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Efficient large scale electrochemical energy storage systems, such as

those based on multivalent ions, are a prerequisite for the realization

of intermittent renewable energy sources. From the perspectives of

both cost and environmental concerns, it is of critical importance that

components of these systems are synthesized using sustainable

chemical processes starting from their initial conception. Herein, we

report on a fluorinated dialkoxide-based magnesium-ion electrolyte

that is synthesized through an atom-efficient and scalable process

without the use of any metal alkyls. The electrolyte composition

results in high solution conductivity (4.77 mS cm�1 at 26.3 �C), low
overpotentials, ca. 100% coulombic efficiency for electrodeposition/

dissolution, and good performance in full battery cells using Chevrel

phase Mo6S8.
Multivalent battery chemistries represent one possible route for
future energy storage in applications such as transportation and
the electrical grid.1,2 The high volumetric energy density (3832
mA h cm�3)3 and suitably negative reduction potential
(�2.356 V vs. SHE)3 of magnesium metal has drawn a great deal
of attention in the eld of rechargeable batteries. Unfortunately,
the realization of batteries that use this chemistry has proved
difficult to achieve in practice, mostly due to the propensity of
Mg to passivate either intrinsically or from environmental
factors such as the electrolyte with which it comes in contact.1,4

As such, one of the main issues in this area is the rational
design of electrolytes capable of activating the metal surface for
reversible Mg electrodeposition while also being able to with-
stand oxidizing voltages. Earlier methods to create electroactive
Mg solutions relied on the use of Grignard-type compounds in
combination with Lewis acids such as AlCl3 in ether-based
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solvents.5,6 Due to the high degree of reactivity associated with
these solutions, research efforts in the past few years have
been dedicated to nding alternatives. One such option is
Mg(HMDS)2:AlCl3 (HMDS ¼ hexamethyldisilazide),7 though
unfortunately the synthesis of Mg(HMDS)2 also requires the use
of metal alkyls.8 Additionally, while some so-called “traditional”
electrolyte anions such as perchlorates have been shown to lead
to anode passivation,9 others such as bis(triuoromethane)
sulfonamide (TFSI�)3,10 have recently been shown to support
reversible Mg ion electrochemistry, though they suffer from
signicant plating and stripping overpotentials in addition to
being synthetically exigent.11,12

Electrolytes that utilize magnesium alkoxides have also been
of interest in the Mg-ion community, given the less nucleophilic
nature of alkoxides compared to amides. Mg compounds of the
type ROMgCl13–15 (R ¼ alkyl, aryl), when combined with AlCl3 or
MgCl2, have been demonstrated as Mg-ion electrolytes with
desirable electrochemical properties. Expanding on this idea,
a recent paper shows that mixtures of uorinated alkox-
ymagnesium halides with AlCl3 perform more favorably than
their non-uorinated counterparts.16 While such ROMgCl-type
solutions are technically “Grignard-free” in their nal form,
they are still synthesized from Grignard reagents such as eth-
ylmagnesium chloride.13–16 From the standpoints of sustain-
ability, cost, and industrial applicability, such pathways are
untenable. Our group has previously shown how magnesium
dialkoxides Mg(OR)2 (R ¼ alkyl, aryl), synthesized from non-
Grignard sources, can serve as magnesium electrolytes when
combined with aluminum chloride.17 Others have demon-
strated related Mg(OR)2-based electrolytes that use magnesium
halides in place of AlCl3.18 Unfortunately, both of these systems
suffer from low solubility and mediocre electrochemical
performance, despite the ability of halide ligands to reduce
aggregation in solutions of alkoxides.19

While recognizing the voltage limits of electrolytes that
contain halides, we seek to further develop the concept of
magnesium dialkoxides as electrolyte precursors by exploiting
the tendency of uorinated alkoxide ligands to further reduce
J. Mater. Chem. A
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aggregation and increase the solubility of these species.19 In this
work, we aim to show that compounds of the type Mg(ORF)2 that
are synthesized using a completely Grignard-free synthesis
pathway, when reacted with AlCl3, form Mg-ion electrolytes that
exhibit favorable electrochemical properties in comparison to
other widely used Mg(HMDS)2 and Mg(TFSI)2 compounds and
derivatives thereof. The synthesis of Mg(HFIP)2 (HFIP ¼
1,1,1,3,3,3-hexauoro-2-propanol) from non-Grignard sources
is adapted from our recent report on the weakly coordinating
uoroalkoxyaluminate-based magnesium electrolyte Mg
[Al(HFIP)4]2.20 We also illustrate how the use of uorinated
dialkoxides as precursors affects coulombic efficiency,
electrodeposition/stripping overpotentials, and performance in
full cells.

Expanding on our previously published methods,17,20 the
synthetic pathway begins with a transalcoholysis of magnesium
methoxide with HFIP in tetrahydrofuran (THF) to generate the
uorinated magnesium dialkoxide with the stoichiometry
Mg(HFIP)2, which is subsequently reacted with AlCl3 in 1,2-
dimethoxyethane (DME) to generate an electroactive solution.
This methodology is advantageous as it allows for the synthesis
of the magnesium precursor without the use of any Grignard
compounds, and as such is more synthetically benign than
other routes.13,14,16,21 In addition, the synthesis process is atom
efficient from the perspective of the magnesium source.
Magnesium methoxide is generated from magnesium metal
and methanol. Following the transalcoholysis with HFIP, the
methoxide group is reprotonated to form methanol, which can
be collected and used in subsequent reactions to form more
magnesium methoxide. This is less wasteful than schemes that
quench alkylmagnesium halides with alcohols to generate
alkoxymagnesium halides, wherein an alkane, such as ethane,
would be irreversibly lost during the reaction.

Having established this methodology, we set out to deter-
mine the speciation of the electrolyte composition under study.
27Al NMR offers a straightforward method of establishing
aluminum speciation in this solution because of its sensitivity
to changes in the geometry of Al metal centers.22 In the case of
1 : 2 Mg(HFIP)2 : AlCl3 in DME, the 27Al NMR (Fig. S2†) shows
a peak assigned to AlCl4

� at 104 ppm, along with two lower
chemical shis indicating the presence of multiple anionic
Fig. 1 (a) Cyclic voltammograms (10 mV s�1 scan rate) of the extended
shows charge passed during cycle 300 (b) coulombic efficiency as a funct
during cycling.

J. Mater. Chem. A
aluminate species in the form of mixed chloride/alkoxide
adducts.14,23–25 Similar mixed ligand anionic species have
previously been observed using 27Al NMR in electroactive
magnesium-ion solutions.14,16 Additionally, the 25Mg spectrum
shows one peak centered at 5.71 ppm, which is in the chemical
shi region of magnesium electrolytes described elsewhere
(Fig. S3†).26,27

A 0.25 M mixture of 1 : 2 Mg(HFIP)2 : AlCl3 in DME has
a conductivity of 4.77 mS cm�1 at 26.3 �C. This value is lower
than that of the 0.25 MMg[Al(HFIP)4]2 electrolyte (6.50 mS cm�1

at 25 �C) at the same concentration,20 but higher than values
reported for the uorinated alkoxymagnesium halide-based
solutions reported elsewhere (3.5 mS cm�1), even at less than
a quarter of the concentration.16 The conductivity of the solu-
tion over the temperature range from 6 �C to 77 �C is shown in
Fig. S6a.† The absolute viscosity (h) of the solution at 20 �C is
0.74 mPa s, which is marginally higher than the neat solvent
(h for DME ¼ 0.4341 mPa s).28 Compared to previously pub-
lished data for Mg(OR)2:AlCl3,17 cyclic voltammograms (CV) for
1 : 2 Mg(HFIP)2 : AlCl3 show a few signicant improvements
(Fig. 1a). Most notably, overpotentials for both plating and
stripping are very low (�70 mV and 0 mV aer 10 cycles,
respectively). Additionally, coulombic efficiency values ca. 100%
are reached quickly, likely because of the ability of chloride ions
to activate the magnesium surface and reduce alkoxide aggre-
gation.19,29 No evidence of passivation was noted over 300
plating and stripping cycles (Fig. 1b).

In total, these data show that uorinated magnesium dia-
lkoxides, when combined with AlCl3 in ethereal solvents,
support reversible magnesium electrodeposition and can be
synthesized without the use of any metal alkyl reagents during
the synthetic process. Note that these solutions display
improvements in all gures of merit compared to their non-
uorinated counterparts,17 and result in performance that is
comparable to or better than Mg(HMDS)2:AlCl3 (ref. 30) and
Mg(TFSI)2:MgCl2.10

Of course, these benets come at the cost of an increased
susceptibility to oxidation, whether the reduced stability is the
result of anodic breakdown of the electrolyte itself or dissolu-
tion of the metal current collector. Linear sweep voltammetry
(LSV), while an imperfect method for determination of oxidative
cycling behavior of a 0.25 M solution of Mg(HFIP)2:AlCl3 in DME. Inset
ion of cycle count from the CV experiments. Inset shows charge passed

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Linear sweep voltammograms of 0.25 M 1 : 2 Mg(HFIP)2 : AlCl3
in DME measured starting from OCV. The scan rate is 5 mV s�1.

Communication Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
2 

A
pr

il 
20

17
. D

ow
nl

oa
de

d 
by

 P
ri

nc
et

on
 U

ni
ve

rs
ity

 o
n 

01
/0

5/
20

17
 1

5:
17

:3
6.

 
View Article Online
stability, allows for rapid characterization of this metric.
Predominantly inert materials such as Au, glassy carbon, and Pt
are generally used as a measure of the thermodynamic stability
of solution species, and using all three can offer a more
complete representation of this value. Stability limits on these
electrodes compare favorably with other recent electrolytes that
contain AlCl3 (Fig. 2).16,30 LSV measurements on industrially
relevant current collectors such as Cu, Al, and stainless steel are
useful to measure the ease with which these metals oxidize and
corrode. These types of electrodes all show reduced stabilities
because of the high concentration of halide ions (Fig. 2). The
measured anodic stability on Cu, Al, and 304 SS (measured
where the current density ¼ 0.1 mA cm�2) for a solution of 1 : 2
Mg(HFIP)2 : AlCl3 in DME are also similar to other halide con-
taining compositions described in the literature.16,30 As such,
while this composition may not compare with high-voltage
electrolyte chemistries,20,31 it may be well suited to pairing
with lower voltage cathode materials. The 304 SS system was
analyzed further given its ubiquitous use in battery coin cells.
Chronoamperometric experiments on these SS electrodes show
a very minimal amount of pitting by SEM aer a 2 V hold for 48
hours, and a more signicant amount of pitting at higher
voltages (2.5 V) over shorter timescales, as expected (Fig. S8†).
Fig. 3 Surface characterization of magnesium deposits from 0.25 M 1 : 2
deposition onto a Pt substrate for one hour at 0.5 mA cm�2 with a total p
in Mg 2p region (b) SEMmicrograph of the deposit (inset shows EDX spec
Pt substrate is on the left.

This journal is © The Royal Society of Chemistry 2017
The quality and composition of metal deposits from any Mg
electrolyte is an important consideration in determining its
applicability in a battery application. A metal deposit resulting
from a galvanostatic electrodeposition from 0.25 M 1 : 2
Mg(HFIP)2 : AlCl3 on a Pt substrate was analyzed with SEM, EDX,
and XPS. Morphologically, the deposit is free of dendrites or
columnar-type structures and is similar to those previously re-
ported (Fig. 3b). EDX analysis of the sample shows the deposit
consists of pureMg (Fig. 3b inset). However, to prove that the lm
consists ofmetallic Mg, X-ray photoelectron spectroscopy (XPS) is
used to measure the oxidation state of the chemical species
present in the sample. XPS spectra of in the Mg 2p region aer
sputtering the surface show two peaks: one at a lower binding
energy (49.6 eV) corresponding to metallic Mg, and one at
a higher binding energy signifying the presence of MgO
(Fig. 3a).32 Analysis of deconvoluted Al 2p and 2s peaks suggests
that some Al0 and Al3+ species (such as aluminum oxide) exist on
the sample, though the absence of any Al signals in the EDX
spectrum suggests that it is only present near the surface rather
than in the bulk (Fig. S7a and b†). Excluding all other elements
present, the relative percentages of Mg and Al (including Mg2+

and Al3+ species) in this surface layer is 91% and 9%, respectively.
The Cl 2p region (Fig. S7c†) shows two spin–orbit split peaks at
199.5 and 201.1 eV corresponding to Cl 2p3/2 and 2p1/2, respec-
tively. Peaks at this BE are representative of metal chloride
species, in this case, MgCl2 or AlCl3.33 The two peaks present in
the F 1s region indicate that both organic (689.8 eV) and inor-
ganic (686.5 eV) uorine species34 are on the metal surface
(Fig. S7e†). The organic component is likely the result of residual
electrolyte on the sample (i.e., –CF3 groups). The inorganic
component may result from either reductive decomposition of
the uorine-containing electrolyte at the electrode surface, or
photochemical decomposition of the organic components via the
X-ray source,35 leading to the formation of metal uorides such as
MgF2 or AlF3. Similar F 1s spectra have been reported for Mg
depositions from LiTFSI:MgCl2.10 However, the electrochemical
data described in this work does not indicate that this negatively
impacts long term cycling performance.
Mg(HFIP)2 : AlCl3 in DME. The sample was generated via galvanostatic
assed charge density of 1.8 C cm�2. (a) Fitted XPS spectra of Mg deposit
trum). The Mg deposit is on the right side of the image, and the exposed

J. Mater. Chem. A
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Having established the baseline electrochemical parameters
for these electrolyte solutions, the next step is to characterize
them in full battery cells. As Mo6S8 is the most prevalent and
well-studied cathode material for Mg ion batteries, it was
chosen for full-cell characterization.36 Charge–discharge cycles
for this material using the electrolyte described above are
shown in Fig. 4. While the initial discharge capacity is 112 mA h
g�1, it decreases to ca. 56 mA h g�1 aer 50 cycles. This rapid
decrease in cycling performance, as well as the steady state
discharge capacity near half of the theoretical capacity of Mo6S8
has been reported by others.37,38 Indeed, density functional
theory calculations and experimental data reported previously
show that molybdenum atoms on the surface of the Mo6S8
clusters can become saturated with Cl� species in chloride-
based electrolytes, thus inhibiting Mg2+ intercalation with
increasing cycle count.39 However, compared to non-AlCl3 con-
taining compositions, both charge and discharge occur with
lower overpotentials.20 This is likely the result of halide ions
enabling more facile charge transfer kinetics at the anode
– similar behavior has also been observed in Mg(TFSI)2:MgCl2
electrolytes with increasing concentration of halide.38

In this work, we sought to demonstrate the straightforward,
completely Grignard-free, and atom-efficient synthesis of a Mg-
ion electrolyte, while accepting the limitations of formulations
that include halide ions. For these electrolytes that incorporate
a uorinated magnesium dialkoxide combined with AlCl3, we
show that this structure change serves to improve many of the
electrolyte gures of merit compared to Mg(OR)2:AlCl3, most
notably the coulombic efficiency, conductivity, and over-
potentials. While the inclusion of chlorides in this composition
precludes its use with high voltage materials, the favorable
electrochemical gures of merit coupled with ease of synthesis
and benignity of the starting materials makes a strong case for
future study of related compounds. These benets carried over to
performance in full cells, where the lower overpotentials resulted
in superior performance for Mo6S8. This uorinated composi-
tion represents a large improvement over previously reported
dialkoxide chemistries, and by not utilizing metal alkyls at any
point during the synthetic process, can bemade at scale in a safe
and inexpensive fashion. Taking these factors into
Fig. 4 Charge–discharge profiles for the Mo6S8 cathode material
using a 0.25 M solution of 1 : 2 Mg(HFIP)2 : AlCl3 in DME. The first cycle
is initiated with a discharge step.

J. Mater. Chem. A
consideration, this formulation is competitive with electrolytes
based on the TFSI� and HMDS� anions that also incorporate
halide ions. It is possible that judicious choice of solvents or
additives may be able to further reduce aggregation of alkoxide
species in both the chloride and non-chloride containing
formulations, and therefore enhance the electrochemical prop-
erties of the resultant electrolytes by increasing the concentra-
tion of mobile cations.
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M. Médebielle, Tetrahedron, 2009, 65, 5361–5368.

12 B. A. Shainyan and L. L. Tolstikova, Chem. Rev., 2013, 113,
699–733.

13 A. J. Crowe andB.M. Bartlett, J. Mater. Chem. A, 2016, 4, 368–371.
14 E. G. Nelson, J. W. Kampf and B. M. Bartlett, Chem.

Commun., 2014, 50, 5193–5195.
This journal is © The Royal Society of Chemistry 2017

http://dx.doi.org/10.1039/c7ta01578j


Communication Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
2 

A
pr

il 
20

17
. D

ow
nl

oa
de

d 
by

 P
ri

nc
et

on
 U

ni
ve

rs
ity

 o
n 

01
/0

5/
20

17
 1

5:
17

:3
6.

 
View Article Online
15 B. Pan, J. Zhang, J. Huang, J. T. Vaughey, L. Zhang, S.-D. Han,
A. K. Burrell, Z. Zhang and C. Liao, Chem. Commun., 2015,
51, 6214–6217.

16 A. J. Crowe, K. K. Stringham and B. M. Bartlett, ACS Appl.
Mater. Interfaces, 2016, 8, 23060–23065.

17 J. T. Herb, C. Nist-Lund, J. Schwartz and C. B. Arnold, ECS
Electrochem. Lett., 2015, 4, 49–52.

18 I.-T. Kim, K. Yamabuki, M. Sumimoto, H. Tsutsumi,
M. Morita and N. Yoshimoto, J. Power Sources, 2016, 323,
51–56.

19 D. C. Bradley, R. C. Mehrotra, I. P. Rothwell and A. Singh,
Alkoxo and Aryloxo Derivatives of Metals, Academic Press,
London, 2001.

20 J. T. Herb, C. A. Nist-Lund and C. B. Arnold, ACS Energy Lett.,
2016, 1, 1227–1232.

21 C. Liao, B. Guo, D. Jiang, R. Custelcean, S. M. Mahurin,
X.-G. Sun and S. Dai, J. Mater. Chem. A, 2014, 2, 581–584.

22 M. Haouas, F. Taulelle and C. Martineau, Prog. Nucl. Magn.
Reson. Spectrosc., 2016, 94–95, 11–36.
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