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The current state of research on the formation of bimetallic nanostructures by galvanic
replacement is presented. The effectiveness of galvanic replacement for the controlled synthesis of
Au/Ag, Pd/Ag, and Pt/Ag on a silver nanotemplate in agueous solutions is shown. The features of
morphological and structural transformations of sacrificial nanosilver at various replacement
stages are discussed. The dependencies of the geometry and composition of Au/Ag, Pd/Ag, and
Pt/Ag nanostructures on the main parameters of galvanic replacement — such as the nature and
concentration of the reducible metal ions, the ratio between the silver nanotemplate and the metal
precursor, the duration of the process, and the temperature — are analysed. Accents are made on a
comprehensive approach to their influence for the controlled synthesis of Au/Ag, Pd/Ag, and Pt/Ag
nanostructures with predetermined characteristics.
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Introduction

The synthesis of metallic nanostructures on a
sacrificial nanotemplate is one of the promising
directions for applying galvanic (contact) repla-
cement (GR) [1-3]. The processes of nanoscale GR
have been systematically studied since 2002 [4].
They provide a universal and controlled synthesis
of various metallic nanostructures with specific
compositions and geometries [5, 6]. Galvanic repla-
cement is primarily used to obtain hollow nano-
structures (nanoboxes, nanoframes, nanocages) and
core-shell structures. Such nanostructures are charac-
terized by unique properties (catalytic [1, 3, 5],
optical [1, 7]), which determine a wide range of their
applications in chemical and electrochemical cata-
lysis, plasmonics and biomedicine.

Nanoscale galvanic replacement is charac-
terized by the following: 1) the replacement between
a metallic nanoparticle (sacrificial template) and
another metal precursor (with a higher standard
reduction potential) occurs spontaneously; 2) the
process is quite universal and can be adapted to
almost any sacrificial metallic nanoparticles and salt
precursors; 3) the method represents a simple route
for the controlled formation of nanostructures with
ultrathin walls in only one step, where the compo-
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sition of the synthesized nanoparticles can be easily
controlled by adjusting the ratio of the sacrificial
template to the metal precursor.

The reaction of nanoscale galvanic repla-
cement occurs via an electrochemical mechanism
[1, 2] and leads to the deposition of metal M> with a
lower equilibrium electrode potential onto the tem-
plate nanoparticle of metal M1, which has a higher
equilibrium electrode potential.

mM;" +nM, << mM, +nM,"

1)

The design of metallic nanostructures and
their functional properties depend on the main
factors of nanoscale galvanic replacement: the nature
of the nanoscale sacrificial template and the depo-
sited metal; the composition of the solution
(concentration of ions of the reduced metal, the
ratio between the nanotemplate and the precursor,
surfactants); the nature of the medium (aqueous or
non-aqueous), temperature, and process duration. In
the aspect of controlled synthesis of metallic
nanostructures with predetermined characteristics,
the complex influence of factors of their formation is
considered. Most of the research on nanostructure
synthesis via galvanic replacement focus on
transforming various Ag nanoparticles into more
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complex bimetallic nanostructures [7-11] with
unique functional properties.

The aim of this work is to analyse the
scientific literature on the features of forming bime-
tallic nanostructures Au/Ag, Pd/Ag, and Pt/Ag on
sacrificial silver nanotemplates in aqueous solutions
via galvanic replacement.

1. Synthesis of Au/Ag nanostructures

Nanoscale galvanic replacement is a spon-
taneous and multifactorial process. In the aspect of
controlled synthesis of metallic nanostructures with
predetermined characteristics, the complex influence
of their formation factors is considered. The main

synthesis conditions of bimetallic Au/Ag nanostruc-
tures on the Ag surface in aqueous solutions by
galvanic replacement [4, 7-25] are presented in
Table 1.

Au/Ag nanostructures are synthesised by
galvanic replacement on sacrificial silver nano-
templates in an H[AuCI4 solution according to
reaction (2) [4, 7-11, 14-25]. Their composition and
structure can be easily controlled by regulating the
molar ratio between Ag nanoparticles (AgNPs) and
the [AuCl.]~ precursor. Morphological and structural
changes at different stages of this process are shown
in Fig. 1.

Fig. 1. Scheme of the morphological and structural changes at different stages
of galvanic replacement between an Ag nanoparticle and an aqueous H[AuCl.] solution [5]

3Ag + [AuCls] — Au + 3AgCI + CI. (2

When an aqueous solution of H[AuCl4] comes

into contact with a suspension of AgNPs, galvanic
replacement immediately begins at regions with the
highest surface energy (e.g., defect, protrusion,
irregularities). Ag atoms oxidise and dissolve, for-
ming a small cavity on the nanoparticle surface.
At the same time, the generated electrons rapidly
migrate across the nanoparticle surface and reduce
near-surface [AuCls]™ ions from the solution. The
newly formed Au atoms tend to deposit epitaxially
on the Ag nanoparticle surface (Fig. 1, stage 1)
due to the similar face-centred cubic crystal
structures and lattice constants of gold and silver
(gold = 4.079 A; silver = 4.086 A) [4]. This leads to
the formation of a thin, incompact layer of gold on
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the surface of each nanoparticle, which does not
interfere the inner layers of Ag from reacting with
the [AuCl,]~ precursor. Over time, the small cavities
on the nanoparticle surface become the main sites for
template dissolution, providing the diffusion of
reactive species.

Along with the deposition of Au, alloying of the
main Ag occurs (stage 2) because a homogeneous alloy
is thermodynamically more stable than a mixture of Au
and Ag [5]. Complete dissolution of the sacrificial Ag
transforms the nanoparticle into a hollow nanostructure
with an alloyed shell (stage 3). Moreover, the thickness
of the shell and the size of the voids depend on the size
of the sacrificial nanotemplate and the stoichiometric
ratio between Ag and Au(lll). Adding H[AuCl4] to the
reaction system leads to the splitting of the Au/Ag shell
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by selectively removing Ag atoms and forming porous
nanostructures (stage 4) and Au nanoparticles (stage 5)

[24].

To stabilise the synthesised Au/Ag nano-
structures, solutions of PVP (polyvinylpyrrolidone)

[7, 9, 10, 13, 14, 17-19, 21, 24, 25], CTAB
(cetyltrimethylammonium bromide) [11] are used.
Stabilised nanospheres [7, 19, 20], nanocubes
[24], nanoprisms [26], and nanowires [27] serve
as sacrificial silver templates.

Table 1
Conditions for the formation of Au/Ag nanostructures
on a sacrificial silver nanotemplate by galvanic replacement
Silver . - o Size of NPs, -
nanotemplate Solution composition t,°C t nm Characteristic of NPs Refs.
AgNPs HAuCl, 100 | 10 min ~40 AuAg NPs [4]
Ag 0.5 mM HAuUCI,, PVP + AgAuU hollow
nanospheres + formaldehyde 20 24h 65-115 nanoparticles [7]
AgNPs 10, 30, | 103.6 + 29.8, Nanoscale cracks and
nanopillars HAUCl, 20 | 60'min | 145.6+49.6 | hollowsin AwAgNPs | L8]
smooth roughened nanoporous
triangular Ag 0.2mMHAUCL +PVP | 144 | 30 min 40 Ag-Au triangular [9]
nanoplates nanoprisms
100 . 48.0£2.1, hollow nanoplates
AgNPs HAuUCI, + PVP 10 min 33403 Au/Ag [10]
AgNPs 1 mM HAUCI, nanoplates Au/Ag
nanoplates CTAB 20 2h 80-100 [11]
HAUCI, + NaBr A‘E)‘()’?‘guga:gfﬂ's'
AgNPs AUBI—:AUS\:;CI ) 100 | 20 min 50 nanoframes, AU@AU-Ag [12]
2 4 nanorattles
Au(l) + PVP : . triangular holey Au-Ag
Ag nanoplates NasAu(SOs)s 20 30 min 30-40 alloy nanoframes [13]
2.94 mM HAUCI, + hollow urchin-like
AgNPs + 10 mM ascorbic acid + 20 5 min 95+15 Au/Ag AuNPs [14]
+ PVP
Ag nanoplates HAUCI, 20 5 min 40 Au/Ag nanoframes [15]
. nanorings, nanocages, or
triangular Ag 1 mM HAuCl,4 20 72h 10-40 hollow nanoplates [16]
nanoplates Au/Ag
hexagonal Ag : hex nut shaped Au-Ag
nanoplates 0.2 mM HAuCl, + PVP 100 | 10 min 120 nanostructures [17]
1 mM HAuUCI, + AuAg Nanoshells
AgNPs +5mM PVP + HCI 20 60 s 60-150 [18]
spherical . . spherical hollow Au-Ag
AgNPs 0.2 mM HAuCl, + PVP 100 | 10 min 30-40 NPs [19]
Ag 4 hollow nanospheres
nanospheres 3.4 x 10* M HAUCl, 20 6h 114+14 AuAg NPs [20]
AgNPs 0- .
NaNoboXes 0.5 mM HAuCI4 + PVP 105 20 min 30-50 porous nanoboxes Ag/Au [21]
AgNPs .
nanoshells 0.2 MM HAUCl, 100 | 10 min 3-10 porous nanoshells Au/Ag [22]
AgNPs | 169 mM HAUCK + NaCl | 100 | 30 min 20-50 hollow Au/AgNPs [23]
0.1 mM HAuCI, + 23- 1-5 hollow nanoboxes
Agnanocubes | b\ pAyuct + PVP 90 | min 40-70 Au/Ag [24]
0.1 mM HAUCI,,
AgNPs 0.1 mM AuCl, 20 10 min ~50 hollow Au/AgNPs [25]
0.1 mM KAuBr4 PVP
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During the synthesis process of nanostructures
by galvanic replacement, the main characteristic
of the final structure is the morphology of the
transformed matrix. Accordingly, the shape of the
synthesised Au/Ag nanostructures corresponds to the

Ag seeds

PVPE, DMF 140°C,8 h

shape of the sacrificial template [9, 11]. For
example, galvanic replacement between smooth
triangular Ag plates and [AuCls]™ ions results in the
formation of rough, nanoporous bimetallic triangular
Ag-Au nanoprisms (Fig. 2).

Ag triangle Ag-Aualloy

Galvanic

7 min

AgNO, ] {111}
b Solvothermal

HAuCI,

Fig. 2. Schematic representation of synthesizing Ag nanoplates and Ag-Au TNPs (a).
TEM images of Ag nanoplates (b) and Ag-Au TNPs (c) [9]

The transformation of the sacrificial nano-
template depends on its initial configuration [4, 5, 28].
The morphological changes of monocrystalline
Ag nanocubes and truncated Ag nanocubes during
nanoscale galvanic replacement with an agueous
H[AuCl4] solution differ significantly (Fig. 3). On
nanocubes, anodic regions appear on their faces,
which causes the formation of point-like holes

(Fig. 3, a—e). If the Ag nanocubes have truncated
corners, dissolution occurs in the {111} planes of each
corner, forming Au/Ag nanostructures with uniform,
evenly distributed pores at the corners of the particles
(Fig. 3, fj). The difference in nanostructure formation
is due to the more effective binding properties of
the stabilising polymer on the {100} faces of the
truncated nanostructures.

Amount of AuCls” increases

Amount of AuCls™ increases

2.,

Fig. 3. (A) Scheme of the structural evolution of an Ag nanocube by galvanic replacement with AuCl,™.

SEM and (inset) TEM images of (B) Ag nanocubes and Au/Ag nanostructures prepared from (C) 0.3, (D) 0.5,
and (E) 2.25 mL of 1 mM HAuCl,. (F) Schematic representation of the structural evolution of an Ag nanocube with
truncated corners by replacement with AuCl,~. SEM and (inset) TEM images of (G) an Ag nanocube
and Au-Ag nanostructures prepared from (H) 0.6, (1) 1.6, and (J) 3.0 mL of 0.1 mM HAuCI, [28]
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Hollow bimetallic nanostructures with complex which provide the formation of hollow nanostructures
shapes and unique functional properties are also that replicate the template’s morphology, the Ag
synthesised by galvanic replacement. The authors nanoplate was directly transformed into a porous
[17] proposed the synthesis of Au/Ag nanostructures nanostructure in the shape of a hexagonal nut. The pore
in the shape of a hexagonal nut by nanoscale galvanic size and density were controlled by varying the molar
replacement between hexagonal Ag nanoplates (122 ratio of H[AuCls] and Ag. These hexagonal porous
nm thick) and an aqueous H[AuCl4] solution (Fig. 4). metallic nanostructures have potential applications in
Unlike other Ag nanostructures (e.g., nanocubes), biomedicine as contrast agents or therapeutic agents.

- - - .
o

—_— , —_—

o
iAuiw 3e —>Au|

B (111} Facet 7 (100} Facet | | Au-Ag alloy

Fig. 4. Scheme of the formation of Au/Ag nanostructures having a hex nut shape [17]

Adjusting the parameters of nanoscale galvanic gradually decreases, and the overall standard potential
replacement can lead to the deformation of the initial of the Au precursor solution also decreases
template and the formation of various nanostructures. (equations 3-7). Therefore, slight adjusttments to
For example, by regulating the pH of an aqueous the pH can regulate the driving force of galvanic
H[AuUCl4] solution, nanoparticles, nanorings, and replacement and, accordingly, the morphology of
nanocages can be synthesised [16]. During dissolution, the formed nanostructures. At pH below 7, silver
H[AuCl4] gradually hydrolyses to [AUCIx(OH)4x], nanostructures break down rapidly, forming
(x =0...4). At different pH levels, the concentrations of heterogeneous colloidal gold particles during galvanic
hydrolysed Au complexes in the solution are different replacement. At higher pH, triangular nanostructures
(Fig. 5). However, as the pH increases, the value of x and nanocages are formed.

A A A A A A A S A AR AR
R A R A S S A A A A A S AR AR R
A A A A A A A AR

A R A A A R N A R A A A A S R AR
s ks an et ER CUELEEEEUEEREELRE

AN A
e L e CLELCELCCELEE
AN AR AR

el et vl Ytk Pl

9 10 11 12 13

[]avcy [ Auci(oH) MMaucior)s  ES autoH)y

Fig. 5. pH ranges of the presence of ions of Au complexes in solution [16]

[AUCL4] + 3¢ <> Au + 4CI' E°=1.004 V, ©)
[AuCl3(OH)] + 3e <> Au + 3CI- + OH E°=0.889 V, 4)
[AUCI(OH),] + 3¢ <> Au + 2CI- + 20H E°=0.785 V, (5)

[AUCI(OH)s] + 3¢ <> Au + CI" + 30H E°= 0.689 V, (6)
[Au(OH)4] + 3¢ <> Au + 40H" E°= 0.602 V. ©)
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For controlled galvanic replacement of Ag
nanoparticles, in addition to traditional Au(lll) chloride
precursors, Au(l) sulfite complexes Nas[Au(SOs)2] [13],
Au(l) chloride (AuCl), K[AuBr4] [25], and [AuBr,]
solutions [12] are also used. The latter are obtained
by ion exchange between [AuCl,]~ and a stoichiometric
amount of Br-, followed by the reduction of [AuBr,] .
This method inhibits Au* disproportionation,
providing the colloidal stability of Ag nanoparticles
during the replacement reaction. A comparative
study of the structural evolution of Ag nanoparticles
during galvanic replacement with [AuBr;]” and
[AuCls]~ demonstrates that uniform Au/Ag
nanoshells are gradually formed using Au(l),
whereas porous Au/Ag nanoframes are generated
with Au(lll). Moreover, more complex Au@Au-
Ag nanostructures can be synthesised in [AuBr2]~
solutions.

Bimetallic nanostructures obtained by
galvanic replacement typically have low Au/Ag
ratios and, accordingly, are highly unstable. This
may be due to their high tendency to decompose

by excess H[AUCI4] [5, 29]. This limits their use in
many corrosive conditions. The low Au/Ag ratio is
largely due to the stoichiometry of the galvanic
replacement: with H[AuCl4] as the Au source, only
one Au atom can be formed during the removal of
three Ag atoms (2). As a result, the growth rate of
Au on Ag nanocrystals is much lower than the
etching rate of Ag, leading to a low Au/Ag ratio of
hollow nanostructures. One solution to this
problem is the use of monovalent Au(l) salt as the
Au source, which implies the addition of one Au
atom to remove one Ag atom [13,25]. Spe-
cifically, the alternative Au(l) precursor
Nas[Au(SOs)2] can rapidly increase the Au/Ag
ratio and provide the formation of porous Au-Ag
alloy nanoplates with high chemical stability
(Fig. 6). However, the holey nanoplates obtained
by galvanic replacement using H[AuUCls] are
highly unstable and transform into hollow tria-
ngular nanoframes [13]. Thus, using Au(l) pre-
cursors instead of Au(lll) provides more con-
trolled galvanic replacement.

Etched by destabilized
Malhu(S02

Fig. 6. Ag nanoplates (a); Holey Au-Ag alloy nanoplates (intermediate) and nanoframes (final product)
formed by the galvanic replacement of Ag with HAuCl, (b—c). Holey Au-Ag nanoplates as interm
ediate and final products formed by the galvanic replacement of Ag with NazAu(SOs), (d—e);
Evolution of the Au/Ag ratio in the Au-Ag alloy nanostructures (samples a—e) [13] (f)

The authors [23] demonstrated the ability to
tune the size, shape, and composition of hollow
Au/Ag nanostructures by galvanic replacement using
various halide ions — chlorine, bromine, and iodine.
Changing the NaCl concentration in the solution of
prepared Ag nanoparticles before adding H[AuCl4]
leads to precise tuning of the size and the core-to-
cavity ratio of the obtained Au/Ag nanostructures
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according to the reaction (8). Cl- ions, present in
both H[AuCl,] and NaCl, slow down the reduction
of gold, leading to more monodisperse hollow
AU/Ag nanostructures. As the NaCl concentration
increases, hollow Au/Ag nanostructures are formed
by galvanic replacement with an increase in the shell
thickness and a decrease in their external size.

3Ag + CI"+ AuCl,~ — Au + 3AgCl + 2CI~. (8)
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By adding NaBr to the reaction solution, Br~
ions can easily replace CI™ in the [AuCl4]™ precursors
due to the higher stability constants of [AuBri]
compared to [AuCl4]". Moreover, the presence of Br-
ions shifts the equilibrium to the right (9), addi-
tionally promoting galvanic replacement (10). The
passage of such processes leads to the formation of
heterogeneous hollow Au/Ag nanostructures. The
polydispersity is caused by the partial interaction of
NaBr with AgNPs and the formation of AgBr on the
surface of the sacrificial nanoparticles.

[AuCls]” + 4Br — [AuBr4] + 4CI, 9)
3Ag + [AuBrs” — Au + 3AgBr + Br.  (10)

By adding Kl to AgNPs before introducing the
gold precursor, Agl nanoparticles and spherical
AUNPs are formed (11).

3Ag + 31"+ [AuCls]” — Au + 3Agl + 4CI". (11)

Recent studies on the synthesis of Au/Ag
nanostructures by galvanic replacement have focused
on: providing high-yield production of monodisperse
Au/Ag at room temperature with extended control of
surface morphology, wall thickness, cavities size,
and elemental composition; achieving high repro-
ducibility of the process; mathematical modelling
and optimization of multifactor galvanic replacement
for the purpose of process controllability.

2. Synthesis of Pd/Ag and Pt/Ag nano-
structures

In addition to bimetallic Au/Ag nanostruc-
tures, Pd/Ag nanostructures [26, 27, 30, 31] and
Pt/Ag [32, 33] nanostructures are obtained by

(b} Pd component

{a) TEM

Pd components

(c) Ag component

20r|m
a

Extinction

galvanic replacement in aqueous solutions on a
sacrificial silver nanotemplate (Table 2). [PdCl4]?,
PdCly, [PtCls)*, [PtClg]> are mainly used as pre-
cursors.

If the galvanic replacement of Ag nano-
particles in [AuCls] solutions is spontaneous and
kinetically fast, then the interaction of AgNPs with
[PACI4]* at room temperature does not occur for a
long time. This is because the standard electrode
potential of PdCIl,*/Pd (0.591 V vs. SHE) is lower
than that of Ag*/Ag (0.800 V vs. SHE) [26, 30].
However, when the solution is heated to 100 °C,
PdCl4?> ions can thermally decompose to form Pd?"*.
The standard reduction potential of Pd*/Pd is
0.951V (vs. SHE), i.e. more positive than Ag*/Ag,
which makes galvanic replacement thermosdyna-
mically possible according to equations 12-14 [26].
Increasing the reaction temperature Kkinetically
promotes interdiffusion between Ag and Pd atoms,
facilitating the synthesis of hollow nanostructures.

2Ag — 2Ag" + 2e, (12)
Pd?* + 2e — Pd, (13)
Pd**+2Ag — Pd + 2Ag* AE°=0.12V. (14)

Triangular Pd/Ag alloy plates slowly form by
adding Naz[PdCls] and heating at 100 °C for 30-
120 min (Fig. 7). The results indicate that additional
treatment with a saturated NaCl solution is effective
in transforming the Pd/Ag alloy nanoplates into
hollow Pd/Ag nanoframes.

L r

23F | ——Ag prism

20 z | — Ag-Pd B0 mm

15 - |— Mg Pd 120 min

1.0

0.5

DD 1 L i "I

400 &00 800 1000 121

Wavelength / nm
b

Fig. 7. TEM and TEM-EDS images of Pd/Ag alloy triangular nanoplates produced by GR reaction after heating
for 120 min (a); SPR band of Ag prisms and Pd/Ag alloy particles at different heating time (b) [26]
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The authors [30] proposed the synthesis of
Pd/Ag nanostructures by galvanic replacement in
H2[PdCl4] solutions at pH =3, room temperature,
and without adding any electrolytes or ligands
containing CI~ anions. Under these conditions, the
H2[PdCl,] solution consists of various Pd(Il) species
in equilibrium concentrations, with a significant
fraction of Pd(Il) existing in the form of Pd* ions,
which thermodynamically enable the galvanic repla-
cement reaction.

Pt/Ag nanostructures are mainly synthesized
in aqueous H:[PtCls] solutions [32]. Since the
standard electrode potential of [PtClg]> /Pt (1.44 V
(vs. SHE)) is higher than that of Ag*/Ag (0.80 V
(vs. SHE)), the galvanic replacement reaction (15)

occurs spontaneously after the addition of H,PtCl to
Ag nanoparticles.
4Ag + PtClg> — Pt + 4AgCl + 2CI-.  (15)
However, unlike Au/Ag and Pd/Ag nano-
structures, Pt/AgNPs form over a long period of
time — 12-48 h [32, 33]. For instance, galvanic repla-
cement of Ag nanoprisms (40 nm) in an H:PtCls
solution at room temperature for 24 h results in the
formation of Pt/Ag alloy nanoprisms. After treating
the reaction solution with saturated NaCl, the
synthesized nanoprisms are transformed into Pt-enri-
ched Pt/Ag alloy nanoframes. This method provides
a simple technique for preparing catalytically active
Pt/Ag alloys with a high Pt content (up to 97 %)
[32].

Table 2
Conditions for the formation of Pd/Ag and Pt/Ag nanostructures
on a sacrificial silver nanotemplate by galvanic replacement

Silver Size of
v Solution composition t,°C t 'z Characteristic of NPs Refs.

nanotemplate NPs, nm

Triangular hollow
HAuUCI 20 —
n;:gNrI?Sm N PudC‘I1 100 o ;oin120 20-50 nanoframes [26]
P % ! Ag-Au, Ag-Pd
0.294 mM HAuCI 5 ~170,
Ag nanowires ! 12 h nanotubes Au@PdAg [27]
0.588 mM Na,PdCl, 20 ~10
1 mM H,PdCls+
Ag nanocubes + ascorbic acid, 20 1h 80-100 hollow Pd/Ag NPs [30]
formaldehyde
AgNPs PdCl: 25 5 min 2-3 Pd/AgNPs [31]
AgNPs 12, 24, 36, 20-40, triangular nanoframes

HoPtClI 20 32
nanoprism e 48 h 5-7 Pt/Ag 32]
Ag nanocubes K2PtCl4 2242 24 h 20 hollow AgPt NPs [33]

Changing the reaction temperature during the
synthesis of bimetallic nanoparticles by galvanic
replacement can adjust their morphology and surface
design, as it affects the reduction Kinetics, nucle-
ation/growth stages, and the possibility of alloyiing and
the diffusion rate [34]. For instance, during galvanic
replacement on AgNPs at room temperature, the
formed Ag ions precipitate as AgCl crystals on the
sacrificial nanosurface, further acting as templates for
metal deposition from the precursor solution. This
limits surface diffusion and leads to the formation of
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rough shells. At high temperatures (100 °C), AgClI
precipitation does not occur (due to increased solu-
bility) and smooth metallic Pt/Ag shells are formed on
the surface of the sacrificial nanosilver (Fig. 8).

Bimetallic Pd/Ag and Pt/Ag nanostructures
synthesized by galvanic replacement are charac-
terized by high porosity, a large reactive surface
area, and high catalytic activity due to the synergistic
effect between their components [30-33]. These
nanostructures are attractive in terms of their use in
catalytic and electrocatalytic processes.
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— picr

PVP

Ag nanowire

Fig. 8. (A) Galvanic replacement between Ag nanowires and PtCle?~ ions performed either at 100 °C
or room temperature, leading to the formation of smooth (B — F) or rough (G — K) surfaces, respectively,
as shown in the SEM (B, G), HRTEM (C, H), STEM HAADF (D, I), and STEM EDX (E, F, J, K) images [34]

Conclusions
In modern nanotechnologies, galvanic repla-

cement is a technologically effective method for
synthesizing bimetallic Au/Ag, Pd/Ag, and Pt/Ag
nanostructures on a sacrificial silver nanotemplate in
aqueous solutions. Nanoscale galvanic replacement
provides the controlled formation of hollow or
porous nanostructures with ultrathin walls. The
geometry and composition of these metallic nano-
structures depend on the main factors of galvanic
replacement, namely the nature of the deposited
metal (Au, Pd, Pt), the solution composition, the
ratio between the silver nanotemplate and the metal
precursor, the duration and temperature of the
replacement process. Only a complex approach to
their influencing factors can provide the controlled
synthesis of Au/Ag, Pd/Ag, and Pt/Ag nano-
structures with predetermined characteristics. The
shape of nanostructures synthesized by galvanic
replacement mostly corresponds to the shape of
the initial sacrificial template. The use of Au(l)
precursor, compared to Au(lll), provides a more
controlled galvanic replacement. By adjusting the
pH, the driving force of galvanic replacement
and, accordingly, the morphology of the formed
nanostructures can be regulated.
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I'. 1. 303yns
Harmionansamii yHiBepcutet “JIbBiBChKa MoITiTEXHIKA”,
kadeapa ximii 1 TEXHOIOTIi HEOPraHiYHUX PEUYOBUH

CUHTE3 HAHOCTPYKTYP BIMETAJIIB HA ’)KEPTOBHII CPIGHIN
HAHOMATPUILI I'AVIBBAHIYHUM 3AMIIINEHHAM. OI'JIA /L

BucpiTiieHo cyyacHu#l cTaH Jo0chail:keHb (POPMYBaHHSI HAHOCTPYKTYp OimeraniB rajib-
BaHiynuM 3amimenHaM. [loka3aHo edeKTHMBHiCTHL rajJbBaHIYHOIO 3aMillleHHSI JJS KOHTPO-
JboBaHoro cuntesy Au/Ag, Pd/Ag, Pt/Ag Ha :xepToBHiii cpiOHiii HaHOMATPHIi Y BOTHUX PO3YHHAX.
Po3rasinyTo 0co0.1MBOCTI MOP(OJIOriYHUX Ta CTPYKTYPHHX 3MiH KePTOBHOr0 HaHOCpi®ia Ha
pisHuX cTagisix 3amimenHs. IlpoanasizoBaHo 3aje:XKHOCTI reoMerpii Ta CKJIaay HAHOCTPYKTYP
Au/Ag, Pd/Ag, PU/Ag Bix ronoBHux mnapaMerpiB rajbBaHi4YHOr0 3aMillleHHSI — NPHPOIU Ta
KOHLeHTpauii HOHIB BiZHOBJIIOBAHOI0 MeTaJly, CHiBBiIHOLIEHHS] MK CpiOHOI0O HAHOMATpPHIEIO i
NPEeKypPcoOpoM MeTasy, TPHBAJIOCTI Npouecy, TemMneparypu. 3po0/eH0 aKIeHTH Ha KOMILICKCHMIA
HiIXi/x 10 iX BIVIMBY /ISl KEPOBAHOTO ofiep:KaHHsi HAaHOCTPYKTYp AU/Ag, Pd/Ag, Pt/AgQ i3 3anannmu

XapaKTepUCTUKAMMU.

KuaiouoBi cjioBa: cpidoHa HAHOMATPULA, raJbBaHiYHe 3aMillleHHs], MeTa/IeBi HAHOYACTHUHKH,
HAHOCTPYKTYPH OiMeTaJIiB, IOPOKHUHHI HAHOYACTUHKH.
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