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Paving the Way towards Highly Stable and Practical
Electrolytes for Rechargeable Magnesium Batteries

Oscar Tutusaus®® and Rana Mohtadi*®

Despite being considered a promising anode candidate for
future battery technologies, the reactivity of Mg metal and its
resultant passivation have challenged the development of
electrolytes for rechargeable Mg batteries. In this Concept arti-
cle, we shed light on critical past and current motivations, hur-
dles, and design strategies of electrolyte development for Mg
batteries. Special focus is given to the most recent advance-
ments; in particular, we elaborate on bottom-up design strat-

1. Introduction

Over the past two decades, rechargeable batteries have played
an instrumental role in driving the evolution of new products
and technologies for portable, automotive, and grid-stationary
applications. Nowadays, in a state-of-the-art rechargeable Li-
ion battery, 240 Whkg™ (640 WhL™") can be provided for thou-
sands of cycles."" Yet, there is an increasing gap between the
energy demand and the amount of energy that current re-
chargeable battery technologies can offer.

The energy density of a battery is determined by the anode
and cathode materials, specifically by their capacity (total
number of electrons stored in the active material) and their
voltage difference. Therefore, owing to a high volumetric ca-
pacity, that is, 3832 mAhcm™, Mg metal has recently attracted
increased attention as a battery anode candidate.” Despite the
fact that Mg metal is a priori less competitive than lithium
metal, on both specific capacity (2205 mAhg™' vs.
3862 mAhg™' for lithium) and redox potential levels, the elec-
trochemical processes related to Mg reversible plating/strip-
ping have, so far, demonstrated the absence of dendrite for-
mation,” alleviating the safety concerns associated with lithi-
um-metal anodes.”) Moreover, the use of Mg may offer an op-
portunity for battery cost reductions because of its abundance
in the earth’s crust (it is the fifth most abundant element).*”

Despite the traits of Mg metal, the development of re-
chargeable Mg batteries has been faced with several technical
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egies targeted to overcome the corrosion issue caused by cur-
rent electrolyte systems. Salts containing the B—H motif ex-
panded the portfolio of Mg-compatible electrolytes and are
used as a platform to create a whole new promising family.
Here, we explain the approach, challenges, and the path for-
ward for ultimately creating Mg-compatible, highly stable, and
non-corrosive Mg electrolytes.

challenges. These are manifested by the absence of practical
high capacity, high-voltage cathodes, and appropriate electro-
lytes.”) As electrolytes are the medium that link the anode to
the cathode, they should, at the very minimum, possess a suffi-
cient electrochemical stability window against electroreduction
and electrooxidation together with acceptable electrochemical
transport. To become practical, other physical and chemical
properties are also desirable (Figure 1). Indeed, the ultimate
need to simultaneously satisfy a myriad of requirements makes
the development of electrolytes a challenging endeavour.
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Figure 1. Properties desired for Mg battery electrolytes.

A key challenge of electrolyte development for rechargeable
Mg batteries stems from the instability of simple ionic salts
and polar aprotic solvents in the proximity of Mg metal. For
example, conventional Mg salts such as [CIO,], [BF,]”, and
[TFSI]™ [TFSI=bis(trifluoromethanesulfonyl)imide], and polar
aprotic solvents such as nitriles and carbonates were found to
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decompose on the metal surface.”! The resulting interfacial
layer was found to be impermeable to Mg?*, preventing bat-
tery function.” This unfortunate phenomenon has excluded
a myriad of salt/solvent combinations from being considered
as Mg battery electrolytes.?3>>

Over the past two decades, a number of systems with wide
electrochemical windows and high conductivities have been
developed. However, a common shortcoming of all of these
electrolytes is their incompatibility with non-noble metals at
operating voltages above around 2.5V vs. Mg, representing
a key hurdle towards their practical use in Mg batteries.”” In
this Concept, we will summarize recent advances aimed at
tackling the existing challenges. We will focus on those devel-
oped by our group, involving a new design platform based on
salts containing the B—H motif that were shown to greatly alle-
viate the aforementioned issue.

2. Established Electrolyte Design Strategies

Over 80 years ago, it was discovered that ethereal solutions of
Grignard reagents were capable of supporting the plating of
highly pure Mg metal.®® However, the relatively low oxidation
stability of most Grignard reagents (about 1.5V vs. Mg;
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Table 1. Selected Mg electrolytes, including representative electrochemi-
cal parameters.
Electrolyte Anodic stability Corrosivity threshold on

on Pt [V vs. Mg] 316 stainless steel® [V vs. Mg]
nBuMgCl 1.300-1.40009 N/A

(2.0™m in THF)
HMDSMgCI®! 2.1t N/A

(1.0m in THF)
Mg( BBu,Ph,), 2.ba10d N/A

(0.25m in THF)
(4-F-Ph)MgBr 2418 N/A

(1™ in THF)
(HMDS),Mg/2AICI,® 330130 N/A

(0.25m in THF)

3.5[13b] 2.6“3b]

(0.35m in diglyme)  (0.35m in diglyme)
Mg(AICl,BuEt), 2.20d 1.6

(0.25m in THF) (0.25m in THF)
PhMgCI/AICI, 3.3 N/A

(0.4™m in THF)
[Mg,Cl5-(THF),] 3.3 N/A
[(HMDS)AICI,]™! (0.2m in THF)
MgCl,/2AICl, 3,103 N/A

(0.25m in DME)
MgCl,/2AIEtCl, .gizel 1.g03el

(0.67 m in THF)
Mes;B/(PhMgCl),'  3.501%! 2.20100)

(0.5m in THF) (0.5m in THF)
(FMPMQ),-AICI,*® 29131 N/A

(0.5m in THF)
[a] Taken as the anodic stability in 316 Stainless Steel. [b] HMDS =hexam-
ethyldisilazide. [c] Method not described. [d] Mes=3,5-dimethylphenyl.
[e] FMPMC =magnesium 4-(trifluoromethyl)phenolate chloride.

Table 1) and their reactivity towards many cathode materials
precluded their use as electrolytes in battery systems.**® Capi-
talizing on their compatibility with Mg metal, initial research
and development efforts relied on organomagnesium com-
pounds as platforms to create electrolytes with increased
anodic stability.

A seminal work published by Gregory et al. in 1990 intro-
duced electrolytes based on magnesium bis(organoborate)
salts and amidomagnesium halides as improvements to orga-
nomagnesium reagents.*? The reported methodologies, used
to derive each compound type, became the basis of two strat-
egies widely adopted to improve electrolyte performance
(Figure 2). In the first approach, suitable Lewis acids based on
group 13 elements (primarily B and Al) are added to strong
Lewis basic organic anions present in Grignard reagents, ulti-
mately yielding stable complex anions."” For example, organo-
borate anions were obtained by using this strategy,*® display-
ing oxidative stability of 1.9 V vs. Mg and supporting Mg inser-
tion into a cathode host material. Later, Aurbach et al. used
stronger aluminium Lewis acids and reported a family of mag-
nesium organo(halo)aluminates, displaying anodic stabilities
ranging from 2.2 to 3.2V vs. Mg.*'®9 The second approach
employed to improve the electrolyte performance stemmed
from realizing that anions based on atoms more electronega-
tive than carbon would be oxidatively more robust. According-
ly, the carbanion group in a Grignard reagent was initially re-
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Figure 2. Design strategies for the development of electrolytes for recharge-
able Mg battery. The ovals with question marks symbolize alternate design
paths that do not rely on halo and organo reagents as a basis for further de-
velopment.
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placed by amides,”™™ and later by alkoxides,"? aryloxides, or
chlorides, often yielding compounds compatible with Mg
metal.™ These could also be hybridized with the first ap-
proach (addition of a strong Lewis acid) to further increase
their stability against electrochemical oxidation.!'>'*

At the beginning of this century, an important milestone
was reported by Aurbach etal. who demonstrated the first,
and only, example of a rechargeable Mg battery, enabled large-
ly by the organo(halo)aluminate electrolytes they developed.
The prototype provided 65 Whkg™' energy density by cou-
pling a Mg metal anode with a Chevrel-phase MoS, cathode,
and the voltage requirement (2.0 V vs. Mg) was fulfilled with
the electrolyte Mg(AICI,BuEt),/tetrahydrofuran (THF)."9  As
a further increase in the energy density is desired, creating
higher voltage cathodes became of interest and, with that, so
did electrolytes with improved electrochemical oxidative stabil-
ity. Subsequent advancements following the two aforemen-
tioned strategies resulted in state-of-the-art electrolytes pos-
sessing enhanced electrochemical properties, which was evi-
dent from a highly reversible performance, high bulk conduc-
tivity, and widened electrochemical windows."® Despite these
scientific feats, these electrolytes were found to have several
drawbacks that need to be overcome and are currently being
addressed.

One of these relates to the use of volatile solvents, such as
THF, where an optimal performance has been demonstrated in
earlier reports."® This solvent was used to study other electro-
lytes that were developed later; however, owing to its high
volatility, less volatile/flammable ethers such as glymes are
more desired for liquid electrolytes.>' A recent advancement
in this area was enabled by using non-Grignard-type haloalu-
minates based on amides such as (HMDS),Mg/2AICI,"* and in-
organic salts such as MgCl,/2AICI,"* These electrolytes were
shown to perform well in glymes, which offer a possible path
to overcome this challenge.
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Another important issue was related to the incompatibility
with certain cathodes, such as sulfur. This is particularly promi-
nent in systems containing nucleophilic anions or free Lewis
acids.”” To tackle this issue, less nucleophilic organic amides
such as those based on hexamethyldisilazide,"**< or inorganic
salts based on MgCl,,"***! were proposed as potential solu-
tions.

However, one standing and common limitation of this family
of electrolytes is their recently discovered corrosive nature.'”
Corrosion of non-noble metal electrodes is manifested by para-
sitic anodic current caused by metal dissolution. As a conse-
quence, when anodic stability was tested on non-noble metal
electrodes, a current was observed at potentials below that
measured on noble metal and inert electrodes, representative
of electrolyte decomposition.(Table 1).'® Therefore, it is critical
that the oxidative stability of electrolytes is evaluated on a vari-
ety of non-noble metals. As the corrosion of current collectors
has been linked to chloride ions,"” chloride-free electrolytes
are deemed necessary. However, this not a trivial task, given
that the design of state-of-the-art electrolytes that are compat-
ible with Mg metal hinges on the two working principles previ-
ously described, typically involving either organomagnesium
halide reagents or halogenated Lewis acids such as AICI;. Al-
though one obvious way to mitigate the corrosive behaviour
would be to use chloride-free reagents, we chose to follow an
approach granted to eliminate the problem at its core by dis-
covering new Mg compatible systems that are halide free. Our
quest was to create a new design platform that could be used
as basis for electrolytes design, as depicted in Figure 2.

3. Borohydrides: A Halide-Free Family of
Electrolytes

Going beyond the restraints imposed by halogen-based elec-
trolytes required us to set forth in a new direction. It became
necessary to explore a bottom-up approach based on new
Mg-compatible systems. This would serve as an alternative
platform towards the design of novel electrolytes. Given that
Mg metal passivation in inorganic electrolytes was attributed
to the insufficient reductive stability of the anion,”® we hy-
pothesized that Mg salts of reducing anions should display
compatibility with Mg metal. We were interested in reducing
agents commonly used in chemical synthesis, which include
complex metal hydrides, among which are borohydride
salts." Our density functional calculations supported the pos-
sibility that [BH,]~ was of higher reductive stability than [BF,]”,
which is known to passivate Mg metal.” To obtain a proof of
concept, the salt was initially studied in THF, the solvent of
choice for all other available Mg electrolytes reported at that
time. Satisfyingly, cycling voltammetry experiments showed re-
versible Mg deposition/stripping with about 40% coulombic
efficiency (Figure 3a), whereas galvanostatic deposition con-
firmed the composition of the deposited material as Mg
metal.?"’ This accomplishment constituted a breakthrough, as
it represented the first inorganic salt that is compatible with
Mg metal.
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Figure 3. a) Cyclic voltammogram for 0.5 m Mg(BH,),/THF; inset compares
the cyclic voltammograms in THF and in DME. Adopted from Ref. [21] with
permission. Copyright 2012, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
Effect of LiBH, addition to 0.18 m Mg(BH,),/DME on b) the coulombic effi-
ciency and Mg oxidation peak current density and c) conductivity.

Our first goal was to improve the electrochemical per-
formance of Mg(BH,),, focusing on increasing the coulombic
efficiency and current density while lowering the deposition
overpotential. In the state-of-the-art organomagnesium and re-
lated electrolytes, that is typically achieved by addition of alu-
minium- or boron-based Lewis acids; however, as the borohy-
dride structure is not amenable to such methodologies, the
development of alternate strategies is deemed necessary. We
investigated the nature of species in the electrolyte to get in-
formation on the cation coordination sphere. Spectroscopic
features of Mg(BH,),/THF solutions resembled those of other
covalent borohydrides, indicating the prevalence of strong
contact ion pairs.?"! Poor dissociation into ionic species was
further corroborated by the measured low conductivity of
0.01 mScm™". Enhanced salt dissociation can be enabled by
improving the coordinating ability of the solvent through in-
crease of its dielectric constant and/or denticity. Polar aprotic
solvents, such as dimethlysulfoxide (DMSO), are known to pro-
vide solvent-separated ion pairs consisting of a “naked” unco-
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ordinated anion and a solvated [Mg(DMSO)¢*" cation.”” We
observed complete salt dissociation by using infrared spectros-
copy of Mg(BH,), in DMSO (Figure S1), which is consistent with
its solvate structure reported previously.”® Unfortunately,
Mg(BH,),/DMSO electrolyte solution was found to be unsuita-
ble, as passivation of Mg metal occurred because of solvent
decomposition. On the other hand, the chelating solvent 1,2-
dimethoxyethane (DME) successfully enhanced salt dissocia-
tion.”" As a result, despite the lower solubility of Mg(BH,), in
DME, a tenfold increase in current density, 50% increase in
coulombic efficiency, and a 0.2V decrease in deposition over-
potentials were obtained (Figure 3.a, inset). In contrast, higher
glymes, such as diglyme, had an adverse effect on the electro-
chemical performance, owing to reduced solubility of Mg(BH,),
(<0.05m), establishing DME as the optimum solvent for this
system.

Having identified the association between Mg?" and [BH,]”
as one of the critical factors affecting Mg(BH,), electrochemical
performance, we sought additives that could modify ion speci-
ation in DME. A borohydride salt containing a reductively
stable anion, such as LiBH,, was studied as a mean to alter ion
dissociation equilibria through the common-ion effect.?" Cyclic
voltammetry experiments revealed extraordinary improve-
ments, with up to 94% coulombic efficiency and 100-fold in-
crease in Mg stripping peak current density (Figure 3b). The
ionic conductivity in Mg(BH,),/DME was found to increase
when LiBH, was added (Figure 3c), where up to 2 mScm™' was
obtained. In fact, this ionic conductivity was on par with the
best performing Mg electrolytes and tracked well with the en-
hancements observed with Mg deposition/stripping. In addi-
tion, this electrolyte system was found to support reversible
Mg?" insertion/extraction into a Chevrel-phase cathode.?"
These enhancements, coupled with the absence of Li* deposi-
tion and insertion into MogS; cathode suggest the formation
of complex species such as [Li(BH,),J’” ions, which are currently
under investigation.

The presence of the LiBH, additive also displayed other ef-
fects, such an increased solubility of Mg(BH,), in glymes with
higher denticity, coupled with high coulombic efficiencies in
these solvents.?"™ In a later study, Shao et al. also applied our
strategy to further optimize the Mg(BH,),/LiBH, electrolyte
composition. Notably, using diglyme as solvent and increasing
LiBH, content provided a coulombic efficiency for Mg deposi-
tion/stripping close to 100%.%* These studies further support-
ed the non-trivial role of LiBH, as an additive; for instance, dif-
ferent coulombic efficiencies were obtained from DME and di-
glyme electrolyte solutions, despite their similar ionic conduc-
tivity. Even more intriguing is the role of the cation. Whereas
we observed enhancement by using other borohydrides such
as NaBH,, it was not as pronounced as those found with LiBH,
for analogues compositions. For example, 3:1 NaBH,/Mg(BH,),
in DME displayed a lower coulombic efficiency and current
density by 5 and 60 %, respectively (Figure S2). Further optimi-
zations and understanding of the borohydride electrolytes are
currently under investigation in our labs.

Following the demonstration of a highly reversible electro-
lyte, we examined the electrolyte stability against the electro-
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chemical oxidation on different materials. Surprisingly, the sta-
bility on platinum (1.7 V vs. Mg) was lower than those on stain-
less steel and glassy carbon (2.2 and 2.3 V vs. Mg, respectively),
which is likely caused by the catalytic effects of Pt metal on
[BH,]~ decomposition through strong dissociative adsorption;
this indicates the importance of [BH,] -electrode surface inter-
actions.”” Notably, as the borohydride electrolytes are not cor-
rosive, the stability on steel is similar to that observed for
other electrolytes that are twice as stable on Pt. Most impor-
tantly, borohydride electrolytes remain the only relatively ionic
and halide free salts that are highly compatible with Mg metal.

4. Aromatic Borohydrides: The Next Step to
Stability

Although some of the electrochemical properties of Mg(BH,),
electrolyte solutions can be adjusted by the judicious choice of
solvent and additives, improving its oxidative stability requires
more profound modifications. Mg(BH,), has been extensively
studied as a potential candidate for hydrogen storage, because
of its high theoretical H, content.”® Several studies have re-
ported the undesired formation of higher boranes during ther-
mal decomposition of Mg(BH,),, which are detrimental for re-
versible H, storage.””” Among them, magnesium dodecahydro-
dodecaborate (MgB,,H;,) has been identified as the major by-
product.?® The [B,,H,,]*" dianion is the most stable represen-
tative of the closo-borane family, a group of higher borane
clusters with stoichiometry [B,H,]>~ (n=6-12) and closed delta-
hedral structures (polyhedral with triangular faces).”® Such
compounds display an unusual stability relative to neutral
binary boron hydrides with open structures originally discov-
ered by Stock.” The source of their stability arises from the
tangentially delocalized sigma bonding present in the boron
framework and are, therefore, regarded as three-dimensional
aromatic species.®” Indeed, the two negative charges in
[B,,H,,]*~ are required to fulfil aromatic electron count and are,
thus, delocalized over the cluster. As a consequence, the oxida-
tion potential for the [B;,H;,]>~ dianion has been reported to
occur above 4V (vs. Mg), whereas no accounts of its electro-
chemical reduction have been found.®" In a broad sense,
[B,,H:,]*~ can be regarded as the aromatic analogue of [BH,]™,
the same as benzene is to methane.

In a first approach towards exploring boron clusters as Mg
electrolytes, MgB,,H,, was targeted.” Even though the com-
pound was successfully synthesized, its insolubility in ethers
hampered electrochemical studies. It is likely that the high
charge associated with both the anion and the cation is the
main reason behind the low solubility. Isostructural and isoe-
lectronic families of closo-carboranes exist, in which one or
more [BH]™ units are formally replaced by isoelectronic [CH]
units, providing a route to reduce the total cluster charge.
Among them, neutral m-carborane (1,7-C,B,(H;,) has previously
been reported to possess comparable electrochemical stability
to that of [B,,H;,]*” anion and was chosen as the entry point
to soluble Mg salts containing boron clusters.®?? For a proof of
concept, we selected m-carboranyl magnesium chloride to
enable high solubility (>1wm), aided by the Mg—C covalent
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bond character® A relatively high bulk conductivity of

0.6 mScm™' (at 0.1 gmL™") was measured, indicative of salt dis-
sociation. In addition, in contrast with other electrolytes based
on the [Mg,Cl;]* cation, recrystallized m-carboranyl magnesi-
um chloride salt (1) displayed a complex anion containing
a Mg atom (Figure 4a). Solutions of Mg(1,7-C,B,,H;)Cl exhibit-
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Figure 4. a) X-Ray structure of 1. Thermal ellipsoids are shown at 50% prob-
ability. Hydrogen atoms and THF carbon atoms are omitted for clarity (i.e.
each oxygen atom represents a THF solvent molecule). b) Cyclic voltammo-
gram of a solution of Mg(1,7-C,B,,H;;)Cl (0.1 gmL™" in THF); inset: charge
balance of Mg deposition/stripping. Adopted from Ref. [20] with permission.
Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

ed a reversible redox couple (coulombic efficiency >98%) with
an onset potential and peak shape consistent with Mg deposi-
tion and stripping (Figure 4b). Note that 1 was confirmed to
be one of the electroactive species, as a similar reversible per-
formance as the bulk was found.”® Additionally, a high anodic
stability of 3.2V (vs. Mg) was observed, remarkably higher
than the 2.4V displayed by 4-F-PhMgBr/THF."® which was con-
sidered the best Grignard compound until that date. It is also
comparable with electrolytes generated by addition of Lewis
acids such as AICl; or BR; to Grignard reagents, amidomagnesi-
um compounds, or MgCl,.?¥

Most importantly, the oxidation onset potential determined
by linear-sweep voltammetry experiments on a variety of
working electrodes was similar (3.2 V vs. Mg) for Pt, 316-SS,
and Al (Figure 53).”% In previous studies with other halide-con-
taining electrolyte solutions, the oxidation onset was always
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highly dependent on the electrode material.*® Chronoamper-
ometry experiments further supported the measured oxidative
stability (Figure S3). Interestingly, this result constitutes the
highest reported stability on a steel electrode to date, suggest-
ing that the closo-borane scaffold does indeed offer unique
stability when incorporated into a Mg-battery electrolyte mate-
rial. This electrolyte also supported Mg-ion insertion into
a host cathode material such as Chevrel-phase MogSg, which al-
lowed for the demonstration of a battery. The battery was
cycled and a stable reversible specific capacity was achieved
(ca. 90 mAhg~" at 0.05 C; Figure 54).”

Despite attaining increased compatibility toward non-noble
metals by using a closo-borane electrolyte, further improve-
ments are still needed. That is, although the corrosivity has
been lowered, it has not been eliminated; furthermore, as dis-
cussed before, excellent electrochemical performance needs to
be achieved in a solvent other than THF. However, the results
provided a proof of concept that boron clusters offer an op-
portunity for effectively tackling the existing challenges with
current electrolytes. Further steps should be aimed at design-
ing chloride-free boron cluster electrolytes capable of support-
ing excellent Mg plating/deposition performance in THF free
solvents and are compatible with non-noble metals.

5. Conclusions and Outlook

Rechargeable batteries are one of the most effective means of
storing energy, and rechargeable Mg batteries hold promise
for increasing the battery energy density (i.e. versus Li-ion bat-
teries). However, this technology is currently in its infancy and
facing substantial hurdles caused by the absence of practical
electrolytes and cathodes. In particular, the development of
electrolyte systems with wide electrochemical windows and
high compatibility with battery components is crucial to dis-
covering high-voltage cathodes.

Upon examining the progress made in the developments of
Mg battery electrolytes over the past two decades, we felt that
the design toolbox has been used exhaustively and may have
limitations towards achieving the necessary goals. In this arti-
cle, we explained a new bottom-up approach, which utilized
borohydride salts. These were used as a new platform to
design novel electrolytes, holding high promise to overcome
existing challenges with prevalent halomagnesium-based com-
pounds. High conductivities (ca. 2 mScm™), low overpotentials
(ca. —0.3 V vs. Mg), and high current densities (i.e. Mg stripping
peak current density >20 mAcm2) demonstrated the high po-
tential of the borohydride family. Achieving these properties
was possible through new ground rules set forth by a funda-
mental understanding of these systems, which enabled critical
discoveries. The highly reversible and facile Mg deposition/
stripping kinetics underscored the uniqueness of the BH,”
anion. To increase the oxidative stability of the borohydrides
while preserving their attractive B—H feature, we employed
a new design strategy using three-dimensional and robust
boron clusters. A model compound based on carboranyl mag-
nesium chloride demonstrated compatibility with Mg metal
while exhibiting a high anodic stability (3.2 V vs. Mg) and the
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lowest corrosivity towards non-noble metals to date. Nonethe-
less, this is just the beginning of the journey, and making the
boron cluster electrolytes soluble in the absence of chloride
and demonstrating high performance in a non-THF solvent is
the next big challenge. Certainly, anions based on the B—H
motif offer a new landscape in the universe of rechargeable
Mg battery electrolytes and pave the way for designing practi-
cal rechargeable Mg batteries.

Experimental Section

Experimental details are shown in the Supporting Information.
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