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The physicochemical properties of three new magnesium-containing solvate ionic liquids are reported. The
solvation structures were analysed by Raman spectroscopy, revealing a solvent separated ion pair structure
at room temperature. The reversible electrodeposition and stripping of magnesium from mixtures of these
solvate ionic liquids and tetra-n-butylammonium chloride is described. The electrolytes are significantly
less volatile than similar dilute electrolytes, even at elevated temperatures and the deposition current

densities exceed 1 A dm™2
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Introduction

Multivalent metals are being explored as an anode material for
secondary batteries due to their high theoretical specific
capacity." Particularly, magnesium is of interest, as it is a highly
abundant element and combines a very negative standard
reduction potential (—2.38 V versus SHE) with a high volumetric
capacity (3833 mA h cm?), resulting in a high theoretical
energy density.” Furthermore, magnesium is less reactive than
lithium and sodium, and it does not have the tendency to form
dendritic deposits, making it an inherently safer anode mate-
rial.>* The main issue with magnesium metal anodes in
rechargeable batteries is their tendency to form non-conductive
surface films by reacting with organic electrolytes and trace
impurities.>®

For a long time, the only electrolytes that prevented forma-
tion of passivating films and allowed for reversible magnesium
deposition consisted of Grignard reagents dissolved in ether
solvents.” However, these electrolytes are unsuitable for use in
batteries due to their high reactivity, poor anodic stability and
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at 80 °C. The influence of the chloride concentration on magnesium
deposition was studied with cyclic voltammetry and chronopotentiometry. It was found that the
governed by
tetrabutylammonium chloride to the solvate ionic liquids was necessary to prevent passivation and
efficiently strip the deposited magnesium.

two competing reactions, and the addition of

safety issues.® By reacting Grignard reagents with Lewis acids
such as boranes and haloaluminates, the anodic stability is
significantly improved but the reactivity of these derivatives is
still too high for actual battery use.”**

More recently, a new class of fully inorganic electrolytes for
reversible magnesium electrodeposition has emerged."*** These
are not derived from Grignard reagents and are more conve-
nient for use in batteries. In particular, promising results were
obtained  with  solutions of magnesium  bis(tri-
fluoromethylsulfonyl)imide (Mg(Tf,N),) and a chloride salt in
ether solvents.™™® While these electrolytes have a wide elec-
trochemical window of approx. 3.5 V, and enable highly
reversible magnesium electrodeposition at sizeable current
density, the used solvents, tetrahydrofuran (THF) or 1,2-dime-
thoxyethane (DME, monoglyme, G1), are volatile and pose
environmental and safety risks. Therefore, interest in less
volatile electrolytes based on ionic liquids (ILs) has
increased.”?® However, ionic liquids often have poor solvating
properties towards metal salts, leading to low solubilities and as
a consequence low deposition current densities.

Solvate ionic liquids (SILs), sometimes also called liquid
metal salts (LMS), are a type of ILs where the cation consists of
a metal ion, solvated by neutral ligands.” They overcome the
solubility problem by integrating the metal in the IL structure,
while also having a low volatility because the ligands are
strongly coordinated to the metal cations. Lithium- and
sodium-based SILs with oligo(ethylene glycol) dimethyl ethers
(glymes) as ligands have been extensively investigated as safer
alternative electrolytes for lithium,* lithium-ion**** and
sodium-ion*>*° batteries. Two magnesium-based SILs have been
reported, namely [Mg(G3)|[Tf,N], (G3 = triglyme)*”*®* and
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[Mg(G4)|[Tf,N], (G4 = tetraglyme).” [Mg(G3)][Tf,N], and
asymmetric analogues have low melting points (=70 °C) and
quasi-reversible magnesium deposition/stripping was achieved
in these electrolytes. The electrochemistry of [Mg(G4)][Tf,N],
was not investigated in detail due to its high melting point (137
°C).

In this paper, three new magnesium-based solvate ionic
liquids are described: [Mg(G1);][Tf,N],, [Mg(G2),][Tf,N], and
[Mg(G3),][Tf,N],. Mixtures of these compounds and tetrabuty-
lammonium chloride (TBACI) were studied as electrolytes for
reversible magnesium electrodeposition at 80 °C. TBACI was
chosen as a source of chloride anions for several reasons. First,
we found that the use of inorganic chloride salts (e.g. LiCl,
MgCl,) resulted in mixtures with a very high viscosity, beyond
what is considered practical for electrochemical experiments. In
contrast, the use of TBACI resulted in a decreased viscosity
compared to the pure SILs, which is advantageous to achieve
good mass transport during electrodeposition. Secondly, it is
well known that the TBA® cation is electrochemically stable
against the highly negative reduction potentials of magnesium,
sodium, and even lithium. Furthermore, the addition of TBACI
to Mg(AICI,R,),-based electrolytes was shown to significantly
improve their ionic conductivity and overall electrochemical
performance by increasing the total concentration of ionic
species.*® The influence of chloride on the magnesium deposi-
tion and stripping process in these SIL : TBACI mixtures was
investigated by cyclic voltammetry and chronopotentiometry.

Experimental
Materials and synthesis

Magnesium  bis(trifluoromethylsulfonyl)imide  (Mg(Tf,N),,
99.5%) was purchased from Solvionic (Toulouse, France) and
was dried at 250 °C for 48 h on a vacuum line prior to use. 1,2-
Dimethoxyethane (monoglyme, G1, 99.5%, anhydrous) and 1-
methoxy-2-(2-methoxyethoxy)ethane (diglyme, G2, 99.5%,
anhydrous) were purchased from Sigma-Aldrich (Diegem, Bel-
gium) and were used as received. 1,2-Bis(2-methoxyethoxy)
ethane (triglyme, G3, 99%) was purchased from Sigma-Aldrich
(Diegem, Belgium) and dried prior to use on molecular sieves
(4 A, 8 to 12 mesh) which were purchased from Acros Organics
(Geel, Belgium). The water content of the glymes was measured
by a Mettler-Toledo C30S coulometric Karl Fischer titrator and
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was found to be lower than 50 ppm, as claimed by the manu-
facturer. Tetra-n-butylammonium chloride (TBACI, =97%) was
purchased from Sigma-Aldrich (Diegem, Belgium) and was
dried at 110 °C for 48 h on a vacuum line prior to use. Ferro-
cenium hexafluorophosphate (FcPFg, 97%) was purchased from
Sigma Aldrich (Diegem, Belgium) and was used as received.
Ferrocene (Fc, purum, =98%) was purchased from Fluka
(Bucharest, Romania) and was used as received. N-Butyl-N-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([BMP]
[Tf,N], 99%) was purchased from Iolitec (Heilbronn, Germany)
and was dried at 110 °C for 48 h on a vacuum line prior to use.
Storage of the reagents and all the manipulations involving
contact of the chemicals with the atmosphere were performed
in an argon-filled glovebox with an oxygen and water concen-
tration below 1 ppm. The solvate ionic liquids were prepared by
adding a stoichiometric amount of glyme to Mg(Tf,N), in glass
vials, which were closed with airtight screw caps afterwards, and
subsequently heating the mixture under stirring until a homo-
geneous liquid was obtained. The liquids were then allowed to
cool down to ambient glovebox temperature (~28 °C). The 1: 1
mixtures SIL : TBACI were prepared in a similar way from the
pure SILs and TBACI in the correct stoichiometric ratio. The
mixtures were stirred under heating until homogeneous. Upon
cooling, they (partially) crystallized out.

Methods

Melting points were determined on a Mettler-Toledo DSC-1
instrument at a heating rate of 10 °C min "' under a helium
atmosphere. Aluminium crucibles were filled with samples of
electrolyte (3 to 12 mg) inside an argon-filled glovebox and
sealed to prevent contact with the air. The samples were cycled
twice (heating first) between —70 °C and 160 °C ([Mg(G1)s]
[TfN], and [Mg(G2),][Tf,N],) or 90 °C ([Mg(G3),][Tf,N],). The
melting point values determined in the second cycle are re-
ported in Table 1. Thermogravimetric analysis (TGA) was per-
formed on a TA Instruments TGA Q500 at a heating rate of
5°C min~" under a nitrogen atmosphere with a flow rate of 60
mL min~". The sample size was typically between 5 and 10 mg.
In order to make the TGA traces of the different samples directly
comparable, the data (mass vs. time) was normalized by
dividing by their initial mass value. The data on the y-axis is
expressed as the remaining fraction of the initial sample mass
(in %). The viscosity and density of the electrolytes were

Table 1 Melting point, dynamic viscosity, density and Mg(i) concentration of pure complexes [Mg(G1)3][TfoNI,, [Mg(G2),1[Tf,N], and [Mg(G3),]
[TfoNl2 and 1: 1 mixtures [Mg(G1)s][TfoN], : TBACL and [Mg(G3),1[TfoN], : TBACL

Mg(u) concentration®?

Complex/mixture T (°C) Nagn™? (1072 Pa 5) p™? (10° kg m™) (mol dm™?)
[Mg(G1)3][Tf,N], 92 n.d. n.d. n.d.
[Mg(G2),][Tf,N], 155 n.d. n.d. n.d.
[Mg(G3),][Tf,N], 31 131 1.43 1.52
[Mg(G1),][T£,N], : TBACI 1 : 1 n.d. 97 1.29 1.14
[Mg(G3),][Tf,N], : TBACI 1 : 1 n.d. 64 1.26 1.03

“ n.d.: not determined. ® Measured at 80 °C.
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measured on a Lovis 2000 ME rolling-ball microviscometer and
a DMA 4500 M density meter, respectively. In order to avoid
contact with air, the samples were transferred from their sealed
argon-filled containers to a syringe and subsequently injected
into the capillaries or density chamber of the device. The
temperature during both the viscosity and density measure-
ments was controlled by the internal thermostat of the device.
FT-Raman spectra were recorded between 3500 cm ' and
50 cm~' on a Bruker Vertex 70 spectrometer with a Ram II
Raman module and a liquid-nitrogen-cooled germanium diode
detector. Each measurement consisted of 64 scans at a resolu-
tion of 2 cm ™" with a 1064.38 nm laser (Nd:YAG) at a power of
250 mW. Samples were measured inside 2 mL glass vials that
were filled inside the glovebox and subsequently closed with
airtight screw caps. All the electrochemical measurements were
performed inside an argon-filled glovebox with water and
oxygen concentrations below 1 ppm. Cyclic voltammograms
(CVs) and galvanostatic depositions were measured using an
Autolab PGSTAT302N potentiostat and Nova 2.1 software. The
working electrode for CV was a polished platinum disk elec-
trode (¢ = 0.5 mm), unless stated otherwise, the counter elec-
trode was magnesium metal ribbon (=99.5%, Sigma Aldrich)
and the scan rate was 50 mV s~ '. The reference electrode con-
sisted of a platinum wire, submerged in a solution of ferrocene
(Fc) and ferrocenium hexafluorophosphate (FcPFg) (5 mmol L™ *
each) in the ionic liquid N-butyl-N-methylpyrrolidinium bis(-
trifluoromethylsulfonyl)imide ([BMP][Tf,N]), contained inside
a fritted glass tube. For some other CV measurements and the
chronopotentiometry experiments, other working electrodes
were used, such as silicon wafers, coated with 100 nm platinum
or gold. The coated wafers were also used as substrate for the
galvanostatic depositions. The electrolytes were heated at 80 °C
in a copper block on a hotplate equipped with a thermocouple
for temperature control. Scanning electron microscopy (SEM)
was performed on an XL30 FEG scanning electron microscope.
Electrodepositions were made on gold- or platinum-coated
silicon wafers and were thoroughly rinsed with anhydrous
monoglyme and allowed to dry at ambient glovebox conditions
before they were attached to the SEM sample holder with
conductive carbon tape. Energy dispersive X-ray fluorescence
(EDX) analysis was performed in the same setup with TEAM
software. The acceleration voltage was 20 kV for both imaging
and EDX. X-ray diffraction patterns were recorded on a Seifert
3003 T/T X-ray diffractometer in a 26 range of 10°-90°, using
a Cu Ka X-ray source. The samples were rotated during the
measurement to ensure a consistent result. The reference codes
for assignment are 01-071-6543 for magnesium and 01-087-0642
for platinum.

Synthesis and characterization data of complexes

[Mg(G1);][Tf,N],. A mixture of Mg(Tf,N), (1.001 g, 1.712
mmol) and G1 (0.458 g, 5.082 mmol) was stirred in a closed
glass vial at 100 °C until complete dissolution of the solid. Upon
cooling, the mixture crystallized out to give [Mg(G1);][Tf,N],
(1.459 g, 1.710 mmol, 100% yield) as a colorless crystalline solid.
(FT-Raman shifts/cm'): 2968, 2865, 2739, 1480, 1453, 1357,

This journal is © The Royal Society of Chemistry 2020
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1334, 1284, 1244, 1140, 1094, 1019, 883, 826, 742, 593, 572, 553,
403, 341, 298, 279, 169, 122. Melting point: 92 °C.

[Mg(G2),][Tf,N],. A mixture of Mg(Tf,N), (1.008 g, 1.724
mmol) and G2 (0.460 g, 3.428 mmol) was stirred in a closed
glass vial at 160 °C until complete dissolution of the solid. Upon
cooling, the mixture crystallized out to give [Mg(G2),|[Tf,N],
(1.468 g, 1.721 mmol, 100% yield) as a colorless crystalline solid.
(FT-Raman shifts/cm™): 2968, 2912, 2861, 2796, 2754, 1482,
1453, 1401, 1353, 1335, 1281, 1244, 1206, 1128, 1108, 1062,
1025, 957, 891, 837, 794, 742, 632, 592, 572, 557, 399, 384, 341,
327, 314, 298, 279, 167, 122. Melting point: 155 °C.

[Mg(G3),][Tf,N],. A mixture of Mg(Tf,N), (1.005 g, 1.719
mmol) and G3 (0.611 g, 3.428 mmol) was stirred in a closed
glass vial at 100 °C until complete dissolution of the solid. Upon
cooling, the mixture crystallized out to give [Mg(G3),][Tf,N],
(1.616 g, 1.717 mmol, 100% yield) as a colorless crystalline solid.
(FT-Raman shifts/cm™!): 2964, 2911, 2850, 2792, 2765, 1477,
1451, 1404, 1354, 1336, 1305, 1281, 1267, 1244, 1199, 1139
1107, 1061, 1024, 926, 886, 845, 799, 742, 632, 592, 572, 553, 516,
399, 341, 327, 314, 298, 279, 167, 121. Melting point: 31 °C.
Dynamic viscosity (80 °C): 131 mPa s.

Results and discussion
Synthesis and physicochemical properties

The SILs were prepared by mixing Mg(Tf,N), with a stoichio-
metric amount of the ligands, monoglyme (G1), diglyme (G2)
and triglyme (G3), in a closed vessel and stirring under heating
until a homogeneous liquid was obtained. Upon cooling, the
mixtures crystallized as colorless solids. The structural
formulae of the anion and ligands can be found in Fig. 1.

The 1 : 1 mixtures were prepared in a similar way from the
pure SILs and TBACI. The melting points of the pure complexes
are given in Table 1, as well as the dynamic viscosity, density
and magnesium concentration of the complexes and mixtures
that were liquid at 80 °C. The melting points of [Mg(G1);][Tf,N],
and [Mg(G2),][Tf,N], were higher than the maximum opera-
tional temperature of the density/viscosity meter (90 °C), so

o) 0
N\ N
F.C \\O O// CF,

(@)

///O\\\///\\\O///

(b)
/O\/\O/\/O\
(©)
/O\/\O/\/O\/\O/
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Fig. 1 Structural formulas of the anion and ligands used in this work:
(a) bis(trifluoromethylsulfonyllimide (Tf,N7), (b) monoglyme (G1), (c)
diglyme (G2), and (d) triglyme (G3).
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these properties could not be determined in this case. The
mixtures of the SILs and TBACI did not exhibit a sharp transi-
tion from the solid to the liquid state, so a melting point could
not be reported. The detailed synthesis and characterization
data can be found in the Experimental section.

The melting points of [Mg(G1);][Tf,N], and [Mg(G2),][Tf,N],
are high, primarily due to the high charge density of the six-
coordinate solvated Mg(u) ions, which have a strong electro-
static attraction to the anions. In contrast, the melting point of
[Mg(G3),][Tf,N], is close to room temperature. Thermogravi-
metric analysis (TGA) of the complexes and ligands also shows
significantly different behavior of [Mg(G3),][Tf,N], compared to
[Mg(G1)3][Tf,N], and [Mg(G2),][Tf,N], (Fig. 2). The volatility of
the glymes is significantly less for the magnesium complexes
compared to the pure samples, in particular for [Mg(G2),]
[Tf,N], and [Mg(G3),][Tf,N],.

However, evaporation for [Mg(G3),][Tf,N], occurs at
a slightly higher rate than for [Mg(G2),][Tf,N],, which is oppo-
site to the trend expected from the chelate effect. These
different physicochemical properties of [Mg(G3),][Tf,N], can be
explained by a difference in its solvation structure. The solvate
structures of the SILs were further studied by Raman spectros-
copy and compared with previously reported literature data.
The speciation of Mg(u) ions in G1 has already been extensively
studied by Salama et al. using single crystal X-ray diffraction,
Raman spectroscopy and 'H and '*C nuclear magnetic reso-
nance spectroscopy.** The Mg(u) ions are completely encaged by
three G1 molecules resulting in a solvent separated ion pair
(SSIP) solvate structure. This can be observed in the compared
Raman spectra of [Mg(G1);][Tf,N],, pure G1 and pure Mg(Tf,N),
in the 900-720 cm ™" range (Fig. S1t). The bands at 822 and
850 cm !, which correspond to the coupled CH, rocking
(r(CH,)) and COC stretching (v(COC)) modes of uncoordinated
G1 molecules,> are completely absent in the spectrum of
[Mg(G1);3][Tf,N],. Instead, two new bands are observed around
883 and 869 cm ', shifted to higher wavenumbers, which
correspond to the same modes observed for glymes that are

100 '
— [Mg(G1),I[TE,N],
— [Mg(G2),I[Tf,N],

9 80 - — [Mg(G3),I[Tf,NL]

s |y o v N, 0000 =mEEE Pure G1
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S 60F v NN, e Pure G3 1

@

©
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g wp .
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Fig. 2 Dynamic TGA curves of [Mg(G1):][Tf,N],, [Mg(G2),][Tf,N], and
[Mg(G3),][Tf,NI; (full lines), and pure glymes (dashed lines), recorded at

a heating rate of 5 °C min~! under a N, atmosphere of 60 mL min~.
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coordinated to Mg(u) ions.* In the spectrum of [Mg(G1);]
[Tf,N],, another band is observed at 742 cm™', which corre-
sponds to the expansion-contraction mode of an uncoordi-
nated Tf,N ™ anion.” The slight shoulder in this band at higher
wavenumbers might be indicative for the minor presence of
contact ion pairs (CIPs). In comparison, this band is shifted
significantly towards higher wavenumbers for pure Mg(Tf,N),,
which is expected because the anions are the only species that
can coordinate to the Mg(u) cations. It is expected that [Mg(G2),]
[Tf,N], also has a SSIP solvate structure and the Mg(u) ions are
encaged by two G2 molecules resulting in a six-coordinate
[Mg(G2),]*" cation. This is supported by the compared Raman
spectra of [Mg(G2),][Tf,N], and pure G2 (Fig. 3).

The bands corresponding to uncoordinated G2 are located at
807 and 852 cm ' but are not present in the spectrum of
[Mg(G2),][Tf,N],. Furthermore, the expansion-contraction
band of Tf,N™ is located at 742 cm™ ', and is symmetric (no
shoulder), confirming the SSIP solvate structure for this SIL.*
Similarly, the SSIP structure is also observed for [Mg(G3),]
[Tf,N],, based on the Raman spectrum (Fig. S27). This is also
supported by the solvation study reported by Kimura et al.,
which suggests that magnesium salts completely dissociate to
form [Mg(G3),]** complex cations when dissolved in triglyme.*?
However, as opposed to sodium SILs, where the G3 ligands
adopt an eight-coordinate conformation around the sodium

' 2
C 1 [Mg(G2)IITEN], [
s 2 L
G |4 - L
c 1 1 ] 1 ] 1 Ll
£ i G | | cipus |
= . o
(u 1 1 1 ] 1 1 [
€ | oL L
m 1 1 1 1 ] 1 1

4 M
L L Nea )
i : E E \ pure i
Ll , !

900 870 840 810 780 750 720

Raman shift (cm™)

Fig. 3 Raman spectra of [Mg(G2),][Tf,N], (top), pure G2 (middle), and
Mg(T£oN), (bottom) in the range from 900 cm ™t to 720 cm™. The red
and blue dashed lines are a visual aid to show the bands corresponding
to coordinated and uncoordinated ligands/anions, respectively.
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Fig. 4 Cyclic voltammograms (first cycle) of [Mg(G1)s][TfoNI, : TBACL 1 : 1 (a), and [Mg(G3),][Tf,N], : TBACL 1 : 1 (b) at different cathodic vertex
potentials, recorded on a platinum disk working electrode at 80 °C. The counter electrode was magnesium, the reference electrode was Fc*/Fc
in [BMP][Tf,N], and the scan rate was 50 mV s*. The arrows indicate the scan direction.

cations, a six-coordinate octahedral conformation is observed

ligand is bidentate and the other one tetradentate. This intro-

for [Mg(G3),]*".2° In fact, an equilibrium occurs between a form duces more asymmetry in the crystal structure and decreases

where both G3 ligands are tridentate, and a form where one G3

This journal is © The Royal Society of Chemistry 2020

the average Mg-0 bond strength, which results in a significantly
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Fig. 5 SEM micrograph of an approx. 3 um thick Mg deposit from [Mg(G3),][Tf,NI, : TBACI1: 1 at —1.0 A dm~2 on a gold-coated silicon wafer
working electrode (a) and the EDX spectrum of this deposit, recorded at an acceleration voltage of 20 kV (b). (c) Depicts the XRD pattern of an
approx. 30 um thick magnesium layer deposited at —1.0 A dm™2 on a platinum-coated silicon wafer electrode. The reference codes for peak
assignment are 01-071-6543 for Mg and 01-087-0642 for Pt.
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lower melting point of [Mg(G3),][Tf,N], compared to the G1 and
G2 SILs and also a lower thermal stability. A schematic repre-
sentation of the SSIP solvate structure for the three SILs can be
found in the ESI (Fig. S3).t

Electrodeposition and stripping of magnesium

For the electrochemical characterization of the SIL electrolytes,
one mole equivalent of tetrabutylammonium chloride (TBACI)
was added as a source of chloride ions, in order to achieve
reversible magnesium deposition.*® This had the additional
benefit of lowering the viscosity of the electrolytes, while also
maintaining a high Mg(u) concentration (Table 1). The mixtures
of the SILs and TBACI were studied with cyclic voltammetry at
80 °C (Fig. 4).

Even though the melting point of pure [Mg(G1);][Tf,N], is
above 80 °C, the 1 : 1 mixture with TBACI is completely molten
at this temperature. The [Mg(G2),][Tf,N], mixture was not
completely liquid, even at temperatures above 100 °C and was
not studied further. In electrochemical experiments on
magnesium electrodeposition, it is common to use a magne-
sium wire as a pseudo-reference electrode.®'” However, since
magnesium easily forms insulating surface layers depending on
the electrolyte composition, its reference potential is not very
reliable when comparing different electrolytes, which can lead
to wrong conclusions. This can be observed in Fig. S4,7 where
both the deposition and stripping onsets are shifted towards
negative potentials vs. the Mg®*/Mg pseudo-reference electrode.
Instead, a real ferrocenium/ferrocene (Fc'/Fc) reference elec-
trode was used, where the reference solution (5 mM Fc'/Fc in
[BMP][Tf,N]) was separated from the electrolyte by a glass frit
(Fig. 4). In the negative scan direction, an abrupt negative
current density is observed at approx. —2.6 V or —2.7 Vvs. Fc'/Fc
for [Mg(G1);][Tf,N], : TBACI 1 : 1 and [Mg(G3),][Tf,N], : TBACI
1: 1, respectively. This reduction corresponds to the deposition
of magnesium metal, which is supported by the presence of
a nucleation loop. The deposition current densities are high
and do not reach a limiting value, owing to the high concen-
tration of Mg(u) ions in these electrolytes. In the reverse scan,
a stripping peak is observed, which consists of one relatively
sharp peak at lower potentials, and a second broader peak at
higher potentials. This unusual appearance of a double strip-
ping peak has, to our knowledge, not been reported before for
magnesium deposition. However, since the current density of
both parts of the peak scales similarly with the cathodic vertex,
they both seem to be related to the deposition process.

In order to further study the electrodeposition of magnesium
in these electrolytes, galvanostatic deposits were prepared using
gold- and platinum-coated silicon wafers as substrates. Fig. 5
shows a scanning electron micrograph of approx. 3 pm
magnesium deposits on a gold-coated wafer (a), the corre-
sponding energy-dispersive X-ray (EDX) spectrum (b) and the X-
ray diffraction (XRD) pattern of a 30 um deposit on a platinum-
coated silicon wafer (c). The high Mg(u) concentration of these
SIL-based electrolytes allowed to deposit at a high current
density of —1.0 A dm™?, which resulted in a rough plate-like
morphology with inconsistent thickness and incomplete

This journal is © The Royal Society of Chemistry 2020
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coverage of the substrate. In the EDX spectrum, the Ka line of
magnesium is clearly observed as the most prominent peak.
The peaks corresponding to the underlying gold and silicon
layers of the substrate are much less intense, indicating that the
deposit is thick. A minor peak corresponding to oxygen is also
observed because the deposit was exposed to air during sample
preparation, resulting in a thin surface layer of magnesium
oxide. For the XRD analysis, a much thicker 30 pm deposit was
required due to the intense signals associated with the under-
lying platinum layer at 39° and 68° 2¢. In the XRD pattern, the
most prominent peak associated with pure magnesium metal is
located at a 26 value of 34°.

Because a double stripping peak is unusual for magnesium
deposition, additional experiments were conducted on the
[Mg(G3),][Tf,N], : TBACI electrolytes in order to find an expla-
nation for this phenomenon. The possibility of alloy formation
was ruled out by measuring cyclic voltammograms on different
working electrodes, namely platinum, gold and magnesium
(Fig. S51). The double stripping feature was clearly present for
each working electrode material, even for pure magnesium
metal. As a second possibility, the influence of the chloride-to-
magnesium ratio was investigated. As speculated by Salama
et al., the presence of chloride ions can aid the magnesium
deposition and stripping process in multiple ways.*

Fig. 6a depicts cyclic voltammograms measured in the neat
SIL [Mg(G3),][Tf,N], and mixtures with TBACI in various ratios.
The deposition of magnesium metal starts around —2.6 V vs.
Fc'/Fc for all the electrolytes. For the neat SIL, the stripping
peak was only observed at a large overpotential, similarly to the
observations for dilute Mg(Tf,N),-G4 electrolytes.>® When
TBACI was added to the electrolytes, a second sharper peak at
more negative potentials appeared in the voltammograms.
Furthermore, as the ratio of TBACI to the SIL was increased, the
size of this peak significantly increased, both in width and
height. The broader part of the stripping peak was shifted to the
cathodic side until it almost disappeared for the [Mg(G3),]
[Tf,N], : TBACI 2:3 electrolyte. In the chronopotentiometry
experiments, the electrodeposition of magnesium occurs at
a constant potential of approx. —3.0 V vs. Fc'/Fc. When a posi-
tive current is applied on this deposit several anodic processes
are observed at different potential plateaus. For the neat
[Mg(G3),][Tf,N], electrolyte, the first plateau is observed around
—1.0 Vvs. Fc'/Fc, corresponding to the broad stripping peak at
large overpotential in the CVs. The second plateau is most likely
related to the anodic decomposition of the electrolyte, judging
from the highly positive potential (>+2.0 V vs. Fc'/Fc). As the
chloride concentration in the electrolytes is increased, the
overall stripping overpotential is decreased, and another
plateau is observed corresponding to the sharp part of the
stripping peak. These results strongly suggest that the stripping
of magnesium metal is governed by two competing reactions,
where the one at more negative potential involves chloride
anions. Clearly, the presence of chloride anions in these elec-
trolytes is essential to achieve efficient stripping of the depos-
ited magnesium layers, as it lowers the stripping overpotential,
but also significantly increases the reversibility of the magne-
sium deposition process, judging by the accompanying charge
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Fig. 6 (a) Cyclic voltammograms (first cycle) of [Mg(G3),][Tf,NI,-

: TBACL in various ratios, recorded on a platinum disk working elec-
trode at 80 °C. The counter electrode was magnesium, the reference
electrode was Fc*/Fc in [BMPI[Tf,N], and the scan rate was 50 mV s~ 2.
(b) Chronopotentiometry of the same [Mg(G3),][Tf,N], : TBACL
mixtures, recorded on a platinum-coated silicon wafer electrode
(approx. surface area = 0.002 dm~2). Magnesium was galvanostatic

deposited at —0.3 A dm™~2 for 300 s, followed by 300 s galvanostatic

stripping at +0.3 A dm™2.

vs. time plots (Fig. S6t). Probably, when the chloride concen-
tration is low, the magnesium deposit surface is quickly
passivated and decomposition of the electrolyte is observed
instead.

It is also worth to note that, in these electrolytes, the use of
a real Fc'/Fc reference electrode allowed us to determine that
the magnesium deposition potential is actually independent of
the chloride concentration of the electrolyte, whereas the
stripping peak onset potential is highly dependent on the
chloride concentration. When a magnesium pseudo-reference
electrode was used, a seemingly different result was found
(Fig. S71). Here, the magnesium deposition potential seemed so
shift strongly to more negative potentials as the chloride
concentration was decreased, while the onset of the stripping
peaks remained approximately at the same potential. This
result supports the hypothesis that the adsorption of chloride
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ions on the magnesium surface and/or the formation of
different complex species plays a major role in the magnesium
stripping mechanism.** However, further investigation of this
mechanism is beyond the scope of this work.

Conclusion

Three new magnesium-containing solvate ionic liquids,
[Mg(G1)3][Tf,N],, [Mg(G2),][Tf,N], and [Mg(G3),][Tf,N], are re-
ported. All three SILS adopt a solvent separated ion pair solvate
structure, as confirmed by Raman spectroscopy. When
[Mg(G1);3][Tf,N], and [Mg(G3),][Tf,N], are mixed with tetrabu-
tylammonium chloride, highly concentrated non-volatile elec-
trolytes are obtained that allow for electrodeposition and
stripping of magnesium metal at high current densities (>1.0 A
dm?). It was found that the presence of chloride anions has no
significant influence on the magnesium deposition process, but
plays an important role in the stripping process by decreasing
the stripping overpotential and increasing the reversibility.
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