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Gold–silver bimetallic nanoparticles with varying mole fractions were synthesized in water-in-oil

microemulsions of water/Aerosol OT/isooctane by the co-reduction of HAuCl4 and AgNO3 with hydrazine at

25 uC. TEM analysis revealed that the bimetallic nanoparticles were essentially monodisperse and had a mean

diameter of 4–22 nm, increasing with an increase in the molar ratio of water to Aerosol OT (v0) and Ag

content. The UV/VIS absorption spectra of their solutions exhibited only one plasmon absorption and the

absorption maximum of the plasmon band red-shifted almost linearly from 400 to 520 nm with increasing

Au : Ag molar ratio, revealing the formation of an alloy. Although the characteristic peaks for Au and Ag

were too close to distinguish, the XRD analysis showed that the characteristic peaks for a Au–Ag bimetallic

systems became broader and accordingly suggested the formation of bimetallic nanoparticles. The EDX

analysis confirmed directly the formation of Au–Ag bimetallic nanoparticles. It showed that the composition of

Au–Ag bimetallic nanoparticles was in good agreement with that of the feed solution but the outer layer of the

particles was enriched in Ag. The HRTEM study indicated the resultant Au–Ag bimetallic nanoparticles

contained single and multiple twins as well as stacking faults, and no mismatch was present. In addition, it was

found that the formation rate of Au nanoparticles was much faster than that of Ag nanoparticles. This

satisfactorily accounted for the composition distribution within a Au–Ag bimetallic nanoparticle.

Introduction

In the past decade, considerable efforts have been devoted to
bimetallic nanoparticles owing to their different catalytic
properties,1–3 surface plasma band energy,4,5 and magnetic
properties6,7 relative to the individual metals. A number of
methods have been used to prepare the bimetallic nanoparti-
cles, including alcohol reduction,1,8,9 citrate reduction,5,10

polyol processes,11 borohydride reduction,12 solvent extrac-
tion–reduction,4,13,14 sonochemical methods,15 photolytic
reduction,16,17 radiolytic reduction,18,19 laser ablation,20,21

and metal evaporation–condensation.22 The particle size was
usually controlled via protective agents such as soluble poly-
mers and organic ligands, or via the adsorption of anions on
particle surface. It was shown that the size, structure, and
composition distribution of the resultant particles depended on
the preparation conditions.

Water-in-oil (w/o) microemulsions are transparent, isotro-
pic, and thermodynamically stable with nano-sized water
droplets that are dispersed in a continuous oil phase and
stabilized by surfactant molecules at the water/oil interface.
The surfactant-stabilized water pools provide a microenviron-
ment for the preparation of nanoparticles by exchanging their
contents via a fusion–redispersion process and preventing the
excess aggregation of particles. As a result, the particles
obtained in such a medium are generally very fine and
monodisperse. Many kinds of nanoparticles have been
prepared in w/o microemulsions including metals,23–26 metal
oxides and hydroxides,27–30 metal sulfides and selenides,31–35

metal borides,36 metal carbonates,37 organic polymers,38 and so
on. However, until recently when we synthesized Au–Pt, Au–
Pd, and Pd–Pt bimetallic nanoparticles,39–41 the preparation of
bimetallic nanoparticles in w/o microemulsions had not been
much attempted except for Cu–Au42 and Pd–Pt.43

Au–Ag bimetallic nanoparticles receive significant attention

because of their optical and electrochemical properties.5,10,18

Their preparation has been achieved by citrate reduction,5,10

borohydride reduction,12 photolytic reduction,17 radiolytic
reduction,18,19 laser ablation,20 solvent extraction–reduc-
tion,4,13 and evaporation–condensation.22 Their preparation
using microemulsion processing has not been reported. In this
paper, the preparation of Au–Ag bimetallic nanoparticles in
water-in-oil microemulsions of water/Aerosol OT/isooctane by
the co-reduction of chloroauric acid and silver nitrate with
hydrazine at 25 uC was studied. The size, optical properties,
structure, and composition distribution of the resultant
nanoparticles were characterized by transmission electron
microscopy (TEM), UV/VIS spectroscopy, X-ray diffraction
(XRD), high-resolution transmission electron microscopy
(HRTEM), and energy dispersive X-ray analysis (EDX). The
formation rates of particles were also investigated and the
formation process was discussed.

Experimental

Silver nitrate and hydrazinium hydroxide were the guaranteed
reagents of E. Merck (Darmstadt). Hydrogen tetrachloro-
aurate(III) hydrate was obtained from Alfa Aesar (Ward Hill,
MA). Sodium bis(2-ethylhexyl) sulfosuccinate (Aerosol OT)
purchased from Sigma Chemical Co. (St. Louis, MO) was
vacuum dried at 60 uC for 24 h and stored in a vacuum
desiccator before use. HPLC-grade isooctane supplied by
TEDIA (Fairfield) was dehydrated with 4 Å molecular sieves
(8–12 mesh, Janssen) for at least 24 h and kept in a vacuum
desiccator prior to use. The residual water of the Aerosol OT/
isooctane solution was recognized to be negligible by using a
Karl-Fischer moisture titrator (Kyoto Electronics MKC-50).
The water used throughout this work was the reagent-grade
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water produced by the Milli-Q SP ultra-pure-water purification
system from Nihon Millipore Ltd., Tokyo.

The w/o microemulsion solutions containing hydrazine,
HAuCl4 and AgNO3 were prepared by injecting the required
amount of the corresponding aqueous solution into an
isooctane solution of Aerosol OT. The w/o microemulsion
solutions containing both HAuCl4 and AgNO3 at a specified
molar ratio were obtained by mixing the appropriate volumes
of the w/o microemulsion solution containing HAuCl4 and that
containing AgNO3.

The preparation of bimetallic and individual metallic
nanoparticles was achieved by mixing equal volumes of two
w/o microemulsion solutions at the same molar ratio of water
to Aerosol OT (v0) and concentration of Aerosol OT, one
containing an aqueous solution of metal salts and the other
containing an aqueous solution of hydrazine. The reductions of
HAuCl4 and AgNO3 were

4HAuCl4 1 3N2H5OH A 4Au 1 16HCl 1 3N2 1 3H2O (1)

4AgNO3 1 N2H5OH A 4Ag 1 4HNO3 1 N2 1 H2O (2)

According to the findings of preliminary experiments, various
nanoparticles usually reached their final sizes within several
seconds to several tens of minutes, and so the samples for
various analyses were taken after about 3 h. In this work the
concentration of Aerosol OT was based on the overall volume
of microemulsion solution, while the concentrations of metal
salts and hydrazine were referred to the volume of aqueous
solution added in the w/o microemulsion solution. In this
study, the concentrations of Aerosol OT, hydrazine, and the
total metal salts were fixed at 0.1 M, 1.0 M, and 0.1 M,
respectively. The temperature was kept at 25 uC.

The particle sizes were determined by TEM using a JEOL
Model JEM-1200EX at 80 kV. The sample for TEM analysis
was obtained by placing a drop of the colloidal solution onto a

Formvar-covered copper grid and evaporating it in air at room
temperature. Before withdrawing the samples, the colloidal
solutions were sonicated for 1 min to obtain better particle
dispersion on the copper grid. For each sample, usually over
100 particles from different parts of the grid were used to
estimate the mean diameter and size distribution of particles.
The HRTEM study and EDX analysis were carried out on a
Hitachi Model HF-2000 field emission transmission electron
microscope with a resolution of 0.1 nm and the attached
system. XRD measurements were performed on a Rigaku
D/max III.V X-ray diffractometer using CuKa radiation (l ~
0.1542 nm). The UV/VIS spectra of the w/o microemulsion
solutions containing various nanoparticles were measured with
a Hitachi U-3000 spectrophotometer equipped with a 10 mm
quartz cell. For the measurement of the formation rate of Au
nanoparticles, the variation of absorbance at 520 nm with
reaction time was observed in a stopped-flow spectrophoto-
meter (Union Giken, RA401).

Results and discussion

The typical TEM micrographs and the size distributions of Au,
Ag, and Au–Ag bimetallic nanoparticles at three different
molar ratios obtained at v0 ~10 are shown in Fig. 1. Not only
Au and Ag but also the Au–Ag bimetallic particles were very
fine and essentially monodisperse. Since the difference in the
mean diameter of Au (5 nm) and Ag (20 nm) was large enough
to distinguish, the monodispersion of bimetallic systems
suggested that they were not physical mixtures of the individual
metallic nanoparticles and bimetallic nanoparticles were really
formed.

The mean diameters of Au, Ag, and the bimetallic nano-
particles with various molar ratios of Au : Ag at v0 ~ 10 and 4
are illustrated in Fig. 2. As has been known, when the particle
diameter reached that of the microemulsion droplet, the

Fig. 1 Transmission electron micrographs and particle size distributions of the individual metallic and bimetallic nanoparticles: (A) Ag (B) Au–Ag
(1 : 3) (C) Au–Ag (1 : 1) (D) Au–Ag (3 : 1) (E) Au. [metal salts] ~ 0.1 M; [N2H5OH] ~ 1.0 M; v0 ~ 10; AOT ~ 0.1 M; reaction time ~ 3 h (F)
particle size distributions.
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surfactant molecules might adsorb on the surface of the particle
formed therein and restrict the growth of nanoparticles. The v0

value is a size-determining key parameter of microemulsion
droplets and hence has an important influence on the particle
size. So, it was reasonable that smaller particles were obtained
at a lower v0 value due to the reduction in the size of micro-
emulsion droplets. Furthermore, on increasing the Au content,
the mean diameters of bimetallic nanoparticles decreased
rapidly and then approached a constant value when the mole
fraction of Au was above 50%. The dependence of the size of
bimetallic nanoparticles on composition has been reported by
several researchers. Yonezawa and Toshima found that the
mean diameters of the bimetallic nanoparticles depended on
the compositions and showed a negative deviation for the
Pd–Pt, Au–Pd, and Au–Pt systems prepared by alcohol
reduction,9 while a positive deviation was observed by Esumi
et al. for the Pd–Pt system prepared by solvent extraction
reduction.13 In our recent work concerning the synthesis of
bimetallic nanoparticles in water-in-oil microemulsions, a
negative deviation for the Au–Pt39 and Au–Pd40 systems and
a positive deviation for the Pd–Pt41 system were also observed.
Although these results were not completely consistent, they
were all ascribed to a difference in the nucleation process,
which could be affected by the kinds of materials, the reaction
media, and the preparation conditions.

It is known that, in addition to the collision energy and the
sticking coefficient, the rates of nucleation and growth were
determined mainly by the probabilities of the collisions
between several atoms, between one atom and a nucleus, and
between two or more nuclei. The former kind of collision
related to the nucleation and the latter two kinds of collision to
the growth process. When the reduction rate was so large that
most of the ions were reduced before the formation of nuclei,
and the probability of the effective collision between one atom
and a nucleus was much higher than those of the other two
collisions, the size of the resultant particles would be
monodisperse and determined by the number of the nuclei
formed at the very beginning of the reaction. Thus, in this
work, the reduction of AuCl4

2 and Ag1 ions might be so fast
that they were reduced almost completely before the formation
of nuclei and the sizes of the Au, Ag, and Au–Ag bimetallic
nanoparticles obtained were determined by the number of
nuclei formed from Au or Ag. Since the concentration of total
metal ions was fixed, the significant reduction in size due to the
addition of Au at a low Au content as shown in Fig. 2 implied
that Au might act as the seeds for the formation of Au–Ag

bimetallic nanoparticles. Further discussion is given in the later
study on formation kinetics of particles.

It is known that Au and Ag nanoparticles have plasmon
absorption bands at about 520 and 400 nm, respectively. So,
two plasmon bands would be expected for a physical mixture of
Au and Ag monometallic nanoparticles and the formation of a
Au–Ag alloy could be deduced from the fact that the optical
absorption spectrum shows only one plasmon band. Fig. 3
shows the UV/VIS absorption spectra for Au, Ag and three
typical Au–Ag bimetallic systems. Only one plasmon band was
observed for each bimetallic system and the plasmon maximum
was red-shifted almost linearly from 400 to 520 nm with
increasing Au content as shown in the inset in Fig. 3, revealing
the formation of a Au–Ag alloy. However, it was also noticed
that the absorbance of Au–Ag bimetallic nanoparticles
decreased with increasing Au content and they all were lower
than those for Au and Ag. This result was in agreement with
the calculated spectra of Au–Ag alloy nanoparticles using the
full Mie equations.44 According to the suggestion of Mulvaney
et al.,18 one monolayer of Au should be sufficient to mask the
Ag plasmon resonance band completely. So, the above
phenomenon could be due to the fact that the increased Au
content on the particle surface resulted in the damping of the
underlying Ag surface plasmon band.

Fig. 4 shows the XRD patterns of Au, Ag, and Au–Ag
bimetallic nanoparticles. It was found that the XRD patterns
for Au–Ag bimetallic systems exhibited broader characteristic
peaks than those for the individual monometallic nanoparticles
although the characteristic peaks for Au and Ag were too close
to distinguish. This implied that Au–Ag bimetallic nanopar-
ticles were formed and they were poorly crystalline resulting
from less ordered structures as usually observed for nanopar-
ticles. In addition, four characteristic peaks for Au and Ag
marked by their indices ((111), (200), (220), and (311)) revealed
that the resultant bimetallic nanoparticles were in the face-
centered cubic (fcc) structure.

Three typical electron diffraction patterns for the Au–Ag
bimetallic nanoparticles are shown in Fig. 5, in which the radii
of four main fringe patterns were all in the ratio of d3 : 2 : d8
: d11. They related to the (111), (200), (220), and (311) planes
and confirmed the fcc structure of Au–Ag alloy nanoparticles.

The HRTEM study on three typical Au–Ag bimetallic
nanoparticles, as shown in Fig. 6, indicated the presence of
defect structures. The particles contained single and multiple
twins as well as stacking faults as observed for most

Fig. 2 Mean diameters of Au–Ag bimetallic nanoparticles as a function
of composition in feed solution. [metal salts] ~ 0.1 M; [N2H5OH] ~
1.0 M; [AOT] ~ 0.1 M; reaction time ~ 3 h.

Fig. 3 UV/VIS absorption spectra of Au–Ag bimetallic nanoparticles
at various molar ratios. The inset indicates the dependence of the
absorption maximum of the plasmon band on the composition. [metal
salts] ~ 0.1 M; [N2H5OH] ~ 1.0 M; v0 ~ 4; [AOT] ~ 0.1 M; reaction
time ~ 3 h.
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nanoparticles, and the individual lattice planes were clearly
visible. In addition, no mismatch was observed. This could be
related to the very similar lattice constants of Au (0.408 nm)
and Ag (0.4089 nm).5

For each molar ratio of Au : Ag, about 10 particles on the
copper grid were chosen to analyze their average composition

by EDX. When the ratio of [HAuCl4] : [AgNO3] in the feed
solution was 1 : 3, 1 : 1, and 3 : 1, the Au : Ag elemental
ratios of bimetallic nanoparticles were determined to be 24.63 :
75.37, 49.69 : 50.31, and 74.69 : 25.31, respectively. This
revealed that the compositions of Au–Ag bimetallic nanopar-
ticles were in good agreement with those of the two metal salts
in the feed solutions, and confirmed directly the formation of
Au–Ag bimetallic nanoparticles.

To further investigate the composition distribution within a
particle, the compositions in the outer layer and in the core of a
typical Au–Ag (1 : 3) nanoparticle were measured by EDX.
It was found that the Au : Ag elemental ratios in the outer
layer and in the core were 16.83 : 83.17 and 54.67 : 45.33,
respectively. This indicated clearly that the outer layer of Au–
Ag bimetallic nanoparticles was enriched in Ag. This might be
related to the formation process and will be further discussed in
the following section.

The formation rates of Au, Ag, and Au–Ag bimetallic
nanoparticles were measured by observing the variations of
their absorbance at the corresponding absorption maxima with
time. In the case of Ag nanoparticles, the absorbance at 400 nm
increased with time and then approached a constant value as
shown in Fig. 7(A), revealing that the formation of Ag
nanoparticles was completed in 30 min. For the preparation
of Au nanoparticles, it was found that the color of the reaction
solution turned instantaneously from yellow to red. Since
the formation rate was so quick that the required time could
not be detected by conventional methods, a stopped-flow

Fig. 4 XRD patterns of Au, Ag, and Au–Ag bimetallic nanoparticles at
various molar ratios. [metal salts] ~ 0.1 M; [N2H5OH] ~ 1.0 M; v0 ~
4; [AOT] ~ 0.1 M; reaction time ~ 3 h.

Fig. 5 Electron diffraction patterns of three typical Au–Ag bimetallic
nanoparticles with various molar ratios. Au : Ag ~ 1 : 3 (A), 1 : 1 (B),
3 : 1 (C); [metal salts] ~ 0.1 M; [N2H5OH] ~ 1.0 M; v0 ~ 4; [AOT] ~
0.1 M; reaction time ~ 3 h.

Fig. 6 High-resolution transmission electron microscopes of three
typical Au–Ag bimetallic nanoparticles with various molar ratios.
Au : Ag ~ 1 : 3 (A), 1 : 1 (B), 3 : 1 (C); [metal salts] ~ 0.1 M;
[N2H5OH] ~ 1.0 M; v0 ~ 10; [AOT] ~ 0.1 M; reaction time ~ 3 h.
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spectrophotometer was used to measure the formation rate of
Au nanoparticles. As shown in Fig. 7(C), the time required for
the complete formation of Au nanoparticles was only 4 s. In
the case of Au–Ag (1 : 3), a similar tendency at 429 nm was
observed but the time required for the formation of bimetallic
nanoparticles was reduced to 3 min, as illustrated in Fig. 7(B).
This indicated that the formation of bimetallic nanoparticles
was significantly accelerated by the presence of Au, although it
was still slower than that for Au. This could be attributed to the
seeding effect of Au.

Thus, according to the above investigations on the effect of
composition on particle size, the composition distribution in a
particle, and the rates of particle formation, the formation
process of Au–Ag bimetallic nanoparticles could be described
as follows. First, AuCl4

2 and Ag1 ions are reduced completely.
Then, Au and Ag atoms start to aggregate to form the nuclei.
Since the nucleation rate of Au is much faster than that of Ag,
the nuclei of the bimetallic system might be formed mainly
from Au atoms. All nuclei might be formed almost at the same
time. After that, the bimetallic nanoparticles grow gradually to
their final size by the co-deposition of Au and Ag atoms on the
nuclei. Au atoms should be more likely to deposit on the nuclei.
This leads to the enrichment of Ag in the outer layer of Au–Ag
bimetallic nanoparticles.

Conclusions

Au–Ag bimetallic nanoparticles have been prepared in
microemulsions of water/AOT/isooctane by the co-reduction
of HAuCl4 and AgNO3 with hydrazine. The particle size
analysis indicated that the resultant bimetallic nanoparticles
were monodisperse and had a mean diameter of 4–22 nm,
increasing with an increase in the v0 ([H2O]/[AOT]) value and
Ag content. The rapid reduction in particle size due to the
addition of a small amount of Au suggested that Au might play
a seeding role in the formation of Au–Ag bimetallic nano-
particles. Both the UV/VIS absorption spectra and XRD
patterns for the bimetallic systems revealed the formation of
bimetallic nanoparticles. The HRTEM study indicated the
particles contained single and multiple twins as well as stacking
faults, and no mismatch was present. The EDX analysis
confirmed directly the formation of bimetallic nanoparticles
and showed that Ag atoms were enriched in the outer layer of
bimetallic nanoparticles. In addition, the formation rate of Au
nanoparticles was found to be much faster than that of Ag
nanoparticles. Also, Au might act as the seeds for the
formation of Au–Ag bimetallic nanoparticles. According to

the kinetic analysis and the characterization of particles, a
formation process for Au–Ag bimetallic nanoparticles was
proposed. This work showed another practicable method for
the preparation of Au–Ag bimetallic nanoparticles, and should
be helpful for the clarification of the formation process of Au–
Ag bimetallic nanoparticles in w/o microemulsions.
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