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potential applications in photocatalytic 
activities, especially in photodegradation 
of organic pollutants and hydrogen pro-
duction through water splitting. [ 6 ]  

 Therefore, in the past few decades, 
great efforts have been steadily spent to 
develop ZnS nanostructures, aiming to 
enhance their photocatalytic performance 
via specifi c surface enlargement and 
effective charge seperation. For example, 
Zhang et al. [ 7 ]  reported the preparation 
of ZnS nano-architectures composed of 
interwoven nanosheets which show a 
complete degradative process of Eosin 
B within 60 min. Qian et al. [ 6a ]  tuned the 
morphology and size of ZnS nanoparti-
cles (NPs) by varying the reaction time 
and volume ratio of mixed solutions to 
improve the photocatalytic performance. 
Besides, Mohammadikish et al. [ 8 ]  pro-
posed a hydrothermal route for prepara-
tion of solid and hollow ZnS nanostruc-
tures through adjusting the amount of the 
source of sulfur. However, the majority of 
the reported ZnS photocatalysts still suffer 
from a relatively low photodecomposition 

effi ciency, because of the fairly large band gap of ZnS (≈3.7 eV 
at 300 K), which leads to ineffi cient use of solar energy. [ 9 ]  In 
addition, the high-cost and complicated preparation routes also 
put an impediment in the way of applying ZnS catalysts. 

 A promising approach to improve the photocatalytic activi-
ties is to exploit well-defi ned heterostructures. It has been dem-
onstrated that dual semiconductor nanocomposites (NCs) often 
exhibit superior properities or new features compared with the 
individual constituent alone, due to the coupling effects that 
can induce signifi cant enhancement in a few areas, including 
charge seperation, transportation and prolonged lifetime of 
charge carriers. [ 10 ]  Likewise, the matching of band gaps between 
the two components of the semiconductor NCs, such as CdS/
ZnS, [ 11 ]  CdSe/ZnS, [ 12 ]  CdSe/CdS, [ 13 ]  and ZnO/ZnS, [ 14 ]  has been 
critically concerned to improve the charge transfer effi ciency. 
With a band gap energy of ≈2.4 eV at 300 K, CdS plays a sig-
nifi cant role in the photocatalytic fi eld resulting from the well-
matched photoresponse region of sunlight, relatively low func-
tion, excellent transportation, and high electronic mobility. [ 15 ]  
For example, Zhan et al. [ 16 ]  synthesized one-dimensional 
CdS/ZnS core–shell NCs via a two-step solvothermal method. 
The reported CdS/ZnS sample exhibited a double photocata-
lytic rate as that of pure CdS nanowires in the degradation of 
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  1.     Introduction 

 Semiconductor nanomaterials have attracted worldwide atten-
tion due to their unique optoelectronic properties suitable for 
applications in gas sensors, UV detectors, photovoltaic devices, 
and photocatalysis. [ 1–3 ]  Particularly, metal sulfi de semiconduc-
tors, such as ZnS, [ 4 ]  have been the focus of scientifi c research 
in recent years because of its versatile fundamental properties 
for diverse applications. [ 5 ]  Morever, with the growing concerns 
over environmental pollution, the importance of such inor-
ganic nanomaterials has been increasingly noticed due to their 
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Methylene Blue under visible light. Lin et al. [ 17 ]  developed a 
unique route for the growth of coaxial CdS/ZnS nanowires 
by a one-step metal-organic chemical deposition method and 
noticed the great rise in photoluminescence (PL) intensity of 
the coaxial nanowires, relative to that of each component. Liu 
et al. [ 18 ]  reported the preparation of urchin-like micro-scaled 
ZnS/CdS composites by combining a solvothermal route with 
the precipitation process and observed that 80% degradation of 
Rhodamine B could be achieved within 75 min. On the other 
hand, the counterparts of CdS/ZnS NCs, namely the ZnS/CdS 
NCs, are yet to be studied commensurately. In fact, the devel-
opment of new heterostructures still remains a challenge for 
scientifi c research in terms of several critical factors, such as 
the comportable lattice interface, the enhancement of total acti-
vation site, and the facile preparation. [ 9 ]  

 In this study, we propose a straightfoward method to syn-
thesize spherical ZnS/CdS NCs via a two-step solution-phase 
route. To the best of our knowledge, it is the fi rst systematical 
report of the successful preparation of monodisperse zero-
dimensional ZnS/CdS NCs with high productivity. More impor-
tantly, the as-obtained products exhibit great enhancement of 
photodegradation effi ciency and PL intensity with respect to the 
individual constituents due to the effective separation of photo-
generated electrons and holes. [ 19 ]  Tunable synthesis of various 
ZnS cores is also investigated in this work, and monodisperse 
ZnS nanoparticles (NPs) with different sizes and surface rough-
ness can be obtained by altering the S source quantity in the 
aqueous solution. Afterwards, the as-acquired ZnS cores are 
decorated with tiny CdS NPs through a simple chemical precip-
itation process. The photocatalytic effi ciency of the CdS-func-
tionalised ZnS catalysts towards Rhodamine B is about three 
times as much as that of pure ZnS cores. This straightforward 
and low-cost method provides the fl exibility of synthesizing 
and testing a wide spectrum of different NCs ratios at very low 
cost and high throughput rate, and thus would greatly enable 
researchers to investigate and optimize the dual-semiconductor 
material system and accelerating the translation into applica-
tions in photocatalysts, and other photovoltaic devices.  

  2.     Results and Discussions 

  2.1.     Structure and Morphology Analysis 

  2.1.1.     ZnS Nanoparticles 

 To verify the purity and crystallinity of the ZnS NPs prepared at 
different starting ratios of Zn source to S source, we performed 
an X-ray diffraction on the synthesized samples.  Figure    1   shows 
the X-ray diffraction (XRD) patterns of ZnS nanoparticles (NPs) 
prepared at different molar ratios of the Zn source (Zn(AC) 2 ) 
against the S source (CH 3 CSNH 2 ,   TAA) with the assistance of 
surfactant PVP at 100 °C for 2 h. All the diffraction peaks of 
ZnS NPs can be indexed as blende ZnS (cubic β-ZnS structure) 
with lattice constants of a = 5.345 Å (JCPDS Card No. 80–0020). 
No other peaks of impurities were observed, suggesting the 
high purity of the as-synthesized products. As can be seen from 
Figure  1 , when increasing the amount of TAA within a cer-
tain range, the crystallinity of as-obtained ZnS also increased. 
In particular, the ZnS sample prepared at the starting ratio of 

C Zn(Ac)2 :C TAA  = 1:10 displayed the highest crystallinity, on which 
the following study was focused. Moreover, it’s noticeable that 
the peaks gradually narrowed with the increase in S souce, 
indicating that average crystallite sizes were growing larger 
according to Scherrer’s Equation below:

 cos
D

Kλ
β θ

=
 
 

 

 where  D  is the mean diameter of the crystallite,  K  is a constant 
related to the dimensionless shape (where k = 0.89 in this case), 
 λ  is the wavelength of X-ray (where Cu Kα = 0.154178 nm),  β  
is the full width half maximum of the intensity (FWHM), and  θ  
is the corresponding Bragg angle. The results are summarized in 
 Table    1  , and it is clear to see that crystals tended to grow 
bigger at higher concentration of TAA, which is ascribed to the 
increasing release rate of S 2− . As smaller crystallinites might 
induce more crystal lattice imperfections, such as dislocations 
and stacking faults, [ 20 ]  the ZnS samples prepared at lower level 
of TAA display poorer crystallinity.   

 The morphology and structure of the as-synthesized ZnS 
NPs were investigated using fi eld-emission scanning electron 
microscopy (FESEM) and transmission electron microscopy 
(TEM). As depicted in the SEM images of  Figure    2  , the coarse 
surface indicates that ZnS NPs were formed of self-aggregated 
tiny ZnS NPs, driven by electrostatic gravitation and surface 
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 Figure 1.    XRD patterns of pure ZnS NPs obtained at different molar 
ratios of Zn(Ac) 2  to TAA: 1:1, 1:5, 1:10, 1:17 (as indicated), with the reac-
tion time of 2 h at 100 °C.

  Table 1.    Comparison of average crystallite sizes of pure ZnS NPs 
obtained at different molar ratios of Zn(Ac) 2  to TAA, 1:1, 1:5, 1:10, and 
1:17, respectively, from the XRD patterns.  

Sample β [°] (FWHM) (1 1 1) Mean crystal size 
[nm]

ZnS (1:1) 3.108 ≈2.89

ZnS (1:5) 2.767 ≈3.25

ZnS (1:10) 1.860 ≈4.83

ZnS (1:17) 2.036 ≈4.41
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energy minimization. [ 21 ]  It is also noticed that the ZnS samples 
prepared with the assistance of surfactant PVP were uniform 
and well-dispersed in spite of the different starting ratios of the 
Zn source against the S source. Interestingly, the surface mor-
phology of ZnS NPs became rougher with the increase in the S 
source. The increasing crystal sizes along with the S quantity as 
discussed in XRD pattern were responsible for the coarsening 
process. Moreover, the mean sizes of ZnS NPs were slightly 
varied, reaching a noticeable difference at the starting ratio of 

C Zn(Ac)2 :C TAA  =  1:17, which is attributed to the restraint effect 
caused by excess TAA absorbed on the surface of ZnS NPs. [ 15 ]   

 The corresponding TEM images in  Figure    3   further con-
fi rm that the spherical structures of ZnS were assemblies of 
numerous tiny particles. A closer examination of the edges of 
the products suggests a tendency for coarseness, which is con-
sistent with the result above. To further investigate the effect 
of size differences, the particle size distributions were obtained 
from TEM images of more than 500 representative nanoparti-
cles for each sample with microscopic measurement. As can 
be seen from the insets of Figure  3 , the narrow distribution of 
particle sizes suggests the uniformity of the as-prepared ZnS 
samples. It is also noticed that, as the starting ratios of Zn(Ac) 2  
to TAA increased, the average diameters of ZnS NPs gradu-
ally decreased, indicating the important role TAA played in 
the formation process of ZnS NPs. In fact, TAA hydrolyzed in 
aqueous solution and released S 2−  by breaking the C = S bonds 
during the strong interaction with the nucleophilic O atoms of 
H 2 O. [ 22 ]  As higher levels of TAA facilitated the release rate of 
S 2− , larger crystals could be formed and then assembled into 
NPs with rougher surfaces. [ 8 ]  However, a certain excess of TAA 
may restrain the further growth of ZnS NPs, [ 15 ]  leading to the 
obvious reduction in size, as displayed in Figure  3 D.   

  2.1.2.     ZnS–CdS Nanocomposites 

 As shown in  Figure    4  , the ZnS–CdS nanocomposites (NCs) 
exhibit signifi cantly different features in the XRD pattern, 
compared with pure ZnS NPs, with three new peaks at 26.53°, 
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 Figure 2.    SEM images of pure ZnS NPs synthesized at different molar 
ratios of Zn(Ac) 2  to TAA at 100 °C for 2 h: A)1:1, B)1:5, C)1:10, and 
D)1:17, respectively.

 Figure 3.    TEM images of pure ZnS NPs synthesized at different molar ratios of Zn(Ac) 2  to TAA at 100°C for 2 h: A) 1:1, B) 1:5, C) 1:10, and D) 1:17, 
respectively. The inset of each image shows the corresponding particle size distribution.
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44.01° and 52.08°, which can be easily indexed to cubic CdS 
structure (JCPDS Card No. 75–1546). One can notice that the 
bottom XRD pattern was composed of two sets of diffraction 
peaks (Cubic ZnS and Cubic CdS), which indicates the suc-
cessful decoration of tiny CdS nanoparticles onto ZnS cores. 
No other characteristic peaks of impurities are observed, dem-
onstrating the high quality of as-synthesized products. Besides, 
it is observed that the peak intensity of ZnS–CdS was weaker 
than that of pure ZnS, resulting from the shield of CdS layer 
against the incoming X-ray. [ 23 ]   

 After the attachment of tiny CdS NPs, the white powder 
turned bright yellow. The SEM images of ZnS NPs and ZnS–
CdS NCs are depicted in  Figure    5  A,B. Both the ZnS NPs 
before and after coating were uniform, except for the differ-
ence in surface roughness. In contrast to the spherical ZnS 
NPs, the fl ower-like appearances of ZnS–CdS NCs indicate 
the successful assemblies of tiny CdS NPs onto the surface of 
ZnS cores (as shown in the inset of Figure  5 B). Further inves-
tigations of structure and morphology have been performed 
through TEM and HRTEM, as discussed below.  

 In comparison, it is evident that ZnS NPs were decorated with 
a new layer, judging from the contrast of brightness between 
the inner and exterior layer of the NPs, as displayed in the TEM 
images of ZnS NPs and ZnS–CdS NCs in  Figure    6  B,E. The slight 

increase in particle sizes, calculated from the statistics collected 
in the inset of Figure  6 A,D, further implies the formation of tiny 
CdS NPs onto ZnS cores, which can be more distinctly recog-
nised in Figure  6 C,F. The successful attachment of CdS NPs of 
8–10 nm caused the surfaces of the as-formed NCs to roughen. 
With a careful observation of Figure  6 C, the lattice constant of 
the ZnS NPs was affi rmed to be about 0.302 nm, which corre-
sponded to the (111) plane of bulk blende ZnS. The HRTEM 
image of tiny CdS NPs (Figure  6 F) shows 0.331 nm and 0.213 nm 
interlayer lattice spacings, where the CdS phase matched well 
with the (111) and (220) planes of bulk cubic CdS. The crystal 
structure consistent with the XRD patterns indicates the poly-
crystalline nature of the as-formed ZnS–CdS NCs. The oriented 
self-assembly growth mechanism based on aggregation was thus 
further verifi ed by these measurements and observations.    

  2.2.     Consitutent Study 

 A detailed chemical analysis of ZnS and ZnS–CdS samples was 
carried out through elemental mappings and EDS measurement. 
 Figure    7  A depicts a typical TEM image of pure ZnS NPs. Mean-
while, the corresponding EDS mappings in Figure  7 B,C demon-
strates the distribution of the constituting elements, S and Zn, 
revealing the homogeneity across the particles. The EDS spectra 
in Figure  7 D agrees with the results of the elemental mappings. 
While the intense signals of C and Cu came from the copper 
tent substrate, no other elements of impurities were detected, 
suggesting the high quality of the as-synthesized products.  

  Figure    8  A shows a typical TEM image of the ZnS–CdS NCs 
and Figure  8 B–D illustrates the distribution of the elements, 
S, Zn, and Cd. The loose and uniform distribution of element 
Cd, as displayed in Figure  8 D, demonstrates that tiny CdS NPs 
spread discretely and uniformly on the surfaces of ZnS NPs. 
The expected characteristics of the constituents were in accord-
ance with the results from EDS spectra in Figure  8 E. However, 
the element O came from the partial oxidation of ZnS–CdS by 
the oxygen in air. [ 14 ]    

  2.3.     Growth Mechanism 

 The growth mechanism of ZnS NPs and ZnS-CdS NCs is illus-
trated in  Scheme 1   . For the fi rst part of this experiment, PVP 

played an indispensable role in the formation 
of ZnS NPs and the narrow distribution of 
NPs, whereas only fl occus was observed in 
the absence of surfactant PVP. The capping 
agent PVP, with a structure of polyvinyl skel-
eton, served two roles in the reaction process: 
a) it prevented the further growth of parti-
cles by creating the passivation layer around 
ZnS cores through the strong interaction 
with Zn 2+  and O, N atoms of the pyrrolidon 
ring; [ 22,24 ]  b) it prohibited the agglomeration 
of ZnS NPs through the nature of the repul-
sive forces among the polyvinyl groups. [ 6,25 ]  
The morphology and size of ZnS samples 
could be easily attuned by adjusting the initial 
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 Figure 4.    XRD patterns of the pure ZnS NPs, synthesized at the molar 
ratio of Zn(Ac) 2 : TAA = 1:10, and the ZnS–CdS NCs.

 Figure 5.    SEM images of A) the pure ZnS NPs, synthesized at the molar ratio of Zn(Ac) 2 :TAA 
= 1:10, and B) ZnS–CdS NCs.
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concentration of TAA. For example, when the starting ratio of 
Zn(AC) 2  to TAA was increased from 1:1 to 1:5 or 1:10, the sur-
face morphology turned rougher despite the size similarities. 
However, when the amount of TAA reached a certain level, for 
example, the starting ratio of Zn(AC) 2  to TAA being 1:17, ZnS 
NPs with a remarkably reduced size could be obtained. The 
reaction mechanism was proposed as follows. H 2 S would be 

released from TAA in the aqueous solution 
when heated to 100 °C. Then Zn 2+  ions would 
react with S 2−  ions to form ZnS tiny nanocrys-
tals. Higher concentration of TAA which 
favored prompt release of H 2 S contributed to 
the faster nucleation and growth of ZnS crys-
tals, during which the crystal grains of larger 
sizes were more likely to be produced. [ 26 ]  To 
minimize the surface energy, these nanocrys-
tals then self assembled steadily into spherical 
structures via the oriented self-aggregation. [ 21 ]  
As a result, the ZnS NPs composed of bigger 
crystal grains revealed greater coarseness. 
With regard to the extremely large excess of 
TAA, as of the case of C Zn(AC)2 :C TAA  = 1:17, it 
was the tradeoff effect between the Zn 2+  ions 
on the surface of the synthesized NCs and the 
redundant TAA that restrained the sizes of 
ZnS NPs. [ 8 ]  

 For the coating of ZnS cores, Cd 2+  ions 
would attach to the surface of ZnS NPs spon-
taneously through electrostatic attraction, as 
the surface charge of ZnS NPs was negative 
in aquatic solutions according to ú-potential 
measurement, which was consistent with the 
result in Wang’s work. [ 27 ]  Therefore, the ZnS 
NPs acted as the centers for lateral deposi-
tion of tiny CdS NPs after the introduction 
of S 2−  ions into the system. [ 28 ]  Subsequently, 
the high-productivity ZnS NPs modifi ed with 
tiny CdS NPs could be obtained through the 
nucleation and growth process. The detailed 
reaction processes were described in the fol-

lowing chemical equations. [ 18 ] 

 CH CSNH + 2H O H S + CH COOH + NH3 2 2 2 3 3→   (1)  

   Zn + S ZnS2+ 2 →−
  (2)  
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 Figure 6.    A,B) TEM images and C) HRTEM image of pure ZnS NPs synthesized at the molar ratio of Zn(Ac) 2 :TAA = 1:10; D,E) TEM images and 
F) HRTEM image of ZnS–CdS NCs. The inset of (A,C) reveals the corresponding particle size distribution.

 Figure 7.    A) Typical TEM image of pure ZnS NPs synthesized at the molar ratio of Zn(Ac) 2 :TAA 
= 1:10; B,C) The elemental maps of S and Zn revealing well-defi ned constituent distributions 
within the nanoparticle; D) The corresponding EDS spectra of ZnS NPs.
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 CH CSNH + 2H O H S + CH COOH + NH3 2 2 2 3 3→   (3)  

   Cd + S CdS2+ 2 →−
  (4)    

  2.4.     Optical Properties 

 The UV–Vis spectrums of the as-prepared ZnS NPs at different 
levels of TAA and ZnS–CdS NCs are shown in  Figure    9  A. 

A broad absorption peak centered at about 
234 nm and a shoulder peak at 347 nm were 
observed of all the ZnS samples, revealing a 
great blue shift in contrast to the bulk ZnS 
due to quantum size effect. [ 21 ]  A fair enhance-
ment of the photo-absorption intensity of 
the ZnS NPs in the range of 200–350 nm 
could be noticed with the increase of TAA 
concentration. However, after being deco-
rated with tiny CdS NPs, there occurred a 
slight red shift of absorption peaks com-
pared with the pure ZnS products. There 
were 3 possible reasons responsible for 
phenomenon: a) The delocalization of the 
electronic wave function resulting from the 
indirect spatial nature of excition and large 
transition energy variations after the attach-
ment of CdS; [ 29 ]  b) The decreased potential 
well effect caused by the relatively lower 
band gap of CdS; [ 30 ]  c) The extended photo-
response range, which came from CdS with 
the bandgap of 2.4 eV, accounted for the red 
shift as well. [ 31 ]  These above mentioned sub-
jects are prone to have an effect on the elec-
tronic states and absorption properties. [ 19 ]  
Moreover, it is noticeable that the absorption 
intensity of the ZnS–CdS NCs was greatly 
promoted after the deposition of tiny CdS 
NPs.  

 The photoluminescence (PL) intensities 
of the products under the excitation light 
of 290 nm are displayed in Figure  9 B. It is 
obvious that all the curves had almost the 
same PL band positions, including a rela-
tively strong one centered at 467 nm and 
a weaker one centered at about 390 nm. 
Similar to the previously reported result, the 
broad violet emission centered around 380–
400 nm came from the interstitial Zn defects 
or dislocations. [ 30 ]  The stable and relatively 
strong blue emission peak at 467 nm may 
be ascribed to the luminescence originated 
from the sulfur vacancies. [ 32 ]  Since the donor 
states produced by sulfur vacancies is lower 
than conduction band, there exerts a poten-
tial in the localized charge. Thus, the elec-
trons tend to migrate from sulfur vacancies 
to the conduction band during the excita-
tion process. Whenever a captured electron 
recombines with a hole in the interstitial 

sulfur states instead of the valance band, there may occur the 
blue emission at about 480nm. [ 32 ]  When comparing ZnS–CdS 
NCs with pure ZnS samples, it appears that the CdS played 
an important role in the PL intensity rather than peak posi-
tion. There was no signifi cant PL peak from CdS, which may 
be ascribed to the relatively small amount of CdS in the NCs. 
Interestingly, the PL intensity of ZnS–CdS NCs was drasti-
cally improved when measured under the same conditions. 
Two explanations were proposed for the enhancement of PL 
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 Figure 8.    A) Typical TEM image of ZnS–CdS NCs; B–D) The elemental maps of S, Zn, and Cd 
revealing well-defi ned constituent distributions within the nanocomposite; E) The EDS spectra 
of ZnS–CdS NCs.



FU
LL P

A
P
ER

451wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

intensity after the attachment of tiny CdS NPs: a) Owning 
to the band-gap structure of ZnS and CdS, the tunneling of 
charge carriers might be suppressed by the CdS, which meant 
more photogenerated electrons and holes would be trapped 
inside the ZnS cores, resulting in the enhancement of radia-
tive transitions; [ 23 ]  b) After the attachment of CdS particles, the 
number of electron capture centers on the surface of ZnS NPs 
would be greatly reduced, which also prompted the increase of 
PL intensity. [ 23  ,  34 ]  However, the detailed optical properties for 
the ZnS series are yet to be further investigated.  

  2.5.     Photocatalytic Activity 

 To understand the potential applications of as-prepared ZnS 
NPs and ZnS–CdS NCs, the photocatalytic performances of 
as-obtained samples were evaluated by degrading Rhodamine 
B (RhB, initial concentration: 20 mg/L) under UV light (100 
W) for a given time.  Figure    10   indicates the decrease of the 
main absorption peak intensity of RhB in the presence of 
various ZnS catalysts. ( C  0  –C )/ C  0  stands for the degradation 
rate of organic dyes, where  C  is the concentration of RhB at 
each irradiated time, and  C  0  is the initial concentration when 
adsorption–desorption equilibrium is achieved. Interestingly, 
ZnS NPs prepared at the starting ratio of C Zn(Ac)2 :C TAA  = 1:1 

displayed a poor photocatalytic activity, while 
the degradation rate was greatly improved 
with the increase of the initial TAA level, as 
shown in Figure  10 D. After being exposed 
to the UV light for 60 min, 81% of RhB was 
decomposed with the assistance of the ZnS 
NPs catalyst prepared at the starting ratio 
of C Zn(Ac)2 :C TAA  = 1:10. Meanwhile, it only 
reached 22%, 36% and 45% at the starting 
ratios of 1:1, 1:5, 1:17, respectively. The dif-
ferences in photoactivity among the ZnS 
samples could be ascribed to two crucial fac-
tors. Firstly, the increased specifi c surface 
area induced by surface coarseness when 
the TAA amount was raised, as discussed 
before, created new surface facets, which 
served as reaction centers. [ 35,36 ]  Secondly, 

the enhanced crystallinity with the increase of the S source, as 
depicted in XRD patterns of Figure  1 , favored effective separa-
tions of photogenerated electrons and holes through reducing 
lattices defects which acted as the recombination centers for 
charge carriers. [ 5,20 ]  However, as for the ZnS sample with the 
ratio of 1:17, despite the reduced sizes, the defects brought 
about by the large excess of TAA might hinder the charge 
transport, resulting in the relatively weak photocatalytic per-
formance. Therefore, the ensuing work was focused on the 
ZnS NPs samples with the ratio of 1:10 which showed the 
highest photodegradation rate.  

 Further comparison of the photocatalytic activities of pure 
ZnS NPs and ZnS–CdS NCs is shown in  Figure    11  . It is evident 
that the ZnS–CdS NCs exhibited higher photocatalytic activi-
ties than pure ZnS NPs. Quantitatively, up to 50% RhB was 
decomposed within 10 min in the presence of the ZnS–CdS 
catalysts, about three times as much as that decomposed by 
pure ZnS NPs, and twice as much as that decomposed by pure 
CdS NPs synthesized under the previously reported strategy 
by Yang et al. [ 35 ]  After all, it only took 30 min, for ZnS–CdS 
NCs, to degrade 92% RhB, much faster than the commercial 
ZnS powder. With a closer observation, a fair blue shift in the 
photodegradation process of RhB in Figure  11 B was revealed 
of the ZnS–CdS NCs, while no obvious change occurred of 
pure ZnS samples. Indeed, the photocatalytic decomposition 

of RhB was a complicated process involving 
N-demethylation and the destruction of the 
conjugated structure. [ 37 ]  The diminishing of 
absorption peak at 500 nm came from the 
direct degradation of chromophoric groups 
in RhB into small organic molecules, or CO 2  
and H 2 O, while the blue shift was related 
to the formation of de-ethylated RhB mol-
ecules. [ 36 ]  Therefore, after the degradation 
process, the RhB turned transparent for the 
ZnS samples and light yellow for the ZnS–
CdS nanoscomposites, respectively. To fur-
ther understand the above results,  Scheme    2   
was employed to depict the photodegradation 
process in the presence of ZnS–CdS NCs 
towards RhB. There was no obvious potential 
barrier existing at the interface of ZnS–CdS, 
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 Figure 9.    A) UV–Vis spectrum and B) room-temperature PL spectrum of the ZnS NPs synthe-
sized at different molar ratios of Zn(Ac) 2  to TAA, 1:1, 1:5, 1:10, and 1:17, respectively, and the 
ZnS–CdS NCs (as indicated).

 Scheme 1.    Schematic illustration of growth mechanism of the ZnS–CdS NCs.
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as the discrete CdS layer was too thin to afford an interfacial 
depletion layer. Therefore, the photogenerated electrons could 
migrate easily from CdS to ZnS by means of ballistic diffu-
sion. [ 38 ]  When exposed to UV light, the electrons in the valence 
band (VB) of semiconductors could be excited to the conduc-
tion band (CB), while the same amount of holes remained in 
the VB, which was applicable for both ZnS and CdS here. How-
ever, the photogenerated electrons in the CB of CdS would dif-
fuse into the CB of ZnS to achieve a balance in Fermi energy 
level equilibration due to the higher electron affi nity of CdS. [ 9,39 ]  
Meanwhile, driven by potential energy, the photogenerated 
holes transferred from the VB of ZnS to that of CdS, during 
which more active charges would participate in the degradation 
process as a result of better charge separation and prolonged 
lifetime for photogenerated electrons and holes. [ 40,41 ]  After-
wards, the holes localized in the VB of CdS would react with 
OH −  to form powerful oxidant hydroxy radicals ·OH, which 
would decompose the organic dye. The electrons left in the CB 
of ZnS would reduce the O 2  absorbed on the surface into super-
oxide anion radicals O 2− , which in turn produced ·OH. [ 16,33,42 ]  
In this manner, the photocatalytic performance of ZnS NPs was 
signifi cantly enhanced by the surface modifi cation with tiny 
CdS NPs.      

  3.     Conclusion 

 A facile two-step solution-phase route to synthesize highly 
uniform colloidal ZnS–CdS NCs is proposed in this paper. 
The successful attachment of tiny CdS NPs onto the surface 
of ZnS NPs, which can be obtained in aqueous solutions, 
greatly enhances the photodegradation activities compared 
with pure ZnS NPs. The coupling effect of ZnS–CdS NCs 
is also investigated through PL spectra which also shows a 
remarkable improvement relative to plain ZnS NPs. Further-
more, it is noticed that the surface roughness and particle 
sizes of ZnS NPs can be tuned by adjusting the proportion of 
the S source via the aqueous solution method. Especially, the 
ZnS NPs prepared at the starting ratio of Zn(AC) 2  to TAA = 
1:10 exhibit higher photocatalytic activities than any other as-
synthesized ZnS samples and commerical ZnS powers. The 
strategy presented in our work is expected to offer exciting 
opportunities not only for fundamental growth mechnism of 
nanostructures, but also for the design of new heterostructured 
semiconductor hybrids, such as ZnS/CuS and ZnS/CdSe. 
Moreover, the excellent photocatalytic performance of ZnS–
CdS NCs indicates the great application potentials in photoca-
talysis and optoelectronics.  
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  4.     Experimental Section 
  Preparation of ZnS NPs : All chemicals, purchased from Sinopharm 

Chemical Reagent Corp, were of analytical reagent grade and directly 
used without any further treatment. In a typical procedure which is 
similar to Zhang’s work, [ 21 ]  Zn(COOH) 2  (Zn(AC) 2,  4 mmol, 0.732 g) and 
surfactant PVP (2 g) were dissolved in 400 ml of de-ionized water and 
stirred up for 15 min to form a clear solution. Meanwhile, CH 3 CSNH 2  
(TAA, 4 mmol, 0.3 g) was added into a glass beaker containing 200 ml 
of de-ionized water and stirred for 15 min before added into the clear 
solution of Zn(AC) 2  and PVP. Subsequently, the conical fl ask containing 
the mixtured solution was kept in an oil bath at 100 °C for 2 h under 
continuously stirring and cooled down naturally to room temperature. 
Then the products were collected by centrifugation and washed with 
distilled water and absolute ethanol for several times. The fi nal products 
were dried in a vacuum oven at 60 °C for 3 h. Different ZnS NPs were 
obtained by adjusting the starting ratio of C Zn(Ac)2 :C TAA  to 1:5, 1:10 
and 1:17, respectively. The ZnS samples which were prepared at the 
C Zn(Ac)2 :C TAA  = 1:10 were selected for further experiment. 

  Preparation of ZnS–CdS NCs : Inspired by Liu’s work, [ 18 ]  the 
as-synthesized ZnS NPs (1 mmol) and Cd(NO 3 ) 2 ·4H 2 O (1 mmol) were 
dissolved in 50 mL of de-ionized water to form a clear solution, followed 
by the addition of TAA (1 mmol). Afterwards, the mixture was stirred up 
for 30 min and transferred to a conical fl ask. It was kept in an oil bath at 
80 °C for 1 h under vigorously stirring and then cooled down naturally to 
room temperature. After being washed with distilled water and absolute 
ethanol for several times, the yellow precipitates were obtained and 
subsequently dried in a vacuum oven at 60 °C for 3 h. 

  Preparation of CdS NCs : For comparison, the pure CdS NCs with 
the similar sizes of ZnS NPs were prepared using Yang's method. [ 35 ]  
Cd(NO 3 ) 2 ·4H 2 O (2 mmol, 0.62 g) and PVP (2 g) were dissolved in 
the mixed solvent of ethanol/H 2 O (v:v = 2:3) and stirred for 30 min. 
Meanwhile, 0.75 g TAA was dissolved in the same solvent (100 mL) 
and added into the former solution. Afterwards, NH 3 ·H 2 O (v:v = 1:1) 
was added dropwise into the solution. After being incubated at room 
temperature for 1 h, the yellow precipitates were centrifuged and washed 
with distilled water and absolute ethanol for several times. The fi nal 
products were dried in a vacuum oven at 60 °C for 3 h. 

  Photocatalytic Performance Measurement : The photocatalytic 
performance was evaluated through the decomposition of RhB 
(Rhodamine B, 50 ml, 20 mg/L) under ultraviolet irradiation (100 w) 
at room temperature in the presence of photocatalyst (100 mg). 
After being stirred in the dark for 30 min to achieve the absorption-
desorption equilibrium, the mixture was exposed to the UV light under 
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 Figure 11.    UV–Vis absorption spectral changes for RhB as a function of 
irradiation time in the presence of A) pure ZnS NPs synthesized at the 
molar ratio of Zn(Ac) 2  to TAA = 1:10 and B) ZnS–CdS NCs; C) The corre-
sponding photodegradation rate of RhB in the presence of ZnS NPs(1:10) 
and ZnS–CdS NCs. The commerical ZnS powders and pure CdS NCs 
were also included for comparison.

    Scheme 2.    Schematic illustration of the photocatalytic mechanism of as-
synthesized ZnS–CdS NCs. 
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constant stirring. For a given duration (such as 10 min), the change in 
the concentration of RhB (after the removal of photocatalysts through 
centrifugation) was recorded by the UV–Visible spectrophotometer 
(Hitachi U-4100). 

  Charaterization : X-ray diffraction using Cu Kα radiation (XRD, Bruker 
D8-A25) was adopted for studying the structure of the samples. Field-
emission scanning electron microscopy (FESEM, JSM-6701F) and 
transmission electron microscopy accompanied with EDS and EDS 
Mapping (TEM, CM200FEG) were employed to analyze the morphology 
and composition of all the products. The optical properties of the 
samples were characterized using a UV–Vis spectrophotometer (Hitachi 
U-4100). The fl uorescence performance of the samples at room-
temperature were characterized via the photoluminescence (PL) spectro-
fl uorometer (Fluoromax-4), where the 290-nm light was induced from a 
He-Cd laser source to excite the samples.  
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