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Preparation and Photocatalytic Properties of Cu,S/Tetrapod-Like
ZnO Whisker Nanocomposites
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Abstract: Nanocomposites of tetrapod-like ZnO whisker (T-ZnOw) with loaded Cu,S were synthesized with different Cu/Zn molar ratios
with the assistant of poly(vinyl pyrrolidone) (PVP) by the polyol process. The composite samples were characterized by X-ray diffraction,
field emission scanning electron microscopy, X-ray photoelectron spectroscopy, and UV-visible diffuse reflectance spectroscopy. The
photocatalytic activities for the Cu,S/T-ZnOw nanocomposites increased with Cu/Zn molar ratio up to 4%, and then decreased with further
increase of the Cu/Zn molar ratio up to 10%. The Cu,S/T-ZnOw nanocomposites exhibited higher activity than T-ZnOw for the photocata-
lytic degradation of methyl orange. Recycling experiments were also performed. The photocatalytic activity of the photocatalyst showed no
decrease after three cycles, which demonstrated that the Cu,S/T-ZnOw photocatalyst had excellent stability.
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Semiconducting zinc oxide (ZnO) can be used for the pu- (¢)-hole (h") pairs is the major factor limiting its wide-
rification of environmental pollutants due to its optical spread use in environmental purification [10]. An improve-
properties [1-5]. The effects of its morphology on photo- ment in the separation efficiency of photogenerated elec-
catalytic property have been investigated in detail [6-9]. trons and holes in ZnO is important to solve this. The

The rapid recombination of photogenerated -electron charge separation efficiency can be enhanced by using cou-
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pled semiconductor materials with different band gap en-
ergy levels, and coupled semiconductor photocatalysts have
exhibited higher photocatalytic activities than single semi-
conductor photocatalysts. There are a number of studies on
the photocatalytic activity of ZnO coupled with a metal
oxide, e.g., SnO, [11,12], WO, [13], Fe,0;[14,15], or CdS
[16]. The coupling of different semiconductor oxides
achieves a more efficient charge separation and enhanced
photocatalytic performance by the transfer of the charge
carriers (electrons and holes) produced under irradiation
from one semiconductor to the other [17,18]. Cu,S is a
p-type semiconductor material with a bulk band gap in
range of 1.22—1.24 eV and the conduction and valence band
positions of Cu,S are above that of ZnO [19,20], which are
beneficial for the separation of photogenerated electrons and
holes.

The aim of this study is to optimize the preparation of
coupled Cu,S/T-ZnOw nanocomposites and to investigate
the role of Cu,S in enhancing the photocatalytic properties
of ZnO. Cu,S/tetrapod-like ZnO whisker (T-ZnOw) nano-
composites were synthesized by the polyol method with
different Cu/Zn molar ratios with the assistant of poly(vinyl
pyrrolidone) (PVP). The effects of Cu/Zn molar ratio on the
morphology and photocatalytic property of the Cu,S/
T-ZnOw nanocomposites are discussed.

1 Experimental
1.1 Polyol synthesis of Cu,S/T-ZnOw nanocomposites

T-ZnOw was prepared by the equilibrium gas expanding
method at 700 °C with metallic zinc as the raw material,
which was reported in detail in our previous work [21].
Cu,S/T-ZnOw nanocomposites were synthesized by the
polyol method with different Cu/Zn molar ratios (2%—10%)
using copper acetate (analytical grade), PVP, thiourea, di-
ethylene glycol (DEG), and T-ZnOw. The preparation pro-
cedure was as follows. First, a known amount of copper
acetate (0.2, 0.4, 0.6, 0.8, and 1.0 g) was added into 80 ml
of DEG with a PVP concentration of 5 g/L. The solution
was magnetically stirred for about 30 min. Then, 2 g
T-ZnOw was poured into the above solution. Subsequently,
20 ml solution of thiourea (0.005, 0.01, 0.015, 0.02, and
0.025 mol/L) was slowly dropped into the above mixed
solution. The mixed suspension was maintained at 180 °C
for 30 min. After cooling to room temperature in air, the
precipitate was separated from the solution by centrifuga-
tion, then washed with distilled water and absolute alcohol
three times, and finally dried in a vacuum oven at 60 °C for
8 h. Cu,S/T-ZnOw nanocomposites were obtained.

1.2 Characterization

The structure analysis was performed by X-ray diffrac-
tion (Panalytical X'pert PRO) with a Cu target and a mono-
chromator at 40 kV and 40 mA. Field emission scanning
electron microscopy (FE-SEM, Fei Inspect) with an accel-
erating voltage of 10 kV was conducted to analyze the
morphology of the photocatalysts. Energy dispersive X-ray
spectroscopy (EDS) attached to the FE-SEM instrument was
used to determine the chemical compositions of the sam-
ples. X-ray photoelectron spectroscopy (XPS) was per-
formed with a PHI 5600 multi-technique system with a
monochromatic Al K, X-ray source. All core level spectra
were referenced to the C ls neutral carbon peak at 284.8 eV.
UV-visible diffuse reflectance spectroscopy (UV-Vis DRS)
with a Lambda 900 UV-Vis spectrometer was performed to
analyze the optical absorption property of the samples.

1.3 Photocatalytic activity

The photocatalytic activity was evaluated by the photo-
degradation of methyl orange (MO) under UV light irradia-
tion (4 = 254 nm) at 25 °C in a homemade apparatus. First,
50 mg photocatalysts with different Cu/Zn molar ratios
were added into five beakers filled with 50 ml of MO
aqueous solution (10 mg/L). The suspensions were mag-
netically stirred in the dark for 20 min, and subsequently
irradiated by a UV-lamp at 254 nm emission wavelength.
The solution was sampled every 20 min during UV irradia-
tion to determine the degradation efficiency of MO, which
was done by measuring the absorbance at 466 nm using a
UV-Vis 2550 spectrophotometer. To further investigate the
stability of the Cu,S/T-ZnOw, recycling experiments for the
photodegradation of MO were also performed.

2 Results and discussion
2.1 Structure and surface morphology

Figure 1 shows the XRD patterns of Cu,S, T-ZnO whisk-
ers, and Cu,S/T-ZnOw nanocomposites with different
Cu/Zn molar ratios. The characteristic peaks marked by the
black circles are from the (111), (200), (220), and (311)
crystal planes of the Cu,S cubic phase (JCPDS 84-1770).
The XRD patterns of ZnO and Cu,S/T-ZnOw nanocompo-
sites exhibited the characteristic peaks for the wurtzite
structure of ZnO. This indicated the crystal structure of ZnO
was not modified during the synthesis of the nanocomposite
particles. However, the peaks of Cu,S were absent in the
Cu,S/T-ZnOw nanocomposite patterns, which may be at-
tributed to the very low amount of Cu,S on the surface of
T-ZnOw, and the characteristic diffraction peaks of ZnO
were too strong to allow seeing the diffraction peaks of
Cu,S.
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Fig. 1. XRD patterns of different samples. (1) T-ZnOw; (2) 2%

Cu,S/T-ZnOw; (3) 4% Cu,S/T-ZnOw; (4) 6% Cu,S/T-ZnOw; (5) 8%
Cu,S/T-ZnOw; (6) 10% Cu,S/T-ZnOw; (7) Cu,S.

Figure 2 shows the SEM images of T-ZnOw and
Cu,S/T-ZnOw nanocomposites. Figure 2(a) gives the sur-
face morphology of T-ZnOw with arms about 20-40 pm
long. Figure 2(b—f) shows the FE-SEM characterization of
the morphology of the Cu,S/T-ZnOw nanocomposites with
Cu/Zn molar ratio of 2%-10%. For all the Cu,S/T-ZnOw
nanocomposites, many nanoparticles were dispersed on the

-

Sum

Sum

Fig. 2. FE-SEM images of T-ZnOw and Cu,S/T-ZnOw photocata-
lysts. (a) T-ZnOw; (b) 2% Cu,S/T-ZnOw; (¢) 4% Cu,S/T-ZnOw; (d)
6% Cu,S/T-ZnOw; (e) 8% Cu,S/T-ZnOw; (f) 10% Cu,S/T-ZnOw.

surface of T-ZnOw and the number of nanoparticles in-
creased with increasing Cu/Zn molar ratio. As shown in Fig.
2(b) and (c), when the Cu/Zn molar ratio was in the range of
2%—4%, the nanoparticles were uniformly deposited on the
surface of T-ZnOw. Some nanoparticles aggregated into
microscaled agglomerates on the surface of T-ZnOw with
the further increase of the Cu/Zn molar ratio to 6%—10%
(shown in Fig. 2(d-f)).

The chemical compositions of the nanoparticles on the
surface of T-ZnOw were determined by EDS analysis. As
shown in Fig. 2(e), in an area where nanoparticles were
deposited on the surface which was marked by the white
circle, the corresponding EDS spectra included the peaks of
Zn, O, Cu, and S (shown in Fig. 3). The result showed that
the nanoparticles were composed of Cu and S. Their
chemical states were determined by XPS analysis. It is well
known that the organic surfactants can sufficiently disperse
clusters of particles to give monodispersed particles and
they have the ability to determine not only the shape but
also the size of the particles [22]. As an organic surfactant,
PVP has been reported to play an important role in the fab-
rication of nanomaterials, and it can act as a size-control
agent or shape-directing agent [23,24]. In this work, an in-
crease of Cu/Zn molar ratio also meant a decrease of the
PVP content. So, large agglomerates gradually appeared as
the Cu/Zn molar ratio increased.
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Fig. 3. EDS spectrum of 8% Cu,S/T-ZnOw.
2.2 XPSand UV-Vis DRS analysis

To further investigate the surface chemical states of the
photocatalyst, XPS analysis was performed. The XPS spec-
trum of the Cu,S/T-ZnOw photocatalyst with 4% Cu/Zn
molar ratio is shown in Fig. 4. Figure 4(a) gives the whole
spectrum of the photocatalyst, which only exhibited the
peaks of Zn, O, Cu, and S, and indicated that the photocata-
lyst was composed of Zn, O, Cu, and S species. The XPS
spectrum for Cu 2p is shown in Fig. 4(b). The binding ener-
gies of Cu 2p;, and Cu 2p;, were located at 932.3 and
952.3 eV, respectively, which is consistent with the standard
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Fig. 4. XPS profiles of the 4% Cu,S/T-ZnOw photocatalyst. (a) Full spectrum; (b) Spectrum for Cu 2p; (c) Spectra for Cu 2p after the recycling

experiment; (d) Spectrum for S 2p.

reference for the XPS spectrum of Cu’ [25,26]. In addition,
the observed “shake-up” feature associated with the Cu 2p
line located at about 942.8 eV can be assigned to the Cu®"
oxidation state [27,28]. The result demonstrated that the
surface of Cu,S was partially oxidized. The oxidized
amount calculated by XPS was 4.36%, which is relatively
low. Figure 4(c) shows the spectra of Cu 2p after the recy-
cling experiments. The characteristic “shake-up” peak of Cu
2p line showed little change after the first and second cy-
cles, which indicated that the sample was oxidized slightly
after the recycling experiment. The oxidized amounts were
also quantitatively analyzed by XPS and the oxidized per-
centages after the first and second cycles were 4.83% and
5.61%, respectively. This showed the Cu,S/T-ZnOw photo-
catalyst possessed excellent stability. Figure 4(d) shows that
the binding energy of S 2p for the photocatalyst was 162 eV,
which is lower than that of sulfur and related compounds
(8" 164.0 eV; chemisorbed SO, 163-165.5 eV; SOy
166.4 eV; SO, 168-170 eV), and corresponded to the S*
state [29]. The XPS analysis demonstrated that Cu,S
nanoparticles were successfully grown on the surface of
T-ZnOw. The growth mechanism for Cu,S nanomaterials
was probably the following [30]: Cu’" + (CH,=CHCHOH),
— Cu’ + CH,=CHCOCHOHCH=CH, + H, 2Cu" + $*" —
Cu,S. Under the experimental conditions, DEG reduced
Cu*"ion from Cu(CH;COO), to Cu’ ion and then the Cu"
ion reacted with a S*"ion to form Cu,S. DEG served as both
reducing agent and solvent in the polyol process.

The UV-Vis DRS spectra of T-ZnO whiskers and the
nanocomposites with different Cu/Zn molar ratio are shown
in Fig. 5. These revealed a change of the optical absorption
property of T-ZnOw after Cu,S nanoparticles were depos-
ited on it. The band gap energy (E,) of the samples was
determined according to the equation, £, = 1239.8/1, [3],
where 4, is the wavelength of the optical absorption edge
obtained from the intersection of the two tangents of the
absorption curve. As shown in Fig. 5, there was only a UV
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Fig. 5. UV-Vis DRS spectra of T-ZnOw (1) and Cu,S/T-ZnOw
photocatalysts with 2% (2), 4% (3), and 8% (4) Cu/Zn molar ratio.

absorption band at 381 nm (£, = 3.25 eV) for pure T-ZnOw,
which corresponded to the band gap energy of bulk ZnO.
The absorption edges of the Cu,S/T-ZnOw nanocomposites
with 2%, 4%, and 8% Cu/Zn molar ratio were shifted to
longer wavelengths of 388, 390, and 395 nm, respectively,
and the corresponding band gap energies were 3.20, 3.18,
and 3.14 eV. Moreover, the DRS spectra of the samples
showed a broad absorption band between 400 and 800 nm,
which may be attributed to the deposition of Cu,S nanopar-
ticles on the surface of T-ZnOw. The DRS result demon-
strated that the Cu,S/T-ZnOw nanocomposites have more
suitable optical absorption thresholds as compared to
T-ZnOw.

2.3 Photocatalytic activity

The photocatalytic activity was evaluated by the photo-
catalytic degradation of MO under UV light irradiation.
Figure 6 shows the absorbance spectra of the MO aqueous
solution with the 4% Cu,S/T-ZnOw photocatalyst at differ-
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Fig. 6. Absorption spectrum changes of the MO aqueous solution
with the 4% Cu,S/T-ZnOw photocatalyst.

ent irradiation time. The absorption peak of MO at 4 = 466
nm gradually decreased with irradiation time and had al-
most disappeared after being irradiated for 120 min, which
was attributed to the demethylation and hydroxylation of
MO during the photocatalytic process [7].

Figure 7(a) shows the photocatalytic degradation curves
of MO with T-ZnOw and Cu,S/T-ZnOw photocatalysts. The
photodegradation efficiency (Ry) was defined as Ry =
(Cy—C)/Cy [31], where C, is the initial concentration of MO
solution and C, is the concentration of MO solution after
irradiation time ¢. The photodegradation efficiency without
any photocatalyst after 120 min.

was negligible
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Fig. 7. Photocatalytic activity of Cu,S/T-ZnOw photocatalysts with
different Cu/Zn molar ratios (a) and the sample with Cu/Zn molar ratio
of 4% after different cycles (b).

Cu,S/T-ZnOw photocatalysts exhibited better photocatalytic
activity than T-ZnOw after 120 min. The photodegradation
efficiency increased with the increase of Cu/Zn molar ratio
up to 4%. With further increase of the Cu/Zn molar ratio,
the photodegradation efficiency decreased.

The enhanced photocatalytic activity may be ascribed to
the increased hetero-junction between Cu,S and T-ZnOw in
the coupled Cu,S/T-ZnOw photocatalysts [32]. For the cou-
pled Cu,S/T-ZnOw photocatalyst with different Cu/Zn mo-
lar ratios, since the yield increased with Cu/Zn molar ratio,
it is reasonable to deduce that the amount of hetero-junction
increased as well [2,32]. However, further increase of
Cu/Zn molar ratio to 6%—10% resulted in the formation of
agglomerates of Cu,S nanoparticles and subsequently re-
duced the number of hetero-junctions between Cu,S and
T-ZnOw. As a result, the sample with 4% Cu/Zn molar ratio
exhibited the highest photodegradation activity with a deg-
radation rate of MO of 87% under UV irradiation for 120
min. To further investigate the stability of the catalyst, recy-
cling experiments for degrading MO under UV light irradia-
tion were performed. Figure 7(b) shows the change of
photodegradation efficiency from the first cycle to the third
cycle using 4% Cu/Zn molar ratio. The photocatalytic activ-
ity of the sample did not decline after the third cycle, which
demonstrated that the photocatalyst possessed excellent
stability.

It is well known that the hydroxyl radical (*OH) gener-
ated in the photocatalytic process is an extremely strong and
non-selective oxidizing agent (E° = + 3.06 V) of organic
chemicals [33,34]. Figure 8 shows the concentration of *OH
determined by the reaction between *OH and Fe(phen),”*
for Cu,S/T-ZnOw photocatalyst [35]. As shown in Fig. 8,
during the first 20 min, little *OH was generated in the solu-
tion and the differences in *OH concentration of the samples
were relatively small, so there was little difference in the
photocatalytic activity of the samples. With increasing irra-
diation time (60 and 120 min), more *OH was generated and

25
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o [
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Fig. 8. The *OH concentrations in the MO aqueous solution under
different UV irradiation time in the presence of the samples prepared
with 4%, 6%, and 8% Cu/Zn molar ratio, respectively.
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the differences in *OH concentration among the samples
became larger. In particular, the concentration of *OH in the
solution with the sample with 4% Cu/Zn molar ratio was
higher than that of the other samples (6% and 8% Cu/Zn
molar ratio), which resulted in a clear difference in the
photocatalytic properties of the samples.

In summary, hydroxyl radicals play an important role in the
photocatalytic process and react with adsorbed MO mole-
cules to oxidatively decomposed them [36]. The photocata-
lyst with Cu/Zn molar ratio of 4% had the best activity.
With the further increase of the Cu/Zn molar ratio, the
photocatalytic activity decreased, which was because more
Cu,S agglomerates were formed on the surface of T-ZnOw.
Cu,S agglomerates act as recombination centers for photo-
generated electrons and holes and resulted in a lower
photocatalytic activity of Cu,S/T-ZnOw.

3 Conclusions

Cu,S/T-ZnOw nanocomposites were successfully synthe-
sized by the polyol process using DEG as both reducing
agent and solvent. The Cu,S/T-ZnOw nanocomposites gave
better optical absorption performance than T-ZnOw. The
photocatalytic degradation of methyl orange revealed that
the catalysts were more active than T-ZnOw. The enhanced
photocatalytic activity was ascribed to increased het-
ero-junctions between Cu,S and T-ZnOw in the coupled
Cu,S/T-ZnOw photocatalysts, which enhanced the separa-
tion of photogenerated electrons and holes and the photo-
catalyst has good potential application for environmental
purification.
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