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Abstract: This review provides a systematic analysis of the literature data on the electrodeposition
of composite coatings using plating baths based on a new generation of room-temperature ionic
liquids known as deep eutectic solvents (DESs). Such systems offer several advantages over tradi-
tionally used aqueous electrolytes and organic solvent-based electrolytes. The colloidal–chemical
properties of suspension and colloidal electrolytes for composite deposition are thoroughly examined.
New theories describing the kinetics of the co-deposition of composite layers are characterized.
The kinetics and mechanisms of electrochemical deposition processes of composite coatings with
metallic matrices are discussed. Case studies regarding the electrodeposition of composite coatings
based on electrodeposited copper, silver, zinc, tin, nickel, cobalt, and chromium from DES-assisted
electroplating baths are described and systematized. The main prospective directions for further
research in the discussed scientific area are highlighted.

Keywords: coating; electrodeposition; composite coating; deep eutectic solvent; kinetic; mechanism;
properties

1. Introduction

Electrodeposition, as a versatile and extensively utilized method in materials science
and surface engineering, holds a central position in tailoring the properties of coatings
for diverse applications [1–3]. Within the broad spectrum of electrodeposited coatings,
composite coatings have attracted considerable interest because of their unique combination
of physicochemical and service properties [4–8].

The fabrication of composite coatings involves the simultaneous electrodeposition of
a metallic matrix and dispersed particles of various sizes and chemical compositions from
colloidal or suspension plating baths. Once incorporated into the metallic electrodeposited
matrix, these dispersed particles enhance different properties, such as corrosion resistance,
hardness, and wear resistance, and can introduce novel functional characteristics to the
coatings (such as superhydrophobicity; catalytic, electrocatalytic, and photocatalytic activ-
ity; self-cleaning capability; etc.). Over recent decades, the emergence of nanostructured
materials has been facilitated by electrodeposition techniques, providing avenues for a
wide range of nanomaterials, including nanostructured composites [6]. Extensive research
efforts have been directed towards creating mechanically strengthened composite layers,
improving the magnetic properties of storage devices, decreasing electrical resistance in
electronic equipment, and exploring other prospects [4–7].

It is important to highlight that the creation of composite coatings via the electrodepo-
sition technique is limited by the requirement for conductive substrates. Conversely, the
electrodeposition method offers several evident benefits, including a relatively uniform
dispersion of particles across the coating’s thickness, a notably rapid deposition rate, and
a low operational temperature (typically below 100 ◦C), which is markedly lower com-
pared to pyrometallurgical or powder metallurgy approaches. Thus, the electrodeposition
method provides a simpler and more accurate means of controlling the microstructure and
chemical composition of produced composite films.
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Despite the significant attention given to this field, the current processes of composite
electrodeposition remain imperfect, requiring ongoing refinement and further development.
Specifically, it should be noted that the majority of publications on this topic have focused
on suspension and colloidal deposition baths for the formation of composite layers using
aqueous solutions [4–8]. However, aqueous solutions have their limitations; they are
prone to rapid aggregation and sedimentation processes, which compromise the stability
of the bath composition and impede the electrodeposition of composite coatings. One
potential solution to this issue is the adoption of non-aqueous plating baths, specifically
with solutions based on the so-called deep eutectic solvents that show particular promise
in addressing these challenges.

Deep eutectic solvents, which consist of a hydrogen bond donor and acceptor, have
emerged as eco-friendly alternatives to traditional electrolytes due to their minimal toxicity,
biodegradability, and broad electrochemical stability range [9–17]. With their distinctive
characteristics, deep eutectic solvents offer an exciting opportunity to improve the elec-
trodeposition of composite coatings. One significant advantage of deep eutectic solvents
is their dual role as solvents and electrolytes, providing a versatile environment for elec-
trodeposition. The interaction between the components of the DES and the metal ions in
the plating electrolyte influences the nucleation, growth, and morphological patterns of the
electrodeposited coatings. Understanding these interactions is essential for customizing
the properties of composite coatings for specific applications.

A unique characteristic of DESs as solvents is their ability to undergo the extremely
flexible control and modification of their composition, defining the tunability of their physic-
ochemical properties [9–11,18]. This feature allows for finely modulating electrodeposition
performance, which is important in the production of composite coatings.

Additionally, the environmental impact of electrodeposition processes using DES-
based plating baths is a crucial consideration [19,20]. The sustainable and environmentally
friendly nature of DESs corresponds well with the increasing demand for green technolo-
gies. Reductions in hazardous waste and energy consumption in the electrodeposition
process contribute to the vital task of sustainable production.

Up to this point, there have been published reviews dedicated to the electrodeposition
of functional coatings using DES-assisted plating baths [14–17,21,22]. However, there is
currently a gap in the existing literature regarding a review of publications focusing on the
deposition of composite coatings using electrolytes based on DESs. The only exception
is [23]. However, this review is somewhat outdated as, since its publication, some new
studies have emerged thoroughly and comprehensively examining new aspects of the
discussed scientific topic. Taking this into account, this review delves into various aspects
of electrochemical deposition using DES-based plating baths, encompassing the impacts of
bath composition, deposition parameters, and the resulting microstructure and properties
of composite coatings. Additionally, an examination of recent research efforts and advance-
ments in the field provides insights into the current state of understanding and future
directions. By elucidating the complexities of electrodeposition utilizing electroplating
baths containing deep eutectic solvents, this review aims to contribute to the evolving
field of sustainable and efficient electroplating technologies. This review endeavors to
navigate through the primary advancements, obstacles, and potential of composite coatings
fabricated through the electrodeposition technique using DES-based plating baths.

2. Physicochemical Aspects of DES-Based Systems, Kinetics of Electrochemical
Processes, and Their Impact on Composite Electrodeposition
2.1. Colloidal–Chemical Stability of Plating Baths Based on DESs

A specific and inherent characteristic of suspension and colloidal electrolytes used
for the electrodeposition of composite coatings is their aggregative and sedimentation
instability. In hydrophobic sols and suspensions, particle aggregation (coagulation) of the
dispersed phase inevitably occurs due to excess surface energy. As a result, the particles
increase in size and then in sediment. All of these are highly undesirable phenomena as they
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lead to the destruction of the suspension (colloidal) electrolyte, resulting in the instability
of the electrodeposition process and deteriorating the functional properties of the formed
composite layers. Thus, two main types of stability of colloidal electrolytes are considered:
(1) sedimentation stability, which is related to the ability of the dispersed system to resist the
sedimentation of particles under the influence of a gravitational field, and (2) aggregative
stability, which is the result of the system’s ability to resist the aggregation (coagulation) of
particles of the dispersed phase. To prevent coagulation and sedimentation, flexible tuning
of the electrolyte’s chemical composition is typically employed, along with the addition of
surfactants and water-soluble polymers and the vigorous stirring of the solutions [6,7].

In their pioneer study [24], Abbott et al. demonstrated a significant advantage of
DESs in composite electroplating processes: the stability of particulate suspensions over
extended periods, surpassing both aqueous and traditional organic solvent-based baths.
This advantage likely stems from a combination of factors, including the higher viscosity of
the neat liquid compared to water and the Coulombic screening of surface charge by the
ionic liquid, leading to a higher ionic strength. As evident from the data in Table 1, although
the density of DESs differs minimally from that of concentrated aqueous electrolytes, their
viscosity typically exceeds that of water solutions by 2–4 orders of magnitude (and, in some
cases, even more).

Table 1. Viscosity and density of some DESs (based on data from [10]).

Constituents of DES Salt:Hydrogen
Bond Donor
Molar Ratio

Viscosity, cP Density, g/cm3

(25 ◦C)Salt Hydrogen Bond
Donor

ChCl urea 1:2 750 (25 ◦C) 1.25
ChCl urea 1:2 169 (40 ◦C)
ChCl ethylene glycol 1:2 36 (20 ◦C)
ChCl ethylene glycol 1:2 37 (25 ◦C) 1.12
ChCl ethylene glycol 1:3 19 (20 ◦C) 1.12
ChCl ethylene glycol 1:4 19 (20 ◦C)
ChCl glucose 1:1 34,400 (50 ◦C)
ChCl glycerol 1:2 376 (20 ◦C) 1.18
ChCl glycerol 1:2 259 (25 ◦C)
ChCl glycerol 1:3 450 (20 ◦C) 1.20
ChCl glycerol 1:4 503 (20 ◦C)
ChCl 1,4-butanediol 1:3 140 (20 ◦C)
ChCl 1,4-butanediol 1:4 88 (20 ◦C)
ChCl CF3CONH2 1:2 77 (40 ◦C) 1.342
ChCl ZnCl2 1:2 85,000 (25 ◦C)
ChCl xylitol 1:1 5230 (30 ◦C)
ChCl sorbitol 1:1 12,730 (30 ◦C)
ChCl malonic acid 1:2 1124 (25 ◦C) 1.25
ZnCl2 urea 1:3.5 11,340 (25 ◦C) 1.63

As stated in [25], the coagulation rate constant, K, can be expressed by the
following equation:

K =
4kBT
3ηW

(1)

where kB is the Boltzmann constant, T is the absolute temperature, η is the viscosity of the
medium, and W is the stability ratio.

If the stability ratio W equals unity, K precisely coincides with the coagulation rate
constant formulated by Smoluchowski for particles that experience no interaction apart
from the adhesive force upon contact [26]. Therefore, 1/W serves as an indicator of the
deviation from the Smoluchowski coagulation rate. W is recognized for factoring in the
interactions between particles: the interplay resulting from interparticle potentials and
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the hydrodynamic interaction that prevents the viscous fluid from interposing between
colliding particulates.

Analysis of Equation (1) indicates that the high viscosity of electrolytes based on DESs,
which exceeds the viscosity of typical aqueous solutions by several orders of magnitude,
should result in extremely low values of the coagulation rate constant. Thus, the high
colloidal stability of DES-based solutions compared to water systems is primarily ensured
by a kinetic factor, namely, the hydrodynamic resistance of the dispersion medium in the
gaps between particles [26]. However, perhaps an equally powerful stabilization factor
for colloidal systems in the case of DESs, which are a type of ionic liquid characterized
by high ionic strength, is the electrostatic components of disjoining pressure. This compo-
nent is attributed to the electrostatic repulsion between diffuse parts of electrical double
layers. According to the DLVO theory, increased ionic strength should lead to a rise in
the disjoining pressure and the height of the maximum on the potential interaction curve.
The presence of a noticeable electric charge on the surface of dispersed particles, resulting
from the formation of a double electric layer, promotes repulsive interactions and signifi-
cantly reduces the rate of coagulation. Another stabilizing factor for DES-based colloidal
systems is the structural–mechanical barrier, which is realized by the formation of viscous
and dense surface layers of the dispersion medium on the particle surfaces, preventing
particle agglomeration [26]. Formally, this effect implies a reduction in the value of W
in Equation (1). Finally, in a number of cases, the stabilization of colloidal systems with
DES dispersion media can be achieved through an adsorption–solvation mechanism: the
adsorption of surfactants on particle surfaces and the formation of solvation layers result
in a decrease in surface energy, leading to a weakening of the aggregation tendency.

In coarse dispersion systems, instability can manifest as rapid particle sedimentation
and subsequent suspension breakdown. The sedimentation rate in a gravitational field is
determined by the below equation [26]:

υ =
2r2(ρ − ρ0)g

9η
(2)

where r is the particle radius, ρ is the density of the dispersed phase, ρ0 is the density
of the dispersion medium, g is the acceleration of gravity, and η is the viscosity of the
dispersion medium.

It is evident that the significantly higher viscosity of suspension solutions based on
DESs compared to aqueous electrolytes, according to Equation (2), results in a reduction
in the sedimentation rate by several orders of magnitude. As a result, in such suspen-
sions, a highly uniform distribution of particles throughout the volume is maintained for
an extended period, which promotes a more stable and productive electrodeposition of
composite coatings.

Thus, utilizing DES-based electrolytes enhances the aggregative stability of colloidal
systems utilized for electrodeposited composite films. For instance, while Ni–PTFE (poly-
tetrafluoroethylene) composites can be produced from aqueous plating baths only in the
presence of certain nonionic or cationic wetting agents, these coatings can be readily ob-
tained in a DES-containing bath without any stabilizing additives as the PTFE particles
disperse well in the electrolyte, without requiring wetting agents [27]. Better dispersion of
the PTFE particles has been observed in the DES system compared to the water system.

Given their capacity to mitigate nanoparticle agglomeration within the electroplating
bath, deep eutectic solvents enable higher nanoparticle loading in the metal matrix com-
pared to aqueous solutions [28]. This effect has been attributed to the diminished hydration
force between SiO2 particles and the non-aqueous electrolyte [29].

The addition of nano- and micro-sized particles to DESs has a significant impact on
the colloidal–chemical and rheological characteristics of these fluids. In certain instances,
unexpected phenomena have been observed that lack clear and definitive theoretical
explanations. For example, when micron-sized particles (such as SiC) were introduced
into ionic liquids containing copper salt, a decrease in viscosity was observed in specific
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concentration ranges [24]. This observation was unexpected, prompting the authors to
propose explanations centered around an increase in the fluid’s free volume and localized
solvent perturbations, where particles functioned as microstirrers within the liquid.

2.2. Kinetics and Mechanisms of Composite Coating Deposition Using DESs

The systematic progress in the electrochemical deposition of composite coatings,
including processes utilizing DES-assisted plating baths, requires the development of a
suitable kinetic model to understand this complex phenomenon. Various theories have
been proposed to elucidate the incorporation of inert particles into growing metal films [6].

For example, Guglielmi [30] proposed a model that describes the integration of parti-
cles into a metal matrix as a two-step process of adsorption. In the initial stage, known as
“loose adsorption”, dispersed particles hosting adsorbed ionic constituents of the electrolyte
(primarily ions of the deposited metal) and solvate shells undergo reversible adsorption on
the electrode surface, resulting in relatively high surface coverage. According to Guglielmi’s
model, this stage is primarily of a physical nature. The subsequent stage involves the ir-
reversible “strong adsorption” of dispersed particles, induced by the reduction in metal
ions adsorbed on the particle surface. Subsequently, the particles become trapped by the
growing metal matrix. This second adsorption stage is believed to have an electrochemical
nature. Guglielmi suggested that the loose adsorption of dispersed particles in the first
stage is reversible and, therefore, the degree of surface coverage due to loose adsorption
can be described using the classical Langmuir adsorption isotherm.

Although Guglielmi’s kinetic model of coating co-deposition has gained acceptance
and validation from researchers [6,7], it is crucial to acknowledge that this theory is not
flawless and has several shortcomings. One of the key drawbacks of this theory is that a
physical model integrating both the reversible and the irreversible adsorption of particles
of the same nature on the same surface seems inherently contradictory and overly com-
plex and lacks strong substantiation. The assumption of the a priori reversible nature of
the adsorption of dispersed particles in the initial stage of the process is made without
accompanying evidence.

Despite numerous efforts to develop improved kinetic models for the electrodeposition
of composite coatings [31–39], most current models still have shortcomings [7]. It is worth
noting that nearly all previously proposed theories in this area either explicitly or implicitly
assume that the adsorption of dispersed particles on a growing metal surface is reversible.
However, it is well established that the adsorption of dispersed particles on solid surfaces
tends to be irreversible [40–42], a critical aspect often neglected in many theoretical models
aimed at describing the kinetics of the electrodeposition of composite coatings.

To address this concern, ref. [43] introduced a novel kinetic model for the electrode-
position of composite coatings based on the assumption of the irreversible adsorption of
dispersed particles onto the electrode surface. This theoretical concept suggests that the
amount of dispersed phase incorporated into the electrodeposited composite coating is
determined by the kinetics of the irreversible adsorption stage. The key difference be-
tween the kinetic model developed in [43] and Guglielmi’s theory is illustrated in Figure 1.
Guglielmi’s model suggests that the adsorption/desorption processes of dispersed particles
occur rapidly, reaching equilibrium surface coverage primarily through loose adsorption
(Figure 1a). However, only a small fraction of these adsorbed particles are subsequently in-
tegrated into the composite coatings via strong adsorption. In contrast, the proposed model
suggests that the steady-state surface concentration of dispersed particles is controlled
by the rate of two processes: the fixation of particles on the surface through irreversible
adsorption and their subsequent removal from the surface through incorporation into the
deposit as they become part of the metal matrix (Figure 1b).

In [43], the following equation was proposed to describe the co-deposition process of
composite coatings and determine certain process parameters:

1
α
=

6qMei
kC0πρMed3 +

1
αmax

(3)
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where α is the degree of surface coverage with adsorbed particles, αmax is the maximum
degree of surface coverage, k is the adsorption rate constant, C0 is the concentration of
dispersed particles in the electrolyte volume, i is the partial current density of metal
deposition, qMe is the electrochemical equivalent of the metal, ρMe is the density of the
metal, and d is the diameter of particles.
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Figure 1. Schematic representations illustrating the incorporation of dispersed phase particles into
the composite coating based on models assuming reversible (a) and irreversible (b) adsorption of
particles on a metal surface. It should be noted that the length of the arrows in (a) does not accurately
represent the scale of the corresponding fluxes as the rate of reversible adsorption/desorption can be
orders of magnitude higher than the rate of particle inclusion in the composite coating. Reprinted
from [43], copyright 2022, with permission from Elsevier.

According to Equation (3), a graph plotted in coordinates 1
α vs. 1

C0
should result in a

straight line with an intercept at 1
αmax

, facilitating the determination of the value of αmax. The

slope of this resultant straight line equals 6qMei
kπρMed3 , enabling the calculation of the adsorption

rate constant k. The suggested model in [43] was employed to interpret experimental
data concerning the kinetics of the electrochemical deposition of nickel–titania composite
coatings deposited using both an aqueous electrolyte and an electrolyte prepared based on
a deep eutectic solvent. Plots depicted with coordinates 1

α vs. 1
C0

for Ni–TiO2 composite
coatings fabricated from an electrolyte based on a DES exhibited a linear trend (Figure 2).
Deviations from linearity were observable for the smallest values of 1

C0
, corresponding to

high degrees of surface coverage near the maximum, where the condition (1 − α) ≈ 1, as
assumed during the derivation of Equation (3), was no longer satisfied. The values of k and
αmax were found for various deposition current densities using Equation (3) for the linear
segments of dependences in Figure 2 (Table 2).

Table 2. Calculated kinetic parameters regarding electrodeposition of Ni–TiO2 composite coating
from an electrolyte based on DES. Reprinted from [43], copyright 2022, with permission from Elsevier.

Current Density (A dm−2)
Parameter *

k (m s−1) αmax R2

1 2.612 × 10−6 0.256 0.997
1.5 2.159 × 10−6 0.220 0.999
2 1.554 × 10−6 0.158 0.999
3 1.520 × 10−6 0.093 0.998

* Note: R2 stands for the calculated coefficients of determination.
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composite coatings using a DES-based electrolyte. Electrodeposition current density (A dm−2): (1) 1;
(2) 1.5; (3) 2; and (4) 3. Reprinted from [43], copyright 2022, with permission from Elsevier.

While the adsorption rate constants for the incorporation of titania particles into the
nickel matrix deposited remained relatively consistent for both the aqueous electrolyte and
the DES-based electrolyte (approximately 10−6 m s−1), the value of k was notably higher for
the DES-based electrolyte under similar conditions [43]. For instance, at a current density of
2 A dm−2, the adsorption rate constants were 0.453 × 10−6 m s−1 and 1.554 × 10−6 m s−1

for coatings deposited using an aqueous solution and a deep eutectic solvent, respectively.
This disparity was attributed to the different sizes of titania particles used. Nanoscale
particles, such as Degussa P 25, exhibit higher surface energy compared to submicron-sized
particles. Under specific circumstances, this heightened surface energy may contribute
to the formation of a stronger adhesive bond with the surface of the deposited matrix,
resulting in an increased adsorption rate constant. This phenomenon is likely linked to
the observation that composites obtained from the DES-based electrolyte incorporate a
significantly larger amount of the TiO2 phase compared to coatings from an aqueous
electrolyte (at comparable mass concentrations of the dispersed phase in the electrolytes
under consideration), and they exhibit higher values of αmax.

The relationship between the adsorption rate constant and current density revealed
a significant distinction between the two electrolyte types under consideration [43]. For
the aqueous electrolyte, an elevation in current density (essentially, an increase in cathode
polarization) corresponded to a rise in the value of k. Conversely, for the DES-based
electrolyte, an increase in current density led to a decrease in k. This observed effect was
presumed to stem from notable differences in the structure of the electric double layer in
aqueous and DES-based electrolytes [44,45].

Mamme et al. [45] showed that in DES-based systems, the double layer exhibits a
sophisticated cluster structure comprising multiple adsorption layers, each enriched with
specific molecular or ionic components from the solution. The structure and composition of
these layers are notably influenced by the electric charge of the electrode. On a negatively
charged electrode surface, two layers form, enriched with hydrogen bond donor molecules
arranged differently in relation to the electrode surface. It was postulated [43] that the
emergence of multiple layers containing ionic and molecular components within the double
layer (essentially, its structural complexity) with an increase in the cathode polarization
hampers the complete or partial disruption of adsorption layers and solvate shells. This
hindrance serves as a prerequisite for the irreversible adsorption of dispersed particles
onto the surface of the growing nickel layer and the formation of a strong adhesive bond.
Ultimately, this phenomenon resulted in the observed reduction in the adsorption rate
constant with an increase in cathode current density (Table 2).
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A comparison of data regarding the incorporation of titania nanoparticles into the
nickel electrodeposited matrix in aqueous solutions and DES-based plating baths re-
vealed [46] that the DES-assisted system offers a relatively lower TiO2 content compared to
water solutions under otherwise similar conditions. In particular, it was noted that the max-
imum TiO2 content reaches 2.35 wt.% and 11.58 wt.% when using DES-assisted electrolytes
(without the addition of water) and aqueous electrolytes, respectively. This observation
was elucidated through the following rationale. Each particle suspended in a plating bath
is enveloped by a thin layer of the electrolyte, which must be removed to be integrated
into the growing metal electrodeposit. Likewise, a thin layer of electrolyte components
should be removed from the electrode surface during the entrapment of particles into the
depositing matrix. This process also encompasses the potential presence of adsorbed layers
on the electrode that necessitate partial or complete disruption. It is imperative to consider
that DES-containing electrolytes diverge from aqueous counterparts due to significantly
higher viscosity and density. Consequently, DES-based systems necessitate substantially
more time and energy to destroy dense and viscous films formed on the surfaces of both
particles and a growing metal matrix, impeding the rate of particle inclusion into deposits
and thereby diminishing the maximum available content of an inert dispersed phase in the
deposited composite layer.

At the same time, the physicochemical properties of DESs can be finely tuned by the
addition of water, which, in this case, serves not only as a solvent but also as an additional
special hydrogen bond donor [47]. It has been demonstrated [48] that the addition of water
to a colloidal electrolyte results in a significant decrease in viscosity, facilitating the easier
disruption of surface layers. Furthermore, the reduction in electrolyte viscosity accelerates
the transfer of colloidal particles to the electrode surface. These phenomena account for the
observed increase in TiO2 content when water is introduced into the electrolyte. However,
once a certain threshold value is reached, the TiO2 content in the composite coating remains
constant regardless of the water content [48]. It is understood that a certain “burial time”
is necessary for a colloidal particle adsorbed on the surface to become entrapped in a
growing metal matrix [36]. An adsorbed particle can only be integrated into a composite
if its “residence time” exceeds the “burial time”. It seems that the residence time begins
to decrease at a certain level of added water due to the accelerated desorption of particles
caused by the competitive adsorption of water molecules on the surface of hydrophilic
nickel. Consequently, the TiO2 content in composite coatings stops increasing.

It has been demonstrated [24] that the co-deposition of electrochemically inert particles
of the dispersed phase affects the kinetics of electrochemical deposition of the metal matrix.
Specifically, the cyclic voltammograms registered during the electrodeposition of copper
from DES-assisted plating baths with 10 wt.% Al2O3 or SiC (Figure 3) indicate a significant
decrease in current upon the addition of particulates to the solution. Analysis of the data
led to the conclusion that the observed reduction in the current can be explained by the
physical blocking of the electrode surface by the non-conductive particulate matter, thereby
effectively diminishing the conductive area of the electrode surface. Additionally, Figure 3
illustrates some variation in peak potentials corresponding to the different types of deposits,
particularly noticeable in the anodic stripping response. This variability is expected as
the peak position is influenced by the timescale; therefore, the copper components in
different composites will be electrochemically dissolved at a rate that is sensible for the
composite composition.

In [24], the consistent kinetic stability of solutions based on a DES throughout the
experimental period was underscored, indicating the absence of the settling of Al2O3
particles. This implies that the sedimentation of alumina particles did not significantly
affect their overall incorporation rate. It was presumed that the principal mechanism
governing the inclusion of particles into the deposited metal matrix was the irreversible
adsorption mechanism discussed earlier. Moreover, it was noted that larger particles were
more effectively incorporated at lower solution concentrations, while both particle sizes
exhibited preferential distribution into the metal deposit at higher concentrations.
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Figure 3. Voltammograms registered on platinum working electrode in electrolyte containing
0.02 mol dm−3 CuCl2·2H2O dissolved in deep eutectic solvent (eutectic mixture of ethylene gly-
col and choline chloride with the addition of either 10 wt.% Al2O3 or SiC. Potential sweep was
0.010 V s−1; silver wire was used as quasi-reference electrode. Reprinted from [24], copyright 2009,
with permission from Royal Society of Chemistry.

The addition of SiO2 nanoparticles into a DES-based solution containing dissolved
Ni(II) salt was observed to alter the response of cyclic voltammetry [28]. Specifically,
the peak potential of Ni(II) ion electroreduction shifted towards more positive values,
accompanied by an increase in maximum current density upon the introduction of SiO2
nanoparticles into the DES. The authors proposed two potential roles of SiO2 particles in the
electrodeposition process. Firstly, active SiO2 particles may serve as efficient preferential
nucleation sites, thereby facilitating the electrochemical deposition process. Secondly,
SiO2 nanoparticles could directly take part in the electrode reaction and catalyze the
electrodeposition of nickel.

The nucleation and growth processes of Ni–SiO2 composite deposition were investi-
gated through the chronoamperometry technique [29]. It was observed that the nucleation
of pure nickel closely followed a three-dimensional progressive nucleation mechanism
at more positive potentials, gradually transitioning to a three-dimensional instantaneous
nucleation mechanism as the applied potential shifted towards more negative values.
However, in the Ni–SiO2 system, nucleation predominantly followed a three-dimensional
instantaneous mechanism. As the concentration of SiO2 increased, the nucleation mode
gradually deviated from the theoretical model. This difference in nucleation behavior
between the deposition of pure nickel and Ni–SiO2 composites was attributed to changes
in the surface charge of particles and the thickness of the electrical double layer resulting
from the presence of SiO2 nanoparticles. The observed deviations in nucleation behavior in
the Ni–SiO2 system were associated with the growth process, which exhibited diffusion
and partial kinetic rate control. The partial kinetic control of growth may be attributed to
the chemical interaction between Ni(II) ions and the unsaturated bonds of oxygen atoms
on the surface of silica particles.

A comprehensive investigation into the nucleation and growth mechanism of the elec-
trochemical deposition of Ni–SiC composites in an ethylene glycol/choline chloride-based
DES containing either micro- or nano-sized SiC particles was conducted by Li et al. [49]. In
the absence of added SiC particles, the nucleation of nickel typically followed the three-
dimensional progressive mechanism, particularly at relatively positive applied potentials.
However, as the potential shifted negatively, the nucleation mode gradually transitioned
towards a three-dimensional instantaneous mechanism (Figure 4). These observations
are consistent with the findings reported in [29]. However, upon introducing micro-sized
SiC particles (0.3 µm) into the DES plating electrolyte, the nucleation mechanism of nickel
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initially aligned with three-dimensional instantaneous nucleation and then showed some
deviation from the theoretical pattern. Conversely, the nucleation of nickel in the presence
of nano-sized SiC particles (40 nm) closely adhered to the three-dimensional instantaneous
nucleation mechanism. Thus, it can be inferred that micro- and nano-sized particles exert
distinct effects on the nucleation and growth mechanism of the metal [49].
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As evident from numerous case studies discussed below, the use of electrolytes based
on DESs often yields coatings with a nanocrystalline structure [23]. This may be explained
by the effect of several key factors. Firstly, DES-based solutions typically exhibit higher
viscosity and density compared to aqueous electrolytes. This difference in fluid properties
can slow down diffusion processes and crystal growth rates, favoring the formation of
nanocrystalline structures. Secondly, DESs may have distinct effects on the kinetics of
crystal growth compared to aqueous solutions due to their unique chemical properties and
reactivity. Thirdly, the chemical interaction between the electrode surface and DES-based
electrolytes may differ from that in aqueous solutions, influencing nucleation and crystal
growth processes. Aqueous electrolytes without the addition of surfactants typically lead to
the formation of microcrystalline structures due to rapid nucleation and growth processes
facilitated by the high mobility of ions in the solution and rapid diffusion. However, the use
of DESs can modify these conditions, slowing down surface diffusion and charge transfer
and promoting the formation of nanocrystalline structures. In summary, the utilization of
DES-based plating electrolytes alters the deposition conditions, leading to the formation of
nanocrystalline coatings, whereas, under similar conditions, microcrystalline coatings are
typically obtained from aqueous electrolytes.

3. Case Studies

Below, we will delve into case studies described in the literature concerning the
electrodeposition of composite coatings using DES-based electrolytes, along with the
characterization of the properties and potential applications of the resulting composite
layers. The analysis will be structured according to a classification based on the chemical
nature of the material constituting the deposited metal matrix, which is commonly used
when discussing data concerning the electrochemical synthesis of composite layers.

3.1. Copper-Based Composites

The study conducted by Abbott et al. [24] marked a pioneering investigation into the
electrodeposition of composites using DESs based on choline chloride. The researchers
explored the electrodeposition process of Cu–Al2O3 and Cu–SiC composites utilizing two
distinct ionic liquids: one comprising a eutectic mixture of choline chloride and ethylene
glycol (commercially known as ethaline) and the other comprising a eutectic mixture
of choline chloride and urea (commercially known as reline). Inert dispersed phases of
alumina (with particle sizes of 0.05 µm and 1.0 µm) or silicon carbide (ranging from 1 to
3 µm) were added to the electroplating baths. The loading of Al2O3 and SiC particles within
the resulting electroplated films was found to be significantly influenced by the particulate
concentration in the solution while remaining largely unaffected by the concentration of
copper metal ions or the duration of the process. An elevation in the concentration of
colloidal particles in the solution corresponded to an increase in their content within the
composite electrodeposits.

An important observation from Abbott et al. [24] is that at lower solution concentra-
tions, larger particles exhibited a more efficient incorporation compared to smaller ones.
However, at higher concentrations, both particle sizes were preferentially partitioned into
the metal deposit. The primary mechanism attributed to the inclusion of particles was
identified as diffusion/convection driven by the concentration gradient.

The process of the electrodeposition of Cu/nano-SiC composites from DESs based
on ethylene glycol and the influence of the addition of two surfactants, sodium dodecyl
sulfate and cetyl trimethyl ammonium bromide, were investigated [50]. It was observed
that sodium dodecyl sulfate reduced the SiC content, while cetyl trimethyl ammonium
bromide increased the loading of inert particles in the coatings. The presence of surfactants
also affected the surface morphology of the composite coatings.
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3.2. Silver-Based Composites

Abbott et al. [51] investigated the electrodeposition of a silver-based composite utiliz-
ing deep eutectic solvents comprising ethylene glycol and choline chloride for the first time.
The plating electrolyte contained 0.1 mol dm−3 silver chloride dissolved in ethaline. The
addition of nano-sized SiC particles (50 nm) did not alter the surface morphology of the
silver matrix; however, it led to a doubling of the microhardness of the electrodeposited
coatings. Interestingly, increasing the size of the SiC particles from 50 nm to 2 mm did not
affect the microhardness of the composites, although it did result in a significant decrease
in wear volume (from 4440 µm3 to 4263 µm3, respectively). This finding is noteworthy
as it suggests the feasibility of depositing silver composites with enhanced wear resis-
tance for electrical contacts using DES-assisted plating electrolytes. The inclusion of Al2O3
nanoparticles (50 nm) had the most pronounced effect on the microhardness of the deposits;
however, the wear volume and surface morphology were comparable to those of coatings
containing SiC particles of the same size. Therefore, it can be concluded that the friction
coefficient and wear resistance are determined by the nature rather than the size of the
added particles [51].

3.3. Zinc-Based Composites

Marín-Sánchez et al. [52] reported the cathodic electrodeposition of Zn–cerium ox-
ides using the deep eutectic solvent choline chloride-urea (reline). Zinc and cerium chlo-
ride salts (ZnCl2 and CeCl3·7H2O) were added to the plating electrolyte both separately
(0.3 mol dm−3 in each case) and jointly (at the Zn:Ce ratio of 3:1). Cerium was integrated
into the electrodeposit as a mixed oxide Ce2O3 + CeO2 within the zinc metal matrix. The sur-
face morphology and chemical composition of the coatings varied with the current density
of the electrodeposition process. The maximum cerium content, averaging 8.30 ± 1.36 at.%,
was attained at current densities ranging from 1.13 to 0.75 A dm−2, with cerium predomi-
nantly existing in the form of mixed oxides: 50.6% Ce2O3 + 49.4% CeO2. Electrochemical
corrosion tests demonstrated similar corrosion rates for all coatings. In the case of defects
in the zinc–cerium oxide coating, active migration of cerium was observed, potentially
augmenting the protective properties of the coating in comparison to “pure” zinc.

Li et al. [53] investigated the electrochemical deposition of zinc–graphene oxide (zinc–
GO) composite coatings using a plating bath containing a eutectic mixture of urea and
choline chloride. The concentration of ZnCl2 in the plating solution was 0.2 mol dm−3,
while the concentration of GO was 0.05 g L−1 or 0.10 g L−1. It was observed that the
graphene oxide sheets exhibited extremely good dispersion stability with this DES. GO
particles, when incorporated into the growing zinc metallic matrix, served as favorable nu-
cleation sites, thereby accelerating the electrodeposition reaction. The presence of graphene
oxide significantly impacted the surface morphology and phase structure of the deposited
layers. Consequently, GO particulates could effectively enhance nucleation rates, reduce
the growth rates of zinc nuclei, alter the grain shape from polyhedron to granule, and
refine the grain structure (Figure 5). The zinc–GO composite films demonstrated superior
corrosion stability compared to pure zinc, with corrosion resistance further improving as
the GO content grew.
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Figure 5. SEM micrographs depicting the surface morphology of zinc-based coatings: (a) without
graphene oxide particles in the plating solution, (b) with 0.05 g L−1 graphene oxide, and (c) with
0.10 g L−1 graphene oxide. Reprinted from [53], copyright 2015, with permission from Royal Society
of Chemistry.

3.4. Tin-Based Composites

The electrodeposition of composite coatings comprising a tin matrix with embedded
reduced graphene oxide (rGO) was investigated, utilizing a deep eutectic solvent as the
plating solution [54]. The electrodeposition was carried out from an ethaline-based solu-
tion, containing 0.7 M SnCl2·2H2O with and without 20 mg L−1 rGO, at a temperature of
70 ◦C under constant magnetic stirring. It was demonstrated that this electrolytic medium
facilitated the creation of a stable and uniformly dispersed graphene oxide solution, en-
abling the subsequent integration of rGO sheets into the Sn matrix. The deposition process
of Sn-rGO composites involved nucleation and three-dimensional growth controlled by
diffusion, with nucleation transitioning from progressive to instantaneous as the overpo-
tential increased. Uniform Sn-rGO composite films were successfully electrodeposited,
demonstrating good adhesion to the copper substrate. X-ray diffraction analysis revealed
that the presence of rGO in the coatings reduced the preferred orientation of tin growth
along the planes (101), (211), (301), and (112). The average crystallite sizes ranged from
82 to 98 nm for pure tin and from 77 to 92 nm for Sn-rGO deposits. An enhancement in
corrosion resistance was observed for the Sn-rGO composite films compared to pure tin.
Furthermore, the results indicated satisfactory solderability of the coatings, indicating that
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the electrochemically deposited Sn-rGO composite could serve as an efficient solder layer,
as evidenced by wetting angles of about 44◦.

3.5. Nickel-Based Composites

The majority of the published literature on composite electrodeposition using DES-
based plating solutions focuses on materials with a nickel matrix. For example, Li et al. [28]
proposed a method for the in situ synthesis of SiO2 nanoparticles in a DES-assisted medium
(ethaline), enabling the synthesis of highly dispersed SiO2 nanoparticles and the electro-
plating of a homogeneous nickel matrix with evenly distributed silica nanoparticles. In this
process, tetraethyl orthosilicate (Si(OC2H5)4) was blended with ethaline and hydrolyzed
with the addition of a 10 wt.% hydrochloric acid solution. The resulting silica particles
had diameters ranging from 40 to 65 nm. The amount of captured silica nanoparticles in
the composite films reached 5.13 wt.%. Friction and wear tests revealed that the uniform
dispersion of silica nanoparticles in the Ni matrix notably enhanced the tribological perfor-
mance of the composite electrodeposited layers, leading to improved wear strength and
stable coefficients of friction.

In [29], SiO2 nanoparticles were co-deposited into a nickel matrix using an ethaline-
based DES through pulsed electrolysis. The concentration of NiCl2·6H2O in the electrolyte
was 0.2 mol dm−3, while the contents of nano-sized SiO2 (15–30 nm) were 0, 5, 15, 25, 35,
and 45 g/L. It was suggested that the presence of these embedded silica nanoparticles
significantly influenced the nucleation and growth processes, microstructure, and chemical
composition of the composite electrodeposits. The maximum content of embedded SiO2
particles (approximately 4.69 wt.%) was detected in the absence of any stabilizing additives.
In comparison to pure nickel coatings, the Ni–SiO2 nanostructured composite coatings
demonstrated notably improved corrosion resistance, with the level of enhancement corre-
lating to the increase in the SiO2 particulate loading in the electrodeposited films (Figure 6,
Table 3) [29].
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Figure 6. Open circuit potential (OCP) vs. time plot (a) and potentiodynamic polarization curves
(b) of nickel and nickel–SiO2 composite coatings recorded in 3.5% solution of NaCl. Reprinted
from [29], copyright 2016, with permission from Elsevier.

Table 3. Parameters derived from corrosion test of nickel and nickel–SiO2 composite coatings in 3.5%
solution of NaCl. Reprinted from [29], copyright 2016, with permission from Elsevier.

Specimens Ecorr (V vs. Ag/AgCl) icorr (A/cm2)

Pure Ni −0.72 3.92 × 10−5

Ni-5g/LSiO2 −0.57 3.23 × 10−6

Ni-25g/LSiO2 −0.43 2.89 × 10−7

Ni–SiC composite coatings were produced through a pulsed electrodeposition tech-
nique using an ethaline-based DES [49]. Silicon carbide particles of varying sizes (0.3 µm
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or 40 nm) were employed in formulating the plating solutions, the contents of the micro-
or nano-sized SiC particles being 5, 10, 15, 20, 25, and 30 g L−1. The electrolyte contained
also 0.2 mol dm−3 NiCl2·6H2O. Both nano- and micro-scale SiC particles were uniformly
dispersed within the electrodeposited Ni matrix. The influences of particle concentration
in the electrolyte, current density, and solution stirring rate on the silicon carbide particle
content in the composite electrodeposits were investigated. The maximum loadings of
nano- and micro-sized SiC dispersed phases in the composite layers were found to be up
to 5.37 wt.% and 12.80 wt.%, respectively. The obtained composite films exhibited greater
hardness and enhanced wear resistance compared to pure Ni coatings. Specifically, while
the microhardness of pure nickel was approximately 289 HV, it increased to 895 HV and
716 HV with the introduction of nano- and micro-sized SiC particulates into the coatings,
respectively [49].

Ni–PTFE composite coatings deposited via the electrodeposition method have gar-
nered significant interest owing to their favorable properties such as low friction coefficient,
solid lubrication, and excellent water repellency. Research by You et al. [27] introduced a
deep eutectic solvent-based bath for electrodepositing Ni–PTFE composite layers, eliminat-
ing the need for wetting agents. Thus, the electrolyte contained 1.0 mol dm−3 NiCl2·6H2O
in ethaline and the concentration of PTFE particles was 5 or 10 g L−1. The obtained coatings
contained approximately 3 wt.% of PTFE. The incorporation of PTFE contributed to the
improved wear resistance of the composites compared to pure nickel coatings. However,
contrary to expectations, potentiodynamic polarization investigations revealed that pure
nickel exhibited superior anticorrosion behavior compared to the Ni–PTFE composite
coatings: an increase in the PTFE content in the investigated composite films resulted in a
more negative corrosion potential and higher corrosion current [27].

A series of scientific publications [43,46,48,55–57] investigated the electrochemical
deposition behavior of Ni–TiO2 composite coatings using plating baths formulated with
deep eutectic solvents. Furthermore, various properties of the resulting coatings were
characterized. Nickel–TiO2 composite coatings, deposited from DES-based electrolytes
without any specific additives, contained titania particles in concentrations not exceeding
2.35 wt.% [46]. As indicated by the data presented in Figure 7, an increase in the water
content in the plating electrolyte notably elevated the concentration of the titania particles
in the composite films (up to ≈10 wt.%) [55].
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Figure 7. Influence of water concentration in the electrolyte on the TiO2 content in electrodeposited
composite layers. Current density was 1 A dm−2. Titanium dioxide particle concentration in the
electrolyte was 5 g L−1. The content of Ni(II) ions in ethaline was 1 mol dm−3. Reproduced from [55],
copyright 2022.

Electrodeposition using electrolytes based on DESs resulted in the formation of
nanocrystalline films, with crystalline sizes ranging from approximately 6 to 10 nm, con-
trasting with the “typical” microcrystalline nickel obtained from aqueous nickel plating
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baths [55]. This observation corroborates earlier findings [58–60], underscoring the ability
to produce nanostructured nickel coatings using DES-assisted electroplating baths. No-
tably, the electrodeposition of nickel matrices in deep eutectic solvents proceeds under
conditions of strong adsorption of both organic and inorganic components of the plating
solution on the Ni surface. This phenomenon impedes surface diffusion, slows down
crystallite growth rates, and ultimately facilitates the deposition of nanostructured coat-
ings. Moreover, not only do organic components of DESs contribute to this effect but
dispersed TiO2 nanoparticles can also act as specific surfactants impeding the rate of Ni
electrodeposition [55].

It was revealed that the incorporation of TiO2 nanoparticles into a nickel matrix,
along with an augmentation in their concentration within the electrodeposits, induces a
shift in corrosion potential towards more positive values, an enhancement in polarization
resistance, and a reduction in corrosion current density [56]. The improvement in the
corrosion resistance of the coatings was attributed to the barrier effect exerted by the
dispersed phase particulates and the creation of corrosion microcells, which promoted the
deceleration of localized corrosion.

The electrocatalytic activity of nickel coatings and electrodeposited Ni/TiO2 compos-
ites in a hydrogen evolution reaction (HER) was assessed using linear voltammetry in an
alkali water electrolyte (Figure 8) [48]. Remarkably, the nickel coating fabricated with the
DES-based electrolyte exhibited markedly improved electrocatalytic performance in the
HER compared to the one produced from an aqueous electrolyte. This improvement was
clearly observed in the polarization curve, which shifted towards more positive electrode
potentials. Furthermore, the introduction of titania particles into the Ni matrix led to a
shift in the polarization curve towards more positive electrode potentials, indicating an
additional enhancement in electrocatalytic activity.

The findings presented in [46,48,55] suggest that the fabrication of nanostructured
Ni/TiO2 composite coatings using DESs holds promise for the advancement of efficient
electrocatalysts in the synthesis of “green” hydrogen [61,62]. It is noteworthy that electrode-
posited Ni/TiO2 composite layers demonstrate not only electrocatalytic capabilities but also
exhibit photocatalytic activity in the photochemical degradation of methylene blue organic
dye in aqueous solutions [46]. This observation could pave the way for the development
of novel heterogeneous photocatalysis processes (TiO2/UV) for wastewater treatment,
leveraging electrodeposited metal matrices as reliable supports for titania particles [63,64].

Liu et al. [65] reported their investigation into the influence of boric acid and water on
the deposition process of Ni–TiO2 composite coatings using a deep eutectic solvent. Their
findings revealed that the addition of boric acid to the plaiting bath yields an acidic medium,
preventing the formation of hydroxide nickel(II) compounds and the decomposition of the
DES constituents. Therefore, boric acid seems to be an important additive in the deposition
process, particularly when employing a deep eutectic solvent-based nickel plating solution.
Nevertheless, once the boric acid concentration in the composite electrolyte surpasses
approximately 9 g L−1, the internal stress within the coating escalates, leading to the
emergence of minor cracks in the coating structure. In addition, the introduction of extra
water into the plating bath is advantageous in reducing the viscosity of the deep eutectic
solvent and augmenting its conductivity. Consequently, this leads to a significant increase
in the current density of nickel (II) ion electroreduction. Furthermore, water plays a crucial
role in altering the complexation state of Ni(II) ions, resulting in the formation of a coating
characterized by smaller crystallite dimensions. However, it is essential to note that an
excessive amount of added water can facilitate the deposition of large agglomerated TiO2
particles within the coating, posing potential challenges.

Several studies [66–68] have reported the electrochemical deposition of composite
films that incorporate various forms of nanostructured carbon into a nickel matrix. For
example, uniform nickel–multiwalled carbon nanotube (Ni–MWCNT) composite layers
were fabricated using reline-based plating baths [66]. The electrolytes exhibited a remark-
ably stable dispersion of both initial and oxidized MWCNTs, leading to a homogeneous
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distribution of MWCNTs within the deposited nickel matrix. It was observed that the
crystallinity, surface morphology, roughness, and corrosion resistance of the resulting
composites were directly affected by the presence of MWCNTs.
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Figure 8. Voltammetry responses characterizing hydrogen evolution reaction on Ni (1, 2) and Ni–
TiO2 (3) coatings in 1 M NaOH solution at 298 K. Electrodeposition was performed using aqueous
electrolytes (1) and DES-assisted plating baths (2, 3). Current density was 10 mA cm−2. The
concentration of titania in the DES-based electrolytes was 5 g l−1. The DES-based baths contained
(A) no extra water, and (B) 6 mol L−1 extra water. The content of NiCl2·6H2O was 1 mol L−1.
Reprinted from [48], copyright 2019, with permission from Elsevier.

Liu et al. [67] investigated the electrodeposition of composites with a Ni matrix us-
ing reline DES with the addition of dispersed carbon nanotubes (CNTs). The electrolyte
contained 50 g L−1 NiCl2·6H2O and 0.5 mol L−1 CNT. The electroplated composites were
found to have larger crystalline grain sizes of nickel compared to the pure deposited Ni.
Moreover, the incorporation of CNTs led to an increase in surface roughness, rising from
58 nm to 94 nm following the introduction of CNTs into the coatings. The Ni–CNTs com-
posites exhibited an exceptionally low friction coefficient and demonstrated improved
tribological behavior [67]. Xiang et al. [68] addressed the challenge of graphene agglomera-
tion in DES-assisted plating baths to synthesize graphene-reinforced composite coatings via
the electrodeposition technique. The electrolyte had the following composition: 37.4 wt.%
CH3CONH2 (acetamide), 28 wt.% CO(NH2)2 (urea), 34.6 wt.% NH4NO3, 0.05 mol L−1

NiCl2·6H2O, and 30 g L−1 H3BO3. The exfoliated graphene derived from the graphite
anode was a source of the dispersed phase in the plating bath. The graphene content in the
prepared coatings reached approximately 23.9 wt.%. The introduction of graphene did not
alter the orientation of the nickel crystal faces; however, it led to a significant refinement in
the grain size. The resulting composite coating exhibited exceptional microhardness com-
pared to the pure Ni coating (Figure 9). Additionally, the composite coating demonstrated
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reliable lubricating properties, with a relatively low friction coefficient (approximately 0.14)
and a significantly reduced wear rate, decreased by over 60% and tenfold, respectively, in
comparison to the nickel film (Figure 10).
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Reprinted from [68], copyright 2019, with permission from Elsevier.
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Wang et al. [69] investigated the electrochemical deposition of composite layers of
Ni-activated carbon and Ni–nano-carbon (50 nm) in a plating electrolyte based on etha-
line. The used electrolytes had the following compositions: 0.2 M NiCl2·6H2O and 0,
2, 4, 6, 8, 10, 12, or 14 g L−1 activated carbon or 50 nm carbon particles without any
pre-treatment. It was demonstrated that the electrodeposited composite coatings had a
three-dimensional, flower-like microstructure. SEM images of the surface of the nickel–
nano-carbon coatings (Figure 11) revealed that the carbon nanoparticles embedded within
the metal matrix yielded a flower-like microstructure, reminiscent of chrysanthemums.
Enhanced electrocatalytic activity towards hydrogen evolution was observed when using
the electrodeposited composite as electrocatalysts. It should be noted that the variety of
patterns of surface morphologies detected in [69] and illustrated in Figure 11 indicates that
the electrodeposition of composite layers from electrolytes based on DESs reveals additional
possibilities for controlled influence on the growth mechanism, particularly the ability to
flexibly change between growth mechanisms such as “layer-by-layer”, “layer-plus-island”,
and “island” growth. In traditional aqueous electrolytes, this switch between mechanisms
can be achieved by varying the parameters of pulsed electrolysis [70].

A study by Cherigui et al. [71] reported the electrochemical deposition of nickel-based
nanostructures onto a glassy carbon electrode using reline. It was demonstrated that the
electrocatalytic hydrolysis of residual water present in the deep eutectic solvent occurred at
a relatively negative electrode potential, leading to the formation of a hybrid Ni + Ni(OH)2
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adsorbed film. Such coatings can be viewed as composite; yet, the hydroxide particles were
not directly introduced into the plating bath as a dispersed phase but rather formed in situ
on the electrode surface. These electrodeposited composite layers hold significant promise
for generating supported nanostructures in a controlled and efficient manner, offering
potential benefits across a wide spectrum of applications.

Microflakes composed of mixed cerium molybdenum oxide hydrates were synthe-
sized from soluble precursors and co-deposited with a nickel matrix to form Ni–Ce,Mo
oxide composite coatings [72]. It was concluded that DES-assisted electroplating solutions
made it possible to successfully prepare composite layers, resulting in nanocrystalline
Ni matrices with a smaller crystallite size compared to the pure nickel electrodeposits
(6.3 nm and 10.4 nm, respectively). The corrosion behavior of these composite coatings in
an aggressive 0.05 M NaCl solution was extensively investigated. During corrosion, NiO
changed into Ni(OH)2, whereas oxides of molybdenum were removed from the coating
surface. These findings hold potential interest in creating novel surface films exhibiting
self-healing behavior.

An interesting approach to the electrodeposition of composite coatings involves the
co-deposition of a metallic matrix with metallic particles of a dispersed phase. For instance,
the patterns of electrodeposition and the properties of the resulting composites from elec-
trolytes based on DESs containing dissolved nickel (II) salt and nanoparticles of titanium or
aluminum have been investigated [73,74]. Specifically, the titanium content in a composite
coating depends on the concentration of particles in the electrolyte, current density, and
duty cycle when using pulse electrolysis, and can reach approximately 11 wt.% [73]. Here,
a DES (ethaline) with different loadings of titanium nanoparticles (4, 8, 16, or 32 g L−1)
was used. The adsorption and incorporation of titanium particles significantly altered the
nucleation conditions of the nickel. Indeed, the nucleation for pure Ni originally followed
a three-dimensional progressive mechanism, which then gradually shifted towards a three-
dimensional instantaneous model as the applied electrode potential became more negative.
At the same time, the nucleation of the nickel matrix in the Ni–Ti composites corresponded
to the three-dimensional instantaneous model initially but progressively ceased to obey sim-
ple theoretical models. The resulting Ni–Ti nanostructured composite films had enhanced
corrosion stability, which further improved with the increase in Ti nanoparticle loading.
Therefore, this approach was anticipated to produce high-performance nickel–titanium
nanocomposite layers with excellent anti-corrosion performance.

The aluminum content in a composite coating deposited using an electrolyte on a
DES was found to reach nearly 20 wt.% [74]. In this study, the content of Al nanoparti-
cles in the DES-based colloidal plating baths was 4, 8, 16, or 32 g L−1. The embedded
aluminum nanoparticles in the DES-based plating baths facilitated the electrodeposition of
Ni(II) complex ions, causing the nucleation mechanism to significantly deviate from the
three-dimensional instantaneous mechanism. Nickel–aluminum composite electrodeposits
revealed a slight decrease in the microhardness and anticorrosion properties compared
with nickel coatings. Nevertheless, the incorporation of aluminum particulates notably en-
hanced the anti-oxidation ability of the composite layers. Furthermore, a high-temperature
thermal treatment resulted in the formation of NiAl intermetallic and different oxides,
which improved the microhardness and corrosion stability. The suggested process of Ni–Al
composite fabrication is promising for the creation of anti-corrosion and high-strength
surface films.

Composite coatings can be formed with a matrix not only based on “pure” individual
metals but also from electrodeposited metal alloys. However, due to the apparent complex-
ity of such processes, there have been relatively few studies in this area. In particular, a
single study [75] has been published investigating the incorporation of reduced graphene
oxide particles into an electrodeposited matrix of the nickel alloy NiSn (NiSn-rGO com-
posite) using an ethaline-based electrolyte. Under pulse current conditions, high-quality
NiSn-rGO composite films were cathodically deposited, exhibiting satisfactory adhesion
to the copper substrate. The incorporation of graphene oxide sheets into the nickel–tin
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alloy affected the patterns of surface profile, grain size, and roughness of surface. Notably,
an enhancement in corrosion resistance was observed for the NiSn-rGO composites in
comparison to the pure nickel–tin alloy.
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ious contents of carbon nanoparticles in solution (g/L): 0 (a,a1), 0.1 (b,b1), 0.2 (c,c1), 0.3 (d,d1),
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microphotographs. Reprinted from [69], copyright 2019, with permission from Elsevier.

It should be noted that the electrochemical deposition of composite coatings from
DESs that contain a metallic dispersed phase and/or a matrix not of pure metal but an alloy
of multiple metals represents one of the most intriguing and promising directions. Clearly,
this conclusion applies to deposited composites not only based on nickel but also based on
other metals.

3.6. Cobalt-Based Composites

Electrodeposited composite films composed of a cobalt matrix with incorporated
multiwalled carbon nanotubes were fabricated utilizing a reline-based deep eutectic solvent
(a mixture of urea and choline chloride) [76]. The molar concentration of CoCl2·6H2O in
the electrolytes was 1 mol L−1 and the content of the MWCNTs was in the range of 0.1
to 0.5 g L−1. The resulting coatings of cobalt and cobalt–MWCNTs composites exhibited
a uniform and smooth surface, demonstrating excellent adhesion to the Cu substrates.
X-ray diffraction analysis revealed that the inclusion of MWCNTs induced a preferential
orientation of metal crystallites along the (220) plane, indicating the grain refinement
effect of the multiwalled carbon nanotubes. In contrast to the sharp-edged grain structure
observed in pure cobalt deposits, the cobalt-based composites displayed a less dense
formation characterized by relatively spherical particles interconnected by MWCNTs. It
was noted that the incorporation of MWCNTs led to a reduction in the surface roughness
of the electrodeposits. The corrosion resistance of the cobalt–MWCNT composite films was
found to be comparable and, in some cases, slightly superior to that of pure cobalt layers,
particularly evident during prolonged exposure to a 0.5 M NaCl solution. These improved
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corrosion properties were attributed to the hindrance of aggressive chloride ions’ diffusion
by the MWCNTs.

3.7. Chromium-Based Composites

The pulse electrodeposition synthesis and characterization of chromium–single-walled
carbon nanotube (Cr–SWCNT) composite coatings have been reported [77]. An environ-
mentally safe Cr(III) plating bath was employed containing dissolved chromium chloride,
choline chloride, sodium chloride, ethylene glycol, and single-walled carbon nanotubes
with diameters typically below 2 nm and lengths ranging from 5 to 15 µm. An excep-
tional current efficiency of approximately 70% was achieved for the Cr–SWCNT composite
electroplating, representing a significant improvement compared to the typical 10%–20%
current efficiency observed in industrial Cr(VI) plating baths [78]. The resulting composite
coatings exhibited a uniform and crack-free surface morphology, with embedded SWCNTs
forming bundles that were incorporated into the chromium metal matrix as aggregates [77].
The electroplated Cr–SWCNT composites displayed notably enhanced microhardness, mea-
suring around 540 HV compared to the approximate 280 HV of pure chromium. Corrosion
electrochemical behavior was studied in a 3.5% NaCl water solution, and the results re-
vealed that the composite Cr–SWCNT coatings exhibited superior anti-corrosive properties
in comparison to pure Cr layers.

Mejía-Caballero et al. [79] investigated the mechanisms governing the nucleation and
diffusion-controlled growth of Cr nanosized particles on a glassy carbon rotating disk
electrode using an ethaline-based electrolyte in which 50 mM Cr(III) ions were dissolved in
the form of CrCl3·6H2O salt. The resulting coating, in addition to metallic chromium, also
contained particles of Cr(OH)3 and Cr2O3 compounds, thus categorizing it as a composite
material. The formation of trivalent chromium oxide–hydroxide phases was attributed
to the interaction with hydroxide ions, which were generated as a result of the electro-
chemical reduction of residual water. Consequently, the electrodeposited nanoparticles
displayed a core–shell microstructure, with the core comprising metallic, zero-valent Cr
and the shell consisting of trivalent chromium compounds in the form of Cr2O3 and
Cr(OH)3. Unfortunately, no physicochemical properties of the synthesized composite
coating were investigated.

4. Conclusions and Possible Directions of Future Research

The electroplating of composite coatings stands as a remarkably potent and versatile
technique for markedly enhancing the physicochemical and operational characteristics of
surfaces, thereby imparting augmented functional properties. The scrutinized literature
underscores that the electrochemical synthesis of composites facilitates the development of
surface layers with heightened resistance against corrosion and wear, elevated microhard-
ness, and distinctive electrocatalytic and photocatalytic properties. Diverse categories of
plating baths can be utilized for the electrochemical deposition of composite coatings, with
aqueous solutions retaining widespread usage. Nonetheless, the usage of aqueous solu-
tions is not devoid of shortcomings; they are susceptible to aggregation and sedimentation
processes, thereby compromising the stability of the bath composition and the electroplat-
ing process. One possible solution to this problem is the implementation of non-aqueous
plating baths, with solutions based on deep eutectic solvents being particularly promising
in this context.

Plating baths involving deep eutectic solvents present notable benefits, characterized
by their environmental friendliness, ease of access, and cost-effectiveness concerning
primary constituents and synthesis techniques. These baths further provide enhanced
colloidal and sedimentation stability for electrolytes, facilitating the deposition of coatings
featuring a diverse spectrum of precisely controlled phases and chemical compositions.
Such achievements often remain elusive when employing aqueous electrolytes or plating
solutions based on organic solvents. Moreover, there exists versatility in fine-tuning the
properties of electrolytes based on DESs and the characteristics of the coatings deposited
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using these solutions. This flexibility enables precise control over the composition, structure,
and properties of the coatings, ensuring tailored performance for diverse applications.

In this review, literature data on the kinetics and mechanisms of co-deposition, as
well as the key operational characteristics of the composite electrodeposits obtained from
DES-based plating electrolytes, were systematically examined for the first time.

Highlighting the critical avenues for future research, the exploration of the electrode-
position of composite coatings from electrolytes formulated with deep eutectic solvents
necessitates attention towards the following key directions:

1. Refinement of electrolyte compositions. A paramount objective lies in the meticulous
adjustment of electrolyte compositions. This involves an in-depth investigation into
the influence of diverse constituents within DES-based electrolytes, aiming to optimize
their composition for the enhancement of composite coating properties.

2. Investigation of nanoparticle size effects. Establishing discernible patterns concerning
the impact of nanoparticle sizes assumes significance. It is imperative to delve into the
effects of varying sizes of nanoparticles within the dispersed phase on the kinetics and
inherent properties of electrochemically deposited composite coatings. This avenue of
research should provide insights into the interaction between nanoparticle dimensions
and the resulting coating characteristics, paving the way for tailored coatings with
precise functionalities.

3. Exploration of co-deposition mechanisms. A thorough investigation into the electrode-
position mechanism is essential to the advancement of knowledge in this field. This
involves a comprehensive exploration of the interactions between the electrochemical
processes, adsorption kinetics at the electrode surface, and the resulting microstruc-
ture and chemical composition of composite coatings. Such in-depth studies should
reveal the underlying mechanisms governing the formation of these coatings, offering
insights into optimizing the deposition process for enhanced performance.

4. Analysis of colloidal–chemical behavior of DES-based electrolytes. A crucial aspect of
future research involves establishing clear patterns in the colloidal–chemical behavior
of suspensions and colloidal electrolytes formulated with DESs. These electrolytes
are pivotal for the electrolytic deposition of composite films. The goal is to develop
more stable and reliable technological processes tailored for practical applications.
Understanding the behavior of these systems at a molecular level will enable the fine-
tuning of deposition parameters, leading to improved coating quality and durability.

5. Utilization of advanced characterization techniques. The application of advanced
characterization methods, such as in situ monitoring or real-time imaging, holds
particular significance for a comprehensive understanding of the evolution of com-
posite coatings during electrodeposition. These cutting-edge techniques should offer
invaluable insights into the dynamic processes occurring at the electrode interface,
allowing for precise observations of morphological changes, phase transformations,
and surface interactions in real time. Such detailed analysis will aid in elucidating the
mechanisms governing the formation of composite coatings, thereby paving the way
for optimized deposition strategies and enhanced coating properties.

6. Identifying pathways for the flexible control of process parameters. This involves the
identification of pathways for flexible control over process parameters. Specifically, it
is of great value to delve into the effects of various parameters such as temperature,
stirring rates, current densities, and different current regimes on the deposition kinet-
ics and resultant properties of composite coatings. By systematically varying these
parameters and analyzing their impact on coating morphology, composition, and
performance, optimized process conditions tailored to specific application require-
ments could be established. This endeavor should aim to uncover the interactions
between process variables and coating characteristics, facilitating the development of
advanced and adaptable electrodeposition techniques for composite coatings.

7. Tailoring specific composites for targeted applications. A pivotal focus for future
research lies in the development of tailored composites designed for specific appli-
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cations. This involves meticulous adjustments to the composition, structure, and
properties of coatings to align with the requirements of distinct end-use scenarios. Of
notable promise and significance is the advancement of high-performance, reliable
electrocatalysts tailored for use in green hydrogen energy applications. By fine-tuning
the characteristics of these coatings, researchers aim to enhance efficiency, durability,
and overall performance for sustainable energy processes.

8. Integration of environmental and economic considerations. It is imperative to incorpo-
rate mandatory evaluations of environmental sustainability and economic feasibility.
This aspect holds particular weight when employing DES-based electrolytes, necessi-
tating the exploration of eco-friendly and cost-effective approaches. Understanding
the environmental footprint and economic viability of these processes ensures the
development of sustainable practices that align with global initiatives towards greener
technologies.

9. Exploration of multi-elemental and multi-phase composite deposition. A promising
frontier emerges in the field of multi-elemental and multi-phase composite deposition.
This direction extends the research horizon to encompass the simultaneous deposition
of multiple elements or compounds within composite coatings. This innovative
approach not only expands the range of functionalities but also offers enhanced
versatility and performance in various technological applications.
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