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Abstract 
The electrochemical behavior of dysprosium (Dy) in 1-ethyl-3-methylimidazolium dicyanamide ([EMIm]DCA) ionic 
liquid containing DyCl₃ was comprehensively studied using cyclic voltammetry (CV), chronoamperometry (CA), X-ray 
diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS). Cyclic 
voltammetric measurements revealed that the reduction of Dy³⁺ ions to metallic Dy is an irreversible process controlled 
by the diffusion of Dy³⁺ species, with an average charge transfer coefficient of 0.3898. Chronoamperometric data 
confirmed the one-step multielectron reduction mechanism of Dy³⁺ and the diffusion-controlled nature of the electrode 
process. The diffusion coefficient of Dy³⁺ calculated from CV measurements was determined to be 2.08 × 10⁻⁷ cm².s⁻¹, 
which is in good agreement with the value derived from CA curves. XRD analysis confirmed the formation of metallic 
Dy with a preferential orientation along the (002) crystallographic plane. SEM and EDS observations demonstrated 
the feasibility of dysprosium electrodeposition in the [EMIm]DCA ionic liquid electrolyte, with the obtained deposits 
exhibiting a characteristic microgranular morphology. 
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1.  Introduction 
Dysprosium (Dy), a member of the 

lanthanide series (rare earth elements, REEs), 
possesses unique magnetic, optical, and nuclear 
properties, making it indispensable in advanced 
technologies. It is widely used as an additive in 
neodymium-iron-boron (NdFeB) magnets to 
enhance high-temperature stability, as control 
rods in nuclear reactors, and in laser materials 
and phosphors [1,2]. Despite its technological 
importance, the extraction and purification of Dy 
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remain challenging due to its low natural 
abundance (≈1% in REE-bearing minerals such as 
bastnaesite and monazite) and dispersion in ores. 
Therefore, further research and improvement of 
Dy extraction techniques are necessary to develop 
more cost-effective and economically viable 
methods [3–13]. Recent research efforts aimed at 
addressing these issues have focused on studying 
the electrochemical and spectroscopic properties of 
Dy in its molten state [14,15]. Investigations have 
been conducted on the electrodeposition of Dy in 
molten salt systems to synthesize various Dy 
intermetallic compounds [16]. The 
electrodeposition of rare earth metals and their 
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alloys typically occur in high-temperature molten 
salt environments [17,18]. Additionally, studies 
have explored the use of liquid cathodes for 
electrodeposition processes, particularly for the 
electrowinning and electrorefining of rare earth 
elements, actinides, and titanium [19]. The use of 
a liquid cathode offers several advantages: (1) 
facilitated separation of electrolysis products due 
to the significant density difference between the 
electrolyte and the liquid cathode; (2) 
maintenance of a constant electrode surface area, 
ensuring parameter stability throughout the 
process; (3) prevention of irregular crystal growth, 
thereby reducing the required operating voltage 
due to the shortened cathode-anode distance; (4) 
enhanced coalescence of micro-drops and metallic 
fog; and (5) feasibility for continuous process 
design [20]. 

Ionic liquids (ILs) are emerging as promising 
electrolytes for energy storage devices due to their 
wide electrochemical windows, nonflammability, 
low volatility, and excellent thermal and chemical 
stability [21]. ILs are a class of solvents composed 
entirely of ions. For electrochemical deposition 
applications, two main families of ILs are 
predominantly used: first-generation 
chloroaluminate ILs, and second-generation 'air- 
and water-stable' ILs with hydrophobic anions 
such as tetrafluoroborate, hexafluorophosphate, 
trifluoromethanesulfonate, or 
bis(trifluoromethylsulfonyl)imide. Notably, ILs 
based on weakly coordinating anions, including 
tetrafluoroborate (BF₄⁻), hexafluorophosphate 
(PF₆⁻), and bis(trifluoromethylsulfonyl)imide 
(TFSI⁻), have limited ability to dissolve various 
metal salts, especially metal chloride salts 
[22,23]. ILs are suitable for the electrodeposition 
of many metals and their alloys. Some 
researchers have investigated the IL-based 
electrodeposition of tin with different structural 
configurations as anodes for lithium-ion batteries, 
clarifying the differences in electrochemical 
behavior among three ILs: [EMIm]BF₄, 
[EMIm]TfO, and [EMIm]DCA [24]. ILs containing 
the dicyanamide (DCA⁻) anion exhibit superior 
metal salt solubility due to their excellent 
coordination properties [25]. When 1-ethyl-3-
methylimidazolium (EMIm) is used as the cation, 
the resulting IL typically has low viscosity and 
high electrical conductivity. The interactions 
between IL anions and metal ions significantly 
affect metal speciation and determine their 
solubility characteristics. A variety of ILs have 
been studied for the electrodeposition of rare 
earth metals and their alloys [26,27]. A one-step 
electrodeposition method for the synthesis of 
silicon/terbium nanowires using ILs has been 
successfully demonstrated [28]. This deposition 
technique offers significant advantages over 
conventional methods due to its simplicity, cost-

effectiveness, and avoidance of harsh deposition 
conditions. The intense room-temperature 
luminescence and millisecond-range lifetime of 
the electrodeposited nanowires confirm their high 
quality for applications in modern optoelectronic 
devices. The electrochemical co-deposition method 
described provides a simple and cost-effective 
alternative for the synthesis of rare earth-
incorporated silicon nanostructures. 

Additionally, some researchers have 
investigated the simultaneous electrodeposition of 
Dy and terbium (Tb) in [EMIm]BF₄ electrolyte 
[29]. Their results showed that the co-
electrodeposition of Dy and Tb in [EMIm]BF₄ 
proceeds through an irreversible mechanism 
controlled by diffusion. The ILs 1-ethyl-3-
methylimidazolium tetrafluoroborate 
([EMIm]BF₄) and 1-ethyl-3-methylimidazolium 
dicyanamide ([EMIm]DCA) are characterized by 
lower costs compared to other ILs, while 
exhibiting extremely high ionic conductivities. 
Some researchers have studied the 
electrochemical behavior of Tb in [EMIm]BF₄ and 
[EMIm]DCA systems [30]. Their study showed 
that [EMIm]DCA is superior to [EMIm]BF₄ for Tb 
deposition. 

Although several studies have examined the 
electrodeposition of rare earth elements and their 
alloys in [EMIm]DCA systems, research 
specifically focusing on the electrochemical 
behavior of Dy in [EMIm]DCA electrolytes 
remains limited. Therefore, the present study 
comprehensively investigates the electrochemical 
behavior of Dy on platinum electrodes in DyCl₃–
1-ethyl-3-methylimidazolium dicyanamide 
electrolytes, using a combination of 
electrochemical methods, XRD analysis, SEM, 
and EDS. 

 
2. Materials and Method 
2.1. Materials and Chemicals 

1-Ethyl-3-methylimidazolium dicyanamide 
([EMIm]DCA, 99%) was purchased from Lanzhou 
Greenchem ILs (China) and dried under vacuum 
at 373 K for 12 h to remove residual water. 
Anhydrous DyCl₃ (Aldrich, 99.9%) was dried at 
473 K (200 °C) for 12 h in a vacuum desiccator to 
eliminate moisture. Platinum plates (Jinchuan 
Group Ltd, China, 0.5 cm²) served as the working 
and counter electrodes, and a platinum wire (1.5 
mm diameter) was used as the quasi-reference 
electrode. All materials were handled in an argon-
filled glove box (UNILAB Pro SP, MBraun) with 
O₂ and H₂O contents below 1 ppm. 

 
2.2. Electrolysis Experiment 

The electrolyte was prepared by dissolving 
1.344 g (0.05 M) of anhydrous DyCl₃ in 100 mL of 
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[EMIm]DCA at 333 K under magnetic stirring for 
24 h, resulting in a homogeneous solution. After 
cooling, a 0.05 M DyCl₃ solution in [EMIm]DCA 
IL was prepared at room temperature. All 
electrochemical experiments were conducted in a 
glove box under a purified argon atmosphere 
using an HCP-803 electrochemical workstation 
(BioLogic) controlled by EC-Lab software. A 30 
mL Teflon electrochemical cell with a three-
electrode configuration was used. A platinum 
plate (S = 0.5 cm²) served as the working 
electrode, another platinum plate (S = 0.5 cm²) as 
the counter electrode, and a platinum wire (15 
mm diameter) as the quasi-reference electrode. 
The platinum wire quasi-reference electrode was 
selected due to its sufficient electrochemical 
stability in the electrolytes throughout the 
experiment. The schematic diagram of this 
electrolysis experiment is shown in the Figure 1. 
All electrodes were polished with 0.3 μm alumina 
paste, sequentially cleaned with 1 M HNO₃, 
acetone, and deionized water, and finally vacuum-
dried before use. All electrochemical experiments 
were conducted at room temperature (298 ± 2 K) 
without electrolyte agitation. After electrolysis, 
the cathode was removed from the electrolyte, 
rinsed thoroughly with ethanol, and the resulting 
deposits were dried in a vacuum desiccator for at 
least 2 h at room temperature. The mass loading 
of Dy electrodes obtained in [EMIm]DCA ILs at 
various cathodic potentials was extremely low. 

The crystalline structure of the deposits was 
analyzed by X-ray diffractometry (XRD, Bruker-
AXS D8 Advance) using Cu-Kα radiation at a 
scanning rate of 3 °.min⁻¹. The morphology of the 
electrodeposits was examined using a scanning 
electron microscope (JEOL 6380LV) equipped 
with an energy-dispersive spectrometer. 

 

3. Results and Discussion 
3.1. Reduction Process of Dy3+ in DyCl3-

[EMIM]DCA 
To investigate the electrochemical behavior 

of Dy³⁺ in this IL, cyclic voltammograms (CVs) of 
0.05 M DyCl₃ in [EMIm]DCA were recorded at 
different scan rates (10 to 50 mV.s⁻¹) on a 
platinum electrode at room temperature, as 
shown in Figure 1. In Figure 1, the cathodic 
reduction peak potentials (Epc) shift negatively 
with increasing scan rate, while the cathodic 
reduction current density (jp) increases 
proportionally with the scan rate. The presence of 
a current loop during the cathodic scan indicates 
that the electrodeposition of Dy on the platinum 
electrode requires an overpotential to initiate 
nucleation and growth processes. As shown in 
Figure 2, the CV exhibits only a cathodic 
reduction peak for Dy³⁺, with no corresponding 
anodic oxidation peak. According to previous 
experimental results [29], the reduction processes 
of both Tb³⁺ and Dy³⁺ ions in [EMIm]BF₄ 
electrolytes are irreversible, similarly lacking 
anodic oxidation peaks in their CVs. Furthermore, 
the literature findings revealed that the reduction 
of Dy³⁺ proceeds irreversibly in a single step. 
Therefore, by comparison with the literature [29], 
it can be concluded that the oxidation of Dy³⁺ 
cannot occur in IL electrolytes containing DyCl₃. 

Furthermore, in the present study, when the 
potential was scanned in the positive direction, no 
anodic oxidation process of Dy was observed. This 
phenomenon is attributed to the formation of 
complexes between Cl⁻ and DCA⁻ anions with the 
EMIm⁺ cation. Analysis of the CV curves suggests 
that the cathodic reduction process of Dy in these 
electrolytes is irreversible and occurs in a single 
step. As shown in Figure 2, the cathodic reduction 

Figure 1. The schematic diagram of the 
electrolysis experiment: 1-computer, 2-
electrochemical workstation, 3- counter 
electrode, 4- working electrode, 5-the quasi-
reference electrode, 6- electrochemical cell, 7-
electrolyte. 

Figure 2. Cyclic voltammograms of 0.05 M DyCl3 
in [EMIm]DCA on a platinum electrode with 
different scan rates at room temperature. 
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ν/mV·s−1 jpc/mAcm−2 Epc/V |Ep − 
Epc/2|/mV α 

10 4.08 -1.56 102.8 0.463 
20 5.61 -1.60 110.1 0.433 
30 6.87 -1.66 124.1 0.384 
40 7.95 -1.72 136.6 0.349 
50 8.82 -1.85 148.6 0.320 

Average    0.3898 

peak potential of Dy³⁺ in [EMIm]DCA was 
determined to be 1.56 V (scan rate 10 mV.s⁻). 
These findings indicate that Dy³⁺ species formed 
in the [EMIm]DCA electrolyte are relatively easy 
to reduce, suggesting that the speciation of Dy³⁺ 
dissolved in this electrolyte may differ 
significantly. Dy³⁺ cations in the [EMIm]DCA 
system are more likely to associate with both Cl⁻ 
and DCA⁻ anions to form complexes, facilitated by 
the strong coordinating ability of DCA⁻ toward 
Dy³⁺. As reported in the literature [25], the 
viscosities of [EMIm]BF₄ and [EMIm]DCA are 
377 cP (at 295 K) and 198 cP (at 301 K), 
respectively, indicating significant differences in 
viscosity between these solutions. Notably, the 
reduction peak current density of the Dy³⁺/Dy 
couple in [EMIm]DCA IL is considerably high. 
The significantly lower viscosity of [EMIm]DCA 
leads to more efficient charge transfer and higher 
ionic conductivity. Consequently, the observed 
shift in the reduction peak potential of the Dy³⁺
/Dy couple in this system may also be attributed 
to differences in diffusion processes. 

The difference between the cathodic peak 
and half-peak potentials (|Epc − Epc/2|) in this 
system increases significantly with increasing 
scan rate. At the lowest scan rate of 10 mV.s⁻¹, 
the |Epc − Epc/2| value for [EMIm]DCA at 298 K 
was determined to be 102.4 mV. This value is 
substantially higher than the 19 mV threshold (at 
298 K) characteristic of a reversible 
electrochemical process. This observation is 
primarily attributed to the resistive nature of 
organic electrolytes and the presence of 
uncompensated solution resistance in the CVs 
[31,33]. Analysis of the CVs for Dy in this 
electrolyte suggests that the reduction of Dy³⁺ to 
Dy on the platinum electrode proceeds via an 
irreversible mechanism [32]. 

Furthermore, the strong linear relationships 
observed between the cathodic peak current 
densities (jpc) and the square root of the scan rate 
(ν¹/²), as shown in Figure 3, indicate that the 

reduction process of Dy³⁺ in this IL is diffusion-
controlled. However, it is noteworthy that the 
plots of jpc versus ν¹/² in this IL do not pass through 
the origin. The non-zero intercepts in these linear 
plots may be partially attributed to the significant 
influence of uncompensated electrolyte resistance, 
adsorption phenomena, and certain surface 
chemical coupled reactions [33]. 

For an irreversible one-step multielectron 
reaction process, the diffusion coefficient of Dy³⁺ 
can be calculated using the irreversible Randles–
Sevcik Equation (1) [32]: 
 
𝑖𝑖𝑝𝑝𝑝𝑝 = 0.4958𝑛𝑛𝑛𝑛𝑛𝑛𝐶𝐶𝐷𝐷𝑦𝑦3+𝐷𝐷𝐷𝐷𝑦𝑦3+

1/2 (𝛼𝛼𝑛𝑛𝛼𝛼𝐹𝐹𝐹𝐹
𝑅𝑅𝑅𝑅

)1/2     (1) 
 
where ipc is the cathodic peak current, n is the 
number of transferred electrons, F is the Faraday 
constant, A is the working electrode area, CDy³⁺ is 
the concentration of Dy³⁺ species, DDy³⁺ is the 
diffusion coefficient of Dy³⁺ species, α is the 
transfer coefficient, ν is the scan rate, R is the gas 
constant, and T is the absolute temperature. The 
αnα value can be calculated using equation (2) 
[32]: 
 
�𝐸𝐸𝑝𝑝𝑝𝑝 − 𝐸𝐸𝑝𝑝𝑝𝑝

2
� = 1.857𝑅𝑅𝑅𝑅

𝛼𝛼𝛼𝛼𝛼𝛼
      (2) 

 
where Epc is the cathodic peak potential, Epc/2 is 
the cathodic half-peak potential, α is the electron 
transfer coefficient, n is the number of electrons, 
and F is the Faraday constant. The αnα values for 
the [EMIm]DCA IL at 298 K were calculated 
using equation (2) and the data from Figure 2, 
with the results shown in Table 1. The average 
value of αnα (nα = 3) was calculated to be 0.398. 
Substituting the αnα value and other parameters 
into equation (1), the diffusion coefficient of Dy³⁺ 
species in [EMIm]DCA at 298 K was determined 
to be approximately 2.08 × 10⁻⁷ cm²/s. Notably, 
the diffusion coefficient of Dy³⁺ species in 
[EMIm]DCA IL is substantially large. This 
observation suggests that the relatively enhanced 
mobility of Dy³⁺ species in the [EMIm]DCA 
system is likely associated with the lower viscosity 
of [EMIm]DCA and the favorable coordination 

Figure 3. Relationships between the jpc and the 
ν1/2 obtained from Fig. 1. 

Table 1. Data of cyclic voltammogram with various 
potential scan rates in [EMIm]DCA. 
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interactions between the solution components and 
Dy³⁺ ions at the electrode interface. 
 
3.2. Electrodeposition of Dy³⁺ in DyCl₃–
[EMIm]DCA and Characterization of Dysprosium 
Electrodeposits 

To investigate the effects of cathodic 
potential and IL anion type on the characteristics 
of Dy electrodeposits, potentiostatic 
electrodeposition experiments were conducted on 
platinum electrodes in quiescent electrolytes at 
room temperature. For the 0.05 M DyCl₃–
[EMIm]DCA system, electrodeposition was 
performed at potentials of –1.6, –1.7, –1.8, and 
−1.9 V versus platinum for 30 minutes. The onset 
electrodeposition potential of –1.6 V (for 
[EMIm]DCA) was selected based on the respective 
reduction peak potentials of Dy determined from 
CV measurements (Figure 2). The current 
density-time curves recorded during the 
electrodeposition of Dy in these ILs at different 
cathodic potentials and room temperature are 
shown in Figure 4. As illustrated in Figure 4, the 
current density increases significantly with the 
application of more negative potentials. However, 
the current densities reach a plateau and remain 
relatively stable during the electrodeposition 
process, indicating the formation of compact 
electrodeposits. The reduction current decreases 
rapidly within a very short time and then 
stabilizes over longer periods. 

This initial rapid decrease in reduction 
current is attributed to the formation of an electric 
double layer around the electrodes, while the 
subsequent stabilization over longer times results 
from the development of new diffusion layers 
around the already formed crystal nuclei. 
Consequently, the rate-determining step of the 
electrode process is diffusion-controlled [29]. 

As is well-known, the unsteady-state 
limiting diffusion current at any time can be 

expressed by Equation (3) [31]: 
 

𝑖𝑖 =
𝑛𝑛𝑛𝑛𝑛𝑛𝐶𝐶𝐷𝐷𝑦𝑦3+𝐷𝐷𝐷𝐷𝑦𝑦3+

1/2

𝑡𝑡1/2𝜋𝜋1/2       (3) 
 
where i is the cathodic current, n is the number of 
transferred electrons, F is the Faraday constant, 
A is the working electrode area, CDy³⁺ is the 
concentration of Dy³⁺ species, DDy³⁺ is the 
diffusion coefficient of Dy³⁺ species, t is the time 
during cathodic current flow, and  is 3.14. Using 
equation (3), the diffusion coefficient for the 
[EMIm]DCA IL electrolyte was calculated to be 
1.48 × 10⁻⁷ cm²/s, which is in good agreement with 
the diffusion coefficient derived from the CV 
curves. These consistent results strongly suggest 
that the electrochemical reduction process of Dy 
in these electrolytes is governed by a diffusion 
rate-determining step. 

Figure 5 shows the influence of cathodic 
potential on the average current density in these 
electrolytes. The cathodic reduction current 
density increases with more negative potentials. 
Furthermore, the current densities recorded in 
[EMIm]DCA IL at different cathodic potentials 
are notably high. This phenomenon may be 
attributed to the lower viscosity and more efficient 
charge-transfer characteristics of [EMIm]DCA IL. 
To confirm the formation of metallic Dy, XRD 
analysis was performed on the Dy electrodeposits 
obtained from this IL system. The XRD patterns 
of Dy electrodeposits obtained on a platinum 
electrode in these electrolytes at different cathodic 
potentials and room temperature for 30 minutes 
are shown in Figure 6. 

For the Dy electrodeposits obtained in 
[EMIm]DCA ILs (Figure 6) at the four selected 
cathodic potentials, the XRD patterns show a 
dominant diffraction peak at 32.78°, indicating 
that the Dy electrodeposits have a preferential 
orientation along the (002) plane. According to 

Figure 4. Variation of current density with time 
during the electrodeposition of Dy from 0.05 M 
DyCl3 in [EMIm]DCA. 

Figure 5. Variation of average current density 
with different potentials in 0.05 M DyCl3 of 
[EMIm]DCA at room temperature for 30 min. 
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literature data [29], the XRD patterns of metallic 
Dy are consistent with PDF015-0430 (Hexagonal) 
of Dy from the XRD PDF database. As shown in 
Figure 6, the relative intensity of the XRD 
patterns obtained from [EMIm]DCA is 
significantly high. This observation is attributed 
to the different coordination abilities of the anions 
toward Dy³⁺ ions on the electrode surface and the 
lower viscosity of [EMIm]DCA. These XRD 
results are consistent with the aforementioned 
electrochemical experimental findings [29], 
confirming that the nucleation and growth of Dy 
on the platinum electrode may be accelerated 
with increasing cathodic potential. The 
confirmation of metallic Dy through XRD analysis 
supports the irreversible nature of the Dy 
reduction process in this electrolyte. 

The morphology, structure, and shape of the 
resulting electrodeposits were examined by SEM 
with EDS analysis, which confirmed the presence 
of Dy, indicating its reduction. The Dy 
electrodeposit and corresponding EDS analysis 
are presented in Figure 7. As shown in Figure 6, 
the presence of oxygen is attributed to the 
immediate oxidation of the electrodeposited 
metal. The electrolyte is hydrophobic, so it cannot 
be removed from the electrode by simple rinsing 
with water. To remove the electrolyte, the 
electrode should be rinsed with acetone or another 
polar organic solvent, but this leads to the 
immediate oxidation of the electrodeposited 
metal, accompanied by increased oxygen 
concentrations in the EDS analysis and the 

formation of a white layer on the electrode 
surface. The EDS spectra confirmed the successful 
reduction of Dy in this electrolyte, which is 
consistent with the XRD results. The Dy 
electrodeposit in [EMIm]DCA was microgranular 
with distinct particles in the range of 1–5 μm. 
From Figure 8, the nucleation and growth process 
of Dy in this electrolyte is clearly visible. The SEM 
images confirm the results of the potentiostatic 
electrodeposition experiments. 

 
4. Conclusions 

This study comprehensively investigated the 
electrodeposition of Dy in [EMIm]DCA IL. The 
voltammetric behavior of the electrochemical 
processes of Dy was systematically studied. CV 
results showed that the reduction process of Dy in 
this electrolyte is an irreversible one-step 
multielectron reaction, with an average transfer 
coefficient of Dy³⁺ of approximately 0.398. The 
diffusion coefficient of Dy³⁺ species in 
[EMIm]DCA at 298 K is 2.08×10⁻⁷ cm²/s, 
confirming that the electrodeposition process of 
Dy in this electrolyte is diffusion-controlled. The 
enhanced mobility of Dy³⁺ species in [EMIm]DCA 
is likely related to the low viscosity of the IL and 

Figure 6. XRD patterns of the deposits in 0.05 
M DyCl3 of [EMIm]DCA at different potentials 
for 30 min. 

Figure 7. EDS spectra of deposits in 0.05 M 
DyCl3 of [EMIm]DCA at -1.9 V for 30 min. 

Figure 8. SEM images of deposits in 0.05 M 
DyCl3 of [EMIm]DCA at -1.9 V for 30 min. 
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the good coordination between the solution and 
Dy³⁺ ions at the electrode. Chronoamperometric 
results confirmed that the reduction process of Dy 
is diffusion-controlled. XRD patterns of Dy 
deposits show that metallic Dy is obtained during 
electrodeposition, and the crystallographic 
orientation of the Dy electrodeposits is 
significantly influenced by the electrolyte anion 
and electrodeposition potential. EDS spectra 
confirmed the successful reduction of Dy in this 
electrolyte. [EMIm]DCA is recommended as a 
superior electrolyte for efficient Dy 
electrodeposition. 
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