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Abstract: The electrodeposition process of metals and their alloys is widely used in the automotive,
space, electronics, computing, jewelry, and other consumer items industries. Over the years, the
search for new coatings with more suitable characteristics for their application led to the use of ionic
liquids (ILs) as electrolytic solutions. In addition to having good conductive properties, the growing
interest in these solvents has environmental appeal due to their low toxicity. Furthermore, the ability
of these electrolytes to dissolve compounds containing less soluble metals makes them potential
substitutes for environmentally harmful solvents. In this sense, this review describes the current state
and the innovations concerning the electrodeposition of metals and alloys using ILs as electrolytes
in the last five years. Metals were classified into five groups (common, light, noble, rare earth, and
others), highlighting not only the ability to form a smooth, homogeneous, and anti-corrosive deposit,
but also the reactive capacity of metals in hydrogen evolution and catalytic processes.

Keywords: batteries; coating; corrosion; electroplating; electrochemistry

1. Introduction

Among the main coating processes, electrodeposition stands out as a fast, low-cost
method, in which the thickness of the deposit is easy to control. It is widely used in the
automotive, aerospace, and oil industries [1]. In addition, electrodeposition has applications
in the metallurgy and jewelry industries. This process is based on the mass transport of the
solvated ion from the interior of the electrolyte solution toward the cathode. Adsorption
of the coating metal occurs due to its complete desolvation and total charge loss (electron
transfer) at a convenient location on the cathode surface. The atoms clump together until
they form a growth center. This step is known as nucleation, and subsequent crystal growth
occurs, controlled by interfacial phenomena. The interaction between these growth nuclei
occurs through the superposition of crystals, giving rise to the growth of multilayers on
the electrolytic surface, as shown in Figure 1 [2]. Although the process is known, the
requirement to meet performance criteria has required ways to improve the electrolytic
bath. Depending on application and service conditions, criteria include adhesion, ductility,
and corrosion resistance [3,4].

Electrodeposition is categorized into the following three processes: (1) Underpotential
deposition, (2) Electrophoretic deposition, and (3) Electroplating. Its main advantages
and disadvantages are shown in Figure 2. Underpotential deposition is used in one- and
two-step bimetallic particle syntheses. The metal is reduced on a surface at a potential
less negative than the Nernst potential for the reduction of the metal on itself. Therefore,
the reduction of the host metal is more favorable, forming monolayers or submonolayers
of the secondary metal. On the other hand, electrophoretic electrodeposition generally
uses two-electrode cells. The direct current electric field causes the charged particles to
move towards the oppositely charged electrode, forming a compact and homogeneous
film. Finally, electroplating employs an electric current to reduce dissolved metal cations in
solution, forming a thin coating on the surface of the electrode.
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Al and its alloys are widely synthesized by electrodeposition. The studies use differ-
ent aqueous baths, such as molten inorganic salts, organic solvents, and ionic liquids (ILs) 
[5]. ILs emerged as “green solvents” due to their easy incorporation into systems that were 
previously mostly dominated by volatile organic solvents. These salts are non-flammable, 
have a low melting temperature (<100 °C), have good thermal stability, and an almost 
insignificant vapor pressure [3,6]. In addition to being ecologically friendly, due to their 
low toxicity, they are easily recovered by extraction or distillation and recycled for subse-
quent use [7–9]. The composition of ILs (generally organic salts) comprises large cations 
derived from N-alkyl ammonium, phosphonium, sulfonium, guanidinium, imidazolium, 

Figure 1. Deposit formation process and its involved phenomena.

Metals 2022, 12, x FOR PEER REVIEW 2 of 27 
 

 

Finally, electroplating employs an electric current to reduce dissolved metal cations in 
solution, forming a thin coating on the surface of the electrode. 

 
Figure 1. Deposit formation process and its involved phenomena. 

 
Figure 2. Main advantages and disadvantages of electrodeposition processes. 

Al and its alloys are widely synthesized by electrodeposition. The studies use differ-
ent aqueous baths, such as molten inorganic salts, organic solvents, and ionic liquids (ILs) 
[5]. ILs emerged as “green solvents” due to their easy incorporation into systems that were 
previously mostly dominated by volatile organic solvents. These salts are non-flammable, 
have a low melting temperature (<100 °C), have good thermal stability, and an almost 
insignificant vapor pressure [3,6]. In addition to being ecologically friendly, due to their 
low toxicity, they are easily recovered by extraction or distillation and recycled for subse-
quent use [7–9]. The composition of ILs (generally organic salts) comprises large cations 
derived from N-alkyl ammonium, phosphonium, sulfonium, guanidinium, imidazolium, 
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Al and its alloys are widely synthesized by electrodeposition. The studies use different
aqueous baths, such as molten inorganic salts, organic solvents, and ionic liquids (ILs) [5].
ILs emerged as “green solvents” due to their easy incorporation into systems that were pre-
viously mostly dominated by volatile organic solvents. These salts are non-flammable, have
a low melting temperature (<100 ◦C), have good thermal stability, and an almost insignifi-
cant vapor pressure [3,6]. In addition to being ecologically friendly, due to their low toxicity,
they are easily recovered by extraction or distillation and recycled for subsequent use [7–9].
The composition of ILs (generally organic salts) comprises large cations derived from
N-alkyl ammonium, phosphonium, sulfonium, guanidinium, imidazolium, pyrazolium,
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pyridinium, and others, and are linked to anions with a delocalized or shielded charge
such as bis(triflyl)imide, hexafluorophosphate, tetrafluoroborate, trifluoromethylsulfonate,
dicyanamide, bromide, chloride, tetrachloroferrate(III), and others [3].

One of the main features of ILs is the flexibility to adjust and adapt their thermophys-
ical properties by varying the constituent ions [6,7]. This flexibility reflects the ability to
chemically and structurally modify the ionic pairs, resulting in various forms of applica-
tion such as solvents, electrolytes, solar cells, gas storage, organometallic and enzymatic
catalysis, lubricants, hydraulic fluids, and others, making it a valuable product for many
kinds of research [3].

As displayed in Figure 3, the increase in the number of studies related to electrodeposi-
tion using ILs has been growing over the years. They have a wide electrochemical window
and good electrical conductivity. The higher speed of the process, with very negative redox
potential and no hydrogen evolution, can result in a low risk of corrosion to the equipment,
including increased mass transfer and better control of the nucleation process and growth
of deposit grains [10]. Another important factor is that they can be aprotic, which can solve
questions concerning hydrogen ions in protic solvents [6].
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Table 1 summarizes the review for ILs for the electrodeposition of metals and metal
alloys, and presents the organic salts, metals and alloys deposited. A combination of
79 ILs, 25 metals, and 40 alloys were found. Low-viscosity ILs are preferred in metal
and alloy electrodeposition studies due to their ease of synthesis and stability under
oxidative and reducing conditions [6,11]. However, some ILs have a high viscosity and
can be a diminutive factor for mass transfer, making the process slower than aqueous
electrolytes [10]. Therefore, they can also be presented from a mixture of deep eutectic
solvents (DES). For example, choline chloride has a viscosity of 14.2 mm2/s. In some studies,
proportions are made with urea and/or ethylene glycol [12–15] to reduce the viscosity and
obtain a lower melting point than pure components, improving mass transfer [16–18].
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Table 1. Studies involving electrodeposition of metals and alloys with ILs in the last five years.

Nomenclature Abbreviation Metal or Alloy Reference

(1-methyl-3-(2-oxo-2-((2,4,5
trifluorophenyl)amino)ethyle)-1H-imidazol-3-ium iodide) [MOFIM]I Ni–Co [19,20]

1-(4-fluorobenzyl)-3-(4-phenoxybutyl)imidazole-3-ium
bromide [FPIM]Br

Co
[19,21]

Ni

Ni–Co [20]

1,3-dibutylpyrazolium bromide DBPz–Br Ag [22]

1,3-dibutylmorpholinium bromide DBMp–Br Ag [22]

1,3-dimethyl-2-imidazolidinone–AlCl3 DMI−AlCl3 Al–Mg [23]

1,3-dimethyl-2-imidazolidinone–LiNO3 DMI–LiNO3
La [24]

Nd [25,26]

1,3-dimethyl-2-imidazolinone–ZnCl2 DMI−ZnCl2
Zn [27]

Nd [26]

1-alkyl-3-methylimidazolium bromide EMIBr
Au [28]

Ag [29]

1-allyl-3-methylimidazolium bromide AMIBr
Zn [30]

Pt [31]

1-butyl-1-methyl-pyrrolidinium
bis(tri-fluoromethylsulfonyl) imide

[Bmim]TFSA or [BMPTFSA] or
BMPyrrFSI

Cu [32]

Co [33]

Zn [34]

Al–Co [35]

Al–Cu [35]

Pr [36]

Bi [36]

Ti [37]

Ta [38]

1-butyl-1-methylpyrrolidinium dicyanamide [BMP][DCA]

Sm [39]

Ga [40]

Au [41]

Eu [42]

Cr [43]

Ag [41,44,45]

1-butyl-1-methylpyrrolidinium triflate BMPyOTf Dy [46]

1-butyl-1-methylpyrrolidinium trifluoromethylsulfonate [BMIM][OTf] or [Py1,4]TfO Fe–Cu [41]

Fe–Al [47]

1-butyl-3-(1-methylimidazolium-3-hexyl)
imidazolium bromide Ag [29]

1-butyl-3-benzimidazolium bromate [HBBIm]Br
Pd [48]

Pt [48]

1-butyl-3-butyillimidazolium bromide DBIz–Br Ag [22,29]
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Table 1. Cont.

Nomenclature Abbreviation Metal or Alloy Reference

1-butyl-3-methylimidazolium–hydrogen sulfate [BMIM]HSO4 Ni–Fe [49]

1-butyl-3-methylimidazolium acetate [Bmim][Ac] Cd–Te [50]

1-butyl-1-methylpyrrolidinium dicyanamide [BMP][DCA]

Ag [41,44]

Eu [42]

Sm [39]

Cr [43]

Ga–Sb [40]

1-butyl-1-methylpyrrolidinium triflate BMPyNTf Dy [46,51]

1-butyl-3-methylpyrrolidinium dicyanamide [BMIm][DCA] Ag [41]

1-butyl-3-methylimidazolium bis(triflyl)imide [BMIM][TFI] or C4mimTFSA
Ni–Fe [52]

Cu [32]

1-butyl-3-methylimidazolium bromide [Bmim][Br] Ag [29,53]

1-butyl-3-methylimidazolium chloride [Bmim][Cl] or [BMIC] or
[C4mimCl]

Al [54–61]

Al–Ti [62]

Ti–Al [63]

Ag–Pd [64]

Cu–Sn [65,66]

Cu–Ag [67]

Pd [68]

1-butyl-3-methylimidazolium hexafluorophosphate [Bmim]PF6

Ru [69]

Ir [70,71]

1-butyl-3-methylimidazolium tetrafluoroborate [BMIm][BF4]

Co [72]

Ir [73]

Ce [74]

1-butyl-3-methylimidazolium trifluoromethanesulfonate [Bmim][TfO]
Zn

[75]
Sn

1-butyl-3-methylimidazolium dicyanamide [BMIm][DCA]

Ag [41]

Au [41]

Cu–Sn [76]

1-butylimidazolium bromide [HBIm][B] Ag [53]

1-decyl-3-(1-methylimidazolium-3-hexyl)
imidazolium bromide Ag [29]

1-dodecyl-3-methylimidazolium chloride [C12mim][Cl]
Ni–Fe–Mo

[77]
Ni–Fe–W

1-ethyl-3-methyl imidazolium bromide [EMIM] [Br] Ni–Mo [78,79]
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Table 1. Cont.

Nomenclature Abbreviation Metal or Alloy Reference

1-ethyl-3-methylimidazolium chloride [EMIM][Cl] or [EMIC] or
[C2mimCl]

Zn [80]

Nd–Fe [81]

Al [11,54,82–90]

Al–Li [91]

Al–Ga [92]

Al–Mn–Zr [93]

Al–Ti [94]

Al–W [95–97]

Al–Mn [98]

Co–Zn [99]

Cu [100]

Cu–Sn [101]

Ga [102]

Pd [103,104]

1-ethyl-3-methylimidazolium chloride-ethylene glycol EMIC–EG Ni–La [105]

1-ethyl-3-methylimidazolium chloride–urea EMIC–UA Cu [100]

1-ethyl-3-methylimidazolium dicyanamide [EMIM][DCA]

Cu–Sn [76]

Nd [81,106]

Fe [81,106]

Nd–Fe [81]

1-ethyl-3-methylimidazolium trifluoroacetate [Emim]TA Pd [107]

1-ethyl-3-methylimidazolium trifluoromethylsulfonate [EMIm][TfO]

Cu–Zn [108]

Cu [109]

Ag [109]

1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide [C4mim][NTf2]

Ga [102]

Pd [110]

1-ethyl-3-methylimidazolium bis(fluorosulfonyl)amide [C2C1im][FSA] Na [111]

1-ethyl-3-methylimidazolium fluoride [EMIM]F Cu [112]

1-heptyl-3-(1-methylimidazolium-3-
hexyl) imidazolium bromide Ag [29]

1-hexyl-3-methyl-imidazolium bromide [HMI][Br] Ag [29]

1-hexyl-3-methyl-imidazolium chloride [HMI][Cl] Al [54]

1-ethyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl) imide [EMIm][TFSA]

Cu [113]

Cu–Sn [114]

Zn [34,115,116]

1-hexyl-3-methylimidazolium hydrogen sulfate [HMIM][HSO4] Ag [117]

1-Methylpiperidinium trifluoromethane sulphonate [HmPip][OTf] or [MIMTfO]
Cu [118]

Zn [119]

1-octyl-3-methylimidazolium bromide Ag [29]
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Table 1. Cont.

Nomenclature Abbreviation Metal or Alloy Reference

1-propyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)amide [C3mpyr][TFSA] Co [120]

1-tetradecyl-2-aminoethyl imidazolium bromide [C14PImNH2]Br Pt [121]

2,2-diheptyl-1,1,3,3-tetramethylguanidinium bromide Pt [122]

3- butyl-1- ethylimidazolium Al [61,123]

Aluminium chloride–4-ethylpyridine AlCl3–4-EP Al [124]

Aluminium chloride–triethylamine hydrochloride AlCl3–TMHC
Al–Zr–Cu [125]

Co–Al [126]

Betainium bis((trifluoromethyl)sulfonyl)amide [Hbet][Tf2N] or [Hbet][TFSA]

Cu [127]

Cu–Pb [127,128]

Zn [129]

Pb [129,130]

Pd [131]

Butylpyridinium dicyanamide Pyri4–DCA Ag [45]

Choline chloride–ethylene glycol ChCl–EG

Fe–Cr [132]

Ni–Fe [133]

Ni–Sn [134]

Ni [12,18,135,136]

Ni–Sn–P [137]

Co [138,139]

Ni–Co [15]

Cu [118,136,140]

Sn [136]

Zn [17,141–143]

Au [144]

Ag [136,144]

Mn [14]

Choline chloride–Urea ChCl–UA

Ni [12,18,145]

Co [139]

Ni–Co [13]

Zn [17]

Mn [14]

Pr–Mg–Co [146]

Pr–Mg–Ni [147]

Sn–Co–Ni
[148]

Sn–Co–Zn

Choline chloride–malonic acid ChCl–MA
Co [139]

Co–Cr [149]

Choline chloride–oxalic acid ChCl–OC Co [139]

Dibutylpyrrolidinium bromide DBP1–Br Ag [22]
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Table 1. Cont.

Nomenclature Abbreviation Metal or Alloy Reference

Ethylene carbonate–Aluminum chloride EC–AlCl3
Al–Li [150]

Li [150]

Lithium–bis(trifluoromethylsulfonyl)amide Li–TFSI Li [151–153]

Lithium–bis(fluorosulfonyl)imide Li–FSI Li [153]

Perfluoro-3-oxa-4,5 dichloro-pentan-sulphonate Al [154]

poly(1-allyl-3-methylimidazolium) PAMI Pt [31]

Tetramethyl guanidinium-perfluoro-3-oxa-4,5
dichloro-pentan-sulphonate [C5H14N3

+][CF2ClCFClOCF2CF2SO3
−] Al [154,155]

Tributylhexylphosphonium bis(trifluoromethyl
sulfonyl)imide [P4446][NTf2] Li [156]

Triethylammonium acetate [TEAA] Ag–Cu [157]

Triethyl-n-pentyl phosphonium
bis(trifluoromethyl-sulfonyl)amide [P2225][TFSA] Ru [158]

Triethyl-n-hexyl phosphonium
bis(trifluoromethyl-sulfonyl)amide [P2226][TFSA] Pt [159]

Trihexyltetradecylphosphonium
bis(2,4,4-trimethylpentyl)phosphinate (Cyphos IL 104®) Rh [160]

Trihexyltetradecylphosphonium
bis(trifluoromethylsulfonyl)amide [P6,6,6,14][TFSI] Nd [161]

Trihexyl(tetradecyl)phosphonium chloride (Cyphos IL 101) Ir [162]

N-butyl-N-methylpyrrolidinium bistriflimide BMPTFSI

La

[163]
Sm

Nd

Dy

N-butyl-N-methyl pyrrolidinium dicyanamide BMP–DCA or [C4mpyr][DCA] Ni–La [164]

Nd [165]

N-methyl-N-butyl-pyrrolidinium
bis(trifluoromethanesulfonyl)imide [C4mpyr][Tf2N] Li [166]

N-methyl-N-propylpiperidinium
bis(trifluoromethanesulfonyl)imide [MPPip][TFSI] Zn [167]

Among the metals, Al [5,85], Co [168], Ni [145], and Zn [169] appear more frequently
in electrodeposition using ILs, mainly due to their protection characteristics and rapid
mass transfer during the process. In addition, they are favorites to serve as base metals,
including for alloys such as Fe [170] and Cu [108], since they perform efficient codeposition
and rapid nucleation. Another strong application for ILs is the ability to dissolve salts
or oxides of rare earth and noble metals and then perform their electrodeposition. The
process separates the metal of interest from a complex mixture, making the application of
ILs fundamental.

The oxidizing capacity of light metals (Na, Li, and Mg) can be better controlled using
ILs in catalytic reactions in batteries, which can promote electroadsorption under less
unstable conditions [111]. Therefore, these studies highlight the ability of ILs to replace
organic solvents. In this context, the review proposed a valuation and critical analysis of
the use of ionic liquids in the electrodeposition process of metals and alloys in the last
five years.
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2. Electrodeposition of Common Metals
2.1. Aluminum

Aluminum plays an essential role as an excellent coating material due to its thermal
properties, electrical conductivity, light weight, and corrosion resistance [5]. In addition, Al
coatings and alloys tend to develop a natural passive oxide layer on their surface during
contact with air, making them resistant to corrosion in different environments [55]. In recent
years, the electrodeposition of Al from ILs has generated great interest among academic
and industry researchers due to its industrial potential, benefiting many industries such as
automotive, aeronautics, naval, construction, electronics, and others [56]. The outstanding
characteristics are the ability to operate at low deposition temperatures, ease of preparation,
low cost, and high electrochemical stability. Furthermore, chloroaluminate ILs are the
simplest compounds, containing inorganic halide anions and organic cations [171], which,
in solution, form the ions [(Al2Cl7)]− and [(AlCl4)]− as electroactive species available
for reduction.

Several authors change the AlCl3/IL molar ratio with the ionic cation to improve
conductivity and electrochemical potential window and favor electroplating on an indus-
trial scale. The feasibility of the electrodeposition process depends on the AlCl3/IL molar
ratio and the characteristic of the studied IL. For [C5H14N3

+][CF2ClCFClOCF2CF2SO3
−],

the studied molar ratio ranged from 0.9 to 1.3. This composition range showed better
conductivity values that allowed sufficient mobility of the electroactive species [155]. At
room temperature, [C5H14N3

+][CF2ClCFClOCF2CF2SO3
−], due to its immiscibility in wa-

ter, produced excellent deposits for an AlCl3/IL molar ratio of 0.95:1 [154]. For AlCl3/4-EP,
the reduction current with a molar ratio of 1.3:1 was greater than that with a molar ratio of
1.1:1, suggesting that the reduction of [AlCl2(4-EP)2]+ is thermodynamically favorable than
[AlCl2(4-EP)2]+ [124].

For BMIC, with a 1:2 molar ratio, the deposition of Al on a copper substrate was
efficient at 90 ◦C [57]. In contrast, Wang et al. [58], inverting the proportion to 2:1, eval-
uated the temperature variation during the electrodeposition process of Al on Cu. They
demonstrated that at 100 ◦C, there was a better diffusion and/or migration of Al2Cl7− ions,
generating an increase in current density with a contribution to greater nucleation and
efficiency of Al deposition. However, temperatures higher than room temperature may
not favor electrodeposition on IL [59] since these conditions also depend on the IL and the
porosity of the substrate [55].

The Al deposit studies have a rich variation of the AlCl3/IL ratio. However, [EMIm]Cl
stands out as the main IL for the electrodeposition of Al and its alloys [82,83]. The most
evaluated AlCl3/[EMIm]Cl ratio was 2:1 [11,84,85]. However, ratios between 1:1 and
2:1 [54,86] and 1:2 [83] also obtained excellent deposition results. [EMIm]Cl confers a less
negative applied potential and a higher current density to Al deposition in addition to
a uniform coating and instantaneous nucleation of the coating, promoting lower energy
consumption during the deposition.

The lower energy consumption and uniform coating have sparked interest in the
Li-ion battery field. For example, Peng et al. [87] studied [EMIm]Cl as an electrolyte for the
deposition of Al on Ni. As a result, they obtained a film free of dendrites, improving the
corrosion resistance of Ni, and making it suitable for use as anodes of Li-ion batteries. The
smooth and uniform deposition was also obtained at a current density of 20 mA/cm2 for
the uranium substrate, significantly increasing the corrosion resistance [88]. Another recent
advance was the magnetohydrodynamic (MHD) effect of the AlCl3–[EMIm]Cl composition
in reducing the activation energy required to promote electrochemical reduction [89]. In
addition, it increased the capacitance of the electrical double layer and promoted greater
mass transport of Al [90].

The AlCl3/IL ratio inspires researchers to develop Al alloys from electrolytes contain-
ing ILs. Several alloys were synthesized in different temperature ranges, such as Al–Li [91]
and Al–Ga [92] at 25 ◦C, Al–Mg [23] at 50 ◦C, and Al-Cu [35] at 70 ◦C. However, the two
most cited Al alloys in the literature refer to Al–Ti and Al–W. The 2:1 AlCl3–[EMIm]Cl elec-
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trolyte containing TiCl4 (0.1 M) resulted in an Al–Ti alloy deposited on a copper electrode
after a multi-step reduction [94]. The reduction to TiCl42− contributed to the codeposition
of Ti on Al, with a Ti content of up to 7.37%. In contrast, Xu et al. [62], using [Bmim][Cl] as
an electrolyte, obtained an Al–Ti alloy with a Ti content of up to 11.4 at.%.

Another study co-deposited Al on Ti (Ti–Al alloy) using [Bmim][Cl] [63]. The authors
maintained the highest proportion of Ti of up to 40%, demonstrating that increasing the
IL chain showed a greater ability to control the composition and morphology of Al–Ti
coatings. For Al–W, as well as Al deposits, [EMIM][Cl] is the most used cation [95], with W
contents in the range of 9–12 at.% using W6Cl12 as the W source for AlC3/EMImCl ratios
2:1 [96,97].

Unlike the studies cited, Higashino et al. [96] obtained a W content of 20 at.%, with
a 1:1.5 ratio of AlCl3/EMImCl, demonstrating that the increase in the cation made the
electrolyte more polarizable. Furthermore, the increase in current density favored the
codeposition of W over Al. Bright and adherent deposits of ternary alloys with Al have
also been studied. However, the proportions of the other metals added together were
at most 10%, demonstrating the need for a careful view of the proportions to favor the
codeposition [93,125].

In addition, by evaluating parameters such as component proportions, temperature,
and current density, additives have been highlighted in the electrolyte composition com-
bined with IL for Al and its alloys. For [BMIM][Cl], additives such as dichloromethane
(DCM) and toluene (C7H8) were evaluated as improving agents for Al electrodeposition
processes [61]. The morphology of the deposits improved with DCM due to its interaction
with the [BMIM][Cl] cations, which can be adsorbed on the protruding part of the electrode
surface during the electrochemical process. On the other hand, as the interaction of C7H8
with the cation was low, the characteristics of the deposit were inferior to those of DCM.

For IL, 3-butyl-1-ethylimidazolium, light aromatic naphtha (LAN) [123], as well as
DCM for [BMIM][Cl], also improved the morphology of the deposits due to attraction
with the 3-butyl-1-ethylimidazolium cation, demonstrating a brighter appearance to the
metal. Although the electrodeposition of Al and its alloys with the ILs in the electrolytic
environment is already present in many studies, research on ternary alloys and additives
that improve the electrodeposition process can be further explored.

2.2. Iron

Due to the ease of oxidation, Fe is one of the few metals not studied individually
in electrodeposition processes. All studies used Fe as a base metal and inducer of the
codeposition of other metals to obtain stable and anticorrosive alloys [132] or as an element
codeposited by a base metal [133]. Fe–Cu [172] and Fe–Al [47] alloys were obtained by
electrodeposition with [Py1,4]TfO, both on a copper substrate, aimed to “damp” these
alloys. For both studies, there was a thin deposition of the alloys on the substrate, in which
the interaction phenomenon was charge transfer. The difference between the depositions
was the locations of the damping peaks. For Fe–Cu, a damping peak occurred around
680 K, leading to the appearance of Fe particles at the interface between Cu and Fe (Cu
+ α-Fe phase). The driving force was the diffusion of Cu atoms around the Cu + α-Fe
phase particles. For Fe–Al, the peak appeared around 800 K. However, the phenomenon
depended on the dissolution of small precipitates or agglomerates of defects during heating.
During cooling, the phenomenon depended on the reprecipitation/reagglomeration of the
particles. Therefore, [Py1,4]TfO favored the electrodeposition of Fe alloys, improving the
damping of the process.

Although Fe is preferentially studied as an alloy, alloys with Ni were the most found
considering Fe codeposited [49,77,133]. One of these studies aimed to improve the anti-
corrosion properties of the Watts bath of Ni–Fe alloy with boric acid [52]. [BMIM]HSO4
improved the nucleation and three-dimensional growth of Ni–Fe alloy grains due to the
increase in charge transfer involved in the process [49]. For the authors, the anticorrosive
improvement was evident.
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2.3. Nickel

Most studies involving Ni use the NiCl2 salt as the metal source since the Cl ions,
together with the ILs, show the viscosity and electrical conductivity of the medium can be
improved, in addition to improving the Ni nucleation mechanism [12,145]. Baths contain-
ing choline chloride favor electrodeposition, generating instantaneous three-dimensional
nucleation at negative potentials. In addition to urea, ethylene glycol can also form an IL
with choline chloride for Ni deposition. Diffusion controls this process. In this way, the
formation of nanostructured Ni films improves the surface area of the electrode, promoting
an increase in the catalytic activity in the hydrogen evolution reaction [18].

Since Ni is an excellent inductor for the co-deposition of other metals, unusual metals
have been co-deposited with Ni. Choline chloride with ethylene glycol was also crucial
for depositing Ni–Sn [134] and Ni–Sn–P [137] alloys from ILs. Rosoiu et al. [134] deposited
Ni–Sn by a pulsed and direct current. However, using pulsed current, the hardness of the
Ni–Sn alloy showed better results. In another study, although the authors did not assess
the hardness of Ni-Sn-P alloy synthesized from choline chloride-ethylene glycol, this alloy
exhibited superior corrosion resistance to Ni-P coatings [137]. Furthermore, its corrosion
resistance improved with increasing Sn content. According to Yang et al. [105], EMIC–EG
(1:2 molar ratio) improved the induction of Ni to deposit Ni–La alloy with instantaneous
nucleation and three-dimensional growth. In addition to the use of IL in the electrolyte
solution, the control of current density and temperature resulted in the CFC or amorphous
structure of the alloy.

The evaluation of catalytic activity during the electrodeposition of Ni and its alloys
using ILs has been growing since ILs have significant effects on parameters such as current
density, pH, and deposition time [135,173]. According to Gao et al. [164], the catalytic
activity in BMP–DCA medium was verified due to low overpotentials (−279 mV) even
operating at 100 mA cm−2. This demonstrates that Ni–La or Ni–rare earth alloys can be
important in the evaluation of hydrogen evolution processes. In addition to this process,
Jesmani et al. [78] evaluated the electrocatalytic properties of Ni–Mo alloys for methanol
oxidation in a modified Watts bath (EMIM [Br]). The increase in current density (from 1
to 6 A/dm2) decreased the Mo content, reducing the catalytic activity of the process. The
optimal current density was 3.5 A/dm2, showing better catalytic performance. Likewise,
another study with EMIM[Br] also showed excellent catalytic activity for the methanol
oxidation process [79]. However, changes in pH directly interfered with current density.
The best catalytic activity occurred at pH 7 with a current density of 15 mA/cm2.

2.4. Cobalt

Cobalt and cobalt-based alloys are essential materials in many industrial and techno-
logical fields due to their magnetic properties, hardness, thermal stability, and corrosion
resistance [138]. As a ferromagnetic, its applicability includes microelectronics, high-density
magnetic storage media, spintronics, drug and gene delivery, and immunological magnetic
separation [33,139]. However, most Co depositions show high overpotentials due to the
formation of negatively charged metal complexes due to the coordination of anions at room
temperature [120]. Therefore, studies seek external and internal modifications to improve
the deposition of Co. Ries et al. [72], through a rigorous diffusional control, obtained
a deposit of Co at 50 ◦C from a solution containing [BMI][BF4], producing a diffusion
coefficient of 8.21 × 10−10 cm2 s−1. In addition, the Co films were compact, smooth, shiny,
and adherent to the substrate, resulting in crack-free metallic Co layers.

Alloys containing Co as the base metal has been little discussed recently in electrode-
position with ILs in the electrolyte solution composition [99,126,141]. However, as with
Fe, studies report Co as a metal co-deposited by Ni since the ferromagnetic properties of
these elements favor their affinity [13,15]. The peak reduction of the Ni–Co alloy can be
observed between −0.6 and −1.2 V using choline chloride as the IL. The highest reduction
peak occurred at −1.0 V, which favored the diffusional process deposited with 20 wt.%
of Co [15]. However, by adding ethylene glycol to form a eutectic solvent, the diffusion
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process reduced the Co content to about 12 wt.%. This reduction indicated a worsening in
corrosion protection.

[MOFIM]I is considered to be a prominent additive for Watts baths of Ni–Mo al-
loys [20]. In contrast, [FPIM]Br was an effective bleach for smooth and uniform Ni, Co,
and Ni–Co deposits due to the reduced grain sizes imposed by IL [21]. Likewise, [FPIM]Br,
compared to [MOFIM]I, resulted in deposits with less improved morphology, obtaining an
atomic radius of 51.1 nm, almost twice the atomic radius using [MOFIM]I (28 nm) [19]. In
addition, there was a better inhibition efficiency, obtaining a Co content of up to 30 wt.%.

2.5. Copper

Due to its high electrical conductivity, copper is the most applicable metal in the
electronics industry. In galvanizing processes, copper-based films have a wide applica-
tion as an undercoat for other metallic finishes as they cover minor imperfections in the
substrate [67,174]. Due to these properties, Cu electrodeposition is one of the preferred
methods for introducing ILs into electrolyte solutions, second only to Al [100,109]. As with
Al, the major Cu source for electrodeposition using ILs is metal chloride [32,175].

As with most studies with other metals, choline chloride-based ILs also promote a
homogeneous, smooth, shiny, and corrosion-resistant deposit due to their ability to generate
hydrophobicity on the metal surface [113,118]. However, the addition of nicotinic acid (NA)
in the electrolyte can inhibit the electrochemical processes due to the formation of transient
species near the electrode surface, influencing the nucleation kinetics and the faster growth
of Cu deposits [140]. In contrast, sodium bromide modified the morphology of the deposits,
not only of Cu, but also of Al, Sn, Ag, and Ni [136]. However, the electrochemical results did
not indicate significant differences compared to the deposits formed by ChCl–EG without
additives.

Recent studies highlight the use of Cu2O as a source of Cu for its deposition under
suitable dissolution conditions [100,112]. According to He et al. [112], Cu2O dissolved in
an electrolyte containing [EMIM]F–urea–H2O at 353 K. Likewise, in another study, theu se
of urea–EMIC as an electrolyte at 363 K increased the diffusion coefficient of the reaction
to 1.02× 10−10 m2/s. In addition, urea–EMIC efficiently dissolved Cu2O, improving the
diffusion reaction, nuclei formation capacity, and Cu grain growth.

In contrast to pure copper deposition studies, for Cu–Pb alloys, the use of [Hbet][TFSA]
promoted a complete dissolution of a mixture of water and CuO/PbO. The alloy morphol-
ogy was altered by the nitrate reduction capacity [127] and the glucose oxidation [128].
Therefore, the system showed greater flexibility for electrocatalytic reduction or oxidation
activities. The Cu–Sn alloy, popularly known as bronze, has good anti-corrosion properties.
However, studies seek to improve the ratio of Cu:Sn using IL based on imidazolium cation,
such as [Bmim]Cl [65,66], [EMIm]DCA [76], [EMIM]Cl [101], and [EMIm][TFSA] [114],
with an Sn content of 13.7 at.% [65,66], 15 at.% [101], and 25 at.%, respectively [114].

In addition to improving anticorrosive properties, Jie et al. [65] reported that [BMIM]Cl
in the Cu–Sn deposition system resulted in a crystalline plane (111). Due to the IL, the
coloration became darker, making it interesting for industries that produce products with
decorative aspects. The cyclic voltammetry peaks of Cu with [BMIM]Cl occur in two steps,
0.45~0.55 V for Cu2+ → Cu+ and 1.25~−1.5 V for Cu+ → Cu0, which could change the
current density of the system during the process [65,66]. However, the reduction of the
Cu–Sn alloy covered an intermediate reduction peak between −0.5 and −1.0 V, without
interference in the alloy synthesis, with the reduction process occurring spontaneously and
irreversibly. On the other hand, a system with [EMIm]DCA, polycarbonate membranes,
and polystyrene models did not obtain a Cu–Sn alloy in the plane (111) [76]. The authors
reported an oriented Cu6Sn5 alloy with nanofibers in the structure (221), being interesting
for application in Li-ion batteries as anodic hosts.
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2.6. Zinc

Zn is a low-cost material widely used in electroplating for application in the auto-
motive and aerospace industries [176]. In addition, it has applications for energy storage
due to the reversible capacity of its deposits [115,167]. However, the control of Zn alloys
can be improved in terms of morphology [75], resulting in nanotubes [116]. In this con-
text, IL-based electrolytes, instead of conventional aqueous-based electrolytes, have been
promising in reducing harmful morphologies and forming a uniform metallic film.

The main dissolution of Zn for electrodeposition in ILs uses ZnCl2 [17,80]. The IL
control variables, such as viscosity, density, and conductivity for Zn electrodeposition, are
analyzed with ZnCl2 as the Zn source [27]. This control of the properties of an electrolyte
containing ChCl–EG in a 1:2 ratio can result in Zn–Co alloys with corrosion resistivity up
to 30 times higher than uncoated Cu [141]. ChCl–EG also improved charge transfer by
agglomerating Zn–Ce alloy particles [142]. The Ce deposit occurred in cathodic and higher
pH areas, demonstrating a tendency to improve the self-repair capacity of the alloy due to
the Ce content.

Corrosion resistance was also evaluated for the ternary Zn–Mn–Sn alloy synthesized
from an IL [143]. The control of the Sn content occurred due to the increase of the concentra-
tion and the potential. In addition, the ease of dissolution in Sn2+ and ChCl–EG improves
the conductivity of the electrolyte solution. In this sense, both studies demonstrated the
affinity of Zn and its alloys with ChCl–EG, encouraging the synthesis of new materials.

3. Electrodeposition of Light Metals (Li, Na, and Mg)

High reactivity is one of the main characteristics of light metals since a high oxidizing
capacity impedes the formation of deposits. With the increase of studies in the field of catalytic
reactions in batteries, the study of light metals deposition is increasing [111,177,178]. In this
context, ILs are promising electrolyte agents due to their ability to stabilize the medium and
expand the electrochemical windows, reaching potential values close to the redox potential
of these metals.

For Li electrodeposition, IL influences the metal concentration profile as increasing
concentration induces a drastic increase in electrolyte viscosity, resulting in a change in cell
voltage [179]. Furthermore, these ILs can also change the roughness of the Li deposit [180],
making them suitable electrolytes for second-generation batteries. Despite the difficulty of
depositing this metal, TFSI and FSI are promising for this purpose due to the Li dissolution
that occurs even at low concentrations of ILs [151].

He et al. [153] evaluated the combination of Li salt with bis(trifluoromethanesulfonyl)imide
(TFSI) and bis(fluorosulfonyl)imide (FSI) for electrodeposition of Li on Cu using a solid
electrolyte interphase (SEI) at lower overpotentials and in different proportions of IL. As
the FSI concentration increased, the maximum current increased, and the maximum time
decreased. In addition, there was a reduction in nucleation overpotentials with increasing
FSI content, confirming the interfacial influence of SEI and the lower interfacial energy in
the 0:1 TFSI:FSI ratio.

On the other hand, for Li electrodeposition on gold, the TFSI presented three distinct
cathode peaks in the potential range from 0 to −2.5 V [152]. The first occurred in the
potential region of the subpotential deposition (from −1.2 to −1.8 V), in which monatomic
islands appeared with lengths between 300–370 pm. The second deposition occurred at
potentials lower than −2.3 V, depositing a higher Li content. Finally, the third deposition at
0 V potential (related to Li growth) presented a uniform structure orientation (111).

In addition to battery applications, ILs also electrochemically extract these metals.
For example, according to Zhang et al. [150], EC–AlCl3 extracted Li from Li2O for its
subsequent deposition at 353 K, resulting in Al–Li nanosheets on the Al surface. For Mg,
[P4446][NTf2] acted as an excellent supporting electrolyte to resolve the electroconductivity
of the weak polarity organic phase [156]. As a result, the electroconductivity of the organic
phase was 254.5 µS cm−1 after extraction, facilitating the direct deposition of Mg.
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4. Electrodeposition of Noble Metals

Noble metals (gold, silver, platinum, palladium, rhodium, ruthenium, iridium, and
osmium) play a prominent role among metals. Except for Ag, they do not oxidize when
exposed to the atmosphere. Due to their excellent physical and chemical properties, they
are used in electroplating. Although electroplating processes focus on protecting the surface
of metallic substrates against oxidation caused by aggressive agents, the process can only
aim at the aesthetic and decorative aspects of the substrate. Likewise, despite the extensive
exploitation of ILs for these metals, no studies were found regarding osmium as a deposit.

4.1. Silver

Although Ag has fewer alloys than gold, it is the most important noble metal for
the electronics industry and commerce [117]. Furthermore, the use of Ag as a reversible
metal in electrodeposition can promote energy savings, allow a low operating voltage,
and provide excellent electrochemical stability [22]. However, the understanding of the
early stages of Ag deposition and the investigation of process variables containing ILs is
still preliminary.

Ehrenburg et al. [44] observed that deposition of Ag on a single crystal surface of
Au(111) using [BMP][DCA] showed a stable deposit at room temperature. However, the
potential modification altered the initial nucleation process, forming a pseudomorphic
monolayer at ~40 mV subpotential. Sousa et al. [117] used [HMIM][HSO4] as an electrolyte
for silver deposition in a gold disc electrode. At room temperature, the results underscore
a trend in using ILs in Ag deposits. However, the balance between Ag+ cations and HSO4

−

anions limited the effect of temperature on deposition to values above 45 ◦C.
ILs in the nucleation and growth of Ag grains present in the main studies IL of low

viscosity, mainly those containing dicyanamide anions and/or imidazolium cations, are
being investigated [41,45,157]. According to Hou et al. [29], reversible electrochemical
mirrors (REMs) using ILs of mono- and bis-imidazolium cations exhibited fast switching
speeds, excellent cycling durability, small particle sizes, and uniform Ag nanoparticle films.
However, bis-imidazoles have longer alkyl chains and higher charge densities, resulting in
a more pronounced effect due to a greater reduction in grain size.

Another device of REMs was studied by Hou et al. [22]. The authors observed the
influence of organic imidazolium cations on the switching speed and cycle durability
according to the difference in adsorption energy. The higher this energy, the greater the
adhesion between organic cations and Ag(111) surfaces. This strong adsorption would
prevent aggregation and agglomeration during the nucleation of Ag nanoparticles, leading
to a denser and more compact Ag film. The combination of fast switching and durable
cycling stability allows adjustable windows based on Ag metal reversible electrodeposition
and IL-based electrolytes, making REM devices a competitive and promising alternative to
traditional smart-response materials.

Contrary to conventional REM devices, Yin et al. [53] studied a bistable electrochromic
device (EC) that can reversibly transform transparent, mirror, and black states based on
reversible Ag electrodeposition using [HBIm][Br]. The high viscosity of IL contributed to
forming a barrier to bromide ions, protecting the Ag layer from dissolution in an open
circuit. The studies of ILs for Ag electrodeposition for REM and EC devices with high-
energy efficiency present a high potential for future investigations.

4.2. Gold

One of the most valuable noble metals, Au is widely used in areas such as biomedical,
electronics, catalysis, and fuel cells due to its physicochemical properties [181]. In addition,
due to continuous demand and a high and stable price, electroplating can be a lower-cost
and less aggressive alternative for the environment for metal recovery, mainly for recycling
and extraction of electronic equipment (e-waste) [182].

Au deposits with IL containing imidazolium cations show a high cathodic current
efficiency during electrodeposition [28]. Yang et al. [28] proposed an aqueous biphasic
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extraction (ABS) containing [EMIBr]. Phosphate-based salts were studied for Au(I) extrac-
tion from alkaline solutions of aurocyanide. Au recovery depended on the liquid (ionic)
phase using electrodeposition at a controlled potential of −1.2 V at 298 K. More than 91.6%
of Au(I) in the IL-rich solution was deposited without crystal formation of impurity. The
studies discussed suggest that in Au deposition, ILs alone do not favor the acquisition of
deposits. Therefore, other compounds are needed to form favorable interfaces for deposi-
tion. In contrast, a eutectic mixture of choline chloride with ethylene glycol in a 1:2 molar
ratio resulted in an Au deposition efficiency of 30–70%.

Although the electrodeposition is selective, it does not present a high recovery of the
metal since, for the same proportion, Ag with 99% purity was deposited [144]. However,
using an active redox water–IL interface (RAIL), Au@Pd core-shell bimetallic nanofibers
were obtained [183]. Furthermore, the automatic sequential reduction of AuCl4− and
PdCl42− at the IL–water interface was spontaneous for Au, which became the nucleus
for the growth of Pd. Therefore, using RAILs for nanofiber synthesis may be applied to
metal alloys.

4.3. Platinum

The other noble metals are platinum group metals, which comprise Pt, Pd, Rh, Ru, Os,
and Ir. Due to its high hardness and low ability to perform chemical reactions, Pt has few
alloys. Therefore, most IL and Pt studies are about extraction and separation with green
solvents [48,122]. Although the extraction–electrodeposition system converts Pt(IV) into
Pt(0), as displayed in Figure 4, the stripping system can also be applied in the same study.
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Chen et al. [121] studied five ILs of the imidazolium group: [C12PIm]Br, [C14PIm]Br,
[C16PIm]Br, [C14PImNH2]Br, and [C14BIm]Br. After Pt extraction, the ILs were evaluated
for electrodeposition on a Cu plate. The results showed that [C14PImNH2]Br was the most
efficient electrolyte in Pt deposition due to its hydrophobicity and greater alkyl chain in the
imidazolium cation. Furthermore, in an acidic solution, the protonation of amino groups
formed –NH3

+ radicals that acted as additional binding sites for Pt(IV) and improved
deposition efficiency as the concentration of [C14PImNH2]Br increased. Likewise, another
IL of imidazolium cation, [PAMI], was synthesized by radical polymerization with atom
transfer, proving to be efficient for the nucleation and growth of Pt nanoparticles, leading
to hydrogen evolution [31].
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4.4. Palladium

As a member of the platinum group metals, Pd shares similar physical and mechanical
attributes with the group. The electrodeposition of Pd using ILs has been increasing
continuously, mainly in ILs of the imidazolium [103,104] and betatinium [110,131] groups.
The studies highlight the ability of ILs to improve the diffusion coefficient of PdCl2. This
diffusion control is critical for controlled mass transfer at room temperature [104,107]. For
[Emim]TA, the PdCl2 diffusion coefficient increased with increasing temperature, and the
diffusion activation energy was 43.66 kJ mol−1 [107].

Likewise, the electrodeposition of Pt has also been studied for extraction–electrodeposition
systems and catalytic systems. The extraction–electrodeposition system was tested for
some platinum group metals (Pd, Ru, and Rh), and the extraction was performed in
HNO3 for the phase ([Hbet][Tf2N]) [131]. For potentials at −500, −600, and −750 mV
vs. Fc/Fc+, the deposition of the metals occurred only for Pd, with a yield of 99% and
purity of 97%, demonstrating the ease of deposition of Pd in betatinium IL. In contrast,
Shao et al. [110] obtained high recovery (90%) of Pd in an extraction system with mixed IL
[C8bet]Br/[C4mim][NTf2] at 348 K, demonstrating that ILs with different hydrophobicities
allow electrodeposition at temperatures above ambient. The study also evaluated the
stripping process for Pd with 1.2 M thiourea in 0.5 M HCl, obtaining a recovery above
91% even after repeating the extraction–electrodeposition–stripping process three times
(Figure 5). The relationship between Pd and ILs is the most remarkable in the Pt group.
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As with Pt, Pd deposition was obtained on a polymer brush (PAMI) aimed at the
hydrogen evolution reaction [31]. The polymer/metal-based hybrid structure favored the
reaction. Furthermore, Pd deposition was efficient and similar to Pt. Jayanthi et al. [68]
developed a fuel cell-based hydrogen amperometric sensor at room temperature. The
sensor electrode was synthesized by electrodeposition of Pd with a carbon gas diffusion
electrode in [C4mim][Cl], obtaining a response range of the H2 sensor at a concentration
of 1 to 5%. On the other hand, in another approach, [C4mim][Cl] was combined with
ultrasonic wave-assisted electrodeposition for the deposition of an Ag–Pd alloy [64]. The
process resulted in a catalyst with high electrocatalytic activity for the electro-oxidation of
methanol and electro-reduction of hydrogen peroxide in an alkaline medium.

4.5. Rhodium, Ruthenium, and Iridium

The applications of electrodeposition using IL for the other platinum group metals
are also explored with cations of the imidazolium group [73]. The principal purpose is for
electrodeposition extraction, similar to those mentioned for the two previous elements of
the group. For example, Song et al. [158] demonstrated that pH control was fundamental
for extracting Ru from a solution containing Co and Cr. The solution components, di-(2-
ethylhexyl)phosphoric acid (HDEHP) and IL [P2225][TFSA], selectively removed Pd, aiming
at electrodeposition.

Likewise, using the acid-IL system, García-Montoya et al. [160] promoted the reduction
of Rh(III) to Rh in Cyphos IL 104® at a potential of −1.4 V. The stripping process after the
electrodeposition showed high recovery rates. [Hbet][Tf2N] promoted the extraction and
deposition of only Pd, against Rh and Ru, in an HNO3 phase to the ionic liquid phase [131].
However, the deposition was not efficient for Rh and Ru.

Regarding Ir extraction–electrodeposition, Ir(IV) can be reduced to Ir(0) at an optimal
potential voltage of −1.72 V using [EBTOA]Br-Ir(IV)/[Bmim]PF6 as the electrolyte. IL
showed the potential to separate, deposit, and recover Ir from a mixed solution containing
Pt(IV), Fe3+, Al3+, Cu2+, Mg2+, and Ca2+ at room temperature [70]. On the other hand,
in the variation of the temperature range of 298–373 K, the same system promoted the
reduction of Ir in two steps Ir(IV) + e− → Ir(III) and Ir(III) + 3e− → Ir(0) [71]. To assess the
electrolyte lifetime, repeated electrodeposition resulted in a lifetime of up to 10 cycles for
[EBTOA]Br-Ir(IV)/[Bmim]PF6.

5. Electrodeposition of Rare Earth Metals

The 15 chemical elements of the lanthanide family and Yttrium are rare earth. These
elements are made up of three distinct groups: (1) Light: lanthanum (La), cerium (Ce),
praseodymium (Pr), and neodymium (Nd); (2) Middle: promethium (Pm), samarius (Sm),
europium (Eu), and gadolinium (Gd); (3) Heavy: terbium (Tb), dysprosium (Dy), holmium
(Ho), erbium (Er), thulium (Tm), ytterbium (Yb), lutetium (Lu), and yttrium (Y). They
present an electronic structure in the 4f sublayer, conferring magnetic, optical, electrical,
and catalytic properties. Their applications include the fields of energy production and
storage [24]. However, a fundamental disadvantage of current processing methods includes
the generation of toxic and radioactive waste. Therefore, new technologies can be explored
to recover these metals by electrodeposition in more efficient electrolytes, such as ILs.

5.1. Light Rare Earth Metals

Among the light metals, there are fewer studies regarding La and Ce and ILs. For Ce,
an alternative was to use [BMIm][BF4] at temperatures above ambient. The IL had excellent
applicability in the range of 343 to 373 K, resulting in a controlled diffusion process with a
kinetic constant of 10−8 cm2/s with homogeneous Ce deposits [74]. Another alternative
was to include DMI–LiNO3 as a support compound in the system, promoting the solvation
of these compounds. The component formed ([Li(DMI)n]+[NO3]−) favored the deposition
of high-purity La on an Al substrate due to the NO3

− anion preventing La solvation,
highlighting the possibility of low-cost La extraction [24].
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The LiNO3 concentration significantly improves the conductivity of the system as the
formation of nitrate anions reduces the solvation capacity of Nd, facilitating its electrodepo-
sition [25]. Thus, Periyapperuma et al. [165] used Nd(NO3)·6H2O as a source of Nd for elec-
trodeposition on [C4mpyr][DCA]. The low-cost, non-fluorinated IL showed that the inno-
vation for a rare earth metal could be better exploited with another IL. Molodkina et al. [81]
tried to deposit the Nd–Fe alloy with [EMIM][DCA]. However, at room temperature, the
deposition of Nd and Fe, instead of the alloy, was prioritized due to the formation of an
oxide/Nd hydroxide film. Only at 110 ◦C could IL cause a transition state (Fe*) in Fe which
was capable of catalyzing the reduction of Nd3+ to Nd0 through the magnetic properties of
metals [106].

Pr alloys have also been approached with ILs for their separation and selective recovery
in ore mixtures [36,147]. ChCl–UA reduced Pr3+, Mg2+, and Co2+ ions into a ternary Pr–
Mg–Co alloy at a constant voltage of −1.15 V for 30 min [146]. Although the alloy presents
amorphous morphology and contains cracks, its application may be important for alkaline
solutions. On the other hand, the Pr–Mg–Ni alloy synthesized at −1.0 V for 20 min, despite
also presenting an amorphous morphology, had reduced cracks [147]. The Pr–Mg–Ni
alloy can be applied to saline and NaCl solutions. These studies with light rare earth
metals alloys with ILs give new insight into recycling and targeting these compounds into
protective films, providing a sustainable approach.

5.2. Medium and Heavy Rare Earth Metals

There are fewer studies for medium and heavy rare earth metals involving ILs than
light metals. However, the [BMP][DCA] stands out for electrodeposition of medium rare
earth metals. With this IL, the electrochemical windows of electroreduction from the Eu2+

ion to Eu0 increased compared to a greater amount of water in the medium [42]. It was
also interesting to reduce Sm in two steps, from Sm3+ to Sm2+ and Sm2+ to Sm0 at room
temperature, demonstrating control of diffusional transfer outside the high temperatures
(323–373 K) studied with other electrolytes [39].

For heavy metals, the molten salt electrolysis process followed by electrodeposition
improved with the addition of BMPyOTf, allowing the electrodeposition of Dy [46]. How-
ever, the reduction was obtained at more positive potentials by adding water (−3.3 V
without water and −2.4 V with water). In addition to decreasing the reduction of thermo-
dynamics, the introduction of water also improves nucleation, deposition rate, and faradaic
efficiency [51].

6. Electrodeposition with Other Metals

Electrodeposition of metals such as gallium (Ga), chromium (Cr), tellurium (Te), tin
(Sn), and others [37,38,162] are difficult to discuss due to the difficulty in the reduction
process of the element on a compatible surface [14]. Therefore, although ILs have high
electrochemical windows and good stability in electron transfer, only some studies ad-
dressed this series of metals, challenging the expansion of studies of ILs as electrolytes
controlling electrodeposition.

The passivation of Cr and substrate during deposition made it additional Cr deposition
and its anodic dissolution difficult [43]. Therefore, the authors’ objective in the study was
to deposit Cr with dicyanamide anions. In another study, Bakkar et al. [102] deposited Ga
with anhydrous aluminum chloride (AlCl3) and EMIC. However, the deposit did not show
a well-developed homogeneous microstructure through the progressive nucleation-growth
mechanism, making it difficult to relate the deposit to a controlled diffusion process. On
the other hand, Hsieh et al. [40] presented a controlled diffusion process for a Ga-Sb alloy
using [BMP][DCA].

Another metal deposited together with alloys is Sn. According to Shi et al. [148],
choline–urea chloride allowed the synthesis of ternary Sn–Co–Ni and Sn–Co–Zn alloys
with morphologies influenced by potential. As the potential increased, the Sn–Co–Ni alloy
changed from needle-shaped crystals to a three-dimensional structure. In contrast, the
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Sn–Co–Zn alloy changed its morphology from cubic crystals to flower-shaped particles,
reinforcing that ILs exert control over the deposition of these metals and their alloys.

The ability of ILs to dissolve the salts or oxides of these uncommon metals is remark-
able, since obtaining the deposit allows a selective separation of elements in a solution
containing other metals. [Hbet][TFSA] dissolved PbO and PbO2, resulting in smooth,
uniform, and crystalline deposits [130]. Furthermore, this IL allowed the electrochemical
extraction of Pb from several water-insoluble Pb compounds. In another study, [Bmim][Ac]
at 90 ◦C showed advantages such as low vapor pressure, wide electrochemical window,
and good ionic mobility to dissolve Cd(CH3COO)2 (anhydrous) and TeO2 and form a
Cd–Te alloy in a constant potential of −1.20 V [50].

7. Patents and Future Perspectives

Most of the patented studies on the subject of metal electrodeposition involving
ionic liquids are simple. The processes show fast electrodeposition speed, and are en-
vironmentally friendly, safe, reliable, and non-toxic, in addition to the formation of a
homogeneous deposit [184–188]. Other more sophisticated patents explore systems that
involve the catalytic evolution of hydrogen [189] and oxygen [190] for the deposition of
hard-to-obtain alloys.

Patents using cations of the imidazole group also stand out for the electrodeposition
of metals [191–193]. Using the imidazole IL, promoting direct electrolytic oxidation of
zinc on stainless steel (or copper) sheet resulted in a Zn yield of up to 99% [191]. In an-
other invention [184], the authors identified the organic cations of tetraalkylammonium,
1-alkyl-3-methyl imidazolium, 1-alkylpyridinium, N-methyl-N-alkylpyrrolidinium, tri-
alkylsulfonium or tetraalkylphosphonium were essential for the deposition of alkali metals,
allowing applications for vapor cells used in optical magnetometry and atomic clocks. The
number of patents involving catalytic systems and electrodeposition shows a growth trend
and exploration of inventions associated with these techniques. However, as described in
this review, no studies were observed that explore the extraction–electrodeposition system.
Therefore, inventions in this field could be developed involving ILs.

8. Conclusions

This review discussed the variety of metals and their alloys considering IL-based
electrolytes. In recent years, there has been an increase in the number of studies related to
electrodeposition with ILs. They increase the mass transfer rate and improve control of the
nucleation process and deposit grain growth. The morphology of most common metals is
homogeneous and smooth when synthesized with ILs. For heterogeneous deposits, some
ILs modify this morphology, such as choline ethylene glycol chloride, choline urea chloride,
BMIC, and others. However, the morphology can be nodular for some noble metals
including Pt, Pd, and Co. This nodular surface also occurs in the alloys of these metals.

For common metals, the proportion of IL with the metal source strongly influences
the diffusion process, facilitating the control of nucleation and grain growth. It should be
noted that Al is the most common metal for electrodeposition with ILs. Parameters such
as current density and temperature can also interfere with the deposition of these metals,
highlighting systems with temperatures mostly below 100 ◦C, one of the advantages of
ILs. In light metals, catalytic systems involving Li batteries stand out with ILs of wide
electrochemical windows, reaching the redox potential of these metals, allowing efficient
electrodeposition. Furthermore, extraction–electrodeposition systems with ILs that have
different hydrophobicities are effective for noble metals contained in a complex mixture.
This technology could be exploited for other metals and rare earth. Likewise, the ability to
dissolve metal oxides and salts is also crucial for applying ILs. In this way, it is expected
that ILs will continue to present significant applications in the biological, chemical, and
energy areas.
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