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Construction of One Dimensional Sodium Titanate Nanostructure

PENG Yu-Cong DENG Wen-Li*
(College of Materials Science and Engineering, South China University of Technology, Guangzhou 510640)

Abstract: Titanate nanotubes and nanoribbons were synthesized hydrothermally, using anatase TiO, as the starting
material. The dependence of titanate nanoribbons length and width on control conditions was studied. The phase
structure and the morphology were characterized by XRD and SEM. The results show that the morphology and the
structure of titanate nanoribbons are controllable via changing the hydrothermal temperature and treatment duration
of the titanate products. At higher temperature of 200 °C, titanate nanotube are transformed faster to nanoribbons and
the morphologies are changed as a function of treatment duration. After the treatment duration goes up to 96 h,
bundles of titanate nanoribbons are formed with widths ranging from 50 nm to 1 pm and lengths up to tens of
micrometers. Control experiments results show that the nanoribbons are formed before acid wash, but the morphology

is more smooth and ordered after wash, and the crystal structure is changed during the acid wash process.
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Nanomaterials and nanostructures have been the
most energetic components in new material research
over the past few years because of their potential appli-
cations. It has been aroused great interests since the
carbon nanotube was found!". One-dimensional nanos-

tructured materials including nanotubes, nanobelts,
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nanorods and nanowires have attracted considerable at-
tention due to their unique electronic and optical prop-
erties and their potential applications in modern tech-
nology™.

Recently, many approaches have been developed

for the synthesis of nanomaterials based on metal ox-
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ides, such as Sn0,, VO,, ZnO, Fe;0,, and TiO,". The
properties of these nonomaterials have been found to be
dependent on their size and microstructure, so a good
understanding of the synthesis mechanism and the ef-
fect on the size and shape of synthesis conditions such
as reaction time or temperature, additives and post-
treatment will be beneficial for more suitable applica-
tions 11,

Among the nanomaterials and nanostructures, TiO,
is considered to be the most important one due to its u-
nique physical and chemical properties. TiO, is a broad
band semiconductor and is chemically stable as well as
stable toward photo-oxidation™. In addition, it is non-
toxic and easily available and cheap.

One dimensional TiO, nanostructure has been
synthesized by various techniques at high- or low-tem-
perature such as chemical vapor deposition, thermal e-
vaporation, and hydrothermal method ™ *\. Since the
first hydrothermal route reported by Kasuga et al ", it
has been aroused great interest in the fabrication of
nanotubes and nanoribbons. Yuan and co-workers [
found that nanotubes could be formed at different tem-
peratures (130 ~180 “C) and Elssfah®™ reported that at
given temperature, nanotubes could always transform
into nanoribbons provided that the reaction time was
long enough.

But most of these studies were just concentrated
on the synthesis mechanism at low temperature (below
180 “C), or variation of the starting material, for exam-
ple, using different crystal phases of TiO, and different
concentrations of NaOH!", few were involved in higher
temperature and post-treatment studies. We report here
the hydrothermal treatment at higher temperature of
200 °C and the control mechanism for the size and

shape of the resulting products.

1 Experimental

1.1 Sample preparation

All the chemicals were analytical grade and used
without further purification. 1 g of TiO, nanopowder(av-
erage size: 32 nm) was added to 100 mL of 10 mol - L™
NaOH and stirred for 30 min in a beaker. The mixture

was then transferred into different 100 mL Teflon-lined

stainless steel autoclaves up to about 80% of the capac-
ity. The autoclave was put in the oven held at 200 °C for
different treatment durations ranging from 6 to 96 h and
then allowed to cool to room temperature. White floc-
cule precipitate was collected and washed with distilled
water until the pH value of about 7. Then the product
was divided into two parts: one part was washed with
1 mol -L.™' HCI and deionized water several times until
the pH value of about 7 again, the other part was
washed without acid solution. Both parts were then
dried in air at 80 °C for 24 h.
1.2 Characterization

The samples were characterized by scanning elec-
tron microscopy (SEM, Philips FEI-XL30) operating at
25 kV and by X-ray powder diffraction(XRD, Analytical
XpertPRO diffractometer with Cu Ko radiation, A =
0.154 18 nm, 40 kV, 40 mA). The EDS analysis was
performed through analytical scanning electron mi-
croscopy S-550. The UV-Visible spectra were obtained
using a UV-Vis spectrophotometer(Hitachi UV-2000).
1.3 UV Spectroscopy

UV-Vis spectra were recorded at 25 °C for
100 mg - L™ titanate and anatase TiO, well dispersed in
quartz cells with a 10-mm path length, using distilled

water as a blank.
2 Results and discussion

Fig.1 shows the SEM images of the commercial
nanopowder samples used as the starting material and
samples treated at 200 °C for different hydrothermal
durations. TiO, particles have a size ranging from 50 to
100 nm(Fig.1a). At relatively short treatment duration of
6 h, SEM results show that dense nanotubes are formed
with diameters of about 10 nm and lengths up to several
hundreds of nanometers.TiO, crystal phase is changed,
anatase phase is broken and expanded to anomalistic
sandwich substance (Fig.1b). By increasing the treat-
ment duration to 12 h, a few nanoribbons with different
sizes are formed on the surface of anomalistic sand-
wich substance. The nanoribbons have width ranging
from 50 to 500 nm and length of about 1 micrometer
(Fig.1¢). Increasing the treatment duration to 24 h, the

anomalistic sandwich substance disappears, and inte-
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(a) Anatase TiO; (b) 6 h; (c) 2 h (d) 24 h; e) 8 h; (f) 96 h

Fig.1 SEM images of the anatase TiO, and titanate nanoribbons synthesized by hydrothermally method

at 200°C for different durations

grated dense nanoribbons are formed. The width also
varies from 50 to 500 nm, and the length grows up to
several micrometers (Fig.1d). At relatively long treat-
ment duration (48 h), the nanoribbons keep growing,
with average length up to 5 pm (Fig.le). After a very
long treatment duration of 96 h, bundles of very long
and wide nanoribbons are observed, the ribbons have
length of several tens of micrometers and width varia-
tion between 50 nm and 1 pwm(Fig.1f).

It is obvious from these results that the hydrother-
mal treatment duration has a strong effect on the mor-
phological features of the resulting products. We can
see that under the strong alkali media, the materials
morphology transforms gradually from spherical TiO,
particles to layer , then nanotube and lastly to nanorib-
bon bundles. A prevalent viewpoint about the mecha-
nism of the formation of one dimensional titanate mi-
crostructure is that under the hydrothermal process of
high temperature, high pressure and high alkali, Ti-O
bonds of TiO, particles are broken and expanded to lay-

er structure. This layer structure has many unsaturated

bonds, resulting in high surface energy. As the hy-
drothermal duration extended, the layer structure would
curl up to form nanotube, thus reducing the energy of
the entire system. At the process of nanotube transfor-
mation into nanoribbon, this phenomenon can be ex-
plained by Ostwald Ripening®, i.e. many small crystals
formed initially slowly disappear, except for a few that
grow larger, at the expense of the small crystals, where
the smaller crystals act as fuel for the growth of bigger
crystals. If this process continues, eventually fewer and
larger crystals form inside the solid that have much
smaller surface-to-volume ratios compared to the small-
er particles, thus reducing the energy of the entire sys-
tem. This mechanism can explain the transformation to
nanoribbons and to very long and wide bundles of
nanoribbons with time. In consideration with other work
on nanoribbons at lower temperature, we suggest that
temperature takes effect on the synthesis rate on the
formation of nanoribbons, but it is not the major factor
for the morphology of the ultimate product. The model

of hydrothermal synthesis process is shown in Fig.2.

Oooﬂﬁﬁj .:>

Fig.2 Simple model of hydrothermal synthesis process
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Fig.3a shows the TEM micrograph of the sample is longer and wider. For 24 h hydrothermal duration(see

treated at 200 °C for 6 h. The products are fine hollow Fig.3¢) some nanotubes were transformed into nanorib-
open-ended tubes with a uniform diameter along their bons. bundles of very long and wide titanate are ob-
lengths. The titanate nanotubes are short and thin. Fig. served(Fig.3d). We can see that all of the products are
3b shows the nanotube produced in 12 h, the nanotube nanoribbons.

() 6 h; (b) 12 h; (c) 24 h: (d) 48 h

Fig.3 TEM micrographs of the nanotubes and nanoribbons synthesized hydrothermally at 200 °C for different durations

A diagram of critical duration that titanate nan-
. A T T=Titanate

otubes transform into nanoribbons and the correspond- A=Anatse TiO,

ing length of the titanate is plotted in Fig.4. The dia-

gram describes the critical treatment duration needed

for the titanate nanotube structure to transform into
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Fig.4 Diagram of the critical treatment duration needed

10 20 30 4 50 60 70
for the transformation of nanotubes into 20/ (%)
nanoribbons and the corresponding length at 200 °C (a) Anatase TiO5; (b) 6; (c) 24; (d) 48; (e) 96 h
Fig.5 shows the XRD patterns obtained. Fig.5a Fig.5  XRD patterns of anatase TiO, and products

shows the crystal phase of starting material TiO,, which synthesized at 200 °C for different durations

can be assigned to the anatase crystal. From the XRD mainly, mostly crystal phase is H,Ti;07(a=1.602 nm, b=
patterns, titanate crystals diffraction peaks are found at 0.375 nm, ¢=0.919 nm; PDF card No.47-0561).

short treatment duration of about 6 h at 200 “C(Fig.5b), From the SEM and TEM results we can conclude
and accordingly TiO, crystal phase is decreased or dis- that specific structure of titanate can be formed at given
appeared. As the treatment duration increases, the reaction temperature and duration under hydrothermal
characteristic peaks for titanate are higher and sharper condition. The following table shows the relationship

indicating the improved crystallinity(Fig.5¢, Fig.5d and between treatment duration and morphology at 200 °C,
Fig.5e). After 96 h, the crystal is formed completely, The SEM images and EDS analysis of the products

which is composed of mixture H-titanate crystal phases are shown in Fig.6 with and without acid wash parts un-
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Treatment duration / h 0 24 48 96
Particle size 50~100 nm 2~4 pm Length: 100 nm~1 pwm Length: Several microns
(morphology) Sphericity Amorphous body Width: 10 nm Nanotube ~ Width:50~100 nm Nanoribbons

Crystal phase Anatase TiO, Potassium titanate K,Tig0 13 K,Tig0 13
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(a) Without acid wash; (b) Enlarged SEM image of (a); (c) Acid wash; (d) Enlarged SEM image of (c);
(e) EDS of sample without acid wash; (f) EDS of sample after acid wash

Fig.6 SEM images and EDS analysis of with and without acid wash in 24 h treatment duration at temperature of 200 °C

der treatment temperature of 200 °C and treatment du-
ration of 48 h. Fig.6a and its magnified image (Fig.6b)
show that nanoribbons have been formed already at hy-
drothermal treatment process, this is different from the
literature report. Nanoribbons are formed at acid wash
process. The sample without acid wash is not much dif-
ferent from the acid wash part(Fig.6¢ and magnified im-
age Fig.6d), whereas the nanoribbons without acid wash
part also have width ranging from 50 to 500 nm and
length of several micrometer. But the nanoribbons with
acid wash part have more uniform crystal morphology.
The EDS data (Fig.6e and Fig.6f) clearly indicate that
the titanate nanotubes without acid wash part are com-
posed of Na,Ti and O, as expected. There is no Na de-
tected in the nanostructures, after washing with HCIL.
The crystal phase of without acid wash part was a
mixture of sodium titanates as in Fig.7. Most of the rel-
atively sharp peaks of acid wash part belong to the hy-
drogen titanate due to the washing process with HCI,
where the residual Na* ions are replaced by H* ions.
The crystal phase also changes during the acid wash

process. We can see from these results that crystal

ST=Sodium titanate
ST HT=H-titanate

Intensity (a.u.)

10 20 30 40 50 60 70
20/(°)

(a) Acid washed; (b) Without acid wash
Fig.7 XRD patterns of titanate products in 48 h

treatment duration at temperature of 200 °C
phase results in the change of the modality.

Fig.8 shows the UV-Vis absorption spectra of
anatase Ti0, and titanate nanoribbons with 24 h and 48
h hydrothermal treatment duration. From this Figure it
is obvious that for all the samples there is a broad band
absorption from 250 to 350 nm, due to the transition

from the 0> antibonding orbital to the lowest empty or-
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(a) Anatase TiO5 (b) 24 h, () 48 h
Fig.8 UV-Vis spectra of anatase TiO, and titanate
products of 24 h and 48 h treatment durations
bital of Ti*", Tt is clear that the absorption properties
alter significantly. A blue shift is found for the titanate
products with treatment duration of 24 h compared with
that of 48 h. This blue shift can be rationalized that with
decreasing in sample size, the optical edge tends to shift
to higher energy, a phenomenon attributed to quantum
size and confinement effects™.. The positions of the ab-
sorption peaks of anatase TiO, and titanate nanoribbons
suggest that these materials are wide band gap semicon

ductors.
3 Conclusions

In summary, at temperature of 200 °C, shorter time
is needed to form nanoribbons, indicating that the high-
er the temperature, the faster the integrated nanorib-
bons, but temperature has no much effect on the final
morphology of titanate as far as the temperature is high
enough. As the treatment duration extended, the mor-
phological structure of the synthesized product change a
lot. Our results show that longer time may lead to longer
and more uniform nanoribbons. It is found that nanorib-
bons have been already formed in hydrothermal pro-

cess, but the acid wash step is beneficial for more

smooth and ordered morphology of the products. It is
also possible that the results may look different if the
starting nanopowder is changed; therefore further study
on the effect of different starting nanopowders is need-

ed.
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