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Abstract: An overview of the reported electrochemistry studies on the chemistry of the element
for targets for isotope production in ionic liquids (ILs) is provided. The majority of investigations
have been dedicated to two aspects of the reactive element chemistry. The first part of this review
presents description of the cyclotron targets properties, especially physicochemical characterization
of irradiated elements. The second part is devoted to description of the electrodeposition procedures
leading to obtain elements or their alloys coatings (e.g., nickel, uranium) as the targets for cyclotron
and reactor generation of the radioisotopes. This review provides an evaluation of the role ILs can
have in the production of isotopes.
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1. Introduction

Modern medicine gives an opportunity to detect lesions at an early stage of development. It is
possible thanks to the access to modern diagnostic methods, including radio imaging. The number
of the medical examinations with application of radionuclides is large and growing. For instance,
for the US, in 1973, 3.5 million nuclear medicine procedures were performed, increasing to 17 million in
2005 [1]. At the same time, thanks to new short-lived PET (positron emission tomography) diagnostic
radiopharmaceuticals (e.g., 124I, 89Zr) there was a reduction on the negative impact to the surrounding
tissues. Application of short lived isotopes for imagining (T1/2~min–h) has advantage over longer
lived isotopes (T1/2~days) due to lower effective ingestion dose factor. For instance, for technetium,
99mTc (T1/2 = 6 h, Eγ = 140 keV) has 1.68 × 10−11 Sv·Bq−1 and is much lower than for its chemical
analogue 186Re (T1/2 = 3.72 day, Eγ = 137 keV (9.4%), Eβ(max) = 1069 keV (70%)); 1.55 × 10−9 Sv·Bq−1 [2].

In nuclear medicine, the most popular isotopes are 99mTc and 131I. About 80% of all
radio-diagnostic procedures involves 99mTc [3]. These and other isotopes are listed in Table 1. Nowadays,
the aforementioned 99mTc and 131I are mainly produced in nuclear reactors, others like 44Sc or 55Co in
cyclotrons. Increasing interest in their use affects the need for their effective production. The latter factor
is directly connected with the high quality targets suitable for irradiation. Although for some elements
their deposition procedures understood, but this is not true, especially for new PET radioisotopes. For
these new imaging agents electroplating protocols for targetry development can aid in their production
and separation.
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Table 1. Characterization of selected cyclotron and reactor radioisotopes for nuclear imagining [3–7].

Production Radio-Nuclide Main Decay
Scheme Half Life Nuclear Reaction Target

Isotope mp/
◦C Thermal Cond./

W·m−1·K−1
Abund. of Target

Isotope/%

cyclotron

44Sc β+ 3.93 h 44Ca(p,n)44Sc 44Ca 842 200 2.086
45Ti β+ 3.1 h 45Sc(p,n)45Ti 45Sc 1539 16 100

55Co β+ 17.5 h 58Ni(p,α)55Co 55Ni

1455 91

68.0769
60Cu β+ 23.7 min 60Ni(p,n)60Cu 60Ni 26.2231
61Cu β+ 3.3 h 61Ni(p,n)61Cu 61Ni 1.1399
64Cu β+ 12.7 h 64Ni(p,n)64Cu 64Ni 0.9256
68Ga β+ 67.7 min 68Zn(p,n)68Ga 68Zn 419.5 120 18.5
76Br β+ 16.2 h 76Se(p,n)76Cu 76Se 217 0.52 9.37
86Y β+ 14.7 h 86Sr(p,n)86Y 86Sr 770 35 9.86

89Zr β+ 3.27 days 89Y(p,n)89Zr 89Y 1523 17 100
94mTc IT 52 min 94Mo(p,n)94mTc 94Mo

2617 139
9.23

99mTc IT 6.02 h 100Mo(p,2n)99mTc 100Mo 14.77
111In β- 2.8 days 111Cd(p,n)111In 111Cd 321 97 12.80
124I β+ 1.18 days 124Te(p,n)124I 124Te 450 3 4.74

201Tl EC 73 h 203Tl(p,3n)201Pb→201Tl 203Tl 304 46 29.52

nuclear
reactor

99Mo→
99mTc

IT 66h→6.02 h
235U(n,xn) SF

(incl. 99Mo→99mTc)
235U 1132 27 varies 1

131I β- 8 days 130Te(n,γ)131Te→131I 130Te 321 3 12.80
1 depends on the technology, the enrichment can be high (above 80%) or low (c.a. 3%).
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Only a few element targets for nuclear medicine naturally occur as single stable isotopes.
Unfortunately, most elements are the mixtures of the isotopes. Cyclotron production protocols often
require usage of enrichment targets materials which are expensive and difficult to obtain. For instance
50 mg of 100Mo (abundance: 14.77%) powder costs approximately 1000 € while 50 g of natural Mo
is 50 €. This colossal price difference between natural and enrichment target isotopes justifies the
search for efficient methods of target materials deposition and their recovery. The available activity of
produced isotopes from cyclotron depends on their half-life and cross sections of the intended target
atoms. For the most popular nuclear reaction the latter factor is relatively low, at level of mbarns [7–10].
In turn, this parameter for 235U(n, nx)SF reaction is much higher (c.a. 581 b for thermal neutrons) but
this reaction requires strong neutron sources available in nuclear reactors. For both cases, cyclotron
and nuclear reactor, significant increase of the temperature of target material is observed. For instance,
in experimental reactor Maria in Poland high enrichment uranium (over 90% UAl~3 target) is irradiated
for Mo-99 production with average fission power at level of 165–190 kW. The activity of this isotope at
the end of irradiation is 7.5–8 kCi [11–13]. LEU-based targets (U, UAlx, UxSiy, U-alloy and U3O8) are
also under development for radiopharmaceutical manufacturing [14].

The atom density of the metallic target provide higher atom densities in comparison to metal oxide
target as can be seen in Table 2. Except calcium and strontium, for all mentioned couples the atomic
ratio of the number of atoms in metal to metal oxide is higher. It is especially visible for high density
materials, e.g., molybdenum or uranium. It means that for the same volume target and the same
proton or neutron flux in cyclotrons or nuclear reactors, there is generally a more efficient creation in
radionuclides metal targets than oxides. Sometimes deposition of the elements in their elemental forms
admittedly seems to be attractive but not all of them are suitable for this process. During irradiation
of the target disc may heat up to the temperatures even above 200 ◦C [15] therefore the materials
characterized by low melting points, e.g., selenium, tellurium, pose major technological challenges.

Table 2. Atomic densities of the elements in metals and their oxides.

Element
Atomic Density of the Element in: (1023 at.·cm−3) at. Ratio Metal: Metal

OxideMetal Metal Oxide

Ca 0.233 0.359 (CaO) 1.18
Sc 0.399 0.339 (Sc2O3) 1.18
Ni 0.914 0.538 (NiO) 1.70
Zn 0.657 0.415 (ZnO) 1.58
Se 0.367(grey) 0.215 (SeO2) 1.71
Sr 0.181 0.273 (SrO) 0.66
Y 0.302 0.266 (Y2O3) 1.14

Mo 0.645 0.197 (MoO3) 3.27
U 0.483 0.244 (UO2) 1.98
Te 0.294 0.228 (TeO2tetra) 1.29

An advantage of a metallic or intermetallic alloys over their oxides includes superior improved
matrix compatibility and thermal conductivity. For instance the latter parameter for metallic uranium
equals c.a. 26 Wm−1 K−1 at 300 K [16], approximately three times higher than for uranium dioxide [17].
Sometimes, especially for metalloids as tellurium, an aluminum additive is used to increase the heat
transfer characteristics of targets [7]. Not all elements can be considered as suitable heat transfer
additive candidates. The nuclear properties of the elements need to be considered. Elements located in
d-block have very good thermal properties but can be activated in a cyclotron proton flux. For the
example; nat.Pt→194Au (T1/2 = 38 h) and nat.Pd→104Ag (T1/2 = 69 min). The elements Pt and Pd would
have suitable thermal transfer properties but may significantly increase the activity of irradiated sample.

For some from aforementioned elements (e.g., CaO, SrO), their oxides are used as the targets
suitable for irradiation. Biswal et al. [18] discussed the role of surfactants in electrochemical
deposition of Co−Ni−Cu systems. These additives (cetyltrimethylammonium bromide and
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dodecyltrimethylammonium bromide) play significant role in determination of the surface morphology,
crystal structure, and the electrochemical properties of electrodeposited materials. Therefore
consideration needs to be given to the resulting morphology associated with deposition and
target preparation.

Thickness of the target materials electrodeposited onto backing plate are at level of microns,
up to 100 µm. This layer should be thick enough to minimalize copious production of unwanted
radionuclides in the backing plate materials. For copper targets the isotope 65Zn, a high gamma emitter
with relatively long half-life of 245 days, is produced [7]. Very often aluminum backing is preferred
because of its simplicity of handling, adequate thermal properties and acceptable nuclear interactions.

In 1977 Van Den Bosch et al. [7,19] described the requirements for 124Te target material for 124I
cyclotron production. They are summarized below:

1. Radiation and thermal stability of the target and target support under irradiation;
2. Adequate heat dissipation and thermal conductivity of these materials;
3. Simple and almost complete separation of produced radionuclide from target material within a

short period of time, preferably less than half an hour;
4. Simple and high efficient (99% per irradiation and separation) reprocessing of the target;
5. The chemical state of the produced radionuclide should not handicap any in vivo application or

labelling procedure.

It should be also added:

6. Smooth, dendrite free surface with appropriate granulometry.

These rules can be generally adopted for very expensive enriched target materials on most cyclotron
procedures. Of course, the form will vary depending on the physical and chemical characteristics of
the target material.

Elements with relatively high values of E° [20,21] can be deposited directly. Others like calcium or
strontium cannot be directly deposited from aqueous solutions onto solid electrodes. Electrodeposition
of elemental layers of nickel is achievable; calcium, scandium, yttrium, strontium, or uranium do not
have suitable electrochemical windows to form thick enough metals films in aqueous solutions.

In the literature one may find the procedures leading to electrodeposit trace amounts of uranium
as a sources for alpha-particle spectrometry. For instance, Oh et al. [22] examined ammonium chloride,
ammonium oxalate and ammonium sulphate as the electrolyte solutions for U, Pu and Am deposition.
Krmpotića et al. [23] described the procedures leading to obtain alpha sources from acidified (pH~2)
aqueous solutions of sulfates or oxalates. For uranium these conditions can be suitable for oxide
layer formation, however the applications to alpha spectroscopy preclude formation of thick targets.
For metallic targets of uranium, other systems are needed.

For chemically active elements non-aqueous solutions are proposed. For instance Kumbhar and
Lokhande electrodeposited yttrium from the mixtures of ethanol and various acids or salts [24]. Yttrium,
barium, and copper coatings were investigated Ondono-Castillo et al. [25]. These authors obtained
YBa2Cu3O7-δ layers in dimethyl sulfoxide. The latter solution was used by Shirasaki et al. [26] for
uranium electrodeposition. These authors obtained U layers onto Au electrode at −2.2 V versus
ferrocene/ferrocenium reference electrode.

Other elements can be electrodeposited from non-aqueous solutions. In the 1930s Audrieth
and Nelson [27] discussed in their review article the electrochemical methods for metals (Zn, Cd,
Pb, Sn, Ni, Co) deposition from various organic solvents. Contemporary publication of Panzeri
et al. [28] has shown the possibility of the electrodeposition of zinc from a chloride free based on
ethylene glycol and acetate salts. Zinc layers were obtained on the steel working electrode at current
densities of −2 mAcm−2 to −16 mAcm−2. In turn, Ta et al. [29] discussed the mechanism of Zn (and Mg)
electrodeposition from acetonitrile-based solutions.

Molten salt are suitable solution environments for elemental electroplating [30–34] but their
disadvantage is the requirement of high temperature at which the systems are maintained (e.g., LiCI-KCl
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at 450 ◦C [30], NaCl-KCI at 700 ◦C–900 ◦C [31], NaF-AlF3 or KF-AlF3 at 750 ◦C–980 ◦C [32], LiCI-KCl at
400 ◦C–550 ◦C [34]). A promising alternative to molten salts are ionic liquids with their programmable
properties [35]. To achieve good adhesion of deposited layer of the element or its alloy to the substrate,
the electrodeposition process is often at elevated temperatures, mainly up to 120 ◦C. For isotope target
production, selected electrodeposition protocols will be discussed in later part of the article.

Thermal stability of ILs has been tested by various authors. For example, Kosmulski et al. [36]
investigated imidazolium-based phosphates, hexafluorophosphates or triflates. A significant increase
of their decomposition rate is observed at or above 200 ◦C. In turn, Malton et al. [37] in their review
article discussed short term thermal stability of various types of ammonium- and imidazolium-based
ionic liquids. All of them have been shown to be stable at temperatures above 120 ◦C and most of
them above 250 ◦C.

Other type of ionic liquids was of interest of Delgado-Mellado et al. [38]. They investigated
thermal stability of choline based deep eutectic solvents (DES). Mass loss of one of the most popular
DES, ChCl + Urea (1:2), after 20h heating at 70 ◦C was low and equaled 1.52wt%. In general, based on
theromgravimetric analyses they ranked DES solvents from the least to the most stable:

ChCl:EG < ChCl:Mal < ChCl:Lev < ChCl:Phenylac < ChCl: Phenylprop < ChCl:Glyce < ChCl:Urea
< ChCl:Gluc (all abbreviations of the ionic liquids are listed below the text).

Ionic liquids are attractive solvents for industrial usages in extraction and separation
processes [39–41], gas adsorption [42–45], synthesis of metal nanoparticles [46–48], energy conversion
and storage [49–51], and a biotransformation [52,53] or metal electrodeposition [54]. An interesting
property of some ionic liquids is their ability to dissolve metal oxides (MO), Table 3. High solubility in
ionic liquids based on choline cations is observed for PbO2 and ZnO. This feature of ILs is desirable to
offset potential MO generation during electroplating. Depending on the structure of ILs, the mechanism
of this reactions differs. For the ILs with labile hydrogen, e.g., [BMIm][HSO4], this process can be
described as, Equation (1):

MO + 2HSO−4 → M2+ + 2SO−4 + H2O (1)

Table 3. Solubility of metal oxides (in ppm) in DES [55,56].

Oxide (2:1) Malonic Acid/
Choline Chloride

(2:1) Urea/
Choline Chloride Temp./◦C

TiO2 4 0.5

50

CoO 3626 13.6
Co3O4 5992 30
CuO 14,008 4.8
Cu2O 18,337 219
NiO 151 5
ZnO 16,217 1894

MnO2 114 0.6

PbO2 9157
60CuO 470

NiO 325

For deep eutectic solvents based on ChCl a complexation reaction between metal and chloride
in the presence of organic acids leads to chloro- or chlorooxometalates, MClxz−, MOClyz−. For ZnO,
the reaction in the presence of urea and choline chloride can be described according to Equation (2) [55]:

ZnO + ChCl + urea → ZnClO(urea)− + Ch+ (2)

As reported Abbot et al. [56] the ability of DES based on choline chloride to dissolve metal oxides
changes in the order malonic acid > urea > ethylene glycol.



Materials 2020, 13, 5069 6 of 26

Based on behavior described above, the application of ionic liquids for the formation of isotope
targets is provided below. The conditions and chemical trends for electroplating elemental targets
are identified. These conditions can be used to expand the potential pool of isotopes for medical
applications and provide routes for preparation of targets for coupled separations and potential reuse.

2. Electrochemistry of Targets Elements

2.1. Calcium (Ca) & Strontium (Sr)

The most common calcium or strontium targets are made of their carbonates or oxides [7].
Both materials have their advantages and disadvantages. For instance calcium/strontium carbonates
have worse thermal properties than the oxides but the latter are sensitive to carbon dioxide. Strontium
targets can be prepared by sedimentation [57] although the most popular methods assumes powder
pressing into a pellet (e.g., 4.14 MPa for 30 s). Due to extremely low standard redox potentials for
Ca2+/Ca or Sr2+/Sr couples, E
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Only a few papers are devoted to electrodeposition of yttrium from ILs. Glukhov et al. [67]
electrodeposited this element from ILs based on quaternary ammonium cations and triflate salts at
100 ◦C. No information of the morphology of obtained deposits is available.

Due to similar properties of Sc and Y to lanthanides, one may expect that their electrochemical
behavior of these elements to be similar. Matsumiya [68] discussed application of ILs for
electrodeposition rare elements, Nd and Dy. Granular and non-uniform Nd or Dy layers were obtained
in [P2225][Tf2N], solutions at −3.4 V or −3.8 V respectively. Recent publication of Sanchez-Cupido
et al. [69] delivers the information on the electrodeposition of Nd from [P66614][Tf2N], +0.1 mol·kg−1

Nd([Tf2N])3 with small fraction of water (0.1% or 0.4 wt%). Obtained at −5.2 V vs. Fc+
∣∣∣Fc0, the deposit

consisted of metallic Nd, Nd2O3 and NdF3. The authors stated that water content turned out to have
significant impact on morphology of obtained deposits. Its decrease resulted in more smooth Nd layers
with fewer cracks.

2.3. Nickel (Ni)

As a target material for cyclotron production of Co or Cu radioisotopes mainly enriched nickel
targets with thickness of several dozen microns are used [7]. These materials are electrodeposited from
various types of solutions.

The literature devoted to electrochemical characterization of nickel compounds in non-aqueous
solutions is rich [70–75]. Choline chlorine-based ionic liquids are extensively examined in context
of their application as a medium for nickel electroplating. In 2010 Florea et al. [71] provided the
information on the electrodeposition of Ni from 1ChCl:2Urea with: 0.42–1.68 M NiCl2·6H2O or 0.71 M
NiSO4. This element was deposited onto copper substrate in a two-electrode cell. Two anode materials
were examined: nickel and graphite. The authors stated that application the first one is more favorable
due to better control of Ni2+ concentration in the electroplating bath. From the point of view of
potential application in cyclotron target production Ni as a counter electrode is not preferable due to
its possible dissolution and subsequent electrodeposited. The applied current densities were in the
range from 0.65 A·dm−2 up to 15 A·dm−2. Moreover Florea and co-workers determined deposition
rate of the nickel layer at level of 0.1 to 0.4 µm·min−1 for 4 to 15 A·dm−2. Obtained deposits adhered to
Cu, as can be seen in Figure 1.
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Figure 1. AFM images of Ni electrodeposited on Cu substrate from IL–Ni containing 0.5 M NiCl2 for
various operating conditions: (a) 1 A·dm−2, 50 ◦C, 30 min and (b) 0.65 A·dm−2, 30 ◦C, 30 min, against
a Ni anode. [Reproduction with permission from Florea, A.; Anicai, L.; Costovici, S.; Golgovicic, F.;
Visanc, T., Surf. Interface Anal.; published by Wiley Interscience, 2010].

Urea as a source of ammonia has been used in the precipitation of nickel hydroxide, Ni(OH)2,

Equation (3) [76].

NH2 −CO−NH2 + NiSO4 + 3H2O → Ni(OH)2 ↓ + (NH4)2·SO4 + CO2 (3)
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Ash B. et al. reported that pure α-Ni(OH)2 has been synthesized in various concentration of urea
and at elevated temperatures [76].

A significant impact of water content on the morphology of Ni layers was reported by Du et
al. [77]. Figure 2 presents the micrographs of Ni deposits obtained from the solutions with various
concentration of water. An increases of water in the electroplating bath resulted in a decrease in
viscosity of the solution. This translates into increased current efficiency. As reported the authors,
the deposits became denser and consisted of smaller Ni clusters.
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Figure 2. Micrographs of the Ni coatings electroplated from the ChCl-2Urea-(0.2 M)NiCl2 electrolyte
containing (a) 0 wt.%, (b) 1 wt.%, (c) 3 wt.% and (d) 6 wt.% water at 318 K. [Reproduction with permission
from Du, C.; Zhao, B.; Chen, X.-B.; Birbilis, N.; Yang, H., Sci. Rep.; published by Nature, 2016].

Later, the same choline-based mixture was applied by Cherigui et al. [72] for electrodeposition
of Ni nanostructures onto a glassy carbon electrode. They reported that a residual water content
leads to Ni and Ni(OH)2(ads). Lukaczynska et al. [78] reported significant influence of water content
on electrodeposition of Ni from ChCl:urea solutions. Higher than 4.5%wt water content enhances
decomposition of the solvents at potentials lower than −0.9 V vs. Ag as quasi-reference electrode
(QRE). In turn, an influence of ethylenediamine as additive to ChCl:urea with NiCl2 electroplating
solutions examinated Bernasconi and Magagnin [79]. They observed non-porous Ni layers onto Al
substrate for Ni2+:ED molar ratio equaled 1:2 and current density of 10 mA·cm−2.

Other DES-type ILs were examined Gong et al. [80] and Sun et al. [74]. Gong et al. electrodeposited
Ni layers from water-stable (14.3%:85.7%mole fraction) betaine·HCl:EG mixtures. The obtained deposit
was dense and consisted small grains. In turn, Sun et al. [74] obtained Ni layers from choline chloride
and ethylene glycol with NiCl2·6H2O and NaH2PO2 (0–50 mM) mixtures. They generated thin
layers of deposits consisting of Ni and NiPx nanoparticles suitable to catalysts for enhance hydrogen
evolution region.

Zhu et al. [70] electrodeposited Ni films onto Cu substrate from ([BMPyr][Tf2N]) containing
Ni([Tf2N])2 solutions. At current density of −0.046 mA·cm−2 and 50 ◦C relatively smooth (although
with a cracks) deposits were obtained. The authors observed that the grains size becomes bigger with
increase of the temperature. Later, Zheng et al. [75] electrodeposited Ni layers from [BMIm][DBP] IL
with NiCl2.

The coatings were obtained at various potentials (Figure 3). An analyses of the SEM imagines of
Ni layers revealed that the best adherent film was observed at −0.4 V vs. Ag as a QRE. More negative
potentials lead to less smooth coatings with cracks and additional spherical grains on the surface.
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Figure 3. SEM images of nickel coatings formed on copper substrate at 363 K under potentiostatic
electrodeposition at various potential (vs. Ag) (a) −0.40, (b) −0.50, (c) −0.60, (d) −0.70. [Reproduction
with permission from Zheng, Y.; Zhou, X.; Luo, Y.; Yu, P., RSC Adv.; published by The Royal Society of
Chemistry, 2020].

Nickel films can be successfully obtain from ILs. Many articles are focus on characterization of Ni
deposits obtained especially from deep eutectic solvents. Electroplated layers are smooth, without
visible cracks and adherent to the substrate.

2.4. Zinc (Zn)

Enriched zinc, 68Zn, is used for cyclotron production of 68Ga radioisotope [81]. Both pressed
elemental zinc powder and electroplated metallic zinc have found application as a target materials.
Electroplating of this element onto e.g., copper, silver or platinum supports can be made from various
types of solutions, e.g., HCl/hydrazine or KOH/cyanide, with preparation yield at level of 90% [7,81].

Electrodeposition of metallic zinc from various types of ionic liquids and their mixtures is
very well elaborated [82] and ref. therein. Primarily imidazolium based ILs have been intensively
explored [82–87]. Simons et al. [84] investigated the influence of water content on the morphology of
electrodeposited zinc coatings. Figure 4 presents cyclic voltammograms and SEM imagines of zinc
dicyanide (Zn(dca)2) in EMIm][DCA] ionic liquid. Metallic layers were obtained at −2.15 V vs. Fc+

∣∣∣Fc.
These authors determined that low water content (0.05%wt H2O) in IL results in poor adhesion of
electrodeposited zinc film in opposite to the mixtures with 3%wt H2O for which closely packed needles
is observed.
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Abbott et al. [89] electrodeposited Zn from ZnCl2 dissolved in ChCl based ionic liquids. The 
authors observed fast nucleation in the urea based liquid but slow bulk growth. In contrast to 

Figure 4. CVs and SEMs of 10 mol% Zn(dca)2 in [EMIm][DCA] on a GC working electrode held at
−2.15 V vs. Fc0/+ (ferrocene/ferrocenium) (marked by *) for 10 min at different water contents: (a) CV of
3 wt% H2O, scan rate 100 mV·s−1, (b) CV of 0.05 wt% H2O, scan rate 100 mV·s−1, (c) SEM of 3 wt%
H2O, (d) SEM of 0.05 wt% H2O. [Reproduction with permission from Simons, T.J.; Torriero, A.A.J.;
Howlett, P.C.; MacFarlane, D.R.; Forsyth, M., Electrochem. Commun.; published by Elsevier, 2012].

Liu et al. [85] also reported a significant impact of water content on the properties of Zn deposits.
More dense and adherent coatings were obtained from imidazolium based ILs in comparison to
pyrrolidinium based ILs. The smoothest Zn coating was deposited from the solution with 5%wt H2O.
A further increase of water content in ILs resulted the coatings deteriorates. Later these authors
investigated the influence of anion type in zinc salt on the electrodeposition process of Zn layers [88].
They reported the best properties of Zn coatings obtained in ILs with methylsulfonate anions. Keist
et al. [82,87] presented an in-depth analysis of the electrodeposition mechanism of Zn from [BMIm][TfO]
with 0.34 mol·kg−1 zinc triflate as a precursor. Zinc was deposited at different applied potentials of
−0.4, −0.5, −0.65 V vs. Zn. Application such types of electrolytes leads to obtain crystalline coatings
characterized by well-defined hexagonal facets, see Figure 5.

Abbott et al. [89] electrodeposited Zn from ZnCl2 dissolved in ChCl based ionic liquids. The authors
observed fast nucleation in the urea based liquid but slow bulk growth. In contrast to ChCl:urea
application of ChCl:EG leads to obtain slow nucleation and relatively fast bulk growth of Zn film.
The mixtures of 1-butylpyrrolidine and ZnCl2 examined Pulletikurthi et al. [90] but obtained Zn
deposits were metal nanoplates. [BMPyr][DCA] as the medium for electroplating Zn on Mg alloy
substrate investigated Deng [91]. In turn, a new type of N-alkylimidazole zinc(II)-containing [Tf2N]
ionic liquids examined Steichen et al. [92]. Obtained at 90 ◦C and −100 mA·cm−2 deposits were smooth,
crystalline, crack free and compact.
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Figure 5. Representative in situ AFM and ex situ SEM images where (a–c) represents an AFM image
(deflection) sequence of the zinc surface during electrodeposition within Zn(TfO)2/[BMIm][TfO] at
a deposition overpotential of 445 mV vs. ECO after 400 Zn ML (418.4 mC·cm−2), 1200 Zn ML
(1255.2 mC·cm−2), and 2800 Zn ML (2928.8 mC·cm−2) of chargé passed, and (d) is a representative SEM
image from the Zn surface after electrodeposition within Zn(TfO)2/[BMIm][TfO] within the USAXS
cell after 3600 Zn ML (1882.8 mC·cm−2) of charge passed. The observed domains are outlined for
the corresponding AFM and SEM images in (e–h). [Reproduction with permission from Keist, J.S.;
Hammons, J.A.; Wright, P.K.; Evans, J.W.; Orme, C.A., Electrochim. Acta; published by Elsevier, 2020].

The literature data also provided information on zinc alloys. For instance Zn-Sn films were
investigated e.g., Fashu et al. [93]. Due to the fact that tin can also be activated in a cyclotron these
types of alloys are unlikely to find application as target materials. The procedures leading to obtain
metallic zinc coatings are well explored and elaborated.

2.5. Selenium (Se)

Low thermal conductivity, boiling point, and high vapor pressure [94] significantly limit elementary
selenium target tolerance to irradiation hence intermetallic compounds are considered as potential
materials. As a promising materials NiSe or CoSe are considered suitable [95]. Although both metals
can be activated in proton flux, generated isotopes have suitable half-lives, 59Ni (T1/2 = 76,000 years),
58Co (T1/2 = 23.7 min). Ellison et al. [95] reported application of CoSe for production of 76,77,80mBr.

Elemental selenium was electrodeposited by e.g., Zein El Abedin et al. [96] from ([BMPyr][Tf2N]).
They obtained a dark deposit at potential of −1.1 V vs. Pt as a QRE. The authors concluded that a
single selenium phase was observed at elevated temperatures (100 ◦C) in contrast to room temperature
conditions where amorphous Se was deposited. Saha et al. [97] applied the same IL. The plating
procedure required application potential of −1.4 V (vs. Ag

∣∣∣AgI RE) to glassy carbon electrode. In both
cases obtained deposit were characterized by needles, crystals or stars-like aggregates. Electrodeposition
of selenium alloys were also of interest. Although due to activation in proton flux (e.g., Cd, Sb, Cu)
these alloys cannot be considered as good candidates as selenium alloys targets.

2.6. Molybdenum (Mo)

Natural or enriched molybdenum targets are prepared by sintering elemental Mo powder,
its melting or direct use of metallic molybdenum foil [98,99] and ref. therein. In the literature one may
find also application of Mo compounds, e.g., 100Mo2C, 100MoS2 or as potential target material [100,101].



Materials 2020, 13, 5069 12 of 26

The electrochemical properties of molybdenum in aqueous as well in non-aqueous solutions is
very complex due to simultaneous chemical reactions in electrochemical reactions. An overview and
in-depth analysis of these processes have been presented by Malyshev [102,103]. Nitta et al. [104]
electrodeposited Mo from ([EMPyr]Cl)-ZnCl2 with 0.9%mol MoCl5 and 3%mol KF as additive at
150 ◦C. They reported smooth, ultrathin (0.2 µm) Mo layers obtained at potential of 0.01 V vs. Zn

∣∣∣Zn2+.
Hu et al. [105] investigated the process of Mo electrodeposition in ([BMIm][BF4]), with 0.15 M MoCl5
at different temperatures, current densities and additive as ethylene glycol (EG). They concluded that
in [BMIm][BF4] the electrodeposition of amorphous Mo layers leads to obtain bad adhesive layers
with the substrate. The optimal electroplating mixture consists [BMIm][BF4] and EG with the ratio 2:1.
Other parameters are temperature at 150 ◦C; j = 0.75 mA·cm−2. SEM imagines of Mo layers are present
in Figure 6. Unfortunately, the deposits are cracked or not smooth.Materials 2020, 13, x FOR PEER REVIEW 12 of 26 
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Figure 6. Surface SEM images of Mo layer deposited under different current densities: (a) 0.25 mA·cm−2,
(b) 0.5 mA·cm−2, (c) 0.75 mA·cm−2, (d) 1.0 mA·cm−2, (e) 2.5 mA·cm−2, and (f) 5.0 mA·cm−2 in
[BMIm][BF4] + EG at 150 ◦C. [Reproduction with permission from Hu, X.-T.; Qian, J.-G.; Yin, Y.; Li, X.;
Li, T.-J.; Li, J., Rare Met. published by Springer, 2018].

An earlier work of Gao et al. [106] presented the results of Mo electrodeposition from
Li[Tf2N]-Cs[Tf2N] + MoCl5 systems at elevated temperature (150 ◦C) and j = 0.5 mA·cm−2. Obtained
deposits were much more cracked than those aforementioned by Hu et al. [105].

Molybdenum compounds were also electrodeposited from ILs. For instance, Murugesan et al. [107]
obtained MoSx deposits from ([MPPip][Tf2N]), with molybdenum glycolate and 1,4-butanedithiol as
precursors. These layers were obtained at−2V vs. Pt QRE at elevated temperatures (up to 100 ◦C). In turn,
Redman et al. [108] described the electrodeposition of MoSx layers from 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide and MoS4

2−. This layer consisted of densely packed nanoparticles
with average grain size of 18 ± 6 nm.

Molybdenum deposits can be obtain from ILs. Obtained layers are not smooth and the composition
of the electroplating bath and the electroplating conditions needs to be improved. Moreover,
molybdenum sulfides although seems as an attractive alternative to metallic layers, have lower
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thermal conductivity. From the point of view of their potential application as cyclotron targets the
number of cracks in the surface should be reduced.

2.7. Cadmium (Cd)

As a target material for 111In cyclotron production natural or enriched cadmium with thickness of
c.a. 80 µm is widely used [7]. Due to its low melting point (321 ◦C) elemental cadmium can be initially
melted, cut for desired dimension and pressed to obtain appropriate target material properties.

Potential application of ILs as a solution to form cadmium electrodeposition has been presented in
several papers. In 1990 Noël and Osteryoung [109] discussed deposition of cadmium layers from AlCl3
and [EMIm]Cl mixtures. In 2000 Chen and Sun [110] have shown the application of [EMIM]Cl/BF4

solutions as a medium for electrodeposition of cadmium deposits. This deposit was generated at
potentials lower than −1.1 V vs. aluminum wire immersed in a 0.60 mol% AlCl3–[EMIm]Cl. They
observed that granulation of the deposits decreased as the deposition potential moved more negatively
(Figure 7). Discussed process proceeds via 3D progressive nucleation with diffusion-controlled growth
of Cd crystals.
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Figure 7. SEM micrographs of cadmium electrodeposits on tungsten wires that were produced in a
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In turn, Pan and Freyland [111] demonstrated ultrathin layers of Cd deposited from
1-methyl-3-butylimidazolium chloride–aluminum chloride ionic liquids, in the Under Potential
Deposition (UPD) regime. Later Saha et al. [112] electrodeposited cadmium from the mixture of
[BMPyr]Cl and [BMPyr][Tf2N] with CdCl2. These authors obtained sponge like layers on glassy carbon
electrodes by applying −2.5 V vs. Ag+

∣∣∣Ag0 RE.
Cadmium alloys (e.g., CdTe) [113] and its compounds (e.g., CdS) [114] can also be electrodeposited

from ILs but their application as cyclotron targets is limited due to activation of co-deposited element
(Te, Cu, Zn) or their low thermal conductivities. Characteristic feature of all aforementioned cadmium
and cadmium-alloys deposits was their relatively high granulation.
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2.8. Tellurium (Te)

Various types of enriched tellurium targets are used to production of iodine isotopes. Tellurium
powder mixed with aluminum, electrodeposited elemental Te, its alloys or its oxide have proven
suitable targets [7]. Unfortunately due to low melting point of tellurium and low sublimation point of
radioiodine, some loss of the latter is observed during irradiation of the target. A disadvantage of
elemental Te target is also its low thermal conductivity. The procedure for electrodeposition of Te from
alkaline solutions are in the literature [115].

Electrodeposition of elemental Te from ionic liquids was of interest of Jeng and Sun [116]. These
authors obtained Te deposits from aluminum chloride and 1-methyl-3-ethylimidazolium chloride
mixtures applying to the glassy carbon working electrode potential of −0.8 V vs. Al. In a four-electron
process [TeCl6]2− ions are reduced to Te. This process was specified as nucleation under kinetic control.
Unfortunately, obtained deposit was poorly adherent to the substrate. Later Szymczak et al. [117]
reported that by using a piperidinium-based ionic liquid mixture [EOPip][Tf2N] with [EOPip]Br
single crystalline 30–200 nm wires of Te can be electrodeposited. Al-Salman et al. [118] delivered that
deposition of Te at −1.2 V from 0.5 M SiCl4 + 0.2 M TeCl4 dissolved in ([BMPyr][Tf2N]) solution leads
to obtain the materials with strong tendency toward one-dimensional growth in ILs.

Bartlett et al. [119] electrodeposited tellurium layers onto glassy carbon or titanium nitride
electrodes. The experiments were carried out in 0.01 M [TBA]2[TeCl6] dissolved in dichloromethane.
To increase the conductivity of the solution [TBA]Cl (0.1 M·dm−3) was added. Obtained at potential
of −0.4 V vs. Ag

∣∣∣AgCl (0.1 mol·dm−2 [TBA]Cl in CH2Cl2) deposit consisted of homogeneous
nanoparticulates characterized by the much better adhesion than In, Sb, Bi or Se films.

Thiebaud et al. [120] investigated the influence of 1-ethyl-1-octyl-piperidinium bromide ([EOPip]Br)
content as additive to 1-ethyl-1-octyl-piperidinium bis(trifluoromethylsulfonyl)imide ([EOPip][Tf2N])
on the growth of Te nanowires. The experiments were carried out at 100 ◦C and Q = 2C·cm−2 of
Pt electrode. It has been shown that bromine has a strong impact on the mechanism of tellurium
electrodeposition. They stated that [EOPip]Br content electrolyte at level of 0.2 mol% is the most
promising for electrodeposition of Te for thermoelectric applications. SEM imagines of typical Te
deposits are present in Figure 8.
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high roughness. Almost all authors describe these structures as nanofibers, nanowires, or nanostars. 
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Figure 8. SEM images of Te nanostructures electrodeposited at C1 peak potential (varies from −0.58 V
to −0.67 V vs. AgI/Ag) in pure [EOPip][Tf2N] (a) without and three [EOPip][Tf2N]:[EOPip]Br melts
(mol%): (b) 0.2%, (c) 0.5% and (d) 20%. [TeCl4] = 5 mM. T = 100 ◦C, Q = 2C/cm2, Pt-coated glass slide.
[Reproduction with permission from Thiebaud, L.; Legeai, S.; Ghanbaja, J.; Stein N. Electrochim. Acta;
published by Elsevier, 2016].

In turn dos Santos et al. [121] electrodeposited Te layers on gold/fluorine-doped tin oxide film
substrate from DES, 1ChCl:2urea and choline chloride-ethylene glycol mixtures (1ChCl:2EG) containing
50 mM of TeCl4. The electrodeposition was carried out at elevated temperatures, from 30 up to 60
(or 80) ◦C. For instance, at potentials equaled −0.04 V and −0.28 V vs. Ag

∣∣∣AgCl for 1ChCl:2EG
and 1ChCl:2urea respectively, in initial stage of Te deposition one-dimensional nanostructures were
formed. Moreover, the authors stated that the number of spherical particles increases with temperature.
An earlier work of Agapescu et al. [122] was also devoted to electrodeposition of Te films from choline
chloride based mixtures but this time with oxalic acid (1ChCl:1Ox). Thanks to good solubility of TeO2

in such types of solutions, this oxide was used as a precursor. Electrodeposition of Te layers was
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performed at 60 ◦C by applying (depending on the procedure) −0.298 V or −0.370 V vs. Ag. These
layers were characterized as spheroidal aggregates in a dense arrangement on the surface.

Electrodeposition of Te alloys were also of interest to researchers. Due to elements which may be
activated in a cyclotron (e.g., Cd, Sb, Cu) these alloys cannot be considered, as in case of selenium,
as good candidates for Te targets. For instance Hsiu and Sun [123] reported electrodeposition of
CdTe at elevated temperatures from 1-ethyl-3-methylimidazolium chloride/tetrafluoroborate. In turn,
Tsai et al. [124] electrodeposited PbTe alloy from 1-ethyl-3-methylimidazolium tetrafluoroborate
([EMIm][BF4]) at constant applied potential at nickel electrodes. Golgovici et al. [125] electrodeposited
BiSbTe for thermoelectric devices from choline chloride and malonic acid solutions. SbTe also
examined by Mares et al. [126] in ChCl+U systems. Bi2Te3 investigated in ChCl:Ox mixtures
aforementioned Agapescu et al. [122]. Later, SbxTey or CuxTey was electrodeposited and characterized
by Catrangiu et al. [127] also from choline based mixture. These compounds are considered
as semiconductors.

It should be stressed that a characteristic feature of all Te and tellurium-alloys deposits was their
high roughness. Almost all authors describe these structures as nanofibers, nanowires, or nanostars.
The formation of these structures may be associated with the presence of chemical species adsorbed on
the electrode surface which may act as growth one-dimensional preferential agents. From the point
of view of potential application as a cyclotron targets Te deposits obtained from ILs characterized
by high viscosity are not favorable. Significant changes in morphology of Te films are observed
when ILs are dissolved in organic solvents. For these solutions lower surface roughness is reported.
It should keep in mind that aforementioned publications are focused on other than medical application,
as thermoelectric or semiconductor compounds.

2.9. Thallium (Tl) & Indium (In)

Thallium is electrodeposited from alkaline aqueous solutions containing organic compounds, e.g.,
EDTA [115]. For instance, Liu et al. [128] reported electrodeposition of Tl2O3 from KOH containing
TlAc. An earlier work of Abd El-Halim and Khalil [129] presented the electrodeposited Tl2O and Tl2O3

mixture from sulfate bath. In turn, Tsirlina et al. [130] discussed nucleation mechanism of thallium
oxide generation. To our best knowledge no article on the deposition of Tl from ILs solutions has been
published. The electrochemistry of its neighbor in group (Indium) is much more explored. One may
expect that the chemistry of both elements in this context will reveal a similarity.

Zein El Abedin et al. [96] electrodeposited indium films from 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)amide containing 0.1 M InCl3 at a glassy carbon electrode. The procedure
required application of −2.2 V vs. Pt as a QRE to working electrode. Other IL was used
by Deferm et al. [131]. These authors reported electrodeposition of indium layer from
trihexyl(tetradecyl)phosphonium chloride with In3+ at −2.0 V vs. Fc

∣∣∣Fc+ RE. This procedure leads to
obtain spherical droplets. In turn, Alcanfor et al. [132] applied choline chloride (ChCl) and ethylene
glycol (EG) (1ChCl:2EG) with 0.05 M InCl3 as a electroplating solution. These authors obtained indium
nanorods at 80 ◦C and potential of −0.74 V vs. Ag

∣∣∣AgCl.
As for tellurium, also for indium its deposits were characterized by high surface roughness.

Low melting point of thallium requires to develop its alloys characterized by high values of this
parameter. The procedures leading to obtain smooth layers of the latter need to be elaborated.

2.10. Uranium (U)

The electroreduction of U(VI) or U(IV) is mainly considered in the literature as a process leading
to separation of uranium from other actinides or fission products, not only in ILs but also in other
nonaqueous systems [133] and ref. therein. For instance, recent publication of Geran et al. [134]
delivered the information on the electrochemical properties of uranium in molten LiCl-LiF salts.
In this context the structure of obtained uranium films plays a minor role. Nikitenko et al. [135]
and Takao et al. [136] examined electrochemically uranium chloro-complexes in various ILs. In turn
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Krishna et al. [137] used 1-butyl-3-methylimidazolium chloride ionic liquid with or without fission
products (e.g., Pd, Ru) as a medium for examination of the spectroscopic and electrochemical behavior
of UO2

2+ ions.
Lopes and Martinot [138] electrodeposited U or UO2 from phenanthrene/terbutylammonium

tetrafluoroborate [TBA][BF4] mixtures and Cs2UCl6 and Cs2UO2Cl4 as feed salts. As a cathode
material mercury pool (special reservoir for Hg) was used. Giridhar et al. [139] reported possibility of
electrodeposition of mixed uranium oxides from 1.1M TBP/[BMIm][Tf2N] with UO2(NO3)2 at −2.1 V
vs. Pd as a QRE. Wanigasekara et al. [140] checked the possibility of application ILs as a medium
for UO2 electrodeposition. In 2011 Jagadeeswara Rao [141] reported electrodeposition of metallic
uranium from the mixture of ([MPPip][Tf2N]) with U(IV). These authors reported that at potential
of −2.8 V vs. Fc

∣∣∣Fc+ metallic uranium was deposited on platinum working electrode. SEM imagines
have shown cracked U coatings. Moreover, they observed rapid dissolution of UO2 in H[Tf2N]. Recent
publication of Bhujbal et al. [142] presented nanosized spherical agglomerates of UO2 electrodeposited
from chloride [N1444]Cl and UO2(NO3)2 solutions. These coatings were obtained on a glassy carbon
electrode at −1.06 V vs. Pt QRE.

As it was aforementioned, as the targets for reactor production of 99Mo, uranium coated with
other elements or its alloys are considered. For instance, to improve the corrosion resistance of the
material, Jiang et al. [143] electrodeposition thin films of aluminum on uranium (U) substrate from
(2AlCl3:1[EMIm]Cl) ionic liquid at room temperature. The best results were obtained for current
densities of 20 mA·cm−2 (Figure 9). To obtain adhesive Al coatings on uranium substrate, the latter was
anodic etched in the pretreatment step. The authors stated that uranium oxides impede the deposition
of well-adherent Al surfaces.
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20 mA·cm−2 for 72 C·cm−2 [Reproduction with permission from Jiang, Y.; Ding, J.; Luo, L.; Shi, P.;
Wang, X., Surf. Coat. Tech.; published by Elsevier, 2017].

The studies on the deposition of Al on the U substrate were continued by Wang and co-workers.
In 2018 these authors delivered the information on the growth mechanism of the Al coating on
uranium [144]. They have found that Al nano-layer passivates the uranium surface. A characteristic
feature of all uranium deposits was their high roughness. Only a few authors delivered the information
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on metallic films. The vast majority of authors consider uranium oxides as the coatings deposited onto
the substrates.

3. Application

Electrodeposition of metals can be exploited to provide modified targets with properties that can
extend their utilization, ease separation, and increase isotope production. This concept of coupling
separation with targetry to permit product isotope collection is an area of interest and has been explore
for fission products [145,146]. Most effort has focused on the necessary chemical process, which would
separate the fission product and leave the target intact. However, it is understood that target properties,
particularly morphology and surface characteristic, are important to the utilization of this technique for
development of applications. The ability to achieve product isotope separation from the target without
dissolution is a novel application can be facilitated by electroplating. As discussed in the review,
the target morphology and structure can be modified through electroplating. The use of substrates
with prepared structures and morphology can provide an electroplating platform that produces a
target with tailored properties that can be combined with chemistry to removed produced isotopes
without target destruction.

Isotope production follows a general workflow that has existed for decades, often with target
dissolution after irradiation. The produced isotopes are then separated from the dissolved matrix.
In irradiations the vast majority of the target is unreacted. The separation after dissolutions means the
minuscule amount of product isotope must be removed from a large amount of target. Depending upon
the target, it may be reformed for further isotope production, often with losses and waste generation.
The desirability to reuse the target depends upon its properties. If the target is enriched or composed
of difficult to obtain material, reuse may be desirable and inconsistent with dissolution followed by
separation. An electroplated target, with suitable morphology and material properties, can be used to
produce and separate isotopes without dissolution.

The role of radioactive decay and nuclear reactions in initiating chemical reactions is the basis of
hot atom chemistry and has been previously explored [147]. The chemical products in nuclear reaction
targets are from the chemical effects of the nuclear transformations and the bulk target radiolysis.
The energetics from the nuclear activities provides the foundation for initiating reactions that can
result in separation without target dissolution. As bond energies are on the order of 10 eV, and nuclear
reactions are keV or greater, the direct reaction of daughter recoil can provide sufficient energy for
bond breaking as a first step to chemical reactions. Recoil based separations have long been used in
production of the heaviest elements in atom-at-a-time reactions, where the product nuclei relies upon
the nuclear reaction for the first separation [148,149].

For radiopharmaceuticals, nuclear reactions have been examined as a route to increase an isotope
specific activity for reactions that included non-active isotopes as the initial target [147]. An example
is the production reaction 127I(n,γ)128I. The ability to achieve isotopic separations through nuclear
reactions and subsequent decay was initially demonstrated with ethyl iodide [150]. The 127I on the
ethyl iodide is separated from the recoiled, anionic 128I−. The bulk of these reactions involve molecular
or gas phase species. The ability to achieve separation from bulk solid phase has been less explored, but
some trends are observable. This method is effective with alpha decay, less so with beta and gamma
decay. Nuclear reactions were shown to be as effective as alpha decay.

Coupling targetry with separations through product nuclei recoil from the nuclear reaction has
been demonstrated with U fission with UO2 and U-metal-organic framework as targets [151,152]. From
this work refractory uranium oxide particles combined with an easily dissolved salt demonstrated
effective recovery of select fission products. The recoil of fission products is around 10 µm [153].
For electroplated uranium targets, the recoiling fission products can separate from the target matrix.
Exploiting differences between uranium and the fission products. Electroplated uranium targets,
ideally the metal but also the oxide, and be coupled with selected separation routes [145,146] for
targetry coupled separations for molybdenum.
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Clearly fission, with decay energies around 200 MeV, provides sufficient energy for exploitation
of the nuclear decay in separation. Lower nuclear reaction or decay energies can also be suitable to
drive the first step of the separation process. Studies on nuclear waste forms provide data on expected
chemical reaction trends due to isotope decay within a matrix. Chemical reactions in beta emitter
containing waste forms show decay can initiate reactions for certain isotopes [154]. The trend favors
reactions for those isotopes with shorter half-lives. Other studies examining host compound found
structural changes due to decay could result in formation of instabilities [155]. These instabilities could
be the basis for separations. The structure of the target compound containing the produced isotope can
be tuned to optimize chemical reactions. In this way, using ionic liquid based electroplating, a target
for irradiation can be constructed to permit chemical separations due to the nuclear reaction and
subsequent decay, even in conditions without this high energy from fission. This provides a means to
apply this electroplating method to the production of a range of diagnostic isotopes.

4. Conclusions

From the point of view of potential application of the electrodeposited layers of discussed elements
as cyclotron targets two parameters are critical. Obtained coatings must be smooth and adherent as
much as it possible to the substrate. Resulting morphologies from the substrate and electrochemistry
electroplating can be used to supplement isotope production.

Only two from aforementioned elements exist in one-isotopic form, scandium and yttrium.
The targets produced from the other elements is the most often enriched in desired isotope. This situation
requires high electrodeposition yields. From this point of view available in the literature electroplating
protocols need to be checked and adapted to the target productions.

Electroplating baths are well known for zinc and nickel. Electrodeposition of calcium as well
as strontium creates serious experimental problems although recent publication shows a possibility
coating of metallic Ca from IL. The literature devoted to characterization of scandium and yttrium
is poor. One may expect that as for lanthanides these elements can be deposited from ionic liquids.
In case of tellurium its films can be obtained. Unfortunately, due to its low meting point and low
thermal conductivity, a new alloys need developed. Similar situation is observed for cadmium. Metallic
molybdenum layers are difficult to obtain both in water and organic solvents due to various sides
chemical reactions accompanying the deposition process. Only a few publications are devoted to
electrodeposition of metallic uranium. Electrodeposition of this element is also difficult. Application
of ILs as a medium leads more often to electrodeposition of its oxides.

Despite the emerging difficulties, it seems that ionic liquids as a reaction medium for
electroplating of desired elements constitute an interesting alternative to existing methods of cyclotron
target preparation.
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Abbreviations

ChCl Choline chloride
EG Ethylene glycol
Mal Malonic acid
Lev Levulinic acid



Materials 2020, 13, 5069 19 of 26

Phenylac Phenylacetic acid
Phenylprop 3-Phenylpropionic acid
Glyce Glycerol
Gluc D-(+)-Glucose
TBP tri-n-butylphosphate
[BMIm][DBP] 1-butyl-3-methylimidazolium dibutylphosphate
[BMIm][HSO4] 1-butyl-3-methylimidazolium hydrogen sulfate
[BMIm][TfO] 1-butyl-3-methylimidazolium trifluoromethanesulfonate
[BMIm][BF4] 1-butyl-3-methylimidazolium tetrafluoroborate
[EMIm][BF4] 1-ethyl-3-methylimidazolium tetrafluoroborate
[P2225][Tf2N] triethylopentylophosphonium bis(trifluoromethylsulfonyl)amide
[P66614][Tf2N] trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)amide
[BMPyr][Tf2N] 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide
[EMPyr]Cl N-ethyl-N-methyl-pyrrolidinium chloride
[BMPyr][DCA] N-butyl-N-methyl-pyrrolidinium dicyanamide
[BMPyr]Cl 1-butyl-1-methylpyrrolidinium chloride
[EMIm][DCA] 1-ethyl-3-methylimidazolium dicyanamide
[EMIm]Cl 1-Ethyl-3-methylimidazolium chloride
[N1444]Cl tri-n-butylmethylammonium chloride
[TBA][BF4] terbutylammonium tetrafluoroborate
[TBA]2[TeCl6] tetrabutylammonium hexachlorotellurate(IV)
[TBA]Cl tetrabutylammonium chloride
[TMA]Cl tetramethylammonium chloride
[EOPip]Br 1-ethyl-1-octyl-piperidinium bromide
[EOPip][Tf2N] 1-ethyl-1-octyl-piperidinium bis(trifluoromethylsulfonyl)imide
[MPPip][Tf2N] 1-methyl-1-propylpiperidinium bis(trifluoromethanesulfonyl)imide
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