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ABSTRACT:  

Keywords:  Electrochemistry, Deep eutectic solvents, Precious metals recovery

Precious metals (PM) refining from E-waste recycling are based on hazardous hydrometallurgical processes, including cyanide 

leaching for gold or aqua regia leaching for palladium, which generates an important wastewater production. In this paper, we 

present an electrochemical process, based on low viscous deep eutectic solvents ChCl:EG 1:2 and ChCl:EG 1:3. Au and Pd 

electrochemical leaching and deposition parameters, but also gold and palladium speciation were studied. A one-step 

electroleaching-electrochemical deposition process (EL-ECD) in a single cell is proposed with high faradic yield of metal 

recovery. This process avoids electrolyte degradation and is advantageous to limit solvent losses and workers exposition.

1. Introduction 

Metals recovery from end-of-life products is one of the most 

important challenges regarding raw materials depletion and 

supply but also waste generation. Especially, Waste Electrical 

and Electronic Equipment (WEEE) are of major concern, as 

they often contain significant amounts of critical, rare, or 

precious metals like gold and palladium [1]. 

Currently, gold and palladium extraction from e-wastes are 

performed by a multistep process including pyrometallurgical 

and hydrometallurgical treatments [2,3]. Hydrometallurgical 

steps have been used for decades but they involve reactants 

that can be harmful for environment and human health, e.g. 

cyanide leaching of gold, aqua regia or chlorine leaching of 

palladium [2,4]. 

Ionometallurgy, namely the use of ionic solvents, is nowadays 

considered as an alternative to conventional hydrometallurgy, 

as the low vapor pressure and low flammability of these 

solvents reduce process hazards [5]. Ionic solvents also have a 

great electrochemical stability [6,7] and can be considered as 

complexing agents. These two properties are essential to 

develop an electrochemical process for precious metals 

recovery without any solvent degradation and with low 

effluent generation. Recently, we studied a single step 

ElectroLeaching-ElectroChemical Deposition (EL-ECD) process 

for Au and Pd recovery using ionic liquid (IL) mixtures 

containing 1-Butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (C4C1Im NTf2) as diluting IL 

and 1-Butyl-3-methylimidazolium chloride (C4C1Im Cl) as 

complexing IL [8]. This kind of melt was also used successfully 

for Pt recovery from fuel cell electrodes [9]. High faradic yields 

(99 %) were obtained for Au EL-ECD using C4C1Im(NTf2)0.78Cl0.22 

electrolyte. However, yield was limited to 25 % for Pd ECD, 

and these IL remain quite viscous (60 cP at 40 °C), expensive 

and not green if their whole life cycle is considered. 

In this context, deep eutectic solvents (DES) may be more 

promising candidates than IL. Described for the first time by 

Abbott et al. in 2003 [10], they have same advantageous 

properties for EL-ECD (low vapor pressure, good 

electrochemical stability, complexing properties), while being 

less expensive and viscous [11,12]. They are moreover 

considered as greener solvents, as they are often partially bio-

sourced and of higher biodegradability (betaine, choline) [13]. 

DES have already been successfully used for gold 

electrochemical recovery from electronic waste [14,15]. 

Palladium electrochemical deposition (ECD) was also achieved 

in this new solvents family [16,17]. However, no author 

reported any DES application for direct anodic electroleaching 

of gold or palladium with their simultaneous recovery by 
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electrochemical deposition at the cathode (EL-ECD process). 

We present here a study of such a process in choline 

chloride:ethylene glycol (ChCl:EG) mixture. Electrochemical 

stability of ChCl:EG 1:2 was first determined on different 

electrode materials, and electrochemical behavior of gold and 

palladium was studied. The speciation of leached metals was 

determined by Raman and UV-vis spectroscopies, allowing us 

to establish electroleaching and electrochemical deposition 

reactions. The influence of ChCl:EG molar composition on DES 

transport properties was then evaluated, leading to the 

selection of ChCl:EG 1:3 as electrolyte for the EL-ECD process. 

A proof of concept is presented at the end of the paper, with 

corresponding cathodic/anodic faradic yields, recovery rates 

and deposit analysis. 

2. Experimental 

2.1. Chemical reagents 

Choline chloride 98% (ChCl), silver chloride 99% (AgCl), 
ferrocene 98% (Fc), and ferrocenium tetrafluoroborate 
technical (FcBF4) were purchased from Sigma-Aldrich. 
Ethylene Glycol technical (EG) was purchased from Technic. 

2.2. Electrolytes 

Electrolytes were synthetized by mixing ChCl and EG in 
different proportions. The solid-liquid mixture was heated 
around 50 °C overnight until the solution was homogeneous. 
Electrolytes were prepared without any atmosphere control 
and stored in airtight bottles. Water content of electrolytes 
are comprised between 0.2 and 0.8 % weight (Karl-Fischer 
coulometric titration). 

2.3. Instrumentation 

All experiments were performed at 40 °C without any 

atmosphere control. Cyclic voltammetry (CV) was used to 

study metals electrochemical behavior in ChCl:EG mixtures. A 

three-electrode cell (1 mL of electrolyte) connected to a 

Biologic VSP300 (EC-lab software) was used. The counter 

electrode (CE) was a platinum grid and reference electrode 

(RE) was a AgI/Ag electrode (Ag in ChCl:EG 1:2 containing 10 

mM AgCl). This electrode was calibrated against Fc+/Fc half 

wave potential (equals to 0.63V vs. SHE [18]) and was stable 

for the duration of the experiments. All potential values 

measured were referred to standard hydrogen electrode 

(SHE). At 40°C, RE has a potential of 0.15V vs. SHE. RE and CE 

were separated from the bulk by a fritted glass. Working 

electrodes (WE) were 0.5 mm-diameter wires of gold 

(99.99%), platinum (99.95 %) or palladium (99.95%) supplied 

by Metalor. A 1 mm-diameter disk of glassy carbon (GC) was 

also used. 

EL-ECD experiments were performed in two three-electrode 

cells presented in SI-1 (5-10 mL) and SI-2 (100 mL) under 

potentiostatic control with a Biologic VSP300. WE was a 

rectangular GC electrode and CE was a Au or Pd foil. RE was 

the same electrode as described before. Electrolyte was 

ChCl:EG 1:3 containing 25 mM of Au or Pd, dissolved by 

electroleaching of metals. Electrochemical reaction rate but 

also faradic yields were determined by gravimetric analysis 

using a Mettler Toledo XP6 (± 0.001 mg). 

UV spectra were obtained on a Varian Cary 5000 

spectrometer, using Suprasil® Quartz cells, with a 2 mm-

optical length. Raman spectra were performed on a Horiba 

LabRAM S3000 with a Synapse detector. The laser wavelength 

was 632.81 nm. 

Viscosity analysis were carried out with a rolling ball 

viscometer Anton Paar LOVIS-DMA. Electrolytes conductivity 

was evaluated by Potentiostatic Electrochemical Impedance 

Spectroscopy (PEIS) in the 1 MHz - 1 Hz range, using a 

calibrated two-platinum plates electrode cell. Scanning 

Electron Microscopy (SEM) was conducted on a TESCAN Vega 

3 SBU and a ZEISS LEO 1530 microscopes. 

3. Results and discussion 

3.1. Electrochemical behavior of gold and palladium 

Electrochemical behavior of Au, Pd, Pt and GC electrodes in 

ChCl:EG 1:2 was studied by CV at 50 mV.s-1 (Figure 1), scanning 

first towards anodic direction. 

Figure 1 – Cyclic voltammograms obtained on Au (red), Pd (blue), Pt (green) and 

GC electrodes in ChCl:EG 1:2. 50 mV.s-1. Au, Pd, Pt on left scale / GC on right scale 
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First, no Pt electroleaching was observed at 40 °C. The anodic 

current around 1.2 V vs. SHE observed on GC and Pt is 

associated to DES anodic degradation. This oxidation is 

attributed to EG or chloride oxidation [19]. 

Interestingly, DES cathodic stability depends on the electrode 

material, according to the following order: 

GC (-1.8 V vs. SHE) > Au (-1.3 V vs. SHE) > Pt ≈ Pd (-0.8 V vs. SHE) 

This reaction is associated to cholinium cation reduction [19]. 

Au and Pd oxidation arise before DES anodic degradation (Ia) 

and is associated to cathodic peaks Ic on the reverse scan, 

corresponding to leached metals reduction. When the 

electrode potential is fixed at Ia, a quantitative electroleaching 

of metals occurs. The electrode mass loss ∆𝑚is linked to the 

number of electrons 𝑛 exchanged (Eq. 1). 

𝑛 =
𝑄𝑀

∆𝑚𝐹
 Eq. 1 

with M the molecular weight (g.mol-1), Q the electric charge 

(C), and F the Faraday’s constant (C.mol-1). 

Au and Pd leaching involves one and two electrons, 

respectively. In aqueous media (except in cyanide media), 

Au(I) is unstable and Au(III) is formed during Au leaching. The 

EL-ECD process using DES is then less energy consuming. 

Leachates containing Au(I) or Pd(II) were analyzed by Raman 

spectroscopy (Figure 2). The observed signal at 301 cm-1 is 

associated to the square-planar complex PdCl4
2- [20,21]. This 

result was confirmed by UV-visible spectroscopy (Fig. 3-SI, 

absorbance peak at 479 nm) [21]. This complex was already 

identified in ChCl:EG 1:2 by EXAFS [22]. The presence of AuCl2- 

is evidenced by the signal at 329 cm-1 on the Raman spectrum 

[23]. No signal corresponding to Au(I) was clearly identified by 

UV-visible spectroscopy. In leachates, no Au (III) signal (322 

nm [24]) was observed either (Figure SI-3). To the best of our 

knowledge AuCl2- was not clearly identify in DES yet. Hence, 

we could attribute Ia to Reactions 2 and 3: 

𝐴𝑢 + 2 𝐶𝑙− → 𝐴𝑢𝐶𝑙2
− + 𝑒−  Reaction 2 

𝑃𝑑 + 4 𝐶𝑙− → 𝑃𝑑𝐶𝑙4
2− + 2𝑒−  Reaction 3 

CV of 25 mM Au(I) and Pd(II) leachates were recorded on GC 

electrode (Figure 3). Cathodic peak Ic is observed in both 

solutions. When working potential is fixed to Ic peak, a yellow 

deposit is observable on GC in the case of Au. For Pd, a grey 

deposit appears. Hence, Ic peak could be attributed to 

Reactions 4 and 5. 

𝐴𝑢𝐶𝑙2
− + 𝑒− → 𝐴𝑢 + 2 𝐶𝑙−  Reaction 4 

𝑃𝑑𝐶𝑙4
2− + 2𝑒− →  𝑃𝑑 + 4 𝐶𝑙−  Reaction 5 

In the case of Pd(II), Ic peak potential remains unchanged 

between the first and the second cycle. For Au(I), Ic peak is 

shifted towards more positive potential on the second cycle, 

compared to the first one. This is attributed to an incomplete 

dissolution of gold during the anodic scan (cycle 1). The 

second cathodic scan corresponds then to the reduction of 

Au(I) on Au substrate, which charge transfer kinetics appears 

to be faster than on GC. 

These results indicate that Au and Pd electroleaching and 

electrochemical deposition are possible within the 

electrochemical stability window of ChCl:EG mixtures. Cell 

voltage (│EWE - ECE│ or │E(Ia )-E(Ic)│) is around 0.2 V for Au and 

1 V for Pd. 
Figure 3 – Raman spectra of ChCl:EG 1:2 (black), ChCl:EG 1:2 + Au(I) (red) and 

ChCl:EG 1:2 + Pd(II) (blue) 
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3.2. Optimal composition of electrolyte: transport properties 

The shape of cathodic peaks Ic on Figure 3 is characteristic of 

a mass-transport controlled reaction, implying that transport 

properties of the electrolyte are a major concern. 

If mass-transport is ensured by diffusion, the current density 

𝑗 is described as a function of diffusion coefficient 𝐷 

(described by the Stockes-Einstein law in Eq. 3) and bulk 

concentration 𝐶0 of the diffusing species (Eq. 2). Hence 𝑗 

increases when viscosity 𝜂 decreases. 

𝑗 = 𝑛𝐹
𝐶0𝐷

𝛿
∝

𝐶0

𝜂
 Eq. 2 

𝐷 =
𝑘𝑇

6𝜋𝑟𝐻𝜂
 Eq. 3 

𝑟𝐻  is the hydrodynamic radius (m) of the diffusing species, 𝑘 is 

the Boltzmann’s constant (J.K-1) and δ is the diffusion layer 

thickness (m). 

These equations show that current density increases as 

𝜂 decreases and 𝐶0 increases. As electrochemical reaction 

rate generally increases with current density (if the 

considered reaction is unique), a low electrolyte viscosity is 

preferable. 

Furthermore, a high ionic conductivity σ (S.m-1) is desirable for 

this kind of process, mainly for energetic considerations. 

Indeed, ohmic drop 𝛥𝑈 within electrolyte during the 

electrolysis decreases with ionic conductivity (Eq. 4). 

𝛥𝑈 = 𝑅𝑒𝐼 =
𝑗𝐿

𝜎
 Eq. 4 

with 𝑅𝑒 the electrolyte resistance between electrodes (Ω), I 

the current intensity (A) and L the distance between 

electrodes (m). 

Generally, in IL and DES, viscosity and conductivity are 

strongly linked. It is possible to enhance conductivity or 

decrease viscosity by electrolyte heating. Another way to 

decrease viscosity is to increase EG:ChCl molar ratio (Figure 4), 

EG acting like a fluidizing additive. However, as the ionic 

concentration decreases when EG content increases, ionic 

conductivity reaches a maximum for a molar ratio equals to 3. 

This value appears to be the best compromise to get optimal 

transport properties. ChCl:EG 1:3 electrolyte was then chosen 

to implement the EL-ECD process in a single cell.  

3.3. EL-ECD of gold and palladium 

As the metallic species concentration (0.025 M) is low 

compared to chloride content (4.2 M), the overall process will 

be controlled by the diffusion of metallic species.  The 

cathodic current density will then drive the kinetics of the 

metal recovery (cf. Eq. 3 and Figure 1). To avoid solvent 

degradation and maximize faradic yield, the EL-ECD process 

must then be conducted under cathodic potential control. In 

the following study, EWE was fixed at Ic peak potential. 

First experiments were carried out using the set-up presented 

in Fig. SI-2. The anode is a metallic plate (Au/Pd) and the 

cathode is a GC plate. Immersed surfaces were equal to 1 cm². 

The solution was unstirred to avoid deposit drop from the 

cathode. Table 1 summarizes the obtained experimental 

results. An anodic faradic yield of 100 % is reached for both Au 

and Pd leaching. In the case of Au, the cathodic faradic yield is 

also of 100 %, meaning that EL-ECD could be performed 

without any solvent degradation and with balanced faradic 

efficiencies. In contrast, the cathodic faradic yield for Pd is 

only 85 %, meaning that a side reduction reaction occurs 

simultaneously. As the working potential is fixed below 0 V vs. 

SHE, this reaction is assumed to be water reduction to H2. 

Figure 5 presents images of the two deposits. Au deposit (A) 

appears more homogeneous at macroscopic scale than the Pd 

one (D) which is poorly adherent. However, SEM images 

reveal that the gold deposit is dendritic (B,C), with particles 

that are 1-5 µm large and 20-60 µm long. The Au deposit was 

easily removed from the GC plate to obtain an Au foil. 

Palladium nuclei are smaller than 1 µm but the deposit is 

heterogeneous. It presents nanometric cavities (E) and peels 

off the substrate (D, F), which agrees with hydrogen evolution 

side reaction. The thickness of the deposit could reach few 

hundred of µm. Large particles of Pd could further be 

recovered by electrode scratching. Only a thin layer of Pd 

remains attached to the substrate. 

Figure 4 – Ionic conductivity (black) and viscosity (red) of ChCl:EG (1:x) electrolytes  
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Table 1 – Results of EL-ECD experiment 

 Au(I) 
(30 mM) 

Pd(II) 
(25 mM) 

Time (h) 18 6 

Δm deposit (mg) 15.81 3.34 

Applied EWE (V vs. SHE) 0.55 - 0.35 

j (mA.cm-2) 0.1 0.35 

Qs (C.cm-2) 6.4 6.5 

v (mg.h-1.cm-2) 0.7 0.5 

Cathodic yield (%) 100 85 

Anodic yield (%) 100 100 
 

In both cases, the electrolysis rate v, is low. Considering a 

small electrolysis pilot with one cathode (S ~ 1 m²), this 

process would produce 10-20 g of metal per day. 

To enhance mass transport of metallic species, another 

experiment was conducted under stirring in the set-up 

presented in SI-3. The corresponding results presented in 

Table 2 show that process rate is increased by 2 to 3 times 

compared to previous experiments. Au deposit is 

homogeneous at macroscopic scale (Erreur ! Source du renvoi 

introuvable.-A) and appears brighter than previously. The 

faradic yield of Pd recovery is improved (close to 100%), but 

the deposit is still poorly adherent and heterogeneous 

(Erreur ! Source du renvoi introuvable.-B). 

Further investigations are in progress to understand 

parameters influence (applied potential, metal concentration, 

heating) on Pd deposit morphology. The influence of water 

content must be studied to confirm that hydrogen evolution 

is responsible for the poor adherence of the Pd deposit. 

Table 2 - Results of EL-ECD experiment in half-circle cell 

 Au(I)  

(40 mM) 

Pd(II)  

(25 mM) 

Time (h) 2 3 

Δm deposit (mg) 43.0 26.1 

Applied EWE (V vs. SHE) 0.55 - 0.35 

j (mA.cm-2) 0.26 0.5 

Qs (C.cm-2) 2.1 5.0 

v (mg.h-1.cm-2) 2.1 0.9 

Cathodic yield (%) 99 96 

Anodic yield (%) 98 100 

Figure 5 – (A) Au deposit and corresponding SEM images (B) of the surface (× 5 000) and (C) of the cross-section (x 500) / (D) Pd deposit and corresponding SEM 

images (E) of the surface (× 5 000) and (F) of the cross-section (x 100) 
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4. Conclusion 

Gold and palladium ElectroLeaching-ElectroChemical 

Deposition (EL-ECD) in a single cell was successfully realized in 

ChCl:EG 1:3. Au and Pd electroleaching could be performed at 

low potential (< 1 V vs. SHE) with respectively 1 and 2 

electrons exchanged. UV-visible and Raman spectroscopy 

confirmed the presence of chlorocomplexes AuCl2- and PdCl42- 

after electroleaching. In metallic leachates and under cathodic 

control, EL-ECD experiments lead to quantitative anodic 

faradic yields. For Au, the cathodic faradic yield on glassy 

carbon is 100 %. For Pd, this yield is between 85 and 96 % 

meaning that a side reaction occurs during electrolysis, but 

metal deposition can be favored by stirring. The overall 

performance of the process using DES is much better than 

with ionic liquid mixtures in terms of faradic efficiency and 

recovery rate [8]. This EL-ECD process is therefore of high 

interest in the recycling field of precious metal rich resources 

such as waste electrical and electronic equipment (WEEE). It 

could for example be applied for the refining of anodic sludges 

issued from pyrometallurgic treatment of printed circuit 

boards. One can also think about applications in electroplating 

industry, especially gold electroplating, as alternative to 

cyanide baths. The limited solvent degradation allows its 

recycling, which is primordial to develop a sustainable process 

from an economical or environmental point of view. Some 

parameters need however to be optimized: electrolysis rate 

could for instance be enhanced by decreasing viscosity or 

increasing metal concentration. Influence of current density 

and of applied potential on morphology would also need to be 

studied. 
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