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ABSTRACT

The photoelectrochemical water splitting and simultaneous photoelectrocatalytic degradation of
organic pollutant were achieved on TiO, nanotube electrodes with double purposes of environmental
protection and renewable energy production under illumination of simulated solar light. The TiO,
nanotube arrays (TiO, NTs) were fabricated by a two-step anodization method. The TiO, NTs prepared
in two-step anodization process (2-step TiO, NTs) showed much better surface smoothness and tube
orderliness than TiO, NTs prepared in one-step anodization process (1-step TiO, NTs). In the
photoelectrochemical water splitting and simultaneous photoelectrocatalytic decomposition process,
the 2-step TiO, NTs electrode showed both highest photo-conversion efficiency of 1.25% and effective
photodecomposition efficiency with existing of methylene blue (MB) as sacrificial agent and as
pollutant target. Those results implied that the highly ordered nanostructures provided direct pathway
and uniform electric field distribution for effective charges transfer, as well as superior capabilities of

light harvesting.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The hydrogen generation by photoelectrochemical water split-
ting and simultaneous photoelectrocatalytic removal of pollu-
tants in water is a green and environmentally significant process
for double purposes of environmental remediation and renewable
energy production [1]. Hydrogen is an efficient energy carrier with
high energy density and is also environment friendly. Currently,
more than 95% of hydrogen is produced by catalytic thermochemical
conversion processes, which involve energy losses and the release
of greenhouse gases [2]. The utilization of metal oxides for light
harvesting and photoelectrochemical water splitting is a promising
avenue for sustainable hydrogen production [3-5]. In 1972, Fujishima
and Honda first used TiO, photoanodes for hydrogen evolution [6].
Metal oxides such as TiO, [7-14], ZnO [15-18], WO3 [19,20], and
Fe,03 [21-24] have subsequently been studied by many research
groups for developing photoelectrochemical cell devices. For hydro-
gen generation by photoelectrochemical water splitting, the photo-
conversion efficiency and stability of photoelectrodes are the key
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factors. TiO, is especially attractive as a photoelectrode because of its
high efficiency, chemical and optical stabilities, and environmental
and biological compatibilities.

Recently, nanostructuring techniques have been proven useful
in enhancing the performance of TiO, materials in many fields
[25,26]. The approach of architecture controls, especially highly
ordered and regular nanostructures, have performed a large enhance-
ment of surface area and formed unique direction and path of the
charge carriers through quantum confinement. The ordered nano-
tubular structures have been considered the most suitable way to
increase active surface without an increase of geometric area and fast
way to transfer photo-generated electrons [27].

Electrochemical anodization is an efficient and simple way to
fabricate TiO, nanotube arrays (TiO, NTs). Since the first prepara-
tion of porous TiO; film as reported by Zwilling et al. [28] and the
pioneering work by Gong and co-workers [29] for first prepara-
tion of TiO, NTs by anodization, this method has been extensively
developed. It has been reported that the TiO, NTs can remarkably
increase the efficiency of water splitting and dye-sensitized solar
cells [9,30-35]. Schmuki et al. have alternated the morphology of
TiO, NTs by adjusting anodization conditions to produce smooth
[36], bamboo type [37], and double-wall NTs [38].

In this paper, in order to improve the orderliness of the NTs,
two steps anodization processes have been used to prepare the
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highly smooth and ordered TiO, nanotubes (2-step TiO, NTs)
[39,40]. Compared to the TiO, NTs prepared in conventional one
step anodization (1-step TiO, NTs), the highly ordered structure,
surface smoothness and tube orderliness of the 2-step TiO, NTs,
presented the new possibilities of improving the electron trans-
port, leading to higher photoconversion efficiency and photoelec-
trocatalytic efficiency. Although our group has reported the
2-TiO, NTs can be efficient for photoelectrochemical water split-
ting [41], to our best knowledge there has been no report of
photoelectrochemical water splitting and simultaneous photo-
electrocatalytic decomposition of pollutant dye, methylene blue
(MB) in aqueous solution on 2-TiO, NTs electrode.

2. Experimental
2.1. Materials

Pure titanium foils (99.6% purity, 0.2 mm thick) were pur-
chased from Nilaco Corp., Japan. Ethylene glycol (EG), ammonium
fluoride (NH4F), methylene blue, sodium sulfate and ethanol of
analytical grade were obtained from Wako Chemicals (Japan) and
used without further purification. All solutions were prepared
with doubly distilled deionized water.

2.2. Preparation of TiO, NTs

Two-step electrochemical anodizations were used to fabricate
the highly smooth and ordered TiO, NTs electrode. Prior to anodiza-
tion, the Ti foils were first degreased by sonicating in ethanol and
cold distilled water in turn, followed by drying in pure nitrogen
stream. The anodization experiments were carried out in a conven-
tional two-electrode system with Ti foil (25 x 10 mm?) as anode and
Pt foil (30 x 20 mm?) as cathode, respectively, as the scheme shown
in the inset of Fig. 1. All electrolytes consisted of 0.3 wt% NH4F in an
aqueous ethylene glycol solution with 2 vol% water. In the first-step
anodization, the Ti foil was anodized at 50 V for 1 h, the nanotube
layer would grow on the foil surface, then the grown nanotube layer
was removed by sonicating in deionized water, and a mirror surface
of Ti was exposed. Whereafter, the pretreated Ti was used as anode
for the second-step anodization at 50V for 30 min. The current-
time curves obtained during the anodization of 1- and 2-step TiO,
NTs are shown in Fig. 1. Similar current-time behaviors are
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Fig. 1. Variation of anodization current with time for 1- and 2-step TiO, NTs. The
inset shows the scheme of anodization system.

observed for both processes. A sharp drop in current behavior is
showed in the first stage because of the formation of a barrier
oxide layer; this is followed by an increase in current due to oxide
layer pitting by the fluoride ions, after which the current reaches
a steady value. The current density is higher in the second-step
than that in the first-step, which can be explained by the
following reasons. First, in the second-step the decrease in current
during the first 10 s was less than that in the first-step, which
implied that a thinner barrier oxide layer was formed compared
to the first-step because of the already existing oxide layer on the
Ti before any treatment. The thickness of the barrier oxide layer
influences the resistance and consequently the current density of
the electrode. Thinner barrier layer in the second step resulted in
the higher current density. Second, in the second step, the electric
field has a regular distribution because of the highly ordered surface
morphology, which also contributed to increasing the current den-
sity. After the anodization processes, the samples were cleaned with
distilled water and dried off with N, gas. The as-anodized TiO, NTs
depicted amorphous structure and then the phase was converted into
anatase through annealing in dry oxygen environment at 450 °C for
1 h with heating and cooling rate of 2 °C/min. For comparison of
photoelectrochemical and photoelectrocatalytic activities, the 1-step
TiO, NTs samples were also prepared with same thickness.

2.3. Characterization of TiO, NTs

The surface morphologies of TiO, NTs were characterized by
field-emission scanning electron microscopy (FE-SEM) (JEOL, FE-SEM
6700) with accelerated voltage of 5 KeV. The crystalline structures of
the TiO, NTs were characterized by grazing incidence X-ray diffrac-
tion (GIXRD) using a diffractometer with Cu Ko radiation (Shimadzu
XRD-6000), A=0.154 nm in the range of 20=20-70°, with scan rate
of 4°/min.

2.4. Photoelectrochemical and photoelectrocatalytic degradation
experiments

The photocurrent action spectra were obtained under illumi-
nation through a monochromator (SG-80, Yokogawa) in Na,SO4
solution with or without MB. The photoelectrochemical water
splitting and photoelectrocatalytic degradation experiments were
carried out in a pyrex reactor. The samples were illuminated by an
artificial sunlight simulator, consisting of a SOLAX lamp (model:
SET-140F, SERIC Ltd.) and an AM 1.5 filter (100 mW/cm?). The TiO,
NTs electrodes with an active area of 1.0 cm? were placed in the
reactor as the working electrode, Ag/AgCl in saturated KCI as
reference electrode, and platinum foil as counter electrode. All the
potentials were referred to Ag/AgCl electrode unless otherwise
stated in this paper. In addition, 0.01 M sodium sulfate solution
was used as supporting electrolyte. MB aqueous solution with an
initial concentration of 1 x 10~M was used in the degradation
processes, and the pH value of the solution was not controlled
during the reaction. All the photoelectrochemical and photoelec-
trocatalytic experiments were conducted under air condition for
general application. The UV-visible absorbance spectra of the MB
were measured using a Jasco V-550 UV-vis spectrophotometer, and
the concentration of MB solutions were determined by measuring
the maximum absorbance at A=665 nm.

3. Results and discussion

The surface morphologies of 1-step TiO, NTs and 2-step TiO,
NTs are shown in Fig. 2. As depicted in the SEM images, the 1-step
TiO, NTs show a remarkable disparity in length and considerable
roughness on the top surface (Fig. 2a and c). The top view of
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Fig. 2. SEM images of (a and b) top view of 1- and 2-step TiO, NTs with a low magnification; (c and d) top view of 1- and 2-step TiO, NTs with a high magnification; (e and

f) cross-sectional images of 1- and 2-step TiO, NTs.

2-step TiO, NTs (Fig. 2b and d) present a highly regular and
ordered surface with an average diameter of 100 vol%. Fig. 2e shows
a cross-sectional image of 1-step TiO, NTs indicating ripple-like
roughness on the outer walls of the NTs. Cross-sectional image of
the 2-step TiO, NTs is shown in Fig. 2f with highly smooth NT walls
and no ripple-like structure. The NT length of the 1- and 2-step TiO,
NTs are about 6.0 pm.

GIXRD patterns of 1- and 2-step TiO, NTs after annealed and
corresponding anatase JCPDS reference pattern are shown in Fig. 3.
Both 1- and 2-step TiO, NTs exhibit a complete crystallization in the
form of anatase phase (JCPDS 21-1272), and show a strong prefer-
ential orientation of (101). The 2-step TiO, NTs samples showed
higher intensity in the (101) pattern than 1-step TiO, NTs, which
indicated the improvement of the crystallization. The average
crystallite sizes (D) of 1- and 2-step TiO, NTs were calculated from
the width of (101) according to the Debye-Scherrer equation as
follows [42]:

D=0.941/Bcos0 1)

where D is the crystallite dimension, 4 is the wavelength of x-ray
radiation (Cu Kot=0.15406 vol%), 0 is the diffraction angle, and S is
the corrected peak width at half-maximum intensity (FWHM), the
value of f is corrected using the formula = f§;,, — fins, Where fy, is
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Fig. 3. GIXRD patterns of 1- and 2-step TiO, NTs after annealing and correspond-
ing anatase JCPDS reference pattern.
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the measured peak width and fi,s is the instrumental broaden-
ing. According to Eq. (1), the mean crystallite sizes are 18.11 and
18.59 vol% for 1- and 2-step TiO, NTs, respectively. The crystallite
size is an important factor to determine the stability of TiO, NTs
crystalline phases. A smaller crystallite size implies more stability
for the anatase phase [43].

In order to estimate the quantitative correlation of light
absorption on TiO, NTs, incident-photon-to-current-conversion
efficiency (IPCE) measurements were performed to study the
photoresponse wavelength region for 1- and 2-step TiO, NTs in
Na,S04 with or without MB, as shown in Fig. 4. IPCE can be
calculated using the following equation [44]:

IPCE = (1240],))/(Aliigno) @

where J, is the photocurrent density, A is the incident light
wavelength, and ljgn: is the measured irradiance. The 1- and
2-step TiO, NTs behaved in a similar manner, but the 2-step TiO,
NTs showed the highest IPCE value with existing of MB. The
1-step TiO, NTs shows a maximum IPCE value of 20.33% and
15.12% with and without MB, respectively, at 350 vol%. The 2-step
TiO, NTs shows a maximum IPCE value of 64.8% and 34.8% with
or without MB, respectively, at 350 vol%. The higher IPCE value of
2-TiO, NTs than that of 1-step TiO, NTs implied better light
harvesting capacity and faster electrons transfer rate. The increase
of IPCE value was observed on both 1- and 2-step TiO, NTs with
existing of MB. These results implied the restraining of charge
recombination for the oxidation of MB with the excited holes on
TiO, NTs.

Several photoelectrochemical measurements were carried out
to evaluate the water splitting on 1- and 2-step TiO, NTs with or
without MB. Fig. 5a shows a set of linear sweep voltammagrams
(LSV) in dark and under illumination of simulated solar light (AM
1.5, 100 mW/cm?). In dark, the current is insignificant in the
range of 10-%A/cm? even at a potential of up to 1.0V, which
implied that no electrochemical oxidation occurred. Under illu-
mination, a significant increase of current was observed on both
1- and 2-step TiO, NTs. The photocurrent density on 1- and 2-step
TiO, NTs with or without MB was recorded on 0V versus Ag/AgCl
reference electrode and summarized in Table 1. With existing of
MB, the photocurrent density increased up to 29.5% and 46.2% on
1- and 2-step TiO, NTs, respectively. The 2-step TiO, NTs showed
higher photocurrent density with or without MB than 1-step TiO,
NTs. This indicated that the photogenerated electrons on the
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Fig. 4. IPCE analysis of 1- and 2-step TiO, NTs in Na,SO, solution with or without MB.
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Fig. 5. (a) Linear sweep voltammagrams, collected at a scan rate of 5mV/s at
applied potentials from —0.8 to +1.0V from 1- and 2-step TiO, NTs electrodes in
dark and under illumination of 100 mW/cm?; (b) amperometric I-t curves of the
1- and 2-step TiO, NTs at an applied potential of 0 V with 60 s light on/off cycles;
(c) photoconversion efficiency as a function of applied potential.

Table 1
Photocurrent Density and Photoconversion Efficiency on 1- and 2-step TiO, NTs
with or without MB.

1-step TiO, 1-step TiO, in 2-step TiO, 2-step TiO, in
in Na;SO4  NaySO4+MB in NaxSO4  NaySO4+MB
Photocurrent 0.61 0.79 1.04 1.52
density
(mA/cm?)
Photoconversion 0.472 0.681 1.01 1.25

efficiency (%)
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2-step TiO, NTs could be faster transported to the counter electrode,
and higher water splitting efficiency could be expected. Ampero-
metric I-t measurements were carried out to examine the photo-
response over time. As shown in Fig. 5b, fast photoresponses are
recorded both on 1- and 2-step TiO, NTs under conditions of light on
and off, and those photocucrrent patterns are highly reproducible
for numerous on-off cycles.

The photoconversion efficiency for hydrogen generation is
calculated via the following equation [45]:
1(%0) = Jp[(Erey—|Eapp )/hign:] 100 3)
where # is the photoconversion efficiency, j, is the photocurrent
density (mA cm~2), lLigne is the incident light irradiance, E, is
the standard reversible potential which is 1.23 V, and E,p;, is the
applied potential E,pp=Emeas—Eaoc» Where Eness is the electrode
potential of the working electrode and E.. is the electrode
potential of the same working electrode under open circuit
condition under illumination. Plots of photoconversion efficiency
versus applied potential are shown in Fig. 5c, and the values of
efficiency are summarized in Table 1.

The photoelectrocatalytic performance of TiO, NTs was eval-
uated by degradation of MB in aqueous solution. The MB removal
on 1- and 2-step TiO, NTs electrodes in various degradation
processes, photoelectrocatalysis (PEC), photocatalysis (PC), electro-
chemical oxidation (EO), and direct photolysis (DP), were summar-
ized in Fig. 6a. Applied bias potential in photoelectrocatalysis and
electrochemical oxidation processes was 0.6 V. The removal in direct
photolysis process was insignificant, which proved that MB was
stable under illumination. The result of electrochemical oxidation
was also in good agreement with the data in Fig. 5a, where the
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electrochemical oxidation did not occur evidently in this process.
Both on 1- and 2-step TiO, NTs electrodes, the photoelectrocatalytic
processes provided higher powerful way to degrade the MB, and the
latter electrodes, with ordered nanostructures, showed faster degra-
dation efficiency. The experimental data of Fig. 6a were found to fit
approximately a pseudo-first-order kinetic model by the linear
transforms In(Co/C)=f(t)=kt (k is reaction constant) as shown in
Fig. 6b. The values of the reaction constant, k, are shown in Fig. 6c.
The reaction constant of 2-step TiO, NTs in photoelectrocatalytic
process (0.0221 min~!) is 45% higher than that of 1-step TiO, NTs in
same process (0.0152 min~!). The stability of a photoelectrode was
also important to its practical application for organic pollutants
degradation. As shown in Fig. 6d, after five times continuous runs for
MB degradation, the 2-step TiO, NTs electrodes did not exhibit any
significant loss of activity under illumination of simulated solar
light. This good repetition of degradation results was also verified by
photocurrent, which changed little, indicating potential application
for environmental remediation.

4. Conclusion

In summary, we prepared highly smooth and ordered TiO, NTs
by two-step anodization method. The smoothness and orderliness
of the 2-TiO, NTs were improved considerably in comparison
with that of 1-step TiO, NTs. The higher photoconversion effi-
ciency for hydrogen generation and degradation efficiency of MB
in photoelectrocatalytic process implied that the 2-step TiO, NTs
was a much better photocatalyst than 1-step TiO, NTs, which
could be explained by the efficient way of electron transfer due to
the highly ordered structures.

30
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Fig. 6. (a) Photoelectrocatalysis (PEC), photocatalysis (PC), electrochemical oxidation (EO), and direct photolysis (DP) processes on MB degradation, (b) the kinetics of MB
removal in different processes; (c) comparison of the corresponding reaction constant (min~'); and (d) stability of 2-step TiO, NTs electrode.
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