684

doi:10.1246/cl.2010.684
Published on the web May 22, 2010

Controllable Synthesis of TiO, Submicrospheres with Smooth or Rough Surface
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Titanium dioxide (TiO,) submicrospheres (SMs) have been
successfully synthesized via a solvothermal method by hydrol-
ysis of tetrabutyl titanate in ethanol solution with the
cetyltrimethylammonium bromide (CTAB) presented. The SMs
are composed of closely packed rod or tetragonal nanoparticles
(NPs), and the inner structure of SMs depends on whether the
hexamethylenetetramine (HMTA) was introduced in the reaction
or not. The surface and inner morphologies, structure, and
optical properties of the SMs were investigated.

Though enormous progress has been made in fabricating
transition metal oxide nanocrystals with controllable morphol-
ogies, it is still a key goal in modern materials chemistry and has
attracted substantial interests in recent years.! As an important
wide-band gap semiconductor (E; = 3.2¢V), TiO, has attracted
intensive attention because of outstanding physicochemical
properties and broad applications in photocatalysts, water
splitting, and gas sensors.> Generally, different applications
require different morphologies, crystallinity, and size of TiO,
nanomaterials.

Recently, controlling the microscopic morphology of TiO,
nanomaterials is feasible and further tailoring the corresponding
properties as a function of the nanomaterials is widely studied.
Up to now, various TiO, nanostructures such as hollow spheres,
nanotubes, and porous structures have been synthesized.
Among these, several synthetic routes including chemical and
physical methods for generating various TiO, nanomaterials
have been developed.* As a competitive alternative, solvother-
mal methods have been extensively used to generate novel
materials with unusual properties due to avoiding the presence
of water for water-sensitive reactions. It has been employed to
synthesize various TiO, nanomaterials with controlled shape.’
For instance, Nam and Han investigated the preparation of TiO,
by solvothermal reaction of titanium tetraisopropoxide in
different alcohol solvents. The results show that the physical
properties of the products, such as crystal size, shape, and
structure, are strongly influenced by the types of solvents used
during the reaction.® Herein, we present a controllable synthesis
route for preparing TiO, SMs with different surface morphol-
ogies by a mild solvothermal method. As shown in Figure 1, the
internal structure and external morphology of TiO, SMs are
significantly influenced by a weak organic alkali, HMTA.'! This
strategy offers an effective approach for preparation of TiO,
SMs or other metal oxide nanomaterials to meet different
applications.

Figure 2a shows field emission scanning electron microsco-
py (FESEM) image of S1 SMs. Uniform spheral crystals of
nanometer-size are almost the exclusive products in our syn-
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Figure 1. Schematic diagram for the formation of TiO, SMs.

Figure 2. FESEM (a, scale bar is 1um) and TEM images
(b, the insert at low magnification), SAED patterns (c), and
HRTEM images at different magnification (d, e) of S1 SMs.

thesis. Transmission electron microscopy (TEM) (Figure 2b)
clearly shows that those SMs are spherical with a diameter of ca.
400nm and a composition of closely packed small NPs. The
selected area electron diffraction (SAED) pattern in Figure 2c
reveals the polycrystalline features of the samples, these patterns
agree well with the structure of anatase. The corresponding high-
resolution TEM (HRTEM) image (Figure 2d) clearly shows that
many quasi-tetragonal TiO, nanocrystals with an edge length
from 10 and 20 nm were packaged in the SMs. Moreover, these
NPs have obvious preferential lattice orientation and display
good crystallinity; inspection of the particles at high magnifi-
cation indicates that each particle is a well-ordered single
crystal, as shown in Figure 2e. Measuring the distance between
two adjacent lattice fringes gives values of 0.148 and 0.136 nm,
which correspond to the lattice spacing of (204) and (116) planes
of anatase TiO,, respectively. The results further confirmed that
the SMs consist of small quasi-tetragonal TiO, NPs with
different preferential orientations, and it presents polycrystalline
features on the whole.

The morphology of S2 was investigated by electron
microscopy observations when the HMTA was added to the
reaction. The FESEM image (Figure 3a) illustrated that the
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Figure 3. FESEM (a, scale bar is 1 um) and TEM images (the
insert at low magnification) (b), SAED patterns (c), and HRTEM
images at different magnification (d—f) of S2 SMs.

surface of S2 is rougher than that of S1 SMs. Figure 3b shows a
low-magnification TEM image of S2 SMs, it can be seen that the
size is about 250 to 400nm. The SAED pattern (Figure 3c)
reveals the polycrystalline features of the samples, and their
patterns agree well with the structure planes of anatase.
Figures 3d and 3e show the HRTEM image of the edge on the
TiO, SMs, it is clearly seen that 20 nm in diameter and 50 nm in
length rod-like NPs were packed in the SMs. The HRTEM
image, which was recorded from the edge of the TiO, SMs,
exhibits good crystallinity. Measuring the distance between two
adjacent lattice fringes (Figure 3e) gives values of 0.189 and
0.126 nm, which corresponds to the lattice spacing of (200) and
(215) planes of anatase TiO,, respectively. It is seen that the
lattice planes of the depicted particles are almost perfectly
aligned (Figure 3f). This further confirms the SMs with rough
surface, and it consists of small rod-like TiO, NPs with different
preferential orientations.

The use of HMTA is reported widely in the growth of
acicular ZnO nanorods.” The HMTA hydrolyzes to form
ammonia and formaldehyde above 70°C. Meanwhile, OH™
concentration increases because of the hydrolysis of HMTA.
Some possible Ti-coordination complexes will form in reaction
solution, act as nuclei, and finally produce quasi-rod structure;
further detailed studies on the formation mechanism of the SMs
are currently in progress.

The structure of SMs is confirmed by powder X-ray
diffraction (XRD), as shown in Figure 4a; the reflection peaks
coinciding with the (101), (004), (200), (211), (204), and (215)
planes have been assigned to pure anatase phase TiO, (JCPDS
PDF 21-1272). Moreover, the XRD patterns measured from the
S1 and S2 clearly show the differences in the peak width and
intensity. Additionally, the Debye-Scherrer formula Dy = kA/
BcosO was used to estimate an average crystallite size of
samples from the XRD patterns.® It is obvious that the diameter
of S2 is larger than that of S1 sample because of the compared
results of FWHM. Furthermore, calculations using strongest
peaks (101) give grains sizes of 8.7 and 23.4 nm, respectively,
which are comparable to the HRTEM results and reveal that
many small NPs were closely packed in the SMs. The
redispersed dried TiO, samples were further characterized by
UV-vis absorption spectra to compare their optical properties
(Figure 4b). No obvious differences between the S1 and S2 can
be observed, and the spectra show a strong adsorption in the UV
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Figure 4. Typical XRD patterns and UV-vis absorbance
spectra of S1 and S2 SMs.

region, the results are in agreement with other reports.” It is
noteworthy that the different inner morphology in the TiO, SMs
will cause the different adsorption intensity (the same concen-
tration). Some light would be reflected when UV light
illuminated onto SMs with a smooth shell, and the rough shell
can absorb more light because the UV-vis light can have
multiple-reflections among the quasi-rods, as schematically
outlined in the insert of Figure 4b.'°

In summary, TiO, SMs with smooth and rough surface were
prepared successfully by a mild solvothermal method. The inner
structure and external morphology can be mediated by HMTA.
The method makes possible the production of various SMs with
different inner structure and surface morphology for meeting
different applications.
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