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poor response to visible light (the photoca-
talysis of TiO 2  can only be activated by the 
UV light which account for about only about 
3–5% of total solar irriadiation spectrum) 
have hindered the application of TiO 2  in 
photocatalysis. [ 7 ]  With a bandgap of ≈ 2.4 eV, 
which corresponds well with the spectrum 
of sunlight, CdS is one of the reliable semi-
conductors studied and is probably one of 
the most important materials in photocatal-
ysis, [ 8 ]  due to the relative low function, excel-
lent transportion, the direct bandgap, and 
high electronic mobility. [ 9,10 ]  Result from the 
unique morphology-dependent optical and 
electrical properties, there have been inten-
sive efforts to synthesize CdS nanostru-
tures with controlled shapes and size, [ 11 ]  
however, up to now investigations about 
pure CdS suffer from a low photocatalytic 
effi ciency, [ 12 ]  because of the rapid recombi-
nation of the photogenerated electrons and 
holes. For example, Wang et al. [ 12a ]  reported 
that it took 4 h to complete the degradative 
process, while Hao et al. [ 12b ]  observed only 

70% degradation could be achieved after 5 h reaction. Therefore, 
the synthesis of CdS with high crystallinity and morphological 
control, which will lead to the high photoactivity, have been 
pursued for decades. So most of the studies concerning CdS at 
current stage are focused on the enhancement of photocatalytic 
effi ciencies by preparing hybrids. [ 13–16 ]  

 Indeed, the past few years have witnessed immense interest 
in nanoscaled hybrids containing both semiconductors and 
metallic domains, [ 17–21 ]  aiming to enhance the charge separa-
tion and transportation, prolong the functional lifetime, and 
thus improve the photoactivity toward degradation of pollutants 
in water. It has been demonstrated that, deposition of noble-
metal cocatalyst (Pt or Au) onto semiconductor nanostructure 
increases the application potentials for photocatalysis. [ 22 ]  To 
date, the semiconductor heterostucture (TiO 2 -CdS) loaded with 
nobel metals, alters the effi ciency in hydrogen production. [ 23,24 ]  
However, the study on the hybrid nanostructure of CdS-Au with 
high photoactivity has not been practically carried out, other 
than the theoretical research on photoinduced charge separa-
tion of CdS-Au core-shell nanostructures. [ 25,26 ]  It remains a sig-
nifi cant challenge to integrate highly disparate metal and semi-
conductor materials together at the nanoscale with well-defi ned 
size, morphology and interface, which are critical for the effi -
cient charge cascading process in photocatalytic reactions. 
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 The treatment of environmental pollution has become one of the most critical 
issues in the world. Despite the progress made in the study of semiconductor 
photocatalysis, it is still a challenge to obtain photocatalysts with high activity 
through relatively simple fabrication processes. In this work, monodisperse 
CdS spherical nanoparticles (SNPs) of various sizes and good crystallinity 
are obtained by only adjusting the starting ratio of reactants and the reac-
tion temperature, exhibiting high photocatalytic performances. The photo-
catalytic rate constant of the ≈ 100 nm CdS SNPs, especially, is more than 
double that of P25. Furthermore, 3-mercaptopropyltrimethoxysilane is used 
to assist the interaction between ≈ 200 nm CdS SNPs and citrate-stabilized 
Au nanoparticles (NPs). The signifi cant increase of photocatalytic activity is 
confi rmed by the degradation of Rodamine B (RhB) under Xe light irradiation. 
At the optimal Au concentration (0.5 wt%), the prepared nanohybrids show 
the highest photocatalytic activity, exceeding that of pure CdS two times. The 
superior photocatalytic performances of the CdS SNPs-Au nanohybrids can 
be attributed to the intimate interfacial contact between CdS SNPs and Au 
NPs, which is a contributing factor to the improvement of transfer and the 
fate of photogenerated charge carriers from CdS SNPs to Au NPs. 

  1.     Introduction 

 With the growth of worldwide industry, the severe environmental 
pollutions have become a major concern of the society. Nanostruc-
tured semiconductor photocatalysts have received widespread 
attention due to their unique physical and chemical properties 
favored for degradation of organic pollutants and hydrogen pro-
duction through light. [ 1–4 ]  Especially, oxide semiconductors such 
as TiO 2 , [ 5,6 ]  have been particularly regarded as suitable photocata-
lytic materials during the past two decades because of the high 
stability, low cost, and strong oxidizing power. However, the high 
recombination ratios of photoinduced electron–hole pairs and 
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Therefore, it is necessarily crucial to explore the methodologies 
to effectively fabricate the hybrid nanostructure of CdS-Au. In 
fact, no photocatalytic system based on the heterostructure CdS 
spherical nanoparticles (SNPs) and Au nanoparticles (NPs) 
with simple self-assembly strategy has been reported to date. 
It is nummerically demonstrated that the photoluminescence 
(PL) behaviors of semiconductors can be altered by the sur-
face plasmons of the metallic components, [ 27 ]  in this work, the 
enhancement and quenching of the PL intensity in semicon-
ductor-metal heterostructure are explained in terms of the com-
binative effect of the surface plasmon resonance (SPR) and the 
Coulomb interaction based on experimental results. 

 Monodisperse CdS SNPs with different size are obtained 
through a slightly modifi ed hydrothermal method which is 
facile and straightforward, [ 28 ]  and the obtained CdS SNPs show 
relatively high crystallinity and optimized photocatalytic prop-
erties. Motivated by the discovery of the better photoactivity of 
the semiconductor-metal nanoheterostructure, we have con-
centrated on the CdS-Au hybrids. 3-mercaptopropyltrimeth-
oxysilane (MPTES) is used to modify the surface of obtained 
CdS SNPs, triggering successful homogeneous decoration of 
Au NPs through gold-sulfur bonding interactions. Accordingly, 
this approach meets the needs for reliable interfacial contact 
between the semiconductor and the Au NP. As a matter of fact, 
until now, it is the fi rst time that report on synthesis of uni-
form CdS SNPs-Au NPs hybrids by such a simple self-assembly 

strategy is proposed. The photocatalytic effi ciency of the hybrid 
photocatalysts toward Rodamine B (RhB) is also examined, and 
the signifi cant enhancement of photocatalytic activity observed 
in the photodegradation indicates double increased photocata-
lytic rate constant with respect to that of pure CdS SNPs. This 
work thus provides a simple and low-cost method to synthesize 
the metal-semiconductor hybrids, which show great potentials 
for application in photocatalysts, nonlinear optical instruments, 
photovoltaic devices, and chemical sensors.  

  2.     Result and Discussion 

 The fi eld-emission scanning electron microscopy (FESEM) 
images of the CdS SNPs are depicted in  Figure    1  . The CdS SNPs 
were formed in the solution during the hydrothermal reaction 
with different starting ratios of the cadmium acetate to thiourea, 
which were 1:4, 1:10, 1:15, and 1:30, respectively (A–D). Inter-
estingly, the size of the as-formed CdS SNPs was dependent on 
the starting ratio of cadmium acetate to thiourea; as the starting 
ratio of cadmium acetate to thiourea increased, the size of the 
CdS SNPs became smaller. For instance, the sizes of the CdS 
SNPs prepared at the starting ratio of 1:4, 1:10, 1:15 and 1:30 
were ≈ 350 nm, ≈ 200 nm, ≈ 150 nm, ≈ 100 nm, respectively.  

 In the reaction system, thiourea played important roles 
during the formation of the CdS SNPs-source of sulfur after 
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 Figure 1.    A–D) SEM images of the samples synthesized with different starting ratio of the cadmium acetate to thiourea at 200 °C for 5 h reaction time: 
A) 1:4, B) 1:10, C) 1:15, D) 1:30.
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the breaking of C = S double bond by the attack of the strong 
nucleophilic O atoms of H 2 O molecules. [ 28,29 ]  Because of a large 
excess of thiourea, the Cd atoms on the surface of the formed 
CdS nanocrystallites could be coordinated with the excess thio-
urea, resulting in the restricted growth of CdS nanocrystallites, 
and the same as the size of the CdS SNPs. Then, the aggrega-
tion of individual nanocrystallites happened to form CdS SNPs, 
which was driven by the mechanisms of the partial removal of 
the stabilizing agents from the nanocrystallite surfaces and sur-
face energy minimization. [ 28,30 ]  

 The X-ray diffraction (XRD) patterns of the CdS SNPs with 
different size are depicted in  Figure    2  . All the diffraction peaks 
are assigned to the hexagonal phase of wurtzite CdS structure 
(JCPDS card No. 75–1545) with the lattice parameters of  a  = 
4.13 Å and  c  = 6.71 Å, revealing no obvious indication of impu-
rities. To study the infl uence of the reaction temperature on the 
formation and structure of CdS SNPs, the morphology of the 
CdS SNPs formed under the reaction temperatures of 140 °C 
to 160 °C, 180 °C, and 200 °C are showed in  Figure    3  A–D, 
respectively. It is noticed that despite of the similar sizes of 
the obtained CdS SNPs, the shapes of the samples were fairly 
varied. With the increase of reaction temperature, the surface 
morphology of the CdS SNPs became rougher. At 140 °C, rela-
tively smooth surfaces of solid spherical samples can be seen 
from the SEM image. To the contrary, with the reaction temper-
ature increased to 200 °C, the surface of the products was con-
siderably rough, appearing fl ower-like. The inset of Figure  3 D 
displays the detailed characteristics of the novel architecture. It 
is yet to be noted that however different the reaction tempera-
tures were, the obtained CdS SNPs were monodisperse, well-
defi ned, regularly structured. As demonstrated through XRD 
pattern (Figure  3 E), by increasing the reaction temperature 
from 140 °C to 200 °C, the peaks of the crystallinity became 
stronger, when the reaction temperature raised to 200 °C, the 
obtained products showed the highest crystallinity. This is 
possiblly because at higher reaction temperature, thiourea 
decomposed faster and the nanocrystallites grew at a relatively 
higher rate to larger sizes, and then the formed CdS SNPs had 

suffi cient time during the hydrothermal process to recrystallize, 
hence the high reaction temperature benefi ted the crystallinity 
improvement of CdS SNPs. And the enhanced crystallinity of 
semiconductors will be in favor of charge transport and thus 
increase the photocatalysis activity. [ 31 ]  We also performed time-
resolved investigation on the crystallinity of the CdS SNPs, it 
was found that the reaction time exceeding 5 hours showed no 
fundamental effect on the crystallinity.   

 The photocatalytic activity of CdS SNPs with different starting 
ratio of cadmium acetate to thiourea has been explored through 
photodegradation of RhB, as shown in  Figure    4  . All the meas-
urements were conducted under the same conditions, the values 
of RhB concentration were taken from absorbance at 550 nm, 
which is its absorption peak and not overlapped with the CdS 
absorption peaks. In Figure  4 A, the rate of degradation  C / C  0  
of RhB was plotted against the reaction time. With the starting 
ratio increased, the size of the CdS SNPs decreased, and the rate 
of RhB degradation increased. The samples of starting ratios of 
1:15 and 1:30 with the size of ≈ 150 nm and ≈ 100 nm showed 
very fast photocatalytic kinetics. Within 10 min, about 80% and 
89% of the RhB were decomposed, correspondingly, the rate 
constants of degradation of RhB were almost two and four times 
higher than that by Degussa P25 TiO 2  (P25), respectively. The 
sample of the starting ratio of 1:10 with the size of ≈ 200 nm 
showed comparable photocatalytic properties with P25 (as sum-
marized in  Table    1  ). Only the CdS SNPs with the size of ≈ 350 
nm showed a rather lower photocatalytic performance, yet, only 
60 min were needed for the catalysts to achieve such degrada-
tion. In general, for a given volume, a larger surface area can 
offer more active adsorption sites and photocatalytic reaction 
centers, and this means the higher specifi c surface area will 
result in the higher photocatalytic activity. [ 32 ]  As depicted above, 
the enhancement in the starting ratios of thiourea to cadmium 
acetate along with an increase in the CdS SNPs size will result in 
a corresponding increase in specifi c surface area, and therefore 
shorten the route for photoinduced electron to migrate to the 
surface. Taking this into account, the enhancement in photoac-
tivity is attributed to the smaller size of CdS SNPs along with the 
higher specifi c surface. Figure  4 B shows the UV-visible absorp-
tion spectral changes observed of the RhB solution containing 
the CdS SNPs with the starting ratio of 1:10, which were com-
parable with that of P25. It is understood the loading of metal 
cocatalysts allows rapid interfacial electron transfer from the 
excited semiconductors to the metal, which retards the recom-
bination of photogenerated electron-hole pairs and thereby pro-
motes photocatalytic effi ciency. The deposition of the Au NPs 
onto CdS SNPs with the starting ratios of 1:10 was carried out to 
promote the photocatalytic performance.   

 A brief growth mechanism for the present Au-decorated CdS 
SNPs is proposed and illustrated in  Scheme    1  . In the begin-
ning, positively charged –SH groups are formed on the surface 
of CdS SNPs. The Au NPs are easily bounded with CdS SNPs 
through gold−sulfur bonding interactions, and the citrate-sta-
bilized Au NPs with negatively charged surfaces give rise to an 
increased number of absorbed Au NPs with the positively CdS 
SNPs because of electrostatically interaction.  

 Transmission electron microscopy (TEM) images in  Figure    5   
show the microscopic morphology and structure of the as-pre-
pared CdS SNPs and CdS SNPs-Au NPs with different weight 
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 Figure 2.    XRD patterns of the CdS SNPs obtained by different starting 
ratio of the cadmium acetate to thiourea of 1:4, 1:10, 1:15 and 1:30 (as 
indicated), at 200 °C for 5 h.
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addition ratio of Au NPs. The formation of Au NPs on the sur-
face of CdS SNPs is evident from the TEM images. And with the 
increase of nominal Au content (wt%) against CdS SNPs in the 
nanohybrid, the number of Au NPs decorated on the surfaces 
of the CdS SNPs increased. Figure  5 E shows a high-resolution 
TEM (HRTEM) of a single Au NP. The size of Au NPs was 
about 25 nm, and the lattice fringes were separated at a distance 
of 2.32 Å, corresponding to the (111) plane of the fcc cubic of 
Au NPs. The nanohybrid was further characterized using XRD. 
As shown in Figure  5 E, the peaks of CdS SNPs were observed 
at 24.9°, 26.5°, 28.2°, 36.6°, 43.7°, 47.8°, and 51.8°, which are 
indexed to be (100), (002), (101), (102), (110), (103), and (112) 

planes of CdS SNPs. In addition, characteristic peak at 38.0° 
that is assigned to the (111) planes of Au NPs with fcc struc-
ture can also be observed. However, the intensity of Au NPs in 
the nanohybrid with a loading of 0.5 wt%, 1.0 wt% was signifi -
cantly lower, the peak grew rather strong when the loading of 
Au NPs was increased gradually to 3.0 wt%, which agrees well 
with TEM observation. To acquire the unique optical character-
istic for CdS-Au nanohybrid, their SPR properties were investi-
gated.  Figure    6   shows the UV-visible spectra of the CdS SNPs 
and the hybrid of CdS SNPs-Au NPs with different weight addi-
tion ratios of Au NPs. As for the individually dispersed Au NPs, 
a strong SPR absorption peak at around 530 nm was shown in 
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 Figure 3.    A–D) Low-magnifi cation SEM images reveal well-defi ned, regularly structured productes at 140 °C, 160 °C, 180 °C, and 200 °C at the starting 
ratio of cadmium acetate to thiourea of 1:10 for 5 h, respectively. The inset of the D shows corresponding TEM image. (E) The corresponding XRD 
patterns.
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the inset of Figure  6 , which consistent with that of Au NPs of ≈ 
25 nm. [ 33 ]  And it can be clearly observed for the series of CdS 
SNPs-Au NPs nanohybrids that the absorption intensity in the 
range of 500–700 nm is signifi cantly enhanced by the increase 
of weight ratios of Au NPs. The increased absorption by fi eld 
enhancement was calculated based on Maxwell’s equation. [ 34 ]  In 

fact, as shown in the inset of Figure  6 , Au NPs could absorb 
nearly all the incident light, implying the absorption of CdS 
SNPs-Au NPs nanohybrids was higher than that of pure CdS 
SNPs throughout the wavelength range of 200–700 nm. These 
results reveal that the enhanced absorption ability of the nano-
hybrid was mainly prompted by the attached Au NPs. Indeed, 
higher loading of Au NPs led to more absorption of incident 
light, which benefi ts the photocatalytic performance. [ 35,36 ]    

  Figure    7   illustrates the PL spectra for pure CdS SNPs and the 
Au-CdS hybrids containing different weight addition ratios of 
Au NPs. It is noticed that, the characteristics of the PL spectra of 
the Au-CdS nanohybrids were very similar to those of pure CdS. 
Nevertheless, the PL intensity obtained of Au-CdS nanohybrids 
was weaker than that of CdS SNPs. A similar quenching of PL 
spectra has been reported, [ 37 ]  and attributed to the effi cient elec-
tron transfer from the electronic orbitals below the Fermi level 
of metal NPs to the semiconductor, which facilitates the separa-
tion of photo-induced electron-hole pairs. On the other hand, 
the enhancement of PL emission of the Au-CdS nanohybrids 
has also been reported, [ 33a , 38 ]  and explained through the increase 
of the radiative recombination rate by the surface-plasmon res-
onance. However, these statements are not suffi ciently compre-
hensive. Generally, there are three crucial fundamental factors 

for predicting the PL properties of semicon-
ductor-metal NPs hybrids: 1) the increased 
absorption by fi eld enhancement; [ 34 ]  2) the 
enhancement of radiative recombination 
rate by surface-plasmon resonance; [ 39 ]  3) the 
increase of nonradiative energy transfer near 
the metal nanoparticle. [ 40 ]  These processes 
collectively determine the PL enhancement 
and quenching of the semiconductor-metal 
hybrids. The Coulomb interaction between 
carriers in different nanoparticles has the 
usual form shown below:  [ 40 ] 

 
( , )i jin coul,

V V R R
i j

� �
∑=

  
(1)

    

 Where iR
�

is the position of the electron 
inside the semiconductor nanoparticle par-
ticipating in the exciton and jR

�
 is the posi-

tion of the carrier inside the metal nanopar-
ticle. The formula shows the intensity of PL 
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 Figure 4.    A) Temporal course of the photodegradation of RhB 10 mg L −1  in aqueous dispersions of CdS SNPs with different starting ratios of cadmium 
acetate to thiourea at 200 °C for 5 h and P25 under Xe light irradiation. B) Temporal UV-visible absorption spectral changes observed for RhB solution 
as a function of irradiation time in the presence of prepared CdS SNPs with the size of ≈ 200 nm.

  Table 1.    Comparison of the most important photocatalytic parameters 
during this work.  

Sample Rate constant 
 k  [min −1 ]

Kinetics equation The rate of degrada-
tion in ten minutes 

(1 –  C / C  0 )

P25 0.0704  Y  = 0.0704 x  – 0.34765 0.4438

≈100 nm CdS 0.2330  Y  = 0.2330 x  – 1.4690 0.8831

≈150 nm CdS 0.1239  Y  = 0.1239 x  + 0.13934 0.8094

≈200 nm CdS 0.0710  Y  = 0.0710 x  – 0.00310 0.5072

≈350 nm CdS 0.0318  Y  = 0.0318 x  + 0.01059 0.2951

0.5 wt% Au-CdS 0.1423  Y  = 0.1423 x  + 0.03167 0.7809

1.0 wt% Au-CdS 0.1054  Y  = 0.1054 x  + 0.00382 0.6554

3.0 wt% Au-CdS 0.1090  Y  = 0.1090 x  – 0.03743 0.6238

 Scheme 1.    Schematic illustration for the synthesis of CdS SNPs-Au NPs hybrids by using an 
Au–SH bonding method.
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is dependent on the distance between the semiconductor and 
metals NPs. Despite of the Coulomb interaction, which leads 
to the change in the intensity of PL, surface plasmon in metal 

NPs is supposed to be more dominant in the intensity of PL. 
Using the radiating plasmon model, Lakowicz [ 41 ]  has explained 
that the surface plasmon resomance (SPR) scattering of metal 
NPs can enhance the PL emission, while the surface plasmon 
absorption triggers the quenching effect. The average sizes of 
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 Figure 5.    Typical TEM images of the as-prepared samples of A) CdS SNPs and B–D) CdS SNPs-Au NPs hybrids with different weight addition ratios 
of Au NPs, which correspond to CdS SNPs-Au NPs (0.5 wt%), CdS SNPs-Au NPs (1 wt%), CdS SNPs-Au NPs (3 wt%), respectively. The inside of red 
circles in (B–D) refers to the Au NPs. E) The high resolution of a single Au nanoparticle, the inset conrresponds to the lattice fringes of the white frame. 
F) XRD patterns of the prepared CdS SNPs and CdS SNPs-Au NPs hybrids with different weight addition ratios of Au NPs.
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 Figure 6.    UV-visible absorption spectra of CdS SNPs with different 
weight addition ratios of Au NPs. The spectrum of pure CdS SNPs was 
also included for comparison. The inset is the UV-vis absorption spectra 
of Au NPs.
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 Figure 7.    Photoluminescence (PL) spectra of CdS SNPs and CdS SNPs-
Au NPs hybrids with different weight addition ratios of Au NPs with an 
excitation wavelength of 350 nm.
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the Au NPs in our hybrid samples were small (≈25 nm), there-
fore, the absorption dominated over the scattering process. 
According to the radiating plasmon model of Lakowicz, predicts 
the quenching of PL, which agrees well with our results shown 
in Figure  7 . To the best of our knowlege, it is the fi rst time that 
the combination effects on the PL are systematically explained, 
from the perspect of experimental results. Of course, effi cient 
electron transfer between CdS SNPs and Au NPs is considered 
as the important factor for the weaking of PL. [ 37 ]  

 As the Au NPs on the surface of CdS SNPs acted as elec-
tron traps, our hybrids were expected to work as an effi cient 
photocatalyst. As shown in  Figure    8  , it is clear that all of the 
CdS SNPs-Au NPs hybrids exhibited higher photocatalytic 
activities compared with the pure CdS SNPs under Xe light 
irradiation, which was ascribed to the pronounced charge sep-
aration of CdS-Au. In particular, the CdS SNPs with 0.5 wt% 
Au show the highest catalytic activity, with 78.9% of the RhB 
decomposed in 10 min. To quantitatively compare the photo-
catalytic performances of different Au-decorated CdS SNPs 
samples, the apparent rate constant for RhB photodegrada-
tion (k) was computed using the pseudo-fi rst-order approxi-
mation, as shown in Figure  8 B. As depicted in Table  1 , pure 
CdS showed a relatively low photocatalysis with a rate con-
stant  k  = 0.0710 min −1 . After the introduction of only a small 
amount of Au, the photoactivity of the CdS SNPs-Au NPs 
(0.5 wt%) sample was remarkably enhanced and its k value 
reached 0.1423 min −1 , exceeding that of pure CdS by a factor 
of 2, and also doubling that of commercial P25 (As shown in 
Table  1 ). Figure  6  shows the higher Au loading of CdS SNPs 
leads to higher light adsorption, though it is not necessarily 
true that the more light adsorption, the higher photocatalytic 
performance. As shown in Figure  8 , a further increase in Au 
content higher than 0.5 wt% leads to the decrease of photo-
catalytic activity. In general, when the amount of loaded Au is 
suffi cient, the Au NPs can induce effective charge separation, 
lower down the activation energy, and hence promote the oxi-
dation of organic molecules. [ 42 ]  However, excesses of Au NPs 
may deteriorate the catalytic performance by acting as recom-
bination centers. [ 37b ]   

 On the basis of the above results, it is necessary to dis-
cuss the band structure of the CdS SNPs-Au NPs hybrids in 
detail, which is schematically displayed in  Scheme    2  . The 
Fermi energy level of Au NPs is lower than that of CdS SNPs, 

and it can lead to the migration of electrons from the con-
duction band of CdS SNPs to Au NPs in order to achieve the 
balance in Fermi energy level equilibration. Under Xe light 
irradiation, electrons in the valence band (VB) of CdS were 
excited to the conduction band (CB), and meanwhile, the 
same amount of holes were in the VB. Driven by potential 
energy, the photogenerated electrons in the CB of CdS SNPs 
can transfer to Au NPs. Such electron transfer enhances the 
separation of photoinduced holes and electrons, further pro-
longs the lifetime of photoinduced pairs, [ 37 ]  explaining why 
the intensity of PL decreased. Subsequently, the adsorbed O 2  
on the surface of samples can easily trap photoelectrons to 
produce superoxide anion radicals (O 2  − ), and the photoholes 
left in the VB of CdS SNPs will react with OH −  to generate 
hydroxy radicals (·OH). As a powerful oxidant, the organic 
chemicals can be strongly decomposed, and thus increase the 
photoactivity. In conclusion, it is shown through the photoca-
talysis results that the appropriate Au content of 0.5 wt% in 
the CdS-Au hybrids led to the highest photoactivity, resulting 
effective separation of photoinduced pairs, confi rmed by the 
variation between PL intensity and photocatalytic activities of 
the samples.   
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 Figure 8.    A) Photodegradation and B) the rate of photodegradation of RhB dye in presence of CdS SNPs and CdS SNPs-Au NPs hybrids with different 
weight addition ratios of Au NPs.

 Scheme 2.    Schematic illustration of the charge separation at the interface 
of CdS SNPs-Au NPs hybrids.
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  3.     Conclusion 

 A method to produce uniform CdS spherical nanoparticles- Au 
NP (CdS SNPs-Au NPs) hybrids through a simple self-assembly 
strategy, in terms of the gold−sulfur bonding interactions, is 
for the fi rst time proposed. The monodisperse CdS SNPs with 
 different sizes, obtained using the facile hydrothermal synthesis, 
show excellent photoactivity, which can be further optimized by 
means of depositing Au NPs. Especially, the photocatalytic perfor-
mances of CdS SNPs with the sizes of ≈ 150 nm and ≈ 100 nm 
are considerably better than that of the commercially available 
P25. Also, the photocatalytic characteristics of pure CdS SNPs and 
the CdS-Au hybrids with different weight ratios of Au NPs are 
investigated. The combination effect of the SPR and the coulomb 
interaction on the quenching and enhancement of PL is also sys-
tematically studied. The strategy presented in this work can be 
extended to the synthesis of other binary semiconductor hybrids.  

  4.     Experimental Section 
 Typically, 2.4 mmol of Cd(CH 3 COO) 2 ·2H 2 O (Sinopharm Chemical 
Reagent Corp.) and 24 mmol of thiourea (Sinopharm Chemical Reagent 
Corp.) with the starting ratio of cadmium acetate to thiourea of 
1:10 were dissolved in 60 mL of deionized water to form a clear solution 
after stirring for 30 min at room temperature. The solution was then 
transferred into a 100 mL Tefl on-lined stainless steel autoclave. The 
autoclave was sealed and heated to 200 °C for 5 h and cooled naturally 
to room temperature after the reaction. The other different sizes of 
the CdS SNPs were obtained by changing the the starting amount of 
thiourea as to the ratios of 1:4, 1:15, and 1:30, respectively. 

 The CdS SNPs-Au NPs nanohybrids were synthesized according to 
the following procedure. Citrate-stabilized Au NPs were prepared by 
Dotzauer's method. [ 43 ]  Firstly, the 100 mL of HAuCl 4  aqueous solution 
(0.04 wt%) was heated to the boil for refl uxing under constant stirring. 
The refl uxing was allowed for a few minutes, before 12 mL of 1 wt% 
sodium citrate aqueous solution was added into aqueous HAuCl 4  
quickly and kept refl uxing for a further 10 min to form homogeneous 
Au NPs in aqueous solution. The obtained aqueous solution of Au NPs 
was transfered into a beaker after cooling to room temperature and 
stored at 8 °C in a refrigerator before use. Then, 0.2 g of CdS SNPs were 
immersed into 100 mL of ethanol, and MPTES (2 mL) was afterwards 
added by vigorous stirring at 60 °C for 4 h and then rinsed with DI 
water and ethanol three times. The freshly washed CdS SNPs were 
immersed into aqueous solution of Au NPs of the desired volume (Au 
NPs concentration, 0.16 mg mL −1 ; citrate concentration, 0.075 mg mL −1 ) 
followed by vigorous shaking at 40 °C for 24 h. 

 Photocatalytic performances were measured by the degradation of 
RhB under Xe light (350W) irradiation at room temperature after adding 
30 mg of the photocatalyst into 60 mL RhB (Rhodamine B) solution 
(10 mg L −1 ). The reaction mixture was stirred in the dark for 40 min 
to achieve the adsorption-desorption equilibrium between RhB and 
the photocatalyst. Then, the mixture was exposed to the Xe light under 
constant stirring. After removing the photocatalyst from the mixture 
solution by centrifugation, the concentrations of the RhB were calculated 
by measuring the absorbance of RhB at 550 nm. [ 44 ]  

 The morphology, structure, and composition of the samples were 
analyzed with fi eld-emission scanning electron microscopy (FESEM, 
JSM-6701F), and transmission electron microscopy (TEM, CM200FEG), 
and X-ray diffraction using Cu K α  radiation (XRD, Bruker D8-A25). The 
optical properties of the samples were characterized using a UV-visible 
spectrophotometer (Hitachi U-4100), and BaSO 4  was employed during 
the measurement as the internal refl ectance standard. The fl uorescence 
performance of the samples at room-temperature were characterized 
using the photoluminescence (PL) spectrofl uorometer (Fluoromax-4). 

The 350 nm emission induced from a He-Cd laser source was used for 
exciting the samples.  
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