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N-doped anodic titania nanotube arrays for hydrogen production
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Abstract—Titanium dioxide (TiO,) nanotube arrays are grown in a mixed electrolyte by anodizing process. The anodic
nanotubes for N-doping were calcinated at 773 K in a tube furnace with a mixture of NH; and Ar gas. The photocatalytic
activity of N-doped TiO, nanotubes was carried out in a water-splitting reaction under UV and visible light irradiation.
Various characterization techniques (Scanning electron microscopy, X-ray diffractometry, X-ray photo-electron spec-
troscopy, etc.) are used to study the surface morphology, phase of structure, and binding energy.
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INTRODUCTION

Photocatalysts to generate hydrogen through water splitting in
solar energy contribute to environmentally friendly programs due
to their properties as a clean source and zero emission. Among them,
TiO, is a promising candidate because of its relatively low cost, non-
toxicity, stability, and high yield. So, TiO, photocatalysts have attrac-
tive advantages for various industrial fields such as the purification
of toxic compounds in polluted water and air [1,2]. And, these sub-
stances have been employed as materials for water splitting and in
solar cells, recently [4-9].

Among several types of TiO, photocatalysts, TiO, nanotubes may
be of great use for photovoltaics, photocatalysis, photoelectrolysis,
and photo sensors, due to their unique properties originating from
their unique nanotubular structure [2,3,6,7]. It was already known
that TiO, nanotubes had more optimal propetrties in comparison to
other TiO, compounds with nanocrystalline structures. Several tech-
niques including hydrothermal treatment, templating depositions and
electro spinning have been mainly used to prepare TiO, nanotubes
[3-7]. Recently, the anodization process has been focused on by many
researchers because its process is relatively simple to obtain ordered
TiO, nano-array with a large surface area [9,10]. In various prepara-
tion methods for TiO, nanotubes, anodization of TiO, in electrolytes,
including fluorinate, is the simplest fabrication method to prepare
tubular TiO, [4].

However, a typical TiO, catalyst can be activated only under UV
light irradiation. To overcome these barriers, the development of vis-
TiO, must be strongly required [3]. A few researchers have reported
about visible response TiO,, such as metal ion implanted TiO, and
anion doped TiO, [3-5]. Simple preparation methods such as the
RF magnetron sputtering deposition method were developed simul-
taneously [5]. The enlargement of surface area is significant and can
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help to achieve a high activity of TiO, under visible light irradiation
as well. TiO, nanotubes may be a well-qualified selection to fill in
conditions that were explained previously [3-5]. Recently, many
researchers have been working to develop TiO, by anion doping,
such by doping N, C, and S into the lattice [3-5,10,11]. The com-
bined p states in the doped anion and O 2p states in the TiO, shift
the valance band edge upward to reduce the band gap energy of
TiO,. As a result, it is possible for TiO, to have photo-electrochem-
ical activity under visible light irradiation.

In the present work, we prepared TiO, nanotube arrays using an
anodization process with fluorinated electrolyte. Anodized nanotube
arrays were hydrothermally treated at mixed gas atmosphere with
NH,/Ar in order to improve the photo electrochemical activity under
visible light irradiation [3]. Prepared visible response TiO, nanotube
arrays were employed as an anodic substrate to generate hydrogen
in the water splitting system.

EXPERIMENTAL

1. Preparation of N-doped TiO, Nanotube Arrays

The titania nanotube arrays were fabricated by an anodizing pro-
cess with Ti foil (0.1 mm thickness, 99.5% purity, Nilaco Japan) as
anode and Pt gauze (100 mesh, 99.9% purity, Sigam-Aldrich, USA)
as counter electrode [8]. Ti foil substrate was washed with acetone
and ethanol, in turn, then was rinsed with DI water prior to use. Ti
foil was anodized at voltage of 20 V in aqueous solution with 0.5 M
H,PO,/0.1 M NaNO,/0.14 M NaF for 6h. The distance between Ti
foil and Pt gauze is 2 cm. Then, anodic nanotubes were washed with
DI water and dried in a furnace at 373 K for 24 h. N-doped TiO,
nanotube arrays were obtained from calcination in a tube furnace
with mixed gas with NH,/Ar at 773 K for 3 hours. NH; flow rate
was 50 ml/min and Ar flow rate was 350 ml/min.
2. Characterization

The TiO, and N-doped TiO, nanotubes were characterized by
various measurements. The crystalline structure of the arrays was
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identified via X-ray diffraction analysis (XRD, Rigaku miniflex II,
Japan) with Cu K radiation source in the angle range of 20°-80°.
The morphology and size of the arrays were investigated by a scan-
ning electron microscope (SEM, HITACHI S-4300, Japan). The
chemical binding energy of N-doped TiO, nanotubes was charac-
terized with X-ray photoelectron spectroscopy (XPS, Escalab 220-
IXL system) with an aluminum filament by using the K« line. The
optical absorption edge and band gap of the nanotubes were meas-
ured with a UV-Vis spectrophotometer (Optizen2120UV).
3. Hydrogen Generation

The photocatalytic experiment of N-doped TiO, nanotubes was
carried out by water-splitting reaction under UV and visible light
irradiation. A 300W Xe arc lamp was used as a light source. N-doped
TiO, nanotube arrays were used as a photo-anode; the other side of
the photo-anode was deposited with platinum particles using the
RF-MS method and was used as a counter electrode. Prior to the
water-splitting reaction, the inside of the reactor was purged of air
with Ar (99.9% purity) gas for 3 hrs. Generated hydrogen was ana-
lyzed with a gas chromatograph (Young-Lin, Acme 6000 GC, Korea)
with a thermal conductivity detector (TCD).

(b)

Fig. 1. SEM images of anodic TiO, nanotube arrays formed in 0.5
M H,PO,+0.1 M NaNO;+0.14 M NaF at 20V for 6 h. (a)
Top view, (b) cross-sectional view.

RESULTS AND DISCUSSION

1.SEM

Fig. 1(a) and (b) show the cross-sectional and top view images
of TiO, nanotube arrays grown by anodizing process. These arrays
were prepared upon anodization of Ti foil in 0.5 M H,PO,+0.1 M
NaNO,+0.14 M NaF aqueous electrolyte at 20 V for 6 hrs. Well-
ordered TiO, nanotube arrays with narrow pore size distribution
were obtained using these conditions. Anodized TiO, nanotubes have
length in the range between 800 nm and 1.0 micron and their aver-
age pore diameter was about 20 nm.
2. X-ray Diffraction (XRD) Pattern

The crystal structure of the anodic TiO, nanotubes was charac-
terized with an X-ray diffractometer. Fig. 2 shows XRD patterns of
the resultant N-doped TiO, nanotubes after annealing in NH,/Ar
mixed gas at 500 °C for 3 h and the non-treated TiO, nanotubes after
annealing in air at the same condition and pure Ti-foil as reference.
From XRD data, as shown in Fig. 2(b) and 2(c), all the anodic TiO,
nanotubes had mixed phase with anatase and rutile suggesting that
both samples had similar XRD patterns without any change of peak
position. Thus, the intensity of rutile structure increased after anneal-
ing with NH,/Air mixed gas, indicating that the content of TiO, with
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Fig. 2. X-ray diffraction patterns of (a) Ti foil surface, (b) anodic
TiO, nanotubes annealed in air at 500 °C for 3 h and (c) sam-
ple annealed in Ar/NH, mixture gas at 500 °C for 3 hrs.
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Fig. 3. UV-Vis absorption spectra of the non N-doped TiO, nano-
tube and N-doped TiO, nanotube (b).

rutile structure was enhanced by nitrogen ion implantation during
the annealing step.
3. UV-VISIBLE

Fig. 3 shows the UV-Visible absorption spectra observed by TiO,
and N-doped TiO, at different heat treatment conditions. After sam-
ple was calcinated in air, its absorption in the visible region was
extremely decreased. On the other hand, the TiO, nanotubes calci-
nated in NH; showed wide absorption band in the range from 380
to 550 nm, suggesting that it has wide absorption over visible region
[12]. For these anion-doped TiO, photocatalysts, the mixing of the p
states of the doped anion (N, S, C) with the O 2p states was reported
to shift the valence band edge upwards to narrow the band gap energy
of TiO, [16]. So, the optical band edge of the N-doped TiO, exhibits
a remarkable red-shift compared with that of nontreated TiO, [15].
Finally, the enhanced ability to absorb visible light makes N-doped
TiO, an effective photocatalyst for solar-driven applications [15].
4. X-ray Photoelectron Spectroscopy (XPS)

Fig. 4 shows the N1s X-ray photoelectron spectroscopy spectra
of the N-doped TiO, nanotubes prepared by hydrothermal process.
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Fig. 4. XPS data of the N-doped TiO, nanotubes.

In general, the peak of N1s from the XPS spectra was mostly found
in the range of 396-404 eV [18]. In Fig. 4, nitrogen 1s core level
peaks were observed at 400.7 eV, 398.1 eV and 396.4 eV. The peak
at 396.4 eV was derived from Ti-N linkage when the N atom replaced
the oxygen sites within the TiO, lattice [17]. On the other hand, the
N 1s peak at 398.2 eV was caused by the N"anion species in the
TiO, as an N-Ti-O structural feature [13]. Many researchers have
indicated that the presence of oxidized nitrogen (or oxidized Ti-N)
such as Ti-O-N (or Ti-N-O) linkages should appear above 400.2 eV
[13,19,20]. In this XPS result, the peak at a binding energy of 400.2
eV is ascribed to Ti-O-N or Ti-N-O bond in N-doped TiO,. This
linkage comes from the N atoms’ substitution for titanium or both
titanium and oxygen (NO, or NO, type species appear above 400 eV)
[13,14,21].

5. Water-splitting Reaction

Fig. 5 shows the time profiles of the hydrogen production during
water-splitting reactions under UV (300-380 nm) and visible (420
nm~) light range. The water-splitting reactor consists of N-doped
TiO, nanotubes, Pt as counter electrode, and an ionically conduc-
tive separating membrane. The surface of the photo-anode with nano-
tubes was irradiated by light source of 300 W Xe arc lamp with glass
filters. Hydrogen generation was detected in the presence of both
UV and visible light irradiation. The amount of hydrogen gener-
ated from the TiO, nanotube after UV light irradiation at reaction
condition for 7 hours was about 270 umol. On the other hand, in
case of the N-doped TiO, nanotube, the production amount of hy-
drogen was 280 pumol.

As shown in Fig. 5(a), in the visible region, the hydrogen pro-
duction rate of N-doped TiO, nanotubes increased with a good linear-
ity in proportion to time. N-doped TiO, nanotubes exhibited better
activity than TiO, nanotubes. The evolution rate of the hydrogen
on N-doped TiO, nanotubes was calculated at about 4.3 pmol/h.
However, TiO, nanotube showed the relatively low activity com-
pared to the N-doped TiO, natnotube. Thus, N-doped TiO, nano-
tubes were prior to the TiO, nanotubes in generation of hydrogen.
From these results, N-doped TiO, nanotubes exhibited the better
performance for water-splitting compared with TiO, nanotubes an-
nealed in air conditions.
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Fig. 5. The amount of generated hydrogen from N-doped TiO,
nanotubes and non N-doped TiO, nanotubes under the Xe
lamp with cut-off filter. (a) Visible light irradiation (b) UV
light irradiation A photo-anode area was 4 cm* (10 mmx
40 mm).

CONCLUSIONS

Highly ordered TiO, nanotube arrays by anodization of Ti foil
were prepared in aqueous electrolyte. N-doping of TiO, nanotube
array was carried out by the hydrothermal deposition of elemental
nitrogen with NH,. From the SEM measurement and XRD data, it
is confirmed that this is a good method to easily dope elemental
nitrogen into the TiO, lattice. XPS results reveal that N-doped TiO,
can exist as an N-Ti-O structure in the lattice. A high photo-catalytic
activity for hydrogen generation by water-splitting in visible light
irradiation has been observed for the N-doped TiO, nanotubes. More-
over, the visible light-responsive TiO, nanotube can be used as a

photo-anode in dye sensitized solar cells (DSSCs).
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