
1. Introduction

Lanthanides are rare-earth elements that are of great

importance for a wide range of technologies and functional

materials. Lanthanides are the key components of many

modern products, such as catalytic systems, wind genera-

tors, solar panels, hard drives, mobile phones, electronic

displays, LEDs, lasers, fibre optics, medical scanners, hom-

ing systems, night vision devices, etc.1 Due to the unique

configuration of unpaired f electrons and the complex

structure of energy levels, lanthanides and their alloys

exhibit unique optical, electrical and magnetic properties.2

Recently, the European Commission included lanthanides

in the list of 14 critical raw materials.3, 4 Furthermore, the

primary extraction and processing of lanthanides based on

traditional hydro- and pyrometallurgical processes have

several drawbacks such as energy-intensive multistage oper-

ations, high operating temperatures, generation of toxic and

radioactive waste due to the coextraction of thorium and

uranium.5 ± 7 Given that the production and consumption of

lanthanides are dominated by a single region (China),5 this

may lead to price volatility and problems with material

availability. Therefore, reliable access to these materials and

their effective use in the future as well as recycling are

crucial for the sustainable development of lanthanide-based

technologies. The advances in electrochemical methods for

obtaining lanthanide-based coatings are of great interest for

microelectronic industry, medicine, energy storage and

conversion market, etc.2 In this regard, the need to study

and develop processes for electrodeposition of lanthanides

involves both the creation of effective methods for extrac-

tion of these elements and preparation of novel functional

materials with unique properties.

Lanthanides are very electropositive elements, much

more electropositive than hydrogen, and possess very

negative standard reduction potentials [e.g.
E 0(Nd0/Nd3+)=72.323 V vs SHE 8]. The electrodeposi-

tion of lanthanides in aqueous solutions is practically

unattainable because of a vigorous hydrogen evolution

reaction (HER) at the cathode. Furthermore, the f elements

react with water, forming hydroxides or oxides.9, 10 Thus,

pure lanthanide metal films cannot be electrodeposited from

aqueous solutions. To overcome the disadvantages of aque-

ous systems, lanthanides (Ln) and alloys can be produced

both on a laboratory and industrial scale by molten salt

electrolysis.6, 11 The electrochemical reduction of Ln(III) or

Ln(II) from molten salts (e.g., based on chlorides and/or

fluorides of alkali metals) at rather high temperatures

(typically >400 8C) was reported by many research groups

to form high-purity crystalline films 12 ± 16 of Ln(0) as well as

Ln-based alloys.17 ± 22 However, molten salt electrolysis

processes have crucial drawbacks: a highly corrosive envi-

ronment and high energy consumption. Electrochemical

deposition of lanthanides at room temperature was

attempted from organic solvents: such as dimethylforma-

mide (DMFA), formamide, dimethyl sulfoxide, acetonitrile,

ethanol.23 ± 28 However, flammability and volatility of

organic solvents are dangerous and harmful to the health
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and the environment, which is a key barrier for industrial

application of such systems.29

Ionic liquids (ILs) consisting of organic ions are attract-

ing increasing attention as new electrochemical media and

as a potential replacement for high-temperature salt melts

and organic solvents in electrodeposition processes both on

a laboratory and industrial scale. This interest is due to

unique physicochemical properties of ILs: non-volatility,

non-flammability, heat resistance, intrinsic ionic conductiv-

ity, electrochemical stability, good solubility of metal salts,

the ability to tune properties by combining and modifying

organic ions.30 ± 32 Of particular interest are second-gener-

ation ILs that consist of asymmetric organic cations, such as

dialkylimidazolium, dialkylpyrrolidinium, tetraalkylammo-

nium, etc., and anions, for example, [PF6]7, [OTf]7,

[TFSI]7, [DCA]7 (Fig. 1 and Table 1). Compared to halo-

aluminate (first-generation) ILs, the ILs of the second

generation are stable in air and in the presence of water

and have a wider electrochemical window (typically

>4.0 V).31, 33 The possibility of electrodeposition from IL-

based solutions was demonstrated for various metals and

semiconductors from the first to sixteenth groups of the

periodic table.33 ± 38

Recently, a new class of ionic systems, the so-called

deep eutectic solvents (DESs), has gained attention as a

possible medium for electrochemical deposition. Deep

eutectic solvents (DESs) are systems formed from a

eutectic mixture of Lewis or Brùnsted acids and bases

and can be classified according to the nature of the

complexing agent used.39 Type III DESs are mixtures of

quaternary ammonium salts as hydrogen bond acceptors

(HBAs) and other components as hydrogen bond donors

(HBDs), such as amides, alcohols and acids.40 The melting

point of such eutectic mixtures can dramatically decrease

due to the formation of hydrogen bonds (or other weak

interactions): for example, choline chloride ± urea (1 : 2)

DES has a melting point of 285 K, while the melting point

of urea and decomposition temperature of choline chlo-

ride are 406 K and 575 K, respectively. Type IV eutectic

mixtures are mixtures of metal salts (e.g., chloride or

nitrate) and HBD. Such mixtures are of particular interest

because they form cationic metal complexes, providing a

high concentration of metal ions at the negatively charged

electrode surface during electrodeposition.41

Deep eutectic solvents (DESs) have properties similar to

those of ILs, including good conductivity (although not all

DESs are conductive).39 At the same time, they have addi-

tional advantages over ILs, such as the ease and low cost of

synthesis. Moreover, despite their non-volatility (eliminat-

ing the safety and environmental problems often associated

with volatile organic solvents), ILs typically exhibit low

biodegradability and significant toxicity towards organisms

from different trophic levels as pointed out in literature.32, 42

On the contrary, some DESs are characterized by non-

toxicity and biodegradability, although the `greenness' of a

DES is dependent on the constituent materials: 43 DESs

containing metal salts exhibit significantly higher toxicity

than type III DESs (organic salts and HBDs).44, 45

This review presents a comprehensive overview of the

studies of electrochemical deposition of lanthanides and

lanthanide-based alloys from ILs and DESs. The main

results on lanthanide salt solubility in the organic ionic

systems, their solvation structure, electrochemical behav-

iour, nucleation and growth of lanthanide-based deposits as

well as their microscopic and spectroscopic characterisation

are reviewed in the following sections. Finally, the chal-

lenges and prospects of the electrochemical approach to the

production of lanthanide-based coatings are discussed. The

structures of common IL cations and anions are presented

in Fig. 1, while the names and abbreviations can be found in

Table 1. Tables 1 and 2 also provide literature data on

dynamic viscosity of ILs and DESs and diffusion coeffi-

cients of lanthanide ions in different ionic systems, respec-

tively.
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Figure 1. Cations and anions employed as components in non-haloaluminate ILs and DES components.
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The following abbreviations and designations are used

in the review:

CA Ð chronoamperometry,

CP Ð chronopotentiometry,

CV Ð cyclic voltammetry,

DES Ð deep eutectic solvent,

DHOA Ð N,N-dihexyl octanamide,

EDX Ð energy dispersive X-ray,

EDXRF Ð energy dispersive X-ray fluorescence,

EG Ð ethylene glycol

IL Ð ionic liquid,

GC Ð glassy carbon,

HBA Ð hydrogen bond acceptor,

HBD Ð hydrogen bond donor,

HER Ð hydrogen evolution reaction,

MS Ð molecular solvent,

NLIL Ð neutral-ligand ionic liquid,

RDE Ð rotating disc electrode,

SD Ð semi-differential analysis,

SEM Ð scanning electron microscopy,

SI Ð semi-integral analysis,

SPM Ð scanning probe microscopy,

TBP Ð tributyl phosphate,

TEM Ð transmission electron microscopy,

TM Ð transition metal,

TMP Ð trimethyl phosphate,

TODGA Ð N,N,N 0,N 0-tetraoctyl diglycolamide,

XPS Ð X-ray photoelectron spectroscopy,

XRD Ð X-ray diffraction.

Table 1. Typical ILs and DESs and their dynamic viscosity.

Name Notation Z /mPa s T /K Ref.

First-generation ILs

1-Ethyl-3-methylimidazolium tetrachloroaluminate [EMIm][AlCl4] 21 293 46

1-Butyl-3-methylimidazolium tetrachloroaluminate [BMIm][AlCl4] 34 293 47

1-Ethyl-3-methylimidazolium heptachlorodialuminate [EMIm][Al2Cl7] 16 293 46

Second-generation ILs

1-Ethyl-3-methylimidazolium tetrafluoroborate [EMIm][BF4] 44 293 48

36 298 48

1-Butyl-3-methylimidazolium tetrafluoroborate [BMIm][BF4] 141 293 48 ± 50

108 299 48 ± 50

1-Butyl-3-methylimidazolium hexafluorophosphate [BMIm][PF6] 394 293 50

1-Butyl-3-methylimidazolium trifluoromethanesulfonate [BMIm][OTf] 112 293 51

129 293 50

1-Butyl-1-methylpyrrolidinium trifluoromethanesulfonate [BMP][OTf] 158 293 52

1-Ethyl-3-methylimidazolium bis(trifluoromethane)sulfonimide [EMIm][TFSI] 40 293 53

39 293 48, 51

32 298 48

1-Butyl-3-methylimidazolium bis(trifluoromethane)sulfonimide [BMIm][TFSI] 50 293 54

63 293 51, 53

1-Butyl-1-methylpyrrolidinium bis(trifluoromethane)sulfonimide [BMP][TFSI] 96 293 51

77 298 54

84 298 55

1-Octyl-1-methylpyrrolidinium bis(trifluoromethane)sulfonimide [OMP][TFSI] 130 298 56

Butyltrimethylammonium bis(trifluoromethane)sulfonimide [N4,1,1,1][TFSI] 138 293 55

116 298 57

Triethyl(pentyl)phosphonium bis(trifluoromethane)sulfonimide [P2,2,2,5][TFSI] 88 298 58

Trihexyl(tetradecyl)phosphonium bis(trifluoromethane)sulfonimide [P6,6,6,14][TFSI] 454 293 59

N,N-Diethyl-N-methyl-N-(2-methoxyethyl)ammonium bis(trifluoro- [DEMMA][TFSI] 120 298 60

methane)sulfonimide

N,N,N 0,N0-Tetramethyl-N 0 0,N 0 0-pentamethyleneguanidinium [N1,1N1,1NpipGua][TFSI] 108 298 61

bis(trifluoromethane)sulfonimide

1-Ethyl-3-methylimidazolium dicyanamide [EMIm][DCA] 17 293 48

14 298 48

21 293 62

1-Butyl-3-methylimidazolium dicyanamide [BMIm][DCA] 37 293 50

29 298 63

1-Butyl-1-methylpyrrolidinium dicyanamide [BMP][DCA] 50 293 62

Ethyltributylammonium dicyanamide [N4,4,4,2][DCA] 340 298 63

1-Butyl-3-methylimidazolium tricyanomethanide [BMIm][TCM] 34 293 64

1-Butyl-3-methylimidazolium tetracyanoborate [BMIm][TCB] 41 293 64

DESs

Choline chloride ± urea (1 : 2) reline 750 298 65

Choline chloride ± ethylene glycol (1 : 2) ethaline 37 298 65

Ce(NO3)3 . 6H2O±urea (1 : 3.5) CeDES 168 298 66

Pr(NO3)3 . 6H2O±urea (1 : 3.5) PrDES 181 298 66

Nd(NO3)3 . 6H2O±urea (1 : 3.5) NdDES 168 298 66
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2. Deposition of lanthanides from halometallate
ionic liquids

Chronologically the electrochemical behaviour of lantha-

nides from ILs was first studied in haloaluminate ILs.

However, the reports on the electrodeposition of lantha-

nides from haloaluminate ILs are rather scarce. Back in

early 1980s, the electrochemistry of lanthanides was inves-

tigated in room-temperature [BPy][Cl]7AlCl3 melts

([BPy][Cl] is 1-n-butylpyridinium chloride).67, 68 The rever-

sibility of the redox transformations Sm(III). Sm(II),

Yb(III).Yb(II), Eu(III).Eu(II), Tm(III).Tm(II) was

demonstrated by cyclic voltammetry (CV) in acidic

[BPy][Cl]7AlCl3 melts (with the molar fraction of AlCl3
xAlCl3 ranged from 0.57 to 0.66) at 313 K. Relatively high

diffusion coefficients were estimated for respective trivalent

lanthanides (Table 2). Moreover, very different half-wave

potentials (E1/2) were obtained for the following Ln(III)/

Ln(II) pairs: 0.020 V (Tm), 0.660 V (Sm), 1.230 V (Yb) and

1.855 V (Eu) vs an Al reference electrode,67, 68 indicating

that electrochemical properties vary significantly for differ-

ent lanthanides. Such difference was rationalized in the

terms of the refined electron spin pairing energy theory

developed by Jùrgensen 69 and Nugent et al.70 According to

these studies, E1/2 of Ln(III)/Ln(II) pairs is determined by

the number of f electrons (q). Similar trends of E1/2 vs q for

Table 2. Diffusion coefficients (D) of lanthanides in different ILs and DESs, the respective lanthanide salts, their concentrations, measurement
temperature and methods for D estimation. D values were mainly estimated using the response analysis of the Ln(III)!Ln(II) electrochemical
reactions. Additionally, selected data for Co(II) and Fe(II) in ILs and DESs as well as for Eu(III) in an aqueous solution are given for comparison.

Ln ion Salt and concentration Ionic melt, IL, DES T /K D61012 /m2 s71 Method a Ref.

La(III) 0.08 M LaCl3 [BMIm][DCA] 333 1.2161072 CV, CA 133

Yb(III) 0.0033 mol kg71 YbCl3 [BPy][Cl]7AlCl3 (xAlCl3=0.65) 313 31.5 CV, CA 67

Yb(III) 0.0114 M YbCl3 [EMIm][Cl]7AlCl3 (xAlCl3=0.667) 300 56.0 RDE, CV, CA 78

Yb(III) 0.0114 M YbCl3 [EMIm][Cl]7AlCl3 (xAlCl3=0.490) 300 35.4 RDE, CV, CA 78

Yb(III) 0.0114 M YbCl3 [EMIm][Cl]7AlCl3 (xAlCl3=0.444) 300 19.9 RDE, CV, CA 78

Yb(III) 0.1 M Yb(TFSI)3 [BMP][TFSI] 298 3.6 CA 82

Yb(III) 0.030 M by anodic dissolution [BMP][TFSI] 323 12.4 RDE 81

Yb(II) 0.0065 M by anodic dissolution [BMP][TFSI] 323 11.4 RDE 81

Ce(III) b *0.015 M CeCl3 [EMIm][Cl]7AlCl3 (xAlCl3=0.51) 313 37 CV 147

Ce(III) 0.05 M EuCl3 [BMIm][Cl] 343 1.79 CV 131

Eu(III) 0.058 M EuCl3 [EMIm][Cl] 363 44 CV, CA, SI, RDE 132

Eu(III) 0.040 M EuCl3 [BMIm][Cl] 343 4.5 CV, CA, SI, RDE 132

Eu(III) 0.05 M EuCl3 [BMIm][Cl] 343 4.87 CV 131

Eu(III) 0.05 M EuBr3 [BMIm][Br] 293 0.97 CV 148

Eu(III) 0.01 M Eu(TFSI)3 [P2,2,2,5][TFSI] 298 2.6 CA 149

Eu(III) 0.01 M Eu(TFSI)3 [N2,2,2,5][TFSI] 298 1.2 CA 149

Eu(III) 0.1 M Eu(TFSI)3 [BMP][TFSI] 298 3.1 CA 82

Eu(III) 0.05 M Eu(TFSI)3(H2O)3 [BMP][TFSI] 298 2.94 CV, CP, CA 85

Eu(III) 0.030 M by anodic dissolution [BMP][TFSI] 323 11.9 RDE 81

Eu(II) 0.032 M by anodic dissolution [BMP][TFSI] 323 11.6 RDE 81

Eu(III) 0.05 M Eu(TFSI)3 [BMP][TFSI] 298 4.2 CA 115

Eu(II) 0.05 M by reduction of Eu(III) [BMP][TFSI] 298 3.9 CA 115

Eu(III) 0.1 M Eu(TFSI)3 [EMIm][TFSI] 298 7.8 CA 82

Eu(III) 0.05 M EuCl3 [BMIm][DCA] 303 26.5 CV 63

Eu(III) 0.05 M EuCl3 [BMMIm][DCA] 303 6.52 CV 63

Eu(III) 0.05 M EuCl3 [N4,4,4,2][DCA] 303 7.4461072 CV 63

Eu(III) 0.05 M EuCl3 [N8,4,4,4][DCA] 303 6.1561072 CV 63

Eu(III) 0.01 M Eu(ClO4)3 [BMIm][TFSI], dehydrated 298 2.3 CV 60

Eu(III) 0.01 M Eu(ClO4)3 [BMIm][TFSI], water-saturated 298 8.9 CV 60

Eu(III) 0.01 M Eu(ClO4)3 [DEMMA][TFSI], dehydrated 298 1.6 CV 60

Eu(III) 0.01 M Eu(ClO4)3 [DEMMA][TFSI], water-saturated 298 4.6 CV 60

Eu(III) 0.09 M Eu(TFSI)3 DHOA 353 2.3 CV 144

Sm(III) 1073 mol kg71 SmCl3 [BPy][Cl]7AlCl3 (xAlCl3=0.65) 313 30.0 CV, CA 67

Sm(III) 0.05 M EuCl3 [BMIm][Cl] 343 3.17 CV 131

Sm(III) 0.01 M Sm(TFSI)3 [P2,2,2,5][TFSI] 298 2.8 CA 149

Sm(III) 0.01 M Sm(TFSI)3 [N2,2,2,5][TFSI] 298 1.3 CA 149

Sm(III) 0.1 M Sm(TFSI)3 [BMP][TFSI] 298 3.1 CA 82

Sm(III) 0.032 M by anodic dissolution [BMP][TFSI] 323 11.5 RDE 81

Sm(III) 0.041 M Sm(TFSI)3(H2O)3 [N1,1,1,4][TFSI] 298 4.7 CV 100

Nd(III) 0.5 M Nd(TFSI)3 [P2,2,2,5][TFSI] 373 0.6 CP 107

Nd(III) 0.5 M Nd(TFSI)3 [DEMMA][TFSI] 353 0.15 SD, SI 106

Nd(III) 0.17 M Nd(TFSI)3 TMP 298 4.2561072 CV 143

Nd(III) 0.105 M Nd(TFSI)3 DHOA 323 1.54 CV 144

Nd(III) 0.105 M Nd(TFSI)3 DHOA 353 3.76 CV 144

Dy(III) 0.147 M Dy(TFSI)3 [BMP][TFSI] 298 2.0 CV 86

Dy(III) 0.075 M Dy(TFSI)3 [[P2,2,2,5][TFSI] 298 2.0 SI 104

Dy(III) 0.1 M Dy(TFSI)3 [[P2,2,2,5][TFSI] 318 1.1 SI 105

Dy(III) 0.5 M Dy(TFSI)3 [[P2,2,2,5][TFSI] 333 461072 SI 104
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Ln(III)/Ln(II) (but affected by the solvating power of the

solvent 68) were also observed in aqueous solutions, differ-

ent organic solvents and high-temperature ionic melts.70 ± 72

Tsuda et al.73, 74 investigated the deposition of LaAl

alloys from a saturated LaCl3 solution in an acidic

[EMIm][Cl]7AlCl3 melt with xAlCl3= 0.667. This mole

fraction leads to the formation of [EMIm][Al2Cl7] IL.

Based on Raman data, the dissolution of LaCl3 in

[EMIm][Al2Cl7] occurs by the following equation:

3 [Al2Cl7]7+LaCl3 . La3++6 [AlCl4]7 (1)

reaching maximum solubility of 45� 5 mmol kg71 for

LaCl3 .73 However, electrodeposition from this solution led

to a La content in the alloy deposit below 0.5 at.%.

A moderate deposition rate of La was explained by a low

La(III) concentration and more negative potentials required

for La deposition as compared to that for Al. Moreover, the

authors indicated that [Al2Cl7]7 anion consumption in the

course of Al deposition led to a decrease in solubility of

La(III) in the diffusion layer (see reaction 1), complicating

the deposition process in this melt.74 However, Tsuda

et al.73 claimed the La deposition in the [EMIm][Al2Cl7]

IL with the addition of LiCl (3.2 mol kg71) and SOCl2
(50 mmol kg71). The addition of thionyl chloride was

previously shown to promote the reversible deposition and

stripping of alkali metals (Li and Na),75 and in combination

with Li+ ions the similar effect was expected for La

deposition. A cyclic voltammogram displayed only a reduc-

tion wave without a respective La oxidation peak. It was

proposed that a film that consists of La(OH)2 , La2O3 ,

LaOCl and LaCl3 was formed in the reaction of the electro-

deposited La metal with SOCl2 or residual water in the

melt.73 Thus, this film blocked the oxidation of the La

deposit and at the same time also hindered the further La

deposition: current values decreased during the electrolysis

and reached almost zero after 15 min of deposition.

Unfortunately, no microscopic information on the La

deposit morphology was provided by the authors.

To increase the lanthanide metal content in the alloy, a

highly stable solvate IL comprising a 2 : 1 (mol/mol) mixture

of ethylene carbonate (EC) and AlCl3 was employed for

electrochemical deposition of a NdAl alloy.76 The ionic

nature of such a solvate IL system results from the reac-

tion (2):

2AlCl3+ nEC . [AlCl2(EC)n]++ [AlCl4]7 (2)

while the introduction of the NdCl3 salt led to its dissolu-

tion in the reaction (3):

3[AlCl2(EC)n]++2NdCl3 . 2Nd3++3[AlCl4]7+3nEC (3)

This dissolution mechanism was suggested based on

Raman and 27Al NMR spectroscopy data.73, 76 The solubil-

ity of NdCl3 achieved in this EC/AlCl3 (molar ratio of

0.667/0.333) solvate IL was as high as 4 mol.% NdCl3 . The

bulk deposition of NdAl alloy from this solution at 323 K

was accomplished, and the obtained deposit contained

30 at.% Nd (according to EDX). Based on cyclic voltam-

metry, the authors proposed that the electrodeposition of

Nd was a direct one-step process.76

More recently, Gau and Sun 77, 78 investigated the elec-

trochemical behaviour of Eu and Yb in basic and acidic

[EMIm][Cl]7AlCl3 melts with different molar ratios:

0.444/0.556 (prevalent anions are [AlCl4]7 and Cl7; a

basic melt) and 0.333/0.667 (prevalent anions are

[Al2Cl7]7; an acidic melt). Since the former system contains

some extra Cl7 anions, the dissolution of EuCl3 occurs

according to the reaction (4) (same for YbCl3):

EuCl3+3Cl7 . [EuCl6]37 (4)

Cyclic voltammetry data demonstrated a reversible one-

electron reduction of Eu(III) and Yb(III) to Eu(II) and

Yb(II) in the respective IL solutions on a glassy carbon

electrode:77, 78

[EuCl6]37+e7 . [EuCl4]27+2Cl7 (5)

[YbCl6]37+e7 . [YbCl5]37+Cl7 (6)

No reduction to zero-valent Eu and Yb was observed by

Gau and Sun.77, 78 However, interestingly, the formal poten-

tial of the Eu(III)/Eu(II) and Yb(III)/Yb(II) redox couples in

the acidic melt was found to be about 2.5 V more positive

than the corresponding reactions in the basic melt.77, 78

Provided that Eu and Yb are dissolved as non-coordinated

ions according to the reaction (1),73, 74 one can assume a

crucial role of the coordination sphere around a lanthanide

ion in its electrochemical behaviour.79

The electrodeposition of Co7Zn7Dy alloy was

examined in a low-temperature 50 mol.% ± 50 mol.%

[EMIm][Cl]7ZnCl2 melt containing 1.687 mol.% CoCl2
and 1.114 mol.% DyCl3 at 373 K.80 Although energy dis-

persive X-ray (EDX) analysis showed up to 25 at.% Dy in

the deposit, the authors claimed that Dy was mostly

deposited in the form of Dy(III) and Dy(II).

Table 2 (continued).

Ln ion Salt and concentration Ionic melt, IL, DES T /K D61012 /m2 s71 Method a Ref.

Dy(III) 0.154 M Dy(TFSI)3 TMP 298 2.2 1072 CV 143

Dy(III) 0.094 M Dy(TFSI)3 DHOA 323 0.8 CV 144

Dy(III) 0.094 M Dy(TFSI)3 DHOA 353 1.9 CV 144

Gd(III) 0.22 M Gd(TFSI)3 TMP 298 1.0461072 CV 143

Pr(III) 0.173 M Gd(TFSI)3 TMP 298 1.1461071 CV 143

Fe(II) 0.1 M Fe(TFSI)2 [BMP][TFSI] 298 9.7 CA 110

Co(II) 0.1 M Co(TFSI)2 [BMP][TFSI] 301 10 CP 111

Co(II) 0.038 M CoCl2 Reline 373 19.8 CA 150

Co(II) 0.05 M CoCl2 Glyceline c 343 27.2 CA 151

Eu(III) 0.01 M Eu(ClO4)3 Aqueous solution 298 1.626103 CV 60

Note. CV is cyclic voltammetry, CA is chronoamperometry, SI is semi-integral analysis, SD is semi-differential analysis, RDE is rotating disc

electrode, CP is chronopotentiometry. a If several methods were used, an average value is given in the table; bDCe(III) was estimated from the CV

peak corresponding to Ce(III) oxidation to Ce(IV) on a GC electrode; c glyceline is choline chloride/glycerol (1 : 2 molar ratio).
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The use of the first-generation ILs for lanthanide elec-

trodeposition has an advantage over second-generation ILs

due to their lower viscosity (see Table 1) and faster ion

diffusion (see Table 2). For example, the diffusion coeffi-

cients of Yb(III) ions (estimated from electrochemical data)

in [BPy][Cl]7AlCl3 (see 67) and [EMIm][Cl]7AlCl3 (see 78)

are approximately an order of magnitude larger than those

in the second-generation [BMP][TFSI] IL (see Table 2).81, 82

On the other hand, high air- and water-sensitivity is a

serious drawback of first-generation ILs. Moreover, despite

some successful attempts to deposit lanthanide-based alloy

from halometallate ILs, particularly from chloroaluminate

ILs, the deposition of pure lanthanides can hardly be

realized because of aluminium co-deposition.

3. Deposition from second-generation ionic liquids

Subsequent work on lanthanide electrodeposition was

mainly focused on non-halometallate second-generation

ILs, especially ILs with the weakly coordinating [TFSI]7

anion, which is typically supposed to provide easier electro-

deposition of lanthanides.83 To increase the lanthanide

solubility, the respective salts, Ln(TFSI)3 , were synthesized

and used.

In particular, [BMP][TFSI] IL was often employed in

the studies of lanthanide electrodeposition. This is a rather

hydrophobic IL, and it exhibits excellent electrochemical

stability at both cathodic and anodic polarization [the

electrochemical window is *4.5 V on Pt (Ref. 84) and

*5.7 V on glassy carbon (GC) 85]. Suppan et al.86 studied

electrochemical deposition of Dy on Au and on sintered

Nd7Fe7B permanent magnets from [BMP][TFSI]. The

aim of the authors was to enhance the permanent magnetic

properties of the Nd7Fe7B magnets. The cyclic voltam-

mograms recorded in 0.147 M Dy(TFSI)3 solution displayed

cathodic waves attributed to the reduction of Dy(III) to

Dy(0). No respective anodic signal was detected, suggesting

the irreversibility of this reaction. Increasing temperature

from 298 to 423 K led to an increase in cathodic currents of

Dy reduction and to a decrease in the overpotential of this

reaction. Galvanostatic deposition of Dy was conducted at

70.5 mA cm72 current density at 423 K. The deposit was

characterised by a slightly porous morphology. However,

X-ray photoelectron spectroscopy (XPS) analysis after Ar

ion sputtering indicated the formation of Dy oxide/hydr-

oxide and a rather low content of metallic Dy (<1 wt.%).86

The authors also mentioned that the use of deposition

current density of 72 mA cm72 and higher in magnitude

resulted in poorly adhesive black deposits and severe IL

degradation.

The electrochemical behaviour of Eu was studied in the

solution of 53 ± 100 mM Eu(TFSI)3(H2O)3 in [BMP][TFSI]

at 373 K.85 The cyclic voltammograms of a GC electrode

displayed two cathodic peaks at 70.45 (designated as R1)

and 72.79 V (R2) vs. Fc/Fc+ as compared to the voltam-

mogram in pure [BMP][TFSI] (Fig. 2 a,b). Similar peaks

were observed on a stainless-steel electrode (Fig. 2 c). The
first reduction peak R1 was accompanied by a correspond-

ing oxidation peak O1, and this pair of peaks was attributed

to a (quasi)reversible one-electron redox process

Eu(III).Eu(II). In [BMP][TFSI], an additional reduction

peak R2 was ascribed to the reduction of Eu(II) to Eu(0)

(see Fig. 2). The voltammograms show the difference in the

position and the magnitude of the R1 and R2 peaks for GC

and stainless steel electrodes. However, because of different

Eu(III) concentrations in the two measurements (0.053 vs
0.100 V), it is not clear whether the changes in voltammetric

features were related to the different Eu(III) concentrations

or to the electrode material. After five-hour potentiostatic

polarization of the GC and stainless steel electrodes at the

potentials of possible Eu deposition, the samples were

analyzed ex situ by energy dispersive X-ray fluorescence

(EDXRF) spectroscopy and X-ray diffraction (XRD) spec-

troscopy. The EDXRF and XRD spectra showed the

presence of metallic Eu; however, neither further details on

deposit composition nor deposit morphology data were

presented in this study.85

Hussey and co-workers introduced Ce, Eu, Sm, Yb, Nd,

Pr ions into [BMP][TFSI] by the anodic dissolution of the

corresponding metals.81, 87, 88 The oxidation state of the

lanthanide ions in the bulk was examined by electronic

absorption spectroscopy, and electrochemical behaviour

was studied by cyclic voltammetry at 323 K. Based on the

results, Hussey et al. proposed that Ln(III) (here Ln=Nd,

Pr and Ce) were reduced to divalent ions during the

cathodic scan, but the resulting divalent species exhibited

only transient stability [with Sm(II) being somewhat less

stable as compared to other lanthanides 81] undergoing

rapid disproportionation to Ln(III) and Ln(0):87, 88

Ln(III)+e7 . Ln(II) (7)

2 Ln(II) ! Ln(III)+Ln(0) (8)

This Ln(II) disproportionation reaction was often

observed in chloride melts at high temperatures.89, 90 The

Ln(0) can further react with components of the IL to form a

passivating film on the electrode surface as also observed in

the course of deposition of some metals, e.g. Li or Cr, in ILs

and DESs.91 ± 94 However, the presence of an anodic peak in

CV curves,81, 87, 88 corresponding to oxidation of Ln(II) to

Ln(III), indicates that the disproportionation reaction (8) is

rather slow. Moreover, Yamagata et al.82 demonstrated

quasireversible redox transformations between three- and

divalent Ln ions in [BMP][TFSI] and [EMIm][TFSI], and no

evidence was found for the disproportionation of Eu(II),

Yb(II) and Sm(II) at 298 K. Bourbos et al.95 studied the
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Figure 2. Cyclic voltammograms of [BMP][TFSI] and its solution
with Eu(TFSI)3 recorded on GC (a and b) and stainless steel
(c) working electrodes at 373 K: (a) pure [BMP][TFSI],
(b) [BMP][TFSI]+ 0.053 M Eu(III), (c) [BMP][TFSI]+ 0.100 M

Eu(III). Scan rate: 0.1 V s71. Reprinted with permission from
Ref. 85.
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deposition of several Ln (Ln=La, Sm, Nd and Dy) from

[BMP][TFSI] and [N1,1,1,4][TFSI] at room temperature. The

disproportionation reaction (8) was not considered in this

work. Instead, the authors claimed the irreversible three-

electron reduction of Ln(III) to Ln(0) based on CV, scan-

ning electron microscopy (SEM), EDX and XPS data,

however, no evidence for or against the disproportionation

reaction was given. Nevertheless, the disproportionation

reaction was suggested to occur for Sm(II) at 373 K, when

it was formed upon Sm(III) electroreduction in

[BMP][TFSI].96 The cyclic voltammograms at 50 to

200 mV s71 showed both cathodic and anodic peaks corre-

sponding to Sm(III). Sm(II) reactions, whereas at the scan

rate of 10 mV s71 anodic peak disappeared.96 At 298 K, the

anodic peak was still present in voltammograms recorded at

10 mV s71. These findings indicate that the disproportio-

nation reaction (8) is slow and accelerates with temperature.

An interesting approach was employed by Hatchett et

al.,97 to obtain a solution of Ce(III) in [N1,1,1,4][TFSI] IL.

The ILs that are based on quaternary ammonium cations

also exhibit a wide electrochemical window (>4.5 V).57, 98

Carbonate hydrates Ce2(CO3)3 . xH2O were dissolved in the

solution of H[TFSI] acid in [N1,1,1,4][TFSI] according to the

following reactions (the dissolution was confirmed by

UV-Vis and IR spectroscopy):97

Ce2(CO3)3 . xH2O+6H[TFSI] ! (9)

! 2Ce(TFSI)3+3CO2+ (3+ x)H2O

or

Ce2(CO3)3 . xH2O+10H[TFSI] ! (10)

! 2Ce(TFSI)2ÿ5 +4H++3CO2+(3+ x)H2O

The cyclic voltammograms of Au, Pt and GC electrodes

in this solution displayed the multiple voltammetric features

at potentials below 1 V vs Ag/AgCl (*0.6 V vs Fc/Fc+

according to Ref. 99; hereinafter, this conversion is quite

approximate, since it may considerably depend on the

solution composition and the reference electrode configu-

ration and composition). The authors indicated that water

was still present in the IL solution despite the degassing of

the latter by Ar for 24 h. Due to the presence of water, some

voltammetric features were related to the reduction of water

and oxidation of the electrode surfaces. Moreover, since

H[TFSI] was added in excess [as compared to the stoichi-

ometry of reactions (9 and 10)], H[TFSI] could also be a

proton donor for HER. Although the authors ascribed

some voltammetric features to consecutive one-electron

reactions

Ce(TFSI)3,ads ! Ce(TFSI)2,ads ! Ce(TFSI)ads ! Ce(0)ads (11)

as well as to the three-electron reaction

Ce(TFSI)3+3e7 ! Ce(0)ads+3TFSI7 (11a)

this interpretation of the voltammetric responses was based

only on a comparison of cyclic voltammograms in the

presence and in the absence of the Ce(III) salt and was not

supported by other methods. A deposit obtained on Au in

the course of the potential sweep was non-uniform and

covered the Au surface only partially (as shown by SEM).

Irreversible three-electron reduction of La(III) to La(0)

was evidenced by voltammetric measurements in 66 mM

La(TFSI)3(H2O)3 in [N1,1,1,4][TFSI].100 Bhatt et al.100 stated
that La had only one stable oxidation state (+III) in

addition to zero and ruled out the possibility of the

La(III)!La(II) process. On the contrary, the reduction of

Eu(III) and Sm(III) to Eu(0) and Sm(0), respectively,

occurred via the formation of divalent ions. The CV curves

displayed redox peaks ascribed to (quasi)reversible

Eu(III).Eu(II) and Sm(III). Sm(II) processes and irrever-

sible cathodic waves at more negative potentials attributed

to Eu(II)!Eu(0) and Sm(II)! Sm(0).

The deposition of La was also realized in [OMP][TFSI],

where La was introduced as La(NO3)3 .56 The CV curves of

a platinum electrode displayed only one pronounced catho-

dic wave ascribed to the reduction of La(III) to La(0).

Potentiostatic electrodeposition of La was performed with

or without stirring at varied potentials using La(III) con-

centrations ranging from 5 to 500 mM and temperatures

ranging from 298 to 353 K.56 Best quality deposits were

obtained from a 60 mM La(III) solution at 71.5 V vs AgCl-

covered Ag wire pseudo-reference electrode at room tem-

perature and without solution agitation. The SEM, EDX

and XRD experiments revealed an amorphous La deposit

with a granular morphology. The authors stated that the

use of more negative potentials, higher La(III) concentra-

tions and temperature above 313 K accelerated the deposi-

tion rate, but led to the cracking and peeling of the deposit.

The amorphous state of the La deposit 56 can be due to the

inclusion of the light elements (O, S, F, N) and metalloid

(C) into the deposits as previously discussed in the liter-

ature.101, 102 The presence of these elements can be

explained by parallel side reactions of cathodic IL or DES

component decomposition as well as chemical oxidation of

deposited lanthanides in the presence of residual water.

A number of studies on lanthanide electrodeposition

employed ILs with quaternary phosphonium cations, par-

ticularly [P2,2,2,5][TFSI] that exhibited relatively low viscos-

ity (see Table 1) and comparable or even larger

electrochemical windows than [N1,1,1,4][TFSI] and

[BMP][TFSI] ILs.58, 103 The electrochemical reduction of

Dy was investigated from 0.075 and 0.1 M Dy(TFSI)3 in

[P2,2,2,5][TFSI] IL at elevated temperature (318 to 378 K) on

a Pt working electrode.104, 105 The cathodic peaks R1 and

R2 at about 72.4 and 73.4 V vs Fc/Fc+ were attributed to

the irreversible Dy(III)!Dy(II) and Dy(II)!Dy(0) reduc-

tion processes (Fig. 3 a). In the presence of slightly higher

water content (203 ppm), however, the peak R1 was absent

and the peak R20 was assigned to three-electron reduction of

Dy(III). This difference in the behaviour was explained by

preferential coordination of Dy(III) ions with water mole-

cules upon an increase in water content.105 The deposition

of Dy was performed on a copper plate cathode with a Dy

rod as an anode in two-electrode cell configuration at a

constant cell voltage of 73.8 V at 373 ± 423 K.104 Based on

the gravimetric analysis (by weighting the Cu cathode and

the Dy anode before and after deposition), the authors

claimed current efficiency of 75%± 78% for Dy deposition

and dissolution.104 The deposit obtained at 423 K was

characterized with SEM: the surface morphology was gran-

ular with cracks and with a particle diameter of 0.5 mm.

Although the deposition was performed under air atmos-

phere, EDX and XRD analysis showed a pure bulk Dy

metal deposit (except for the top layer) rather than Dy2O3 .

The nucleation and growth of the Dy deposit were explored

in a series of potentiostatic current transients (Fig. 3 b).105

The `cathodic current density vs time' plots initially

increased due to a growing area of nuclei, and then the

cathodic current dropped because of diffusion limitations

(overlapping of diffusion zones around nuclei) (see Fig. 3 b).
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Based on the analysis of the transients, the authors sug-

gested that the Dy(0) nucleation mechanism changes from

instantaneous nucleation to progressive nucleation with

increasing overpotential. A similar nucleation mechanism

was also observed by the same research group for the

deposition of Nd from the [DEMMA][TFSI] IL.106 The

deposition of Nd from [DEMMA][TFSI] produced a

deposit with a granular morphology with a non-uniform

grain size distribution. The XPS analysis, performed after

the Ar ion beam sputtering (to facilitate in-depth analysis of

the middle layer) identified the deposits as mixtures of Nd

metal and Nd oxide.106 The authors suggested that metallic

Nd was initially electrodeposited and further in situ oxidized

by the oxygen components in the electrolyte, that is, water

or dissolved oxygen.

The deposition of Nd from a phosphonium-type IL was

attempted by Kondo et al.107 A solution with a high

concentration (0.5 M) of Nd(TFSI)3 in the [P2,2,2,5][TFSI]

IL was employed to test Nd deposition on Pt and Cu

substrates at elevated temperatures. A cathodic peak at

*72.5 V vs Fc/Fc+ was ascribed to the reduction of

Nd(III) to Nd(0), while an anodic peak at 0.5 to 1.0 V

(depending on the temperature) was attributed to the

opposite oxidation reaction. Because of a large width of

the redox peaks and a large peak-to-peak separation

(>2.8 V), it was conjectured that the redox reaction of

Nd(III)/Nd(0) should be regarded as an irreversible system.

The increase in temperature from 323 to 378 K led to a

decrease in overpotentials for both Nd(III) reduction and

Nd(0) oxidation. However, the reductive decomposition of

IL was also accelerated at higher temperatures. The deposit

obtained at 73.1 V over 3 h was not compact and repre-

sented grains with an average size of 1.7 mm. The content of

metallic Nd was estimated by EDX to be 48% (the authors

did not specify if it was atomic percentage or percentage by

weight). Since oxygen was also detected, it was proposed

that the oxidation reaction in the top layer of electro-

deposits could occur in the course of the electrodeposi-

tion.107 Although Kondo et al.107 demonstrated a successful

deposition of Nd from [P2,2,2,5][TFSI] (dynamic viscosity is

88 mPa s,58 see Table 1), no Nd deposition was detected by

the same authors in more viscous [N1,1,1,6][TFSI] [dynamic

viscosity is 153 mPa s (Ref. 57)]. The authors concluded

that the viscous IL was likely to cause a decrease in the ionic

mobility and the diffusion coefficient of Nd(III), which in

turn hindered the reduction of Nd(III).

Additionally, the deposition of Nd from the

[P2,2,2,5][TFSI] IL was studied with a combination of elec-

trochemical methods (CV and CA) and EQCM (electro-

chemical quartz crystal microbalance) technique.108 The

EQCM technique allowed the detection of changes in the

mass (Dm) of electrodeposits on the electrode and in the

viscosity and density of the electrolyte near the electrode

(DZr), which is related to the concentration of soluble metal

ions in ILs. The EQCM data were measured simultaneously

with CV in a 0.05 M Nd(III)+[P2,2,2,5][TFSI] solution at

different temperatures (Fig. 4 shows the data for 373 K). A

clear increase in the deposit mass was observed at poten-

tials<72.4 V, which corresponded to the cathodic voltam-

metric peak (Fig. 4 a,b). These observations were assigned

to the reduction of Nd(III) to metallic Nd(0):

[Nd(TFSI)5]27+3e7 ! Nd(0)+5TFSI7 (12)

The calculated molecular mass, Mapp , of the electro-

deposited Nd (calculated from the mass change Dm accord-

ing to Faraday's law of electrolysis) was equal to 140.4 in

the potential range between 72.4 and 72.9 V (Fig. 4 b) and
close to the theoretical value of Mapp for the electrodeposi-

tion reaction of Nd(III)/Nd(0), i.e. 144.2 g mol71. An

increase in the mass and in Mapp at potentials between 0.0

and 72.0 V (Fig. 4 b) was ascribed to the formation of

Nd(II), followed by the disproportionation reaction (8).

Another reason for the increase in the mass was proposed

to be the formation of a film on the electrode surface as

observed for Li in ILs.109 The decrease in parameter Zr
(here Z is the dynamic viscosity and r is the density of the

solution adjacent to the working electrode) at potentials

between 72.4 and 72.8 V correlated well with the con-

sumption of Nd(III) ions (Fig. 4 c), which in turn should

lead to a decrease in the viscosity.108 However, increasing

Zr at more negative potentials indicated that the Nd(III)

reduction reaction (12) competed with IL degradation. The

formation of a Nd electrodeposit was also confirmed by

EQCM under potentiostatic conditions at 73.2 V.108 Fur-

ther, the obtained blackish deposit was characterized by

SEM, EDX and XPS. According to the EDX analysis, the

deposit contained 85.7 wt.% Nd and such elements as C, O,

F, N, P derived from the IL, while XPS confirmed the

primarily metallic state of Nd in the middle deposit layer at

a depth of 0.08 ± 0.15 mm. The content of metalloids such as

C (1.02 wt.%) and P (0.02 wt.%) was not considerable and

could hardly affect the deposit crystallinity. The crystallin-

ity of the Nd deposit obtained in [P2,2,2,5][TFSI] was con-

firmed by XRD by Kazama et al.105 On the other hand, the
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content of O exceeded 8 wt.%, suggesting partial lanthanide

oxidation (with formation of oxides and hydroxides).

It is worth noting the following observations. The

diffusion coefficients of Ln(III) species in the most studied

[BMP][TFSI] and [P2,2,2,5][TFSI] ILs were estimated to be of

an order of *10712 m2 s71 at room temperature or slightly

above room temperature (see Table 2). These diffusion

coefficients were less than half of those of Fe(II) (Ref. 110)

and Co(II) (Ref. 111) in [BMP][TFSA], which can be

explained by the difference in coordination environment of

the species. Particularly, Co(II) was considered to be the

octahedrally coordinated complex [Co(TFSA)3]7,112, 113

while Yb(II) was reported to form [Yb(TFSA)4]27.79, 114

Assuming that Eu(II) species form a complex similar to that

of Yb(II), Tachikawa et al.115 concluded that the small

diffusion coefficient of Eu(II) was due to the larger size

and charge of the species. The Ln(III) ions are typically

coordinated with five [TFSI]7 anions (as estimated from

Raman spectroscopy 116) and the diffusion coefficients of

Ln(III) are similar or even lower than those of Ln(II) species.

The presence of water in ILs may crucially affect bulk

properties of IL solutions,117 speciation of metal ions and

electrode/IL interface structure as shown in experimental 118

and modelling studies.119 Thus, water may significantly

affect the kinetics and mechanism of metal ion electro-

reduction. Regarding lanthanide deposition, an increase in

water content may affect the hydration states of Ln(III) ions

in ILs, increase Ln salt solubility, change the kinetics of

Ln(III) reduction, improve mass transport and induce dif-

ferent side reaction (HER, IL reductive degradation).120

The effect of water in [TFSI]-based ILs on the electro-

chemical behaviour and deposition of lanthanides was

investigated by different research groups. Kondo et al.121

concluded that even a moderate water content

(*2300 ppm) in a 0.5 M Nd(TFSI)3 solution in the

[P2,2,2,5][TFSI] IL only slightly improved the viscosity and

electrical conductivity, but noticeably increased the over-

potential for Nd(III) reduction. The latter negative effect

was explained by the stabilization of the Nd(III) complexes

by water molecules. Yet, no significant influence of the

moderate water content on the oxidation state of Nd

deposit was observed. In both cases, in dehydrated solution

and solution with *2300 ppm water, the deposit contained

mostly Nd in the metallic state.121 An inhibitory effect of

small water amount was also observed for the reduction of

Dy(III) in [P2,2,2,5][TFSI] (see Fig. 3 a).105

Sanchez ± Cupido et al.122 came to an opposite conclu-

sion on the water effect. They studied the electrodeposition

of Nd from [P6,6,6,14][TFSI] IL and found that the Nd(III)

reduction is accelerated in the presence of 0.4 wt.% water

as compared with the solution containing 0.1 wt.% water.

Although the IL cations were different in the two papers,

[P2,2,2,5]+ (Ref. 121) and [P6,6,6,14]+ (Ref. 122), the opposite

water effect can hardly be explained by the difference in

cations, and a further examination is required.

The effect of water on the electrochemical properties of

lanthanides in ILs was also investigated by Nagaishi et al.60

The authors studied coordination states and electro-

chemical behaviour of Eu(III) ions in dehydrated and

water-saturated ILs, [DEMMA][TFSI] [DEMMA is

N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium] and

[BMIm][TFSI]. It was stated that Eu(III) was coordinated

only with water molecules in water-saturated ILs. Never-

theless, the quasireversible redox process Eu(III)/Eu(II) in

[DEMMA][TFSI] and [BMIm][TFSI] was shifted to more

positive potentials as compared with the formal potentials

in an aqueous solution.60 This shift was particularly pro-

nounced in dehydrated ILs. For example, the formal poten-

tial of Eu(III)/Eu(II) in dehydrated [DEMMA][TFSI] was

0.75 V more positive than that in the aqueous solution. This

finding suggests that Eu(II) ions are more stable in ILs than

in aqueous solutions. However, it is not clear how the

authors accounted for the changing liquid-junction poten-

tial between the reference electrode (aqueous) and the IL

solution when they compared the potentials with aqueous

electrolyte solutions. The diffusion coefficients of Eu(III)

estimated in water-saturated and dehydrated [DEM-

MA][TFSI] and [BMIm][TFSI] ILs as well as in an aqueous

solution are given in Table 2.60 Although the diffusion

coefficient of Eu(III) in both ILs increases by a factor of

3 ± 4 upon saturation with water (e.g. from 2.3610712 to

8.9610712 m2 s71 in [BMIm][TFSI], see Table 2), it is still

much smaller than the diffusion coefficient of Eu(III) in the

aqueous solution (1.661079 m2 s71). It was also pointed

out that the diffusion coefficient of Eu(III) estimated from

electrochemical data was much lower than that estimated

from the viscosity of ILs,60 which can be explained by the

effective inhibition of motion of Eu(III) by the matrix of IL.

The formation of a pronounced anion-cation layering at the

metal/IL interface has been demonstrated previ-

ously.118, 123 ± 125 This a layering may change the physical
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properties of IL at the interface: e.g., the viscosity might

locally change by 1 to 3 orders of magnitude as reported in

the literature.126, 127 Thus, the mass transport of lanthanide

ions can be decelerated substantially in a near-surface IL

layer as compared to the bulk IL.

Triflate-based ILs (with [OTf]7 anion) are another type

of ILs with a relatively large electrochemical window

(>4 V).128, 129 However, although Ln(OTf)3 salts are rela-

tively inexpensive and commercially available and may have

appreciable solubility in triflate-based ILs, the study of

lanthanide deposition from these ILs is limited. One of the

reasons can be the higher viscosity of triflate ILs as

compared to [TFSI]-based ILs (see Table 1). The electro-

deposition of Y, Gd and Yb was studied by cyclic voltam-

metry in three ILs, [N1,4,4,4][OTf], [BMP][OTf] and

[BMMIm][OTf] (BMMIm is 1-butyl-2,3-dimethylimidazo-

lium), on copper and platinum electrodes.130 The authors

observed no voltammetric signals of lanthanide deposition

in [BMMIm][OTf], while the cathodic waves appearing in

[N1,4,4,4][OTf] and [BMP][OTf] were ascribed to the reduc-

tion of Ln(III) to Ln(II) followed by the further reduction to

Ln(0). However, neither microscopic nor spectroscopic

characterization of lanthanide deposits was provided.

The voltammetric behaviour of some lanthanides was

also studied in [Cl]-based ILs. Quasireversible redox peaks

for Eu(III)/Eu(II), Sm(III)/Sm(II) and Ce(III)/Ce(II) were

observed in [EMIm][Cl] and [BMIm][Cl] IL at

343 ± 398 K.131, 132 However, lanthanide deposition in these

ILs was not studied, since severe reductive IL degradation

proceeded at potentials prior to the reduction of lanthanides

to the zero-valent state.

Recently, low-viscosity ILs with [DCA]7 anions (see

Table 1) were employed for lanthanide electrodeposition.

Zhang et al.133 reported on the deposition of La from

[BMIm][DCA] at 333 K. Although it is known that metal

chlorides are poorly soluble in many non-chloroaluminate

ILs, appreciable solubility of anhydrous LaCl3 (at least up

to 80 mM) was achieved in [BMIm][DCA] due to good

donor ligand properties of [DCA]7.62 Based on the ampero-

metric titration results, the following dissolution reaction

was proposed:

4[DCA]7+LaCl3 ! [La(DCA)4]7+3Cl7 (13)

In agreement with the above-mentioned studies,56, 100

Zhang et al.133 also observed a single cathodic wave and

attributed it to the reduction of La(III) to La(0) in

[BMIm][DCA]. Interestingly, the anodic peak of deposit

stripping was also observed in the reverse scan of CV.

Though this anodic peak was much less pronounced than

the cathodic one, it can be ascribed to partial oxidation of

La(0). The anodic counter peak was not observed in other

reports,56, 85, 100, 104, 130 where La (and other lanthanides)

were deposited irreversibly from [TFSI]7- and [OTf]7-

based ILs. Zhang et al.133 performed potentiostatic deposi-

tion of La from a 0.08 M La(III) solution in [BMIm][DCA]

on a Pt foil electrode at different potentials at 333 K. The

XRD and XPS analysis of the La deposit demonstrated that

the surface of the substrate was originally covered by a thin

lanthanum layer. Although La2O3 was detected on the

surface, it can be explained by the oxidation of the freshly

deposited La when exposed to the ambient atmosphere.

Nevertheless, the chemical oxidation of La(0) upon deposi-

tion cannot be excluded from the reported results.

The SEM analysis showed a clear influence of the

deposition potential on the deposit morphology (Fig. 5).

At rather a moderate overpotential, namely at 70.9 V vs
Ag/Ag+ reference electrode (ca. 71.43 V vs Fc/Fc+;

according to Ref. 134 the formal potential of Fc/Fc+ in

ILs is *0.53 V vs Ag/Ag+ in acetonitrile solution), the La

deposit represented 150 ± 200-nm nanoparticles (Fig. 5 a,e),
suggesting the formation of a limited number of nuclei in

the nucleation stage and their further growth. At 71.0 V,

the deposit became more compact (Fig. 5 b, f ); however, at
more negative potentials, the deposit appeared like a dis-

ordered porous and dendritic structure (Fig. 5 c,d,g,h). The
results of this study suggest that the [DCA]-based ILs are

promising media for electrochemical deposition of lantha-

nides and other elements. However, the surprisingly low

diffusion coefficient of La(III) in [BMIm][DCA] was calcu-

lated from electrochemical data (1.21�10714 m2 s71 at

333 K).133 This value is much smaller than the typical values

estimated by other groups for other lanthanides (see

Table 2): e.g. it is three orders of magnitude smaller than

the diffusion coefficient of Eu(III) in the same IL

(26.5610712 m2 s71).63 Such a low value may result from

ca
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Figure 5. SEM images of lanthanum electrodeposited on Pt foil in 0.08 M LaCl3/[BMIm][DCA] IL at the applied potentials of
(a) 70.90 V, (b) 71.00 V, (c) 71.05 V and (d ) 71.10 V for 2 h at 333 K, respectively. (e7h) The corresponding high-magnification
SEM images. Reprinted with permission from Ref. 133.
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a mistake in the diffusion coefficient calculation and has to

be rechecked.

The [BMIm][DCA] IL was also employed as a medium

for electrodeposition of Gd at 330 ± 333 K from a 0.08 M

GdCl3 solution.135 The voltammetry, chronoamperometry

and EQCM data suggested the deposition of a Gd film,

which could be seen with the eye. However, no microscopic

and elemental analyses were performed to investigate the

morphology and composition of the film.

Electrochemical deposition of Er (one of less studied

lanthanides) was investigated by Small et al.,12 who

employed different ILs ([N1,1,1,4][TFSI], [MPP][TFSI],

[BMP][TFSI], [BMP][DCA], [BMP][OTf], where MPP is

1-methyl-1-propylpiperidinium) and introduced Er(III) to

the ILs as Er(OTf)3 or Er(TFSI)3 . Voltammetry data

showed an intermediate reduction process on a Pt electrode

before the reduction of Er(III) to Er(0) in the [TFSI]7- and

[OTf]7-based ILs. However, the product generated in this

intermediate process was not specified. Among the studied

ILs, [BMP][DCA] was shown to provide optimal conditions

for Er deposition: the absence of the intermediate reduction

process and higher reduction currents on the Pt electrode.

However, the presence of metallic Er in the deposit was

open to question, as followed from XPS and EDX analyses

of the films obtained by potentiostatic deposition at 72.9 V

vs Fc/Fc+ for 2 h.12 Interestingly, Small et al. found out

that the activity of electrodes towards Er(III) reduction

depended on the electrode material: e.g. the activity of a

gold electrode was similar to that of Pt, while no Er(III)

reduction was detected on GC.

Thomas et al.136 attempted to prepare functional mate-

rials for optoelectronic applications by electrochemical co-

deposition of Si and Er or Tb lanthanides with highly

efficient light emission. Co-deposition of Er or Tb with Si

was performed from the [BMP][TFSI] IL solutions contain-

ing 10 mM ErCl3 or TbCl3 as well as SiCl4 . *2 mm-thick

films were obtained with different content of Er or Tb (from

5 at.% to 20 at.%) at 343 K. Moreover, the authors suc-

ceeded in depositing pure Er and Tb films. The EDX and

SIMS (Secondary Ion Mass Spectrometry) analyses con-

firmed the lanthanide deposition.136 However, rather strong

oxygen signals were also observed, suggesting that Er and

Tb were, at least partially, in an oxide form in the deposit.

Berger et al.137 employed IL with a hexaalkyl-substi-

tuted guanidinium cation to deposit Dy on the Au(111)

single crystal surface. The Dy(OTf)3 salt was dissolved in

[N1,1N1,1NpipGua][TFSI] (see the cation structure in Fig. 1)

to obtain 0.02 to 0.20 M solutions. The deposition of Dy

was concluded from CV data and in situ STM data. The

STM imaging displayed the formation of monoatomic high

islands on the Au terraces at the potentials of a cathodic

wave. The XPS spectra show signals that were ascribed to

Dy2O3 ; however, it is not clear if the oxidation of Dy(0) can

take place during sample transfer to the XPS device or Dy

oxidation can occur upon electrodeposition.

Recently Nockemann and co-workers 138 synthesized

and characterized IL chlorometallate complexes using the

[P6,6,6,14]+ cation for the whole lanthanide series (Ln=La,

Ce, Pr, Nd, Sm, Eu, Gd, Tm, Tb, Dy, Ho, Er, Yb, Lu) and

two other rare-earth elements, Sc and Y, with melting

points below 273 K. The ILs of the [P6,6,6,14]3[LnCl6] type

were obtained in such reactions as:

3[P6,6,6,14]Cl+LnCl3 ! [P6,6,6,14]3[LnCl6] (14)

or

3[P6,6,6,14]Cl+LnCl3 . 6H2O! [P6,6,6,14]3[LnCl6]+6H2O (15)

The electrochemical behaviour of [P6,6,6,14]3[LaCl6]

(melting point is *271 K) was investigated in this paper

by cyclic voltammetry at elevated temperatures (383, 393

and 403 K).138 The cathodic peak at 71.5 V vs Ag/Ag+

(a silver wire immersed in 0.01 M AgNO3 solution in

[BMIm][NO3]) and the anodic peak-like feature at *0.3 V

vs Ag/Ag+ were attributed to the reduction/oxidation of the

La(III)/La(II) redox couple. Although the authors assumed

the existence of La(II) species in a chloride-rich chlorolan-

thanate environment, one could think that the dispropor-

tionation reaction (8) was feasible in this IL system.87, 88

Apparently, chloride as a strong complexing ligand hin-

dered the electroreduction of the [LaCl6]
ÿ
3 species,138

whereas a dicyanamide complex of lanthanum favoured

electroreduction of La(III) species.133

Already a few decades ago, it was found by several

research groups 139, 142 that lanthanide halides formed com-

plexes with a number of electron donor compounds, in

particular organic phosphorus and sulfur compounds such

as tributyl phosphate (TBP) or diamyl sulfoxide. Recently,

following this strategy, Bagri et al.143 prepared an ionic

liquid system by dissolving Ln(TFSI)3 salts in trimethyl

phosphate (TMP). This ionic system was later called

neutral-ligand ionic liquid (NLIL).144 Bagri et al.143 stated

that upon the dissolution, Ln formed a complex cation with

the neutral TMP ligands:

3 TMP+Ln(TFSI)3 ! [Ln(TMP)3]3++3[TFSI]7 (16)

The complex cation composition was proposed by

analogy with previously reported lanthanide complexation

with TBP,139 where the composition was determined by

infrared spectroscopy measurements. In this system, the

electrochemical deposition of Pr, Gd, Dy and Nd was

studied from solutions containing 0.15 to 0.22 M of respec-

tive [Ln(TMP)3]3+ ions at room temperature.143 The

authors claimed the deposition of Ln(0) on the basis of CV

and SEM/EDX mapping characterization. However, the

oxidation state of Ln in the deposit was not analyzed.

Since the solutions contained about 4000 ppm water, the

Ln oxide/hydroxide formation could take place. Diffusion

coefficients of Ln(III) complex cations were estimated from

CV data to be of an order of 10713 to 10714 m2 s71, which

was significantly lower than the typical values

(>10712 m2 s71) for Ln(III) in [TFSI]- and [DCA]-based

ILs (see Table 2). Such low values of diffusion coefficients

might be due to low viscosity; however, the authors did not

report the viscosity of the Ln(III)-containing solution.

Matsumiya et al.145 studied the extraction of Ln(III)

(Ln=Nd, Pr, Dy) from a Ln(III)-containing waste solution

in water by complexation of Ln(III) with the TBP neutral

ligand dissolved in the [P2,2,2,4][TFSI] IL. The concentration

change was monitored by inductively coupled plasma

atomic emission spectroscopy. The extraction of Ln(III)

was shown to proceed according to a cation-exchange

mechanism between aqueous and IL phases:

Ln3�aq +3TBPIL+ [P2,2,2,4][TFSI]IL +2[TFSI]7 ! (17)

! [Ln(TBP)3]3+[(TFSI)3]
3ÿ
IL + [P2,2,2,4]

�
aq

The structure of Ln the complex ion was suggested

based on the lanthanide extraction data and Raman spec-

troscopy.145
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Further, the reduction of Nd(TBP)3�3 in [P2,2,2,4][TFSI]

to Nd(0) was confirmed by CV analysis and potentiostatic

deposition of a thick Nd film at 373 K.145 The electro-

deposited Nd was investigated by XPS. The Nd3d5/2 spectra

for the top surface and the middle layer of the electro-

deposits are shown in Fig. 6. The Nd3d5/2 peaks for the Nd

metal and oxides are positioned at 980.5 ± 981.0 eV and

981.7 ± 982.3 eV, respectively. Upon Ar etching, the

observed Nd3d5/2 peak shifted to a lower binding energy

of 980.5 eV, i.e. to the theoretical binding energy of the Nd

metal (see Fig. 6). The C and O bonding peaks were also

detected, but their intensity decreased gradually with

increasing depth of Ar etching. Based on these results,

Matsumiya et al.145 suggested that the middle and surface

layers of Nd electrodeposits were in the metallic state and

partially in the oxidized state, respectively. However, it

should be note that the broadness and asymmetry of XPS

peaks before and after Ar etching (see Fig. 6) may be

indicative of the presence of Nd oxide form in the middle

layer as well (at least to a certain extent). Rather similar

results were obtained by the same research group for

extraction and deposition of Nd(III), Pr(III) and Dy(III)

using the N,N,N 0,N 0-tetraoctyl diglycolamide (TODGA)

neutral ligand.146

Inspired by the idea of Bagri et al.,143 Krishna et al.144

used another neutral ligand, N,N-dihexyl octanamide

(DHOA) to prepare NLILs with Ln(TFSI)3 (Ln is Eu, Dy,

Nd). The formation of [Ln(DHOA)3]3+[(TFSI)3]37 [simi-

larly to the reaction (16)] upon dissolution of La(TFSI)3 in

DHOA was proposed based on CV and infrared spectro-

scopy data. Cyclic voltammograms recorded in 0.1 M

Ln(TFSI)3 in DHOA exhibited the responses attributed to

the reduction of Ln(III) to Ln(0). Furthermore, Nd(III) and

Dy(III) were reduced in a single three-electron step, while

the reduction of Eu(III) proceeded in two steps via the

formation of Eu(II) species.144 Diffusion coefficients were

estimated to be on an order of 10712 m2 s71, similar to

those in [TFSI]-based ILs (see Table 2).

As can be seen in the cited literature, the deposition of

lanthanides was successfully realized in second-generation

ILs. The diffusion coefficients of Ln(III) ions in these ILs

are typically smaller than those in haloaluminate ILs [cf. the
data for Yb(III) and Sm(III) in Table 2] and fall in the range

of 10712 to 10711 m2 s71 (with rare exceptions) depending

on IL composition, lanthanide concentration and temper-

ature. As a general comment one can also mention that the

assignment of voltammetric features to reduction of lantha-

nides to Ln(0) is based on cyclic voltammetry and some

ex situ microscopic and spectroscopic characterization. At

the same time, the electroreduction can be a multistage

process with possibility of competitive chemical side reac-

tions, such as Ln(II) disproportionation and Ln(0) oxida-

tion, as well as IL degradation with inclusion of degradation

products into deposits. Additional in situ studies of lantha-

nide deposition in IL are highly required. Note that the

electroreduction of lanthanides to metallic state was shown

to be irreversible in most of the studies. The reversibility of

the one-electron reduction of Ln(III) to Ln(II) seems to

depend on the lanthanide itself, solution composition and

temperature. Possible reasons for irreversibility of this

process can be the disproportionation of Ln(II) (reaction 8)

as well as the formation of a film that blocks the electrode

surface and hinders the electrochemical reaction.

4. Electrochemical co-deposition
of lanthanide-based alloys from ionic liquids

The electrochemical deposition of lanthanide7transition

metal (Ln-TM) alloys has gained significant attention, as

these materials can have excellent magnetic, optical and

electrical properties. The SmCo alloys, e.g., have a high

Curie temperature (excellent thermal magnetic stability),

magnetic anisotropy and relatively high saturation magnet-

ization and find important applications in microelectronic

mechanical systems and high-density recording

media,152 ± 154 Neodymium-based permanent magnets are

commonly used in high-tech products such as electric

vehicles and many electric devices,155 GdCo alloy is

reported to exhibit perpendicular magnetic anisotropy and

can be used as a storage layer in magneto-optical storage

media,156 LnNi alloys can be applied as HER catalysts and

as functional materials for hydrogen storage.157, 158 In

addition, by co-deposition of lanthanides with other metals,

novel catalytic materials can be obtained for electrochem-

ical conversion of CO2 to value-added products.159 It is

known that transition metals, such as Ag, Au, Cu, Zn, Sn,

etc., exhibit electrocatalytic properties in the electroreduc-

tion of CO2 . Besides, extensive studies are being conducted

on combinations of various metals to change the adsorption

energy of intermediates in the CO2 reduction to achieve

deeper reduction of CO2 (for example, to methanol) and/or

change the reaction pathway (e.g. to promote the formation

of a carbon ± carbon bond) and thereby increase the yield of

certain products (ethanol, ethylene, etc.). It has been shown

that Ce or CeOx both in contact with other metals

(Ag, Au) 160 and in the absence of such a contact161 can

significantly accelerate the electrochemical reduction of

CO2 and affect the distribution of reaction products.

Several studies have demonstrated the electrodeposition

of Ln-TM alloys in organic ionic systems. It was shown that

the electroreduction of TM (having a more positive stand-

ard electrochemical potential than lanthanides) led to

induced co-deposition of a lanthanide by a strong shift of

its deposition potential to more positive values. This fact

greatly simplifies the problem, since the deposition of pure
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Figure 6. XPS spectra for Nd3d5/2 region of electrodeposits with
different depths: (a) top surface (981.5 eV) and (b) middle surface at
0.70 mm (980.5 eV). The dashed lines represent the range of the
peak positions for metal and oxide forms of Nd. Reprinted with
permission from Ref. 145.
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lanthanides requires a thorough search for a suitable ionic

system that meets many requirements: solubility of the

initial lanthanide salt, electrochemical stability of the sol-

vent at high negative potentials, acceptable solution vis-

cosity, etc. This induced electrochemical co-deposition was

previously observed during the deposition of various alloys

in aqueous solutions: e.g. CoRu,162 ReNi,163 WCo.164 The

electrodeposition of lanthanides and Fe-group elements

(Fe, Ni, Co) in the form of films from aqueous solutions

was also reported.10, 165 ± 170 Different mechanisms were

proposed to describe the induced co-deposition process. In

particular, the induced co-deposition was explained by the

influence of co-adsorbed hydrogen or TM adatoms 171, 172

or the formation of complexes in solution, for example,

between tungstate and a TM ion that were the reduced

species.173

Recently, a theoretical model was proposed that

described the co-deposition of Ln-TM alloys from organic

ionic systems 174 at the example of [EMIm][DCA] contain-

ing NdCl3 and FeCl2 salts. The authors suggested that

initially the Fe2+ ions were reduced to an intermediate

species in the activated state Fe*, which, in turn, catalyzes

the reduction of Nd(III) to Nd(0). In this study, the CV

recorded in a 0.1 M NdCl3+[EMIM][DCA] solution dis-

played no voltammetric response corresponding to

Nd(III) ! Nd(0) reduction (curve 2 in Fig. 7), while the

deposition of Fe was obviously observed in the 0.03 M

FeCl2+ [EMIM][DCA] solution (curve 3 in Fig. 7). When

both salts were present in the IL, the cathodic peak current

density increased significantly (curve 4 in Fig. 7), indicating

the co-deposition of Fe and Nd. Thereby the onset of Nd

deposition was shifted at least by 200 mV towards less

negative potentials.

Amorphous NdFe films with a granular morphology

were deposited using the galvanostatic pulsed-current tech-

nique.174 Changing the concentration ratio of NdCl3 and

FeCl2 in the solution allowed the tuning of the Nd content

in the deposit in the range of *6 at.% to 23 at.%. The

estimated current efficiency during pulsed deposition was

*70%, suggesting the competitive process of IL degrada-

tion. The analysis of the deposit cross-section by high-angle

annular dark-field scanning transmission electron micro-

scopy (TEM) and electron-energy-loss spectroscopy showed

the existence of the initially deposited 3 nm-thick layer with

its composition differing significantly from that of the bulk

deposit: no Nd was detected, and the Fe content was higher

in this thin layer than in the bulk. These observations

supported the proposed model of induced Nd co-deposi-

tion,174 showing that Fe was reduced first and then cata-

lyzed the subsequent reduction of Nd(III).

Another dicyanamide IL, [BMP][DCA], was employed

for the co-deposition of LaNi alloy at 333 K.157 This IL

showed better stability towards cathodic degradation than

[EMIM][DCA].175 The voltammetric responses, corre-

sponding to La and Ni deposition, were observed in single-

component solutions, 0.05 M LaCl3 and 0.05 M NiCl2 sol-

utions in [BMP][DCA], respectively. Co-deposition of LaNi

alloy was confirmed in the binary system

(0.05 M NiCl2+ 0.05 M LaCl3). However, the onset of La

deposition was not significantly shifted to more positive

potentials upon co-deposition with Ni. The shift was within

100 mV, suggesting less effective induction of La co-depo-

sition as compared to the Nd7Fe system in

[EMIm][DCA].174 Apparently, the induced co-deposition

depends on the composition of the solution and the nature

of Ln and TM. Furthermore, Gao et al.157 reported the

formation of amorphous granular deposits of LaNi alloys

with 1 at.% to 8 at.% La depending on the applied poten-

tial. These LaNi deposits were tested in HER in an aqueous

alkaline medium and exhibited rather a notable activity,

which compared favourably with most other Ln7Ni HER

catalysts, obtained by smelting.

Interesting results were reported by Manjum et al.,176

who studied the co-deposition of SmCo alloy in

[BMP][TFSI] at 298 K. The cyclic voltammogram of a GC

electrode recorded in 5 mM Sm(TFSI)3 displayed the redox

peaks ascribed to the quasireversible Sm(III). Sm(II) pro-

cess. In the presence of 30 mM Co(TFSI)2 and at the

cathodic polarization of a working electrode (at potentials,

where the Co(II) electrochemical reduction is insignificant,

but the reduction of Sm(III) to Sm(II) is intensive), the

authors observed the formation of nanoparticles both on

the electrode surface and in the electrolyte solution. The

SEM image demonstrates the granular deposit on the GC

electrode (Fig. 8 a). Further, the deposit from the GC

electrode was collected on a grid and examined by TEM

(Fig. 8 b). The TEM image indicated clear lattice fringes in

the nanoparticles, implying that the nanoparticles were

crystalline. The crystallinity of the nanoparticles was fur-

ther supported by EDX and XPS analyses, and the compo-

sition of SmCo7 was proposed. Furthermore, TEM analyses

showed that the nanoparticles found in the electrolyte

solution were identical to the nanoparticles on the electrode

surface (Fig. 8 c). The formation of SmCo7 nanoparticles

was explained by the fact that Sm(II) ions acted as both a

reducing agent for Co(II) and a source of Sm(0) according to

the reactions:

2 Sm(II)+Co(II) ! 2Sm(III)+Co(0) (18)

3 Sm(II)+7Co(0) ! 2 Sm(III)+SmCo7 (19)

As argued by Manjum et al.,176 the disproportionation

reaction (8) of Sm(II) with the formation of Sm(III) and

Sm(0) in the absence of Co(II) ions was insignificant at
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298 K. This statement agrees with the previous reports,

where the disproportionation of Sm(II) was observed at

elevated temperatures,81, 87, 88 while the stability of Sm(II) in

[BMP][TFSI] was shown to increase at room tempera-

ture.82, 96 Nevertheless, the formation of SmCo nanopar-

ticles on the electrode and in the solution and the proposed

hypothesis should be further examined.

In the earlier paper, Ispas et al.177 reported on the

deposition of Sm and Co on a gold electrode from 0.05 M

Sm(TFSI)3+0.05 M Co(TFSI)2 in [BMP][TFSI] and did not

observe any formation of nanoparticles both at room

temperature and at 393 K. The obtained SmCo deposits

were proposed to be formed upon electrochemical reduction

of Sm and Co.177 Moreover, SEM/EDX analyses demon-

strated a non-uniform distribution of Sm and Co in the

deposited film over the electrode surface with Sm- or Co-

rich regions. The latter phenomenon was explained by non-

uniform current distribution on the working electrode sur-

face. However, taking into account the ability of Sm(II) ions

to disproportionate to Sm(III) and Sm(0) [reac-

tion (8)] 81, 82, 87, 88, 96 especially at elevated temperature,

one can suggest that the disproportionation reaction can

take place [at least, in parallel to the electrochemical Sm(0)

formation] and may be one of the reasons for non-uniform

Sm distribution in the deposit.

In summary, the induced electrochemical co-deposition

of Ln and TM from ILs has been demonstrated at the

example of NdFe, SmCo and LaNi, and obviously this

approach hold promise and opens additional opportunities

for formation of various lanthanide-containing materials

using electrochemical methods.

5. Electrodeposition of lanthanides
and lanthanide-based alloys
from deep eutectic solvents

The major application of DESs can be metal extraction and

deposition.39 Despite the growing research interest in the

electrodeposition of various metals in DESs (examples are

deposition of Ag,178, 179 Ni,180 ZnSn alloy,181 NiCo

alloy 182), there are few publications on lanthanide deposi-

tion in such systems. Especially, the electrochemical for-

mation of pure lanthanide deposits from DESs has not been

progressed much. Apparently, the reduction of Ln(III)

species occurs at the potentials, where the reductive degra-

dation of DES components is already rather intensive.

However, as shown further, the electrochemical co-deposi-

tion of Ln-TM alloys was successfully realized in different

types of DESs.

Several studies have demonstrated the electrodeposition

of Ln-TM alloys in urea-based melts at elevated

temperatures (typically 343 to 403 K): NdFe from

NdCl37FeCl27acetamide7urea7NaBr7KBr;183 SmCo

from SmCl37CoCl27acetamide7urea7NaBr;184 LaCo

from LaCl37CoSO47urea7NaBr;185 SmFe, GdCo and

LaNi from urea7acetamide7NaBr7KBr7LnCl37TMCl2
(where Ln and TM are the respective lanthanide and

transition metal).186 Pure lanthanide deposits cannot be

obtained from this melt in the absence of the respective

TM ions at least at potentials more positive than that of the

reductive degradation of the melt. Liu et al.184 studied

co-deposition of SmCo and suggested that the induced

co-deposition in this melt was related to the formation of a

polynuclear complex containing Co(II) and Sm(III) as elec-

troactive intermediates. Li et al.186 compared the different

dependences of lanthanide content in SmFe, GdCo and

LaNi alloy deposits on the deposition potential and con-

cluded that the possibility and efficiency of induced lantha-

nide co-deposition were determined by the electronegativity

difference between Ln and TM elements.

Reline (choline chloride ± urea mixture in a molar ratio

of 1 : 2), the most archetypal DES, was employed for the

electrodeposition of lanthanides and lanthanide-based

alloys in a few studies. Liu et al.150 reported the induced

electrochemical co-deposition of NdCo alloy from 0.029 M

NdCl3+0.039 M CoCl2 in reline at 373 K. The authors

indicated that the deposition of Nd from reline containing

only a Nd(III) salt was impossible. The NdCo alloy deposits

with the maximum Nd content of 3.74 wt.% were obtained

in a potentiostatic mode in the presence of both salts.150 The

electrodeposition of amorphous ternary PrMgCo alloy films

from reline at 353 K was recently reported by Li et al.187 In
this study, the Pr content in the ternary alloy deposit was up

to 13.2 wt.%; however, the oxidation states of Co, Mg and

Pr were not examined.

The possibility of electrodeposition of Sm and SmCo

alloy from reline at 343 K was demonstrated by GoÂ mez

et al.188 Cyclic voltammograms of a GC electrode recorded

in reline+ 0.045 M Sm(NO3)3 revealed two reduction

waves. In the first reduction region (low overpotentials),

the reduction process was hindered probably due to the

formation of a passivating film. At more negative potentials

ca b

20 nm 20 nm

10.1 nm 10.1 nm

Figure 8. (a) SEM and (b) TEM images of the deposits obtained on a GC electrode after potentiostatic cathodic reduction at 71.6 V in
[BMP][TFSI] containing 30 mM Co(TFSI)2 and 5 mM Sm(TFSI)3 . Temperature: 298 K. Electric charge: 1.2 C. (c) TEM image of the
nanoparticles dispersed in [BMP][TFSI] after potentiostatic cathodic reduction on a GC electrode. Reprinted with permission from
Ref. 176.
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(471.9 V vs Ag/AgCl3M NaCl , or *72.3 V vs Fc/Fc+),

however, Sm deposition was accelerated. According to

SEM, the deposit obtained at 71.9 V was rather flat. The

addition of 0.018 M CoCl2 to the Sm solution (the Sm : Co

molar ratio was 4 : 1) led to induced Sm co-deposition: the

potential onset of Sm deposition was slightly shifted to

more positive values. Compact granular SmCo deposits

were obtained in the course of potentiostatic deposition on

GC as well as on metallic substrates with a Sm content of up

to 80 wt.%.188 Notably, a nucleation loop was observed in

cyclic voltammograms for Co deposition in reline, whereas

the nucleation loop was not present in the case of Sm and

SmCo deposition, indicating different nucleation and

growth mechanisms.188, 189 Uniform SmCo deposits of

3 ± 5 mm thickness containing 50 wt.% Sm were obtained

in the 0.040 M Sm(III)+0.045 M Co(II) solution in

reline.189 Moreover, GoÂ mez et al. also achieved the electro-

deposition of well-defined Sm7Co nanowires using a

porous alumina template.189, 190

Chen et al.152 performed electrodeposition of SmCo

alloy nanowires from SmCl37CoCl27[EMIm][Cl] melts of

different compositions at elevated temperature (363 and

393 K) without any template.152 The selected area electron

diffraction and high-resolution TEM analyses showed a

mainly amorphous state of SmCo nanowires. The Sm

content in the nanowires was estimated from EDX spectra

to range from 3 mol.% to 37 mol.% depending on the ionic

melt composition.152

Another DES, ethaline [choline chloride/ethylene glycol

(EG) mixture in a molar ratio 1 : 2], was also employed for

electrochemical co-deposition of Ln-TM alloys. For exam-

ple, CeNi alloy deposits were obtained from ethaline con-

taining NiCl2 , CeCl3 , NH4Cl and H3BO3 .191 Recently,

Panzeri et al.153, 192 studied the electrochemical deposition

of SmCo in ethaline at 343 K. Rather flat (but with cracks)

SmCo alloy deposits with a Sm content of about 20 wt.%

were obtained in 0.040 M CoCl2+0.040 M SmCl3 ethaline

solutions in the presence of glycine. This SmCo composition

is close to the optimal one, corresponding to the Sm2Co17
phase that exhibits the best magnetic properties. The addi-

tion of glycine as a complexing agent was stated by the

authors 153, 192 to affect the growth kinetics and morphology

of the deposit and to lead to an increase in Sm content.

However, it is worth noting that Co(II) and Sm(III) were

introduced into ethaline as chloride hexahydrates. Also with

account for high hygroscopicity of choline chloride, the

amount of water in the electrolyte system may be enough to

affect the kinetics and morphology of the deposits because

of HER. Moreover, the potential window of ethaline

stability is rather limited by the reduction of EG, and the

SmCo deposition process overlaps with the reduction of EG

and residual water. The authors also pointed out the

presence of oxygen in the deposits,192 which can be due to

the chemical oxidation of Sm(0) in the presence of water.

A eutectic-based ionic system, [EMIm][Cl]-EG (1 : 2

ratio), was employed as a medium for electrochemical

deposition of LaNi alloys.193 The deposition was studied

on GC and Cu electrodes in a 0.1 M NiCl2+0.2 M LaCl3
solution at elevated temperature (353 ± 373 K). The reduc-

tive decomposition of [EMIm][Cl]-EG (1 : 2) was found to

start at 71.67 V vs Ag quasi-reference electrode (Ag wire).

The La(III) reduction from the solution containing only the

La(III) salt was not detected in the potential region prior to

DES degradation. In the solution containing both compo-

nents [La(III) and Ni(II)], two cathodic waves were

observed, at *-0.7 V (Ni reduction) and *71.3 V (La

reduction), indicating induced co-deposition of La. Poten-

tiostatic current transient measurements showed the instan-

taneous nucleation and three-dimensional diffusion-

controlled growth. The bulk deposits obtained on a Cu

substrate in a galvanostatic mode had porous granular

structure. The La content in the deposits grew (up to

*9.5 at.%) with increasing temperature and applied cur-

rent density. The XRD patterns measured for deposits with

different La content suggested the formation of LaNi alloy;

the deposits displayed crystalline structure at <4 at.% La

and were completely amorphous at 9.5 at.%.193 The

authors also claimed that the deposits fell off from the

substrate when a higher cathodic current density

(10 A cm72) was applied in the attempt to obtain higher

La content.

DESs of the fourth type (metal salt+molecular compo-

nent) were prepared by mixing Ce, Nd and Pr nitrate

hydrates with urea (1 : 3.5 molar ratio).66 The glass transi-

tion temperature of these DESs was found to be 215 K,

which is a significant eutectic depression [the melting point

of urea is 406 K, and e.g. that of Ce(NO3)3 . 6H2O is

369 K]. These DESs also have relatively moderate viscosity

(much lower than the viscosity of reline): e.g. 168 mPa s for

the Ce-based DES (see Table 1). Hammond et al.66 used

neutron and X-ray scattering and atomistic modelling to

investigate the structure of lanthanide-based DESs. The

structure was proposed to be similar to that of chlorome-

tallate ILs, consisting of a variety of polyanions and poly-

cations. Although neither electrochemical properties nor

conductivity of these systems were reported, one could

expect that lanthanide deposition from this type of DESs

is possible in principle.

6. Solubility and viscosity issues:
challenges and prospects

Among various issues that affect the electrodeposition

process, the solubility of metal salts in a liquid medium is

of primary importance since a high concentration of a metal

salt in deposition solutions is a prerequisite for industrial

implementation. The problem of lanthanide salt solubility

and complex formation in various types of ILs is addressed

in a few recent reviews,29, 194, 195 although quantitative data

on the solubility of lanthanide salts in ILs are scarce. In

general, the solubility of ionic inorganic compounds in ILs

is often very low. It was reported that chlorides of lantha-

nides and other transition metals were poorly soluble in the

conventional imidazolium ILs.196, 197 This problem arises

from the low solvating power of ILs with weakly coordinat-

ing anions like [BF4]7, [PF6]7 or [TFSI]7.195, 198, 199 On the

contrary, haloaluminate ILs are good solvents for a number

of transition metal salts, including lanthanide salts;73 how-

ever, they are moisture-sensitive and Al is usually co-

deposited with lanthanides.73, 74

Good solubility of lanthanides in [TFSI]-based ILs can

be achieved by the introduction of Ln(TFSI)3 salts. For

instance, the solubility of Nd(TFSI)3 and Dy(TFSI)3
reached *1.5 M in [P2,2,2,5][TFSI] at an elevated temper-

ature of *373 K105 and at least 0.5 M in the same IL at

room temperature.121 Although Ln(TFSI)3 can be easily

dissolved in TFSI-based ILs (see 200) and look promising for

lanthanide electroplating, a very high cost and a compli-

cated synthesis procedure interfere with their application.

Moreover, Ln(TFSI)3/[cation][TFSI] electrolyte solutions
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would be economically inefficient for the lanthanide depo-

sition due to anodic oxidation of [TFSI]7 anions as a

counter electrode reaction. To overcome the problem of

the anodic reaction, lanthanides can be deposited from

lanthanide chloride solutions, since the anodic reaction is

chlorine evolution. However, chloride salts are poorly

solube in most of the second-generation ILs. A promising

exception was found to be [DCA]-based ILs, providing an

appreciable solubilizing ability for LnCl3 salts.63, 133 Better

solubility of inorganic salts in the [DCA]-based ILs can be

due to donor ligand properties of [DCA]7 anions.62, 201

Choline-chloride DESs demonstrate a good solubilizing

ability for metal salts (including chlorides) as well as for

oxides 39, 202 ± 204 and can be used for leaching and electro-

deposition of lanthanides.

The so-called task-specific ILs can be designed to exhibit

excellent ability to solubilize metal salts.202 Recently, to

increase the solubilizing ability of ILs towards lanthanide

salts/oxides, imidazolium-, pyridinium-, pyrrolidinium-,

piperidinium-, morpholinium- and quaternary ammonium-

[TFSI] ILs were functionalized with a carboxyl

group.198, 205, 206 Such functionalized ILs are useful for

selective dissolution of metal oxides and hydroxides, pro-

ducing metal-carboxylate-functionalized ILs. However, the

melting points of these functionalized ILs are above room

temperature (but still <373 K).83 Various types of ionic

melts with lanthanide-containing anions (based on lantha-

nide halides, nitrates or thiocyanates, b-diketonate com-

pounds of lanthanides) are summarized in the review.83

Among these ionic melts, low melting points (below room

temperature) were observed for imidazolium ILs with lan-

thanide thiocyanate anions [Ln(NCS)x(H2O)y]37x (where

x=6± 8; y=0± 2; x+ y<10; Ln=Y, La7Yb) 207 and

for phosphonium ILs with the lanthanide chloride anion

[P6,6,6,14]3[LnCl6].138 The lanthanide-thiocyanate ILs have,

however, low thermal stability and start decomposing at

rather moderate temperatures (below 350 K).207 The elec-

trochemical properties of these ILs were studied in a few

articles, where only quasireversible reduction of Ln(III) to

Ln(II) was demonstrated.138, 208 Although electrochemical

deposition from lanthanide-containing ILs has not been

studied as yet, this approach to obtaining an ionic system

with an extremely high lanthanide concentration is very

attractive. The use of neutral ligands, which can form

complexes with Ln(III), to prepare NLILs for lanthanide

deposition is another promising approach due to the poten-

tially high solubilizing ability of NLILs.143 ± 146

Solvent viscosity is another important property affecting

mass transport, reaction kinetics, electrical conductivity and

ease of handling. Low-viscosity ILs and DESs are prefera-

ble for the electrodeposition.209, 210 Among non-halometal-

late ILs, employed to investigate electrochemical properties

of lanthanides, ILs with the [DCA]7 anion exhibit the

lowest viscosity (see Table 1) comparable to the viscosity

of EG. Ionic liquids with the [DCA]7 anions and ILs with

other cyano-based anions, such as tricyanomethanide

([TCM]7) and tetracyanoborate ([TCB]7) showing rela-

tively low viscosity and good solubilizing ability,62 can be

a promising medium for the electrodeposition of metals.

However, the studies on lanthanide electrodeposition from

these ILs are scarce (only from [DCA]-based

ILs 12, 133, 135, 157, 174). It is worthy of note that the ILs with

imidazolium cations (especially with [EMIm]+, see Table 1)

show lower viscosity than ILs with other common cations

([BMP]+, [N1,1,1,4]+, [P2,2,2,5]+). However, imidazolium

cations demonstrate lower stability at negative potentials

(the cathodic limit of IL stability is mostly dependent on the

cation 211), and therefore the attempts to deposit highly

reactive metals in imidazolium ILs often resulted in reduc-

tive degradation of imidazolium cations.103, 145, 209, 211, 212

On the other hand, the ILs with more stable cations such

as pyrrolidinium, ammonium and phosphonium allow lan-

thanide deposition. Recently, Strassner's group introduced

a new class of imidazolium-based ILs Ð the so-called

tunable aryl alkyl ILs with the [TFSI]7 and [DCA]7

anions.213 These ILs demonstrated significant electrochem-

ical stability (the electrochemical window reached 7 V),

which is very beneficial for the electrodeposition of lantha-

nides. Although the viscosity of these ILs is quite high at

room temperature (a few hundreds of mPa s at 293 K), it

drops below 50 mPa s as temperature increases to 343 K.213

The viscosity of solvents typically increases with

decreasing temperature. More importantly, the viscosity of

the system may significantly rise with increasing lanthanide

salt concentration in the ILs as nicely demonstrated for the

Dy(TFSI)3/[P2,2,2,5][TFSI] system (Fig. 9).104 In this exam-

ple, the viscosity increased from *80 to *350 mPa s at

303 K for the 0.075 M Dy(III) and 0.5 M Dy(III) concen-

trations, respectively. In another example, the viscosity of

[P2,2,2,5][TFSI] was reported to increase by approximately

an order of magnitude upon dissolution of 0.5 M

Nd(TFSI)3 .121 Since the diffusion coefficient of solutes is

inversely related to viscosity (according to the Stokes ± Ein-

stein equation), the diffusion coefficient of Dy(III) inversely

depends on temperature and also changes (decreases)

accordingly with increasing salt concentration (Fig. 9,

Table 2). It was also shown that the conductivity varies

inversely with the IL viscosity.121, 214 Thus, the rate of

diffusion-controlled electrodeposition can be improved by

a proper choice of the IL or DES composition, the concen-

tration of lanthanide ions and temperature.

A promising approach comprises the use of mixtures of

ILs and molecular solvents (MSs). The development of such

mixtures may allow fine tuning of the physicochemical

properties of electrolyte systems.215 Particularly, the viscos-

ity of ILs can be lowered by a proper choice of the mixture

concentration.216, 217 The effect is very pronounced for
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Figure 9. Arrhenius plots of (a, b) diffusion coefficients of Dy(III)
and (c, d ) viscosity values for (a, c) 0.075 M Dy(III) and (b, d )
0.5 M Dy(III) in [P2,2,2,5][TFSI]. Reprinted with permission from
Ref. 104.
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highly viscous ILs. As an example, the viscosity of 1-octyl-

3-methylimidazolium chloride, [OMIm][Cl], equal to

7340 mPa s at 303 K, decreases by a factor of nearly 10 in

the mixture with DMFA in a molar ratio of 2.8 : 1 and by

the factor of 158 for the ratio of 1 : 1. Besides lowering

viscosity, IL+MS mixtures may provide low volatility,218

which eliminates hazards and toxicity of these electrolyte

systems as compared to conventional industrial solvents.

The dilution of DESs by a low-viscosity solvent can also

lead to a significant decrease in the viscosity.219

7. Conclusion

Analysis of publications shows that the electrodeposition of

lanthanides from different ionic systems such as ILs, DESs

and other low-melting mixtures is possible in principle and

promising. However, the electrochemical formation of lan-

thanide metal deposits is a non-trivial process and hitherto

little studied. The irreversibility of Ln(III) to Ln(0) reduc-

tion, the inclusion of IL or DES decomposition products

and/or partial oxidation of lanthanide deposits in the

presence of residual or added water, the formation of

passivating films, the formation of divalent lanthanide

species and their possible disproportionation complicate

the investigation of the electrodeposition process, especially

of the initial stages of deposition, i.e. nucleation and

crystallite growth. It is obvious that the use of only electro-

chemical techniques is insufficient for studying lanthanide

electrodeposition. The combination of electrochemistry

with different types of spectroscopic and microscopic anal-

yses is essential to examine the morphology, elemental

composition, oxidation state, alloying and crystallinity of

the obtained deposits. The study of lanthanide nucleation

and growth will also benefit from the combination of

electrochemical measurements and scanning probe micro-

scopy (SPM). The in situ visualization of the initial stages of

electrodeposition by SPM with up to atomic-scale resolu-

tion may provide important information on the nucleation/

growth mechanisms and on the effect of the substrate

material and surface structure.175, 178 Furthermore, the

fundamental aspects such as the speciation and mass trans-

port of lanthanide ions in ILs, electrode/IL interface struc-

ture, adsorption of ionic species on the electrode and

deposit surface have to be systematically investigated. The

full understanding of the lanthanide electrodeposition proc-

ess in ILs and low-melting mixtures is an important step

towards the efficient recycling of lanthanides and electro-

chemical formation of lanthanide-based functional materi-

als. The further search for and design of new ionic systems,

including lanthanide-containing ILs and DESs, can cer-

tainly make lanthanide electrodeposition more efficient

and economically feasible.
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