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Abstract

Titanate nanofibers were synthesized by hydrothermal method (150 °C for 72 h) using natural rutile sand as the starting materials.
TiO, (B) and anatase TiO, (high crystallinity) nanofibers with the diameters of 20-100 nm and the lengths of 10-100 um were
obtained by calcined titanate nanofibers for 4 h at 400 and 700 °C (in air), respectively. The samples characterized by XRD, SEM,
TEM, SAED, HRTEM, and BET surface area. This synthesis method provides a simple route to fabricate one-dimensional

nanostructured TiO, from low cost material.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The synthesis and characterization of one-dimen-
sional (1-D) nanostructured (nanotubes, nanorods, and
nanowires) have received considerable attention due to
their unique properties and novel application [1-4].
Much effort has concentrated on the important metal
oxides such as TiO,, SnO,, VO,, and ZnO [1-8]. Among
them, TiO, and TiO,-derived materials are of impor-
tance for utilizing solar energy and environmental
purification. TiO, has been widely used for various
applications such as a semiconductor in dye-sensitized
solar cell, water treatment materials, catalysts, gas
sensors, and so on [9-14]. TiO,-derived nanotubes and
nanowires can be easily fabricated by treating TiO,
power with highly concentrated NaOH [15-28]. In our
previous works, due to high cost of TiO, nanoparticles
[18,21,22], the use of natural rutile sand via hydro-
thermal synthesis was investigated [19], however the
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products in an earlier study were titanate (not TiO»)
nanofibers. By modifying ion-exchanging treatment,
TiO, anatase nanofiber/nanoparticle composite powder
was also prepared [20].

In this study, TiO, (B) and anatase TiO, nanofibers
obtained by hydrothermal and post-heat-treatments
from natural rutile sand will be reported.

2. Experimental
2.1. Synthesis

Titanate nanofibers were synthesized by hydrothermal
method (150°C for 72h) using natural rutile sand
(96.0% TiO,, yielded in Australia, Tiwest Sales Pty.
Ltd., Bentley, Australia) as the starting materials [19,20].
It is worth noting that the cost of natural rutile sand
used in this study is <US$1/kg, which is 1/50-1/100 of a
commercial rutile or an anatase powder in an ordinary
grade [19].

In a typical synthesis, 300 mg of natural rutile sand
(without further purification) brown granules were put
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into a Teflon-lined stainless steel autoclave. Then, the
autoclave was added with 50mL of 10M NaOH
aqueous solution and heated at 150°C for 72h
with stirring condition. After the autoclave was natu-
rally cooled to room temperature, the obtained product
was washed with HCI aqueous solution, distilled water
for several times, followed by freezed drying. The
samples were calcined for 4h at 120-1000 °C in air
condition.

2.2. Characterization

The crystalline structure of samples was evaluated by
X-ray diffraction (XRD, RIGAKU RINT 2100).
The microstructure of the prepared materials was
analyzed by scanning electron microscopy (SEM,
JEOL JSM-6500FE), transmission electron microscopy
(TEM, JEOL JEM-200CX), and selected-area elec-
tron diffraction (SAED). The Brunauer—-Emmett—
Teller (BET) specific surface area was determined by
the nitrogen adsorption (BEL Japan, BELSORP-18
Plus).
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3. Results and discussion
3.1. The as-synthesized nanofibers

The as-synthesized nanopowders were white (very
slightly yellowish) while as the starting natural rutile was
brown-colored [19]. The XRD patterns of the starting
natural rutile and the as-synthesized nanofibers are
shown in Fig. 1(a). The structure of the as-synthesized
nanofibers should be similar to that expected for a
layered titanate H,Ti,O,.4;, probably trititanate
(H,Ti504) [19]. No diffraction peaks of other impurities
(such as starting rutile and NaCl) were observed.

SEM image of the starting natural rutile shows the
granules size about 75-300 um (Fig. 2(a)). After hydro-
thermal treatment, the as-synthesized sample showed
fiber-like morphology. The length of the nanofibers
ranges from several 10 um to more than 100 um (Fig.
2(b)). In order to confirm nanofibers were solid (not
hollow), TEM experiment should be investigated. TEM
and SAED images of the as-synthesized nanofibers are
shown in Fig. 3(a). The as-synthesized nanofibers were
solid (not hollow) with diameter about 20-50 nm.
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Fig. 1. XRD patterns of the starting natural rutile, the as-synthesized nanofibers, the calcined nanofibers for 4h at (a) 120-400°C and
(b) 500-1000 °C; A = anatase TiO,, B = TiO, (B), H = hydrogen titanate, and R = rutile TiO,.
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Fig. 3. (a) TEM, (the inset of (a)) SAED, and (b) HRTEM images of the as-synthesized nanofibers.

Nanofibers tend to form bundles, thus some of the
nanofibers looked thicker than others. HRTEM image
(Fig. 3(b)), the distance between two stripes
(d = 0.80nm) correspond to (200) plane of trititanate
[19]. The BET surface area of the as-synthesized
nanofibers (without pre-heating for BET measurement)
were about 45m?/g, while the BET surface area of the
starting natural rutile sand was about 0 m?/g (Table 1).
Although the nanotube structure is attractive due to its
high surface area, titanate nanotubes with free-alkali
ions are usually unstable at high temperatures (at
~500 °C) and convert into anatase particles [18,21]. To
maintain the 1-D nanostructure at higher temperature
(typically at 500-800°C), the solid nanowires or
nanofibers form should be more favorable. In general,
hydrothermal treatment at a slightly higher temperature
(~150 °C or higher) or in stronger alkali solution (conc.

NaOH(aq.)or KOH(aq.)) results in the formation of
solid nanowires (or even long nanofibers) rather than
scrolled nanotubes, because the normal unidirectional
crystal growth becomes preferential at these conditions.
This phenomenon can be explained by following
mechanism. The natural rutile granules were coarse so
that they slowly dissolved into NaOH solution, which
suppressed the nucleation and assisted preferential
crystal growth along with the 010 direction of
trititanate [19]. In addition, for the current study,
impurity element in natural rutile source might act as
a catalyst for the fibrous crystal growth [19].

3.2. The TiO; (B) nanofibers

Fig. 1(a) also shows the XRD patterns of the
nanofibers calcined for 4h at 120, 200, 300, and
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Summarized results of the samples
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Morphology
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Fig. 4. SEM images of the calcined nanofibers for 4h at (a) 120 °C and (b) 400 °C.

400 °C, respectively. After calcination at the temperature
range of 200—400 °C, the nanofibers are dehydrated and
re-crystallized into the metastable form of TiO, (B)
[18-22]. Annealing a sample of the acid-washed wires at
400 °C for 4h in air produces a material which gave the
powder diffraction pattern of TiO, (B) [17]. However,
TiO, (B) nanofibers derived from natural rutile sand
have not been extensively reported.

Fig. 4 shows SEM images of the nanofibers calcined
for 4h at 120 and 400°C, respectively. From SEM
images, the nanofibers calcined for 4h at 120-400°C
seem to be not quite different in the length of nanofibers.
TEM and SAED images of the nanofibers calcined at
400 °C for 4h show in Fig. 5(a). Individual nanofibers
with diameter around 35nm were observed and the
diffraction patterns can be indexed as TiO, (B). We can
also observe lattice fringes of the nanofibers (HRTEM
image, Fig. 5(b)) with the distance about 0.62 and
0.36 nm, which corresponding to (001) and (110) planes
(angels between planes: 85°), allowing for the identifica-
tion of the monoclinic phase [30]. The BET surface area
of the nanofibers calcined at 400 °C for 4 h were about
20m?/g (Table 1).

3.3. The anatase TiO; nanofibers

XRD patterns of the nanofibers calcined for 4h at
500, 600, 700, 800, 900, and 1000 °C are shown in Fig.
1(b), respectively. The nanofibers calcined for 4h at
500-600 °C consisted of a mixture of TiO, (B) and
anatase TiO,. The peak intensity corresponding to the
TiO, (B) decreased as the calcination temperature was
increased and almost disappeared at 700-800 °C,
whereas that corresponding to anatase TiO, increased.
The peaks corresponding to rutile TiO, appeared at
900°C and the intensity increased with increasing
temperature (1000 °C).

Fig. 6 gives SEM images of the nanofibers calcined for
4h at 500, 700, 900, and 1000 °C, respectively. The
nanofibers calcined for 4h at 500-900 °C maintained
nanofiber morphology. Normally, the TiO,-derived
nanotubes after heat-treatment at 400°C (anatase
phase) were destroyed and change into particles [21,23]
and the phase transformation from anatase phase TiO,
to rutile phase TiO, begins to appear at 600-700 °C
[14,29]. However, anatase TiO, nanofibers, prepared by
this method, are stable at 700-800°C. Therefore,



3114 S. Pavasupree et al. | Journal of Solid State Chemistry 178 (2005) 3110-3116

Fig. 5. (a) TEM, (the inset of (a)) SAED, and (b) HRTEM images of the nanofibers calcined at 400 °C for 4 h, indicating TiO, (B) structure.
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N

Fig. 6. SEM images of the calcined nanofibers for 4h at (a) 500 °C, (b) 700 °C, (c) 900 °C, and (d) 1000 °C, respectively.

anatase TiO, nanofibers can be used at high tempera- TEM and SAED images reveal that nanofibers calcined
tures. The nanofibers calcined at 1000 °C for 4h show at 700 °C for 4h (with diameter about 25nm) compose
submicron rod-like structure of rutile TiO, (Fig. 6(d)). of anatase phase TiO, (Fig. 7(a)). The lattice fringes of
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Fig. 7. (a) TEM, (the inset of (a)) SAED, and (b) HRTEM images of the nanofibers calcined at 700 °C for 4 h, indicating anatase TiO, structure.

the nanofibers (HRTEM image, Fig. 7(b)) show the
distance about 0.35nm, which corresponding to (101)
plane of the anatase phase [31]. HRTEM images of
nanorods with clear lattice fringes, again confirming its
high crystallinity. The BET surface areca of the
nanofibers calcined for 4h at 700 and 1000°C were
about 10 and 2m?/g, respectively (Table 1).

4. Conclusions

In summary, titanate nanofibers were synthesized by
hydrothermal method (150°C for 72h) using natural
rutile sand as the starting materials. TiO, (B) and
anatase TiO, (high crystallinity) nanofibers with the
diameters of 20-100 nm and the lengths of 10-100 pm
were obtained by calcined titanate nanofibers for 4 h at
400 and 700°C (in air), respectively. At higher
temperature than 900 °C, they begin to change into
rutile-type TiO, rod-like structure. The operation of this
synthesis method is a simple hydrothermal method and
all the reactions of the synthetic process are carried out
in aqueous solution.
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