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Abstract: The possibilities and future perspectives of electrochemical deposition of bimetallic com-
positions and alloys containing Fe, Co, Ni, Cr, W, and Mo are reviewed. The synthesis of two- and
three-component materials, as well as compositionally more complex alloys, is considered. The
method of synthesizing of materials via electrodeposition from solutions containing metal ions and
metalloids is one of the most promising approaches because it is fast, cheap, and it is possible to
control the composition of the final product with good precision. Corrosion, catalytic and magnetic
properties should be distinguished. Due to these properties, the range of applications for these
alloys is very wide. The idea of a correlation between the magnetic and catalytic properties of the
iron-triad metal alloys is considered. This should lead to a deeper understanding of the interplay of
the properties of electrodeposited alloys. In addition to deposition from aqueous (classical) solvents,
the advantages and perspectives of electrochemical deposition from ionic liquids (ILs) and deep
eutectic solvents (DES) are briefly discussed. The successful use and development of this method of
electrodeposition of alloys, which are quite difficult or impossible to synthesize in classical solvents,
has been demonstrated and confirmed.

Keywords: electrodeposition; alloys; ionic liquids; deep eutectic solvents; coatings; functional
material; nanotechnology

1. Introduction

Various methods, such as plasma spraying, vapor deposition, magnetron sputtering
and laser cladding electrodeposition, have been successfully developed for the synthesis
of functionally graded material coatings (FGMC) with the composition and mechanical
properties gradually changing for the optimal coating thickness. The synthesis of ma-
terials by electrodeposition (EDP) from solutions containing metal ions and metalloids
and subsequently recovering alloy components is currently considered one of the most
advanced techniques because it is fast, cheap, and provides the possibility of precise control
of the composition of the final product. The required mechanical, corrosion, magnetic, and
catalytic properties of deposited coatings are provided by varying the synthesis parameters.
Electrodeposition conditions (pulse parameters, current density, electrolyte composition)
can be finely tuned to control the electro-crystallization process in order to produce grad-
ually varying composition and micro/nanostructure of the coatings [1] or amorphous
coatings [2]. The electrodeposition method has been commonly used for the synthesis of
FGMC due to its ease, convenience and low cost. One may find a few drawbacks to the
electrodeposition process: there is a high risk of hydrogen evolution, and the inclusion
of basic compounds (hydroxides) in the alloy deposits makes them powdered, stressed,
or exfoliated. Some of the electrodeposition drawbacks may stem from the difficulty of
co-depositing multiple elements together.
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While highlighting the ability to form a smooth and homogeneous FGMC, alloys were
divided into two groups: two- and three- component systems based on the metals of the
iron triad with chromium or with carbon and phosphorus [3-11], and alloys containing
tungsten or molybdenum. The alloy composition is chosen on the basis of its possible
applications. Alloys can be applied as FGMC [12], catalysts [13], elements of micro- and
nanoelectromechanical devices [14], and electrodes-electrocatalysts in the water electrolysis
process [15]. The unique acid resistance and microhardness of two-component alloys
based on the iron triad with Mo and W makes them an improved alternative to chromium
coatings [16,17].

Ionic liquids (ILs) have already proven themselves as systems that are promising in
various fields of application [18-25]. Since ionic liquids consist almost entirely of “free”
charge carriers—cations and anions—their application in electrochemistry is especially
interesting. The uniqueness of ionic liquids is associated with their high electrochemical
stability, relatively high electrical conductivity, and the absence of a measurable saturated
vapor pressure. In some cases, ionic liquids demonstrate significant advantages over
traditional electrolytes. Currently, ionic liquids with an exceptionally large electrochemical
window (5-9 V) have appeared, and they can be used in a cyclic mode of operation without
any loss of properties or destruction of their structure, and the wide electrochemical window
allows the deposition of metals with very negative redox potentials. The prospects for
using ionic liquids in the processes of electrodeposition of metals and alloys and in the
processes of preparation of metal and alloy nanoparticles by electrochemical methods are
attractive [23,24]. ILs are good solvents for both organic and inorganic materials. ILs can
be aprotic, and thus problems with regard to hydrogen ions intrinsic to protic solvents can
be eliminated [25].

The review [26] considers the electrodeposition of five groups of metals (ordinary,
light, noble, rare earth, and others) and their alloys in ionic liquids and deep eutectic
solvents (DESs). We did not mention the preparation of nickel-phosphorus alloys and
FeCoNi ternary alloys, but the properties and preparation of alloys based on nickel and
cobalt are briefly described.

From a chemical point of view, ILs and DESs are two separate groups of substances
to be used in the preparation of alloys. DESs exhibit several advantages over ILs, such
as their easy preparation and easy availability from relatively inexpensive components
(the components themselves are well-characterized in terms of their toxicity, so they can
be easily shipped for large-scale processing); they are, however, in general less chemically
inert. The crucial difference between ILs and deep eutectic solvents is the wide variety of
ionic species present in DESs, while ILs mainly consist of one discrete type of the anion
and cation [27].

The objects of this review are presented in Figure 1.

A classification of metal co-deposition based on the thermodynamic approach is
proposed by Brenner [28]. In the case of “normal” co-deposition, a more noble element
(having a higher equilibrium potential value) is deposited more easily, and the composition
of the precipitate corresponds to the composition of the solution. “Abnormal” co-deposition
can be represented by “anomalous” and “induced” behavior. Anomalous co-deposition
means that less noble metals are preferably deposited. Induced co-deposition indicates that
a metal that cannot be deposited in its pure form can be co-deposited as an alloy.

The fundamental aspects of co-deposition from the point of view of kinetics were
developed in the work of Landolt [29]. It was proposed that the measured current density
at a mixed electrode is the sum of the partial current densities of all anodic and cathodic
reactions. Three types of coupling of partial reactions can be distinguished in the case of
alloy deposition: non-interactive co-deposition, transport coupled co-deposition, charge
transfer coupled co-deposition. These three types of coupling behavior of partial reactions
during co-deposition provide a useful qualitative description of the observed behavior.
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Figure 1. Bi- and ternary alloys of metals of the iron triad with chromium, molybdenum, and tungsten.

2. Electrodeposition from Water Solutions
2.1. Bi- and Ternary Alloys of Metals of the Iron Triad with Chromium and Metalloids

There are three main methods for EDP of alloys: the potentiostatic technique, direct
current, and pulse current. For industrial applications, a two-electrode scheme is more
suitable. For laboratory investigations, a three-electrode scheme is preferable. Schematic
illustration of electroplating is presented in Figure 2.
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Figure 2. Schematic representation of the electrochemistry and electrodeposition experiment appara-
tus. Reproduced from [30] with permission from MDPI, 2023.

The most common electrodeposited materials are Ni-Fe alloy coatings [31], which,
due to their remarkable electrocatalytic (reactions of hydrogen and oxygen production, CO,
reduction), magnetic, and mechanical properties, have attracted attention in both scientific
and industrial spheres. Their use in order to save Ni is economically more profitable.

Amorphous FeCr alloy films with a chromium content varying from 2.3% to 32.0 at%
were deposited on a copper foil from an aqueous solution containing N,N-dimethylformamide
by a potentiostatic electrodeposition technique [32]. The saturation magnetization for FeCr
alloy films decreased but the microhardness increased with an increase in the chromium
content.

The rate of Fe electrodeposition from the electrolytic bath is higher than that of Ni [33].
Ni-Fe coatings demonstrate unique magnetic properties.

Nanocrystalline Ni-Fe coatings were electrodeposited on steel substrates [3]. Coatings
with a Fe content of 34.5% were obtained with a current efficiency of about 80%. It is
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shown that Ni** and Fe?* are electrodeposited together to form a single NizFe phase, and
Ni deposition is inhibited by the presence of Fe?*, while Fe deposition is enhanced by
the presence of Ni?*. The nucleation and growth of nanocrystalline NiFe coatings is an
instantaneous nucleation process controlled by 3D diffusion. The average grain size is
4.8 nm, and the roughness is less than 5 nm, which is better than that of a pure Ni coating.
The NiFe alloy coating demonstrates good corrosion resistance (icorr = 0.7544 pA cm 2,
R = 8560 1) due to the nanocrystalline compact surface.

The magnetic field was applied simultaneously to the process of electrodeposition
of Ni-Co alloy with the Co content ranging within 21.80-59.55 at% from an aqueous
solution [34]. The magnetoelectrodeposited alloys exhibited high corrosion resistance in
comparison with a normal electrodeposited Ni-Co coating.

The effect of ultrasonic treatment on the thermal expansion, microstructure, and me-
chanical properties of electrodeposited FeNi layers was studied [4]. In order to avoid high
transient cavitation energy, periodic ultrasound was introduced into the electrochemical
process. Periodic ultrasound weakens the stripping effect as a result of the high ultra-
sound power, which allows one to use both a high current density and a high ultrasound
power in the electroplating process. The iron content in the electrodeposited FeNi layer
increased with increasing current density. The grain size decreased with increasing the
number of cycles and growing current density. With a duty cycle of 0.57 and a current
density of 1 A/dm?, a highly efficient FeNi layer with excellent surface quality is obtained
(roughness = 0.95 microns; iron content = 63.00 wt.%; microhardness = 373.1 NV; Young's
modulus = 133.7 MPa; coefficient of thermal expansion = 5.4 x 10~¢/°C). Comparative
characteristics of electrodeposited NiFe alloys are given in Table 1.

Table 1. Electroplating process parameters and some characteristics of deposits.

Parameter Ref. [3] Ref. [4]
Electroplating process parameters

Substrate steel steel

Temperature (°C) 50 55
Cathode current density (A/ dm?) 3 1
Periodic ultrasound application no yes
Characteristics of deposits

Roughness (nm) 5 95

Iron content (wt.%) 34.55 63.00

Grain size (nm) 4.8 11-12

The ultrasonic treatment resulted in a sharp growth of the grain size and an increase in
the surface roughness factor (Table 1), which has mostly a negative effect on the properties
of the alloy. The increase in the iron content in the electrodeposited alloy is presumably
associated with a four-fold higher concentration of Fe2* jons in the solution (20 g/L[3]and
80 g/L [4]).

Electrodeposition offers better control over the microstructure, shape, and compo-
sition of the deposit. Ternary NiFeCo and NiFeCr alloys were deposited in aqueous
solutions [35]. Both alloys exhibit superior stability as compared with their lower-order
alloy and pure metal samples, with the critical temperature for grain growth (or phase
decomposition) improving by nearly 100 °C in the case of NiFeCo and by 200 °C in the
case of NiFeCr. Electrodeposition is a viable route towards the synthesis of strong and
highly stable nanocrystalline medium-entropy alloys (MEAs, containing 3—4 elements).
The electrocatalytic activity in the hydrogen evolution reaction (HER) and oxygen evo-
lution reaction (OER) in alkaline media for ternary nanostructured NiFeCo coatings and
binary coatings electrodeposited in aqueous solutions was compared [36]. The comparison
of the electrocatalytic activities of electrodeposited crystalline NiFeCo and amorphous
NiFeCoP in HER showed the superior properties of NiFeCoP [37]. The authors [36,37]
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explain the high electrocatalytic activity by more developed surface and the synergy of the
alloy components.

The electrochemical formation of Cr-C coatings was also studied [5]. The electrochem-
ical formation of Cr-C coatings is realized through the simultaneous reduction of Cr(III)
and decomposition of an organic ligand. The chemical state of metalloids (for example,
carbon, phosphorous, and boron) in coatings electrodeposited from Cr(III) solutions may
be determined with Valence-to-Core X-ray Emission spectra (vtc-XES, vtc-X-ray). The vtc
X-ray spectra allowed one to determine the presence of metalloid atoms that are covalently
bound to metal atoms and to estimate their quantitative content in metal-metalloid coatings
formed by various methods (Figure 3).
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Figure 3. Normalized vtc X-ray emission spectra of metallic chromium and Cr3C2 carbide used in
modeling experimental spectra of vtc X-ray of Cr-C samples. Reproduced from [5] with permission
from Elsevier, 2018.

The comparison of vtc X-ray data with data on the total amount of carbon in the
samples obtained, for example, by X-ray diffraction makes it possible to divide the total
amount of carbon in the samples by the amount of elemental carbon and carbon that is
covalently bound to chromium atoms. It should also be noted that for the obtained coatings
with a carbon content below 40 at.%, an increase in the size of crystallites was observed
after calcination at 500 °C. Coatings with a high carbon content do not show any signs of
long-range order in their crystal structure.

Electrodeposition of metal-metalloid alloys of the NiP type was considered [6,7]. The
effect of heat treatment and variation of the phosphorus content on the magnetic properties
of electrodeposited NiP alloys was investigated [6]. The magnetic properties of the alloys
obtained were explained with the use of differential scanning calorimetry (DSC) data.
Magnetization measurements and DSC analysis of NiP alloys showed that the alloys with a
phosphorus content exceeding 12 at.% were paramagnetic due to the absence of exchange
interaction as a result of the formation of a network of P-rich paramagnetic domains.
Amorphous NiP alloys, which were originally paramagnetic, became ferromagnetic after
the heat treatment, which also led to their devitrification. The transition to the ferromagnetic
state occurred as a result of the formation of the ferromagnetic phase of nickel, while the
coercive force of the alloy increased due to an increase in the crystallite size and an increase
in the proportion of the paramagnetic phase (Figure 4).
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Figure 4. Effect of the phosphorus content on the coercive force of Ni-P coatings in the initial state
and after thermal treatment relative to the coercive force of pure nickel. Reproduced from [7] with
permission from Pleades Publ., 2017.

Regardless of the heat treatment, the magnetization of the alloys and the saturation
magnetization decreased with increasing phosphorus content in the alloy.

Electrodeposition of Ni-P coatings was performed from an aqueous solution by direct
current using a stirring time-controlled technique. Stirring leads to the formation of Ni-P
layers with a higher P content, while without stirring Ni-P layers with a lower P content
are produced [38].

The composition of NiP alloys depends on the content of sodium hypophosphite
in the electrolyte in the course of the electrochemical deposition of an amorphous nickel
coating. It was found for the first time [7] that alloys obtained under similar deposition
conditions from electrolytes with fixed concentrations of nickel sulfate and sodium citrate
have phosphorus concentrations ranging from 0 to 22-23 at.%. The Curie temperature of
the obtained Ni-P samples, which are ferromagnetic in their initial state ([P] < 12 at.%), is
in the range of 150-200 °C. At the same time, all heat-treated Ni-P samples demonstrated
a Curie temperature close to that of pure nickel in the range of 350-360°C. The initial elec-
trodeposited alloys become paramagnetic when they contain phosphorus in concentrations
higher than 12 at.%. It is due to the lack of the possibility of exchange interaction as a result
of fluctuations in the chemical composition. Paramagnetic alloys of the NiP type, after
heat treatment, which leads to their uncovering, exhibit ferromagnetic properties due to
the release of the ferromagnetic phase of Ni. An increase in the phosphorus concentration
leads to an increase in the coercive force as a result of an increase in the grain size and
in the proportion of the paramagnetic phase. The residual magnetization and saturation
magnetization of alloys decrease with the increasing phosphorus concentration in the case
of both heat-treated and non-heat-treated alloys.

The results of these works [6,7] could serve as a basis for theoretical predictions and
systematic and rational analysis of various factors affecting the magnetic properties of
materials containing several ferromagnetic elements.

The mechanism of electrochemical deposition of NiCrP alloys in a glycine bath was
studied [8]. Electrodeposition on a copper plate was carried out at a current density of
10-20 A/dm?. The electroreduction mechanisms of individual Cr and Ni, NiCr, NiP, CrP,
and NiCrP alloys were studied. The possible process of trivalent chromium reduction can
be explained by the formation of a glycine complex of bivalent chromium [Cr(H;O)4(Gly)]*
(Equation (1)). The bivalent chromium complex was directly reduced to metallic chromium
(Equation (2)). The reduction process of nickel is described by Equation (3). The key to
NiCr co-deposition is the AE value for the reduction of nickel and chromium ions. During
electrodeposition of the NiCr alloy, nickel is initially deposited on the surface of the cathode
(Equation (3)). Nickel acts as a catalyst, causing a significant positive shift in the initial
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reduction potential of Cr(II) ions, thus satisfying the potential difference (approximately
—180 mV) for the co-deposition of NiCr.

Nevertheless, the actual potential difference between Ni and Cr is the same as in the
case of NiCr co—deposition, which ensures electrodeposition of the three-component alloy
for the NiCrP system. In addition, it has been demonstrated that P tends to co-precipitate
with Cr during the electrodeposition of NiCrP, which can be explained by the difference in
the behavior during the electrodeposition of NiP and CrP alloys. The possible reduction
processes can be presented as follows:

[Cr(H20)4(Gly)]** + 1 e = [Cr(H,0)4(Gly)]" 1
[Cr(H0)4(Gly)]" + 1 e = Cr° + Gly + 4H,0 2)
Ni2* + Nit ,4s +2 e = Ni’ + Ni 45 3)

The possible mechanism of Ni-P electrodeposition can be explained as follows
(Equations (4) and (5)):

H,PO,™ +5H* +4 ¢ =PH; + 2H,0 (4)

2PH; + 3Ni?* = 3Ni’ + 2P + 6H* (5)

The inorganic complexing agent used to obtain a CrP alloy is NaH;PO,-H,O. The
P incorporation mechanism in the course of the CrP alloy deposition is considered to be
different from that realized in the case of the NiP alloy deposition.

The techniques used to produce multilayer and gradient coatings have been demon-
strated in a review [39]. Ni-W multilayers were produced by varying the direct current
density. Comparison of the direct and pulse currents on the properties of deposits was
performed. The technique controlling the electrode potential is also effective for multilayer
coating production. Metals of the Fe-triad are commonly used in multilayer coatings elec-
trodeposited by controlling the electrode potential. The necessity of studying the electrode
kinetics and the effects of various additives is shown.

So, a trivalent chromium solution containing glycine and NaH;PO,-H,O may also
form a complex with hypophosphite, i.e., the [Cr(H,PO,)(H,0)5]*" complex. Taking this
into account, the positive shift in the onset potential of CxrP codeposition is associated
with the increase in the concentration of electroactive Cr(Ill) complexes near the cathode
(Equations (6)—(8)):

[Cr(HoPO)4(H20)5]** + 1 e = [Cr(HyPO,)4(H20)s5]* (6)
[Cr(H,PO,)4(Hy0)5]" + 2 e = Cr¥ + 5H,0 + Hy,PO, ™ (7)
3H,PO, =H,PO3;™ + 2P + H,O + 20H ™ (8)

The XRD analysis showed that the electrodeposited alloy coatings had an amorphous
structure. The incorporation of phosphorus in the Ni deposit generally increases the number
of defects in the crystalline lattice of electrodeposited alloy coatings, thereby transforming
the coatings from a crystalline to an amorphous state. Scanning electron microscope images
showed that a smooth and compact NiCrP coating was obtained at a current density below
15 A/dm? (Figure 5).
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Cavities

Figure 5. SEM micrographs of the surface (a—c) and cross-sectional micrographs (d—f) of coatings
prepared from electrodeposited NiCrP alloys at the current densities (a,d) 10 A/ dm?, (b,e) 15 A/dm?,
(c,f) 20 A/dm?. Reproduced from [8] with permission from Elsevier, 2021.

Electrodeposited NiCoP, FeCoP, and FeNiP alloys have been prepared [9-11]. The
authors [9] applied magnetic assisted jet electrodeposition for effectively changing the
microstructure and properties of NiCoP alloy films. The advantage of this method is
inhibition of the growth of pores on the surface of the film and improving the adhesion of
the coating to the surface. An increase in the saturation magnetization of the coating was
observed as compared with simple jet electrodeposition.

The effect of calcination on the structure of coatings is analyzed using a combination of
vtc-XES and X-ray diffraction to conclude whether recrystallization involves any redistribu-
tion of covalently bound metalloid between atoms of different metals in a three-component
system [10,11]. The NiCoP, FeCoP, and FeNiP alloys were electrodeposited on a copper
substrate from solutions containing Fe(II), Co(II), and Ni(II) with NaH,PO, additives were
taken as the object of the study. The FeNiP system was described in detail in ref. [10].

The corrosive and mechanical properties of cobalt-nickel-phosphorus ternary alloy
coatings are discussed [40]. The role of pH, bath composition, and conditions of electrode-
position are summarized.

The vtc-XES data show that the coatings contain a high concentration of chemically
bound phosphorus. Comparison of the vtc-XES spectra of all initial and calcined coat-
ings [10,11] allows one to unequivocally conclude that the concentration of chemically
bound phosphorus changes slightly due to crystallization, as for the two-phase electrode-
posited alloys described above [6,7].

2.2. Iron Triad Metal Alloys with Molybdenum and Tungsten

Nickel-molybdenum alloys are promising electrocatalysts for HER. There are two
main methods for EDP of NiMo alloys, namely, electrodeposition by direct current and
by the pulsed current [40-43]. The method of EDP by pulsed current is preferable since it
allows one to apply also the duty cycle or effective time of the applied current.
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The relationship between independent variables and coating properties was estab-
lished. In particular, the effect of nickel sulfate and sodium /molybdenum concentrations
on various electroplating reactions was evaluated. Coatings with a high percentage of Mo
and distinct morphology were obtained. X-ray diffractograms showed that all the samples
were amorphous. The optimal bath composition was found at the ratio Ni:Mo of 7.5:5.
A film with a maximum Mo content of 29 wt.% was obtained. However, the alloy with
the best corrosion properties was deposited from a bath with a Ni:Mo component ratio
of 10:3. The NiMo alloys were deposited by the pulsed current [42]. The morphology of
the samples and the Mo content in the alloys were affected by a change in the working
cycle from 70% to 30%. The material exhibited a crystalline structure. All the analyzed
NiMo alloys showed activation of the hydrogen release reaction at a 30% duty cycle. The
mechanism of the electrodeposition was proposed based on the published results [44—47].

The corrosive, mechanical, and magnetic properties of alloys containing metals of
the iron group with tungsten are highlighted in a review [48]. Modern codeposition
mechanisms are critically discussed.

The two-component alloys of the NiW and CoMo types were electrodeposited on a
Cu substrate by the direct current method [49]. The deposition of the CoMo composition
was carried out at i = 30-120 mA /cm?, t = 10-60 min, T = 298 K, pH = 5.0-9.0. The alloy
composition (wt.%) was determined by EDX: O(2-10), Co(13-87), Cu(0.7-7.6), Mo(7-50).
All samples are characterized by a small coating thickness (less than 30 microns) and by the
presence of copper in the alloy, which makes them translucent from the substrate. The pres-
ence of oxygen (up to 10 wt.%) in the composition of the electrodeposited coating indicates
the products of incomplete reduction, i.e., oxide phases. The surface quality of alloys with a
sufficient amount of Mo is bad. Cracks can be seen as a result of accumulated micro stresses
and possible formation of hydrogen clusters, also described elsewhere [50,51]. Summing
up the mechanism of the joint electrodeposition of cobalt and molybdenum according to
the results available in the literature [46,52,53], it can be stated in the simplest version as fol-
lows: initially, metallic cobalt is electrodeposited on the cathode, a thin layer of which acts
as a catalyst for the reduction of molybdenum ions with hydrogen. The formation of a joint
complex of molybdenum and a precipitating metal contributes to the transfer of charges
to the molybdenum ion through the precipitating metal. Molybdenum co-precipitates
with metals of the iron triad due to the energy gain caused by alloying. The electrolyte
containing sodium pyrophosphate as a complexing agent turned out to be more effective
than a citrate-containing agent in terms of forming thicker coatings, however, no sample
had sufficient thickness to study it by X-ray phase analysis, therefore, the approximate
phase composition of the samples can be judged by the nickel-molybdenum state diagram.
The deposits are basically formed in the two-phase region MogCo;*MoCos. The deposition
of the NiW system was carried out at I = 80-300 mA/ cm?, t = 30 min, T =298 K. The
alloy composition (wt.%) was determined by EDX: O(5-13), Ni(13-85), Cu(6-18), W(3-15).
The deposits obtained at the maximum cathode current density demonstrated relatively
low oxygen contents. The copper content in the alloy decreases with an increase in the
cathode current density. The nickel content in the alloys increases with an increase in the
current density.

The content of tungsten in the coatings increases with an increase in the concentration
of tungstate ions in the solution and does not depend on the current density. The optimal
composition is achieved in alloys obtained from the most concentrated solutions of tungstic
acid salts at maximum current densities. Authors [51] proposed that non-electrochemical
deposition of tungsten in the form of oxides was observed.

According to the Brenner classification, deposition of nickel-tungsten alloys is con-
ducted in the form of “induced co-deposition”. The joint electrodeposition of tungsten and
nickel is divided into four main stages [54-57]:

1. Electrochemical generation of reactive forms of nickel and tungsten. The intermediate
forms of these metals with an unpaired electron, i.e., particles of the radical type,
exhibit a particularly high reactivity;
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2. PFormation of refractory metals from reactive particles of heteropoly compounds due
to electrode initiation of the polymerization process. The film formed in this case has
a low electron conductivity;

3. Electrochemical reduction of metal ions in the non-metallic system at the point of
contact of parts of the film with ions in different oxidized states;

4.  Final electrochemical reduction of metal ions at the film-alloy interface.

The alloy formation model will be valid if the film has low electron conductivity.
Only in this case is a high negative potential achieved at the alloy-film boundary, and the
release of hydrogen is blocked since the removal of gaseous hydrogen is very difficult.
Consequently, the alloy is obtained at the film-alloy boundary by the following total
reaction [55]:

[(Ni)(WO4)(Cit)(H)]*~ + 8e— + 3H,0 — NiW + 7(OH)™ + Cit’~ )

The presence of copper in deposits indicates a thin coating, and the excess of oxygen
can be explained by the fact that the deposition of tungsten occurs in the form of tungsten
blue WO3,(OH), (0.1 <n <0.5).

Ternary alloys CoNiW were electrodeposited on a copper substrate by using a direct or
pulsed current were studied [50,51,58,59]. The content of each element in the coating was
in the range of 5-35 at.%, which corresponded to the definition of a high-entropy alloy [50].
A crack-free coating can be obtained by applying a pulsed current with an average current
density of 15 mA /cm?. All coatings obtained under various electrodeposition conditions
had an amorphous structure, which indicated the formation of a solid solution on the
substrate. Cracks, usually caused by internal stress or hydrogen embrittlement, can be
observed on coatings obtained by the direct current method. The corrosion potentials of the
coatings were lower than those of the substrate, but the corrosion current density decreased.
The coating can increase the Cu substrate protection efficiency up to 73.8%. The influence
of the bath composition and electrodeposition parameters on the structure, composition,
surface characteristics and corrosion properties of NiWCo alloys was investigated [51].
Corrosion and wear characteristics were evaluated. It has been proved that the CoNiW
alloy has a homogeneous, compact and flat surface exhibiting a colony-like morphology. An
amorphous or nanocrystalline structure was formed depending on the process parameters,
including the current density, pH, and electrolyte composition. The size of the crystallites
did not depend notably on the Co content, but strongly depended on the current, pH of
the solution and the synthesis time. The average roughness was optimized to 4-7 nm. The
triple alloy contains 33 wt.% W, 21-60 wt.% Ni, and 2.8-40 wt.% Co. A decrease in the nickel
content in deposits corresponds to an increase in the Co content. The W content some-
what changed while varying the electrodeposition conditions. The intermediates for the
formation of the CoNiW alloy are [Ni(HWO4)(CgH507)]?~ and [Co(HWO,)(C¢Hs07)]>~
ions. The addition of alumina nanoparticles slightly increases microhardness, reduces
adhesive and oxidative wear, and significantly increases wear resistance [59]. The way
that coatings wear out depends on the conditions of deposition. Alloys of the CoNiW type
with a composition and structure gradually changing in thickness were synthesized using
direct current electrodeposition [58-60]. A simple and convenient method of synthesis by
induced electrodeposition is applicable to obtain multicomponent functional coatings [58].

Solution plasma sputtering is a simple and facile technique for the synthesis of NPs in
a solution [61]. A schematic diagram demonstrates the formation of nanoparticles via the
plasma sputtering method (Figure 6).
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Figure 6. Schematic diagram for the synthesis of Pt/CoPt-1 composite NPs by solution plasma
sputtering. Reproduced from [61] with permission from Nature, 2017.

The plasma generation technique in the liquid phase was used to synthesize alloy NPs
with unique properties suitable for many applications [62].

3. Electrodeposition of Two- and Three-Component Alloys in Ionic Liquids and Deep
Eutectic Solvents

3.1. Electrodeposition of Alloys in lonic Liquids

The comparison of aqueous solutions and organic solvents with ionic liquids (ILs) as
electrolytes is presented in the literature [63,64]. Some ionic liquids are manufactured on
a commercial scale. The use of ILs in the electrodeposition of metals and alloys results
in enhanced current efficiencies (CE > 90%) and production of corrosion-resistant and
non-flaking coatings. The use of ILs in electrodeposition may be realized by three manners:
i “pure” ILs
ii. ILs with additives [65]

iii. ILs as additives [66]

As received “pure” ILs may contain different impurities, mostly water. Such sub-
stances as acetonitrile, coumarin, thiourea, benzotriazole, acetone etc., are commonly
considered as additives. By replacing some of the bulky adsorbed IL cations, the additive
molecules can induce a more facile electrode reaction. As a consequence, a smoother and
shinier surface is obtained in the presence of additives [65,67].

The electrodeposition of a Ni-Fe alloy from DES with water additives was studied [68].
The authors found that “abnormal” co-deposition occurs in the presence of water.

Ni-Co alloys were deposited from aqueous solutions with different metal salts and
with additives of ILs 1-methyl-3-(2-oxo0-2-((2,4,5-trifluorophenyl)amino)ethyl)-1H-imidazol-
3-ium iodide ((MOFIM]I) and 1-(4-fluorobenzyl)-3-(4-phenoxybutyl)imidazol-3-ium bro-
mide ([FPIM]Br) [66]. It was shown that the composition of alloys depended on the
composition of the electrolyte (Table 2).



Metals 2023, 13, 657

12 0of 19

-1 (A/cmz)

Table 2. The content of Co?* in the electrolytic solution (wt.%) and the cobalt content (at.%) in the
deposited Ni-Co alloys without and with additives.

Composition Cobalt Content
Composition of the electrolytic solution 30 50 70
Composition of deposited alloy
1. without ILs 38.03 59.8 79.0
2. with [MOFIM]I 35.9 65.65. 85.33
3. with ([FPIM]Br 48.96 60.76 83.62

Electrodeposition of a Ni-Co alloy onto a Cu substrate was performed using an acidic
sulfate bath in the absence and presence of different concentrations of [MOFIM]I and
[FPIM]Br [19]. The corrosion behavior of coelectrodeposited Ni-Co alloys was performed
in a marine water medium. A higher extent of inhibition of Ni?>* and Co?* reduction is
indicated by the increasing shift of the cathodic polarization curves towards more negative
potentials (Figure 7).
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Figure 7. Potentiodynamic cathodic polarization curves for the Ni-Co alloy electrodeposition from
the Ni70%-C030% bath in the absence and presence of different concentrations of (a) [MOFIM]I,
(b) [FPIM]Br at pH 4.5. Reproduced from [19] with permission from Elsevier, 2021.

The inhibition effect of the [MOFIM]I and [FPIM]Br molecules due to their adsorption
on the cathode surface obeys the Langmuir adsorption isotherm. Compared with [FPIM]Br,
[MOFIM]I reveals a better corrosion inhibition efficiency and more efficient additive prop-
erties. According to the natural atomic charges, [MOFIM]I demonstrates the strongest
adsorption ability on the Cu substrate and a higher IEgct% compared with [FPIM]Br. These
results show that the theoretical results are consistent with the experimental findings.

The study [20] shows the possibility of electroplating the surfaces of Fe, Ni, and
Ni-Fe in ionic liquids as solvents without hydrogen evolution. It is important to remark
that Ni-Fe alloy electrodeposition was successful in 1-butyl-1methylpyrrolidinium bis
trifluoromethylsulfonyl)imide ([P1,4][Tf2N]) even though iron films are difficult to plate
alone. An unexpected change of the alloy composition versus polarization (increase,
decrease and further increase in the iron atomic percentage) was observed.

A summary of the recent literature discussing the use of ILs in the preparation of
electrocatalysts based on Ni-alloys for OER and HER was presented [21]. It was shown in
the review how ILs function as solvents and electrolytes for high-temperature electrode-
position baths, as well as structure-directing agents, doping agents, stabilizers, and/or
capping agents in nanoparticle synthesis. For example, the mechanism for the synthesis of
Ni2P nanoparticles from the tetrabutylphosphonium chloride ([P4444]CI) ionic liquid was
proposed (Figure 8).
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Figure 8. The mechanism for the synthesis of Ni2P nanoparticles from the [P4444]Cl ionic liquid.
Reproduced from [19] with permission from Elsevier, 2021.

The IL was found to be the source of phosphorus in the resulting nickel phosphides
through a suggested mechanism involving decomposition under heating to generate trib-
utylphosphine, coordination of tributylphosphine with Ni(0) nanoparticles, and subsequent
cleavage of the remaining P-C bonds as shown in Figure 8 (i.e., capping and doping). Un-
derstanding the role of the structure of the double electric layer of IL in electrochemical
processes, in particular in the electrodeposition of metals and alloys, will allow one to
predict the conditions for obtaining deposits with the desired properties [69].

So, the use of IL in industry is still at the very early stage [64]. The authors [21] stressed
that often it is not obvious why a given IL is selected for a chosen task. The major drivers
for industrial use of ILs are their cost and availability. The other reason for the restriction
on the commercialization of some ILs is their toxicity (imidazolium-based ILs). The major
limitations for industrial electrodeposition of metals and alloys in ILs are [63]:

e  The relationship between the precipitate structure and the composition of the IL has
not been studied in detail yet;

o  Coatings must achieve quality standards, and process development is required to a
large extent;

e  Some applications are at the fundamental research stage with associated higher risk,
that is, electroless, semiconductor, anodizing, and nanocomposite coatings;

e  Process economics has been determined for a limited number of processes.

Only when these problems are properly solved will the full potential of these unique
solvents in the production of efficient electrodeposited electrocatalytic materials be realized.

3.2. Electrodeposition in Deep Eutectic Solvents (DESs)

DESs based on choline chloride (ChCl) and other quaternary ammonium salts are
most often applied for the deposition of metals and alloys [15,27]. Examples of compounds
forming deep eutectic solvents (DES) with ChCl are anhydrous and crystal hydrates of
metal salts, urea, ethylene glycol (EG), and many others. Chromium precipitation from
aqueous solutions occurs with a rather low current efficiency and is accompanied by
precipitation of basic compounds (salts, hydroxides). The inclusion of the latter in the
precipitate led to the formation of powdered, strained, or flaking precipitates [70]. DESs
usage let one to obtain dense precipitates with greater adhesion.

According to Abbot [71], DES is promising for obtaining coatings with new composi-
tions and unique properties. The review discusses the effect of additives (especially water)
on the electrodeposition of metals and alloys from DES. Water changes the structure of
the double electric layer and improves mass transfer [71]. The electrodeposition of a Ni-Fe
alloy from DES with water additives (up to 15 wt%) was studied [68]. The authors found
that “abnormal” co-deposition occurs in the presence of water. The review by Smith [72]
noted that, despite the fact that DES is economically difficult to compete with aqueous
electrolytes, they may be of some value for industrial applications.

Nanoscale Fe-Cr alloy was successfully electrodeposited in a choline chloride-ethylene
glycol (ChCI-EG, mole ratio 1:3) deep eutectic solvent in a two-electrode system by optimiz-
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ing the concentration ratio Cge(ry / Ccrrmy [18]- ESI-MS analyses indicate that [Fe(H20)3(Cl)s] ™
and [Cr(H,O),Cly]~ are the dominant species of Fe(Il) and Cr(IlI) in ChCl-EG DES, respec-
tively. Linear sweep voltammetry demonstrates that with the increase in Cge(r)/Cer ()
from 1:5 to 1:1, the reduction potential difference between Fe(II) and Cr(IIl) becomes smaller,
which is conducive to the electrodeposition of a Fe-Cr alloy deposit with a higher Cr content.
The reduction of Fe(II) or Cr(IIl) on a glassy carbon electrode is a quasi-reversible process
controlled by diffusion, with diffusion coefficients of 5.34-10° cm? /s and 2.22-10 cm? /s,
respectively. FE-SEM observation shows that as the Cge(r)/Cc; () ratio decreases from
1:2 to 1:5, the microstructure becomes non-uniform, and the morphology transforms from
homogeneous particles to scaly blocks. At the ratio of 1:2, the prepared nanocrystalline
Fe-Cr alloy exhibits a symmetrical element distribution with a mean coating thickness
of 120.3 um and a mean diameter of 1.56 nm (Figure 9). Good corrosion resistance was
revealed for the prepared Fe-Cr alloy. All the above studies provide a theoretical foundation
for Fe-Cr alloy production by varying the electrolyte ratios.
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Figure 9. Fe-Cr alloy synthesized at the concentration ratio cge(m) /ccr(mmy of 1:2 in ChCI-EG DES.
(a) TEM image; (b) The particle size histogram. T = 333 K; U = 2.8 V. Reproduced from [18] with
permission from Elsevier, 2022.

Ni-Co coating was deposited from DES by a potentiostatic technique on glassy car-
bon and Si/Ti/Au electrodes [73]. The CoNi films presented two CoNi alloyed crystal
structures; therefore, the formation of Ni cubic crystalline structures and amorphous Co
nanocrystalline structures was promoted. The deposits were tested as platforms to activate
the formation of sulfate radicals.

The effects of the deposition potential on the morphology, chemical composition,
crystal structure, corrosion resistance, and magnetic properties of nanostructured Fe-Co-Ni
coatings were investigated [22]. The Fe-Co-Ni coatings prepared from ChCl/2Urea DES
at different deposition potentials showed good corrosion resistance. Fe-Co-Ni coating
that is produced at the deposition potential of —1.2 V (vs. saturated calomel reference
electrode), exhibited a more positive corrosion potential and obvious magnetic anisotropy.
The effective electrodeposition of nanostructured Co-films with a high surface area was
performed by DES [74].

The coatings with the Fe contents of 89, 69, 47, and 28 at% were electrodeposited from
DES [75]. The electrocatalyst with 69% Fe demonstrated high activity in HRR in alkaline
media. The comparison of the alloy and the bath composition showed a close match.

The Fe and Fe-Ni coatings were electrodeposited in novel DES consisted of mixtures
of FeCl; (or NiCly) and acetamide [76]. The Fe-Ni alloys demonstrated high corrosion
resistance. The 1:1:10 FeCl3-NiCly—acetamide mixture produced three deposits with com-
positions: Fe and alloys Fe72Ni28 and Fe12Ni88.

NiMo alloys were obtained from DES by the pulsed technique [42] at potentials
ranging from —0.5 to —0.9 V vs. Ag [77] and with the conventional Watts bath [78].
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Ni-P alloy coatings with tunable phosphorus contents are electrodeposited onto a
platinum electrode at room temperature using choline chloride, ethylene glycol (1:2 molar
ratio) as a deep eutectic solvent, and NiCl,-6H,O, NaH,PO,-H,O as nickel and phosphorus
sources, respectively. Cyclic voltammetry shows that the presence of HyPO, ™ in the ionic
liquid in the case of Ni plating promotes the initiation of Ni-P nucleation [79]. The structure
of Ni-P deposits is converted from a crystalline to an amorphous structure with the increase
in phosphorus content in the coating.

There is no unambiguous opinion regarding the use of DES for the electrodeposition
of metals and alloys [15,71,72]. At present, the comparison of industrial production of
functional materials in DES and in aqueous solutions is not in favor of the former. From
a practical point of view, DESs application for the deposition of coatings based on most
of the metals (iron, copper, brass, nickel, and their alloys) used in the industry to produce
functional materials is yet not realistic [15,72]. However, in the future, the use of DES as an
electrolytic medium may open up opportunities for obtaining alloys of new compositions
with unique physicochemical properties [71].

The main advantages and disadvantages of water and anhydrous electrolytes for
metal electrodeposition can be summarized on the basis of the analysis of literature data
(Table 3).

Table 3. Main advantages and disadvantages of classic (water) and modern electrolytes for electrode-
position.

Electrolyte

Advantages Disadvantages Ref.

Classic water

low temperature, low cost, fast, good adhesion
of deposit, easy to control thickness of the

pH dependent, low current efficiency and
porosity due to hydrogen evolution. High

concentration of toxic component, the anion [26,70]

solutions L . formation in the solvent decomposition
deposit, wide range of metal salt concentration
process can lead to the occurrence of a
precipitation with the metal ion

pH independent, deposition metals that are not

accessible with conventional aqueous solution, High cost, toxic, different impurities
ILs qt & P [3,4,25]

good solvent for organic and (water et al.)
inorganic substances
Deposition metals that are not accessible with
conventional aqueous solution, the anion

DES formation in the solvent decomposition process There are few systematic studies [15,20,23]

can not lead to the occurrence of a precipitation
with the metal ion, low cost, non toxic, easy

preparation, high purity

4. Conclusions

e  The relevance of electrodeposited alloys with a wide range of useful properties, such as
corrosive, electrocatalytic, and magnetic properties, is shown. Due to these properties,
the scope of applications for these alloys is very wide. The ability to deposit alloys on
parts of a complex shape increases the wear and corrosion resistance of the latter.

e Itis very important to study the correlation between the concentration of metal ions
in the electrolytic bath and the metal content in the reduced form to describe the
technique of manufacturing the coatings.

e  Also promising, in our opinion, will be the establishment of a correlation between
the magnetic and catalytic properties of electrodeposited alloys based on iron triad
metals. Another promising direction of research on the properties of electrodeposited
nickel- and cobalt-based alloys with modifying additives is the use of these materials
in medicine, for example, as a replacement for platinum cardiac stents [61-64].

e  The potentiostatic, ultrasonic, and plasma generation techniques in liquid are promis-
ing approaches in the electrodeposition process. Solution plasma sputtering is a simple
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and facile technique for the preparation of highly dispersed nanomaterials (metals
and alloys) on a variety of carriers, such as metal oxides and carbon materials.

e  The electrochemical deposition of alloys based on Fe-triad with aqueous (classical)
solvents due to their advantages (Table 3) is today the most commonly used technology
for industry. Due to their specific physicochemical and electrochemical properties,
ionic liquids and DES are promising for obtaining coatings with new compositions
and unique properties that cannot be obtained from classical solvents.
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