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Abstract

The films of TiO, nanotube arrays were fabricated by the anodization of Ti metal sheets for photocatalytic hydrogen production.
The anodization was carried out in electrolytes prepared by mixing ethylene glycol (EG), ammonium fluoride (0.3 wt % NH,4F)
and deionized water (2 Vol % H,0). DC power supply was used at a constant voltage of 50 Volts. The nanotube arrays were aged
in different amounts of ammonia (NH;) as nitrogen dopants. The morphology of the nanotube arrays was characterized by
scanning electron microscopy (SEM). The phase and structure of the TiO, nanotube arrays were determined by X-ray diffraction
(XRD). The phase of the nanotubes is transformed from anatase to rutile when annealing temperature is changed from 450 °C to
500 °C or higher. The phase of the nanotubes became completely rutile when the nanotube arrays were 700 °C or higher, and the
nanotubes were transformed to nanacrystalline. X-ray Photoelectron spectroscopy (XPS) was used to determine the dopant
presenting in TiO, structure. UV-vis spectroscopy was used to study the optical property of the nanotubes. The diameters of TiO,
nanotubes were about 200 nm. The highest density of TiO, nanotubes was obtained when the nanotubes were doped with 6% by
volume of ammonia. The photocatalytic activity was examined without an external applied potential. The maximum photocurrent
density was 2.7 mA/cm? under illumination of 100 mW/cm? corresponding with photoconversion efficiency of 3.3%.
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1. Introduction

Titania (TiO,) nanotube arrays have received a great deal of attention owing to their potential applications in a
wide range of fields such as photocatalysts, dye-sensitive solar cells, photochromic devices, gas sensing, and
hydrogen production [1-8]. The conversion of sunlight to energy in the forms of electricity or hydrogen is an
ultimate goal of scientific and technological interests which solution may be feasible importance as a renewable
source of sustainable and environmentally friendly energy for next generations. Photoelectrolysis of water to
produce hydrogen (H,) have attracted attention because it is renewable and environmentally friendly.

The photocatalytic evolution of H, and O, from water occurs when a photocatalytic agent with appropriate band
gap is illuminated by sufficiently energetic light. Honda and Fujishima [1] showed the process of electrochemical
photolysis of water using semiconductor TiO,. Since then, a large number of semiconductor materials have been
employed for photoanodes which are called working anodes for hydrogen production. All of semiconductor
materials, TiO, and modified structure TiO, are widely used because they are highly photocatalytic, stable,
abundant, and environmentally sound. However, the wide band gap of TiO, limits the absorption of sunlight to the
high energy portion in UV of solar spectrum which contains about 4 percent of whole solar energy [9].

It is believed that the band gap of TiO, can be reduced by metal-doping and this will result in exploiting more
solar spectrum. The photoanodes were in TiO, thin films, metal-doped TiO, [, and TiO, nanotubes [10]. It is also
agreed that photoactivity of TiO, depends on its crystal structure. The suitable crystal for photocatalysis is anatase
TiO,. However, the revolution of hydrogen may not increase as expected due to electro-hole recombination [11]. To
overcome the recombination of electro-hole pairs, research introduced Pt-loaded TiO, thin films as a working
electrode. In this work, we modified the structure of TiO, nanotubes by doping nitrigen to make working electrodes
of photoelectrochemical cells (PEC) for hydrogen production and performed photocatalysis test.

2. Experimental procedure

In this research the TiO, nanotubes were synthesized by DC anodization at room temperature on titanium sheet of
thickness 0.2 mm, of diameter 1 cm and 99.7 % purity, obtained from Sigma Aldrich. Before anodization, the sheet
was first polished and ultrasonicated for 10 minutes in isopropanol, de-ionized water and ethanol. The electrolyte
solution which consist of ethylene glycol (EG), ammonium fluoride (0.3 % wt NH4F) and deionized water (2 % vol
D.I. H,0), was stirred magnetically for 2 hours and kept for 5 hours prior to anodization. The system consists of a
two-electrode configuration. The anode was Ti substrate mounted onto a home-made housing apparatus to be
anodized and the counter electrode was highly pure platinum. The anode and cathode for the electrolysis were Ti
and Pt, respectively. This apparatus allows only one face of the titaniun substrate contacts with the electrolyte [12].
The anodization process was carried on under a constant dc potential 50 V for 2 hrs. All substrates were annealed
at 450 °C for 2 hrs to obtain anatase crystalline phases of TiO,. After preparation of the TNTs, the samples were
calcinated at 500 °C for 2 hours, and aged in a mixture containing ethanol, 30 % vol D.I. H,O, and 1M ammonia
solution (NHj3) as source of nitrogen. The volume of NH; was varied (1 %, 3 %, 6 % and 12 %) and each sample
was aged for 10 hours at room temperature. The volume of NH; was varied (1 %, 3 %, 6 % and 12 %) and each
sample was aged for 10 hours at room temperature. After being aged, the samples were reannealed at 450 °C for 2
hours. Finally, the samples were ultrasonicated and dried in air. To investigate the surface morphology and
microstructure of TiO, nanotubes, all resultant samples were characterized by SEM, XRD, XPS, and UV-vis
spectroscopy techniques. PAR 173 Potentiostat/Galvanstat was used to measure the photocurrent of PEC cells.

3. Results and discussion

The XRD patterns of the anodized samples without annealing are shown in Fig. 1 (pre-annealed). The results
show that all peaks belong to Ti metal sheet. Anatase and rutile phases of TiO, are not observed. They show
amorphous phase of TiO,. The XRD patterns of the anodized samples after annealing at different temperatures are
also shown in Fig. 1 (300 to 700 °C). After annealed from 300 to 450 °C for 2 h, the amorphous TiO, transformed to
a crystalline anatase phase. No rutile phase is detected. The best-single rutile phase was obtained when the
nanotubes were annealed at 450 °C. However, the rutile phase of TiO, was introduced besides the anatase when the
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annealing temperature was 500 °C or higher. Rutile phase was increased when annealing temperatures were
increased. The nanotubes completely became a rutile phase after annealing at 700 °C or higher. This result is in
agreement with previous works on TiO, sol-gel films done by Tipparach et al. [13] and Li et al. [14].

Intensity (A.U.)

R\L_700°C
R i
Ti . Ti .
7 T . < 600°C
Ti =
A Ti i 500 °C A
" _R £ AR
A Ti 7]
oAl
A o N
S A VS X
A

A _I__Ti
. i ; ° .
A A Tip A ap 350°C
i . i
o Ti i o
A j‘Ui A TiA A T 300°c
i " i
i Ti Ti i
J as, anodized
| ! | ! | ! | ! | = | ! | !
20 30 40 50 60 70 80 920
2 Theta

Fig. 1. XRD patterns of as-anodized and annealed TiO, nanotube arrays showing amorphous as-anodized and crystalline phases after annealed for

2 hours.

Fig. 3 shows typical SEM images of TiO, nanotube arrays. The well-aligned and uniform TiO, nanotubes were
observed for all anodizing times. It was evident that the TiO, nanotubes were small with diameter of about 100-200
nm. The diameter and the density of the nanotubes are likely to be constant when the annealing temperature

increased.
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Fig. 2. SEM images of N-doped TiO, nanotube arrays with different amount of ammonia (a) 1 %, (b) 3 %, (c) 6 % and (d) 12 % by volume.
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Fig. 3. XPS spectra survey of N-doped TiO, nanotube arrays with 6 % vol ammonia.
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Fig. 4. High resolution XPS spectra scan of N-doped TiO, nanotube arrays with 6 % vol ammonia.

XPS spectra survey in Fig. 3 confirms the presence of nitrogen, whose percentage increased with the amount of
ammonia. Fig. 4 (a)-(d) shows XPS spectra scans for N-doped TiO, nanotubes with 6 % vol of ammonia with the
obvious Ci,, Oy, Tiap, Nis peaks. The Cis peak that appears at 284.1 eV can be due to pollution of hydrocarbon from
the XPS instrument. The XPS spectrum of Oy shows a peak at 529.5 eV which can be attributed to the Ti-O bond
[15]. The peaks at 458.1 eV and 463.9 eV corresponds to the Tiy, (1/2) and Tiy, (3/2) electron binding energies,
respectively. They could be due to substitution of oxygen atoms by nitrogen atoms, resulting in the formation of
O-Ti-N bonds [16]. Both peaks indicate that Ti is present in the Ti*" oxidation state [17, 15]. For pure TiO,, the Tiy,
characteristic peaks are positioned at 458.5 eV and 464.2 eV, which indicates a small shift when compared to the N-
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doped samples. The Nj; scan reveals the peaks located at 398.9 eV, and 400.8 eV. The 398.9 eV peak can be
attributed to the substitutional Ti-N nitride bond. The N;; 400.8 eV peak can be assigned to the Ti-N-O bonds.
The UVS spectra in Fig. 5 shows that as the amount of ammonia increases, the absorption edge shifts from
shorter to longer wavelengths, and the optical band gap reduces from 3.15 eV (at 1 % vol NH3) to 2.85 eV (at 12 %
vol NHj3). This could be due to increase in percentage of the nitrogen and the formation of mid band gaps [4, 17]. A
band gap of 2.85 eV corresponds to a red shift in light absorption into the visible region with wavelength 435 nm.
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Fig. 5. Te UVS spectra of samples.
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Fig. 6. photocurrent response of samples.

Photoconversion efficiency of TiO, nanotube arrays was measured by a standard three-electrode cell at room
temperature under the illumination of 100 mW/cm® in a 1 M KOH solution. The photocurrent response
measurement was tested without external applied potential to investigate the photoinduced charge separation
efficiency of the prepared photanodes and are shown in Fig. 6. When the light was turned on and irradiated the
photoanode, the photocurrent rose up and kept constant during the light was on while the light was turned off, the
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photocurrent abruptly disappeared. This evident showed that the current came from the illumination. The
photoconversion efficiency (n%) of water electrolysis was calculated based on the following relations [19-20],

0

] X ETBV
(%) = (=5 x 100,

U

where J is the photocurrent density, J x EZ,,, is the total power output and P;, is the power density of incident light
and E?,, is the standard reversible potential which is 1.23V. The hightest photocurrent density was obtained when
the photoanode with 6% N-doped TiO, was used as a working electrode. Without an external bias voltage, the
photocurrent density after the switch was turned on was about 3.0 mA/cm? coresponding with the photocoversion
efficiency of 3.7 %

This photoconversion efficiency (3.7 %) of TiO, nanotube array photoanode is larger than that (0.8%) of nano-
TiO, particle photoanodes made by sol-gel dip coating films [21]. The increase of photoconversion efficiency may
be resulted from the fact that the surface areas of TiO, NTs are larger than those of nano-TiO, films due to the
agglomeration of the small spherical crystals of nano TiO, crystals by nature [13]. Another reason may be due to the
reduction of TiO, nanotubes optical bandgap energy because nitrogen atoms from NHyF used for making the
electrolyte and aging nitrogen (NH;) incorporate the structure of TiO, nanotubes as XPS data show. Decreasing the
bandgap energy of TiO, leads to increase the utilization of sunlight spectrums and also increase photoactivity.

4. Conclusion

We have synthesized pure and N-doped TiO, nanotube arrays on Ti sheet by anodization method in the mixture
electrolyte. The post anodization process was carried out by anneaing in air at 450 °C for 2 hrs and aging in the
solution in the present of nitrogen (NH;) with different amounts of ammonia. The mixtures electrolyte was ethylene
glycol (EG), ammonium fluoride (0.3 wt % NH4F) and deionized water (2 Vol % H,0). The nanotubes are well
arraged and the diameters are about 100-200 nm. The photocurrent response indicated that the photocurrent was the
contribution of light irradiation on photoanode. The hydrogen can be produced with overall the photoconversion
efficiency of 3.3 % when 6% Vol N-doped TiO, nanotitania arrays was used as a working electrode for PEC. This
photo activity increases because the optical band gap decreases due to nitrogen incorporation in to nanotube
structure as confirmed by XPS data.
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