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The nanometer potassium niobate powders with tungsten bronze (TB)-type structure were synthesized
by a wet chemical method and characterized by X-ray diffraction (XRD) and field emission scanning
electron microscope (FESEM). X-ray photoelectron spectroscopy (XPS) analysis confirmed the niobium
with mixed valence states exists in the crystal structure of the photocatalyst, which may be advantage
for increasing the photocatalytic activity. The band gap of KgNbq9g030 powders was estimated to be
about 2.92 eV and shows a markedly blue-shift as compared to that of the sample obtained by the solid-
state reaction. The photocatalytic activity of the samples was evaluated by degradation of acid red G
under UV irradiation and the photocatalytic reaction follows first-order kinetics. The photocatalytic
activity of the as-prepared sample is much higher than that of sample synthesized by solid-state
reaction, and slightly higher than that of P25-TiO,.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

A large quantity of highly colored wastewater from the textile
industry is toxic and mostly nonbiodegradable and also resistant
to destruction by conventional physico-chemical treatment
methods, such as chemical precipitation and separation of
pollutants, electrocoagulation [1], adsorption by activated carbon
[2], coagulation [3], etc., which cannot eliminate the contamina-
tion completely but only transfer it from one phase to another.
Heterogeneous photocatalysis has been considered as a cost-
effective alternative for the purpose of efficiently purifying the
dye-containing wastewater [4-6].

Although titanium dioxide is the most widely used photo-
catalyst, which is capable of decomposing a wide variety of
organic and inorganic pollutants and toxic materials [7-9], their
reactivity and selectivity are still not enough for large-scale
applications. Many attentions have been paid for finding more
efficient photocatalysts. Some layered niobate compounds, such
as K4Nb5017 [10], I(Nb308 [11,12], NleOG (M:Nb, Ta) [13],
BiNbO, [14], NiO-KTiNbOs [15], etc., have attracted special
attention because of their excellent photocatalytic activity in the
field of water splitting to H, and O, or the photocatalytic
degradation of organic pollutants.

Most of niobates were usually synthesized by solid-state
reaction and with larger crystal size, which may decrease their
catalytic activity. Some modified solid-state reaction and wet
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chemical methods were studied to prepare the niobate powders.
Liu and Xue [16,17] obtained high-quality lithium niobate
powders by modified solid-state reaction using niobium oxide
and activated niobium oxide as Nb sources, respectively. Lithium
niobate oxide also was prepared by wet chemical method or soft
chemical method [18-23]. We first reported the photocatalytic
activity of niobate KgNb19g03¢ with tungsten bronze (TB)-type
structure, which was obtained by solid-state reaction method
[24]. The crystal structure of KgNbq0gO30 is constructed by NbOg
octahedra, which form some triangle, quadrilateral and pentago-
nal tunnels. The pentagonal and quadrilateral tunnels are
occupied by K cations and the triangle tunnels are occupied by
Nb cations [25,26]. In this paper, the nanometer niobate
KegNb1g 8030 with TB-type potassium was prepared by wet
chemical synthesis using niobium oxide and potassium nitrate
as raw materials at low temperature and shows very high
photocatalytic activity for the degradation of acid red G under
UV irradiation.

2. Experimental
2.1. Synthesis of the photocatalysts

Potassium nitrate (KNOs), niobium pentoxide (Nb,Os), oxalic
acid (OA), citric acid (CA), ethylene glycol (EG) and hydrochloric
acid (HCI) were used as starting materials. Citric acid and ethylene
glycol were used as the chelating agent and esterification agent,
respectively. All chemicals used in the experiment were analytical
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reagent grade without further purification. Deionized water was
used in the whole experiment.

The flowchart for the synthesis of KgNbqggO3o powders is
shown in Fig. 1. About 1-2 g of Nb,Os powder was added to 70 ml
of 2-3mol/L KOH solution, which was loaded into a 100cm3
Teflon-lined cylindrical autoclave. Then the sealed autoclave was
heated at 200°C for 4 h, a clear solution was obtained. The pH of
the solution was slowly and accurately adjusted to 5.5 by
dropwise adding HCIl solution and the precipitated niobic acid
was filtered and washed to eliminate all potassium ions [12,21].
Freshly precipitated niobic acid was added into an aqueous
solution of oxalic acid. The solution was stirred at 80 °C until all
niobic acid was dissolved. The concentration of niobium in the
solution was determined by ICP spectrometry. For the preparation
of the K-Nb precursor solution, Nb-OA complex and KNO3; were
mixed together with the molar ratio 6:10.8 of K:Nb, followed by
the addition of citric acid in the molar ratio 3:1 of CA/metal
cations. After homogenization, ethylene glycol was added to this
solution to promote polymerization of the mixed citrate and the
mass ratio of CA/EG was 60/40. The solution was stirred at 80 °C
for 2 h so as to promote the solubility. Furthermore, the aqueous
solvent was slowly evaporated until the formation of dark-colored,
amorphous citrate gels and polymeric precursors, which were
kept at 450°C for 4h to remove the organics, then calcined at
various temperatures for different times.

The pure KgNb 030 powders were also prepared by the solid-
state reaction at 1000°C for 2h using niobium oxide and
potassium carbonate (K,CO3) as raw materials.

I Nb,Os I

Y
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Y
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/
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Fig. 1. Flowchart for the synthesis of KgNb;gO30.

2.2. Photocatalytic experiments

The photodegradation of acid red G aqueous solution was
carried out in a 500 ml Pyrex glass vessel with constant magnetic
stirring at room temperature. A 20 W UV lamp (4 = 253.7 nm) was
used as light source with light intensity 0.524 mW/cm? measured
by UV-B radiatometer. Reaction suspension was prepared by adding
150 mg of the as-prepared sample into 150 ml acid red G aqueous
solution (50 mg/L). The distance between the liquid surface and the
light source was about 8 cm. The suspensions were first stirred in
the dark for 10min to reach equilibrium sorption of the dye.
Analytical samples were drawn from the reaction suspensions after
various reaction times and centrifuged at 2000 rpm for 40 min to
separate the particles. The concentrations of acid red G were
analyzed by UV-Vis spectroscopy (UV-751GD) at its maximum
absorption wavelength of 505 nm. The linear relationship between
the absorbance at 505 nm (A) and the concentration of acid red G
(C) (mg/L) can be represented empirically by the equation [24]

A~001C (a)

The photodegradation rate (X) was given by X=(Co—C)/
Co~(Ao—A)/Ao, where (; is initial concentration of acid red G.
The photocatalytic properties of the sample obtained by solid-
state reaction and P25-TiO, powder were determined and
compared with the as-prepared sample.

3. Results and discussion
3.1. XRD patterns analysis

The phase composition and crystallinity of the synthesized
powders were analyzed using powder X-ray diffraction (XRD)
method, which were carried out on D/MAX-RB powder X-ray
diffractometer (Rigaku, Japan) in the 20 range from 5° to 70°.
Fig. 2(a) shows the XRD pattern of the as-prepared KgNbqs030
powder at 800 °C for 24 h, which can be identified and indexed
using the standard XRD data of KgNb1p 8030 (JCPDS 87-1856). XRD
peaks of KgNb1ggO3¢ can nearly match up to the standard XRD
peaks and are with the large width of the peaks, which show the
prepared sample consists of a nearly single phase of the
compound KgNbo503¢ and its crystal particle size is small. As a
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Fig. 2. Powder XRD patterns of KgNbpg0O30 (a) prepared by the wet chemical
method calcined at 800 °C and (b) obtained by the solid-state method.
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comparison, the XRD pattern of the powder prepared by the solid-
state reaction method shows the sharp peaks and the small width
of the peaks (Fig. 2(b)), which indicates the crystal particle size of
the sample is larger.

3.2. SEM analysis

The crystal morphologies of as-prepared powder prepared by the
wet chemical method were investigated using a S-4800 field
emission scanning electron microscope (FESEM) and the sample
obtained by solid-state reaction was observed with JSM-5610LV
scanning electron microscopy (SEM). A typical low-magnification
FESEM image of KgNb,o 5039 powders prepared by the wet chemical
method is shown in Fig. 3(a). It can be seen that the particles show
high dispersivity and uniform shape and size. As shown from a
higher-magnification FESEM image in Fig. 3(b), KgNb1g03¢ particles
show tetragonal columnar shape and are with an average diameter
50-150 nm and the length of 250-400 nm. Fig. 3(c) shows the low-
magnification SEM image of KgNb;o 5030 powders prepared by solid-
state reaction, which indicates the KgNbpg03o powders consist of
the big aggregates of particles. A closer examination of the samples
indicates that the particle size is about 1.5-3.0 um and much bigger
than that of the samples by wet chemical method. The results may
be attributed to these reasons: (a) the niobic acid in wet chemical
method is more reactive than niobium oxide in the solid-state
reaction [21]; (b) the Nb-OA complex and KNOs in the K-Nb
precursor solution can be mixed completely and their reactive
activity is higher than that of Nb,Os and K,COs in the solid-state
reaction system, which improves homogeneity.

3.3. XPS analysis

X-ray photoelectron spectroscopy (XPS) analysis is an impor-
tant method for the analysis of the Nb chemical state of niobates

[27-30]. Tabata et al. [31] reported the XPS study of LiNbOs, the
results showed Nb in the obtained sample exists in Nb®>* and Nb*".
The high-resolution XPS spectra of the Nb3d region of the as-
prepared catalyst are shown in Fig. 4. The Nb3d region is
composed of Nb3d5/2 peak and Nb3d3/2 peak, which can be
fitted into six peaks. Generally, the Nb3d5/2 binding energy of the
Nb#* in niobate is about 205.5 eV, and the Nb3d5/2 binding energy
of the Nb>" in niobate is 206.5-207.2eV [31-34]. The binding
energy of the Nb>* is higher than that of the Nb**. The two main
peaks in Fig. 4 are the Nb3d5/2 peak and Nb3d3/2 peak in Nb>* (1)
Og octahedra at binding energies of 206.7 and 209.31eV. The
higher binding energy peaks belong to the Nb3d5/2 peak and
Nb3d3/2 peak of the Nb®* (2) in Nb (2) Og octahedra at binding

Nb>'(1)3d5/2

Nb®'(1)3d3/2

Nb*'(2)3d3/2

Relative Intensity (a. u)

T T T T T T T T T T T T T
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Fig. 4. High-resolution XPS spectra of the Nb3d region of the catalyst.
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Fig. 3. SEM images of the as-prepared KgNbq 50309 powders by the wet chemical method calcined at 800 °C ((a) low magnification view image and (b) high magnification
view image) and by the solid-state reaction ((c) low magnification view image and (d) high magnification view image).
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energies of 207.8 and 210.88 eV. The lower binding energy peaks
(205.6, 208.56eV) are attributed to the Nb3d5/2 peak and the
Nb3d3/2 peak of the Nb** (3) [34,35]. The results of curve fitting
of XPS spectra of the Nb3d region of the catalyst are listed in
Table 1, where r; (%) is the ratio of each kind contribution to the
total of all the three kinds of niobium contributions. By XPS
analysis, Cabrera et al. [36] reported that dioxide carbon can affect
the Nb chemical state of lithium niobate. The results in Fig. 4 and
Table 1 reveal that Nb*" exists in the structure of the compound
KeNb105030 and the amount of Nb#* in the crystals is more than
that of the sample obtained by the solid-state reaction method
[24,34,35], which may be attributed to the reduction effect of
carbon in wet chemical process and XPS survey spectrum (Fig. 5)
indicates that there is C element in the sample.

3.4. UV-Vis diffuse reflectance spectrum

UV-Vis diffuse reflectance analysis of KgNbiggO39 was per-
formed on UV-Vis spectrometer (UV2550, Shimadzu, Japan;
BaSO4 was used as a reference). As shown in Fig. 6, the absorption
edge (Fig. 6(a)) of the catalyst KgNbiggO3¢ obtained by wet
chemical method is estimated to be 424.45 nm, corresponding to
the band gap energy of 2.92 eV, which shows a markedly blue-
shift as compared to that of the sample obtained by the solid-state
reaction (Fig. 6(b)). The result may be ascribed to the quantum
size effect of the KgNbyo 3030 particles obtained by wet chemical
method, which is consistent with the results of XRD and FESEM
analyses.

3.5. Photocatalytic activity of photocatalysts

The photocatalytic property of the catalyst was evaluated by
the degradation of acid red G over the photocatalyst under UV

Table 1
Results of curve-fitting of the high-resolution XPS spectra of the Nb3d region

Nb°* (1) Nb** (2) Nb** (3)
Nb3d5/2 Ey, (eV) 206.70 207.80 205.60
Nb3d3/2 E, (eV) 209.31 210.88 208.56
r; (%) 77.28 5.99 16.73
O1s
Nb3d  Nb3p K2s

Relative Intensity (a. u)

T T T T T T T T T T T T T
-100 0 100 200 300 400 500 600
Binding energy/eV

Fig. 5. XPS survey spectrum of the Nb3d region of the catalyst.
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Fig. 6. Diffuse reflectance spectrum of the as-prepared catalyst (a) by the wet
chemical method and (b) by the solid-state reaction.
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Fig. 7. UV-Vis absorption spectra changes of acid red G solution during the
photocatalytic process by KsNbog030 at different irradiation time.

irradiation. The changes in the absorption spectra of acid red G
solution during the photocatalytic process by KgNbqggOs3p at
different irradiation time were measured by UV-Vis spectrometer
(UV-2102/PC). As shown in Fig. 7, there are three distinctive peaks
at 215, 330 and 505 nm, which correspond to the structure of
benzene ring, naphthalene ring and the nitrogen to nitrogen
double bond, respectively. The decrease of absorption peaks of
acid red G at hax = 505 nm in the figure means the nitrogen to
nitrogen double bond was destroyed. The peaks of benzene ring
and naphthalene ring disappeared gradually with increasing the
reaction time, which indicated that photocatalytic degradation
also destroyed the benzene and naphthalene rings.

The FT-IR patterns of the catalyst before and after the
degradation are shown in Fig. 8, which indicate that no residual
acid red G was detected on the recovered sample and the decrease
of acid red G in the reaction solution was caused by the
photocatalysis but not by the adsorption.
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Fig. 9. The reaction rate constants of the catalyst (A) prepared using the wet
chemical method; (B) synthesized by the solid-state reaction; (C) P25-TiO,.

The photocatalytic degradation reactions of acid red G on the
catalyst are a pseudo-first-order reaction and its kinetics may be
expressed as [37]

In(Co/Cy) = k(min Ht +a (b)

where k is the apparent reaction rate constant, Cy is the initial
concentration of aqueous acid red G, C; is the concentration of
aqueous acid red G at the reaction time of t. Fig. 9 shows the
apparent reaction rate constant. The BET surface area of the
KeNb19.8030 powders prepared by wet chemical method is higher
than that of the sample by prepared by the solid-state reaction,
which is 3.0 and 2.2, respectively. The results of XRD, SEM, FESEM
analyses indicate that the particles obtained by wet chemical
method are with much smaller size and uniform shape and show
quantum size effect, which may help to create more active sites
for photocatalytic reactions and improve the photocatalytic
activity of the KgNbgg039 powders. Although the BET surface
area of the KgNbiggO39 powders obtained by wet chemical
method is much lower than that of P25-TiO, which has a surface
area of about 51 m?/g, its photocatalytic activity is slightly higher
than that of P25-TiO,. The highly distorted surface NbOg

octahedral sites always play an important role in heterogeneous
catalysis [38]. The different binding energy of niobium in various
niobium oxides determines its properties. The behavior of most
oxidation catalysts can be explained within the framework of a
redox mechanism (reduction-oxidation). The stabilization of
niobium and the mobility of active oxygen are important for the
catalytic properties of Nb oxides. In the redox catalysis, too high
stability of Nb can decrease the reducibility of niobium. A lot of
Nb#* cations which exist in KgNbjosO3o may be good for
increasing the distortion of NbOg octahedra in the structure of
the compound and improving its photocatalytic property.

4. Conclusion

The TB-type KgNbg503¢ powders were successfully prepared
by the wet chemical method using niobium oxide and potassium
nitrate as raw materials, in which the hydrothermal method was
used to dissolve niobium oxide to prepare niobic acid. The as-
prepared KegNbg030 powders are with nanometer size particles
and uniform shape and its band gap energy was about 2.92 eV and
shows a blue-shift. XPS analysis indicates the different valence
states niobium exists in the crystal structure of the photocatalyst,
which may be benefit for increasing the photocatalytic activity.
The apparent reaction rate constant of the KgNbqgg030 catalyst
prepared by wet chemical method is much larger than that of the
sample synthesized by solid-state reaction and its photocatalytic
activities is slightly higher than that of P25-TiO,. The photo-
catalytic degradation not only destroyed the nitrogen double bond
(-N==N-), but also destroyed the benzene and naphthalene rings.
The kinetics of photocatalytic degradation of acid red G follows
first-order kinetics equation.
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