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Abstract. Titanium dioxide remains one of the most studied semiconductor for
photocatalytic applications due to its low cost production, reduced toxicity, ability to break
down the organic pollutants and possibility to achieve complete mineralization. In this
work, we report on results of the photocatalytic activity of titanium dioxide nanotubes
fabricated by electrochemical anodization technique in an electrolyte solution containing a
mixture of hydrofluoric acid, ethylene glycol and phosphoric acid. The morphology and
crystallinity of the obtained nanotubes were investigated by means of electron microscopy
and it was found that nanotubes have a constant outer diameter of 200 nm and an internal
conical shape where the diameter gradually decreases from 120 nm at the wide end to 50
nm at the narrow end. The transmission electron microscopy investigation defined two
different phases of titanium dioxide obtained after annealing of amorphous TiO; in air at
650 °C and 850 °C. Photocatalytic activity of the samples have been evaluated in methylene
blue solution in the presence of dispersed nanotubes under visible and UV irradiation by
means of UV/Vis spectroscopy. Anatase phase TiO, shows the best performance degrading
85 % of dye in 25 min under UV illumination, while rutile phase with anatase inclusions
shows the best results with a 50 % decay of dye concentration in 25 min under visible light
illumination.

Keywords: Methylene Blue degradation, electrochemical anodization, photocatalysis, TiO;
nanotubes, TiO; plasma etching.

Introduction

Among the metal oxide semiconductors, titanium dioxide (titania, TiO,)
nanomaterials have attracted much attention in the last decades. TiO;, is considered a
semiconductor with high potential applications due to its advantageous optical and
electronic properties, structural and chemical stability, non-toxicity and photocatalytic
activity. These properties make titania an excellent material for solar energy conversion [1],
applications in dye functionalized solar cells [2, 3], biomedicine [4, 5], microengines [6] and
in other fields [7, 8]. Comparing with other forms of TiO;, unidimensional nanostructures
like nanotubes are the most suitable structures for solar energy conversion and
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photocatalysis due to inherent high scattering of light and related optical absorption and
high surface to volume ratio. Different techniques were applied by researchers to increase
the material performances like doping, combination with other materials or inducing
structural changes. For instance, doping with non-metal elements has demonstrated a
decrease of material bandgap and its possibility for optical applications in the visible range.
The anodic oxidation technique is one of the most effective way to fabricate titania
nanotubes due to its simplicity, self-ordering and low cost process [9]. This technique has
the disadvantage because one end of nanotubes at interface with the Ti foil is closed.
Therefore, the nanotube membranes have limitation for some applications and an
additional opening process is necessary.

Water pollution has become a serious concern nowadays. Pollution can cause many
diseases to human body such as cancers, tumors or skin irritation [10]. Different techniques
for water purification were investigated in order to remove the dyes from wastewaters such
as chemical precipitation [11], reverse osmosis [12], electrochemical oxidation [13],
chemical coagulation-flocculation and bio-oxidation [14] as well as membrane filtration
[15]. In recent years, the photocatalytic degradation of organic pollutants from residual
waters has attracted much attention. Semiconducting oxide photocatalysts have an
enormous potential for air and water treatment of organic contaminants. There are many
studies on semiconducting materials for photocatalysis such as TiO; [16], ZnS [17], CdS [18],
Fe,03 [19], ZnO [20], GaN/ZnO compound [21]. Among these materials, TiO, is the most
studied because of its ability to break down the organic pollutants and possibility to
achieve complete mineralization. Due to its low-cost production, reduced toxicity, high
reactivity and hydrophobicity, TiO, remains close to an ideal catalyst. In this work, we
demonstrate the fabrication of titania nanotubes with both ends opened for photocatalytic
degradation of Methylene Blue (MB) in water-based solution. The MB was selected as the
dye for the experiments because it represents one of the most stable pollutant [22]. The
anatase and anatase-rutile mixture phases of TiO, nanotubes were investigated.

Methods

Preparation of TiO; nanotubes

TiO, nanotubes were fabricated using electrochemical anodization of Ti foils
purchased from Sigma-Aldrich with the thickness of 0.25 mm and purity >99,7%. Before
anodization, the Ti foil was cleaned in acetone in an ultrasonic bath, rinsed with distilled
water and dried under nitrogen flow. An electrolyte consisting of ethylene glycol (99.8%),
hydrofluoric acid (48 wt%) and HsPOs (85 wt%) was used. The anodization was realized in a
two-electrode system with a Pt mesh as counter electrode. The electrolyte temperature was
maintained at 25 °C during the anodization process. The applied voltage was increased
gradually to 120 V, with a step of 1 V/sec and then kept constant for 1 h. After anodization,
the samples were cleaned in acetone and DI water and then the formed oxide was
mechanically separated from the Ti foil. The constituent nanotubes of membranes have the
bottom ends closed because of the formation of a barrier oxide layer at the interface with
the Ti foil. In order to open the bottom ends of the nanotubes, a Plasma Etching process
was applied. The process took place in a PlasmalLab System 100-ICP Deep Reactive lon
Etching System in a mixture of Ar and SF¢ gases at ratio 5:1 for 5 min.

The obtained TiO, nanotubes were annealed at different temperatures in order to
modify their crystallinity. The samples were treated at 650 °Cand 850 °Cin air in order to
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obtain anatase and anatase - rutile phases, respectively. In order to separate individual
nanotubes in the solution, the membrane consisting of nanotubes was sonicated for 30 sec.

Photocatalytic Tests

The organic contaminant solution was prepared by using 10 uM MB solution diluted
in deionized water (DI). 20 mg of TiO, nanotubes of anatase and anatase - rutile mixture
phases were added to 50 ml contaminant solution in a transparent glass beaker and kept
under stirring conditions at 600 rpm using a magnetic stirrer. The mixture was irradiated
from the top using a 100 W Blak Ray Hg lamp with the main intensity peak at 365 nm and a
150 W Halogen lamp with power density of 100 mWecm? for investigation of MB
degradation in UV and visible range, respectively. During the experiment, 3 ml solution was
collected each 10 min and analyzed at UV/Vis spectrometer. The experiment on
photocatalytic degradation continued until the solution becomes colorless, the minimum
time being 80 min. The collected solution was centrifuged at 20,000 rpm for 15 min in
order to sediment the micro/nanoparticles and then the liquid is transferred into a cuvette
for UV/Vis spectroscopy. The absorption spectra were collected in the region 450 - 750 nm.

Characterization Techniques

The morphology and structural investigations of TiO, nanotubes were realized using
electron microscopy (SEM Zeiss Gemini Ultra55 Plus, TEM JEOL JEM-2100). To monitor the
degradation of MB, the optical absorption spectra were recorded with Perkin ELmer Lambda
750 UV/Vis spectrometer.

Results and Discussions

Morphology study

TiO, nanotubes have been fabricated by electrochemical anodization technique of Ti
sheets. By using this method, it is possible to obtain huge amounts of nanotubes on a small
surface of material. The images from the Figure 1 illustrates the top, cross section view and
the bottom part of the TiO, nanotubes membrane detached from the Ti substrate before
and after dry etching step.

The results of the morphology characterization of samples clearly demonstrate the
tubular shape along both faces of the membrane, with a constant outer diameter of 200 nm
and a variable inner diameter, which gradually decreases from 120 nm at the wide end
to 50 nm at the narrow end. The length of the nanotubes can be easily tuned from tens of
nm to hundreds of pm by adjusting the anodization conditions.

TEM Structural Study

It was reported previously that titania anatase-rutile phase transformation starts at
approximately 600 °C [23,24]. Hence, to obtain anatase phase nanotubes the initial
amorphous sample was treated at 650 °C, while treatment at temperature as high as 850 °C
was applied to obtain anatase - rutile phase sample.

The results of TEM (Transmission Electron Microscopy) investigations presented in
Figure 2 suggest that both TiO, nanotube samples, calcinated at 650 °C and 850 °C, are
polycrystalline.

Polycrystalline electron diffraction (ED) patterns were analyzed by Rotational
Average method which calculates a medium intensity of the electron reflection at certain
distance from the ED central spot. To all the meaningful reflections were attributed
corresponding crystal planes, referred as the d-values of the intensity peaks.
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Figure 1. SEM images of TiO, membrane: (a) top part, (b) side view, (c) bottom part before
dry etching step, (d) bottom part after dry etching showing opened nanotubes.
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Figure 2. TEM analysis of TiOz nanotubes: (a) an overviéw image of nanotubes; (b) high
resolution image of nanotube wall; selected area electron diffractogram and rotational
average diagram of TiO, nanotubes treated at (c) 650 °C, and (d) 850 °C.
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Almost all observed reflections can be attributed to rutile and anatase phases. The
results correlate well with the data reported in previous publications in which the
concentration of phases is changing at applied calcination regimes [25]. Some ambiguity in
phase distinction between anatase /4/amd and rutile P42/mnm phases of titania comes from
the fact that they both are of tetragonal space group and big part of their d-values
coincides. Both crystal structures consist of TiOs octahedra, sharing four edges in anatase
and two in rutile [26 - 29]. Polyhedral models of TiO, simulated in Diamond (Crystal
Impact) software are presented in Figure 3.

Figure 3. Three-dimensional representation of TiO¢ octahedra arrangement in
anatase and rutile crystalline phases.

MB Photodegradation

Two types of titania nanotubes were investigated for photocatalytic degradation of
MB. The first sample was subjected to thermal treatment in air at 650 °C and represented
the anatase phase, while the sample treated at 850 °C represented a mixture of anatase and
rutile phases of TiO,. Depending on the annealing temperatures, the bandgap of TiO; is
changing from 3.2 eV for anatase to 3.0 eV for rutile phase. Because of the band-to-band
transitions identified in the UV region at 375 - 410 nm and deep defects in the material
[30], it can be used as a photocatalytic material in both UV and visible regions. According to
ref. 6, the opened TiO, nanotubes will increase the photocatalytic activity compared to one
side closed nanotubes, the chemical reactions in this case take place on the inner and outer
side of the nanotube surface. The formation of oxygen bubbles as a result of chemical
reactions will result in motion of nanotubes in the liquid, the permanent liquid exchange
inside the nanotubes will favor the occurrence of the reactions. Mixed-phase photocatalysts
with rutile-anatase compositions have been reported to exhibit enhanced photoactivity
relative to single-phase titania [28, 31 - 33]. Comparing to stable rutile phase, anatase
modification has wider bandgap and lower recombination rate facilitating the efficient
photocatalytic reactions [29]. At the same time higher surface free energy of rutile enhances
its hydrophilicity [34, 35] . It is also expected that in case of residual anatase phase
remaining in titania transformed into rutile at 850 °C similarly to the mixture of two types
of particles the electron transfer between two phases may enhance the efficiency of photo-
oxidative reactions [28, 36].

The photodegradation process of MB using TiO, nanotubes under visible and UV
light is illustrated in Figure 4, where the concentration C; (%) of remained MB is measured
every 10 min during 80 min. The initial concentration of 10 uM of MB and pure water were
took as 100 % and 0 % and it is used for elaboration of calibration curve.
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Figure 4. MB concentration decay in time in presence of 20 mg of TiO; nanotubes.

The dye concentration in the analyzed solution was calculated from Beer-Lambert
law (Eq(1)):
A=¢lc (1)

where A is the measured absorption value,
€ - absorptivity of the solution at certain wavelength (A),
[ - optical pathway during the measurement expressed in cm,
¢ - solution concentration.

The & value was calculated by a calibration absorption plot measured for 100 %
concentrated MB solution at 664 nm.

Photocatalytic degradation under visible light was found to be the most efficient for
TiO, with higher concentration of the rutile phase, degrading the dye till ~ 30 %
concentration compared to the mixed phase of TiO, degrading the MB to 60 % during 80
min. Better photocatalytic activity of TiO, nanotubes under visible light irradiation is related
to the high density of electronic defects as observed in the PL spectrum [30]. Under UV
illumination, best photodegradation of MB is performed by TiO, anatase phase with 15 %
dye remaining in water after only 25 min compared to 50 % for the sample with more
concentration of rutile phase.

Conclusions

It was found that both TiO, nanotubes annealed at 650 °C and 850 °C can degrade
MB under UV and visible light irradiation. According to TEM analysis, the TiO, tends to
transform from anatase to rutile phase with increasing the annealing temperature. The
higher photocatalytic activity in the visible range was observed on samples treated at 850
°C where the rutile phase predominates, however the sample annealed at 650 °C exhibits
higher photocatalytic activity under UV illumination. Because of its bandgap near visible
range and the possibility to modulate it with different techniques, the TiO, nanotubes have
a great potential to be used in industry for water treatment.
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