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Abstract 

Cu electroplating was carried out using a pure ethaline melt, a 1:2 ratio of choline chloride 

and ethylene glycol, at room temperature by potentiostatic and galvanostatic methods. 

Hydrated cupric chloride was added to the pure ethaline melt. Polarisation data for cupric ion 

reduction to copper was collected using an RDE to determine where metal deposition was 

feasible. Smooth Cu deposits were obtained at -4.7x10-3 A/cm2 using 0.2 M CuCl2.2H2O at 25 

°C at a current efficiency of (95±5)% at a rotation speed of 700 rpm. XRD analysis of the 

deposit showed a polycrystalline face centered cubic structure with (111) texture. The 

crystalline size was 66±10 nm with some internal strain. EDX analysis showed the presence 

of carbon and chlorine with copper in the deposit, which was due to the break-down of the 

DES. Several deposition processes were carried out from a single bath to examine bath 

stability. The bath was found to be stable when a soluble anode was employed, and became 

unstable when an insoluble anode was used due to other reactions proceeding at the cathode. 
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1. Introduction 

Electrodeposition of copper has been carried out from aqueous solutions for a variety of 

applications [1-4]. Aqueous acid and alkaline solutions have been employed due to their high 

current efficiency [1, 4, 5], good throwing power [6, 7], relatively high plating rates [1, 2] and 

low cost [1]. Some of these electrolytes have come under scrutiny for their environmental 

impact [8-9], and in certain cases, the associated health and safety issues [10]. In the past 

decade researchers have proposed ionic liquids (ILs) as alternative to such aqueous solutions 

[11, 12]. An IL can be defined as a mixture consisting solely of cations and anions with a 

melting point of 100 °C and below [13], and excellent books and reviews are available on this 

subject [13, 14]. A range of ILs is available in market, of which some have been employed for 

electrodeposition [15-18], which has raised the possibility of their use for copper plating. 

 

The earliest tests of copper deposition were carried out using chloroaluminate salts [19, 20] 

which showed the feasibility of copper and copper alloy deposition [21, 22] from 

chloroaluminate ionic liquids. These researchers systematically established the speciation of 

metallic ions in the solvent, and how the thermodynamic parameters influence the formation 

and stabilisation of the electroreducible species [21, 23].  

 

In parallel, a group in Kyoto University proposed trimethyl-n-hexylammonium 

bis((trifluoromethyl)sulfonyl)amide (amide based) molten salt, which was more tolerant to air 

or water [23]. They showed that cupric species in solution existed in Cu+ or Cu2+, and that the 

electron transfer reaction was mainly with the cuprous species [26], due to a 
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comproportionation reaction between Cu metal and cupric species in solution [25, 26]. The 

same authors showed that Cu-Sn could be formed using these ionic liquids by “contact” 

deposition of Sn onto a copper electrode at sufficiently high temperature. The alloy formed 

due to fact that deposition could be carried out at sufficiently high temperatures where the IL 

was still stable  and where Sn diffused into Cu [27] .  

 

This initial promise of ionic liquids for copper electrodeposition has led to further research. 

Much of this research has been to develop a deeper understanding of speciation in solution 

[28, 29], their electrochemical behaviour [30] the influence of temperature on physical 

properties [18, 23] and the effect of impurities such as water [28, 29]. Novel additives [31], 

ionic liquid systems [32], and methodologies [33] have been deployed to obtain desirable 

deposits. 

 

However, for practical metal plating purposes, choline chloride (ChCl) based ILs is one of the 

cheapest and easily accessible, which makes them attractive [15-17]. Choline chloride (ChCl) 

based ILs consist of C5H14NOCl with a hydrogen bond donor (HBD) such as CH4N2O (urea), 

C2H2O4 (oxalic acid), C3H8O3 (glycerol), CH2(COOH)2 (malonic acid), or C2H6O2 (ethylene 

glycol) to form a deep eutectic solvent (DES) or melt [13, 17, 34-41]. It has been shown that 

these solvents are characterised melting points lower than room temperature [35]. They 

exhibit reasonable solubility for wide range of metal salts [13, 17] and show good tolerance to 

water and air [13, 34, 36]. The IL derived from choline chloride and ethylene glycol, used in 

this study, is known as ethaline. The corresponding melts using oxalic acid, urea and malonic 

acid are known as oxaline, reline and maline, respectively. The practical promise of ChCl 

based DES’s has led to a variety of metal plating investigations [38-45], and a wide variety of 

metals such as Cu, Ni, Pd, Sn have been deposited.  
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Previous studies for Cu from ChCl-based have been carried out to determine the solubility 

and equilibrium potentials [36], electrochemical characteristics [18, 36, 37, 39-41], and the 

effect of metal content and current density on deposit properties [40, 41].  A 

spectrophotmetric study of copper speciation in these solvents showed that [CuCl4]2- species 

is formed in aqueous chlorine chloride solutions [29], which has been verified through 

electrochemical studies [45]. Electrochemical kinetic studies using copper chloride in an 

ethaline solution revealed that the diffusion coefficient of Cu+ and Cu2+ species in solution 

were substantially different, and that the charge transfer reaction of Cu+ to Cu0 was about 

three times faster than Cu2+ to Cu+ [30]. Tsuda et.al. [18] showed that Cu2O could be directly 

dissolved in a reline melt, and that copper could be deposited via a single electron transfer.  

 

Despite the progress in scientific understanding on metal deposition from ChCl based 

electrolytes, the performance of these electrolytes for long term metal deposition is relatively 

unexplored. Recently, Popescu and co-workers have carried out electrodeposition of copper 

on graphite substrates from ethaline, reline and maline at 80 °C [41]. They used a hydrate-free 

CuCl2 salt and deposited copper of a nominal thickness between 2.9 to 6.5 m. These authors 

commented on the lack of good deposits from most of these melts, although they did not 

attribute it to any specific cause. They found deposits from ethaline at a low current density, 

i.e.,- 0.005 A/cm2, to provide the most homogeneous deposit. Based on XRD analysis the 

deposits were found to contain pure crystalline copper.  

 

More recently Gu and co-workers have also reported on Cu electrodeposition from an ethaline 

melt [31]. They first mixed only hydrated cupric chloride salts in ethaline; however the 

solution was found to be unstable and formed green coloured precipitate within six hours of 

plating [31]. They highlighted the need of ethylene diamine as an additive in order to achieve 

solution stability [31], although this additive can raise the melting point of the mixture [36]. 
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They plated smooth, compact and fine-grained deposits from this additive containing ethaline 

solution.  

 

These plating studies show that more knowledge on copper deposition is required before DES 

can be employed for copper plating. For example, these studies indicate that copper 

deposition is possible only by maintaining a suitably high temperature or by adding chemicals 

to ethaline. In addition, it seems that the precipitation can occur from ChCl-based liquids, 

which is contrary to previous reports. The electrolysis of ethaline has also shown that the 

ionic liquid itself can break down at the anode and cathode, which can also affect the long 

term viability of plating process [46].  

 

In order to resolve some of these issues we have tested if Cu deposition can be carried out 

using a copper chloride-ethaline melt by potentiostatic or galvanostatic plating methods at 

room temperature for relatively long periods of time. In order to use easily available 

chemicals which are commonly used in the plating industry, hydrated CuCl2 was mixed in a 

pure ethaline melt was used. In order to identify the electrochemical behaviour of copper 

deposition from this solution, copper polarisation data were collected using a rotating disc 

electrode (RDE). Thereafter, copper was deposited at a low carbon steel substrate using the 

same rotating disc. Deposits up to 15 m in thickness were plated from this solution. All 

deposits were analysed using standard materials analysis techniques. In order to detect 

changes in the ethaline melt, a separate experiment was carried out, where a number of plating 

operations from the same bath was performed. Changes in solvent coloration, precipitation 

and any associated changes within the deposit were monitored during this time period. 

 

 

2. Experimental 

2.1 Melt Preparation 



6 
 

Ethaline was prepared by mixing analytical grade choline chloride (C5H14NOCl) of >98% 

purity and ethylene glycol C2H6O2 in 1:2 ratio from Sigma-Aldrich without any purification. 

This mixture was kept in a thermostatic heater at 40 °C and stirred for 24 hours to form a 

colourless liquid and subsequently, stored in an airtight glass bottle to minimize the 

interaction of the electrolyte with air. Later 0.05 or 0.2 M CuCl2.2H2O was added to ethaline. 

These concentrations were chosen because stable metal ion melts are obtained [29, 41], and 

they represent low and high concentrations of metal loading.  

 

The speciation of copper in solution was determined by determining the coloration of the melt. 

The colour of the solution was found to be yellow-orange to dark brown, depending on the 

concentration of CuCl2.2H2O. The yellow-orange-brown colour has been shown to be due to 

the formation of [CuCl4]2- ion [28, 29], which has been verified by earlier electrochemical 

studies. Although there are waters of hydration associated with the metal salt, prior studies 

have shown that the speciation of cupric ions remains unaffected up to a hydration of 50 

mol% [29]. In this work the hydration remained close to 10%, and therefore the speciation of 

hydrated CuCl2 is expected to be the same as the hydrate-free one. Table 1 shows the 

chemical reaction leading to the formation of ionic melt, and the subsequent formation of 

Cu2+ species in the DES. 

 

2.2 Polarisation Experiments 

To determine the reduction potential and maximum current that can be used to deposit copper, 

polarisation experiments were carried out. A standard three electrode cell using a platinum 

rotating disc, (Radiometer Analytical), with a Pt mesh as counter electrode was used. A silver 

wire served as a quasi-reference electrode. The cell, as shown in Figure 1, was jacketed, and 

the temperature was maintained using a water bath. Potential scans were performed using a 

computer controlled μAutolab instrument. The scan range was maintained between -0.7 V to 
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+0.6 V and the scan rate was 30 mV/s, which is sufficient to obtain quasi-potentiostatic data 

for the reduction of copper species [30]. 

 

2.3 Electrodepositon Experiments 

Electrodeposition experiments were performed using a 0.9 cm diameter low carbon steel disc 

(i.e. 0.64 cm2) inserted in the RD apparatus. This enabled one to polish the disc before an 

experiment, and extract the disc at the end of the operation for further inspection and analysis. 

Potentiostatic plating was perfomed using the Autolab instrument and galvanostatic 

deposition was enabled with PL320 constant power supply (Thurlby-Thandar). The plating 

temperature was 25 °C. For galvanostatic deposition the anode was either a Pt mesh or Cu 

sheet. 

 

The concentration of CuCl2.2H2O was fixed at either 0.05 M or 0.2 M, in order to determine 

the effect of metal ion concentration on deposit properties. RDE speeds were fixed at 700 rpm 

or 1300 rpm to observe the effect of mass transfer on deposit morphology. Deposition time 

was set at 3600 s, when a deposit of about 15 m was obtained. The obtained deposits were 

analysed using standard materials analysis. Optical microscopy was used to detect 

homogeneity of the deposit, scanning electron microscopy revealed the morphology, and x-

ray diffraction revealed crystalline structure. 

 

2.4 Electrolyte stability  

To examine the long term deposition of Cu from the ethaline melt, galvanostatic copper 

deposition was carried out from the same solution for a period of a month. Large excursions 

in temperature were avoided by maintaining the solution at 25 °C throughout the operation. 

The melt was monitored for changes in colour, gas evolution at the electrodes or phase 

separation. Concurrently, the cell potential, deposit properties and current efficiency was 
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monitored during each plating experiment. Two different anodes, one inert and the other 

soluble, were used in these experiments.  

 

3. Results 

3.1. Linear polarisation experiments 

Figure 2 shows the polarisation data for copper reduction at Pt electrode from 0.05 and 0.2 M 

CuCl2.2H2O mixed in ethaline melts. The two reduction waves in the forward sweep 

correspond to the first and second electron transfer [29, 30, 40, 45]. The first reduction step 

commences at +0.5 V and the second step is observed at -0.4 V, which is in good agreement 

with earlier findings [41]. In the reverse sweep, a stripping peak is observed above -0.4 V 

corresponding to the formation of Cu+ from metallic copper. Based on these polarisation data 

it can be inferred that copper deposition will proceed at potentials < -0.4 V. 

 

Interestingly, the stripping current for the oxidation of Cu0 to Cu+ commences whilst the 

current is still cathodic. For that, one needs to consider that the region where the stripping 

current is observed lies in the potential regime where the reduction of cupric ions to cuprous 

ions proceeds. In essence, the following two reactions proceed simultaneously at the electrode 

1st reduction step : Cu(II)     +   e-          →   Cu(I) , and  

2nd oxidation step:   Cu(0)       -       e-      →    Cu(I) ,   

 Since the total current of the system is a summation of the partial currents for copper 

oxidation and reduction, it appears that the stripping current in the cathodic domain. Such 

voltammery behaviour is common during copper deposition from chloride in aqueous systems 

[47], and standard for many other electrochemical redox systems [48].  

 

A second notable point is that the reduction currents for copper increase as the rotation speed 

or the copper concentration is increased, and a first current plateau is observed below 0.3 V, 
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and a second plateau is observed below -0.5 V, exhibiting mass transfer control for the two 

separate reaction steps. As per the Levich equation, a limiting current density, iL, is related to 

bulk concentration, Cb and rotating speed,  by: 

iL = k Cb 1/2          (1) 

where k is constant depending on the diffusion coefficient and viscosity. The plateau currents 

at -0.6 V, as shown in figures 2 (a) and (b) are listed in Table 2. The ratio of the plateau 

currents, as calculated from those computed from experimental values (in the figure) can be 

compared against those expected from theory. The data in the last two columns show ratio of 

limiting currents obtained from the scan experiments in figure 2 and equation 1. The ratios are 

similar to that expected when the metal is plated under mass transfer control.  

 

Since other reactions, such as break down of the IL can occur if the mass transfer limiting 

current is exceeded [46], when galvanostatic plating is carried out, the current applied should 

be lower or equal to that of the second reduction step. If the metal plating current is set below 

the first reduction step, then only Cu+ would be formed, and no metal would be deposited. 

During galvanostatic plating, therefore, the applied current was set between these two limiting 

currents. 

 

The current efficiency was calculated by calculating the charges of the anodic and cathodic 

parts of the potential scans using the data shown in figure 2. The ratio of the total amount of 

charge plated and stripped during the scan was determined by integrating the current vs time 

data for the four different experiments in figure 2. The deposition efficiency value was found 

to be 97%, which is close to those observed by other researchers [28]. It is known that that 

comproportionation reactions can proceed in certain ionic liquids. However, in those studies 

current efficiencies are found to nearly twice as the expected value [26]. The current 

efficiency values obtained in our work show that comproportionation reactions do not occur. 
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3.2. Electrodeposition Experiments 

Potentiostatic plating of Cu was carried out at -0.6 V vs. an Ag wire, i.e. within the mass 

transfer controlled region. This potential was chosen because the metal plates at the mass 

transfer limiting rate, i.e. the fastest possible rate, which is useful for industrial processes. 

Figure 3 shows some of the typical results obtained in these set of experiments. For a low 

concentration of copper in solution, i.e., 0.05 M, the deposit was poor and thin (A), which 

indicates that such low metal loadings are unsuitable for copper deposition.  

 

Figure 3 (B) and (C) show copper deposits obtained using 0.2 M CuCl2.2H2O in the DES at 

two different RDE rotation speeds. The micrographs show that a reasonably good deposit is 

obtained at the lower rotation speed of 700 rpm, although rough deposits are obtained at the 

higher rotation speed. These experiments showed that copper deposition under potentiostatic 

conditions is achievable when the current density is low – typically -6.0 x10-3 A/cm2, because 

the deposit roughens quickly at higher plating currents. 

 

In order to carry out galvanostatic deposition, a current where copper deposition is feasible 

has to be selected. Since the potentiostatic experiments showed that reasonably high quality 

copper deposition can proceed close to the mass transfer limiting current at 700 rpm, current 

densities were set between -3x10-3 and -6x10-3 A/cm2, which correspond to the lower and 

higher limits of galvanostatic plating as described in section 3.1. A dense and homogeneous 

deposit, as shown in Fig 4(A) was obtained at a current density of - 4.7 x 10-3 A/cm2. Current 

efficiency, as determined by gravimetry, was greater than 95%, in excellent agreement with 

the charge balance measurements.  

 

3.3 Characterisation of Cu deposits 
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SEM/EDX analysis on the deposit obtained by galvanostatic deposition at -4.7 x 10-3 A/cm2 

was performed to determine the morphology and composition of the deposit. The micrograph 

of the section shown in fig 4(B) indicates that the deposit consists of very small grains and is 

reasonably dense. EDX analysis showed that the deposit contained mostly copper (96%), with 

small amounts of chlorine and carbon. The inclusion of chlorine and carbon (2% each) within 

the deposit could have proceeded from the co-reduction of the ionic liquid.  

 

The XRD pattern along with corresponding (hkl) value for each of the peak obtained for the 

deposit is shown in figure 5. The spectra show different peaks for pure copper, with other 

peaks arising from the steel substrate and PTFE holder. No carbides of copper were detected. 

For a powder Cu sample the ratio of intensity for (111) : (200) : (220) : (311) : (222) peaks is 

100: 46 : 20 : 17 : 5 [49]. Figure 5 shows an intensity ratio of 100 : 12 : 21 : 13 : 6, showing a 

textured deposit with mostly (111) orientation. Similar crystalline structure was obtained for 

Cu deposit obtained from ethaline-CuCl2 melts by Gu and co-workers [31].  

 

On closer inspection of figure 5, one notices that (111), (220), and (311) peaks exhibit 

doublets. The zoom of these doublets are presented in figure 6. These could be due to 

presence of Kα1 and Kα2 components in incident and diffracted beams from Cu source [50] as 

monochromatization was not carried out during the XRD scan. According to Braggs’ law the 

relationship between the positions of the diffraction peaks of the doublets should be [50, 51],  

21

21 sinsin

 





KK

          (2) 

For (111), (220), and (311) peaks the values of 1 are 43.37º, 74.18º and 89.9º and 2 are 

43.46º, 74.38º, 90.26º respectively, and λKα1 is 1.540 and λKα2 is 1.544 Å. For these peaks as 

shown in fig. 6, the obtained sinθ1/λKα1 value is determined as 0.52 ± 0.07 and the obtained 
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sinθ2/λKα2 value is determined as 0.45 ± 0.1. The intensity ratio of the two peaks, based on 

21
:  KK II , is 1.7:1 which is in reasonable agreement with an expected value of 2:1 [50].  

 

The crystallite size of the material can be determined using the Scherrer equation [51], 




cos

9.0


D                    (3)                                                   

Where D = grain size or crystallite size, β′ = full line broadening at the half of the maximum 

intensity (FWHM), λ = x-ray wave length. Using the more intense peaks of (111), (220), and 

(311) an average crystalline size was computed. Using the line broadening of the peaks shown 

in figures 6 a to c, the value of the crystallite size was determined to be 66±10 nm. This is 

nearly 50% smaller than those reported for copper deposits from aqueous solutions (115±15 

nm) [52]. 

 

As the electron micrograph showed, there are a number of defects, i.e., within the deposit 

producing strain. The strain () in a crystalline structure is defined as [53] 

          (4) 

Where D = strain free lattice spacing and D’ = strained lattice spacing. The strain contribution 

to the line broadening can be determined by the Williamson-Hall method [54]. The strain 

value was determined using same peaks as those used for grain size calculation, from the line 

broadening. The relationship between crystalline size, strain and line broadening is, 

        (5) 

From which  is calculated explicitly by rearranging equation 5 

       (6) 
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The value of strain was determined to be 0.0022±0.0007. This is broadly similar to other 

electrodeposited films; for example for electroless plating it is 0.0028±0.0002 [55]. For much 

thinner Cu films, i.e. 0.8 μm, obtained by DC magnetron sputtering (on Si wafers) a value of 

0.0018±0.0002 [55] has been reported.  

 

3.4. Bath Stability 

In order to examine if the electrolyte became unstable during long term use, a number of 

deposition experiments were carried out using the same electrolyte. Plating was carried out 

galvanostatically using the same electrochemical parameters reported in section 3.2. Plating 

operations were continued for one month, where a total 24 plating runs, amounting to 27 hrs 

of deposition from the bath, were carried out. During these experiments approximately 0.018 

moles of Cu2+, corresponding to a thickness of nearly 200 m of metal on the steel substrate, 

was deposited out from the electrolyte. 

 

Table 3 summarises the variations in cell voltage during the entire operation. The current 

efficiency and deposit morphology remained relatively unchanged showing the stability of the 

process. However, there were occasions when the cell potential showed some fluctuation, 

which was accompanied by changes in current efficiency. These fluctuations were observed 

when a dimensionally stable Pt anode was employed. It was found that fluctuations occurred 

when the metal ion concentration in the DES fell. Smooth, uniform deposits and higher 

current efficiency was regained when additional CuCl2.2H2O was added to increase the cupric 

ion content. This suggests that decreasing metal ion content in the melt caused problems, and 

also that the process could be stabilised by directly adding metal salt to the IL.  
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The instabilities mentioned in the previous paragraph could be explained by considering the 

breakdown of the DES itself. It has been shown that reactions such as H2 evolution can occur 

at the cathode due to the the discharge of protons [46]. In addition, water breakdown can also 

occur releasing hydrogen gas, and OH- [46]. These reactions cannot be averted by simply 

avoiding the use of hydrated salts, since ethaline itself is hygroscopic, and the inclusion of 

water can actually reduce the breakdown of choline [46]. In our experiments gas evolution at 

the cathode was observed, which could point to the formation of hydrogen leading the some 

degree of breakdown of choline due to formation of OH-. Both oxygen evolution and the 

breakdown of ethylene glycol at the anode could also lead to changes in the solvent. However, 

in our case, since the addition of hydrated copper chloride stabilised the system, the cathode 

breakdown products seem to be more crucial.   

 

When a soluble copper anode was used, no signs of process instability or changes in deposit 

quality were detected throughout the operation. Although metal salt was not replenished in 

this solution, towards the end of the plating run (of one month), a red powdery layer formed 

on the top surface of the electrolyte. This layer could be copper, copper chloride or copper 

oxide because it has been shown that these products can be directly dissolved into a DES [18, 

56]. Such a powdery layer had been observed previously in our laboratory while mixing the 

metal salt in the DES; at that time it was found that CuCl2 was was separating from the ionic 

liquid due to exceeding its solubility limit [45]. 

 

The increasing copper content in the DES for the experiment leading to powder formation 

could be due to the difference in current consumed by copper reduction vs. cupric ions 

introduced into the solution due to dissolution of the copper anode. Since the current 

efficiency for copper deposition is 95-97% and that for dissolution 100%, Cu2+ in the DES 
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would steadily increase. Over a long period of time Cu2+ would build up in solution. This 

could lead to the separation of copper, copper oxides or chlorides from the DES. 

 

Monitoring colour changes of the electrolytes with respect to the solution freshly prepared for 

deposition was employed as a method of detecting speciation changes within the electrolyte. 

Figure 7 shows the electrolyte immediately after preparation, (1), and those with a soluble 

(2A) and inert (2B) anode after a period of metal deposition. The decreasing metal ion 

concentration in solution (using the inert anode) corresponds to faded colour. A deeper 

coloration is observed when a soluble anode is used, corresponding to a higher metal content 

in the IL. . The orange-brown coloration shows that the speciation of copper in solution 

remains as [CuCl4]2- during the long term plating process. Although fresh CuCl2.2H2O had 

been added to the solution, at no point was green or blue colouration, associated with the 

formation of aquo or aquo-chloro complexes [28, 29] was observed.  

 

4. Discussion 

The electrochemical behaviour of copper deposition shows that the system is reversible at low 

and high Cu2+ loading, as was reported in earlier studies [13, 29, 30, 35, 45]. In addition the 

reduction of copper from the cupric species in solution takes place in two steps – the first to 

the cuprous ion, and thereafter to copper. This behaviour is comparable to that observed in 

aqueous chloride solutions [47]. Both reactions are mass transfer controlled, and hence the 

maximum plating current of copper is fixed by fluid agitation and copper concentration in 

solution.  

 

It is important to compare the plating current achievable in this melt vis-à-vis an aqueous 

CuCl2 plating system containing similar amount of copper. For a 0.2 M CuCl2, operating at a 

rotation speed of 700 rpm, a mass transfer limiting current of - 0.146 A/cm2 is calculated 
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based on a diffusion coefficient of 6.0 x 10-6 cm2/s [47], and a kinematic viscosity of 0.01 

cm2/s. This is two orders of magnitude higher than that achieved in our work, mainly due to 

the high viscosity and low diffusivity of ethaline [45]. This means that plating rates of copper 

at room temperature from an ethaline melt will be an order of magnitude lower than those 

achieved for aqueous electrolytes. This limitation of ionic liquids for metal plating has also 

been pointed out by other researchers [24, 26].    

 

Copper deposits obtained from the melt showed some interesting characteristics. The 

deposited copper was very pure, but contained 2% carbon and chloride. These data are also 

indicative of a reaction involving the solvent, as mentioned above. In order to cross check the 

potentials where the IL breaks down, polarisation of pure ethaline was performed, the data for 

which are presented in figure 8. The figure shows that the IL breaks down below a potential 

of -0.7 V, as reported previously [30, 46]. However, low currents are observed at much lower 

cathodic potentials, i.e. at ~ -0.3 V, indicating that some degree of break down begins at 

relatively low potentials. Since the potential for copper deposition is below -0.4 V, the carbon 

and chlorine detected in the deposits are likely to be IL breakdown products. 

 

The grain size, as observed in the scanning electron micrograph is small, approximately 100 

to 200 nm. The grain size does not increase as the deposit grows, showing that new nuclei are 

generated during the electrodeposition process. The continued generation of nuclei may be 

due to the co-reduction of the ionic liquid along with copper which may block grain growth; 

the smaller crystallite size in comparison to those obtained from aqueous solutions is also 

supportive of this observation. 

 

An interesting question arises regarding the bath instability found in our experiments and 

those reported by Gu et. al. [31]. Those researchers comment of the precipitate formed at the 
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bottom of their container, which was green in colour with an accompanied change in the 

solvent colouration to green-yellow [31]. Guosheng et al. [29] and Vreese et. al. [30], in two 

separate studies using two different ionic liquids have shown that blue, green and green-

yellow colouration of cupric species is associated with aquo or cholo-aquo complexes. 

Therefore, the precipitates found in Gu’s work can be attributed to the formation of chloro-

aquo species, which was not found in our experiments. During long term copper plating, the 

colour of the DES remained orange-brown, which confirmed that stability of tetradentate 

chloro-species. The difference in the two sets of experiments is the copper content in the 

DES; Gu et. al. formed a solution which contained 0.45 M CuCl2.2H2O, which was feasible at 

the plating temperature used by them, i.e. 80 °C [31]. This would mean that the water content 

in that solution was much higher, close to 25%, which was much higher than that used in our 

experiments. 

 

In order to achieve a long term stable plating process, an electrolyte which is stable for long 

periods of time is required. Our long term plating experiments show that copper can be 

deposited at room temperature from a pure ethaline-CuCl2.2H2O melt, although there may be 

some degree of co-reduction of the melt itself. In addition, if the copper content is maintained 

at 0.2 M, the plating parameters and deposit characteristics remain constant. Copper, water 

and glycol content in solution can vary when inert or soluble anodes are used, leading to 

changes in melt characteristics. This can be avoided with the use of soluble anodes.  

 

5. Conclusion 

Cu was electrodeposited from pure ethaline at room temperature by potentiostatic and 

galvanostatic methods. Polarisation data showed that copper deposition can be carried out out 

at potentials below -0.4 V. Smooth, uniform Cu deposits were obtained at - 4.7x10-3 A/cm2 

using 0.2 M CuCl2.2H2O at 25 °C using RDE speed of 700 rpm by galvanostatic method. The 
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current efficiency of the process was 95%. EDX analysis showed that carbon and chlorine 

were present in the deposit. XRD analysis showed a polycrystalline face centered cubic 

structure with (111) texture. The crystallite size is 66+10 nm with an internal strain of 0.2%. 

Long term electrodeposition experiments showed the electroactive species remains the same 

throughout the plating period. However, the use of inert anodes leads to the breakdown of 

DES, and some degree of breakdown occurs during copper deposition. When soluble anodes 

are used a brown powder, which could be copper based salts or oxides was found to form. 
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Table 1:  

Reactions forming ethaline and speciation of Cu2+ in the Melt 

 Reaction scheme in the mixture Complexes in the ethaline melt 

Formation 
of the 
ethaline  
Melt 

[HOC2H4N(CH3)3
+][Cl-] + [OHCH2CH2OH]  

 

[HOC2H4N(CH3)3
+] + [OHCH2CH2OH] Cl- 

 

 

N

Choline

OH
HO

Ethylene glycol

OH+

 
Cupric ion 
speciation 
in ethaline 
DES 

 
1. Cl- + CuCl2 ↔ [CuCl3]- 

 
Followed by 
 

2. Cl- + [CuCl3]- ↔ [CuCl4]2- 
 
[CuCl4]2- is the stable electroactive species. 

 

Cu

Cl
Cl

Cl

Cl
OH

N
+

2-
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Table 2:  

Mass transfer limiting currents for Cu+ reduction for 0.05 M and 0.2 M CuCl2 in pure ethaline 
at 700 rpm and 1300 rpm 
 
Cb  (M)  (rpm) Experimental 

limiting current 
(A/cm2) 

Experimental ratio 
of limiting currents 
 

Theoretical ratio of 
limiting current 

0.05 700 -0.0014 1.0 1.0 
0.05 1300 -0.0020 1.42 1.36 
0.2 700 -0.0060 4.28 4.0 
0.2 1300 -0.0070 5.0 5.44 
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Table 3: 

Duration of experiments and corresponding metal plated out during long term Cu deposition 
from ethaline-CuCl2.2H2O. The table shows the anodes used during the experiment and the 
variation in monitored cell potential.  

 

Type of anode 
 

Metal deposited out 
Moles/(μm) 

Duration of 
operation 
(hours) 

Cell potential  
(V) 

Start/End* 
 

Pt mesh 
 

 
0.018/200  

 

 
28  

 

          0.65 to 0.55 

           0.58 to 0.53  
 

 
Cu sheet 

 

 
0.017/192 

 

 
26  

 

         0.60 to 0.55  

           0.55 to 0.5  

 

*The cell potential corresponds to the values observed at the start of plating each time (upper 
row) and the end of plating each time (lower row). 
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Figure captions 

Figure 1  
Cell arrangement for potentiostatic deposition showing the jacketed cell used in the 
polarisation and deposition experiments. The potentiostat was replaced by a power supply 
during galvanostatic experiments. 

Figure 2 
Polarisation data of copper reduction using Pt electrode at 25 °C, with a scan rate of 30 mV/s 
from electrolytes as (a) ethaline + 0.05 M CuCl2.2H2O, (b) ethaline + 0.2 M CuCl2.2H2O, and 
RDE speeds of (─) 700 rpm and (….) 1300 rpm. The scanning commenced at the open circuit 
potential of 0.0 V. 
 
Figure 3 
Cu deposition on stainless steel substrate by applying a constant potential of -0.6 V from 
ethaline melt containing metal ions at 25 °C. The total time of deposition was 3600 s. 
Micrographs for 0.05 M CuCl2.2H2O at a rotation speed of 700 rpm [A], 0.2 M CuCl2.2H2O 
at a rotation speed of 700 rpm, and 0.2M CuCl2.2H2O at a rotation speed of 1300 rpm [C]. 
 
Figure 4 
Micrographs of galvanostatic copper deposition at a current density of - 4.7 x 10-3 A/cm2 from 
an ethaline melt at 25oC containing 0.2 M CuCl2.2H2O. The total time of deposition was 1800 
s and RDE speed of 700 rpm. [A] Top view, and [B] cross sectional view. 
 
Figure 5 
XRD pattern of the Cu deposit on stainless steel substrate for a sample plated under 
conditions shown in figure 4. The total time of deposition was 3600 s to ensure that the 
deposit was thick.  The peaks corresponding to [―] Cu, [―] Fe-Cr, [―] PTFE are shown. 
Grain size calculations were carried out using the peaks corresponding to (a), (b) and (c). 
 
Figure 6 
Zoom of the peaks corresponding to (a), (b) and (c) as mentioned in fig 5. The figures show 
the deconvoluted data and the line broadening data used for calculations. 

 
Figure 7 
Colour of freshly prepared ethaline-0.2 M CuCl2.2H2O melt [1]. The colour of the melt after a 
period of deposition [2], using a soluble anode (A), and inert anode (B). 
 
 
Figure 8 
Potential scan showing electrochemical window of ethaline at Pt RDE, scan rate 30 mV/s, 
25 °C and RDE speeds as (....) 100 rpm, (—–) 2500 rpm. The data show low cathodic currents 
at overpotentials where Cu would be deposited.  
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