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a  b  s  t  r  a  c  t

Cu-doped  KNb3O8 photocatalysts  were  prepared  using  a simple  solid-state  method.  The  catalysts  were
characterized  by X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM),  photoluminescence  (PL),
X-ray  photoelectron  spectroscopy  (XPS)  and  UV–vis  diffuse  reflectance  spectrum.  XRD  and  SEM  analyses
suggest  that  Cu  doping  can  induce  the formation  of  the  compound  K6Nb10.8O30 with  tungsten–bronze
structure  and  the  relative  content  of  K6Nb10.8O30 in  the  Cu-doped  samples  increased  with  increasing  Cu
doping  amount.  When  the  Cu  doping  amount  reaches  2  wt.%,  the  as-prepared  sample  is  mainly  composed
of  K6Nb10.8O30. The  photocatalytic  properties  of  the  catalysts  were  evaluated  using  the degradation  of  acid
otassium
opper doping
ungsten–bronze structure
ayered perovskite structure
hotocatalysis
ixed phase

cid red G

red  G.  The  results  showed  that Cu-doping  significantly  increased  the  photocatalytic  activity  of  the  KNb3O8

catalyst.  The  optimum  dopant  concentration  range  of  Cu  was  found  to  be 0.3–1  wt.%.  The  synergistic
effect  of  Cu  doping  and  mixed  phase  niobate  compounds  is  responsible  for  the  enhanced  photocatalytic
activity.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Removal of color in wastewater from textile industries is an
mportant problem to be resolved all over the world. Colored waters
ave a strong impact in the population and generate strong pub-

ic complaints [1]. The release of these colored wastewaters in the
cosystem is a big source of aesthetic pollution, eutrophication and
erturbations to aquatic life [2]. A variety of physical, chemical and
iological methods are presently available for treatment of textile
astewater. Although biological treatment using activated sludge

s an effective technology, it has been reported that the majority
f dyes are only adsorbed on the sludge and are not degraded [3].
hysical methods such as ion-exchange, adsorption, etc., only sim-
ly transfer the pollutants to another phase rather than destroying
hem [4].  Photocatalytic methods, using semiconductors, such as
iO2, have attracted extensive attention, because they provide a
romising strategy for cleaning polluted air or water [5–7]. Some

iobates, such as K4Nb6O17 [8], Bi2InNbO7 [9],  Sr2Nb2O7 [10],
i3NbO7 [11] have been attracting attention lately because they
re much more active than the generally used TiO2 for photocat-

∗ Corresponding author. Tel.: +86 27 87651816; fax: +86 27 87887445.
E-mail addresses: gkzhang@whut.edu.cn, zgkwu@126.com (G. Zhang).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.07.108
alytic water splitting [12]. In an earlier study, we have found that
KNb3O8 and K6Nb10.8O30 have high photocatalytic activity against
acid red G [13,14]. KNb3O8 contains octahedral [NbO6] units form-
ing an anionic sheet disposed in a stacking arrangement [15]. The
charge balance is maintained by the presence of potassium ions
between the layers. The KNb3O8 crystal was observed to be the lay-
ered structure of perovskite. The crystal structure of K6Nb10.8O30 is
constructed by NbO6 octahedra, which form some triangle, quadri-
lateral and pentagonal tunnels. The pentagonal and quadrilateral
tunnels are occupied by K cations and the triangle tunnels are occu-
pied by Nb cations [16,17].

It is known that transition metal ions doped into the catalysts
can increase the quantum efficiency of the heterogeneous pho-
tocatalytic property by acting as electron (or hole) traps and by
altering the e−/h+ pair recombination rate [18–20].  In the past
decades, doping of TiO2 with transition metal ions was explored by
many researchers to improve the photocatalytic properties of semi-
conductor nanoparticles [21,22]. Yanagisawa et al. [23] reported
Cu2+ doped hydrogen tetratitanate could enhance the photocat-
alytic activity by constructing Pt and TiO2 pillars in the interlayer.
Chen et al. [24] found that the Bi2Zn2/3Ta4/3O7 with small amount

of Cu doped showed a desirable photocatalytic activity under both
ultraviolet and visible light irradiation. It is of great interest to
investigate the influence of the Cu doping on the physico-chemical
property and photocatalytic activity of KNb3O8. In the present

dx.doi.org/10.1016/j.jallcom.2011.07.108
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:gkzhang@whut.edu.cn
mailto:zgkwu@126.com
dx.doi.org/10.1016/j.jallcom.2011.07.108
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aper, the compound KNb3O8 doped with Cu was prepared by the
olid-state reaction method, and the photocatalytic properties of
s-prepared samples were evaluated by the degradation of 50 mg/L
cid red G solution over the catalysts under UV irradiation. The
ffect of Cu on the activity of the catalyst was also discussed.

. Experimental

.1. Preparation and characterization of samples

The Cu-doped KNb3O8 was  prepared by solid-state reaction. Niobium pentox-
de  (Nb2O5, Shanghai Chemical Reagent Co., China), Copper Sulfate Pentahydrate
CuSO4·5H2O, Henan Jiaozuo Chemical Second Factory, China) and potassium car-
onate (K2CO3, Tianjin Chemical Reagent Factory, China) with analytical grade were
elected as starting materials. Mixed raw materials with the stoichiometric pro-
ortion (Cu doping amount was calculated according to CuO content; considering
omplementing the volatilization of potassium, potassium carbonate was excessive
0%) were ground with an agate mortar for 30 min, sintered in an Al2O3 crucible
t  900 ◦C for 2 h, then cooled to room temperature. The obtained samples were
anually grinded again with the agate mortar.

XRD analysis of the as-prepared samples was carried out on a D/MAX-RB pow-
er  X-ray diffractometer (Rigaku, Japan) at 40 kV and 50 mA equipped with CuK�
adiation (� = 0.1540558 nm). The crystal morphology of the as-prepared samples
as  investigated by scanning electron microscopy (SEM) on a JSM-5610LV scan-
ing electron microscope. The surface properties of the as-prepared samples were
haracterized by X-ray photoelectron spectroscopy (XPS) in a Thermo ESCALAB 250
ystem with a monochromatic AlK� source and a charge neutralizer; all the binding
nergies were referenced to the C 1s peak at 284.8 eV of the surface adventitious
arbon. The absorption edge of the as-prepared samples was measured using a
V–vis spectrophotometer (UV2550), and BaSO4 was used as the reflectance stan-
ard in a UV–vis diffuse reflectance experiment. The photoluminescence spectra
f  the as-prepared sample were recorded with a Perkin Elmer (LS 55) fluorescence
pectrometer at room temperature using an excitation wavelength of 210 nm.

.2. Photocatalytic activity measurement

The photocatalytic activity of the as-prepared samples was  evaluated by the
egradation of 50 mg/L azo dye acid red G solution over the catalysts under UV

rradiation. The acid red G (MW  = 505 nm)  was industrial grade and used without
urther purification. The photodegradation of acid red G was  carried out in a 500 mL
yrex glass vessel with magnetic stirring at room temperature. Light source was a
0  W UV lamp (� = 253.7 nm). Reaction suspension was prepared by adding certain
mount of the as-prepared samples into a 150 mL  of acid red G aqueous solution.
rior to irradiation, the suspensions were magnetically stirred for 15 min in the dark
o  establish adsorption/degradation equilibrium. The distance between the liquid
urface and the light source was  about 8 cm. The light intensity was 0.750 mW/cm2

easured by using an UV radiometer. Analytical samples were drawn from the
eaction suspensions after various reaction times and centrifuged at 2000 rpm for
0 min to separate the particles. The concentrations of aqueous acid red G were anal-
sed by UV–vis spectroscopy (UV-751GD) at its maximum absorption wavelength of
05  nm.

. Results and discussion

.1. XRD patterns analysis

The XRD patterns of Cu-doped KNb3O8 powders were shown
n Fig. 1. The results show that the samples doped with Cu consist
f two phases of the compound KNb3O8 with layered perovskite
tructure and K6Nb10.8O30 with tetragonal tungsten–bronze struc-
ure. The peaks of the compound KNb3O8 in the XRD patterns
ecame sharper with increasing the amount of Cu doping and the

ntensity of these peaks markedly decreased when the amount
f Cu doping was more than 1 wt.%. The peaks of the compound
6Nb10.8O30 appeared in the Cu-doped samples and the intensity of
hese peaks increased with increasing of the Cu doping amount. It is
orthy noting that Cu doping can induce the formation of the com-
ound K6Nb10.8O30 in K2O–Nb2O5 binary system and this result

s consistent with previous research result [25]. The relative con-
ent of K6Nb10.8O30 in Cu-doped sample increased with increasing
u doping amount. When the Cu doping amount was  increased to

 wt.%, the as-prepared sample is mainly composed of K6Nb10.8O30.
Fig. 1. XRD patterns of the prepared samples: (a) KNb3O8; (b) 0.3 wt.% Cu-doped;
(c) 0.5 wt.% Cu-doped; (d) 1 wt.% Cu-doped and (e) 2 wt.% Cu-doped.

3.2. SEM analysis

Fig. 2 shows SEM images of the as-prepared samples un-doped
and doped with Cu. Usually, the crystal morphology of KNb3O8
shows flake-like and the crystal of K6Nb10.8O30 takes on quadrate
column shape [13,14].  From Fig. 2, the crystal sizes increased and
more and more uniform quadrate crystals formed with the increas-
ing of the Cu doping amount. The result indicates that the Cu doping
promotes the increasing of the crystal sizes and the uniform of the
shape. Even more important, the result further confirms that the
introduction of Cu can result in formation of mixed phase niobates
(K6Nb10.8O30 and KNb3O8), which is consistent with the result of
XRD analysis.

3.3. XPS analysis

XPS analyses were performed to examine the niobium states on
the surface of the as-prepared samples. The high resolution XPS
spectra of the Nb3d region of the as-prepared catalyst are shown in
Fig. 3. The Nb3d region is composed of Nb3d5/2 peak and Nb3d3/2
peak. From Fig. 3a, it can be seen that Nb in the pure KNb3O8
exists in Nb5+. Fig. 3b indicates that the Nb3d region of the pure
K6Nb10.8O30 can be assigned to four peaks that result from the pres-
ence of Nb5+ in two  different environments. The Nb3d region of the
samples doped with 0.3 wt.%, 0.5 wt.% and 1 wt.% Cu can be assigned
to six peaks that can be attributed to Nb in KNb3O8 and K6Nb10.8O30.
These results show that the samples doped with Cu is composed of
mixed niobates, which is consistent with the results of XRD and SEM
analysis. Usually, the Nb3d5/2 binding energy of the Nb5+ in nio-

4+
bate is 206.5–207.2 eV, The Nb3d5/2 binding energy of the Nb in
niobate is about 205.5 eV [26–28].  From Fig. 3e, the two main peaks
are the Nb3d5/2 peak and Nb3d3/2 peak in Nb5+(1)O6 octahedra at
binding energies of 206.6 and 209.3 eV. The higher binding energy
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Fig. 2. SEM images of the as prepared samples: (a) KNb3O8; (b) 0.3 wt.% C

eaks belong to the Nb3d5/2 peak and Nb3d3/2 peak of the Nb5+(2)
n Nb(2)O6 octahedra at binding energies of 207.5 and 210.7 eV. The
ower binding energy peaks (206.2 and 209.1 eV) are attributed to
he Nb3d5/2 peak and the Nb3d3/2 peak of the Nb4+(3) [29]. The
esults of XPS analysis reveal a small amount of Nb4+ may  exist
n the samples doped with 0.5 wt.% and 1 wt.% Cu [30]. The mixed
alence and Cu-doping of niobium favor the photocatalytic activity
f the catalyst through enhancing the distortion of the NbO6 octa-
edra and the mobility of active oxygen in the crystal structure of
he catalyst [25,31].

.4. UV–vis diffuse reflectance spectrum analysis
The UV–vis diffuse reflectance spectra of KNb3O8, K6Nb10.8O30
nd KNb3O8 with different Cu doping amount are shown in Fig. 4.
he absorption band at lower than 390 nm (ca. 3.18 eV) can be
ed; (c) 0.5 wt.% Cu-doped; (d) 1 wt.% Cu-doped and (e) 2 wt.% Cu-doped.

assigned to the intrinsic band gap absorption of the samples.
As can be seen from Fig. 4, the pure KNb3O8 has an absorption
edge at about 404.7 nm corresponding to the band gap energy of
3.06 eV, while the pure K6Nb10.8O30 has an absorption edge at about
409.7 nm (ca. 3.03 eV). With increasing the Cu doping amount,
on the one hand, the absorption characteristic of the Cu-doped
KNb3O8 from 320 to 390 nm is gradually close to that of the pure
K6Nb10.8O30, which shows the ratio of the compound K6Nb10.8O30
in the Cu-doped KNb3O8 sample gradually increases; this result is
consistent with that of XRD and SEM analyses. On the other hand,
the two  absorption bands at about 420 nm and 600 nm appear in
the Cu-doped KNb3O8 samples, which are related with the chem-

ical environment of Cu in the structure of the Cu-doped niobate
[25,32]. The absorption band at 420 nm may  correspond to the
charge transfer Cu–O–Nb, the band at 600 nm can be attributed to
the d–d transition of Cu(II) ion in the octahedral sites [33–36].  From
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ig. 3. High-resolution XPS spectra of the Nb3d region of the samples: (a) KNb3O8;
hese results, Cu doping results in the formation of the compound
6Nb10.8O30 in the Cu-doped KNb3O8 samples. The compound
6Nb10.8O30 enhances the absorption of the Cu-doped KNb3O8
amples for UV light. Cu doptant increases the aborption of the
nergy (eV)

Nb10.8O30; (c) 0.3 wt.% Cu-doped; (d) 0.5 wt.% Cu-doped and (e) 1 wt.% Cu-doped.
Cu-doped KNb3O8 samples in visible light region and the red-
shift of the absorption edge of the samples. To clarify the effect
of the extended absorption wavelengths for Cu-doped KNb3O8,
the photodegradation of acid red G using the Cu-doped KNb3O8
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Fig. 5. The degradation rate of 50 mg/L acid red G under different conditions (a)
and the comparison of rate constant k (b): (a) KNb3O8; (b) K6Nb10.8O30; (c) 0.3 wt.%

with the further increase of the dopant concentration to 2 wt.%,
the photocatalytic efficiency was decreased. Effects of Cu ions in
aqueous media on the photodegradation of pollutants have been
showed in some studies. Foster et al. [38] think the role of copper

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

120min

90min

60min
40min
20min

0min

A
bs

or
ba

nc
e

ig. 4. The UV–vis diffuse reflectance spectra of KNb3O8, K6Nb10.8O30 and Cu-doped
Nb3O8 with different Cu doping concentration.

nder visible light (� > 400 nm)  was performed. As a result, the
hotodecomposotion of acid red G was not confirmed under vis-

ble light irradiation for 2 h, suggesting that the optical absorption
t wavelengths larger than 400 nm does not contribute to the visi-
le light photocatalytic activity. Therefore, it may be plausible that
u doping does not enhance the number of photoexcited carriers
ut extend their lifetime and increase the photogenerated electron
obility in the sample. This result is similar to that of Cu loaded

iO2−xNx reported by Morikawa et al. [37].

.5. Photocatalytic activity of the catalyst

The photocatalytic property of Cu-doped KNb3O8 was  studied
y the degradation of 50 mg/L acid red G. The dosage of catalyst
as 1.0 g/L. As shown in Fig. 5a, the degradation rate of acid red G

s very low under UV irradiation for 60 min  without catalyst and in
he presence of KNb3O8 catalyst in the dark respectively. Therefore,
he presence of both UV illumination and photocatalyst is neces-
ary for the efficient degradation of acid red G. Fig. 5 also shows
he degradation rate of acid red G by KNb3O8 doped with differ-
nt concentration Cu2+ as a function of UV irradiation time. After
V irradiation for 60 min, the photodegradation rate of acid red by

he catalyst KNb3O8 was 63.03%. When using the catalysts KNb3O8
oped with 0.3 wt.%, 0.5 wt.%, 1 wt.% and 2 wt.% Cu, the photodegra-
ation rates of acid red G after UV irradiating for 60 min  could reach
3.23%, 93.06%, 93.63% and 83.92%, respectively, and which were
igher than that of the pure KNb3O8. Via the first-order linear fit,
he determined reaction rate constants, k, for the degradation of
cid red G over the samples were shown in Fig. 5b. It is noted that
oping with 0.3–1 wt.% Cu ions, which is the best dopant concentra-
ion range, can significantly increase the photocatalytic activity of
Nb3O8 crystals. Fig. 6 displays UV–vis absorption spectra changes
uring the photodegradation reaction of acid red G by 0.3 wt.% Cu-
oped KNb3O8. The UV–vis spectra for acid red G solution show
hree main absorption bands, the peak at 215 nm corresponded to
he structure of benzene ring, the peak around 330 nm standard
or the structure of naphthalene ring and the band at 505 nm cor-
espondences to the nitrogen to nitrogen double bond (–N N–),
hich was used to monitor the photodegradation of acid red G by

atalyst, The decrease of the peaks of acid red G at 505 nm indicates
 rapid degradation of azo dye and the –N N– bond was destroyed,

hich is the most active site for oxidative attack in the structure of

cid red G.
The Cu-doped KNb3O8 with the dopant concentration from

.3 wt.% to 1 wt.% exhibit the excellent photocatalytic ability, while
Cu  doped KNb3O8; (d) 0.5 wt.% Cu doped KNb3O8; (e) 1 wt.% Cu doped KNb3O8; (f)
2  wt.% Cu doped KNb3O8; (g) in the absence of catalyst and (h) KNb3O8 catalyst in
the  dark.
800700600500400300200
Wavelength (nm)

Fig. 6. Absorption changes during the photocatalytic degradation of 50 mg/L acid
red G by 0.3 wt.% Cu-doped KNb3O8.
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ig. 7. Schematic diagram of the band energy levels of KNb3O8 and K6Nb10.8O30 and
he transfer procedure of photogenerated electrons and holes.

ons in solution in enhancing the photoactivity of titanium dioxide
s generally believed to be via electron capturing at the semicon-
uctor surface by the Cu(I) in it could be oxidized back to Cu(II). This
as been said to prevent electron–hole recombination resulting in
n increased rate of hydroxyl radicals’ formation. Bideau and his
oworkers [39,40] also have suggested the photocatalytic enhance-
ent to occur through a redox cycle between adsorbed Cu(II) and

u(I) on the surface of TiO2. Beydoun et al. [41] pointed out that
opper (II) ions readily form coordinated compounds. Such ternary
omplexes have been said to form between the copper ion, the
rganic or its oxidation intermediate, and an oxygen-containing
pecies such as H2O2, O2 of O2

•−. The ability of these compounds
o take part in redox reactions, together with their photoreactivity
ave been said to be important for the photodegradation of organic
ollutants in the environment. Sýkora [42] found that a catalytic
ffect of the Cu (II) ion occur either through redox Cu(II)–Cu(I) cou-
ling reactions with the simultaneous the photodegradation of the
ollutant present as a ligand in the coordination sphere of the cop-
er central atom and/or be based on the secondary reactions of the
ctive species produced photochemically from the copper complex.
u doping can improve the photocatalytic property of Cu-doped
6Nb10.8O30, but its photocatalytic activity markedly decreased
hen the amount of Cu doping above a certain level. The copper

xide at high loading was confined on the surface of catalysts and
he trapped electrons were more apt to recombine with the holes.

Here, although Cu doping amount reaches 2 wt.%, KNb3O8
oped with Cu still shows higher photocatalytic activity than
ure KNb3O8. This may  be attributed to three reasons. Firstly,
he layered materials use their interlayer space as reaction sites,
here electron–hole recombination process could be retarded by
hysical separation of electron and hole pairs generated by pho-
oabsorption. KNb3O8 belongs to layered perovskite compound,
ts photocatalytic activity is sensitive to its interlayer cations [43],
u(II) ions can enter into the interlayer spaces [44], which may
ct as receptors or transmitters of photogenerated electrons so
s to inhibit the recombination and extend the lifetime of charge
arrier. Secondly, Cu doping can induce the formation of the com-
ound K6Nb10.8O30. The valence and conduction band edge (VB
nd CB) of KNb3O8 and K6Nb10.8O30 at the point of zero charge
an be calculated based on an atom’s Mulliken electronegativity
45–47]. Accordingly, a scheme diagram of the band levels and
harge-transfer procedure of KNb3O8 and K6Nb10.8O30 is given in

ig. 7. Both the CB bottom and the VB top of K6Nb10.8O30 lay below
he CB bottom and VB top of KNb3O8, respectively. Under UV-light
rradiation, an electron at the CB bottom of KNb3O8 would migrate
o that of the K6Nb10.8O30. Moreover, a hole at the VB top of the
Fig. 8. Photoluminescence spectra of (a) KNb3O8; (b) K6Nb10.8O30 and (c) 0.3 wt.%
Cu-doped.

K6Nb10.8O30 would migrate to that of KNb3O8. In this way, the
formed nanostructure heterojunction on K6Nb10.8O30 and KNb3O8
can lead to a more efficient interelectron transfer, which plays an
important role for the enhanced photocatalytic activities. Thirdly,
the highly distorted surface NbO6 octahedral sites play an impor-
tant role in heterogeneous catalysis. Cu(II) ions can enter into NbO6
octahedral sites and increase the photocatalytic effect of the cata-
lyst through enhancing the distortion of the NbO6 octahedral and
the mobility of active oxygen in the crystal structure of the cat-
alyst. Nb with different environments and Nb4+ may be good for
increasing the distortion of NbO6 octahedra in the structure of the
Cu-doped sample and improving its photocatalytic property.

To establish the above analysis, we  measured the photolumi-
nescence spectra of the photocatalysts, which is an effective way
to study the efficiency of charge carrier trapping, immigration,
transfer, as well as the surface oxygen vacancies and defects of
semiconductor materials [48–50].  Fig. 8 shows the photolumines-
cence spectra of the pure KNb3O8, K6Nb10.8O30 and the 0.3 wt.%
Cu-doped KNb3O8. It can be seen that the samples exhibit a strong
and wide PL signal at the range from 350 to 550 nm,  having four
obvious PL peaks at about 365, 395, 420 and 485 nm. The PL peak
intensities of the 0.3 wt.% Cu doped KNb3O8 were largely decreased
than that of the pure KNb3O8 and K6Nb10.8O30, indicating that
the recombination of photogenerated charge carrier was  inhibited
greatly in the 0.3 wt.% Cu doped KNb3O8. The photo-induced elec-
trons in the Cu doped KNb3O8 can easily transfer, which promotes
the separation of the electron–hole pairs, resulting in the increase
of photocatalytic activity. This result shows good agreement with
that of Fig. 6 and analysis above.

4. Conclusion

Cu doped KNb3O8 catalysts were prepared by a solid-state
method, and their photocatalytic properties were investigated. A
significant enhancement of the photocatalytic property was attain-
able by Cu doping. Cu doping could induce the formation of the
compound K6Nb10.8O30. The ratio of K6Nb10.8O30 in Cu-doped sam-
ple increased with increasing Cu doping amount. XPS analysis
confirmed that the niobium with mixed valence state existed in the

Cu doped KNb3O8 catalysts. Cu doping resulted in a red shift of the
photophysical response of the compound KNb3O8 and increased
the adsorption of the Cu-doped KNb3O8 samples in the visible light
region. The Cu doping, mixed valence of niobium and the formed
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