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A novel starfish-like Au-CdS heterostructures are constructed by a simple self-assembling method

with centered Au nanoparticles, and exhibit highly efficient visible light photodegradation of

organic dyes.
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Starfish-like Au-CdS hybrids were prepared through a
simple self-assembling method at room temperature, which
demonstrated high efficient photocatalytic degradation of
organic dyes, due to the enhancement of visible light
absorption and charge separation.

Over the past several decades, semiconductor photocatalysts have
attracted wide-range attention for the degradation of organic dyes
and hydrogen evolution.® As a promising visible-light
semiconductor photocatalyst, CdS (E, = 2.4 eV) has an apparent
advantage over TiO,,” which can only work under UV light. With
the excellent absorption of visible light, there have been many
reports on  morphology-dependent  properties of  CdS.%7
Unfortunately, being a single component, the photocatalytic
efficiency of CdS is low, owing to the fast recombination of
photoinduced electrons and holes.*® Many efforts have been done to
improve the photocatalytic efficiency of CdS, by constructing hetero
hybrids, such as Au-CdS hybrids,® graphene-CdS hybrids,'® and
ZnS-CdS hybrids."!

Different systems of metal-semiconductor (M-S) hybrids have
been reported, such as Pt-TiO,,2 Au-TiO,,"> Au-Bi,S;,'* Au-CdS,’
Au-CdSe". These hybrids present more outstanding photocatalytic
performances than the single metal or semiconductor, for the
efficient charge transfer between metal and semiconductor.
However, the synthesis of the hybrids is not easy. Generally, metal
can be deposited on the surface of semiconductor by many methods,
e.g., photodeposition,'® microwave-assisted chemical reduction'” and
electrostatic attraction.'® But irregular structure and aggregation of
metal or semiconductor often observed which restrict the
photocatalytic efficiency of the hybrids. Nevertheless, there were
many previous reports about M-S hybrids with abrupt
heterostructure and excellent properties on photoelectricity and
photocatalysis.'*?! Most of these M-S structures were zero-
dimensional or one-dimensional, nanodumbbells,"” semiconductor
rods with metal tips,?® or just nanoparticles.” There were few reports
about three-dimensional M-S structures, such as pentapod Au-CdSe
nanostructure'> and tetrapod Au-CdS.?
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In this work, starfish-like Au-CdS hybrids (SFs) are prepared by
a simple self-assembly method at room temperature. Briefly, Au-
Cd(OH), SFs are obtained by assembling negatively charged Au
nanoparticles (NPs) with positively charged Cd(OH), nanowires
(NWs), and then converted into Au-CdS SFs by H,S. To the best of
our knowledge, this is the first report about Au-CdS SFs. To explore
the optical properties of the prepared Au-CdS SFs, UV absorption,
photoluminescence (PL) and the photodegradation of RhB were
carried out. The Au-CdS SFs exhibit high photocatalytic efficiency
for RhB. This report provides an easy way to prepare M-S hybrids

for the application in many fields, e.g., photodetectors,
optoelectronics and hydrogen production.”?
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Fig. 1 Schematic illustration of the synthesis of CdS NWs and Au-CdS SFs
by a simple self-assembly method.

For comparison, CdS NWs were obtained as a result of the
vulcanization of Cd(OH), NWs in H,S gas. Au-Cd(OH), SFs were
synthesized by assembling positively charged Cd(OH), NWs and
negatively charged 40 nm Au NPs. After that Au-Cd(OH), SFs were
converted into Au-CdS SFs. A typical SEM image of Cd(OH), NWs
is shown in Fig. 2a. These nanostructures have an average diameter
of about 1.9 nm and length of about few micrometers.”® Moreover,
these cadmium hydroxide NWs are highly positively charged.?®
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Negatively charged Au NPs with a mean size of 40 nm were
obtained from BBI solution without further treatment. As described
in the Fig. 1, the Au NPs and Cd(OH), NWs were blended together.
Fig. 2b shows the typical structure of Au-Cd(OH), hybrids. The
detailed structure of the SFs hybrids can be observed in the inset of
Fig. 2b, in which Au NPs occupy the center and the arms are
composed by Cd(OH), NWs.
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Fig. 2 SEM images of (a) Cd(OH), NWs, and (b-d) Au-Cd(OH), hybrids
with the ratios of 2:1, 5:1 and 10:1, respectively. (¢) SEM image of CdS
NWs. (f) SEM image of Au-CdS SFs. Inset: TEM image of Au-CdS SFs. (g)
HRTEM of Au-CdS SFs, the inset corresponds to the lattice fringes of the
black frame. And (h) XRD patterns of Cd(OH), NWs, Au-Cd(OH), SFs, CdS
NWs and Au-CdS SFs.
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In our system, we found that in the case of Au NPs with size of 5
nm, 20 nm, 80 nm and 100 nm, no SFs were obtained. This means
only when the size of Au NPs reaches a certain value, the SFs come
into being. The negatively charged Au NPs draw the positively
Cd(OH), NWs by electrostatic attraction. With a relative large
surface area of Au NPs, tens of Cd(OH), NWs can gather to form a
big architecture as the arms of SFs. At the same time, with the
stirring of the solution and the electrostatic force with Au NPs and
Cd(OH), NWs, the nanowires disintegrate into small parts with
length of about 100 nm. Then Au-Cd(OH), SFs are formed. The as-
synthetized Au-Cd(OH), SFs are then filtered on a porous PC
membrane. To obtain Au-CdS SFs, the PC membrane is put into an
atmosphere with H,S.?’

Fig. 2h shows the XRD patterns of Au-CdS SFs and CdS NWs,
respectively. The diffraction peaks of the as-synthesized CdS
correspond to the cubic phase of CdS (JPCDS. 80-0019), which are
(111), (220), (311). For Au-CdS, the diffraction is similar to that of
CdS except the diffraction peak at 38.2° which is assigned to (111)
plane (JPCDS. 04-0784). Fig. 2g shows the high resolution
transmission electron microscopy (HRTEM) image of Au-CdS SFs,
in which Au and CdS can be distinguished clearly. The lattice
fringes of Au with a distance of 2.3 A, is assigned to the plane of Au
(111); and that of CdS with a distance of 3.3 A is assigned to CdS
(111) plane. The result is cohering with that of XRD result.
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Fig. 3 (a) The UV-visible absorption spectra of CdS NWs , Au-CdS SFs and
Au-Cd(OH), SFs. Inset is the absorption of Au nanoparticles with a size of
40 nm. (b) PL spectra of CdS NWs and Au-CdS SFs.

To study the optimal formation parameters of the SFs, different
volume ratios of Au NPs colloids to Cd(OH), NWs solution were
employed, as shown in Fig. 2(b-d). Normally, with increase volume
of Cd(OH), NWs, the SFs become bigger, while more and more
Cd(OH), NWs are remained. It demonstrates the fact that every Au
NPs can only attract a certain number of Cd(OH), NWs, due to the
limited surface area and charges. When different volume ratios of Au
NPs colloids and Cd(OH), NWs solution are used, Au-Cd(OH), SFs
are obtained at the ratio of 1:2 (Fig. 2b); Au-Cd(OH), SFs and
Cd(OH), NWs are observed at the ratios of both 1:5 and 1:10 (Fig.
2(c-d)), showing that there are excess Cd(OH), NWs; Au-Cd(OH),
SFs are not obtained at the volume ratio of 2:1 (Fig. S2) for the lack
of Cd(OH), NWs.

2| J. Name., 2012, 00, 1-3

One of the pivotal features of M-S is the optical-absorption
spectra. > As shown in Fig. 3a, the surface plasmon resonance (SPR)
absorption peak of Au-CdS SFs turns to be wider and also performs
some redshift, which is a generic phenomenon of such hybrids."* The
exciton-plasmon coupling and the high dielectric coefficient of the
CdS is the reason for the result. However such phenomenon is not
observed in the Au-Cd(OH), SFs. Moreover, compared to single
CdS NWs, Au-CdS SFs display an enhanced absorption of a wide
range of light (300 - 600 nm), which is aroused by the field
enhancement.?’ The enhanced absorption of light can promote the
number of photogenerated carriers, which can further enhance the
photocatalytic efficiency.'

The PL spectra of CdS NWs and Au-CdS SFs are shown in Fig.
3b. There is a notable quenching of CdS PL emission at the peak of
520 nm because of the efficient separation of photogenerated
electrons and holes. With a lower Fermi energy level, Au NPs can
capture photogenerated electrons easily, which leads to the decrease
of radiative recombination. Such electron transfer from CdS to Au

This journal is © The Royal Society of Chemistry 2012
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can enhance the photocatalytic performance. Similar phenomena
have been observed in many M-S hybrids, such as Au-CdSe'® and
Au-TiO,* nanostructures. In addition, the quenching of CdS PL
emission can also be induced by the surface plasmon absorption,*'
since the absorption peak of Au NPs and the emission peak of CdS
are close.

To confirm the electron transfer process in Au-CdS SFs, the
decay times of CdS NWs and Au-CdS SFs were measured and
shown in Fig. 4a. The curves are fitted as cubic functions, and
accordingly the exaction lifetime of CdS and Au-CdS are calculated.
The CdS NWs has a lifetime of 76.19 ns and Au-CdS SFs has a
lifetime of 53.95 ns. In the process of excitonic recombination, Au
NPs provide a lower barrier for photogenerated electron to return to
ground state than that of CdS NWs. The shortening of the decay time
indicates the electron transfer from CdS to Au."
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Fig. 4 (a) The decay profiles of CdS NWs and Au-CdS SFs. (b) The rate of
photodegradation of RhB dye under visible-light in presence of Au NPs
(k=0.0011 min™), CdS NWs (k=0.0036 min™"), Au-CdS SFs (k;=0.0081 min"
") and without photocatalyst (k,=0.0005 min™). And (c) Schematic of the
band alignment and charges transfer between CdS and Au (NHE is the
normal hydrogen electrode, CB is conduction band, VB is valence band).

The enhanced separation of photogenerated electron and hole
pairs in Au-CdS SFs is desirable for photocatalytic oxidizing
degradation of organic dye under visible-light.” The photocatalytic
degradation of RhB by CdS NWs and Au-CdS SFs are explored
under visible light, respectively. For comparison, the photocatalytic
degradation of RhB by Au NPs is also performed. 30% of RhB are
degraded in the presence of CdS NWs only, and just 10% of RhB are
degraded by Au NPs after 2 hours. In the case of Au-CdS SFs, 65%
of RhB are degraded, which is much higher than that of CdS NWs.
The reaction rate constants (shown in Fig. 4b) are also calculated
based on the first-order kinetic model. The degradation of RhB can
be expressed by In (Cy/C) = kt, where C, is the initial concentration
of RhB, C is the concentration of RhB at the time ¢, and £ is the rate
constant. The rate constant for CdS NWs is 0.0036 min™" and that of
Au-CdS SFs is 0.0081 min™', which distinctly demonstrates the
higher photocatalytic efficiency of Au-CdS SFs. The photocatalytic
activity of different Au/CdS hybrids prepared from different volume

ratios of Au colloids and Cd(OH), NWs solution is shown in Fig. S5.

As described above, only Au-CdS SFs are formed when the volume

This journal is © The Royal Society of Chemistry 2012

ratio of Au colloids to Cd(OH), NWs solution is 1:2. However, if
this ratio changes to 1:5 and 1:10, respectively, excess CdS NWs are
observed, except Au-CdS SFs, and resulting in lower photocatalytic
efficiency. When the volume ratio of Au colloids to Cd(OH), NWs
solution is 2:1, excess Au NPs and few Au-CdS hybrids are
appeared (not SFs). Again this sample presents lower photocatalytic
efficiency than that of Au-CdS SFs. It is clear that the Au-CdS SFs
presents the best photocatalytic performance for RhB. This
efficiency was higher than that of CdS QDs-Au NPs@POM
(polyoxometalate) composites,” and comparable to that of CdS QDs-
Au composites.®

To better understand the photodegradation mechanism of such
heterostructures, the band structures of CdS-Au SFs are shown in
Fig. 4c, the conduction band of CdS is higher than the Fermi energy
of Au."**? When the CdS generates electrons from valence band to
conduction, electrons tend to flow toward Au NPs, enhancing the
separation of photogenerated electrons and holes, which accords
with the quenching of PL and shortening of decay time. The holes
with strong oxidizing property in the CdS valence band and the
electrons which react with oxygen to form oxidized media (O%) in
the Au NPs can promote the efficiency of as-synthesized hybrids.® In
addition, as we observe in the UV-Visible profile, the enhancement
of the absorption of visible-light raise the amount of photoinduced
carriers, resulting in a better performance of photocatalytic activities.

Conclusions

In summary, a simple method is developed to prepare Au-CdS SFs
with Au core and CdS arms. The as-prepared Au-CdS SFs
performed higher photocatalytic efficiency than that of CdS NWs,
due to M-S heterostructures. Photoinduced electrons can migrate
from CdS arms to the Au NPs, which enhances the separation of
electron-hole pairs and the efficiency of photocatalysis. The increase
of the absorption of light from 300 to 600 nm can also promote the
property of photocatalysis. Our method provides a pathway to
explore new hybrids for visible light photocatalysis, photovoltaic
devices and so on. Other systems, such as Au-ZnS, Au-CdSe, and
Au-ZnSe, are being developed in our group.
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