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a b s t r a c t

A visible-light-active TiO2 photocatalyst was prepared through nitrogen doping, employing triethy-
lamine as nitrogen source, by a low temperature hydrothermal method without further calcinations.
The prepared samples were characterized by X-ray diffraction, transmission electron microscopy, X-ray
photoelectron spectroscopy, diffuse reflectance spectra. A shift of the absorption edge to a lower energy
and a stronger absorption in the visible-light region were observed in the N-TiO2 samples. Comparing to
P25 and undoped TiO2, greatly improved photocatalytic activity, decomposing methyl orange dye solu-
Photocatalysis
Titanium dioxide
Nitrogen doping
P

tions under visible-light irradiation, was obtained as a result of the doping of nitrogen into the titania
system, that was evidenced by the formation of O–Ti–N bonds. In addition, the photocatalytic activity of
N-TiO2 was strongly affected by the hydrothermal temperature and pH value in the process of preparing
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. Introduction

Semiconductor photocatalysts have attracted much attention
ecause of their potential application in the removal of recalcitrant
rganic pollutants in air or water [1–3]. Especially, titanium diox-
de (TiO2), as a cheap, nontoxic, and highly efficient photocatalyst,
as been widely investigated in many areas [4–6]. However, owing
o its wide band gap (3.2 eV for anatase), TiO2 can only be excited
nder ultraviolet irradiation, which occupies only about 3–5% of the
otal solar irradiance at the Earth’s surface. For the sake of efficient
tilization of sunlight, which contains visible-light up to 45–50%,
any routes have been developed to synthesize modified TiO2 with

isible-light responsive activity [7–9].
Substitutional or interstitial doping of non-metallic elements,

uch as C [7,10,11], N [12–14], S [15], I [16–18] and P [19,20],
eems to be a very promising way to efficiently extend the optical
esponse of TiO2 from ultraviolet to visible-light region. Especially,
he synthesis of N-doped TiO2 (N-TiO2) has been the focus of recent
hotocatalyst researches. Various strategies have been achieved,
ither based on physical methods (mechanical milling [21], mag-

etron sputtering [22], etc.) or based on chemical reactivity (sol–gel
ynthesis [23], oxidation of titanium nitride [24], etc.), to incor-
orate nitrogen into titanium dioxide. However, physical methods
sually need expensive apparatus [21,22], and chemical methods
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always involve a high temperature treatment process in the prepa-
ration method (often >300 ◦C) [24,25].

From the perspective of energy saving, it is obvious that for-
mation of N-TiO2 photocatalysts at low temperature is of great
significance. Moreover, the formation of N-TiO2 photocatalysts at
low temperature is important for the fabrication of films on sub-
strates which cannot sustain high temperature treatment, such
as plastics, textiles and wood-based materials. Gole et al. have
reported that N-TiO2 photocatalyst can be prepared at room tem-
perature through treating TiO2 nano-sol with triethylamine (TEA)
with a large amount of palladium salt [26]. However, Han and
Bai confirmed that the TiO2 nano-sol cannot be turned into crys-
tallined TiO2 photocatalyst after TEA treatment without using the
expensive precious metal salt as the phase transfer catalyst [27].
Meanwhile, they have successfully developed a method to pre-
pare N-TiO2 photocatalyst from an ethanol-based sol by refluxing
TiO2 nano-sol with TEA in the presence of acetyl acetone (AcAc)
[27]. Whereas, for making the whole chemical approach environ-
mentally friendly, the utilization of aqueous solutions instead of
organic solvents is desirable in the practical application. In the
present paper, we successfully prepared N-TiO2 particles from a
water-based TiO2 sol hydrothermally treated with TEA at low tem-
perature. It was found to be a simple and effective way to obtain

N-TiO2 nanoparticles with excellent degradation of methyl orange
under visible-light. Using water-based TiO2 sol as precursor, which
was then treated with triethylamine at room temperature and sub-
sequently heated in the hydrothermal process at low temperature,
we could combine nitrogen doping and transformation of amor-
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hous titania to nanocrystalline into one simple process. The results
ndicated that N-TiO2 nanoparticles synthesized in the way showed
considerably enhanced activity of visible-light-induced photode-
omposition of organic pollutants.

. Experimental

.1. Material preparation

Firstly, a TiO2 nano-sol was prepared according to the following typical steps:
nder the stirring at room temperature, a mixture of 5 ml of titanium n-butoxide
Ti(OBu)4, CP, Sinopharm) and 5 ml of isopropyl alcohol was added dropwise
nto 30 ml HNO3 solution (0.2 mol/L) containing 1 ml of acetyl acetone (AcAc, CP,
inopharm). Then, the mixture was aged overnight with stirring for 12 h to obtain
transparent nano-sol. Subsequently, the TiO2 nano-sol was treated with triethy-

amine (TEA, 99%, Sinopharm) for 12 h by adding 5.0 ml of TEA into the sol with
tirring at ambient temperature. The initial pH of the mixture was 10.02, and a
ower desired pH could be adjusted by HNO3 solution (5 mol/L). Then, the mix-
ure was poured into a Teflon-lined stainless autoclave (50 ml), and hydrothermally
reated at desired temperature for 12 h. The temperature was 160 ◦C in most cases
ut also varied with different temperatures (120 ◦C, 140 ◦C) in other experiments.
he reaction products were filtered, washed with deionized water five times, and
ried in air at 70 ◦C. Fine N-TiO2 powders were obtained eventually. To consider the
ffect of TEA and AcAc on the properties of nanocatalysts, samples were prepared in
he same process but without adding TEA or AcAc. We designated the three differ-
nt samples as TiO2-A (TEA-treated TiO2 powder in the absence of AcAc), TiO2 (TiO2

owder in the presence of AcAc but without TEA treatment) and N-TiO2 (TEA-treated
iO2 powder in the presence of AcAc).

.2. Material characterization

The nanometric structure and the morphology of the catalyst powders were
bserved by Transmission Electron Microscope (TEM, JEM-100CX, JEOL, Japan). The
rystal phase and crystallinity of samples were characterized by powder X-ray
iffraction (XRD, D/max-2200/PC, Rigaku Corporation, Japan) with Cu Ka radiation,
perating at 40 kV and 30 mA, where � = 0.15418 nm for the Cu Ka line. A diffuse
eflectance UV–vis spectrophotometer (DRS, TU-1901) was used to obtain the opti-
al absorption spectra of samples. The elemental analysis was carried out on an
lementar Vario EL III. XPS experiments were carried out on a RBD upgraded PHI-
000C ESCA system (Perkin Elmer, USA), the shift of the binding energy due to
elative surface charging was corrected using the C 1s level at 284.6 eV as an internal
tandard.

.3. Photocatalytic activity measurements

The photocatalytic activity was evaluated by measuring the decomposition of
he methyl orange (MO) solution with a concentration of 10 mg/L. A 1000 W xenon
amp was used as the light source of the homemade photoreactor, surrounded with
water circulation facility at the outer wall through a quartz jacket. The short wave-

ength components (� < 400 nm) of the light were cut off using a glass optical filter.
he distance between the lamp and the center of the beaker was 100 cm. For a typ-
cal photocatalytic experiment, a total of 0.05 g of catalyst powders was added to
0 ml of the above methyl orange solution in the beaker with stirring. Prior to irra-
iation, the suspensions were magnetically stirred in the dark for 30 min to ensure
he establishment of an adsorption/desorption equilibrium. Samples were taken
ut at regular time intervals. The concentration of MO was monitored at 464 nm by
pectrophotometry with a UNICO 7200 Spectrophotometer.

. Results and discussion

.1. Characterization of photocatalysts

The morphologies of TiO2 and N-TiO2 are clearly displayed
n their TEM images in Fig. 1. The rod shape structure can be
bserved for TiO2. It is a reason of the AcAc as an inhibiting agent
o coordinate the Ti center. A similar morphology can be obtained
y different inhibiting agents and controllable sol–gel parameters
28,29]. The particle size of TiO2 was not uniform; and parti-
les with a dimension from around 1 nm × 2 nm to 6 nm × 10 nm
an be found (Fig. 1a). However, the shape of N-TiO2 was clearly

ifferent from that of TiO2. N-TiO2 particles possessed relative uni-
orm dimension at about 5 nm. These results indicated that the
EA treatment of the TiO2 nano-sol affected the morphologies of
he photocatalyst particles. As we known, the sol–gel process of
itanium oxide polymer formation consists of hydrolysis and poly-
Fig. 1. HR-TEM images: (a) TiO2 and (b) N-TiO2.

condensation, and the later one included both deprotonation and
dehydroxylation polycondensation. TEA can be served not only as
a ligand coordination to titanium for inhibiting the hydrolysis but
also as a base catalyst to promote the deprotonation polyconden-
sation [29]. Therefore the sol–gel process carries out more gently
to ensure more uniform nanoparticles.

The XRD patterns for the three samples are shown in Fig. 2.
The presence of exclusive anatase phase of titanium dioxide can
be observed (JCPDS, No. 21-1272) in all of these samples. Observed
from the XRD results, the TEA treatment on the TiO2 sol seem to
not affect the crystal structure. According to Scherrer’s equation,
Lc = K�/(ˇ cos �) [30] (where � is the X-ray wavelength, ˇ is the
FWHM of the diffraction line, � is the diffraction angle, and K is
a constant, which has been assumed to be 0.9), and based on the
full width at half maximum (FWHM) of the (1 0 1) peak, an average
particle diameter of about 6.3 nm and 4.1 nm for TiO2 and N-TiO2,

respectively, can be calculated, which was strongly consistent with
the observation from TEM (Fig. 1). In addition, the lattice distor-
tion has been calculated by the following equation: ε = nh k l/(4 tg �)
(nh k l is the FWHM of the diffraction line, � is the diffraction angle).
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Fig. 2. XRD patterns: (a) N-TiO2, (b) TiO2 and (c) TiO2-A.

he lattice distortions were 0.025 and 0.038 for TiO2 and N-TiO2,
espectively. The slight bigger lattice distortion after N doping indi-
ates the presence of the nitrogen in the TiO2 lattice sites.

Fig. 3 shows the UV–vis absorption spectra for TiO2-A, TiO2 and
-TiO2. It was obvious that N-TiO2 powers exhibit significantly
ore absorption in the visible-light range than the other two sam-

les, and the absorption edge was, in fact, even up to 800 nm against
he light wavelength. Assuming the N-TiO2 to be indirect semi-
onductor, as is TiO2, for which the relation between absorption
oefficient (a) and the incident photon energy (h�) can be written
s a = Bi(h� − Eg)2/h�, where Bi is the absorption constant for indi-
ect transitions [31], a plot of (ah�)1/2 versus h� affords the band
ap energy as shown in Fig. 3. The band gaps optically obtained in
uch a way were approximately 3.3, 3.15 and 2.76 eV for TiO2-A,
iO2 and N-TiO2, respectively. The above results suggested that the
itrogen doping was the synergistic effect of AcAc and TEA. It is nec-
ssary to employ AcAc to inhibit the initial hydrolysis of titanium
lkoxyl and TEA to coordinate the metallic Ti center, accompanying
ith hydrothermal reaction to promote the nitrogen doping taking
lace.

.2. Photocatalytic activities

The photocatalytic activities of the prepared samples were
easured on the degradation of MO in water under visible-light

rradiation. Fig. 4 represents the variation of MO concentration
C/C0) with irradiation time over different catalysts under visible-
ight irradiation. As a comparison, photocatalysis of MO over P25
as also performed under identical conditions. Although, all the
egradation ratios of MO on the prepared samples were higher than
hat on the well-known photocatalyst P25, which only degraded
bout 3% of MO. TiO2 and TiO2-A only could degrade 8% and 11% of
O in 120 min under visible-light irradiation, respectively. Inter-

ig. 3. UV–vis absorption spectra: (a) TiO2-A, (b) TiO2 and (c) N-TiO2. The inset was
he estimated band gap by Kubelka–Munk function.
Fig. 4. Photocatalytic activity for decolorization of MO dye solutions under visible-
light irradiation by the photocatalyst respectively: (a) P25, (b) TiO2, (c) TiO2-A and
(d) N-TiO2 powder samples.

estingly, MO can be effectively degraded in the presence of N-TiO2,
and the degradation efficiency reached about 80% in 120 min. The
apparent rate constant (k) has been chosen as the basic kinetic
parameter for the different photocatalysts, which was fitted by
the equation ln(C/C0) = −kt, where k is apparent rate constant, C
is the solution-phase concentration of organic pollutant (in this
case, MO), and C0 is the initial concentration of MO [32]. The
apparent rate constant of N-TiO2 and TiO2 was 0.0135 min−1, and
6.95 × 10−4 min−1, respectively. The photocatalytic efficiency of N-
TiO2 under visible-light irradiation is estimated to be about 19
times higher than that of TiO2. The stronger absorption of N-TiO2
in the visible-light region, as shown in Fig. 3, must be an important
reason. Nitrogen doping would result in narrowing the banding
energy of the sample, therefore N-TiO2 can be excited under visible-
light irradiation [33], resulting in the formation of reactive oxygen
species, which can break down MO to smaller fragments that even-
tually decomposed into simple inorganic minerals.

3.3. Chemical states of the doped nitrogen

Because the N-TiO2 showed stronger absorption in the visible-
light region (Fig. 3) and higher photocatalytic decomposition
efficiency (Fig. 4), thereafter, we further investigated chemical
states of the doped nitrogen by XPS. Although there are much work
on the nitrogen doped TiO2, the diverse chemical states of dop-
ing nitrogen species from different synthesis methods are still in
disputations [34,35]. It could be seen from Fig. 5a that two N 1s
peaks were found at 396.2 eV and around 399.5 eV. The binding
energy at 396.2 eV, which can be attributed to nitrogen replacing
the oxygen in the crystal lattice of TiO2 [36,37], was confirmed in
various N-TiO2 samples from previous reports [36–38]. It indicates
that Ti–N binding was actually formed in the lattice of the tita-
nia crystal during the hydrothermal treatment. After fitting the
peak at around 399.5 eV, two peaks were obtained at 399.1 and
399.7 eV, respectively. We attribute the peak at 399.1 eV to the N−

anion incorporated in the TiO2 as N–Ti–O structural feature, which
is consistent with the present characteristics of other literatures
[38–40]. Because of the high electronegativity of oxygen, leading to
the reducing of electron density on the nitrogen, a relatively higher
binding energy at 399.1 eV observed compared to Ti–N. This was
also further supported by the results of XPS spectra for the Ti 2p
region (Fig. 5b). The Ti 2p3/2 and Ti 2p1/2 core levels of the N-TiO2
appear at 458.2 and 463.9 eV, respectively. According to the XPS
standard spectrum, the Ti 2p peak of TiO should be at 458.8 eV
2/3 2
[41]. The decreases of the binding energy of Ti 2p3/2 after nitrogen
doping showed that the electronic interaction of Ti with anions is
considerably different from that of TiO2. On account of the lower
electronegativity of nitrogen compared to oxygen, partial electron
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quently on the photocatalytic activity of N-TiO2 photocatalysts
[40,48,49]. In order to investigate the effects of pH value in the
process of preparing the photocatalysts on the photocatalytic activ-
ity, the pH value of the TiO2 sol was adjusted by HNO3 solution
ig. 5. X-ray photoelectron spectra of N-TiO2 samples: (a) N 1s, (b) Ti 2p and (c) O
s.

an transfer from the N to the Ti. As a result, the electron density
round the anion decreases, resulting in the increase in electron
ensity around the cation [39]. This further testified that nitrogen

ncorporates into the lattice and substitutes for oxygen. And the
inding energy at 399.7 eV signified that the nitrogen was in the
i–O–N site in the N-TiO2 matrix [41,42]. It can be analyzed by
ombining the N 1s and O 1s core levels. As shown in Fig. 5c, an
dditional peak appeared at 531.0 eV, which was attributed to the
resence of Ti–O–N bonds [38,43,44]. From the above observations,

t can be concluded that the chemical states of the doped nitrogen
n TiO2 are in various forms.

.4. Effect of the hydrothermal treatment temperature

Normally, the treatment temperature greatly affected the pho-
oactivity of N-TiO products [39,45,46]. Thus, TEA-treated TiO
2 2
hotocatalyst was further examined for 120 ◦C, 140 ◦C, 160 ◦C and
80 ◦C of hydrothermal temperature, respectively. The visible-light
riven photocatalytic activities of these powders for MO degra-
ation have been tested. As shown in Fig. 6, the photocatalytic
Fig. 6. MO dye decolorization rate for the prepared N-TiO2 photocatalysts with
different temperatures.

degradation percents of MO are about 22%, 45%, 80% and 72%
in 120 min for N-TiO2 samples hydrothermal treated at 120 ◦C,
140 ◦C, 160 ◦C and 180 ◦C, respectively. Their optical absorption
performances are presented in Fig. 7. It was clear observed that
the absorption range of the photocatalysts in the visible-light was
greatly improved by increasing the treatment temperature. Espe-
cially, the photocatalyst treated at 160 ◦C achieved much more
absorption in the visible-light compared to N-TiO2 prepared at
120 ◦C and 140 ◦C. The results suggested that the photocatalytic
properties of these samples are corresponding to their optical
absorption performance. Moreover, according to elemental analy-
sis, the nitrogen contents were about 0.09, 0.11, 0.15 at% for N-TiO2
samples treated at 120 ◦C, 140 ◦C, 160 ◦C, respectively. The increase
of N content was also favor for improving the photocatalytic activity
under visible-light irradiation [47]. Therefore the powder treated at
160 ◦C exhibited better photocatalytic performance. Interestingly,
the photocatalytic activity of N-TiO2 sample treated at 180 ◦C was
slightly less than that of the sample treated at 160 ◦C. Observed
from Fig. 7, there was no obvious difference of the absorption range
between the photocatalysts prepared at 160 ◦C and 180 ◦C. But, the
nitrogen content of N-TiO2 prepared at 180 ◦C was 0.13 at%, which
was less than that of N-TiO2 prepared at 160 ◦C. From the above, the
optimal treatment temperature in our method was about 160 ◦C.

3.5. Effect of pH on the photocatalytic activity of N-TiO2

It is interesting that the pH value in the preparation process
greatly affected the doping nitrogen concentration and conse-
Fig. 7. UV–vis absorption spectra for the prepared photocatalyst with hydrothermal
temperature for 120 ◦C, 140 ◦C, 160 ◦C and 180 ◦C, respectively.
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Fig. 8. Effect of pH on the photocatalytic activity of N-TiO2.

5 mol/L) to 7.01 or 3.04 before hydrothermal treatment. And the
nitial pH value of the TiO2 sol after adding 5 ml TEA was 10.02.
he samples prepared at pH 3.04, 7.01 and 10.02 were noted
s N-TiO2-3, N-TiO2-7 and N-TiO2-10. Observed from Fig. 8, the
isible-light activity of N-TiO2 was increased with the decrease of
H in the preparative process. From DRS (Fig. 9), there is no obvious
ifference in their optical absorption properties. However, signif-

cant difference of nitrogen concentration in the catalysts can be
bserved, and it can be regarded as the reason of the effects of
H [38,40,49]. According to elemental analysis, the nitrogen con-
ents were about 0.93, 1.90, 0.15 at% for N-TiO2-3, N-TiO2-7 and
-TiO2-10, respectively. The former two are distinctly larger than

he last one, the same as their photocatalytic activity. Interest-
ngly, the nitrogen concentration of the N-TiO2-7 was much higher
han that of N-TiO2-3, but the visible-light activity of N-TiO2-7 was
lightly less than that of N-TiO2-3 (Fig. 8). We suggested that this
henomenon should be attributed to the existence of optimum
itrogen dopant for N-TiO2 [47]. At higher doping levels (CN > 1 at%),
he energy gap has hardly further narrowing compared with that
t lower doping levels [50], because N was difficult to substitute
or O at high nitrogen doping levels [47]. In addition, increasing the
itrogen concentration would induce more undesirable deep-level
efects [47] and lower the quantum yields [51]. So the paradox can
e understood according to their different nitrogen concentrations.
eanwhile, the nitrogen concentrations of N-TiO2-3 and N-TiO2-7
ere in the range of the optimum nitrogen dopant (CN = ∼1–2 at%)

47], so small difference of their activities was reasonable. It can be
nderstood that nitrogen concentration depends strongly on the
H values in the preparation. A similar result has been obtained by

un et al. [49]. According to the density functional theory (DFT) cal-
ulation, formation of NH3 in the Ti complex was regarded playing
he greatest role in the nitrogen concentration in the doping pro-
ess with TiCl4 hydrolyzing accompanying hydrazine hydrate [49].
n our case, the processes contributed to the effect of pH on the

ig. 9. UV–vis absorption spectra for the photocatalysts prepared at different pH
alues.
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[

[

[

[
[
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nitrogen concentration including the TEA forms and configuration
of Ti complex, zeta potential of TiO2 sol and surface adsorption, and
the hydrothermal crystallize. Anyway, lowing pH to 3 promotes the
nitrogen doping and improves the nitrogen concentration in the
products, so as to contribute a better visible-light photocatalytic
activity.

4. Conclusions

High-quality N-TiO2 nanoparticles exhibiting visible-light
photocatalysis can be synthesized at low temperature by
the hydrothermal treatment. N-TiO2 powders own significant
absorbance in the visible-light range (400–700 nm), and the
absorption edge is, in fact, even up to 800 nm against the light
wavelength. Structural studies show that all the TiO2-based
photocatalysts have the simplex crystal structure of anatase. Trans-
mission electron microscopy reveals that the particle size is in the
range of 5–8 nm for N-TiO2. X-ray photoelectron spectroscopy indi-
cates that the chemical states of the nitrogen doped in TiO2 may be
various and coexist in the form of N–Ti–O and Ti–O–N. Experiments
conducted for decolorization of methyl orange dye solutions show
the effectiveness of the prepared novel photocatalyst under the
visible-light. It was found that N-TiO2 showed significantly higher
photocatalytic activity than P25 and undoped TiO2 on the degrada-
tion of MO under visible-light irradiation (� > 400 nm), even though
the sample was prepared at temperature as low as 120 ◦C. More-
over, the visible-light activity of N-TiO2 was increased with the
decrease of pH value in the preparative process. The prepared
photocatalyst has the prospect to be used for photocatalytic decon-
tamination of organic pollutants in water or used water.
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