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ABSTRACT 
In this paper, synthesis, nanostructures, characsterization, and 

photoelectrochemical (PEC) properties of TiO2 nanotube arays (NTA) and TiO2 

nano wrires (NWs) are described in detail. The information of charges 
transporting of nanotube arrays (NTA) and nanowires (NWs) have been 
discussed in this paper. The electron/hole recombination in the NTA and NWs are 
also compared. 
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TÓM TẮT 
Trong bài báo này, phương pháp tổng hợp, cấu trúc vật liệu, các đặc trưng 

và tính chất quang điện hóa (PEC) của mảng ống nano TiO2 (NTA) và mảng sợi 
nano TiO2 (NWs) được mô tả chi tiết. Những thông tin về sự chuyển điện tích 
trong mảng ống nano (NTA) và mảng sợi nano (NWs) đã được thảo luận trong 
bài báo này. Sự tái tổ hợp các điện tích - lỗ hổng trong NTA và NWs cũng được 
đưa ra so sánh. 

Từ khóa: Nano TiO2, cấu trúc nano, tính chất quang điện hóa. 
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1. INTRODUCTION 

Since Fujishima and Honda discovered the 
photocatalytic splitting of water on TiO2 semiconductor in 
1972 [1], thenceforth TiO2 photocatalyst is becoming 
increasingly attractive for potential and versatile 
applications in energy and environment fields. In 
comparison with other semiconductors, TiO2 has attracted 
great interest due to its advantages as chemical inertness 
[2], non-toxicity [3], low-cost [4], long-term stability against 
photocorrosion and chemical corrosion [5]. One-
dimensional (1-D) nanostructured TiO2, such as nanorod, 
nanowire, and nanotube have received significant 
attention due to its light confinement, efficient charge 

separation, and high carrier mobility properties, all of which 
are beneficial for PEC performance enhancement [6-9]. 

The TiO2 NTA has showed highly ordered vertically 
aligned tubular structure and large surface-to-volume ratio 
[10]. Several methods have been used to fabricate TiO2 NTA 
such as deposition into a nanoporous alumina template, 
sol-gel transcription using organo-gelators as templates 
[11], seeded growth and anodization of titanium [12]. 
Among them anodization of titanium in electrolyte is most 
interesting for its optical and electric properties and surface 
area due highly ordered nanotube arrays with controllable 
dimensions [13-15]. Meanwhile, the TiO2 NWs are one 
dimensional nanostructured, that is also considered for 
photovoltaic, energy conversion and photocatalytic 
applications due to its large surface-to-volume ratio allows 
for distinct structural and chemical behavior as well as 
greater chemical reactivity [7, 16, 17]. TiO2 NWs can 
fabricated by hydrothermal [18], chemical vapor deposition 
[19],  pulse laser deposition[20]. 

In this work, highly ordered TiO2 NTA and TiO2 NWs are 
fabricated by anodization of titanium in NaF and NaHSO4 
based baths [21] and hydrothermal method [22], 
respectively. Herein, the samples were characterized by 
XRD, SEM, UV–vis and PL spectroscopy and 
photoelectrochemical properties are shown in detail. 

2. EXPERIMENTAL PROCEDURES 
2.1. Materials 

Titanium foil (99.8% purity, 0.127 mm thick) was 
purchased from Aldrich (Milwaukee, WI). NaF, NaHSO4, Na2S 
(99.9%), Na2SO3 (99%), HCl, NaOH, acetone, methanol were 
obtained from Shanghai Chemical Corporation of China. All 
other reagents of analytical grade were obtained from 
commercial sources and used as received. Twice distilled 
water was used throughout the experiments. 

2.2. Methods 
2.1.1. Fabrication of TiO2 nanotube array 
Highly ordered TiO2 NTA were prepared by anodic 

oxidation method in a two-electrode electrochemical cell. A 
0.25 mm- thick titanium foil with a size of 1 cm × 4 cm 
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(99.7%, Adrich) was used as a working electrode, and a 
platinum foil served as a counter electrode. Titanium 
ribbons were cleaned in 3% hydrofluoric acid (30 seconds), 
twice distilled water, then ultrasonic cleaned for 10 min in 
acetone solution and ethanol. The cleaned titanium ribbon 
was anodized at 20 V in an electrolyte containing 0.1 M NaF 
and 0.5 M NaHSO4 at room temperature for 2 hours in a 
two-electrode configuration with a platinum cathode [23]. 
The TiO2 NTA samples were ultrasonic cleaned for 10 min in 
iso-propanol solution to remove the debris on the surface 
of nanotube arrays, dried in air, then annealed at 500°C for 
3 hours in air with heating and cooling rate of 2°C min-1. 

2.1.2. Fabrication of TiO2 nanowires  
TiO2 NWs was prepared by hydrothermal method [22, 

24]. Titanium foil (3cm × 4cm) were cleaned in 3% 
hydrofluoric acid (30 seconds), twice distilled water, in 
acetone and ethanol ultrasonic cleaning each 5min, then 
ultrapure water repeatedly washed several times, dried by 
nitrogen and set aside. A 50ml of 4M NaOH aqueous 
solution were poured into Teflon-lined autoclave (inner 
liner volume 100mL). After put teflon-lined autoclave into 
an oil bath heated to a 220oC temperature, after 6 hours 
reaction at 220oC, the reactor was allowed to cool to room 
temperature. Remove the sample vessel open, soaking 60 
mins by 0.5M HCl aqueous solution, then soaking and then 
ultrapure water several times. As-prepared sample dried in 
air, then annealed at 500°C for 3 hours in air with heating 
and cooling rate of 2°C min-1. The film morphology 
evolution, crystal structure transformations and growth 
mechanism are described in detail [25, 26] by three-step 
process. First, the titanium foil reacts with NaOH to form 
Na2Ti2O4(OH)2 sheets, which exfoliate and spiral into 
nanotubes. Next, the Na2Ti2O4(OH)2 nanotubes were 
converted to H2Ti2O4(OH)2 nanotubes by Na2Ti2O4(OH)2 
nanotubes immersed in HCl solution to replace the Na+ ions 
with H+ ions. Finally, the H2Ti2O4(OH)2 nanotubes were 
converted to polycrystalline anatase nanowires through a 
topotactic transformation by calcination. 

2.2. Characterization 
All electrochemical measurements were performed with 

a CHI electrochemical analyzer (CHI660B, Shanghai Chenhua 
Instrument Co. Ltd.) using a conventional three electrode 
system including a Ag/AgCl reference electrode, a Pt sheet 
counter electrode, and the as-prepared TiO2 NTA/NWs as 
working electrode. The morphologies of the as-prepared 
materials were studied using scanning electron microscope 
(SEM, Hitachi S-4800). The crystalline phases of the samples 
was characterized by an X-ray diffractometer (XRD, M21X, 
MAC Science Ltd., Japan) with Cu Kα irradiation source and a 
scanning speed of 2°/min in the 2θ range of 20-80°. A 500 W 
Xe lamp (CHF-XQ-500 W, Beijing Changtuo Co., Ltd.) was 
used as the light source, filtered to 100 mW cm−2 AM1.5G as 
determined by a radiometer (NOVA Oriel 70260). 
Photoelectrochemical properties were measured in 0.24 M 
Na2S and 0.35M Na2SO3 aqueous solution. The fluorescence 

spectra were taken with a fluorescence spectrophotometer 
(Hitachi F-4600). UV–vis absorption spectra of TiO2 NTA, TiO2 

NWs photoelectrodes were recorded in the range from 200 
to 800 nm using a UV–Visible Cary 300 spectrophotometer 
equipped with an integrating sphere of 150 mm in diameter. 

3. RESULTS AND DISCUSSIONS 

3.1. Characterization of the TiO2 NTA and TiO2 NWs 
The surface morphologies of TiO2 NTA obtained by SEM 

shown in figure 1 (A). TiO2 NTA have an inner pore diameter 
ranging from 70 to 110 nm and an average length of 400 nm 
and wall thickness of about 17nm.  The results have shown 
that the formation mechanism of the TiO2 NTA is as well as 
previous reported [23, 27-29]. Figure 1 (B) shows the XRD 
spectrum of the TiO2 phases before and after annealing at 
500oC in air atmosphere. The annealed TiO2 NTA film is 
appeared new two peaks at 2 = 25.3o and 27.54o. This two 
peaks are anatase TiO2 (101) (JCPDS No. 21-1272) and rutile 
TiO2 (110) (JCPDS No. 04-0551), respectively.  Beside, the 
peaks at 2 = 38.56o, 40.3o, 53.1o, 63.06o, 70.76o epresentative 
of amorphous phase, which are indexed to the metal 
titanium phase (JCPDS No. 44-1294) [30]. 
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Figure 1. (A) Top-surface and cross insert section SEM image of TiO2NTA,  

(B) XRD spectrum of TiO2 NTA before and after annealing. 
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Figure 2 (A) shows the top-view SEM image and cross 
insert sectional SEM image of TiO2 NWs. As shown in figure 
2 (A), the TiO2 NWs with thickness in the range of 25–100 
nm, (see on the left of insert image) and an average length 
about 5m (see on the right of insert image). The results 
have shown that the formation mechanism of the TiO2 NWs 
is well documented [18, 24, 31]. As shown in Figure 2 (B), 
the unannealed TiO2 NWs have a pick at 2 = 24.56o, which 
relies on the anatase protonated bititanate H2Ti2O4(OH)2 
nanowires phase. The annealed sample shows the two 
picks at 2θ values of 25.39o and 27.5o, which are anatase 
TiO2 (101) (JCPDS No. 21-1272) and rutile TiO2 (110) (JCPDS 
No. 04-0551), respectively. The other peaks at 2θ values of 
37.8o, 38.5o, 48.0o, 53.89o, 55.0o, 62.9o, 68.8o, 70.3o, 75.0o can 
be well-indexed to (004), (112), (200), (105), (211), (204), 
(116), (200) and (215) crystal planes of anatase TiO2(JCPDS 
No.  21–1272), respectively, which shows that the 
protonated bititanate H2Ti2O4(OH)2 nanowires is converted 
to single crystalline anatase TiO2 nanowires through a 
topotactic transformation by calcination. 
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Figure 2. (A) Top-surface and cross insert section SEM image of TiO2NWs, left 

insert is the  FESEM image of TiO2NWs (B) XRD spectrum of TiO2 NWs before and 
after annealing 

Figure 3 shows the photoluminescence (PL) emission 
spectrum of TiO2 NTA and TiO2 NWs with the excitation 

wavelength at 270 nm. PL spectrum has been widely used 
to investigate the efficiency of charge carrier trapping, 
immigration, and transfer, and to understand the fate of 
electron/hole pairs in semiconductor particles. Charge 
carriers are trapped at the defects of semiconductors which 
have different energy levels and trapping events might 
reduce chances for electron-hole recombination and 
increase electron lifetime[32-34]. As shown in figure 3, the 
lower peak intensities of TiO2 NTA revealed the 
recombination rate of photogenerated charges on the TiO2 
NTA surface are slower than on the TiO2 NWs surface. These 
maybe related to the prepared samples, which is different 
in the phase structure and morphologies. These differences 
can be explained by a different degree of formed oxygen 
vacancies due to different experimental conditions 
(temperature, aging time) during synthesis [32]. 
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Figure 3. Emission spectra of (a) TiO2NTA and (b) TiO2NWs. Emission spectra 

were recorded with 270 nm excitation. 
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Figure 4. UV-Vis spectra of TiO2 nanotube array (a) and TiO2 nanowires (b) 

The UV-Vis diffuse reflectance absorbance spectra of the 
TiO2 NTA and TiO2 NWs are exhibited in Figure 4. As shown 
in figure 4 (a), the characteristic absorption peaks of TiO2 
NTA at 390 nm due to the result from the absorption of the 
trapped holes, the other two picks at 475 nm and 585 nm, 
which result from the absorption of the trapped electrons 

(A) 
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[35]. Meanwhile, TiO2 NWs is only absorptive in UV light 
region as shown in figure 4(a). Clear differences of PL and 
absorption properties depending on process of synthesis 
the samples. 

3.2. Photoelectrochemical properties of the TiO2 NTA 
and TiO2 NWs 
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Figure 5. Photocurrent response of TiO2 nanotube arrays (a, c) and TiO2 

nanowires (b, d). Herein (a, b) are measured in 0.24M Na2S and 0.35M Na2SO3 
solution, (c, d) are measured in 0.05M Na2SO4 solution 
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Figure 6. Open-circuit photovoltage response of (a) TiO2NTA and (b) TiO2NWs 

measured in 0.24M Na2S and 0.35M Na2SO3 solution 
Figure 5 shows the photocurrent density response of 

TiO2 NTA and TiO2 NWs are measured in different 
electrolytes. Figure 5 indicated that the photocurrent 
response of TiO2 NTA of both the 0.24M Na2S and 0.35M 
Na2SO3 solution and 0.05M Na2SO4 solution is higher than 
TiO2 NWs. The photocurrent density of TiO2 NTA and TiO2 
NWs measured in 0.24M Na2S and 0.35M Na2SO3 solution 
are 1.95 mA cm-2 and a 1.7 mA cm-2, respectively, while in 
0.05M Na2SO4 solution are only 0.2 mA cm-2 and a 0.15 mA 
cm-2, respectively. Photocurent response of both TiO2 NTA 
and TiO2 NWs measured in 0.24M Na2S and 0.35M Na2SO3 
solution are higher than in 0.05M Na2SO4 solution. These 
results implicated that under illumination the free 
photogenerated electrons/holes from TiO2 NTA electrode 
are more than TiO2 NWs. Figure 6 shows the open-circuit 
photovoltage response of (a) TiO2 NTA and (b) TiO2 NWs 

measured in 0.24M Na2S and 0.35M Na2SO3 solution. Under 
illumination electrons and holes are generated. When the 
illumination is stopped, the free electrons are slowly 
recombination with holes trapped in the TiO2 and dissolved 
oxygen in the electrolyte, which scavenges electrons. The 
electron recombination rate relates with the electron 
lifetime (n).  It is determined by following equation 1 [15]. 

τn = [-kBT/e][dVoc/dt ]-1         (1) 
Where kBT is the thermal energy, e is the positive 

elementary charge, and dVoc/dt is the open-circuit voltage 
transient. (Eq. 1) shows that the n increasing with 
increasing value of the [dVoc/dt]. As shown in figure 6, the 
Voc of TiO2 NTA higher value than TiO2 NWs. The longer 
lifetimes seen in the nanotube array films indicate relatively 
fewer recombination centers. 

4. SUMMARY 
The TiO2 NTA has been obtained through titanium 

anodization in NaF and NaHSO4 solution. The TiO2 NWs 
have also been fabricated by hydrothermal method. The 
resulting characterization and photoelectrochemical 
properties showed that the highly ordered and vertically 
aligned TiO2 NTA is better than TiO2 NWs. As prepared, TiO2 
NTA will be used in the following photoelectrochemical 
applications. 
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