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Abstract.1 The conditions for the synthesis of colloidal 
solutions of silver nanoparticles by galvanic replacement 
in an ultrasonic field and the AgAuNP binary system by 
galvanic replacement have been studied. It has been 
shown that colloidal solutions of stabilized nanoparticles 
with absorption maxima at 410 nm (AgNPs) and 540– 
560 nm (AgAuNPs) are formed in solutions of sodium 
polyacrylate and metal precursors of AgNO3 and 
H[AuCl4]. The synthesized AgAuNPs are spherical in 
shape and their size does not exceed 20 nm. 
 
Keywords: galvanic replacement, silver nanoparticles, 
silver-gold binary systems, ultrasound, magnesium, so-
dium polyacrylate.  

1. Introduction 
In recent decades, significant progress has been ob-

served in the production of metal nanoparticles1, 2. The 
greatest attention is paid to the research of silver 
(AgNPs)3–7 and gold (AuNPs)8–11 nanoparticles since they 
are characterized by unique physical, physicochemical, 
and chemical properties. Accordingly, they have a wide 
range of applications in high-tech scientific and techno-
logical fields. Thus, the antibacterial and optical properties 
of AgNPs determine their use in the biological and bio-
medical fields, optoelectronics, and wastewater treat-
ment12–14. AuNPs have high catalytic activity, unique 
thermal, electronic, and optical properties, affinity, bio-
compatibility, and non-toxicity. They are used to develop 
photoelectronic devices, highly sensitive sensors, efficient 
catalysts for chemical and electrochemical processes, 
biomedical preparations, and therapeutic agents for drug 
delivery15, 16. Recently, special attention has been paid to 
binary nanoparticles M1M2NPs, which are characterized 
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by a synergistic combination of the properties of M1NPs 
and M2NPs17, 18. In particular, the AgAuNPs system, in 
which the synergistic combination of silver and gold in a 
bimetallic nanostructure, effectively enhances their cata-
lytic properties and significantly expands their applica-
tions18, 19. 

The functionality of nanoparticles is determined by 
their morphological features (size, shape), homogeneity, 
and chemical composition (in the case of binary nanopar-
ticles). These features, accordingly, depend on the produc-
tion method. To tune specific functional properties, the 
main focus is on the controllability of the synthesis of 
MNPs. One of the prospective methods in nanotechnology 
is a galvanic replacement (GR), which serves as a simple 
and effective way to obtain mono- and bimetallic 
nanoparticles with controlled morphology20, 21. GR is a 
spontaneous oxidation-reduction process that occurs 
through an electrochemical mechanism. This process 
involves the electricity-generating half-reaction of the 
oxidation of the sacrificial metal M2 on the anode area (1) 
and the half-reaction of the reduction of the metal M1 on 
the cathode area (2). This is reflected by the generalized 
equation (3). In this case, the equilibrium electrode poten-
tial value of the sacrificial metal should be lower than that 
of the restored metal.  

2 2
mnM nM me+→ +                          (1) 

1 1
nmM ne mM+ + →                            (2) 

 1 2 1 2
n mmM nM mM nM+ ++ ↔ +          (3) 

By using surfactant-containing solutions, galvanic 
replacement in an ultrasound field (sonogalvanic replace-
ment) produces stabilized metal nanoparticles in the bulk 
of the solution (Fig. 1). This is a relatively new and little-
studied area of GR22–24, characterized by the technological 
efficiency of synthesizing colloidal solutions of stabilized 
nanoparticles of noble metals, particularly silver and gold. 
The peculiarity of sonogalvanic replacement is that reac-
tion (3) occurs only during the stages of nucleation and 
formation of M1NPs. Subsequently, surfactant molecules 
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are adsorbed on the surface of nanoparticles, forming 
surface complexes. This process slows down the growth 
of M1NPs, prevents agglomeration, and ensures stability. 
Under the influence of ultrasound, the synthesized nano-
particles are detached from the surface of the sacrificial 
metal M2. Additionally, in the ultrasonic field, the dissolu-
tion rate of M2 according to reaction (1) increases. Conse-
quently, the reduction of M1

n+ ions according to reaction 

(2) and the nucleation process accelerates, promoting the 
formation of nano-sized particles. 

The purpose of this study was to determine the 
conditions for synthesizing colloidal solutions of silver 
nanoparticles by galvanic replacement in an ultrasonic 
field and a binary system of AgAuNPs by galvanic re-
placement in aqueous solutions of metal precursors and a 
surfactant using magnesium as a sacrificial metal. 
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Fig. 1. Scheme of the galvanic replacement process with the formation  
of metal nanoparticles (M1) of the surface of the sacrificial metal (M2) 

 

2. Experimental 

2.1. Materials 

For the synthesis of AgNPs by galvanic replace-
ment in an ultrasound field and AgAuNPs by galvanic 
replacement, the following materials were used: metal 
precursors AgNO3 (99.9 %, Alfa Aesar) and 
H[AuCl4]·3H2O (99.99 %, Alfa Aesar), magnesium scrap 
(99.5 %, Alfa Aesar) with a fractional composition of 
0.75–1.0 mm as a reducing agent for silver ions, and so-
dium polyacrylate (NaPA) with MW = 1000 (45 % aque-
ous solution, Sigma – Aldrich) as a surfactant. The mag-
nesium scrap was etched in a 1M acetic acid solution 
before the experiments to remove oxide from the surface, 
then washed with isopropanol, and dried in an airstream at  
60 °C. 

2.2. Methods 

The research was carried out in the following direc-
tions: 1) synthesis of solutions of silver nanoparticles 
stabilized with a polyacrylate anion by galvanic replace-
ment in an ultrasound field; 2) synthesis of solutions of 
silver-gold binary system nanoparticles by galvanic re-

placement; 3) study of their main characteristics, includ-
ing absorption spectra, nanoparticle sizes, and uniformity 
of distribution. 

The synthesis of AgNPs by sonogalvanic re-
placement was performed using an ultrasonic emitter of 
the magnetostrictive type, specifically the Bandelin 
Sonopuls HD 2200.2 (Germany), at a power of 20 W and 
a frequency of 20 kHz. The detailed technique has been 
described in previous studies24, 25. The main synthesis 
parameters were as follows: precursor concentrations of 
0.5 mM AgNO3, 5 g⋅L-1 NaPA, magnesium scrap mass of 
0.25 g, and a reaction solution temperature ranging from 
20 to 40 °C. 

The synthesis of AgAuNPs by galvanic replace-
ment involved the following steps: 50 cm3 of a pre-
synthesized 0.5 mM solution of AgNPs was placed in a 
glass thermostated container with a volume of 100 cm3, 
and a solution of HAuCl4 was added. Simultaneously, a 
magnetic stirrer and a stopwatch were turned on. Samples 
of the solution were periodically taken for spectroscopic 
studies. The obtained AgAuNPs solutions were stored in 
glass flasks placed in containers. The studies were con-
ducted at initial molar ratios of Ag and Au in the bimetal-
lic compositions of 10:1, 5:1, 3:1, 2:1, 1:1, 1:2, 1:3, 1:5, 
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and 1:10, with a temperature interval of the reaction solu-
tion of 20–40 °C. 

The samples of solutions were analyzed using the 
UV-3100PC UV-Vis-spectrophotometer (Shanghai Ma-
pada Instruments Co., Ltd. (China)) in quartz cuvettes 
with a thickness of 1 cm in the wavelength region from 
190 to 1100 nm. The comparison solution was distilled 
water. TEM images of the samples were recorded using a 
JEM-I230 (JEOL, Tokyo, Japan) operating at an acceler-
ating voltage of 80 kV. TEM grids were preliminarily 
supplied with a formvar film, which was then fixed by 
carbon using a JEE-4X vacuum evaporator (JEOL, To-
kyo, Japan). Small drops (0.01–0.05 μL) of the gold com-
positions were applied to grids under a light microscope 
and dried in air at room temperature. The size of the ob-
tained AgNPs and AgAuNPs was determined using TEM 
images by comparing the sizes of individual particles with 
the scales presented in the images. SEM examination of 
the samples was carried out using the electron microscope 
Tescan Vega 3 LMU equipped with an X-MaxN 20 sili-
con drift detector. Overall compositions were investigated 
by energy-dispersive X-ray spectroscopy (EDX) using 
energy-dispersive integral maps analysis. 

3. Results and Discussion 

The formation of AuAgNPs by galvanic replace-
ment occurs in two stages: 1) synthesis of AgNPs in solu-
tions of AgNO3 and sodium polyacrylate using magne-
sium as a sacrificial metal through galvanic replacement 
in an ultrasound field; 2) synthesis of AuAgNPs by gal-
vanic replacement of pre-obtained AgNPs with an 
H[AuCl4] solution.  

AgNO3 in NaPA surfactant solutions forms 
[AgmPА](n–m)- complexes, due to the electron-donating 
properties of the polymer anion РАn-. The deposition of 
silver on the surface of magnesium in AgNO3 + NaPA 
solutions can be described by the generalized equation of 
galvanic replacement (4): 

[AgmPА](n–m)- + m/2Mg →  
→ [Ag(0)mPА]n- + m/2Mg2+                             (4) 

Due to the electrons generated as a result of the an-
odic dissolution reaction of the sacrificial magnesium metal 
(5), the complex ions [AgmPА](n–m)- are reduced at the cath-
ode areas, leading to the formation of [Ag(0)mPА]n- (6) and 
subsequent formation of AgNCs@PA nanoclusters and 
stabilized silver nanoparticles AgNPs@PA (7). 

m/2Mg → m/2Mg2+ + me                    (5) 
[AgmPА](n-m)- + me → [Ag(0)mPА]n-            (6) 

[Ag(0)mPА]n- → AgNCs@PA → AgNPs@PA     (7) 

Magnesium, as an active sacrificial metal-reductant 
(E0Mg2+/Mg = –2.36 V), provides a significant difference 
between the standard electrode potentials of half-reactions 
(5) and (6). This causes a high reaction rate (4) and, ac-
cordingly, and promotes the nucleation process of silver 
on the surface of magnesium scrap. Mg and Ag are cha-
racterized by significant differences in crystal structures 
(hexagonal for Mg and face-centered cubic for Ag) and 
have different lattice parameters (a = 0.321 and c = 
0.521 nm for Mg and a = 0.409 nm for Ag). This results 
in the formation of an island-type precipitate consisting of 
discrete AgNPs on the substrate, that is, according to the 
Volmer – Weber growth mode26–28. The significant diffe-
rence (6.4 %)26 in the interplanar distance between the 
crystal structures of Mg and Ag causes weak binding of 
silver nanoparticles to the magnesium surface. In an ultra-
sonic field, AgNPs are easily detached from the substrate 
and move into the volume of the surfactant solution. Mo-
lecules of surfactant (PA-) are adsorbed on the surface of 
silver nanoparticles and provide their stabilization with the 
formation of yellow-brown colloidal solutions, which 
have an absorption maximum of 410 nm (Fig. 2). In this 
case, during sonogalvanic synthesis, the value of the ma-
ximum practically does not change. It also does not 
change during the long-term storage (90 days) of synthe-
sized colloidal solutions. The nature of the absorption 
spectra of  AgNPs solutions indicates the monodispersity 
of the synthesized silver nanoparticles29. 

The sonogalvanic synthesis of AgNPs is character-
ized by certain features, which are explained by the action 
of the ultrasonic field in solutions. These features include: 
1) a significant increase in mass transfer at the magnesium 
surface, which provides the acceleration of reactions (5) 
and (6); 2) sonolysis of water with the formation of radi-
cals (Н⋅, ⋅ОН, НО2⋅) and their interaction products  
(Н2О2)30, 31. 

The latter causes the sonoreduction of  
[AgmPА](n-m)- ions (8–10). 

   [AgmPА](n–m)- + Н⋅ → [Ag(0)mPА]n-.            (8) 
[AgmPА](n–m)- + R⋅ → [Ag(0)mPА]n-.      (9) 
[AgmPА](n–m)- + Н2О2 → [Ag(0)mPА]n-.       (10) 

So, the reduction of [AgmPА](n–m) ions simultane-
ously occurs on the surface of the sacrificial magnesium 
by reaction (4) and chemical reduction in the solution by 
the products of water sonolysis. 

During the synthesis of AgNPs by sonogalvanic 
replacement, spherical nanoparticles of small sizes (10–
15 nm) are formed with a small spread in diameter  
(Fig. 3). However, no significant changes in their size and 
shape are observed with the increasing concentration of 
AgNO3 in the working solution and the temperature of 
galvanic replacement. 
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Fig. 2. UV-Vis absorption spectrum of AgNPs solutions in 
5 g⋅L-1 NaPA solution after sonogalvanic replacement by mag-

nesium scrap for 15 min, with 0.5 mM AgNO3, at 20 °C 
 

Silver nanoparticles obtained by sonogalvanic replace-
ment of magnesium in sodium polyacrylate solutions were 
used as sacrificial templates for the synthesis of AgAu 
bimetallic nanostructures in H[AuCl4] solution by the 
galvanic replacement reaction (11).  

[AuCl4]- + 3Ag → Au + 3Ag+ + Cl-               (11) 
At a stoichiometric ratio of Ag:Au = 1:3, three Ag atoms 
are ionized for each Au atom deposited. The formed 
Ag(+) ions pass into the solution, leading to the formation 
of vacancies at the interface. These vacancies significantly 
simplify the migration of Au and Ag atoms in the near-
surface layer. As the concentration of vacancies increases, 
they unite, forming holes on the surface. These holes 
serve as centers for further ionization of Ag, transitioning 
into the solution. Silver and gold are characterized  
by close parameters of the crystal lattice  (0.408  nm   and  

0.409 nm, respectively), which facilitates the easy forma-
tion of binary compounds between these metals according 
to the Frank-van der Merwe (layer) growth mode26, 28. 

At initial molar ratios of Ag:Au = 10:1, 5:1, 3:1, 
2:1, 1:1, 1:2, 1:3, 1:5, and 1:10 during galvanic replace-
ment, according to equation (11), the solutions of AgNPs 
change color from yellow to red (Fig. 4) with an absorp-
tion maxima ranging from approximately 410 to 560 nm. 

In the absorption spectra, the maxima of the bands 
of localized surface plasmon resonance (LSPR) of silver 
and gold are located in the visible region of the spectrum 
at 410 and 560 nm, respectively. For bimetallic silver-gold 
nanoparticles, the maxima of the LSPR bands lie between 
the maxima of the individual metals and depend on their 
content in the particle. These maxima gradually shift to 
the region of longer wavelengths as the molar ratio of 
Ag:Au metals in the bimetallic system decreases (Fig. 4). 
This shift is accompanied by a successive color change 
from yellow to red. 

The formation of bimetallic nanosystems was con-
firmed by scanning microscopy and EDX analysis. A 
uniform distribution of silver and gold was revealed  
(Fig. 5). It is shown that the metal content in AgAuNPs, 
synthesized through galvanic replacement in a HAuCl4 
solution at an Ag:Au molar ratio of 1:3, is 55.36 % silver 
and 44.64 % gold. 

The effect of H[AuCl4] concentration and tempera-
ture, as the main parameters of galvanic replacement, on 
the synthesis rate and geometry of AgAuNPs was studied. 
Colloidal solutions of AgAuNPs with an absorption max-
imum at ~560 nm are formed in the range of 0.2–0.4 mM 
H[AuCl4] at 20–40 °C. The maximum practically does not 
change with increasing concentration and temperature, 
while the synthesis rate of binary AgAuNPs nanoparticles 
increases proportionally (Fig. 6). 

 

   
 

Fig. 3. TEM images of AgNPs synthesized in solutions of 0.5 mM AgNO3  
and 5 g⋅L-1 NaPA at temperatures of 20 (а) і 40 (b) °C

a b 
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Fig. 4. UV-Vis absorption spectrum of nanoparticles solutions before (I) and after (II–X) galvanic replacement in H[AuCl4]  
at different Ag:Au molar ratios: 10:1, 5:1, 3:1, 2:1, 1:1, 1:2, 1:3, 1:5 and 1:10, respectively, and images  

of solutions containing Ag, Au, and AgAu nanoparticles synthesized by galvanic replacement 
 

       

  
Map Sum Spectrum     Atomic % 

Ag  55.36 
Au  44.64 
Total  100.00 

 
Fig. 5. EDX mapping of the surface of Ag-AuNPs nanoparticles synthesized by galvanic replacement  

at a molar ratio of Ag:Au = 1:3 and a temperature of 20 °C 



Synthesis of Silver Nanoparticles and Silver-Gold Binary System by Galvanic Replacement…  

 

347 

Small spherical AgAuNPs with a diameter of 
15–20 nm are formed by galvanic replacement (Fig. 
7). It was found that the size of the formed AgAu 
nanoparticles depends on the initial size of AgNPs 
and slightly increases after the formation of the bi-

metal. As the temperature increases, AgAuNPs tend 
to aggregate (Fig. 7, c). This can be explained by a 
decrease in the binding strength of polyacrylate ani-
ons (PA-), as a stabilizer, to the surface of the 
nanoparticles. 
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Fig. 6. UV-Vis absorption spectrum of Ag-AuNPs nanoparticles synthesized  

by galvanic replacement at concentrations of H[AuCl4] 0.2 mM, 0.4 mM  
for 1 min at temperatures of 20 °C and 40 °C 

 

     
 

Fig. 7. TEM images of AuAgNPs synthesized by galvanic replacement in solutions of AgNPs in NaPA + H[AuCl4],  
for 1 min at temperatures of 20 °C (a, b) and 40 °C (c) 

 

4. Conclusions 

Galvanic replacement is an effective method for 
synthesizing monometallic AgNPs and bimetallic 
AuAgNPs systems. Stable and monodisperse nanoparti-
cles are obtained by galvanic replacement in an ultrasound 
field using metal precursors and surfactants. The use of 
magnesium as an active sacrificial metal-reducing agent 
provides a high rate of galvanic replacement and the for-
mation of nano-sized particles. 

The process of obtaining AuAgNPs by galvanic re-
placement occurs in two stages: 1) the synthesis of AgNPs 
in solutions of AgNO3 and sodium polyacrylate using 
magnesium as a sacrificial metal by galvanic replacement 

in an ultrasonic field, and 2) the synthesis of AuAgNPs by 
galvanic replacement of the synthesized AgNPs with an 
H[AuCl4] solution. 

Stable colloidal solutions of AgNPs with an absorp-
tion maximum at 410 nm are formed in solutions contain-
ing 0.5 mM AgNO3 and polyacrylate in an ultrasonic field 
(20 kHz). The sizes of AgNPs synthesized through sono-
galvanic replacement are 10–15 nm and remain unchanged 
with increasing temperature up to 40 °C. 

The synthesis of AuAgNPs occurs due to the gal-
vanic replacement of AgNPs in solutions containing 0.2–
0.4 mM H[AuCl4] at 20–40 °C. The AgAuNPs solutions 
are characterized by an absorption maximum at approxi-
mately 560 nm wavelength, and by particles with a diame-
ter of 15–20 nm. The latter depends on the size of 

a b с 
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the sacrificial AgNPs. As the temperature increases, there 
is a tendency for the AgAuNPs to aggregate. 

Nanoparticles of the AgAu binary system, synthe-
sized using the galvanic method, are characterized by 
stability over time, monodispersity, and small sizes. These 
nanoparticles have great potential for various biomedical 
applications and sensing technologies. 
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СИНТЕЗ НАНОЧАСТИНОК СРІБЛА ТА БІНАРНОЇ 
СИСТЕМИ СРІБЛО–ЗОЛОТО ГАЛЬВАНІЧНИМ 
ЗАМІЩЕННЯМ В УЛЬТРАЗВУКОВОМУ ПОЛІ 

 
Анотація. Досліджено умови синтезу колоїдних розчи-

нів наночастинок срібла гальванічним заміщенням в ультразву-
ковому полі та бінарної системи AgAuNPs гальванічним замі-
щенням. Показано, що в розчинах натрію поліакрилату та 
прекурсорів металів AgNO3 і H[AuCl4] утворюються колоїдні 
розчини стабілізованих наночастинок з максимумами погли-
нання 410 нм (AgNPs) й 540–560 нм (AgAuNPs). Синтезовані 
AgAuNPs мають сферичну форму, їхні розміри не перевищують 
20 нм.  

 
Ключові слова: гальванічне заміщення, наночастинки 

срібла, бінарні системи срібло–золото, ультразвук, магній, 
натрію поліакрилат. 

 


