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The possibilities of the galvanic replacement method in the formation of a metallic
nanostructured surface for electrocatalytic processes are revealed. Based on the electrochemical
mechanism of the process and taking into account the type of substrate, the following directions of
application of this method are presented: synthesis of metal nanostructures and modification of
metal surfaces. Among the successes in the direction of surface modification, the efficiency of
deposition of nanostructured metals by galvanic replacement in the environment of organic aprotic
solvents and ionic liquids has been demonstrated. The role of the medium in the controlled
formation of the geometry of the metal sediment nanoparticles is noted.
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Introduction

In the last decade, there is a significant
expansion of the fields of application of metallic
nanostructured materials. In particular, in catalysis,
electronics, plasmonics, nanomedicine [1-4]. Among
them, nanocatalysis (using nanoparticles of metals as
catalysts) deserves special attention, as it drama-
tically affects synthesis of chemicals and environ-
mental aspects of environmental protection [5, 6].
Therefore, the topical issues of modern nano-
technology are the development of highly active
catalysts, which at the same time provide high
selectivity and stability.

One of the effective methods for obtaining an
electrocatalytic nanostructured metal surface is
galvanic replacement (GR). Compared to traditional
high-temperature methods (thermal evaporation,
sputtering of an electron beam) galvanic replacement
is characterized by moderate temperatures and,
therefore, significantly lower energy costs,
minimizing the use of noble metal. The method is
simple to implement and provide hardware and does
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not require additional reagent-reducing agents.
Especially appropriate is the application of this
method for the preparation of electrocatalysts based
on noble metal. In view of the increased interest in
such a direction of research in recent years, the
purpose of the review is to analyze the current state
of synthesis of metallic electrocatalytic nano-
structured surfaces by galvanic replacement, the
mechanism and features of such a process.

1. Theoretical aspects of galvanic replacement

The mechanism, thermodynamic and kinetic
principles of galvanic replacement are thoroughly
studied for macroprocesses, in particular hydro-
metallurgical recovery of metals from their solutions
(cementation, contact deposition). Their essence is
this. GR, which can be described by the generalized
equation (1), takes place by the electrochemical
mechanism, which involves an electron-generating
semi-reaction of oxidation of the sacrificial metal M,
on the anode areas (2) and a half-reaction of metal
M, recovery on the cathode areas (3).
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mM" +nM, <> mM, +nM;", (1)
(+)nM, > nM " + nme , (2)
(-)ymM " + nme —>mM, . (3)

Synthesis of nanostructures by the method of
galvanic replacement has certain features due, first of
all, to nanosized effect, low concentration of metal
ions in solutions, high surface energy, which results
in significant rates of dissolution of the substrate and
metal recovery, practical absence of the induction
period [5, 7]. In addition, the area of the anode and
cathode regions, that is, the local sections of the
course of electrochemical and chemical processes,
are lower than those of the classical hydrometal-
lurgical processes of cementation.

According to the thermodynamic principles of
processes, the galvanic replacement is possible if the
value of the change in the Gibbs energy, as well as
for any chemical reaction, is less than zero. For
electrochemical processes

~AG=nFAE =nF(E, ., ~E,. ). (4

where AE — electromotive force of the process; F —
the constant of Faraday; n — number of electrons

the E

involved in process; Ew* v

MM,
equilibrium potentials.
The self-propelled flow of galvanic repla-
cement is possible if this condition is maintained
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Therefore, galvanic replacement occurs if the
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recoverable metal. In general,
such a process is spontaneous, which complicates the
controlled formation of the sediment morphology
and the geometry of its individual particles. The rate
of electrochemical reactions in the anode and
cathode regions depends on many factors, namely:
the nature of the substrate or sacrificial template; the
nature of the deposited metal; composition of the

solution; stable activity of the anode surface;

[7].

Accordingly, the process of forming nanoparticles on

temperature and duration of substitution

the surface of the restoring substrate (Fig. 1, a) or the
sacrificial template (Fig. 1, b) and the growth of the
metal sediment is multifactorial.
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Cu + Pd™ = Cu™ + Pd

3Ag + AuCl; — 3Ag" + 4CI"+Au

Fig. 1. Scheme for the formation of nanoparticles by the
method of galvanic replacement on the surface of the
substrate reducer (a) [8] and sacrificial template (b) [9]

2. Methods of forming an electro-catalytic
surface using a galvanic replacement

Materials used as electrocatalysts are formed
on a conductive or semiconducting basis. Today,
electrocatalysts based on nanostructured metal
systems of GR are prepared by the following two
methods: 1) galvanic substitution directly on the
metal surface of the electrode; and 2) fixation to the
surface of the electrodes of the pre-synthesized
nanostructures by the GR method.

In fundamental researches, which focused on the
establishment of the mechanism of the method, as well
as the study of morphology and interaction between
components of the multimetal system, materials such as
substrates for electrodes are used: glassy carbon (GC)
[10, 11], single crystals of gold and ruthenium [12, 13],
polycrystalline titanium and gold [14, 15]. In this case,
galvanic replacement by the first method is carried out
directly on the block metal (copper plates or foil,
porous nickel, etc.) or on pre-electrochemically
deposited metal (copper on graphite or GC, nickel on a
glassy carbon or on copper, etc.). Below we consider
the features of mnanostructured catalysts obtained by
galvanic replacement on the conductive substrate
surface or sacrificial template.

2.1. Modification of the substrate surface

Modification of the surface by nanostructures
is considered in the aspect of obtaining electro-
catalysts by the method of galvanic replacement
directly on the material-basis (Table 1).
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Table 1

Conditions for the formation of metal nanoparticles (M;NPs) on the surface of the substrate metal (M,)
by galvanic substitution and their use in electrocatalysis

M, |M;NPs Precursors t, °C T P.artlcle Electrocatalys in process Ref
size, nm
Cu | Pt,Pd 4.0 mM H,PtClg | 22+2 25 min 40-50 oxidation of glycerol [16]
4.0 mM PdCl,
Cu Ag 1.5.10. 20 mM 2242 10 min 100 hydrogen peroxide [17]
AgNO; electroreduction
Cu Au 5 mM AuCly 2242 1-5 min 100 nitrate reduction [18]
Cu | Pt,Pd PdCl,. PtCly y 2242 15 min 100 hydrogen evolution [19]
0.1 M HCIO,.
Ag Pd 2 mM PdSO,4 + 0.5| 22+2 20 min 100 HCOOH oxidation [20]
M H,S0,
Ag Au 12.5 mM HAuCl, 11 6—75 min 100-200 CO; reduction [21]
Ni Ir 1 mM K,IrClg 65 15 min 100 oxygen Evolution [22]
Ni Pd 0.2 mM PdCl, 80 10 hours 1-5 methanol oxidation [23]
Ni Pd, 20 mM AgNO; 2242 10 min - methanol oxidation [24]
Ag 25 mM K,PdCl,
Zn Pt 30 % NaOH+ 2242 48 hours 60-70 methanol oxidation [25]
1 mM H,PtCl

The application to a metal surface of a
nanostructural precipitate of another metal or bimetal
leads to the formation of a metal/lining system,
which is characterized by new functional properties.

In addition to the above materials, as a surface
(substrate-reductant), metals M, with positive values
of standard electrode potentials are used — copper
[16-19], silver [20, 21] and negative — nickel [22—
24], zinc [25]. Due to the “generated” electrons on
such a surface, a precipitate of a catalytically active
metal M; with a more positive standard potential is
formed — Pt [16, 19, 25], Pd [16, 19, 20, 23], Au [18,
21], Ag [17, 24], Ir [22]. Modern studies are aimed at
studying the dependences of the morphology of
deposited metal on the substrate surface and,
accordingly, the electro-catalytic properties of the
system obtained from the main factors of the
galvanic replacement process.

Modification of copper surface

The surface of copper modified with silver,
gold, palladium and platinum is characterized by
elevated electro-catalytic activity. Copper is an
affordable and cheap foundation for the application

of noble metal nanoparticles. For galvanic
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replacement, copper, electrochemically deposited
from acidic sulfate electrolytes, which is
characterized by a developed and porous surface, is
predominantly used [17-19].

Modification of copper surface with silver is
carried out mainly in aqueous solutions by the
galvanic replacement reaction (6).

Cu(s) +2Ag'(aq) — Ag(s) + Cu”'(aq)  (6)

The morphology of heterogeneous nano-
structures formed on the copper surface is
significantly dependent on the galvanic replacement
parameters. In particular, the concentration of Ag"
ions greatly affects the formation and growth of
Ag/Cu nanodendrites [17]. The analysis of typical
SEM images of Ag/Cu nanostructures obtained over
a fixed time of galvanic substitution indicates that an
increase in the concentration of AgNO; (1-20 mM)
results in a change in morphology from lamellar
(lamellar) to branched dendritic with an increase in
the size of their structural particles (Fig. 2). The
duration of the galvanic replacement slightly affects
the morphology of the silver precipitate. The
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reduction peak potential of hydrogen peroxide was
about -0,25 V (vs. a saturated calomel electrode),
which indicated that the assynthesised Ag/Cu
dendrites had favourable electroreduction activity
towards hydrogen peroxide.

X20,000 Apm

X20,000 1pm

Fig. 2. SEM images of Ag—Cu
nanostructures obtained at different concentrations
Ag'ion (mM): a —1,b—-20/[17]

The method of galvanic replacement makes it
possible to modify the surface with mono- and
bimetal systems. Thus the authors [19] proposed the
production of bimetal electrocatalysts Pd-Pt/Cu. The
Cu nanofoam was used as a substrate to reduce
Pd(I1) and Pt(IV) ions to metal form at the surface of
electrode at open circuit voltage. The standard
reduction potentials of Pd*"/Pd and Pt*"/Pt pairs are
0.83 V and 0.74 V vs. the standard hydrogen
electrode (SHE). These standard potentials are
positive of that for Cu>"/Cu, 0.34 V vs. SHE, so the

below galvanic replacement reactions are
thermodynamically favorable:

Cu(s) + Pd*"(aq) — Cu*'(aq) + Pd(s), (7)

2Cu(s) + Pt*(aq) — 2Cu*"(aq) + Pt(s).  (8)

Testing of the electro-catalytic properties of
the obtained bimetal system Pd-Pt/Cu showed its
higher activity than pure platinum, as evidenced by a
half times the value of current density and displa-
cement of the potential of the beginning of the
hydrogen evolution reaction to a more positive value
(Fig. 3).

In addition, such a catalyst has a significantly
lower cost due to a decrease in the mass fraction of
platinum. In particular, the best performance is
observed for the Pd65Pt35 catalyst. The
coprecipitation Pd and Pt amplify the electrocatalytic
action by an electronic effect. Chronoamperometric
(CA) studies of bimetal catalyst showed its stability
in time (the current does not decrease even after
1000 s) (Fig. 4).
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Fig. 3. Linear sweep voltammetry of (a) bare Cu
electrode, (b) Cu nanofoam electrode, (c) Pd, (d) Pt, (e)
Pd65Pt35 in 0,5 M H,SO, solution. Inset: Cyclic
voltammograms recorded for Pd65Pt35 in 0.5 M H,SO,
solution [19]
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Fig. 4. CA curve for HER catalyzed by the Pd65Pt35 at
250 mVvs. NHE in 0.5 M H,SO, solution [19]

Modification of the silver surface

The surface of electrolytically deposited silver
and modified catalytically active metals Pd [20], Au
[21] has a predominant application for the oxidation
of formic acid and the recovery of carbon dioxide. It
is shown [20] that galvanic replacement does not
provide the formation of a continuous layer of
palladium on the silver surface, since Ag atoms are
embedded in a surface layer at the top of Pd” and can
not be substituted by Pd*". In addition, this is due to
the peculiarity of the process of galvanic
replacement, in particular the need for activity of at
least the minimum number of anode sections.

Stationary polarization curves in a solution of
0.5 M H,SO4 + 0.5 M HCOOH show a high specific
activity for Pd/Ag composites, which is almost on
the order of magnitude higher than palladium in the
range of potentials of 0.10-0.25 V. Such effects of



Preparing of metallic electrocatalytic nanostructured surface by galvanic replacement method (Review)

palladium The authors explain both the inhibition of
formed chemisorbed compounds and the develop-
ment of new active centers at the boundary of Pd/Ag.

Particularly high electrocatalytic activity is
characterized by porous golden films (Fig. 5). The
thickness and roughness of the surface of porous
gold films can be controlled by adjusting the
duration of the galvanic replacement by reaction (9)

3Ag + [AuCl,] — Au + 3Ag" +4CI. 9)

At low overvoltage (390 mV), the porous film
exhibits significantly higher activity (about 40 times)
than the polycrystalline analogue [21]. This is due to
highly developed nanostructured surface.

® AgCl
® Au

Ag

a— DO
SSNH,» H,0
284K

HAUCI,
284 K

Ag

Ag §

Fig. 5. Schematic illustration of the key steps for
fabricating porous gold films [21]

By changing the thickness of the golden
nanoporous film, it is possible to adjust the
efficiency of the electrocatalytic conversion of CO,
to CO, reaching a maximum of 90.5 % (Fig. 6).

Modification of the surface of nickel

Electrodescent nickel on glassy carbon
electrodes [22] or nickel foam (a specially prepared
substrate) used as the basis for the formation of a
catalytically active nickel surface [24].

The enhanced catalytic activity is charac-
terized by electrodes IrO,-Ir/Ni obtained by galvanic
replacement of nickel layers with an iridium fol-
lowed by anodization of the obtained system (Fig. 7).
Prepared electrodes IrO,-Ir/Ni have been tested as
anode for oxygen recovery (OER) from acid solu-
tions. It has been found that they exhibit significantly
higher catalytic activity compared to the usual IrO,
oxide film, anode formed on block iridium [22].

The binary electrocatalysts Pd-Ag/Ni have
been obtained by the method of gradual
electroplating of the nickel surface [24]. The
inclusion of Pd and Ag in the substrate of nickel
“foam” greatly increases its activity in
electrocatalytic oxidation of methanol. This is due to
the synergistic effect between Pd and Ag in the
formed nanostructured Pd-Ag alloy. In addition, the
Pd-Ag/Ni activity is significantly dependent on the
quantitative correlation between Pd and Ag, which is
governed by the duration of substitution. Among the
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investigated  Pd-Ag/Ni  electrocatalysts,  the
Pd55Ag45/Ni “foam” exhibits the highest activity in
relation to the oxidation of methanol in alkaline
medium: 2.8 and 3.3 times as compared to Pd/Ni. In
addition, cooked “foam” Pd55Ag45/Ni has a high
wear resistance in electrooxidation methanol. The
efficiency of binary systems indicates the high
potential of their use in electrocatalytic processes.
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Fig. 6. Comparison of electrocatalytic performance of Au

and AuAg electrodes:(a) current density, (b) CO Faradaic

efficiency at -0.5 V, (c) CO Faradaic efficiency at -0.45 V
measured in COx-saturated 0.1 M KHCO; [21]
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Fig. 7. Scheme for the formation of catalytically
active electrodes IrO»-1r/Ni [22].

2.2. Synthesis of nanostructures on a sacrificial
nanotemplate

The obtaining of a metal electrocatalytic
nanostructured surface in the absence of a substrate
material involves the synthesis of nanostructures on
the sacrificial nanosilver (M,NPs), followed by their
application to the conductive base of the electrode.
Conditions for the formation of nanoparticles of
metals on the surface of a metal-nanoparticle by a
method of galvanic replacement and their use in
electrocatalysis are given in Table 2. Galvanic
replacement is mainly obtained by hollow nano-
structures and core@shell structures.
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Table 2
Conditions for the formation of nanoparticles of metals (M;NPs) on the surface
of metal-nanoparticle (M,NPs) galvanic substitution and their use in electrocatalysis
M,NPs M;NPs Precursors t, °C T Particle Electrocatalys in process Ref
Ag Pt K,PtCly 2242 24 hours 20 hydrogen evolution [26]
Cu Pt 10 mM K,PtCly 2242 60 min 2-3 oxygen reduction and [27]
Cu Pt 5 mM K,PtClg + 2242 45 min 20-30 methanol oxidation [28]
Cu Pt 0.05 mM 220 90 min 5 methanol oxidation [29]
Cu Pt, Ru |0.05 mM Pt(acac),. 220 90 min 5 methanol oxidation [29]
Cu Pt 2 mM K,PtCl,. 2242 20 min 1-4 methanol oxidation [30]
Cu Pt 10 mM K,PtClg 2242 35-40 4 oxygen reduction and [31]
Cu Pt 1mM K,PtClg 2242 45 min 3-5 methanol oxidation [32]
Cu Au 0.075 mM 140 20 min 5 CO; reduction [33]
Cu Pd 4.5 mM PdCl, 2242 60 min 2040 ethanol oxidation [34]
Ni Pd 10 mM PdCl, 2242 5-720 30-50 methanol oxidation [35]
Ni Pt 0.5 M H,PtClg 2242 120 min 25-30 ethanol oxidation [36]
Co Pt 2 mM K,PtCl, 2242 4.70 oxygen reduction [37]
Co Pt 25-250 mg/1 2242 72 hours 2040 oxygen reduction [38]

The method of galvanic replacement as a
controlled synthesis of mono- and bimetal hollow
nanomaterials is most studied for Ag/Pt [26], Cu/Pt
[27-32], Cu/Au [33], Cu/Pd [34], Ni/Pd [ 35], Ni/Pt
[36], Co/Pt [37, 38]. The template for the synthesis
of hollow nanostructures is predominantly stabilized
nanoclusters of copper, silver, and nickel.

In the process of synthesis of hollow nano-
structures nanostructures by galvanic replacement,
the main characteristic of the finite structure is the
shape or morphology of the transformed matrix.
Therefore, to ensure that the template’s configuration
is adhered to by the finite nanostructure, the atoms of
the recovered metal must settle on its surface. In the
replacement reactions, the complete removal of the
less active sacrificial template is wusually not
achieved, and its residual presence can substantially
affect the electro-catalytic properties of the end
material. Thus, the Pt/Ag system is used as an
electro-catalytic electrode in fuel cells. However, in
many cases, certain Ag content remains, which
affects the properties of nanomaterial [26].

The core@shell structures can be synthesized
by galvanic replacement provided that only the
porous shell is formed on the surface of the nucleus.
This is due to the feature of the process, in particular
the need for openness of the minimum number of
anode sections. In the nanostructures of Me@Pt(Pd),
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catalytic properties are usually determined by the
shell of Pt(Pd) on the surface in the form of a
monolayer. Therefore, such structures are much
more advantageous, because they reduce the costs
and increase the catalytic activity of the initial
nanostructure [34, 39].

The unique core@shell Au@Pd nanoparticles
(Fig. 8) exhibit increased electrocatalytic activity in
the oxidation of formic acid, -electrochemical
stability and long-term durability as a result of the
enhanced coupling between the Au nucleus and the
Pd shell [39]. Synthesis of nanoparticles was carried
out by the galvanic replacement of Cu on Pd on
hollow nanoparticles Au. The nucleus of gold in this
structure plays a crucial role for the donation of
electrons and stabilization of the Pd shell. The
highest catalytic properties have revealed the
nanostructures Au@Pd20 due to the optimal effect
of electronic clutch.

Fig. 8. TEM images of (a) Au@Pd20,
(b) Au@Pd40 [39]
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Authors [28] proposed the production of metal
catalysts by galvanic replacement of copper
nanoparticles in an acidic solution of K,PtCl.
Analysis of the atomic ratio Pt:Cu of the resulting
system showed that the degree of modification of
platinum is not more than 37 %. Moreover, platinum
is concentrated in the outer part of copper
nanostructures. Synthesized Pt-Cu nanoparticles of
20-30 nm (Fig. 9) were applied to a carbon base
with a large surface area. The resulting Pt-Cu/C
system is tested as oxidation electrodes of carbon
oxide (II) and methanol. The test results showed
their benefits with Pt/C analogues in the area of the
electrically active surface. However, due to the
agglomeration of Pt-Cu/C particles, this system is
inferior to Pt/C by specific mass.

Noble metals are deposited by galvanic
replacement and on complex copper surfaces. Thus,
the paper [29] shows the possibility of forming bi-
and trimetallic nanostructures (CuPt, CuPtRu) on
copper nanotubes. It is established that high concent-
ration of salts of noble metals leads to excessive
growth of ultradispersed, dispersed or branched
structures on the surface of 1D nanostructures.

Fig. 9. TEM micrographs of Pt(Cu) particles supported on
carbon particles (Pt(Cu)/C); (4),(B), (C) micrographs at
different magnifications as indicated by the scale bars.
For comparison, a micrograph for commercial 20 % w/w
Pt/C catalyst is shown in (D) [28]

Accordingly, the roughness of the surface and
its composition can be adjusted by varying the
concentrations of the recovered metals. In particular,
for 0.05 mM Pt(acac), and 0.08 mM RuCl;, CuPt
and CuPtRu ~ 5 nm nanoparticles are obtained
(Fig. 10). The electrochemical reactivity is influen-
ced not only by surface roughness (particle size), but
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also by the composition of the surface (content Pt).
The trimetallic CuPtRu nanostructures improve the
stability of the catalyst in the acidic medium.

Fig. 10. Characterization of CuPtRu 1D nanostructures
with small-branch-decorated rough surfaces (sr-CuPtRu):
a — TEM image with an inset of the zoom-in view of the
box in white; b — HRTEM image [29]

One of the activating factors of galvanic
replacement, namely the anode sections, is the use of
ultrasound. Under these conditions, Pd@Cu nano-
structures (2040 nm) are synthesized and an
electrocatalyser is formed that has a large number of
active Pd centers and a large surface area. The
catalyst Pd@Cu has demonstrated a synergistic
catalytic effect on the oxidation of ethanol with a
current density that is 9.5 times greater than
commercial Pd/C. In addition, thermodynamic and
kinetic studies have shown that the Pd@Cu catalyst
is characterized by a low energy barrier and high
charge transfer velocity in the direction of ethanol
oxidation [34].

3. Perspective directions
of galvanic replacement in catalysis

As stated above, the galvanic replacement
method is an extremely versatile approach for the
production of catalytically active nanostructured
materials. However, most studies are limited to
substituting metallic nanoparticles or metal surfaces
in aqueous solutions. This causes the course of side
effects on the electrode sections and in the reaction
medium. Accordingly, certain difficulties arise in the
controlled synthesis of nanostructured precipitates.
Such side effects are the electrical reduction of
hydrogen, which can significantly affect the growth
of nanoparticles. In addition, the pH increases in
near-surface layers, which violates the given acidity
of the working solution [7].

In order to reduce and avoid the flow of such
undesirable processes in the last decade, there is
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interest in the study of galvanic replacement in the
environment of organic solvents, in particular apro-
tic — DMF, DMSO [7, 40-42].

Polar molecules DMF or DMSO (L) due to
higher, compared with water molecules, electrodonor
properties are formed with ions of reducing metals
solvate, for example, [AgL,]’, [NiL,]*", [PdL,]*".
The latter determine cathode polarization, which
affects the formation of the geometry of nanopar-
ticles. In addition, due to the formation of surface
complexes on the latter under the donor-acceptor
mechanism M [«<—:L the effect of molecules of
aprotic solvents is similar to that of surfactants.

One of the promising directions of the
catalytically active nanostructured materials is
galvanic replacement in ionic liquids [43]. In
aqueous solutions, the reaction of galvanic repla-
cement substitution occurs at the oxidation-reduction
potentials of the standard electrochemical series. For
comparison, in the case of ionic liquids, the reaction
of GR can be initiated by the formation of complexes
of metal ions with anions of ionic liquids. Therefore,
oxidation-reduction potentials in ionic liquids may
differ significantly from those for metal complexes
in aqueous solutions. The main advantage of the
galvanic replacement substitution in ionic liquids is
their much higher conductivity, since they consist
entirely of cations and anions. However, compared
with aqueous solutions for ionic liquids there is no
single electrochemical series due to the lack of a
universal electrode for comparison. Depending on
the characteristics of the individual experiment, the
electrode Pt is most suitable. It is shown that the
nature of the ionic liquid, the concentration of metal
ions, pH and temperature affect the morphology of
the reducing metals, the size of the particles, as well
as the rate of deposition. The nature of the ionic
liquid also affects the crystallographic planes. An
example is the deposition of gold nanoparticles and
platinum from various ionic liquids. Thus, depending
on the salt of Au and Pt and the ionic liquid,
precipitates of various sizes and geometric shapes, in
particular triangular gold nanoplasts, are formed
[43]. It is shown that the efficiency of the electro-
catalytic oxidation of formic acid depends on the
morphology of the synthesized nanoparticles. The-
refore, galvanic replacement in ionic liquids has a
huge potential for the development of functional
materials for electrocatalysis.
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Conclusions

The analysis of literature sources regarding the
current state of synthesis of a metal electrocatalytic
nanostructured surface has shown that one of the
perspectives of the methods of its obtaining is
galvanic replacement. Such a method is easy to
implement and provide hardware and at the same
time universal for controlled formation of a cata-
lytically active surface. The conditions of galvanic
replacement can be regulated by the dimension and
morphology of the metal sediment and, accordingly,
the electrocatalytic properties of the electrodes on
their basis. The main directions of preparation of
electrocatalysts based on nanostructured metal sys-
tems obtained by galvanic replacement are: 1) sub-
stitution directly on the metal surface of the
electrode; 2) fixation to the electrode surface of pre-
synthesized nanostructures. Aprotic organic solvents
and ionic liquids can be used as an environment for
controlling the morphology of nanoparticles of a
metallic precipitate during electroplating and,
accordingly, the effectiveness of electrocatalytic
reactions.
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I'. L. 303yas, O. 1. KynTuii
Haunionanbhuii yHiBepcuteT “JIbBiBChKa MOMITEXHIKA”,
katenpa XimMii Ta TEXHOJIOTIT HEOPTraHIYHUX PEUOBHH

OJIEP)KAHHSI METAJIEBOI EJIEKTPOKATAJIITUYHOI HAHOCTPYKTYPOBAHOI IIOBEPXHI
METOJ0OM I'AJIbBAHIYHOTI'O 3AMIIIEHHA (OI'JISIT)

Po3kpuTo MOXKIUBOCTI

MeTOoly TrajJbBaHiYHOro 3aMimeHHs B ¢opMyBaHHI

MeTaJIeBOI HaAHO-

CTPYKTYPOBAHOI MOBEPXHi /ISl €JIEKTPOKATAJITHYHMX mpoueciB. [pyHTy4YHCh Ha eJeKTpoXiMidHOMY
MeXaHi3Mi npouecy Ta BpaXoBYIOUYM THN MiIKJIAJAKH, HABeJeHO TaKi HANPSIMU 3aCTOCYBAHHS IIbOT'0 METOAY:

CHHTEe3 MeTAaJeBUX HAHOCTPYKTYP Ta Moaudikania mnosepxHi MeTauis.

Cepen ycmixiB y Hampsimi

Moaudikanii MoBepxHi NMPOXEMOHCTPOBAHO e(eKTHBHICTH OCaAKEHHS HAHOCTPYKTYPHHX MeETAJIB rajb-
BAHIYHUM 3aMIillICHHAM Yy cepeJAOBHILi OPraHiYHUX ANPOTOHHUX PO3YMHHMKIB Ta iOHHMX piguH. BinzHayeno
POJIb CepeIOBHINA Y KepoBaHOMY (popMyBaHHi reoMeTpii HAHOYACTHHOK METAJIEBOI0 OCaTy.

KarouoBi cioBa:
Moaudikamis noBepxHi.

€JIEKTPOKATANI3aTOPH,

rajJibBaHiuHe 3aMillieHHs],
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