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Abstract

Titanate nanotubes were successfully synthesized using the microwave-assisted hydrothermal method from commercial TiO,-anatase powder.
Several samples were obtained at varying temperatures and time. Powder samples containing titanate nanotube (Na,TicO,3) single phase were
obtained at 130 °C for 4 h and 150 °C for 2 h, demonstrating the kinetics dependence of reaction temperature. Through XRD analysis and electron
diffraction pattern, the nanotube structures were found to be composed of a short range ordering, thus giving rise to a broad XRD peak profile. The
higher time and temperature (150 °C for 4 h) led to the formation of more organized structures. The nanotubes UV—-vis spectra showed a band gap of
3.90 eV and a shoulder on the curve which led to another band gap value 3.25 eV. The photoluminescence spectrum emission peak presented a
significant decrease, indicating the reduction of surface or structural defects of titanate nanotubes due to longer hydrothermal treatment duration. All
structural, electronics and morphologics transformation led to an improvement on photocatalytic activities for nanotubes, especially the sample
obtained at 150 °C for 1 h that rate of decolorization is 0.01879 min !, 2.25 times faster than TiO,-anatase (starting phase).

© 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The increasing demand in materials exhibiting high surface
areas for technological purposes such as adsorbents [I],
sensors [2—4], photocatalysts [5,6], agriculture [7] and drug
delivery [8,9] has led to innovative approaches for dioxide
titanium (TiO,) based materials. To this end and for attaining
success in the above-mentioned applications, the need for more
efficient materials with higher surface area cannot be over-
emphasized. Chemical synthesis methods can also be used for
this purpose, such as microemulsion technique [10], sol-gel
[11], Polymeric Precursor [12], and Hydrothermal [13], as well
as changes in synthesis parameters like temperature, time and
pH, or the use of modifiers as carbon [14], nitrogen [15] and
basic cations (Mg>*, K*, Ba®", Zn>T) [16] wich led to
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improvement on materials properties. These approaches can
enhance the morphological, mechanical, electric, optical and
thermal properties of nanoparticles surfaces, including the
development of 1D nanostructures, such as tubes, wires or
needles [17]. Several synthesis routes have been studied since
titanium nanotube synthesis was described for hydrothermal
conventional method from the titanium oxide [18,19]. Other
studies have also been conducted using similar methodology
[20-22]. The effects of the concentration of NaOH on the
structures and formation mechanisms of various titanate was
presented in a detailed in a study and was found that the
morphologies of the titanate products were determined by the
concentration of NaOH [23]. Starting from titanium dioxide at
low temperature, an effective 1D structure only occurs after
about 20 h using the conventional hydrothermal method.
Microwave as the heat source was found to reduce the reaction
time to around 2 or 3 h, but a further reduction can be attained
with an increase in temperature [24,25]. The parameters of the
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microwave-assisted hydrothermal synthesis, such as reaction
time and temperature, TiO, amount and power source of the
equipment were studied in order to understand their influence
on the process of obtaining nanowires. Results have shown
that the temperature affects most notably the product morphol-
ogy, while the treatment time affects the final length as well as
the amount of nanowires[24]. Indeed, the structure—property
correlation for these materials requires yet further investiga-
tions and the primary goal of this work is to investigate some
of these aspects for the sodium titanate nanotube synthesis
by the microwave-assisted hydrothermal method. This
paper shows the influence of time and temperature on the
sodium titanate nanotube synthesis as well as the variations in
photoluminescence, electronic properties and photocatalysis
activities as a consequence of the structure and morphology
obtained.

2. Material and methods
2.1. Synthesis

The microwave-assisted hydrothermal method (MAH) was
used to synthesize sodium titanate nanotubes. By using a
digester CEM Corp. brand. (Matthews, NC), model-5 MARS
set to 450 W in operating power, reagents which have not
been previously purified were inserted into a closed Teflon®™
(XP-1500) vessel. A sodium hydroxide solution at concentra-
tion of 10 mol L™ " was prepared using NaOH pellets (Synth).
Then 0.4286 g of TiO,-anatase powder (VETEC) with parti-
cles size of about 100 nm was added to the previous solution in
order to obtain a suspension volume of 50 mL. A number of
synthesis conditions were investigated, varying the tempera-
ture from 130 to 200 °C and the time reaction from 30 min to
4 h. The powder samples obtained were washed with deionized
water until the pH was stabilized to about 6.0 and were then
dried at room temperature.

2.2. Samples characterization

All of the samples were morphologically and structurally
characterized by X-ray diffractometry (XRD), Raman spectro-
scopy and scanning and transmission electron microscopy.
For the XRD technique, a Rigaku 2000 diffractometer with
monochromatic Cu Ka radiation at 26 range of 10-80°
with step of 0.01° was used. The particles morphology was
investigated by scanning electron microscopy (SEM) on a
JEOL FEG-SEM, JSM-7500F and Transmission Electron
Microscopy (TEM) Philips CM 200. For the Raman spectro-
scopy characterization, a Bruker equipment RFS100/S with a
Nd:YAG laser providing an excitation light at 1.064 with a
spectral resolution of 2 cm ™', in the range 1100-20 cm ™' and
64 scans was used. The photonic characteristics were analyzed
by UV-vis diffuse reflectance using a Cary spectrophoto-
meter UV-vis NIR and 500 by MgO as a reflectance standard
in order to calculate the band gap values. Besides that, the
photoluminescence spectra were collected through a Thermal
Jarrel-Ash monochromator Monospec 27 and a Hamamatsu
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R446 photomultiplier, with wavelength of 350 nm for excitation
of krypton laser ions (Coherent Innova) with power maintained
at 550 mW.

Photocatalytic studies were carried out using 100 mg L ™" of
TiO,-anatase and nanotubes sample dispersed in 500 mL of
0.01 mmol L™ " aqueous solution of rhodamine-B. The sus-
pended solution was stirred a few minutes in the dark and then
it was put under a Phillips germicide lamp (254 nm). Degrada-
tion was monitored by taking aliquots at increasing time
intervals. These aliquots were filtered with Millipore®
(0,45 pm) membranes and then tested using a UV-vis Femto
Cirrus 80PR spectrometer to get the absorption spectra.
The concentration curve was obtained by max rhodamine-B
absorbance peak (554 nm). The rate of degradation was
obtained according to Eq. (1):

In <%) =kt (1)

where Ay is the initial absorbance, namely, after stirred a few
minutes in the dark, and A is the characteristic absorbance peak
at degradation for a time, .

3. Results and discussion

The XRD patterns for the powder samples obtained by
MAH at 130 °C, 150 °C, 180 °C and 200 °C for varying
reaction times (0.5—4 h) are shown in Fig. 1. For a temperature
of 130 °C (Fig. la), the anatase phase (A), which is the single
one in the starting powder remains highly crystalline with the
time of reaction in spite of its rapid consumption toward the
formation of the nanotube phase (:k). The anatase TiO, phase
was identified following its comparison with JCPDS card no.
21-1272, which possesses space group I41/amd and lattice
volume of 136.26 A*>. Through the Rietveld refinement
mechanism using structural model found in ICSD database
(card no. 200392), the anatase phase in the starting powder
was found to have a and c lattice parameters of 3.7848 and
9.5119 A, respectively.

The sodium titanate nanotube formed in the reaction
presents to a large extent very broad peaks both to the
excessive peak overlapping and to the small nanometer size
dimensions of the tubes. The main peaks are localized at
20=24, 28 and 48° and the most intense one at 20=10°,
which can be related to these nanostructures, that have
originated from titanate interlayers. In Fig. I it is possible to
see that the difractograms start at 260=10°, except for sample
obtained at 180 °C (Fig. 1c) which starts at 20=5° and shows
these peaks profile clearly. From these peaks profiles there
are several possible structures, such as Na,Ti,Os-H50,
H,Ti409 - H,O or the lepidocrocite titanate Na,H, ,Ti;O-,
and H,Ti,O4(OH),, the non-washed hydrated titanic acid
H,Ti,05.H,0 and the sodium trititanate nanotube (Na,Ti;0-)
as reported in the literature [26-29]. However, following a
series of attempts to refine them all including the other ones, it
was noted that the structure that exhibited the best adjustment
corresponded to the composition Na,TigO;3 and C2/m
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Fig. 1. XRD patterns for powder samples obtained from 0.5 to 4 h by MAH assisted at (a) 130 °C, (b) 150 °C, (c) 180 °C and (d) 200 °C (A =TiO,-anatase phase;
*=Na,TigO3).
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monoclinic space group, a finding which has not yet been
reported elsewhere.

This observation is based on the Rietveld refinement
mechanism as the monoclinic C2/m sodium titanate nanotube
Na,TigO13 with structural model found in ICSD database
(card no. 1962) presented the lowest derived R—F (6.3) and a
goodness-of-fit of 1.2. The other structure investigated by the
refinement method does not reach derived R—F values lower
than 18 and goodness-of-fit lower than 4, thus making the
monoclinic C2/m sodium titanate nanotube Na,TigO,5 phase
the most probable structure.

With regard to the Na,TigO;3 phase, the original lattice
volume was 512.18 A3, but for the refined structure, this value
rose to 637.44 A>. A comparison of the lattice parameters
indicated the presence of an isotropic stretching in a, b and ¢
lattice parameters. However, both the anatase and sodium
titanate nanotubes Na,TigO;3 phases do not change signifi-
cantly during the reaction, indicating that the process occurs
by the dissolution—precipitation process, regardless of the
synthesis temperature.

At 130 °C, the quantitative phase analysis shows a moderate
anatase phase lixiviation, presenting a residual anatase phase
of 65mol% for 1h. After 2h, the residual anatase phase
decreases to 50 mol% and to 25 and 8 mol% following 3 and
4 h of reaction respectively. Despite the fact that the anatase
peak intensity for 2 h does not seem feasible once compared to
the sample obtained after 1 h of reaction, the sodium titanate
nanotubes peak profile undergoes a change in order to obtain
different pondered phase amount. It is only after 3 h of reaction
that the anatase particle consumption is significant enough to
reduce the peak intensity while the anatase starting phase
completely disappears in XRD pattern after 4 h of reaction.

By raising the temperature to 150 °C (Fig. 1b), the initial
amount of anatase phase which was 50 mol% was found to
decrease to 12 mol% after 2 h. Following 3 h of reaction, the
anatase phase was found to be totally consumed and the same
result was detectable for higher temperatures, such as 180 and
200 °C (Fig. lc and d, respectively), even at the shortest
reaction time. From these considerations we conclude that
the transformation process by dissolution—precipitation under-
goes the direct influence of temperature, reducing the time of
processing.

Comparing the structural information obtained by XRD
patterns with the morphological analysis obtained using SEM
characterization (Fig. 2), it is possible to affirm the existence
of a sequence of nanotube formation for both temperatures
(130 °C and 150 °C). The sequence as can be seen in Fig. 2a—c
from the SEM images, for synthesis reaction at 130 °C, that
shows that the titanate nanotubes (Fig. 2b) are formed and they
are found to grow by consuming the anatase starting particles
(Fig. 2a). This mechanism results in specific hybrid morphol-
ogy during intermediate stages and after 4 h of reaction the
tubes become very long and coiled as seen in Fig. 2¢c. On the
other hand, the titanate nanotubes are formed quickly at
150 °C, and even at a short time of reaction (1 h) the nanotube
is found to be predominant in the sample, where some small
TiO,-anatase particles found remaining are dispersed into the
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nanotube matrix (Fig. 2d). Although after 4 h of reaction
(Fig. 2e), the anatase starting phase is found to be already
entirely consumed while the nanotubes are found exhibiting
thicker walls, the sample however yet presents 1D mor-
phology.

Taking into account the results obtained by conventional
hydrothermal synthesis, using either commercial P25 or
sol-gel synthesized TiO, powders in NaOH 10 mol L™'
aqueous solution favors nanotubes formation [5]. The pro-
posed mechanism is composed of two mains steps: the first of
which involves the dissolution of the TiO, particles by OH™
groups in order to form ultrathin titanate nanosheets, where the
TiO¢ octahedrons are found in edge sharing. In the second
step, the formed ultrathin nanosheets become folded in the
form of short nanotubes through the dissolution—precipitation
process, thus leading to their increase in length and wall
thickness [9]. For higher temperatures, specifically at 180 and
200 °C, the reaction rate is increased significantly. After 1 h
of reaction at 180 °C or 0.5 h at 200 °C, the complete anatase
starting particles are consumed and the sodium titanate
nanotube appears as a single phase.

By analyzing the particle structure using High Resolution
Transmission Electron Microscopy (HRTEM), including the
Electron Diffraction Pattern Analysis inset, it was possible to
demonstrate that the nanotubes exhibit low-crystallinity type
nanostructures, as can be observed in the XRD pattern (Fig. 1)
due to a large extent to the broad peaks. The samples obtained
at 130 °C and 150 °C following 4 h of reaction are illustrated
in Fig. 3(a) and (b), which proves that the material is
composed of nanotubes with inner pore diameter of 3.5 nm.
These HRTEM images suggest the presence of a different
number of walls on opposite sides of the nanotube, depicting a
scroll-like structure. The interlayer spacing for all of the
samples is very close to 0.70 nm, but these multiwall-
structured nanotubes have different outer diameters depending
on the synthesis conditions. For the sample obtained at 130 °C
for 4 h, the nanotubes are thinner and present an outer diameter
of 11 nm, whereas the sample obtained at 150 °C after 4 h of
reaction exhibited nanotubes with an outer diameter of 20 nm.

For lower temperature (130 °C), the nanotubes electron
diffraction pattern shown in the figure inset (Fig. 3a) indicates
the predominance of concentric rings associated to the low
crystallinity material. This result is in line with the XRD
pattern for this sample due to the broad peaks (Fig. 1a). When
the temperature was increased to 150 °C (inset Fig. 3b), the
figure showed concentric rings with the presence of some
points of light indicating that the external thicker walls are
more crystalline which reinforce the idea that the mechanism
of nanotube formation is by dissolution—precipitation [30].
In addition, these samples were also analyzed by Raman
spectroscopy (Fig. 4), the results of which demonstrate the
presence of residual anatase phase only for the powder sample
treated at lower temperature.

Based on a thorough analysis of the spectrum (Fig. 4a) of the
starting TiO-anatase powder, it is possible to observe the
presence of the main active modes related to the anatase structure.
The most active Raman modes (A,+2B,+3E,) can be
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Fig. 2. SEM images of (a) TiO,-anatase starting powder and powder samples obtained by MAH at (b) 130 °C for 2 h, (c¢) 130 °C for 4 h, (d) 150 °C for 1 h and
(e)150 °C for 4 h.

visualized, and according to the results published by Ohsaka et al. structure composed of two TiO, formula unit per cell, where the
[31], the active modes are located at 639 em ™! (Eg.1), titanium atom is centered onto oxygen atoms octahedron.

519 cm ™! (Big, v2), 513 cm ! (A1g, v3), 399 cm ™! (Big, va), The results found for the short time treated samples, such as
197 cm™! (Eg, vs) and 144 cm™ ! (Eg, V) as aresult of the crystal 130 °C for 2 h and 150 °C for 1 h (Fig. 4) led to the presence



14488

D.C. Manfroi et al. / Ceramics International 40 (2014) 14483—14491

b_

Fig. 3. TEM images of samples obtained from MAH for 4 h at (a) 130 °C and (b) 150 °C. The inset figures show for each sample the electron diffraction pattern.
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Fig. 4. Raman spectra of (a) TiO,-anatase and the samples (b) 130 °C for 2 h,
(c) 130 °C for 4 h, (d) 150 °C for 1 h and (e) 150 °C for 4 h obtained by MAH.

of intense peaks associated to the active modes of anatase
and nanotube structures that coexist in considerable amount,
confirming the results detectable by XRD and SEM analyses
(Figs. 1 and 2). Besides that, the peaks around 280 cm ™! and

Reflectance (a.u.)

275 300 325 350 375 400 425 450
Wavelength (nm)

Fig. 5. Diffuse UV-vis reflectance spectra for (a) TiO,-anatase and samples
obtained by MAH at several reaction conditions: (b) 150 °C for 1 h, (¢) 130 °C
for 2 h, (d) 130 °C for 4 h and (e) 150 °C for 4 h.

660 cm ™ 1, associated to Na—O-Ti bonds [7], and other peaks,
such as the one at 911 cmfl, related to Ti—O terminal bond
[32], indicate that some defects are present due to network
distortions related to the curvature of the nanotube wall,
breaking the long range ordering. However, the remaining
peaks related to Eg,v; and Eg,vs active modes indicate that the
TiOg octahedral vibration is also present in the sodium titanate
nanotube structure, mainly the vibrational mode at 141.5 cm !
[21]. This fact indicates that the nanotubes are formed by
rearrangement of TiOZ ~ octahedrons in order to convert long
range ordered structure of tetragonal anatase phase into a short
range ordered nanotube structure.

The powder samples were analyzed by diffuse UV-vis
reflectance spectroscopy and the results are shown in Fig. 5.
The typical profile for anatase structure visualized in the
spectrum (Fig. 5a) is altered proportionally to the nanotube
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amount in the powder samples. This event is time dependent
(by comparing b and e spectra), but the temperature of the
treatment also affects the profile changing (by comparing d and
e spectra), as a result of the different reaction rates in the
different temperatures. The nanotube presence is marked by
the formation of a shoulder in the uptake curves in the UV-A
region (from 320 to 400 nm) [33,34].

Given that the observed reduction of the absorption in UV-A
region is occurring due to the sodium titanate nanotube
formation, which is followed by a reduction in the long range
ordering of anatase phase, it can be that the main cause for
UV-A absorption is related to the anatase crystalline structure.
The fact that the anatase and rutile structures possess different
absorption region edges, as reported in the literature backs this
hypothesis. According to a previous work [35], the appearance
of this shoulder as a response to the nanotube formation is
related to the intermediate state rising between conduction and
valence bands, as a consequence of the structural disordering
process associated to the nanotube formation.

The band gap energy for the main edge absorption for all
the samples is shown in Table 1. It can be observed that the
Na,TigOq3-nanotubes structure possesses higher band gap
energy compared to the anatase ones. These increases in
band-gap energy are correlated with the material structural
modification, since there was a complete conversion of TiO,-
anatase on Na,TigO3-nanotubes. The DRX pattern showed
that for the temperature 130 °C, Fig. la, after 2 h of reaction
two phases are found to coexist (TiO, and Na,TicO;3), thereby
the curve showed at UV-vis spectrum (Fig. 5c¢) is the
contribution of these two crystalline phases. Increasing the
reaction time for 4 h at the same temperature leads to a
different profile on UV-vis spectrum (Fig. 5d) with the
presence of a shoulder, characteristic of the nanotubes struc-
ture, which corresponds to a secondary band gap value.

All of the powder samples were characterized by photo-
luminescence spectroscopy, as shown in Fig. 6. By shifting the
main emission peak from 548.5 nm, associated to the anatase
starting powder, to 524 nm associated to the sample containing
nanotube single phase with thin wall (130 °C for 4 h), it can be
concluded that the titanate nanotubes structures have profound
defects like oxygen vacancies that lead to high energy
emission (violet and blue region). The Electrons Difraction
Pattern (Fig. 3) showed low crystallinity structures for these
samples which corroborate this behavior. On the other hand
the sample obtained at 150 °C for 4 h which has crystalline
and thicker wall, the emission peak shifted to lower energy

Table 1
Band gap results for samples obtained by MAH for varying synthesis time and
temperature.

Sample A (nm) Egqp (€V)

TiO,-anatase 359.5 3.45

150 °C/1 h 339.5 3.65

130 °C/2 h 335.9 3.69

130 °C/4 h 317.8 (shoulder in 380.5) 3.90 (3.25 for shoulder)
150 °C/4 h 316.7 (shoulder in 380.6) 3.91 (3.25 for shoulder)
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Fig. 6. Photoluminescence spectra acquired from the powders TiO,-anatase, and
obtained by MAH at 130 °C for 2 h, 130 °C for 4 h, 150 °C for 1 h, 150 °C for 4 h.

(531 nm) indicating the presence of clusters distortions, known
as surface defects lead to lower energy emission (green, yellow
and red region) [23].

Photoluminescence measurements presented in Fig. 6 were
performed with the same experimental conditions and sequen-
tially on the same date, so it is possible to qualitatively compare
these intensities. The PL intensity emission peak for samples
obtained at 130 °C for 2 h and 150 °C for 1 h, which present both
phases nanotubes and TiO,-anatase, is similar to starting material.
However the PL intensities for nanotubes single phases are quite
different according to the synthesis temperature. The sample
obtained at 130 °C for 4 h has the higher intensity on the other
hand the sample obtained at 150 °C has the lowest emission
intensity. This behavior was found to be related to the covering of
the nanotube by a more organized structure, thus making the
nanotube wall thicker while attenuating the emission peak
associated to the nanotube structure. Hence it is worthy to point
out that the emission peak for a thick wall structure (150 °C for
4 h) occurs at a wavelength (531 nm) higher than that observed
for the samples with thin wall (150 °C for 1 h or 130 °C for 4 h).
The mechanism related to the internal stress reduction due to
the cool shrinkage effect can undoubtedly explain this out-
come [36].

The emission peak intensities appear to be proportional to
the rate of the recombination of the photogenerated electrons
and correspondent holes. However, when the structure has
lower defect concentration acting as electron trap centers,
the emission peak intensity tends to decrease as well [37].
Although photoluminescence peak emission can be reduced by
surface or structural defects reduction due to longer hydro-
thermal treatment [23], the most probable hypothesis is that a
thicker wall attenuates the effect of the several microstrains,
such as oxygen vacancies and structural distortions existent in
the inner wall. The thicker outside wall exhibits higher degree
of crystallinity, besides the lower concentration of defects.
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Fig. 7. Photocatalytic studies of rhodamine-B degradation under UV irradiation of TiO,-anatase and titanate nanotubes obtained from MAH. (a) Relative

concentration curves and (b) kinetic study.

Fig. 7a displays the time-dependence decolorization of
rhodamine-B over nanotubes prepared at different tempera-
tures and time. No significant thodamine-B photodegradation
has occurred in the absence of catalysts under commercial
germicide lamps irradiation for 4 h. An interesting finding is
that the smaller particle size of catalysts (nanotubes) increases
the photocatalysts activities. After 240 min illumination, the
rhodamine-B decolorization reached 87% for TiO,-anatase
(starting phase), 93.7% for nanotubes synthesized at 130 °C
for 4 h, 96.6% for nanotubes obtained at 150 °C for 4 h and
96.9% for nanotubes obtained at 150 °C for 1 h.

The degradation rate could be obtained by plotting the
natural logarithm of the absorbance against irradiation time,
Fig. 7b. It could be observed that the nanotubes obtained
at 150 °C for 1 h has faster decolorization of rhodamine-B
with decolorization's rate 0.01879 min~'. The average decom-
position rate of all of samples, under 290 nm irradiation
was 0.00425 min~"' for photolysis, 0.00837 min~" for TiO,-
anatase, 0.01158 min~! for sample 130°C for 4h,
0.01394 min~" for sample 150 °C for 4 h. In this study, we
reported that structural and morphological transformations of
TiO,-anatase in sodium titanate nanotubes (with a monoclinic
Na,TigO,3 structure) promote the improvement of photocata-
lysts activities of samples under UV-light.

4. Conclusion

In this study, the microwave hydrothermal method was used to
synthesize sodium titanate nanotubes with a monoclinic
Na,TigO; structure. The TiO,-anatase phase used as the starting
powder is totally consumed by the dissolution—reprecipitation
process at different time depending on the synthesis temperature.

However, the Raman measurement indicates that the octahedron
titanium centered is the base of the new structure. It was noted
that the nanotubes size is about micrometers of length and their
outer diameters are found to be affected by reaction time and
temperature, 11 nm (130 °C for 4 h) and 20 nm (150 °C for 4 h).
For the higher temperature there is an improvement in crystal-
linity, but they have the same crystalline structure. The high
disordered nanotube structure is a result of some defects as
oxygen vacancies and clusters distortions, which affect the
electronic properties, such as photoluminescence and band gap
energy, also the improvement on photocatalysis activity was
observed for these titanate nanotubes.
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