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ABSTRACT: We present a promising electrolyte candidate,
Mg(TFSI)2 dissolved in glyme/diglyme, for future design of
advanced magnesium (Mg) batteries. This electrolyte shows high
anodic stability on an aluminum current collector and allows Mg
stripping at the Mg electrode and Mg deposition on the stainless
steel or the copper electrode. It is clearly shown that nondendritic
and agglomerated Mg secondary particles composed of ca. 50 nm
primary particles alleviating safety concern are formed in glyme/
diglyme with 0.3 M Mg(TFSI)2 at a high rate of 1C. Moreover, a
Mg(TFSI)2-based electrolyte presents the compatibility toward a
Chevrel phase Mo6S8, a radical polymer charged up to a high
voltage of 3.4 V versus Mg/Mg2+ and a carbon−sulfur composite
as cathodes.
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1. INTRODUCTION

The need for inexpensive and safe rechargeable batteries for
large-scale environmentally benign cells has intensified in recent
years, with the emergence of uses such as energy storage
systems for large-scale applications, electric vehicles, and
various types of portable electronic devices.1−4 Magnesium
batteries have recently gained recognition as a promising
candidate for next-generation battery systems, largely on the
basis of the high volumetric capacity, high specific capacity
(3832 mAh/cm3 and 2230 mAh/g), and low reduction
potential (−2.356 V versus standard hydrogen electrode) of
Mg metal and the natural abundance of Mg resources.5−13 The
development of magnesium electrolytes is considered the most
important challenge for the commercial application of
rechargeable magnesium (Mg) batteries because electrolyte
properties govern battery performance and determine the class
of cathodes utilized.11 It has been reported that the Mg
electrode shows highly reversible behavior and that Mg
batteries present superior cycling properties among a family
of electrolyte solutions based on organohaloaluminate Mg salts
in tetrahydrofuran (THF) developed by the Aurbach group.14

The tri(3,5-dimethylphenyl)borane (Mes3B)-(PhMgCl)2 elec-
trolyte, formed through the reaction of Mes3B and PhMgCl in
THF, was found to yield outstanding electrochemical perform-
ance for Mg/Mo6S8.

15 Very recently, it was reported that a
halide-free inorganic salt, magnesium borohydride Mg(BH4)2,

with LiBH4 showed unprecedented reversible Mg deposition
and stripping in dimethoxyethane (glyme) solvents.12 Mg
deposition and stripping are very difficult in most nonaqueous
organic electrolytes based on Mg(ClO4)2 because the surface
species that form on Mg electrodes are electronically insulating
(which leads to passivation of the electrode) and do not assist
the migration of Mg ions to the Mg electrode surface.16 It is
therefore very important to find suitable electrolytes for
rechargeable Mg batteries. To this end, reversible Mg
deposition and stripping, high ionic conductivity, and wide
electrochemical windows must be attained. In this regard, the
Aurbach group reported an inorganic magnesium salt solution
synthesized by the acid−base reaction of MgCl2 and Lewis
acidic compounds such as AlCl3. This electrolyte showed
upward of 99% Coulombic efficiency, low overpotential (<200
mV) for Mg deposition, and good anodic stability of 3.1 V Mg/
Mg2+.17 In addition, there is strong demand for the develop-
ment of electrolyte systems with low air/moisture sensitivity
and low volatility to ensure battery safety. The Liao group
presented a synthetic strategy to enhance the oxidation stability
of oxygenated species of modified Grignard reagents by
replacing phenolate with alkoxides while maintaining their
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favorable air/moisture stable features.18 Mg/Mo6S8 batteries in
complexes of alkoxide-based magnesium salts with the Lewis
acid AlCl3 at a ratio of 1:6 (AlCl3:ROMgCl) displayed good
cycling and rate performance at both 20 and 50 °C. the
electrochemical magnesiation and demagnesiation of an Mg2Sn
anode coupled with a Chevrel phase (Mo6S8) cathode were
reported for Mg(TFSI)2 dissolved in a highly volatile glyme
solvent with a low boiling temperature of 85 °C.19 The
Obrovac group reported the very interesting results that an
acetonitrile (AN) solvent reduces on the anode at a low voltage
of approximately −1.2 V versus Mg/Mg2+ at 60 °C.20

Herein, we propose a new class of electrolytes based on
magnesium(II) bis(trifluoromethane sulfonyl)imide (Mg[N-
(SO2CF3)2]2), Mg(TFSI)2) dissolved in glyme-based solvents
with unique characteristics such as a highly reduced corrosive
nature toward the current collector, a high anodic limit, low
volatility, high solvating power, and the ability to form an
appropriate solvation sheath structure for Mg stripping/
deposition. Because a high dielectric constant and low viscosity
usually cannot be integrated into a single solvent, a solvent
mixture, usually binary with one of the components selected for
solvating power and the other for viscosity, is used to formulate
the electrolytes for Li batteries. Similarly, an appropriate
electrolyte formulation for Mg batteries should be identified to
enhance ionic conductivity, the stabilization of electrodes, cell
performance, and safety. This approach is a simple and effective
way to allow reversible Mg stripping/deposition, which has not
been previously reported. Moreover, the unique properties of
glyme-based electrolytes in Mg/Mo6S8, Mg/poly(2,2,6,6-
tetramethyl-piperidinyl-1-oxy-4-yl methacrylate) (PTMA), and
Mg/CMK3-S cells are discussed.

2. EXPERIMENTAL SECTION
2.1. Materials. All tested electrolytes consisted of a magnesium

bis(trifluoromethane sulfonyl)imide (Mg(TFSI)2) (492 ppm of
moisture, Kishida Chemical Co. Ltd.) in tetrahydrofuran (THF, 24
ppm of moisture, Aldrich, anhydrous, 99.9%), dimethoxyethane
(glyme, 57 ppm of moisture, Aldrich, anhydrous, 99.9%), diethylene
glycol dimethyl ether (diglyme, 52 ppm of moisture, Aldrich,
anhydrous, 99.5%), triethylene glycol dimethyl ether (triglyme, 63
ppm of moisture, Aldrich, 99.0%), tetra(ethylene glycol dimethyl ether
(tetraglyme, 89 ppm of moisture, Aldrich, >99.0%) or binary solvent
mixtures (glyme/diglyme = 50/50 vol%). Solvents were used as
received. A solution of 0.5 M AlCl3 in THF (Aldrich, 99.9%) was
slowly added dropwise to a predetermined quantity of 2 M
phenylmagnesiumchloride (PhMgCl)/THF solution (Aldrich). The

resulting solution, 0.4 M (PhMgCl)2-AlCl3 in THF, was stirred for an
additional 16 h at room temperature.21 The bulk electrolyte used for
the electrochemical tests of Mg/PTMA and Mg/CMK3-S cells was 0.3
M magnesium bis(trifluoromethane sulfonyl)imide (Mg(TFSI)2)
dissolved in binary ether solvents of glyme/diglyme (1/1, v/v) (48
ppm of moisture). The effects of various solvents, such as acetonitrile
(AN, 5.7 ppm of moisture Aldrich, anhydrous, 99.8%), THF,
tetraglyme, triglyme, diglyme, and glyme on Mg stripping from the
Mg electrode were tested. All the solvents were purchased from
Aldrich. The chemical structure and physical properties of each solvent
are listed in Table 1.

2.2. Characterization. The attenuated total reflectance−Fourier
transform infrared (ATR-FTIR) spectra of the electrolytes were
recorded by reflectance measurements obtained using a Varian 670-IR
spectrometer with a spectral resolution of 4 cm−1 under a nitrogen
atmosphere. Scanning electron microscope (SEM; JEOL JSM-6700F)
images and EDS spectra of pristine and cycled Mg electrodes were
recorded using an FEI Nanonova 230 with a field emission gun and
energy-dispersive X-ray spectroscopy (EDS) detector. The cycled cells
were disassembled in an argon filled glovebox, and the Mg electrodes
retrieved from the disassembled cells were immersed in distilled THF
and shaken for 30 s to remove excess surface bound electrolyte, then
sealed in pouches for transport to the SEM. The galvanostatically
deposited Mg on a Cu electrode was characterized via X-ray diffraction
(XRD) operated from 2θ = 10−80° at a rate of 1 degree per minute
using monochromatic Cu Kά radiation. The ionic conductivity of the
electrolytes was measured using an Oakton CON 11 standard
conductivity meter at room temperature. The oxidative stability of
the electrolytes was evaluated in two-electrode coin cells using a
magnesium metal disc (thickness = 1000 μm, GoodFellow, 99.9%) as
the counter and reference electrodes and stainless steel (SS, SUS316L,
1.77 cm2) as the working electrode. Scanning electron microscope
(SEM; JEOL JSM-6700F) images and EDS spectra of pristine and
cycled Mg electrodes were recorded using an FEI Nanonova 230 with
a field emission gun and an energy-dispersive X-ray spectroscopy
(EDS) detector.

2.3. Electrochemical Tests. The anodic limits of the electrolytes
were determined by linear sweep voltammetry (LSV) using an
Iviumstat (Ivium Technologies, The Netherlands). We used 2-
electrode cells with SS as the working electrode and disc-type Mg
electrode as the reference and counter electrodes. The magnesium
electrodes were thoroughly polished three times with sandpaper to
remove the oxide layer of such species as MgO and/or Mg(OH)2, then
rinsed with dry THF distilled with a sodium-benzophenone complex
prior to use. The polished Mg electrodes were utilized within 5 s to
make cells in a glovebox used only for Mg batteries to minimize any
possible oxidation of the Mg surface (see Figure S1 in the Supporting
Information). For electrochemical tests of the Mg/Mg and Mg/Cu
cells, coin-type cells with a Mg (or Cu) working electrode and a Mg
metal counter electrode were assembled in an argon filled glovebox

Table 1. Physical Properties of Cyclic and Linear Ether Solvents

aAcetonitrile. bTetrahydrofuran. cDimethoxy ethane. dDiethyleneglycol dimethyl ether. eTriethyleneglycol dimethyl ether. fTetraethyleneglycol
dimethyl ether.
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with less than 1 ppm of both oxygen and moisture. The cycling
experiments for Mg/Cu (2016 coin-type) and Mg/Mg (2032 coin-
type) cells were galvanostatically conducted using a computer-
controlled battery measurement system (WonATech WBCS 3000).
The Mo6S8 cathode material was synthesized according to a procedure
reported in the literature.22 The Mo6S8 composite cathode was
prepared by casting and pressing a 7:2:1 weight-ratio mixture of
Mo6S8, super-P carbon powder, and poly(vinylidene fluoride) (PVDF)
binder on a SS foil. Poly(2,2,6,6-tetramethyl-piperidinyloxy-4-yl
methacrylate) (PTMA) cathode material was synthesized according
to a procedure reported in the literature.23 The PTMA composite
cathode was prepared by casting and pressing a 4:5:1 weight-ratio
mixture of PTMA, super-P carbon, and PVDF binder on aluminum
(Al) foil. The CMK-3/sulfur (S) nanocomposite was prepared
following a melt-diffusion strategy.24 The cathodes were composed
of a 70 wt % CMK-3/S composite, 20 wt % super-P carbon, and 10 wt
% PVDF binder. The cathode was slurry-cast onto an aluminum
current collector. A coin-type cell (2032) was used for full-cell tests,
and microporous polyethylene film was used as a separator.

3. RESULTS AND DISCUSSION

3.1. Oxidation Stability of Mg(TFSI)2-Based Electro-
lytes. The solvation of Mg2+ ions via ion-dipole interaction can
be improved by the use of glymes with oxygen atoms showing
high electron donicity. To clarify the influence of a family of
glyme-based solvents on coordination with Mg2+ ions, Fourier-
transform infrared (FT-IR) analyses were performed. If an
interaction occurs in a material, a peak corresponding to a
specific functional group in the FT-IR spectrum shifts toward
either a higher or lower wavenumber, or a new peak (or
shoulder) appears in the spectrum. Figure 1a shows a clear

disparity between pure diglyme solvent and diglyme with
Mg(TFSI)2 salt in the frequency regions characteristic of C−
O−C and C−C coupled with C−O stretching. A new peak at
1080 cm−1 in the C−O−C region was produced by the
addition of Mg(TFSI)2 salt to a diglyme solvent, and the peak
intensity gradually increased as a function of salt concentration
(Figure 1a). This result is persuasive evidence that diglyme with
a high donor number of 19.5 kcal/mol solvates Mg2+ ions
sufficiently to prevent ion pairing (inset of Figure 1a, Table 1).
A pronounced new peak in the frequency region, which is
characteristic of C−C stretching vibration coupled with the C−
O stretching of a diglyme solvent, appeared at 1041 cm−1 due
to the introduction of Mg(TFSI)2 salt. This result implies that
the ion-dipole interaction between the ether moiety and the
Mg2+ ions affects the C−C stretching vibration mode. The
characteristic band of the CH2 rocking vibration coupled with
C−O stretching is located at 852 cm−1. In this region, a new
shoulder peak, which arises from coordination between the C−
O group and the Mg2+ ions, is clearly seen at 874 cm−1.
Although glyme has a 24 kcal/mol higher donor number than
diglyme, as shown in Table 1, Mg(TFSI)2 salt in a
concentration exceeding 0.1 M does not easily dissolve in the
glyme solvent. Figure 1b shows that Mg(TFSI)2 partially breaks
up into charged ions in glyme; its solution is consequently
semitransparent. Moreover, two separated layers were observed
in a 0.3 M solution of Mg(TFSI)2 in glyme. This result
indicates that the organic solvent should not only have high
solvating power but should also form a stable solvation sheath
structure based on ion-dipole interaction to dissociate the
highly concentrated Mg salt. Similarly, Mg(TFSI)2 salt in a

Figure 1. (a) FT-IR spectra of diglyme solvent, 0.1, 0.3, and 0.5 M Mg(TFSI)2 dissolved in diglyme, and Mg(TFSI)2 salt. The inset shows a
schematic drawing of the ion-dipole interaction between Mg2+ ions and diglyme solvent. (b) Photo showing the solubility limit of Mg(TFSI)2 in
glyme or glyme/diglyme mixed solvent: (A) pure glyme, (B) glyme with 0.1 M Mg(TFSI)2, (C) glyme with 0.3 M Mg(TFSI)2,(D) glyme/diglyme
with 0.3 M Mg(TFSI)2 at room temperature. (c) Linear sweep voltammetry of various electrolytes and solvents. Stainless steel (SS) or aluminum
(Al) was used as a working electrode, and the scanning rate was 20 mV/s. (d) Linear sweep voltammetry (LSV) of LiTFSI and Mg(TFSI)2 in
glyme/diglyme (1/1, v/v) on an Al electrode at a scan rate of 20 mV/s. The potential scan was initially conducted in the anodic direction from open
circuit voltage (OCV → 5.5 V vs Mg). LSV data obtained from 0.3 M LiTFSI in glyme/diglyme (1/1, v/v) were corrected as −0.6 V. The voltage of
Mg electrode versus Li or SHE is shown in Figure S3 in the Supporting Information.
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concentration exceeding 0.1 M did not dissolve in the THF
solvent. A new peak at 875 cm−1 in the C−O−C region was
produced by the addition of Mg(TFSI)2 salt to THF, and the
peak intensity increased slightly as a function of salt
concentration (see Figure S2a in the Supporting Information).
This result is likely because of the low dissociation degree of
Mg(TFSI)2 salt in THF. Indeed, in the case of THF-based
electrolytes, the peak corresponding to Mg(TFSI)2 salt, which
was not observed in diglyme/0.3 M Mg(TFSI)2 electrolyte,
appeared at approximately 1630 cm−1 (see Figure S2b in the
Supporting Information).
Figure 1c presents typical linear sweep voltammetry (LSV)

curves for various electrolytes and solvents. Stainless steel (SS),
an important component in testing coin cells, was used as a
working electrode. A solution of 0.4 M (PhMgCl)2-AlCl3/THF,
which is the magnesium organohaloaluminate electrolyte,
displays an electrochemical stability window of up to 2.5 V
versus a Mg reference electrode on a SS working electrode. The
oxidative stability of electrolytes based on ether solvents and
Mg(TFSI)2 on an SS working electrode was investigated.
Interestingly, Mg(TFSI)2 dissolved in diglyme or glyme/
diglyme showed no appreciable anodic current up to 3.0 V
and a slight increase of the anodic current at approximately 3.0
V on a SS electrode (Figure 1c, d). The LSV result of glyme/
diglyme with 0.3 and 1.0 M Mg(TFSI)2 on an aluminum (Al)
working electrode suggests that the oxidation current attributed
to Al corrosion was not induced up to 2.5 V versus Mg/Mg2+.
Although the anodic current began to increase at 3.0 V, there
was no significant current even at 4.0 V (Figure 1c,d).
However, after increasing the anodic current at 1.5 V versus
Mg/Mg2+, 0.3 M LiTFSI in glyme/diglyme (1/1, v/v) exhibited
a steadily increasing oxidation current and eventually produced
considerable current on an Al electrode (Figure 1d). This result
indicates that the extent of Al corrosion is greatly reduced in
Mg(TFSI)2-based electrolytes compared with the LiTFSI-based
electrolyte. Very recently, the Balducci group proposed that
Al(TFSI)3 formed by the reaction of the Al surface with TFSI
anions is minimally soluble in TFSI-based ionic liquid, and
thereby the Al corrosion was profoundly suppressed.25 If Al-
TFSI complexes are readily soluble in the electrolyte, severe Al
corrosion should take place continuously. The importance of
the solubility of Al-TFSI complexes in the electrolyte appears to
be a very rational explanation. The formed Al(TFSI)3 may be
minimally soluble in Mg(TFSI)-based electrolyte and act as a
passivation layer mitigating the Al corrosion. At the same salt
concentration, the concentration of TFSI anions generated
from Mg(TFSI)2 is twice as high as with LiTFSI in the
electrolyte. This high charge carrier concentration in the
Mg(TFSI)2-containing electrolyte will reduce the solubility of
Al-TFSI complexes, and thereby the Al corrosion will be
mitigated even in the presence of TFSI anions. This speculation
is reasonable because Mg(TFSI)2 salt in a concentration
exceeding 1.0 M does not dissolve in glyme/diglyme, as shown
in Table 2.
It should be noted that Al is not stable beyond 1.2 V with

Mg(AlCl2EtBu)2/THF and AlCl3-(PhMgCl)2/THF electro-
lytes.15 Similarly, the 0.4 M (PhMgCl)2-AlCl3/THF electrolyte
began to oxidize at a low voltage of 1.0 V (Figure 1c). the
Aurbach group reported that the use of carbonaceous current
collectors leads to impressively prolonged cycling of Mg/Mo6S8
cells with the second generation electrolyte Mg organo-
haloaluminate complex.6 Mg(TFSI)2/glyme/diglyme conven-
tional electrolytes can potentially be good candidates, which

would make the use of commercial current collectors such as Al
and SS possible. Pure glyme and diglyme solvents did not
generate anodic current on the SS working electrode, as shown
in Figure 1c, most likely because the passivation layer formed
on an SS working electrode by the anodic reactions of a pure
solvent without salt makes further anodic decomposition more
difficult. We speculate that the inherent thermodynamic anodic
instability of Mg salt in the electrolyte solution does not
produce a suitable passivation layer to inhibit the oxidative
decomposition of the electrolyte.26 A solution of 0.3 M
Mg(TFSI)2 in glyme/diglyme (1/1, v/v) showed potential
stability up to 4.0 V at a low scan rate of 0.2 mV/s, which was
applied to exclude the effects of polarization resistance on the
anodic limit (Figure 2). This preliminary evidence suggests that

Mg(TFSI)2 dissolved in ether-based solvents lessens the
corrosion nature of an electrolyte and would enable
rechargeable magnesium batteries to be operated over 2 V
versus Mg/Mg2+. To understand the effects of solvent species
on Mg stripping/deposition, we investigated the potential
behaviors of various solvents with 0.1 M Mg(TFSI)2.
It is worth pointing out that a freshly prepared Mg electrode

is covered by an insulating oxide layer such as MgO and/or
Mg(OH)2.

6 This oxide layer will lead to voltage delay for the
first Mg stripping from the Mg electrode.

3.2. Mg Stripping and Deposition in Mg(TFSI)2-Based
Electrolytes. Figure 3a presents the voltage profiles for Mg/
Cu cells for the current density of 0.081 mA/cm2

(corresponding capacity = 3.25 mAh/cm2). Interestingly, the

Table 2. Ionic Conductivities of Electrolytes

solvents salt ion conductivity (S cm−1)

glyme 0.1 M
Mg(TFSI)2

0.54 × 10−3

diglyme 0.3 M
Mg(TFSI)2

2.52 × 10−3

glyme/diglyme
(1/1, v/v)

0.1 M
Mg(TFSI)2

0.58 × 10−3

glyme/diglyme
(1/1, v/v)

0.3 M
Mg(TFSI)2

3.03 × 10−3

glyme/diglyme
(1/1, v/v)

0.5 M
Mg(TFSI)2

5.22 × 10−3

glyme/diglyme
(1/1, v/v)

1.0 M
Mg(TFSI)2

4.31 × 10−3

glyme/diglyme
(1/1, v/v)

1.3 M
Mg(TFSI)2

not measurable because of the
insolubility of salt

dichloro complex solutions,6 which
are the products of the reaction
between 1 equiv. of Bu2Mg with 2
equiv. of EtAlCl2

1−1.4 × 10−3

Figure 2. Linear sweep voltammetry of glyme/diglyme (1/1, v/v) with
0.3 M Mg(TFSI)2 on a SS electrode at different scan rates.
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acetonitrile (AN) solvent exhibited an initial steep over-
potential, indicating very difficult initiation of Mg stripping/
deposition, and the potential was significantly decreased to −10
V during the further cathodic direction scan. This result is in
good agreement with a previous finding that AN reductive
decomposition occurs instead of Mg stripping/deposition at
low negative voltages.20

Note that the cyclic ether solvent THF with 0.1 M
Mg(TFSI)2 showed a greatly reduced potential barrier for Mg
stripping/deposition during the first cathodic scan compared to
the AN solvent (Figure 3a), but an overpotential of
approximately 1 V did not disappear during the further
cathodic scan. A greater overpotential of Mg/Cu cells was
observed in 0.1 M Mg(TFSI)2 in glyme at the initial stages of
the first cathodic scan, and the potential thereafter shifted
toward −13 mV (Figure 3a). This result indicates that glyme/
0.1 M Mg(TFSI)2 eliminates the oxide layer on the Mg

electrode at the beginning of the cathodic scan, and therefore
Mg stripping from the Mg electrode and Mg deposition at the
Cu electrode readily take place in a glyme solvent. Never-
theless, a large overpotential was still observed for 2 h. To
enhance the practical application of the electrolytes and reduce
overpotential for the first Mg stripping/deposition during first
cathodic scan, weconsidered a diglyme solvent with a high
boiling temperature of 162 °C and a high donor number (D.N.
= 19.5 kcal/mol), indicating high solvating power toward Mg.
Similarly, a large overpotential was apparent at the beginning

of the first Mg stripping from the Mg electrode in diglyme with
0.1 M Mg(TFSI)2. The overpotential then almost disappeared
after only 10 min, and a potential of around −15 mV, indicating
very low ohmic resistance for Mg stripping from the Mg
electrode and Mg deposition at the Cu electrode, was
maintained at the end of the first cathodic direction scan.
The voltage delay region of diglyme (DN=19.5 kcal/mol)/0.1

Figure 3. (a) Relation between the initial overpotential of Mg/Cu cells and electrolytes with 0.1 M Mg(TFSI)2 for the current density of 0.0188
mA/cm2. (b) Voltage profiles of a Mg/SS cell in glyme/diglyme (1/1, v/v) with 0.3 M Mg(TFSI)2 for a fixed charge amount of 23.4 coulomb/cm2

(0.325 mA/cm2). (c) Voltage profiles of a SS/Mg/Mg cell (three-electrode cell) with 0.3 M Mg(TFSI)2 in glyme/diglyme (1/1, v/v) at 30 °C. W,
working electrode; C, counter electrode; R, reference electrode. (d) Cyclic voltammetry showing Mg deposition/stripping on a SS electrode in 0.3 M
Mg(TFSI)2 in glyme/diglyme (1/1, v/v) at a scan rate of 0.2 mV/s. (e) Initial potential drop of Mg/Cu cells in 0.4 M (PhMgCl)2-AlCl3/THF (blue
line) or glyme/diglyme (1/1, v/v) with 0.3 M Mg(TFSI)2 (red line) for the current density of 0.1625 mA/cm2. The inset shows a schematic
illustration of Mg stripping by diglyme forming a stable solvation sheath. (f) Rate capability of Mg/Mg cells with 0.3 M Mg(TFSI)2 in glyme/
diglyme (1/1, v/v) (red line) or diglyme (dashed black line) for current densities of 0.25, 0.375, 0.75, and 1.5 mA/cm2. The inset displays potential
profiles for the current densities of 0.75 and 1.5 mA/cm2.
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M Mg(TFSI)2 was shorter than for glyme (DN = 24.0 kcal/
mol)/0.1 M Mg(TFSI)2 during the first Mg stripping/
deposition. In the case of triglyme and tetraglyme solvents,
which have long ether chains, an extremely large overpotential
appeared, as seen in Figure 3a. This result is likely because the
solvating power of tetraglyme (D.N. = 16.6 kcal/mol) is not
sufficient to remove the oxide layer on the initial surface of Mg
electrode under an electric field (Table 1).27 Indeed, the
introduction of a glyme solvent could slightly improve the ionic
conductivity of an electrolyte (Table 2). therefore, a glyme/
diglyme (1/1, v/v) mixture was considered as a solvent for an
electrolyte. Note that 0.3 M Mg(TFSI)2 in a glyme/diglyme
mixed solvent exhibited the lowest potential barrier at the
beginning of the first cathodic scan (Figure 4a). A salt
concentration of 0.5 M in a glyme/diglyme mixed solvent led to
a large potential drop between the two Mg electrodes, and this

overpotential increased with an increase in the applied current
from 0.0188 mA/cm2 to 0.0375 mA/cm2 (corresponding
capacity = 0.75 mAh/cm2) (Figure 4b). Although 0.5 M
Mg(TFSI)2 in glyme/diglyme has a high ionic conductivity of
5.22 × 10−3 S/cm (Table 2), high potential barriers and
unstable potential profiles for the Mg stripping and deposition
processes were observed during cycling. This result suggests
that most solvents contribute to the dissociation of 0.5 M
Mg(TFSI)2, the fraction of free solvent, which can dissociate.
The more ions that exist in the electrolyte, the higher the ionic
conductivity. However, after the highest ionic conductivity is
reached at 0.5 M Mg(TFSI)2 in glyme/diglyme, the ionic
conductivity drops. This result is likely because of the presence
of undissociated salt retarding the movement of free ions in the
electrolyte and the increase in electrolyte viscosity with
increasing Mg(TFSI)2 concentration. During the first cathodic
direction scan, Mg deposition occurred on the SS electrode,
while Mg was stripped from the Mg counter electrode (Figure
3b).
A solution of 0.3 M Mg(TFSI)2 in glyme/diglyme showed an

overpotential of approximately −2.0 V versus Mg/Mg2+, which
is similar to glyme and diglyme-based electrolytes, and then
rapidly increased to approximately −10 mV (Figure 3b and
Figure 4c). This result indicates that the activation process is
required for Mg stripping from the Mg electrode and Mg
deposition on the Cu electrode in 0.3 M Mg(TFSI)2 dissolved
in a glyme/diglyme mixed solvent. This potential drop
disappeared after 42 min (Figure 4c). It is clearly seen that
many holes on the surface of the Mg electrode were produced
during the first cathodic scan, and their morphology was quite
similar to the holes obtained from THF, glyme, diglyme, and
glyme/diglyme-based electrolytes (Figure 5, see Figure S4 in
the Supporting Information). After the first cathodic direction
scan (Mg deposition of 23.4 Coulomb/cm2, current density =
0.325 mA/cm2), Mg stripping of 22.5 Coulomb/cm2 took place
from the Mg deposits on the SS electrode, while Mg was
deposited on the Mg counter electrode (Figure 3b). High
Coulombic efficiency of 96.1% was achieved for the initial Mg
deposition/stripping process. No large overpotential for Mg
stripping from the Mg deposits on the SS electrode was
observed. This result appears to be caused by the different
morphology between the deposited Mg particles and the
pristine Mg metal. To confirm the origin of the initial
overpotential of Figure 3b, the voltage curves of a three-
electrode cell with a SS working electrode, a Mg reference
electrode, and a Mg counter electrodes were monitored (Figure
3c). It can be clearly seen that the overpotential for the first Mg
stripping from the Mg electrode was much higher than for the
Mg deposition on a SS electrode. This result indicates that the
initial overpotential can be largely ascribed to the overpotential
for Mg stripping. Although no Mg deposition/stripping
occurred during the first scan, highly reversible Mg
deposition/stripping were observed during the second scan
(Figure 3d). In the second negative scan, a reduction peak
appeared at −0.4 V, which is attributed to Mg deposition on
the SS electrode. During the following positive scan, an
oxidation peak corresponding to Mg stripping was observed at
0.5 V. After a slight increase in the anodic current at 2.9 V in
glyme/diglyme with 0.3 M Mg(TFSI)2, the current decreased
at around 4.2 V without appreciable oxidation current. In the
third scan, there was no further improvement for Mg
deposition/stripping (see Figure S5 in the Supporting
Information). The 0.4 M (PhMgCl)2-AlCl3/THF electrolyte

Figure 4. (a) Overpotential profiles of Mg/Mg cells in glyme/diglyme
(1/1, v/v) with various Mg(TFSI)2 concentrations, (b) galvanostatic
cycling of Mg/Mg cells at a rate of C/20 after the first cycle at C/40,
and (c) enlarged region showing the initial overpotential of a Mg/Cu
cell in glyme/diglyme (1/1, v/v) with 0.3 M Mg(TFSI)2 at a rate of
C/20. A current density of 0.0188 mA/cm2 (corresponding to a rate of
C/40) was applied to the Mg/Mg and Mg/Cu cells.
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exhibited a relatively low initial potential drop of −0.354 V
during the first Mg stripping compared to 0.3 M Mg(TFSI)2 in

glyme/diglyme (initial overpotential ≈ −2.0 V) (Figure 3e and
Figures S6c and S7a in the Supporting Information). The ICP

Figure 5. SEM images and EDS spectra for Mg electrodes after first Mg stripping (corresponding capacity = 3.25 mAh/cm2) in 0.1 M Mg(TFSI)2
dissolved in glyme/diglyme (1/1, v/v). (a, b) The SEM images reveal that all Mg electrodes after the first Mg stripping (3.25 mAh/cm2) at a rate of
C/40 had nonuniform micropores, and their surface morphology was analogous. (c) Importantly, only a pronounced Mg signal for all Mg electrodes
was detected without other elements (C and O), which can be produced by electrolyte decomposition.

Figure 6. (a) SEM image of pristine Mg electrode. (b) SEM image of Mg electrode after first Mg deposition at a rate of 1C (3.25 mA/cm2). The
SEM images reveal that nondendritic Mg deposits are formed on the Mg electrode surface even at a high rate of 1C (3.25 mA/cm2). (c) SEM image
of a selected zone A of b. The inset shows the EDS spectrum of Mg deposits without the signal from the electrolyte decomposition. (d) XRD pattern
of the galvanostatic deposition of Mg on a Cu electrode at a rate of C/5 (1.3 mA/cm2) in glyme/diglyme (1/1, v/v) with 0.3 M Mg(TFSI)2. (e)
SEM image of Mg deposits on a Cu electrode. (f) Magnified SEM image of e.
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result reveals that 665 ppm of Mg from MgO is dissolved in 0.4
M (PhMgCl)2-AlCl3/THF electrolyte for 1 h. This result
implies that the 0.4 M (PhMgCl)2-AlCl3/THF electrolyte
readily removes the surface oxide layer from the Mg electrode
because of its superior ability to dissolve an oxide layer and
effectively initiates the Mg stripping/deposition.
Clearly, once Mg dissolution from the Mg electrode is

initiated, further Mg stripping at the Mg electrode and Mg
deposition at the Cu electrode readily take place without a
significant potential barrier. After this activation process, no
large overpotential in diglyme with 0.1 M Mg(TFSI)2 appeared
again during cycling (see Figure S7b in the Supporting
Information). The potential change for Mg stripping and
deposition in Mg/Mg symmetrical cells with 0.3 M Mg(TFSI)2
dissolved in diglyme or a glyme/diglyme mixture was
investigated for various current densities of 0.25, 0.375, 0.75,
and 1.5 mA/cm2.

Stable potential profiles between the two Mg electrodes were
clearly observed in the subsequent cycling for current densities
of 0.25 mA/cm2 and 0.375 mA/cm2, and the corresponding
overpotential profiles increased slightly with increasing current
density (Figure 4f). By contrast, diglyme with 0.3 M
Mg(TFSI)2 showed a high potential barrier and led to a
significant increase in the overpotential (i.e., ΔV) with
increasing current density. This result is in agreement with
Table 2, which shows the effect of solvent species on ionic
conductivities. From the rate capability results and solubility
tests of Mg salt, it is believed that Mg(TFSI)2 is primarily
dissociated by diglyme and that glyme is entirely responsible for
providing a low viscous conduction medium in glyme/diglyme-
based electrolytes.

3.3. Mg Crystal Formed in Mg(TFSI)2-Based Electro-
lytes. Figures 6b, c and 7a, b show SEM images of
nondendritic Mg deposits on a Mg electrode obtained at

Figure 7. (a) SEM image of the Mg electrode after first cathodic scan at the current density of 0.163 mA/cm2 (corresponding capacity = 3.25 mAh/
cm2). (b) SEM image of the Mg electrode after first cathodic scan at the current density of 0.65 mA/cm2 (corresponding capacity = 3.25 mAh/cm2).

Figure 8. (a) First discharge and charge curves of the Mg/Mo6S8 cell at a rate of C/50 between 0.3 and 1.75 V. The left plot displays that a very low
rate of C/500 was applied to cells during 5 h of the first discharge and was then increased to C/50. (b) Cycling performance of the Mg/Mo6S8 cell at
a rate of C/30. (c) Discharge and charge profiles of the Mg/Mo6S8 cell at a rate of C/30 between 0.5 and 1.75 V. (d) Cycling property of the Mg/
Mo6S8 cell after the first 2 cycles at C/30 and C/20.
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0.163, 0.65, and 3.25 mA/cm2. This result agrees well with
previous results.7 Nondendritic Mg deposits were formed in
glyme/diglyme with 0.3 M Mg(TFSI)2, even at a high current
density of 3.25 mA/cm2 (Figure 6b, c). It is notable that
agglomerated Mg secondary particles composed of approx-
imately 50 nm primary particles were observed on the
electrochemically deposited Mg particles obtained from
glyme/diglyme with 0.3 M Mg(TFSI)2, as shown in the
magnified SEM image (Figure 6c, f). The nanosized
agglomerated morphology produces relatively high surface
area on the Mg electrodes, and this appears to result in high
electrochemical activity (low polarization) for Mg stripping.
This morphology is further supported by the broader XRD
peaks (larger fwhm) of the electrochemically deposited Mg on
a Cu electrode relative to the peaks of the pristine Mg metal
(Figure 6d, e). Moreover, only elemental Mg was observed in
the deposited Mg particles, as shown in the EDS spectrum
(inset of Figure 6c), indicating that no electrolyte decom-
position occurs during Mg deposition on the Mg electrode.
3.4. Battery Performance in Mg(TFSI)2-Based Electro-

lytes. To demonstrate that glyme/diglyme with 0.3 M
Mg(TFSI)2 allows magnesiation/demagnesiation of Mo6S8 in
a Mg-ion battery, the cycling properties of Mg/Mo6S8 cells
were investigated, as shown in Figure 8a. The first discharge
and charge capacities of a Mg/Mo6S8 cell (the theoretical
capacity of Mo6S8 is 128.8 mAh/g) with glyme/diglyme/0.3 M
Mg(TFSI)2 were 132 mAh/g and 125 mAh/g, respectively
(Figure 8a). The excellent Mg extraction capacity of 125 mAh/
g is ascribed to its slow C rate, providing sufficient
demagnesiation of Mo6S8. A Mg/Mo6S8 cell with glyme/
diglyme/0.3 M Mg(TFSI)2 delivers a reversible capacity of ca.
97 mAh/g at the second cycle (Figure 8b). Moreover,
reversible cycling performance was shown in the glyme/
diglyme/0.3 M Mg(TFSI)2 electrolyte during further cycling at
a rate of C/30 (Figure 8c). Nevertheless, the gradual capacity

fading that accompanies each charge and discharge is displayed
at a rate of C/20, as shown in Figure 8b. This behavior is most
likely because the sluggish kinetics of the glyme/diglyme/0.3 M
Mg(TFSI)2 electrolyte impedes the Mg insertion into the inner
site of Mo6S8 at approximately 1.0 V vs Mg/Mg2+.
To confirm the oxidative stability of 0.3 M Mg(TFSI)2 in

glyme/diglyme at a high voltage cathode, galvanostatic cycling
for a Mg/PTMA (theoretical capacity = 111 mAh/g) cell was
performed, as presented in Figure 9a.28 To overcome the initial
potential barrier for Mg stripping at the Mg anode, the
discharge process was conducted at a low rate of C/50. The cell
showed capacities of 69.4 mAh/g and 37.6 mAh/g for the first
charge and discharge processes (Figure 9a,b), respectively. In
addition, when the Mg/Al cell was charged to 3.4 V, discernible
charge and discharge capacities were not observed. This result
indicates that there is no corrosion of the Al current collector in
0.3 M Mg(TFSI)2 in glyme/diglyme. Very recently, a significant
advancement in the research on Mg battery electrolytes was
shown by the Toyota research group.13 They reported that
hexamethyl-disilazane magnesium chloride was compatible with
a Mg/sulfur (S) cell. A solution of 0.3 M Mg(TFSI)2 in glyme/
diglyme was used as an electrolyte to investigate its
compatibility with a S cathode. To overcome the initial
overpotential for the initiation of Mg stripping in Mg/CMK3-S
cells, a very slow rate of C/200 was applied to the cells for 5 h
of the first discharge. The applied rate was then increased to C/
100 at the first discharge, and the rate for the first charge was
C/10 (Figure 9c). The Mg/CMK3-S cell with 0.3 M
Mg(TFSI)2 in glyme/diglyme exhibited a discharge capacity
of 500 mAh g−1 and a potential plateau of 0.2 V. This result
indicates that magnesium sulfide (MgS) is reversibly formed,
which is supported by the XRD results. Figure S8 in the
Supporting Information shows that a peak corresponding to
MgS was formed at the first discharge, and its peak intensity
was slightly reduced after the first charge. It should be noted

Figure 9. (a) First charge (Mg plating on a Mg anode) and discharge (Mg stripping from a Mg anode) curves of Mg/PTMA and Mg/aluminum
cells, (b) Schematic of electrochemical oxidation and reduction of the PTMA cathode in an Mg/PTMA cell, (c) First discharge and charge of an
Mg/CMK3-S cell, and (d) galvanostatic cycling of an Mg/CMK3-S cell from 1 to 4 cycles at a rate of C/50 after activation cycles.
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that the well-resolved peaks corresponding to bulk crystalline
sulfur completely disappear after sulfur is impregnated in CMK-
3.29 Although the electrochemical conversion of sulfur to MgS
in a Mg/CMK3-S cell takes place successfully in 0.3 M
Mg(TFSI)2 in glyme/diglyme, the shuttle process, mainly by
the dissolution of long chain polysulfide anions (Sn

2−) into the
electrolyte, was not completely eliminated (Figure 9d).
Although some electrolytes such as magnesium organo-
haloaluminate with a formula of Mg(AlCl2BuEt)2 have shown
impressive electrochemical properties in Mg batteries coupled
with Chevrel phase Mo6S8 insertion cathodes, they were found
to be corrosive toward the current collectors and showed low
anionic stability against high voltage. A high energy density in
Mg batteries can be achieved by increasing the discharge
capacity of the cathode or by augmenting the working potential
of the cathode materials. Hence, the discovery of Mg
electrolytes with a wide electrochemical stability is vital for
achieving a rechargeable Mg battery with high energy density.
Glyme/digylme with Mg(TFSI)2 showed superior anodic
stability, a highly reduced corrosive nature toward SS and Al
electrodes, and excellent compatibility with high voltage
cathodes, PTMA, and CMK-3/S composite. Surprisingly, Mg
has been successfully deposited from glyme/diglyme/Mg-
(TFSI)2 without an ion-blocking layer, indicating that electro-
lyte decomposition did not occur on the Mg electrode (inset of
Figure 6c: EDS spectrum of Mg deposits). Furthermore, the
excellent oxidation durability of glyme/diglyme/Mg(TFSI)2 is
expected to stimulate the development of high voltage cathodes
of more than 2.0 V versus Mg/Mg2+. Although the electro-
chemical oxidation and reduction of a high voltage PTMA
cathode occurs in glyme/digylme with Mg(TFSI)2, capacity
fading appeared at the second cycle because of the partial
solubility of PTMA in the electrolyte.
This challenge could be overcome by reducing the solubility

of the molecular architecture of the electrochemically active
radical polymer in the electrolytes. The inset of Figure 9d
presents the excellent discharge capacity retention of a Mg/
CMK3-S cell from the first to fourth cycles at a rate of C/50
after activation cycling. However, the charge and discharge
curves of Figure 9d reveal that Mg/CMK3-S cells with glyme/
diglyme/Mg(TFSI)2 still suffer from the shuttle phenomenon
due to the high solubility of polysulfides. Promising approaches
such as surface coating using poly(3,4-ethylenedioxythio-
phene)-poly(styrenesulfonate) (PEDOT:PSS) to confine poly-
sulfides more effectively have been reported.27 It is expected
that further modification of a CMK-3 mesoporous carbon/
sulfur composite cathode would mitigate the shuttle mecha-
nism.

4. CONCLUSIONS
We have demonstrated for the first time a unique and extremely
promising electrolyte based on glymes with Mg(TFSI)2 for
rechargeable Mg batteries. Mg(TFSI)2 dissolved in glyme/
diglyme showed excellent anodic stability exceeding 4.0 V with
Al used as a cathode current collector, which is impossible in
organohaloaluminate Mg salt-based electrolytes. In addition,
galvanostatic cycling tests of Mg/Mg and Mg/Cu cells
confirmed that glyme/diglyme with Mg(TFSI)2 has sufficient
solvating power to initiate Mg stripping at the Mg electrode,
and the large potential barrier for Mg stripping does not
reappear during further cycling. Furthermore, it was found that
a glyme-Mg(TFSI)2 salt complex allows the electrochemical
oxidation and reduction of a Chevrel phase Mo6S8 insertion

cathode, a pendant radical polymer with a robust 2,2,6,6-
tetramethyl-piperidinyl-N-oxy (TEMPO) radical moiety
charged to a high voltage of 3.4 V versus Mg/Mg2+ and a
carbon−sulfur (CMK-3/S) composite cathode. We hope that
the results of this study and the associated analysis will
contribute to the search for a whole new class of cathodes with
the promise of further improvement in the electrochemical
performance of rechargeable Mg batteries.
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