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ABSTRACT: ZnO microspheres sensitized by CuInSe2 and CuInS2 nanoparticles, which
were synthesized by a solvothermal method and have a size about 20 and 3.5 nm,
respectively, were used to a photodegradation of rhodamine B under an irradiation of
mercury lamp. Results show that the photocatalytic activities of the ZnO/CuInSe2 and the
ZnO/CuInS2 are much higher than that of the ZnO microspheres because of a formation
of the heterojunction in two systems. It is also noted that the ZnO/CuInS2 exhibits a
higher photocatalytic activity than the ZnO/CuInSe2, which is probably related to more
suitable band gap to sunlight for CuInS2 nanocrystals and the larger specific surface due to
a small size. Particularly, the ZnO/CuInSe2/CuInS2 shows the highest photocatalytic
activities in all measured photocatalysts, which should be attributed to the formation of
double heterojunctions among ZnO, CuInSe2, and CuInS2.
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1. INTRODUCTION

Organic pollution has been one of the most serious
environmental problems during previous decades, and photo-
catalysis has been extensively used to eliminate toxic chemicals
in the area of environmental remediation.1−4 Semiconductor
materials have attracted intensive interest in this area. Among
various semiconductors, TiO2 is known as the most efficient
photocatalyst because of its high photosensitivity, chemical
stability, and nontoxic nature.5−7 In the past several years, ZnO,
whose band gap is 3.37 eV, has been considered as a suitable
alternative to TiO2 because of its similar band gap energy and
lower cost.8−10 However, its large band gap along with a fast
recombination rate of the photogenerated electron−hole pairs
hinders its photocatalytic performance and limits its applica-
tions under the irradiation of sunlight.11 Hence, to enhance the
photocatalytic efficiency of ZnO, many improvements have
been attempted. One of the most promising methods is to
couple this wide band semiconductor with metals, such as Ag,
Au, and Pt, or other semiconductors with different absorption
band, such as TiO2, SnO2, CdS, ZnS and Bi2O3.

12−17 It has
been reported that ZnO-based heterojunctions can inhibit the
recombination of the photogenerated electron−hole pairs and
enhance the photocatalytic activities.18,19 In these cases, the
energy levels of two kinds of semiconductor materials must
match each other to form the staggered heterojunctions. For
example, CuInSe2 and CuInS2 are two kinds of ideal sensitized
materials to form heterojunction with those wide band gap
semiconductors.
CuInSe2 and CuInS2 are I−III−VI2 ternary compounds, with

band-gaps of 1.04 and 1.53 eV, which match well to the solar
spectrum,20,21 and they have a large absorption coefficient and
no highly toxic elements. Especially, optical absorption of the

CuInSe2 and CuInS2 nanocrystals can be adjusted by varying
their crystal size.22−24 However, there have been only a few
reports on photocatalytic activity of I−III−VI2 ternary
compounds. Zhang25 reported the photocatalytic performance
of ZnS-CuInS2 nanocrystals, showing promising activity in the
photodegradation of rhodamine B (RB). Zheng26 used CuInS2
as photocatalyst to catalyze hydrogen and a much high H2 yield
was obtained under the visible light irradiation. Recently,
Zhou27 reported that TiO2 nanoparticles incorporated with
CuInS2 clusters can improve their photocatalytic activity for
degradation of 4-nitrophenol. More recently, Tsuji28 studied
the activities of ZnS-CuInS2−AgInS2 solid solution photo-
catalysts on photolysis of water. But, above-mentioned these I−
III−VI2 ternary compounds were synthesized in situ, which is
totally different from our research. Actually, our previous report
indicated that the photocatalytic activity of TiO2 sensitized by
CuInS2 nanocrystals shows a better performance than that of
P25.29

Because of the promising properties of the CuInSe2 and
CuInS2 nanocrystals sensitizing wide band gap semiconductors,
herein we reported a new study on the ZnO/CuInSe2 and the
ZnO/CuInS2 two-component nanoheterojunction systems and
the ZnO/CuInSe2/CuInS2 three-component nanoheterojunc-
tion system. Three kinds of semiconductors were separately
prepared. ZnO microspheres were synthesized by a hydrolysis
of zinc salt in polyol medium, whereas the CuInSe2 and CuInS2
nanocrystals were prepared in noncoordinating solvents, which
are oleylamine and octadecene, respectively. These different
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semiconductor materials were then mixed together by a low
annealing temperature so as to form heterojunctions. Photo-
catalytic activities of the ZnO/CuInSe2 and the ZnO/CuInS2
heterojunctions and the ZnO/CuInSe2/CuInS2 double hetero-
junctions were investigated by evaluating the photocatalytic
degradation of the RB aqueous solution at room temperature.
Results indicate that the CuInSe2 and CuInS2 nanocrystals can
enhance the photocatalytic activities of the ZnO microspheres
and the sensitizing effect of the CuInS2 nanocrystals is better
than that of the CuInSe2 nanocrystals.

2. EXPERIMENTAL SECTION
All chemicals used in this work were analytical-grade reagents and used
without further purification. Deionized water with a resistance of
18.3MΩ·cm was used in the experiment.
2.1. Synthesis of the ZnO Microspheres. ZnO microspheres

were synthesized by a hydrolysis of zinc salt at 180 °C, which is
described in our previous report.30 Typically, 0.01 mol Zn-
(CH3COO)2·2H2O was added to 100 mL diethylene glycol with
vigorous stirring and heated to 130 °C until the complete dissolution
was achieved. Then, the solution was further heated to 180 °C and
kept for 15 min. The obtained solution was centrifuged at the speed of
8000 rpm for 5 min and removed the supernatant. Subsequently, the
precipitate was dispersed in ethanol and centrifuged at the speed of
8000 rpm for 10 min again and the ZnO microspheres were thus
obtained.
2.2. Synthesis of the CuInSe2 and CuInS2 Nanocrystals.

CuInSe2 nanocrystals were synthesized in a noncoordinating oleyl-
amine solvent.31 Briefly, 2 mmol CuCl, 2 mmol InCl3·4H2O, 4 mmol
Se powder, and 10 mL oleylamine were loaded in a three-neck flask.
The mixture solution was heated to 80 °C under a nitrogen
atmosphere with a stirring for about 30 min to remove water and
oxygen. The mixture solution was then quickly heated to 220 °C and
incubated for 4 h. Subsequently, the reaction vessel was allowed to
cool down to room temperature. Black CuInSe2 nanocrystals were
isolated by adding chloroform, precipitating with ethanol, and
centrifuging at the speed of 10000 rpm for 5 min. The as-obtained
sediment was then further redispersed in chloroform. The
precipitation/centrifugation/dispersion cycle was repeated twice in
order to eliminate byproducts and unreacted precursors. Thus, the
CuInSe2 nanocrystals were obtained by drying the suspension in oven
at 80 °C. The CuInS2 nanocrystals were synthesized in a non-
coordinating octadecene solvent.29 Briefly, 0.2 mmol CuCl and 0.2
mmol InCl3·4H2O were mixed with 2 mL of dodecanethiol and 8 mL
of octadecene in a three-neck flask. The following procedures were the
same as those of the synthesis of the CuInSe2 nanocrystals.
2.3. Formation of Heterojunction Photocatalyst. The CuInSe2

nanocrystals were first dispersed in chloroform and then mixed with
the ZnO microspheres. Here, two kinds of materials were mixed
through stirring until the solvent was completely volatilized. The
ZnO/CuInSe2 heterojunction photocatalyst was thus obtained by
annealing the mixture at 300 °C for 15 min. For the preparation of the
ZnO/CuInS2 heterojunction photocatalyst, the above procedure was
exactly followed with the exception of the CuInS2 nanocrystals
replacing of the CuInSe2 nanocrystals. Finally, the ZnO/CuInSe2/
CuInS2 double heterojunctions photocatalyst was obtained by
hybridization of the CuInS2 nanocrystals with the ZnO/CuInSe2
heterojunction photocatalyst, followed byannealing at 300 °C for 15
min.
2.4. Characterization. X-ray diffraction (XRD) analysis was

employed to characterize the crystallinity of the as-synthesized ZnO
microspheres, the CuInSe2 nanocrystals and the CuInS2 nanocrystals,
which employs a D/max 2400 X Series X-ray diffractometer. The X-ray
radiation source is Cu Kα, obtained at 40 kV, 100 mA, and the
scanning speed was 10° min−1 at a step of 0.02°. A transmission
electron microscopy (TEM, JEM2100, JEOL Inc., Japan) was
employed to observe the morphological properties of the CuInSe2,
CuInS2 and heterojunction photocatalysts. A field emission scanning

electron microscopy (FESEM, JSM-7000F, JEOL Inc. Japan) was
employed to characterize the morphology of the ZnO microspheres.
UV−vis absorption spectra of the samples were obtained by a JASCO
V-570 UV/vis/NIR spectrometer.

2.5. Photocatalytic Activity Measurement. Photocatalytic
activities of the photocatalyst samples were evaluated by observe the
degradation of the RB aqueous solution at ambient temperature using
a 300 W high-pressure mercury lamp as light source. Typically, 0.03 g
of the photocatalyst was added to 100 mL of 10 mg/L RB aqueous
solution in a quartz glass container. The solution was continuously
stirred in the dark for 2 h to ensure the establishment of an
adsorption−desorption equilibrium between the photocatalyst and the
RB before irradiation. A certain volume of the suspension solution was
withdrawn at a sequence of time intervals. After disposal of the
photocatalyst by a centrifugation, the concentration of residual RB
aqueous solution was measured by the UV−vis spectrophotometer at
554 nm to calculate the degradation of the RB based on the Beer−
Lambert Law.32 The degradation efficiency of the RB can be defined as
follows

=
−

×
A A

A
degradation (%) 100%t0

0 (1)

where A0 is the initial concentration of the RB and At is the
concentration of the RB at reaction time t (min). It was assumed that
the photocatalytic degradation of the RB follows a pseudo-first-order
kinetic33,34 and the kinetic reaction can be expressed as follows

= −A A et
kt

0 (2)

where k (min−1) is the degradation rate constant.

3. RESULTS AND DISCUSSION
Figure 1 (a) shows the XRD pattern of the ZnO microspheres.
All of the diffraction peaks can be indexed to the hexagonal
phase of ZnO (JPCDS, NO. 36−1451). It can be seen that
these diffraction peaks are sharp and intense, indicating its
highly crystalline nature. Figure 1b shows the FESEM image of
the ZnO microspheres. It reveals that the as-prepared ZnO

Figure 1. ZnO microspheres: (a) XRD pattern and (b) FESEM image.
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microspheres are dispersive and uniform, and its size is about
500 nm.
Figure 2 shows the XRD patterns, UV−vis absorption

spectra, and TEM images of the as-synthesized CuInSe2 and
CuInS2 nanocrystals. XRD patterns as shown in Figure 2 (a)
reveal that they have a similar crystal structure. In fact, both of
CuInSe2 and CuInS2 are chalcopyrite compounds. According to
the Debye−Scherrer formula, it can be obtained that the size of
CuInSe2 is larger than that of CuInS2. UV−vis absorption
spectrum reflects the photoresponse of the materials. It can be
seen from Figure 2b that the absorption of CuInSe2
nanocrystals and CuInS2 nanocrystals almost covers the entire
visible region and the UV region. The TEM images of the
CuInSe2 and CuInS2 nanocrystals as shown in images c and d
in Figure 2 indicate that two kinds of nanoparticles are
dispersive and their sizes are about 20 and 3.5 nm, respectively.
The photocatalytic degradation kinetics of the RB aqueous

solution, which has an addition of the pure ZnO microspheres,
the ZnO/CuInSe2 and the ZnO/CuInS2, respectively, is shown
in Figure 3. Here, a mass ratio of ZnO and CuInSe2 as well as
that of ZnO and CuInS2 is 14:1. Results reveal that 22, 45, and
82% of the RB aqueous solution can be photodegraded under
30 min irradiation by the ZnO microspheres, the ZnO/CuInSe2
,and the ZnO/CuInS2 photocatalysts, respectively, indicating
that an introduction of the CuInSe2 or CuInS2 nanocrystals can
improve the photocatalytic performance of the ZnO micro-
spheres due to a formation of the ZnO/CuInSe2 or ZnO/
CuInS2 heterojunction. Especially, the photocatalytic activity of
the ZnO/CuInS2 heterojunction photocatalyst is better than
that of the ZnO/CuInSe2 heterojunction photocatalyst, which
is probably related to the following two aspects.

(1) Because the optimal band gap for sunlight is about 1.45
eV, the CuInS2 nanocrystals matches better with sunlight
than the CuInSe2 nanocrystal. Thus, the absorption
efficiency of the CuInS2 nanocrystals to sunlight is higher
than that of the CuInSe2 nanocrystal.

(2) The size of the CuInS2 nanocrystals is smaller than that
of the CuInSe2 nanocrystals, which could bring quantum
effect. Moreover, smaller size means larger specific
surface.

Quantum effect takes place at particle dimensions smaller
than the Wannier-Mott exciton Bohr radius of the correspond-
ing macroscopic bulk phase. Wannier−-Mott exciton Bohr
radius, RB, can be calculated according to following formula35

ε=
*

+
*∞

⎛
⎝⎜

⎞
⎠⎟R

m m
a

1 1
B

e h
B

(3)

where ε∞ is the dielectric constant of the bulk material, and m*e
and m*h are the reduced masses of the electron and hole,
respectively. Taking the CuInSe2 bulk values of ε∞ = 14.7, m*e
= 0.08, m*h = 0.71, and the CuInS2 bulk values of ε∞ = 11, m*e

Figure 2. (a) XRD patterns; (b) UV−vis absorption spectra of CuInSe2 and CuInS2 nanocrystals, the inset shows the UV−vis absorption spectrum
of ZnO/CuInSe2/CuInS2 heterojunction photocatalyst; (c) TEM image of CuInSe2 nanocrystals; (d) TEM image of CuInS2 nanocrystals.

Figure 3. Photocatalytic degradation kinetics of RB aqueous solution
with an addition of ZnO microspheres, ZnO/CuInSe2 (with mass ratio
of 14:1) heterojunction photocatalyst, and ZnO/CuInSe2 (with mass
ratio of 14:1) heterojunction photocatalyst.
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=0.16, m*h = 1.3,36−38 we calculate the Wannier-Mott exciton
Bohr radii of the CuInSe2 and CuInS2 bulk are 10.6 and 4.1 nm,
respectively. In our experiment, the particle size of the CuInSe2
nanocrystals (∼20 nm) is larger than its corresponding
Wannier-Mott exciton Bohr radius, whereas the particle size
of the CuInS2 nanocrystals (∼3.5 nm) is smaller than its
corresponding Wannier−Mott exciton Bohr radius.
In order to further explore the sensitizing effect of the

CuInSe2 and CuInS2 nanocrystals, the photocatalytic activities
of the ZnO microspheres and the sensitizers with a different
mass ratio of 5:1 are also investigated and results are shown in
Figure 4, indicating that 61 and 73% of the RB aqueous

solution can be photodegraded under 30 min irradiation by the
ZnO/CuInSe2 and ZnO/CuInS2 photocatalysts, respectively.
Obviously, the photocatalytic performance of the ZnO/CuInS2
heterojunction photocatalyst is still better than that of the
ZnO/CuInSe2 heterojunction photocatalyst. Additionally, as
compared with the results as shown in Figure 3, it is easy to find
that the photocatalytic performance of the ZnO/CuInSe2
increases a little, whereas the photocatalytic performance of
the ZnO/CuInS2 decreases a little with increasing the content
of the sensitizer. Interestingly, when 50% of the CuInSe2
nanocrystals and 50% of the CuInS2 nanocrystal replace of
the CuInS2 nanocrystals to sensitize the ZnO microspheres, the
photocatalytic activity of the as-obtained ZnO/CuInSe2/
CuInS2 photocatalyst is better than that of the ZnO/CuInS2
heterojunction photocatalyst. It can be seen from Figure 4 that
about 81% of the RB can be photodegraded by the ZnO/
CuInSe2/CuInS2 photocatalyst under 30 min irradiation. Here,
the mass ratio of ZnO, CuInSe2, and CuInS2 in the ZnO/
CuInSe2/CuInS2 system is 10:1:1. To further investigate the
photocatalytic activities of the ZnO and the ZnO/CuInSe2/
CuInS2, an UV filter is used to filter out UV and the results are
shown in Figure 5. It can be seen that the photocatalytic activity
of the ZnO/CuInSe2/CuInS2 is still higher than that of the
ZnO, but the photocatalytic activities of the ZnO and the ZnO/
CuInSe2/CuInS2 are worse than those of the samples under the
irradiation of mercury lamp without an UV filter. In 30 min, 14
and 64% of the RB can be photodegraded by the ZnO and the
ZnO/CuInSe2/CuInS2 photocatalysts, respectively.

The degradation rate k of all the evaluated photocatalysts is
presented in Table 1. These results indicate that the

photocatalytic performance of the hybridization photocatalysts
is obviously improved as compared to that of the pure ZnO
microspheres. The preparation procedure of the ZnO/
CuInSe2/CuInS2 double heterojunctions system is shown in
Figure 6. First, 8.3 wt % of the CuInSe2 nanocrystals are

blended with the ZnO microspheres, followed a heat treatment
at 300 °C for 30 min to form the ZnO/CuInSe2 heterojunction.
Then, 8.3 wt % of CuInS2 nanocrystals are blended with the
ZnO/CuInSe2 heterojunction, followed a heat treatment at 300
°C for 30 min again to form the ZnO/CuInSe2/CuInS2 double
heterojunctions.
To visualize the hybridization between the ZnO microsphere

and the CuInSe2 nanocrystals as well as the CuInS2
nanocrystals in the ZnO/CuInS2 system and the ZnO/
CuInSe2/CuInS2 system, the ZnO/CuInS2 sample and the
ZnO/CuInSe2/CuInS sample as presented in Figure 4 were

Figure 4. Photocatalytic degradation kinetics of RB aqueous solution
with an addition of ZnO microspheres, ZnO/CuInSe2 (with mass ratio
of 5:1) heterojunction photocatalyst, ZnO/CuInSe2 (with mass ratio
of 5:1) heterojunction photocatalyst, and ZnO/CuInSe2/CuInS2 (with
mass ratio of 10:1:1) double heterojunctions photocatalyst.

Figure 5. Photocatalytic degradation kinetics of RB aqueous solution
with an addition of ZnO microspheres, ZnO/CuInSe2/CuInS2 (with
mass ratio of 10:1:1) double heterojunctions photocatalyst under an
irradiation of mercury lamp with an UV filter.

Table 1. Values of the Degradation Rate Constant k for
different photocatalysts

photocatalyst k (min−1) (average)

ZnO 0.008
ZnO/CuInSe2-14:1 0.020
ZnO/CuInS2-14:1 0.057
ZnO/CuInSe2-5:1 0.031
ZnO/CuInS2-5:1 0.044
ZnO/CuInSe2/CuInS2-10:1:1 0.055
ZnO (with UV filter) 0.005
ZnO/CuInSe2/CuInS2-10:1:1 (with UV filter) 0.034

Figure 6. Formation scheme for the ZnO/CuInSe2/CuInS2 double
heterojunctions system.
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characterized by TEM. Figure 7 (a) shows a representative
high-resolution TEM (HRTEM) image of the ZnO/CuInS2

sample. The visible lattice fringe of the CuInS2 nanocrystals
indicates that they are adhered to the ZnO microspheres. The
particle size of the ZnO microspheres is too large as compared
to the CuInS2 nanocrystals, which prevents the simultaneous
display of the lattice of ZnO and CuInS2. Figure 7b presents a
representative TEM image of the ZnO/CuInSe2/CuInS2

double heterojunctions photocatalyst. The lattice of CuInSe2
and CuInS2 can be clearly distinguished and some CuInS2
nanocrystals are adhered to the CuInSe2 nanocrystals and the
others are adhered to the ZnO microspheres, which results in
better photocatalytic activity.
On the basis of the above results, the photocatalytic

performance of the ZnO microspheres can be greatly enhanced
by introducing CuInSe2 and CuInS2 nanocrystals. The inset in
Figure 2b shows the absorption spectrum of the ZnO/
CuInSe2/CuInS2 double heterojunctions photocatalyst. There
is a great absorption in 400−600 nm region. The enhanced
photocatalytic activity is ascribed to not only that the CuInSe2
and CuInS2 nanocrystals can improve the absorption efficiency
of the photocatalysts to solar energy but also that the formation
of the heterojunction that can inhibit the recombination of the
photogenerated electron−hole pairs. Actually, the relative
position of energy level of the hybridization semiconductors
affects the transfer of electrons and holes and finally affects
photocatalytic performance. Figure 8 (a) illustrates the relative
energy levels of ZnO, CuInSe2 and CuInS2 before contact. ZnO
is an n-type semiconductor whose Fermi energy level is located
to the conduction band, while CuInSe2 and CuInS2 are p-type
semiconductors whose Fermi energy levels lie close to valence
band.39 When ZnO is in contact with CuInSe2 to form a
heterojunction, their Fermi energy levels reach equilibration.
Meanwhile, the energy bands of ZnO shift downward along
with the Fermi energy level, whereas the energy bands of
CuInSe2 shift upward along with the Fermi energy level. Then,
the photogenerated electrons transfer from the conduction
band of CuInSe2 to the conduction band of ZnO, whereas the
photogenerated holes transfer in the opposite direction along
with valence bands. The whole process is illustrated in Figure
8b. A similar situation also happens in the ZnO/CuInS2
heterojunction system, which is shown in Figure 8c. Figure
8d illustrates the separation and transmission of the photo-

Figure 7. HRTEM images of the interface between (a) ZnO and
CuInS2 (with mass ratio of 5:1) and (b) ZnO, CuInSe2, and CuInS2
(with mass ratio of 10:1:1).

Figure 8. Diagram of the (a) band energy of ZnO, CuInSe2 and CuInS2 before contact, and the electron−hole pair separation and transmission in
(b) ZnO/CuInSe2 heterojunction system, (c) ZnO/CuInS2 heterojunction system, and (d) ZnO/CuInSe2/CuInS2 double heterojunction system.
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generated electron−hole pairs in the ZnO/CuInSe2/CuInS2
double heterojunctions system. When the Fermi energy levels
reach equilibration, the photogenerated electrons transfer from
the conduction band of CuInS2 to that of CuInSe2 and then to
that of ZnO, whereas the photogenerated holes transfer in the
opposite direction along with valence bands. The hybridization
of the ZnO microspheres with the CuInSe2 and CuInS2
nanocrystals inhibits the recombination of the electron−hole
pairs, thus resulting in more holes can participate in the
photooxidation process.

4. CONCLUSIONS
The CuInSe2 and CuInS2 nanocrystals have been successfully
synthesized by the solvothermal method and used to couple
with the ZnO microspheres prepared by the hydrolysis method
to form the ZnO/CuInSe2 or ZnO/CuInS2 heterojunction,
which is beneficial for the photodegradation of the RB. Results
indicate that the photocatalytic efficiency of the ZnO/CuInSe2
and ZnO/CuInS2 heterojunction photocatalysts is always
higher than that of the pure ZnO microspheres photocatalyst,
and the photocatalytic performance of the ZnO/CuInS2
heterojunction photocatalyst is better than that of the ZnO/
CuInSe2 heterojunction photocatalyst. However, the double
heterojunctions photocatalyst of the ZnO/CuInSe2/CuInS2
shows the highest photocatalytic activities in all evaluated
heterojunction photocatalysts. The enhanced photocatalytic
activity is mainly ascribed to the formation of the
heterojunctions, which can improve the absorption efficiency
to light and inhibit the recombination of the photogenerated
electron−hole pairs.
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