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INFLUENCE OF ANNEALING TEMPERATURE OF TiO, NANOTUBES VIA
HYDROTHERMAL METHOD ON Ti FOIL FOR PHOTOCATALYTIC
DEGRADATION
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Using Ti foil as titanium source, TiO, nanotubes were prepared via a one-step hydrothermal
method with heat temperature of 140°C for 6 h in 10 M NaOH solution. The samples
calcined at different temperatures were characterized by XRD, SEM, EDX and TEM. As
TiO, nanotubes calcined at 650°C, anatase phase started to transform to rutile phase.
Meanwhile the structure of TiO, nanotubes began to be destroyed and the length was
shortened. At a calcination temperature of 750°C, the tubular structure is completely
disappeared, instead of rod-shaped nanoparticles. Due to the anatase phase composition and
the preservation of nanotubes structure, TiO, calcined at 450°C exhibited the best
photocatalytic activity evaluated by degradation of MB solution.
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1. Introduction

Due to the unique properties, TiO, photocatalyst is widely used in many areas such as
hydrogen production [1, 2], water purification [3-5], lithium-ion batteries [6, 7] and dye-sensitized
solar cell [8, 9]. As a promising photocatalytic material, TiO, has two forms, powder and film.
However, the agglomeration and recycle of TiO, nanoparticles greatly limit the extensive
application of TiO, photocatalyst [10]. Hence the immobilization of TiO, avoiding above problems
could be regarded as a prospective route to photocatalytic application. Comparing with other
preparation methods of TiO, film [11-14], hydrothermal method demonstrates more advantages and
attracts most researchers’ attentions. On the one hand, Ti foil, as a titanium source and substrate,
could improve the electric conductivity and adhesion of TiO, films, which is useful for the
photoelectrochemical properties. On the other hand, TiO, films with various structures of
nanoflowers, nanotubes, nanobelts, nanowires and nanorods, can be achieved with large specific
surface [15-19].

As we know, crystal structure, grain size and morphology play an important role in the
properties of nano-TiO, [20]. At present, most researches focus on the growth regulation of TiO,
films, including the reaction time [21, 22], reaction temperature [23, 24], the type and concentration
of solution [25, 26] during hydrothermal process. There are few reports on the influence of
calcination temperature of TiO, films fabricated by hydrothermal method. Based on previous
researches, TiO, nanotubes were synthesis on Ti foil by hydrothermal reaction. The effect of
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calcination temperature on the crystal structure, morphology and photocatalytic activity of
TiO,nanotubes is investigated in this work.

2. Materials and methods

Pure Ti foil was polished with a mixed solution of HNO; (65 wt%), HF (> 40 wt%) and
H,O (volume ratio of 1:1:1), and then rinsed with deionized water repeatedly. After drying, the
cleaned Ti foil was sealed in a 50 mL Teflon-lined stainless autoclave with 30 mL 10 M NaOH
aqueous solution. After the hydrothermal treatment at 140 °C for 6 h, the product was immersed in
0.1 M HCI aqueous solution for 12 h. and then washed with deionized water and dried at 80°C.
Finally, all samples were heated in air in a muffle furnace for 2 h at different temperatures (450 °C,
550 °C, 650 °C, 750 °C).

The crystal structure of the samples were characterized by X-ray diffraction (XRD, DX
2700B, Dandong) with Cu Ka radiation. The morphologies and composition of TiO, nanotubes
were observed by field-emission scanning electron microscopy (FESEM, Quanta 450, FEI) with
energy dispersive X-ray (EDX) spectroscopy. More structure details were detected by
high-resolution transmission electron microscope (HRTEM, JEOL2100F) working at 200 kV.

The photocatalytic activity of samples was evaluated by the degradation of methylene blue
(MB) under irradiation of a 250 W Xenon lamp (Solar-350, Beijing Nbet) for 3 h. The concentration
of MB was measured with the UV-Vis spectrophotometer (UV-6100A, Shanghai Metash).

3. Results and discussion

In order to determine the mechanism of hydrothermal reaction, XRD analysis of Ti foil after
hydrothermal treatment with only water washing was carried out. As shown in Fig. 1, main
diffraction peaks at 20 = 35.1°, 38.5°, 40.2° and 53° are originated from Ti substrate (JCPDS No.
44-1294). After hydrothermal treatment for 6 h, some small peaks appear, which are corresponding
to the hydrothermal reaction product of Na,Ti;O; (JCPDS No. 31-1329). This result reveals the
growth mechanism of TiO, on Ti foils and the hydrothermal reaction process can be described by the
following equation:

3Ti+2NaOH+5H,0 — Na, Ti,O, +6H, 0

According to other reports [27], when the Ti foil was treated with acid washing after
hydrothermal reaction, exchange process of Na* with H" occurs and Na,Ti;O; has been converted to
H,Tis0;. With a subsequent calcination, TiO, nanotubes with good crystal structure are obtained.
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Fig. 1. XRD patterns of (a) Titanium substrate and (b) hydrothermal reaction product.
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The XRD patterns of the TiO, nanotubes calcined at different temperatures are illustrated in
Fig. 2. As the calcination temperature increases from 450°C to 750°C, the intensity of Ti peaks are
decreased, instead of the increase of TiO, with anatase phase and rutile phase. After calcination at
450°C, the pattern shows the primary diffraction peak (26=25.4°) that can be assigned to the anatase
phase structure (JCPDS No. 21-1272). With increasing calcination temperature, those peaks
associated with anatase phase become sharper, indicating that the crystallinity of TiO, is improved.
Furthermore, a diffraction peak at 27.5° of rutile phase (JCPDS No. 21-1276) appears when the
temperature reached to 650°C. With further increase in temperature at 750°C, the intensity of rutile
phase increases greatly, which indicates that most anatase phase has transformed to rutile phase.
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Fig. 2. XRD patterns of TiO, nanotubes calcined with different temperatures:
(a) 450 °C; (b) 550 °C; (c) 650 °C; (d) 750 °C.

The mean crystallite sizes and relative content of anatase and rutile phase could be
calculated by following formulae [28, 29] from the XRD spectra:

__0.894
B cos &
1)
1
Zrutile = —I
1+0.8—*4
IR
(2)

The calculated results are summed in Table 1. It can be seen clearly that both the crystallite
size of anatase phase and rutile phase increase with the increasing calcination temperature, which is
due to that higher temperature provides more energy to accelerate the growth of crystal grains.
Meanwhile as the calcination temperature increases, the content of rutile phase also increases. At a
temperature of 750°C, 94.6% anatase phase of TiO, has been transformed to rutile phase. It is
predictable that when the calcination temperature is improved above 750°C, all anatase phase will be
transformed to rutile phase completely.
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Table 1. Average crystallization size and phase composition of TiO, nanotubes.

Calcination temperature Average crystallization size (nm) Mass fraction (%0)
(°C) anatase (101) rutile (110) anatase rutile
450 155 — 100 —
550 16.2 — 100
650 20.2 33.8 58.2 41.8
750 29.7 45.9 6.4 93.6

Fig. 3. EDX spectrum of TiO, nanotubes calcined at 450°C.

To further investigate the final product of hydrothermal reaction, EDX spectrum of sample
calcined at 450°C is carried out. As shown in Fig. 3, there are only Ti and O elements in the
spectrum. It is indicated that sodium ions and hydrogen ions have been removed and TiO, nanotubes
are obtained by hydrothermal method after ion exchange and calcination process.

Fig. 4 shows the SEM images of TiO, nanotubes calcined with various temperatures. As a
comparison, a sample without heat treatment was prepared. It can be seen that a uniform film is
grown on the surface of Ti foil by hydrothermal method. The diameter of nanotubes is about 10 nm
with the length of several dozen micrometers. Comparing with TiO, without calcination, there is no
obvious difference observed when the sample was calcined at 450°C. As the temperature reaches to
550 °C, many tiny nanoparticles appear (Fig. 4(d)), indicated that the nanotube structure is partially
destroyed during the process of temperature rising. With further increase in temperature to 650 °C,
the damage of nanotube structure becomes more serious. Plenty of nanoparticles with average
diameter of 20 nm are formed as nodes to split the nanotubes into several parts. Hence the tube
length is shortened. At a temperature of 750 °C, TiO, nanotubes are completely transformed to
rod-shaped nanoparticles with diameter of 60 nm approximately. The SEM result shows that the
calcination temperature has a great effect on the morphology of TiO, nanotubes. At a low
temperature under 550°C, the nanotube structure of TiO, is remained well. With calcination
temperature enhanced, the tubular structure is destroyed and the length is getting shorter. Finally,
TiO, thin film with nanorods or nanoparticles is obtained, which is explained that the higher
temperature offers more energy to fuse the nanotubes structure.
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Fig. 4. SEM images of TiO, nanotubes prepared with various heat treatment conditions:
(a-b) without calcination; (c) 450°C; (d) 550°C; (e) 650°C; () 750°C.

The microstructure of TiO, nanotubes annealed at 450°C is analyzed by TEM and the
images are shown in Fig. 5. This result further clarifies that TiO, thin film prepared on Ti foil by
hydrothermal method in this study is nanotube structure. From the TEM image, a precise diameter of
9 nm of TiO, nanotubes is achieved, which is consistent with SEM result.

(b)

Fig. 5. TEM images of TiO, nanotubes annealed at 450 °C.
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Fig. 6. UV-Vis absorption spectra of MB solution: (a) adsorption behavior of TiO, nanotubes calcined at 450
°C in the dark; (b) photocatalytic degradation during different irradiation times with TiO, calcined at 450 °C;
(c) photodegradation of MB without TiO, catalyst.

Using MB with a concentration of 10 mg/L as a model pollutant, the photocatalytic activity
of TiO, nanotubes thin film (2 cmx1 cm) was performed under a 250 W Xenon lamp for 3 hours.
Before irradiation, the adsorption equilibrium of MB solution of 50 mL was carried out with TiO,
nanotbes calcined at various temperatures under dark conditons. The adsorption behavior of TiO,
nanotubes calcined at 450 °C is shown in Fig. 6(a). It is obvious that the absorbance of MB is
decreased slightly with adsorption time. After adsorption of 1.5 h, the absorbance of MB only
decreases 2.1%, which can be considered as adsorption equilibrium. Fig. 6 (b) shows the
absorbance changes of MB solution in the presence of TiO; calcined at 450 °C with different
illumination times. Similar shape curves (not shown here) were obtained by other samples with
different calcination temperatures. During the photocatalytic reaction, the absorbance of MB
solution constantly decreases with the irradiation time, indicating the decline of MB concentration.
The photocatalytic degradation efficiency of TiO, nanotubes could be calculated by the following
formula:

1(%) = COC—_C><100% _ B A 00%

: . @

where 7 is the photocatalytic degradation efficiency, C, and A, are the concentration and absorbance
of MB solution after adsorption equilibrium, respectively. C and A are the concentration and
absorbance of MB solution after different illumination times.

As a comparison, Fig. 6 (c) shows the photodegradation of MB solution under the same
conditions as photocatalytic degradation except the absence of TiO, nanotubes. After illumination
of 3 h, only 4.1% of MB solution has been degraded. This result indicates that TiO, nanotubes
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prepared in this study display excellent photocatalytic activity and the degradation of MB dye is
the combined action of photocatalyst and self-degradation under illumination conditions.
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Fig. 7. The photocatalytic degradation activity of TiO, nanotubes with different
calcination temperatures.

The effect of calcination temperature on the photocatalytic degradation efficiency of TiO,
nanotubes is investigated in Fig. 7. It can be seen that the degradation efficiency decreases with
increasing calcination temperature and TiO, nanotubes annealed at 450 °C demonstrates the highest
photocatalytic degradation efficiency of 63.7%, which is due to the single crystal structure of
anatase phase and the retainment of nanotube structure with higher surface area. As the calcination
temperature improved, TiO, nanotubes structure is destroyed gradually and the tube diameter
becomes larger, leading to the reduction of surface area. Meanwhile much transformation of rutile
phase from anatase phase occurred, which is not beneficial for the photocatalytic activity of TiO..
Therefore, an optimum calcination temperature of 450 °C is acquired.

4. Conclusions

TiO, nanotubes were prepared on Ti surface by hydrothermal method. Without acid
washing, the hydrothermal product of Na,TizO- is observed and the formation mechanism of TiO,
nanotubes is also determined. The influence of calcination temperature on the crystal structure,
morphology and photocatalytic activity of TiO, nanotubes is investigated with various heat
treatments. The result indicates that anatase phase begins to transform to rutile phase at 650 °C. Ata
higher temperature, the destruction of nanotube structure appears and the tube length is shortened.
As the calcination temperature reaches to 750 °C, rod-shaped nanoparticles are observed.
Consequently, TiO, nanotubes calcined at 450 °C demonstrate the highest photocatalytic
degradation of MB, which is attributed to the excellent crystal structure and the retainment of
nanotube structure.
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