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Abstract: The Cu,S/tetrapod-like ZnO whisker (T-ZnO,,) heterostructures were successfully synthesized via a simple polyol process
employing the poly(vinyl pyrrolidone) (PVP) as a surfactant. The as-prepared heterostructures were characterized by X-ray
diffraction (XRD), field emission scanning electron microscopy (FESEM), X-ray photoelectron spectroscopy (XPS) and Fourier
transform infrared (FTIR). The photocatalytic properties of Cu,S/T-ZnO,, nanocomposites synthesized with different PVP
concentrations were evaluated by photodegradation of methyl orange (MO) under UV irradiation. The results show that the
Cu,S/T-Zn0O,, nanocomposites exhibit remarkable improved photocatalytic property compared with the pure T-ZnO,,. The sample
prepared with 3.0 g/L PVP shows an excellent photocatalytic property and the highest photodegradation rate of MO is 97% after UV
irradiation for 120 min. Besides, the photocatalytic activity of the photocatalyst has no evident decrease even after four cycles, which
demonstrates that the Cu,S/T-ZnO,, photocatalyst exhibits an excellent photostability. Moreover, the photocatalytic mechanism of the

Cu,S/T-ZnO,, nanocomposites was also discussed.
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1 Introduction

A great deal of efforts have been devoted in recent
years to developing semiconductor photocatalysts with
high photocatalytic activities for environmental
protection purposes such as air purification, water
disinfection, hazardous waste remediation, and water
purification [1—4]. Among various semiconductor
photocatalysts, ZnO has been recognized to be a
preferable material for a variety of environmental
applications, due to its high photosensitivity, non-toxic
nature, low cost and chemical stability [5—7]. However,
despite its great potential, the fast recombination of the
photogenerated electron-hole pairs in the single phase
ZnO leads to a very low photocatalytic efficiency and
hinders the commercialization of this technology.
Compared with single-phase  photocatalysts, the
heterostructures possess significant advantages for
promoting the separation of electron-hole pairs and
keeping reduction and oxidation reactions at two
different reaction sites [8]. Recently, coupled

semiconductors composed of ZnO and other metal
oxides or sulfides have also been studied, such as
combining ZnO with SnO,, In,0;, CeO, and CdS
materials  [9-13]. These results
demonstrated that the nanocomposites fabricated by the
coupling of different semiconductor materials will
exhibit collective and enhanced property by mutual
transfer of charge carriers (electrons and holes) from one
semiconductor to another under irradiation and,
consequently, achieving a higher photocatalytic activity
[14-16].

Cu,S is well known as a p-type semiconductor
material with a narrow band gap (1.2 eV) [17]. It can be
used in photosensitizer of various wide band-gap
semiconductor photoanodes [18,19], electronic and
optoelectronic chips [20—22], etc. The energy band
structures of Cu,S and ZnO are adequate to promote the
electron transfer process where the photogenerated
electrons can flow from Cu,S to ZnO [23,24], and the
charge carriers become physically separated upon
generation. Therefore, the Cu,S/tetrapod-like ZnO
whisker (T-ZnO,,) composites were selected as a target
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product to prepare for the photocatalytic degradation of
organic pollutants.

It is widely acknowledged that organic surfactants,
such as poly(vinyl pyrrolidone) PVP, have an important
role in controlling the synthesis of nanomaterials, which
determine not only the shape but also the size of the
particles [25]. For example, LI et al [26] successfully
synthesized Bi;WOg by a hydrothermal process with the
assistance of surfactant PVP. XU et al [27] prepared the
size-controllable YVO,:Eu®" spheres by using PVP.
SUN et al [28] successfully synthesized the silver
nanowires employing PVP as the shape-direction agent.
The studies showed that PVP played an important role in
controlling the size of the nanomaterials.

The aim of this work is to investigate the role of
Cu,S in improving the photocatalytic property of ZnO. In
this study, Cu,S nanoparticles were grown on the surface
of T-ZnO,, by a simple polyol process, in which PVP was
used as a growth-directing agent. In order to achieve the
aforementioned purpose, the effects of different PVP
concentrations on the microstructure and photocatalytic
property of the Cu,S/T-ZnO,, nanocomposites were
discussed.

2 Experimental

2.1 Sample synthesis

The T-ZnO,, was prepared by equilibrium gas
controlling method using metallic zinc as the main raw
material, which has been reported in our former research
[29]. Cu,S/T-ZnO,, nanocomposites were prepared by a
simple polyol process in which T-ZnO,,, copper acetate
(analytical grade), thiourea, diethylene glycol (DEG) and
PVP were used. The fabrication process was as follows:
firstly, 0.2 g of copper acetate was added into 80 mL of
DEG with PVP concentrations of 0.6, 0.8, 1.0, 3.0 and
5.0 g/L, respectively and the solution was magnetically
stirred for about 30 min; then, 2 g T-ZnO,, was poured
into the obtained solutions; subsequently, 20 mL thiourea
solution (0.005 mol/L) was slowly dropped into the
above mixed solutions, respectively. Thereafter, the
mixed suspension was maintained at 180 °C for 30 min.
After the system was cool to room temperature naturally,
the precipitates were collected after being washed with
distilled water and ethanol three times, respectively, and
then dried in a vacuum oven at 60 °C for 8 h. The
Cu,S/T-ZnO,, compound was obtained.

2.2 Sample characterization

The microstructure of the as-fabricated samples was
investigated by X-ray diffraction (Panalytical X'pert
PRO) with a Cu target and a monochronmator at 40 kV
and 40 mA. Field emission scanning electron microscopy
(FESEM, Fei Quanta 200, USA) with an accelerating

voltage of 20 kV was conducted to analyze the
morphologies of the photocatalysts. X-ray photoelectron
spectroscopy (XPS) was performed with a PHI 5600
multitechnique system by a monochromatic Al K, X-ray
source. All core level spectra were referenced to the C 1s
neutral carbon peak at 284.8 eV. FTIR spectra were
recorded in the range from 450 to 4000 cm™' using
Fourier transform infrared spectrophotometer with KBr
as the reference.

2.3 Photocatalytic property test

The photocatalytic properties of the samples were
determined by measuring the photodegradation
efficiency of MO aqueous solution. The photocatalytic
degradation of MO was tested in our home-made
instruments. Firstly, 50 mg of the photocatalysts prepared
with different PVP concentrations were added into five
beakers filled with 50 mL of MO aqueous solution (10
mg/L), respectively. Then, the obtained mixtures was
stirred in dark for 20 min, and meanwhile irradiated by a
UV-lamp (Hangzhou, China) with 254 nm emission
wavelength at 25 °C. The solution was sampled every 20
min during UV irradiation in order to determine the
degradation of MO, which was done by measuring the
absorbance at 466 nm using a UV-Vis 2550
spectrophotometer. To further evaluate the photostability
of the Cu,S/T-ZnO,, recycled experiments for the
photodegradation of MO were also conducted.

3 Results and discussion

3.1 Structure and morphology

The X-ray diffraction patterns of pure T-ZnO,,, neat
Cu,S and Cu,S/T-ZnO,, nanocomposites fabricated with
different PVP  concentrations were  measured,
respectively. As shown in Fig. 1, the diffraction peaks at
260=31.88°, 34.41°, 36.26°, 47.52° and 56.62° are
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Fig. 1 XRD patterns of pure T-ZnO,, neat Cu,S and
Cu,S/T-ZnO,, prepared  with  PVP
concentrations of 0.6, 0.8, 1.0, 3.0 and 5.0 g/L, respectively

nanocomposites
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ascribed to the typical wurtzite structure of ZnO (JCPDS
card No. 36—1451). This indicates that the crystal
structure of ZnO is intact during the fabrication process.
The characteristic peaks at 26=27.86°, 32.29°, 46.31°,
54.82° correspond to the (111), (200), (220), (311)
crystal planes of neat Cu,S cubic phase (JCPDS card No.
84—1770). However, these diffraction peaks of Cu,S are
absence in the XRD patterns of Cu,S/T-ZnOy,

=20
L,

Energy/keV

nanocomposites, which may be attributed to the very low
amount of Cu,S nanoparticles loaded on the surface of
T-ZnO,,. This will be further discussed by the FESEM
test and XPS analysis.

FESEM tests were carried out to observe the
amount and morphology of Cu,S in the Cu,S/T-ZnO,,
nanocomposites. Figure 2 shows the FESEM images of
the pure T-ZnO,, and Cu,S/T-Zn0O,, nanocomposites

Fig. 2 FESEM images of pure T-ZnO,, (a) and
Cu,S/T-ZnO,, nanocomposites synthesized with
different PVP concentrations of 0.6 g/L (b), 0.8
g/L (c), 1.0 g/L (d), 3.0 g/L (e) and 5.0 g/L (f),
respectively, and EDS spectrum (g) taken from
region marked by matrix
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synthesized with the different PVP concentrations.
Figure 2(a) gives the morphology of pure T-ZnO,, for a
comparison. The length of the tetrapod arm of T-ZnO,, is
20—40 pm. Figures 2(b—f) show the morphologies of
Cu,S/T-ZnO,, nanocomposites with PVP concentrations
of 0.6, 0.8, 1.0, 3.0 and 5.0 g/L, respectively. It was
found that lots of nanoparticles were deposited on the
surface of T-ZnO,,. When the concentration of PVP was
relatively low, many little
agglomerates were obviously observed on the surface of
T-ZnO,,. Besides, with the increase of PVP concentration
from 0.8 to 3.0 g/L, the agglomerates gradually
disappeared and the nanoparticles uniformly dispersed
on the arms surface of T-ZnO,,. However, with further
increasing the amount of PVP to 5.0 g/L, the
nanoparticle amounts obviously decreased and many
nanoparticles failed to deposit on the surface of T-ZnO,,
(see Fig. 2(f)). The results can confirm that the
appropriate amount of PVP is crucial to the synthesis of
Cu,S/T-ZnO,, nanomaterials. On one hand, an
appropriate amount of PVP could efficiently prevent the
aggregation of the nanoparticles and play an important
role in obtaining monodispersed nanomaterials. On the
other hand, when the excessive amount of PVP was used,
the amount of Cu,S nanoparticle on the surface of

nanoparticles and

T-ZnO,, was reduced due to the strong absorption of PVP
which hindered the deposition of Cu,S nanoparticle on
the surface of T-ZnO,, [24,25].

In order to reveal the chemical compositions of the
nanoparticles, the area marked by a matrix in Fig. 2(b)
was analyzed by the energy dispersive X-ray
spectroscopy (EDS) and the result is shown in Fig. 2(g).
It can be seen that the elements in the nanoparticles are
Zn, O, Cu and S. These results suggest that the
nanoparticles may be composed of Cu,S and ZnO, and
the surface chemical states will be further confirmed by
XPS analysis. Moreover, the observed morphologies also
indicate that the loading amount of Cu,S nanoparticles is
small, which matches the XRD results.

3.2 Surface chemical states and FTIR studies

The XPS spectra of Cu,S/T-ZnO,, photocatalyst
synthesized with 3.0 g/L PVP are shown in Fig. 3. All
binding energy values in the XPS spectra were calibrated
according to the information of C 1s (284.6 eV). From
Fig. 3(a), Zn, O, Cu, S and C elements were observed
and there are no peaks of other elements. The presence of
C element mainly originated from the oil pump owing to
vacuum treatment. Therefore, it was concluded that the
Cu,S/T-Zn0O,, nanocomposites were composed of the
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Fig. 3 XPS patterns of Cu,S/T-ZnO,, nanocomposites prepared with 3.0 g/L PVP after the fourth recycled photocatalytic experiment:
(a) Full spectrum; (b) Spectrum for S 2p; (c¢) Spectra for Cu 2p;/, and Cu 2p;»; (d) Spectra for Cu 2psj, and Cu 2py),
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Zn, O, Cu and S elements. The binding energy of S 2p
for Cu,S/T-ZnOy, nanocomposites is 162 eV (Fig. 3(b)).
The binding energy is smaller than that of sulfur and
related compounds (S%: 164.0 eV; chemisorbed SO,:
163-165.5 eV; SO5™: 166.4 eV; SO : 168-170 eV),
which is typical for S* ions [30]. The binding energy
peaks of Cu 2ps, and Cu 2p;, for Cu,S/T-ZnO,,
nanocomposites locate at about 932.2 and 952.3 eV,
respectively, and no “shake-up” peaks are found in the
higher binding energy direction (Fig. 3(c)), which
demonstrated that the copper in the nanocomposites was
present in the +1 oxidation state (Cu) [31]. These results
further confirmed that the nanoparticles on the surface of
T-ZnO,, were composed of Cu,S crystals, agreeing with
the above-mentioned EDS results.

In order to further investigate the photostability of
the Cu,S/T-ZnO,, nanocomposites, XPS of the sample
with 3.0 g/L PVP after the fourth recycled photocatalytic
experiment is also presented in Fig. 3(d). It can be seen
that there is a “shake-up” characteristic peak at about 943
eV associated with both Cu 2p;, and Cu 2p, lines,
which is generally assigned to the +2 oxidation state
copper [31,32]. Therefore, the XPS results confirm the
phase transformation from a little Cu,S to CuS on the
face of the Cu,S/T-ZnO,, nanocomposites in MO solution
after the fourth recycled UV light experiment.

Figure 4 shows the FTIR spectra of pure T-ZnO,,
and Cu,S/T-ZnO,, nanocomposites. The characteristic
absorption peak at 504 cm™' was assigned to Zn—O
stretching vibration [33]. The absorption band at 3410
cm corresponds to the stretching vibration of the
hydroxyl, which came from the surface of pure ZnO
particles. By comparison, the absorption peak at 1380
cm ' was attributed to the stretching vibration of Cu—S
in the Cu,S/T-ZnO,, nanocomposites [34]. In addition,
the hydroxyl stretching vibration in the Cu,S/T-ZnO,,
nanocomposites disappeared, which indicates that the
Cu,S nanoparticles were strongly bonded to the surface
of T-ZnO,,. Besides, the characteristic peaks of the C=0,

Pure T-ZnOw

3410 cm™
Cu,S/T-ZnOw

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!

Fig. 4 FTIR spectra of pure T-ZnO, and Cu,S/T-ZnO,,
nanocomposites prepared with 3.0 g/L PVP

C—N and C—H groups from PVP did not appear in the
FTIR spectrum, suggesting that the organic surfactant
PVP had been removed completely from the
Cu,S/T-ZnO,, nanocomposites.

3.3 UV-Vis diffuse reflectance spectroscopy

Figure 5 shows the UV-Vis diffuse reflectance
spectra of T-ZnO,, and Cu,S/T-ZnO,, photocatalysts. It
can be seen that the optical absorption edges of the
samples prepared with 0.6, 3.0 and 5.0 g/LL PVP are
shifted towards longer wavelength located at 393, 388
and 386 nm, respectively. Besides, the diffuse
reflectance spectrum of the samples shows a long
absorption band between 400 and 800 nm, while there is
only a UV absorption edge located at about 381 nm for
T-ZnOy,. The band gap energies (E,) of the samples and
T-ZnO,, were determined to be 3.15, 3.20, 3.21 and 3.25
eV, respectively, according to the following equation,
E~1239.8/A, [35], where 4, is the wavelength of the
optical absorption edge which was obtained from the
intersection of two tangents of the absorption curve.

0.6 ¢/L PVP

3.0 g/L PVP

386 nm
5.0 g/L PVP

381 nm T-ZnOw

I H | 1 |
200 300 400 500 600 700 800
Wavelength/nm
Fig. 5 UV-Vis diffuse reflectance spectra of T-ZnO,, and
Cu,S/T-ZnO,, photocatalysts prepared with 0.6, 3.0 and 5.0 g/L
PVP, respectively

3.4 Photocatalytic property

Figure 6 shows the absorption curves of MO
aqueous solution in the presence of Cu,S/T-ZnO,,
nanocomposites synthesized with 3.0 g/L PVP.
Obviously, the absorbance peaks of MO aqueous
solution weakened with the increase of the irradiation
time, and the maximum absorbance peak located at 466
nm almost disappeared completely after UV irradiation
for 120 min, due to the demethylation and hydroxylation
of MO during the photocatalytic experiment [36].

The photocatalytic properties of Cu,S/T-ZnOy,
nanocomposites synthesized with different
concentrations of PVP were evaluated in terms of the
photodegradation efficiency of MO solution under UV
light irradiation. In the present work, the degradation
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Fig. 6 Absorption curves of MO solution in the presence of
Cu,S/T-ZnO,, synthesized with 3.0 g/L PVP under different UV

irradiation time

efficiency (Ry) is defined by the following equation [37]:
R, = So=Ce 100%
Go

where Cj is the initial concentration of MO solution and
C, is the concentration of MO solution after the
irradiation time of z. As shown in Fig. 7, the degradation
efficiency of MO solution without any photocatalyst is
less than 3% within 120 min under UV irradiation. In
other words, the single UV irradiation has a minimal
influence on the degradation of MO solution. For
comparison, the photocatalytic experiment of neat
T-ZnO,, was also introduced. The photodegradation
efficiency of MO solution with the Cu,S/T-ZnOy,
nanocomposites is higher than that of the neat T-ZnO,,
after UV irradiation for 120 min. The photocatalytic
property of Cu,S/T-ZnO,, nanocomposites increases with
the increase of PVP concentration up to 3.0 g/L.
However, with further increasing the PVP concentration

10~ =350 gL PVP

+—3.0 g/L PVP

g0k *— 1.0 g/L PVP
o—0.8 g/l PVP ,

*—0.6 g/ PVP

*—Neat T-ZnOw
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°—UV only
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Fig. 7 Photodegradation curves of MO solution in the presence
of Cu,S/T-ZnO,, nanocomposites synthesized with different
PVP concentrations

to 5.0 g/L, the degradation efficiency of MO solution
declines obviously after irradiation for 120 min. Besides,
the sample synthesized with 3.0 g/ PVP exhibits the
highest photodegradation rate (97%) in photodegradation
of MO for 120 min. In the photocatalytic experiments,
the commercial TiO, (Degussa P—25) was used as the
photocatalytic reference. It can be seen that the highest
photodegradation rate of the sample almost reached that
of P-25 after UV irradiation for 120 min in our
home-made instruments.

The photoactivity enhancement for the coupled
semiconductor/semiconductor heterostructure or metal/
semiconductor heterostructure was attributed to the
heterojuction existing in the composites, which might act
as a rapid separation site for the photogenerated electrons
and holes due to the difference in the energy level of
their conduction bands and valence bands [38—41]. For
the Cu,S/T-ZnO,, heterostructure catalyst, the enhanced
photoactivity was contributed to the many heterojuctions
existing in the coupled Cu,S/T-ZnO,, semiconductors.
When increasing the PVP concentration, the Cu,S
nanoparticles uniformly dispersed on the surface of
T-ZnO,, and thus increased the heterojuctions existing at
the interface of Cu,S and T-ZnO,,, which were beneficial
to the photoactivity enhancement. However, when an
excessive amount of PVP was used, the Cu,S amount
was reduced due to the strong absorption of PVP on the
surface of T-ZnO,,, which resulted in reducing the

amount of heterojuctions and thus reduced the
photoactivity. = Therefore, an  appropriate =~ PVP
concentration was beneficial to enhancing the
photoactivity of the Cu,S/T-ZnO,, heterostructure
catalysts.

The  photostability of the Cu,S/T-ZnO,,

photocatalyst was also studied by cycled tests of the
catalysts in fresh MO solution under UV light irradiation.
Figure 8 shows the change of photodegradation
efficiency from the first cycle to the fourth cycle using
the sample with 3.0 g/L PVP. It can be seen that the
degradation efficiency of the sample slightly drops after
every cycle, which is mainly ascribed to the phase
transformation of a little Cu,S to CuS. This agrees well
with the XPS results (Fig. 3(d)). However, the
photodegradation efficiency of the sample even after the
fourth cycle is still much higher than that of pure T-ZnO,,,
which demonstrates that the Cu,S/T-ZnO,, photocatalyst
possesses an excellent photostability.

The enhanced activity of the coupled Cu,S/T-ZnO,,
nanocomposites under UV irradiation can be interpreted
using a schematic diagram of the energy band structure
of Cu,S/T-ZnOy, heterojunction, as shown in Fig. 9. It is
reported that interparticle transfer of charge carriers
contributes to the enhanced photocatalytic efficiency of
coupled semiconductors when the energies of valence
and conduction bands properly match [42]. The



1626 WU De-zhi, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1620—1628

*—First cycle 3
+*—Second cycle

& 80f a—Third cycle
g =—Fourth cycle
5 *—Neat T-ZnOw
o O0F

b

g

.é 40 -

=

&

%D

& 20}

20 40 6|0 80 100 120
Irradiation time/min

Fig. 8 Photodegradation curves of MO solution in the presence
of Cu,S/T-ZnO,, synthesized with 3.0 g/L PVP for different
recycled experiments
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Fig. 9 Schematic representation of excitation and separation of
electrons and holes for Cu,S/T-ZnO,, heterostructure under UV
irradiation

conduction band (CB) edge of Cu,S (—4.44 eV vs
absolute vacuum scale (AVS)) is higher compared with
Zn0O (—4.19 eV vs AVS); the valence band (VB) edges
of Cu,S and ZnO are located at —3.34 eV and —0.99 eV
(vs AVS), respectively [24,43,44]. On the basis of the
different positions of their band gaps, the photoexcited
electrons can transfer from the conduction band of Cu,S
to that of ZnO, contrarily, the photoexcited holes
immigrate from the valence band of ZnO to that of Cu,S
under UV irradiation. Besides, the interface between the
Cu,S/T-ZnO,, heterostructure might act as a rapid
separation site for the photogenerated electrons and holes,
which resulted in enhancing the separation efficiency of
photogenerated electrons and holes, and thus enhanced
the photocatalytic activity in the photocatalytic process
[38,41,45,46]. The photocatalytic reactions were possibly
proposed as follows:

Cu,S/ZnO+hv—CuyS(e+h)/ZnO(e+h ) —
Cu,S(h*)/ZnO(e) (1)

et+0,—+0;y (2)

h"+OH——+OH 3)
*0, +H,0—+HO,+OH" 4)
*HO,+H,0—*H,0,+*OH &)
H,0,—2+0H (6)
*OH+MO—Oxidation products @)

Under UV light irradiation, the coupled
semiconductor catalysts were excited to generate the
electron (e)-hole (h") pairs. The photogenerated
electrons emigrated to the surface of ZnO, and the
photogenerated holes transferred to that of Cu,S. Then
the electrons reacted with the dissolved oxygen to yield
the superoxide anion radical (*O,"), which continuously
participated in the photocatalytic reaction to generate the
hydroperoxy (*HO,) and then generated the hydroxyl
radical (*OH) which was responsible for the oxidation
decomposition of methyl orange. Besides, the holes were
trapped by the surface hydroxyl to produce the hydroxyl
radical. Finally, the model pollutant (MO) was oxidized
by the hydroxyl radical in the photocatalytic process [47].
Of course, the higher hydroxyl radical content was
beneficial to enhancing the photoactivity of the
Cu,S/T-ZnO,, catalyst.

4 Conclusions

The Cu,S/T-Zn0O,, heterostructures were
successfully synthesized by a simple polyol process. The
heterostructure catalysts show much better photocatalytic
activity and photostability in photodegradation of MO
under UV light compared with the pure T-ZnOy, and the
Cu,S/T-ZnO,, heterostructure catalyst with 3.0 g/L PVP
content exhibits the optimal photocatalytic activity. In
future, the coupled Cu,S/T-ZnO,, nanocomposites may
be a new photocatalyst to be utilized in environmental
pollution control.
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