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a b s t r a c t

N-doped NaTaO3 compounds (NaTaO3−xNx) were successfully synthesized using NaTaO3 prepared at low
calcination temperature as starting material and melamine (C3H6N6) as nitrogen source. The as-prepared
NaTaO3−xNx samples were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM) and UV–vis diffuse reflectance spectra. The XRD results indi-
cate that the crystallization temperature of NaTaO3 is up to 700 ◦C and the doping of N does not lead
to significant structural changes. Moreover, as observed by SEM images, the particle sizes of resultant
NaTaO3−xNx are in the range of 100–150 nm, which are much smaller than NaTaO3 particles synthesized
hotocatalytic activity
ethylene blue

by traditional solid state reaction method. The photocatalytic activities of NaTaO3−xNx were examined
by methylene blue (MB) aqueous solution under UV light. It is found that the photocatalytic activity of
NaTaO3−xNx depend strongly on the doping content of N, and sample NaTaO2.961N0.039 shows the highest
photocatalytic activity for the degradation of MB. Furthermore, it is also found that NaTaO3−xNx catalysts
display super structural stabilities during photocatalytic degradation, and could recover their photo-

lcina ◦
catalytic activity after ca

. Introduction

During printing and dyeing process, nearly 15% of dyes are lost
nd released in the effluent water of textile industry, which usually
ontain reactive dyes, toxic chlorolignin, and dark coloration [1–4].
owadays, dye pollution has become a major source of environ-
ental pollution in water bodies, because the conventional water

reating technologies are useless in reducing the dyes content to
he legal levels [5–7].

In last decades, a great deal of interest has been devoted to the
hotocatalytic degradation of organic water pollutants by semicon-
uctor particles [8–10]. Among these semiconductors, the oxides of
itanium (Ti), bismuth (Bi), zinc (Zn) and tin (Sn) are the preferable

aterials for the photocatalytic process [6,11–13]. However, the
ost available light sources for photocatalytic purification are UV

amps with major emission wavelength at 253.7 nm, whose energy
s much higher than the band gap of semiconductors like TiO2

388 nm) or SnO2 (350 nm), and thus results in the extravagance
f light energies.

So far, the perovskite-type alkali tantalates, NaTaO3 has received
onsiderable attention due to its reasonable activities for water
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tion at 500 C, suggesting a promising utilization of such photocatalyst.

© 2010 Elsevier B.V. All rights reserved.

splitting into H2 and O2 under UV irradiation [14,15]. Tradition-
ally, NaTaO3 is produced by high temperature solid state reactions
at above 1000 ◦C with intermittent grinding. However, such prepa-
ration method requires long time treatment and high temperature
calcination, which usually results in larger grain sizes and lower
photocatalytic activity [16].

Doping rare-earth or other metal oxides into the perovskite-
type alkali tantalates can increase their capability of trapping and
transferring electron/hole pairs, which improves their photocat-
alytic activities [17–22]. Recently, Torres-Martínez et al. compared
the photocatalytic performances among NaTaO3 samples doped
with Sm and La prepared by two different methods (sol–gel and
solid state reaction), was reported. The results of UV-light photo-
catalytic degradation reaction of methylene blue showed that the
presence of La and Sm improved the photocatalytic performance of
NaTaO3 [23]. However, to the best of our knowledge, there are very
few investigations concerning the effects of NaTaO3 doped with
nonmetal elements on the photocatalytic activity.

Herein, novel N-doped NaTaO3 (NaTaO3−xNx) compounds with
smaller particle sizes were synthesized from NaTaO3 precursor and
melamine (C3H6N6) at 270 ◦C. NaTaO3 precursor was prepared by

an improved solid state reaction method. Such method requires low
calcination temperature (only 700 ◦C), which is obviously lower
than 1000 ◦C and avoidance of intermittent grinding, resulting in
the improved photocatalytic activity of NaTaO3−xNx. The photo-
catalytic activity of the NaTaO3−xNx catalysts was tested on the

dx.doi.org/10.1016/j.jhazmat.2010.05.136
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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3.2. N content in the catalysts

Fig. 3 exhibits the N 1s peak around 400 eV regions in XPS spec-
tra of N-doped NaTaO3 with different N content. A new peak at
D.-R. Liu et al. / Journal of Haz

egradation of methylene blue (MB) aqueous solution under UV
ight. In order to investigate the reusable stability of catalysts, the
ecycling experiments were carried out.

. Experimental

.1. Preparation of the N-doped NaTaO3 compounds

N-doped NaTaO3 compounds were obtained by a mechanically
nduced solid state reaction. All chemicals were analytical grade
eagents and used without further purification. Firstly, NaTaO3
as synthesized by thermally heating a mixture of the starting
aterials, Ta2O5 and NaOH in a molar ratio of 1:2 in range of

50–1000 ◦C for 12 h, without intermittent grinding. Then, N-doped
aTaO3 compounds were obtained by heating a mixture of the

esultant NaTaO3 and C3H6N6 at 270 ◦C for 3 h. The molar ratio of
3H6N6/NaTaO3 was varied from 0 to 50%. Finally, an amount of Na
5%, sodium hydroxide) was added into the starting materials to
ompensate for the possible volatilization of Na2O, and the heating
ate in all the cases was 3 ◦C/min. The samples were cooled to room
emperature and underwent characterization.

.2. Characterization

All samples were characterized by X-ray powder diffraction
XRD). The XRD measurements were performed on a Bruke/D8-
dvance with Cu K� radiation (� = 1.518 Å). The operation voltage
nd current were maintained at 40 kV and 40 mA, respectively. A
can rate of 10◦/min was applied to record the patterns in the range
f 2� = 10–70◦. The morphology and microstructure were charac-
erized with scanning electronic microscope (SEM, Philips XL-30).
PS analysis was measured on a PHI 5300 ESCA instrument using
n Al Ka X-ray source at a power of 250 W. The pass energy of the
nalyzer was set at 35.75 eV and the base pressure of the analysis
hamber was <3 × 10−9 Torr. The binding energy scale was cali-
rated with respect to the C 1s peak of hydrocarbon contamination
xed at 285.0 eV. It was reported that the peak at around 400 eV cor-
esponds to N 1s, derived from Ta–N bonds. However, because the
eak area of N 1s was partly overlapped with that of Ta 4p3/2, a peak
eparation method was applied to calculate the peak area of N 1s.
herefore, the x values (nitrogen concentrations) were estimated
y comparing the product of the 397.5 eV peak area multiplied by
he nitrogen sensitive factor to the product of the 531 eV peak area
O 1s, Ta–O bonds) multiplied by the oxygen sensitive factor.

.3. Photocatalytic test

The photocatalytic activities of the samples were evaluated by
he decomposition of MB under UV irradiation (UVC). UV light was
btained by a 250 W high pressure mercury lamp (Philips). Aqueous
uspensions (usually 100 mL) of MB (20 mg/L) and catalyst powders
100 mg) were placed in a vessel. Prior to irradiation, the suspen-
ions were magnetically stirred in the dark for 60 min to ensure the
dsorption/desorption equilibrium. At given time intervals, 3 mL
f aliquots were sampled, and centrifugated to remove the parti-
les. The filtrates were analyzed by recording the variations of the
bsorption band maximum (553 nm) in the UV–vis spectrum of MB
sing a Hitachi U-3010 spectrophotometer.

. Results and discussion
.1. X-ray diffraction analysis

Fig. 1 shows XRD patterns for the samples prepared at dif-
erent calcination temperatures for 12 h. Clearly, the temperature
Fig. 1. XRD patterns of samples prepared at different calcination temperatures for
12 h.

exerts a great influence on the formation of NaTaO3 crystal-
loids. All diffraction peaks of NaTaO3 crystal appeared when the
calcination temperature was higher than 700 ◦C, which could
be easily indexed as a pure perovskite structure according to
the standard card (JCPDS card 74-2478) [24,25]. In the range
of 550–1000 ◦C, the intensities of the diffraction peaks became
stronger with the increase of temperature, suggesting the enhanced
crystallinity.

To probe the effect of the N content on the crystal structure, XRD
patterns of NaTaO3 with different content of N as dopant are shown
in Fig. 2. As shown, the intensity of the strongest peak of NaTaO3 was
increased with increasing of the N content, and the replacement of
O with N atom in NaTaO3 did not result in significant structural
changes. This could be understood that the concentration of the
doped N atom (given later) might be insufficient to cause a struc-
tural rebuilding, although it has a larger ion radius of 0.171 nm than
that of O atom (0.132 nm). Similar phenomena were also reported
in N-doped Ta2O5 composite [26].
Fig. 2. XRD patterns of NaTaO3 powders with different N-doped content.
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Fig. 3. N 1s peak around 400 eV regions in XPS spectra of NaTaO3 powders with
different N-doped content.

Table 1
The x values in NaTaO3−xNx catalysts with different N-doped contents.

N addition (molar ratio) x in the NaTaO3−xNx

0% 0
10% 0.012
20% 0.023
30% 0.030

3
e
g
r
N
T
i
t
N
a

effects did not appear in the as-prepared NaTaO3−xNx crystal, which
has several hundred nanometers in size.

The band gap energy (E ) values for the different samples
40% 0.039
50% 0.054

97–398 eV was observed. This peak is generally considered as the
vidence for the presence of Ta–N bonds, suggesting that the oxy-
en sites were substituted by nitrogen atoms [27]. Considering the
esults of XRD and XPS analysis, the powders were described as
aTaO3−xNx. The estimated x values from XPS spectra are listed in
able 1. As shown in Table 1, the resultant content of N in NaTaO3
s only about 1/10 of the original chemical doping ratio due to
he sublimation of melamine at 300 ◦C or so. The content of N in

aTaO3 increases with the original chemical doping amount of N,
ccordingly.

Fig. 4. SEM micrographs of the samples doped with different N co
Fig. 5. UV–vis diffuse reflectance spectra of NaTaO3−xNx powders.

3.3. Microstructure of the N-doped NaTaO3 series photocatalysts

The morphologies of N-doped NaTaO3 series photocatalysts cal-
cined at 700 ◦C were determined by scanning electron microscopy
(SEM). As shown in Fig. 4, all of the photocatalyst particles are very
small with sizes of 100–150 nm, which is much smaller than the
particle sizes synthesized by traditional solid state reaction method
(usually more than 1 �m) [23].

3.4. UV–vis diffuse reflectance property

Fig. 5 shows the UV–vis diffuse reflectance spectra of the
NaTaO3−xNx powder samples with various N doping amounts cal-
cined at 700 ◦C. It can be seen that all the samples have similar
absorption edge (�g) in the range of 312–328 nm, which is slightly
larger than that of the pure NaTaO3. That means the quantum-size
g

were calculated from the UV–vis spectra using the equation Eg

(eV) = 1240/�g (nm) [28]. The Eg values for the different samples

ntents: (a) 0%; (b) 10%; (c) 20%; (d) 30%; (e) 40% and (f) 50%.
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NaTaO2.970N0.030 were carried out under the same reaction con-
ditions. After each reaction cycle, the catalyst was separated from
the reaction mixture by centrifugation, and then reused for the next
experiment with 100 mL fresh MB aqueous solution (20 mg/L). After
ig. 6. The effect of calcination temperature of NaTaO3 precursor on the photocat-
lytic activity of NaTaO3−xNx under the UV-light irradiation.

re summarized in Table 2 where all the perovskite-type sam-
les showed Eg values around 3.9 eV. Such high values indicate
hat these semiconductor materials are only sensitive to UV-light
rradiation.

Moreover, another UV–vis absorption peak of NaTaO3−xNx

t 220–245 nm increases with the increasing N content, due
o the combination between N and Ta. Similar phenomena are
lso reported for N-doped NaTaO3 synthesized by hydrothermal
ethod [29].

.5. Photocatalytic activity

The photocatalytic activity of NaTaO3−xNx was evaluated by MB
egradation reaction under UV radiation. In order to investigate the
ffect of calcination temperature of NaTaO3 precursor on the photo-
atalytic activity of NaTaO3−xNx, the experiment was performed by
arying the calcination temperature of NaTaO3 precursor from 700
o 1000 ◦C while keeping the molar ratio of C3H6N6/NaTaO3 was
0%. Fig. 6 shows the performance for MB decomposition depend-

ng on the calcination temperature of NaTaO3 prepared. As shown
n Fig. 6, with the calcination temperature of NaTaO3 increasing, the
hotocatalytic activity of NaTaO3−xNx decreased remarkably. This

s due to the fact that the high temperature heat treatment may
esult in the grain growth, which may lead to low photocatalytic
ctivity [16]. Therefore, the optimum calcination temperature for
he production was 700 ◦C.

The effect of N doping on the photocatalytic activity of
aTaO3−xNx was also studied. The photocatalytic degradation pro-
esses are shown in Fig. 7. It is clear that all of the N-doped NaTaO3

xhibited higher photocatalytic activities than that of pure NaTaO3.
n the basis of the results, it is also observed that the photocatalytic
fficiency was increased remarkably with the increase of N doping,
hen x is from 0 to 0.039. The reason is that in the case of the right
itrogen, the newly formed intra-bandgap states were found to be

able 2
he Eg values of undoped NaTaO3 and N-doped NaTaO3 samples.

Samples �g (nm) Eg (eV)

NaTaO3 312 3.98
NaTaO2.988N0.012 328 3.78
NaTaO2.977N0.023 315 3.94
NaTaO2.970N0.030 314 3.95
NaTaO2.961N0.039 316 3.92
NaTaO2.946N0.054 316 3.92
Fig. 7. The UV-light photocatalytic of as-prepared samples doped with various N
contents.

close enough to the conduction band edge (shallow surface states)
to induce electronic coupling, which may prevent charge recom-
bination. So the photocatalytic activity of samples was enhanced
[30].

Subsequently, the photocatalytic activity was decreased dras-
tically with the further increasing of N content, which is a similar
result as for N-doped TiO2 or Ta2O5 [31]. Lattice defects may act as
recombination centers for photoinduced electrons and holes, lead-
ing to significant reduction [32]. The decrease of the photocatalytic
activity of the sample when x > 0.039 may be understood in such
a way, namely, that the lattice defects acting as inactivation cen-
ters were increased due to the high amount of N doping [29,33].
Therefore, among all of the samples, NaTaO2.961N0.039 showed the
highest photocatalytic activity for the photodegradation of MB, and
the complete degradation of MB solution was achieved in less than
40 min.

Reusable stabilities of NaTaO3−xNx catalysts were also inves-
tigated. The recycling experiments on NaTaO2.961N0.039 and
Fig. 8. The photocatalytic cycles of NaTaO2.961N0.039 (a) and NaTaO2.970N0.030 (b).
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4 D.-R. Liu et al. / Journal of Haz

he fifth reaction cycle, the resultant sample was calcined at 500 ◦C
o prepare for the sixth reaction cycle. The recycling photocatalytic
rocesses of NaTaO2.961N0.039 and NaTaO2.970N0.030 are shown in
ig. 8. It can be seen that with the increase of recycling times, the
hotocatalytic activities of NaTaO3−xNx decreased gradually. And
fter five cycles, the samples still remained significant photodegra-
ation activity, suggesting that these catalysts are reasonable stable
uring the photocatalytic and recycling processes.

It was also found that both NaTaO2.961N0.039 and
aTaO2.970N0.030 after calcined at 500 ◦C display similar photocat-
lytic activities as the samples used for the first time, respectively.

possible explanation is that, with increasing recycling times,
he organic intermediate products are prone to absorbed onto the
urfaces of NaTaO3−xNx during the photodegradation process of
B, and are difficult to be released even after centrifugation and
ashing treatment. When the catalyst is reused, these surface

dsorbed organic compounds compete with MB for the active sites,
herefore, decreasing the degradation rate of MB. After calcination,
he surface-covered organics are decomposed at high temperature,
nd the NaTaO3−xNx samples recover their photocatalytic activity.
he NaTaO3−xNx catalysts are more stable than other catalysts
ith perovskite structure.

. Conclusions

NaTaO3−xNx catalysts have been successfully synthesized by
n improved solid state reaction method, and their photocatalytic
ctivities were tested by the MB degradation process. The results
how that doping of N increases the photocatalytic activity of
aTaO3, although it displays neglectable effect on the crystal struc-

ure of NaTaO3. Among all the samples, NaTaO2.961N0.039 showed
he highest photodegradation rate for MB solution, and achieved
he complete decolorization of MB in less than 40 min. Moreover,
he structure of NaTaO3−xNx catalysts is very stable during photo-
atalytic processes and their photocatalytic activity can be retained
ven after several recycling processes.
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