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TiO2 nanorods (NRs) growth on the mix-phased porous TiO2 nanotubes (NTs) was synthesized by an emulsion 

electrospinning and hydrothermal process. The as-obtained new structure of TiO2 NRs/NTs was then characterized by field 

emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), and X-ray diffraction pattern 

(XRD). The photocatalytic activity was also investigated. It was found that this newly structured TiO2 photocatalyst exhibited 

enhanced photocatalytic activity under visible light irradiation, which should ascribe to its efficient electron-hole separation in 

this new structure.  
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1. Introduction 

 

Owing to its low cost, high chemical inertness, and 

environmental applications (high catalytic activity for the 

removal of pollutants in water and air), TiO2 has been 

intensively investigated in photocatalysis [1, 2]. The two 

principal catalytic phases of TiO2, anatase and rutile, have 

numerous structural and functional differences. 

Commercially available anatase is typically less than 50 

nm in size. These particles have a band gap of 3.2 eV, 

corresponding to a UV wavelength of 385 nm. The anatase 

exhibits lower rates of recombination in comparison to 

rutile due to its 10-fold greater rate of hole trapping [3]. In 

contrast, though some exceptions exist, the 

thermodynamically stable rutile phase generally exists as 

particles larger than 200 nm [3]. Rutile has a smaller band 

gap of 3.0 eV with excitation wavelengths that extend into 

the visible at 420 nm; furthermore, it should be more 

populated after allowing time for electron transfer [3]. It is 

reported that mixed phase TiO2 show excellent charge 

separation ability, such as commercial powders Degussa 

P25 [3, 4]. However, nano sized TiO2 is difficult to recycle 

from aqueous solution after photocatalytic reactions and 

will cause secondary pollution [5]. To solve this problem, 

large scaled mesoporous spheres [6], thin films [7] and 

one-dimensional [4, 8] have been investigated by many 

research groups since they have large surface area and 

better electron separation ability.  

 In this work, a newly structured TiO2 synthesized by 

an emulsion electrospinning and hydrothermal process, 

where one-dimensional highly porous TiO2 NTs were used 

as an electron separation for TiO2 NRs. The as-obtained 

newly structured TiO2 nanotubes also were investigated 

for their catalytic performances against the degradation of 

Methyl Orange (MO). The study revealed that these newly 

structured TiO2 nanotubes structure appear to be promising 

photocatalysts. 

 

 

2. Experimental  

 

A schematic illustration of the growth of NRs on the 

TiO2 NT is shown in Fig. 1. The highly porous TiO2 NTs 

were prepared by an emulsion electrospinning process as 

depicted in our former work [4], and the TiO2 NR/NTs 

were then synthesized by a simple hydrothermal reaction. 

In a typical procedure, 1 ml tetrabutyl titanate was 

dissolved in 30 ml 9 M HCl solution, then 0.1g TiO2 NTs 

were added, and finally followed by10 minutes of 

ultrasonication. Subsequently, the mixture was transferred 

to a 50 mL Teflon-lined autoclave maintained at 180 
o
C for 

1 to 10 h. Finally, the product was washed and dried. 
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Fig. 1. Schematic representation of TiO2 NR/NT. 

 

 

The morphologies were observed by FESEM (Hitachi, 

S-4800), and TEM (FEI Tecnai F30). Crystal phase of the 

obtained materials were determined by powder XRD 

(Rigaku D/MAX-2400). In the photodegradation process, 

20 mg of the catalyst was suspended in 160 mL of 10 ppm 

MO dyes solution, after stirred in dark for 30 min, the 

solution was then exposed to the visible light irradiation 

produced by a 500W Xe arc lamp equipped with a 

band-pass light filter (>400 nm). Varian UV-Vis 

spectrophotometer (Cary-50, Varian Co.) were used.  

 

 

3. Results and discussions 

 

Fig. 2a and b showed the SEM and TEM images of 

TiO2 NTs. They clearly indicated that these nanotubes 

have a tubular structure with outer diameters of ca. 200 

nm, wall thickness of 40–60 nm, and numerous pores on 

the wall. These pores with an approximate diameter of 

10–20 nm were distributed evenly due to the improved 

emulsion electrospinning process [4]. Fig. 1c showed a 

typical SEM image of TiO2 NR/NT after hydrothermal 

reaction at 180 
o
C for 5 h. As shown, the entire outer and 

inner surfaces of the NTs were covered uniformly by TiO2 

NRs that were tetragonal in shape with square top facets. 

The diameter and length of the nanorods were found to be 

~10 nm and ~150 nm, respectively. The typical 

TEM/HRTEM images were shown in Fig. 2d-f. As shown, 

the nanorods were evenly distributed on the mesoporous 

nanotubes. The phase and crystal structure of the TiO2 

NRs were confirmed by the lattice image in Fig. 1f. The 

distances between lattice fringes, 0.32 and 0.29 nm, could 

be assigned to (110) and (001) of the rutile TiO2 phase, 

respectively, suggesting that the TiO2 NRs grew along the 

[001] axis. The corresponding selected-area’s electron 

diffraction (SAED) pattern (Fig. 1f) displayed the 

single-crystalline nature and should index to the pure rutile 

TiO2 phase.   

 

 

 
Fig. 2. SEM and TEM images of TiO2 NT (a, b); SEM, TEM, 

HRTEM image and SAED pattern of TiO2 NR (c, d, e, f, g). 

 

 

Detailed growth process with different reaction times 

was in shown Fig. 3. For the 1h sample, the NRs on the 

NT were sparely grown and the length was about 100 nm. 

As time increased, the NRs became dense, and the length 

increased to 130 nm and 500 nm for the 5 and 10 h 

samples, respectively. Nevertheless, the diameter of these 

NRs still remained the same size of about ~10 nm. The 

increased length and unchanged diameter resulted in a 

larger surface area. 

 

 

 

Fig. 3. SEM images of series TiO2 NR/NT with different 

hydrothermal reaction times (a: 1h; b: 3h; c: 5h; d: 10h). 
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 XRD patterns of the as-prepared series samples were 

shown in Fig. 4. All the samples were consisted with 

mixed crystalline phases of anatase and rutile. As reaction 

time increased, the diffraction of rutile (110) facets 

remarkably increased, which demonstrated that the TiO2 

NRs grew along the [001] axis. According to the empirical 

relationship by Deperoet al, [9] the ratio between these 

phases determined from the XRD spectra can be estimated 

by the following equation: 
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where R(T) is the percentage content of rutile, IA is the 

intensity of the main anatase reflection, and IR is the 

intensity of the main rutile reflection [9]. The ratio of the 

porous TiO2 NTs of rutile phase to anatase phase was 

22:78, and for the TiO2 NR/NT samples, this ratio 

increased to 35:65, 44:56, 63:37 and 83:17, respectively.  

 

 

 

Fig. 4. XRD patterns of TiO2 NT (a) and TiO2 NR arrays 

growth  of  on  TiO2 NT  with different hydrothermal  

        reaction times (b: 1h; c: 3h; d: 5h; e: 10h). 

 

 

For a better understanding of the energy levels in the 

band-gap of semiconductor materials, PL spectral as 

exhibited in Fig. 5 were introduced which would influence 

the charge transport and recombination properties in 

photocatalysis [10]. The PL bands can be fitted into three 

Gaussian peaks with wavelengths of 422-425 nm, 521-525 

nm and 627-629 nm and 832-834 nm. Generally, these 

spectra can interpreted as the emission from three physical 

origins: self-trapped excitons [11, 12], oxygen vacancies 

(OVs) [13, 14] and surface states [15]. As reported in 

many work and our previous work [4, 12-17], the peak 

position of the 422-425 nm band should assigned to 

self-trapped excitons (STE) localized on TiO6 octahedra 

[12], the 521-525 nm (0.82-0.84eV) bands should attribute 

to OVs located at the surface of the TiO2 nanoparticles 

(SOVs) [14, 15], and the PL bands at 627-629 nm should 

assign to emission from oxygen vacancies [16, 17]. 

Meanwhile, the PL band at ~832 nm can ascribe to the 

intrinsic properties of rutile phase TiO2 [18, 19]. However, 

the PL intensity of the rutile phase TiO2 was much lower 

than the anatase phase. 

 

 

 

Fig. 5. PL spectra of TiO2 NR arrays growth of on TiO2 

NT with different hydrothermal reaction times (a: 1h; b:  

                3h; c: 5h; d: 10h). 

 

 

This result is interesting, because it has been 

established that rutile exhibits high rates of recombination 

in comparison to anatase, so, there would be easier to 

observe a PL band of rutile phase [20, 21]. Due to this 

special structure, we deduced that the excited excitons in 

rutile phase would trapped by the SOVs in anatase phase. 

This hypothesis can be proved by a direct measure of the 

change in the PL intensity. As can be seen, only the rutile 

phase ratio is high as 63% (Fig. 5c, 5 h hydrothermal 

sample), the rutile trapping sites can be observed, and the 

intensity is still lower than the anatase trapping sites and 

surface trapping sites (OVs and SOVs in anatase phase). 

This confirms the transfer of rutile electrons to anatase. 

The electron-transfer reaction has an estimated activation 

barrier of less than 8.3*10
-4

eV based on the measured rate 

of transfer [22]. Lower activation energy of electron 

transfer should be possible. However, too much rutile 

phase also would result a higher recombination in the 

rutile phase as shown in Fig. 5d, which would not benefit 

to the photocatlyst process. 

Fig. 6a showed time profile of MO absorbance spectra 

observed during the incubation with TiO2 NR/NT (5 h) 

under visible light irradiation. The absorption peaks at 465 

nm correspond to dimers and monomers of MO. As shown, 

the spectra intensity showed a gradual decrease with the 

increase of irradiation time. For the evaluation of 

degradation kinetics of MO, we measured the change of 

main absorption peak at 465 nm as shown in Fig. 6b. 

When comparing the photocatalytic activities among these 

samples, all the TiO2 NR/NT samples showed a higher 

activity for MO degradation than TiO2 NT, especially in 

the dark absorption. The 5 h sample exhibited the highest 

http://dict.cnki.net/dict_result.aspx?searchword=%e5%81%87%e8%ae%be&tjType=sentence&style=&t=hypothesis
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activity with a degradation rate of 68.9% while the TiO2 

NTs’ degradation rate was only 49.5%. A proposed 

schematic illustration could be shown in the inset of Fig. 6. 

The presence of rutile NRs would create a structure where 

under visible illumination, rapid electron transfer would 

take place from rutile to lower energy anatase lattice 

trapping sites that then lead to a more stable charge 

separation [3, 23]. The photo-generated electron transfer 

from rutile to anatase lattice trapping sites allowed holes, 

which would have been annihilated due to recombination, 

to reach the surface. Subsequent electron-transfer moves 

the electron from anatase trapping sites to surface trapping 

sites, further separating the electron/hole pair [3]. By 

competing with recombination, the stabilization of charge 

separation activated the catalyst and the rutile-originating 

hole could then participate in oxidative chemistry [3]. The 

one-dimensional structure could also provide a 

dual-channel for the transportation of electrons separation 

[24]. Additionally, these NRs should not be too long, for 

fear of being disadvantageous for the electron separation, 

and would lead a lower photocatalytic activity as showed 

in the 10 h sample. This should ascribe to the limited 

charge transport distance [25]. 

 

 

 

Fig. 6. Absorbance spectra of TiO2 NR/NT (5h) under 

visible  light  irradiation (a) and Photo-degradation of  

     MO under visible light by different samples (b). 

 

Thus, a proposed schematic illustration was shown as 

Fig. 7. The presence of rutile phase nanorods would create 

a structure where rapid electron transfer from nanorodes to 

lower energy anatase nanotube under visible illumination, 

which leads to a stable charge separation [3, 23]. By 

competing with recombination of the electron/hole pairs, 

the charge separation would activate the catalyst and the 

rutile-originating hole would participate in oxidative 

chemistry [3]. Obviously, a higher catalytic activity in this 

new structure should ascribed to the more efficient 

electron transfer from rutile to the lower trapping sites in 

anatase, and too much more rutile phase also would 

leading a higher recombination. 

 

 

Fig. 7. A proposed schematic illustrations showing the 

reaction mechanism  for photocatalytic degradation of  

   organic pollutants under visible light irradiation. 

 

 

4. Conclusion 

 

Newly structured TiO2 NR/NTs were synthesized by 

an emulsion electrospinning and hydrothermal process. 

The photocatalytic activity of MO was also investigated. It 

was found that this newly structured TiO2 photocatalyst 

exhibited enhanced catalytic activity under visible light 

irradiation than the original TiO2 NTs. This could be 

ascribed to its efficient electron-hole separation in this new 

structure. The 5h TiO2 NR/NT sample exhibited best 

photocatalytic activity with degradation rate of 68.9% after 

150 min. This newly obtained structure of TiO2 NR/NT is 

now a member in the family of photocatalytic materials 

and may serve useful purposes in other applications such 

as hydrogen preparation, lithium ion batteries and so on. 
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