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Herein we report the development of anisotropic bimetallic nano-

particles where aerosol gold nanoparticles served as the seeds for the

continuous deposition of silver atoms on their surfaces. Initially,

aerosol gold nanoparticles were formed by spark discharge and then

injected into a silver precursor solution in an impinging device. The

gold nanoparticles acted as the seed particles, and catalyzed the

reduction of the added silver ions in the presence of ultrasound to

yield bimetallic (gold core–silver shell) anisotropic nanoparticles.
Metal nanoparticles are probably the most extensively researched

nanomaterials and a frequent tool in nanotechnology. Controlling

the shape of nanoparticles is technologically important, since their

optical, electronic, magnetic, and catalytic properties often depend

critically not only on the particle size, but also on the particle shape.1–3

The development of synthetic routes for desired single and binary

metal nanomaterials has been a great major task for both theoretical

and practical applications.4 For bimetallic nanoparticles, Yang et al.

mentioned the key parameters such as seeding processes that affect

the final shape of products.5

Because of attractive plasmon absorption features, the optical

properties of bimetallic nanoparticles composed of gold and silver are

the subjects of considerable interest in the fields of nanoscience and

nanotechnology.6,7 There have been extensive efforts focusing on the

development of new synthetic methodologies of bimetallic nano-

particles with wet chemical processes.8 Depending on the synthetic

procedure, bimetallic nanoparticles can be synthesized homoge-

neously with the simultaneous reduction of two metal ions or

heterogeneously by the successive reduction of two metal ions. The

latter type of bimetallic nanoparticles are attracting special attention

due to their unique plasmonic properties.9

Despite many works on bimetallic nanoparticle preparation, there

are no reports on physical methods with the characteristics of being

simple, versatile, and green. In this work, we describe our new

strategy for the overgrowth on pre-formed aerosol gold nano-

particles. Spark generated aerosol gold nanoparticles were used as
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seeds for the overgrowth of silver shells in a precursor solution in the

presence of ultrasound.

Gold aerosol nanoparticles were produced via spark discharge10,11

and carried by nitrogen gas to an impinging device, as shown in

Fig. 1a. A spark discharge is a kind of atmospheric-pressure

nonequilibrium discharge.12 The impinging device, which contained

an ultrasound application probe, solutions 1 (silver precursor) and 2

(reducing agent) mixed in the device and an ultrasound probe, was

immersed into the mixture solution.13–15 The aerosol gold nano-

particles experienced ultrasound when they reached the gas (the gold

particle laden flow)–liquid (the silver precursor solution in the

impinging device) interface. Gold particles in the solution acted as

seeds and became kinetically capable of reducing the incoming Ag(I)

ions onto the seed particles to create Au–Ag bimetallic configura-

tions. The proposed chemical net reaction on the surface of gold

particles in the precursor liquid is as follows:6

Auseed þAgðIÞ ����������!CH2OH�CH2OH
Aucore �Agshell (1)

During the reaction in liquid phase, silver was deposited through

redox chemistry involving the Ag ion, as shown in eqn (1). Silver

nuclei which are formed on the surface of the gold particles in the

reaction act as the active sites for the further deposition of silver

species (Fig. 1b).

The size distributions of aerosol gold nanoparticles were measured

using a SMPS, and the results are provided in Fig. 2a. The total

number concentration, geometric mean diameter, and geometric

standard deviation of the spark generated gold particles were 2.28�
107 particles per cm3, 33.6 nm, and 1.51, respectively. Fig. 2b shows

the collection efficiency of the gold particles in the impinging device

as a function of the ultrasound intensity at 97.4–292.2 W cm�2. At

97.4 W cm�2, aerosol gold particles experienced a force at the gas–

liquid interface and about half the particles were collected in the silver

precursor solution, because the ultrasound streaming on the interface

could give rise to a particle velocity (Uas) with the following

equation:16

Uas ¼
�

2Pb

rgcspa
2X

�1=2

(2)

where P is the acoustic power of the ultrasound, b is the acoustic

energy attenuation coefficient, rg is the gas density, cs is the sonic

velocity in gas, a is the semi-angle of the spread of the streaming, and
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Fig. 1 (a) Schematic diagram of the aerosol-seed-assisted hybrid chemical route used in this work. (b) Scheme of the formation of anisotropic gold–

silver particles.

Fig. 2 Results for spark generated aerosol gold nanoparticles. (a) Size distributions of the aerosol gold particles. (b) Collection efficiency of aerosol gold

particles in the impinging device with different ultrasound intensities. (c) TEM images of the sampled aerosol gold particles and the ED pattern. (d) XRD

pattern of the sampled aerosol gold particles.
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Fig. 3 Results for anisotropic gold–silver particles. (a) TEM images of

the anisotropic gold–silver particles at different reaction times and the

ED pattern for 0.5 min reaction time. (b) UV-vis spectra of the aniso-

tropic gold–silver particles at different reaction times.
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X is the distance from the source. Collection efficiencies increased

linearly when the Stokes parameter [eqn (3)] increased.17

Stk1=2 ¼
�
CcrpUasDp

9mx

�1=2

(3)

whereStk is theStokesnumber,Cc is the slip correction factor,rp is the

particle density,Dp is the particle diameter,m is the gas viscosity, and x

is the oscillation amplitude. The same trend was observed for the

higher intensities examined in this work, though the collection effi-

ciencies increased. It was expected that the collection efficiency would

be a function of the Stokes parameter (from different ultrasound

intensities), thus a change in the intensity would not change the shape

of the collection efficiency vs. the Stokes parameter curve. The

collection efficiency of <30 nm particles did not significantly decrease

although the particles of <30 nm may be governed by a diffusional

motion for the conventional impactors. This may have originated

fromdifferentmechanisms of the particle attachment on their counter

media between the present [the particles in a bubble attached on the

liquid surface by bubble collapsing (decreasing bubble sizes from

several millimeters to �2 mm) due to ultrasound streaming] and

conventional (the particles in gas attached on a solid plate by inertial

impaction) methods.18 The plots were generated by dividing the

output and input aerosol size distributions. The plots show that a

decrease in collection efficiencywith decreasing size was probably due

to a decrease of the attachment frequency between the particle and the

liquid surface (i.e. increasing distances between the particle and the

surface). Themorphology and structure of aerosol gold particles were

characterized by TEM and electron diffraction (ED). The TEM

images (Fig. 2c) revealed that the gold particles were agglomerates of

several primary particles (each�4 nm in diameter). Fig. 2c also shows

the ED pattern corresponding to the TEM micrograph. The pattern

has a sharp diffraction line showing the (111) reflection and weak

diffraction lines showing the (200) and (220) reflections of the face-

centered cubic lattice of metallic gold, which indicated that the parti-

cles grewpredominantlyalong the (111) lattice andmostly consistedof

several nanometer sized crystallites. The XRD (Fig. 2d) of preformed

aerosol goldnanoparticles exhibited the followingpeaks: (111) at 2q¼
38.2�, (200) at 2q¼ 44.4�, (220) at 2q¼ 64.7�, (311) at 2q¼ 77.7�, and
(222) at 2q¼ 81.9�. The calculated data for the interplanar spacing d

and lattice parameter a are also listed in Fig. 2d.

The deposition of metallic silver on gold particles to form core–

shell-structured bimetallic particles is distinctly clear from the differ-

ence in contrastbetween the innerand theouter regionsof theparticles

(Fig. 3a); the lighter regions are invariably a feature of silver. The fast

Fourier transformation pattern (also shown in Fig. 3a) of gold–silver

particles confirmed theMiller planes (111), 2.35�A of gold, and (101),

2.42 �A of silver. The increase in particle size with increasing reaction

time (i.e.an increase in the silver content in the bimetallic particles) can

be explained by considering the continuous reduction of silver ions,

and as a consequence the particles grew bigger and anisotropic. The

competition for the overgrowth on different facets results in aniso-

tropic overgrowth. This anisotropic overgrowth led to flower shape

particles. The gold particles effectively acted as seeds to initiate silver

deposition. The process was hence clearly observed to occur by the

initial nucleation at several sites on the gold followed by growth

around these nucleated sites. Fig. 3b shows that the UV-vis spectra

exhibited peaks at �430 nm corresponding to the surface plasmon

resonance (SPR) absorption of the particles. The absorption peaks
6728 | Nanoscale, 2012, 4, 6726–6729
shifted (i.e. red shift) from�405 nm (a typical SPRbandof pure silver

nanoparticles in the 320–500 nm region with a peak at �410 nm)19

to�430 nm (in the 350–750 nm region, in the present cases). In these

cases, where the silver shell is sufficiently thick, a silver SPR peak is

mainly observed, demonstrating their relative composition/thickness

dependent optical properties.20 The red shift and broadening of the

SPRband in thisworkwere consistentwith the fact that the dominant

products were Au–Ag bimetallic particles. Moreover, the results (i.e.

the symmetry of the absorption peak at 0.5 min was better than those

at 1.5 and 3.0 min) for 1.5 and 3.0 min also corresponded to an indi-

cation of an increase in the size of the silver particles with different

shapesasa resultofdiffusivegrowth, aggregation,ora combinationof
This journal is ª The Royal Society of Chemistry 2012
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both.21,22 According to the Mie theory, the position of the SPR band

maximaof the particles is sensitive to changes in the refractive index of

the embedding medium, as

lpeak
2 ¼ (2pc1)

2mNe2(3N + 2n2)/30 (4)

where lpeak is the position of the SPR band, cl is the speed of light,m

is the effective mass of conduction electrons, N is the free electron

concentration, e is the electronic charge, 3N is the optical dielectric

function of the metal, and 30 is the free space permeability.

The novelty of this hybrid chemical route to prepare anisotropic

bimetallic particles lies in its simplicity and simultaneous control of

both morphology and size of the particles without any use of a

capping agent or template. This process is new, simple, versatile, and

environmentally friendly, and this or a modified version may be

useful for other systems of nanoparticles for producing bimetallic

particles with unique morphologies.
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