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Abstract Homogenous Ag–Au alloy nanoparticles

having an average size of 12 ± 2 nm were success-

fully prepared by the exploding wire technique

comprising of a wire–plate system and using 12 V

batteries. The X-ray photoelectron spectroscopy data

reveal the formation of alloy nanoparticles with

Ag80-Au20 composition, which agrees with the

absorption data, obtained using UV-Visible spectros-

copy. XPS also reveals a thin metal-oxide shell on the

metallic alloy core. These alloy nanoparticles show

visible fluorescence emission that was compared with

the observed fluorescence from pure Ag nanoparti-

cles. A mechanism for the observed fluorescence is

also provided.
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Introduction

Metal alloy nanoparticles are of great interest in

surface science since they can exhibit electronic,

optical and catalytic properties that are quite different

from those of their constituents (Toshima and

Yonezawa 1998; Rao 1998; Wang et al. 2005a,b

Hannemann et al. 2006).

An important phenomenon that occurs on alloy

surfaces is the segregation by which the surface

chemical composition is completely modified. Some

of the factors affecting the surface segregation of an

alloy AB (Rao 1998) are; (1) Bond strengths (A–A,

A–B and B–B), (2) Atomic size of the individual

components A and B, (3) Enthalpies of sublimation

and (4) Surface energies. In the case of nano-

structured alloy particles, there are some additional

factors that influence the final surface composition.

They are preparation conditions, miscibility of the

individual components at the atomic level and

kinetics of reduction of the individual components.

The structure of Ag–Au alloy nanoparticles has

generated a lot of interest since it is known that both

Au and Ag have very similar lattice constants and are

completely miscible over the entire composition

range, forming homogeneous alloys in the bulk phase

(Link et al. 1999). The choice of Ag and Au for many

studies on metal nanoparticles is due to their full

miscibility and high chemical stability, so that they

can be used in almost any environment with no risk

of rapid chemical reactions.
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Moreover, the optical absorption spectra of Ag–Au

alloy nanoparticles generally exhibit one surface

plasmon resonance (SPR) band whose maximum

depends on the alloy composition. Although the

values of the free electron plasmon frequency (xp)

are almost equal, the difference in the positions of the

surface plasmon for Ag and Au is mainly due to the

differing contributions of the interband transitions to

the dielectric functions of the two metals (Moskovits

et al. 2002). The surface plasmon oscillation in alloy

particles is a hybrid resonance resulting from exci-

tations of conduction as well as the d-band electrons

(Link et al. 1999). It was also found that a synergistic

effect exists between Au and Ag, leading to higher

activity and hence a catalytic behavior. Gold is very

useful as an alloying metal due to its relatively low

reactivity. It has been used in conjunction with metals

such as palladium, platinum and silver. Indeed, bio-

molecules have strong affinities to bind to both gold

and silver nanoparticle surfaces. This would allow the

use of Ag–Au alloy nanoparticles in a variety of bio-

medical applications.

Ag–Au alloy nanoparticle preparation has been

achieved using various physical and chemical meth-

ods. For example, Papavassiliou (1976) obtained Ag–

Au alloy colloid nanoparticles (*10 nm) of different

composition using the arc-discharge method in 2-

butanol using two Pt electrodes, one of them was

covered by melted Ag–Au alloy. These alloy colloids

were used to study their SPR behavior. Lee et al.

(2001) have produced Ag–Au alloy nanoparticles of

10 nm sizes by using pulsed laser irradiation of bulk

alloy metals in water. Similarly, Ag53 Au47 of sizes

about 22 nm have been prepared by laser vaporiza-

tion controlled condensation (Abdelsayed et al.

2006). Chemically, Ag–Au alloy nanoparticles have

also been prepared by co-reduction of HAuCl4 and

AgNO3 using various reducing and capping agents

(Link et al. 1999; He et al. 2002; Mallin and Murphy

2002; Raveendran et al. 2006) and in water-in-oil

microemulsions of water/Aerosol OT/isooctane

(Chen and Chen 2002). Various composition of these

alloy colloids with size range between 8 and 35 nm

were also synthesized by the addition of silver ions to

a polymer protected aqueous gold sol in presence of a

seeding agent followed by a heat treatment (Suyal

et al. 2003). The alloy composition was also achieved

using a biochemical method in a foam matrix using

bovine serum albumin (BSA) protein (Singh et al.

2005).

The electro-exploding wire (EEW) technique has

been extensively used to prepare pure metal nano-

particles (Sen et al. 2003b; Alqudami and

Annapoorni 2005, 2007; Alqudami et al. 2007). The

plasma state was reached during the melting-evapo-

ration process of the wire. This in fact made us feel

that the explosion of two wires in one process would

result in the formation of their alloy particles. This

research article is an attempt to: (1) Make silver-gold

alloy nanoparticles using the EEW technique, (2) Use

the X-ray photoelectron spectroscopy (XPS) and the

surface plasmon resonance techniques to analyze the

resulting composition, (3) Study the structural pro-

perties of the particles using XRD and TEM and (4)

Investigate their fluorescence behavior.

Experiment

Silver and gold wires (99.998%; Alfa Aesar) of

0.2 mm diameter and of length 20 mm were put

jointly into the explosion circuit shown in Fig. 1 as a

Fig. 1 Schematic diagram of the electro-exploding wire

(EEW) set up (1) Thin metal wire, (2) Metal plate, (3) 36 V

batteries and (4) Glass vessel
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first electrode. The first electrode is connected to 36

V DC (12 volts batteries connected in series) and

from the batteries to a silver plate (20, 20, 2) mm

(99.998%; Alfa Aesar) as the second electrode. The

wires to be exploded were driven through a wire

guide made of glass. The silver plate was held with a

hard plastic holder. Both the wire guide and the plate

holder were fixed in a glass vessel filled with 100 ml

of double distilled water. The electrical circuit

remains open until the contact is made by the wire

onto the plate manually, resulting in the wire

explosion through a non-linear process (Vandana

and Sen 2005), in a very short time. This in turn

opens up the circuit for another explosion process.

Details of the set up are published elsewhere (Sen

et al. 2003a, 2003b, 2004, 2007). The alloy nanopar-

ticles which disperse in the water solution were used

as prepared for further analysis.

Results and discussion

A few drops from the nanoparticle suspension were

dried on glass substrate for recording X-ray diffrac-

tion (XRD) data in the range 30–90�. The XRD was

performed with a PW3710 Philips Analytical

X-Ray Diffractometer using a Cu- Ka radiation

(k = 1.54056 Å). Figure 2 shows the obtained XRD

patterns for the prepared nanoparticles. Peaks were

observed at two theta degrees of 38.19�, 44.37�,

64.55�, 77.41� and 81.75� and have been indexed to

(hkl) values of (111), (200), (220), (311) and (222),

respectively.

The hkl values are corresponding to the FCC

structure with the lattice constant of 4.08 ± 0.005 Å.

The Ag and Au have very similar lattice parameters.

The lattice constants are 4.0862 Å (Ag) and

4.07825 Å (Au), and the nearest-neighbor inter-

atomic distances are 2.889 (Ag–Ag) and 2.884 Å

(Au–Au) for coordination number 12 (Bayler et al.

1996). The diffractogram of the Ag–Au combinations

shows broad bands and this might probably be due to

both the alloy formation and the small particle size.

In order to look for a probable doublet, the 100%

peak corresponding to (hkl) (111) was scanned

between 36 and 41 degrees. There was no splitting

observed as seen from the inset in Fig. 2, suggesting

that the explosions have not yielded Ag and Au

nanoparticles separately but probably an alloying

might have occurred.

The particle size as estimated using Debye Scher-

rer’s formula is found to be about 15 ± 1 nm.

In order to characterize the nanoparticles using

Transmission Electron Microscope (TEM), a part

from the water solution containing Ag–Au nanopar-

ticles was sonicated for 15 min. A single micro-drop

from the sonicated solution was allowed to dry on a

carbon-coated copper grid for electron microscopy

imaging using JEOL JEM 2000EX Transmission

Electron Microscope. Figures 3a, b shows the TEM

images of the Ag–Au alloy nanoparticles taken at low

and high magnifications, respectively.

The alloy nanoparticles are spherical in shape. The

size distributions of the particles that appear in the

images (a, b) are shown in Figs. 3c, d, respectively.

These size histogram have been obtained using

Image-J 1.32j (USA) software. The size histograms

show a lognormal size distribution with peak at about

12 ± 2 nm. This is in agreement with the size

estimated from the XRD (15 ± 1 nm).

The X-ray diffraction studies and the TEM mea-

surements are techniques which are used only to

determine the structure and size of the particles. Thus

another technique should be used to investigate the

composition of the prepared nanoparticles.

In order to investigate the possibility of alloy

formation of Ag–Aunanoparticles, the X-ray photo-

electron spectroscopy was performed. For the XPS

measurements a part of the colloid was centrifuged at

10,000 rpm, re-dispersed in ethanol and allowed to

dry on a cleaned silicon substrate. The analysis was

done by the XPS system of Perkin–Elmer model 1257

30

0

50

100

150

(222)
(311)(220)

(200)

(111)

In
te

n
si

ty
 (

a.
u

.)

2 θ

2 θ
36

0

50

100

150 (111)

40 50 60 70 80 90

38 40

Fig. 2 X-ray diffractions of Ag–Au alloy nanoparticles (inset

shows diffraction from the (111) plane)
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(Chakraborty et al. 2000), which consists of a dual

anode X-ray source for primary beam (Mg Ka/Al

Ka), a high resolution Hemispherical Electron

Energy Analyzer and a 0–5 keV Ar+ ion source for

sputtering. The sample under analysis was mounted

on a high precision x, y, z, h manipulator inside a

UHV chamber of base pressure 5 9 10-10 Torr. The

XPS analysis was done using the Al Ka source, and

the secondary electrons emitted were analyzed with

the analyzer normal to the sample surface.

The surface of the sample under investigation was

sputter cleaned by using Ar+ ion source of 4 kV,

20 mA emission current, for 2 min at an etching rate

of approximately 1 nm per minute. As one is not

aware of the components available in the sample a

survey scan is performed for a large energy range.

Figure 4 shows the XPS survey scan in the range 0–

600 eV. Peaks of Ag and Au along with peaks of

Carbon and Oxygen are observed. Binding energies

(BE) corresponding to Au (4f7), Au (4d5), Ag (3d5),

and Ag (3p3) were observed. Contamination peaks of

C 1s and O 1s were observed at 285.6 and 531.6 eV

respectively. To compensate for the charging effect,

the binding energies were corrected to the standard

position of C 1s which was used as an internal

standard (Wagner et al. 1979). Figure 5 shows the

high resolution core-level spectra of Ag 3d and Au 4f

obtained from the as prepared and etched samples,

along with standard spectra of pure Ag and Au

(Wagner et al. 1979), for comparison.

The summary of the analysis of the XPS date are

listed in Table 1. After Ar ion etching, the BE’s of

Ag 3d5/2 and Au 4f7/2 were observed to be higher by

about 0.2 and 0.3 eV respectively. The shift in BE to

higher values could be due to the removal of some

oxides from the surface of the nanoparticles (Murray

2005).

The XPS analyses allows one to estimate the

composition ratio of the constituent materials namely

Ag and Au using the integrated areas IAg and IAu of

the BE peaks 3d5/2 and 4f7/2 respectively and the

atomic sensitivity factor (ASF) (Wagner et al. 1979)

as,

CAg

CAu
¼ IAg=ASFAg

IAu=ASFAu

The composition ratios of the Ag and Au in the

alloy nanoparticles were estimated to be (78.6:21.4)

% and (80:20) % (±1%) corresponding to (Ag:Au)

composition before and after etching respectively.

The BE values obtained from the XPS analysis of

the Ag–Au alloy nanoparticles are in good agreement

with literature (Wang et al. 2005a, b; Kariuki et al.

2006; Kim 2003; Sandhyarani and Pradeep 2000).

The shift in the BE of the Ag–Au alloys from those of

pure forms, (Barrie and Christensen, 1976; Fuggle
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Fig. 3 (a, b) Transmission electron micrographs of the Ag–Au

alloy nanoparticles at low and high magnification respectively,

(c, d) Particle size distributions estimated for particles appear

in the corresponding image
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Fig. 4 XPS survey spectra obtained for the Ag–Au alloy
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and Martensson, 1980), is an indication of the alloy

nanoparticles formation (Tyson et al. 1992; Kim

2003). As discussed by Hoflund et al. (2000), the

relatively high FWHM of the XPS peaks is attributed

to the presence of some oxidation states.

The binding energy of C 1s in the present

investigation was observed at about 285.6 eV. The

carbon peak is attributed to contamination from the

pumps.

Oxygen is likely to be in the form of thin oxide

layer formed during the growth of the alloy nano-

particles and their interactions with the water

molecules.

The optical absorption studies have been per-

formed on the Ag–Au alloy nanoparticles and

compared with the optical response of pure Ag

nanoparticles which have been prepared by the same

technique and are reported elsewhere (Alqudami and

Annapoorni 2007). Both the nanoparticle systems

were studied in the water solution form with appro-

priate base-line corrections and using quartz cells.

Both the solutions were sonicated for 10 minutes

prior to the optical studies. The absorptions have been

recorded in the wavelength range of 200–700 nm

using a Shimadzu UV-2510PC spectrophotometer

and the spectra are shown in Fig. 6. It has been

observed that the Ag–Au nanoparticles have only one

surface plasmon absorption band centered at about

424 nm and that reported for Au is about 520 nm.

The SPR band of pure Ag is observed to be at about

404 nm. The SPR peak of the Ag–Au nanoparticles is

red-shifted by about 20 nm compared with pure Ag

nanoparticles.

In fact, the optical absorption of the nanoparticles

showed a clear evidence of the Ag–Au alloy nano-

particles formation. It is well known that Ag and Au

nanoparticles have plasmon absorption bands at about

400 and 520 nm respectively. The physical mixture
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Fig. 5 High resolutions

XPS Ag 3d and Au 4f

spectra obtained from Ag–

Au alloy nanoparticles

compared with the standard

spectra of pure Ag and Au

Table 1 Binding energies (BE) and FWHM in eV for Ag–Au

alloy nanoparticles compared with pure form of Ag and Au

B. E. (eV) FWHM (eV)

3d5/2 3d3/2 3d5/2 3d3/2

Aga 367.9 373.9 1.14 1.23

(1)b 367.4 373.4 2.63 2.91

(2)c 367.6 373.6 2.33 2.46

B. E. (eV) FWHM (eV)

4f7/2 4f5/2 4f7/2 4f5/2

Aua 83.8 87.45 1.31 1.42

(1)b 83.4 87.15 2.28 2.38

(2)c 83.7 87.35 2.38 2.60

a Pure standard form
b As prepared Ag–Au alloy nanoparticles
c Ag–Au alloy nanoparticles, after etching
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Fig. 6 Surface plasmon resonance (SPR) of Ag–Au alloy

nanoparticles compared with Ag nanoparticles
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of Ag and Au monometallic nanoparticles are

expected to have two plasmon bands. The formation

of Ag–Au alloy nanoparticles could be deduced from

the fact that the optical absorption shows only one

SPR band. This band is highly influenced by the

composition percentage (Lee and El-Sayed 2006;

Papavassiliou 1976; Hostetler 1998; Chen and Chen

2002; Lee et al. 2001; Kim et al. 2003; Raveendran

et al. 2006; Wang et al. 2005a, b; Link et al. 1999;

Abdelsayed et al. 2006; Hubenthal et al. 2005; Suyal

et al. 2003; Singh et al. 2005; Shibata et al. 2002; He

et al. 2002; Philip et al. 2000; Sloufova et al. 2004;

Agrawal et al. 2006; Mallin and Murphy 2002).

The SPR peaks were observed at 404 and 424 nm

for Ag nanoparticles and Ag–Au alloy nanoparticles

respectively. The composition percentage can be

calculated using the absorption peak shift. It was

reported that plasmon maximum was red shifted

almost linearly from 400 to 520 nm with increasing

Au content (Papavassiliou 1976; Mallin and Murphy

2002; Chen and Chen 2002; Lee et al. 2001;

Raveendran et al. 2006; Wang et al. 2005a, b; Link

et al. 1999).

The percentage composition of Ag–Au alloy was

also estimated using the optical/SPR absorption. This

was done by simulating the extinction cross section

using Mie’s theory and the details are described

below.

The extinction cross sections of Ag–Au alloy

nanoparticles in water medium (Refractive index:

1.334) have been calculated using the equation,

rext =
9 � V � e3=2

m ðxÞ
c

� x � e0rðxÞ
½e0rðxÞ þ 2 � emðxÞ�2 þ e00r ðxÞ

2

The simulation was performed for the alloy

compositions of Ag100 Au0, Ag79 Au21, Ag62 Au38,

Ag11 Au89 and Ag0 Au100. These compositions were

chosen due to the availability of the dielectric

functions data. Ripken (1972) determined the exper-

imental optical constants (real and imaginary part of

the dielectric function) on thin films (30–40 nm

thickness) of silver, gold and their alloys. Using these

reported data for the above mentioned alloy compo-

sitions, the extinction cross section spectra were

generated and are shown in Fig. 7a. It is clearly

observed that the SPR peak is shifting from that of

silver (*395 nm) to that of gold (*525 nm) with

increasing Au mole fraction. This shift is plotted

against the Au mole fraction as shown in Fig. 7b. The

data points were fitted linearly with resulting linear

equation as:

kmaxðnmÞ ¼ 396ð�2Þ þ 128ð�4ÞXAu

Using the above equation and by substituting

kmax = 424 nm (as observed experimentally in

Fig. 6), the XAu value comes to be about

0.21 ± 0.02. This value is in quite an agreement

with the composition obtained using the XPS data

(XAu = 0.2 ± 0.01).

Ag nanoparticles obtained by EEW technique

exhibited fluorescence emission at about 485 nm under

plasmonic excitation (Alqudami and Annapoorni

2005; 2007). In this article, the water solution

containing Ag–Au alloy nanoparticles has also been

studied for its fluorescence behavior. The fluorescence

behavior of the Ag–Au alloy nanoparticles is also

compared with the fluorescence behavior of pure Ag

nanoparticles. The excitation wavelengths for both
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the systems (Ag–Au and Ag) have been decided based

on the SPR absorption peaks. The Ag–Au alloy

nanoparticles were excited at 424 nm and the Ag

nanoparticles have been excited at 390 nm. The

observed fluorescence excitation and emission spectra

are shown in Fig. 8. Table 2 summarizes the observed

emission bands of Ag and Ag–Au nanoparticles.

The emission is found to depend on the excitation

wavelength. The main observations are: (1) Ag

nanoparticles are to be excited at 390 nm while

Ag–Au alloy nanoparticles at 424 nm, that is in

agreement with the absorption spectra results dis-

cussed earlier. (2) No shift in the emission peak

positions were observed in both the systems except

the change in the relative intensity, indicating that the

emission is dominated by the Ag contents. (3) The

emissions at high energies (433, 450 nm) are asso-

ciated with high energy excitation (390 nm).

The fluorescence from monometallic Ag and Au

nanoparticles has been reported and reviewed (Ievlev

et al. 2000; Zheng and Dickson 2002; Gangopadhyay

et al. 2005; Treguer et al. 2005; Jiang et al. 2005;

Hwang et al. 2002; Geddes et al. 2003; Link and

El-Sayed 2003). However, fluorescence from Ag–Au

alloy nanoparticles, to the best of our knowledge, has

not been reported earlier.

The origin of the fluorescence is the radiative

transitions among the characteristic surface/interface

energy bands. Nanoparticle suspensions have very

large surface/interface active area, where chemisorp-

tion and/or physisorption process takes place.

Localized surface electrons form discrete energy

levels depending on the size, shape of the nanopar-

ticles and the thickness of the adsorbed surface layer.
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Table 2 Emissions of Ag and Ag–Au alloy nanoparticles at

different excitations

Emission (nm)

Ag Ag80 – Au20

Excitation (nm) 390 433, 450, 486, 532 431, 450, 532

424 487, 572 487, 569

J Nanopart Res (2008) 10:1027–1036 1033

123



Ag–Au alloy nanoparticles undergo selected radi-

ative transitions when compared with Ag

nanoparticles. Au contents in the alloy nanoparticles

perturb the d-band energy level and give rise to some

favorable transitions. It was reviewed that d-band

electrons of the noble metal nanoparticles absorb the

incident photon energy and promote to higher

electronic states in the sp-band. The electron-hole

pair recombines un-radiatively through electron–

phonon scattering process but then may combine

radiatively giving rise to the observed fluorescence

(Link and El-Sayed 2003). Or the excited particle

plasmons themselves can radiate and give rise to the

observed emissions (Dulkeith et al. 2004).

The mechanism for alloying of small particles is

still not clear. Kinetic considerations indicate that, for

the two metals to mix, the diffusion coefficient needs

to be many orders of magnitude larger than for the

bulk materials (Yasuda and Mori 1992; Yasuda et al.

1993). The surface melting plays an important role

(Shimizu et al. 2001), especially with relatively small

nanoparticles (*100 atoms). A process driven by

surface free energy also leads to migration of atoms

at the nanoparticles surface (Schmid et al. 2000).

Since the melting temperature of the smaller particles

is much lower than the corresponding bulk, much

faster inter-diffusion of the atoms is expected in the

nanoparticles. A number of studies on mechanical

alloying have suggested that interfacial imperfections

enhance the diffusion by many orders of magnitude

(Das et al 1999).

A study of the literature shows that wire explosion

and fragmentation generally tend to proceed in the

following manner (Vandana and Sen 2005): heating

of wire and wire melting; wire explosion (evapora-

tion) and formation of a high density core surrounded

by low density ionized corona; coronal compression

by self-induced magnetic fields; and fast expansion of

explosion products.

We have evidence of plasma formation, as the

electro-explosion process is accompanied by emis-

sion of visible light. The exploding wires–plate

system brings both the wire and plate surface

instantaneously to their melting points (typically

after 140 ls). This melting process brings both the

wires (silver and gold) as well as the plate at the

contact point to a mix or alloy state before they

evaporate. The evaporated atoms, ions or clusters

then continue to grow and form alloy nanoparticles.

Inter-diffusion will proceed to further form random

alloy nanoparticles.

To explain the expected atomic diffusion, we

invoke a relatively high density of defects, particu-

larly vacancies, at the bimetallic interface. Such

defects may be caused by the surface curvature or by

the need to stabilize the particle during the synthesis

process. The diffusion in metals is commonly

accepted to proceed via migration of atoms into

vacancy defects. A single vacancy at the interface is

enough to catalyze the fast diffusion rate (Sheng and

Ma 2001). Water medium in the present work may

induce additional strain into the lattice and enhance

migration of the atoms.

Conclusion

The exploding wire technique can be used not only to

prepare pure metal nanoparticles, but can also be used

to prepare metal alloy nanoparticles. In this research

article we have shown the successful preparation of

fluorescent Ag80-Au20 alloy nanoparticles. The XPS

data analysis and the SPR behavior of the nanopar-

ticles were used to confirm the formation of alloy

structures. This technique can be tried for other

metallic combinations and composition percentages

which might allow further understanding of the

mechanism for alloying of small particles. The

composition percentage can be controlled through

the selection of wires of different diameters and the

plate material, which is at present being carried out.
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