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Abstract

TiOz2 nanotubes (TNTs) and bamboo-type TNTs structure films were synthesized via anodization
from sputtered titanium (Ti) films on indium tin oxide (ITO) glass. Herein, the anodization process
was adjusted electrolyte with different amounts of deionized water and ethylene glycol. The optical and
structural properties of all films before and after annealing were investigated, which affected electrochromic
application. The increasing deionized water content in electrolytes resulted in an increase in the average
diameter and a decrease in the average length of TNTs. Furthermore, the bamboo-type TNTSs structure
was produced at the deionized water volume condition of 3 vol%. The crystallite size of annealed TNTs
(a-TNTs) was calculated from the Scherrer equation, which was enhanced when increasing deionized
water. TNTs conditions before annealing showed that the amorphous structure and high energy band
gap (Eg) exhibited more electrochromic phenomena than the crystal structure. Due to the disordered
arrangement of structures, it was easy to insert ions in TNTs. The bamboo-like structure with separate
tubes increased the surface area of the reaction, thus exhibiting the best electrochromic properties with

AT equal to 12.58%.

1. Introduction

Titanium dioxide (TiOz2) films are an excellent candidate material
and use preparation as nanostructures to increase the efficiency of
sensors [1,2], solar energy [3], photocatalytic activity [4,5], and electro-
chromic [6,7] applications. The advantages of nanostructures such as
nanorods [8], nanofibers [9,10], nanowires [11], and nanotubes [12,13]
are used to increase the active surface area in applications. Nanotube
structures have attracted a lot of attention due to their distinctive
features such as orderly arrangement and easy increase in tube length
and diameter. In most cases, the preparation of nanotubes is commonly
done by anodization technique which studied the influence of various
variables including the type and concentration of the electrolyte
solution and difference voltage [14-19]. These parameters change the
morphological structure of the tube in relation to its optical properties,
crystal structure, electrical properties, and surface area.

Yang et al. [11] investigated and compared the effects of H202
and H20 content on the anodizing current and morphology of TNTs
and obtained ginseng-like nanotubes. Sergiu et a/. [ 18] have developed
TNTs a structure that can be built into bamboo-like and nanolace sheets
by an anodization process carried out under specific alternating-voltage
conditions. Kim ez al. [20] developed a bamboo-like TNTs structure
to increase the efficiency of dye-sensitized solar cells.

In addition, Regonini et al. [13] reported that controlling the
amorphous structure to the crystal phase transition of anatase to rutile
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of TNTs was systematically heat treated in the temperature range of
200°C to 600°C. Siuzdak et al. [21] improved crystallization of TNTs
within an area limited by laser treatment. Ghicov ef al. [22] exhibited
a high storage capacity for H" for the TNTs for electrochromic
properties, while Yao et al. [7] used MoO3 deposited on TNTs for
increased intercalation probability and also provided direct pathways
for charge carrier transfer. The development of TNTs structures was
under the condition of the variable factors of the film preparation
process. From these reviews, it can be seen that the changes in the
structure of TNTs as well as their morphology and crystallinity
are of great interest and have implications for their applications.
Among the applications of TNTs films, this unique structure greatly
increases the reaction surface area and is expected to be suitable for
use in electrochromic properties. Since TiOz is a material that exhibits
electrochromic properties [10,11,21,22]. Moreover, TiOz is used as
a good anti-corrosion film [23]. Generally, electrochromic properties
are used in the development of smart windows to reduce the problem
of thermal energy from light, especially in the visible and infrared
ranges. Popular materials are WO3 [24-27] and NiO [28-30] films,
which have good electrochromic properties. But there are easily
deteriorated during use. Therefore, the development of TNTSs structures
was of great interest to their electrochromic applications as an additional
efficient alternative.

In this work, the TNTs films preparation from the anodization
technique altered the morphological structure of length, diameter,
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and morphology. Moreover, the effects of annealing TNTs were
investigated on their optical properties, crystal structure, and electro-
chromic. We deduced that annealing enhanced the crystal structure
of TNTs while decreasing E and electrochromic properties. The
bamboo-like structure of the TNTs films exerted a significant effect
on enhancing electrochromic properties.

2. Experimental

2.1 TNTs synthesis

TNTs were anodized from sputtered Ti films on cleaned ITO
glass substrates (2.50 cm % 3.00 cm). A Ti disc with 99.995% purity
was used as the target (2 in. diameter and 0.25 in. thick, Kurt J. Lesker).
The distance between the target and substrate was 8.0 cm. The
sputtering chamber was pumped down with a rotary pump and
diffusion pump to a base pressure of 5 x 10°> mbar. Argon gas
(99.999% pure) at a flow rate of 15 sccm (standard cubic centimeters
per minute) was used for gas sputtering at a working pressure of
2 x 102 mbar. The sputtering power of 200 W was used to provide
the Ti crystal structure [12]. The thickness of the Ti films was found
to be approximately 835 nm. The glass/ITO/Ti films were anodized
by using Ti film as the anode and lead as the cathode (4.00 cm apart)
at a constant voltage of 30 V for 2 h under an electrolyte consisting
of ethylene glycol (97 vol% to 99 vol%), deionized water (1 vol% to
3 vol%, henceforth denoted for TNTs1-TNTs3), and NH4F (0.6 wt%).
After anodization, the TNTs films were rinsed in deionized water for
15 s to remove any debris covering the top of the nanotubes. After that,
the TNTs films were annealed (a-TNTs) in the air at 450°C for 1 h.

2.2 Characterization

The top view and cross- sectional morphologies of annealed TNTs
films were examined using field emission scanning electron microscopy
(FE-SEM, Tescan/Mira3, Czech Republic). The crystal structures of
annealed TNTs films were determined by X-ray diffraction (XRD,
Bruker, D2 Phaser) in the 26 range of 20° to 80° using CuKa radiation
(A=1.5406 A), the operating voltage of 30 kV and current of 10 mA.

The optical properties of TNTs and a-TNTs were examined with
ultraviolet-visible spectroscopy (G10S UV-Vis, Thermo Scientific)
in wavelengths between 300 nm and 1000 nm. The electrochromic
properties of TNTs and a-TNTs films were tested under a 1.0 M KOH
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solution by applying voltages of -0.8 V to +0.8 V at the colored and
bleached states, respectively.

3. Results and discussion

Figure 1(a) shows a top view and cross-sectional FE-SEM image
of sputtered Ti films with a thickness of 833 nm. The Ti films exhibited
a large columnar- grained structure, which was achieved by high-
sputtering atom energy. The sputtering power of 200 W is a high
value for a 2-in. diameter target and the controlling plasma beam by
the unbalanced magnetron is directed to the ITO substrate for self-
heating. Generally, the sputtering of Ti film is preferred to heating
the substrate to induce the formation of a crystal structure [14]. In this
work, the results exhibited the crystal structure of Ti film, as shown in
Figure 1(b), without external heating. This demonstrated an orderly
and dense formation suitable for further anodization [12,31].

The Ti film restructured to TNTSs by the anodization process [12]
is shown in Figure 2. The difference in electrolyte solution between
reduced ethylene glycol and increased deionized water resulted in very
different tubular structures. This is because deionized water increases
ions in the process and reduces the viscosity of the electrolyte solution.
The effect of increasing the deionized water content has been reported
to increase the TNTs diameter [15-17]. The results showed good
concordance, as shown in Figure 3. In addition, the TNTs were separated
from each other with deionized water of 3 (TNTs3). The TNTs3 showed
a bridge of connected nanotubes. This resulted from the effect of the
partial dissolution of the adjacent oxide ring and gave the nanotubes
a bamboo-like structure. It also depends on some electrolyte constituents
to form such a structure [18,20]. Herein, this resulted in a greater
surface area, inside and outside the TNT, compared to other conditions
(TNTs! and TNTs2) that only have an internal surface area.

The as-prepared TNTs films were amorphous (not shown) and
transformed into a crystal structure after annealing, as shown in
Figure 4. The crystal structure of TNTs exhibited XRD diffraction
peaks of 26 at 25.30°, 37.87°, 48.03°, and 53.98° of a-TNTsl,
25.28°,37.93°,48.37°, and 53.88° of a-TNTs2, and 25.28°, 37.80°,
48.05°, and 53.89° of a- TNTs3 corresponded to the crystal planes
of (101), (004), (200), and (105), respectively. The resulting crystal
structure corresponded well with the anatase phase of TiO2 (PDF
03-065-5714). The a-TNT2 exhibited the highest intensity of the XRD
peak, while the XRD intensity of aTNT3 was similar to that of aTNT1.
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Figure 1. (a) FE-SEM images top view and cross-section view and (b) XRD pattern of sputtered Ti film.
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Figure 2. Cross sectional and top view FE-SEM images of (a) TNTs1, (b) TNTs2, and (c) TNTs3.
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Figure 4. XRD peaks of a-TNTs.

Although all 3 conditional TNTs are annealed in the same condition,
different morphological characteristics affect crystallinity Generally,
the tendency of higher film thickness enhances the intensity of
an X-ray diffraction peak (as aTNTSs2) but lowers the thickness of
aTNTs3 appeared to intensity of XRD peaks, similar to TNTs1.
Therefore, the larger diameter morphological structure and bamboo-
like structure of a-TNT3 simplify the arrangement of the crystal
structure for the reason that the surface area is high during annealing.

These results are appropriately consistent and acceptable for the
formation of oxides to crystal structures with highly exposed surface
area by annealing [8]. The crystallite size of the a-TNTs films was
calculated from the Debye-Scherrer Equation (1). The a-TNTs1-3
exhibited average crystallite size at the (004) plane, which was 24.34,
29.53, and 30.61 nm, respectively, while crystallite size at the (101)
plane was 26.68, 32.87, and 34.32 nm, respectively. The results showed
that increasing the deionized water content enlarged the diameter
of TNTs and increased the formation of crystallite size.

D = (kMBcosb) (1)

where D is the crystallite size, k is known as the Scherer's constant,
)\ is the X-ray wavelength (1.5406 A), and B is the full width at half
maximum (FWHM) of the diffraction peak.

The optical properties are important for applications because
TiO: films have high transparency and a large energy band gap [3-6].
For a nanotubular structure, the surface roughness and high length
affected the optical scattering and absorption enhancement. In addition,
TNTs annealing directly affects the optical properties. Figure 5 shows
the Tauc plot for band gap determination [8] of TNTs before and after
annealing. The energy band gap (Eg) is obtained from the x- intercept
by extrapolating the linear part between hv on the x-axis versus
(ahv) V2 on the y-axis. As a result, the E, decreased after annealing,
which corresponded with the result of the crystal structure arrangement.
Won et al. [32] studied the annealing effects of TiO> films on structural
and optical properties. The results were consistent with lower
transmittance, higher crystalline size, and lower Eg after annealing.
One reason for the orderly arrangement of atoms in the crystal structure
is that the energy gap approaches the value of the anatase phase
(3.23 eV 10 3.59 V) [8,33]. Therefore, the larger diameter of a-TNTs
affects the larger crystalline size and decreases the Eg.

TNTs films were tested for electrochromic properties under KOH
electrolytes with an applied voltage of -0.8 V for the coloration stage
and an applied voltage of +0.8 V for the bleached state. The general
reaction of TNTs for the electrochromic properties is shown in
Equation (2):

TNTs + xK* + xe” (bleached) = KxTNTs (colored) 2)
where x is the insertion coefficient of electrochromic activity, and

K™ is potassium ions.
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The colored state will be more or less depending on many factors,
including defects in the structure, active surface area, the ability to
diffuse ions, etc. [24-26,34]. The transmittance spectra of all TNTs
and a-TNTs for colored and bleached states were investigated, as in
Figure 6. The results showed that the transmittance decreased in the
colored state and increased in the bleached state where TNTs exhibited
better electrochromic properties than a-TNTs. A factor of this crystal
structure is well known in that it makes ion penetration in the films
more difficult, namely a decrease in the electrochromic properties.
The formation of nanostructured films to increase the surface area
is therefore very necessary to solve the problem of crystal structure
[26,35]. In this work, TNTs structure was shown for amorphous
structure (TNTSs) giving better electrochromic properties than crystal
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structure (a-TNTs). This result showed good concordance with the
research of Au et al. [25]. Moreover, the change in the morphology of
TNTs, together with their larger diameter and bamboo-like structure,
showed higher electrochromic properties. The transmittance variation
(AT) is defined in Equation (3). The results showed the highest AT
value at the TNTs3 condition of 12.58% compared to TNTs2 and
TNTs1 with values of 4.00% and 1.93%, respectively.
AT = Tbleached — Teolored (3)
where Toieached and Teolored represent the transmission at the wavelength
of 550 nm of bleached and colored states, respectively.
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Figure 5. Tauc plot for band gap determination of TNTs before and after annealing.
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Figure 6. UV—Vis transmittance spectra of TNTs and a-TNTs for colored and bleached states.
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4. Conclusions

The TNTs structure was synthesized by an anodizing process
from sputtered Ti film by adjusting the deionized water content to
change the morphology as well as tube length and diameter. Increasing
the deionized water content resulted in larger tube diameters and
deionized water of 2 vol% also maximized the length of the TNTs
structure. Moreover, the structure of TNTs exhibited similar to bamboo
structure with clear separation of each tube for deionized water of
3 vol%. The TNTs film annealing resulted in an anatase phase crystal
structure arrangement where the increased deionized water content
allowed for a larger crystalline size. In addition, annealed TNTSs also
reduced the Eg and tended to decrease with increasing deionized
water content. In the electrochromic properties test, the bamboo- like
structure exhibited the best properties in the non-annealed condition
with the highest AT value of 12.58%.
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