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ABSTRACT

The preparation of high aspect-ratio TiO,nanotubes and their photocatalytic activity were dem-
onstrated in this study. The high aspect-ratio TiO, nanotube thin films were produced by elec-
trochemical anodic oxidation of Ti in chloride-containing electrolytes. Nanotubes were doped
with different concentrations of ZnO particles through anodization. The catalytic behavior
was evaluated under batch reactor with photo-degradation test of Red Dye. The experimental
results collectively demonstrate the successful ZnO doping of the resultant nanotube layers
with significant abundant OH groups on their increased surfaces. The nanotubes doped with
high content combined with an anatase as a two phase semiconductor led to the formation of
very active photocatalyst with highly surface reaction sites. In contrast, to the undoped TNT,
its anatase/rutile phase ratios are increased. These effects could be attributed to the enhanced

critical active-site density on the surface, which provides better photocatalytical properties.
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1. Introduction

Titania nanotubes are materials of increasing inter-
est due to their excellent applications to photocatalyst
[1], liquid solar cell [2], and electroluminescent hybrid
device [3], hence considerable effort has focused on
developing efficient routes to fabricate titania nanotubes
of controllable dimensions. Titania nanotubes of differ-
ent geometrical shapes and microstructures have been
fabricated by various methods, such as sol-gel, anodiza-
tion, electrodeposition, sonochemical deposition, and
other methods involving the chemical treatment of fine
titania particles [4-14]. Among the methods, TiO, nano-
tubes with diameters of 70-100 nm were produced a
sol-gel processing [5]. Zhao et al. [8] fabricated titanium
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oxide nanotube arrays by anodic oxidation, which the
nanotubes had an inner diameter of 100 nm and the
length of 200 nm. Kasuga et al. [6] reported the first
evidence that titanium oxide nanotubes with the diam-
eter of 8 nm and length of 100 nm could be obtained via
chemical treatment. Zhang et al. [15] got much longer
nanotubes, which is about 500 nm long and the diam-
eters about 12-18 nm with the ultrafine rutile phase
nanoparticles in size of 7.2 nm by chemical treatment.
Titanium dioxide (TiO,) as a photocatalyst for
degrading organic pollutions has attracted much atten-
tion because of its various advantages [16]. Unfortu-
nately, the technological use of TiO, is limited by its
wide band gap (3.2 eV for anatase), which requires UV
light irradiation to obtain its photocatalytic activity.
Because UV light only accounts for a small fraction (5%)
of the Sun’s energy compared to visible light (45%), any
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attempt making TiO, absorb effectively will have a pro-
found positive effect on its photocatalytic performance.
The morphology and additives are two main way to
increase TNTs photocatalytic activities. ZnO has been
conceived as a significant candidate that was reportedly
known to be more efficient than TiO, in photooxidation
of organic compound [17-19]. The band gap energies of
Zn0 and TiO, are similar to each other (approximately
3.2 eV). Therefore, some techniques have been adopted
to fabricate nanostructured ZnO/TiO, composite.

In this work, we report a two-step route to fabricate
Zn0O/TiO, nanotube composite film by anodic oxidation
and hydrothermal process. The crystallographic struc-
ture, microstructure, chemical composition and optical
property of the samples are investigated by X-ray dif-
fraction (XRD), scanning electron microscopy (SEM),
and UV-Vis spectroscopy.

2. Methods

ZnO/TiO, nanotube composite film was synthesized
through anodic oxidation and hydrothermal process.
Firstly, the highly ordered TiO, nanotube was grown on
the titanium foil by potentiostatic anodization using a
platinum sheet as a counter electrode. The electrolyte
was 1 M (NH,), SO, with the addition of small amounts
of 0.1 M NH, E. The applied anodic potential was ini-
tially ramped from 0 to 20 V at a rate of 1 V/min and
then held constant at 20 V for 4 h. The resulting sample
was then calcinated at 773 K for 1 h with a heating/cool-
ing rate of 2°C minand annealed to room temperature.

Then synthesis of ZnO/TiO, nanotube composite
was completed on TiO, nanotube substrate through
hydrothermal method. A typical synthesis process was
given by Liu Jinping and coworkers, the TiO, nanotube
film was suspended in 100 ml of aqueous solution con-
taining 0.3 M NH, - H,O and 0.02 M zinc acetate in a
sealed Teflon lined stainless autoclave followed by heat-
ing at a constant temperature of 120°C for 24 h. After
the reaction, the products were thoroughly washed and
dried in air. Other chemicals used in the experiments
were analytical grade. X ray diffraction (XRD; SIEMENS
D500; CuK), used to identify the crystalline size by
means of the Scherrer’s equation, the rutile and anatase
phases was determined by using the (101) reflection of
anatase and the (110) reflection of rutile. The specific
surface area of the semiconductors was measured by the
BET using N, as adsorbed gas. Microstructure was ana-
lyzed by the scanning electron microscopy (SEM, LEO
360, UK) operating at 20 kV.

The photocatalytic activity of TiO, nanotubes were
tested on the decolorization of Acid Red 27 solution.
About 1 cm?/1 mg TiO, nanotube arrays film was

immersed into a 40 ml aqueous AR 27 solution with a
concentration of 8 mg/1 in a double-decker quartz reac-
tor. The reaction temperature was controlled by con-
stant temperature circular water. A 300 W UV lamp was
used as the irradiation source, and the distance between
the light source and the TiO, nanotube arrays film was
10 cm. The change of dye concentration as a function of
the irradiation time was measured by a spectrophotom-
eter (UV-2500, Shimadzu, Japan).

3. Results and discussion

The properties of synthesized samples are controlled
by the hydrothermal and anodization conditions like
temperature, duration of the synthesis and the type of
salt used. The processing conditions, particle size, phase
composition (derived from XRD) and specific surface
area (derived from BET) of various nanosize powders
are given in Table 1. These samples used to test photo-
catalytic properties with various phases ratios, crystal-
line size, and reaction time.

The samples which are named: “A”, prepared by
routine hydrothermal method. These samples were
prepared by adding 100 ml of TiCl, solution to 800 ml
of distilled water at pH 1.5 achieved by means of HCl
and aged to reach a yellowish homogeneous transpar-
ent solution. 10 vol. % of triethylamine (TEA) were then
added dropwise to 100 ml of the Ti-solution till pH val-
ues reached 9 and added 0-10 mol/1 zinc acetate. The
obtained white precipitate suspension was then placed
in a Teflon recipient inside of stainless steel autoclave.
Hydrothermal treatment was performed at two temper-
ature and time conditions: 120°C for 24 h (1) and 150°C
for 6 h (2). At these temperatures, the working pressures
are 198.48 and 475.72 kPa, respectively. TiO, powders

Table 1
The name, preparation method, additives content and
shape of samples

Sample Preparation ZnO Shape

name routs (mol/1)

Al Hydrothermal 0 Nano powder
A2 Hydrothermal 0 Nano powder
AZ1 Hydrothermal 10 Nano powder
AZ2 Hydrothermal 10 Nano powder
P25 - 0 Nano powder
P71 Hydrothermal 10 Nano powder
T1 Anodization 0 Nano tube
T71 And./hyd. 5 Nano tube
T72 And./hyd. 10 Nano tube
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Table 2
Phase composition and structural properties of samples
synthesized by different methods

Sample Anatase/rutile/ Crystalline Surface area
ZnO (mol%) size (nm) (m?/g)
Al 60/40/0 20 45
A2 60/40/0 50 25
AZ1 65/25/10 30 40
AZ2 65/25/10 50 20
P25 75/25/0 20 50
PZ1 70/20/10 25 40
T1 70/0/0 20 80
TZ1 80/0/5 20 85
TZ2 85/0/10 20 85

were obtained by centrifugation and repeatedly wash-
ing, filtered and dried at 120°C for 6 h.

The samples which are named: “P”, prepared by
P25 Degussa Co. powder or added ZnO according to
“A” samples.

The samples which are named: “T”, prepared by
anodization or anodization and hydrothermal methods.

Utilizing Scherrer formula (d = kA/B cos 6, where d
represents the average crystallite size of the particles, A
is the wavelength of Cu K¢, 1.54056 A, B the full width
at half maximum (FWHM) intensity of the peaks in
radian, 6(101), (110) are Bragg’s diffraction angle and
k is a constant usually equal to ~0.9), the average crys-
tallite size of the particles was calculated and shown in
Table 2. The results indicate that anodized samples have
smaller crystalline size and samples with additives have
been broaded the peak width at half maximum (FWHM)
and the molar ratio of anataze have been increased. The
hydrothermal process is time consuming and diffusion
and reaction in high temperature and pressure increases
the stable phase. The comparison between titania
nanopowder and nanotube is not correct because their
preparation routs and conditions were different.

Table 2 shows the specific surface area of samples
which is related to powders size and agglomeration of
powders. The effect of two parameters is observed, the
additive [14] and process [15,16]. The sample with ZnO
has lower surface area than pure ones in nanopowders
but has higher surface area in nanotubes. TNT samples
have higher surface area than powders because of their
specific morphology.

Fig. 1 illustrates SEM images of samples synthe-
sized at different condition with different additives.
The images show that as-synthesized powders have
different particle morphology. The powder synthesized
without anodizing treatment consists of spherical par-
ticles with different particle size. The anodized samples

have tube-like morphology and adding ZnO particles is
clear in the TZ1 and TZ2 samples. The size and surface
area of samples have good correlation with XRD and
BET results.

Fig. 2 shows the effect of semiconductors on pho-
todegradation of AR 27. It can be seen from the graph
that the order of photocatalytic activity of powders for
AR27 is TZ2 > TZ1 > T1 and AZ > A, it is not correct
to compare powders and tubes. According to previ-
ously papers on AOP, the photocatalytic efficiency of
TiO, depends on its phases, and crystalline size [20].
This variability has been attributed to difference in
the rate of recombination, adsorptive affinity, or band
gap between the phases of TiO,. The rutile phase (R)
implies a lower mobility of charge-carriers than ana-
tase and electron hole pairs recombined without con-
tributing in reaction. The anatase has a larger band gap
(3.2 eV) than rutile (3.0 eV) and it is more active than
rutile in UV irradiation. The Fermi level of anataze is
higher than rutile, in mixed rutile and anatase sample
(P) generally enhances the photocatalytic activity as
seen in Fig. 2.

The surface of powder is the most effective struc-
tural parameter of catalyst, because photocatalysis is
an interfacial reaction. Thus, a higher specific surface
area induces a higher number of accessible active sites.
It has other effects on the e /h* recombination time
band gap energy, penetration of light, consequently,
photocatalyst reactivity. The tubes have smaller crys-
talline size, more surface area and better activity than
the powders with similar condition. The TiO,nanotube
adsorbs over a larger fraction of UV spectrum than
TiO, powder and degrades better than single phase
titanium dioxides.

4. Summary

In this study, different type of semiconductor
nanopowder and nanotubes were prepared by hydro-
thermal and anodization methods. It was shown that,
nanotubes have more surface to volume ratio and more
anatase phase. By doping ZnO to powders, the anatase
formation increased but the surface area decreased. The
optimization microstructure and phases ratio by doping
and preparation route the photo activity of semiconduc-
tor increased.

Acknowledgements

The authors thank Iranian Nano Technology Society,
Ministry of Science, Research and Technology for finan-
cial and other supports.



26 S.K. Asl et al. / Desalination and Water Treatment 28 (2011) 23-27

Fig. 1. SEM images of samples synthesized at different conditions: (a) AZ2, (b) AZ2, (c) TZ2, (d) TZ1, and (e) T1. In Fig. 1(e)

the scale bar is not completed.
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Fig. 2. Degradation of AR 27 in various semiconductors (Al,
A2, AZ1, AZ2, P25, P71, T1, TZ1, TZ2).
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