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ABSTRACT: Anodic growth of TiO, nanotubes has attracted intensive & Amorphous TiO, NTs
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interests recently. However, the as-prepared TiO, nanotubes are usually
amorphous and they generally need to be crystallized by sintering above
450 °C. Here, we report on a facile method to crystallize amorphous
anodized TiO, nanotubes at a low temperature. We find that, simply by
immersing them into hot water, the anodized TiO, nanotubes can be
transformed from amorphous to crystalline state at a temperature as low as
92 °C. Results indicate that the hot water treatment might be a versatile
strategy to crystallize amorphous anodized TiO, nanotubes at low tempera-

}l Crystallized TiO, NTs
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ture. Field-emission scanning electron microscopy, transmission electron microscopy, X-ray diffraction analysis, UV—vis
spectroscopy, and Brunauer—Emmett—Teller (BET) analysis via N, adsorption are used to characterize the resulting samples.
In addition, the TiO, nanotubes in powder form are taken as photocatalysts to explore their potential applications. Results indicate
that the sample after 35 h of hot water treatment shows the highest photoactivity, which is as efficient as the commercial
photocatalyst Degussa P2S. The photocatalytic testing results demonstrate that the hot water treatment reported in this study can be

an alternative approach to the conventional methods.
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1. INTRODUCTION

The size, morphology, geometry, and crystal phase of the
nanostructures are important parameters for controlling their
chemical, optical, and electrical properties. In light of this, one-
dimensional (1D) titanium dioxide (TiO,) nanotubes (NTs)
have attracted a great deal of attentions recently because of their
unique properties such as chemical stability, nontoxicity, and
high photocatalytic activity.' > As is well-known, TiO, is a
semiconductor that crystallizes in eight polymorphic forms: rutile
(P42/mnm), anatase (I41/amd), brookite (Pbca), TiO,-11 (Pbcn),
TiO,-1II (P21/c), TiO,-B (C2/m), TiO,-R (Pbnm), and TiO,-H
(I4/m). The crystal phase and the composition of the TiO, NTs
vary with processing techniques and parameters. Titania proper-
ties, and hence potential applications, depend on the crystallinity
and the isomorph present at the desired operating conditions.’
For example, rutile phase is preferred in dielectrics and high-
temperature oxygen gas sensors,”® whereas anatase phase is
mostly used in the area of dye-sensitized solar cells (DSSC)
and photocatalysis.” "

Anodic growth of TiO, NTs is an effective method to fabricate
self-organized TiO, NT's due to the simplicity and the high level
of geometric control as reported in refs.”'''* Self-organized
TiO, NTs have been widely used in various applications includ-
ing photo and thermal catalysis,M’15 solar cell,'*” gas sensing,18
and marine pollution control."”** However, the as-anodized
TiO, NTs are usually in the amorphous state and they generally
need to be crystallized by sintering above 450 °C before being
applied.® In the present work, we report on a facile and envi-
ronmentally friendly strategy to crystallize amorphous TiO, NTs at
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a low temperature (<100 °C). We find that the anodized TiO,
NTs can be transformed from amorphous state to crystalline
state at a temperature as low as 92 °C by immersing them into hot
water simply.

In this study, TiO, NTs with two types of configuration,
namely TiO, NT array film and TiO, NT powder, were synthe-
sized by electrochemical anodization of titanium sheets. To
induce crystallinity, we further treated the NTs with a new
strategy called hot water treatment and investigated their mor-
phological and crystalline properties in detail. During the hot
water treatment, neither any other additive nor special instru-
ment was required, which was proved to be an alternative method
(besides sintering crystallization). Furthermore, the resulting
TiO, NT powders were taken as photocatalyst to study their
performance in the application of photocatalysis.

2. EXPERIMENTAL SECTION

2.1. Preparation of TiO, NT Array Film. TiO, NT array films
were obtained from a starting titanium sheet (0.2 mm thick, 99.6%
purity) by potentiostatic anodization in a conventional fluorine contain-
ing electrolyte (ethylene glycol containing 0.25 wt % NH,F and 1.0 wt %
deionized (DI) water), using a platinum counter electrode.”*" The as-
anodized TiO, NTs-array films were thoroughly washed with ethanol
several times before further treatment. All the reagents were analytical
purity and were purchased from Sinopharm Group Chemical Reagent
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Figure 1. Schematic diagram of (a) the anodization process of Ti sheet
into NT-arrays or NT-powders and (b) the hot water treatment process.

Co. Ltd, China. Figure la) shows the schematic diagram of the
anodization process.

2.2. Preparation of TiO, NT Powder. TiO, NT-powders were
synthesized by a rapid breakdown anodization process in fluoride free
electrolytes.”>** Briefly, a large piece of Ti foil (4 cm X 4 cm) was
directly anodized into the form of the NT powders in 0.15 M HCIO,
aqueous solution at room temperature as shown in Figure la. After a
series of subsequent processing, white TiO, NT powders were thus
obtained.

2.3. Hot Water Treatment Induced Crystallization. To
induce crystallinity, we treated both the as-anodized TiO, NT-arrays
films and the TiO, NTs-powders by the hot water treatment as follows:
for the as-anodized TiO, NT-arrays films, they were immersed into DI
water at 92 °C for 20 h, and then picked them out and allowed them to
dry in ambient air. For the as-prepared TiO, NT powder, 0.5 g of the
TiO, NT powders was mixed with 50 mL of DI water, and they were
then treated with water bath at 92 °C for 6 h, 11 h, 20 h, or 35 h,
respectively. Finally, the resulting powders were separated by centrifu-
gation process and then dried at 60 °C for 12 h. The hot water treatment
process was also schematically shown in Figure 1b. For comparison,
besides the hot water treatment mentioned above, the as-prepared
amorphous TiO, NTs were also heated in a furnace (oven dry in air)
with the same temperature and duration.

2.4. Characterization. The morphological and structural proper-
ties of the TiO, anodized NT arrays or powders were characterized by
field-emission scanning electron microscopy (FESEM, JSM-7000F, JEOL
Inc,, Japan) and transmission electron microscopy (TEM, JEM2100,
JEOL Inc, Japan). The X-ray diffraction (XRD) patterns of all samples
were measured on a D/max-2400 X-ray diffraction spectrometer
(Rigaku) with Cu Kot radiation and operated at 40 kV and 100 mA in
the 26 range from 10° to 70°, and the scanning speed was 15° min " ata
step of 0.02°. The UV—vis absorption spectra of the samples were
measured under the diffuse reflection mode using a UV—vis-NIR spectro-
photometer (Jasco V-570) equipped with an integrating sphere assem-
bly, and the band gap measurements of the as-prepared samples were
made using the transformed diffuse reflectance technique according to
the Kubelka—Munk theory. The specific surface area of the powders was
determined by Brunauer—Emmett—Teller (BET) analysis (Model
ASAP 2020, Micromeritics, USA) via nitrogen adsorption at 77 K.

The resulted TiO, NT powders were taken as photocatalyst, and their
photoactivities were evaluated on the basis of the bleaching of the methyl
orange (MO) in an aqueous solution. The sample powder 0.06 g was
suspended in MO aqueous solution (100 mL, 20 mg L") and irradiated
with a 300 W high-pressure mercury lamp. The photodegradation run
lasted 40 min, and the samples were taken for examination during the
interval of degradation. The concentration of the residual MO solutions
was measured by an UV—vis spectrometer (JASCO V-570 UV/vis/
NIR). In addition, the as-anodized TiO, NTs-powders were sintered at
450 °C for 3 h and the photocatalytic activities of the resulted powders
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Figure 2. FESEM images of the TiO, NT array thin films after (a) oven
dry in air and (b) hot water treatment at 92 °C for 20 h.

were also tested, which is taken as the control experiment for the
photocatalytic testing.

3. RESULTS AND DISCUSSION

3.1. TiO, NT Array Film. Figure 2a shows the FESEM images
of the as-anodized TiO, NT-array films. It can be seen that the
inner diameter of the TiO, NT is about 100 nm and the tube
length can reach to several micrometers. At the same time, the
open mouth and smooth wall of the TiO, NTs can be evidently
observed. After an oven dry in air at 92 °C for 20 h, the TiO, NT
array films still hold the same morphologies as the as-anodized
sample. However, after the hot water treatment at 92 °C for 20 h,
a smooth surface morphology of the nanotube wall disappears,
replaced by a rough surface morphology instead as shown in
Figure 2b. The rough surface can be attributed to a crystallization
of the amorphous TiO, NTs induced by the hot water treatment

The crystalline properties of the TiO, NT array films were
further characterized by XRD and the XRD patterns are shown in
Figure 3. It can be seen that only hexagon titanium phase from
the substrate is detected before heat treatment, indicating the as-
anodized TiO, NT array films are still in the amorphous nature.
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Figure 3. XRD patterns of the TiO, NT array thin films after oven dry
in air or the hot water treatment at 92 °C for 20 h (1-A, 2-O, and 3-H
refer to as-anodized, oven dry in air, and hot water treatment,
respectively).

After an oven dry in air at 92 °C for 20 h, the TiO, NT array films
still hold similar diffraction patterns to the as-anodized samples,
which illustrates that there is no any occurrence of the crystal-
lization. Actually, this result consists with the commonly under-
standing that the anodized TiO, NT arrays are stable in
amorphous state below 300 °C.° When the as-anodized TiO,
NT array films are heated in water instead, however, strong
characteristic peaks of anatase phase can be clearly detected as
shown in Figure 3, indicating that the as-anodized TiO, NT-array
films can be crystallized by using hot water treatment at 92 °C. It
can be concluded that the water plazrs a critical role in the
rearrangement processing of the TiO4s~ octahedral from amor-
phous to anatase. The inset of Figure 3 shows the digital photo-
graphs of the TiO, NT-array films on titanium substrate, from
which their differences in color can be clearly observed. These
results are also good in line with what we observed from FESEM.

In conclusion, the anodized amorphous TiO, NT array films
can be crystallized by the hot water treatment at 92 °C, which is
of great importance for the fabrication of the crystallized TiO,
NT-films on those substrates that cannot sustain a high-temperature
treatment. Moreover, the resultant TiO, NT arrays own rough
surfaces, which actually are of advantages for dye-sensitized solar
cells (DSSCs) applications, because the rough surfaces are
expected to absorb much more dye molecules.

3.2.TiO, NT Powders. Figure 4(a) shows the TEM images of
the as-prepared TiO, NT-powders by rapid breakdown anodiza-
tion, indicating the hollow structure and smooth surface of the
NTs. The outer diameter and the tube wall thickness are about 20
and 5 nm, respectively, which are coincident with those as
reported in refs 22 and 24. After the hot water treatment for 6
h, however, the initial nanotubular structures cannot be observed
anymore and the amorphous TiO, NTs are transformed into the
crystalline state with a crystal grain size of about 10 nm as shown
in Figure 4b. With the further growth of these crystal grains, the
nanotubular structures of the TiO, NT-powders are almost
completely destroyed because of the extremely small sizes of
the initial TiO, NTs (tube wall thickness ~5 nm).

Figure S shows the XRD patterns of the TiO, NT powders
obtained by the hot water treatment with different durations. It
can be seen that the amorphous TiO, NT powders can transform
into a mixed phase of dominant anatase and subordinate brookite
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Figure 4. TEM images of (a) the as-prepared TiO, NT-powders and
(b) the TiO, NT-powders obtained after the hot water treatment at
92 °C for 6 h.
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Figure 5. XRD patterns of the TiO, NT powders obtained after the hot
water treatment at 92 °C under different durations.

after being heated in water for 6 h. According to Debye—Scherrer,
the average crystallite size is estimated to be around 8 nm, and it
coincides with the TEM observation. When the treatment
duration elevates to 11 h, the characteristic peak of TizOs
(JCPDS pattern no. 23—0606) starts to occur besides the
identified peaks of the anatase and brookite. With further
increasing treatment duration to 35 h, the resulting powders
show a crystalline structure with three-phase (Ti;Os/anatase
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Figure 6. XRD patterns of the TiO, NT powders after being treated by
different strategies at 92 °C for 35 h (letter A refers to anatase, letter B
refers to brookite).

TiO,/brookite TiO,). On the basis of the above results, it can be
concluded that the TiO, NT powders can also be efficiently
crystallized by the hot water treatment at a low temperature of
92 °C.

To well-understand the effects of the hot water treatment on
the crystallinity of the as-prepared amorphous TiO, NT pow-
ders, we also heated the as-prepared amorphous TiO, NT
powders in furnace (oven dry in air). The resulting sample was
characterized by XRD as shown in Figure 6. For a convenient
comparison, the XRD pattern of the TiO, NT powders obtained
by the hot water treatment under the same condition (at 92 °C,
35 h) was also included in Figure 6. It can be seen that the TiO,
NT-powders are only crystallized into an anatase structure after
being treated by oven dry in air. However, the sample obtained by
the hot water treatment shows a crystalline structure with three-
phase of Ti3;Os/anatase TiO,/brookite TiO,. These results
indicate that the water is the key factor for the formation of
the Ti3Oj5 at low temperature. Generally, there are two mechan-
isms of crystallization: the solid-state mechanism and the dis-
solution precipitation mechanism.”® In present work, it can be
seen that the surface of the TiO, NT arrays become rougher and
the tubular structure of the TiO, NT-powders disappear as
shown in Figure 2 and Figure 4, respectively, after the hot water
treatment. We attribute the crystallization of the amorphous
TiO, NTs to the dissolution precipitation mechanism. Actually,
similar results on the special role of the water in the transforma-
tion from amorphous TiO, to anatase TiO, at low temperature
were also reported,”**” which occurred only during the sol—gel
processes.

As one knows, TiO, has been widely studied as photocatalyst.
Researchers generally concentrate on two aspects to improve the
performance of the photocatalysts: extending the absorption
edge and improving the photocatalytic efficiency such as forming
anatase/rutile mixed structure. For example, P25 is one of the
best photocatalysts among the commercial TiO, photocatalysts,*®
and it contains about 85% anatase phase and 15% rutile phase.
Here, the Ti;Os/anatase TiO,/brookite TiO, nanocomposites are
also used as photocatalysts to study their performances in photo-
catalysis. Figure 7a shows the photocatalytic degradation proces-
sing of the MO aqueous solution with the products treated by
different strategies. It can be seen form Figure 7a that the sample
after sintering at 450 °C for 3 h shows a lower activity than the
hot water treated samples. Although the photocatalytic activities of
the TiO, NT-powders after the hot water treatment increase with
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Figure 7. (a) Photocatalytic degradation kinetics of the MO aqueous
solution and (b) the degradation rate constant by using the TiO, NT-
powders obtained under different heat treatment schemes at 92 °C (the
inset of (a) shows the MO degradation processing with the TiO, NT-
powders after hot water treatment at 92 °C for 35 h as photocatalyst, and
S-450 refers to the sample sintered at 450 °C for 3 h).

increasing the treatment duration. Especially, the sample after 35 h
hot water treatment shows the highest activity among them and
can be comparable to the commercial photocatalyst Degussa P25.
The MO solution can be almost 100% decompounded within 30
min. As earlier reported, the photocatalytic degradation of the MO
aqueous solution can be regarded as a pseudofirst-order reaction,”®
and thereby the degradation rate (k) of all the tested samples in
present work were calculated and shown in Figure 7b. It can be
seen that the sample after 35 h hot water treatment exhibits a k
value as high as that of P25 (~0.082 min~ ‘). BET testing results
indicate that the BET specific surface area of the sample after 35 h
hot water treatment is about 40.3 m* g~ ', which is actually slightly
smaller than that of P25 (~50 m* g~ ).

To further understand the enhancement of the photocatalytic
activities, the samples obtained by the hot water treatment were
further characterized by UV—vis spectroscopy. It can be found
that they have similar UV—vis absorption spectrum and band-
gaps of ~3.2 eV (as shown in Figure 8), which indicates that all of
them are UV-light photoactive and can absorb similar amounts of
photons in the spectrum (<380 nm). Thus, the enhancement of
the photocatalytic activity is probably due to the difference in
charge separation and recombination. As shown in Figure S, the
crystallinity of the TiO, NT-powders is gradually enhanced with
the elevation of the treatment duration, indicating the crystalline
defects trend to be decreased with the elevation of the treatment
duration. Low density of the crystalline defects can reduce the
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Figure 8. UV—vis absorption spectra of the TiO, NT-powders after
different heat treatment schemes at 92 °C, and the inset shows the
corresponding transformed Kubelka—Munk function vs energy of the
excitation source. Determination of the optical band gap is performed by
reference to the indirect gap in semiconductors.

recombination of the photogenerated electron—hole pairs.””

Furthermore, the three-phase (Ti3Os/anatase TiO,/brookite
TiO,) structure can favor the charge separation and thus increase
the efficiency of the photocatalysis process.”® Consequently, the
Ti30s/anatase TiO,/brookite TiO, nanocomposites, which are
obtained by treating the amorphous TiO, NT powders in hot DI
water at 92 °C for 35 h, are proved to be an efficient photo-
catalysts for the photodegradation of the MO aqueous solution.
The photocatalytic testing results demonstrate that the hot water
treatment reported in this study can be an alternative to the well-
documented conventional methods.

4. CONCLUSIONS

We have demonstrated that the amorphous anodized TiO,
NTs, either in the form of the NT array film or the NT powder,
can be crystallized at a temperature as low as 92 °C. By using this
hot water treatment strategy, the TiO, NT array films and the
TiO, NT powders can be transformed into anatase phase and
Ti3Os/anatase/brookite mixed-phase, respectively. The TiO,
powders, obtained by treating the amorphous TiO, NT powder
in hot DI water at 92 °C for 3$ h, were taken as photocatalysts.
They have exhibited as high photocatalytic activities as that of the
commercial photocatalyst Degussa P25, indicating that this
approach can be an alternative to the well-documented conven-
tional methods. That is to say, the hot water treatment presented
in this study shows to be a versatile strategy to crystallize the
amorphous anodized TiO, NTs at low temperature, which is of
great importance and potential applications in many areas.
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