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1. Introduction 

Nanostructured materials with controlled shapes and structures have attracted substantial attention for 

both research and practical applications [1-3]. In particular, one dimensional nanostructures such as 

nanorods, nanowires, and nanotubes are of great importance due to their unique properties and 

anisotropic structures [4, 5]. One dimensional nanostructures of a wide variety of materials have been 

successfully synthesized, including carbons (e.g., nanofibers [6] and carbon nanotubes [7]), metalloids 

(e.g., Ag [8] and Si [9]), and metal oxides (e.g., ZnO [10] and MoO3 [11]). Much effort has focused on 

the important metal oxides such as ZnO, TiO2, VO2 and SnO2 [12]. Titania is a very well-known and 

well researched material due to its Long-term photostability, inertness to chemical environment, 

nontoxicity, relatively low cost, strong oxidizing ability, high optical properties, high specific surface 

area, and high photocatalytic degradation performance under longer wavelength [13-15]. Its 

photocatalytic properties have been utilized in various environmental applications to remove 

contaminants from both water and air [12] 
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As one of the most important metal oxides and semiconductors, Titania has found its applications in a 

wide range of fields including photocatalysis, solar cells, and lithium-ion batteries [16, 17].  There is a 

general consensus that the geometric shape and surface property have tremendous effects on the 

physicochemical properties of TiO2 [18-20]. TiO2 nanowires, nanorods, and nanobelts with enhanced 

performance in photocatalysis, dye-sensitized solar cells, and lithium-ion batteries have been widely 

reported [5, 21]. For the past few years, many methods have been successfully developed for the 

fabrication of this nanostructured TiO2, including solution-liquid-solid [22], laser ablation [23], arc 

discharge [24], template-based and synthetic approaches [25], In most cases, these methods require 

either a  catalyst or templating agents which often contaminate the final product [21]. Hence, it will be 

interesting to explore a new and facile approach to synthesize TiO2 that will solve the said draws back. 

So many synthesis methods for the preparation of nanostructured TiO2 have been reported such as 

solvothermal method [26], hydrothermal method [21, 27], sol-gel method [28], chemical vapor 

deposition [29], direct oxidation method [30], microwave method [31] and electrode deposition [32]. 

As many different methods and techniques have been developed for the preparation of TiO2 

nanostructured materials, a hydrothermal method for synthesis of titania nanotubes, first proposed by 

Kasuga et al. [33], has been reported to be the most powerful technique owing to its simplicity, cost-

effective and environmentally safe route [34]. Moreover, this technique can also be applied to prepare a 

wide range of one dimensional titania nanostructures, such as nanowires, and nanoribbons [34, 35]. The 

hydrothermal treatment at a slightly higher temperature (150 oC or higher) or in stronger alkali solution 

leads to the formation of solid nanowires or long nanofibers rather than scrolled nanotubes. Although 

the nanotube structure is attractive due to its high specific surface area, TiO2 nanotubes are usually 

unstable at high temperatures and convert into anatase particles [36, 37]. To maintain the one 

dimensional nanostructure at high temperature, the solid nanowires form should be more favorable [36]. 

In this work, hydrothermal synthesis of TiO2 nanowires (TNWs) using Degussa P25 as precursor 

(commercial TiO2 powder) was reported. The synthesized TNWs were characterized and applied as 

photocatalyst. The photocatalytic activities of the synthesized TNWs were evaluated in terms of 

photocatalytic degradation of naphthalene in water under UV light irradiation. The Effect of calcination 

temperature on the catalytic performance of the synthesized TNWs was studied. 

2. Material and Methods 

2.1. Material 

Commercial TiO2 nanoparticle ((P25, 80% anatase and 20% rutile) was used as raw material and 

purchased from Sigma-Aldrich. Naphthalene (99%) was obtained from MERCK, sodium hydroxide 

(NaOH, 98%), hydrochloric acid (HCl, fuming 37%) were purchased from R & M Chemical.  

 

2.2. Method 

TiO2 nanowires were prepared through the hydrothermal treatment process using NaOH. In the typical 

procedure, 1.2 g of the TiO2 was added into a beaker containing 20 mL of deionized water. The mixture 

was magnetically stirred for 30 min and sonicated for another 30 min. Then, 20 mL of NaOH (10 M) 

was added dropwise into the mixture under vigorous stirring and then sonicated for 45 min. Afterward, 

the mixture was transferred into a 100 mL stainless-steel Teflon-lined autoclave. The autoclave was 

sealed and placed in an oven at 170°C for 12 h. After the autoclave was naturally cooled to room 

temperature, the as-synthesized white precipitates were filtered and washed several times with 0.1 M 

HCl and deionized water to neutral pH level and then oven-dried at 75 oC overnight. Finally, the dried 

precipitates were calcined at 100 oC, 200 oC, 300 oC, 400 oC, 500 oC, 600 oC and 700 oC for 4 h. For easy 

identifications, the calcined samples are labelled 100TNW, 200TNW, 300TNW, 400TNW, 500TNW, 

600TNW and 700TNW respectively. Moreover, 0TNW donates the sample without calcination. 
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2.3. Characterization 

The morphologies of the samples were analyzed using Transmission electron microscopy (TEM, JEM-

2100F FIELD EMISSION ELECTRON MICROSCOPE) and field emission scanning electron 

microscope (FE-SEM, NOVA NANOSEM 230). Energy dispersive X-ray (EDX) spectra were also 

obtained from the FE-SEM (NOVA NANOSEM 230).The X-ray diffraction (XRD) patterns of the 

synthesized TiO2 nonowires were determined by (Shimadzu XRD-6000 X-RAY DIFFRACTOMETER) 

employing Cu Kα radiation with a wavelength of 0.15406 nm in the range of 20-80o (2θ). The ultraviolet-

visible (UV-vis) spectra for determination of band gap were recorded using a UV-Vis spectrophotometer 

(Shimadzu UV-3600 UV-VIS-NIR SPECTROPHOTOMETER) employing BaSO4 as the reference in 

the range of 220-800 nm. 

 

2.4. Photocatalytic experiments 

The photocatalytic performance of the synthesized photocatalysts was evaluated in relative terms by 

monitoring the percentage degradation of naphthalene. Experiments were carried out in a previously 

described photoreactor [38]. The photoreactor was fitted with a new 3 W E14 GMY UV lamp (UV 

intensity = 450μw/cm2, wavelength = 253 nm). In a typical photocatalytic experiment, a solution 

containing the desired amount of naphthalene and catalyst was added to the photoreactor. Prior to 

illumination, the mixture was stirred for 30 min in the dark until reaching the adsorption-desorption 

equilibrium. During the reaction process, oxygen was continuously bubbled through the mixture to avoid 

change in the concentration of dissolved oxygen. Test samples were taken at periodic intervals of time 

and filtered using cellulose nitrate membrane (0.45 μm). The residual concentration of naphthalene 

solution was monitored using a UV-Vis spectrophotometer (Perkin Elmer Lambda 35 UV-Vis 

spectrophotometer) at a wavelength of 272 nm. Percentage degradation of the initial naphthalene 

concentration was calculated using Eq.(1) 

 

𝑫% =
[𝑵𝒂𝒑𝒉𝒕𝒉𝒂𝒍𝒆𝒏𝒆]𝟎−[𝑵𝒂𝒑𝒉𝒕𝒉𝒂𝒍𝒆𝒏𝒆]𝒕

[𝑵𝒂𝒑𝒉𝒕𝒉𝒂𝒍𝒆𝒏𝒆]𝟎
   (1) 

 

Where [Naphthalene]o is the initial Naphthalene concentration, [Naphthalene]t is the concentration of 

Naphthalene at irradiation time t. In order to determine kinetic parameters, experiments were performed 

at optimum conditions for 120 min. Kinetic profiles were plotted according to pseudo-first-order 

integrated rate equations. 

  

3. Results and discussion 

3.1 Sample morphology and composition 

In order to depict the morphology of the obtained TNWs, field emission scanning electron microscopy 

(FE-SEM) measurements were conducted, with the results shown in Figure 1. It can be seen from Figure 

1a that the precursor (P25) shows only the aggregates of titania crystals. After the hydrothermal 

treatment, the as synthesized or uncalcined (0TNW) shows wire-like morphology with the assembled 

structure of the nanowires (Figure 1b). Figure 1c depicts the SEM image of 500TNW (calcined at 500 
oC) which also shows the assembled structure of nanowires and the size of the nanowires was observed 

to decreased as compared to 0TNW (Figure 1b). This indicates that post-heat-treatment can decrease the 

size of the nanowires. However, some nanowires look thicker than others this is because nanowires may 

aggregate and form. A similar observation was reported by Zhang et al. [21] and Jaturong et al. [36]. 
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Figure 1. The FE-SEM image of (a) P25 (b) 0TNW and (c) 500TNW. 

 

TEM was used to study the fine structure of the nanowires. Figure 2 depicted a typical TEM image of 

the TiO2 nanowires (500TNW). From TEM images, one can observe the distinctive solid structure of 

TNWs, no other morphology (such as hollow structure etc.) was observed. The nano-wares have a 

diameter of 60-75 nm, and a typical length in the range of 1.5 μ to 2 μ. The assembled structure of 

nanowires (bundles) was also observed which is in consistent with SEM results. 

 
 

 
 

Figure 2 .The TEM images of 500TNW with different magnification. 

 

The elemental analysis of the sample was carried out by acquiring its EDX spectra. Figure 3 present 

EDX spectra of 500TNW. The EDX spectra of the sample show peaks correspond to Ti and O which 

confirmed the TNW is made of TiO2. 
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Figure 3. The EDX analysis of 500TNW. 
 

3.2 XRD analysis 

In order to study the crystalline structures and phase compositions of the samples, X-ray diffraction 

patterns were collected (Figure 4). The XRD peaks of the samples were studied by comparison with 

anatase JCPDS-21-1272 [46] and rutile JCPDS-21-1276 [47]. It can be seen from the spectrum, 0TNW 

(non-calcined sample) shows an amorphous structure in which no defined peak was observed. As several 

studies showed that most the synthesized TNWs are amorphous which can be converted to anatase or a 

mixture of anatase and rutile by annealing at high temperature [36, 39, 40]. It can be observed that 

500TNW (after calcination at 500 oC) crystalline as displayed in the XRD pattern, which show anatase 

peaks at 2θ (and planes) = 25.22(101), 37.73o (004), 47.95o (200), 54.89o (105), 62.83o (204) and rutile 

peak at 2θ (and planes) = 27.38o (110). 
 

 
Figure 4. XRD patterns of the samples 
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3.4. Band gap analysis 

In order to estimate the band gap energy of the synthesized TNWs, reflectance measurements were 

carried out over wavelengths of 220–800 nm. The UV–Vis reflectance spectra are displayed in Figure 

5a while the band gap energies of the photocatalysts, estimated using the direct method (plot of  

[F(Rα)hv]2 vs hv) [41] are displayed in Figure 5b. The band-gap energy was calculated to be 3.13 and 

2.99 eV for 0TNW and 500TNW respectively.  

 
 

Figure 5. (a) UV–vis reflectance spectra of the samples (b) Plot of (F(Rα)hν)2 versus hν of the samples for band gap 

evaluation 

 

The results revealed that calcination of the as-synthesized TNW can lead to red shift (narrow band gap 

energy), and this is could be due to the crystallization of the TNW after calcination. It was strongly 

believed that the decreased band-gap energy correspond to more power redox abilities for the production 

of photo-generated electron-hole pairs and strongly reduce the recombination effect, which may 

contribute to increasing in the photocatalytic performance of materials [42]. 

 

3.5. Photocatalytic performance of the synthesized TNWs 

Photocatalytic degradation of naphthalene was conducted at room temperature in order to investigate the 

photocatalytic activities of the synthesized materials. To obtain relevant information about the 

photocatalytic performance, it is necessary to perform experiments from which any possible direct 

photolysis or adsorption of material on the photocatalyst was excluded. In this regard, experiments were 

made (i) under UV irradiation without TiO2 photocatalyst (photolysis) and (ii) in dark with TiO2 

photocatalyst (adsorption). The results showed that in both cases, no significant disappearance of 

naphthalene was observed (< 5% in both cases). The naphthalene removal observed comes 

predominantly from photocatalytic degradation by TNWs photocatalyst, indicating that the system is 

working in a pure photocatalytic regime. 

Many studies have revealed that calcination is an effective treatment method for improving the 

photoactivity of nano-structured TiO2 photocatalysts [43-45, 48]. Figure 6 shows the dependence of % 

degradation of naphthalene on the calcination temperature. It can be seen from the figure, the increase 

in the calcination temperature from 100 to 500 oC steadily increases the photocatalytic degradation 

efficiency of naphthalene. A decline in the degradation efficiency was observed at calcination 

temperature above 500 oC. Hence, 500 oC is the optimal calcination temperature used in this study.  The 

degradation efficiencies are summarized in Table 1. 
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Figure 6. Effect of calcination temperature on the performance of the synthesized TNW catalyst (0.8gL-1) for degradation 

of naphthalene (25 ppm) under UV irradiation for 120 min. 

 

The enhancement of photocatalytic performance at elevated temperatures can be attributed to an obvious 

improvement in the crystallinity of anatase (as shown in Figure 4). At a calcination temperature of 500 

°C (500TNW), the highest % degradation of naphthalene (98.2 %) was observed which is higher than 

P25 and 0TNW as depicted in Figure 7.  

 

 
Figure 7. Photocatalytic degradation of naphthalene solution (25 ppm) by the synthesize photocatalysts (0.8g/L) 

under UV irradiation for 120 min. 
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The high photocatalytic activity of the 500TNW °C can be due to crystallization (Figure 4) and red shift 

in the band gap energy (Figure 5) of the sample. However, calcination temperatures above 500 °C are 

not desirable. Sample calcined at 600 and 700 °C display low photocatalytic activity as compared to the 

sample calcined at 500 oC. Treatment at such a high temperature would form TiO2 catalysts that are 

composed of mostly the rutile phase [43]. 
 

Table 1. Summary of naphthalene photocatalytic degradation under UV irradiation for 120 min 

Sample Calcination Temperature (oC) % Degradation of naphthalene 

P25 

0TNW 

100TNW 

200TNW 

300TNW 

400TNW 

500TNW 

600TNW 

700TNW 

- 

0 

100 

200 

300 

400 

500 

600 

700 

88.7 

90.6 

91.1 

91.9 

93.8 

96.7 

98.2 

97.2 

96.8 

 

3.5. 1. Photocatalytic kinetics 

The degradation of naphthalene carried out in this study (Figure 7) can be well fitted by pseudo-first-

order kinetics (suggesting that a pseudo-first-order reaction model can be taken into consideration for 

describing the kinetic behavior). The pseudo-first-order kinetics can be represented by Eq. (2).  

 

𝐥𝐧⁡(
[𝑵𝒂𝒑𝒉𝒕𝒉𝒂𝒍𝒆𝒏𝒆]𝒐

[𝑵𝒂𝒑𝒉𝒕𝒉𝒂𝒍𝒆𝒏𝒆]𝒕
) = ⁡𝒌𝒕        (2) 

 

Where [Naphthalene]o and [Naphthalene]t indicates the initial concentration of naphthalene and the 

concentration after a given time t, while k is the apparent reaction rate constant (expressed as min-1). A 

plot of ln([Naphthalene]o/[Naphthalene]t) versus t gave a straight line with slope = k and R square values 

> 0.8 (Figure 8). 

 
Figure 8.  Pseudo-first-order graph of naphthalene degradation 
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Conclusion 
 

TNW was synthesized via a hydrothermal technique using P25 as a precursor. The TNWs were characterized 

using different techniques. The XRD results showed that the synthesized TNW is amorphous material which 

crystallized after calcination at 500 oC. Red shift in band gap energy was observed when TNW was calcined at 

500 oC. The photocatalytic activity of the synthesized TNWs was studied by photocatalytic degradation of 

naphthalene. The increase in the calcination temperature from 100 to 500 oC steadily increases the photocatalytic 

degradation efficiency of naphthalene. A decline in the degradation efficiency was observed at calcination 

temperature above 500 oC.  500TNW was found to have the highest photocatalytic performance (98.2%), which 

may be due to crystallization and red shift in band gap energy of the sample. 
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