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Abstract 
 

The electrochemical study of manganese in two different eutectic solvents, choline chloride-urea (ChCl-U) and 

choline chloride-oxalic acid dehydrate were studied on a glassy carbon electrode. The cyclic voltammograms 

recorded in the two media show differences from a kinetic point of view. Thus, the redox process of manganese 

occurs reversibly in the ChCl-Ac.Ox medium, while it is irreversible in the ChCl-U medium. The difference will 

be due to the presence of different Mn (II) species in the two media. The measurement of the UV-visible spectrum 

allows for the highlighting of the presence of a single species of manganese [MnCl4]
2– by the appearance of an 

absorption peak at 311 nm in ChCl- Ac.Ox medium and of two species of manganese at the peaks of 311 and 264 

nm corresponding to [MnCl4]
2– and [Mn(OH)2Cl4]

2-in ChCl-U medium. 
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1. Introduction 

The growing interest in recent years in the use of new types of solvents commonly called deep eutectic 

solvents is explained by several of their properties. These solvents are easy to prepare, relatively 

biodegradable, cost-effective, and have a low ecological footprint (Choi et al.2011). Deep eutectic 

solvents (DES) were introduced in 2003 by Abbott et al.2003 with the choline chloride-urea mixture in 

a 1:2 stoichiometric ratio. In 2014, Smith et al.2014, generalized SEP as systems formed from a eutectic 

mixture of Lewis or Bronsted acids and bases. Among these solvents, type IV solvents are most used 

because they can form cationic metal complexes, ensuring a high concentration of metal ions near the 

electrode surface (Abbott et al., 2014). But also their high solubility of metals and good conductivity 

leads, several authors to use its solvent for the electrodeposition of manganese (Moutari et al. 2025, Guo 

et al. 2020), tellurium (Sorgho et al.2022), palladium (Beock et al., 2013, Lanzinger et al. 2013, 

Manolova et al. 2019, Soma et al.2020), silver (Rayée et al.2017, Sebastián et al. 2013, Sebastián et al. 

2016), copper (Bernasconi et al. 2015, Obeten et al. 2017, Sebastián et al.2015), zinc (Abbott et al. 2011 

, Bucko et al. 2019, Harati et al. 2012, Moutari et al. 2023, Vieira et al. 2015, Xueliang et al. 2016, Yang 

et al. 2014).  

The electrochemical study of the behavior of different type IV solvents allows to highlight differences 

in behavior from a thermodynamic point of view (redox potential), kinetics of the deposit (nucleation 

and growth mechanism), or transport of matter (diffusion coefficient) and which could give information 

on the electroactivity of species in different solvents. However, very few studies have focused on the 

specificity of hydrogen bond donors (glycerol, urea, ethylene glycol, oxalic acid dihydrate) because of 

their high chloride ion content. The question of speciation seems to be neglected which nevertheless 

affects the dissolution of the metal by the formation of complexes based on chloride. The speciation 

study conducted by Rayée et al.2017, on silver allowed to conclude that the hydrogen bond donor has a 

weak influence on the electrochemical behavior of silver in deep eutectic solvents. Sorgho et al., (2022) 

did not reach the same conclusion, where they noted that the nature of the solvent strongly impacts the 

thermodynamics and the kinetics of electrodeposition of tellurium. Over 18,000 articles were gathered 

from Scopus on “Deep eutectic solvent” and 10,230 articles on “Manganese and Choline”, indicating 

the importance of these domains.  

The present work consists of studying the specificity of manganese in choline chloride-urea (ChCl-U) 

and choline chloride-oxalic acid dihydrate (ChCl- Ac. Ox) media. The techniques used are cyclic 

voltammetry, chronoamperometry, UV-visible spectroscopy.  
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2. Experimental  

2.1. Reagents and solution preparation  

Choline chloride (ChCl) (Alfa Aesar, 98 %) purified by recrystallization from absolute ethanol (VWR 

Chemicals, NORMAPUR), filtered and dried under vacuum. Urea, oxalic acid dihydrate and the 

precursor salt MnCl2.4H2O all (VWR Chemicals, NORMAPUR) were weighed and added directly 

without prior treatment, at the beginning of the measurements. The entire mixture precursor salt +ChCl-

U is heated at 100 °C for 2H under magnetic stirring, in an oil bath, using a hot plate (IKA C-MAG HS7) 

equipped with a temperature sensor and a temperature control device (IKATRO N ETS-D5), until a 

homogeneous and transparent liquid is obtained. That of the mixture precursor salt+ ChCl- Ac. Ox is 

heated at 50 °C for 2H. 

2.2. Experimental methods 

Electrochemical experiments were carried out using a three-electrode system connected to an Autolab 

PGSTAT302N potentiostat (Metrohm). The measuring cell containing the electrolyte is made of glass. 

Before use, all glassware is cleaned with MilliQ water and dried in an oven. The working electrode is 

made of glassy carbon (BASi, geometric area = 0.0707 cm²). It is polished with an alumina suspension 

(1.0 μm) - water on a porous neoprene mat (Struers), then subjected to two ultrasonic periods of 5 

minutes and rinsed with Milli-Q water to eliminate all tracks of alumina, to finally dried with nitrogen. 

The counter-electrode is a platinum grid of the order of 3 cm² of electrochemically active surface. It is 

cleaned with a flame using a blowtorch of incandescent flame. A silver wire insulated in a capillary tube 

containing an electrolyte of a mixture of choline chloride-urea (ChCl-U) in 1:2 was used as a reference 

electrode. It was rinsed with water and dried with absorbent paper. 

3. Results and discussion  

3.1. Potentiodynamic study of the electrochemical behavior of manganese on glassy carbon 

electrode (ECV) in the presence of ChCl-U and ChCl- Ac. Ox 

Figure 1A shows the 3rd cycle of the cyclic voltammogram recorded on glassy carbon electrode in the 

ChCl-U mixture in the presence of 60 mmolal of MnCl2.4H2O. The responses related to the reduction of 

manganese are clearly visible and appear at the potentials of -1.50; -1.56 and -1.64 V, in the accessible 

potential window. The electrochemical phenomena highlighted through peaks C1, C2 and C3 on the 

orange voltammogram in Figure 1A could reflect the formation of several manganese species during 

cathodic scanning in the electrochemically accessible potential zone. The phenomena highlighted in C1, 

C2 and C3 could be translated by the following equations: 
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C1: Mn2+ + 2e− → Mn(0)                                                                          (1) 

C2: Mn2+ +  2OH− → Mn (𝑂𝐻)2                                      (2) 

C3: Mn(OH)2 → MnO + 𝐻2𝑂                     (3) 

Deep eutectic solvents are known to form complexes with metal cations. Ligands such as 

chloride, urea, and residual water contained in DES or hydroxide ions (OH-) could very well constitute 

the coordination sphere of the metal complex. This could lead to the formation of several types of 

compexes. The presence of hydroxides from the dissociation of residual water could lead to the 

formation of manganese-based complexes, which would explain the formation of C2 and C3 in 

accordance with the data (Kara et al.2020, Deng et al.2007). Figure 1B shows a cyclic voltammogram 

performed at 50 °C on a glassy carbon electrode in the mixture choline chloride- oxalic acid dihydrate 

(ChCl- Ac. Ox) in the presence of 25 mmolal of MnCl2.4H2O. A cathodic peak (C1) and an anodic peak 

(A1) respectively at potentials of +0.8 V and +0.6 V corresponding to the oxidation of Mn (0) and the 

reduction of Mn (II) according to equations (1) and (4) are observed: 

C1: Mn2+ + 2e− → Mn(0) (1)                                                                 

A1: Mn(0) →  Mn2+ + 2e− (4)                                                                          

The proximity of the oxidation and reduction potentials of manganese in the ChCl- Ac. Ox medium 

shows that the system ChCl-Ox.Ac + MnCl2.4H2O on carbon electrode is fast. 

 
Figure 1 :(A) cyclic voltammograms (3rd cycle), of the ChCl -U (1 :2) (dotted blue) and of the ChCl-U + 60 

mmolal de MnCl2.4H2O (orange line), T=100°C, v=10 mV.s-1 ;(B) cyclic voltammograms (3rd cycle), 

of ChCl-U system (1 :2) (dotted blue) and of the ChCl-U + 25 mmolal of MnCl2.4H2O (orange line), 

T=50°C, v=10 mV.s-1 ; on a glassy carbon electrode. 

However, we note that in ChCl- Ox.Ac medium, the absence of peaks C2 and C3 and the 

appearance of a new peak A1 which would be linked to the oxidation of the manganese deposited on the 

surface of the electrode. Everything seems to believe that acidity (ChCl- Ox.Ac) favors the deposition 
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of manganese much more than basicity (ChCl-U). Hypothesis which is confirmed by the potential of the 

deposition of manganese in ChCl- Ox.Ac medium which is more positive (0.6 V) than that of the ChCl-

U medium (-1.50 V). 

Figure 2A shows the cyclic voltammograms of the ChCl-U (1 :2) + 60 mmolal MnCl2.4H2O 

system recorded on a glassy carbon electrode at different scanning speeds. Generally speaking, the 

scanning speed has a considerable influence on the electrochemistry of manganese in the medium. 

Indeed, the transition from low speed (10 mV.s-1) to high speed (150 mV.s-1) leads to a disturbance of 

the electrochemical phenomena reflected by the shape of the curve. Increasing the scanning speed 

promotes the deposition of metallic manganese, hence the disappearance of peaks C2 and C3 and the 

appearance of the anodic peak A1 at the potential of -1.1 V, corresponding to the oxidation of the 

deposited metallic manganese. 

Figure 2B shows cyclic voltammograms obtained at different scanning speeds of the ChCl-Ac. 

Ox (1:1) + 25 mmolal MnCl2.4H2O. An increase in the intensity of the cathodic and anodic peaks is 

noted with a shift of the cathodic peak towards positive values. The intensities of the cathodic peaks vary 

linearly with the square root of the scanning speed, a phenomenon that is typical of kinetic control by 

diffusion (inset of Figure 2B) 

 

Figure 2B: (A) cyclic voltammograms (3rd cycle) of the system ChCl-U (1 :2) + 60 mmolal 

MnCl2.4H2O, at different scanning speeds, T=100°C ; (B) cyclic voltammograms (3rd cycle) 

of the system ChCl-Ac. Ox (1:1) + 25 mmolal MnCl2.4H2O. 

3.3. Chronoamperometic study of the electrochemical behavior of manganese on a glassy carbon 

electrode 

To better elucidate the nucleation and growth phenomenon highlighted, the appearance of the 

transient curves presented in Figure 3, provides information on the different phenomena occuring on the 

surface of the electrode. To record these transients for Figure 3a, the carbon electrode is subjected to a 

potential of 1.1 V (E1) for 1 s, then to a second potential of 0.8 V (E2) for 5 s before moving to the 

potential of 0.6 V (E3) where a possible deposit is likely to occur. The transient obtained follows the 
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Cotrell model, which allows us to conclude on a rapid deposition of the species on the surface of the 

glassy carbon electrode. For the recording of transients for Figure 3b, the carbon electrode is subjected 

to a potential of -0.2 V (E1) for 1 s, then to a second potential of -1.15 V (E2) for 5 s before going towards 

the potentials where a possible deposit is likely to occur. This experiment informs us about the kinetics 

of deposition of growth mode by comparison with the theories established in the literature. Between -

1.46 V and -1.50 V, all the transients recorded present the same upward current shapes which reach a 

maximum from which it decreases with time, except for the curve recorded at -1.50 V where the 

downward part occurs in two stages (Figure 3b). The curves obtained at different potentials show that 

the current density corresponding to the maximum current (𝑗𝑚𝑎𝑥) increases as the potential tends towards 

negative values. 

 At the same time, the maximum time, corresponding decreases with the applied potential (Figure 

3b and c). This means that the more cathodic potentials favor the formation of nuclei. However, all the 

recorded transients present the typical profile of nucleation and growth. When the potential varies 

between -1.52 V and -1.58 V (Figure 3c), a series of two increasing transitions are observed before 

reaching the maximum current in absolute values. Then a series of two decreasing transitions show that 

the nucleation and growth of manganese is influenced by other types of reactions attributable to the 

adsorption process of hydroxide ions OH-, which constitutes a constraint on the growth of nuclei. Indeed, 

the study medium is basic choline chloride urea, therefore likely to release these OH-ions into the 

electrolyte. 

 
Figure 3: Transients recorded chronoamperometry in the system (a) ChCl-Ac.Ox+ 25 mmolal of 

MnCl2·4H2O on a glassy carbon electrode at 50°C ; (b) ChCl-U  + 60 mmolal of MnCl2·4H2O 

on a glassy carbon electrode at 100°C. 

3.4. Manganese speciation measurement in ChCl-Ac.Ox and ChCl-U medium 

The introduction of the manganese salt (Figure 4) into the ChCl-Ac.Ox medium produces a 

colored solution under magnetic stirring at 50°C. In ChCl-U medium, the dissolution of the manganese 

salt produces a colorless solution under magnetic stirring at 100°C. This result allows us to conclude on 
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the presence of different species in the two media. Figure 5 shows the UV-visible absorption spectrum 

recorded at 50°C in the ChCl-Ac.Ox medium and at 100°C in the ChCl-U medium. 

 
Figure 4: Solutions of MnCl2·4H2O, 25 mmolal in ChCl-Ac.Ox medium and 60 mmolal in ChCl-U 

medium. 

 

Figure 5: UV-Visible spectrum of the salt MnCl2.4H2O, in ChCl-Ac.Ox (blue) and ChCl-U (orange) 

medium. 

The result of the measurements in the blue mixture of MnCl2·4H2O allows to highlight an absorption 

peak at the wavelength of 318 nm which would be attributed to the presence of the manganese chloride 

complex [MnCl4]
2 (Hartley et al., 2014). The spectrum measured in ChCl-U medium allows to highlight 

two absorption peaks at the wavelength of 264 and 311 nm which would be attributed to the presence of 

the manganese chloride complex [MnCl4]
2– and [Mn(OH)2Cl4]

2- resulting from the adsorption of OH- 

ions from the reduction of water molecules contained in the solvent. 
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Conclusion 

Although both the solvents ChCl-U and ChCl-Ac.OX are highly (favorably) concentrated in 

chlorinated anion compounds, the speciation of Mn (II) differs in the two media. This result strongly 

suggests that the apparent pH is important in determining the speciation of manganese chloride, a 

compound prone to hydrolysis. Mn (II) being present under two different forms in the respective DES, 

its electrochemistry is markedly different in terms of thermodynamics and kinetics. More specifically, 

the latter is strongly dependent on the lability/inertness of the coordinating ligands. This study 

contributes to the understanding of the influence of the hydrogen bond donor in electrochemical 

processes conducted in DESs and reveals under which conditions the electrochemical recovery of 

manganese could be carried out in ChCl-U and ChCl- Ox. 
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