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TiO2 nanowires were prepared by hydrothermal method using tetrabutyl titanate as raw 
material and then calcined at various temperatures. The samples were characterized by X-
ray diffractometer (XRD), scanning electron microscope (SEM) and transmission electron 
microscope (TEM). The photocatalytic performance of TiO2 was analyzed by the 
degradation of Rhodamine B (RhB). The formation mechanism of TiO2 nanowires was 
revealed in this study. The results showed that the calcination temperature had a great 
influence on the crystal structure and morphology of TiO2 nanowires. The TiO2 sample 
calcined at 650 °C exhibited higher photocatalytic activity due to the enhanced 
crystallinity and the nanowire structure with large specific surface area. As the calcination 
temperature exceeded 650 °C, the nanowire structure collapsed, leading to a decrease in 
the photocatalytic degradation efficiency. 
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1. Introduction 
 
Dye pollution in water resources has harmed both human health and the surrounding 

natural system, which is considered to be a critical problem [1, 2]. It is well known that 
photocatalytic technology is an effective method to reduce dye pollutant from the wastewater [3-
5]. Due to the advantages of high activity, non-toxicity, chemical stability and low price, TiO2 has 
been regarded as one of the most promising photocatalysts. However, some limitations prohibit the 
wider application of TiO2, including the rapid combination of photogenerated electron-hole pairs 
and low light harvesting [6-8]. One-dimensional (1 D) TiO2 structure, such as nanowires, 
nanotubes and nanorods, has attracted a great deal of research interest due to its large specific 
surface area and high charge carrier mobility [9-11], which is beneficial to improve the 
photocatalytic activity. Recently, a number of synthesis methods have been reported to prepare 
one-dimensional TiO2 nanomaterials, such as hydrothermal method, template-assisted method, 
electrochemical anodization and electrospinning [12-15]. Especially, hydrothermal method is easy 
to control the shape and size of the TiO2 [16-20] and has been widely investigated. In the previous 
studies, Guo et al. [21] synthesized TiO2 nanotubes using P25 as the precursor by hydrothermal 
treatment, which showed 91.8% degradation efficiency of RhB after 60 min irradiation. Qi et al. 
[22] have successfully prepared anatase TiO2 nanorods arrays on ITO conductive film by a 
hydrothermal process and the degradation efficiency reached 97.9% after 2 h photocatalytic 
reaction. 

In this study, TiO2 nanowires were synthesized via hydrothermal method using tetrabutyl 
titanate as the precursor. The growth mechanism of TiO2 nanowires was proposed by XRD and 
EDS analysis. The effect of calcination temperature on the crystal structure, morphology and 
photocatalytic activity of TiO2 nanowires has been investigated systematically.  
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2. Experimental 
 
2.1. Chemical and reagents 
Hydrochloric acid (HCl), tetrabutyl titanate (TBT), sodium hydroxide (NaOH) and 

Rhodamine B were purchased from Kelong chemical company in Chengdu. All water used in the 
experiment was deionized water. 

2.2. Preparation of TiO2 nanowires  
In a typical synthesis, 8 mL of TBT was dissolved into 16 mL of ethanol. Then 6 mL of 

NaOH solution with a concentration of 10 mol/L was added slowly into the mixed solution by 
vigorous stirring.  The suspension was moved into a 50 mL Teflon-lined autoclave by 
hydrothermal treatment at 180 ºC for 24 h. After that, the filtered product was washed repeatedly 
with 0.1 mol/L HCl solution and deionized water. The as-prepared samples were obtained by 
drying at 80 ºC for 6 h. Finally, the samples were calcined in a muffle furnace at different 
temperatures from 450 ºC to 950 ºC for 2 h.    

2.3. Characterization 
Crystal structure of the samples was characterized by using an X-ray diffractometer (DX-

2700B, China) with Cu Kα radiation. Surface morphology and structure were observed by 
scanning electron microscopy (SEM, S4800, Hitachi). High resolution transmission electron 
microscopy images were carried out via a FEI Tecnai G2 F20 microscope operated at 120 kV.   

2.4. Photocatalytic measurement 
The photocatalytic activity of the TiO2 was evaluated by exploring the degradation of RhB 

solution with the irradiation of a 350 W Xenon lamp. 100 mg of the TiO2 was dispersed into 200 
mL of RhB solution (10 mg/L) and stirred in the dark for 30 min to obtain the adsorption-
desorption equilibrium.  At regular time intervals, the concentration of the RhB was calculated by 
recording the absorbance on the UV-vis spectrophotometer (UV-6100A). The degradation 
efficiency of RhB was calculated using the formula [23]: 

( ) 0 0

0 0
% = C C A A

C A
η − −

=  

where C0 and C are initial concentration and actual concentration of RhB dye at irradiation time t, 
respectively. 

 
 

3. Results and discussion 
 
3.1. Structure and phase analysis 
To analyze the role of the acid washing process, the XRD of the intermediate product after 

HCl treatment was performed. As shown in Fig. 1, the main diffraction peaks at 2θ = 25.3° and 
48.6° are matched well with H2Ti8O17 (PCPDF # 36-0656) [24, 25], which indicates that the 
hydrothermal product has converted to titanic acid after acid washing process.  

 

  
 

Fig. 1.  XRD pattern of the sample after acid washing with HCl. 
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Fig. 2. EDS spectra of samples: (a) after hydrothermal treatment;(b) after calcination at 450�. 
 
 
To further investigate the growth mechanism of TiO2 nanowires, the EDS spectra of the 

hydrothermal product and the sample calcined at 450� were carried out. As shown in Fig. 2a, the 
peaks of sodium (Na), titanium (Ti) and oxygen (O) elements could be observed in the sample 
after hydrothermal treatment. After calcination at 450ºC, the sample only contains titanium and 
oxygen elements (Fig. 2b), which proves that sodium ions have been removed [26].   

Based on the above results, the growth mechanism of TiO2 could be explained in the three 
steps. First, during the hydrothermal process, TBT reacted with NaOH solution and generated 
sodium titanate, so the hydrothermal product contained a large amount of sodium ions [27]. Then, 
the sodium ions in sodium titanate were replaced by hydrogen ions during the acid washing 
process. Finally, titanic acid was decomposed to TiO2 after calcination. The whole process could 
be described by the following equations: 

 
 Hydrothermal treatment 

16 36 4 2 8 17 2 C H TiO +NaOH Na Ti O + H O→  
Acid washing

2 8 17 2 8 17Na Ti O H H Ti O Na+ ++ → +  
Calcination

22 8 17 2H Ti O TiO (anatase) H O→ +  
 

 
 

Fig. 3. XRD patterns of TiO2 nanowires calcinated at different temperatures. 
 
 
Fig. 3 shows the XRD patterns of the prepared samples with different calcination 

temperatures in air for 2 h. As can be seen in Fig. 3a, after calcination at 450 ºC, 550 ºC and 650 
ºC, TiO2 is composed of anatase phase (JCPDS no. 21-1272) and TiO2 (B) phase (JCPDS no. 29-
1360) [28, 29]. Meanwhile, with the increase of calcination temperature, the peak intensity of 
anatase phase obviously increases, indicating the improvement of crystallinity. When the 
calcination temperature reaches 750 ºC, only diffraction peaks of anatase TiO2 phase could be 
observed (Fig. 3(b)). With further increase in the calcination temperature, rutile phase (JCPDS No. 
21-1276) appears while the peak intensity of anatase TiO2 decreases. Particularly, most of anatase 
phase disappears at 950 ºC while the peak intensity of rutile phase increases greatly. The relative 
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content of rutile and anatase phase could be calculated from the formula  [30]: 

A

R

1χ = I1+0.8
I

 

where χ  is the mass fraction of rutile phase, IA is the diffraction peak intensity of anatase phase 
(101), and IR is the diffraction peak intensity of rutile phase (110). When the calcination 
temperature increases to 850 ºC, nearly 16.6% anatase TiO2 starts to transform to rutile phase. At 
950 ºC, most of the TiO2 is rutile phase and the relative content of rutile and anatase are 98.1% and 
1.9%, respectively. 

 
3.2. Morphological characterization 
Fig. 4 shows the SEM images of the TiO2 samples calcined at various temperatures. As the 

calcination temperature below 650 °C, the surface morphology of TiO2 nanowires has no great 
change. The average diameter of TiO2 nanowires is about tens of nanometers and the length is 
around several micrometers. When the calcination temperature increases to 750 ºC, a part of TiO2 
nanowires have been destroyed and aggregated to nanoparticles (Fig. 4d). With further increase in 
the calcination temperature to 850 ºC, most of the nanowire structure has been collapsed and 
replaced by TiO2 particles. At 950 ºC, only TiO2 particles with micrometer size can be found (Fig. 
4f), which can be attributed to the phase transformation of anatase to rutile.  

 

 

 

 
 

Fig. 4. SEM images of TiO2 nanowires calcinated at different temperatures: (a)450 ºC, (b)550 ºC,  
(c)650 ºC, (d)750 ºC, (e)850 ºC, (f)950 ºC. 
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To obtain more specific information of the nanowires, TEM images of TiO2 calcinated at 
650 � were carried out. As shown in Fig. 5, TiO2 displays the uniform wire structure with smooth 
surface. The length of the wire-like structure ranges from 2 μm to 3 μm. The diameter of 
nanowires is about 25 nm.  

 

 

Fig. 5. TEM images of TiO2 nanowires calcinated at 650 ºC. 

 
3.3. Photocatalytic properties  
 
The UV-vis absorption spectra of RhB dye solution over different TiO2 photocatalysts are 

depicted in Fig. 6. It is clear that the intensity of absorption peaks of RhB decreases with 
increasing irradiation time, indicating the removal of dye. Notably, the absorbance of the RhB 
drops rapidly in the presence of TiO2 catalyst calcined at 650 �, and the absorbance is 
approximately a straight line after illumination for 60 min.  

Fig. 7 compares the photocatalytic activity of different catalysts under the simulated solar 
light irradiation. It can be seen that the calcination temperature has a great effect on the 
photocatalytic activity of the TiO2. The photocatalytic efficiency of TiO2 calcinated at 450 °C and 
550 °C is 55.7% and 64.6%, respectively. The gradually improved photocatalytic efficiency of 
TiO2 is due to the enhancement of crystallinity. TiO2 nanowires calcinated at 650°C show superior 
photocatalytic degradation efficiency of 99.6%, which is attributed to the one-dimensional 
structure with good crystallinity and higher specific surface area, providing more active sites for 
photocatalytic reaction. Furthermore, the nanowire structure could provide efficient route for 
charge transfer and then reduce the combination of photogenerated electron-hole pairs, which 
promotes the improvement of degradation efficiency. However, when the calcination temperature 
continues to increase, the degradation efficiency decreases remarkably. The degradation efficiency 
is 68.3% for TiO2 calcinated at 750 °C while the removal efficiency is 29.7% at 850 °C, which is 
ascribed to the transformation of anatase phase to rutile phase and the destruction of TiO2 
nanowires structure. 
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Fig. 6.  Absorbance curves of RhB dye over the TiO2 calcinated at various temperatures: (a) 450 �, (b) 
550 °C, (c) 650 °C, (d) 750 °C, (e) 850 °C. 

 

 
 

Fig. 7.  Photocatalytic degradation efficiency of TiO2 nanowires calcinated at different temperatures. 
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4. Conclusions 
 
In summary, TiO2 nanowires were prepared by hydrothermal treatment in NaOH solution 

using TBT as raw material. The growth mechanism of TiO2 nanowires was proposed by analyzing 
the intermediate products after hydrothermal reaction and acid washing process. The effect of the 
calcination temperature on the crystal structure, surface morphology and photocatalytic 
performance of TiO2 nanowires was investigated. TiO2 nanowires calcined at 650 � showed the 
highest photocatalytic degradation efficiency of 99.6%, which was attributed to the excellent 
crystal structure and the retainment of nanowires structure. With further increase in calcination 
temperature, the rutile phase appeared and the nanowire structure was destroyed, leading to the 
decrease of the photocatalytic activity. 
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