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The formation of self-organized titanium dioxide (TiO,) nanotube arrays without bundling or clustering is essential for their high
efficiency in photoelectrochemical (PEC) application. The present paper reports on the use of different temperatures to control the
specific architecture of nanotube arrays and effective cleaning techniques to ensure the formation of clean TiO, nanotube surface.
The wall thickness of nanotube arrays could be controlled from 12.5nm to 37.5 nm through different anodization temperature
ranging from 10°C to 80°C. Furthermore, ultrasonic cleaning combined with acetone showed the high-ordered TiO, nanotube
arrays without morphological disorder, bundling, and microcrack problems. Based on the results obtained, a higher PEC response
of 1 mA/cm? and a photoconversion efficiency of 1.3% could be achieved using a wall thickness of 12.5 nm and defect-free TiO,

nanotube arrays for low charge transfer resistance.

1. Introduction

At present, modern society is habituated to a high degree of
mobility, fast communication, and daily comfort, all of
which require considerable energy input. The increase in
world population and industrial development has all led to
accelerated energy consumption, which, in turn, leads to var-
ious diseases and global warming [1]. Due to these factors,
new energy sources that are inexhaustible and nonpolluting
have been studied intensively [2—4]. In recent years, interest
in photocatalysts for the production of hydrogen as a clean
fuel, as concerns over the cost of fossil fuels to the economy,
environment, and national security have become paramount.
In these aspects, one-dimensional titanium dioxide (TiO;)
has emerged as the leading candidate for developing hydro-
gen fuel cell as a potential future energy and possibly the
best substitute for fossil fuel [5, 6]. The uniform morphology,
better charge transfer properties, and high surface area with
controllable pore size of TiO, nanotube arrays make them
a promising functional material in photoelectrochemical
(PEC) application [7-12]. However, the ability to produce

the best dimension for such application has remained
a major challenge.

Geometrical features of the nanotube arrays, including
length, pore diameter, and wall thickness, are controlled by
a variety of parameters, such as anodic voltage, anodization
time, electrolyte composition (fluoride content, viscosity,
and pH), electrolyte temperature, and surface condition of
nanotube arrays [13-15]. However, a detailed investigation
on the effect of electrolyte temperature and effective cleaning
technique to produce clean TiO; nanotube arrays for PEC
performance is lacking. Electrolyte temperature plays a crit-
ical role in the determination of the final dimensions of the
nanotubes’ various surface morphologies and architectures
[12, 16]. The earlier report on the effect of electrolyte
temperature has been reported by Mor et al. since 2005
[17]. They reported that wall thickness of the nanotube was
increased with decreasing anodization temperature while the
length of the nanotube increases with decreasing anodization
bath temperature from 50°C to 5°C. Later, Wang and lin
claimed that the diameters of nanotube arrays are smaller in
an ice bath condition when anodized in organic electrolyte



[18]. However, their anodization process was only conducted
either at room temperature or in an ice bath. Next, Chen
et al. reported that the inner diameter of the tubes increases
with increasing electrolyte temperature from 10°C to 35°C.
They found that the tube profile could be improved from
the general V-shape to a U-shape by gradually increasing
the electrolyte temperature [19]. However, the listed work
was conducted at low electrolyte temperature; details on the
investigation using higher temperature (>50°C) were not
reported. The present paper studies the electrochemical
anodization of Ti foil in organic electrolyte (ethylene glycol
(EG)), with main focus on the effect of electrolyte temper-
atures from 10°C to 80°C on the growth of TiO, nanotube
arrays.

Previous researchers have studied various cleaning proce-
dures for TiO, nanotubes and have come up with an effective
way of producing clean TiO, nanotube surfaces. Zhu et al.
reported that TiO, nanotube arrays cleaned with ethanol,
followed by the supercritical CO, drying technique, could
effectively remove the structural disorder from oriented TiO,
nanotube arrays by removing capillary stress [20]. Later,
Kim et al. claimed that the structural disorder (nanograss)
and bundling problem of TiO, nanotube arrays could be
avoided by forming a protective top layer on polished Ti
samples to delay the chemical attack of the tube ends [21].
However, these techniques are costly and complicated. In
addition, some authors have reported that hydrofluoric acid
(HF) treatment can significantly remove the precipitated
layer on the top surface of nanotubes [18, 22-24]. However,
the issue is still far from being solved. The chemical etching
of HF for as-anodized TiO, nanotubes can remove the
precipitated layer, but etching the nanotube surface can make
it serrated and irregular in texture [18, 24]. The serrated
surface and nanotube disorder could significantly retard PEC
performance due to the higher density of surface recombi-
nation in the photoinduced electrons [20]. To minimize the
distortion-induced surface defects in nanotube arrays and
reduce the consumption of hazardous chemical from HF,
the present study introduces a simple, cost-effective, fast,
and environmentally safe technique for producing highly
specific clean surface areas of TiO, nanotube arrays using
ultrasonic cleaning combined with acetone. The high aspect
ratio, bundle-free TiO, nanotube arrays alter the spatial
dimensionality of the transport and recombination mech-
anism, which affect photon absorption efficiency and PEC
response [12, 15, 20, 25]. The mechanistic understanding
of various electrolyte temperatures and cleaning methods
is very important for the controlled growth of ordered
TiO, nanotube structures, which have potential uses in the
development of viable hydrogen fuel cell for a sustainable
energy system.

2. Experimental

A total of 99.6% Ti foils, with a thickness of 0.127 mm
(STREM Chemicals), were used in the current study. Ti
foils were cut into desired dimensions (50 mm X 10 mm).
Before anodization, the Ti foils were degreased in ethanol
through sonication for 30 min. The foils were then rinsed in
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deionized (DI) water and dried by the blowing of nitrogen.
After drying, the Ti foil was placed in 100 mL EG containing
5wt% ammonium fluoride (NH4F) and 5wt% hydrogen
peroxide (H,O;) [15]. Anodization was performed in a two-
electrode bath with Ti foil as the anode and a platinum rod
as the cathode. The experiments were conducted at 10°C to
80°C electrolyte temperature.

During the anodization process, air bubble was blown
in the electrolyte to maintain a uniform current near the
Ti foil. Anodization was done at a constant potential of
60V using a Keithley DC Power Supply for 1h. After the
anodization process, as-anodized Ti foils were cleaned using
different cleaning treatments. For the first approach, ultra-
sonic cleaning combined with DI water was applied to the
as-anodized sample using a WiseClean Ultrasonic Cleaner
WUC-A06H (40 kHz, 150 W). For the second approach, the
as-anodized sample was cleaned using DI water with a hot
rinse at 90°C. For the third approach, ultrasonic clean-
ing combined with 2% HF was applied to the as-anodized
sample. The last approach used ultrasonic cleaning com-
bined with acetone for the as-anodized sample. All samples
were dried in nitrogen stream. After the cleaning and drying
treatments, the as-anodized samples were annealed at 400°C
for 4h in argon atmosphere for conversion into the TiO,
anatase phase. The morphology of the anodized Ti foils was
viewed using a field emission scanning electron microscope
(FESEM) (Zeiss SUPRA 35VP) at a working distance of
approximately 1 mm. To obtain the thickness of the anodic
oxide formed, cross-sectional measurements were conducted
on mechanically bent samples, wherein a partial lift-off
of the anodic layer occurred. Phase determination of the
anodic layer was determined via XRD (Philips, PW 1729),
operated at 45kV and 40mV. The Raman spectra were
recorded at room temperature using an LS 55 luminescence
spectrometer (Jobin-Yvon HR 800UV).

The PEC properties of the samples were characterized
using a three-electrode PEC cell, with TiO, nanotube arrays
as the working photoelectrode, platinum rod as a coun-
terelectrode, and saturated calomel electrode (SCE) as the
reference electrode. A solution of 1M KOH with 1wt%
EG was used as the electrolyte in the current experiment.
All three electrodes were connected to the potentiostat
(pAutolab IIT), and the current and voltage were measured.
An 800 W/m? xenon lamp (Zolix LSP-X150) was used to
produce a largely continuous and uniform spectrum; the
quartz glass permitted 100% transmittance of the light as
the xenon lamp shined on the TiO, nanotube arrays (pho-
toanode). The xenon lamp was switched on after the three
electrodes were connected to the potentiostat. During the
voltage sweeping (5mV/s), the corresponding photocurrent
was measured. Subsequently, the photocurrent was plotted
against the potential applied. The photoconversion efficiency
(1) for the water splitting reaction was calculated based on
the following equation [26-28]:

. [(sz - VB)]

n (%) = j, I , (1)

where j, is the photocurrent density (mA/cm?); Vs is
1.229 V is the potential corresponding ¢ the Gibbs free energy
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Figure 1: FESEM images of TiO, nanotube arrays fabricated at (a) 10°C, (b) 20°C, (c) room temperature, (d) 40°C, (e) 60°C, and (f) 80°C
in ethylene glycol electrolyte containing 5 wt% H,O, and 5 wt% NH,F anodized at 60 V for 1 h. Insets are the cross-section morphologies of

the TiO, nanotube arrays.

change per photon required to split water; V3 is the bias
voltage applied between the working and counterelectrodes;
I, is the power density of the incident light (mW/cm?).

3. Results and Discussion

3.1. Effect of Anodization Temperature. The current section
discusses the effect of anodization temperature on the
morphology of the TiO, array nanotubes. Figure 1 shows
the FESEM images of the surface morphology of the Ti foils

anodized in EG containing 5wt% H,0O; and 5 wt% NH4F at
60V for 1h with various anodization temperatures ranging
from 10°C to 80°C. Insets are the cross-section morphologies
of the TiO, nanotube arrays. These images show that the
appearance of anodic oxides on the Ti foils was dependent on
the anodization temperature in the fluorinated electrolyte.
The relationship of the length, pore diameter, and wall thick-
ness of the tubes with different anodization temperatures
are summarized in Figure 2(a). In this graph, two different
stages are shown to indicate the changing dimensions of TiO,
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FIGURE 2: (a) Effect of anodization temperature on the (A) length,
(B) pore diameter, and (C) wall thickness of the TiO, nanotube
arrays anodized at 60V for 1h; (b) current density as function of
anodization temperature.

nanotube arrays at various electrolyte temperatures. Stage 1
represents the cool condition of the electrolyte, which was
below room temperature (27°C), whereas Stage 2 represents
the warm condition of the electrolyte, which was beyond
room temperature (27°C).

The sample anodized at a low temperature of 10°C
(Figure 1(a)) produced nanotubes with an inner pore diam-
eter of ~65.5nm, a length of ~5.8 ym, and a wall thickness
of ~22.5nm. The FESEM image shows microcracks or
defects in this sample. When the anodization temperature
was increased to 20°C, the inner pore diameter of the
nanotubes increased to an average 105.5 nm, and the length
to ~7.5um; however, the wall thickness decreased to ~
13.5nm (Figure 1(b)). The shape of the nanotubes became
much more uniform, compared with those produced at low
anodization temperatures. When the anodization process
was subsequently conducted at room temperature (27°C),
TiO, nanotube arrays exhibited an average inner pore diam-
eter of 110.5nm, a length of ~7.5 ym, and a wall thickness
of 12.5nm (Figure 1(c)). Smooth, circular nanotube arrays
were obtained at room temperature without a defect in the
large area. When the electrolyte temperature was increased
to 40°C, the wall thickness of the nanotube increased to
29.5nm, with an inner pore diameter of 95.5nm, and
a length of approximately 7.2ym (Figure 1(d)). Further
increasing the temperature to 60°C increased the wall
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FiGgure 3: Color of electrolyte obtained upon Ti foil anodized in
ethylene glycol containing NH,F and H,O, (a) before anodization
process, (b) at 10°C, (c) at room temperature, and (d) at 60°C.

thickness of the nanotubes to 37.5 nm, with an inner pore
diameter of 55.5nm, and a length of approximately 6.8 ym
(Figure 1(e)). However, further increasing the electrolyte
temperature to 80°C negatively affected the self-organization
of the anodic oxide, wherein the nanotube structure disap-
peared and anodic oxide consisted of an irregular porous
layer, as shown in Figure 1(f). The thickness of the porous
layer was approximately 0.3 ym.

In Stage 1, a temperature of up to 27°C reduced the
tube’s wall thickness and increased its length. The difference
in wall thickness may be attributed to the increasing current
density with temperature. This result clearly indicates that
the chemical dissolution is increased, as shown in Stage 1 in
Figure 2(b). At this stage, the rate of the oxide dissolution
reaction is believed to be faster than that of Ti etching.
This assumption may be attributed to the higher driving
force for ionic transport through the barrier layer at higher
temperatures that cause fast movements of the F~ and
H* species at the Ti/TiO, interface, thus resulting in the
formation of thin nanotube walls [12, 16, 19].

In Stage 2, the wall thickness of the tube structure
significantly increased. Furthermore, higher current density
was found in the case of higher temperature environment
(Figure 2(b)). This result may be attributed to the excessive
Ti*" ions diffusing outward and the O?~ ions transported
inward at a faster rate under high temperature oxidation
environments, which resulted in the formation of thick-
walled TiO, nanotube arrays. This statement is further
supported by the interaction between excessive Ti*" ions
with H,O, that resulted in the intense yellowish color of
electrolyte at higher temperature (Figure 3(d)), compared
with the pale yellowish electrolyte at a lower temperature
(Figure 3(b)) [29]. However, beyond 80°C of the electrolyte
is detrimental to the formation of self-organized nanotube
arrays. The chemical etching exceeded anodic oxidation,
and the balance required for self-ordering was diminished.
The results of the current study indicate that the growth of
nanotube arrays is due to the competition between field-
assisted oxide dissolution and the diffusion rate of ionic
species, field-assisted oxidation of Ti, and the chemical
etching process that could be controlled by the anodization
temperature. Thus, the equilibrium reactions are important
in driving the Ti/TiO, interface deeper into the Ti foil.
A schematic illustration of the diffusion rate of ionic species
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FIGURE 4: Schematic illustration explaining the diffusion rate of ionic species at metal-oxide layers above the Ti foil, (a) Stage 1 (cool
condition), (b) room temperature (27°C), and (c) Stage 2 (warm condition).

at the barrier layer at different temperatures is exhibited in
Figure 4.

The crystal structure of the as-anodized and TiO,
nanotubes after annealing at 400°C in argon atmosphere
fabricated at various electrolyte temperatures were identified
via XRD. As-anodized TiO, nanotubes with an amorphous
structure and no crystalline phase were observed at 10°C
to 80°C anodization temperature (Figure 5(a)). The only
peaks related to the Ti substrate were exhibited. These results
indicate that the anodization temperature is not sufficient to
induce the crystallinity of TiO,. Therefore, heat treatment
was conducted at 400°C, and TiO, nanotubes were found
to be crystalline with anatase TiO,. As shown in the XRD
patterns in Figure 5(b), the peaks from anatase TiO, can
be detected at 260 of 25.5°, 38.5°, 48°, 54.5°, and 55.5°,
which correspond to (101), (004), (200), (105), and (211),
respectively. Although, the predominant anatase phases were
detected in all samples, the peak intensities of (101) at 25.5°,
(004) at 38.5°, (200) at 48°, (105) at 54.5°, and (211) at
55.5° for the sample fabricated at room temperature, 40°C,
and 60°C were stronger than the sample produced at 10, 20,
and 80°C. This result implies that higher thickness of the
nanotube layer is responsible for the higher intensity of the
anatase peaks (Figure 5 versus Figure 2). This is evident from
the reduction in Ti peak intensities.

To verify the results, selected samples were analyzed via
Raman to validate the crystal structure and presence of the
anatase phase (Figure 6). The as-anodized TiO, nanotube
arrays fabricated at 40 and 60°C were affirmed to be amor-
phous in nature; no anatase peak was observed in the Raman
spectrum. However, a major band position at 192, 390, 510,
and 635 cm™! was detected in the annealed TiO, nanotubes,
corresponding to the bonding vibration of anatase phase.
All samples formed anatase as the dominant phase after the
annealing process at 400°C in argon atmosphere.

3.2. Effect of Different Cleaning Methods after Anodization.
After the anodization process, TiO, nanotubes are often
covered with precipitates that need to be removed using
suitable cleaning agents and methods. The pores on the oxide
layer are formed because of the fluoride ions and the elec-
tric field-assisted dissolution. Both oxidation and chemical
dissolutions are active at the bottom of the pores. In this
condition, Ti** was dissolved and ejected from the nanopore
to the surface, and accumulated at the entrance of the
nanopore. This phenomenon could be the Ti(OH)4 formed
via the instantaneous hydrolysis reaction, which leads to the
generation and accumulation of Ti(OH)4 precipitate at the
entrance of the nanopores to form the flaky structure on
the surface TiO, nanotube [12, 30]. Therefore, the type
of solvent and technique required in removing the solvent
from the tubular structure is critical. This phenomenon is
discussed in detail in the following section.

For comparison, a set of experiments was conducted
in EG with the addition of 5wt% H,O and 5wt% NH4F
under the same anodization conditions. All samples were
anodized at 60V for 1h at room temperature. One of
the samples was ultrasonically cleaned in distilled water
for 1 min and subsequently dried under flowing N, gas.
Figure 7(a) shows the top and side view images of the as-
anodized sample before annealing. The image clearly shows
the presence of clusters of nanotube bundles and microcrack
formation. Such structure is believed to be caused by the
capillary stress created during the evaporation of liquids
from the nanotubes [20]. The unbalanced capillary stress
within the interior and exterior of the pores accelerates
the distortion of the pore structure near the ends of the
nanotube, collapsing to produce an overlayer that covers
the opening of the nanotubes. The extent of unbalanced
capillary stress is dependent on the nanotube length and the
surface tension of the cleaning solvent. A similar observation
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FIGuRre 5: (a) XRD patterns of as-anodized TiO, nanotube arrays
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FIGURE 6: Raman spectra of (a) as-anodized TiO, nanotube arrays
fabricated at 40°C, (b) as-anodized TiO, nanotube arrays fabricated
at 60°C, (c) annealed TiO, nanotube arrays fabricated at 40°C, and
(d) annealed TiO, nanotube arrays fabricated at 60°C (A: anatase).

was found in the sample cleaned by hot rinsing at 90°C
using distilled water for 1 min and subsequently dried under
flowing N, gas (Figure 7(b)). The presence of clusters of
TiO, nanotube bundles and microcracks were evident in the
sample.

The samples fabricated under the same conditions were
cleaned via two different approaches: (1) chemical etching
using 2% HF with ultrasonic and (2) ultrasonic cleaning
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using acetone. Figure 8 shows the FESEM images of as-
anodized nanotubes ultrasonically cleaned with 2% HF for
10, 15, 20, and 60 s. The apparent overlayers still covered the
end of the nanotube channels. The different cleaning times
had no significant effect on the top view of the nanotubes.
However, the length of the nanotubes was reduced from
7.5 ym to 6.0 ym after 20s (Figure 8(c)), and the length was
further reduced to 3.5 ym after 60 s (Figure 8(d)). A longer
cleaning time in HF might have increased the etching rate.
Consequently, the nanotubes tend to break and collapse on
each other, thus forming overlayers that cover them.

Figure 9 shows the FESEM images of TiO, nanotubes
cleaned with acetone, followed by 1, 2, and 10min of
ultrasonic agitation under condition of 150 W and 40 kHz.
The overlayer that covered the nanotube was minimized
through ultrasonic agitation for 1 and 2 min (Figures 9(a)
and 9(b)). These results show a better result of self-standing,
well-ordered nanotubes with a clear opening. The nanotube
arrays have an average length of 7.5um and a diameter of
approximately 90 nm. Figure 9(c) shows the FESEM images
for 10 min of ultrasonic agitation. The nanotube length was
shorter by 4 ym. This result could be because the TiO, wall
could not sustain the agitation for a longer period; thus,
the nanotubes broke down to form shorter nanotubes. The
broken nanotubes led to overlayer formation that covered
the short nanotubes. Based on the result obtained, approx-
imately 1 or 2 min ultrasonic agitation in acetone is effective
in removing overlayers from the nanotubes leading to the
formation of free-standing TiO, nanotube arrays without
breaking the tube structure. This result is in agreement
with the work reported by Xu et al. [31], in which they
reported that treating time of ultrasonic was extended to
40 min, nanotubes broke down to form shorter tubes and no
nanotubes were left on the Ti substrate if the treating time of
ultrasonic further increased to 60 min.

The working principle of ultrasonic cleaning is per-
formed using sound waves to microscopically scrub and
clean all internal and external surfaces of the nanotube in
the presence of acetone. The higher frequency of ultrasonic
cleaning, combined with acetone, can penetrate deeper and
clean away the Ti(OH), precipitate layer at the entrance of
the nanotube arrays. During ultrasonic cleaning, numerous
gas bubbles are formed. The great amount of pressure exerted
on the gas bubble leads to a sudden cavitation implosion.
Thus, the liquid molecules collide, releasing a vast amount
of energy that rapidly increases local temperature, producing
a high-energy liquid stream that collides with the surface of
the nanotube arrays. The reasons can be attributed to the
cavitations, acoustic streaming, strong agitation and thermal
oscillating flow initiated by the ultrasonic vibration that
eventually increase the local temperature and produce a high
energy liquid stream. This theoretical has been reported by
Oh et al. and Feng et al. [32, 33]. Thus, the collision agitates
contaminants adhering to the surface of the nanotube, which
effectively and efficiently dislodges them at micron levels.

Another reason for the reduced degree of morphological
disorder in ultrasonic agitation combined with acetone could
be attributed to lower surface tension. This result indicates
that acetone can reduce the surface tension and capillary
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Figure 7: FESEM images of TiO, nanotubes obtained via different cleaning methods after the anodization process; (a) ultrasonically cleaned
in distilled water for 1 min and subsequently dried under flowing N, gas and (b) cleaned by hot rinsing at 90°C using distilled water for 1 min
and subsequently dried under flowing N, gas.

1pym

FiGure 8: FESEM images of TiO, nanotubes obtained via chemical etching using 2% HF after anodization for (a) 10, (b) 15, (c) 20, and (d)
60s.
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FiGgure 9: FESEM images of TiO, nanotubes obtained via ultrasonic cleaning using acetone after anodization for (a) 1, (b) 2, and (c¢) 10 min.

stress between the adjacent nanotube arrays, resulting in
bundle-free and crack-free TiO, nanotube arrays as com-
pared with the sample cleaned in distilled water. Acetone
is a fast-evaporating cleaning detergent solution with lower
surface tension and an inherent cleaning property, which
results in the superior microcleaning of the nanotube surface.

3.3. PEC Response on TiO, Nanotube Fabricated at Different
Anodization Temperatures. The variation of photocurrent
responses as a function of applied potentials (I-V char-
acteristics) for TiO, fabricated at different anodization
temperatures was evaluated under illumination, as shown
in Figure 10. Based on the previous part of the experiment,
anodization temperature significantly affects the tube length,
pore diameter, and wall thickness of nanotubes. The high-
ordered TiO, nanotube arrays without morphological dis-
order, bundling, and microcrack problems can significantly
enhance the transport properties and reduce the recombina-
tion of charge carriers (e”/h*), which extends the residence
time of electrons [20]. Therefore, studying the different
surface morphologies of clean TiO, nanotubes under differ-
ent anodization temperatures on the PEC response is very
important.

The initial chemical potential of electrons in a semicon-
ductor and an electrolyte is determined through the Fermi
energy of the semiconductor and the redox potential of
the redox couples in the electrolyte, respectively. When a
TiO, photoanode is submerged in the electrolyte, the initial
chemical potential of the electrons is different for the two
phases. Charge redistribution between TiO, and solution is
required to equilibrate the two phases; hence, a space charge
layer (depletion layer) will form in the TiO, adjacent to
the electrolyte. For tube-shaped n-type TiO, semiconductor,
majority of the photoinduced charge carriers (e /h*) are
generated at both sides of the tube walls and the entire tube
sidewalls, which consist of space charge layers. Theoretically,
the space charge layer is necessarily close to the tube wall to
generate the photocurrent under illumination [25, 34]. The
photoinduced electrons in this space charge layer transfer
from the TiO, nanotubes photoanode will migrate towards
the bulk of the TiO, and eventually these photoinduced
electrons move to counterelectrode (Pt) with an external
bias, while the photoinduced holes move to the electrolyte
under illumination. This situation will cause the valence
and conduction bands to move relatively to the Fermi level
(bend upwards) by an illumination of energy greater than the
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FIGUre 10: I-V characteristics of TiO, nanotubes under light-on
condition at (a) room temperature, (b) 40, (c) 60, (d) 10, and (e)
80°C anodization temperatures.

band gap of TiO, nanotubes photoanode [35]. In this case,
an electric field will be generated and, therefore, potential
barriers will form along the inner and outer surfaces of the
nanotubes [25, 34-37].

The current density was approximately 10~7A to 107 A
in the dark condition for the entire sample. However, the
photocurrent density increased under illumination. There-
fore, TiO; nanotubes can act well as a representative n-type
semiconductors for the transfer and decay of the photoin-
duced electrons under light pulse illumination. The wall
thickness of the sample fabricated at room temperature
showed the highest photocurrent density throughout the
potential window. This result suggests an efficient charge sep-
aration. The photocurrent reached a high value of 1 mA/cm?,
whereas samples fabricated at 40, 60, 10, and 80°C showed
a decreased photocurrent density of approximately 0.7, 0.6,
0.3, and 0.1 mA/cm?, respectively. The highest photocur-
rent density, 1 mA/cm?, indicates that the width of space
charge layer is near to the wall thickness of the nanotube
(~12.5nm). Therefore, this sample effectively generates
more photoinduced electrons transfer to the counterelec-
trode and has a great tendency to reduce the recombination
of charge carriers (e /h*). However, samples with thicker
tube walls produced at 40 and 60°C exhibited poor pho-
tocurrent density. This result indicates that wall thickness is
significantly larger than the width of the space charge layer,
which may be attributed to the transfers of photoinduced
electrons to the counterelectrode (Pt) and the photoinduced
holes to the surface of TiO, nanotubes photoanode were
hindered due to the longer path to cross and these charge
carriers will recombine readily. Thus, poor PEC performance
exhibited due to the less of photoinduced electrons for
reduction reaction and less of photoinduced holes for the
oxidation of electrolyte species. In addition, the length of
the nanotube is another important factor in controlling its
PEC performance. Poor photoresponses were recorded for
the short TiO; nanotubes (5.8 ym) produced at 10°C, which
have an irregular TiO, oxide layer with a thickness of
0.3 ym. Shorter nanotubes and oxide layers have less effective
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Figure 11: Corresponding photoconversion efficiencies of TiO,
nanotubes at (a) room temperature, (b) 40, (c) 60, (d) 10, and (e)
80°C anodization temperatures.

surface areas for light (photon) absorption, which definitely
limits the chemical reactions that allow the photocurrent to
generate [38—40]. In summary, these results clearly imply
that wall thickness and nanotube length play important roles
in enhancing the migration of photoinduced electrons to the
counterelectrode (Pt) through external circuit for reduction
reaction and thus influence PEC performance.

The photoconversion efficiency (#) for the water splitting
reaction was calculated based on the two-electrode config-
uration. The main reason is because of the applied bias
voltage is versus the counterelectrode and not the reference
electrode. Thus, the second half-reaction of water splitting
process occurring at the counterelectrode is included in the
two electrode configuration photoconversion efficiency [26,
27]. Figure 11 shows that the maximum photoconversion
efficiency is obtained from the sample produced at room
temperature was 1.3%, followed by the photoconversion
efficiency of 1.1%, 0.9%, 0.2%, and 0.1% obtained at 40, 60,
10, and 80°C anodization temperatures, respectively. Such
differences in photocurrent and photoconversion efficiencies
reflect the overall photoelectron efficiency in generation,
separation, and transport for the sample fabricated in dif-
ferent anodization temperatures with different surface mor-
phologies.

4. Conclusion

Self-organized TiO, nanotube arrays were successfully syn-
thesized from a low temperature of 10°C to a high tem-
perature of 60°C in EG electrolyte containing 5wt% NH,F
and 5wt% H,O, at 60V for 1h. Nanoporous TiO, favors
temperatures beyond 80°C. Based on the result obtained,
anodization temperature significantly affects the wall thick-
ness, length, and pore size. The length of the tubes decreased,
whereas its wall thickness increased when synthesized at
low and high temperatures. Furthermore, approximately 1
or 2min of ultrasonic agitation in acetone is effective in
removing overlayers on the nanotubes. This process results in
the formation of bundle-free and crack-free TiO, nanotube
arrays. In addition, the thin wall and higher length of the
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TiO, nanotube arrays fabricated at room temperature ex-
hibit the highest photocurrent density at 1 mA/cm?, with a
maximum photoconversion efficiency of 1.3%. This result
is due to the effective transfer of photoinduced electrons to
the counterelectrode (Pt) with an external bias, which has a
great tendency to reduce the recombination of charge carriers
(e~ /h™) at the thin walls of the nanotubes.
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