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Binary gold–silver nanostructures of preformed gold nanoparticles (25 nm) in silver nitrate solutions are
produced by a two step sonication (20 kHz). Ultrasonic treatment of gold–silver mixtures is carried out in
the presence of sodium dodecyl sulfate in water or 2-propanol, and poly(vinyl pyrrolidone) in ethylene
glycol solutions. Gold–silver nano-worms, which consist of ripened gold particles connected by ultrason-
ically reduced silver, are formed after 1 h of sonication in the presence of sodium dodecyl sulfate aqueous
solution. In 2-propanol bimetallic nano-worms have a well defined core–shell structure. Polygonal alloy
nanoparticles with gold as a core material and a silver shell are produced after 180 min of sonication in
the presence of poly(vinyl pyrrolidone) in ethylene glycol solution. Bimetallic gold–silver nanostructures
have defected face centered cubic structure and represent polycrystals with a large number of crystallites
randomly oriented. For the first time, the mechanism of gold particle design by ultrasound is examined in
detail. The role of additives (sodium dodecyl sulfate, polyvinyl pyrrolidone, ethylene glycol and 2-propa-
nol) as reductants of silver at the gold contact surface or stabilizers of particles is highlighted.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Colloidal gold is the most stable metal dispersion towards mois-
ture, oxygen and most corrosive reagents. The main advantages of
gold particles are biocompatibility and conjugation with antibod-
ies, proteins and DNA [1,2], and ease of surface functionalization
[3–12]. Moreover, gold sols of different morphology can be em-
ployed as models for the investigation of nanoparticle behaviour
under extremely high pressures and temperatures [13].

Morphological modification of gold with one of the other metals
(Pd, Fe, Ag, Pt) at the nanoscale for surface-enhanced Raman scat-
tering (SERS) surfaces, drug delivery, biological sensing, nonlinear
optical switching, and catalysis is an interesting aspect of modern
nanotechnology. As one of the most known examples, nanoparti-
cles with a gold-core and palladium-shell show higher activities
for the hydrogenation of 4-pentenoic acid than for those of the
mixtures of monometallic nanoparticles with the corresponding
Au/Pd ratio [14]. Gold-coated iron (Fe@Au) nanoparticles were
found superparamagnetic with a lower blocking temperature of
42 K [15] as compared to iron nanoparticles with the same
dimension.

Moreover, the bimetallic nanoparticles obtain not only
enhanced, but tunable optical properties in the ultraviolet, visible
and near infrared region, which is a special case of binary gold–
silver nanoparticles [16,17]. Metallic silver is a technologically
ll rights reserved.
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important material, since it has the highest conductivity and
reflectivity among all metals and exhibits size-dependent catalytic
activity. In addition, silver has strong toxicity in various chemical
forms to a wide range of microorganisms and is used as sterilizer
for removal of bacteria in drinking water. Both gold and silver at
the nanometre scale are especially attractive in the industrial
application due to the optical and electronic properties depending
on their morphology [18] and shape-dependent surface plasmon
resonance [19]. Despite the fact, that gold has lower optical
enhancement factors than silver does [20], gold particles could
be easier prepared as monodisperse nanoparticles with different
diameters [21]. The preformed gold nanoparticles coated with sil-
ver have a narrower size distribution than typical original silver
and stronger SERS response in comparison to gold [22].

Different synthesis procedures have been applied up to date for
formation of colloidal gold: citrate reduction [23]; the Brust–Schif-
frin method [24], which is a two-phase synthesis and stabilization
by thiols; wet chemical synthesis based on seed-growth mecha-
nism [25], a variety of physico-chemical methods such as photo-
chemical method (UV, near-IR) [26,27], radiolysis [28–30],
aerosol technology [31], thermolysis [32–34], and ultrasonic
approach. Sonochemical formation of gold sols was first reported
by the group of Grieser 17 years ago [35]. Gold particles were
reduced by ultrasonic treatment of aqueous HAuCl4 solutions at
20 kHz in the presence of alcohols (different types and concentra-
tion) and have a diameter less than 10 nm. Later a detailed work
reported about the ultrasonic synthesis of gold particles with
average diameters from 9 to 25 nm in the presence of aliphatic
alcohols and sodium dodecyl sulfate [36]. The study of
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sonochemical reduction of Au(III) ions from aqueous HAuCl4 solu-
tion in the presence of alcohol was extended from ultrasound of
20 kHz to 213 kHz, 358 kHz, 647 kHz and 1062 kHz [37]. The fact
that the particle growth can be inhibited by surfactant adsorption
onto the particle surface [38] was realized to form gold nanoparti-
cles with narrow size distribution [39] and of different structure
(1-D [40] and 2-D [41–43]). The morphology of ultrasonically
formed gold particles is controlled by the metal and surfactant mo-
lar ratio.

For silver particle dispersions, the most known approaches are
condensation methods, which are chemical reduction of silver ions
from their salt in different solvents by sodium borohydride [44] or
organic (citric acid [23], ascorbic acid [45], formaldehyde [46],
aminosilanes [47]) reducing agents. However, the major problem
of these methods is a limited flexibility in the size of particles,
which is less than 10 nm. Although small size is desirable in catal-
ysis due to the favourable surface-to-volume ratio, for optical
applications larger diameters are often necessary. Moreover, small
particles do not interact with light nearly as efficiently as those
that have 20–100 nm diameter. On the other hand, the plasmon
resonances in larger silver sols have a significant light-scattering
component that can be advantageously used in applications that
require efficient optical labels, such as in chemical assays.

Numerous non-traditional approaches, in turn, are developed to
form silver particles through high temperature [48] and photo-
reduction [49], electron irradiation [50], electrochemical procedure
[51] and laser ablation [52]. Unfortunately the main problems for
these methods are the high polydispersity and lack of particle crys-
tallinity as well as the cost and scalability of sol production. There-
fore the synthetic procedure should address all of the above
mentioned problems and yield particles with undesired molecules
on the surface to avoid the alteration of surface and optical proper-
ties. The sonochemical method as one of the alternatives to the
other non-traditional procedures allows one to form silver parti-
cles with the diameter from 18 to 350 nm, different morphology
[53–58] and crystallinity (crystalline [59] and amorphicity [60]).

In colloid science bimetallic Ag–Au nanoparticles are mainly
prepared by reduction of the ions of silver (e.g. AgNO3) and gold
(e.g. HAuCl4) in refluxed aqueous solutions of sodium borohydride
and sodium citrate [61] or only of the last one [62]. The advantage
of the ‘citrate’ procedure is that trisodium citrate dihydrate (TCD)
is used as both reducing agent and stabilizer of gold nanoparticles.
The only difficulty is to find an appropriate concentration of TCD
for the reduction rate and nucleation-to-growth ratio for the for-
mation of monodisperse gold nanoparticles. The as formed parti-
cles are long-lived and their surface can be used for design with
silver.

Co-reduction of gold and silver ions from the mixture either
containing both metal precursors [63], preformed sols of one of
the metals (Au or Ag) in the presence of acid or salt of the other
one [64], is recently documented by the sonochemical approach.
Moreover, bimetallic Au–Ag alloy nanoparticles can be prepared
by fusion of gold and silver aqueous sols during ultrasonic treat-
ment [65].

The general idea of the ultrasonic method is the creation of a
highly non-equilibrium microenvironment (cavitation bubbles) in-
side a bulk solution at normal conditions and the utilization of the
thermal (formation of free radicals) and mechanical (shock waves,
microjets or turbulent flows) energy from the implosive bubble
collapse. Normally the ultrasonic treatment of metal dispersions
is carried out in the presence of surface active additives (surfac-
tants or solvent molecules). On one hand, surface active materials
react with free radicals due to the accumulation at the gas/liquid
interface and form secondary radicals which enhance heteroge-
neous reduction of metal ions. On the other hand, surfactants con-
trol the hydrophilicity and surface charge of colloidal sols for
adsorption at the bubble interface. Particles which are at the gas/li-
quid interface can either penetrate into the hot spot region for fu-
sion or react with radicals and the ions of the other metal. The
morphology and elemental composition of the bimetallic products
is achieved by the nature of surfactants, tuning the molar concen-
tration of metal (Au, Ag) precursors and ultrasonic treatment con-
ditions (ultrasonic intensity and duration). Typically the structure
of sonochemically prepared gold–silver particles is a core–shell.
Gold as a core material is formed first since it has a larger redox po-
tential (Au3+ ? Au: 1.02 V) than silver does (Ag+ ? Ag: 0.7996 V),
which is reduced at a lower rate and coats the gold surface.

The presented work is the new continuation of our previous re-
port on the sonochemical design of preformed gold nanoparticles
in silver nitrate aqueous solutions [64]. In contrast to the descrip-
tive nature of the earlier article, the present manuscript elucidates
the role of surface active additives (sodium dodecyl sulfate and
poly(vinyl pyrrolidone)) and solutes (2-propanol and ethylene gly-
col) in the silver reduction to produce gold–silver nanostructures
with different morphology. It is important to emphasize, that the
roles of surface active materials, which act as stabilizers or reduc-
tants are distinguished during vigorous stirring as a control exper-
iment and by elemental mapping analysis of binary Au–Ag
nanostructures. Moreover, the examined surface plasmon reso-
nance band, crystalline structure and elemental composition of
ultrasonically treated gold sols without silver nitrate in the pres-
ence of sodium dodecyl sulfate in aqueous solution proves that
gold–silver nano-worms consist of ripened gold nanoparticles,
which are connected by reduced silver in between. In addition,
the core–shell structure of binary gold–silver particles with so-
dium dodecyl sulfate in 2-propanol solution is proved by compar-
ison of elemental composition patterns of Au–Ag nano-worms in
water. Furthermore, the kinetics formation of silver shell at the
surface of preformed gold nanoparticles in the presence of polyvi-
nyl pyrrolidone in ethylene glycol solution is expanded by the
study of elemental composition versus time and crystalline struc-
ture of binary nanostructures. Moreover, preformed gold nanopar-
ticles in silver nitrate solution are substituted by silver sols in order
to elucidate the silver reduction during sonication.
2. Experimental section

2.1. Materials

Silver nitrate (AgNO3, 99.8%), trisodium citrate dihydrate
(C6H5Na3O7�2H2O, >99%), ethylene glycol (EG, �99.5%), poly(vinyl
pyrrolidone) K-30 (PVP K-30, 40 kDa) were purchased from Sig-
ma–Aldrich (Munich, Germany). Hydrogen tetrachloroaurate (III)
trihydrate (HAuCl4�3H2O, 99.99%) and sodium n-dodecyl sulfate
(SDS, 99%) were purchased from Alfa Aesar (Karlsruhe, Germany).
2-Propanol (>99.7%) was bought from Merck (Darmstadt,
Germany).

All chemicals were used without further purification. The water
used in all experiments was prepared in an Integra UV plus purifi-
cation system (Wasseraufbereitung und Regenerierstation GmbH,
Barsbüttel, Germany) and had a conductivity 0.055 lS cm�1.
2.2. Synthesis of gold nanoparticles

Gold nanoparticles were prepared following the citrate
reduction method modified by Frens [21]. The procedure was car-
ried out in a 1 L round-bottom flask prewashed in concentrated ni-
tric acid, rinsed in water and oven-dried prior to use. Fresh
38.8 mmol L�1 trisodium citrate dihydrate aqueous solution was
rapidly added to 500 mL of 1 mmol L�1 HAuCl4 and heated to the
boiling point. The gold solution changed the colour from pale
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yellow to burgundy, indicating the formation of colloidal gold.
Boiling was continued for 10 min, then the heating mantle was re-
moved and stirring lasted for additional 15 min. After the solution
reached room temperature, it was dialysed through a cellulose dia-
lysing tube against 1.1 L of 38.8 mmol L�1 C6H5Na3O7�2H2O for
42 h. The calculated concentration of formed gold nanoparticles
in solution is 0.97 mmol L�1. The prepared gold colloidal solution
was kept at 4 �C, and no sediment was observed during several
weeks after the synthesis.

2.3. Ultrasonic treatment conditions

A tightly closed home made batch reactor of ca. 50 mL equipped
with a Fryka KT 06-42 thermo-cryostat was used to sonicate solu-
tions of nanoparticles with ultrasound. Ultrasonic treatment was
provided by a Vibra Cell (VCX 505, 20 kHz) ultrasonic processor
purchased from Sonics & Materials Inc. (Newtown, USA) with a
titanium alloy probe having 0.700 solid tip, which was immersed
about 1.5 cm below the surface of the exposed solution. The colloi-
dal solutions were bubbled with argon (O2 < 2 ppmv, air liquid)
20 min each time in every ultrasonic procedure before and during
the ultrasonic treatment at a rate of 200 mL min�1 to eliminate the
oxygen in the solutions. The temperature of the solutions did not
exceed 50 �C during ultrasonic treatment.

The sonication of preformed gold nanoparticles in silver nitrate
solutions in the presence of additives was carried out stepwise.

2.3.1. Sodium dodecyl sulfate in aqueous solution
17.28 mg of SDS in 30 mL of H2O was stirred for 15 min and

then 7.5 mL of 40 mmol dm�3 AgNO3 was added, and the mixture
was sonicated for 30 min at 23.8 W cm�2. 7.5 mL of 5 mmol dm�3

concentration of preformed colloidal gold solution was mixed with
4.25 mg of SDS, shaken for 15 min and then added to the sonicated
SDS–silver solution for ultrasonic treatment for 60 min at
38.9 W cm�2.

2.3.2. Sodium dodecyl sulfate in 2-propanol solution
17.28 mg of SDS was dissolved in 30 mL of 2-propanol and stir-

red for 24 h in conical glass. Then the mixture was added to 7.5 mL
of 40 mmol dm�3 AgNO3 and sonicated for 30 min at 23.8 W cm�2.
As soon as the sonication was completed 7.5 mL of 5 mmol dm�3

concentration of preformed colloidal gold solution with 4.25 mg
of SDS was added into the sonicated SDS–silver solution, and then
the mixture was ultrasonically treated for 60 min at 38.9 W cm�2.

2.3.3. Poly(vinyl pyrrolidone) in ethylene glycol solution
12.5 mg of poly(vinyl pyrrolidone) was stirred overnight in

30 mL of ethylene glycol. 15 mL of this organic mixture was added
to 7.5 mL of 40 mmol dm�3 AgNO3 and sonicated for 30 min at
23.8 W cm�2. Then 3.1 mg of PVP was added to 7.5 mL of
5 mmol dm�3 concentration of preformed colloidal gold solution
and stirred for 6 h. As the next step, the PVP–colloidal gold solution
was mixed with sonicated PVP–silver solution, and the mixture
was ultrasonically treated for 60 min at 38.9 W cm�2.

2.4. Characterization

The UV–Vis spectrophotometer Varian CARY 50 (Varian Inc.,
USA) was used to record absorbance spectra in the wavelength
range from 250 nm to 1000 nm with precision of 0.2 nm using a
quartz cell with 1 cm path length, and a quartz halogen lamp
(315–1200 nm) served as the light source. The zeta potential val-
ues of colloidal solutions were measured employing a Nano Zeta
Sizer (Malvern Instruments Ltd., United Kingdom). A conventional
transmission electron microscope (TEM) Zeiss EM 912 Omega (Carl
Zeiss AG, Germany), which is operated at 120 kV was employed for
illumination of the samples by an electron beam to visualize the
particle morphology and structure through the difference of the
TEM image contrast at a moderate resolution of 0.34 nm. The
transmission electron microscope (TEM) Zeiss EM 912 Omega (Carl
Zeiss AG, Germany), equipped with an electron diffraction unit was
utilized to obtain information about the crystal structure and local
orientation of samples, allowing to distinguish between different
crystallographic phases. The unit cell and symmetry of an un-
known phase determined from the geometry of the diffraction pat-
tern [66], with proper interpretation of the intensities of spots,
yields the positions of atoms in the crystal.

Scanning transmission electron microscopy (STEM) measure-
ments were conducted using a transmission electron microscope
Philips CM200 LaB6 with scanning electron transmission micros-
copy unit and energy dispersive X-ray detector (Genesis 4000)
operating at 200 kV with a maximum resolution of 0.23 nm for ele-
mental mapping. At each spot, the generated signal is simulta-
neously recorded by selected detectors, building up point by
point an image to detect small clusters or single atoms of a heavy
metal in a matrix of light elements (Z-contrast), to visualize di-
rectly the nanostructures. The crystal structure of nanoparticles
was investigated by a D8 Bruker wide angle X-ray diffractometer
(XRD). Gold–silver colloidal mixtures were first washed at a rota-
tion speed of 13,000 min�1 and five centrifugation times with
water at room temperature in a Sigma 1–15 K centrifuge and dried
at 60 �C overnight to prepare the nanoparticle powder for XRD
measurements. Energy dispersive X-ray fluorescence diagrams of
samples were recorded by a DSM 940 (Zeiss AG, Germany) scan-
ning electron microscope, which is fitted with a micro-analytical
system (Link ISIS System, Oxford Instruments).
3. Results and discussion

3.1. Preformed gold nanoparticles in silver nitrate solutions with
sodium dodecyl sulfate

3.1.1. Formation of gold–silver nano-worms
Gold nanoparticles (Au NPs) are prepared via the ‘citrate’ meth-

od based on the paper of Turkevich [23]. The final Au NPs have a
diameter of (25 ± 3 nm) with negative n potential of �51 ± 5 mV.
No visible sediment and no change in the colour of monodisperse
spherical gold NPs appeared for at least a month of storing at room
temperature.

The gold–silver mixture is sonicated with sodium dodecyl sul-
fate in water or in 2-propanol solutions in two steps. After ultra-
sonic treatment the resulting Au–Ag/SDS/water solution became
transparent, while the Au–Ag/SDS/2-propanol solution changed
the colour from violet to light-cognac, and dark grey sediment ap-
peared on the bottom of the vessel in both types of solutions. The
UV–Visible spectra of the gold–silver mixture with SDS in water or
in 2-propanol are shown in Fig. 1A and B, respectively.

Fig. 1A shows a baseline with a broad shoulder from silver ni-
trate in SDS aqueous solution (as indicated by the black curve)
and a surface plasmon resonance peak near 526 nm from pre-
formed gold nanoparticles with SDS in water before ultrasonic
treatment. When unsonicated gold nanoparticles coated with SDS
are mixed with silver nitrate/SDS aqueous solution, which was
sonicated for 30 min in the first step, a broad surface plasmon res-
onance band with two badly resolved signals near 436 and 509 nm
appears. This indicates the presence of silver and gold. After 30 min
of ultrasonic treatment at the second step, this SPR band narrows,
is red shifted to 538 nm and the absorbance of silver disappears,
indicating the formation of gold–silver nanocomposites. After
additional 15 min of sonication the intensity of the SPR peak near
538 nm decreases by a factor of 2.6 without a change of the



Fig. 1. UV–Visible absorbance spectra of gold–silver nanocomposites after ultrasonic treatment with sodium dodecyl sulfate in (A) water and (B) 2-propanol solutions, where
SN is silver nitrate, SN⁄ is silver nitrate solution after 30 min of ultrasonic treatment at the first step, SDSaq – aqueous solution of sodium dodecyl sulfate, SDSiso – 2-propanol
solution of sodium dodecyl sulfate.
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position, which is due to the ripening of gold–silver nanostruc-
tures. The SPR band disappears after 60 min of ultrasonic treat-
ment at the second step, pointing to the formation of ripened
binary gold–silver nanocomposites, which have sedimented.

When water is substituted by 2-propanol, a broad SPR band
with very low intensity as indicated by the green curve appears
Fig. 2. Transmission electron microscopy images of preformed gold nanoparticles in silve
before and (B) after 60 min of ultrasonic treatment at the second step. TEM images of the
hour of ultrasonic treatment at the second step.
from the mixture of gold nanoparticles in previously sonicated sil-
ver nitrate solution before the second step of ultrasonic treatment
(Fig. 1B). This SPR band becomes complex, narrows and is red
shifted to the longer wavelength region near 576 nm after
15 min of ultrasonic treatment at the second step. Small band max-
ima within this SPR band appear near 447 and 687 nm, which are
r nitrate solution sonicated in the first step with sodium dodecyl sulfate in water (A)
same mixture, when water is substituted by 2-propanol (C) before and (D) after one
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assigned to the absorbance of silver and gold nanoparticles with
elongated shape, respectively. The absorbance of silver disappears
after 60 min of sonication, indicating the ripening of gold–silver
nanocomposites with elongated structure.

Gold–silver nanostructures (NSs) are formed during ultrasonic
treatment in two steps in the presence of SDS in water or 2-propa-
nol, but the SPR absorbance spectra of these two solutions are dif-
ferent, hence the morphology of Au–Ag NSs is also different.
Transmission electron microscopy analysis yields deeper insight
into the difference of the morphology of gold–silver NSs, which
are ultrasonically formed in water or in 2-propanol solutions in
the presence of SDS (Fig. 2).

Fig. 2A shows aggregated gold nanoparticles, which have oval
shape and high image contrast, when mixed with SDS and soni-
cated silver nitrate aqueous solution before ultrasonic treatment
at the second step. One hour of the second part of sonication re-
sults in formation of worm-like structures, which consist of aggre-
gated gold nanoparticles with an oval shape connected by parts
with low image contrast which is assigned to reduced silver
(Fig. 2B). This TEM observation agrees with the appearance of only
one SPR signal in the absorption range of gold (i.e. near 538 nm),
indicating the ripening of gold nanoparticles. In addition, the dis-
appearance of silver absorbance in the UV–Visible spectrum after
the second part of sonication is in agreement with the TEM obser-
vation, when silver connects ripened gold nanoparticles to form
thick gold–silver worm-like nanostructures. In contrast, agglomer-
ates with poorly defined shape and different image contrast are
shown in the transmission electron micrograph, when gold nano-
particles are mixed with SDS in 2-propanol and silver nitrate solu-
tion sonicated in the first part (Fig. 2C). One hour of ultrasonic
treatment of this mixture at the second step results in formation
of composites with a worm-like structure of smaller thickness
Fig. 3. UV–Visible absorbance spectra of silver nitrate (A) aqueous or (B) 2-propanol solu
UV–Visible absorbance spectra of silver nitrate (C) aqueous or (D) 2-propanol solutions w
stirring, respectively. Here, SNaq and SNiso – silver nitrate aqueous and 2-propanol solu
vigorous stirring.
and different image contrast compared to those ultrasonically pre-
pared in water (Fig. 2D). Gold–silver nano-worms ultrasonically
formed with SDS in 2-propanol have a high image contrast, indicat-
ing a well defined core–shell structure, where gold is the core
material and silver is the shell.

3.1.2. Possible formation mechanism of Au–Ag nano-worms
In order to understand the effects of sodium dodecyl sulfate and

2-propanol on the formation of gold–silver nano-worms during
ultrasonic treatment, the following experiments were carried out.
As the first experiment, silver nitrate aqueous and 2-propanol solu-
tions were ultrasonically treated for one hour to gain deeper in-
sight into the reduction rate of silver ions. The vigorous stirring
of silver nitrate aqueous or 2-propanol solutions without ultra-
sound was carried out at a temperature of 50 �C as a control exper-
iment. Fig. 3A shows the UV–Visible absorbance spectra of silver
nitrate aqueous solution after ultrasonic treatment and vigorous
stirring, respectively.

Before ultrasonic treatment, silver nitrate aqueous solution ab-
sorbs light at 302 nm. The surface plasmon resonance peak is
slightly blue shifted to 298 nm and a small absorption band ap-
pears near 411 nm after 30 and 60 min of sonication, indicating
the slow reduction of silver ions in water. In contrast, silver nitrate
aqueous solution exhibits the SPR peak near 296 nm after 30 and
60 min of vigorous stirring, indicating the absence of silver reduc-
tion. Similarly, with silver nitrate in 2-propanol solution light is
scattered after 30 and 60 min of vigorous stirring without reduc-
tion of silver (Fig. 3B). On the contrary, a broad SPR absorbance sig-
nal appears near 464 nm after 30 min of ultrasonic treatment and
the colour of the silver nitrate 2-propanol solution changes from
colourless to yellowish brown. After one hour of sonication the
SPR absorption of silver is blue shifted to 454 nm and broadens,
tions after 30 and 60 min of ultrasonic treatment and vigorous stirring, respectively.
ith sodium dodecyl sulfate after 30 and 60 min of ultrasonic treatment and vigorous
tions; SNaqST and SNisoST – silver nitrate aqueous and 2-propanol solutions after



Table 1
Intensities and calculated intensity ratios of XRD peaks from gold nanoparticles in
sodium dodecyl sulfate aqueous solution before and after 60 min of ultrasonic
treatment in water.

Time [min] (h k l) D

(1 1 1) (2 0 0) (2 2 0) (3 1 1) D1 D2 D3

0 785 342 219 311 2.3 1.56 0.70
60 564 248 135 131 2.27 1.84 1.03

D1 is ratio of I(1 1 1) to I(2 0 0); D2 is ratio of I(1 1 1) to I(2 2 0); D3 is ratio of I(1 1 1)
to I(3 1 1).
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indicating the reduction of silver ions and formation of polydis-
perse silver clusters [67].

The sonochemical reduction of silver in water and 2-propanol
solutions is performed by water or organic radicals, which are
formed during sonolysis of the solutions. The radicals reduce Ag+

ions to yield the Ag0 atoms, which form silver nanoparticles. The
reduction of silver ions occurs faster in 2-propanol solution, be-
cause 2-propanol scavenges the OH� radicals and therefore hinders
the oxidation process of zerovalent silver. The reactions of 2-pro-
panol with OH� (1) and H� radicals (2) are described below [68].

OH� þ CH3CHðOHÞCH3 ! H2OþH3CC�ðOHÞCH3 ð1Þ
Table 2
The FWHM (�) and size (L, nm) values from X-ray diffraction patterns of the gold
nanoparticles in the presence of sodium dodecyl sulfate aqueous solution before and
after 60 min of ultrasonic treatment. The error amounts 0.02�.

(h k l) FWHM [�] 2h [�] L [nm]

0 [min] 60 [min] 0 [min] 60 [min]

(1 1 1) 0.33 0.36 38.2 25.01 23.32
(2 0 0) 0.31 0.32 44.4 26.61 25.92
(2 2 0) 0.33 0.27 64.7 25.31 31.32
(3 1 1) 0.34 0.17 77.7 24.34 47.71
H� þ CH3CHðOHÞCH3 ! H2 þH3CC�ðOHÞCH3 ð2Þ

A secondary radical H3CC�ðOHÞCH3 efficiently reduces the precursor
silver ions Ag+ to Ag0.

As the second experiment, silver nitrate aqueous and 2-propa-
nol solutions are ultrasonically treated with sodium dodecyl sul-
fate or vigorously stirred to reveal the effect of SDS on the
reduction rate and on stabilization of silver. The UV–Visible absor-
bance spectra of silver nitrate aqueous solution with SDS exhibit
enhanced scattering after 60 min of ultrasonic treatment and stir-
ring, respectively, due to the presence of SDS (Fig. 3C), but hardly
any plasmon band. In contrast, a broad SPR peak appears near
460 nm after 30 min of ultrasonic treatment of silver nitrate with
SDS in 2-propanol solution (Fig. 3D). This SPR peak broadens and
is blue shifted to 446 nm after additional 30 min of sonication,
indicating enhanced reduction of silver. No SPR absorbance of re-
duced silver is recorded after either 30 or 60 min of vigorous stir-
ring. The reduction of silver occurs in 2-propanol solutions either
with or without SDS therefore 2-propanol plays a main role in
the sonochemical formation of silver atoms (clusters). On the other
hand, the SPR peak of silver nanoparticles in 2-propanol is stronger
blue shifted in the presence of SDS from 460 to 446 nm) than with-
out SDS (from 464 to 454 nm), hence SDS acts as a stabilizer of re-
duced silver atoms.

As a third experiment, preformed gold nanoparticles without
silver nitrate in the presence of sodium dodecyl sulfate aqueous
solution were ultrasonically treated under similar conditions in or-
der to examine the formation of gold particles with elongated
structure. The UV–Vis absorbance spectrum shows surface plas-
mon resonance band near 526 nm before and after one hour of son-
ication (Fig. SI.1, supporting information). Without any shift the
SPR peak slightly broadens from 58 to 61 nm (full width at half
maximum), indicating the fusion of gold contact surfaces without
formation of elongated structures [13]. The crystalline structure
of gold sols in the presence of sodium dodecyl sulfate in water is
examined by X-ray powder diffraction (Fig. SI.2, supporting infor-
mation). All peaks (1 1 1) at 2h = 38.2�, (2 0 0) at 2h = 44.4�,
(2 2 0) at 2h = 64.7�, (3 1 1) at 2h = 77.7� and (2 2 2) at 2h = 81.4�,
which are assigned to the face centered cubic structure of gold
nanoparticles, are present and not shifted after one hour of ultra-
sonic treatment. In spite of the different intensity values of the
XRD peaks before and after ultrasonic treatment, the difference be-
tween the intensity ratios is <1 (Table 1). The FWHM value of
(1 1 1) XRD peaks increases and of (2 2 0) and (3 1 1) decrease sys-
tematically with the longer sonication time (Table 2), indicating
the twinning or stacking faults in the crystalline structure of parti-
cles upon heat treatment at temperatures from 300 to 1000 K [69].
This coincides with the HRTEM analysis of gold nanoparticles,
which fuse at the contact surfaces during sonication [13]. On the
other hand, the decreased FWHM values of XRD peaks of sonicated
nanoparticles shows the increase of the nanoparticle size after
ultrasonic treatment. It is important to emphasize, that the size
of Au NPs with sodium dodecyl sulfate does not exceeds the double
original diameter and particles with elongated structure are not
formed.

As a next experiment, the gold–silver mixture is ultrasonically
treated for one hour in water and 2-propanol solutions, respec-
tively, without SDS to assess if gold–silver nanocomposites with
a worm-like structure can be formed. Scanning transmission elec-
tron microscopy (STEM) analysis with an angular dark field (ADF)
imaging technique is applied to observe the morphology and metal
content of bimetallic nanostructures ultrasonically prepared with-
out SDS (Fig. 4). Fig. 4A shows the STEM image of aggregated nano-
structures after ultrasonic treatment of gold nanoparticles in
sonicated silver nitrate solution in water. Selected areas of soni-
cated particles shown by red rectangles in the energy dispersive
X-ray elemental maps of silver (Fig. 4B) and gold (Fig. 4C) detect
the presence of silver with greater amount than of gold due to
the higher image contrast and number of points in the silver
map. Therefore, there are two types of particles: (i) silver clusters
and (ii) gold–silver nanoparticles. It is important to emphasize,
that the structure of the formed nanoparticles is not worm-like
as it is observed in case of gold–silver with SDS in water.

In contrast, less polydisperse particles are formed after 60 min
of ultrasonic treatment at the second step without SDS in 2-propa-
nol solution (Fig. 4D). Selected areas of ultrasonically prepared
nanoparticles represented by ellipses of different colours in silver
(Fig. 4E) and gold (Fig. 4F) maps show binary gold–silver nanopar-
ticles with a greater amount (80%) than those formed in water
(45%). Similarly with results obtained in water without SDS, Au–
Ag nanoparticles do not have a worm-like structure in 2-propanol.
This fact proves the suggestion that SDS controls the shape and sta-
bility of binary nanocomposites. Moreover, the energy dispersive
X-ray fluorescence analysis of Au–Ag nano-worms shows the smal-
ler silver content (only 7.94%) after 60 min of sonication in water
than in 2-propanol (85.73%) (Figs. SI.3A and SI.3B, supporting infor-
mation), indicating that the core–shell structure can be formed
only in alcohol solution.

The mechanism of sonochemical formation of gold–silver nano-
worms in the presence of SDS can be as follows. Preformed gold
nanoparticles aggregate, when mixed with silver nitrate solution.
As silver ions are reduced more slowly in water than in 2-propanol
solution, gold nanoparticles continue to aggregate during ultra-
sonic treatment in water, and this aggregation is controlled by



Fig. 4. Scanning transmission electron microscopy (STEM) images of bimetallic gold–silver nanoparticles formed after 60 min of ultrasonic treatment in (A) water and (D) 2-
propanol solutions. Energy dispersive X-ray elemental maps of silver after sonication in (B) water and (E) 2-propanol solutions, and gold after sonication in (C) water and (F)
2-propanol. The areas, which are selected by rectangles, show highly polydisperse bimetallic nanoparticles with different amount of gold (B) and silver (C) after sonication in
water. Two locations, which are randomly selected by ellipses, demonstrate gold–silver particles with more uniform distribution in (E) EDX gold and (F) silver maps.
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SDS. The limited aggregation of Au NPs and the slow reduction of
silver ions in water result in formation of binary gold–silver nano-
composites with a worm-like structure, which consists of ripened
gold nanoparticles connected by SDS-stabilized silver atoms (clus-
ters). On the other hand, the reduction of silver is accelerated by 2-
propanol due to the formation of secondary radicals during sonol-
ysis. Therefore less aggregated gold nanoparticles are formed and
much silver is reduced with gold nanoparticles during 60 min of
ultrasonic treatment with SDS in 2-propanol than in water, result-
ing in formation of gold–silver nanocomposites with a worm-like
and core–shell structure, although some silver nano-worms are
also observed.
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Fig. 5. UV–Visible absorbance spectra of preformed gold nanoparticles with silver
nitrate and poly(vinyl pyrrolidone) in ethylene glycol solution before and after 15,
30, 45 and 60 min of ultrasonic treatment at the second step. Here, SN⁄ is silver
nitrate in the presence of poly(vinyl pyrrolidone) in ethylene glycol after 30 min of
sonication.
3.2. Preformed gold nanoparticles in silver nitrate solutions with
poly(vinyl pyrrolidone)

3.2.1. Formation of polygonal Au–Ag alloy nanoparticles with a core–
shell structure

In this part poly(vinyl pyrrolidone) is chosen as a polymeric sta-
bilizer due to such characteristics as adhesiveness, absorbency, sol-
ubilization, condensation, biological compatibility and the ability
to control the final shape of nanocrystals [70]. In addition, poly(vi-
nyl pyrrolidone) and ethylene glycol act as reductants of silver ions
during ultrasonic treatment due to the formation of radical species,
which have strong reducing power as H atoms [71]. Silver nitrate is
added into the poly(vinyl pyrrolidone) in ethylene glycol solution
and ultrasonically treated for 30 min. Preformed gold nanoparti-
cles mixed with PVP in EG were added to the silver nitrate/PVP/
EG solution sonicated in the first part and the gold–silver/PVP/EG
mixture was ultrasonically treated. After sonication, the resulting
gold–silver solution became transparent with sediment of a pale
magenta colour. The UV–Visible absorbance spectra of gold–silver
mixtures with PVP in EG are shown in Fig. 5 before and after the
second step of ultrasonic treatment for 60 min.

Before the second step of sonication, the UV–Visible absorbance
spectrum exhibits a slight shoulder in the wavelength region of sil-
ver absorbance and a narrow SPR signal near 527 nm, which is as-
signed to the characteristic absorbance of gold nanoparticles with a
spherical shape. After 15 min of ultrasonic treatment the SPR signal
at 527 nm becomes complex and broad with SPR peaks near
416 nm and 527 nm, indicating the formation of gold–silver nano-
particles with a core–shell structure and spherical shape
[16,17,22]. The shape of the SPR absorbance does not change after
additional 15 min of sonication, but the intensity of the complex
SPR band decreases, pointing to the ripening of gold–silver nano-
particles. The SPR peak near 416 nm broadens and the signal near
527 nm decreases after additional 30 min of ultrasonic treatment.
This is due to the ripening of polygonal gold–silver nanoparticles
with the growth of the silver shell.

TEM micrograph of the Au–Ag nanoparticles after 15 min of
ultrasonic treatment, distinguishes regions with different image
contrasts, which can be ascribed to a core (high density) and a shell
(low density) structure of bimetallic particles (Fig. SI.4, supporting
information). In addition, the core–shell structure of binary Au–Ag
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nanoparticles is proved by EDX analysis (Fig. SI.5, supporting
information).

After one additional hour of ultrasonic treatment at the second
step, the SPR absorbance of silver is red shifted from 416 to 432 nm
and the absorbance of gold disappears (Fig. 6). After one more hour
of sonication the SPR band near 432 nm decreased in intensity and
broadens, indicating the formation of polygonal gold–silver alloy
nanoparticles with a core–shell structure. The red shift of silver
plasmon band indicates the enrichment of bimetallic particles in
silver. X-ray diffraction pattern of gold–silver mixture after
60 min of ultrasonic treatment shows all peaks, which are assigned
to face centered cubic structure of gold and silver (Fig. SI.6, sup-
porting information). The (1 1 1) peak acquires a sharp shoulder
and (2 2 2) disappears after 120 min of sonication. The splitting
of (1 1 1) could indicate the gold–silver alloying with slightly dif-
ferent lattices, although the lattices of Au and Ag are almost indis-
tinguishable and may result from the compressive stress of
ultrasound waves on the gold–silver crystalline structure. The dis-
appearance of (2 2 2) shows the strongly preferred orientation of
the silver growth with gold contact surface during sonochemical
reduction with poly(vinyl pyrrolidone) in ethylene glycol or a for-
mation of a new (metastable) phase [65].
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Fig. 6. UV–Visible absorbance spectra of a gold–silver mixture with poly(vinyl
pyrrolidone) in ethylene glycol solution after 120 and 180 min of ultrasonic
treatment at the second step. Here, SN⁄ is silver nitrate in the presence of poly(vinyl
pyrrolidone) in ethylene glycol after 30 min of sonication.

Fig. 7. Transmission electron microscopy images of gold nanoparticles in silver nitrate wi
(C) 180 min of ultrasonic treatment at the second step.
As a control experiment preformed gold nanoparticles are
substituted by silver sols for ultrasonic treatment in silver nitrate
with poly(vinyl pyrrolidone) in ethylene glycol solution. The UV–
Visible absorbance spectra of silver–silver mixture before and after
120 min of sonication are shown in Fig. SI.7 (supporting informa-
tion). Before ultrasonic treatment, silver nitrate with poly(vinyl
pyrrolidone) in ethylene glycol solution absorbs light at 301 nm.
The surface plasmon resonance peak of silver appears near
443 nm after 30 min of sonication, indicating the reduction of sil-
ver ions. Original colloidal silver solution exhibits surface plasmon
resonance peak near 389 nm, which is assigned to silver nanopar-
ticles of 39 nm (Fig. SI.8, supporting information). Before sonica-
tion, this SPR band is shifted to 391 nm when preformed silver
nanoparticles are mixed with sonicated silver nitrate with PVP in
ethylene glycol. The full width at half maximum of this peak is
120 nm, which is broader than that of original silver nanoparticles
(FWHM of 389 nm is 54 nm), indicating the aggregated silver
nanoparticles. After 60 and 120 min of sonication SPR is red shifted
to 396 nm, indicating the slight ripening of silver aggregates
(Fig. SI.9, supporting information). The crystalline structure of
aggregated silver nanoparticles after 120 min of ultrasonic treat-
ment is shown in X-ray diffractogram (Fig. SI.10, supporting infor-
mation). The presence of all diffraction peaks indicates face
centered cubic structure of silver. Unfortunately HRTEM micro-
graph cannot unambiguously distinguish alloy of gold–silver be-
cause the lattice constant of gold and silver are identical and
they are miscible in all proportions. However, one can observe
the core–shell structure due to the different electron densities of
gold and silver (Au 79 and Ag 47) [72]. For example, the core–shell
structure of Au–Ag nanoparticles, which are formed after 15 min of
ultrasonic treatment in the presence of PVP in ethylene glycol solu-
tion, is shown in HRTEM micrograph (Fig. SI.11, supporting
information).

Fig. 7A shows a TEM image of polydisperse gold nanoparticles in
previously sonicated silver nitrate with PVP in EG solution before
ultrasonic treatment at the second step. Before the second part of
sonication, gold nanoparticles turn to aggregate because of the
inability of Au to coordinate to O (or N) in the pyrrolidone ring
of PVP [73], but do not form agglomerates due to the presence of
EG. After 60 min of ultrasonic treatment at the second step, nano-
particles with different image contrast are observed (Fig. 7B) and
therefore are divided into three types ascribed to: (i) gold nanopar-
ticles with the darkest image contrast and spherical shape; (ii)
polygonal gold–silver nanocomposites with a core–shell structure
and (iii) silver nanoparticles with the lowest image contrast, as
indicated by arrows. Ripened polygonal gold–silver nanocompos-
ites with a core–shell structure are detected after additional two
th poly(vinyl pyrrolidone) in ethylene glycol solution (A) before, (B) after 60 min and
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hours of sonication at the second step (Fig. 7C), which coincides
with the UV–Visible absorbance analysis. Gold–silver nanoparti-
cles have gold as a core material (highest image contrast) and a sil-
ver shell grown by ultrasound in PVP.

Composition analysis of ultrasonically formed gold–silver nano-
particles with a core–shell structure is conducted by an EDX study.
Fig. SI.12 (supporting information) shows an EDX pattern of the
gold–silver sample sonicated for 180 min at the second step.
According to the quantitative data the shell part is composed of sil-
ver, while the core is gold, which is in agreement with the TEM and
UV–Visible analyses.
Fig. 8. X-ray diffraction pattern of gold–silver mixtures before (A) and after
ultrasonic treatment with sodium dodecyl sulfate in water (B) and 2-propanol (C),
and poly(vinyl pyrrolidone) in ethylene glycol solutions (D).

Fig. 9. The scheme shows a two step ultrasonic treatment to form bimetallic gold–silver
sulfate in water or 2-propanol and poly(vinyl pyrrolidone) in ethylene glycol solutions,
3.2.2. Possible formation mechanism of polygonal gold–silver
nanoparticles with a core–shell structure

Sonolysis of water produces free hydrogen and hydroxyl
radicals that are scavenged by R—CH2—OH and yields
R—CH�—OH, which has strong reducing property as H atom
[74,76]. The produced radicals reduce Ag+ ions according to
R—CH�—OHþ AgðIÞ ! Ag0 þ R—CHOþHþ [75]. If ultrasonic treat-
ment of silver nitrate with PVP in EG solution is substituted by vig-
orous stirring for 30 and 60 min with the additives, no SPR
absorbance of silver nanoparticles is detected by UV–Visible absor-
bance analysis (Fig. SI.13, supporting information).

Therefore ultrasound is necessary to produce primary radical
species to interact with PVP and EG molecules and to form second-
ary radicals, which are responsible for the enhanced reduction of
silver ions. On the other hand, PVP interacts with metal ions, atoms
and clusters because it has the structure of a polyvinyl skeleton
with a strongly polar group (pyrrolidone ring), thereby PVP influ-
ences the growth and shape of nanoparticles not only at the last
stage but also during the process of formation [73,76]. The investi-
gation of the Ag/PVP system shows that most of the Ag particles
are covered with PVP polymer, although the product is washed
and centrifuged repetitively with water [76]. This is due to the fa-
voured complexation process of the sp hybridized Ag+ ions with
polymer chains [77]. Thus, during ultrasonic treatment the silver
ions are reduced by PVP and EG in contact with preformed gold
nanoparticles to form binary gold–silver nanoparticles with a pre-
formed core and stabilized and grown by PVP in the EG shell. The
silver shell grows during sonication due to the reduction of silver
which readily reaches positions where the conditions for crystal
growth are preferential and governed by the highly mobile chains
of PVP, and therefore resulting in Au–Ag NPs with polygonal
structure.

3.3. Crystalline structure of gold–silver nano-worms and polygonal
alloy nanoparticles

X-ray powder diffraction (XRD) is performed on gold–silver
nanoparticles ultrasonically prepared with sodium dodecyl sulfate
in water or 2-propanol solutions, poly(vinyl pyrrolidone) in ethyl-
ene glycol solution and compared to the XRD pattern of the mix-
ture of preformed gold nanoparticles in the presence of sonicated
silver nitrate aqueous solution before the ultrasonic treatment at
the second step (Fig. 8). The X-ray diffractogram of the gold–silver
mixture before ultrasonic treatment exhibits peaks: (1 1 1) at
2h = 38.2�, (2 0 0) at 2h = 44.4�, (2 2 0) at 2h = 64.6�; (3 1 1) at
2h = 77.2�, (2 2 2) at 2h = 81.4�, indicating the face centered cubic
structure (Fig. 9A). After ultrasonic treatment with sodium dodecyl
sulfate in water and 2-propanol solutions peaks (2 0 0) and (3 1 1)
are shifted in water and 2-propanol, respectively (Fig. 9B and C).
nano-worms and polygonal alloy nanoparticles in the presence of sodium dodecyl
respectively.
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Peaks (2 2 0) and (2 2 2) disappear and the intensity of (1 1 1) dra-
matically decreases after sonication in both solutions. In contrast,
peak (1 1 1) splits into two after ultrasonic treatment with poly(vi-
nyl pyrrolidone) in ethylene glycol solution, so (2 2 0) and (2 2 2)
disappear, and (2 0 0) with (3 1 1) are shifted similarly as in case
of SDS in water and 2-propanol solutions (Fig. 9D). The shift to
higher 2h values of the (2 0 0) diffraction peak with the highest
intensity as well as the systematic disappearance of the (2 2 0)
and (2 2 2) XRD peaks shows the strongly preferred orientation
of the silver growth during sonochemical reduction with gold
and SDS or PVP. Moreover, the disappearance of peaks like (2 2 0)
and (2 2 2) indicates alloying with defined locations of the 2 atoms
in the unit cell or formation of a new (metastable) phase [65]. The
splitting of (1 1 1) in case of PVP may result from the compressive
stress of ultrasound waves on the gold–silver crystalline structure
and proves that the gold–silver alloys prepared with PVP have a
slightly different lattice, although the lattices of Au and Ag are al-
most indistinguishable (lattice constant a of Au equals to 4.0783 Å
and that of Ag is 4.0851 Å). The systematic shift of the (3 1 1) XRD
peak to lower 2h scattering values may be due to the effect of the
temperature (higher than 700 K) on the crystalline structure of
particles [78].

Selected area electron diffraction (SAED) analysis is employed
on gold–silver nanoparticles ultrasonically prepared with sodium
dodecyl sulfate in water or 2-propanol solutions, poly(vinyl pyrrol-
idone) in ethylene glycol solution. It is compared to the SAED pat-
tern of the mixture of preformed gold nanoparticles in the
presence of sonicated silver nitrate aqueous solution before the
ultrasonic treatment at the second step. Each crystallite scatters
the electron beam at different azimuths to yield a characteristic
spot pattern, which is a series of rings whose radii are specific
for the substance. In an electron diffraction pattern a 2-dimen-
sional particular projection of the 3-D lattice of crystals is ob-
served, when all planes are parallel to the incident electron
beam. In a polycrystalline sample, consisting of a random arrange-
ment of crystallites, whole sets of different planes are in the correct
orientation to produce diffraction maxima. This effect produces a
whole series of concentric rings, which are observed on the black
background of each SAED pattern (Fig. SI.14, supporting informa-
tion), indicating the polycrystalline structure of gold–silver
nanocomposites.

In the ED patterns the rings are not solid and consist of either
small dots of different sizes and contrast or dashed lines of various
widths and lengths. Fig. SI.14A shows a SAED pattern of gold NPs in
silver nitrate (before sonication at the second step) with a limited
number of sharp dots making up relatively thin, but badly defined
rings, indicating polycrystals with relatively small size and re-
stricted number of crystal orientations. The high intensity of the
dots is due to the frequent reflectivity repetition of the crystal
phase planes and, as a result of it, a more organized structure.

After ultrasonic treatment with sodium dodecyl sulfate, SAED
patterns of Au–Ag nanocomposites prepared in water and 2-propa-
nol solutions exhibit concentric rings of different diameters and
composition (Figs. SI.14B and SI.14C, respectively). The reflex in
Fig. SI.14B is due to an increased amount of spherical dots with dif-
ferent intensities and larger size organized in rings as compared to
those in Fig. SI.14A, indicating one type of crystallites with pre-
ferred orientation (sharp blurred dots) and an increased number
of another type of crystallites randomly oriented (smaller dots of
faint intensity contrast). This is ascribed to the reduction of silver
at the contact with gold nanoparticles during sonication. In addi-
tion, the amount of dots making up the ED rings is different, there-
fore the rings are badly resolved, which shows that the sample is
not homogeneous in composition and therefore consists of crystal-
lites from both metals. In contrast, the SAED pattern in Fig. SI.14C
consists of sharp streaks, which differ in angular width or length
and distance in between. The presence of streaks indicates crystals,
which are strongly aligned in a preferred orientation. The broad
streaks show that the order within the sample is essentially one-
dimensional (e.g. bundles of fibres or particles, which are ordered
along one axis only). In addition as the distance between these
streaks yields the characteristic spacing of the crystals, the sample
in Fig. SI.14C has a worm-like polycrystalline structure with crys-
tals ordered along one axis and packed loosely.

Well-resolved concentric rings in the SAED pattern in
Fig. SI.14D consist of a larger quantity of small dots with similar
shape and size in contrast to reflexions observed in Figs. SI.14A
and SI.14B. This indicates an increased number of crystal orienta-
tions due to the presence of a larger amount of crystals randomly
oriented. The distances between the rings are similar as compared
to those in Fig. SI.14A, indicating the same crystalline close packing
structure. Therefore ultrasonic treatment of gold nanoparticles in
silver nitrate with poly(vinyl pyrrolidone) in ethylene glycol solu-
tion leads to the reduction and subsequent growth of silver with
gold governed by PVP, resulting in formation of gold–silver nano-
particles with increased number of silver crystals which define
the polygonal shape of the NPs.
4. Conclusion

The successive ultrasonic treatment partly reduces silver ions at
the first step and helps to avoid undesirable fusion and aggregation
of citrate-protected gold nanoparticles (25 nm). The type of addi-
tive influences the rate of sonochemical reduction of silver with
gold to form binary Au–Ag nanostructures of different morphology
(Fig. 9). Thus Au–Ag nano-worms consisting of ripened gold nano-
particles, which are connected by ultrasonically reduced silver, can
be produced in the presence of sodium dodecyl sulfate. Ultrasonic
treatment in 2-propanol instead of water leads to formation of
gold–silver nano-worms with a core–shell structure. Polygonal
gold–silver alloy nanoparticles with a core–shell structure can be
grown by sonication with poly(vinyl pyrrolidone) in ethylene gly-
col solution. Sonochemical design of preformed gold nanoparticles
in silver nitrate solutions is achieved by the free primary radicals
(hydrogen and hydroxyl) and controlled by secondary radical spe-
cies, which depend on the type of additive. All ultrasonically
formed binary gold–silver nanostructures have defected face cen-
tered cubic structure and are polycrystalline with a large number
of crystallites randomly oriented. Moreover, the systematic disap-
pearance of XRD peaks such as (2 2 0) and (2 2 2) with splitting of
(1 1 1) indicates the formation of Au–Ag alloy nanostructures with
a lattice differing from that of the individual metal nanoparticles.
In conclusion the work presented has contributed important infor-
mation to distinguish physical and chemical effects involved in
sonochemical particle formation and opened new way to design
well-defined and controlled nanomaterials.
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