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Abstract

Anatase nanotubes were synthesized by a template method from four different titanium
precursors. Anodized aluminum oxide membranes with a 200-nm pore diameter were
used as templates. The resulting nanostructures were characterized by electron micros-
copies, Raman spectroscopy, X-ray diffraction and nitro- gen adsorption. Their
photoactivities towards methylene blue dye decomposition were measured and compared
with commercial anatase powder (Aldrich, [99%, -325 mesh). Anatase nanotubes
obtained from Ti isopropoxide exhibited the longest hollow tubular structures with less
amorphous material and the highest surface area, 56 m? g'!. Despite TiO2 nanotubes
showing lower photocatalytic activity than commercial anatase, the possibility of their
recovery through several cycles and the feasibility of their utilization in continuous

cycling processing make them potential materials of interest in green chemistry
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Introduction

The photoinduced mechanism [1] that takes place in titanium oxide (TiO2) has been
studied since the end of the 1960s. This process has been given a wide range of
applications in several fields such as photovoltaics [2, 3], environmental photocatalysis
[4], and most recently, in the area of superhydrophilicity [5, 6]. Even though all photo-
induced phenomena imply surface bound redox reactions, it is important to note that the
type of photochemistry involved in photocatalysis reactions and hydrophilicity
phenomena are completely different and can occur simultaneously on the same surface
[7].

Absorption of a photon with sufficient energy by a TiO2 crystal leads to a charge
separation owing to an electron promotion to the conduction band and a resulting hole in
the valence band [8]. The electron—hole pair tends to migrate to the crystal surface. If the
pair reaches the surface without recombination, then use can be made of the hole or the
electron (depending on the final application), e.g. for electrical current generation in
photovoltaic solar cells, for hydrogen production or for antifogging surfaces [2-6].
Another interesting application for TiO2 has been found in the field of self-cleaning
surfaces and contaminant destruction. One example of these undesirable substances is
dye. Large amounts of dyes are produced by industry every year, and their uncontrolled
discharge into bodies of water can cause drastic damage to the aquatic environment [9].
Dyes are environmentally harmful even at low concentrations because of the induced
change in the color of water. This effect is deeply unpleasant because it limits the access
to sunlight by aquatic flora, reducing the photo- synthetic action within the ecosystem
[10]. Dye elimination is complicated by conventional wastewater treatments owing to its
inherent high values of chemical oxygen demand (COD) and biochemical oxygen
demand (BOD). In this context, heterogeneous photocatalysis may be used as an
alternative solution for dye degradation, and TiO2 could be a considerable candidate
because of its high catalytic efficiency, high chemical stability, low cost and non- toxic
nature. However, TiO2 suspensions in water show high stability, which hinders
separation of the catalyst from water and, consequently, its recovery and reuse [11]. A
viable solution to this drawback could be found in developing new TiO2-based

morphologies in nanostructured materials.



Anatase and rutile are the photosensitive crystalline phases of TiO2. The required energy
for the electron pro- motion from the valence band to the conduction band is 3.2 eV for
anatase and 3.0 eV for rutile [12, 13]. One of the most popular strategies to ensure the
success of the photoinduced mechanisms in TiO2 materials is by reducing the migration
path to the crystal surface (and consequently the possibility of the hole—electron pair
recombination) whilst obtaining a larger catalytic surface. Hence, many efforts have been
made in the last years to produce TiO2 nanostructured materials shaped like small
particles [14, 15], tubes [16, 17] and rods [18, 19] with nanometric diameters. In
particular, TiO2 nanotubes can be synthesized in different ways: the hydrothermal
method [20, 21], the template method [22, 23], and the electrochemical method [24]
including electrochemical oxidation of Ti metal in electrolytes containing fluoride ions
[25, 26]. In this study, we obtained anatase nanotubes using a template-based
methodology inspired by the impregnation—decomposition method reported by
Michailowski et al. [27]. In addition to titanium isopropoxide precursor reported in [27],
three more precursors and a simpler set up were used. This approach is based on a
template containing tubular channels with nanometric diameters. The channels are filled
with different titanium sources. After an appropriate thermal treatment and template
removal, the obtained material consists of TiO2 nanotubes with the same dimensional
features as the template channels. We chose anodized aluminum oxide membranes as the
nanotubes templates. These membranes were commercially available with a well-defined
channel diameter size. The material characterization by electron microscopies, X-ray
diffraction (XRD), nitrogen adsorption and Raman techniques allowed us to determine
the best titanium source and the optimized experimental conditions for obtaining anatase
nanotubes with the highest specific catalytic surface. Finally, we tested the ability of our
materials to destroy a model compound, methylene blue (MB), and evaluated the
efficiency of its recovery in comparison with commercial anatase (Aldrich, [99%, -325
mesh).

Experimental methods

TiO2 nanotube production and characterization

Experiments were carried out using porous alumina membranes (Whatman Anodisc) as

templates. These membranes are made of high-purity anodized alumina and exhibit high



pore densities and narrow pore size distributions with an average diameter of 200 nm
(Fig. 1). Each titanium precursor (TiP) was poured into a schlenk (Fig. 2) and immersed
in liquid nitrogen to freeze the TiP. When the precursor was completely solidified in the
Schlenk, the nanoporous alumina membrane was introduced and kept in contact with the
solid surface of the TiP. The Schlenk was then closed and evacuated through the lateral
valve (Fig. 2) with the aim of removing all the air from the membrane pores, before being
taken out of the liquid nitrogen. The TiP was allowed to melt by reaching room
temperature and the membrane sank into the liquid TiP. By opening the valve, the change
from vacuum to atmospheric pressure forced the liquid to fill the membrane pores [27].
The template was carefully wiped to remove excess TiP. The subsequent step involved
the template being heated in an oven for 15 min at 608 C to decompose the TiP into
TiO2. The previously described steps (immersion, freezing, pore filling and
decomposition) were repeated with the as- obtained sample to improve the process yield.
The sample was finally introduced into a quartz tubular furnace and heated to 500 C for 1
h in air stream to induce the conversion of amorphous TiO2 into its anatase (crystallized)
form. After cooling to room temperature, the template was chemically removed in a
phosphoric acid (6% wt) and chromic acid (1.5% wt) solution at 80 C for 15 min.

This impregnation—decomposition routine was successively tested with four different
TiPs: Titanium isopropoxide (Aldrich), Titanium butoxide (Aldrich), Titanium propoxide
(Aldrich) and TiCl4 (Aldrich). In addition, TiPs viscosities were measured by a DV-E
viscosimeter (Brookfield Engineering Laboratories) and are listed in Table 1. The
nanostructured materials obtained from the different TiPs were characterized by scanning
electron microscopy, SEM (Hitachi S-3400N), transmission electron microscopy, TEM
(JEOL-200FXII), X-ray diffraction, XRD, (Bruker AXS D8 Advance diffractometer),
nitrogen adsorption (Micromeritics ASAP 2020) and Raman spectroscopy (Jovin Yvon
HR-8400UV) techniques.

Because of its influence on the pore filling step, vacuum time needed to be optimized in
order to control the process yield and consequently maximize TiO2 nanotube production.
Anatase photocatalytic activity measurements

The photocatalytic activity measurements were carried out in a photocatalytic reactor

consisting of a 1-L quartz vessel with two valves (air entrance and purge), a sample col-



lector and two UV lamps [Philips TL§W(Hg)]. The lamps emitted a minute fraction of
the total radiation at 324 and 325 nm and the rest between 342 and 400 nm with a
maximum irradiance peak at 365 nm (3.4 eV). The reactor configuration is schematically
represented in Fig. 3. After a check was made that there was no decolourization with UV
irradiation or TiO2 alone, 300 mL of 5 ppm MB solution in water was introduced into the
reactor together with 100 mg of the tested photocatalyst [the different synthesized TiO2
nanotubes and the commercial anatase (Aldrich, [99%, -325 mesh)]. The mixture was
stirred in darkness at 250 rpm for 30 min to assure reactant wall saturation with the MB.
The different mixtures obtained were subsequently aerated and illuminated by the UV
lamps. 3-mL samples were regularly extracted and filtered. The MB degradation was
monitored on a UV—vis Spectrometer (Shimadzu UV-3600) at 662 nm.

Anatase catalyst recycling

After MB photodegradation, the TiO2 catalysts (nanotubes and commercial) were filtered
[Omnipore Membrane PTFE (Millipore), 5 um] and washed with water. They were once
again added to the photoreactor to be reused in another MB dye, and
photodecompositions were readjusted to keep equivalent experimental conditions in all
the cycles.

Results and discussion

During the TiO2 production by the described template method, it was observed that the
vacuum time had a significant influence on the material yield. For this reason, it was
necessary to optimize this parameter to maximize production of the desired material.
Figure 4 plots the evolution of the nanotubes yield production [Yield% = (g TiO2
nanotubes/g template) 9 100] with the vacuum time. A marked increment in the
nanotubes yield was registered for the shortest tested vacuum times. A critical vacuum
time was found when maximum yield was reached. From this point (critical vacuum time
= 60 min for nanotubes obtained from Ti isopropoxide), no increase was observed for
longer vacuum times. This critical vacuum time could be interpreted as the moment when
the template pores are completely filled.

Figure 5 shows the SEM micrographs corresponding to the TiO2 nanostructures obtained
from Ti isopropoxide (a, b), Ti propoxide (c, d), Ti butoxide (e) and TiCl4 (f) following

the experimental method described in the previous section. Nanotube structures were



successfully produced from the three first precursors. Only in the case of TiCl4 was the
chosen approach not valid because most of the obtained material was amorphous and
only a few tube arrays were observed. By examining Fig. 5 in detail, it can be noted that
TiO2 nanotubes obtained from Ti isopropoxide (a, b) exhibit longer tubular structures
with a lower presence of amorphous material. When nanotubes obtained from Ti
isopropoxide (a, b) are compared with those obtained from Ti propoxide (c, d) and Ti
butoxide (e), shorter and irregular tube fragments were clearly detected in the two last
cases. The morphological differences observed amongst the TiO2 nanotubes obtained
from the different TiPs could be related to their different viscosity. In Table 1, the
experimental viscosities for the three TiPs are listed. Ti isopropoxide was significantly
less viscous than the other TiPs. Thus, Ti isopropoxide would exhibit higher wettability
of the alu- mina membranes implying improved accuracy to transfer the tubular
morphology of the membrane pores to the resulting TiO2 nanotubes.

Ti02 nanotubes obtained from the isopropoxide pre- cursor were also characterized by
TEM. Two representative images are shown in Fig. 6. Tubular hollow structures with a
diameter of approximately 200 nm were observed. The final tube diameter is determined
by the template pore diameter. The tubes are composed of a single-wrapped monolayer
with an estimated thickness of around 20 nm.

BET surface area results for TiO2 nanotubes obtained from the different Ti precursors
(excluding TiCl4) are listed in Table 2. Although all the results are comparable, the
highest value relates to nanotubes synthesized from the isopropoxide precursor. The role
of surface area in the photoactivity efficiency of TiO2 is later discussed in terms of
mechanistic considerations.

Figure 7 shows the Raman spectra of the TiO2 nanotubes obtained from the different Ti
precursors. TiO2 is known to exist in three crystalline modifications: rutile (tetragonal),
anatase (tetragonal) and brookite (ortho- rhombic). Each octahedron in anatase is
connected to two edge-sharing octahedrons and eight corner-sharing octahedrons. This
occurs in rutile with four edge-sharing octahedrons and four corner-sharing octahedrons
[28]. Thus, anatase and rutile have different space groups and, consequently, different
vibration active modes. In our case, all registered Raman spectra fitted with that obtained

for the commercial anatase. From the group theory analysis, anatase has six Raman active



modes, Alg + 2B1g + 3Eg [28], which are identified at 141 cm-1 (Eg), 195 cm-1 (Eg),
395 cm-1 (Blg), 478 cm-1 (Alg), 514 cm-1 (B1 g) and 638 cm-1 (Eg) with the peak
appearing first being the most intense. Nevertheless, two important differences must be
considered. The peaks corresponding to the anatase nanotubes appeared broadened and
slightly shifted (~11 nm) in comparison with their equivalents in the commercial anatase.
The reason for this is that Raman spectroscopy wave vector selection rules, which limit
the wave vector of detectable phonons to the Brillouin zone centre, break down at a
sufficiently small size [29]. The wall of an anatase nanotube can be understood as a
collapse of anatase nanoparticles smaller than those present in commercial anatase
powders.

The crystallinity of TiO2 samples can be comparatively evaluated via the relative
intensity and resolution of the diffraction peaks of the anatase. Figure 8 shows the XRD
patterns of the commercial anatase and the TiO2 nanotubes obtained from the different Ti
precursors. The commercial material exhibited higher intensity and narrower peaks than
Ti02 nanotubes. TiO2 nanotubes obtained from Ti isopropoxide exhibited slightly higher
crystallinity than the nanotubes obtained from the other TiPs.

Anatase is the most popular catalyst for dye contaminant degradation. However, the
effect of the structural changes from micro- to nanocrystals must be considered not only
in terms of crystal size but also of the induced deformation due to the plane curvature that
could affect photocatalyst performance. A few related works can be found in the
literature [30, 31], but a detailed study of the photocatalytic properties of TiO2 nanotubes
is still required. In this article, the decolourization of MB was monitored as a function of
time in the presence of TiO2 anatase nanotubes obtained from Ti isopropoxide, Ti
propoxide and Ti butoxide precursors. This dye degradation was also tested in the
presence of commercial anatase TiO2 to evaluate the photocatalytic ability of nanotubes
in comparison with the commercial photocatalyst.

Figure 9 shows the degradation rate of MB by the anatase TiO2 nanotubes obtained from
the three Ti chosen precursors. By comparing nanotubes, the best results in terms of
activity were found for those obtained from Ti isopropoxide. This result can be explained
as a result of the role played by surface area on the dominant photocatalytic mechanism.

There are two proposed mechanisms to explain the dye degradation by anatase [32].



Hole—electron pairs are generated when the anatase is illuminated. In the first mechanism,
the dye is attached to the anatase surface. The generated hole migrates to the surface,
where electron transfer occurs from the dye molecule to the anatase to neutralize the hole
and the dye molecule is consequently oxidized. The second mechanism involves water
molecules becoming attached to the anatase surface. In this case, the water molecule is
oxidized, and hydroxyl radicals (OH) are generated [H20 + hole” = OH + H']. The
hydroxyl radical is a very powerful oxidant that is able to migrate to the dye surface and
destroy it. By considering that the aromatic groups in MB show great affinity towards the
anatase surface, we propose here that the direct dye oxidation attached to the catalyst
surface might be the dominant mechanism, which would explain that the nanotubes with
the highest surface area exhibit the highest degradation activity [32]. Nevertheless, the
experimental results revealed that commercial anatase TiO2 showed a higher degradation
rate and, consequently, better photocatalytic activity than all anatase nanotubes, even
taking into account the fact that nanotubes have a higher surface area. This can be
explained by the higher crystallinity of the commercial anatase [33] observed by XRD.
Also, the higher stability of commercial anatase TiO2 powders in water might increase
the contact between contaminant and catalyst allowing improved photocatalytic activity.
This observation agrees with the literature [31, 34]. Finally, recycling studies were
carried out with commercial anatase TiO2 and TiO2 nanotubes obtained from the Ti
isopropoxide to compare both materials. The results are shown in Fig. 10. These
experiments revealed that TiO2 nanotubes are recovered more efficiently than
commercial anatase, with re-utilization of the commercial material being ruled out. The
reason for this is that the better stability of commercial anatase microcrystals in water
(even forming hydro-colloidal suspensions [34]) limits its recovery by a simple filtration
process, which is possible in the case of the anatase nanotubes. After the five consecutive
photocatalytic experiments, the recovered materials were characterized by SEM (images
not shown), and it was confirmed that the nanotube morphology was not destroyed.
Efficient recovery is an added value for the TiO2 nanotubes catalyst since this allows it to
be recycled, in line with the principles of green chemistry. [35].

Conclusions



TiO2 nanotubes were synthesized by a template method based on impregnation—
decomposition routines using four different TiPs (Ti isopropoxide, Ti propoxide, Ti
butoxide and TiCl4) as channel fillers. It was observed that the vacuum time had a
significant influence on the material yield, and a critical value (60 min for Ti
isopropoxide experiment) was found corresponding to complete pore filling. The
diameter of nanotubes fitted the pore diameter of the anodized alumina membranes used
as templates (~200 nm).

TiO2 nanotubes obtained from Ti isopropoxide exhibited the longest hollow tubular
structures with lowest presence of amorphous material. The nanotubes synthesized from
the isopropoxide precursor also produced the highest surface area values.

Raman and XRD studies of the obtained TiO2 nanotubes confirmed their existence in the
anatase crystalline form.

The photoactivity of the anatase nanotubes obtained from Ti isopropoxide, Ti1 propoxide
and Ti butoxide pre- cursors towards MB dye degradation were measured and compared
with the commercial anatase photocatalyst. Amongst the synthesized anatase nanotubes,
the best results were found for those obtained from Ti isopropoxide. By assuming direct
oxidation of the dye molecule attached to the catalyst surface as the dominant
mechanism, the experimental observations were consistent with mechanistic
considerations; in other words, anatase nanotubes with the highest surface area exhibit
the highest degradation activity. Commercial anatase photoactivity towards MB
elimination was not improved with regard to degradation rate as its higher stability in
water increased the contaminant—catalyst contact. Nevertheless, in comparison with the
commercial powders, the more efficient recovery of the synthesized anatase nanotubes,
and their consequent recycling supported their utilization as an alternative
environmentally friendly photocatalyst in wastewater treatment, in accordance with the
principles of green chemistry.
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Figures

Fig. 1 SEM micrographs showing a the top-view, scale bar 5 Im and b the cross section of
the 200-nm porous alumina membranes used as templates for TiO2 nanotube synthesis,
scale bar 40 pm

Fig. 2 Schematic diagram of the modified impregnation—decomposition method used to
produce TiO2 nanotubes

Fig. 3 Schematic configuration of the photoreactor used to carry out MB
photodegradation

Fig. 4 Influence of vacuum time on anatase nanotube production yield

Fig. 5 SEM micrographs showing the TiO2 materials produced from (a, b) titanium
isopropoxide, scale bar a 50 um, b 5 um; c, d titanium propoxide, scale bar ¢ 30 um d 5
pm; e titanium butoxide, scale bar 5 um; f TiCl4, scale bar 10 um. Tubular structures
were only observed with the first three precursors

Fig. 6 TEM micrographs showing the hollow cylindrical structure of the TiO2 nanotubes
obtained from the titanium isopropoxide precursor. Scale bar a 0.5 um and b 50 nm

Fig. 7 Raman spectra of the TiO2 nanotubes obtained from various titanium precursors
showing the characteristic peaks corresponding to the anatase crystalline structure

Fig. 8 XRD patterns of commercial anatase powder (a) and TiO2 nanotubes obtained
from Ti butoxide (b), from Ti propoxide (c) and from Ti isopropoxide (d)

Fig. 9 Rates of photocatalysed degradation of the methylene blue dye in the presence of
anatase TiO2 and nanotube TiO2 obtained from titanium isopropoxide, titanium
propoxide and titanium butoxide

Fig. 10 Recovery of the commercial anatase and the TiO2 nanotubes obtained from

titanium isopropoxide concentration through five consecutive photocatalytic

Tables
Table 1 Viscosity of the titanium precursors used for the TiO2 nanotube synthesis
measured at 25 °C

Table 2 Specific surface values calculated by the BET method for various TiO2 materials
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Figure 7
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Figure 9
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Table 1

Ti precursor Viscosity (cP) at 25 °C
Ti isopropoxide 71.85
Ti propoxide 348.28
Ti butoxide 1136.26
Table 2
Tio, material BET surface
(m“g)
Commercial anatase 8
Ti isopropoxide-nanotubes 54
Ti propoxide-nanotubes 36
Ti butoxide-nanotubes 32
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