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Abstract: Electrochemical synthesis of metal nanoparticles (MNPs) is a direction of nanoscience and
nanotechnology intensively developing in recent decades. This is due to a number of technological
advantages of this method, namely, obtaining metal nanoparticles of high purity with the controlled
formation of their geometry, the absence of chemical reducing agents, and, accordingly, ensuring the
“green” synthesis. This work presents an analysis of the references on the synthesis of metal
nanoparticles by electrolysis in aqueous solutions, non-aqueous medium-—ionic liquids, and organic
aprotic solvents. A modern interpretation of the mechanism of the nucleation and of the formation of
MNPs is given. The main factors, particularly the nature of metals, electrolyte composition, electrolysis
parameters determining the geometry of nanoparticles, and their size distribution, were analyzed.
Attention is focused on the influence of the nature and concentration of surfactants on the formation of
nanoparticles and their stabilization. Features of the electrochemical synthesis of metal nanoparticles
(silver, gold, platinum, and non-ferrous metals) in aqueous solutions and in the non-aqueous medium
are described. The main areas of application of electrochemically synthesized metal nanoparticles are
given.

Keywords: metal nanoparticles; electrochemical synthesis; mechanism; aqueous solutions; ionic
liquids; organic aprotic solvents; application of metal nanoparticles.

Abbreviations: acac —  bis(acetylacetonate); AN - acetonitrile; BDHAC -
benzyldimethylhexadecylammonium chloride; BMIm — 1-butyl-3-methylimidazolium; BMP — 1-butyl-
1-methylpyrrolidinium; BMP-SAL — 1-butyl-1-methylpyrrolidinium salicylate; BMPTFSA — 1-butyl-
1-methylpyrrolidinium  bis(trifluoromethylsulfonyl)amide; CHI -  chitosan; CTAB -
cetyltrimethylammonium bromide; CTAC — cetyltrimethylammonium chloride; DDT — dodecanethiol;
DMF — N, N-dimethylformamide; DMSO - dimethylsulfoxide; EO — standard electrode potential; GC
— glassy carbon; icathode — cathode current density; IL — ionic liquids; MMT — sodium
montmorillonite; MNCs — metal nanoclusters; MNPs — metal nanoparticles; Na-LS — Na-lauryl
sulphate; NaPA — sodium polyacrylate; PANI — polyaniline; PEG — polyethylene glycol; PVA —
polyvinyl alcohol; PVP — polyvinylpyrrolidone; RL — rhamnolipid; TBAA — tetrabutylammonium
acetate; TBAC — tetrabutylammonium chloride; TBAN — tetrabutylammonium nitrate; TDoAC —
tetradodecylammonium chloride; Tf2N- — bis(trifluoromethanesulfonyl)imide; TGA — thioglycolic
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bis(trifluoromethylsulfonyl)amid; TPP - triphenylphosphine; TTAB - tetradodecylammonium
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1. Introduction

Today, metal nanoparticles (MNPs), due to their chemical and physical properties as
well as to nanoscale effect, have a much wide application in many different areas, in particular
in antimicrobial and biomedical ones [1-8]; they can be applied as antimicrobial agents in the
agricultural area [9, 10] and in textile industries [10, 11]; at the same time, MNPs are often
used for wastewater treatment [10, 12—14], for sensing of ion metals, organic and biomolecules
[10, 15, 16] as well in the catalysis [10, 12-14] (Fig. 1).

The functional properties of metal nanoparticles (chemical, antibacterial, catalytic,
magnetic, optical, etc.) depend on the shape and the size, as well as on the surface charge and
the surface area. Thus, the geometry of MNPs significantly affects their properties, in
particular, antimicrobial [17] and catalytic [18] activities. In the tuple, the methods and
conditions of synthesis — geometry — properties — function — field of application, the first
participant is decisive. Therefore, the choice of a method for synthesizing metal nanoparticles,
which maximally ensures the controllability of the formation of MNPs according to their
geometry, is one of the main priorities of nanomaterials science.
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Figure 1. Different branches of the applications of metal nanoparticles (MNPs) [12]. Presented under the terms
of the Creative Commons CC BY license.

Methods of the synthesis of MNPs and non-metals, as well as compounds, are divided
into physical and chemical groups. Suppose the first methods are implemented without the
changes in the degree of oxidation of the metal. In that case, the second group of the methods
necessarily includes the redox reactions, regardless of how the nanoparticles are formed —
bottom-up process or top-down process (Fig. 2). In addition to the controlled formation of metal
nanoparticles by geometry, the strategy for metal nanoparticle obtaining includes their “green”
synthesis. The latter includes the use of non-toxic reducing agents and stabilizers of natural
origin, which are components of plants [4, 5, 9, 12, 19], bacteria [4, 8, 10, 20-22], algae [4, 20,
23], and fungi [4, 10, 20, 24]. The methods of obtaining MNPs by the electrolysis [25-27], as
well as applying the additional physical factors (for example, ultrasonic irradiation [26]), can
be attributed to the “green” synthesis due to the exclusion of the use of chemical reducing
agents. The main advantage of electrochemical synthesis is obtaining high-purity metal
nanoparticles with controlled geometry formation.

The purpose of the work is a comprehensive analysis of the scientific references on the
electrochemical synthesis of metal nanoparticles, covering the following: modern
interpretation of the mechanism of the nucleation and the growth of MNPs; the dependence of
the size and shape of nanoparticles on electrolysis conditions (electrolyte composition and
electrolysis parameters); an influence of the nature and the concentration of surfactants on the
formation of nanoparticles and their stabilization; the examples of electrochemical synthesis of
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nanoparticles of silver, gold, platinum and non-ferrous metals in aqueous solutions and non-
aqueous medium (ionic liquids and organic aprotic solvents); areas of MNPs application.
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Figure 2. Schematic representation of the top-down (images with a green background) and bottom-up (images
with pale yellow background) approaches of nanoparticle synthesis [19]. Presented under the terms of the

Creative Commons CC BY license.

2. Mechanism of Electrochemical Synthesis of MNPs

The electrochemical synthesis of metal nanoparticles in aqueous solutions and non-
aqueous media is based on reducing metal ions via reaction (1). However, depending on the
conditions of electrolysis, it is possible to proceed with two competing processes: first is the
deposition of metal on the cathode surface, and second is the formation of stabilized MNPs in
the solution volume.

M(+n) + ne- — M(0) @

1. The following main consecutive steps take place during the formation of metal
deposits on the cathode surface, namely: 1) transfer of metal ions from the bulk of the
electrolyte to the electrode surface by diffusion — 2) reduction to the metal atom via reaction
(1) — 3) adsorption on the electrode surface (adatom) — 4) growth of the metal crystal
(crystallization). The last step, depending on the value of cathode current density (or cathode
potential), causes the formation of deposits of various structures. Thus, at [aw icathode, the metal
coatings are formed; at high ones, the dendrites and even metal powders can be formed.

2. The electrochemical formation of the nanoparticles with the production of colloidal
solutions of MNPs has occurred if the crystal growth of the metals is prevented or at least
weakened. To implement this, i.e., to prevent the third and fourth of the above-mentioned steps,
which occur during the deposition of metals on the cathode surface, the surfactants are
introduced into the electrolyte. Electrolysis is carried out in an extreme region of the cathode
current density (extremely negative potential region) and at very low concentrations of metal
ions. At the same time, a peculiar blocking layer from the cations of surfactants is formed on
the cathode surface, which is typically for the environment of ionic liquids [28-32] and organic
aprotic solvents [33-35]. In aqueous solutions, the cations of surfactants are also used [36—38],
but more often the polar organic molecules are applied [39—44]. Organic radicals included in
such cations, for example, 1-hexyl-1-methylpyrrolidinium (HMP*) and 1-decyl-1-
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methylpyrrolidinium (DMP?) [29], 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)amide (BMPTFSA) [30], tetraalkylammonium [34], create the
steric hindrance near the surface of the cathode. In aqueous solutions, for example, the
tetradodecylammonium cation [38] also gives hydrophobicity to the blocking layer.

If there is a blocking layer from the cations of surfactants on the cathode surface, then
as the authors allow [29], electron transfer is possible by tunneling. The latter also can occur
in the presence of adsorbed polar organic solvents. Therefore, there is a probability of reducing
the metal ions to atoms (1) on the surface or in the volume of the absorbed layer of the
surfactant. The presence of an anionic complex of a reducible metal in the electrolyte is also a
restraining factor for the deposition of MNPs on the cathode surface since its negative charge
complicates its adsorption. Most often, these are complexes with inorganic ligands — [AuCl4]
[45], [PdCls]* [46, 47], [PdBrs]*> [29], [PtBrs]* [48]. In agueous solutions, even in the
presence of surfactants, partial deposition of the metal on the surface of the cathode is observed.
The non-stationary current supply is used to avoid, or at least to weaken, such an undesirable
process, namely the changing of current polarity [49-51] and cyclic voltammetry [43, 45, 52,
53]. Under such electrolysis, partially deposited metal is dissolved during the anodic period.
Effective in terms of preventing metal deposition and, at the same time, the formation of small
MNPs with a narrow range of sizes is the use of ultrasound and non-stationary current supply
[26].

The mechanism of the binding of metal atoms into nanoclusters and nanoparticles
during the electrolysis is practically not covered in the references. Therefore, an analogy is
sometimes drawn with the growth mechanism of MNCs and MNPs during chemical synthesis.
Thus, the ref. [49] shows the formation of Agx" “magic” clusters and their growth by analogy
with the growth during chemical reduction according to the following scheme [54]:

Ag"+e— Ag 2
Ag + Ag - Ag2 3)
Ag +Ag" — Ag2* (4)
Ag2 + Ag —> Ags (5)
Ag2t + Agt — Ags? (6)

Ag¥x + Agt > Ag(a+1)+x+1 @)
Aga+x + Agb+y - Ag(a+b)+x+y (8)

The authors [54] showed that at very high rates of reduction, most Ag* ions are quickly
turned into neutral Ag atoms, which aggregate according to the reactions (3, 5, ...). Under the
low rates, the Ag atoms are bonded with Ag™ ions and charged particles, i. e., via the reactions
(4, 6-8). In the case of electrochemical synthesis, the reduction rate is given by the value of
current density.

3. The main factors influencing the formation of MNPs by electrolysis in aqueous
solutions

The formation of metal nanoparticles during their electrochemical synthesis depends
on many factors, including the composition of the electrolyte (the nature of metal ions,
surfactants, conductive substances, and their concentrations), the nature of the medium
(aqueous or non-aqueous) and electrolysis conditions (values of cathode currents or cathode
potentials and forms their supply, electrolyte temperature, ultrasonic field). However, the main
one that determines the rate of the reduction of metal ions and, accordingly, the rate of the
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nucleation and of the growth of clusters and nanoparticles, that is, the geometry of MNPs, is
the icathode (Ecathode). This significantly distinguishes electrochemical synthesis from chemical
synthesis, which isn't a priority factor influencing the formation of nanoparticles. This section
analyzes the parameters that have the most influence on the process of MNPs formation and
are the factors of their controlled synthesis based on nanoparticle geometry.

Among them are the most important: current density and current mode; metal ion
concentration; surfactant nature and its concentration; temperature; duration of electrolysis;
ultrasound; non-aqueous medium. At the same time, the level of coverage of one or the other
parameters in scientific publications was also considered.

3.1. Influence of current density and current mode.

Current density is the main electrochemical parameter for regulating the rate of the
synthesis of metal nanoparticles and controlling their sizes. The rate of the metal reduction
reaction (1) under the galvanostatic mode of electrolysis and, therefore, the rate of the
electrochemical synthesis of MNPs depends on the cathode current density. However, in
aqueous solutions at certain values, a parallel reaction of hydrogen electroreduction occurs, the
proportion of which is increased with the increase of the icathode. In ionic liquids and in organic
aprotic solvents, the electrochemical resistance of the solvent is much higher than the
electrochemical resistance of water. Therefore, the limiting current density of cathodes in such
non-aqueous media can take higher values. The influence of the icathode ON the processes of
nanoparticles formation is determined by the energetic character of this electrolysis parameter,
taking into account the large difference between the energy of nucleation and the energy of
nanoparticles growth. For example, the activation energy (Ea) of AuNPs nucleation equals
92.7-kJ-mol ™%, while Ea of their growth is 24.6 [55]. Therefore, the large values of current
density contribute to the process of nucleation, and small values to the process of the MNPs
growth. It was shown for the first time by Reetz' [33] in the example of the PANPs formation
that an increase of the value icathode CAUSES t0 decrease of nanoparticles. For example, at icathode
= 0.15 and 5mA-cm the average particle diameter is 4.8, and 1.4 nm, respectively. A similar
pattern is observed during the electrochemical synthesis of nanoparticles of other metals and
binary systems in aqueous solutions and non-aqueous media (Table 1).

Table 1. An influence of the conditions of electrochemical synthesis on the characteristics of MNPs.

MNPs icathode, MA-cM™ Average particle size, nm medium Ref.
6+0.7;45+0.8;3.2+£0.6
AgNPs 1.35; 2.85; 4.14 and 6.90 and 1.7 +04 AN [49]
AUNPS 1;2and 3 53.7;32.1and 12.2 aqueous [38]
6 and 10 36 and 25 AN:THF=4:1 [56]
50 and 100 mA (rotating 22.2and 7.6 aqueous [46]
electrode)
100; 150; 250 and 350 34;26; 17 and 8 aqueous [47]
50; 100 and 150 22+8;19+7and 10+ 4 aqueous [57]
PANPs 1.11;0.74; 0.37 and 0.19 2.4;2.9;35and 3.9 IL [58]
0.74 and 0.37 2.4 and 3.2 IL [59]
1;2and 3 4.10; 3.58 and 3.00 IL [60]
0.1;0.8and 5.0 4.8;3.1and 1.4 AN+THF [33]
0.2;1.0and 4.0 4.1;25and 2.0 AN [34]
2.16 and 5.41 2.56 and 1.39 THF [61]
CoNPs 1;2;3and5 7;3;2and 2 AN [62]
RhNPs 0.5;1.5and 2.5 3.2;1.8and 2.5 aqueous [63]
+ : +
RhPdNPs 1;2and5 5.2a?1c?'52.’221.r00._20'1 aqueous [64]
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With increasing the values of cathode current density, a “blue shift” in the plasmon
peak is also observed, which confirms the tendency to the “shredding” of nanoparticles [65,
66]. In the example of the electrochemical synthesis of AgNPs, it was shown that the increasing
of the icathode from 5 to 50 mA-cm2 causes a shift of Amax on the UV-Vis absorption spectra
from 440 to 405 nm, respectively. At the same time, the nature of the curves practically does
not change (Fig. 3).
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Figure 3. UV-Vis spectra of Ag nanoparticles were obtained by using different current densities during the
synthesis process. From the bottom to the top: 7 mA, 10 mA, and 13 mA. In the figure, the plasmon position is
indicated for each spectrum [41]. Presented under the terms of the Creative Commons CC BY license.

Sometimes, the current density is used to obtain the shape of the metal nanoparticles.
For example, in ref. [67] it was shown that zero-dimensional, spherical, oval shapes and 3D
AgNPs can be obtained by sonoelectrochemical synthesis of AgNPs with controlled values of
the cathode and the corresponding concentration of surfactants. As it was already mentioned,
the electrochemical synthesis of MNPs at E = constant or icathode = CONStant, even in the presence
of surfactants, leads to the formation of nanoparticles with a wide range of sizes and contributes
to their deposition on the surface of the cathode. To prevent such undesirable consequences of
stationary electrolysis, the non-stationary current supply to the electrodes is widely practiced,
namely the changing polarity between silver electrodes [49, 50, 68—74] and cyclic voltammetry
[43, 45, 52, 53].

3.2. Influence of metal ion concentration in solution.

The rate of metal reduction in solutions or on the surface of the cathode is proportional
to the concentration of the corresponding ions. Therefore, for the formation of small-sized
MNPs, the solutions of M(+n) salts with very low concentrations are used (from 10~ to 10~
mol-L?) both for chemical [5, 24] and electrochemical [52, 65] synthesis.

The influence of concentration on the size of nanoparticles should be considered, taking
into account the type of metal ion, namely solvated or complex one. In the latter case, the
stability of the complex plays an important role. After all, the more stable the complex, the
smaller the concentration dependence of the size of the nanoparticles. However, for the
formation of MNPs of a given geometry, the electrochemical synthesis must be carried out at
the constant concentration of the metal ion in the solution, regardless of the type of ion.
Effective for this is the use of sacrificial anodes both in agueous solutions [36, 38, 43, 44, 49—
51] and in non-aqueous media - ionic liquids [30, 58-60] and organic aprotic solvents [33, 35,
55, 66, 75-78]. Combining sacrificial anodes and changing polarity between the electrodes or
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cyclic voltammetry prevents the anode passivation, ensuring a stable concentration of metal
ions during long-term electrolysis.

3.3. Influence of surfactant nature and its concentration.

During the electrochemical synthesis of metal nanoparticles in solutions, the surfactants
perform the following functions: 1) blocking of the cathode surface and, accordingly, the
prevention of metal deposition on the cathode; 2) the ligands in the complex formation with
metal ions; 3) the stabilizers of formed nanoclusters and nanoparticles.

1. The main aspects of blocking the cathode surface by ions or molecules of surfactants
and its effect on the formation of MNPs in solutions are considered in Chapter 2. Moreover,
the influence of the nature of surfactants on their adsorption was analyzed.

2. In solutions, hydrated and solvated metal ions form complexes with molecules or
anions of surfactants. Moreover, they form complexes both with monomeric (Fig. 4, a) and
polymeric (Fig. 4, b, c) their forms. The presence of complexes in solutions causes cathodic
polarization, which contributes to forming small MNPs.

OH—o o O
CHs S cooag!
(CHa)s  (CHa)eo

OH OoH HsC HaC
(a)
%;O or/and ng A9 :OAD M M.m
n n m

Figure 4. Scheme of complexes Ag(l) with surfactants: (a) rhamnolipid; (b) polyvinylpyrrolidone; (c)
polyacrylate.

During the electrolysis with sacrificial anodes, the complexes are formed due to anodic

reactions in a solution of monomeric (9) or polymeric (10) surfactants [43, 49].
Ag+RL — [AgRL]" + e 9)
mAg + PA™ — [AgmPA]"™" + me~ (10)

3. Stabilization of MNPs occurs due to the adsorption of surfactants on the surface of
nanoparticles. The strength of adsorption and, accordingly, the effectiveness of stabilization
depends on the nature of surfactants (electrodonating properties and structure) [29, 31, 39, 78,
66] and their concentration in the solution [38, 42, 43, 49, 79-81]. It was shown in ref. [66] the
larger the alkyl chains in tetraalkylammonium cations, the smaller the size of AuNPs formed
during the electrolysis in an organic aprotic solvent medium. Thus, for the icatode = 10 mA-cm’
2 the following dependence “surfactant—JAuNPs” is observed: TBAC — 7.2 + 2.9 nm; TOAC
—5.0 £ 1.1 nm; TDoAC — 4.9 + 1.4 nm. The authors explain this by the higher possibility of
forming more compact shells around the nanoparticle if the surfactant has longer (octyl— or
dodecyl-) chains compared to short (butyl) chains. A similar regularity is observed with the
“blue shift” in the plasmon peak: AuNPs / TBAC — Amax = 525.5 nm; AuNPs / TOAC —522.4;
AuUNPs / TDoAC — 519.3. A similar effect of the chain length was detected during the
electrochemical synthesis of CuNPs in solutions of tetra-dodecyl ammonium and benzyl-
dimethyl-hexadecyl ammonium chlorides (Fig. 5).
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Figure 5. Transmission electron microscopy (TEM) images of the Cu@TDoAC colloid (a) and the
Cu@BDHAC colloid (c), along with the size distribution histograms (b, d). Sample (a) d =2.0£ 0.6 nm, n =
250; sample (c) d = 3.6 £ 0.8 nm, n = 330 [78]. Presented under the terms of the Creative Commons CC by
license.

As the concentration of surfactant increases, the density of the blocking layer on the
cathode surface also increases, and the shells around the nanoparticle become more compact.
As a result, the size of MNPs is decreased, a typical illustration of which is shown on Fig. 6.

Figure 6. Transmission electron micrographs of gold nanoparticles prepared using different amounts of TTAB
surfactant; (a) 1; (b) 10; (c) 30; (d) 50; (e) 70; (f) 90 mg; scale bar represents 100 nm [38]. Presented under the
terms of the Creative Commons CC BY license.
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The concentration of surfactants can influence the size of electrochemically synthesized
MNPs in very wide ranges. Thus, if the content of tetradodecylammonium bromide is increased
nine times, then the average size of AuNPs is decreased six times, [38]: 1, 10, 30, 50, 70, and
90 mg-L! of TTAB —58.3+12.6,44.6 + 18.1, 36.7 + 19.6, 25.3 + 11.7, 17.2 + 10.2, and 10.6
+ 6.5 nm. A similar pattern is observed in the case of the use of polymeric surfactants. Thus,
with an increase of the concentration of NaPA from 1 to 4 g-L™%, the average size of AgNPs is
decreased from 3.6 + 1.8 to 1.5 £ 3.9 nm [49], an increase of the concentration of PVP from
2.5 wt % to 5.0 wt % leads to a decrease of AgNPs from about 15 nm to 1~3 nm [79].

3.4. Influence of temperature and duration of electrolysis.

In the chemical methods of the synthesis of metal nanoparticles, the temperature is used
as an energy factor since the activation energies of the nucleation process are high [55]. In
electrochemical synthesis, the main energy factor is the value of the cathode potential (or
icathode), SO the electrolysis is mainly carried out at room temperature. An increase in
temperature causes the cathodic depolarization to shift the balance of adsorption(desorption of
the surfactants on the surface of the cathode on the surface of nanoparticles in the direction of
desorption). As a result, the size of nanoparticles is increased [38, 43, 49, 58]. Thus, during the
electrochemical synthesis of AuNPs in aqueous solutions containing the surfactants TTAB at
temperatures of 25, 40, and 60°C, the average sizes of nanoparticles are 8.3, 34.5, and 53.8 nm,
respectively [38]. At the same time, the absorption maxima (Amax) in the UV-Vis spectra are
shifted towards the higher values, 521, 530, and 538 nm. Sometimes, the electrochemical
synthesis is carried out at temperatures above 80°C (high-temperature electrochemical
synthesis) [82—-84]. The sizes of electrochemically synthesized metal nanoparticles depend on
the ratio of the rate of formation of nuclei to the rate of their growth. This ratio depends on
many factors, primarily on the following: type of metal ion (simple or complex) and its
concentration, value of current density, nature and concentration of surfactants, and
temperature. Accordingly, the influence of the duration of electrolysis on the growth of
particles must be considered in the aggregate and interdependence of the specified factors. This
can explain the small number of systematic studies concerning the dependence on "the
duration-MNPs size™ [60, 72]. Therefore, one can only consider the growth trend of
nanoparticles over time. For example, during the electrochemical synthesis of AgNPs for 2, 5,
and 10 min, the sizes are 14.1 + 0.4, 15.8 + 0.5 and 20.6 £+ 0.5 nm, respectively [72].

4. Synthesis of MNPs in solutions by electrolysis in aqueous solutions

The electrochemical method is the most often presented in the scientific references for
synthesizing aqueous solutions for the following metal nanoparticles: AgNPs, AuNPs, PdNPs,
and PtNPs. Taking into account the differences in properties and applications, it is appropriate
to analyze separately the features of their production.

4.1. Electrochemical synthesis of AgNPs.

Today, silver nanoparticles are the most studied and produced among all metal
nanoparticles. This is due to their wide range of functional properties and high compliance with
the price—performance criterion [5, 70, 85-87]. Therefore, in the last decade, there has been a
trend of increasing interest in the synthesis, research, and new fields of the AgNPs application
(Fig. 7). Moreover, the most popular publication was concerned with chemical synthesis, which
https://biointerfaceresearch.com/ 9of 24
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also includes the syntheses by electrolysis (table 2). Electrochemical synthesis enables the
controlled formation of AgNPs with sizes from 1 to 30 nm, which makes it possible to use them
in many fields, namely in medicine [42, 65, 72, 79, 92], pharmacy [50, 92], as the sensors [52,
94], in catalysis [80], etc.
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W Biological W Chemical M Physical

Figure 6. Annual numbers of publications relating to the search terms “Silver nanoparticles” and
“Biological/Chemical/Physical” in the Scopus publication database between 2010 and 2020 (English language
only) [86]. Presented under the terms of the Creative Commons CC BY license.

As can be seen from Table 2, the majority of AgNPs syntheses are based on the use of
sacrificial anodes, which is based on the good anodic solubility of silver in solutions of
polymeric [49, 79, 90, 92, 96] and monomeric surfactants [43, 91]. Surfactants are mostly
synthetic organic substances, namely PVVP [39, 79, 80, 88, 95, 96], PVA [42, 70], PEG [41],
NaPA [49, 90], CHI [70, 72, 92]. In recent years, special attention has been paid to the
surfactants of natural origin RL [43] and green tea extract [50]. Sometimes, the electrochemical
synthesis of AgNPs is carried out without the surfactants [68, 69, 71, 84, 89]. Effective for the
controlled synthesis of AgNPs in terms of size, as well as in the technological aspect, is the use
of the changing of polarity between silver electrodes using the potentiostatic method [49, 50,
68, 69, 71, 89]. In the last decade, there has been an interest in the research of hybrid methods
of synthesizing stabilized AgNPs by electrolysis, particularly by sonoelectrochemical one [26,
98, 99]. Such a method is characterized by the possibility of obtaining the nanoparticles of
several nanometers with a narrow range of sizes, as well as by the high speed of the process.
The method of galvanic replacement in ultrasound is promising from a technological point of
view and as a “green” synthesis [26, 100, 101].

4.2. Electrochemical synthesis of AUNPs.

Gold nanoparticles, due to their high chemical resistance, are biocompatible; therefore,
they are attractive in biomedical applications, primarily in cancer therapy, as well as in
diagnostics, imaging, and drug delivery [102-104]. AuNPs also exhibit high catalytic
properties [105, 106].

Given the great interest in the use of gold nanoparticles in medicine, much attention is
paid to their "green” synthesis. Among them, the most studied are syntheses, in which the
organic substances of natural origin perform the function of reducing agents and surfactants
[102, 104]. Promising "green" synthesis is electrochemical one, which is characterized by wide
possibilities of controlled formation of AuUNPs by geometry [37, 38, 45, 105-109]. The methods
of electrochemical synthesis of AuNPs (Table 3) are not fundamentally differed from the
methods of electrochemical synthesis of AgNPs (Table 2). Thus, for the stabilization, similar
surfactants are used as well as the electrolysis modes (current density values, current supply
methods); the temperature conditions are also insignificantly different. Sacrificial anodes are
not used often since gold is anodically stable in many electrolytes.
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Table 2. Conditions of AgNPs synthesis by electrolysis in agqueous solutions and their characteristics.

Precursor of Stabilizer Anode Parameters of electrolysis Max. abs. peak Particle shape and size Applied Ref.
metal (Amax), Nm (nm)
AgNO3 PEG platinum rod 2.0; 2.9 and 3.7 mA-cm? 425 spherical, Daverage = 30 — [41]
AgNO3 PVP, Na-LS silver plates 1.7- 3.3 mA-.cm? 420 10-55 - [88]
e without . U =20V in changing polarity between . _
sacrificial anode stabilizer silver plates silver electrodes every 30-300 s, 20-95 °C. - spherical, & =7.3£3.1 - [89]
140.4 (2 min); antibacterial hydrogel for
AgNOs CHI - U=5V, =25 10 min ~410 15.840.5 (5); 20.6£0.5 A ydrog [72]
(10) implants
sacrificial anode PVP silver flakes 1-2 mA-cm ~420 spherical about 1~3 in medicines, water treatment [79]
. . N 2 5 . PP antibacterial activity against
AgNO3 alginate platinum plates 5-50 mA-cm 405-440 spherical, & = 10-30 Staphylococcus aureus [65]
AgNO3 PVP platinum rod 1 mA-cm? 420 <35 for tin coating [39]
sacrificial anode NaPA silver plate E=0.15V,t=20-50 °C - spherical, & = 7-10 - [90]
sacrificial anode citrate silver electrode u=12V ~416 nm spherical, & = 19.7+4.3 antibacterial effectiveness [91]
sacrificial anode CHI silver plate E=2V 420 2-16 in biomedicine and pharmacy [92]
sacrificial anode s\tl\;gnci)zuetr silver electrode U =5-50V.t=25-100 °C around 420 1-10 - [84]
AgNO3 PVA platinum plates 25 mA-cm? ~400, ~650 & =1549 in biomedicine [42]
sacrificial anode MMT silver plate U =5, 10, 15, and 20 V 412 spherical, & = 4.2-25 in antibacterial industry [93]
i without . U =200 V in changing polarity between . _ for the antibiotic burden of
sacrificial anode stabilizer silver plates silver electrodes (0.5 Hz). 80 °C 399 spherical, & =1.4-3.7 patients [68,69]
PVA and . _ . . N Ag/PVA/CHI hydrogels in
AgNO3 CHI platinum plate u=90V 396; 407 spherical, @ ~ 10 biomedicine [70]
e . U =6 V and frequency of changing of 490-530 (blue . _
sacrificial anode NaPA silver plate current polarity equals to 1 Hz. 40-60 °C line) spherical, & =1.5-4.1 - [49]
. _ 3 . _ catalytic activity for the
AgNOs3 PVP platinum plate E=-0.10...-6.0 V ~400 spherical, Daverage = 30 reduction of 4-nitrophenol [80]
A . cyclic voltammetry, E=1...-1.5 V. 40-60 . _ antimicrobial activity against
sacrificial anode RL silver plate oC 420-440 spherical, & = 2-20 the bacterial phytopathogens [43]
i Camellia . _ . . _ in high-sensitive
sacrificial anode <inersis silver plate U=4-14V 437; 443 spherical, Daverage = 34 | 0 trochemical chemosensors [94]
boron-doped
AgNOs PVP diamon% E=-10V ~405 Dhaverage = 10 - [95]
. without . U =200 V in changing polarity between _ . . . . .
sacrificial anode | gy irier silver plate silver electrodes (0.5 Hz). 80 °C - Daverage = 3 In chemical and biological fields | ~ [71]
18.5+4.1; 9.4+1.5;
—_ o .h-1 ’ 1]
sacrificial anode VP silver rods U =10V 60 °C. 60, 80 and 100 mL-h 420 3.0+0.6 (60, 80 and 100 - [96]
flow electrolyte velocity of was used mL.h)
11 of 24
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Precursor of Stabilizer Anode Parameters of electrolysis Max. abs. peak Particle shape and size Applied Ref.
metal (Amax), nm (nm)
_ spherical Daverage = 8,
AgNOs platinum wire E from 0.0t0 Or.g\zf;lscan rate of 100 470 20, and 50 at 10, 20, and a_?OSbIrEaRn? i?gﬁg?;iiig?: [52]
30 mM AgNO3 Y
e green tea silver wires U =10V, changing polarity of the anode spherical, & = s :
sacrificial anode extract electrodes and cathode was varied every 1 min 420 16.82+4.36 antioxidant in the pharmacy [50]
Table 3. Conditions of AuUNPs synthesis by electrolysis in aqueous solutions and their characteristics.
Max. abs. peak
Precursor of Stabilizer Anode Parameters of electrolysis ax. abs. pea particle shape and size (nm) Ref.
metal (Amax), nm
sacrificial anode TTAB gold plate 1; 2 and 3 mA-cm™. 25, 40, and 60 °C 522-540 spherical, & = 8.3-58.3 [38]
. cyclic voltammetry (CV) scanning from +0.40 to
H[AUCl4] PVP platinum plate +0.95 V and back to +0.25 V/ 570 clusters <2 [45]
H -4- .
c I-[| I\(I)*?\IC]:AuCI PANI graphite E=0.2,06and 1.0V 540 Au—COOH NPs, [107]
6M4N= 4
H[AUCI] wnhc_)ut platinum wires electroformation of AuNPs in nanoliter droplet 553: 540-526 30100 [110]
stabilizer reactors
sacrificial anode PVP gold wire alternating voltage (5 V) at 60 Hz is applied to the 543 nanoicosahedra, 14+3 [51]
two Au electrodes
sacrificial anode PVP gold plate - 521 <500 [108]
CTAB gold plate U=11,2030V 520 spherical, & =5-70 [37]
H[AuUCl4] PVP platinum sheet 100 mA ~540 spherical, Daverage = 42.4 [40]
H[AUCL] PVP platinum plate 100 mA 540 spherical AuNPs and plate-like [111]
nanoprisms
K[AUCl4] - gold wire cyclic voltammetry - spherical or cubic AuNPs, 20—400 [53]
o . . electrochemical dissolution of the gold wire
acrificial anode decanethiol old wire 522 - 44
sacrimict I goldw electrode at 0.1, 0.3, and 0.5 A-cm™2 -3 [441
H[AUCl4] PVP glassy carbon E=-10V - 1-10 (average 5) [109]
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4.3. Electrochemical synthesis of nanoparticles of platinum and nonnoble metals in aqueous
solutions.

The electrochemical method makes it possible to synthesize metal nanoparticles with
high purity and to control their geometry and size distribution [25-27]. This is especially
important for the application of MNPs in medicine, catalysis, and sensors. Therefore, almost
all metals that can be cathodically reduced in aqueous solutions are studied using
electrochemical synthesis in order to obtain the nanoparticles. However, besides the AgNPs
(Table 2) and AuNPs (Table 3), the most studied are the nanoparticles of platinum metals
(Table 4). This is due to the high chemical activity of metals (M), for which the values of the
standard electrode potentials are negative (E° < 0). Therefore, the stabilization of nanoparticles
of such metals is a problem. The stabilization of nanoparticles of those metals for which E° >
0, such as CuNPs, is sometimes also problematic. In addition, their synthesis must be carried
out in an inert medium.

5. Electrochemical synthesis of MNPs in non-aqueous medium

In the last decade, intensive research has been conducted on the chemistry and
electrochemistry of metal nanoparticles in non-aqueous media, especially in ionic liquids [28,
114-116] and organic aprotic solvents [117]. This is due to their advantages compared to
aqueous solutions, which are especially evidenced during the electrochemical synthesis.

Among them, first of all, there are the following: chemical indifference to nanoparticles,
lack of hydrolysis, formation of stable solvates with metal ions, and high electrochemical
stability.

Chemical indifference makes it possible to synthesize the MNPs for which the value of
the standard metal electrode potential is negative, e.g., SMNPs (Sm3* + 3e = Sm, E® = —2.41
V), FeNPs (Fe?* + 2e = Fe, E® = —0.441 V), CoNPs (Co?* + 2e = Co, E° = -0.227 V) etc. The
absence of hydrolysis in a non-aqueous medium, unlike aqueous solutions, simplifies the
composition of the electrolyte, as it does not require buffer applications (additives) and reduces
the pH factor. The formation of solvates of metal ions, for example, with high-donor organic
aprotic solvents, promotes the cathodic polarization and, accordingly, the formation of small
nanoparticles. High electrochemical stability makes it possible to carry out the reduction of
metal ions at the potentials up to —3 V (Table 5) without side cathodic reactions.

lonic liquids, as stated in ref. [115], are effective stabilizers of metal nanoparticles and,
at the same time, is a medium for catalytic reactions with the participation of MNPs. For the
synthesis of nanoparticles in ionic liquids, only the salts of the reducible metal are introduced
or a sacrificial anode is used, which simplifies the electrolysis process. In the medium of
organic aprotic solvents, a sacrificial anode is mainly used (Table 5).
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Precursor

Table 4. Conditions of MNPs synthesis by electrolysis in aqueous solutions and their characteristics.

particle shape and size

MNPs Stabilizer Electrodes Parameters of electrolysis Applied Ref.
of metals (nm)
. rotating Pt cathode, Pt plate | E =-0.33 V; 25 and 50 mA-cm- spherical, catalytic activity toward the electrooxidation of
He[PdCL] | PVP-8000 anode 2 22+4.8 and 7.6+2.2 methanol [46]
PdCI, CTAC GC cathode and Pt wire E=-09V spherical, 53 - [112]
GC cathode an Pt wire 100-350 MA-cm?2 spherical, 8-30 high catalytic activity in Suzuki and Heck [47]
PANPs anoce - — reactions __ -
H[PdCL] highly efficient catalytic activity on Suzuki— [57]
Pt disc cathode, Pt sheet ) ) 2 . . Miyaura coupling reaction
PVP anode 50; 100; 150 mA-cm 22+8; 19+7; 1044 efficient catalytic activity in nitroaromatic
- - [113]
hydrogenation reaction
sacrificial Pd wires as cathode and an alternating voltage of 4 VV .
anode anode and 60 Hz spherical, 1-7 B [73]
A . . dendrite-like NPs, which
PtNPs sa;:rrlg:jcelal PVP Ptwires Zzggtehode and an alternag:‘rége\éogz;ge of 4V consist of several branches in sensitive enzyme-free biosensor [74]
~5
GC as cathode and Pt wires . . 2 o electrocatalytic
RNNPs RhCls TPAB as anode -2.5;-15; -0.5 mA-cm Daverage = 2.5, 1.8, 3.2 activity toward the electrooxidation of methanol [63]
CuNCs sa;:rr]gldcelal TBAN Pt shez:}gg:r;?%edznd cu 25 mA.cm? 0.61+0.13 in biosensors and biomedicine [36]
SnNCs sa;:rrlg:jcelal PVP Pt W”S\fi?;scgg?g%:nd sn 40V spherical, & =19+4 in battery [74]
e - . _ antibacterial activity against Gram-positive
FeNPs sa;:rrlg:jcelal PVA Ptplate catg?]gzgnd Fe plate poter(ljtl:c;isr’][atg: anA? gﬁ;%g P; 2V Staphylococcus aureus (S.aureus) and Gram- [81]
9o, negative Escherichia coli (E.coli) bacteria
e N popcornlike nanoparticles
Pt-PANCs sag;g'dce'a' PVP Pt "(E‘S?S%E;tm:sa;‘:oz; Pd 50V ~40, aggregates of smaller - [74]
' NCrs
. RhCls and platinum wire cathode and . 2 Daverage = 1.920.1; 2.0£0.1
Rh-PdNPs PdBr, TPAB anode 5;2and 1 mA-cm and 5.240.2 - [64]
Table 5. Conditions of MNPs synthesis by electrolysis in non-aqueous solutions and their characteristics.
MNPs Precursor of metal medium Electrode Parameters of particle shape and size (nm) Ref.
electrolysis
medium of ionic liquid
platinum sheets as cathode P spherical shape (~10) and anisotropic
AgNPs AgNOs and PVP [BMIm][BF4] and anode 100 mA-cm hexagons (40-200) [118]
sacrificial anode BMPBr E=-16V 10-25 [119]
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MNPs Precursor of metal medium Electrode Parameters_ of particle shape and size (nm) Ref.
electrolysis
BMPTFSA GCas Catha%%edeAg wire as E=-25V 1144 nm [30]
- Lo Pd foil as anode and Pt foil as 1.11;0.74; 0.37 and N
rificial anode Morpholinium lonic Liquid cathode 0.19 mA-cm-2. Daverage = 2.4; 2.9; 3.5and 3.9 [58]
[BMIm][BF4] in AN palladium foil as cathode and 0.74 and 0.37 mA-cm2 Daverage = 2.4 and 3.2 [59]
PdNPs [HEMMor][BF4] anode 1,2, and 3 mA-cm2 4.10, 3.58 and 3.00 [60]
[PdBra] bromides of dialkylpyrrolidinium GC as a working, Ptwire as a E=-26V from 2.9 t0 3.2 [29]
counter electrode
PdCl. RTIL BMP-SAL Pt gauze electrode E=-14Vat70°C <10 [82]
[PtBra]* BMPTFSA GC E=-26V 2-3 [48]
E=-1.7and -2.5 V. 130 3.5£0.7 (-1.7 V);
TMHATFSA '
PtNPs Pt(acac): S GC as a working electrode, Pt °C 15404 (-25V) [83]
wire—counter _ o 2.1+0.8, 2.8+0.8 and
E=-1.8and-2.5V.50°C 30:08atE =-18V [31]
Pt covered silicon wafers as
[Co(Prim)e][Tf2N]2 [BMP][Tf2N] working electrode, cobalt E=-30V <10 [120]
CoNPs plate as anode
Co(TFSA)2 and Pt mesh cathode and Co _ _
sacrificial anode BMPTFSA anode E=-20V @=2-10 [121]
NiNPs Ni(TFSA)2 platinum disk as cathode and _ @=19-32
FeNPs Fe(TFSA)2 BMPTFSA platinum wire as anode E=-26V Daverage = 4.6 [122]
NiNPs Ni(TFSA) BMPTFSA GC as cathode, Pickelwireas | 5 ua.cm 2 25; 100 °C Daverage = 5 [123]
. Ni(Helm)s][Tf2N]2 TN Pt covered silicon wafers as 2 Daverage = 5.4
NiNPs [Ni(Dolm)e][Tf2N]2 working electrodes 1 Adm agglomerates, Paverage = 60 [32]
CdNPs Cd(TFSA): BMPTFSA GC E=-26V 5-10 [124]
Co(TFSA). and GC as cathode, Co wire as _ aggregates of SmCo7NPs with
SmCoNPs SM(TFSA)3 BMPTFSA anode E=-16V nanoparticles size <10 [125]
medium of organic aprotic solvents
e . Ag sheet as anode and Pt 1.35; 2.85; 4.14 and 6.90 ) )
sacrificial anode AN + TBAA sheet as cathode mA.cm-2 6+0.7; 4.5+0.8; 3.2+0.6 and 1.7+0.4 [35]
- DDT and TBA as surfactants in AN - 10 mA-cm Ags and Ags clusters [126]
AgNPs e . silver rods as cathode and 2 5-10 in TGA in DMF (absorption peak
sacrificial anode TGA in DMF anode 10 mA-cm ~420 nm) and 45 in pure DMF [75]
e . silver rods as cathode and U =100 V (200-260 .
sacrificial anode DMSO anode mA-cm?) at 28+0.2 °C (absorption peak 42545 nm) [76]
THF:AN, ratio 3:1 + NR4Cl (R = C4, Cs, C12) . 0.14-4.12 mA-cm? 4-8 [66]
AUNPs sacrificial anode AN: THF, ratio 4:1 + tetra alkyl ammonium gold anog:tﬁggeplatmum 6 and 10 mA.cm-2 8.1-10.9 [55]
salt (TEAB, TPAB, TBAB, or TOAB) ' ' '
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Parameters of

MNPs Precursor of metal medium Electrode electrolysis particle shape and size (nm) Ref.
PANPs sacrificial anode AN: THF, ratio 4:1 palladium anode and a 0.1; 0.8 and 5.0 mA.cm Daverage = 4.8; 3.1 and 1.4 [33]
[RaN]Br B AN (THF) platinum cathode 0.2-4.0 mA-cm? @ =2.0-4.0 [34]

PqNPS nickel or palladium anode and
NiNPs - [RaN]Br 8 AN (THF) - 2.1-5.4 mA-cm @=12-50 [61]

platinum cathode
PdPtNPs
TOAB in THF cobalt anode and cobalt . Daverage = 1.9 [77]
CoNPs sacrificial anode TBAN in AN + oleic acid and TPP as cobalt anode and platinum 1.5 mA-cm?2 27 162]
surfactants cathode B
e . copper anode and platinum _ & =2+0.6 (Cu@TDoAC);

CuNPs sacrificial anode TDOAC or BDHAC in CHCIs + THF cathode E=15V 2 = 3.640.8 (CU@BDHAC) [78]
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6. Conclusions

The electrochemical method provides a controlled synthesis of metal nanoparticles with
specified nanoparticle geometry and size distribution as well as high purity of MNPs. The
mechanism of formation of metal nanoparticles in aqueous solutions is based on the formation
of a blocking layer of molecules or ions of surfactant on the cathode surface. With increased
current density and at low concentrations of metal ions in such a layer, the reducing of the ions
to the atoms take place with the subsequent formation and stabilization of the nanoclusters and
their transition into the volume of the solution. Therefore, the surfactants prevent to the
nucleation and to the growth of metal deposits on the cathode.

The main factors affecting the size of metal nanoparticles are the value of current
density and the form of current supply (changing polarity between electrodes and cyclic
voltammetry), the concentration of reducible metal ions and their type (simple or complex), the
nature and concentration of surfactant, temperature. With an increase in the current density, a
decrease in the concentration of metal ions, and an increase in the concentration of surfactant,
the size of MNPs is decreased, while with an increase in temperature, they are increased.

The use of the sacrificial anodes in combination with the changing of polarity between
electrodes or cyclic voltammetry ensures the stability of the concentration of reducible metal
ions, which contributes to the production of nanoparticles with a small dispersion in size.

In the scientific references, the electrochemical synthesis of nanoparticles of silver,
gold, and platinum metals with the use of mainly synthetic polymer surfactants (PVP, PVA,
PEG, NaPA) is mostly described. In recent years, there has been a tendency to use surfactants
of natural origin (CHI, RL).

The absence of a reagent reducing agent in electrolytes and the use of non-toxic
surfactants gives the reason to attribute the electrochemical synthesis of metal nanoparticles to
“green” technologies. Electrochemical synthesis of metal nanoparticles in non-aqueous media
— ionic liquids and organic aprotic solvents — is a promising direction. Electrolysis at cathodic
potentials up to —3.0 V, the absence of the side cathodic processes and the indifference of such
non-aqueous solutions to MNPs make it possible to increase their design possibilities and to
expand the spectrum of nanoparticles due to metals for which E%vn+m < 0.
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