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ABSTRACT: Self-organized TiO, nanotube (NT) arrays were
produced by anodization in ethylene glycol (EG) electrolytes
containing 1-n-butyl-3-methyl-imidazolium tetrafluoroborate
(BMLBF,) ionic liquid and water. The morphology of the
as-formed NT's was considerably affected by changing the anodi-
zation time, voltage, and water and ionic liquid electrolyte
concentrations. In general, a nanoporous layer was formed on
the top surface of the TiO, NTs, except for anodization at 100 V
with 1 vol % of BMLBF,, where the NT’s mouth was revealed.
The length and bottom diameter of the NT's as well as the pore
diameter of the top layer showed a linear relationship with
increased anodization voltage. These TiO, NTs were tested as
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photocatalysts for methyl orange photodegradation and hydrogen evolution from water/methanol solutions by UV light irradiation.
The results show that the TiO, NTs obtained by anodization in EG/H,0/BMILBE, electrolytes are active and efficient for both

applications.
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1. INTRODUCTION

The need for new energy resources, such as solar energy
conversion, has evolved in recent decades into the search of
innovative photovoltaic materials." One of the most promising
forms of clean energy generation and storage is molecular
hydrogen. Hydrogen can be used for electricity generation in
fuel cells or in combustion engines, with water as the only
byproduct. However, finding an environmentally friendly source
of hydrogen gas is an important challenge, since the current
industrial processes for H, generation are still dependent on
fossil fuels,' generating large amounts of greenhouse gases. In
this scenario, the photocatalytic splitting of water into O, and H,
is an interesting alternative. It has been shown that wide band gap
materials such as TiO, can be used for photocatalytic water
splitting under solar radiation.” Moreover, due to its relatively
low cost and photostability, TiO, has been recognized as a
promising material for other photochemical applications.’

Environmental problems such as water and air pollution have
also attracted worldwide attention, and substantial fundamental
and applied research on environmental remediation based on
TiO, applications has been carried out.””* Recently, it has been
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reported that nanotubular TiO, anodes possess better photo-
chemical activity than photoanodes composed of TiO,
particles.>® Apparently, the large specific surface area of the
TiO, nanotubes (NTs) results in the enhancement of its
photocatalytic activity and, as a consequence, the interest in
TiO, NT preparation by various methods has increased in recent
years. The synthesis of TiO, NTs has been carried out using a
well-aligned ZnO template nanorod array film and the sol—gel
process,” hydrothermal treatment,® and anodic oxidation.*’ In
this regard, the anodization process represents a low-cost method
to produce highly organized oxide nanomaterials'®~"® for dis-
tinct applications."*

In the case of anodization of Ti foils or films, it has been shown
that the presence of F~ or Cl™ ions in the anodization electrolyte
induces formation of TiO, NT arrays."> An oxidation/dissolu-
tion/etching model has been used to explain the formation of this
interestir}1§ structure.'® Since TiO, is active only in the ultraviolet

range,'”'® new electrolytes have been employed in order to
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impregnate in TiO, NTs with small quantities of atoms, such as
P, B, C, or N, thus altering its band gap and increasing the
absorption of light in the visible range.1 Moreover, the con-
trolled use of new electrolytes can propitiate new properties on
anodic oxides, such as improved growth rate and geometry
control (length, diameter, tube wall thickness, etc.).

The use of imidazolium ionic liquids (IL)"” " as a template,
electrolyte, or solvent to obtain TiO, NTs is quite recent with
just a few studies reporting their use.””** The first study on Ti
anodization with ionic liquids was reported by Schmuki and co-
workers.*” It was shown that anodization in the ionic liquid (IL)
1-n-butyl-3-methyl-imidazolium tetrafluoroborate (BMLBF,)
can be used directly to grow well-defined layers of self-organized
TiO, NTs on a Ti surface. The resulting nanotube layers had a
thickness in the range of approximately 300—650 nm, with
individual tubes of diameters between 27 and 43 nm. When
anodization was conducted in the water immiscible IL 1-n-butyl-
3-methyl-imidazolium hexafluorophosphate (BML.PF¢), no NTs
were formed. However, Misra and co-workers>® have shown that
when Ti was anodized in an electrolyte composed of an ethylene
glycol/water (EG/H,0) solution with 0.6 vol % of BMLBF,, the
formation of a double-walled TiO, NTs structure occurred. The
authors showed that, compared to similar single-walled TiO,
NTs and commercial TiO, nanoparticles, these double-walled
TiO, NTs displayed 2—4 times more photoactivity in terms of
hydrogen generation under solar light illumination by the split-
ting of water. Therefore, due to the interesting properties shown
by the incorporation of BMI.BF, in the anodization electrolyte, it
is attractive to extend and characterize the NT formation process
in conditions different from those in which it has been previously
reported.”® Also, the study TiO, NT photocatalytic activity is of
great importance for successful applications.

This study reports on the synthesis of self-organized single-
walled TiO, NT arrays by anodization in electrolytes composed
of ethylene glycol (EG), water, and BMLBF,. Herein, we
investigated the effects of the various parameters that control
TiO, NT arrays growth, such as anodization time, applied
voltage, water, and BMLBF, concentrations in the electrolyte.
Additionally, the photocatalytic activity of the prepared TiO, NT
arrays was tested for the methyl orange (MO) photodegradation,
a typical stable and difficult to degrade azo dye, and for photo-
catalytic hydrogen generation through water splitting.

2. EXPERIMENTAL SECTION

2.1. General Considerations. Methyl orange (MO), ethylene
glycol (EG, 99.8%) and titanium foils (Ti, 0.25 mm thick, 99.6%) were
purchased from Sigma-Aldrich, Synth and Goodfellow, respectively.
BMILBF, ionic liquid was synthesized as described in previous
reports”™*> and evacuated for 2 h at room temperature prior to
anodization.

2.2. TiO, NT Preparation. TiO, NT arrays were prepared by
anodization of 1 cm diameter Ti sheets in electrolytes composed of EG,
distilled water (from 0 to 30 vol %), and BMLBF, IL (from 0.6 to 1.5 vol %).
Prior to each anodization, Ti samples were cleaned with acetone
followed by a distilled water rinse. Anodization was performed at room
temperature using a standard two-electrode cell,”**® with Ti foil as the
anode and platinum foil (3 cm diameter) as the cathode under constant
applied voltage in the 20—100 V range. The distance between the
electrodes was maintained at 3 cm in all experiments. After the anodiza-
tion process, all the samples were rinsed with distilled water and dried in
air at room temperature.

2.3.TiO, NT Characterization. The TiO, NTs morphology was
characterized by scanning electron microscopy (SEM) using JEOL 6060
equipment. High resolution glancing-incident angle X-ray diffraction
(GI-XRD) was carried out at the Brazilian Synchrotron Light Laboratory
(LNLS) at the D10A-XRD2 beamline. In situ heating of the samples was
investigated to study the dependence of the sample crystallinity with
temperature. As a first step, each sample was heated directly to 400 °C
with a heating rate of 20 °C -min~". Then, without cooling, new
measurements were carried out at 500 and 600 °C.

2.4. Photocatalytic Activity Measurements. MO water solu-
tions (35 mL) with concentrations of 10 ppm were prepared to evaluate
the photocatalytic activity of the anatase phase of TiO, NTs annealed at
400 °C for 3 h. TiO, NTs were set in a specially built Teflon support in
the center of a photochemical reactor made of quartz. Photocatalysis of
MO solutions were carried out at room temperature with continuous
stirring by a magnetic Teflon bar. UV and visible light irradiation were
obtained from a 150 W mercury—xenon lamp (Sciencetech Inc.)
operating at about 78% power. The light beam was focused to homo-
geneously cover the entire photocatalyst surface (1.23 cm?). The
photocatalytic activity was evaluated as the percentage disappearance
of the dye based on the decrease of the absorbance band of MO at
464 nm recorded at regular time intervals following UV illumination.
The residual MO was measured, and thus, the percentage of MO
degradation was obtained. A UV-1601PC-VIS spectrophotometer
(Shimadzu Co. Japan) was used to measure the change in MO
absorbance.

Experiments on the photogeneration of hydrogen by water splitting
were carried out in a calibrated gas-closed photochemical reactor made
of Teflon as previously described."" Prior to irradiation, the system was
deaerated by bubbling argon through the reactor using custom-made
Teflon valves. Photocatalytic activities of the TiO, NTs were evaluated
by measuring hydrogen production by gas chromatography at room
temperature typically from a 20 vol % methanol/water solution.
Analyses were conducted on an Agilent 6820 GC Chromatograph
equipped with a thermal conductivity detector (TCD) and a § A
molecular sieve packed column with argon as the carrier gas. Using a
gastight syringe with a maximum volume of 500 uL, the amount of
hydrogen produced was measured in 1 h intervals.

3. RESULTS AND DISCUSSION

3.1. Investigation of Nanotube Growth. In order to inves-
tigate and optimize nanotubes growth in BML.BF, IL dissolved in
an ethylene glycol electrolyte, Ti anodization was carried out by
separately controlling the anodization time, voltage, water content,
and BMILBF, concentration. To investigate time and voltage,
the anodizations were performed in a fixed EG/H,0O mixture
(100:10 v/v) with 0.6 vol % BMLBF, ensuring that the electro-
lyte properties, such as conductivity and viscosity, were all the
same. SEM images of TiO, NTs obtained with different times of
anodization at an applied voltage of 60 V can be seen in Figure S1
in the Supporting Information. The TiO, NT length and bottom
diameter as a function of anodization time are summarized
in Figure lab, respectively. It was noted that a porous layer
formed on the top surface of the NT's in all conditions; therefore,
we chose to measure the bottom diameter as well as the pore
diameter of the TiO, NTs and not the NT’s mouth diameter.
Hereafter, surface diameter (Figure 1b) will refer to the pore
diameter of the top layer above the NTs. In the first minute of
anodization, only a thin nanoporous titanium dioxide layer was
formed (Figure S1, Supporting Information) and after S min,
nanotubular geometry started to be formed. Further anodization
increased the length and bottom diameter NTs, up to 30 min.
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Figure 1. Summary of TiO, NTs length (a) and bottom and surface
pore diameters (b) after anodization in EG/water (100:10 v/v) with 0.6
vol % BMLBF, at 60 V as a function of the anodization time.
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Figure 2. Representative SEM images of TiO, NTs (a—e), length (f)
and bottom and surface pore diameters (g) after anodization in EG/
water (100:10 v/v) with 0.6 vol % BMLBF, for 20 min as a function of
the applied potential.

From 30 to 180 min of anodization, the NT's continued to grow,
however, with a reduced growth rate. Interestingly, the limit of
400 nm for NTs length as reported in a previous study™ was
extended to 640 nm in our experiments. NT's length and bottom
diameter both stabilized near 600 and 210 nm, respectively, with
further anodization time. The behavior of surface pore diameter
was shown to be similar to the NTs bottom diameter.

The effect of the electric field on the TiO, NTs formation was
investigated by varying the applied potential from 20 to 110V for
20 min. Figure 2a—e shows SEM images of the TiO, NTs
anodized at different applied potentials. The corresponding tube
length and bottom diameter are summarized in Figure 2f,g,
respectively. At 20 V, only a dissolute oxide layer with microholes
at the top surface could be observed without any nanotubes
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Figure 3. TiO, NTs length (a) and bottom and surface pore diameters
(b) after 20 min of anodization at 60 V in 0.6 vol % of BMLBF, as a
function of water content in the electrolyte.
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Figure 4. TiO, NTs length (a) and bottom and surface pore diameters
(b) as a function of BMLBF, volume concentration after anodization at
60 V for 20 min.

(Figure 2a). Analyzing Figure 2, it is possible to infer that TiO,
NTs lengths and bottom diameters, as well as surface layer pore
diameters, increased as the applied potential increases, in agree-
ment with previously reported results.'® When the applied
potential increased, the NTs length and diameter increased
proportionally, reaching 1070 nm in length and 290 nm as the
bottom diameter at 100 V. It is well-known that there are three
key processes during the growth of nanotube arrays, i.e., field-
assisted oxidation at the metal/oxide interface, field-assisted
dissolution at the oxide/electrolyte interface at the tube bottom,
and chemical dissolution of produced nanotubes at the tube
mouth.>”*® These processes are responsible for two crucial rates
which in turn determine the final length of nanotube arrays: (i)
electrochemical etching rate, which is determined by field-
assisted oxidation and dissolution and (ii) the chemical dissolu-
tion rate, ie., the rate at which the TiO, nanotube arrays is
dissolved.'® As a consequence, longer NTs can be achieved for a
given time duration if the electrochemical etching rate at the tube
bottom is faster than the chemical dissolution rate at the tube
mouth; otherwise, shorter NTs or even no NTs are obtained. In
all studied conditions, from 50 to 100 V, the electrochemical
etching rate at the TiO, NTs bottom was faster than the chemical
dissolution rate at the tube mouth.

1361 dx.doi.org/10.1021/am200156d |[ACS Appl. Mater. Interfaces 2011, 3, 1359-1365
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Figure 5. TiO, NTs after anodization in EG/water/BMLBF, electro-
lytes. (a) Micrometric cavities on the top surface of samples. (b) Zoom-
scaled image showing the external compact layer and the nanoporous
layer inside the cavities. (c) Cross-section SEM image of the vertically
aligned TiO, NTs with the porous layer at the surface. (d) SEM image of
the nanopores at the top of the vertically aligned NTs. (¢) SEM image of
the smooth NTs bottoms.

Water concentration in the electrolyte was investigated by
anodization at 60 V for 20 min (arbitrarily chosen). As can be
seen in Figure 3, water concentration was a key factor determin-
ing NTs morphology during anodization in the EG/BMIBF,
electrolyte. With the increase in water content from 0 to 30 vol %,
the length of TiO, NTs decreased from 1000 to 100 nm. Bottom
diameters increased suddenly to 190 nm with increasing water
content from 0 to 1 vol % and then decreased slowly to 120 nm at
30 vol % H,O. The diameter of the pores on the surface layer
followed the same behavior of the NTs bottom diameter as water
content increased. Similar trends were found during anodization
in pure BMLBF,”* and in a fluoride/glycerol electrolyte.””
Representative SEM images of TiO, NTs after anodization in
electrolytes containing from 0 to 30 vol % water are shown in
Figure S2 in the Supporting Information.

The effect of ionic liquid concentration in the electrolyte was
also investigated by anodizing at 60 V for 20 min and fixing the
ratio of EG/H,0 at 100:10 v/v. Figure 4 presents the dependence
of TiO, NTs length and bottom diameter, as well as surface pore
diameter, on the BMILBF, volume content. TiO, NTs of approxi-
mately 650 nm in length, 208 nm bottom diameter, and 100 nm
surface pore diameter were obtained when the BMLBF, volume
concentration was 1.0% (see Figure 4). Below and above 1.0 vol %,
shorter lengths and smaller diameters were obtained. Typical SEM
images of the as-prepared TiO, NTs in the concentration interval
investigated (from 0.6 to 1.5 vol % BMILBF,) are presented in
Figure S3 in the Supporting Information. Similar trends were
observed when anodization was conducted in acid and organic
electrolytes associated with HE or NH,E.*°

Under all the above-mentioned anodization conditions, the
TiO, surface always showed micrometric cavities on its surface
(see Figure Sa to better visualize). Inside the cavities (Figure Sb),
vertically aligned TiO, NTs with a layer of nanopores covering
the surface were observed (Figure Sc). The NTs bottoms were
smooth, closed, and very well-defined, as were the surface pores
(Figure Sd).
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Figure 6. TiO, NTs after 20 min of anodization in EG/water (10:100 v/v)
+ 1.0 vol % BMLBF,. (a) NTs length and (b) NTs bottom diameter
and surface nanopore diameter as a function of the applied potential.
Top-view (c) and cross-section (d) SEM images of TiO, NTs anodized
at 100 V, showing that the nanopores were removed from of the surface
of the NTs.

Recently, Misra and co-workers™ reported the formation of
double-walled TiO, NTs using the same system studied here.
However, some contrasting results were found: (1) increasing
the applied potential from 60 to 80 V did not affect the length of
the NTs; (2) NTs did not grow to more than 350 nm under those
experimental conditions; (3) NTs were only formed between 60
and 80 V; and (4) anodization with EG/water and BMLBF, IL
lead to the formation of double-walled TiO, NTs.

Herein, TiO, NTs were clearly obtained from 50 to 100 V.
When the anodization conditions were varied, the 350 nm limit
was exceeded and, in all studied intervals, the NTs length and
diameter responded linearly with the applied potential. Double-
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Figure 7. GI-XRD patterns of TiO, NTs after anodization in a BMLBF,
ionic liquid-based electrolyte.

walled TiO, NTs were clearly not reproduced (Figure Sc). It is
possible that the pore layer at the top surface of the NT's might
have given the false impression of double-walled TiO, NTs if
they were only observed by a top-view SEM image.

Thus, to improve NT's growth rate and morphology and also
to try to remove the top nanoporous layer, anodization for 20
min was performed with different applied voltages with 1.0 vol %
BMI.BE,. The results are shown in Figure 6. The NT's length and
bottom diameter increased from 400 to 2800 nm and 155 to
270 nm, respectively, as the applied potential increased from 50
to 100 V. The porous layer continued to cover the top of the NT's
in the samples anodized from 50 to 80 V, and the diameter of the
pores increased as the applied potential increased. Interestingly,
this top layer was removed when anodization was conducted at
100 V, under which conditions the NTs revealed well-defined
bottoms, walls, and mouths (Figure 6c,d), similar to the anodiza-
tion behavior of TiO, NTs produced in a conventional fluorine
medium.*®

3.2. Structural Analysis. Figure 7 shows the high resolution
GI-XRD patterns of a typical sample obtained by anodization in a
BMIBEF, IL-based electrolyte, after annealing at 400, 500, and
600 °C in an air atmosphere. The as-fabricated NTs were
amorphous, showing only Ti peaks (results not shown). The
sample annealed at 400 °C showed a predominantly anatase
phase with little evidence of the rutile phase crystallization. When
the temperature was increased to 500 °C, a mixture of anatase
and rutile phases was obtained. At 600 °C, practically all the TiO,
was crystallized in the rutile phase.

3.3. Photocatalytic Activity of TiO, NTs: Degradation of
MO Dye Solutions and Hydrogen Photogeneration by
Water Splitting. The photocatalytic activity of the TiO, NTs
was investigated using only NT's crystallized in the anatase phase
(400 °C for 3 h), because this is the most active phase of titania
under UV light illumination."*" Figure 8 shows the decoloriza-
tion results of 10 ppm MO solutions in the presence or absence
of TiO, NT arrays for different time intervals during darkness
adsorption and illumination conditions. It can be seen that no
decolorization of MO was observed within 150 min in the
presence of the NTs without illumination or after irradiation of
the MO solutions in the absence of the NT arrays. These results
showed the well-known stability and resistance to degradation of
MO solutions. When illumination was carried out in the presence
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Figure 8. (a) Residual MO at different irradiation times for dark
conditions with NTs (filled squares), UV irradiation without TiO,
NTs (open squares), and irradiated solutions in the presence of NTs of
different length (L) and diameter (D) (filled and open circles). (b)
Apparent first-order linear plot of In(Cy/C)) versus the irradiation time
of MO degradation kinetics for TiO, NT arrays. Filled circles: L = 0.4 tm,
D = 180 nm. Open circles: L = 1 ym, D = 280 nm.

of NTs, the percent of residual MO at different UV light time
intervals decayed as a function of irradiation time (see Figure 8a).
It can also be seen in Figure 8 that changes in the length and
diameter of the NTs did not significantly modify the degrada-
tion rate.

The rate of the heterogeneous photocatalytic degradation of a
dye has been described by the Langmuir—Hinshelwood
mechanism®” which can be expressed by the following mathe-
matical equation:

dC  kK.C
dt 1+ KuC

(1)

where r represents the initial rate of photooxidation, C is the
variable concentration at any time f, k is the reaction rate
constant, and K,4 is the adsorption coeflicient of the dye on
the photocatalyst. If the concentration of the dye is low enough,
pseudofirst-order reaction conditions apply and the product
K,4C is very small as compared to 1 in the denominator of
eq 1. Integrating eq 1 after this simplification:

C
lnEO = kKC = kyppt (2)
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Figure 9. Hydrogen evolution from a 20 vol % methanol/water
solution with TiO, NTs of 1 um in length as the photocatalyst under
UV illumination.

where k,,, = kK,q4 is the apparent pseudofirst-order reaction rate
constant and Cj is the initial concentration of the dye.

Figure 8b shows the linear relationship of the natural
logarithm of the ratio between the initial concentration of MO
and its concentration after photocatalytic degradation (In(C,/C))
versus the corresponding irradiation time. The correlation constants
() for the fitted lines were calculated to be 0.980 and 0.999 (see
the legend of Figure 8), which indicates that the photocatalytic
degradation of MO can be described by a first-order kinetic
model. The value of k,,, obtained from the slopes of the linear
curves shown in Figure 8b gives an indication of the activity of the
photocatalyst. The small increase in photodecomposition rate of
MO observed with NTs of 1 um length can be assigned to a
higher geometrical surface area of these NTs compared to the
shorter ones. No attempt was made to measure the actual surface
area of the catalysts.

To further study the photocatalytic properties of the prepared
NT arrays, the water splitting reaction by UV irradiation in the
presence of the catalysts was investigated. Degradation of organic
pollutants (AOP: advance oxidative processes) takes place under
aerated conditions with the participation of photogenerated
holes. These holes act either directly or indirectly in the
degradation process via the generation of hydroxide radicals
(OH"). Additionally, other effective oxygenating agents such as
superoxide (O," ) or hydroperoxide (HO,") radicals may be
also produced on the surface of TiO, by the reduction of
atmospheric oxygen.*** These powerful oxidizing agents attack
pollutant molecules, ultimately leading to the production of
mineralization products. On the other hand, photoinduced
production of hydrogen from water takes place under unaerated
conditions and is achieved by photogenerated electrons, provid-
ing that their energy is sufficient to reduce protons into hydrogen
molecules.”> One of the major disadvantages of semiconductor
photocatalytic systems in terms of photoinduced hydrogen
production from water is their very low efliciency. That reaction
is mainly limited by the recombination reaction between photo-
generated electrons and holes.**>** The recombination rate can
be suppressed substantially with the use of electron donors as
sacrificial agents. Reactions using sacrificial agents are regarded as
half-reactions and are often employed in tests of photocatalytic
hydrogen or oxygen evolution. A large variety of sacrificial agents
can be used, and their role is to react irreversibly with the

photogenerated holes and/or oxygen, increasing the rate of
hydrogen production.®**>~*® Within this group of compounds,
alcohols are satisfactory hole scavengers, increasing apparent
quantum yields and enhancing rates of photocatalytic hydrogen
production.'’ The photogeneration of hydrogen by water split-
ting was tested using methanol as the sacrificial agent.

Under dark conditions, no formation of hydrogen was de-
tected on both types of TiO, NT arrays. On the other hand,
when UV light was incident on the NTs, hydrogen production
evolved steadily over extended periods of time. Figure 9 shows
the amounts of hydrogen evolution at room temperature from a
deoxygenated mixture of water with 20 vol % methanol and TiO,
NTs as the photocatalyst under typical UV irradiation condi-
tions. The rate of hydrogen evolution from TiO, NTs with a
phase composition of 100% anatase was 0.4 gmol h™' cm ™.

Heterogeneous photocatalysts have many times the potential
to be used in water-splitting reactions that produce hydrogen and
the degradation of organic pollutants. Recently, numerous con-
tributions have highlighted the relation of the photocatalytic
degradation of organic pollutants with simultaneous photoge-
neration of hydrogen.” ** However, the efficiency of both
processes is in general different and depends on catalyst
properties,”’ particle size,** and in particular the kinetics of the
chemical reactions that lead to final O, and H, formation.*® It is
possible to find in the literature a wide variety of publications
showing catalytic activities for hydrogen production or degrada-
tion of pollutants. To a much lower extent, examples can be
found that a particular catalyst can be used efficiently for both
processes. The results presented here show that the TiO, NT
arrays prepared in presence of low BMLBF, concentrations have
the potential to be used in AOP and hydrogen production
reactions over extended periods of time. These processes are
carried out at room temperature and represent environmentally
friendly methods for wastewater treatment, with simultaneous
production of a clean and renewable energy source. The activities
of the TiO, NTs anodized in EG/BMIBF-based electrolytes
under visible light illumination are currently being investigated.

4. CONCLUSIONS

TiO, NT length and bottom diameter can be controlled by
choosing the voltage, water and BMIL.BF, volume content, and
anodization time. Increasing the water content reduces the TiO,
NT growth rate. As expected, a linear increase of NT length and
diameter was found when the voltage was increased during
anodization from 20 to 100 V. In general, a nanoporous layer
was formed at the top surface of the NTs, except when anodiza-
tion occurred at 100 V with 1 vol % BMLBF,, under which
conditions the NT mouth was revealed. Additionally, a maximum
NT growth rate was obtained at 1.0 vol % BMLBF, Under the
experimental conditions herein reported, highly ordered single-
walled TiO, NT arrays up to 2.8 um in length and 280 nm in
bottom diameter can be achieved by anodization in EG/H,0/
BMILBF, electrolytes over relatively short periods of time (~20 min),
in contrast to the recently reported double-walled TiO, NTs
using EG/H,O/BMIBE, electrolytes. Moreover, the TiO,
NTs obtained by anodization in BMLBF -based electrolytes
showed photocatalytic activities for the degradation of pollutants
using MO dye as a prototype in AOP and hydrogen generation
by the splitting of water in the presence of methanol as the
sacrificial agent. The results provided here are highly promising
in view of various photocatalytic applications of the prepared
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TiO, nanotubular anatase catalysts. The photocatalytic activity
can even be strongly enhanced if a secondary material, such as
a suitable noble metal species, can successfully be deposited
into the tubes, thus proving great potential for commercial
applications.

B ASSOCIATED CONTENT

© Ssupporting Information. Figure showing, as a function
of the anodization time, the top surface, cross-section, and
bottom SEM images of TiO, NTs after anodization in EG/water
(100:10 v/v) with 0.6 vol % BMLBF, at 60 V; figure showing
SEM images of TiO, NT's after 20 min of anodization at 60 V in
0.6 vol % BMI.BF, with different EG/water vol % ratios; figure
showing, as a function of BMI.BF, content, SEM images of TiO,
NTs after 20 min of anodization at 60 V in an electrolyte
composed of 10:100 vol % mixture of EG/water. This material
is available free of charge via the Internet at http://pubs.acs.org.
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