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DIFFUSION-CONTROLLED REDUCTION OF Sb3+ AND Cu2+ 
TO METALS FROM IONIC LIQUIDS CONTAINING 

CHOLINE CHLORIDE 

Adriana-Simona CATRANGIU1, Adina COTÂRŢĂ2,  
Anca COJOCARU3, Teodor VIŞAN4 

Sb3+/Sb and Cu2+/Cu couples were studied at 60oC in ionic liquids 
containing choline chloride (ChCl) using cyclic voltammetry. ChCl-oxalic acid 
binary mixture was used as electrolyte and Pt and glassy carbon were the working 
electrodes. SbCl3 and CuCl2 as precursors were introduced into the ChCl-oxalic 
acid ionic liquid as solvent. Families of cyclic voltammograms were recorded for 
ionic concentrations of 5-16 mM Sb3+ and 8-20 mM Cu2+. The peak current – 
square root of scan rate plots are straight lines passing through origin, thus 
demonstrating the diffusion control of cathodic processes. The diffusion 
coefficients of Sb3+ and Cu2+ ionic species were found to vary with the chemical 
nature of working electrode and of investigated electrolytes, partly reflecting the 
difference between complex species which may be present in ionic liquid.  

Keywords: antimony(III) ion, copper(II) ion, ionic liquids, diffusion coefficient, 
cyclic voltammetry 

 
1. Introduction 
 
Antimony is considered a semi-metal with gap energy of 0.18 eV (at 4.2 

K) between the conduction and valence bands, so it has an unusual transport for 
both electrical charge carriers - electrons and holes. It is a component of many 
alloys and semiconductor compounds, such as SbTe, SbSe, InSb or InAs1-xSbx.  

Copper as pure metal and alloys is a well-known electrical conductor and 
has many industrial and decorative applications, being also regarded as precursor 
for the production of semiconductor compounds. The electrodeposited copper is 
widely used in the corrosion and wear-resistant coating industry. 
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It has been found in experiments with traditional ionic liquids that, by 
dissolving either CuCl or CuCl2 in the solvent, the reduction of Cu2+ to metallic 
Cu occur in two steps: in the first step Cu+ is formed, in the second step the metal 
is deposited. This means that a disproportionation (comproportionation) reaction 
takes place and, whatever cupreous or cupric salt is dissolved, the electrolyte 
contains both copper mono- or copper divalent ions.  

In the field of metal electrodeposition, ionic liquids (liquids at 
temperatures below 100°C) offer a number of advantages against aqueous 
electrolytes or organic media, such as lower vapor pressure, larger 
electrochemical window, or not generating additional risks of environmental 
pollution. From literature we noticed that experiments with electrodeposition of 
antimony and copper as pure metals using ionic liquid media are relatively fewer 
reported. Historically, most of such electrochemical studies employed molten 
chloroaluminates, imidazolium or pyrollidinium salts as electrolytes. Antimony 
deposits with good adhesion on the substrate were obtained by electrolysis of 
traditional ionic liquids at room temperature [1-7]. Studies of Cu electrodeposition 
from traditional ionic liquids were also reported by many authors [8-18]. 

An alternative for traditional ionic liquids are deep eutectic solvents based 
on choline chloride (or other choline salts or hydroxide). These media that are 
considered a new class of ionic liquids, have a lot of advantages since they are 
easier to be prepared, stable to air and humidity, less toxic, readily biodegradable 
and cheaper. In general, there are composed by binary mixtures of choline 
chloride (2-hydroxy-ethyl-trimethyl ammonium chloride, ChCl) with compounds 
that play role of hydrogen bond donors (amides, alcohols, carboxylic acids) 
[19,20]. These ionic liquids are expected to be ideal electrolytes for 
electrodeposition of coatings. A potential advantage refers to obtain crystalline 
deposits through direct electrodeposition without subsequent annealing. ChCl-
based ionic liquids have been used in our previous works [21-25] for 
electrodeposition of Sb metal or Sb-based semiconductors. Also, the results 
obtained by other authors [26-36] indicated that the electrodeposition of Cu may 
be also more facile in such media, making these ionic liquids an interesting 
alternative for large-scale production in industrial applications. In general, for 
both antimony and copper electrodepositions the potentiostatic plating was carried 
out within the mass transfer controlled region of potential, where is the fastest 
possible rate, necessary for industrial processes. 

Cyclic voltammetry (CV) technique was used extensively for 
electrochemical studies of diffusion-controlled processes, since it provides 
valuable information about the deposition domain of potentials, useful for 
obtaining coatings with the best quality characteristics. Also, the diffusion 
coefficients of ions may be calculated from CV results. In this regard, we mention 
that Schiffrin [37, 38] presented the application of cyclic voltammetry to insoluble 
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product deposition and established a different form of Randles-Sevcik equation 
(peak current vs. square root scan rate dependence), taking into account the 
variable thermodynamic activity of deposited metal species. 

With this in view, this paper presents some experimental results dealing 
with voltammetric investigation at 60oC of Sb and Cu electrodeposition 
/dissolution in ChCl-oxalic acid (OxAc) ionic liquid. From our best knowledge 
the ChCl-OxAc ionic liquid was not used for systematic research of cathodic 
processes of Sb3+ and Cu2+ ions. We also aim to calculate the diffusion 
coefficients of Sb3+ and Cu2+ in ChCl-OxAc ionic liquid.  

 
2. Experimental 

 
We prepared in the first step the binary mixtures of choline chloride (99%, 

Aldrich) with oxalic acid dihydrate (Aldrich) in the 1:1 mole ratio. The reagents 
were used as received. The mixture was heated to 900C to form a homogeneous 
and colorless liquid. SbCl3 (Alfa Aesar) and CuCl2·2H2O (Aldrich) were used as 
precursors for ionic species of Sb3+ and Cu2+, respectively, and were used as 
received. The ionic concentrations were 5-16 mM Sb3+ and 8-20 mM Cu2+, 
calculated from densities of ionic liquids measured in our laboratory. 

Cyclic voltammograms were recorded at different scanning rates (3-200 
mV/s) by employing either Biologic - SP 150 or Zahner elektrik IM 6e 
potentiostats. The temperature was maintained constant at 60oC. 
 The electrochemical cell contained a Pt plate (0.5 cm2) or vitreous carbon 
disc (0.07 cm2) as working electrode, a larger Pt plate as auxiliary electrode, and a 
Ag wire immersed in the ionic liquid as quasi-reference electrode. The working 
electrode was mechanically polished with up to 2000 grit sandpaper, cleaned 
successively with HNO3 solution, washed with running water and distilled water 
and then dried before each measurement. 
 

3. Results and discussions 
 

3.1. Electrode processes of Sb3+ in ChCl-OxAc ionic liquid 
Figs. 1-3 show comparative families of cyclic voltammograms (CVs) 

recorded on Pt in ChCl-OxAc ionic liquid with 5, 8 and 10 mM SbCl3 dissolved. 
The voltammograms indicate that the electrodeposition and stripping dissolution 
of antimony metal occur at peak potentials within -0.15V ÷ - 0.25 V cathodic 
range and 0 V ÷ 0.08 V anodic range. Generally there are no “nucleation loops'' 
for cathodic processes at the selected potential limit were the scans were reversed, 
that is typical for electrodeposition processes which do not require nucleation 
overpotential. The final increase of cathodic current at the most negative potential 
is attributed to the reduction of cholinium cation (from the ionic liquid solvent) 
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and the final increase of anodic current is attributed to the oxidation of Cl- ions 
existing also in solvent. Beside the Sb3/Sb couple, voltammograms in Figs. 2 and 
3 show clearly a second redox couple, namely Sb5+/Sb3+ couple, located at 0.8 V 
more positive potential. The responses of both couples, expressed as current 
densities, are increased with Sb3+concentration. Also, they are increased with scan 
rate, and the peak potentials move towards negative or positive direction thus 
increasing ΔEp. However, the large ΔEp difference between the anodic and 
cathodic peaks corresponding to Sb3+/Sb couple is comparable to the ΔEp values 
reported by other authors [5]. 

  
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

-14

-12

-10

-8

-6

-4

-2

0

2

4

1  v = 3 mVs-1

2  v = 5 mVs-1

3  v = 10 mVs-1

4  v = 20 mVs-1

5  v = 50 mVs-1

I /
 m

A

E / V  vs. Ag

5

2

1
3

4

 
Fig. 1. CV curves on Pt electrode, 600C, from ChCl-OxAc + 5 mM SbCl3 ionic liquid 
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Fig. 2. CV curves on Pt electrode, 600C, from ChCl-OxAc + 8 mM SbCl3 ionic liquid  
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Fig. 3. CV curves on Pt electrode, 600C, from ChCl-OxAc + 10 mM SbCl3 ionic liquid.  

Insert: CV curve for entire potential domain, 50 mV/s scan rate  
 

The voltammograms recorded on glassy carbon electrode (GC) are shown 
in Figs. 4 and 5; we selected only cathodic/anodic peaks for deposition/stripping 
dissolution of antimony metal. In general, the shape of CV curves recorded using 
GC electrode is similar with those using Pt electrode, having the same order of 
magnitude of current densities, but with more pronounced shifts of peak potentials 
when scan rate was increased. 
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Fig. 4. CV curves on GC electrode, 600C, from ChCl-OxAc + 8 mM SbCl3 ionic liquid. Insert: 

separate CV curve for 20 mV/s scan rate 
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We can consider that on both Pt and GC electrodes the reduction of Sb3+ is a 
quasi-reversible process with three electron-transfer, and the cathodic shift of the 
reduction peak can be due partially to a high uncompensated ohmic drop which is 
usually in ionic liquid media. This process of Sb3+ reduction is not a totally 
irreversible process because the reverse reaction of the electrode process 
(stripping of antimony layers from Pt or GC surface) occurs. 
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Fig. 5. CV curves on GC electrode, 600C, from ChCl-OxAc + 16 mM SbCl3 ionic liquid.  

Insert: separate CV curve for 10 mV/s scan rate 
 

In order to demonstrate the mass-transport control (diffusion control) of 
cathodic process, we represented the plots of cathodic peak current (Ip) versus the 
square root of scan rate (v1/2). Some examples of the resulted straight lines are 
shown in Fig. 6 for Pt electrode.  

For determining the diffusion coefficient (D) of Sb3+ we used the equation 
deduced by Schiffrin [37,38]: 

 

   (1)  
where n - number of electrons transferred; F – Faraday constant; A - 

surface area of working electrode; C – SbCl3 molar concentration, R and T having 
their usual meanings. Using the slopes of Ipc vs. v1/2 dependences, the averaged 
values of diffusion coefficients of 2.32 x10-7 cm2/s for Pt electrode and 0.92x10-7 
cm2/s for GC electrode were obtained taking n=3, R=8.314 J mol-1 K-1, T=333.15 
K. Table 1 and Table 2 list the obtained data at different Sb3+ concentrations for Pt 
and GC electrodes, respectively. 
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Fig. 6.  Ipc vs. v1/2 plots on Pt electrode from ChCl-OxAc electrolytes containing various Sb3+ 

concentrations: a  - 5 mM SbCl3; b - 8 mM SbCl3; c - 10 mM SbCl3 

 
Table 1 

Diffusion coefficients of Sb3+ ion at 60oC, calculated for different systems 
ChCl + OxAc + x mM SbCl3 using Pt as working electrode 

x mM SbCl3 D × 107 (cm2/s) 
5 4.15 
8 1.88 
10 0.94 

 
Table 2 

Diffusion coefficients of Sb3+ ion at 60oC, calculated for different systems 
ChCl + OxAc + x mM SbCl3 using glassy carbon (GC) as working electrode 

x mM SbCl3 D × 107 (cm2/s)
8 0.46 
10 1.37 

 
 One should take into account that even though the DSb3+ values obtained 
in this work varied with increasing antimony ion concentration and nature of 
electrode, however they are in relatively good agreement with the DSb3+ value 
(1.19×10-6 cm2/s at 60oC) in ChCl-urea liquid ionic reported by Mares et al. [25]. 
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The differences may be due to different nature electrode, glassy carbon having an 
inert surface. Another reason may be a variation in concentration of antimony ions 
present in the electrolyte. It is well-known that SbCl4

- complex species occurs in 
all choline chloride based ionic liquids due to existence of a high concentration of 
Cl- anions. A decrease in SbCl4

- concentration may be possible when a high 
amount of SbCl3 is dissolved, with a corresponding increase of concentration for 
the Sb3+ free ions. Thus the gradual decrease of DSb3+  with Sb3+

 concentration can 
be explained (see Table 1). Values for DSb3+ in the case of GC electrode are both 
obtained in high concentration domain, so the difference may be consider 
irrelevant. 
 

3.2. Electrode processes of Cu2+ ions in ChCl-OxAc ionic liquid 
 Figs. 7 and 8 show comparatively cyclic voltammograms recorded on Pt in 
ChCl-OxAc + CuCl2 electrolytes at two Cu2+ concentrations and various scan 
rates. Also, our results are in very good agreement with other published works 
[26-36] because two reduction peaks and two oxidation peaks can be observed in 
all cases. However, in our experimental conditions, with CuCl2 as solute, we 
consider that the peaks, or limiting currents (the case of diluted electrolyte, Fig. 
7), recorded within -0.25V ÷ -0.40 V potential range may be attributed to Cu2+/Cu 
process, with direct deposition of Cu metal. Peak currents or limiting currents 
increase with scan rate and Cu2+ concentration. The anodic stripping peaks at 
potentials about -0.25 V occur on the oxidation branch of CVs and correspond to 
Cu+ ions formation by metal dissolution. The second anodic peaks, located at 
about 0.6 V, are attributed to Cu+/Cu2+ oxidation; they are followed (after 
returning of the scan in negative direction) by a Cu2+/Cu+ reverse process at about 
0.45 V (located, therefore, at more positive potential than copper deposition). 
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Fig. 7. (a) CV curves on Pt electrode, 600C, from ChCl-OxAc + 8 mM CuCl2 ionic liquid 
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Fig. 7. (b) Ipc vs. v1/2 linear plot for experimental data  
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Fig. 8. CV curves on Pt electrode, 600C, from ChCl-OxAc + 10 mM CuCl2 ionic liquid 

Insert: separate CV curve for 20 mV/s scan rate 
 

Similar shapes of CVs, but with more prominent peaks on both cathodic 
and anodic branches of voltammograms, were recorded using glassy carbon (GC) 
electrodes, Fig. 9. Although it is generally accepted that an equilibrium between 
Cu2+ and Cu+ ions is established whatever mono- or divalent copper salt is 
dissolved into electrolyte, we consider that in our experiment the Cu2+ 
concentration is very high compared to Cu+ concentration and thus this copper 
divalent species participates at Faradaic process. The process is quasireversible 
from electrochemical point of view and is diffusion-controlled. Moreover, in most 
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works we started the potential scanning at more negative values than stationary 
potential, as can be seen in Fig. 9, in order to avoid Cu2+/Cu+ intermediary 
reduction process. The Cu2+/Cu cathodic process is therefore considered to have 
n=2 for the transferred electrons. 
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Fig. 9. (a) CV curves on GC electrode, 600C, from ChCl-OxAc + 20 mM CuCl2 ionic liquid; 

(b) Ipc vs. v1/2 linear plot for experimental data  
 

Following the same procedure as in the case of voltammetric analysis for 
Sb3+/Sb  process, we have been able to calculate the diffusion coefficient of Cu2+ 
ion in the ChCl-OxAc ionic liquid media. The averaged values for DCu

2+ at 60oC 
were 1.48 x10-7 cm2/s using Pt electrode and 1.02 x10-7 cm2/s using GC electrode. 

These obtained values are in very good agreement with other published 
values of diffusion coefficient of Cu2+ (cm2/s): 0.741 x10-7 at 313 K in ChCl-
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glycelyne [26] and 0.139 x10-7 at 333 K in ChCl-urea [28], 4.97 x10-7 at 323 K in 
ChCl- ethylene glycol (ChCl-EG) [33] and 1.22 x10-7 at 296 K in ChCl- ethylene 
glycol ChCl-EG [34,35].   

Referring to speciation of copper ion into ChCl-OxAc - CuCl2 electrolyte 
it is also expected to be a mixture between Cu2+ free ions, CuCl4

2- complex ions 
and, of course, Cu+ free ions  (due to mentioned disproportionation reaction). 
Taking into account the characteristic structure of ChCl-OxAc solvent and  
experimental conditions, we can suppose that Cu2+ free ions exist in a large 
majority.  

 
4. Conclusions 
 
Families of cyclovoltammograms recorded from ChCl-OxAc ionic liquids 

with dissolved SbCl3 or CuCl2 exhibited clearly two couples for both Sb3+ and 
Cu2+. However, the supplementary couple in both cases has been not taken into 
consideration. Our results showed clearly that Sb3+ and Cu2+ can be reduced to Sb 
and to Cu in the ionic liquids formed from binary mixtures of choline chloride 
with oxalic acid. The processes are quasi-reversible but are diffusion controlled. 

Using the equation proposed for insoluble products deposited on cathode, 
we obtained values of the order of 10-7 cm2/s, that are reliable results for diffusion 
coefficients of Sb3+ and Cu2+ in ChCl-OxAc containing ionic liquids. 
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