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a b s t r a c t

TiO2 nanoparticles incorporated with CuInS2 clusters were prepared in a solvothermal process and

characterized with X-ray diffraction (XRD), transmission electron microscopy (TEM), and energy-

dispersion X-ray analysis (EDX). Compared with pure TiO2 nanoparticles, the TiO2 nanoparticles

incorporated with CuInS2 clusters display higher photocatalytic activity with 99.9% of degradation ratio

of 4-nitrophenol after 2 h irradiation. In order to investigate the effect of the CuInS2 clusters on the

photocatalytic activity of TiO2 nanoparticles, diffuse reflectance UV–Vis spectra (DRS), photolumines-

cence (PL) spectra, and photocurrent action spectra were measured. The results indicate that the

enhanced photocatalytic activity is probably due to the interface between TiO2 and CuInS2 as a trap of

the photogenerated electrons to decrease the recombination of electrons and holes.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

With rapid development of industry, the pollution from
chemicals becomes a serious problem. Among various pollutants,
nitrophenols are some of the most refractory substances due to
their high stability and solubility in water. The purification of
wastewater contaminated by nitrophenols is very difficult
because they are resistant to the traditional treatment [1].
Fortunately, it was found that nitrophenols would undergo
photolysis under irradiation, suggesting that the photolysis of
nitrophenols seems a promising treatment route. However, the
photolysis efficiency of nitrophenols is generally very low if the
photocatalyst is absent [2]. Therefore, the highly efficient photo-
catalysts are a key in the photolysis of nitrophenols.

CuInS2 (CIS) is thought to be the most promising material for
photovoltatic applications, owing to its high absorption coefficient
and direct band gap of 1.55 eV which is well matched to the solar
spectrum [3]. In order to prepare a highly efficient solar cell, CIS as
a p-type semiconductor has been widely compounded with n-
type TiO2 via layer by layer deposition. And these solar cells can
exhibit high photoefficiency [4,5]. The theoretical analysis and
experimental results show that the high photoefficiency of the
solar cells based on TiO2 and CIS is ascribed to the p–n junction
ll rights reserved.
between TiO2 layers and CIS layers which leads to decrease of the
recombination of electrons and holes. Following this idea, it can
be expected that the TiO2/CIS composite ought to possess high
photocatalytic activity when it is used in the photolysis of
nitrophenols as a photocatalyst. However, to our best knowledge,
there are few reports on the photocatalytic activity of the TiO2/CIS
composite. One possible reason is that the layer by layer film of
the TiO2/CIS composite is unsuitable as a photocatalyst due to its
relatively smaller surface and interface between TiO2 and CIS. The
shortcoming can be overcome if some CIS clusters are incorpo-
rated into TiO2. Moreover, CIS can be produced on a large scale at
less cost, which is encouraging for the potential application.
Therefore, TiO2 incorporated with the CIS clusters can be expected
to be an excellent photocatalyst with high efficiency and low cost.
Unfortunately, it is unclear so far if the TiO2 nanoparticles
incorporated with the CIS clusters can exhibit high photocatalytic
activity.

Now, a great deal of attention is paid to the photocatalytic
degradation of nitrophenols in the aqueous dispersions containing
TiO2 [1,6,7]. However, the efficiency is still no satisfactory enough
for the TiO2-based photocatalysts. The investigation showed that
modification of the TiO2 surface with noble metals, such as Ag, Pd,
Au, and Pt, etc., is one of the most successful ways to improve the
TiO2 photoefficiency [8]. However, high cost limited the large
scale application of TiO2 modified with noble metals. Recently, the
p–n junction was introduced in the TiO2-based photocatalysts in
order to enhance the TiO2 photoefficiency. For example, Ye et al.
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found that the photocatalytic activity of TiO2–Fe3O4 was remark-
ably improved compared with that of pure TiO2 [9]. The
investigation showed that this phenomenon was attributed
to the p–n junction between n-type TiO2 and p-type FeTiO3

formed in the preparation process. Thus, it can be deduced that
introduction of the p–n junction in the TiO2-based photocatalysts
may be a possible alternative to enhance the photocatalytic
activity of TiO2 for the photolysis of nitrophenols.

In this work, the TiO2 nanoparticles incorporated with the CIS
clusters were synthesized successfully via a solvothermal process.
The high photocatalytic activity of the TiO2 nanoparticles
incorporated with the CIS clusters was investigated by examining
photocatalytic degradation of 4-nitrophenol at room temperature.
Furthermore, the role of the CIS clusters in the TiO2-based
photocatalyst is discussed by using UV–Vis spectra, photolumi-
nescence spectra, and photocurrent action spectra.
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Fig. 1. XRD patterns of the pure TiO2 nanoparticles (a), T1 (b), and T2 (c).
2. Experimental

2.1. Preparation of the photocatalyst

The reagents were obtained from commercial sources and used
as received. In a typical procedure, Ti(OC4H9)4 (15 mL) and acetic
acid (4 mL) were added into 60 mL ethanol under vigorous
stirring. The mixture was heated to 50 1C and kept stirring for
30 min. Then, a mixture (pH ¼ 3) of ethanol (20 mL) and water
(1 mL,) was added droplet to the solution of Ti(OC4H9)4. After
stirred for 2 h, the sol of TiO2 was obtained.

The CuInS2 precursor was prepared according to the procedure
reported previously [10]. At first, indium chloride (2 mmol) was
added into the ethanol (30 mL) containing copper chloride
(2 mmol). After stirred for a few minutes, thiourea (3.5 mmol)
was mixed with the above solution. Then, the mixture was stirred
for 10 min. Finally, the CuInS2 precursor was prepared.

TiO2 sol (30 mL) was mixed with various volume of the
CuInS2 precursor suspension according to the contents of CuInS2

in the samples. After stirred vigorously for 30 min, the mixture
was transferred into a 50 mL Teflon-lined stainless-steel auto-
clave and underwent solvothermal treatment at 180 1C for 16 h.
Subsequently, it was cooled down to room temperature. The gel
obtained was collected by centrifugation and washed several
times with distilled water and ethanol, respectively. Finally, the
precipitate was dried in vacuum at 80 1C for 5 h. The samples were
noted as T1 (TiO2 incorporated with 0.5 at% CuInS2) and T2 (TiO2

incorporated with 5 at% CuInS2), respectively.

2.2. Photocatalytic degradation of 4-nitrophenol

The homemade ‘‘solar box’’ equipped with a 300 W high-
pressure Hg lamp (l ¼ 365 nm) was used for the photocatalytic
degradation of 4-nitrophenol. In order to remove the infrared
light, the lamp was equipped with a water jacket. The photo-
catalytic experiments were carried out in a reactor containing
25 mL aqueous 4-nitrophenol (20 mg L�1) and the catalyst
(25 mg). The pH value of the system was adjusted to 4 in order
to eliminate the self-sensitized photolysis of 4-nitrophenol [11].
The experiments were performed in open air with magnetically
stirring to supply enough oxygen for the photodegradation. The
distance between the lamp and the reactor is 20 cm. After a given
irradiation time, the concentration of 4-nitrophenol was mon-
itored by measuring its absorbance at 317 nm. The degradation
efficiency was calculated according to the equation:

Degradation ð%Þ ¼
A0 � A

A0
� 100% ð1Þ
where A0 represents the initial absorbance of 4-nitrophenol, A the
absorbance after irradiation.

2.3. Fabrication of cells and the optoelectronic measurement

The TiO2 nanoparticles incorporated with CuInS2 clusters were
dispersed in the distilled water. Then, the films of the TiO2

nanoparticles incorporated with CuInS2 clusters were prepared on
the ITO glass substrates by using the doctor blade technique. After
the films were dried under ambient conditions, they were used to
fabricate the cells according to the procedure reported by Smestad
et al. [12]. HY-914 resin was used to encapsulate circuit.

A 500 W Xe lamp with a monochromator was used as the light
source. The light intensity was about 750 W m�2. The illumination
area on the electrode was about 1.5 cm2. The generated photo-
current signal was collected by using a lock-in amplifier (Stanford
instrument SR830 DSP, USA) synchronized with a light chopper
(Stanford instrument SR540). The current–voltage (I–V) curves
were recorded with a Keithley 2400 sourcemeter (Keithley
Instruments, Inc., USA).

2.4. Characterization

The powder XRD analysis was measured on a Rigaku 2550D/
max VB/PC X-ray diffractometer (Japan) using CuKa radiation
(l ¼ 0.154056 nm). The morphology of the sample was character-
ized on a FEI Technai 20 high-resolution transmission electron
microscope (FEI Co., Netherlands). The EDX pattern was taken
with a JEOL JSM-6360LV electron microscopy (Japan). The UV–Vis
spectra of the aqueous 4-nitrophenol were recorded with a UV-
2102 PCS spectrophotometer (Unico Co., China). The UV–Vis
spectra of the solid samples were measured on a Shimadzu UV-
3101PC UV–Vis-NIR scanning spectrophotometer (Japan). The PL
spectra of the samples were obtained using a Varian Cary Eclipse
fluorescence spectrophotometer (USA). The excitation wavelength
was 325 nm.
3. Results and discussion

The XRD patterns of the pure TiO2 nanoparticles, T1, and T2
are shown in Fig. 1. For the pure TiO2, T1, and T2, the sizes
of the particles calculated from Scherrer formula [13], are all
approximately 9 nm. Meanwhile, it can be observed that there
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exist four peaks at 25.21, 37.91, 48.01, and 62.51 in all of XRD
patterns, corresponding to the (101), (004), (200), and (204)
planes of anatase TiO2 (Powder Diffraction File no. 21-1272),
respectively. This result displays that the obtained TiO2 particles
are nanoscale and possess the anatase phase. Moreover, these
diffraction peaks do not shift with introduction of Cu, In, and S
element, implying that Cu, In, and S elements are segregated in
the form of small CuInS2 clusters. The experimental result below
also confirms this assumption. When the content of CuInS2

clusters increases to 5 at%, a weak peak at 27.91, which is
attributed to the (112) plane of the tetragonal CuInS2 (Powder
Diffraction File no. 27-159), appears (curve c). Although the
diffraction peak of CuInS2 is not observed in the XRD pattern of T1,
it cannot be presumed from the above phenomenon that Cu, In,
and S elements are embedded within the TiO2 matrix forming a
solid solution. One possible explanation is that the CuInS2 clusters
are too small to give well-defined diffraction peaks [14]. These
results imply that the CuInS2 clusters are incorporated in TiO2

nanoparticles.
In order to substantiate the formation of TiO2 nanoparticles

incorporated with the CuInS2 clusters, we measured the morphol-
ogy of T1 using TEM, as shown in Fig. 2a. The nanoparticles with
the mean diameter of approximately 10 nm are clearly observed,
which is close to the one deduced from XRD measurement and
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Fig. 2. TEM image of T1 (a) and the size distribution histogram of particles (b).
exhibit a relatively narrow size distribution (Fig. 2b). Moreover,
further evidence for the composition of T1 was obtained by EDX
analysis (not shown here). The results show that the distribution
of the elements is homogeneous in T1. T1 is composed of the
elements Ti, Cu, In, and S. The Cu/In/S ratio is very close to the
stoichiometric composition of CuInS2 (Cu/In/S ¼ 1:1:2) within
experimental error. Therefore, in combination with the results of
XRD, the component of the as-synthesized sample can be defined
as TiO2 and CuInS2. The CuInS2 clusters are incorporated in TiO2

nanoparticles.
Fig. 3 shows the diffuse reflectance UV–Vis spectra of the pure

TiO2 nanoparticles, T1, and T2. As can be seen from Fig. 3, there
exists a broad intense absorption band below 400 nm for three
samples, which should be ascribed to a charge-transfer process
from the valence band to the conduct band [15]. According to the
formula reported by Ghosh et al. [16], the energy gap (Eg) values
for all the samples are estimated to be approximately 3.28 eV
(the pure TiO2 nanoparticles), 3.28 eV (T1), and 3.27 eV (T2),
respectively. These results show that introduction of Cu, In, and S
elements does not influence the charge-transfer process of TiO2

nanoparticles, suggesting that the Cu, In, and S elements are
segregated in the form of small CuInS2 clusters rather than
embedded apart in TiO2 nanoparticles as dopants. Moreover, both
T1 and T2 have a higher absorption in the whole range of 500–
800 nm compared with that of the pure TiO2 nanoparticles, which
may indicate an increment of surface electric charge of TiO2 [17].
In the case of T2, it is further found that a broad peak around
710 nm appears, which may be attributed to absorption of CuInS2

[18]. These phenomena further indicate that the CuInS2 clusters
are incorporated in the TiO2 nanoparticles. Meanwhile, there exist
some electronic interactions between the TiO2 nanoparticles and
the CuInS2 clusters, suggesting that the samples obtained
probably exhibit a high photocatalytic activity.

The photocatalytic activities of the pure TiO2 nanoparticles and
T1 for the degradation of 4-nitrophenol are shown in Fig. 4. From
Fig. 4, it can be observed that the photolysis of 4-nitrophenol is
slow (ca. 10% after 4 h irradiation) when the photocatalyst is
absent. Compared with the pure TiO2 nanoparticles, T1 displays a
higher photocatalytic activity with 99.9% of degradation ratio of
4-nitrophenol after 2 h irradiation. The introduction of the CuInS2

clusters can obviously enhance the photocatalytic activity of the
TiO2 nanoparticles. The high photocatalytic activity of T1 may be
attributed to two causes. One is the inner electric field induced by
the p–n junctions between the n-type TiO2 and the p-type CuInS2
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Fig. 3. Diffuse reflectance UV–Vis spectra of the pure TiO2 nanoparticles (a), T1 (b),

and T2 (c).
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[19]. Another may be the interface between TiO2 and CuInS2,
which can make effective charge separation. The results reported
previously show that the conduction band edge (CB) of CuInS2 is
more negative than that of TiO2. And the position of the valence
band edge (VB) of CuInS2 is close to that of the TiO2 CB [20]. When
T1 is irradiated, the photogenerated holes stay in TiO2 and
electrons are just trapped at the interface between TiO2 and
CuInS2, which will reduce the possibility of the electron–hole
recombination.

The previous reports indicate that not only the oxidation but
also the reduction of 4-nitrophenol can occur in the photocatalytic
degradation. In a basic solution, the hydroxyl radical oxidation is
the major reaction pathway [1,21]. Because the experiments are
carried out at pH 4, it is suggested that the reduction of the nitro
group in 4-nitrophenol is an important degradation pathway
(Scheme 1). The CuInS2 clusters may be the reactive sites of the
reduction. The degradation process may be as follows: during the
initial step, 4-nitrophenol is directly reduced by photogenerated
electrons trapped at the interface between TiO2 and CuInS2 to
produce 4-aminophenol. Then, 4-aminophenol is mineralized by
dOH. Therefore, it can be deduced that, in comparison with the
p–n junctions between the n-type TiO2 and the p-type CuInS2, the
interface between TiO2 and CuInS2 may play a more important
role in the enhancement of photocatalytic activity.

In order to further understand the role which the CuInS2

clusters play in the photocatalyst, the PL spectra (Fig. 5) and
photocurrent action spectra (Fig. 6) were measured at room
temperature. As can be seen from Fig. 5, the photoluminescence
of the TiO2 nanoparticles incorporated with CuInS2 clusters is
apparently weaker than that of the pure TiO2 nanoparticles,
implying that the possibility of the electron–hole recombination
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Fig. 4. Kinetic curves of 4-nitrophenol (1.44�10�4 mol L�1) degradation under UV

irradiation in the presence of the pure TiO2 nanoparticles (a), T1 (b), and in the
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Fig. 6. Photocurrent action spectra of the pure TiO2 nanoparticles (a) and T2 (b).
is reduced due to introduction of the CuInS2 clusters. Furthermore,
the photocurrent action spectra of the pure TiO2 nanoparticles
and T2 show that T2 exhibits a high response in the range of 650–
800 nm while the response of the pure TiO2 nanoparticles is near
zero. Combined with the results from UV–Vis spectra, it should
be deduced that the response in the visible region arises from
the absorption of the CuInS2. Unfortunately, the photocatalytic
degradation of 4-nitrophenol under the visible light irradiation
(l4420 nm) is very low even in the presence of T2. One possible
explanation is that the electrons move to the TiO2 CB and the
holes stay in the CuInS2 VB under visible light irradiation. The
above discussion indicates that the reduction is an important
reaction pathway and the CuInS2 clusters may be the reactive
sites of the reduction. The accumulation of holes on the CuInS2

clusters would be unfavorable to the reduction of 4-nitrophenol.
Moreover, as was expected, it can be also seen from Fig. 6 that T2
exhibits a higher incident photon-to-current conversion efficiency
(IPCE) in the 340–800 nm region compared with the pure TiO2

nanoparticles. In the case of UV light irradiation, since the holes
are known to be trapped in TiO2 and hard to move [22], the



ARTICLE IN PRESS

Table 1
Dependence of the photocatalytic activity on the content of CuInS2 after 90 min

irradiation.

CuInS2 contents (at%) Degradation (%)

0 63.4

0.1 85

0.5 95.6

5 78.7
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Fig. 7. Kinetic curves of 4-nitrophenol (1.44�10�4 mol L�1) degradation under UV

irradiation in the presence of the pure TiO2 film (a) and the T1 film (b).
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improved separation of the photogenerated electrons and holes
after the introduction of the CuInS2 clusters may be ascribed
to the interface between TiO2 and CuInS2. Therefore, the p–n
junction effect should be neglected in comparison with the
interface effect.

The dependence of the photocatalytic activity on the content of
CuInS2 is listed in Table 1. It can be noted that there is an optimal
content of CuInS2 (0.5 at%) for the photocatalytic decomposition of
4-nitrophenol. The photocatalytic activity of the TiO2 nano-
particles incorporated with the CuInS2 clusters increases from
0.1 to 0.5 at%. One possible explanation is that when the content of
CuInS2 is less than the optimal content, the CuInS2 clusters would
act as separation sites. On the contrary, when the content of
CuInS2 is more than the optimal content, the CuInS2 clusters may
become new recombination sites of the photogenerated electrons
and holes [8]. In addition, in order to check potential use of the
TiO2 nanoparticles incorporated with the CuInS2 clusters, T1 was
immobilized on the glass, and its photocatalytic behavior was also
examined. Fig. 7 shows the relationship of the irradiation time and
the degradation ratio of 4-nitrophenol. As can be seen from
Fig. 7, 4-nitrophenol is nearly completely decomposed after 10 h
irradiation when T1 immobilized on the glass is used as the
photocatalyst. Meanwhile, the introduction of the CuInS2 clusters
obviously enhances the photocatalytic activity of the TiO2

nanoparticles. This result indicates that T1 immobilized on the
glass reserves a considerable photocatalytic activity, which is
attractive for potential application.
4. Conclusions

In summary, the TiO2 nanoparticles incorporated with the
CuInS2 clusters were prepared. The TiO2 nanoparticles incorpo-
rated with the CuInS2 clusters can display a very high photo-
catalytic activity with 99.9% of degradation ratio of 4-nitrophenol.
The excellence photocatalytic activity should mainly be ascribed
to the interface between TiO2 and CuInS2. Meanwhile, the
photocatalyst immobilized on the glass still reserves a consider-
able photocatalytic activity, which is encouraging for the applica-
tion in practical systems. The further efforts are currently being
undertaken.
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