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Graphical abstract Abstract

The crystalline phase of the TiO2 nanotubes without further heat treatment were
studied. The TiO2 nanotube arrays were produced by anodization of Ti foil at three
different voltage; 10, 40, and 60 V in a bath with electrolytes composed of ethylene
glycol (EG), ammonium fluoride (NH4F), and hydrogen peroxide (H202). The H20z is a
strong oxidizing agent which was used as oxygen provider to increase the oxidation
rate for synthesizing highly ordered and smooth TiO2 nanotubes. Anodization at voltage
greater than 10 V leads to the formation of tubular structure where higher anodization
voltage (~ 60 V) yield to larger tube diameter (~ 180 nm). Crystallinity of the nanotubes
isimproved as the voltage was increased. The transformation of amorphous to anatase
can be obtained for as anodized TiO2 without any heat tfreatment. The Raman spectra
results show the anodization at 40 V and 60 V gives anatase peak in which confirms the
crystalline phase. The stabilization of the crystalline phase is due to the oxygen
vacancies and ionic mobilities during the anodization at high voltage.

Anodization of Ti foils in in
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1.0 INTRODUCTION

TiO2 is a very useful non-toxic, environmentally
friendly, corrosion-resistant material. They exhibit
promising performance and have been widely
exploited for use in the areas of batteries
development as anode materials [1], hydrogen
generation [2] photocatalysts [3, 4] and many more.
In many applications TiO2 nanotubes is favorable
than sintered TiO2 nanoparticle films because, self-
organized TiO2 nanotube arrays provide a direct
pathway for efficient electron fransport rather than
electrons hopping between the nanoparticles [5].

TiO2 can be produced by using anodic oxidation
processes. TiO2 can be produced by anodizatfion
either in organic or aqueous electrolyte with various
additives as the oxidation agent. The idea is that by
adding additive such as water or H202, the rate of
nanotube formation can be increase as well as

giving smooth nanotube structures [6]. As reported
by Sreekantan et al., the rate of formation is noted
to determine the effect of electrolytes on the time
required fo produce nanotubes [7]. They are several
influential factors in anodization such as anodizing
voltage, the oxidation time, pH and concenfrations
of fluoride ions apart from the electrolyte
mentioned. TiO2 can be formed at the right
potential range, which is generally called potential
window [8]. When the oxidation potential is lower
than the potential window, the only nonporous film
is formed on the Ti film; however, when the potential
is too high, a sponge oxide layer is formed [9]. The
potential window generally ranges from 10 V to 40 V.
The formations of TiO2 nanotubes in organic solution
has uniform shape and are very regular, and the
extra-long tubes with smooth surface can be
obtained compared with an aqueous solution.
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Since the as-prepared anodic TiO2 nanotube arrays
are amorphous [10, 11], high temperature annealing
is necessary to convert them into crystalline forms for
high performance applications [12]. However, to the
best of our knowledge, little work has been done on
the study of amorphous fo crystalline anatase TiO2
formation at room temperature. Herein, we
described the fabrication of TiO2 nanotube arrays,
from electrochemically anodized Ti foil. The TiO2
pores, which were formed due to the
electrochemical dissolution, induced the formation
of TiO2 nanotubes. The highly ordered TiO2 nanotube
arrays growth inwards are thus formed. The
fransformation of as-anodized amorphous TiO2
nanotubes into the anatase phase as a function of
volfage supplied was scrutinized by Raman
spectroscopic  measurements. The annealing
process of TiO2 nanotubes is included in this
experiment as to provide additional information on
intensification of anatase peak after heat
freatment.

2.0 METHODOLOGY

Ti foils (99.5% purity) with 0.25 mm thickness Ti was cut
info 1 cm x 3 cm fo be used for anodization sample
and prior to the anodization freatment, the samples
were degreased by sonicating in ethanol and
distilled water for 5 minutes each and dried using air
gun. Finally followed by rinsing with deionized water
and dried in air stream. The foils were anodized for
60 min in ethylene glycol with 5 % hydrogen peroxide
(H202) electrolytes containing NH4F (0.3 wi%) by
using two electrode configuration and a high-
voltage potentiostat (Instek GPC 6030D). The purity
of electrolyte of ethylene glycolis 100 %. Anodization
was carried out under potentiostatic control at
varied voltage of 10V, 40 V and 60 V with graphite
as cathode and Ti foil as anode. The schematic
diagram of the anodization set-up is shown in Figure
1. After the anodization process, the samples were
then annealed at 450 °C for 2 h in air with heating
rate of 10 °C/min.

Power supply

Graphite rod
( Ti fodil ) (Cathode)
Anode

Electrolyte

Figure 1 Schematic diagram of the anodization set-up

The morphology and sftructure of TiO2
nanostructure was characterized by field emission

scanning electron microscope (FESEM, Hitachi,
Japan). The crystalline phase of the nanostructure
was identified by x-ray diffraction (XRD) using an
Analytical X'Pert Pro diffractometer with Cu Ka
radiafion (A = 0.154 nm). Raman spectroscopy
(LabRAM HR800) was used to determine the
nanosfructure using 532 nm laser excitation.

3.0 RESULTS AND DISCUSSION
3.1 Formation of TiO2 Nanotubes

Figure 2 show the FESEM image of top view and cross
sectional morphology of anodized Ti foils in ethylene
glycol at three different formation voltage. Insets
show the high magnification surface morphology of
oxide. The evolution of morphologies for TiO2
nanotubes as function of (a) 10V, (b) 40 V, and (c)
60 V is shown in these Figures (Figure 2 (a)-(f) where
the nanotubes can only be observed when the
supplied voltage is 40 V.

Figure 2 FESEM images of TiO2 nanotubes obtained in
ethylene glycol containing NH4F and 5 % H20. at different
anodization voltages. Top surface images, (a) 10 V; (b) 40
V; and (c) 60 V. Cross section images, (d) 10 V; (e) 40 V;
and (f) 60 V

At 10V, the anodic layer has porous-like top
structures (Figure 2(a)). At this voltage nanotubular
is hardly seen however smaller pores (~ 20 nm) can
be seen on the surface of the anodic film as shown
in the inset of Figure 2(q). It is because the formation
of oxide layer is too thin when the anodization at 10
V. The thin layer of oxide hinder the possibility of
oxide layer dissolution to form the tubes structure. As
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the voltage increased to 40V pores enlargement
occurred. The cross section of the Figure 2(e)
indicate that the nanotubes is formed and large
pores formation with diameter about 100 nm can be
seen in the inset of Figure 2(b). At 60V nanotubes
with larger diameter (~ 180 nm) are formed (Figure
2(c)). Nanotubular arrays are seen to have well
organized and single layer oxide. Unlike samples
made at 40 V, sample made at 60 V is consisted of
prominent nanotubular arrays with ruptured tubes
mouth. Due to the higher electric field (higher
voltage), the pores formation is dominated by the
electric field dissolution. Pore growth is effected by
electric field. Thus, more pore formation happens, as
higher field is established across the sample. It was
found that higher voltage normally yielded larger
tube diameter and length. Hence the stability of the
structure is easily disturbed which eventually caused
the rupture of the tubes mouth. The tip of the tubes
is also uneven as we can see there are tubes
growths underneath the perforated mouth tubes
that are sitting on the formed nanotubes layer.

3.2 Structural Analysis

Figure 3 indicates that the XRD patterns of as
anodized TiO2 nanotubes at three different voltages.
From the figure it is noted that only the diffraction
from Ti substrate can be seen. This diffraction is
caused by the thickness of TiO2 nanotubes layer
which is only a few nanometres. Since the
penetration of the incident X-ray beam is quite high
therefore, signals from the Ti substrate are very
sfrong.
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Figure 3 XRD patterns of as anodized TiO2 nanotubes
obtained in ethylene glycol containing NH4F and 5 % H202
at different anodization voltages :(a) 10 V; (b) 40 V; and (c)
60V

Further analysis was done to ensure the phase
formation of the as anodized samples in ethylene
glycol solution using Raman spectroscopy. This
technique allows the signals from the oxide grown
on the metallic substrate to be detected. There are
no Raman peaks at 10 V, indicating the presence of
amorphous material. This is due to the metallic

nature of Ti that has free electrons which preventing
the laftice vibrations and therefore no Raman
active detected [13]. Meanwhile the spectra begin
to change at 40 V and 60 V. The appearance of
anatase (A) for the 40 voltage peaks af 160.1 cm!,
264.2 cm1,420.6 cm! and 620.2 cm!. Similar peaks
obtained for 60 V which is 162.3 cm!, 209.2 cm-,
278.0 cm, 420.6 cm', 513.0 cm™!, and 628.3 cm-! as
reported in previous study [14]. Hence it can be
concluded that the as anodized samples of TiO2 are
crystalline as proven by the Raman result in Figure 4.
It is well known that anodic TiO2 shows an
amorphous-to-crystalline transition with anodization.
This is has been reported by Leach et al., where
crystallization results in high electronic conductivity,
which enables oxygen evolution on crystalline
regions to occur [15]. Thus, breakdown of anodic
TiO2 has been defined by oxygen evolution
associated with crystallization [15]. It is possible to
speculate that during the formation of oxide layer,
the migration of O% intfroduces high level of oxygen
vacancies in the oxide. The presences of these
oxygen vacancies may have promoted the
formation of anatase TiO2 [16]. The stabilization of
the crystalline phase at room temperature can also
be associated with the mobilities of various
electrolyte-derived species such as fluoride ions,
hydroxide ions as well as other impurities. This is
reported by Habazaki et al. where the incorporation
of species from the electrolyte info anodic titania is
shown to stabilise the structure of the fim [17].
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Figure 4 Raman spectra of as anodized TiO2 nanotubes
obtained in ethylene glycol containing NH4F and 5 % H2O-
at different anodization voltages: (a) 10 V; (b) 40 V; and (c)
60V
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Figure 5 Raman spectra of annealed TiO2 nanotubes for
samples in Figure 4 at 450°C for 2 h
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After the annealing process, the intensity values for
the Raman shift have been increased. An
observation of the phase changes has been made,
There are five Raman peaks for sample anodized at
10, 40 and 60V, indicating the presence of anatase
phase. The appearance of anatase (A) for the all
the samples can be seen at 160.0 cm!, 199.5 cm,
393.6 cm, 513.0 cm’'!, and 628.3 cm’'. The
annealing has intensified the anatase peak giving
out the prominent peaks as seen in Figure 5.

4.0 CONCLUSION

The present work describes the influence of the
anodization voltage on the structural and
morphology of TiO2 nanotubes formed on Ti in
ethylene glycol containing small amounts of
fluoride. The morphological features of the
nanotubes were related to a fluoride-induced
dissolution of a porous structure. It is clear that,
samples prepared at higher voltages than 10 V have
crystalline anatase phase due to the fransformation
of as-anodized amorphous TiO2 nanotubes info the
anatase structure. Hence, the crystallinity improves
as the voltage was increased. The stabilization of the
crystalline phase is highly dependent on the oxygen
vacancies and ionic mobilities. This work has
demonstrates a simple route to producing various
TiO2 nanostructures that may further extend the high
performance applications of semiconductor TiOo,
but also provides valuable insights into the
amorphous to crystalline transformation at room
temperature in anodic TiO2 nanotube.
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