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N-doped TiO, nanotube arrays were prepared by electrochemical anode oxidation of Ti foil followed by
treatment with N,-plasma and subsequent annealed under Ar atmosphere. The morphologies, compo-
sition and optical properties of N-doped TiO, nanotube arrays were characterized using field-emission
scanning electron microscope (FE-SEM), transmission electron microscope (TEM), X-ray photoelectron
spectroscopy (XPS), X-ray diffraction spectrometer (XRD), Photoluminescence (PL) and UV-vis diffusion
reflection spectroscopy (UV-vis DRS). Methylene blue (MB) solution was utilized as the degradation
model to evaluate the photocatalytic activity of the samples under visible light irradiation. The results
suggested N,-plasma treatment created doping of nitrogen onto the surface of photoelectrodes success-
fully and the N-doped TiO, nanotube arrays display a significantly enhancement of the photocatalytic

Keywords:
N,-plasma
Titanium dioxide
Nanotube arrays

Visible-light activity

activity comparing with the pure TiO, nanotube arrays under the visible light irradiation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of the phenomenon of photocatalytic split-
ting of water on TiO, electrode under ultraviolet light by Fujishima
and Honda [1], TiO, has attracted much attention because of
its possible application such as carrier of catalysts [2], pollutant
degradation [3-6], gas sensor [7,8], photovoltaic cells [9-12] and
photolysis of water [13-15]. However, a serious disadvantage of
TiO, is its relatively large band gap between 3.0eV (rutile) and
3.2 eV (anatase). Therefore, it can be excited only under ultraviolet
irradiation, which merely accounts for about 5% of the solar radia-
tion at the Earth’s surface compared to the visible light occupying
about 45%. To overcome this shortcoming of TiO,, many attempts
have been adopted to narrow the wide band gap of TiO, and sup-
press the recombination of photogenerated carries, such as doping
with metal or non-metal ions [16-37], coupling with low band gap
semiconductor [38,39], dye sensitization [40,41], surface modifica-
tion and supporting noble metal [42,43].

Many previous studies demonstrated that doping TiO, with
nitrogen was one of the most effective approaches to improve
photocatalytic activity of TiO, in visible light regions [44,45]. For
example, Asahi et al. reported that N-doped TiO, by sputtering
the TiO, target in N, atmosphere showed photocatalytic activity
for the decomposition of organic compound in wavelengths up to
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550nm [16], which attracted a great attention of N-doped TiO,
as a visible light photocatalyst. Up to now, a variety of methods
such as sputtering method [24,25], annealing under ammonia gas
[26,27], ion implantation method [28,29], dip calcinations method
[6,30], hydrothermal method [33], sol-gel method [34] and electro-
chemistry method [35] have been extensively carried out to dope
nitrogen into TiO,.

Although N-doped TiO, materials have been widely studied
in literature during the past 10 years, most of previous works
has been devoted to synthesis of N-doped TiO, powders or thin
compact films and there are very few investigations related to N-
doped TiO, nanotube arrays with visible light response. In this
present work, we firstly fabricated a highly ordered TiO, nanotube
arrays by anodization method. And then, the N-doped TiO, nan-
otube arrays were prepared through nitrogen plasma treatment.
Nitrogen plasma is an effective and low cost technique to syn-
thesize N-doping TiO, nanotube arrays, and avoid using the big
expensive equipment, hazardous gas and organic compound. Pho-
tocatalytic activity of doped and undoped TiO, nanotube arrays was
investigated, and the as-prepared novel materials excited excellent
photocatalytic activity under visible light.

2. Experimental
2.1. Materials

Titanium sheets (0.5 mm thick, 20 mm x 30 mm size) with 99.6% purity were
mechanically polished to a mirror image with no. 360 and 2000 silicon carbide
abrasive paper successively. Following, they were chemically etched by soaking in a
mixture of HF and HNO3 (HF:HNO3:H,0=1:4:5, v/v) for 20 s to eliminate the flaws
resulting from polishing process. After that, the foils were rinsed with distilled water
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Fig. 1. Experimental for TiO, nanotube arrays treated with N,-plasma.

Fig. 2. (a) Cross-sectional and (b) bottom view SEM images of TN, top-view SEM images of (c¢) TN and (d) NPTN.

and dried in ambient air. So far, a working electrode was obtained. The graphite elec-
trode was high-purity grade. Chemical reagents were all analytical reagent grade
quality and used as received.

2.2. Preparation of TiO, nanotube arrays

The highly ordered and well-aligned TiO, nanotube arrays were prepared
by anodization of Ti sheets in a conventional two-electrode configuration at a

constant potential of 50 V at room temperature for 4 h, with high-purity graphite as
the counter electrode. The distance between two electrodes was fixed at 8 cm in all
experiments. To obtain TiO, nanotube arrays, titanium sheets were anodized in a
glycerol system with 0.2 wt.% HF, 0.5 wt.% NH4F and 2 vol.% H,O. After anodization,
the samples were rinsed by distilled water, and then air-dried. The as-prepared TiO>
nanotube arrays were directly annealed at 500°C for 2 h in air atmosphere, which
were denoted as TN; or annealed at 500 °C for 2 h in Ar gas after being modified with
N;-plasma for 30 min, namely NPTN.
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2.3. Plasma treatment

Fig. 1 shows a schematic of the experimental set-up for as-prepared TiO, nan-
otube arrays treated with N, plasma. The reactor consists of a 2.2 cm inner diameter
quartz tube and two copper electrodes attached to the outer surface of the quartz
tube. The distance between the electrodes was set at the electrode gap of 10 cm. Glow
plasma was generated between the electrodes by using a home-built RF power. The
reactor was operated at a pressure of 200 Pa with a mass flow controller where N,
gas was dispersed into the reactor from the discharge electrode towards the ground
electrode. The as-prepared TiO, nanotube arrays set in a quartz boat were placed
inside the plasma reactor between the copper electrodes.

2.4. Characterization techniques

The morphology of the samples was observed using FE-SEM (FEI Corporation)
and TEM (Tecnai G2 F20 S-Twin). The crystal structure of the obtained products was
examined by XRD using a Philip X'Pert PRO diffractometer equipped with Cu Ka
radiation in the 26 range 20-80°, employing a step size of 0.03°. The accelerating
voltage was set at 40 kV with 40 mA flux. XPS were performed with a Kratos XSAM-
800 spectrometer using Al Ko (1486.6 eV) X-ray source at 12kV and 15 mA, and the
analytical instrument was corrected by standard samples of Au and Ag. All the bind-
ing energies were referenced to the C1s peak at 284.8 eV of the surface adventitious
carbon. UV-vis DRS were conducted at room temperature on a PERSEE TU-1901
spectrophotometer. PL measurements were conducted at room temperature on an
F-7000 FL spectrophotometer using a 300 nm excitation light. A two-electrode con-
figuration was used to measure the photocurrent response, in which a 350 W Xenon
lamp was utilized as light source, a titanium-based TiO, nanotube arrays close to
lamp light to receive light irradiation served as the working electrode, a high-purity
graphite was used as the cathode, 0.05 M Na,SO4 aqueous solution was used as the
electrolyte. The distance between the Xenon lamp and the working electrode was
10cm.

2.5. Photocatalytic experiments

All catalytic experiments were conducted in a specially designed rectangular
quartz cell, in which a 350 W Xe lamp with a CuSOy filter served as a light source.
The distance between the two electrodes was set at 2 cm. Photocatalytic activity
of the as prepared nanotube arrays were estimated by measuring the degrada-
tion rate of methylene blue (10 mgL-1). The amounts of methylene blue (MB) that
remained after photo irradiation were determined at 660 nm every 10 min by a Vis
spectrophotometer.

3. Results and discussion
3.1. SEM analysis

Well-aligned, high aspect ratio TiO, nanotube arrays were
grown on Ti foil by electrochemical anodic oxidation in glycerol-
base electrolyte at 50V for 4 h. The surface morphology of NPTN
and TN characterized by FE-SEM is shown in Fig. 2(a-c) shows
the FE-SEM images of the cross-sectional, bottom and top-view of
TN, respectively. The average inside diameter of the nanotube is
~140 nm with the wall thickness is ~30 nm and the length of nan-
otube is ~42 pm corresponding to a high aspect ratio of ~210. The
bottom of nanotubes is end-closed and presents a hexagonal struc-
ture (Fig. 2(b)) [38,46]. Fig. 2(d) also displays the top-view of NPTN.
Compared with TN, no clear change in the morphology of NPTN can
be observed, indicating that the ordered nanotube arrays structure
can be sustained the impact of N,-plasma treatment.

3.2. XPS analysis

The general scan spectrum of XPS over a large energy range
at low resolution was used to distinguish the elements present in
the surface of PNTN and TN. The sharp peaks for Ti, O, and C ele-
ments were detected in both PNTN and TN, but no nitrogen signal
was detected in TN (see Fig. 3(a)) while a weak nitrogen peak pre-
sented in NPTN (see Fig. 3(b)). The insets of Fig. 3 are N1s core
level of the corresponding XPS spectra at higher resolution. The
single N1s peak at the binding energy of 399.6 eV was detected in
NPTN and the content of N element is approximately 2 at.%. Gener-
ally, the N1s centered at typical binding energy of around 396 eV is
usually attributed to the formation of N-Ti-N structure, namely
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Fig. 3. XPS spectra of (a) TN and (b) NPTN. Inset is the enlarged range of the N1s
peak.

substitutional N; meanwhile, the N1s peak at around 400eV is
ascribed to the N-Ti-O structure and above 400eV is ascribed to
Ti-N-O or NOy species, mostly in interstitial N. The results were
supported by the previous works on the N-doped TiO, nanopar-
ticles and nanotubes [20,34]. We also noticed that the N1s band
energy of around 400 eV was ascribed to chemisorbed N, in the N-
doped nanoparticles prepared by ion implanting method [28,29].
But this state would not occur in our case, because the chemisorbed
N, should be desorbed during the calcination at 500°C under Ar
atmospheres for 2 h. Thus, the N-doped samples obtained in our
experiments should be assigned to interstitial N-doped TiO,, which
is accepted as a positive effect state in the photocatalytic reac-
tion. This result proved that N-doped TiO, nanotube arrays can be
prepared successfully via Np-plasma treatment.

High-resolution N1s XPS spectra of the samples modified with
N,-plasma for different time is shown in Fig. S1. The XPS results
confirmed that: (1) all the incorporated nitrogen was interstitial
N-doped TiO5; (2) the nitrogen concentrations of the samples mod-
ified with Ny-plasma for 60 min, 30 min and 10 min, subsequently
annealed at 500°C for 2h in Ar atmosphere, were about 2.9, 2.0
and 0.6 at.%, respectively. Thus, the doped nitrogen concentration
in modified TiO, nanotube arrays is related to the N,-plasma treat-
ment time. However, when the samples treated with N,-plasma
were annealed at 500°C in an oxygen atmosphere, nitrogen could
be generally removed as the generation of NOx (shown in Fig. S2).
While, doped nitrogen are retained within the nanotubes when
annealing in a tube furnace with oxygen-free atmosphere. Hence,
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Fig. 4. XRD patterns of (a) TN and (b) NPTN.

the N-doped samples should be annealed in Ar atmosphere envi-
ronment.

3.3. XRD analysis

In our previous studies, the freshly prepared TiO, nanotube
arrays is amorphous phase, and could be transformed from amor-
phous phase to anatase phase after being sintered at 400°C, the
rutile phase could be detected through annealing at 600°C [4,5].
The XRD patterns of the as-prepared TiO, nanotube arrays are
shown in Fig. 4. For the pure TiO, nanotube arrays sample, all
the diffraction peaks can be well indexed into anatase phase, due
to calcination at relative low temperature 500°C. In comparison
with the XRD patterns of TN, the diffraction peaks of rutile phase
are observed in the NPTN sample, which was not observed in the
pattern of TN sample, suggesting that nitrogen doping may have
promoted the phase transition of TiO, nanotube arrays to rutile
phase atlow annealing temperatures [6]. The mixture phase of TiO,
with low concentration of rutile phase is well known to show a
superior potential of photocatalytic application due to mixed crys-
tal structure [47].

3.4. UV-vis DRS analysis

Recent studies have revealed that N-doped TiO, nanotube arrays
can lead to efficiently extending the photo response from the UV
to the visible light region. Xu et al. reported that N-doped in high
level TiO, nanotube arrays (the atomic ratio of N/Ti is 8/25) pre-
pared by dip-calcination method showed higher visible absorbance
in wavelengths regions of 400-550 nm [30]. However, even very
low concentrations of nitrogen can produce considerable band gap
narrowing of TiO, [44,45]. Liu et al. reported visible light active
nitrogen doping of titania nanotube arrays (N/Ti from 0.071 to
0.082) by an electrochemical approach presented a clear red-shift
in the optical response of titania nanotube array [20]. Shankar et
al. studied that N-doped TiO, nanotube arrays with chemical com-
position TiO,_,Nx, up to x=0.23, fabricated by anodic oxidation in
electrolyte solutions containing ammonium ions, nitrate ions and
fluoride ions exhibited a significant optical absorption in the visible
wavelength range from 400 to 530 nm [36]. In our case, the nitrogen
concentrations of the NPTN sample is approximately 2 at.%, which
is sufficient to change the absorption properties.

Fig. 5 illustrates the diffuse reflection spectra of pure TiO, and
nitrogen doped TiO, nanotube arrays. The results indicated that
nitrogen doped sample by N,-plasma treatment showed a clear
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Fig. 5. UV-vis diffuse reflectance spectra plotted as K-M function F(R) of TN and
NPTN.

red-shift in the optical response of TiO, nanotube arrays. Cur-
rently, there are some arguments about the mechanisms of the
visible light activity of N-doped TiO,. Some researchers ascribed
the visible light photocatalytic sensitization of N-doped TiO5 to the
substitutional/interstitial N atoms or NOx impiruties [30,34]; some
suggested that the enhanced visible light photocatalytic activity
was due to O vacancies[31]; others concluded that O vacancies of N-
doped TiO, could result in donor states locate below the conduction
bands which induces photocatalysis under visible light [32]. Most
experiments can introduce O vacancies and N species, thus it is dif-
ficult to distinguish the roles of them. Lin and co-workers calculated
the optical absorption spectra of N-doped and O deficient anatase
TiO, using spin-polarize density function-theory (DFT). The results
showed that the anatase TiO, with different concentrations of O
vacancies displayed enhanced absorption in ultraviolet regions and
relative high concentrations of O vacancies TiO, presented strong
optical absorption above 500 nm, whereas N-doped TiO, exhib-
ited significant absorption in the region of 400-500 nm [48]. The
results are in good agreement with reports by Ihara [32] and Qiu
[49]. Therefore, the visible light photocatalytic sensitization of the
NPTN samples should be ascribed to the substitution of lattice O for
N species, which is in agreement with the XPS result.

As compared to the pure TiO, nanotube arrays, the spectrum
shows the absorption edge of NPTN shift to longer wavelength
after doping N. The UV-vis DRS can be employed to estimate the
shift in the band gap transition of the photocatalysts. Due to the
Kubelka-Munk function, the band gap energy E (eV) for each spec-
imen can be calculated by the absorption coefficient of adsorption
spectra [17]. From the data of UV-vis DRS, the band gap energy
of the pure TiO, nanotube arrays was ~3.24 eV, which is due to
the pure anatase phase of TN sample. The nitrogen doped sample
had two absorption edges, which might be attributed to the for-
mation of rutile phase and nitrogen doped TiO-, respectively. One
absorption edge corresponded to ~3.03 eV and the other induced
by nitrogen doping in TiO, lattice in visible light region to ~2.22 eV
[19]. Nitrogen doping generates the absorption edge in the visi-
ble light range, which suggests that the NPTN would present high
photocatalytic activity under the visible light irradiation.

3.5. PL and TEM analysis

The PL spectra have been widely used to study the transfer
behavior of the photogenerated electrons and holes in semiconduc-
tor materials, so thatit canreflect the separation and recombination
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Fig. 6. PL spectra of TN and NPTN.

of photogenerated carries. Fig. 6 shows the PL spectra of the pure
and N-doped TiO, nanotube arrays with an excitation wavelength
of 300 nm. Two broad and gentle emission bands were observed in
the scanning range of 350-550 nm. It is observed that the pure TiO,
shows abroad peakin the range of 400-430 nm and an obvious peak
at about 465 nm. The broad peak appeared at about 400-430 nm
was ascribed to the free exciton emission and the other emission
band peaked at about 465 nm was attributed to bound exciton
emission, which is similar to results of the PL spectra of TiO, parti-
cles have also been reported by Liu et al. [17] and Ma et al. [23]. The
spectra of TN and NPTN showed nearly similar curve shape except
for the peak intensities. As seen from Fig. 6, the PL intensity of pure
TiO, nanotube arrays was much higher than that of N-doped TiO,
nanotube arrays. It is well known that the PL signals of semicon-
ductor materials result from the recombination of photogenerated
electron-hole pairs. Generally, the lower PL intensity suggested
the lower the recombination rate of photogenerated electron-hole
pairs, which leads to the high the photocatalytic activity of semi-
conductor photocatalysts [23]. Therefore, the low PL intensity for
N-doped TiO, nanotube arrays indicates that the photocatalytic
activities of TiO, nanotube arrays may be improved by N,-plasma
treatment.

To confirm the tubular structure and verify the crystallization
of nanotubes, TEM images and HRTEM pattern were taken and the
results are shown in Fig. 7. From TEM images (Fig. 7(a)), the straight
hollow channel structure of the nanotubes is revealed, the thick-
ness of the nanotubes keep almost unchanging from the top to the
end. TiO, nanotubes obtained are uniformly distributed and have a
diameter of around 140 nm with the wall thickness of 30 nm, which
is in good agreement with the results obtained by FESEM measure-
ments. Fig. 7(b) is the typical HRTEM image of a single nanotube.
The clear lattice image indicates the high crystallinity of the TiO,
nanotubes. The lattice spacing of 0.352 nm and 0.243 nm could be
attributed to the (101) and (103) planes of the anatase phase.
Another lattice spacing of 0.324 nm was determined corresponding
to the lattice spacing of the (11 0) plane of the rutile phase, which
is in good agreement with the XRD and PL results.

3.6. Photoelectrochemical behavior and evaluation of
photocatalytic activity

The photocurrent responses of the N-doped sample and the
undoped sample at the applied voltage of OV are shown in
Fig. 8. The responses of both electrodes were prompted to vis-
ible light irradiation. Comparing with the undoped sample, the
N-doped sample demonstrated superior performance with higher
photocurrent generation efficiency. The photocurrent intensity of
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Fig. 8. Photocurrent response of TN and NPTN.
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the NPTN sample is 0.19 mA cm~2, which is ~2 times higher than
that of the TN sample (0.09 mA cm~2). Higher photocurrent den-
sity suggests that the photogenerated charge carriers transfer more
effectively from the working electrode to the counter electrode and
greater activity in the photocatalysis process [35].

The photocatalytic activities of the NPTN and the TN samples
were evaluated with the degradation of MB under the visible light
irradiation, as shown in Fig. 9. The blank test without photocata-
lyst was also researched, but only a small amount (~3%) of MB was
degraded under intensive visible light. The amount of MB decom-
pounded by the NT sample was only 68% after 90 min of irradiation
while the amount of MB decompounded by the NPNT sample was
almost 98%. It is evident that the plot of —In (C/Cy) versus irradiation
time exhibits a good linear relationship. The apparent reaction rate
constant kgp,s could be calculated using pseudo-first-order pattern,
based on the following equation [21,34]:

In(C/Cp) = —kopst, Where t is the irradiation time, Cy is the ini-
tial concentration of MB in aqueous solution and C is the residual
concentration of MB solution. The value of k,,s was obtained by
the slope of the liner region between —In(C/Cy) and the irradia-
tion time (see Fig. 9). Comparing with the NT sample (0.014 min~1),
the NPNT sample (0.036 min~—!) displays a significant enhancement
of photocatalytic activity under the visible light irradiation. Since
the TN and NPTN samples have the similar surface morphologies,
hence, doping N into TiO, nanotube arrays by N,-plasma is con-
sidered to be a main factor for this improvement of photocatalytic
activity. Theoretical studies have indicated that interstitial nitro-
gen could introduce two bonding states, which are deep in the
midgap region and lie below the top of the valence band O 2p
states, respectively. The bonding states in the midgap region lie
above the O 2p band and are higher in the gap than the N 2p
states generated by substitutional nitrogen [37]. Thus, the new
energy level caused by doping of N can narrow wide band gap
of TiO, and improve the efficiency of utilizing sunlight. Further-
more, the coexistence of anatase phase and a low content of rutile
phases also can enlarge the photocatalytic activity of TiO, samples.
Zhang and et al. [47] synthesized mixture of anatase phase and

rutile TiO,, and suggested that the mixture of anatase TiO, and a
small amount of rutile TiO, presented better photocatalytic activity
than the pure anatase TiO,, due to heteojunction structure formed
between interface of anatase and rutile phases, which can inhibit
the recombination of photogenerated electrons and holes because
of their different Fermi level. Herein, coexistence of mixture phases
in NPTN is helpful for enhancing the separation between photoin-
duced electrons and holes. As a result, N-doping by treatment with
N,-plasma not only enlarges their absorbance band to visible light
region, but also improves photocatalytic activities of TiO, nanotube
arrays.

4. Conclusions

In summary, highly ordered and high aspect ratio TiO, nanotube
arrays were prepared by anode oxidization method of Ti foils in
the fluorine containing glycerol-base electrolyte and then treated
with Ny-plasma. It is found that the incorporation of N element
into the TiO, lattice accelerates the transformation from anatase
to rutile phase at low annealing temperatures. The N-doped TiO,
nanotube arrays exhibited considerable absorption capacity in the
visible light region and great photocurrent density. MB degrada-
tion model experiments showed that the N-doped TiO, nanotube
arrays presented a significantly enhancement of the photocatalytic
activity comparing with the pure TiO, nanotube arrays under the
visible light irradiation. Therefore, here a new pathway is provided
to construct nano-structure composite materials with high pho-
tocatalytic activity in visible light region benefiting from N-doped
using N,-plasma treatment.
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