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Abstract

In this research, titanium dioxide nanotubes (TNTs) were synthesized via an anodization process from
titanium (Ti) film sputtered on indium tin oxide (ITO) glass by a DC magnetron sputtering technique. The TNTs were
fabricated by using potential at 30 V and electrolyte solution consisted of ammonium fluoride (NH,F), ethylene glycol
(EG), and deionized water at 1-3 vol% . The crystal and surface morphology of TNTs were characterized by an
X-Ray Diffractometer (XRD) and Field Emission Scanning Electron Microscopy (FE-SEM), respectively. The results
showed that the average diameters of TNTs with deionized water of 1, 2, and 3 vol% were 45.63, 55.30, and 65.32
nm, respectively. The crystallite size of the annealed TNTs at (004) plane were calculated from the Scherrer
equation, which increased from 24.34 nm to 29.53 and 30.61 nm with increasing percent by volume of deionized
water. It was found that TNTs prepared with deionized water at 3 vol% showed the highest crystallite size and
uniform diameter. The crystal structure and tubular size of TNTs are important factors that affect the photocatalytic
reaction. The TNTs were tested for the degradation of methylene blue in an aqueous solution under various UV
irradiation times. The best TNTs condition for photocatalytic activity was anodized with deionized water at 3 vol%

due to an increase surface area and crystallite size.
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Introduction

Currently, titanium dioxide (TiO,) films are given significant attention for use in applications such as sensors
(Alba et al., 2020; Fan et al., 2021), catalysts (Matus et al., 2018; Thomas et al., 2020; Perillo et al., 2021),
electrochromic (Zhang et al., 2020; Lee et al., 2021), and solar cells (Nguyen et al., 2020; Chen et al., 2021; Gnida
et al., 2021). TiO, films can be synthesized in a nanoscale structure, such as nanotubes, nanoparticles, and
nanowires, etc. However, the structure of TNTs also shows suitability for use in photocatalytic reactions, because
the structure enhances the active surface area, enabling the electrons to move rapidly. TNTs can be synthesized
by anodization from Ti foil (Naduvath et al., 2015), Ti plate (Vera et al., 2017) and Ti film (Szkoda et al., 2016) in an
electrolyte solution are comprised of fluoride. Gong and co-worker (Gong et al., 2001) generated TNTs by anodizing
a Ti foil in hydrofluoric acid solution. They reported that TNTs had limited thickness. While TNTs were synthesized
in an electrolyte solution containing hydrofluoric acid (HF), ammonium fluoride (NH,F) or sodium fluoride (NaF), and
ethylene glycol (EG) or glycerol (GR) resulted in the increased thickness of TNTs at higher than 2 um (Richter
et al., 2010; Chen et al., 2013; Wang et al., 2015; Gao et al., 2016). TNTs can be up to 10 um in length, but those
produced from Ti foil have limited applications because TNTs can be broken and separated from the Ti foil.
Therefore, the current research interest is the synthesis of TNTs on substrate materials such as glass and silicon.
There are many methods for the synthesis of TNTs on substrates. One method is anodization from Ti deposited on
a substrate. The deposition of Ti film can be achieved using the sputtering technique (Kaewwongsa et al., 2017).
The sputtering technique is advantageous in terms of the good adhesion of the film on the substrate due to this
technique producing the high energy of an adatom deposited on a substrate via the transferring of momentum and
energy from the argon ions. Usually, TNTs are synthesized by using Ti film deposited on a silicon substrate through
direct current (DC) magnetron sputtering (Yang et al., 2008) and Ti film deposited on indium tin oxides (ITO) glass
using radio frequency (RF) sputtering (Lim et al., 2011), which is achieved at a substrate temperature of 500 °C.
The substrate must be heated before deposition due to enhancement of dense Ti film. Moreover, anodization
processes were observed such as the type of electrolytes (Lim et al., 2011; Szkoda et al., 2016) concentration or
amount of solution (Regonini et al., 2012; Szkoda et al., 2016), and electrical potential used in anodization (Regonini
et al., 2012). These parameters affect the structural and optical properties of TNTSs.

Photocatalytic activity is an interesting property of TNTs because light can be absorbed and electrons
exchange well, in addition to being resistant to chemical reactions. The TNTs were fabricated by an anodic oxidation
process and investigated for the effects of the structure on photocatalytic activity. Annealed TNTs at temperature

of 500°C for 1 h exhibited the most photodegradation of methylene blue in 2,3-dichlorophenol in an aqueous
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solution under UV light radiation (Liang et al., 2009). The effects of anodization duration on morphology and
photocatalytic activity showed that the best photodegradation rate (k) was about 0.0104 min’ (Suhaimy et al.,
2018).

Although there have been many reports over the years concerning the variables that affect photocatalytic
reactions, there have been few reports focused on the effects of electrolyte solution and annealing on the
anodization process of photocatalytic properties. Additionally, reports concerning TNTs synthesized from sputtered
Ti film without substrate heating have been scarce. Therefore, this work was interested in studying Ti film deposition
on ITO glass without external heating by DC magnetron spattering and electrolyte ratio in the anodization process.
The TNTs were tested for photocatalytic activity using various UV irradiation times, after which the morphology,

crystal structure, and optical properties of TNTs on photocatalytic activity were discussed.

Methods

Ti and TNTs preparations

ITO glass (1x2.5 cm’) was ultrasonically cleaned in acetone, ethanol, and deionized water for 15 min and
then dried in air. The Ti film was deposited onto cleaned ITO glass using the DC magnetron sputtering technique
from 99.99% pure Ti target (Kurt J. Lesker). The sputtering power of 200 W was applied at a deposition time of
16.40 min, as shown in Table 1. After that, TNTs were synthesized via anodization in a dual- electrode reaction
chamber. Lead (Pb) sheet and Ti coated on ITO glass were used as cathode and anode, respectively. Two
electrodes were soaked in electrolyte containing NH,F of 0.6 wt%, deionized water of 1-3 vol% (TNTsx where x is
deionized water vol% ), and ethylene glycol of 97-99 vol% which used potential at 30 V for 2 h, as summarized in
Table 2. All TNTs were subsequently annealed in a furnace at a temperature of 450°C for 1 h (a-TNTsx where X is
deionized water vol%).

Film characterization

The structure and surface morphology of TNTs were characterized with an X-Ray Diffractometer (XRD,
Bruker, D2 Phaser) at 30 kV and 10 mA (CuKa with A = 1.5406 A) and Field Emission Scanning Electron Microscopy
(FE-SEM, JEOL 6060), respectively. The optical property of TNTs was determined by UV-Visible Spectrophotometer
(GENESYS10S). Methylene blue in an aqueous solution was prepared at a concentration of 0.01 to 0.05 mM to find
the calibration curve. The photocatalytic activity of TNTs was investigated by the degradation of methylene blue in
an aqueous solution at a concentration of 0.05 mM. A photoreaction was performance within a UV box consisting

of a UV light source (SANTORY, Blacklight lamp, F10T8BL 20 W, Japan). The distance between the top surface of
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the solution and lamp was about 10 cm, while irradiation time was 50, 100, 150, and 200 min. After irradiation, the
absorbance of methylene blue (MB) in an aqueous solution was measured by a UV-visible spectrometer. The
absorbance data of methylene blue with different catalysts of TNTs were analyzed to impose the degradation rate

of methylene blue.

Table 1 Conditions for the sputtering technique

Parameters Conditions
Target Titanium
Base pressure 5x 10° mbar
Sputtering power 200 W
Flow rate of argon gas 15 sccm
Substrate ITO glass
Deposition time 16.40 min

Table 2 Conditions of the anodization process.

Electrolyte
Voltage Duration
Samples NH,F Ethylene glycol deionized water
(V) (h)
(Wt%) (vol%) (vol%)
TNTs1 0.6 99 1 30 2
TNTs2 0.6 98 2 30 2
TNTs3 0.6 97 3 30 2

Results

Morphology and structure of Ti film

The morphology of Ti film deposited on 100 nm thickness ITO coated glass substrates by using DC
magnetron sputtering technique is shown in Figure 1. The results indicated that the Ti film had a large grain size
about 275 nm with a columnar structure. In this study, we used high sputtering power at 200 W to prepare Ti film
which effected on substrate self-heating, deposition rate and structure of Ti film (Lim et al., 2011). Moreover, the

thickness of Ti film around 0.835 um, as shown in Fig. 1 (b), effected the TNTs after anodization (Lim et al., 2011).
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The Ti film was examined for crystal structure, as shown in Fig. 2. It was found that the Ti film exhibited
crystal structure (PDF 01-086-2608) with diffraction peak of 28 at 38° and 40° corresponding to the crystal plane of

(002) and (101), respectively. It can be said that high sputtering power can be promoted with a film to have a

crystalline structure, even without substrate heating.
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Figure 1 FE-SEM images of Ti film prepared by the dc magnetron sputtering technique: a) top view and

b) cross-section view.
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Figure 2 XRD pattern of Ti film prepared by the DC magnetron sputtering technique.
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Morphology and structure of TNTs arrays

The variables of deionized water and EG in the electrolyte solution were used for the anodization process
that affected the morphology of the TNTs arrays presented in Figure 3. We found that increasing the deionized
water resulted in the increasing diameter and effected on the length of TNTs arrays. This result corresponded with
previous research (Sreekantan et al., 2009; Yang et al., 2016; Simi et al., 2017) due to the increase of hydrogen

and oxygen ions.

Ly ds \ -
: 150 RV mm SEM HV: 15.0KV WO: 4.93 mm MIRA3 TESCAN WD: 4.92 mm

: 4.8 I
View field: 208 pm | Det: In-Beam SE 500 nm

| View field: 208 pm | Det: InBeam SE 500 nm View fleld: 208 ym ~ Det: In-Beam SE
SEM MAG: 100.0kx BI: 8.47

SEM MAG: 100 kx BI: 847 Silpakor University SEM MAG: 100 kx BI: 8.47

Figure 3 Top view and cross-sectional (insert) FE-SEM image of TNTs film prepared by anodization and

deionized water of a) 1 vol%, b) 2 vol%, and c) 3 vol%.

The morphology of TNTs with varied deionized water at 1-3 vol% was analyzed with the diameter by which
the technique distribution is presented in Fig. 4. We found that deionized water at 3 vol% had the smallest standard
deviation of 7.087 and maximum average diameter of 65.32 nm. Deionized water at 1 and 2 vol% had standard
deviations of 10.133 and 11.184, and average diameters of 45.63 nm and 55.30 nm, respectively. The data implies
that deionized water at 3 vol% indicated the uniform diameter of the TNTs arrays. Moreover, the TNTs are clearly
separated from each other. This results in a greater surface area both inside and outside the TNTs compared to

other conditions.
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Figure 4 Distribution of diameters in TNTs arrays for deionized water at a) 1 vol%, b) 2 vol%, and c) 3 vol%.

XRD patterns of as-prepared and annealed TNTs arrays prepared with varied amounts of deionized water
at 1-3 vol% are presented in Figure 5. The results showed that the as- prepared TNTs did not have the XRD peak
shown to be amorphous, while the structure of annealed TNTs was the anatase phase of TiO, (PDF 03-065-5714).
The crystal structure of TNTs exhibited that XRD diffraction peak of 20 at 25.30°, 37.87°, 48.03°, and 53.98°0f
deionized water at 1 vol%, 25.28°, 37.93°, 48.37°, and 53.88° of deionized water at 2 vol%, and 25.28°, 37.80°,
48.05°, and 53.89° of deionized water at 3 vol% corresponded to the crystal planes of (101), (004), (200), and

(105), respectively. We found that deionized water of 2 vol%in an electrolyte solution resulted in the highest

crystallinity.
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Figure 5 XRD pattern of both as-prepared and annealed TNTs arrays for deionized water at a) 1 vol%, b) 2 vol%,

and c¢) 3 vol%.

The crystallite size of the annealed TNTs arrays was analyzed from the Scherrer equation (Yuan et al.,
2013). Average crystallite size at conditions of deionized water at 1, 2, and 3 vol% at (004) plane was 24.34, 29.53,

and 30.61 nm, respectively.
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Optical properties of TNTs arrays

The transmittance spectra of TNTs arrays for condition before and after annealing are shown in Figure 6.
Varying deionized water amount significantly affected the transparency of TNTs film. The results showed that the
transmittance spectra of TNTs arrays decreased when increasing deionized water. Moreover, annealed TNTs arrays
exhibited lower transmittance than as- prepared under all conditions due to increasing oxygen vacancies formed
during annealing (Lim et al., 2011). The rapid decrease in transmittance at a wavelength range from 300 nm to 380

nm was the absorption edge of TiO,,.
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Figure 6 Transmittance spectra of annealed and as-prepared TNTs arrays.

Photocatalytic activity of TNTs arrays

The photocatalytic activity of TNTs arrays was measured by the degradation of MB in an aqueous solution
under UV irradiation. The absorbance of the MB at concentrations of 0.01, 0.02, 0.03, 0.04, and 0.05 M was
measured at a wavelength of 664 nm to create the calibration curve for analyzing the desired concentration, as
presented in Figure 7. It was found that the relationship between the absorbance and concentration of MB obtained
a linear curve corresponding to the Beer—Lambert Law (Swinehart, 1962) with the relationship as equation y =

0.03411x and R” (Regression) = 0.99019.
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Figure 7 The calibration curve of MB in an aqueous solution.
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Figure 8 Relationship between C/C, and irradiation time of all annealed TNTs arrays.
Figure 8 shows the relationship between C/C, and reaction time, where C,, is the initial concentration of MB
and C is the concentration of MB after UV irradiation. It was found that the samples of MB in the dark and under UV

irradiation were slightly decayed. The a-TNTs3 represented the highest photocatalytic activity, which corresponds
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to the kinetics of decay of MB by plotting the graph between In(C/C) and reaction time. We found that a first-order
kinetic reaction for samples of dark, no sample, a-TNTs1, a-TNTs2, and a-TNTs3 corresponded to k values of

0.37x10°,1.52 x 10°, 3.01 x 107, 4.27 x 10°, and 5.27 x 10° min™", respectively, as presented in Figure 9.
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Figure 9 Plot In(C/C0) versus irradiation time of all annealed TNTs arrays.
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Figure 10 Percentage degradation of MB of all annealed TNTs arrays.

Figure 10 shows the degradation of MB at UV irradiation time for 200 min compared with all samples. It

can be seen that the degradation of MB increased from 7.06 to 26.215, 45.236, 57.408, and 65.171%,
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corresponding with conditions of dark, no sample, a-TNTs1, a-TNTs2, and a- TNTs3, respectively. These results

indicated that the TNTs exerted the degradation of MB as a function of increasing deionized water.

Discussion

The Ti film was deposited on ITO glass substrates using the DC magnetron sputtering technique without
external heating. A sputtering power of 200 W was applied with a deposition time of 16.40 min, which resulted in
the morphology of Ti film with columnar structure at a thickness of 0.835 um. It was also shown that the crystal
structure due to high sputter power caused substrate self-heating. Adatom at high energy deposited on the
substrate enhanced the dense film arrangement of the columnar structure (Lv et al., 2016). The TNTs were
fabricated via an anodization process with varied deionized water amounts and EG in an electrolyte solution. The
FE-SEM images of TNTs exhibited that an increase in deionized water resulted in the increasing diameter of TNTs
arrays. TNTs with deionized water at 3 vol% clearly showed the separation of each nanotube. This is likely because
deionized water enhanced the oxygen and hydrogen ions in the electrolyte solution, which affected the growth and
etching rate of the TiO, layer (Srimuangmak et al., 2011). Moreover, the XRD pattern of TNTs arrays indicated all
samples of as-prepared were amorphous structure which transferred the crystal structure with the anatase phase
after annealing. An annealing temperature of 450 °C for 1 h was sufficient energy to rearrange an atom in TNTs
structure. Finally, the degradation of the MB solution was observed for the effect of TNTs structure. Increasing
diameter size and separation of the nanotube structure to enhance the active surface area are important factors for
photocatalytic activity (Hui et al., 2007; Xu et al., 2014). A large surface area can increase the absorption of MB
and enable the trapping of electrons on the surface (Chen et al., 2006). Additionally, increase absorption resulted
in higher electron-hole pairs generation which enhanced photocatalytic properties (Ji et al., 2017; Kang et al.,
2019). Therefore, the best efficiency of photocatalytic activity was annealed TNTs with anodization using deionized

water at 3 vol%.

Conclusions

TNTs arrays were successfully prepared by anodization from titanium film sputtered on ITO glass using a
DC magnetron sputtering technique without external heating. XRD confirmed that Ti film sputtered onto ITO glass
without substrate heating can generate the crystal structure of Ti film with a columnar structure. The TNTs arrays
were synthesized via the anodization process by using potential at 30 V and electrolyte solution composite of fixed

NH,F and various EG of 97-99 vol% as well as deionized water at 1-3 vol%. Increasing deionized water resulted in
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the increasing diameter of TNTs arrays and showed separation of each nanotube with deionized water at 3 vol%.
Annealing TNTs arrays at a temperature of 450 °C for 1 h promoted the anatase phase of the TiO, structure. The
photocatalytic activity of TNTs arrays was investigated by the degradation of MB under various UV irradiation times.

The a-TNTs3 showed the highest photocatalytic activity with degradation of 65.171%.
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