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1. Introduction

The number of publications focusing on deep eutectic solvents (DES) and their electrochemical
properties, for applications in the field of electrodeposition or energy storage, has continued to explode
since the 2000s (Abbott et al., 2004). Indeed, unlike aqueous and organic solvents, these solvents are
easy to prepare, relatively biodegradable with an attractive cost price and a low ecological footprint
(Choi et al., 2011). Deep eutectic solvents were introduced in 2003 by Abbott et al (Abbott et al., 2003)
with the choline chloride-urea mixture in a stoichiometric ratio of 1 :2. In 2014, Abbott et al (Smith et
al., 2014), generalized SEP as systems formed from a eutectic mixture of Lewis or Bronsted acids and
bases. Thus, since then, several authors have used deep eutectic solvents for the electrodeposition of
metals such as palladium (Soma et al., 2020), (Lanzinger et al., 2013), (B€ock et al., 2013), (Manolova
et al., 2019) ,silver (Rayée et al., 2017), (Sebastian et al., 2013), (Sebastian et al., 2016), copper
(Moutari et al., 2023), (Yang et al., 2014), (Xueliang et al., 2016), zinc (Harati et al., 2012), (Bucko et
al., 2019), (Vieira et al., 2015), (Abbott et al., 2011), but, very few studies concern the
electrodeposition of manganese, which is nevertheless a highly sought-after base metal.
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Manganese is a metal commonly used in various technological fields such as metallurgy, chemical
industry (Rodier et al., 2016), glass and ceramic industry, and in the pharmaceutical industry (Chalmin
et al., 2003). It is also used in the coating of electrochemical capacitors (Stowell et al., 2003), and in
corrosion protection (Mraied et al., 2016). For all these reasons, several alloys are formed from
manganese. We can cite manganese-tin, manganese-copper, manganese-zinc alloys etc. All these
applications make manganese a metal of attention in several research works, hence the growing interest
in its electrodeposition or its obtaining by other deposition methods. For this purpose, several authors
in the literature have used aqueous or organic solvents which are expensive and less environmentally
friendly for the electrodeposition of manganese (Radhi et al., 2010), (Dai et al., 2020), (Yang et al.,
2020), (Rojas-Montes et al., 2017), (Eftekbhari et al., 2015), (Martinez et al., 2009), (Nessark et al.,
2011), (Karastogianni et al., 2016), (Sleightholme et al., 2011), but few have used deep eutectic
solvents. The mainly concerns the work of Hartley et al. (Hartley et al., 2014), which reveals through
X-ray absorption spectrometry (EXAFS) measurements the formation of complexes of the type
[MnCl4]?" in choline chloride-urea medium. In the same vein, the measurements carried out by Bozzini
et al. (Bozzini et al., 2012), have shown that manganese occurs in several oxidized forms in choline
chloride-urea medium (Mn(0), Mn(I1), Mn(l11), Mn(1V)). This diversified presence of manganese in
DES media makes its electrodeposition in the elemental form Mn (0) quite complex. Guo et al. (Guo
et al., 2020), performed the electrodeposition of Mn (0) on a glassy carbon electrode in a choline
chloride-ethylene glycol medium, the characterization by SEM which allowed the observation of a
compact deposit on the surface of the substrate. However, a UV-visible measurement highlights the
presence of three absorption peaks which would be linked to the presence of three manganese species
in the medium.

The present work consists in electrodepositing of Mn (0) on a glassy carbon electrode, in a choline
chloride-urea medium. The electrochemical techniques used are cyclic voltammetry and
chronoamperometry.

2. Materials and experimental methods
2.1. Reagents and solution preparation
In order to study the electrochemical behavior of manganese, two reagents were used to the

preparation of the solvent (ChCI-U). Choline chloride (ChCI) (Alfa Aesar, 98+%) was purified by
recrystallization from absolute ethanol (VWR Chemicals, NORMAPUR), filtered and dried under
vacuum and urea (U) (VWR Chemicals, NORMAPUR), all mixed in a molar ratio 1:2. The precursor
salt MnCl2.4H,O (VWR Chemicals, NORMAPUR) was weighed and added directly without prior
treatment into the mixture of choline chloride ((CH3)3ANCH2CH20H(CI)) and urea ((NH2)2CO) (1 :2)
at the beginning of the measurements. Then, the entire solid mixture was heated at 100°C for 2 hours
under magnetic stirring, in an oil bath until a homogeneous and transparent liquid was obtained by
using a hot plate (IKA C-MAG HS7) equipped with a temperature sensor and temperature control
device (IKATRO N ETS-D5).

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 cm?). It is polished with an alumina
suspension (1.0 um) - water on a porous neoprene mat (Struers), then subjected to two ultrasonic
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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 cm? 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 (ChCI-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 manganese electrochemical behavior on a glassy carbon
electrode.

The impact of the concentration on the electrochemical behavior of manganese was studied and
presented in Figure 1. The concentration of 10 and 20 mmolal do not allow the study of the
electrochemistry of manganese. For this, we have only represented the cyclic voltammograms at 40,60
and 80 mmolal of MnCl2.4H20 in Figure 1. We note in general that the electrochemical behavior of
Mn (11) in the medium is influenced by a variation of concentration. At the concentration of 40 mmolal,
the voltammometric curve presents the cathodic peaks C2 and C3. The concentrations of 60 and 80
mmolal present the same electrochemical characteristics,namely the presence of peaks C1,C2 and C3.
As this is a fundamental study, the concentration of 60 mmolal will be retained for the rest of the work.
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Figure 1: Cyclic voltammograms (3" cycle) of the ChCI-U system (1 :2), on a glassy carbon electrode, with
different concentrations of MnCl,.4H,0, T=100°C, v=10 mV.s

Figure 2 shows cyclic voltammograms recorded on a glassy carbon electrode in ChCI-U medium
+ 60 mmolal of MnCl,.4H>0 at different temperatures. From a general point of view, it is observed
that the shape of the voltammograms obtained is influenced by the variation of the temperature. At the
80°C temperature, an intense peak named peak C2 is observed at the potential of -1.56 V. It is expressly
named C2, for a question of consistency with the rest of the analysis at other temperatures because it
is preceded by an electrochemical response almost imperceptible at this level of study. This peak C2
corresponds to the formation of the compound Mn(OH). following the adsorption of OH"ions on the
surface of Mn (0) (Endres et al., 2017). When the cell temperature is set to 90°C, this leads to the
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highlighting of a peak C1 at the potential of -1,50 V, well before the peak C2. It corresponds to the
deposition of Mn (0) and this shows in which condition the Mn(OH): is formed. Indeed, once the
manganese is deposited on the electrode according to Eqn. 1, exposure to a solution containing
hydroxide ions can lead to the adsorption of these ions on the surface of the manganese. This interaction
can lead to the formation of manganese hydroxide according to Eqgn. 2:

Cl: Mn?* + 2e~ - Mn(0) Eqgn. 1

C2: Mn (0) + 20H™(aq) —» Mn(0OH), Eqgn. 2

At a temperature of 100°C, a third peak named C3 is highlighted at a potential of -1,64 V. It would
correspond to the formation of MnO according to Eqn. 3. Beyond the temperature of 100°C, no change
in shape is observed. This temperature was therefore chosen for the rest of the measurements.

C3: Mn(OH), —» MnO + H,0 Eqgn. 3
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Figure 2 : Cyclic voltammograms (3" cycle) of ChCI-U + 60 mmolal MnCl..4H;0, on a glassy carbon
electrode, v=10 mV.s* at different temperatures.

Its shows by this study that the deposition of Mn (0) on the surface of glassy carbon electrode is
influenced by the temperature which promotes the breaking of the O-H bond that exists between
hydrogen and oxygen.

Figure 3 examination reveals that the intensity of peak C1 is modified by the rotation speed. This
result demonstrates that the deposition of manganese is accompanied by another phenomenon. Namely
that of the adsorption of hydroxide ions on the surface of Mn(0). This justifies the presence of a reaction
limited by diffusion plates when the rotation speed increases.

To determine the diffusion coefficient of the Mn(ll) species,a kinematic viscosity of 0.38 x 10
m? st was calculated based on data from the work of Yadav et al (Yadav et al., 2014), in ChCI-U
medium in the temperature range between 293.15 K and 363.15 K. From the Levich slope (box of
figure 3), a diffusion coefficient equal to 1.79 x 107 cm.?s was obtained on the glassy carbon
electrode. This quantity is in agreement with the value obtained in ChCI-EG medium of 3.53 x 107
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cm.?s at 80°C (Guo et al., 2020), on a glassy carbon electrode and with that of 6.83 x 108 cm.%s*
obtained in ChCI-U medium at 80°C (Sides et al., 2020), on a platinum electrode.
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Figure 3: Hydrodynamic voltammograms of the ChCI-U + 60 mmolal MnCl,.4H,0, system recorded on a

rotating carbon disk electrode at different rotation speeds, T=100°C, v=10 mV.s™.

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

The transient curves recorded from the system consisting of ChCI-U + 60 mmolal MnCl,.4H0 at
100°C on a glassy carbon electrode are present in Figures 4. To record these transients, the carbon
electrode is subjected to a potential of -0.2V (E1) for 1 s, then to a second potential of -1.28 V (E2) for
5 s, and finally a variable potential E3 is applied for 20 s, from which a current vs.time transient is
recorded each time. Generally speaking, the chronoamperometric analysis of the current density
transients indicates that they pass through a maximum at short times. At more negative potentials,
Figure 4b reveals a series of two increasing transitions before reaching the maximum current in
absolute values, then a series of two decreasing transitions specifically for the curves recorded by
applying the potentials of -1.52 and -1.58 V,whereas they are stable in Figure 4a. These series of
transitions show that the nucleation and growth of manganese is influenced by other types of reactions
attributable to the adsorption/absorption process of hydroxide ions OH™ which constitutes a constraint
on the growth of nuclei.
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Figure 4: Transients recorded by chronoamperometry in the system ChCI-U (1 :2) + 60 mmolal of
MnCl..4H,0 on a glassy carbon electrode : (a) E3 between -1.46 V and -1.50V, (b) E3 between -1.52 V and -
1.58V, T=100°C.

To better elucidate the mode of nucleation and growth occurring during the electrodeposition of
manganese, the dimensionless transient curves were first compared to the theoretical model of
Scharifker and Hills. (Scharifker et al., 1983), applied to the three-dimensional nucleation 3D and in a
second time to the theoretical model (nucleation and two-dimensional growth 2D) of Bewick and al.
(Bewick et al., 1962). However, it should be emphasized that several theoretical models of nucleation
and growth are listed in the literature (Scharifker et al., 1983), (Bewick et al., 1962), (Scharifker et al.,
1984),(Sluyters-Rehbach et al., 1987). However only the theoretical models of Scharifker and Hills
and Bewick and al, were used in this work to account for the observed nucleation and growth
phenomena.

The plot of the dimensionless experimental curves of current density (]_i )2 as a function of ( ti )

obtained by the exploitation of the transients of Figures 4a and 4b. These experimental curves are
represented in the same graph as the theoretical curves of Scharifker and Hills (3D) and Hills and
Bewick (2D), relating respectively to the instantaneous 3D three-dimensional nucleation and growth
Eqn. 4 and the progressive 3D Eqn. 5, the instantaneous 2D two-dimensional nucleation Eqn. 6 and
the progressive 2D Eqn. 7:

i\2 tm t
(L) = 19542 () « {1 - exp[-1,2564 « ()]

Jm m

}2 NIEqgn. 4
* 12254+ () « {1 — exp [—2,3367 * (é)z]}z NP Eqn. 5

)
()= Gem -3 (2 e s
)

= (—)2 exp{—g * (tSI?tnmE;)} NP Egn. 7

The analysis of Figures 5a and 5b below shows that the shapes of the experimental curves follow
respectively the theoretical model of Scharifker and Hills relating to the progressive three-dimensional
(3D) nucleation and growth, which would be the consequence of the deposition of the metal on the
surface of the electrode and that of Bewick and al relating to the progressive two- dimensional (2D)

Moutari et al., J. Mater. Environ. Sci., 2025, 16(2), pp. 371-381 376



nucleation and growth, which would be linked to the adsorption of hydroxide ions on the surface of
Mn (1) to give the compound Mn(OH)a.
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Figure 5: Dimensionless curve (]_l) 2=f( ti) from current density transients recorded in 60 mmolal of
MnCl,.4H,0+ ChCI-U, T=100°C.

3.3. Characterization of manganese deposition

SEM analysis coupled with EDS surface was undertaken to confirm the effective presence of
manganese in accordance with our previous hypotheses. The EDS image in Figure 6 shows carbon,
oxygen, chlorine, aluminum, fluorine, titanium and manganese. Carbon would be bound to the glassy
carbon electrode used. Oxygen, nitrogen and chlorine are the constituent elements of the electrolyte.
Aluminum would be bound to the residue of the alumina suspension used to polish the electrode
surface. Manganese would be related to the deposition of the metal on the surface of the electrode.

HV spot det mode mag O HFW WD
A 500kv 40 CBS All 12000 x 34.5pum 9.8 mm

Figure 6: EDS obtained after analysis of the SEM deposit of the sample.

Figure 7 shows the UV-visible absorption spectra recorded at 100°C in the ChCI-U medium. The result
of the measurements in the orange mixture of MnCl2.4H.O allows to highlight two absorption peaks
at the wavelength of 264 et 311 nm which would be attributed to the presence of the manganese chloride
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complex [MnCls]* and [Mn(OH).Cl4]* resulting from the adsorption of OH-ions from the reduction
of water molecules contained in the solvent.
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Figure 7: UV-visible spectrum of the salt MnCl..4H-.0, 60 mmolal in ChCI-U medium.

Conclusion

The present work consisted in electrodepositing manganese in choline chloride-urea medium. The
electrochemical results show that parameters such as temperature and rotation speed play a
fundamental role in the deposition of manganese in choline chloride-urea medium. However,
temperature of 100°C would be optimal for the deposition of metallic manganese and that the speed
positively influences the deposition of Mn (0).

The potential of -1.50 V allows a better deposition of Mn(0). The confirmation of the presence of
manganese is made by coupling the SEM deposit with surface EDS. The UV-visible characterization
highlights the presence of two species of manganese which are [MnCls]> and [Mn(OH)2Cl4]%. This
work which explored the electrochemical deposition of manganese is continued by our work team in
order to find other ways to prevent the formation of compounds (Mn (OH)2 and MnO) which negatively
impacts the deposition of Mn (0).
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Compliance with Ethical Standards: This article does not contain any studies involving human or animal
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