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Abstract: Most simple magnesium salts tend to passivate the
Mg metal surface too quickly to function as electrolytes for Mg
batteries. In the present work, an electroactive salt [Mg-
(THF)s][AICL,], was synthesized and structurally character-
ized. The Mg electrolyte based on this simple mononuclear salt
showed a high Mg cycling efficiency, good anodic stability
(2.5V vs. Mg), and high ionic conductivity (8.5 mScm™).
Magnesium/sulfur cells employing the as-prepared electrolyte
exhibited good cycling performance over 20 cycles in the range
of 0.3-2.6 'V, thus indicating an electrochemically reversible
conversion of S to MgS without severe passivation of the Mg
metal electrode surface.

The ever-increasing demands for energy and depleting fossil-
fuel resources have made the development of renewable
energy sources and advanced energy-storage technologies
a global imperative.!!]. Among all developed energy-storage
devices, rechargeable lithium-ion batteries represent the
state-of-the-art technology that are widely used in portable
electronics. However, the inadequate rate of improvement in
energy density and cycle life, as well as cost and safety
concerns, means that it is difficult for lithium-ion batteries to
meet the rapidly growing demand of the emerging markets of
electric vehicles and grid energy storage. Therefore, the
development of new electrochemical storage systems using
safe, green, and low-cost electrode materials with high
theoretical capacities is urgently needed.

Sulfur has recently received intensive research interest
because of its advantages of inexpensiveness, abundance, and
nontoxicity, as well as its high theoretical specific capacity of
1675mAhg ' and high theoretical volumetric capacity of
3459 mA hcm?, making it one of the most promising cathode
materials for the development of next-generation energy-
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storage systems. When coupled with a lithium metal anode,
lithium/sulfur (Li/S) batteries have attracted great attention
because of their great potential to deliver two to three times
the energy density of current lithium-ion batteries.”! In recent
years, most efforts have been devoted to improving the
efficiency and stable cycle behavior of Li/S cells, including
sulfur cathodes,”! electrolytes,* and separators.! For exam-
ple, we previously found that cetyltrimethylammonium
bromide (CTAB) modified graphene oxide (GO)-S and N-
doped graphene (NG)-S nanocomposite cathodes could
significantly improve the average Coulombic efficiency to
above 99% and the cycle life of the Li/S cells up to 2000
cycles.”! Tt has also been reported recently that employing
solvent-in-salt electrolytes” or modified separators® are also
an effective strategy for stabilizing the sulfur cathodes, which
leads to boosted electrochemical performances in the corre-
sponding Li/S cells. In the near future, it is believed that the
performance of Li/S cells will meet the level of practical use.
However, potential severe safety issues caused by the active
nature of lithium metal and lithium dendrite still is a formi-
dable challenge.

Magnesium is a promising anode candidate for pairing
with the sulfur cathode. Unlike the Li anode, Mg can be safely
used as a metal anode because repetitive Mg plating proceeds
without dendrite formation. Furthermore, Mg is chemically
inert, abundant in the earth’s crust, and has a high theoretical
volumetric capacity of 3832 mA hcm * because of its bivalent
nature, significantly higher than 2062 mAhcm™ of lithium."!
Despite these advantages, magnesium/sulfur batteries are still
in a very early stage of research, and prototype devices have
been rarely demonstrated and realized." To date, a suitable
electrolyte for Mg/S cells has yet to be reported.

Magnesium salts in the electrolyte is one of the most
important factors that affects the performance of Mg
batteries.!! Since the first electrochemically active complex
[Mg,(u-Cl);(THF),]*" for a magnesium/sulfur (Mg/S) battery
electrolyte was reported by Muldoon and co-workers in
2011,1'% the preparation of non-nucleophilic Mg electrolytes
has rapidly become a hot research topic. A common strategy
is to combine an Mg complex, which may contain non-
nucleophilic bases, with an aluminum- or boron-containing
Lewis acid. Different Mg complexes, such as magnesium
bis(hexamethyldisilazide) [(HMDS),Mg] '/ ROMgCl,"
RSMgCL,"! MgClL,!"! were used to develop non-nucleophilic
Mg electrolytes. However, crystallographic studies suggest
that, independent of the initial forms of the Mg complexes
used thus far, the same cationic complex unit [Mg,(u-Cl)s-
(THF)¢]*" was observed in almost all of the salts crystallized
from the corresponding organohaloaluminate or organobo-
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rate electrolytes in tetrahydrofuran (THF) solution. Chlor-
ides in such a cation [Mg,(u-Cl);(THF)¢]*" have been
identified as a major cause of corrosion,™ therefore devel-
oping non-chlorinated electrolytes in overcoming the corro-
sion issue is essential to magnesium electrolytes that contain
the [Mg,(p-Cl);(THF)g]*" cation. Furthermore, this cation
complex consists of two octahedrally coordinated Mg atoms
bridged by three chlorides and paired with a counteranion.
Such a bulky binuclear cation is detrimental to the transport
of magnesium ions in the electrolyte and at the electrolyte—
electrode interface.

A large number of early studies suggested that simple salts
(i.e., mononuclear metal cation salts) of Mg (MgCl,, Mg-
(ClOy,),, etc.) fail to work in Mg systems because they easily
passivate the Mg metal surface and prevent further
cycling.’*®1 On the other hand, from the perspective of
practical applications, searching for a simple, low-cost, and
effective simple electrolyte system based on a magnesium salt
is very meaningful for efficient rechargeable Mg batteries.
Very recently, Mohtadi and co-workers prepared a simple salt
Mg(CB;;H;,), with monocarborane CB;H;,” as a counter-
anion through a complicated synthetic procedure;!'” this salt
showed a good performance in rechargeable magnesium
batteries. However, they did not apply the electrolyte to an
Mg/S battery. To the best of our knowledge, a simple
magnesium salt based electrolyte for Mg/S batteries has not
been reported to date. Herein we demonstrate, for the first
time, a feasible strategy to synthesize a simple chloride-free
[Mg(THF)¢]*" cation salt with AICl,” as a counteranion by
a simple heating method in an ionic liquid solvent. The
electrolyte composed of the [Mg(THF)][AICL,], salt and
ionic liquid/THF cosolvents showed excellent Mg deposition
behavior, anodic stability, and ionic conductivity. Mg/S cells
using the mononuclear Mg electrolyte showed good cycling
performance. This work provides a new electrolyte with
a more simple structure and better compatibility with Mg/S
batteries than the previously reported [(Mg,(u-Cl);-6THF)]**
cation.

The synthetic route and crystal structure of the [Mg-
(THF)4][AICl,], salt are shown in Figure 1. We identified the
advantages of ionic liquids such as high boiling point, low
melting point, high chemical and thermal stability, non-
flammability, and low vapor pressure,’¥! and proposed
a stoichiometric reaction of MgCl, (1 molar equiv) with
AICl; (2 molar equiv), employing the ionic liquid n-methyl-
(n-butyl) pyrrolidinium bis(trifluoromethanesulfonyl)imide
(PYRI14TFSI) as a reaction solvent. It was anticipated that
the chloride ions in MgCl, could be completely removed by
AICl; with increasing temperature.

As expected, electrochemically active species comprising
the [Mg(THF)¢]*" complex as the cation and [AICl,]™ as the
counteranion were synthesized by reacting MgCl, with two
equivalents of AICl; in the ionic liquid PYR14TFSI at 95°C
for 24 h (see experimental details in the Supporting Informa-
tion). The ionic conductivity of 0.3m [Mg(THF)][AICL],/
PYRI4TESI/THF electrolyte was determined to be
8.5mScm™" at room temperature (see the Supporting Infor-
mation for details). This conductivity is much higher than the
values of other Mg electrolytes.!'** 314
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lonic liquid, 95 °C
THF

MgCl, + 2AICI, [Mg(THF)EI[AICI ],

Figure 1. Proposed formation mechanism and X-ray crystal structure of
Mg salt.

The molecular structure obtained was characterized by
single-crystal X-ray diffraction, and crystals suitable for X-ray
structure determination were grown and obtained from cold
PYRI14TFSI/THF solution (see the Supporting Information).
The crystal structure of [Mg(THF)4][AICL,], showed that the
chloride ions of MgCl, were completely removed by AlCl; to
leave Mg”" ions, which coordinated to the solvent molecules
to form the single-nuclear cation [Mg(THF)4]*" (see Table S1
in the Supporting Information for details of the intensity data
collection and crystal data). The presence of the AlICl,” ion
was further proved from its characteristic peak at about
350 cm~! in the Raman spectrum (Figure S1).['"!

To identify the Mg electrochemical deposition behavior
with the [Mg(THF)(]*" cation electrolyte, cyclic voltammetry
(CV) measurements with a Pt disk as the working electrode
and Mg foil as both reference and counterelectrodes were
examined at a scan rate of 25 mVs ™' in the potential range of
—1 to 2V (vs. Mg/Mg*"). As shown in Figure 2a, the
reduction peak at about —0.6 V corresponds to the deposition
of Mg metal. In the subsequent oxidation step, the onset for
the oxidation voltage was seen at about 0.2 V, determined by
the turning point at which a rapid increase in the current
density was clearly observed. The oxidation peak with
maximum current density at about 0.5 V is attributed to the
subsequent electrochemical dissolution of the Mg metal. The
peaks are then shifted to —0.5 Vand 0.5 V respectively in the
following cycles, and the height and position of the oxidation
peak both remain relatively stable with repeated cycling, thus
indicating a more stable reversibility of Mg deposition and
dissolution. When Cu foil was selected as the working
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Figure 2. Cyclic voltammogram of electrolyte [Mg(THF)4][AICl,], in PYRT4TFSI/THF (1:1 v/v). The
working electrodes are a) Pt disk and b) Cu foil while the counter- and reference electrodes are Mg
metal. Measurements obtained at 25 mvs™' and under ambient conditions. c) The LSV of electrolyte
[Mg(THF)(J[AICL,], in PYRTATFSI/THF (1:1 v/v) on different working electrodes while the counter- and
reference electrodes are Mg metal. Measurements obtained at 25 mvs™' and ambient conditions.

d) Cycling behavior of a symmetrical cell with electrolyte [Mg(THF)g][AICl ], in PYRT4TFSI/THF (1:1 v/v)
at different current densities of 1 pAcm™2 to 500 pAcm ™ The cycle time was 30 min per cycle (15 min
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inset, the cell showed an excel-
lent Coulombic efficiency close
to 100% at low current density,
but experienced a higher degree
of polarization and irregular
potential variation when the cur-
rent density increased to
300 pAcm ™2 Figure 3a shows
that the cell could be cycled
100 times without a significant
increase in polarization at a cur-
rent density of 50 pA cm 2 This
behavior suggests that there is
only a very minor reaction occur-
ring between the magnesium
electrode and the mononuclear
Mg electrolyte system at low
current densities.

To further investigate the
formation and stability of the
interface between the electrolyte
solution and the magnesium
electrode during cycling, electro-
chemical impedance spectrosco-
py (EIS) measurements were
performed. As shown in Fig-
ure 3b, the bulk resistance of
the electrolyte is the intercept
on the x-axis at a high frequency,
which is very low and almost

charging and 15 min discharging).

electrode, similar results were observed, as shown as Fig-
ure 2b. It is clearly evident from the cyclic voltammograms
that the process of magnesium deposition and dissolution in
the as-synthesized electrolyte is highly reversible.

The electrochemical oxidative stabilities of the [Mg-
(THF)(][AICL],/PYRI4TFSI:THF electrolyte were further
investigated by linear sweep voltammetry using different
electrode materials. As illustrated in Figure 2c, all electrodes
display a similar oxidation onset potential in a narrow range
between 2.5-3.0 V. Although the anodic stability is not better
than the reported chloride-free Mg organoborate electro-
lytes,'”! our simple Mg salt electrolyte with a chloride-free
cation showed an oxidative stability which is comparable to
that of that formed in situ (ca. 2.5 V) but lower than that of
the crystal-based (3.2 V) Mg organohaloaluminate electrolyte
([Mg,(u-Cl)5(THF)g][HMDS, AICI,, ],(n =1 or 2).l%*3] Com-
pared to the Mg organoborate salts with high anodic
stabilities, the new Mg salt was fabricated directly from
commercial available starting materials by using a simple,
highly scalable, and low-cost approach.

Symmetric Mg|0.3m [Mg(THF)(][AICL,],/PYR14TF-
SI:THF | Mg cells were assembled for evaluating electrolyte
performance. The magnesium stripping/plating experiment
was first conducted by cycling over 15 minute charging and
discharging intervals under different current densities from
1uAcm? to 500 uAcm 2 As shown in Figure 2d and its
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constant with increasing cycle

number (inset of Figure 3b).

While the high frequency semi-
circle corresponds to the interfacial resistance, which remark-
ably decreased over 80 cycles and then no obvious change was
observed for the following cycles. This behavior indicates that
the interface between the magnesium electrode and the
electrolyte solution was unstable during the initial cycling
stage, and the solid electrolyte interface (SEI) layer of the
magnesium electrode can stabilize after a certain number of
cycles.

As a new member of the magnesium organohaloalumi-
nate family, the simple Mg salt of [Mg(THF)¢][AICL], used in
this work does not contain chloride species in the cation. The
excellent efficiency and stability from this study of the
electrolyte properties encouraged us to demonstrate its
potential for use in a reversible Mg/S battery. As shown in
Figure 4a, the NG-S cathode delivers an initial discharge
capacity of 700 mAhg' (based on the mass of sulfur, 1 C=
1675mAhg") and a potential plateau of 0.8 V at rate of
0.01 Cfor discharging and 0.02 C for charging, which is similar
to the Mg/C-S cell with 04m [Mg,(u-Cl);(THF)4]
[HMDSAICI,] in THF (potential plateau of 0.89 V),'%! and
higher than that of Mg/CMK3-S cell with 0.3m Mg(TFSI), in
glyme/diglyme (potential plateau of 0.2 V)% most likely
arising from the improvement of surface layer on the
magnesium anode in the presence of our electrolyte. The
overcharging behavior observed in Figure 4a is consistent
with previous reports and is due to polysulfide dissolution in
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Figure 3. a) Cycling behavior of a symmetrical cell with electrolyte
[Mg(THF)gJ[AICl,], in PYRT4TFSI/THF (1:1 v/v) at a current density of
50 pA cm % The cycle time was 30 min per cycle (15 min charging and
15 min discharging). b) EIS for different cycling times of a Mg/Mg
symmetrical cell with electrolyte [Mg(THF)4][AIC,], in PYRT4TFSI/THF
(1:1 v/v) at a current density of 50 pAcm 2. The cycle time was 30 min
per cycle (15 min charging and 15 min discharging).

the electrolyte. The Mg/S cell cycling performance is shown in
Figure 4b. The cell can cycle stably for more than 20 cycles,
with its capacity rapidly decreased from about 700 mAhg " to
130 mAhg ' in the first 5 cycles, after which a comparatively
stabilized capacity of 70 mAhg ' was observed. These cycle
performances were considerably improved compared to
previous work on Mg/S batteries where an Mg salt of
[Mg,(u-Cl);(THF) ] [HMDSAICI;] was used as solute in
THF, and are very close to that in very recently study
employing a electrolyte of [Mg,CL][HMDSAICL] in binary
solvents of glyme and ionic liquid.!"*

To understand the reason for the reduction in capacity, we
explored the morphology and structural change of the NG-S
electrode and the interface between the electrolyte and Mg
anode after repeated Mg insertion/extraction. The cell that
was electrochemically evaluated at 0.01 C for discharging and
0.02 C for charging for 20 cycles was disassembled and
characterized by using SEM. The results are displayed in
Figure 5. Before cycling, the NG-S cathode surface shows the
typical electrode morphology, namely rough without any
cracks. After 20 cycles, the NG-S electrode became dense and
obvious cracks were observed, which would lead to poor
electric conductivity and reduction in capacity. Compared to
the smooth surface of original Mg, it was found that the Mg
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Figure 4. Discharge and charge profile for a) first cycle and

b) 20 cycles of discharging and charging. Cathode: 50% S loading,
NG/SP/Commercial S/PVDF=4:5:10:1 Rate: 0.01 C discharging,
0.02 C charging. Anode: Mg disk.

Aifter 20 cycle
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NG@S
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Mg

Figure 5. Morphologies of S cathode and Mg anode before and after
20 cycles of charging and discharging.

surface became rough and an evident film on the Mg
electrode was formed with no Mg dendrites on the Mg
electrode observed after 20 cycles. Elemental compositions of
NG@S electrode and Mg anode analyzed by energy-disper-
sive X-ray (EDX) microanalysis are shown in Table S2. The
corresponding EDX results showed evidence of a sulfur
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component on the anode surface, and the loss of sulfur on the
cathode suggest the existence of a shuttle mechanism in the
Mg/S battery. While we did not observe any sulfur species
on the Mg anode of a Mg/Mg symmetrical cell with the
[Mg(THF)][AICL], electrolyte in PYR14TFSI/THF (1:1 v/v)
after 100 cycles of charging and discharging at a current
density of 50 pAcm™2 Hence, the capacity fading of the
batteries was most likely caused by the shuttling of poly-
sulfides from the cathode.

In summary, a simple [Mg(THF)s*" cation salt with
AICI*~ counteranions was synthesized by a facile heating
method in ionic liquid solvent, and structurally characterized
by X-ray diffraction analysis. The utility of an ionic liquid as
a reaction solvent to completely remove the chloride ions
from MgCl, by the Lewis acid AlCI; has been reported for the
first time. An Mg electrolyte based on the as-prepared
complex of [Mg(THF)¢][AICl,], possesses a highly reversible
Mg cycling behavior (>100 cycles), good anodic stability
(2.5 V vs. Mg), and good ionic conductivity (8.5 mScm™). The
new electrolyte proved be efficient for a magnesium battery
with a sulfur cathode. The present strategy has potential in the
development of rechargeable Mg/S battery electrolytes.
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