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ABSTRACT

Titanium dioxide nanotubes (TNTs) were synthesized via an electrochemical anodization process. The
influence of increasing the cathode surface area on the microstructure and order of the final product was
investigated. To study the microstructure of the synthesized nanotubes, field emission scanning electron
microscopy (FESEM) was employed. The degree of crystallinity and the characteristic of synthesized
nanostructure was evaluated by X-ray diffraction (XRD). The porous initiation layer covering the tube-top
became thinner and lost its’ integrity, as a consequence of employing a larger cathode. This is due to
the enhanced reaction sites followed by intensifying the electrochemical reaction in the anodic oxidation
processes. In contrast, a small surface area of the cathode made it possible to control the obtained
nanostructure with no damages to the surface morphology. The average diameter of the surface nanopores
increased from 60 to 67 nm by increasing the cathode surface area. Optical characterization demonstrates
that the bandgap of the synthesized TiO, nanotubes is about 3.2 eV. In the process of methylene blue (MB)
degradation, the photocatalytic activity of the TNTs with an ordered initiation layer reaches 69% after 480

min irradiation.
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1. Introduction

Titanium dioxide is a widely used semiconductor
because of its nontoxicity, photo-stability, and
relatively low cost possessing favorable physical,
optical and electrical properties. Therefore, TiO,,
is one of the most promising materials for use
in photocatalysis, dye-sensitized solar cells, gas
sensors, and biomedical devices [1]. Nevertheless,
the wide bandgap of TiO, (3.2 eV for anatase) limits
its absorption in the UV irradiation. Moreover,
the fast recombination of the charge carriers
greatly lowers the photonic efficiency and mainly
limit photocatalytic application [2,3]. Therefore,
intense efforts focus on modifying the electronic

properties of TiO, by bandgap engineering, doping,
or by suitable modification of the TiO, surface
(sensitization or junction formation) [4-7]. Not only
the material but also its structure and morphology
can have considerable impact on the photocatalytic
performance. Nanoparticles of TiO, in suspend
system encountered three vital technical problems
(the need for separation, particles aggregation). To
avoid these problems various methods have been
developed to prepare TiO, films on solid support,
despite lower efficiency of immobilized system [8].
It is believed that fabrication of TiO, in the form
of nanostructure such as nanotube, nanowire,
and nanobelt can effectively enhance the catalytic
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properties of TiO, [3,9]. Among them, a great
attention has been focused on the titanium dioxide
nanotubes (TNTs) due to their larger specific
surface areas (30-50 m?/g) and superior electron
transport properties [10-12].

Up to now, three main paths have been
established to fabricate TiO, nanotubes, via a
template-based method, hydrothermal synthesis,
and anodization. Among them, the anodization
method can make highly ordered TiO, arrays
immobilized on titanium with good uniformity
and capability of massive production [12,13]. The
synthesis of TNTs via electrochemical anodization
was first reported by Zwilling et al in 1999. Larger
specific surface area and superior electron transport
properties are some of the unique features of TNTs
[11,12]. Anodization conditions can affect the
surface morphology, chemical composition, and
photocatalytic properties of TNTs [13]. Different
tube-top morphology could be appeared during
anodization, including a well-defined open mouth,
covered with an initiation layer, or a grassy layer
[14,15]. Therefore, the accessible surface area could
be determined by tube-top morphology, which can
significantly affect the photocatalytic efficiency.
Many authors have investigated the effect of
electrolyte composition and pH on the TNTs
properties. Moreover, the effect of the cathode
material used in the anodization process was also
investigated and some materials such as Fe, Co, Pd,
and C showed promising results so as to replace
the conventionally used Pt cathode. However,
to the knowledge of the authors, the effect of the
cathode surface area has not yet been widely
explored in the TNT structures [16,17]. In this
paper, TiO, nanotubes were synthesized via a facile

electrochemical anodization method. The effect of
the surface area ratio of the cathode to the anode was
investigated on the final surface morphology of the
anodized samples. The photocatalytic performance
of the synthesized TNTs in degradation of an
organic pollutant was evaluated.

2. Materials and methods
2.1. Synthesis

Titanium samples with dimensions of 10x30x0.5
mm were cut from a Ti plate (thickness 0.5 mm,
purity >99.6%). Before anodization, the Ti samples
were ground with SiC paper from P320 to P3000.
They were cleaned by sonication in acetone,
isopropanol, and ethanol for 15 minutes. Then,
the samples were rinsed thoroughly with distilled
water and dried in the air. As illustrated in Fig. 1,
anodization was conducted in a two-electrode cell
configuration connected to a direct current (DC)
power supply, where graphite served as the counter
electrode (cathode) and the Ti as the anode.

The anodizing area of the Ti sheet was
maintained constant (~ 1 cm?), while two different
sizes of graphite (~ 2 and 6 cm?) were employed.
Therefore, the surface area ratio of the cathode
to the anode was increased from 2 to 6, and the
corresponding samples name was TNT-2 and TNT-
6, respectively. The electrolyte was ethylene glycol
containing 0.3 wt% NH,F and 2 vol% H,O. The
samples were anodized for 75 minutes at a constant
applied potential of 30 V and all experiments were
carried out at room temperature with stirring
of the electrolyte. The nanotube layer was then
peeled-off by ultrasonication. The detachment of
the TNTs could act as an electro-polishing process
for the second step. It is worth to mention that, the
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Fig. 1- Schematic diagram of the anodization set-up.
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smaller cathode size was used in the first step of
anodization and the cathode size was just altered
for the second step of anodization. The samples
were then anodized for the second time in the same
electrolyte with the same conditions but different
cathode size. Finally, the samples were rinsed
thoroughly with distilled water and dried in the
air. Since the as-anodized TNTs are amorphous,
they were subsequently heat-treated at 450 °C
for different time to define the duration in which
complete conversion to anatase phase is obtained
with no trace of rutile (with the heating and cooling
rate of 5 °C/min).

2.2. Characterization

The degree of crystallinity and the characteristic
of synthesized structures were evaluated by X-ray
diffraction (PANalytical/X’pert PRO) using Cu Ka
(A=0.154 nm). The morphology of the synthesized
films was studied by the FESEM (CamScan
MV2300, Czech & England). The UV-vis diffuse
reflectance spectroscopy (Avaspec 2048 TSC, The
Netherlands) was used to estimate the bandgap
energy (E). The Kubelka-Munk function, F(R),
shows the optical absorbance of the synthesized
TNTs to be approximated from its reflectance. The
Kubelka-Munk is given by the following equation:

_ (1-R)?
~ 2R

F(R) (1)
where R is the reflectance. The bandgap was
calculated from the plot of the modified Kubelka-
Munk function, (F(R)hv)*® vs energy of the
absorbed light [18].

2.3. photocatalytic activity

The photocatalytic activity of the synthesized
TiO, nanotubes was evaluated by the
photodegradation of a 2 mgL"' aqueous solution
of methylene blue (MB). The effective surface
area of the sample was measured to be 1 cm?. The
distance between the light source and the solution
was about 10 cm. The solution was magnetic stirred
in the dark for 30 minutes to reach absorption/
desorption equilibrium. It was then irradiated at
room temperature under UV light illumination
(wavelength of 365 nm and power of 0.6 mW cm
%). The UV-light intensity was measured by UVA
radiometer (CHY 732, Taiwan). Eventually, the
concentration of the remaining MB was determined
by UV-vis spectrophotometer (Shimadzu, UVmini
1240, Japan).

3. Results and discussion
3.1. Characterization results

Fig. 2 shows the XRD patterns of the as-prepared
and annealed TNT-2 sample. The crystallization of
TiO, nanotubes at 450 °C allows us to obtain a high
anatase content with no rutile peak. The anatase
phase benefits from better photocatalytic activities
due to higher electron mobility compared to rutile
[15,19]. The as-prepared TNTs are amorphous and
by following thermal treatment this amorphous
phase is converted to the anatase. The low-intensity
peak at about 30° belongs to the organic compound
on the sample without annealing and annealed for a
shorter time [20]. To find adequate annealing time
which ensures a complete conversion, two different
duration (120 and 180 min) were explored [21-23].
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Fig. 2- XRD patterns of the synthesized TNT (a) the as-prepared, (b) as annealed at 450 °C for 120, and (c) 180 minutes.
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Both XRD patterns for annealed sample in Fig. 2
confirm the presence of anatase phase as the single-
phase in synthesized TNTs beside Ti metal peaks
which belongs to the substrate. The background
noise in the sample annealed for 120 min, indicates
that full conversion to the anatase phase requires
longer time. By extending the duration of the
annealing to 180 min, diminished background
noise implies the full conversion.

Fig. 3 shows the nanotube morphology for
various cathode sizes. Both samples in this figure
represent a thin porous initiation layer which has
been located on the top of the nanotubes. The
integrity of the initiation layer has been lost by
using the cathode with a larger size (Fig. 3a). While
Fig. 3b demonstrate the surface morphology of the
TNT-2 sample. An ordered thin porous initiation
layer with complete integrity was observed for this
sample. As the cathode surface area increases the
amount of TiO, on the initiation layer is reduced
due to the chemical etching by the fluoride ions,
which is discussed further [15,20,24]. These
morphological features, as discussed in our
previous research [15], demonstrate to have a
strong impact on the photocatalytic activities of
the synthesized TiO, nanotubes [15]. The average
diameter of the surface nanopores for TNT-2 and
TNT-6 are ~ 60 + 2 and 67 £ 3 nm, respectively.

By increasing the surface area of the cathode, the
thickness of the synthesized TNTs grew from 3.5 +
0.2t03.9+0.2 um.

TiO, nanotubes array was produced as a result
of electrochemical etching of titanium in the
presence of fluoride ions. Often, electrochemical
reactions, such as anodization processes, are
characterized by current-time curves (Fig. 4). The
current-time curves show the typical curve for a
condition that leads to nanotubes formation. The
I-t curve consists of three stages: I) the formation
of a compact titanium oxide layer on the surface,
which lowers the current. In stage II, the partial
dissolution of titanium dioxide begins and the
current subsequently rises to a maximum, as
random pores appear in the initial compact oxide.
In the last stage, the current attains a constant value
or drops (stage III), as regular nanotube layers
form. The penetrated compact oxide (initiation
layer) often remains as a remnant that is frequently
found after anodization on the tube tops [15,20,24].
Therefore, to provide better insight and precise
interpretation of the results, the current density-
time curves of the samples should be carefully
investigated. Before that, it worth reviewing all
the electrochemical reactions which occur in the

electrochemical cell. The reactions which occur at
the anode are as following [25]:

Fig. 3- FESEM images of surface morphology of (a) TNT-6, (b) TNT-2 and cross-section view of (c) TNT-6 and (d) TNT-2.
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Ti - Ti*t + 4e” (2)
Ti** + 40H™ - Ti(0H), (3)
Ti** + 20%~ - Ti0, (4)
Ti(OH), —» TiO, + 2H,0 (5)

Oxidation of the metal which releases Ti*" ions
and electrons happens according to Eq. (2).
Consequently, a combination of Ti** ions with
OH and O* species are provided by the water
components (Eq. (3) and (4)). Hydrated anodic
layer releases water and further oxide is produced
(Eq. (5)).

Hydrogen evolution takes place at the cathode
side according to the following equation [25]:
8H* +8e™ - 4H, 6)
Moreover, in the presence of fluoride ions some

additional reactions may happen at the anode
surface [25]:

TiO, + 6F~ + 4H* - TiF?~ + H,0 (7)
Ti(OH), + 6F~ - TiF?~ + 40H™ (8)
Ti** + 6F~ - TiFZ~ 9)

The oxide layer and hydrated layer could be attacked
by fluoride ions, as described in Eq. (7) and (8),
and F can also react with Ti** according to Eq.
(9). These equations describe the pores’ initiation
and growth. It is important to mention that during
stage III, the initiation layer becomes thinner due
to the chemical etching (Egs. (7) to (9)) [15]. Based
on the electrochemical reactions, the increased
surface area of the cathode provides larger active

sites. Thus, more H* ions should be generated due
to enhanced hydrogen evolution reaction. The H*
ions are produced through electrolysis of H,O while
OH ions are the other product of this reaction
[26]. Therefore, more OH  are also generated
and hydration of Ti** which could be followed by
oxidation of these species happens at a faster rate,
Egs. (3) and (5).

Fig. 4 illustrates the I-t curves of the synthesized
samples. From Fig. 4a and b, it could be observed
that a larger surface area of the cathode led to a
significant increase in current density due to the
increased reaction rate. Furthermore, stages I
and II require less time to be completed. Higher
current density at the course of the anodization
can be observed during the plateau region (stage
III). This balance is a result of the oxide formation
and dissolution [20]. Therefore, according to Egs.
(7) to (9), the etching reaction becomes intensified
and the initiation layer - as the most exposed part
- and upper part of the tubes could be affected the
most. Hence, the thinning of the initiation layer,
followed by the integrity loss would be expected.
Due to better access of electrolyte to the top part
of the underneath TNTs, the further etching of
the upper tube part weakens the structure which
results in the collapse of the tubes wall on the TNTs.
This kind of structure is known as nanograss,
which introduces a detrimental impact on the
performance of the TNTs. Nanograss structure
can block the tube mouth and have a negative
influence on the photocatalytic activity [14,15].
This phenomenon could be observed in Fig. 3a.
As well as the increased current observed in Fig.
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Fig. 4- Current density vs. time plots of the synthesized TNT.
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4, longer tube length in TNT-6 compared to TNT-
2 confirms the increased reaction rate during the
anodization (Figs. 3c and d). Moreover, it has been
demonstrated in our previous research [15] that
the TNTs covered by the disordered initiation layer
have a detrimental impact on their photocatalytic
performance. The photocatalytic degradation of
the sample covered by the disordered initiation
layer decreased by 10% compared to TNTs covered
by the ordered initiation layer [15]. Accordingly,
to obtain an ordered structure and have a good
control over the morphology of the synthesized
TNT;, it is better to slow down the reaction during
the anodization.

Ithasbeen previously concluded that thebandgap
energy is unaffected by the surface morphology
[15]. Therefore, the UV-vis absorption spectra
was measured for TiO, nanotubes with ordered
initiation layer (TNT-2) (Fig. 5). To calculate the
bandgap energy of the synthesized TNTs (TNT-
2), a plot of (F(R)hv)"* vs. hv was calculated and
presented in Fig. 5b. A good fit was obtained and
according to the extrapolation a value of 3.22 eV
was considered for the bandgap of TNT-2 sample.
Hence, the corresponding bandgap wavelength was
calculated to be 390 nm (Fig. 5a).

3.2 photocatalytic activity

Synthesizing TiO, in the form of nanotubes
enhances the surface area significantly. These
nanotubes  offer enhanced reaction  sites
for  photocatalytic = degradation  processes.
Morphological features are well-documented to
have a significant impact on the photocatalytic
activities since the accessible surface area could be
determined by tube-top morphology. Therefore,
the photocatalytic activity of the TNT-2 sample

(@)

F(R)

T AL v T v T v T M T v T v T v T M
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

FR)hv)"*

with the ordered initiation layer was tested
through photodegradation of MB under UV light
irradiation. The following steps occur during the
photocatalytic degradation processes [27]:

TiO, + hv - TiO,(ecg + hijg) (10)
H,0 + h* > OH + H* (11)
0,+e” - 05 (12)

According to Eq. 10, after the UV light irradiation
(hv 2 E; = 3.2 eV), the photo-generated holes and
electrons form in the valance and the conduction
bands, respectively. These holes and electrons
resulted in the oxidation of H,O and the reduction
of O, respectively (Egs. 11 and 12) [27]. Oxidation
of an organic pollutant via successive attacks by
OH' radicals occur according to the following
reaction:

R+ OH - R"+H,0 (13)
where R is the organic pollutant. Direct oxidation
by reaction with the holes is also possible:
R+ h* > R™ (14)
In the case of MB, the OH radicals attack and
open the central aromatic rings of the organic
compound via multistep intermediate reactions
which result in the MB decomposition process
[27,28]. The complete photo mineralization process
by TiO, nanotubes or any other semiconductor
photocatalyst is summarized by the following
reaction [29]:

C16H1gN;SCL + 2520, > HCL + H,S0, + 3HNO;
+16C0, + 6H,0 (15)

(b)
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Fig. 5- UV-vis absorption spectra of TNT-2 sample (a) F(R) vs. wavelength, and (b) (F(R)hv)®* vs. hv.
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Fig. 6- The photocatalytic degradation of MB in the presence of TNTs array as photocatalyst.

Based on the reactions and the mechanism
discussed above, the TiO, nanotubes act as a
catalyst for the degradation of MB in the UV
light irradiation. An ordered surface morphology
provides better accessibility of the polluted water
into the tubes while nanograss presence could block
the entrance of the tubes [15]. Fig. 6 illustrates that
after 480 min of photo irradiation, about 69% of
MB was decomposed according to Eq. 15. Since for
the TNT-6 sample which suffers from nanograss
layer formation on the top of the NTs, this value
was measured to be 58%.

4. Conclusions

The TiO, nanotubes (TNTs) were synthesized
via a facile electrochemical anodization method.
The effect of the surface area ratio of the cathode
to the anode on the final surface morphology of the
anodized samples was investigated. Considering
the voltage and duration of the anodization process
constant, it was concluded that the electrochemical
reaction rate of the anodic processes was greatly
affected by the surface area of the cathode. The
smaller surface area ratio of the cathode to theanode
(in sample TNT-2) made it possible to control the
obtained structure with no damages on the surface
morphology illustrating a better photocatalytic
performance due to better accessibility of the
polluted water into the tubes. After 480 min UV
light irradiation and employing TNTs with ordered
initiation layer as a photocatalyst, the photo-
degradation of MB reached 69 %.
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