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TiO
2
nanotube arrays (TNAs) are fabricated on quartz substrate by anodizing E-beam evaporated Ti films. E-beam evaporated

Ti films are directly anodized at various anodizing voltages ranging from 20 to 45V and their morphological, wetting, and
photocatalytic properties are examined. The photocatalytic activity of the prepared TNAs is evaluated by the photodecomposition
of methylene blue under UV illumination. The TNAs prepared at an anodizing voltage of 30V have a high roughness of 30.1 nm
and a low water contact angle of 7.5∘, resulting in a high photocatalytic performance. The surface roughness of the TNAs is found
to correlate inversely with the water contact angle. High roughness (i.e., high surface area), which leads to high hydrophilicity, is
desirable for effective photocatalytic activity.

1. Introduction

TiO
2
has been actively studied as photocatalytic material due

to its large band-gap (anatase: 3.2 eV), stable, and nontoxic
nature [1–4]. To improve the photocatalytic property of TiO

2
,

several methods have been considered such as controlling
band-gap energy through doping nonmetal materials [5–8]
and enlarging the surface area by producing TiO

2
in the form

of wire, rod, and particle [9, 10]. TiO
2
nanotube (TNA) is

known to have a high photo collection efficiency and large
surface area/volume ratio, and it can be easily filled with
liquid thus enabling intimate contact with dye and electrolyte
[11–14].

Commonly, TNAs can be formed via anodic oxidation
of Ti foil by applying a potential to the anode connected to
the Ti foil in the electrolyte. The diameter of the TNAs can
be controlled by changing the anodizing voltage [15]. This
method of using the Ti foil requires a subsequent process like
peeling off the TNAs from the Ti foil. However, it is difficult
to separate large-area TNAs without cracking. Furthermore,
this method requires an additional process to attach the
separated TNAs to substrate in order to fabricate the device.

In this work, we prepared Ti films using an E-beam
evaporation method and investigated relationship between
roughness, hydrophilicity, and photocatalytic performance.
E-beam evaporated Ti thin films were anodized at various
applied voltages and annealed at different temperatures. The
prepared TNAs were characterized using various techniques
such as field emission scanning electron microscopy (FE-
SEM), water contact angle goniometry, X-ray diffraction
(XRD) spectroscopy, and photocatalysis.The TNAs prepared
at an applied voltage of 30V showed the best photocatalytic
properties for the photodegradation of methylene blue under
black-light irradiation.

2. Material and Methods

The TNAs were prepared by anodizing Ti thin films on the
quartz glass substrate using an E-beam evaporator (Temescal
FC-2000, USA) with a Ti tablet (99.99% pure). Prior to
deposition, the E-beam evaporator was evacuated to a base
pressure of 4 × 10−7 Torr. The electron gun voltage and the
currentwere 9.96 kV and 115mA, respectively.Thedeposition
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Figure 1: A schematic diagram for the preparation of TNAs: (a) deposition of Ti thin film on quartz substrate using E-beam evaporation
method, (b) anodic oxidation of Ti thin film, and (c) formation of TNAs.
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Figure 2: XRD patterns and surface SEM images of TNAs annealed at 400∘C, 500∘C, and 600∘C.

rate was 0.5 nm/s and the substrate was rotated at 20 rpm to
obtain uniform Ti films. The Ti thin films were anodized in
a mixture of glycerol, NH

4
F (0.2 wt%), and H

2
O (2.5 vol%)

as an electrolyte using a carbon counter electrode for 2 h
to form the TNAs and then cooled from room temperature
to 10∘C using a WiseCircu fuzzy control system to enhance
the binding force of the TNAs. The samples prepared at an
applied anodizing voltage of 20V, 25V, 30V, 35V, 40V, and

45V are referred to as T20, T25, T30, T35, T40, and T45,
respectively. To compare with the TNAs, TiO

2
thin film was

prepared by using an E-beam evaporation method. After the
E-beam evaporator was evacuated to a base pressure of 6
× 10−6 Torr, TiO

2
thin films were deposited at a working

oxygen gas pressure of 5 × 10−5 Torr and a temperature of
200∘C. The electron gun voltage was 7.0 kV and the current
was 200mA for the TiO

2
film deposition. The substrate was
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Figure 3: Top-view SEM images of TNAs prepared at different anodizing voltages.

rotated at 15 rpm to obtain uniform TiO
2
films. The samples

were annealed at 500∘C for 2 h.
The surfacemorphology of the TNAswas examined using

FESEM (JSM-6500F, JEOL). The crystalline structure was
determined by XRD spectroscopy (PW3710, Philips) with K𝛼
radiation (𝜆 = 1.5406 Å). The surface hydrophilicity was
evaluated using contact angle goniometry. To test their pho-
tocatalytic activities, the TNA thin films (2.0 × 2.0 cm2) were
immersed in 10mL of 10−5M methylene blue (C

16
H
18
N
3
S-

Cl-3H
2
O) solution and irradiated with 4 surrounding 20 W

black-light (UVA) lamps (wavelength range: 315–400 nm).
The photocatalytic performance of the samples was evaluated
by measuring the absorbance of the methylene blue solution
at 665 nm using a UV-Vis spectrophotometer (HP8453).

3. Results and Discussion

Figure 1 shows the growth mechanism of TNAs prepared
by anodic oxidation of E-beam evaporated Ti thin film.
Firstly, the Ti thin film was deposited by E-beam evaporation
(Figure 1(a)). The titanium was anodized to TiO

2
by reacting

withH
2
Oat the interface.TheTiO

2
thin film as a barrier layer

is formed on the surface of the Ti film. Then, it was etched
by F− ions developing holes in the TiO

2
film (Figure 1(b)).

Chemical reactions involved in the etching of the Ti film are
as follows:

Ti4+ + 2H
2
O → TiO

2
+ 4H+ + 4e−

TiO
2
+ 6F− + 4H+ → [TiF

6
]
2−

+ 2H
2
O

(1)



4 International Journal of Photoenergy

2.0 𝜇m

2.0
𝜇m

57nm

−53nm

(a) T20

2.0 𝜇m
2.0

𝜇m

0.10 𝜇m

−0.15 𝜇m

(b) T25

2.0
𝜇m

2.0 𝜇m

0.16 𝜇m

−0.12 𝜇m

(c) T30

2.0 𝜇m
2.0

𝜇m

0.31𝜇m

−0.11 𝜇m

(d) T35

2.0 𝜇m

2.0
𝜇m

0.13 𝜇m

−0.09 𝜇m

(e) T40

2.0 𝜇m
2.0

𝜇m

0.07 𝜇m

−0.06 𝜇m

(f) T45

Figure 4: AFM images of TNAs prepared at different anodizing voltages.

As the reaction proceeds, the holes grow deeper into the
TiO
2
film and the metallic regions at the pore, leading to the

formation of the nanotube structure (Figure 1(c)).
Figure 2 shows the XRD patterns and SEM images of

TNAs anodized at 20V and annealed at 400, 500, and 600∘C.
The anatase and rutile phases of TiO

2
were identified from

XRD patterns in Figure 2(a). After annealing at 400∘C, only
anatase phase peaks appeared at 25.3∘, 38.7∘, and 54.1∘ which
correspond to (101), (004), and (105) planes, respectively
(JCPDS number 01-089-4921). The intensity of the major
anatase peak at 25.3∘ was increased with increasing anneal-
ing temperature from 400∘C to 500∘C indicating improved

crystallinity at 500∘C. As the annealing temperature was
further increased to 600∘C, rutile phase peaks at 27.5∘ and
36.2∘ which are consistent with JCPDS number 01-078-2485
appeared in the XRD pattern.The SEM images of the samples
in Figures 2(b)–2(d) show the morphological properties of
TNAs with different annealing temperatures. In Figures 2(b)-
2(c), the TNAs were fairly uniform in shape and size. At
600∘C (Figure 2(d)), the TNAs were nonuniform in size
and shape (Figures 2(c) and 2(d)). Due to the appearance
of rutile phase, the surface coarsening took place and the
grain size increased. These results may cause a decreased
photocatalytic activity of the sample [16]. In this study,
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Figure 5: (a) Variations of methylene blue concentration with UV irradiation time for the samples. (b) Photocatalytic efficiency and water
contact angle of TNA film as a function of anodizing voltage.

we employed the 500∘C-annealed TNAs with anatase phase
and good crystallinity to investigate their structural, wetting,
and photocatalytic properties by changing the anodizing
voltage in synthesizing the TNAs.

Figure 3 illustrates the SEM images of TNAs prepared
at different anodizing voltages from 20 to 45V. The TNA
samples prepared at an anodizing voltage of 20V, 25V,
30V, 35V, 40V, and 45V are referred to as T20, T25, T30,
T35, T40, and T45, respectively. The average inner diameter
of the T20, T25, T30, T35, T40, and T45 samples was
23.1 nm, 28.8 nm, 42.4 nm, 57.8 nm, 68.4 nm, and 62.2 nm,
respectively. The inner diameter increased with increasing
anodizing voltage and the average wall thickness of the tubes
also increased from 9.0 to 21.8 nm as the anodizing voltage
was increased from 20V to 45V. From the AFM images
(Figure 4), the roughness of the samples was determined
as 15.4 nm, 24.7 nm, 30.1 nm, 20.7 nm, 20.5 nm, and 19.1 nm
for the T20, T25, T30, T35, T40, and T45, respectively.
As can be seen in Table 1, the 30V-anodized sample had
the lowest contact angle of 7.5∘ and the 20V- and 45V-
anodized ones had high values of 18.3∘ and 18.0∘, respectively.
The water contact angle was found to correlate inversely
with the roughness. According to the Wenzel theory, a lower
water contact angle indicates a higher hydrophilicity [17].
Thismeans that a rough surface can bemore hydrophilic than
a smooth surface.

The photocatalytic performance of the samples was
evaluated by the photodecomposition of methylene blue
under black-light irradiation. Figure 5(a) shows variations of
methylene blue concentration with UV irradiation time for
TiO
2
film and TNA films prepared at different anodizing

voltages. The concentration of methylene blue was deter-
mined from the UV-Vis absorbance at 644 nm. The TNA

Table 1: Roughness, wetting energy, and water contact angle of
TNAs prepared at different anodizing voltages.

20V 25V 30V 35V 40V 45V
Roughness (nm) 15.4 24.7 30.1 20.7 20.5 19.1
Wetting energy (mN/m) 69.1 70.3 72.2 71.3 71.5 69.4
Water contact angle (∘) 18.3 15.1 7.5 11.7 12.1 18.0

films displayed better photodecomposition ability than the
TiO
2
film. The 30V-anodized TNAs exhibited the best pho-

tocatalytic performance. Figure 5(b) shows the photocatalytic
efficiency andwater contact angle of TNAfilmas a function of
anodizing voltage. The photocatalytic efficiency, 𝜂, is defined
as (𝐶
0
−𝐶)/𝐶

0
×100(%), where𝐶

0
is the initial concentration

of methylene blue and 𝐶 is its concentration after 180min of
UV illumination. The 30V-anodized TNAs had the highest
photocatalytic decomposition efficiency of 43.9%, while the
45V-anodized TNAs had the lowest efficiency of 18.8%.
Rough surface (large surface area) and high hydrophilicity
make water easily get into the inside of the tube. Accordingly,
a high surface area and hydrophilicity would be desirable
for achieving an excellent photocatalytic activity toward
organic pollutant degradation (Figure 5(b)). The results of
Figure 5 demonstrate that a hydrophilic surface is favorable
to enhanced photocatalytic performance.

4. Conclusion

We have developed an effective method for preparing TNAs
by anodizing E-beamevaporatedTi thin film and investigated
the structural, hydrophilic, and photocatalytic properties of
the TNAs prepared at different anodizing voltages ranging
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from 20V to 45V.The TNAs had anatase phase after anneal-
ing at 500∘C and rutile phase at 600∘C. The inner tube
diameter of the TNAs increased from 23.1 nm to 62.2 nm
with increasing anodizing voltage from 20V to 45V. The
30V-anodized TNAs had the highest roughness of 30.1 nm
and the lowest contact angle of 7.5∘, resulting in the highest
photocatalytic activity. The TNAs with a rough surface
were more hydrophilic than those with a smooth surface,
demonstrating that high surface area and hydrophilicity are
crucial to photocatalytic activity.
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