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Characterization and photocatalytic activity of Cu-doped K2Nb4O11
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Abstract

The Cu-doped tungsten bronze (TB) type potassium niobate K2Nb4O11 was synthesized by solid-state reaction method in air. The crystal structure
and morphology of the prepared samples were confirmed by X-ray diffraction analysis and scanning electron microscope. The photocatalytic activity
of the prepared samples was evaluated using acid red G as a model organic compound and the photocatalytic reaction belongs to the first order
kinetics. The results show that Cu-doping significantly increased the photocatalytic activity of K2Nb4O11 catalyst when the concentration of Cu-
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oped was lower, but the photocatalytic activity of the catalyst was decreased when the concentration of Cu-doped was higher. Although the surface
reas of the 0.2 wt.% Cu-doped K2Nb4O11 and the 0.5 wt.% Cu-doped K2Nb4O11 are very lower, the photocatalytic activities of these compounds
re close to that of TiO2–P25. Copper doping is good for the compounds to form tetragonal TB structure and improving the crystallinity of the
ompounds. The diffuse reflectance spectrum of Cu-doped K2Nb4O11 showed a red shift. X-ray photoelectron spectroscopy analysis confirmed
hat the niobium with mixed valence state exists in the crystal structure of the compound K2Nb4O11. The effects of the Cu-doped and the mixed
alence state of niobium on the photocatalytic activity of the catalyst were discussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The textile industry produces large quantities of highly col-
red effluents. Various chemical and physical processes were
pplied for color removal from textile effluents. One difficulty
ith these methods, is that they are not destructive but only trans-

er the contamination from one phase to another, therefore, a new
nd different kind of pollution is faced which calls for further
reatment [1–4]. Recently, semiconductor photocatalysis that
osts less money and does not create secondary contamination
as become one of the most important technologies for the degra-
ation of organic contaminants in water. Most of the research on
emiconductor photocatalysts were focused on TiO2, which is
nown as one of the most effective photocatalysts for the degra-
ation of organic pollutants, but its photocatalytic activity is
nfluenced by a wide variety of factors such as, specific surface
rea, the adsorption affinity and capacity for organic contami-
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nant, electron–hole recombination processes in the bulk and so
on [5,6].

In the past two decades, many attentions have been paid
for finding more efficient photocatalysts. A variety of niobates
had been extensively studied as a new class of photocatalysts
in the field of water splitting. Zou et al. [7] reported three
photocatalysts Bi2MNbO7 (M = Al3+, Ga3+ and In3+); InMO4
(M = Nb5+ and Ta5+) and BiMO4 (M = Nb5+ and Ta5+), which
could split water into H2 and/or O2 under ultra-violet irradi-
ation or visible light (λ > 420 nm). The photocatalytic activity
increases significantly by loading co-catalysts on the surface of
the photocatalyst, such as NiO and Pt. Kato and Kudo [8] stud-
ied on the photophysical and photocatalytic properties of layered
perovskite Sr2(Ta1−XNbX)2O7. The results showed that the con-
duction band level of the Sr2(Ta1−XNbX)2O7 solid solution can
be controlled by changing the ratio of niobium to tantalum. The
Sr2(Ta1−XNbX)2O7 solid solution photocatalysts loaded with
NiO co-catalysts decomposed water into H2 and O2 in a stoichio-
metric ratio. Domen and Ikeda [9] reported the photocatalytic
activities of small particles (0.1–2 �m) of K4Nb6O17 in water
splitting and showed the photocatalytic activity for an overall
381-1169/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2006.03.073
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decomposition of water of the Ni-loaded K4Nb6O17 was twice
as high as that for the original catalyst.

These researches described as above were mainly focused
on the study of the photocatalytic properties of layered niobates
in the field of water splitting. In this paper, we report another
new type niobate K2Nb4O11 used as the photocatalytic degra-
dation dyes, which assumes a tetragonal tungsten bronze (TB)
with space group P4/mbm (127), and its molecular formula can
be written as K5.75Nb10.85O30 according to its crystal structure
characteristic. The crystal structure of K2Nb4O11 is constructed
by NbO6 octahedra, which form some triangle, quadrilateral
and pentagonal tunnels. The pentagonal and quadrilateral tun-
nels are occupied by K cations, the triangle tunnels are occupied
by Nb cations, and the tunnels make for better import of metal
ions [10–12]. Up to now, there are many studies reported on the
structures and properties of TB niobates, however, the study of
the photocatalytic property of TB niobates in the field of pho-
todegrading the pollution has hardly been reported. It is known
that transition metal ions doped into catalysts can increase the
quantum efficiency of the heterogeneous photocatalytic prop-
erty by acting as electron (or hole) traps and by altering the
e−/h+ pair recombination rate [13]. Copper is a kind of better
dopant, Zhang et al. [14] studied copper-doped titanium oxide
film. Their results showed copper doping improved the photocat-
alytic of the film. In this paper, we synthesized the TB potassium
niobate K Nb O and transition copper ions doped K Nb O
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Fig. 1. Standard curve of acid red G at 505 nm (equation: A = 0.01C − 0.0003
≈ 0.01C, R = 0.9999).

a vacuum of 6.6 × 109 bar. The valence state of Nb was ana-
lyzed by X-ray photoelectron spectroscopy (XPS), using a VG
Scientific ESCALAB Mark II spectrometer equipped with two
ultrahigh-vacuum (UHV) chambers; the pressure in the cham-
bers during the experiments was about 10−7 Pa. A Mg K� X-ray
source was used. The analyzer was operated at 20 eV pass energy
for high-resolution spectra and 50 eV for survey spectra. ESR
study was conducted at room temperature with an ESP300E
ESR spectrometer (Bruker) in X-band. g-Factor values were
determined by comparison with an external standard (DPPH,
g = 2.0036).

2.2. Photocatalytic experiments

The photodegradation of aqueous acid red G was carried out
in a 500 ml beaker with constant magnetic stirring. A com-
mercial 20 W UV lamp was used as the light source. Each
as-prepared sample of 150 mg was suspended in 150 ml acid
red G aqueous solution (30 mg/L). The distance between the
liquid surface and the light source was about 8 cm. The light
intensity was about 0.745 mW/cm2 measured by using an UV-
B radiatometer. Sampled the solution six times in 2 h during
the photocatalytic process, and the concentration of aqueous
acid red G was determined by measuring the absorbance at
505 nm with an UV–vis spectrophotometer and a calibration
c
b
t
a

3

3

s
a
1
t

2 4 11 2 4 11
y solid-state reaction in air. So we would like to discuss the
hotocatalytic activity of the Cu-doped K2Nb4O11, and inves-
igate the influence of Cu-doped and the mixed valence state of
iobium on the photocatalytic property of these compounds for
hotodegradation of acid red G.

. Experimental

.1. Sample preparation and characterization

The samples of K2Nb4O11 were prepared by solid state-
eaction method. Analytical grade of K2CO3, Nb2O5 were used
s starting materials. The stoichiometric amount of precursors
ere mixed and pressed into small pellets with an agate mor-

ar. The small pellets were sintered in a crucible at 1000 ◦C
or 2 h, and then cooled to room temperature. The samples
or XRD analysis and experiments were prepared by manu-
lly grinding the bulk materials to powder with an agate mortar
gain.

The samples of Cu-doped potassium niobate were also pre-
ared by solid-state reaction; the mixtures of K2CO3, Nb2O5,
nd CuSO4·5H2O were sintered at the same condition.

The structures of the K2Nb4O11 crystal and Cu-doped
2Nb4O11 were determined by X-ray diffraction (XRD). X-

ay powder diffraction analyses of prepared samples were car-
ied out on a Rigaku D/MAX-RB powder X-ray diffractome-
er. Scanning electron microscopy (SEM) was performed on
SM-5610LV scanning electron microscope. Surface areas were
etermined using nitrogen as the sorbate at 77 K in a static volu-
etric apparatus (Micromeritics ASAP 2010 sorptometer). The

amples were previously outgassed at 180 ◦C for 16 h under
urve (showed in Fig. 1). The photodegradation rate (X) is given
y X = (C0 − C)/C0 ≈ (A0 − A)/A0, where C0 is initial concen-
ration of acid red G, C the concentration at time t and A is the
bsorbance.

. Result and discussion

.1. XRD patterns analysis

X-ray powder diffraction patterns of prepared samples were
hown in Fig. 2, the sharp peaks in the XRD patterns indicate
well crystallinity of the prepared samples when calcined at

000 ◦C for 2 h. The result of XRD patterns confirmed that
he compound K2Nb4O11 assumes a tetragonal tungsten bronze
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Fig. 2. XRD patterns of the prepared samples: (A) K2Nb4O11; (B) 0.1 wt.% Cu-
doped; (C) 0.2 wt.% Cu-doped; (D) 0.5 wt.% Cu-doped; (E) 1 wt.% Cu-doped;
� KNb3O8; � K3Nb7O19.

structure with space group P4/mbm (127) as that given in JCPDS
data card (JCPDS 38-0297) for K2Nb4O11 crystals. The effect
of doped concentration of Cu ions on the crystallization of
K2Nb4O11 were also examined, as shown in Fig. 2, the con-
centration of Cu-doped has influence on the crystallized of
K2Nb4O11. It is very interesting that all the prepared samples cal-
cined at 1000 ◦C for 2 h had been well crystallized and the XRD
patterns show the crystallinity of the compound increases with
increasing the concentration of copper doped in K2Nb4O11. This
indicates that the Cu ions doped K2Nb4O11 maintains a tetrago-
nal TB structure similar to the K2Nb4O11 even under extensive
modification by Cu ions and copper doping is good for the com-
pounds to form tetragonal TB structure. There is a very small
amount of niobate K3Nb7O19 or KNb3O8 in the samples, which
have no remarkable influence on the photocatalytic property of
these compounds.

3.2. SEM analysis

SEM photographs of K2Nb4O11 and the 0.2 wt.% Cu-doped
K2Nb4O11 and the 0.5 wt.% Cu-doped K2Nb4O11 are given
in Fig. 3. The morphology of crystals of K2Nb4O11 is not
clear. With increasing the ratio of copper doped in the Cu-
doped K2Nb4O11 compounds, the crystal sizes of the com-
pounds increase and the crystallinity of the compounds becomes
w
s
c

Fig. 3. SEM photographs of the K2Nb4O11 (a) and the 0.2 wt.% Cu-doped
K2Nb4O11 (b) and the 0.5 wt.% Cu-doped K2Nb4O11 (c).

3.3. Photocatalytic activity of the catalysts

3.3.1. UV–vis spectra changes
The changes in the absorption spectra of acid red G solution

during the photocatalytic process by the Cu-doped K2Nb4O11 at
different irradiation time were recorded by UV–vis spectrometer
(UV-160) to determine if any stable chromophoric intermedi-
aters were formed during acid red G degradating (shown in
Fig. 4). Before irradiation, the absorption spectra show three
ell. SEM analysis confirms the result of XRD. The crystal
hape of the Cu-doped K2Nb4O11 compound shows quadrate
learly.
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Fig. 4. UV–vis spectra profile changes of photocatalytic degradation of 30 mg/L
acid red G by Cu-doped K2Nb4O11 at different times: (1) zero; (2) 20 min; (3)
40 min; (4) 60 min; (5) 90 min; (6) 120 min.

distinctive peaks at 505, 330 and 215 nm, respectively, and the
spectrum of acid red G in the visible region exhibits a main band
with a maximum at 505 nm. The decrease of absorption peaks of
acid red G at λmax = 505 nm in the figure indicates a rapid degra-
dation of azo dye. The peaks at 505 nm are also meaningful with
respect to the nitrogen to nitrogen double bond (–N N–) of the
azo dye, as the most active site for oxidative attack.

3.3.2. Effects of Cu-doping on photocatalytic activity of the
catalysts

The photodegradation rate of acid red G on Cu-doped cata-
lysts under UV light irradiation within 120 min and the compar-
ison of the photocatalytic activity of the catalysts are shown in
Fig. 5. When using the pure K2Nb4O11 catalyst, the absorbance
of acid red G at 505 nm quickly decreased to 0.01 after 120 min

F
K
0
(

Fig. 6. Comparison of photocatalysis activity between (a) TiO2–P25 and (b)
0.2 wt.% Cu-doped and (c) 0.5 wt.% Cu-doped.

under UV irradiation and the photodegradation rate of acid red G
reached 96.83%, which means that the main part of the acid red G
in the solution had been decomposed. When using the catalysts
doped with 0.1, 0.2 and 0.5 wt.% copper, the photodegradation
rates of acid red G had reached 91.99%, 93.35% and 92.46%
after only irradiating 60 min and reached 97.76%, 99.03% and
99.03% after irradiating 120 min, and were higher than the pure
K2Nb4O11. However, as shown in the figure, the catalytic activ-
ity of K2Nb4O11 catalyst would decrease with further increasing
the concentration of Cu-doped. When using the catalysts doped
with 1 wt.% copper, the photodegradation rate of acid red G
were decreased to 54.25%. These results were contrasted with
6.21% degradation for the same experiments performed in the
absence of photocatalysts, and the negligible 0.64% when the
UV lamp had been switched off and the reaction in the present
of photocatalysts was allowed to occur in the darkness. These
experiments demonstrated that both UV light and photocatalysts
are needed for the effective destruction of acid red G and the
photocatalytic activity of Cu-doped K2Nb4O11 is higher that of
K2Nb4O11.

As a comparison, the photodegradation of the 30mg/L acid
red G over TiO2–P25 and 0.2 wt.% Cu-doped K2Nb4O11 and
0.5 wt.% Cu-doped K2Nb4O11, respectively, are shown in Fig. 6.
The catalyst dosage is 1 g/l. The surface areas of 0.2 wt.%
Cu-doped K2Nb4O11 and 0.5 wt.% Cu-doped K2Nb4O11 and
TiO –P25, which is 0.77 and 0.7 and 51 m2/g, respectively.
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ig. 5. Comparison of photocatalysis activity between K2Nb4O11 and Cu-doped

2Nb4O11: (a) K2Nb4O11; (b) 0.1 wt.% Cu-doped; (c) 0.2 wt.% Cu-doped; (d)
.5 wt.% Cu-doped; (e) 1 wt.% Cu-doped; (f) K2Nb4O11 catalyst in the darkness;
g) the absence of photocatalysts.
2
lthough the surface areas of the 0.2 wt.% Cu-doped K2Nb4O11

nd the 0.5 wt.% Cu-doped K2Nb4O11 are very lower, the pho-
ocatalytic activities of these compounds are close to that of
iO2–P25. Moreover, TiO2–P25 exhibited higher dispersion in

he aqueous solution in comparison with the present Cu-doped
2Nb4O11 photocatalysts, which was supposed to be one of the

easons for faster decomposition for acid red G. So, the pho-
ocatalytic activity of Cu-doped K2Nb4O11 photocatalyst can
e improved through increasing its surface area. The Cu-doped
2Nb4O11 may find potentially application due to its chemical

nd structural stability in solution and easy preparation.
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Fig. 7. Relationship between ln(C0/Ct) and treatment time: (a) K2Nb4O11; (b)
0.1 wt.% Cu-doped; (c) 0.2 wt.% Cu-doped; (d) 0.5 wt.% Cu-doped; (e) 1 wt.%
Cu-doped.

3.3.3. Kinetics of photcatalytic degradation of acid red G
Most of the heterogenous photocatalytic degradation

reaction follow Langmuir–Hinshelwood kinetic ln(C0/Ct) =
k(min−1)t + a, [15] where k is the apparent reaction rate con-
stant, C0 the initial concentration, Ct the concentration at the
reaction time of t and t is the reaction time. As Fig. 1 showed,
the concentration (C) of acid red G has a good linear relation with
the absorbance (A), thus, ln(C0/Ct) ≈ ln(A0/At), and the above
can be approximated to ln(A0/At) = k(min−1)t + a, which belong
to the first order kinetics, and this is confirmed by a nearly linear
plot of ln(C0/Ct) with t, as shown in Fig. 7. In the Fig. 5, we
found that the acid red G could be almost completely degraded
in 60 min by the catalysts except the catalysts doped with 1 wt.%
Cu ions and therefore the last two points of the other four lines
were omitted in Fig. 7.The kinetic parameters of each catalyst
are listed in Table 1.

3.4. Diffuse reflectance spectra of the photocatalysts

The yield of photogenerated electron–hole pair first depends
on the intensity of incident photons with energy exceeding
or equalling to the photocatalyst band gap energy. Diffuse
reflectance spectral analysis of the photocatalysts was deter-
mined by UV–vis spectrometer (UV-2100). Fig. 8 depicts diffuse
reflectance spectra of photocatalysts of K2Nb4O11 and 0.5 wt.%
C

Fig. 8. Diffuse reflectance spectra of the photocatalysts: (a) K2Nb4O11; (b) Cu-
doped K2Nb4O11.

the visible light region. The diffuse reflectance spectrum of
Cu-doped K2Nb4O11 has extended a red shift and increased
absorbance in visible range. Yanagisawa et al. [16] found that
the Cu-doped layered hydrogen titanates show the absorbance
in the visible light region. The result reported by Chiang et al.
[17] showed that the absorbance of copper-loaded TiO2 exhibits
a progressive increase. Here, the red shift and the increased
absorbance in the visible region may be attributed to a charge
transfer transition between the copper ion d electrons and the
K2Nb4O11 conduction or valence band.

3.5. ESR spectra of catalysts

Cu(II) is ESR active. Figs. 9 and 10 show ESR signal of doped
Cu 0.5 wt.% catalyst at room temperature and at 77 K, respec-
tively. The ESR result in Fig. 9 is similar to the results given by
Chatterjee et al. [18–23], which shows the typical anisotropic
ESR signal of Cu(II) ions and contain the characteristic cop-
per hyperfine structure due to electron–nuclear interaction.. The
paramagnetic sites of Cu(II) in the crystal structure of the cata-
lyst is a distorted octahedral coordination [24–26].

3.6. XPS analysis of Nb

Fig. 11 shows the high-resolution XPS spectra of the Nb3d
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u-doped K2Nb4O11. These spectra are noticeably different in

able 1
omparison of the kinetic parameters for the catalysts

atalyst The first order kinetic equation

2Nb4O11 ln(C0/Ct) = 0.0399 + 0.03683t
.1 wt.% Cu-doped K2Nb4O11 ln(C0/Ct) = 0.10674 + 0.0426t
.2 wt.% Cu-doped K2Nb4O11 ln(C0/Ct) = 0.09401 + 0.04543t
.5 wt.% Cu-doped K2Nb4O11 ln(C0/Ct) = 0.00165 + 0.043t
wt.% Cu-doped K2Nb4O11 ln(C0/Ct) = −0.0105 + 0.00659t
egion the 0.2 wt.% Cu doped catalyst. The Nb3d region is com-
osed of Nb3d5/2 peak and Nb3d3/2 peak. The Nb3d region

ent reaction rate
nt, k (min−1)

Correlation
coefficient, R

Acid red G
degradation, t0.5 (min)

83 0.99829 17.73682
6 0.9911 13.76543
43 0.99626 13.18814

0.99998 16.08133
59 0.99924 106.7841
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Fig. 9. The ESR spectra of 0.5 wt.% Cu-doped K2Nb4O11 at room temperature.

Fig. 10. The ESR spectra of 0.5 wt.% Cu-doped K2Nb4O11 at 77 K.

Fig. 11. High-resolution XPS spectra of the Nb3d region of the 0.2 wt.% Cu
doped catalyst.

Table 2
Results of curve-fitting of the high resolution XPS spectra for theNb3d region

Nb5+(1) Nb5+(2) Nb4+(3)

Nb3d5/2 Eb (eV) 206.35 207.5 205.3
Nb3d3/2 Eb (eV) 209.06 209.99 208.12
ri (%) 73.91 17.51 8.58

ri (%) represents the ratio Ai/�Ai (Ai is the area of each peak).

of the catalyst can be fitted by six peaks. Usually, the Nb3d5/2
binding energy of the Nb5+ in niobate is 206.5–207.2 eV, The
Nb3d5/2 binding energy of the Nb4+ in niobate is about 205.5 eV
[27–29]. The binding energy of the Nb4+ is lower than that of
the Nb5+. The two main peaks (206.35, 209.06) in Fig. 11 are
attributed to the Nb3d5/2 peak and Nb3d3/2 peak of the Nb5+(1)
in Nb(1)O6 octahedra [30]. The higher binding energy peaks
(207.5, 209.99) correspond to the Nb3d5/2 peak and Nb3d3/2
peak of the Nb5+(2) in Nb(2)O6 octahedra. The lower binding
energy peaks (205.3, 208.12) are the Nb3d5/2 peak and Nb3d3/2
peak of the Nb4+(3) at the site which is surrounded by three
coplanar oxygen atoms at the apices of adjacent NbO6 octahe-
dra. Table 2 lists the results of curve fitting of XPS spectra for
the catalyst, where ri (%) shows the ratio of each kind contri-
bution to the total of all the three kinds niobium contributions.
The result of XPS analysis shows the niobium states on the sur-
face of the catalyst. As can be seen in Table 2 and Fig. 11, the
ratio of thee kinds of niobium in the catalyst is approximately
consistent with the results reported by Kumuda and Kinamura
and Ftini et al. [30,31]. By calculating, B, Kumuda and Kina-
mura and Ftini et al. think that the Nb4+ exists in the structure
of K6Nb10.9O30 and K2.6Nb11.6O30, respectively [30,31]. The
compound K6Nb10.9O30 was synthesized in a stream hydro-
gen [30]. Here, we synthesized the compound K2Nb4O11 in
an air atmosphere. XPS analysis reveals Nb4+ exists in the
structure of the compound K Nb O . The highly distorted sur-
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ace NbO6 octahedral sites always play an important role in
eterogeneous catalysis [32]. The different binding energy of
iobium in various niobium oxides determines its properties
among others the oxidation states and its stability). The sta-
ilization of niobium influences the catalytic properties of Nb
xides. To achieve the material active in the redox catalysis,
oo high stability of Nb is unfavorable because it decreases the
educibility of niobium. The behavior of most oxidation catalysts
an be interpreted within the framework of a redox mechanism
reduction–oxidation). The mobility of active oxygen is very
mportant for the redox cycles as well. The mixed valence and
u-doped of niobium increase the photocatalytic activity of the
atalyst through enhancing the distortion of the NbO6 octahedra
nd the mobility of active oxygen in the crystal structure of the
atalyst [32].

.7. Effects of Cu ions on the activity of catalysts

As shown in Fig. 5 and Table 1, the 0.2 wt.% Cu-doped
2Nb4O11 shows a highest activity but the photodegradation

ate of acid red G was found decreased with increasing the
u dopant concentration. Effects of Cu ions in aqueous media
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on the photodegradating of pollutants have been showed in
some studies. The increased activity of catalyst was proposed
to occur via the trapping of photogenerated electrons in the
catalyst by Cu ions, thereby reducing the extent of deleterious
electron–hole recombination [33]. Donia et al. [34] pointed out
that the postulation to consider with regards to the role of Cu2+

in the enhancement of the photocatalytic degradation rates is the
involvement of a ternary reactive complex readily form coordi-
nated compounds. Such ternary complexes have been said to
form between the copper ion, the organic or its oxidation inter-
mediate, and an oxygen-containing species such as H2O2, O2
of O2

•−. The ability of these compounds to take part in redox
reactions, together with their photoreactivity have been said to
be important for the photodegradation of organic pollutants in
the environment. A catalytic effect of the Cu2+ ion was said to
occur either through redox Cu2+/Cu+ coupling reactions which
inhibits the electron–hole recombination and the inner sphere
mechanism of Cu2+ ions with the organic compounds, forming
organo-metallic intermediates [35]. Lam et al. [36] studied effect
of charge trapping species of cupric ions on the photocatalystic
oxidation of resorcinol, the observed beneficial effect of cupric
ions on the initial rate of resorcinol oxidation could be attributed
to the formation of complex and its participation in the photo-
redox cyclic reaction. The effect of copper ions on the formation
of H2O2 over photocatalytic TiO2 was investigated by Cai et al.
[37] under an oxygen-purged solution, formation of H O was
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bination and extend the lifetime of charge carrier. Therefore, the
photodegradation rate could be enhanced consequently because
more charge carriers are available. Araña et al. [43] thought for-
mate molecules interact simultaneously with the dopants and
surfacial Ti atoms yielding an intermediate species which play
an important role in the phototacatalytic degradation mechanism
or Cu oxides may act as receptors or transmitters of the TiO2
photogenerated electrons. Chiang et al. [17] suggested that a CuII

ion has an unfilled 3d shell (t62ge3
g configuration) and the reduc-

tion of CuII is thermodynamically feasible, it is valid to assume
that electron can be trapped by CuIIO on the surface of catalyst.
As a result of the electron trapping by CuIIO, the rate of the
electron–hole recombination reaction is slowed down and more
holes are available for the redox reactions. Trapped electrons
could also be consumed via the reduction of adsorbed oxygen
molecules [44,45]. Since the solution in our experiments is con-
tinuously saturated with air by stirring, the majority of electrons
trapped on the surface are dissipated through the oxygen reduc-
tion to form super oxide radical. Foster et al. [46] also reported
that if oxygen is present in the system, the CuI could be oxi-

dized back to CuII. As a result of the CuIIO
e−

−→CuIO
O2−→CuIIO

sequential reactions, the electron hole recombination rate could
be reduced.

However, these explanations seem to explain the enhance-
ment at low Cu-doped concentration but do not account for the
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ncreased dramatically up to 20 times by addition of a small
mount of copper ions. The role of copper complex was studied
y Cieśla et al. [38]. Copper participates in photo-redox cycle
nd its role cannot be ignored. The most importance part of the
ycle is photo reduction of Cu(II) to Cu(I) induced by solar light
nd oxidation of ligands to the environmentally benign forms.
he photocatalytic reaction in an aqueous TiO2 suspension has
een found enhanced by addition of copper metal powders load-
ng on the TiO2 particles [39]. The presence of Cu ions enhanced
he photocatalytic removal efficiency of cyanide, the removed
ncreased with increase on Cu:CN molar-ratio reaching a com-
lete removal for both copper and cyanide at a ratio of 10:1 [40].
opper(II) ions were found to accelerate the heterogeneous pho-

ocatalytic reduction of Cr(IV) in N2-purged UV-irradiated TiO2
uspensions [41].

Here, copper was doped in K2Nb4O11 with TB structure. ESR
esult shows copper in Cu-doped K2Nb4O11 mainly belongs to
uII. In the niobate with TB structure, one part of CuII may

eplace Nb5+ to form different valence isomorphism. On the
ther hand, the bond length of Cu–O can vary in a broad range,
he other part of CuII ions occupy A1 sites in the TB structure
42]. ESR result demonstrated that there are two kinds of Cu2+

ons with different chemical environment. In fact, CuI can exist
n the TB structure as well, which may be to help exist CuII/CuI

otential. UV–vis diffuse reflectance result showed doping cop-
er changed the light absorbance properties of K2Nb4O11 and
nset of absorption extended a red shift. Zhang et al. [14] found
hat the absorption edges of the Cu-doped samples shifted to
onger wavelength region and the best copper doping concen-
ration is 1.45 at.%. The doped copper can provide a shallow trap
or photo-generated electron and hole so as to inhibit the recom-
egative effect observed with further increasing the Cu-doped
oncentration. A plausible explanation for this phenomenon may
e due to the short-circuiting mechanism of the coupled reac-
ion, which occurs only at CuII concentration above a certain
evel. The coupled reaction is shown below as CuII + 2e → Cu0;
u0 + 2h → CuII [33]. At high loading of copper oxide, since

he copper oxide was confined on the surface of catalysts, there
s a high possibility for the trapped electrons to recombine with
he holes. The oxidation of CuIO to CuIIO by the photogen-
rated holes is expected to be faster than the photocatalytic
edox reaction, since the former is simply a direct transfer of
he trapped electron from CuIO to the valence band hole. In that
ase the CuIO might act as a recombination center and promote
he recombination reaction [17]. Brezova et al. found that the
nhibitory effect of CuII ions in phenol degradation was inter-
reted as the reduction of CuII ions from the solution and the
ubsequent deposition of CuO and Cu2O on the surface of the
atalysts [47].

. Conclusion

It has been shown that the Cu-doped TB potassium niobate
2Nb4O11 was synthesized by solid-state reaction method in air.
he low concentration of Cu-doping can significantly increase

he photocatalytic activity of K2Nb4O11 catalyst. However,
he photocatalytic activity of the catalyst was found decreased
ith increasing the concentration of copper dopant. The pho-

odegradation reactions of acid red G by K2Nb4O11 and Cu-
oped K2Nb4O11 follow the first order kinetics. The photocat-
lytic activities of the 0.2 wt.% Cu-doped K2Nb4O11 and the
.5 wt.% Cu-doped K2Nb4O11 are close to that of TiO2–P25.
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XRD analysis and SEM analysis showed that the copper dop-
ing is good for the compounds to form tetragonal TB structure
and improving the crystallinity of the compounds. The diffuse
reflectance spectrum of Cu-doped K2Nb4O11 has extended a
red shift. XPS analysis confirmed that the niobium with mixed
valence state, which may be advantage for increasing the pho-
tocatalytic activity of Cu-doped K2Nb4O11, exists in the crystal
structure of the Cu-doped compound K2Nb4O11. The Cu-doped
K2Nb4O11 may find potential application in water treatment
fields.
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