IEENAPPLIED MATERIALS

RESEARCH ARTICLE

INTERFACES

www.acsami.org

Preparation of Controllable Core—Shell Gold Nanoparticles
and Its Application in Detection of Silver lons

Haowen Huang, Caiting Qu,’ Xuanyong Liu,”
Yonglong Zeng, and Paul K. Chu*®

3 Shaowen Huang, Zhongjian Xu," Bo Liao,"

"Key Laboratory of Theoretical Chemistry and Molecular Simulation of Ministry of Education, School of Chemistry and
Chemical Engineering, Hunan University of Science and Technology, Xiangtan, 411201, China

*Shanghai Institute of Ceramics, Chinese Academy of Science, Shanghai 200050, China

§Department of Physics & Materials Science, City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong, China

e Supporting Information

ABSTRACT: We report a novel shell technique to prepare
controllable core—shell nanoparticles. In this technique, the
shell is formed when the core reacts with metal ions and
Na,S,0; and the size of the core and thickness of the shell
can be controlled. Transmission electron microscopy and
X-ray diffraction reveal that the shell consists of insoluble
complex salts comprising Au,S, AuAgS, and Ag;AuS,. The
resulting core—shell nanoparticles obtained at different
reaction stages demonstrate that the formation of Au,S,
AuAgS, and AgzAuS, shell proceeds from the outside. The
morphological evolution of the particles changes signifi-
cantly with reaction time demonstrating that formation of
the shell results from diffusion in the solid shell. The core—
shell nanoparticles produced by this technique can be used as
nanosensors to detect Ag" in aqueous media with high
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selectivity and sensitivity. The excellent selectivity for Ag" is demonstrated by comparing the response to other metal ions. In
addition, our evaluation indicates that gold nanorods offer higher sensitivity than gold nanospheres.
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B INTRODUCTION

Currently, the fabrication of composite nanostructures using
the preformed nanocrystals as building blocks is of great interests
because it can integrate several different functionalities required
by the applications into one common nanostructure. Attracted
by the unique optoelectronic and physicochemical properties,
researchers widely used core—shell gold nanoparticles in the
preparation of composite nanostructures.”” A useful strategy to
monitor optical properties on the nanoscale involves integration
of gold nanoparticles and associated localized surface plasmon
into the particles or structures.

Many approaches have proven successful in tuning the
localized surface plasmon resonance (LSPR) of gold nanoparti-
cles into the near-infrared, a wavelength region of extreme
technological interest to study biosensor and biotechnology.
One of these approaches uses additives that alter growth rates
on different facets of a metal seed, providing control of nano-
particle shape.> Materials obtained from these routes, notably
gold nanorods, can be tuned to absorb and scatter in the near-
infrared by changing their aspect ratio.” A second category of
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near-infrared active nanomaterials are produced by a stepwise
process of coating one metal onto either a dielectric particle
creating a nanoshell or onto a second metal, creating a core—
shell structure.”® The LSPR wavelength of these nanomaterials
has been tuned by altering the core size” and the coating thick-
ness.'® As a result, complex nanoparticles, particularly core—shell
nanostructures, are attractive in nanobiotechnology such as the
analysis of biomolecules and other target species." "> The capability
to detect biological molecules in vitro or in vivo with high sensitivity
and selectivity in a small sample size is potentially achievable because
of the distinctive electronic, optical, and magnetic properties of these
nanostructures. In fact, core—shell nanoparticles have been reported
to be useful in biosensing dev1ces usmg fluorescent,'® electrochem-
ical,'* LSPR,"*™"” and magnetic'®** methods.

In spite of many of composite nanostructures being fabricated
by metallic and metallic compounds, which provide tremendous
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potential and importance to detect heavy metals for chemical,
biological, and environmental reasons, there have only been few
reports on the use of nanoparticles to selectively monitor metal
ions,”" "** and no report for identifying or detecting the com-
posed metallic ions. Some analytical methods have been devel-
oped to for instance, make ratiometric fluorescent sensors for
metals.”**> As many heavy cations are known as fluorescence
quenchers, discrimination among chemically close ions is quite
challenging.

Building from these ideas, we prepared Au,S/AuAgS/Ags-
AuS,-coated gold nanoparticles using a novel shell technique to
prepare a type of controllable core—shell gold nanoparticles.
There have been reported that the fabrication of the Au-coated
Au,S core—shell nanoparticles%’27 and Ag,S coated gold
nanorods.*®*** However, the preparation of multicomplex nano-
shell is challenging. Here we synthesized a multicoplex shell
coated gold nanoparticles with high yield. Moreover, the synthe-
sized nanostructures can also provide a platform to detect trace
amounts of Ag" in aqueous media with high selectivity and
sensitivity.

In this study, the developed technique is different from
many other conventional methods in that formation of the
shell is the result of the core reacting with metal ions and
Na,S,0;. Not only the size of generated core—shell nano-
particles but also the core size and shell thickness can be
controllable. The plasmon-derived optical resonance can be
adjusted with the controllable core—shell nanoparticles. This
unique red-shift of the nanoparticle plasmon resonance to
wavelengths in the visible and near-infrared regions of the
spectrum, a wavelength region of extreme technological interest,
may prove to be of tremendous importance for optical
applications. In addition, the silver element is the required
composition of the resulting core—shell nanoparticles. The
nanoparticle-based platform is thus demonstrated to be a
highly selective and sensitive nanosensor for silver ions in
aqueous media.

B EXPERIMENTAL SECTION

Materials. HAuCl,-3H,0, cetyltrimethylammonium bromide
(CTAB), Na,$,03, ascorbic acid, and silver nitrate were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All of
the chemicals, unless mentioned otherwise, were of analytical reagent
grade and used as received. The aqueous solutions were prepared in
doubly distilled water.

Preparation of Gold Nanoparticles. The CTAB solution (1.5
mL, 0.1 M) was mixed with 100 4L of 0.02 M HAuCl,. One hundred
microliters of ice-cold 0.01 M NaBH, was added while the solution was
stirred, resulting in the formation of a brownish yellow solution.
Vigorous stirring of the solution continued for 4 h at 70 °C. The
solution was kept at room temperature (25 °C) and used at least S days
after preparation.

Preparation of Gold Nanorods (GNRs). The GNRs were
prepared according to the seeded growth method without the addition
of AgNOj as reported previously.””*! Synthesis of the seed solution is
the same as that of the gold nanoparticles mentioned above. The
solution was kept at room temperature (25 °C) and used at least 2 h
after preparation to produce the GNRs. One and a half milliliters of 0.02
M HAuCl, was added to 30 mL of 0.1 M CTAB, followed by the
addition of 0.8 mL of 0.08 M ascorbic acid. Ascorbic acid here worked as
a mild reducing agent and changed the color of the solution from dark
yellow to colorless. Finally, 70 L of the seed solution was added to the
solution and the color changed gradually in 30 min.
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Figure 1. (a) LSPR optical spectrum acquired from the gold nanorods
and (b) corresponding TEM image.

Fabrication of Core—Shell Gold Nanoparticles and Deter-
mination of Ag™. A series of different concentration of Ag™ solution
(1x1031%x10 %1x10751x10751x10 7, 1x 10 *M) were
detected based on the core—shell technique. Briefly, 50 uL of 0.1 M
Na,S,0; and the Ag+ sample solution were added to 2 mL of the
synthesized gold nanoparticles at room temperature, respectively. The
LSPR optical results were obtained from the nanorods on a UV—visible
spectrophotometer (Lambda 35, Perkin-Elmer). Because the plasmon
band of the resulting nanoparticles red-shifted with increasing reaction
time, various stages were monitored at different reaction time intervals
and the final spectrum was recorded as the signal to detect the Ag™
concentration.

Characterization. Transmission electron microscopy (TEM) was
performed on a JEM-2010 transmission electron microscope at 80 kV.
The X-ray diffraction (XRD) data were obtained on a Siemens D5S000
diffractometer equipped with the Cu Ky, (4 = 1.54056 A) X-ray source
and analyzed using Traces Software. X-ray photoelectron spectra (XPS)
were acquired using ESCALab201i-XL spectrometer (VG Scientific
Ltd.,, East Grinstead, Sussex, U.K.). The base pressure during data
acquisition was about 3 x 10"’ Pa. The Cl1s line (284.6 eV) was used
for energy calibration. Energy-dispersive X-ray spectroscopy was con-
ducted at 25 kV on a JEOL JSM-6380LV field-emission scanning
electron microscope (FEI Co.).

B RESULTS AND DISCUSSION

Preparation of Core—Shell Nanoparticles. A number of
methods have been developed to synthesize gold nanorods
(GNRs) and the addition of AgNO; provides some advantages
by allowing better control of the shape of the synthesized
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GNRs. In this study, in order to investigate the effects of Ag*
during subsequently fabricating core—shell nanostructure,
GNRs pregared without AgNOj are employed. As previously
reported,®”>* the yield of the nanorods is low because of the
existence of abundant spherelike gold nanoparticles. Figure 1a
depicts the LSPR optical spectrum with a transverse plasmon
wavelength (TPW) at 531 nm and longitudinal plasmon
wavelength (LPW) at 678 nm. The high intensity in the
transverse plasmon band implies that there are many sphere-
like gold nanoparticles in the prepared GNRs, as shown in
Figure 1b.
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Figure 2. LSPR optical spectra acquired from the GNRs after reacting
with Na,S,03 and AgNO; for different time durations.

The core—shell nanostructured particles are produced by
reacting AgNO; and Na,S,0;3 with gold nanoparticles in an
aqueous solution. In the process of reaction, the reaction system
was performed exposing to air. Initially, SO 4L of 0.1 M Na,S,0;
is added to the gold nanoparticles suspension (2 mL) and slightly
reduced absorption intensity is observed because Na,S,03 is able
to etch gold nanoparticles in the solution.>* With the addition of
AgNO; to the mixed solution, a continuous red shift in the LPW
and TPW accompanied by reduced intensity is observed as the
reaction progresses. At the same time, the color of the solution
changes gradually from wine red to pale green. Figure 2 shows
the temporal evolution of the GNRs reacting with Na,S,0;
and 1 x 10" * M AgNO; at room temperature. This Figure
shows that the LPW exhibits a larger change than TPW. With
fixed concentrations of GNRs and Na,S,03, the final LPW of
the core—shell nanorods depends on the concentration of
added Ag™.

Figure 3a shows X-ray photoelectron spectroscopy (XPS)
of the nanorods obtained from GNRs reacting with Na,S,05,
demonstrating Au, S, and Agin these nanoparticles. According
to the X-ray diffraction (XRD) patterns in Figure 3b and
previous reports, the nanoparticles consist of Au and complex
salts, namely Au,S, AuAgS,35_39 and Ag3AuSZ.40’41 Although
these experimental data from XPS and XRD were acquired by
averaged over large areas of these nanoparticls, Figure 4 shows
two different phases in the formed nanorods indicating the
formation of a core—shell structure. Furthermore, high-reso-
lution transmission electron microscopy (HR-TEM) confirms
that both the Au core and shell are crystalline. Therefore, the
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Figure 3. (a) XPS spectra measured from core—shell nanoparticles with peak identity labeled by element symbol. (b) Comparison of the XRD spectra
obtained from the gold nanoparticles and formed core—shell nanoparticles (Au,S/AuAgS/Ag;AuS, coated gold nanoparticles).
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Figure 4. (a)TEM image of the core—shell nanostructure acquired
from GNRs reacting with Ag+ and Na,$,03, (b) HR-TEM image of
core—shell nanorods.

two different phases can be ascribed to the chalcogenide layer,
Au,S, AuAgS, and Ag;AuS, covering the GNR, and reduced
GNR core. The EDS spectra acquired from the core—shell
nanorods at various stages shown in Figure S1 (see the Sup-
porting Information) reveal that the amounts of S and Ag
increase with the reaction of gold nanorods with Na,S,03 and
Ag+, further demonstrating that the increasing shell thickness
results form the gold nanorods reacting successively with
Na,$,0; and Ag” to form the chalcogenide layer. Conse-
quently, the core—shell structure of the nanoparticles can be
controlled.

Spherelike gold nanoparticles can also form the core—shell
structure. With the addition of Na,S,05 and Ag™, a significant
red shift appears in the LSPR optical spectra as shown in
Figure Sa. A distinct core—shell structure is revealed in the
TEM images in Figure Sb. The metal chalcogenide layer is a
narrow band gap semiconductor with a large refractive index at
typical optical frequencies. As a result, red shifts in the
plasmon peak occur from the larger refractive index chalco-
genide layer covering the gold nanoparticles and conse-
quently, plasmon-induced absorption spectra are expected.
Furthermore, a continuous red shift in the plasmon peak
accompanied by reduced intensity is observed as the reaction
proceeds as shown in Figures 2 and Sa. Compared to Figure 3,
the layer on the core—shell nanoparticle in Figure S shows
small change due to the different reaction temperature. It is

known that increasing the temperature can significantly en-
hance the reaction rate. The core—shell structure in Figure S is
obtained by heating the reaction system to 60 °C, whereas the
core—shell nanorods shown in Figure 3 are obtained by a
reaction between gold nanorods, AgNO; and Na,S,0; at
room temperature. It is possible that the ratio of these
components can vary slightly at different reaction tempera-
ture, but the core—shell nanoparticles produced from the gold
nanoparticles by the two aforementioned methods have the
similar characteristics.

Preparation of Different Size Core—Shell Nanoparticles.
$,05>" can form soluble complex compounds with many metal
ions such as Au®", Ag+, Cu?", Cd**, and so on. As aforemen-
tioned, with the addition of Na,S,03 and AgNOj, a red shift in
the plasmon peak is observed from the nanoparticles. However, if
only Na,$S,03 is added to the GNR suspension, a slight blue shift
in lieu of a red shift is observed from the plasmon peak and the
absorption intensity diminishes gradually as shown in Figure 6a.
Similarly, decreasing absorption intensity is found after the
spherelike nanoparticles react with Na,S,0; (Figure 6b). The
results suggest that the gold atoms on the surface of the nano-
particles can react with Na,S,03 to generate a soluble complex
Au(S,05),” thereby changing the nanoparticle size. As a result,
nanoparticles with a much smaller size form as the nanoparti-
cles are etched by Na,S,0; shown in Figure S2 in the
Supporting Information. Therefore, gold nanoparticles with
different sizes can be produced by varying the reaction condi-
tions such as the concentration and reaction time. Interestingly,
subsequent addition of a trace quantity of Ag™ can produce a
red shift in the plasmon peak due to the formation of a layer of
Au,S/AuAgS/Ag;AuS, on the gold nanoparticles. The TEM
image shows that the core—shell nanoparticles with control-
lable shell thickness are produced (Figure 7) and similarly,
smaller core—shell nanoparticles can be generated in a con-
trolled fashion.

In this technique, the chemical reactions that produce the
signal changes stabilize within 30 min at room temperature and
heating can significantly decrease the response time. If Na,S,0;
is added to the gold nanoparticles suspension, Au can react with it
to produce a soluble complex compound, and finally the gold
colloid disappears. However, with the addition of Na,S,03 and
AgNOj; to the gold nanoparticles, the complex salts Au,S,
AuAgS, and Ag;AuS, are generated to cover the gold nanopar-
ticles. The chemical reactions that arise on the surface of gold
nanoparticles are also illustrated in Scheme 1 are described as
follows (first reaction from ref 42)

4Au+ O, + 85,0527 +2H,0 — 4Au(S,05),” +40H ™

3Au(S,0;),”” +Ag" +6H,0+2H" —
Au,S + AuAgS + 6HSO, ~ +4H,S

Au(8,03),>” +3Ag" +2H,0 — Ag,AuS, +2HSO, ~ +2H"

This shell technique produces insoluble complex salts com-
prising Au,S, AuAgS, and Ag;AuS,, and then the shell surround-
ing the gold nanoparticle is formed. However, our experimental
results indicate that this process converts Au atoms into Au,S
AuAgS, and Ag;AuS,. Similarly, our previous work shows the
GNRs might react with Na,S to produce Au,S/AuAgS-coated
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Figure 5. (a) LSPR optical spectra acquired from the gold nanospheres after reacting with Na,S,03 and Ag”™ for different time durations. (b) TEM
images of the gold nanoparticles and resulting core—shell nanostructures after reacting the gold nanoparticles with AgNO3 and Na,S,05;.
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Figure 6. Optical spectra of (a) gold nanorods and (b) spherelike gold the similar core—shell nanostructure and components. Although
nanoparticles after reacting with Na,S,0; (time duration: 5 min). the two approaches use different reactions in the formation of
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Scheme 1. Schematic Illustration of Changes in the Gold Nanoparticles and Formation of Core-Shell Nanoparticles under

Different Conditions
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complex salts consisting of Au,S, AuAgS, and Ag;AuS,, forma-
tion of the Au,S, AuAgS, and Ag;AuS, shell occurs from the
outside. Obviously, the morphological evolution of the particles
changes significantly with reaction time in a way dominated by
diffusion processes, as shown in Figure 8. A layer of shell, Au,S,
AuAgS, and AgzAuS,, is formed with the Ag+ and $,05%"
reacting with Au followed by diffusion of Ag* and S*~ in the
solid of the Au,S/AuAgS/Ag;AuS,-coated gold nanoparticles to
generate Au,S, AuAgS, and Ag;AuS, sequentially. Generally,
increasing temperature can lead to the increment of reaction rate.
With increasing temperature, it is possible that a significantly
enhanced diffusion rate increases the thickness of the shell. In
addition, previous works has been demonstrated that the Ag™
and S* could diffuse in the solid states.”* *® As a result, a
significant enhancement of red shift in the plasmon wavelength
appears as the increase of temperature. Simultaneous existence of
the two species (AgNO; and Na,$,03) in the solution is
necessary for diffusion to take place in the Au,S/AuAgS-coated
gold nanoparticles. Although the sulfide ion can react with Au to
yield Au,S, there is no change in the plasmon wavelength when
the core—shell nanoparticles and Na,S,0j; are mixed for 15 days
at room temperature as demonstrated by TEM (not shown
here). Similarly, there is no detectable change in the plasmon
wavelength when the core shell nanoparticles are mixed with
AgNO;.

Detection of Ag™ Based on the Core—Shell Technique.
According to the above discussion, the added Ag™ plays a key
role in the formation of the core—shell nanostructure. In fact,
addition of a trace amount of Ag” to the solution of gold
nanoparticles and Na,S,03 can lead to a significant red shift in
the plasmon wavelength due to the formation of Au,S/AuAgS/
Ag;AuS, and this forms the basis for detection of Ag+. Hence,
detection of Ag" in aqueous media by these gold nanoparticles
is possible. A series of solution with different concentrations of
Ag™ react with the gold nanoparticles and the results show that

188

1x10°%M ong+ can be detected. At the same time, the EDS
results show that the atomic content of Ag in the core—shell
nanostructure is around 5%.

The selectivity of this system for Ag™ is evaluated by compar-
ing the responses to other metal ions such as Cu*", Co®™, Ni*™,
Pb*", He*" Cd**, Zn>", Fe*™, and AI*" at a concentration of
1 x 10> M. Cu®" also leads to a red shift in the plasmon peak in
spite of the reduced signal compared to Ag™. In addition, only a
higher concentration of Co”* and Ni*" (>1 x 10~ > M) can lead
to a slight red shift of the plasmon peaks, and no noticeable
plasmon peak wavelength changes is found at concentrations less
than 1 X 10~ * M. That is, interferences by Co>" and Ni*™ can be
neglect at low concentrations. The other ions investigated here
hardly show any effects on the plasmon peak wavelength imply-
ing that most of these metal ions cannot form complex salts with
Au in the shell layer on the gold nanoparticles.

To further improve the selectivity of this system and eliminate
possible interferences from Cu*", Co*", and Ni*t, a chelating
agent ethylene diamine tetraacetic acid (EDTA) which can form
strong complexes with many metal ions can be used. As shown in
Figure 9, EDTA can mask the interfering ions with the exception
of Ag" and consequently, silver ions can be detected with high
selectively. Moreover, in order to evaluate the sensitivity of this
system, two types of nanoparticles with the same concentration
react with the same amount of Ag™. A comparison of the results
obtained from gold nanorods and gold nanosphere shows
different response to Ag". As reported previously,”’ the LPWs
of GNRs are highly sensitive to changes in the dielectric proper-
ties of the surroundings and the sensitivity increases with the
aspect ratio of GNRs. Generally, the aspect ratio of gold nano-
sphere is 1 and that of GNRs is larger than 1. As a result, the
GNRs are more sensitive than gold nanospheres and the response
from various concentrations of Ag" by GNRs is displayed in
Figure 10. In this process of detecting Ag" concentration, when
the absorption intensity of the gold nanorods was fixed around

dx.doi.org/10.1021/am101034h |ACS Appl. Mater. Interfaces 2011, 3, 183-190
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Figure 8. (a, ¢, e, g) TEM and the related (b, d, f, h) HRTEM images of
nanorods changes acquired by the synthesized gold nanorods (a) reacting
with Na,S,05 and Ag+ at different reaction time. The thickness of the shell
of these resulting core—shell nanorods (b—d) is 2, 4, and 7 nm, respectively.
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Figure 9. Changes in the longitudinal plasmon wavelengths observed
from the gold nanoparticles after reacting with 1 x 10~> M of different
metal ions before and after the addition of chelating agent EDTA.
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Figure 10. LPW changes obtained from GNRs after reacting with
different concentrations of Ag".

0.12, our results show that AgJr concentrations as small as 1 X
10~ ® M can be detected by this method.

B CONCLUSION

A novel shell technique to fabricate controllable core—shell
nanoparticles has been developed. Na,S,03 can etch gold nano-
particles and produces nanoparticles with different sizes. How-
ever, the special reaction indicates that addition of Ag™ to the
gold nanorod and Na,S,0; suspension not only prevents the
etching reaction but also leads to the formation of Au,S/AuAgS/
Ag;AuS,-coated gold nanoparticles. Therefore, gold nanoparti-
cles and Au,S/AuAgS/Ag;AuS,-coated gold nanorods with
variable sizes can be formed. Both the shell thickness and core
size can be controlled during the formation of the core—shell
nanoparticles. Moreover, a nanosensing platform incorporating
core—shell gold nanoparticles synthesized by this technique is
demonstrated and Ag" can be detected with remarkably high
selectivity and sensitivity.

B ASSOCIATED CONTENT

© Supporting Information. EDS spectra of GNRs and the
resulting core—shell nanorods obtained by the GNRs reacting
with Na,S,0; and AgNO3 at different stages. This material is
available free of charge via the Internet at http://pubs.acs.org/.
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