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Abstract: Aqueous solvents, despite being effective in the electrodeposition of metals with positive
reduction potential, fail to deposit metals with negative reduction potential due to their narrow
electrochemical potential window. Deep eutectic solvents (DESs), a class of ionic liquids, are a
promising alternative of inexpensive, biodegradable, non-toxic anhydrous solvents that present
wide electrochemical potential windows. The present work reports on the potential of choline
chloride/ethylene glycol DES in the electrodeposition of Fe–Mn alloys. Cyclic voltammetry tests
showed that increasing the quantity of Mn in the bath composition decreases the deposition current
of the alloy.
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1. Introduction

Electroforming is a metal forming and alloying process, whereby thin metal compo-
nents are fabricated via metal deposition onto a base shape or mold [1]. Once the plated
metal layers have been deposited, the newly formed part is stripped off the substrate. This
approach presents a sustainable alternative to conventional casting techniques to produce
thin-layer alloys with interesting mechanical properties for niche biomedical applications.
However, electrodeposition in aqueous solutions has limitations, which are often associated
with a simultaneous hydrogen evolution reaction. When metal films are deposited from
aqueous solutions, this side reaction reduces the current efficiency and may even lead to
cracks and low-quality products [2,3].

Recently, deep eutectic solvents (DESs), a class of room temperature ionic liquids, have
emerged as promising non-aqueous electrolyte solutions for thin film electrodeposition
applications due to their low cost, atmospheric stability, thermal stability, low toxicity,
ability to dissolve metal salts, and relatively high conductivity [4,5]. The term DES refers
to eutectic salt mixtures: usually, DESs consist of a quaternary ammonium salt (halide salt)
and a metal salt or hydrogen bond donor (HBD). Their physical properties depend on the
HBD and can be tailored to specific applications: removal of glycerol from biodiesel [6],
processing of metal oxides [7], metal extraction [8], and synthesis of cellulose derivatives [9].
The use of DESs can offset the major drawbacks of aqueous electrodeposition processes,
namely the narrow electrochemical window of water and the hydrogen evolution. DESs
present wide electrochemical windows, which allow more control over nucleation and
deposition rates and, in turn, affect the crystal grain size [10]. Further, their use theoretically
precludes hydrogen evolution during electrodeposition due to the absence of water from
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the system [11]. Therefore, non-aqueous electrodeposition may lead to higher quality
deposits and could allow metals, such as Mn, to be incorporated into electrodeposited Fe
alloys [12].

The aim of the current work was to investigate the electrodeposition of Fe and Fe–Mn
alloys from a choline chloride (ChCl)/ethylene glycol (EG) DES. The effects of reduction po-
tential and bath composition on the electrodeposition of Fe and Fe–Mn alloys were studied;
the electrodeposition of this group of alloys is extremely challenging in aqueous solutions.

2. Materials and Methods
2.1. Electrolyte Preparation

ChCl (HOC2H4N(CH3)3Cl, 99%, Alfa Aesar, Ottawa, ON, Canada) and FeCl2.4H2O
(99%, Acros Organics, Geel, Belgium) were placed in a vacuum chamber for 24 h at 60 ◦C to
remove moisture before use. EG (anhydrous 99.8%, Sigma Aldrich, Hamilton, ON, Canada)
and MnCl2 (99%, Acros Organics, Geel, Belgium) were used as received. The DES was
prepared by mixing and stirring dried ChCl with EG at a 1:2 molar ratio, at 90 ◦C, until a
homogeneous colorless liquid was formed. Appropriate quantities of the metal salts were
added to the DES, and the mixtures were stirred until homogeneous electrolyte solutions
were obtained. The salt concentrations studied are shown in Table 1.

Table 1. Composition of the three electrolytes studied.

Chemical/Concentration (M) S1 S2 S3

FeCl2·4H2O 2.0 1.5 1.0
MnCl2 0 0.5 1.0

2.2. Cyclic Voltammetry and Electrodeposition

Cyclic voltammetry (CV) experiments were carried out at 80 ◦C in a three-electrode
cell (100 mL capacity). The system consisted of a glassy carbon (GC) working electrode,
a GC counter electrode, and a pure silver quasi-reference electrode. A potential range from
+2.0 V to −2.0 V was scanned at 20 mV/s.

The electrodepositions were performed using chronoamperometry analysis. The ex-
periments were performed with a duration of 30 min using the same counter and ref-
erence electrodes as CV. The working electrode was a resin-mounted titanium sheet
(1 cm × 1 cm area). The electrode surface was polished with a 1200 SiC paper before
its use.

A Potentiostat/Galvanostat Versastat 3 was used to perform the electrochemical
tests. The deposited materials were separated from the working electrode, rinsed with
ethanol, and dried. A constant temperature of 80 ◦C was maintained throughout the
electrodeposition tests. A potential of −1.35 V was applied for the three studied solutions.

2.3. Deposits Morphology and Composition

The surface morphology of the deposits was examined using a scanning electron
microscope (FEI QUANTA 250) coupled with an energy dispersive X-ray (EDX) system.
An accelerating voltage in the range 15 to 30 kV and a tungsten filament were used for the
analyses. To evaluate the element amount and distribution, EDX was carried out at three
points on the surface of each sample and an average value was obtained.

3. Results and Discussion
3.1. Cyclic Voltammetry (CV)

CV was applied to identify the potential window of the studied DES (Figure 1a),
which defines the electrochemical stability of the solvents; the electrochemical window
of ChCl/EG was circa. 3.0 V. Figure 1b presents a voltametric study carried out based on
the individual response of the ChCl/EG DES with FeCl2.4H2O and MnCl2 addition. Two
cathodic branches were observed: C1 (circa. 0.2 V) and C2 (circa. −1.0 V), which may be
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attributed to the reduction in Fe(III)/Fe(II) and the reduction in Fe(II)/Fe0 and Mn(II)/Mn0,
respectively. Further, the addition of MnCl2 was found to decrease the cathodic current.
Similarly, two anodic peaks were detected: A1 (+0.6 V), which is related to the oxidation
of the Fe0/Fe(II), and A2 (+1.4 V), which represents the oxidation of Fe(II)/Fe(III). The
absence of an anodic process in the CV plots for Mn0/Mn(II) may be attributed to the
instability of the manganese deposits, which are readily oxidized in the DES [13]. These
observations are consistent to Panzeri et al. [14], who used a platinum wire as the reference
electrode in their non-aqueous electrodeposition study of Fe from EG-based solvents.
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Figure 1. Cyclic voltammograms of (a) pure DES and (b) Fe and Fe–Mn bath electrolytes performed at 80 ◦C and 20 mV/s.

3.2. Chronoamperometry

To analyze the nucleation mechanism, chronoamperometric tests were performed.
Figure 2 shows the current–time curves obtained for the deposition of Fe and Fe–Mn. The
curves presented three stages corresponding to the metal nucleation process: the electric
double layer charging (Part I), the formation and growth of Fe and Fe–Mn nuclei (Part II),
and the metallic ion diffusion from the electrolyte to the electrode–solution interface
(Part III) [15]. It was observed that solution S1 presented the highest deposition current
compared to solutions S2 and S3.
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Figure 2. Experimental current density transients recorded during the electrodeposition onto the
titanium substrate from the system ChCl/EG with Fe and Mn salt addition at 80 ◦C.
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3.3. Film Morphology and Microstructure

Scanning electron microscopy (SEM) was performed to study the surface morphology
of the electrodeposited pure Fe (Figure 3a) and Fe–Mn alloys (Figure 3b,c). A thin layer
appeared to detach from the surface of the pure Fe deposit, which may be related to the
high current deposition observed in the chronoamperometry curves. The island-shaped
surface morphology showed features with an average diameter (or main dimension) larger
than 5.0 µm. With the addition of MnCl2 (0.5 M) (Figure 3b), a dense and uniform deposit
composed of particles around 2.0–3.0 µm was obtained. Finally, upon the addition of
MnCl2 (1.0 M), the deposited surface was inhomogeneous and non-adherent (Figure 3c).
Based on the atomic percent of Fe and Mn on the deposits obtained by EDX (Table 2),
the amount of Mn in the electrolyte bath did not significantly change the final Fe–Mn
alloy composition.

Table 2. Atomic percent of Fe and Mn in the three deposits obtained with EDX.

Composition of the Deposit by EDX

Fe (at%) Mn (at%)

S1 100 0
S2 97 ± 1.5 3 ± 1.5
S3 98 ± 0.1 2 ± 0.1
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4. Conclusions

Fe–Mn alloys were electrodeposited from a choline chloride/ethylene glycol deep
eutectic solvent. The cyclic voltammograms showed that the reduction process of Fe and
Mn takes place inside the potential window of the DES. It was shown that the addition
of Mn affects the current deposition of the Fe–Mn alloy. Although an increase in Mn
concentration in the electrolyte bath did not produce deposits with high content of this
element, the morphology of the deposits was affected. The addition of Mn decreased the
size of the particles that form the deposition. Future steps involve the investigation of the
effectiveness of this process for the fabrication of thin-walled devices.

Author Contributions: V.S. performed the analysis of CV, deposition, and SEM, contributed to
the interpretation of results, and participated in the writing of the manuscript. C.P., D.M. and
G.K. contributed to the interpretation of results and participated in the writing of the manuscript.
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