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ABSTRACT

The results of TiO, nanotube (Ntb) films crystallization in autoclaves of various
atmospheres are presented. We found that amorphous TiO, nanotube arrays crystallized
into a pure anatase by autoclaving in ethanol and water vapor. The Ntb films were
treated in PTFE-lined vials at 110 - 180°C temperatures for several hours in the atmos-
phere of ethanol, water and ethanol-water mixtures. The photocatalytic properties of the
vapor-treated films were superior as compared to those produced after the Ntb annealing
at 500°C in the atmosphere of ambient oxygen. We show that autoclaving of Ntb results
in the formation of hydrous anatase species with a larger a and a smaller ¢ lattice pa-
rameters as determined by Raman and XRD spectroscopes. These findings were con-
firmed by X-ray diffraction, Raman spectroscopy and photodegradation of methylene
blue.
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INTRODUCTION

Recently, TiO, nanotube (Ntb) films have become the target of focused
investigations on account of their self-ordered structure and unique physico-
chemical properties prospective for their applications in water photoelectroly-
sis, solar cells, Li batteries, sensors, photo catalysis, etc.

Here we present a short overview on the new trends of as-grown titania
nanotubes post treatments seeking to improve photoefficiency of charge carri-
ers and extent their absorption edge into the vis-region. In according to Grimes
and Mor [1], four generations of TiO, synthesis by anodizing way can be dis-
tinguished. The first work on the growth of highly ordered TiO, nanotube films
in thickness of only less than 0.5 pm has been reported in 2001 [2]. In second
generation, the nanotube film thickness has been increased to ~ 7 pm by using
the aqueous buffered F-containing solutions [3]. The use of organic Ti anodiz-
ing solutions, such as glycerol, formamide, ethylene glycol or dimethyl sulfox-
ide with fluorides (HF, NH4F, KF, NaF) drastically increased the lengths of
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TiO, Ntbs up to 1 mm [4]. Note that in these solutions quite ordered nanotubes
array can simply be fabricated throughout the optimization of anodizing pro-
cess parameters such as the composition of electrolyte, pH, bath temperature,
applied voltage value and processing time (Fig. 1).

The as-grown TiO, Ntbs are usually amorphous and, hence, exhibit negli-
gible photocatalytic activity. To obtain the crystalline phases of anatase or
rutile, a high-temperature post-treatment in oxygen ambient is required. How-
ever, multiple factors affect the crystallization of TiO, species, including size,
uniformity, and conditions applied for TiO, formation. Noteworthy that in case
of long TiO, nanotubes, the annealing frequently results in detachment of some
parts of film from the substrate. Moreover, the annealing even at 450 — 500 °C,
e.g. in a typical temperature region for anatase-TiO, Ntb formation, leads to the
formation of thin rutile-TiO, sub-layer beneath the nanotube film at the Ti
surface. This layer hinders the transport of photogenerated electrons to the back

contact that severely limits application of crystalline TiO, Ntb films.

In recent years various efforts have been made to develop TiO, nanocrys-
tals by low-temperature hydrothermal and solvothermal treatment protocols
[5,6]. Analogously, it was decided here to use similar treatments for re-
construction and crystallization of amorphous TiO, films formed by Ti surface
anodizing in NH4F-containing ethylene glycol solutions. By this way we found
that amorphous TiO, nanotubes can be successfully converted into the crystal-
line TiO,-anatase nanotubes throughout the sonication in a Teflon-line auto-
clave containing H,O and EtOH even at 110 °C.

Fig. 1 — Illustrative FESEM images showing topology of a TiO, nanotube film fabricat-
ed by Ti anodizing in F'-containing ethylene glycol electrolyte at 60 V dc and 20 °C for
3 hr: (a) top-side, (b) back-side, (c) panoramic, and (d) cross-sectional views



114 Nanomaterials: Applications and Properties (NAP-2011). Vol. 1, Part |

We also determined that low-temperature crystallization method allows to
escape delamination of TiO, Ntb film from the substrate opening new possi-
bilities for their applications.

The composition and morphology of TiO, Ntbs after annealing as well as
following solvo- and hydro-thermal treatments were studied by XRD, Raman
and FESEM.

METHODS

All materials used in this study were purchased from Aldrich as analytical
grade reagents and used as received. The 0.125 mm Ti foil (Aldrich, 99.7 at%),
was used to prepare 15 x15 mm” specimens. Their surface was ultrasonically
cleaned in acetone, ethanol, and water for 3 min in each, and then air dried.
The anodization was carried out in a thermostated (20 £1°C) glass cell in the 50
ml of electrolyte under stirring conditions. The doubly distilled (DD) water was
used throughout. The solution for anodization was ethylene glycol with 20 ml/1
of H,O and 0.3-0.5 wt% of NH,F. Each sample was anodized in a fresh solu-
tion. Two stainless steel plates positioned at 13 mm from the anode were used
as cathodes. The 60 V dc voltage was applied for anodizing of all samples.
Typically, the anodization time varied from 3 to 20 hours. After anodization,
samples were thoroughly rinsed for ~3 min in ethanol and ethanol-water baths
and then air-dried. Samples were heat-treated in a PTFE-lined vial placed into
the oven (Zhermack). The temperature in the oven was raised from 100 to 180
°C with a 10°C/min ramp. The samples were heated for 5 to 20 h. Various
ethanol/water volume ratios ranging from 100:0 to 0:100 were tested. The 25
ml autoclave was filled up with 12.5 ml of the liquid. To avoid direct contact of
the sample with the liquid, the sample was placed on a special glass holder.
Some experiments were done in D,O instead of H,O. For comparison, a few
anodized Ti samples were heated in an air oven at 500 °C for 2 h using a 10
°C/min ramp.

The structure and morphology of TiO, nanotube arrays were studied be-
fore and after the post-treatments with a field emission scanning electron mi-
croscope (FESEM, model Hitachi S-6000). Phase composition of anodized and
heat-treated samples were studied by X-ray powder diffraction (XRD) using a
D8 diffractometer (Bruker AXS, Germany), equipped with a Gobel mirror as a
primary beam monochromator for CuK, radiation. A step-scan mode was used
in the 20 range from 18 to 55° with a step-length of 0.02° and a counting time
of 8 s per step. The size of anatase crystallites was determined from the diffrac-
tion peak broadening using the Scherrer formula [7].

Raman measurements were performed either with a 632.8 nm excitation
(He-Ne laser) by using the Raman microscope LabRam HR800 (Horiba Jobin
Yvon) equipped with a grating containing 600 grooves/mm and the CCD de-
tector cooled by the liquid nitrogen, or with a 785 nm excitation using the
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Echelle type spectrometer RamanFlex 400 (PerkinElmer, Inc.) equipped with
the thermoelectrically cooled (-50 °C) CCD camera and fiber-optic cable.
Laser power at the sample was typically 1 mW for the 632.8 nm and 20 mW
for the 785 nm excitation. High frequency spectra (1100-3800 cm™) were rec-
orded with the 5 mW ( 632.8 nm) laser power. The 632.8 excited Raman spec-
tra were taken using a 50x/0.75 objective lens. Integration time was 50 s. The
Raman frequencies were calibrated using a Si sample (520.7 cm” Raman
mode). The Raman frequencies of 785 nm-excited spectra were calibrated by
using the polystyrene standard (ASTM E 1840) spectrum. Intensities were
calibrated by a NIST intensity standard (SRM 2241). Laser beam was focused
to a 200 um diameter spot on the surface.

The nanotube films prepared by heat and autoclaving treatments were
tested for catalytic activity. The photocatalytic activity of the crystalline TiO,
samples was studied by observation of the degradation of methylene blue (MB)
under UV light irradiation at 365 nm for 1.5 hours. The samples of crystallized
TiO, nanotube films were dispersed in ethanol using sonication for 1 h, and
then dried at room temperature for 24 h. The 0.01 g of TiO, were again soni-
cated in 100 ml of aqueous solution of 6.25 pM MB in the dark for one hour to
reach the MB adsorption-desorption equilibrium. The resulting suspensions in
a quartz photo reactor were exposed to UV irradiation with a UV diode light
with the irradiating 26 + 2 mW light intensity. The 2.5 ml samples were
withdrawn from the reactor every 15 min and centrifuged at 8000 rpm for 5
min. The concentration of MB was determined from the UV-vis absorption
spectra recorded with a Perkin-Elmer LAMBDA 35 spectrophotometer. The
reproducibility of the MB concentration was within 5 %.

RESULTS AND DISCUSSION

In the figure 2 we show the XRD traces for the TiO, nanotube films,
which were heated in ethanol, water and their mixture atmospheres at 180 °C
for 10 h. In all cases the crystalline anatase formation from the amorphous
TiO, is also observed.

Fig. 2 — XRD patterns of TiO,
nanotube film before and after
autoclaved treatment in the
atmospheres of H,O, EtOH and
their indicated mixtures at 180
°C for 10 h. 0T/ot = 10 °C/min

Intensity / cps
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Higher crystalline material was formed when the treatment time increased
from 5 to 20 h, as suggested by stronger peaks for all main anatase planes in
XRD spectra. Surprisingly, the formation of crystalline anatase was observed
after the autoclaving of TiO, nanotube arrays in various ethanol-water mixture
atmospheres even at 110 °C. Higher annealing temperature (7,,,) facilitated the
formation of higher crystalline product as suggested by increasing diffraction
peaks with increasing T,,, from 110°C to 180°C. Again, we did not observe
any phase changes or impurity peaks appearing in the XRD patterns for the
entire temperature range used in our study.

The size of the anatase crystallite for various solvothermal threatment
conditions in ethanol are given in Table 1. As seen, the crystallite size in-
creased from ~12.9 to 16.5 nm as the processing time increased from 5 to 20 h.
Also, we have compared the lattice parameters for autoclaved TiO, films with
those typical for anatase nanocrystalls (7able 1). Our results indicate anatase
formation by autoclaving with a lattice parameter a from 0.3795 to 0.3793 nm
and parameter ¢ from 0.948 to 0.949 nm. Therefore, in case of autoclaving the
lattice parameter a is slightly higher and the lattice parameter c is slightly
smaller than those typical for anatase nanocrystalls, the 0.3785 nm (a) and
0.95139 nm (c).

Table 1. Effect of the TiO, Ntb film autoclaved treatment conditions in ethanol (~
96 v/v%) atmosphere on the crystallite size and lattice parameters of anatase

Tanns Crystallite Heat-treatment
Sample no. o0 sizrey(d), am a, A c, A time, h
1 175 16.48 3.795 9.482 20
2 175 15.54 3.795 9.482 10
3 175 12.94 3.795 9.482 5
4 150 12.45 3.798 9.490 10
5 110 12.92 3.807 9.497 10
Anatase - 37852 9.5139
PDF 21-1272 ’ ’

The composition of TiO, Ntbs after annealing and sonochemical treat-
ment in H,O and/or EtOH vapor was further studied by Raman spectroscopy
because various titanium oxide phases, including anatase [8], rutile [9],
brookite [10], and amorphous state [11] can be discriminated based on specific
Raman signatures. It is worth noting that as-grown TiO, nanotubes does not
show any Raman features characteristic for crystalline TiO, phases, instead
broad bands near 200, 488, and 614 cm™ indicating the presence of amorphous
titanium oxide [11]. We found that amorphous TiO, nanotubes can be success-
fully converted into the crystalline TiO,-anatase nanotubes throughout the
sonication in a Teflon-line autoclave containing H,O, EtOH or their mixture
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even at 110 °C. We also determined that low-temperature crystallization meth-
od allows escape the delamination of TiO, Ntb film from the substrate.

According to numerous reports, the annealing of amorphous TiO,
nanotubes film at 450-500 °C results in the crystallization of this material and
appearance of strong Raman bands at 144, 397, 517, and 638 cm™ along with
the weak feature near 198 cm™ (Fig. 3a). All these bands are characteristic of
crystalline anatase TiO, structure [8]. The dominant band at 144 cm™ we
assigned to Ey(1) Raman-active mode, while the peaks at 198, 397, and 638
cm’ belong to E«(2), Big(1), and E4(3) phonon eigenmodes, respectively.

The Raman spectra of TiO, nanotube film after hydrothermal and
sonochemical treatments considerably differ from the one of calcinated
specimen in both the position of the peaks and the width of the bands (Fig. 3b-
d). In general, Raman bands are considerably broader in the case of autoclaved
specimens. Also the E4(2) mode near 198 em™, characteristic for ordering
structures, can not be clearly detected. Furthermore, the intense Eg(1) mode
was found to be blue shifted by 4.5 cm™ and nearly twice broadened.

2 em We also determined that ob-

served low frequency E (1) com-
ponent in the vicinity of 153-156
em™ (Fig. 3) can not be explained
by reduced crystal size effect, and
suggests  presence of non-
stoichiometry defects due to oxy-
gen deficiency in the autoclaved
samples. It was found that intensity
ratio of the band near 154 cm’
with respect to one near 145 cm™ (

[éﬁ(l)/[ﬁi(”) increases in the
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200 400 600 80C Order"

3000

2000

Raman intensity / cps

1000

Wavenumber / cm'™
Fig. 3 — Raman spectra of TiO, samples in
80-800 cm™ spectral region: heat treated,
(b) autoclaved in EtOH, (c) in EtOH:H,0
1:1 mixture, and (d) H,O. The excitation
wave-length is 633 nm, laser power at the
sample 1 mW, and integration time 50 s

Heat treated (0) < EtOH
(0.20) < H,O (0.21) < EtOH:H,O
(0.27). Thus, Raman data suggest
the presence of non-stoichiometry
effects for all autoclaved anatases,
highest being for EtOH:H,O sam-
ple. In addition, decrease in crystal-

lites dimension below the 10 nm might also take place.

Figure 4 depicts the FESEM and TEM images of TiO, nanotubed film
produced by Ti anodizing in the ethylene glycol electrolyte containing some
higher content of fluoride before (a,b) and after calcinations by heating (c) and
autoclaving (d) and the subsequent treatment in ultrasonical bath for 10 min
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(e,f). It is worth noting that nanotubes of such films are composed of
nanocrystallites in size of several tens of nanometers because the shape, size,
and height, as well as the Ntb wall thickness and roughness, all are depended
on the composition of solution and anodizing conditions applied. Thus, in the
present work we demonstrate that by varying the anodizing and post-treatment
conditions the unusual nanotubular/nanocrystalline structure of TiO,-anatase
can be organized.

o _ P ,
Fig. 4 — Illustrative FESEM (a-d) and TEM (e,f) images showing the topology of
as-grown TiO, nanotube films in ethylene glycol electrolyte containing 0.4 wt% NH4F
at 60 V and 20 °C for 3 h (a,b) following calcination at 500 °C for 3 h (c,d), and
ultrasonication for 10 min (e,f)

Photocatalytic properties of the TiO, nanotubed films calcinated by auto-
claved and heat-treatments were characterized by the study of decomposition
of the methylene blue (MB) dye molecules by TiO, species, obtained from
calcinated films by ultrasonic agitation. Figure 5 gives the results. As seen, the
MB degradation with TiO, calcinated by heat treatment and autoclaving in the
isotropic ethanol (~96 %) vapor proceeds rather similar. However, with the
increasing time of the ultrasonic agitation, the decomposition efficiency on the
TiO, samples treated with EtOH was reduced resulting in somewhat lower
photocatalytic efficiency compared to the heat-treated samples (see curve 2 in
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Figure 5). Surprisingly, significantly faster photocatalytic decomposition of
MB dye was observed for autoclaved TiO, Ntb film species in H,O and EtOH-
H,O mixture atmospheres (curves 3 and 4 in Fig. 5). A nearly tenfold increase
in the degradation rate, as calculated from the slope of the degradation curve
was observed for EtOH-H,O-autoclaved species. Inset in figure 5 compares
the kinetic plots of MB photodegradation for various TiO, crystallization sam-

ples.
12 It is apparent that
MB photodegradation photodegradation of MB
1.0 1 : molecules obeys first-order
‘ g'z reaction Kkinetic as ex-
e E pressed by the equation (1)
06 s [12], where ¢ is the reaction
o \.-e time in min and &’ is the
O o4 -\. appar.ent r.ealctlon rate con-
* stant in min” :
0,2

, In (C/Co)=-kt (1)

0,0+ Vo——y v v
0 20 0 60 20 100 From these plots, ana-
timin tase species prepared by

Fig. 5 - Photocatalytic degradation of MB with heat the autoclaving of TiO,
treated (1), and autoclaved TiO, species in absolute Ntb film in EtOH-H,O
EtOH (2), pure DD water (3) and EtOH-H,O (1:1) (1:1) atmosphere shows the
atmospheres. Inset: The semi-logarithmic plots of best photodegradation

MB concentration decrease for the same TiO, spe- efficiency, reaching the

cies 99.5 % of MB photodegra-
dation after one hour of irradiation, whereas the heat-treated TiO, shows only
~65 % of MB photodegradation at similar conditions.

CONCLUSIONS

Amorphous TiO;, Ntb films, produced by Ti anodizing, can be crystallized
into pure anatase through a simple and cost-efficient procedure by the film
autoclaving in water, ethanol and their mixture atmospheres at 110 to 180°C.
The formation of anatase crystals was shown by the X-ray diffraction and Ra-
man spectroscopy. In some cases, the photocatalytic activity of films crystal-
lized in autoclave was advantageous as compared to the TiO, Ntb films heat-
treated in the air. We expect that the TiO, Ntb films prepared by autoclaving in
EtOH-H,O atmosphere can be widely used in future for various photocatalytic
applications. The high photocatalytic activity of these films was linked to the
formation of the strong Ti—~OH bonds with water molecules during the auto-
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claving and formation of anatase crystallites with some larger a and some low-
er c lattice parameters.
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