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Semiconductor, magnetite, or metal-based composite nanoc-
rystals have attracted increasing research attention in recent years
for their possible improvement in optical," electronic,” mag-
netic, and catalytic* functionalities. In particular, great progress
has been made in creating core—shell heterostructures by
assembling both metal and semiconductor nanocrystals. Such
metal/semiconductor combination is of particular interest to
photocatalytic® and electron storage applications.® For metal—
semiconductor core—shell nanocrystals, the presence of the
metal —semiconductor interface may promote effective charge
carrier transfers to favor charge separation and subsequent
photocatalysis.” In addition, the semiconductor shell can protect
the metal core from chemical poisoning (the hole- or hydroxyl
radical-mediated oxidation decomposition) as exposed to the
surrounding medium.® Metals usually suffer from much serious
oxidation since they possess higher oxidation potentials. Em-
bedding metals into semiconductors could reasonably alleviate
the chemical poisoning and thus extend the lifetime of the metal/
semiconductor composite nanocrystals during their photocata-
lytic operation.

Most of the semiconductor photocatalysts possess wide band
gaps, which can only be operated under ultraviolet irradiation.’
Much effort has thus been expended to create photocatalysts
that respond to visible light, which is much abundant in the
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solar spectrum. CdS is one of the most attractive visible-light-
driven photocatalysts because of its suitable band gap (2.5 eV)
corresponding well with the spectrum of sunlight. Furthermore,
its valence band at relatively negative potential offers CdS good
photocatalytic activities.'® In this communication, we report a
facile and reproducible method for fabrication of Au-CdS
core—shell nanocrystals with controllable shell thickness. We
analyzed various aspects of the synthetic approach, discussed
the optical properties and demonstrated the photoinduced charge
separation occurring in the as-synthesized core—shell nanoc-
rystals. The growth of CdS shell on Au nanoparticles involved
the binding of L-cysteine—Cd** (Cys/Cd) complexes toward
Au nanoparticles, followed by the decomposition of Cys/Cd
and subsequent growth of CdS onto the surfaces of Au.
L-Cysteine (Cys), possessing three functional groups (SH,
COOH, NH,), used to be the sulfur source and reaction stabilizer
for the growth of sulfide nanocrystals.'! In the current synthetic
system, Cys provided thiol groups that could form fairly stable
Cys/Cd complexes with Cd*" i 10ns 2 amine groups that coupled
Cys/Cd complexes with Au,'? and carboxyl groups promoting
the dispersion of Au colloids for the later successful growth of
CdS shell.

First, Au colloids with an average diameter of 15 nm were
prepared by the citrate reduction method.'* These citrate-
protected Au particles (denoted as Au-Cit) were then coupled
with Cys/Cd complexes through the linkage between Au atoms
and amine groups of Cys.'* This coupling event can be
confirmed by the formation of nitride constituent (Au—N bonds)
observed in the XPS analysis (see the Supporting Information,
Figure S1a). Cys/Cd-coupled Au nanoparticles (denoted as Au-
(Cys/Cd)) showed considerable stability when dispersed in
water, attributable to the electrostatic repulsion between the
negatively charged carboxyl groups of Cys at the surfaces of
Au (see the Supporting Information, Figure S1b). The stable
dispersion of Au-(Cys/Cd) suspension was crucial to the later
growth of CdS shell. Noted that Cys/Cd complexes were
obtained by adding Cd** ions in Cys solution (5 mM) in a
1:0.5 molar ratio of Cys:Cd**. Further increase in Cd*" amount
when preparing Cys/Cd complexes caused a serious aggregation
of the subsequent Au-(Cys/Cd) colloids, probably because of
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Figure 1. Au-CdS nanocrystals prepared with a Cys/Cd concentration of 5
mM: (a) low-magnification TEM images; (b) TEM-EDS elemental mapping
taken on a single core—shell particle; (c) HRTEM image; and (d) the
corresponding SAED pattern of a single core—shell particle. The scale bar of
the inset in (a) is 20 nm.

the pronounced coupling effect between Cd** and carboxyl
groups of Cys and thus the loss of electrostatic stabilization.
Figure S2 in the Supporting Information compares the
UV—visible spectra of Au-(Cys/Cd) colloids prepared with
various Cys:Cd*" ratios. As compared to Au-Cit colloids, Au-
(Cys/Cd) with a Cys:Cd*" ratio of 1:0.5 showed a slight but
not significant variation in their surface plasmon resonance
(SPR) absorption characteristics. An additional absorption band
at longer wavelength was however observed for Au-(Cys/Cd)
when the ratio of Cys:Cd*" was increased to 1:0.8. The presence
of the long-wavelength absorption band implies that either Au
particles agglomerate to some extent or a significant change in
the surface chemistry of Au occurs.'> We attribute the long-
wavelength absorption band of Au-(Cys/Cd) colloids to the
aggregation effect which can be recognized with naked eyes
from the flocculation of suspension. The long-wavelength
absorption band turned dominant when Cys:Cd** ratio was
increased to 1:1, indicating a much serious aggregation of Au-
(Cys/Cd) particles therein.

We chose Au-(Cys/Cd) colloids with the Cys:Cd** ratio of
1:0.5 as the starting material for the subsequent hydrothermal
reaction to grow CdS shell. Upon the hydrothermal reaction at
130 °C for 6 h, Cys/Cd complexes, initially attached on the
surfaces of Au, decomposed to yield CdS on Au surfaces,
resulting in the formation of Au-CdS core—shell nanocrystals.
The X-ray diffraction (XRD) pattern of the product shown in
Figure S3 of the Supporting Information verifies the growth of
hexagonal wurtzite CdS along with fcc Au nanocrystals in the
hydrothermal reaction. Figure 1a shows the typical transmission
electron microscope (TEM) image of the resulting composite
nanocrystals. The apparent contrast between the inner core and
the outer shell suggests the existence of core—shell structures.
The contrast can be clearly seen in the inset of Figure la, from
which a shell thickness of about 6 nm is observed. The
composition within the composite particles was then examined
using TEM-energy dispersive spectrometry (TEM-EDS). The
TEM-EDS elemental mapping of Au, Cd and S shown in Figure
1b confirmed the core—shell feature of Au-CdS nanocrystals.
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Figures Ic and d further show the detailed crystallographic
structures of the as-obtained Au-CdS core—shell nanocrystals.
In Figure 1c, an HRTEM image taken at the interface of core
and shell regions of a single particle, two distinct sets of lattice
fringes were revealed. An interlayer spacing of 0.24 nm was
observed in the core region, in good agreement with the d
spacing of the (111) lattice planes of the fcc Au crystal.'® In
the shell region, an interlayer spacing of 0.34 nm was however
obtained, complying with the lattice spacing of the (002) planes
of the wurtzite CdS.'” The corresponding electron diffraction
pattern, shown in Figure 1d, further verifies the presence of
both Au and CdS nanocrystals with two sets of diffraction
patterns indexed as fcc Au and wurtzite CdS, respectively. This
result, together with those of XRD, HRTEM, and TEM-EDS
analyses, confirms the formation of Au-CdS core—shell nanoc-
rystals by using Au-(Cys/Cd) colloids as the starting material
in the hydrothermal reaction. It should be noted that the as-
synthesized core—shell nanocrystals of Au-CdS retained con-
siderably high dispersity in water, probably coming from the
remaining carboxyl groups at their surfaces (see the Supporting
Information, Figure S4). Furthermore, CdS-free Au particles
or CdS-coated nanocrystals containing multiple Au cores were
rarely observed, demonstrating the advantage of the current
synthetic approach to obtain core—shell nanocrystals. The
success of this work to fabricate core—shell heterostructures
was achieved by applying Cys as the trifunctional reagent in
the hydrothermal process, instead the lattice parameter relation-
ship between Au and CdS. As shown in Figure S5 of the
Supporting Information, a lattice mismatch of 33.3% is observed
for the present Au-CdS system, implying no epitaxial relation-
ship exists between Au core and CdS shell.

By controlling the experimental conditions such as the
hydrothermal reaction time, the concentration of Cys/Cd
complexes and the molar ratio of Cys/Cd to Au-Cit colloids,
we were able to modulate the thickness of CdS shell in the
range of a few to several tens nanometers. For example, a shell
thickness of about 2 nm could be obtained once the hydrother-
mal reaction was conducted for only 1 h. On the other hand,
CdS shell can grow up to 9 nm in thickness by simply raising
the concentration of Cys/Cd to 10 mM while keeping the other
synthetic conditions fixed. To further shell growth, we increased
the molar ratio of Cys/Cd to Au-Cit colloids by increasing the
volume of Cys/Cd (10 mM) added into Au-Cit colloids (9 mL,
0.25 mM). Figure 2 reveals the morphological evolution of Au-
CdS nanocrystals obtained by employing 10 mM Cys/Cd of
four various volumes. We depicted the correlation of Cys/Cd
volumes with the resulting CdS shell thickness in Figure S6 of
the Supporting Information. With increasing volumes of Cys/
Cd added into Au-Cit colloids, there are increasing amount of
CdS formed on the surfaces of Au nanoparticles, leading to an
extensive growth of CdS shell in the resulting Au-CdS
nanocrystals.

Nanosized Au particles exhibit strong SPR absorption at
around 520 nm."® The position of SPR absorption of Au colloids
depends on particle size, shape, as well as the medium
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Figure 2. TEM images of Au-CdS nanocrystals prepared by employing 10
mM Cys/Cd of (a) 1, (b) 2, (c) 4, and (d) 8 mL.
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Figure 3. (a) UV—visible absorption spectra of Au-Cit and Au-CdS nanoc-
rystals prepared by employing 10 mM Cys/Cd of various volumes. Inset shows
the corresponding solution colors. (b) PL spectra of Au-CdS and CdS
counterpart nanocrystals with their solution colors and TEM observations
inserted for comparion.

surrounding them.'>'? For example, coating Au particles with
a dielectric leads to a shift in the SPR position. As shown in
Figure 3a, the SPR absorption of Au colloids shifted from 520
to 553 nm after the growth of 9 nm thick CdS shell. Such an
extent of SPR red-shift was consistent with the theoretical
calculation result.”® The increasing thickness of CdS shell is
responsible for the further red-shift in the SPR position of Au.
Similar phenomenon was ever observed in Au-SiO,,>' Au-
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Sn0,,% and Au—Fe;04>% core—shell nanocrystal systems, in
which the coverage of shell materials possessing a higher
refractive index led to a red-shift in the SPR position of Au.
Further growth of shell thickness caused an enhancement in
the overall refractive index of the medium surrounding Au,
which in turn promoted the dielectric effect and resulted in more
pronounced red-shift in the SPR position of Au.

Core—shell nanocrystals of Au-CdS provide an ideal platform
to investigate the photoinduced charge transfer property for the
metal-semiconductor heterostructures. Note that Au core can
serve as an effective electron scavenger for CdS shell. The
Fermi level of Au is located at around +0.5V versus NHE,
lower in the energetic state than the conduction band of CdS
(—1.0 V vs NHE).” Consequently, most of the photoexcited
free electrons in CdS shell would transfer to Au core, leading
to the depletion of free electrons in CdS domain and the
subsequent suppression of excitonic emission of CdS. Figure
3b shows the photoluminescence (PL) spectrum of the as-
synthesized Au-CdS nanocrystals compared with that of CdS
counterpart. CdS counterpart was prepared by treating Au-CdS
nanocrystals with KCN to remove Au core, producing hollow
structures of CdS (see the Supporting Information Figure S7).
The PL spectrum of CdS counterpart exhibited a major emission
band at 495 nm and a minor shoulder at 530 nm. The band at
495 nm could be attributed to the typical excitonic band-to-
band radiative emission of CdS because of its location near the
absorption edge (475 nm, as determined from the absorption
spectra of Figure 3a). The shoulder at 530 nm however
originated from the trap-state emission.** This trap-state emis-
sion probably came from the structural defects such as surface
states produced in CdS shell during the KCN treatment. As
compared to CdS counterpart, a significant quenching in the
PL emission of CdS was observed for Au-CdS nanocrystals,
indicating the occurrence of charge separation and electron
transfer from CdS shell to Au core. This demonstration
supported our argument that Au core acts as an effective electron
scavenger for CdS shell.

In conclusion, we have developed a facile and reproducible
approach for preparing Au-CdS core—shell nanocrystals with
controllable shell thickness. The photoinduced charge separation
property was demonstrated and revealed in the as-synthesized
Au-CdS nanocrystals. The present synthetic route can be readily
extended to obtain other sulfide-semiconductor-coated Au
nanocrystals such as Au-ZnS (see the Supporting Information,
Figure S8).
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