is notable that the performance of
TiO2 depends largely on its crystalline phase, size, surface
state and microstructures [23,24]. TiO2 mesocrystals with
the desired crystal phases, intrinsic porous structures, and
tunable architectures would offer the potential for sig-
nificantly enhanced Li-ion insertion performance. Although
the anatase TiO2 mesocrystals have been widely reported
[8–12], rutile TiO2 mesocrystals are relatively rare
[13,14,25] and nanoporous rutile TiO2 mesocrystals have
never been prepared and used as anode materials for LIBs. In
the present work, we first report the self-assembled
synthesis of unique nanoporous rutile TiO2 mesocrystals
with much larger surface area than that reported in the
literatures [13,14,25]. The mesocrystals with micropores
and mesopores coexisting were constructed from ultrathin
nanowires, and the tunable morphology (from Wulff-shape
to nanorod-like) was directed using sodium dodecyl benzene
sulfonate (SDBS). It was found that the assembly process of
the nanoporous rutile TiO2 mesocrystals (different morphol-
ogies) and a simultaneous phase transition from titanate to
rutile TiO2. Furthermore, the nanoporous rutile TiO2

mesocrystals were applied as electrode materials for Li-ion
insertion; they exhibited a large reversible lithium-ion
charge–discharge capacity, excellent cyclic stability and
high rate performance.
Experimental

Synthesis and characterizations

The nanoporous TiO2 mesocrystals were prepared through
two sequential steps: first titanate nanowires were synthe-
sized by means of hydrothermal growth in highly basic
aqueous solution and acid-washed, and then titanate
nanowires dispersed in acidic aqueous solution were allowed
to assemble into different morphology in the presence of
SDBS. Synthesis of titanate nanowires is similar to the
process reported in our previous work [25]. Typically, 1 g of
TiO2 (anatase) was dispersed in a 50 mL of 15 M aqueous KOH
solution. After stirring for 10 min, the resulting suspension
was transferred into a Teflon-lined stainless steel autoclave
with a capacity of 75 mL. The autoclave was kept at 170 1C
for 72 h and then cooled to room temperature. The resulting
precipitate was washed with 0.1 M HNO3 solution until pH
value of 1–2 was reached. The final product was then
collected by centrifugation and dried at 70 1C for 12 h in air.
Synthesis of nanoporous TiO2 mesocrystals started with
dispersing 150 mg of precursor titanate nanowires
(0.2 mmol) and sodium dodecyl benzene sulfonate (SDBS)
(the molar ratio of titanate:SDBS is from 0.09 to 0.15) in
50 mL of HNO3 (2 M) solution under stirring at 70 1C for 7
days, and the final product was obtained by centrifugation,
washed with distilled water and ethanol several times, dried
at 60 1C overnight, and then calcined at 400 1C for 2 h.

Scanning electron microscopy (SEM, S4800 instrument)
and Transmission electron microscopy (TEM, FEI F20 S-TWIN
instrument) were applied for the structural characterization
of the resulting titanate nanowires and mesocrystals. X-ray
diffraction (XRD) patterns were recorded on a PANalytical
X’Pert spectrometer using the Co Ka radiation (l=1.78897 Å),
and the data were changed to Cu Ka data. N2 adsorption–
desorption analysis was measured on a Micro-meritics ASAP
2020 instrument (Micromeritics, Norcross, GA, USA). The pore
size distributions of the as-prepared samples were analyzed
using the Barrett Joyner Halenda (BJH) method.

Electrochemical measurements

For the electrochemical measurement of Li-ion intercala-
tion, nanoporous TiO2 mesocrystals were admixed with
polyvinylidene fluoride (PVDF) binder and acetylene black
carbon additive in a weight ratio of 70:20:10, following a
standard method as widely used in literature [26]. The
mixture was spread and pressed on copper foil circular
flakes as working electrodes (WE), and dried at 120 1C in
vacuum for 12 h. Lithium foils were used as the counter
electrodes. The electrolyte was 1 M LiPF6 in a 1/1/1 (volume
ratio) mixture of ethylene carbonate (EC), ethylene methyl
carbonate (EMC) and dimethyl carbonate (DMC). The
separator was UP 3093 (Japan) micro-porous polypropylene
membrane. The cells were assembled in a glove box filled
with highly pure argon gas (O2 and H2O levels o1 ppm), and
charge/discharge tests were performed in the voltage range
of 1–3 V (Li+/Li) at different current densities on a Land
automatic batteries tester (Land CT 2001A, Wuhan, China).

Results and discussion

Pure rutile TiO2 mesocrystals, as evidenced by XRD patterns
shown in Fig. S1, were prepared using hydrogen titanate
nanowires as a precursor (with TEM and HRTEM shown in
Fig. S2) in a HNO3 solution under the mild condition in the
presence of SDBS with subsequent calcination (performed at
400 1C for 2 h). Fig. 1(a–b) shows SEM images of rutile TiO2

mesocrystals obtained in the presence of SDBS (the molar
ratio of titanate/SDBS is 0.09), Wulff-shaped, uniform
octahedral rutile TiO2 was observed with a particle size of



Figure 1 Rutile TiO2 mesocrystals obtained in the presence of
SDBS (the molar ratio of titanate/SDBS is 0.09): (a, b) low and
high magnification SEM images, (c, e) TEM image and HRTEM
images, (d) corresponding SAED pattern, and (f) is a structural
illustration of Wulff shape for rutile TiO2.

Figure 2 SEM images (a–d) and TEM images (e, f) of the
samples obtained in the presence of SDBS (the molar ratio of
titanate/SDBS is 0.09) under the different reaction times: (a) 1,
(b) 3, (c–f) 5 days. The inset in (e) is the related SAED pattern of
the whole mesoparticles.
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100–300 nm (�200 nm on average). A rough surface was
clearly observed in the high magnification SEM image,
suggesting that the obtained particles were not classic
single crystals. Fig. 1(c) shows a typical TEM image of a
single mesocrystal, confirming that the particles were
composed of nanosized subunits. The related selected area
electron diffraction (SAED) pattern (shown in Fig. 1d)
exhibited ‘‘single-crystal-like’’ diffraction spots correspond-
ing to rutile TiO2, indicating that a mesocrystal structure
was formed. The diffraction spots were slightly elongated,
suggesting that there was a small lattice mismatch in the
assembly in the same orientation, which is typical of
mesocrystals [1,3]. Fig. 1(e) shows an HRTEM image of a
mesocrystal, the porous nature of the Wulff-shaped rutile
TiO2 mesocrystals is clearly revealed. The lattice fringe was
found to be approximately 0.25 nm (Fig. 1(e), inset),
corresponding to d101 spacing of rutile TiO2 crystal. The
porous structure of the obtained mesocrystals (as observed
in the HRTEM image), showed similarities with the structure
of porous zeolite crystals. According to the literature, such
porous single crystals are typical for mesocrystals formed
through an oriented self-assembly process in which the links
between nanocrystals are formed partly by the nanocrystals
themselves and partly by an organic substance [1,6].

To investigate the formation mechanism of rutile TiO2

mesocrystals with Wulff shape, a series of samples were
harvested at different reaction time intervals without
calcinations. These samples were then carefully character-
ized using SEM and TEM, and the results are shown in Fig. 2.
As shown in Fig. 2(a), numerous nanowires were clearly
observed when the reaction was performed for 1 day. After
the reaction time was increased to 3 days, a large number of
nanowires aggregates appeared, in addition to the residual
dispersed nanowires (see Fig. 2b). Fig. 2(c–d) shows SEM and
high magnification SEM images of the products obtained
after 5 days; uniform mesocrystals with a Wulff shape were
basically formed besides partly imperfect adjacence.
Fig. 2(e) shows a typical TEM image of a single mesocrystal,
confirming that it is composed of nanowire subunits. The
HRTEM image in Fig. 2(f) reveals that the nanowire subunits
were about 3–5 nm in diameter. The SAED pattern depicted
in the inset of Fig. 2(e) suggests that the TiO2 mesocrystals
with Wulff shape actually exhibited a single-crystal-like
mesoscopic structure. HRTEM and SAED data collected for
the sample after 7 days also confirmed that the obtained
mesocrystals were arranged along the [101] direction (see
Fig. S3). In addition, the phase transition from titanate to
rutile TiO2 was achieved gradually with increasing reaction
time, as shown in the XRD patterns (Fig. S4).

It was expected that the morphology of the mesocrystals
could be controlled simply by adjusting the concentration of
the SDBS; this was confirmed by the images shown in Fig. 3.
As shown in Fig. 3(a–b), nanorod-like mesocrystals about
250–400 nm in length and 60–100 nm in diameter were
obtained in the presence of SDBS (the molar ratio of
titanate/SDBS is 0.15). When the molar ratio was decreased
to 0.11, mesocrystals with Wulff shape appeared, as
depicted in Fig. 3(c). Fig. 3(d) shows a TEM image of the
sample synthesized in the presence of SDBS (the molar ratio



Figure 3 SEM images (a–c), TEM (d) and HRTEM (e, f) images of
the samples obtained in the presence of SDBS with different
molar ratio of titanate/SDBS: (a–b, e–f) 0.15 and (c) 0.11. The
inset in (e) is SAED pattern.

CalcinedSelf-assemble

Nanocrystallites with 
SDBS

Mesocrystal Porous mesocrystal

Scheme 1 Schematic of a tentative mechanism for the forma-
tion of rutile TiO2 mesocrystals.
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of titanate/SDBS is 0.11). This image confirmed that the
nanorod-like mesocrystals were also made up of nanowires
units. The porous nature of the mesocrystals can be
observed in the HRTEM images presented in Fig. 3(d–e).
The related SAED pattern (shown in the inset of Fig. 3d) also
confirmed a single-crystal-like structure in the nanorod-like
mesocrystals. Additives are usually needed in the synthesis
of mesocrystals [1,3]. Herein, we have reported the first
tunable synthesis of mesocrystals using SDBS as a surfactant,
and have found that rutile TiO2 mesocrystals with different
morphologies can be easily produced simply by adjusting the
concentration of SDBS.

To confirm the porous nature of the TiO2 mesocrystals, N2

adsorption–desorption isotherms were measured, as shown
in Fig. S5. These data indicated that micropores and
mesopores coexist in the mesocrystals with nanorod-like
and Wulff shape. The Brunauer–Emmett–Teller (BET) surface
area for the former was approximately 89.6 m2g�1, while for
the latter it was found to be ca. 135.5 m2g�1. It was found
that the mesopore volumes were very similar for the
different types of mesocrystals (0.12 m3g�1). However, the
micropore volume of the Wulff-shaped mesocrystals
(0.027 m3g�1) was much larger than that of the nanorod-
like mesocrystals (0.017 m3g�1), indicating that the number
of micropores inside Wulff-shaped mesocrystals was much
larger than in the nanorod-like mesocrystals. Pore size
distributions ranging from 0.5 to 1.4 nm was calculated
by the Horv�ath–Kawazoe method, as shown in the insets of
Fig. S5.
A tentative mechanism was proposed for the formation of
porous rutile TiO2 mesocrystals (as shown in Scheme 1),
based on the experimental results. The proposed mechanism
is similar to the typical formation of a mesocrystal as
described by Cölfen et al. [1,3] The mesocrystals were
formed through the homoepitaxial self-assembly of nano-
crystallites, with a SDBS additive. In the present reaction,
the presence of the additive would hinder the diffusion of
the nanocrystals, allowing their attachment and assembly
into ordered aggregates (mesocrystals) to occur at a lower
energy state. Porous mesocrystals with mesoporous and
microporous nature (Fig. S6) would then be obtained after
the removal of the organic substance (Fig. S7). It is notable
that the morphology of the mesocrystals significantly
depended on the content of the SDBS additive, and
ultimately led to the formation of Wulff-shaped rutile
mesocrystals. It is pointed out that the organic additive
could be in favor of lowering the surface energy of the
primary nanocrystals and the mesocrystal is an intermediate
of the single crystal [1,3]. Therefore, it could be understood
that the nanocrystal subunits were likely to assemble into
the Wulff-shaped rutile mesocrystals in the presence of
enough content of additives, corresponding to the principle
of the growth of single crystal [27].

Recently, a great deal of attention has been focused on
the use of nanostructured rutile TiO2 for electrode materials
in LIBs [20,28–31]. The nanoporous rutile TiO2 mesocrystals
synthesized in this study offer a much larger specific surface
area and a shorter transport distance, and thus should promise
better lithium-ion insertion properties. Fig. 4(a) shows the
charge–discharge profiles of the rutile TiO2 mesocrystals with
Wulff shape at a current density of 1 C (1 C=170 mAg�1), for
the initial two cycles over the potentials of 1.0–3.0 V. A large
capacity of 312.3 mAhg�1 was obtained at the first discharge,
higher than that of previously reported nanosized rutile TiO2

[20] as well as mesoporous rutile TiO2 constructed with rod-
like nanocrystals as building blocks [28]. A voltage plateau near
1.05 V was observed in the first discharge curve, which can be
attributed to the irreversible change in the structure of the
rutile TiO2 upon deeper Li-ion insertion [20]. The sloped
discharge curve in the second cycle might be ascribed to the
irreversible formation of a ‘nanocomposite’ consisting of
crystalline grains and amorphous regions [32–34]. Fig. 4(b)
shows the rate capability of the rutile TiO2 mesocrystals with
Wulff shape from 0.2 to 20 C, for 10 cycles at each current
rate. Large capacities of 397.9 and 275.6 mAhg�1 were
obtained with the first discharge and charge cycle at a current
density of 0.2 C; this might be attributed to the fact that the
nanoporous mesocrystals had a large surface area, and could
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Figure 4 (a) Charge–discharge profiles at a current density of
1 C and (b) rate capability from 0.2 to 20 C of rutile TiO2

mesocrystals with Wulff shape; (c) cycling performance at a
constant current density of 1 C for rutile TiO2 mesocrystals with
different morphologies: (i) Wulff shape, and (ii) nanorod-like.
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provide more sites for lithium insertion. It was also revealed
that the mesocrystal electrode retained a good rate capability
even if the current rate was increased from 0.2 to 20 C.
Remarkably, a capacity of 76.5 mAhg�1 could be delivered at
current rates as high as 20 C; a large capacity of 216 mAhg�1

could be regained when the current rate was lowered again to
0.2 C. Fig. 4(c) presents the cycling behavior of the rutile TiO2

mesocrystals with different morphologies, at a current rate of
1 C. It clearly shows that both of the rutile TiO2 mesocrystals
exhibited excellent cycling stability. Capacities of 154 and
133 mAhg�1 could be retained after 100 cycles for the Wulff-
shaped and nanorod-like TiO2 mesocrystals, respectively. The
electrochemical properties of the Wulff shaped TiO2 meso-
crystals were significantly and clearly better than those of the
nanorod-like mesocrystals; this might be ascribed to the larger
surface area arising from the larger number of micropores in
the former. The nanoporous and large-surface-area nature of
the rutile mesocrystals facilitated their contact with the
electrolyte, and hence favored fast Li-ion transport. These
factors—along with the sufficient void space accommodating
volume change—resulted in the large capacity and high rate
performance.

Conclusions

Unique nanoporous mesocrystals, constructed from ultrathin
rutile TiO2 nanowires and with Wulff-shaped and nanorod-
like morphologies, were successfully fabricated for the first
time in the presence of SDBS. It was revealed that the SDBS
played a key role during the homoepitaxial self-assembly
process, which involved the aggregation of the precursor
titanate nanowires (acting as the primary building
blocks) and a simultaneous phase transition from precursor
titanate to rutile TiO2. These nanoporous rutile TiO2

mesocrystals were used as the electrode materials in
rechargeable lithium-ion batteries for the first time; they
demonstrated a large reversible charge–discharge capacity,
excellent cycling stability and high rate performance. These
properties were attributed to the intrinsic nanoporous
and large surface area characteristics of the mesoscopic
structured TiO2.
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