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inter-layered crystal structure.

INTRODUCTION

Nowadays, nanostructured titania and titanate materials
have been widely studied due to their multi-function properties.
In particular, titanate nanotubes have received a great deal of
attention because of large surface area that leads to a wide
variety of applications, including secondary lithium batteries,
dye sensitized solar cells, catalysts and bio-composite [1-6].
Titanate nanotubes have also been tested for use as photo-
catalysts in heterogeneous photodegradation and have shown
excellent performance for degrading textile dyes, which makes
them very important ecomaterials [7]. The exploitation of this
material in the photochemical and sensor are also appears
promising [8-10]. However, high temperature within the range
of 100-700 °C are necessary in these applications, for example,
for oxygen sensors in car exhaust management. Therefore,
the investigation on the thermal stability of synthesized titanate
nanotubes on crystal structure and morphological properties
is importance in order to retain their performance activity. This
is interesting subject for new investigations in order to further
elucidate the nature and the thermally induced structural
transition and morphological evolution of this material. Thus,
this paper study the thermal stability on morphology and crystal
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structure of sodium titanate nanotube synthesis using simple
hydrothermal method. The hydrothermal method was used in
this study since this technique has shown many advantages
such as simple equipment requirements, mild reaction condi-
tions, less energy consumption and a large number of variable
factors to control sample morphology [11]. Hydrothermal
reactions can be classified as any heterogeneous chemical
reaction in the presence of a solvent (aqueous and non-aqueous)
carried out under controlled temperature and pressure in a
closed system. For many years it was believed that the pressure
must be greater than 1 atm and temperatures greater than 100 °C
to classify a reaction as hydrothermal [12].

EXPERIMENTAL

General procedure: 2.0 g of commercial TiO, powder
precursor (Merck) was dispersed in 10 M NaOH (100 mL)
with constant stirring for 30 min. The mixture was transferred
into Teflon vessel and subjected to hydrothermal treatment at
150 °C for 24 h in autoclave. When the reaction was completed,
the white solid precipitate was collected and dispersed into
0.1 M HCI (200 mL) with continuous stirring for 0.5 h for
washing. Then, the washing was followed by distilled water
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until the pH 12 of washing solution was obtained. The preci-
pitate was collected through filtration and subsequently dried
at 80 °C for 24 h in an oven. In order to study the thermal
stability, products were calcined at 300, 400, 500, 600 and
700 °C for 2 h in furnace.

Detection method: The crystal structure was studied
using X-ray diffraction (XRD), Bruker D8 diffractometer with
Cu-K, (A =1.54021 10\) and scans were performed in step of
0.2°/s over the range of 20 from 10 up to 90°. Raman spectro-
scopy was carried out at room temperature using a Horiba
Jobin-Yvon HR800 UV Raman spectrometer. The morphology
of samples was observed via FESEM and TEM using ZEISS
SUPRA™ 35VP FESEM and Philips CM 12 TEM, respectively.
The photocatalytic degradation experiment was carried out
by adding 0.1 g of samples into 100 mL of 20 ppm methyl
orange dye solution. The suspension was subjected to UV
irradiation for 3 h. The UV light source was provided by an
UV bench lamp (302 nm, 230V ~ 50 Hz). The aqueous suspen-
sion was magnetically stirred throughout the experiment. At
every 30 min of time intervals 5 mL of aliquot was taken out
using syringe and then filtered through 0.45 um Millipore
syringe filter. Then absorption spectra were recorded via UV-
visible spectrophotometer (Perkin Elmer Lambda 35 UV-Vis)
and the percentage of methyl orange degradation was calculated
using the formula in eqn. 1.

Degradation (%) = <.—Ctx100
CO
where C is the initial absorption of dye and C, is the absorption
of dye after the reaction at ‘t’ time.

RESULTS AND DISCUSSION

X-ray diffraction pattern of samples that were calcined at
different temperature is shown in Fig. 1. After calcination at
300, 400 and 500°C, the samples exhibit similar pattern which
is identical to sodium trititanate (Fig. 1a-c). This was similarly
observed and reported by Lan ef al. [13] and Ribbens et al.
[14]. Similar XRD patterns suggested that the crystallographic
structure of the samples were stable up to 500 °C. It could be
ascribed to the interlayer spacing typical for one-dimensional
titanate structure [14]. Upon calcination at 600 and 700 °C,
emergence of sharp and narrow peaks took place indicating
that the crystallinity of the sample had increased. These new
peaks can be assigned to sodium hexatitanate and titaniaanatase
(Fig. 1d and le) [15,16]. The presence of sodium hexatitanates
phase after calcination is a crucial phenomenon in understan-
ding the structural properties of titanate nanostructures. At
higher calcination temperatures sodium trititanates undergo
dimerization like process leading to the formation of sodium
hexatitanates. Dimerization is the process by which two mole-
cules of the same chemical composition form a condensation
product [17].

The difference in the structures of sodium trititanates and
sodium hexatitanates is that the former presents a lamellar
structure with Ti;O,*corrugated layers and two interlamellar
Na*ions [18]. Sauvet et al. [19] proposed that at higher tempe-
ratures sodium trititanates tend to fuse and the formation of
Na,TicO,5 is the result of ““dimerization like” process of

T = sodium trititanate
A = anatase TiO,
H H = sodium hexatitanate
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Fig. 1. XRD pattern of the samples calcined at (a) 300 °C (b) 400 °C (c)
500 °C (d) 600 °C (e) 700 °C for 2 h

Na,Ti30;. The presence of Na,TisO,; in the thermal products
can be considered as strong evidence that the structure and
composition of titanate compound and a general formula may
be assigned as Na,..\H,Ti;O-.

Fig. 2 displays the Raman spectra of samples calcined at
various temperatures. Calcination at 300, 400 and 500 °C,
Raman spectra recorded similar patterns, whereby the peaks
at about 280 and 446 cm™ appeared (Fig. 1a-c). The broad
peak at 280 cm' is characteristic to phonon mode of titanate
layered structures and assigned to the symmetric stretching of
a short Ti-O [20]. While, the peak at 446 cm™ belong to the Ti-
O bending vibration involving six-coordinated titanium atoms
and three coordinated oxygen atoms [21]. After calcination
up to 700 °C, peaks at 280 and 446 cm™' could still be observed
and new peaks appeared at about 145, 197, 223, 304, 346,
411, 675 and 884 cm™ (Fig. 1d) suggesting that the trititanate
and hexatitanate structures as well as anatase TiO,. The Raman
analysis is in line with the XRD results.

(d) Calcined at 700 °C

(c) Calcined at 500 °C
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Fig. 2. Raman spectra of the samples calcinedat (a) 300 °C (b) 400 °C (d)

500 °C (e) 700 °C for 2 h
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The FESEM micrographs of sample after calcination at
various temperatures are shown in Fig. 3. After calcination at
300, 400 and 500 °C for 2 h, similar surface morphology was
observed showing the formation of fibrous-like structure with
the diameter about 10 nm and several hundred nanometers in
length (Fig. 3a-c). However at 600 °C, the sample had changed
significantly with a mix of fibrous-like structure as well as
large and short rod-like particles on the top surface (Fig. 3d).
As the calcination temperature was increased to 700 °C, only
enlarge nanorods structure were observed (Fig. 3e), indicates
that the morphological transformation occurs. Further study
on the morphological transformation was investigated by TEM.

Mag = 50.00 KX [
X I

Fig. 3. Raman spectra of the samples calcinedat (a) 300 °C (b) 400 °C (d)
500 °C (e) 700 °C for 2 h

TEM observation of the samples calcined at 300, 400 and
500 °C, revealed hollow fibers thus verifying the formation of
nanotubes structure as shown in Fig. 4a-c, respectively. The result
also suggests that the nanotubes structure were thermally stable
up to 500 °C. However, when the calcination temperature was
increased to 600 °C, nanorods started to form the film (Fig.
4d) and at 700 °C, only nanorods were obtained (Fig. 4e). This
indicates that the nanotubes had completely transformed to
nanorods. The nanorods (non-hollow structures) within 65-70 nm
in diameter were formed as a result of the mobilizations of Na*
into the nanotubes inner channel as well as the boundary pores
among nanotubes and then recrystallized to form nanorods [22].

The photocatalytic activity of the sample after calcination
at various temperatures for photodegradation of methyl orange is
shown in Fig. 5. The degradation of methyl orange was minimal
(< 16 %) in the presence of samples calcined at 300, 400, 500
and 700 °C. This phenomenon is in accordance with the crystal
structure as a function of calcination temperature. The sodium

Fig. 4. TEM micrographs of the samples calcined at (a) 300 °C (b) 400 °C
(c) 500 °C (d) 600 °C and (e) 700 °C for 2 h
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Fig. 5. Photocatalytic degradation of methyl orange in the presence of the
samples calcined at (a) 300 °C (b) 400 °C (c) 500 °C (d) 600 °C
and (e) 700 °C for 2 h

trititanate nanotubes structure remained unchanged until at
500 °C calcination temperature. At 700 °C, they transformed
into sodium hexatitanates and small fraction of anatase TiO,
with some parts still remained as sodium trititanates. Thus,
the degradation of methyl orange remained unchanged at low
degradation rate because the titanate structure shows low photo-
catalytic activity, which was similarly suggested by other resear-
chers [17]. In titanate compound there is a structural increase
of inter-layered Ti-O bonded [23]. Overload of oxygen in inter-
layered Ti-O nanotubes can make difficult the transfer of inter-
facial charges and to accept photoinduced electrons efficiently.
This could be a reason for the low of activity in titanate
nanotube structures. The small removal of methyl orange for
the titatane samples was probably due to adsorption of methyl
orange on the nanotubes.
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Conclusion

The morphology and crystal structure of the sodium tritita-
nate nanotubes thermally stable after calcination at 300, 400
and 500 °C. However, at 600 and 700 °C calcination tempe-
rature, the nanotubes transformed to the nanorods consists a
mixture of sodium trititanate, sodium hexatitanate and anatase
TiO,. By referring to the degradation of methyl orange, the
sodium trititanate nanotubes shows low photocatalytic activity
due to their titanate crystal structure. After calcination at various
temperature studied also show low photocatalyctic activity
because the sodium trititanate thermally stable up to 500 °C.
Although after the highest calcination temperature studied at
700 °C, some of the sodium trititanate remains same and the
rest transformed to sodium hexatitanate. Only small fraction
of anatase TiO, phase was traced. This had led to the sample
to have low photocatalytic activity for degradation of methyl
orange.
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