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N-doped titania-based nanofiber thin films synthesized via a hydrothermal route
and their photo-induced properties under visible light
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Titania nanofibers were grown on a titanium substrate using a hydrothermal reaction in an aqueous, concentrated sodium
hydroxide solution. Post annealing in an ammonia atmosphere produced N-doped one-dimensional structures with a titanium
dioxide structure and visible light absorption. The samples were characterized by scanning electron microscopy (SEM), X-ray
diffraction (XRD), UV-Vis, Raman and X-ray photoelectron spectroscopy (XPS). The as-synthesized films showed a red shift
and strong visible light absorbance between 400 and 700 nm, which is attributed to a doping effect. Photocatalytic activity in
the aqueous phase under visible light irradiation led to the complete degradation of methylene blue within the first 3 h of the
reaction. A visible-light-driven superhydrophilic effect was also observed.
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Introduction anti-fogging and self-cleaning properties. Other authors
have demonstrated the growth of nanostructured titania
Titanium dioxide nanostructured materials have attracted films via hydrothermal reaction on different substrates using
considerable attention because they have numerous appli- this same technique [10, 11, 12]. Sodium titanate nanotubes
cations in fields such as solar cells [1], catalysis [2], have also been grown directly on a titanium metal template
biomedicine [3], ceramics [4] and photocatalysis [5]. In using a hydrothermal reaction in concentrated sodium
particular, one-dimensional TiO,-based materials have hydroxide without additional Ti sources [13]. Different
been extensively studied, as these novel materials possess sources of titanium can be used, such as Ti flakes [14], foil
a unique combination of physicochemical properties [6]. [15], NiTi alloy [16], or plates [17]. The production of
Among the various possible methods for preparing TiO,- photocatalytic anatase nanowire films by in situ oxidation
based materials, a hydrothermal route allows the selective of Ti plates has been reported recently [17]; the films
synthesis of nanotubes or nanorods in large amounts [7]. exhibited photocatalytic degradation of phenol under
One-dimensional nanomaterials are of particular importance UV light.
for light-harvesting systems because of the unique way It is well known that the band gap of titania materials
by which they conduct electrons along one axis, the axis (ie., 3.2 eV for TiO, anatase) permits the absorbance of
of the tube, which leads to less resistance and minimizes only the UV component of solar light. In the search for
electrons loss. efficient solar energy, much effort has been devoted to
Tian et al. were the first to demonstrate a one-step, seeking photocatalysts with large absorption and high
templateless method for directly preparing large arrays reactivity under visible light. It has been reported that
of oriented titania one-dimensional nanomaterials as a TiO2 photocatalysts doped with either anions (N [18],
continuous film [8]. They synthesized nanotubes up to S [19], C [20], F [21], etc.) or cations (Pt [22], Fe [23],
10 um in length using the hydrothermal reaction of dip- Cu [24], etc.) or co-doped with several ions (N-S [25],
coated TiO, particles on Ti foil in concentrated sodium N-Fe [26]) have their absorption edge red-shifted to lower

hydroxide for 20 h. Miyauchi and Tokudome showed that energies, which enhances the photocatalytic performance

this type of photocatalytic transparent thin films exhibits in the visible range. In particular, N-doped TiO, is known to

super-hydrophilicity under UV light [9], thus opening be a promising visible-light photocatalyst, particularly
the door to various applications that take advantage of their as a thin film [27].

To the best of our knowledge, this is the first report
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Experimental

Preparation of substrates

Commercially pure titanium foil (0.1 mm, 99.99%,
Nilaco Corp.) was cut into 15 x 15 mm? pieces. All
specimens were cleaned ultrasonically in ethanol and acetone
and dried under an N, stream prior to any treatment.

Hydrothermal synthesis and ammonia treatment

The clean Ti substrates were immersed in a 10 M NaOH
solution with a filling fraction of 90% in a 100 ml
Teflon autoclave, and then treated at 130 °C for 6 h.
Next, the substrates were rinsed with ethanol and dried
at 70 °C. They were then immersed in a 0.1 M HCI aqueous
solution for 2 h and washed with distilled water until
the pH of the rinsing solution reached 6.

Nitrogen doping was performed using a previously
reported one-step doping procedure [28]. Titania-based thin
films were annealed under an NH; flow at 400 °C for 4 h.
After cooling the samples down to room temperature
and flushing them with synthetic air, they were stored
in a reduced-moisture atmosphere in complete darkness.

Characterizations

The morphologies of the samples were observed by a
field emission scanning electron microscope (FESEM, JEOL
JSM7001F, accelerating voltage : 15 kV). The crystal
structure was determined using an X-ray diffractometer
(XRD, JEOL JDX-3500) operated at 40 kV and 30 mA
using Cu-Ka radiation. The UV-visible diffuse reflectance
spectra were examined at room temperature with a UV-
visible (UV-Vis) spectrophotometer (UV-2500, Shimadzu
Corp.). Raman spectra were measured using a laser Raman
spectrophotometer (NRS-1000, Jasco) at room temperature.
The power of the incident laser beam was 2 mW, and its
monochromatic wavelength was 532 nm. The laser pulses
were focused onto the surface of the sample with a spot
size of approximately 10 um by using an optical microscope
with a 20x objective lens. An X-ray photoelectron
spectrometer (XPS, PHI Quantera SXM, ULVAC-PHI)
using monochromatic Al-Ka irradiation (power, 100 W;
beam diameter, 100 pm; incident angle, 45°) was employed
to determine valence states on the surface of powder samples.

Photo-induced characterizations of the films

We tested the photocatalytic activity by observing the
discoloration of a methylene blue (MB) solution under
visible light irradiation. The MB degradation was performed
with a 1 mM solution in a plastic beaker, with the film
deposited in the solution and irradiated vertically with a
visible lamp. All experiments were conducted at room
temperature in air. The amount of MB decomposition,
as indicated by the discoloration of the solution and the
progressive disappearance of the peak at 664 nm, was
determined by UV-visible spectrometry (UV-2500,
Shimadzu, Japan).

The evaluation of photo-induced hydrophilicity on the
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substrate was performed in air as follows: First, the films
were stored in clean polypropylene boxes in the dark
for about 1 week. After confirming the initial contact
angles for water, the water droplets were blown with nitrogen
gas, and the films were then irradiated in air with
visible light (A > 420 nm) emitted by a Xe lamp with a
cut-off filter. The contact angles were measured by the
sessile drop method with a contact angle meter (DM-300;
Kyowa Interface Science Co, Japan), and the photoinduced
hydrophilicity was determined from the changes in the
contact angles for water as a function of irradiation time.

Results and Discussion

Material characterizations

We used SEM imaging to investigate the morphology
of the sample surfaces. Fig. 1 shows SEM images of a
Ti foil before and after the hydrothermal treatment. Before
treatment, the Ti foil had a smooth surface with typical
machined channels and edges. After the hydrothermal
treatment the morphology of the surface layer was slightly
different from that of pure titanium, with the major
difference being the existence of a myriad of one-dimensional
nanostructures, from a few nanometres in diameter to
several thousands in length and an average thickness of
200 nm, which made the surface much rougher. This
nanofiber thin layer, which was produced by the hydro-
thermal reaction and was presumably composed of titanium
dioxide, covered the surface of the substrate evenly. No
morphological changes were observed when comparing
the surface before and after the treatment under ammonia
at 400 °C.

Light absorption characteristics of the titania nanofibers
was clearly affected by the modification of the thin film
by the ammonia treatment. A simple visual observation

N-TiO, NF

Fig. 1. SEM images of a titanium foil surface (Ti foil) before
(top) and after (bottom) the hydrothermal reaction and ammonia
treatment (N-TiO, NF).
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clearly showed a change in the color of the sample.
After the hydrothermal reaction, a light photochromism
was observed on the surface, produced by the growth
of nanofibers. After the ammonia treatment, the sample
turned yellowish gold. Furthermore, the UV-Vis spectra
in Fig. 2 show a significant difference in absorption at
wavelengths below 380 nm after the hydrothermal treatment.
We attribute the intense band at these absorption wavelengths
to the intrinsic band gap absorption of titanium oxide.
From the transformed Kubelk-Munk function, the band
gap (Eg) can be determined to be 3.2 eV, which is in
good agreement with the reported value for anatase
(3.2-3.3 eV). After the doping process, we also observed
a slight red shift in the peak around 380 nm as well as
a large absorption band between 400 and 700 nm,
indicating that the presence of N in the sample definitely
improves the visible light absorption. This increase in
the absorption spectra at wavelengths higher than 400 nm
can be attributed to intrinsic doping levels.

Raman spectroscopy usually offers more information
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Fig. 2. UV-Vis spectra of pure titanium (Ti), TiO, nanofibers
(TiO, NF) and N-doped TiO, nanofibers (N-TiO, NF).
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concerning the surface region compared to XRD, which
mainly provides information about the bulk material, so
we used the Raman method to characterize the sample more
precisely. Fig. 3(a) shows a Raman spectroscopy pattern
of the film after treatment, and strong bands at 145,
197, 397, 516, and 640 cm™ can be observed. All of these
bands can be assigned to the anatase phase, and in
particular, they can be assigned to the five Raman-active
modes of anatase phase with the symmetries of Eg, Eg,
Blg, Alg, and Eg, respectively [29].

We analyzed the crystal structures of the synthesized
specimens with XRD. Fig. 3(b) shows the XRD patterns
of the film as well as the substrate. A weak peak at 25°
confirms the formation of the anatase phase. Taking into
account the penetration depth of the X-ray beam, we attribute
the major peaks on the spectrum to the titanium substrate.

We conducted X-ray photoelectron spectroscopy to
investigate the chemical bonding state of the elements
under investigation. Table 1 gives the XPS data for the
atomic percentages of Ti, O, N, and C atoms in the sample.
The atomic ratio between titanium and oxygen was about
0.48, which is in good agreement with the assumed
chemical structure of TiO,. The N doping level of this sample
as estimated from the XPS spectra was about 1.4 at.%.

Fig. 4(a) shows the Ti 2p XPS spectrum, indicating
the spin-orbit split lines of Ti 2p3/2 and Ti 2p1/2 to be at
458.7 and 464.6 eV, respectively, which is characteristic
of the Ti (IV) oxidation state. No reduced signal of Ti
(IIT) was observed. However, the peak of Ti 2p3/2 shows
a slight shift toward a lower band energy compared with

Table 1. Atomic percentage of elements detected by XPS analysis

Elements Atomic % N-dopednanofivbers
Ols 54.6
Ti2p 26.2
Cls 17.3
Nls 14
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Fig. 3. (a) Raman spectrum, (b) XRD patterns of N-doped TiO, nanofibers thin film.
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Fig. 4. N-doped TiO, nanofibers room temperature XPS spectra lines of (a) Ti 2p, (b) O Is and (c) N 1s.

what the literature reports for pure crystalline TiO, [30];
the shift may be caused by the nitrogen doping. Fig. 4(b)
shows the O 1s XPS spectrum, which exhibits a strong
major peak at 530.4 eV, which is characteristic of the
oxides of transition metals. Peaks at 532 and 533 eV can
be attributed to hydroxyl groups on the surface of the
photocatalyst and contamination with carbon compounds.
Fig. 4(c) shows the N 1s XPS spectrum, which has a clear
asymmetric broad peak centered at around 400 eV, indicating
that more than one chemical state of nitrogen exists in the
sample. By fitting the experimental spectrum profile, we
identified four different peaks at 401.6, 399.8, 398.2, and
396.1 eV. The attribution of these peaks to specific
compounds or chemical bonds has recently been the subject
of vigorous debate and differs with the synthetic method
used in each case. The peak at 396.1 eV is assigned here
to anionic N-doping O-Ti-N, where oxygen atoms are
replaced by nitrogen atoms involving substitutional N-doping
[31]. The peak at 398.2 eV is due to contamination with
carbon compounds. The peaks at 399.8 and 401.6 eV are
attributed to some molecular nitrogen compounds adsorbed
on the surface of TiO,, such as NHx and NOx.

Photocatalytic activity

We performed visible light (> 420 nm) driven photo-
catalytic degradation of methylene blue over the N-doped
TiO, nanofibers thin film, and results are presented in
Fig. 5(a). For comparison, an undoped titania nanofiber
film was used as the reference sample. We also performed
MB photolysis under visible light irradiation, and it showed
a progressive removal of the dye up to a maximum of
20% after 3 h of irradiation. The decrease in absorbance
of the MB solution over undoped titania nanofibers was
similar to that produced by the photolysis process, indicating
that this sample was inactive for MB degradation under
visible light irradiation. In contrast, the N-doped nanofiber
thin film showed a high degradation rate for MB under
visible light. The photocatalytic activity of the N-doped
TiO, nanofibers was nearly three times greater than that
of the undoped material, with a complete disappearance
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Fig. 5. (a)Percentage of removal of methylene blue in the presence
of TiO, nanofiber (TiO, NF) and N-doped TiO, nanofiber (N-TiO,
NF) thin films, and photolysis under visible light irradiation, (b)
UV-Vis spectra vs time under visible light irradiation showing
degradation of aromatic rings of MB in the presence of N-TiO, NF.

of MB within 3 h. The solution also changed color from
deep blue to colorless. This enhanced photocatalytic ability
can be ascribed to the N doping. When an electro-negative
atom such as nitrogen is incorporated into the TiO, lattice,
the dopant level appears between the valence band and
the conduction band of titania, thereby altering the bandgap
energy and shifting the absorbance edge to the visible
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light region. Upon illumination with visible light, N-doped
TiO, nanofibers generate electron-hole pairs at the tail
states of the conduction and valence bands. The electrons
generated in this way transfer to the adsorbed MB molecule
on the particle surface because it is a cationic dye. This
can increase the surface trapping rate of the carrier and
retard the electron-hole recombination. Thus, an excited
electron from the photocatalyst conduction band enters
into the molecular structure of MB and disrupts its conjugated
system, which leads to the complete decomposition of
MB [32].

We can also observe in Fig. 5(b) the absorbance spectra
of MB solution before and during the photocatalytic
reaction. The peaks between 600 and 700 nm can be
assigned to the absorption of the conjugated m-system,
while the peaks close to 300 nm are assigned to the
absorption of aromatic rings [33]. We were able to observe
the progressive disappearance of all original peaks during
the irradiation period; no new peak could be observed
after 3 h of reaction, indicating that all aromatic rings
disappeared and that the MB degraded completely [34].

Water contact angle

We determined the photoinduced hydrophilicity from
the changes in the contact angles for water under visible
light irradiation (Fig. 6). The average contact angles for
water on as-received titanium foil and on the foil after
ultrasonic cleaning in a mixture of acetone and ethanol
were 82.8° and 70.5°, respectively. The improvement in
surface wettability was due to the removal of various organic
species from the as-received specimen, and it illustrates
the difference that can exist between real samples and the
chemically-cleaned samples used in laboratory experiments.
The initial contact angles after hydrothermal treatment
and after the doping process were significantly lower,
with both cases having an average angle of roughly 20°.
The decrease can be explained by the chemical structure
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Fig. 6. Change in the water contact angle on different samples :
Ti foil( A ), TiO, nanofiber thin film ( [J ), and N-doped TiO,
nanofiber thin film ( ).

modification that takes place going from pure titanium
to the titania TiO, phase. Irradiating with visible light
(420 nm) caused the contact angle to decrease, and the
film became superhydrophilic in 10 minutes. In comparison,
a similar experiment was conducted on titania nanofibers
without doping, and no effective decrease in the contact
angle was observed.

Conclusions

We successfully prepared nitrogen-doped TiO, nanofiber
thin films by a simple two-step synthesis, specifically a
hydrothermal reaction in a concentrated NaOH solution
and post-annealing in ammonia vapor at 400 °C. The
resulting N-doped thin film was observed to decompose
methylene blue and to become superhydrophilic under
visible light irradiation. The doped thin film was found to
have a greater ability to decompose MB than an unmodified
TiO, film in the present conditions. Further research is
being conducted on using other modifications to enhance
the harvesting of visible light.
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