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ABSTRACT: Gold−silver (Au@Ag) core−shell nanostructures have a stronger
surface plasma response, wider absorption and scattering in the UV−vis−NIR
region, and distinctive optical properties, which are widely explored in biosensors,
information processing, photothermal therapy, and catalysis. Core−shell
nanostructures are usually formed by the deposition of the second metal atoms
onto the first core metal particles via the chemical wet method. The conventional
approaches for the manipulation of the shape usually were done by homogeneous
growth or etching of isotropic nanoparticles. Through in situ modification of the
first metal core at the different locations, the different growth model of the second
metal can be regulated to control the shapes of core−shell structures. Herein, we
modified the gold nanorods (AuNRs) asymmetrically at the end and side parts
using thiolated molecules to regulate the morphology of gold nanorod@silver
(AuNR@Ag) core−shell nanoparticles. Interestingly, the obvious eccentric
nanostructures of AuNR@Ag core−shell nanoparticles were obtained with the
increase of the molecular weight of macromolecules modified at the end of AuNRs. Therefore the growth mode was adjusted
from Frank−van der Merwe mode to Stranski−Krastanow mode. By changing the length of the hydrocarbon chain and
functional groups of the small mercaptan molecules at the side of AuNRs, the silver shell exhibits selective growth at the side of
the AuNRs, resulting in heterogeneous core−shell nanoparticles and various shapes of the AuNR@Ag core−shell. Our method
opens up a new avenue toward preparing core−shell nanostructures with controlled shapes, and the obtained structures are
promising in various applications.

1. INTRODUCTION

Gold−silver (Au@Ag) core−shell nanostructures play a pivotal
role in nanosynthesis and applications. Due to their stronger
surface plasma response, wider absorption and scattering in the
UV−vis−NIR region, and unique optical properties, the Au@
Ag core−shell nanostructures are widely used in biosensors1−4

and abiosensors,5−8 biological imaging,9−11 photothermal
therapy,12,13 and catalysis.14,15 These applications depend
primarily on the distinctive properties of the core−shell
nanostructures, which are derived from their unique
morphology, size, and atomic lattices. Therefore, it is highly
important to regulate core−shell structures precisely at the
nanoscale.
At present, two classical techniques, which are Ostwald

ripening process and seed-mediated growth, are generally used

to grow a shell layer on the surface of the core nano-
particles.16−18 Both approaches have two steps in synthesis.
The first step is to synthesize the first metal nanoparticles as
cores. The epitaxial growth at the second step can be
implemented by two strategies including the use of precursors
of the shell material or small sacrificial nanoparticles as shell
composition.16 The most widely used method is seed-mediated
growth in which the growth mode of the second metal or the
same metal atoms on the first core metals can be manipulated
by thermodynamics and kinetics control, depending on many
important factors such as the types and concentrations of
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surfactants and seeds, solvent, temperature, and so on.18 Small
changes in a single parameter could lead to a big difference in
the morphology of the resultant structures. The anisotropic
deposition of Ag around the AuNRs was realized (AuNRs) in
CTAB micellar solution.19,20 Some researchers produced Au@
Ag cubes with four plasmon bands in a micellar solution of
hexadecyltrimethylammonium chloride (CTAC).21−23 Haidar
and co-workers24 showed that the addition of dimethyl
sulfoxide (DMSO) for the silver growth on AuNRs could
tailor the shape of core−shell Au@Ag from truncated cuboids
to octahedra.
In abovementioned synthesis, the surfactants usually are

homogeneously dispersed in solution and physically interact
with particles, to a certain extent, which limits the precise
control of the kinetics and thermodynamics of the second
metal growth. The capping agents prefer the definite crystal
facets. The surface energy of specific facets can be largely
decreased if the selected capping agents can effectively bond to
their surface.25,26 Thiol molecules not only have strong affinity
to Au and Ag but also have functional groups such as hydroxyl
(−OH), carboxyl (−COOH), and primary amino (−NH2),
which will promote the growth of second metal onto the core.
Thus, it is favorable to manipulate the particle growth and tune
the particle morphology by molecules covalently capped on
seeds.27−30 In our previous work,31 we proposed the covalently
capped seed-mediated growth approach to precisely control
the hierarchical gold nanostructures in different shapes. Chen
and co-workers32 also explored that embedding of 2-
mercaptobenzoimidazole-5-carboxylic acid can produce Au−
Ag hybrid NPs. Wang et al.33 exploited the nanorods modified
by a series of mercaptan ligands and multiple modes of
polystyrene-block-poly(acrylic acid) shell transformation for
masked synthesis of colloidal nanorods. Using the covalently
capped seed-mediated growth, we also capped the reducing
agent dopamine dithiocarbamate onto AuNRs to delicately
control the growth model of silver cornlike bimetallic Au−Ag
core−shell superstructures.34 Inspired by the different crystal
lattice on the end and side parts of AuNRs, it is efficient to
adjust growth by controlling the capping ligands covalently
bonded at different locations of single AuNRs. Due to the
different modification at the end and side, the surface energy
corresponding to the crystal plane leads to precisely regulating
the growth of the second silver atoms onto the first AuNR
core.
In our present work, we developed an effective and simple

way to regulate AuNR@Ag core−shell nanostructures using
AuNRs with asymmetrical molecular decoration at the side and
end as seeds. By adjusting the small molecules and polymers
with different molecular weights and functional groups onto
the different parts of AuNRs, silver atoms can be deposited
onto the surface of AuNRs in different growth models, which
lead to the formation of AuNR@Ag core−shell nanostructures
with controllable morphology and thickness of the shell. The
corresponding UV spectrum covers the UV−visible region and
has excellent optical properties. Our method opens up a new
way to prepare core−shell nanostructures, and the resultant
various shapes of core−shell particles are promising in different
fields such as sensors, biological imaging, photothermal
therapy, and catalysis.

2. EXPERIMENTAL SECTION
Gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9%), hexadecyl-
trimethylammonium bromide (CTAB, ≥99.0%), hexadecyltrimethy-

lammonium chloride (CTAC, ≥99.0%), 2-mercaptoethanol (2-MCH,
99%), and 11-amino-1-undecanethiol hydrochloride (11-AUH, 99%)
were purchased from Sigma-Aldrich. Sodium borohydride (NaBH4,
99.0%), silver nitrate (AgNO3, >99.0%), ascorbic acid (AA, 99.7%),
and hydrochloric acid (HCl, 37 wt % in water) were purchased from
Sinopharm Chemical (Shanghai, China). 2-Mercaptoethylamine (2-
MEA) and 4-aminothiophenol (4-ATP) were bought from Aladdin.
Sodium oleate (NaOL, >97.0%) and 2-mercaptoacetic acid (2-MAC)
were purchased from TCI. Thiol-terminated methoxy PEG (HS-PEG,
Mw =1000, 2000, or 10000) was bought from J&K Chemicals. All
aqueous solutions were prepared using deionized water. All glass
instruments are treated with aqua regia and cleaned with tap water
and deionized water.

2.1. Synthesis of Au NRs. The AuNRs with an aspect ratio of 4:1
were prepared by a previously reported method.35 After the
preparation process, the CTAB was replaced by CTAC three times.
The final colloidal solution was stored at room temperature for further
use.

2.2. Asymmetrical Decoration of AuNRs. The asymmetrical
decoration of AuNRs was according to our previous method.36 We
divided 30 mL of a solution of nanorods into three tubes. For the
modification on the end of AuNRs with HS-PEG, we added 21.4 μL
of 10 mM HS-PEG with different molecular weights into the above
three tubes, respectively. This was followed by repeated oscillations
two or three times and then slight oscillation for 24 h on the cell
mixer. For the modification of other molecules on the side of AuNRs,
we divided the colloidal solution above in tubes with 1 mL in each
tube. Then 8.7 μL of 10 mM HS-PEG or 14.6 μL of 10 mM
mercaptan small molecules such as MEA, MAC, MCH, 4-ATP, and
MUA was added into the small tube followed by repeated oscillations
two or three times and then slight oscillation for 24 h on the cell
mixer.

2.3. Preparation of AuNR@Ag Core−Shell Nanoparticles.
The preparation of AuNR@Ag core−shell nanoparticles was
according to the literature report.21 In detail, first, the temperature
of the constant temperature water bath was regulated and stabilized at
65 °C. After preparing the solution of 0.001 M silver nitrate (AgNO3)
and 0.01 M ascorbic acid (AA), 0.5 mL of AgNO3 solution was added
into 0.5 mL of the modified AuNRs under ultrasonic conditions, and
0.25 mL of AA was added 1 min later with continuous ultrasound for
1 min. Lastly, the small tube was put into the constant temperature
water bath and reaction was performed without other distributions at
65 °C for 4 h. The obtained nanoparticles were cooled down at room
temperature for half an hour.

2.4. Instrumentation. The ultraviolet−visible (UV−vis) absorp-
tion spectra were recorded from AuNR samples in a cuvette (path
length = 1 cm) with a TU-1810 spectrophotometer from Beijing
Purkinje General Instrument Co. Ltd. SEM imaging was performed
with an S-4800 (Hitachi, Japan) field-emission scanning electron
microscope (SEM) at an acceleration voltage of 8 kV. TEM
observations have been performed with a JEOL JEM 2100 electron
microscope operating at 200 kV. The high-angle annular dark-field
detector (STEM-HAADF) image and elemental maps were recorded
with a Talos F200x transmission electron microscope (ThemoFisher,
America). Size distributions were determined from SEM images using
more than 50 NPs for each sample.

3. RESULTS AND DISCUSSION

3.1. Asymmetrical Molecular Decorated Gold Nano-
rods for the Growth of the Silver Shell. AuNRs usually
were synthesized in CTAB micellar solution, and CTAB
molecules are homogeneously capped on the surface of AuNRs
via physical interaction.37 As the halogen ions are strongly
absorbed to the AuNRs in the order of Cl− < Br− < I−, they
will inhibit the growth of the (110) crystal face as well as
inhibit the formation of the (111) crystal face of core−shell
nanostructures. Therefore, the chlorine ion supplied by CTAC
will accelerate the formation of the shell.26 CTAB replaced by
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CTAC will provide a faster growth rate so that the dynamics of
growth will be changed.21−23 Our previous work31,34 showed
that the covalently capped seed-mediated growth is an efficient
approach for the precise control of the second metal. In order
to allow the silver growth onto AuNRs in a controllable way,
AuNRs were modified asymmetrically by different molecules at
the end and side parts (Figure 1). CTAB molecules were first
replaced by CTAC, which provide dynamics control in the
growth process. Then, owing to stablishing that big AuNRs
need enough electrostatic repulsion or steric forces, HS-PEG

was selected as a surface-capping agent to modify the end of
AuNRs through the Au−S bond. Finally, other molecules with
different functional groups such as 2-mercaptoacetic acid (2-
MAC), 2-mercaptoethylamine (2-MEA), and 2-mercaptoetha-
nol (2-MCH) or with different lengths of the hydrocarbon
chain such as 4-aminothiophenol (4-ATP) and 11-amino-1-
undecanethiol hydrochloride (11-AUH) were chosen as
molecule B to modify the side parts of AuNRs. In this way,
asymmetrical molecular decoration at the side and end parts of
AuNRs was realized. The asymmetrical molecular decorated

Figure 1. Schematic illustration of the asymmetrical molecular decoration of AuNRs and the fabrication process of AuNR@Ag core−shell
nanoparticles.

Table 1. List of Molecules Used To Decorate AuNRs and the Corresponding Au@Ag Morphology
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AuNRs were used as seeds for the growth of the silver shell,
which led to different growth rates and behavior of silver,
resulting in different shapes of core−shell AuNR@Ag
nanostructures. The different shapes of core−shell structures
from different molecule modified AuNRs are shown in Table 1.
3.2. Effect of the Molecular Weight of PEG at the End

of AuNRs on the Growth of AuNR@Ag Core−Shell
Nanoparticles. AuNRs with an average diameter and length
of 114.6 ± 8 and 28 ± 8 nm were used for the growth of the
silver shell. Due to their anisotropic shape, the CTAC-capped
AuNRs showed two distinct extinction bands at 510 and 856
nm, corresponding to the transverse localized surface plasmon
(LSP) mode and the longitudinal LSP mode, respectively
(Figure S1). Previous works have shown that there are three
modes for silver atoms deposited onto gold nanoparticles,
including Frank−van der Merwe (F−W) mode, Volmer−
Webber (V−M) mode, and Stranski−Krastanow (S−K) mode,
which leads to different morphologies such as concentric,
eccentric, and island shape.25,32 Therefore, different molecules
on the surface of AuNRs would have different surface energies,
which reasonably affect growth modes. The present work has
shown that CTAC-capped AuNRs as seeds usually grew into
brick-shaped AuNR@Ag core−shell structures (Figure S2),
which are the same as those reported in the literature.21−23 We
first investigated only CTAC molecules at the end parts of
AuNRs covalently replaced by the mercaptan-functionalized
PEG molecules. We discovered that the molecular weight of
PEG has a distinctive effect on the growth of the silver shell.
When PEG with a molecular weight of 1000 modified at the
end of AuNRs was used (Figure 2A-b), the silver

homogeneously deposited onto AuNRs and formed a similar
shape to the initial shape of AuNRs (Figure 2B-b). While PEG
with a molecular weight of 2000 modified AuNRs (Figure 2A-
c) was used, the silver grew onto AuNRs in slightly eccentric
growth. The silver shell showed little difference in thickness at
the two sides (Figure 2B-c). It is very interesting to see that
PEG with a molecular weight of 10000 modified at the end of
AuNRs (Figure 2A-d) led to the asymmetrical growth and the
obvious eccentric triangular plates were obtained (Figure 2B-

d). These results may be ascribed to two growth modes, which
are F−M mode and S−K mode. The UV−vis spectrum
showed the blue shift of the longitudinal plasmonic wavelength
to 772, 747, and 660 nm, corresponding to PEG with
molecular weights of 1000, 2000, and 10000, respectively
(Figure 2C). The main factor for growth mode is the degree of
lattice match. The little lattice mismatch of Au and Ag makes it
easy for silver to deposit on the Au core. The appearance of S−
K growth mode in this system may be caused by the covalent
capping of macromolecules. When the molecular weight of
PEG increased from 2000 to 10000, the larger steric forces
may influence the diffusion kinetics. Once a few Ag atoms
deposited onto one facet of AuNRs first, the subsequent
growth will tend to grow onto the same side, breaking the
symmetry of growth. The asymmetrical growth has produced
the Au−Ag hybrid NPs with the eccentric core−shell,32 (Au
sphere)−(Ag wire)−(Ag plate) triblock nanostructures,38 and
Au nanorod−Au nanoparticle dimer structure.29 The asym-
metrical growth tuned by covalently capping PEG offers a new
approach for controlling the core−shell nanostructures.
It is well known that the increase of silver shell thickness

would lead to a blue shift of AuNR@Ag colloidal solution.23

Figure 3 show the increase of the silver shell thickness through

increasing addition of the dosages of AgNO3 and AA, and their
corresponding absorption are in a blue shift (Figure 3).
Therefore, it is easy to conclude that the plasmonic wavelength
depends on not only the thickness of the silver shell but also
the position of the nanorod in core−shell nanoparticles.

3.3. Effect of Small Molecules with Different Func-
tional Groups at the Side of AuNRs on the Final Shape
of the AuNR@Ag Core−Shell Nanostructure. In order to
study the effect of the asymmetrical molecular modification of
AuNRs by the covalent bond, we chose HS-PEG2000 modified
at the end part of AuNRs as a constant parameter, and then
small mercaptan molecules with different functional groups as
ligands modified on the side of AuNRs were investigated.
When 2-MEA, 2-MAC, and 2-MCH modified at the side of
AuNRs (Figure 4A-b−d) as seeds were used for the growth of
the silver shell, the dodecahedron, octahedron, and octahedron

Figure 2. (A) Schematic diagram of AuNRs stabilized with CTAC (a)
and modified with HS-PEG1000 (b), HS-PEG2000 (c), HS-PEG10000 (d)
at the end, respectively; (B) SEM images of AuNRs (a) and the final
AuNR@Ag core−shell nanostructure (b−d) corresponding to seeds
in panel (A); (C) UV−vis absorption spectrum corresponding to
nanoparticles in panel (B). The scale bar in all SEM images is 400 nm.

Figure 3. (A) SEM images, (B) TEM images, and (C) UV−vis
absorption spectra of AuNRs (a) and AuNR@Ag core−shell
nanoparticles obtained using AuNRs modified with HS-PEG2000 at
the end (b−e). The dosages of AgNO3 (0.001 M) are 0.25, 0.5, 0.75,
and 1 mL in experimental systems (b−e), respectively. The white
scale bar in panel (A) is 300 nm, and the red scale bar in panel (B) is
100 nm.
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(Figure 4B-b−d) were obtained, respectively. The result
showed a big difference to AuNR@Ag obtained by using
AuNRs only capped at the end with PEG as the seed, which
can be attributed to the effect of −OH, −COOH, and −NH2
from small thiol molecules.27,28 All the absorption of the
AuNR@Ag core−shell structure showed a large blue shift
compared with that of the AuNRs. The absorption almost had
the same trend and wavelength with a wide peak at 520 nm
and two small peaks smaller than 400 nm from 2-MEA and 2-
MAC modified at the side of AuNRs as seeds, respectively. For
2-MCH at the side of AuNRs, the absorption of final AuNR@
Ag had a higher value than above two absorption spectra and
three peaks appeared (Figure 4C). Thus, it is easy to conclude
that asymmetric modification with polymers at the end and
small molecules at the side have a significant effect on the final
morphology of AuNR@Ag core−shell nanostructures. The
functional group of small mercaptan molecules modified at the
side of AuNRs has no clear effect on the morphology of
AuNR@Ag core−shell nanostructures.
3.4. Effect of the Small Mercaptan Molecules with

Different Lengths of the Hydrocarbon Chain Modified
at the Side of AuNRs on the Final Shape of the AuNR@
Ag Core−Shell Nanostructure. When AuNRs with HS-
PEG2000 modified at the end and small mercaptan molecules
with amino groups modified at the side were used for the
growth of the silver shell, the growth behavior of silver is
different from depositing on the seeds decorated with CTAC
or only one type of macromocule (Figure 5). While 2-MEA, 4-
ATP, and 11-AUH were modified on the side of AuNRs,
polyhedron, octahedron, and octahedron were obtained,
repectively. The UV−vis absorption spectrum showed the
big blue shift of longitudinal wavelength from curve b to d
(Figure 5C). We also investigated the effect of molecular
weights of macromolecules modified at the side of nanorods
for the growth of the silver shell. With the modification of HS-
PEG (Mw = 2000, 1000) at the side of AuNRs, the growth of
silver on AuNRs is uniform simply with thin thickness, and the
obtained shapes are very similar to the shape of the initial
AuNRs (Figures S3 and S4). The morphologies of AuNR@Ag

obtained by utilizing the AuNRs modified by HS-PEG (Mw =
2000) at the end and HS-PEG-NH2 (Mw = 2000) at the side
as seeds also exhibit only a thin layer of silver shell (Figure S5).
Thus, we demonstrate that the small molecules with different
lengths of the hydrocarbon chain have little effect on the final
morphology of AuNR@Ag core−shell nanostructures. Based
on experimental results, the small molecules may lead to the
tendency of eccentric growth of the silver shell using AuNRs
modified with HS-PEG2000 at the end. However, the
morphologies of AuNR@Ag obtained by using the AuNRs
modified by HS-PEG10000 at the end and MEA at the side as
seeds are nearly tetrahedron, a concentric structure with the
AuNRs at one ridge (Figure S6).

3.5. Different Crystal Facets of AuNR@Ag Core−Shell
Nanostructures. It is well known that different shapes of
nanoparticles have different crystal lattices on the surfaces,
different surface atom activities, and various corresponding
applications.39,40 In our present work, the asymmetric
molecular modified AuNRs as seeds for the growth of silver
on AuNRs resulted in various shapes of the AuNR@Ag core−
shell structure, which showed different crystal facets (Figure
6). The heteroepitaxial growth of the Ag shell on AuNR
nanocrystals was obtained in the TEM image (Figure 6a).
Electron diffraction patterns were recorded on the core−shell
nanocrystals and showed that these final nanoparticles are
single crystals (Figure 6b). For AuNR@Ag obtained by
utilizing AuNRs capped with CTAC molecules (Figure 6A),
electron diffraction patterns were recorded on the core−shell
nanocrystals to align them along the <001> axis. The facets
were composed of the (200) and (020) facets. For AuNR@Ag
obtained by utilizing AuNRs modified with HS-PEG10000 at the
end and CTAC (Figure 6B) or MEA (Figure 6C) at the side as
seeds, electron diffraction patterns were recorded on the core−
shell nanocrystals to align them along the <001> axis. The
facets were composed of the (200) and (020) facets. For
AuNR@Ag obtained using the AuNRs modified with HS-
PEG2000 at the end and CTAC at the side as seeds (Figure
6D), electron diffraction patterns were recorded on the core−
shell nanocrystals to align them along nearly the <001> axis.

Figure 4. (A) Schematic diagram of AuNRs stabilized with CTAC (a)
and modified by HS-PEG2000 at the end and 2-MEA (b), 2-MAC (c),
and 2-MCH (d) at the side; (B) SEM images of AuNRs (a) and the
final AuNR@Ag core−shell nanostructure (b−d) corresponding to
seeds in panel (A). (C) UV−vis absorption spectrum corresponding
to nanoparticles in panel (B). The scale bar in all SEM images is 400
nm.

Figure 5. (A) Schematic diagram of AuNRs stabilized with CTAC (a)
and modified by HS-PEG2000 at the end and 2-MEA (b), 4-ATP (c),
and 11-AUH (d) at the side, respectively; (B) SEM images of AuNRs
(a) and the final AuNR@Ag core−shell nanostructure (b−d)
corresponding to seeds in panel (A); (C) UV−vis absorption
spectrum corresponding to nanoparticles in panel (B). The scale
bar in all SEM images is 400 nm.
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The facets were composed of the (200) facets. For AuNR@Ag
obtained using the AuNRs modified with HS-PEG2000 at its
end and MEA (Figure 6E) or MAC (Figure 6F) at its side as
seeds, electron diffraction patterns were recorded on the core−
shell nanocrystals to align them along nearly the <110> axis.
The facets were composed of the (111) and (002) facets. The
core−shell structure was elucidated unambiguously by
elemental mapping under HAADF-STEM (Figure 6d). The
AuNRs were seen to be coated with a clear Ag shell, and there
are only Ag atoms deposited on the AuNRs. In short, the
AuNR@Ag core−shell nanoparticles obtained from the
asymmetric molecular modified AuNRs as seeds tend to

form more stable facets, and our strategy realized different
morphologies of AuNR@Ag core−shell nanoparticles with
different facets, which is promising in various crystal facet
related applications.

4. CONCLUSIONS
In conclusion, we have developed a unique strategy to fabricate
AuNR@Ag core−shell nanostructures with particular shapes
precisely controlled by utilizing AuNRs with asymmetrical
modification as seeds. According to our experimental results,
the growth modes were adjusted by changing the molecular
weight of HS-PEG modified at the end of AuNRs. In this
system, there are two growth modes, which are F−M mode
and S−K mode. AuNRs with PEG1000 and PEG2000 modified at
the end or only with CTAC stabilized as seeds would like to
follow F−M growth mode; for AuNRs with PEG10000 modified
at the end, the growth behavior tends to follow S−K mode.
The corresponding UV−vis absorption peaks of the core−shell
nanoparticles show a regular blue shift upon increasing the
molecular weight of HS-PEG. It is confirmed that the
plasmonic wavelength peak depends on not only the thickness
of the silver shell but also the position of AuNRs in AuNR@Ag
core−shell nanoparticles. AuNRs with asymmetrical modifica-
tion as seeds provided a powerful way to tune the shapes of
AuNR@Ag core−shell nanoparticles and also the surface
crystal facets. Our proposed method would provide a way to
synthesize our nanomaterials, and the obtained core−shell
nanoparticles are promising in various fields.
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shell nanocrystal. Inset: electron diffraction pattern recorded on the
nanocrystal. (b) HRTEM image of the region indicated with the box
in panel (a). (c) Enlarged image of the region indicated with the box
in panel (b). (d) HAADF-STEM image (top left), elemental Au map
(top right), elemental Ag map (bottom left), and the merged
elemental map (bottom right). The black scale bar in panel (a) is 50
nm. The yellow scale bar in the inset of panel (a) is 10 nm. The white
scale bars in panels (b) and (d) are 20 and 40 nm, respectively. The
red scale bar in panel (c) is 2 nm.
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