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Abstract

This study focused on the phase study of titanium dioxide (TiO2) nanotube fabricated via
anodization in HF solution. The objectives of this study is to observe the structure of nanotube
formed after anodizing the titanium foil at different pH using field emission-scanning electron
microscope and to analyze the different phases of TiO2 heat treated at different temperature
using X-ray diffraction tool. In order to form the TiO2 nanotube, various parameters were
used during the anodization process. The parameters include pH value of the HF solution,
anodizing time, and applied potential. The pH of HF solution used is 1, 5 and 9 for 10
minutes time duration at 20 V. The TiO2 nanotubes were heat treated at temperatures of 300,
500 and 700C with soaking time of 3 hours and cooling rate of 5C/min in a tube furnace to
produce different phase of titanium dioxide. Phase identification from the titanium dioxide
characterization indicates the presence of rutile and anatase peaks. The optimal condition for
TiO2 nanotubes formation was pH 5 with an applied potential of 20 V.
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Introduction

Titanium dioxide is mostly available as a naturally occurring minerals e.g. rutile, anatase
and brookite. The most common form of TiO2 phase is rutile which is also the most stable when
compared with the anatase phase [1]. The nanotube walls is observed to undergo a form of
transformation into the anatase form and beneath the metal layer the tubes converts into the
rutile phase upon heat treatment at higher temperatures [2].

Anodization of titanium foil is a promising approach to fabricate nanostructure porous
oxides based on very simple process such as electrochemical anodic polarization [3].
Electrochemical anodization process is used to increase the thickness of the oxide layer on the
surface of metal plates. The anodic electrode will increase corrosion resistance and wear
resistance during anodizing process [4-6].

Anodization process is known to effect changes in the microstructure of the surface and
crystal structure of the anodized metals. The anodized titanium layer is formed by passing
a direct current through an electrolyte solution with the titanium foil serving as the anode. The
current ejects hydrogen at the cathode (the negative electrode) and oxygen at the surface of the
titanium anode, creating a build-up of titanium oxide. The voltage necessary for the successful
anodization process in different solutions have been reported to be between 1 to 300 V dc. In
the case of requiring thicker coatings higher voltages are often employed for solutions
containing either organic acids or sulphuric acid. Titanium anodizing is usually performed in
an acid solution which slowly etches the titanium oxide layer. The oxidation rate with the acid
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action will form a nanoporous coating with 10-150 nm in diameter on the titanium surface. The
significant conditions that can allow oxide layer fabrication involves the proper control of the
electrolyte concentration, the type of acid used, temperature, and current [5-10].

Experimental

Titanium foils with dimensions 10 mm x 40 mm were cut and used for the anodization
process. A 5 ml hydrofluoric acid was put into a 100 ml plastic beaker and stirred. The pH value
of aqueous hydrofluoric acid solution was adjusted by adding sodium hydroxide. While adding
the sodium hydroxide, the solution was stirred by using the magnetic stirrer.

The main parts of the process are composed of two electrodes and a stirrer. The titanium
foil was used as the anode electrode (positive charge) while the platinum electrode as cathode
electrode (negative charge) with distance of 3-3.5cm. The time for the anodization process is 10
minutes with 20 V potential. The process was repeated for hydrofluoric acid electrolyte with pH
1, 5, and 9.

The samples were rinsed with deionized water to remove the excess acid and dried with
air gun. This step will reduce the contamination of hydrofluoric acid that may destruct the
titanium dioxide nanotube structure. After the cleaning process, the samples were cut into 10
mm x 10 mm for morphology testing. In order to determine the morphology of TiO2 nanotubes,
the samples were characterized by using field emission-scanning electron microscope (FE-
SEM) Nova Nano SEM from brand FET to identify the structure of TiO2 nanotubes formed.

Three samples were cut with dimension 10 mm x 10 mm for the heat treatment. The
temperature used are 300, 500, and 700C with soaking time of 3 hours in a tube furnace at a
cooling rate of 5C /min.
Samples are then characterized with X-ray diffraction (XRD) machine D2 Phaser from Bruker.
This characterization will show the rutile and anatase peak on the titanium dioxide foil after
heat treatment. XRD patterns were recorded in the 2 range of 10- 80 with scanning speed of
5/min.

Raw Materials

Titanium foil (Ti)
Titanium foil has been selected to be used as the starting material for the phase analysis

in this study. The nanotube will form on the surface of the foil with thickness of 0.25 mm.
Then, the foil is cut into 10 mm x 40 mm and used as the positive electrode during the
anodization process.

Hydrofluoric Acid (HF)
Hydrofluoric acid was used for the anodization process at different pH value. The pH

value was adjusted by adding aqueous sodium hydroxide.
Platinum electrode (Pt)
Platinum electrode was used in the anodization process as the negative electrode.
Sodium hydroxide (NaOH)
NaOH is used to adjust the pH value of HF acid solution.
Deionized water
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Deionized water was used to clean the Titanium foil after anodization process. This is
because the excess acid might be present on the Titanium foil which could further etch off the
surface if not properly cleaned.

Results and Discussion

Morphology Observation
Fig.1 (a) and (b) shows the FE-SEM image obtained with voltage 20 V in pH 1 of HF

solution for 10 minutes at current of 1.41 A with magnification of 10 kX and 200 kX. Fig.1 (a)
shows the presence of TiO2nanoparticles formed on the surface of the titanium foil as well as
cracks also been detected in 10kX magnification. Fig.1 (b) shows the distribution of TiO2

particles on the surface of the titanium foil at higher magnification.  The nanotube structure is
not seen in both magnifications but only TiO2 particles are present.

The absence of nanotube structure during the anodization process at pH1 might be due to
the etching of the titanium foil surface by the strongly acidic electrolyte. Hence, the growth of
the tubes and the dissolution process is fast and cant sustain the propagation of the tubes. The
crack observed on the surface of TiO2 might be from the raw materials which had some
scratches on the surface but not visible to the eyes.

Fig.1 (a): FE-SEM image of surface structures obtained with 20 volts in pH 1 of HF solution for 10 minutes with
magnification of 10 kX; (b): FE-SEM image of surface structures obtained with 20 volts in pH 1 of HF solution for 10

minutes with magnification of 200 kX.

Figure 2 (a) and (b) shows the FE-SEM image obtained with voltage 20 V in pH 5 of
HF solution for 10 minutes at current of 0.28 A with magnification of 10 kX and 200 kX. Fig.2
(b) shows that the nanotubes were successfully formed on the titanium foil. The size of the
nanotubes inner diameter is about 20 – 75 nm while the wall thickness is about 4.5 – 26.6 nm.
The smallest size of nanotube inner diameter observed with size of 20.13 nm while the largest
nanotube diameter identified is 73.01 nm. The TiO2 nanotubes inner diameter size and wall
thickness distribution is not uniformly formed.

In Figure 2 (a), the formation of the dark side in the FE-SEM image is because of the
surface imperfection during the anodization process. From Figure 2 (b), TiO2 nanotubes were
successfully formed at pH 5 due to the acid condition which is weak acid which allows the
formation of nanotubes. The surface was fully covered with the TiO2 nanotubes structure with
applied current of 0.28 A. Therefore, pH 5 is suitable for the formation of TiO2 nanotubes as
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the acidic electrolyte is mild and can sustain the dissolution and subsequent propagation and
growth of the nanotubes.

Fig.2 (a): FE-SEM image of surface structures obtained with 20 volts in pH 5 HF solution for 10 minutes with
magnification of 10 kX; (b): FE-SEM image of surface structures obtained with 20 volts in pH 5 HF solution for 10

minutes with magnification of 200 kX.

Fig. 3 (a) and (b) shows the FE-SEM image obtained with applied voltage of 20 V in pH
9 of HF solution for 10 minutes and with a current of 0.08 A with magnification of 10 kX and
200 kX. Fig.3 (a) shows the TiO2 nanoparticles with magnification of 10 kX. The surface is not
smooth and have many agglomerated-like particles been observed while Fig.3 (b) shows no
tubes formed on the Ti-foil surface.

The nanotubes were not produced at this pH and with a low current value was recorded.
The current value for pH 9 is 0.08 A which is lower than the current value for pH 5 which is
0.28 A. When the current value is low, the chemical etching rate is lower which leads to the
lower oxide layer formation on titanium foil. The thick barrier layer decreases and the pore
form cannot grow into nanotubes.

Fig. 3 (a): FE-SEM image of surface structures obtained with 20 volts in pH 9 HF solution for 10 minutes with
magnification of 10 kX; (b): FE-SEM image of surface structures obtained with 20 volts in pH 9 HF solution for 10

minutes with magnification of 200 kX
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Phase Analysis
The TiO2 nanotubes fabricated via anodization process at pH1,5 and 9 of HF electrolyte

was characterized with XRD. Fig. 4 showsthe XRD patterns of raw TiO2 nanotubes fabricated
via anodization process with pH 1, 5, and 9 of HF electrolyte without heat treatment. Most of
the peak observed was titanium peak formed.

Fig.5 shows the XRD patterns of TiO2 nanotubes fabricated via anodization process with
pH 5 of HF electrolyte andheat treated at different temperatures of 300, 500 and 700C with 3
hours soaking time and cooling rate of 5/min. Based on Fig. 5, many of the peaks present was
observed to be anatase phase structures when the TiO2 nanotubes was heat treated at 300C and
500C. As the temperature is increased to 700C, many of the amorphous crystallizes into rutile
phase as shown in 2 of 27.92, 36.61, 38.73, 40.43, 53.36, 56.96 and 70.94 that are
assigned to (110), (101), (200), (111), (210), (211), (210) and (310) lattice plane while the
anatase peak only shown once at 2 of 22.84 which is assigned to (101) lattice plane.

Fig. 4. XRD patterns of raw TiO2 nanotubes fabricated via
anodization process with pH 1, 5, and 9 without heat

treatment.

Fig. 5. XRD patterns of TiO2 nanotubes fabricated via
anodization process with pH 5 and heat treated with
different temperature at 300 , 500 , and 700

Conclusion

The TiO2 nanotubes was characterized by using field emission-scanning electron
microscope with magnification of 10 kX and 200 kX to observe the morphology of TiO2

nanotubes. The pH value of hydrofluoric (HF) electrolyte used are 1, 5 and 9. The titanium
dioxide (TiO2) nanotubes were successfully fabricated via anodization at pH 5 of HF electrolyte
at 20 V for 10 minutes. The samples for pH 1, 5 and 9 were heat treated at 300C, 500 C and
700C with 3 hours soaking time and cooling rate of 5o/min. The phase of TiO2 nanotubes were
analysed by using x-ray diffraction (XRD) machine. The sample phase was characterized from
10o – 80o with step rate at 5o/min. Anatase peaks were obtained when the TiO2 nanotubes were
heat treated at 300 and 500C, while the rutile structure was formed when heat treated to 700C.
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