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a  b  s  t  r  a  c  t

Nitrogen  doped  K2Nb4O11 (K2Nb4O11-N) has  been  prepared  by  solid  state  reaction  between  K2Nb4O11 and
urea  at 400 ◦C. K2Nb4O11-N  has  been  characterized  by XRD,  SEM,  XPS  and  UV/vis  diffuse  reflectance.  The
photodegradation  of various  organic  pollutants  in  water  by  this  material,  including  Orange  G (OG),  bisphe-
nol A  (BPA)  and  pentachlorophenol  (PCP)  have  been  studied  at � > 330 nm  and  >399  nm.  The  results  show
vailable online 16 April 2011
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that  the  photocatalytic  activity  of K2Nb4O11-N  at  >399  nm  is  higher  than  those of  K2Nb4O11 and  Degussa
TiO2 P25,  indicating  the  activating  effect  of nitrogen  doping.  A  mechanism  for  the photodegradation  of
organic  substrates  by K2Nb4O11-N is proposed.

© 2011 Published by Elsevier B.V.
. Introduction

Organic pollutants in water have been causing serious environ-
ental problems. Photocatalytic degradation of these pollutants

sing sunlight is an attractive solution to this global problem.
emiconductors have been used as highly active photocatalysts,
uch as ZnO [1],  TiO2 [2–4], BiWO6 [5],  CdS [6], Fe2O3 [7],  and
NbO3 [8].  These semiconductors, however, can only be excited
y UV light due to their large band gaps. For better utilization
f sunlight and indoor illumination, Nb-based photocatalyts have
ecently been studied because the layered perovskite type niobates
an be excited by visible light [8–11]. In 1981, Dion reported the
amily of layered perovskite type niobates, generally formulated
s AM2Nb3O10 (A = K, Rb, Cs; M = La, Ca, etc.), which show notice-
ble photocatalytic activity [9].  Soon after, Yoshimura reported a
ayered perovskite type niobate, RbPb2Nb3O10, that could photo-
atalytically generate H2 from water by visible light [10]. Recently,
u reported the high photoactivity of K2 − xLa2Ti3 − xNbxO10 and
heir protonated derivatives for water splitting under visible light
11]. However, the use of the layered perovskite type niobates as
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ent of Biology and Chemistry, City University of Hong Kong, Tat Chee Avenue,
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926-860X/$ – see front matter ©  2011 Published by Elsevier B.V.
oi:10.1016/j.apcata.2011.04.015
photocatalysts for the degradation of organic pollutant has received
little attention until very recently, when Ye reported efficient pho-
todegradation of Rhodamine B under visible-light irradiation using
nitrogen-doped lamellar niobic acid [8].  Although the layered per-
ovskite type niobates and their protonated derivatives show high
photoactivity under visible-light irradiation, these photocatalyts
are generally not very stable because the layered structure is sus-
ceptible to collapse and is easily hydrated after protonation even
under atmospheric conditions [8–11].

We are interested in the use of non-layered niobate salts as
photocatalysts as we  anticipate that they would be more robust
than the layered niobates. A suitable candidate is K2Nb4O11, which
is constructed from NbO6 octahedra and has a tetragonal tung-
sten bronze (TB) crystal structure with triangle, quadrilateral and
pentagonal tunnels. The pentagonal and quadrilateral tunnels are
occupied by K cations and the triangle tunnels by Nb cations [12]. It
has been reported that Cu-doping of K2Nb4O11 results in increased
photocatalytic activity for the degradation of acid red G under UV
irradiation [13].

In this paper we  attempt to prepare a highly active pho-
tocatalyst by doping K2Nb4O11 with nitrogen (denoted as
K2Nb4O11-N). The efficiency of K2Nb4O11-N for the photodegra-

dation of organic pollutants at >399 nm irradiation has been
investigated by using Orange G (OG), bisphenol A (BPA) and
pentachlorophenol (PCP) as substrates. OG, a synthetic azo
dye with formula C16H10N2Na2O7S2 (7-hydroxy-8-phenlyazo-1,

dx.doi.org/10.1016/j.apcata.2011.04.015
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:bhtchlau@cityu.edu.hk
dx.doi.org/10.1016/j.apcata.2011.04.015
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Fig. 1. XRD pattern of: (A) K2Nb4O11 (B) K2Nb4O11-N and (C) standard K2Nb4O11
4 Y. Qiu et al. / Applied Cataly

-naphthalenedisulfonic acid disodium salt), is an endocrine dis-
uptor [14]. It is a common reagent in molecular biology and is
sed in histology in many staining formulations. Bisphenol A is also

 known endocrine disruptor, which has been widely used for the
roduction of polycarbonate (PC) and epoxy resins used in food
ontainers [15–17].  Its concentration in wastewaters is increas-
ng worldwide [17]. Another common toxic pollutant in aquatic
nvironment is pentachlorophenol (PCP). PCP has a relatively long
ife-time in water; hence a rapid method for its decomposition is
ecessary [18,19]. Our results show that the K2Nb4O11-N photo-
atalyst has a much higher photoactivity than pure K2Nb4O11 or
b2O5. It is also more active than Degussa P25 TiO2 at >399 nm.
his indicates that the photoactivity of K2Nb4O11 has been greatly
nhanced by nitrogen doping.

. Experimental

.1. Synthesis

K2Nb4O11 was prepared by heating a mixture of 0.40 g Nb2O5
nd 1.60 K2CO3 at 900 ◦C for 24 h. For nitrogen doping, 1.0 g of
2Nb4O11 was finely ground with 10.0 g urea, and the mixture was

hen heated at 400 ◦C for 4 h to give a yellow product. TiO2 P25 was
urchased from German Degussa Corporation.

.2. Characterization

The materials were characterized by powder X-ray diffraction
XRD), scanning electron microscopy (SEM), X-ray photoelectron
pectroscopy (XPS), UV/vis diffuse reflectance and photolumi-
escence spectroscopy (PL). The XRD analysis was  performed
n a Rigaku D-max X-ray diffractometer with Cu K� irradiation
� = 1.5406 Å) at a scanning speed of 0.025◦/s over the 2� range
f 20–70◦. The morphologies were directly examined by a Philips
L30 environmental scanning electron microscope (ESEM) at an
ccelerating voltage of 10 kV. The catalyst surface analysis was done
y X-ray photoelectron spectroscopy using a Leybold Heraeus-
hengyang SKL-12 electron spectrometer equipped with a VG
LAM 4 MCD  electron energy analyzer, with Al-K� as the excitation
ource. UV/vis diffuse reflectance was performed on a Perkin Elmer
ambda 750 UV/vis Spectrophotometer. Photoluminescence (PL)
pectra were measured using a FluoroMax-3 spectrofluorimeter
quipped with a pulsed xenon lamp as light source.

.3. Photocatalytic degradation experiments

A 200 W xenon arc lamp (Newport, Model 71232) was  used
s the light source. OG, BPA or PCP aqueous solution (30 mL,
0 mg/L) and photocatalyst (10 mg)  were put in a quartz tube
eactor (12 mm  in diameter and 200 mm in length) and the mix-
ure was sonicated for 5 min  to disperse the catalyst in the
queous solution. The distance between the liquid surface and
he light source was about 11 cm.  Before irradiation, the sus-
ension was stirred in the dark for one hour so as to allow
dsorption–desorption equilibrium to be established. The Infrared
nd UV light emitted from the Xe-lamp was filtered by a water
acket and a composited cutoff filter (Scott AG KV 399). Sam-
les were collected at regular time intervals and centrifuged
efore analysis. The concentrations of substrates were determined
pectrophotometrically using a Shimadzu UV-1700 UV/vis spec-
rophotometer.
.4. Analysis of photodegradation intermediates and products

The intermediates and products formed during the degradation
f bisphenol A were identified by LC/MS and LC/MS/MS using an
(JCPDS 31-1059).

Agilent 1200 series liquid chromatograph equipped with an Agi-
lent C18 column, a UV detector and a API 2000 mass spectrometer
(electrospray ionization). The mass spectrometer was operated at
the anionic mode in the m/z range 50–500 for LC/MS and 50–300
for LC/MS/MS. Aliquots were withdrawn at various time intervals
and centrifuged before analysis.

3. Results and discussion

3.1. X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) shows nearly identical patterns
for all the samples prepared. Typical XRD patterns of K2Nb4O11 and
K2Nb4O11-N are shown in Fig. 1A and B, respectively. For K2Nb4O11
(Fig. 1A), all the diffraction peaks can be indexed as a tetragonal
tungsten bronze structure with lattice constants of a = 0.126 nm
and c = 0.398 nm, which together with the intensity distribution
are consistent with those of the standard card for the K2Nb4O11
crystal (Joint Committee on Powder Diffraction Standard, JCPDS 31-
1059). When doped with nitrogen, the XRD pattern is unchanged, as
shown in Fig. 1B, indicating that there is no effect of nitrogen dop-
ing on the crystal structure of K2Nb4O11, this suggests that doping
occurs only on the surface.

3.2. SEM

The SEM photographs of K2Nb4O11 and K2Nb4O11-N are shown
in Fig. 2A and B, respectively. From Fig. 2A, the sizes and shapes
of particles are inhomogeneous and the surface is clean. When
K2Nb4O11 was heated with urea at 400 ◦C for 4 h, the surface of the
sample became flock-like, but the sizes and shapes of the particles
were not significantly changed. The SEM and XRD results together
indicate that the morphology and crystal structure of K2Nb4O11
are not affected by nitrogen doping, but the surface of the sam-

ple becomes rough, suggesting that nitrogen doping may have
occurred on the surface of the sample.
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Fig. 2. SEM images of: (A) K2Nb4O11 and (B) K2Nb4O11-N.

.3. XPS

The X-ray photoelectron spectra (XPS) of K2Nb4O11 and

2Nb4O11-N in wide energy range are shown in Fig. 3. No significant
ontamination, besides carbon, is found in the spectra. The bind-
ng energy was determined by reference to C 1s line at 284.8 eV.
n the whole energy range spectrum the elements K, Nb and O can

Fig. 4. XPS spectra of the elements in K2Nb4O11 (A) and K2Nb
Fig. 3. XPS spectrum in the whole energy range. (A) K2Nb4O11 and (B) K2Nb4O11-N.

be observed in K2Nb4O11 and K2Nb4O11-N. However, N can only
be seen in K2Nb4O11-N, indicating the successful doping of N onto
the surface of K2Nb4O11. The N concentration is calculated to be 3.9
atom% using the equation,

CN = IN/SN∑

i

Ii/Si

where CN is the nitrogen concentration, IN and Ii are the peak inten-
sities of nitrogen and other elements, respectively; SN and Si are the
relative sensitivity factors of nitrogen and other elements, respec-
tively.

To further determine the chemical states of the elements, core
level XPS spectra of Nb, O and N in K2Nb4O11 and K2Nb4O11-N have
been obtained and are shown in Fig. 4. Fig. 4A1 and B1 shows that
the binding energies of Nb 3d5/2 for K2Nb4O11 and K2Nb4O11-N
are 206.8 and 206.9 eV, respectively; which are consistent with the
reported values [20]. The chemical shifts of the binding energies
of Nb 3d5/2 in these two materials are small. However, the full

widths at half maximum (FWHM) of the Nb 3d5/2 peaks are dif-
ferent. The FWHM of Nb 3d5/2 for K2Nb4O11 and K2Nb4O11-N are
1.7 and 1.9 eV, respectively. The broadening of the Nb 3d5/2 peak
indicates that the electron density on the Nb atoms in K2Nb4O11-N

4O11-N (B). 1, 2 and 3 refer to Nb, O and N, respectively.
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Fig. 5. (A) UV–vis diffuse reflectance spectra of K2Nb4O11 and K2Nb4O11-N; (B) The
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Fig. 6. (A) Plot of C/Co (C is the concentration at time t, Co is the initial concentration)

photodegradation of OG by K2Nb4O11-N also results in the dis-
urve deduced from A according to the equation (˛h�)2 = A (h� − Eg).

s higher than that in K2Nb4O11 [21]. The main O 1s peak at 530.8
nd 530.6 eV in Fig. 4A2 and B2 are assigned to lattice oxygen of
2Nb4O11 and K2Nb4O11-N, respectively [22–24].  A higher binding
nergy shoulder is found for both samples at about 532.6 eV, this
s assigned to a mixture of surface hydroxyl and carbonate groups
21]. Nitrogen is found only on K2Nb4O11-N and the core-level N 1s
PS is shown in Fig. 4B3. The N 1s spectrum is deconvoluted into

wo components with peak energies of 398.7 and 400.8 eV, which
re assigned to be (N)i or (NO)O and (NO)i or (NO2)O, respectively
22]. (N)i represents N in the interstitial space, (NO)O denotes NO
itting at the site for the lattice O. Similarly, (NO)i and (NO2)O des-
gnate the interstitial NO and substitutional NO2 for the lattice O,
espectively.

.4. UV/vis diffuse reflectance

The light absorption of the samples can be measured by using
V/vis diffuse reflectance spectroscopy [25]. Fig. 5 shows the
V/vis diffuse reflectance spectra of K2Nb4O11 and K2Nb4O11-N.

t is known that the optical absorption coefficient near the band
dge follows the equation (˛h�)2 = A (h� − Eg) for a direct-band
ap material; where ˛, h, �, Eg and A are the absorption coeffi-
ient, Planck constant, light frequency, band gap, and a constant,
espectively [25]. This relationship gives the band gaps (Eg) by
xtrapolating the straight portion of (˛h�)2 against h� plots to
he point  ̨ = 0, which are 3.27 eV and 3.12 eV for K2Nb4O11 and
2Nb4O11-N, respectively. The absorption edge of K2Nb4O11-N

hifts to longer wavelength compared with that of the undoped
ne, indicating that nitrogen-doping has a narrowing effect on the
and gap of the material on the surface [25].
versus time for the photo-degradation of OG using 330 nm cut off filter; (B) Plot
of C/Co versus time for photo-degradation of OG using 399 nm cut off filter; (a)
K2Nb4O11, (b) TiO2 P25 and (c) K2Nb4O11-N.

3.5. Photocatalytic degradation of orange G

The photodegradation of OG with 330 nm cutoff filter using
K2Nb4O11 and K2Nb4O11-N as photocatalysts was investigated and
results are shown in Fig. 6A. The degradation of OG was neg-
ligible after 4 h when K2Nb4O11 was  used as the photocatalyst.
On the other hand, when K2Nb4O11-N was used, nearly 90% OG
was degraded after 2 h of irradiation, indicating nitrogen dop-
ing greatly enhances the photocatalytic activity of the K2Nb4O11.
Control experiments show that both light and the photocatalyst
are required for the degradation of OG. The degradation of OG
by K2Nb4O11-N is only slightly less efficient than TiO2 P25 when
330 nm cutoff filter is used. On the other hand, when 399 nm cut-
off filter was used, the photocatalytic activity of K2Nb4O11-N is
higher than that of TiO2 P25. As shown in Fig. 6B, nearly 90% of
OG is degraded over the K2Nb4O11-N after 12 h of irradiation when
a 399 nm cutoff filter is used, while only 46% is degraded over TiO2
P25.

Fig. 7A shows the spectral changes of OG during irradiation using
399 nm cutoff filter with K2Nb4O11-N. The main absorption band
of OG is at around 478 nm,  which decreases with time upon irra-
diation, but �max remains at around 478 nm,  indicating that the
photodegradation does not occur by a dye self-photosensitized
oxidative mechanism [26]. Apart from the peak at 478 nm,  the
appearance of the peak at 330 nm,  indicating that both the OG
chromophores and the aromatic rings have been destroyed [8].
Also the total organic carbon (TOC) value of the solution decreases



Y. Qiu et al. / Applied Catalysis A: General 402 (2011) 23– 30 27

Fig. 7. (A) Spectral changes of OG during irradiation using 399 nm cutoff filter with
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Fig. 8. (A) Plot of C/Co (C is the concentration at time t, Co is the initial concentration)

2Nb4O11-N; (B) Plot of (TOC)/(TOC)o [(TOC) is the total organic carbon at time t,

TOC)o is the initial total organic carbon] versus time for photo-degradation of OG
sing a 399 nm cut off filter with K2Nb4O11-N.

y approximately 25% at 90% OG conversion after 12 h of irradia-
ion (see Fig. 7B). We  conclude that the OG is mainly degraded to
liphatic organic compounds and is only partially mineralized to
O2 and/or CO.

To assess the stability of the photocatalyst, a sample of
2Nb4O11-N was aged at atmospheric ambient conditions for six
onths and its photocatalytic activity was then tested. As shown in

ig. S2,  the photocatalytic activity of the aged K2Nb4O11-N sample
ecreases by about 6% compared with the freshly prepared sam-
le. This shows that that K2Nb4O11-N photocatalyst is reasonably
table when stored under ambient conditions.

.6. Photocatalytic degradation of BPA and PCP

It has been suggested by several authors that the photocat-
lytic degradation of dyes under visible light may  be induced by
ight absorbed by the dye rather than by the catalyst [27,28]. In
rder to understand the photoactivity of K2Nb4O11-N under visi-
le light, bisphenol A (BPA) and pentachlorophenol (PCP), which
o not absorb in the visible region and are emerging pollutants in
ater, were selected as substrates. For comparison, Nb2O5, pure

2Nb4O11 and Degussa TiO2 P25 were also used as photocatalysts
nd results are shown in Fig. 8. In the absence of photocatalyst, the

oncentration of BPA and PCP remained virtually unchanged even
fter 20 h of visible light irradiation (399 nm cutoff). Also, BPA and
CP were not degraded by the photocatalysts in the dark. However,
pon visible-light irradiation in the presence of K2Nb4O11-N, 90% of
versus time for photo-degradation of BPA (A) and PCP (B) using a 399 nm cutoff filter
with (a) no catalyst; (b) Nb2O5; (c) K2Nb4O11; (d) Degussa TiO2 P25; (e) K2Nb4O11-N.

BPA was degraded after 6 h and 80% of PCP was  degraded after 2 h.
This photoactivity is higher than that of Degussa TiO2 P25, and is
much higher than that of pure K2Nb4O11 and Nb2O5. These results
confirm that nitrogen doping greatly enhances the photoactivity of
K2Nb4O11.

The intermediates formed during the degradation of bisphenol A
were identified by LC/MS and LC/MS/MS experiments. Fig.S3 shows
the total ions chromatogram (TIC) from LC/MS for the intermedi-
ates formed during bisphenol A degradation by K2Nb4O11-N after
4 h. Five major intermediates were identified, as listed in Table 1.
In the liquid chromatogram, the peak f is bisphenol A with a m/z
of 227. The m/z value for each peak corresponds to the [M–H]−

ion that arises from deprotonation of a hydroxyl group. Since a
reverse-phase LC column and a polar mobile phase were used, the
products were eluted in decreasing order of polarity. Each peak was
identified by interpretation of the MS/MS  spectra. Similar interme-
diates have also been reported for the degradation of bisphenol
A using Fenton’s reagent, TiO2 photocatalyst and a supported Ru
polypyridyl catalyst [29–31].  The compounds in peak a and b have
the same molecular weight and fragment ions, indicating that they
are closely related isomers. The intermediates d and e are assigned
as the hydroxylated BPA and the corresponding quinine, respec-
tively. The formation of these intermediates is consistent with
an oxidation mechanism that involves hydroxyl radicals (•OH), as

proposed in our earlier report [31]. These phenolic and quinone
derivatives of bisphenol A then undergo oxidative C–C bond cleav-
age by •OH to give benzophenone, substituted benzophenones and
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Table 1
List of major intermediates (a–e) and main fragments (m/z) obtained by LC-MS.

Peak Retention time (min) m/z (amu) M.  W.  MS/MS fragments (relative abundance) Proposed structure

a 1.4 163 164 163(100) O

O

HO
H3C

H2C

107(64)

b  1.7 163 164 163(100) O

OH

O
H3C

H2C

107(64)

c 3.1 133 134 133(100)

OH
H3C

H2C

117(16)
93(25)

d  6.4 257 258 257(100)

CH3

CH3

OHHO

O

O

242(18)
229(97)
214(50)

e  7.0 243 244 243(100)

CH3

CH3

OHHO

OH
227(60)
133(24)

7
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f  12.7 227 228 

ubstituted phenols (a–c). The compound in peak a should be more
olar, hence it is assigned as the ortho-quinone derivative, while
hat in peak b is assigned as the para-quinone derivative. The mech-
nism for the generation of hydroxyl radicals will be discussed later
Section 3.7).

.7. Proposed mechanism for photodegradation by K2Nb4O11-N

Modified semiconductor materials have been receiving great
ttention because of their potential applications in solar-driven
hotocatalysis. One method for modifying the semiconductor is
on-metal doping, usually with elements that can narrow the band
ap and shift the optical adsorption edge of the photocatalyst to the
isible region [32,33]. Nitrogen is one of the most popular dopants
ecause of its appropriate ionic radius and the ease of doping into
xide lattices [34–36].  The mechanism of the photocatalytic activ-
ty of nitrogen doped semiconductor materials has been discussed
34–36]. Asahi et al. found that nitrogen atoms substitute the lat-
ice oxygen sites of TiO2 and narrow the band gap by mixing the N

p and O 2p states [34]. However, in studying the decomposition
f gaseous 2-propanol on N-doped TiO2, Irie et al. observed that
he photocatalytic quantum yields are significantly enhanced by
rradiating with UV light than by visible light [35]. Therefore they
227(100)
212(63)
133(20)

suggested that the visible-light response in N-doped TiO2 is due
to the N 2p states isolated above the valence-band maximum of
TiO2, rather than to the narrowing of the band gap by mixing the
N 2p and O 2p states. Recently, Lee et al. performed first-principles
density-functional calculations to study the electronic properties
of N-doped and C-doped TiO2 [36], and their results is consistent
with Irie’s model. Our results also reveals significantly enhanced
photodegradation efficiency under UV light irradiation compared
to that under visible light (see Fig. 6), again in line with the above
studies.

On the basis of the above analysis, a band structure for the
K2Nb4O11-N is proposed, as schematically shown in Fig. S4.  In the
K2Nb4O11-N photocatalyst, there exists isolated N 2p states above
the valence-band maximum of K2Nb4O11, which give rise to the
strong absorption enhancement in the visible region. Under visi-
ble light irradiation, electron and hole pairs would be generated
between impurity N 2p states and the conduction band of Nb 4d
(Eq. (1)).

K2Nb4O11-N + visiblelight → h+ + eCB
− (1)
The excited electrons eCB
− in the conduction band would move

to the surface and combine with surface-adsorbed oxygen to pro-
duce O2

− superoxide anion radicals. The O2
− radicals could then
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ig. 9. Plot of C/Co (C is the concentration at time t, Co is the initial concentration)
ersus time for photo-degradation of BPA by K2Nb4O11-N at different pH: (a) pH3;
b)  pH6; (c) pH10.

eact with H2O to produce •OH radicals (Eq. (2))  [37,38], which is
nown to be a strong oxidizing species. On the other hand, the reac-
ive holes h+ would react with adsorbed OH− on the catalyst surface
o also form •OH radicals (Eqs. (3)–(4))  [37,38].

2ads
•− + 2H2O → •OH + OH− + H2O2 (2)

2O → OHads
− + H+ (3)

Hads
− + h+ → •OH (4)

The •OH radicals would react with substrates to produce H2O
nd CO2 via various intermediates.

The effects of pH on the photocatalytic degradation of BPA by
2Nb4O11-N were also studied (Fig. 9). It was found that photo-
atalytic activity of K2Nb4O11-N increases when the solution pH
ecreases. This may  be explained by the processes shown in Eqs.
5)–(7),  which occur in the presence of H+.

2ads
•− + H+ → HO2ads (5)

O2ads
• + H2O → •OHads + H2O2ads (6)

O2ads + eCB
− → •OHads + OHads

− (7)

These processes facilitate trapping of the electrons in the con-
uction band of K2Nb4O11-N and produce •OHads. This trapping
echanism slows down the recombination of electron-hole pairs

nd allows a more efficient charge separation. Hence, the transfer
f trapped electrons to dissolved oxygen in the solution would be
nhanced and more holes and hydroxyl radicals will be available
or the oxidation of substrate on the catalyst surface as well as in
he solution phase.

. Advantages of K2Nb4O11-N as photocatalyst

Apart from higher photocatalytic activity, K2Nb4O11-N is also
ore stable than TiO2. Although N-doping of TiO2 also improves

ts photocatalytic activity under visible light, it becomes thermally
ess stable [39]. Moreover, when TiO2 is illuminated with UV light,
he contact angle for water decreased to near 0, this phenomenon is
alled photo-induced hydrophilic (PIH) effect [40]. This means that
iO2 nanoparticles readily undergo photo-dissolution and disper-
ion in water and consequently they are difficult to be separated
nd reused after photocatalysis. On the other hand, K2Nb4O11-N
eadily settles to the bottom of the solution if left undisturbed, and it

an be recovered and reused after photocatalysis by centrifugation
r simple filtration. Moreover we found that in the photodegrada-
ion of PCP, K2Nb4O11-N can be recycled at least four times without
ny loss of activity, i.e. the time for the degradation of 90% of

[

[

[
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20 mg/L PCP by 10 mg  of the catalysts is the same (90 min) for four
consecutive runs.

5. Conclusions

In this report, K2Nb4O11-N has been successfully prepared, fully
characterized and used for the photodegradation of OG, BPA and
PCP. XRD and SEM show that the crystal structures of K2Nb4O11-N
and K2Nb4O11 are nearly identical, but the surface morphology has
been changed significantly due to the nitrogen doping. XPS and PL
indicate that the nitrogen doping primarily occurs at the surface of
K2Nb4O11, while UV/vis diffuse reflectance data reveal that nitro-
gen doping narrows the band gap of K2Nb4O11 on the surface. The
photocatalytic activity of the K2Nb4O11-N has been evaluated by
photodegradation of OG, BPA and PCP under visible light irradia-
tion (� > 399 nm). The results show that the photocatalytic activity
of K2Nb4O11-N is significantly higher than that of pure K2Nb4O11
and Degussa TiO2 P25, highlighting the importance of nitrogen dop-
ing of K2Nb4O11. Moreover, this photocatalyst is very stable (at
least six months at room temperature), its preparation is simple
and highly reproducible, and it is easily separated from the solu-
tion after photocatalysis and can be readily recycled without loss
of activity.
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