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Over the last decade there has been an explosion of technologi-
cal advances in rechargeable portable devices and electric
vehicles. However, innovations that reduce the cost, improve
the sustainability, and increase the storage capacity offered by
the state-of-the-art Li-ion technology have not kept pace with
this revolution." Li-ion batteries are also disadvantageous,
since lithium is expensive, not earth abundant (Li", 0.0017%
of the earth’s crust), very pyrophoric, and prone to hazardous
dendrite formation.”> To avoid dendrite formation, intercala-
tion type anodes (e.g. graphite) are used in current Li-ion bat-
teries, significantly reducing the possible energy capacity both
gravimetrically and volumetrically. Mg-based batteries® are an
attractive alternative to Li-ion systems because Mg is less
expensive, much more abundant (4% of the earth’s crust),
more tolerant of air, and does not form dendrites. The
absence of dendrite formation during Mg deposition allows
the utilization of pure Mg anodes, which drastically increases
the energy storage capacity of the battery. In addition, since
Mg is a small divalent atom it can store twice the amount of
electrons compared to Li.

In contrast to Li, Mg has a unique chemistry that limits
suitable solvents to aprotic and relatively non-polar ethers (e.g.
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for rechargeable Mg-ion batteries. Reduction of the ammonium cation in [HNMes " 1HCB Hy M1 with
metallic Mg affords the halide free carborane salt [Mg?*l[HCB;H1,17lo. Comproportionation of [Mg?*]
[HCB11H11' 7], with MgPh; affords the novel monocationic electrolyte [MgPh**][HCB:;H117], which rever-
sibly deposits/strips Mg with a remarkable oxidative stability of 4.6 V vs. Mg

0/+2

dimethoxyethane (DME), and higher glymes).*”* Mg salts that
are analogous to Li salts, such as magnesium hexafluoro-
phosphate ([Mg][PF¢],), are not suitable solutes for Mg-ion
electrolytes because the anions of these salts degrade during
the required electrochemical processes and form a solid
organic/inorganic film covering the Mg anode. Due to its
divalency, Mg ions cannot penetrate this solid layer, hence
reversible Mg deposition and stripping cannot be achieved uti-
lizing these common salts.

While Grignard reagents (RMgX) were observed to reversibly
deposit/strip Mg in as early as the 1920s,* they are not suitable
electrolytes due to their reducing power and poor electro-
chemical stability. The first breakthrough in electrolyte develop-
ment was made by Gregory® in 1990 who reported that non-
reducing Mg organo-borates/aluminates, such as [Mg]-
[BBu,Ph,],, would reversibly deposit/strip Mg; however, these
systems suffer from low oxidative stability (<2 V vs. Mg”*?).
Based on this observation Aurbach and coworkers*** intro-
duced a transmetalation strategy between Lewis basic diorgano-
magnesium reagents (MgR,) and Lewis acidic aluminum
species (AIC,R), to produce Mg organo-haloaluminate electro-
Iytes (Fig. 1, top). The inorganic chloride was found to be the
only suitable anionic supporting ligand for Mg ions in these
systems. The solutions of these electrolytes are complex equili-
brium mixtures of multiple neutral and ionic compounds. The
optimal mixtures have an enhanced electrochemical stability
(up to 3.3 V vs. Mg”*? on a Pt current collector)* and lead to
the first example of a working rechargeable Mg battery.>® One
drawback of this transmetalation strategy is that it prohibits
the exploration of organic anionic supporting ligands, which
might produce distinct or perhaps superior monocationic Mg
fragments. In addition, the inherent requirement for the intro-
duction of other metals can result in unwanted side reactions,
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Transmetalation

[MgCI™][AICIR; ™

MgR; + AICL,R

Comproportionation
MgR; + [Mg#*[HCB1H11 "l —————— 2 [MgR™][HCB{H1;"]
1Mg?* 1MgR™

Fig. 1 A simplified chemical equation representing a transmetalation
reaction to form a generic organo-haloaluminate electrolyte (top).
A general equation for a comproportionation reaction between a
diorganomagnesium reagent and a simple magnesium salt of a weakly
coordinating anion (bottom). R = alkyl or aryl.

such as the electrochemical deposition of aluminium.** More-
over, the presence of halide ions is undesirable in practical Mg
batteries because they lead to corrosion of the non-noble
metal battery components.® Therefore, over the last several
years there has been a significant effort to discover suitable
electrolyte systems that are both halide free and have feature
enhanced electrochemical performance.”

Here we describe a unique and economical approach to
produce halide free electrolytes for Mg batteries, namely the
chemical reduction of reactive cations with the Mg metal. In
addition, we introduce a novel comproportionation strategy
between a diorganomagnesium reagent and a simple halide free
Mg salt of a weakly coordinating carborane anion 1[Mg**] to
produce a highly electrochemically stable monocationic electro-
lyte 1[MgR'"], featuring an organic ligand. This strategy is adven-
titious to transmetalation, since only Mg reagents are used.

One of the most inert and weakly coordinating polyatomic
anions is the icosahedral carborane anion HCBy;H;;'~ (1)
(Fig. 2).% Classically, derivatives of this cluster have been uti-
lized as spectator anions for reactive molecular species’ and
more recently as ligand substituents.’® Elegant work by Boeré
and Knapp™" has shown that the measured oxidation potential
of 1 is +2.35 V versus Fc”" (approx. +5.36 V vs. Mg”*?) in liquid
SO,. The reduction potential of 1 is estimated to be well below
—4 V versus Fc”* (below —1 V vs. Mg”*?), but has not been
measured, since no suitable solvent has been found. Such
carborane anions should be ideal components for Mg battery
electrolytes. Very recently Mohtadi and coworkers’ at the
Toyota Research Center reported the preparation of halide free
1[Mg**] via salt metathesis of MgBr, with non-commercially

Mohtadi

1[Ag™]

1[Mg?*] 1[HNMe;™]

Precious Metal Free

Fig. 2 Mohtadi's route to 1[Mg?*] requires the use of a precious metal
(left). Halide and Ag free synthesis of 1[Mg?*] by cation reduction with
Mg.
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available 1[Ag""] in THF (Fig. 2, left). From an economic per-
spective this strategy is not practical since two equivalents of a
precious metal salt by-product (AgBr) are produced per molar
equivalent of Mg>". Moreover, the crude 1[Mg”*] product is not
sufficiently pure for electrochemistry without an unusual puri-
fication procedure. Sometime ago, we independently prepared
1[Mg”*] by a superior and much simpler method namely the
direct chemical reduction of 1[HNMe;""] with the Mg metal
(Fig. 2, right). Here the metallic Mg transfers two electrons to
two HNMe;'" molecules with subsequent evolution of volatile
H, and NMej; as the only by-products. This method results in
quantitative conversion of commercially available 1[HNMe;"]
to 1[Mg”*] in a single simple step and avoids the formation of
precious metal by-products. Moreover, the material is
sufficiently pure for electrochemical studies, vide infra. As
observed by Mohtadi,”* when produced in THF, 1[Mg”"] pre-
cipitates as a completely insoluble white powder, which is only
appreciably soluble in triglyme and tetraglyme. In these sol-
vents this electrolyte shows electrochemical stability up to the
limit of the solvent (3.8 V vs. Mg”*?) but only moderate con-
ductivity. The modest conductivity of 1[Mg?"], is likely due to
the strong coulombic attraction between the dipositively
charged Mg>" ion and the carborane anions.

Seeking to improve the solubility and conductivity of this
electrolyte we envisioned designing a system with reduced cou-
lombic interactions. Furthermore, enhanced solubility might
offer the possibility of utilizing more oxidatively stable sol-
vents, which could lead to higher voltage electrolyte systems.
We hypothesized that attaching a suitable organic ligand (R7)
to the Mg>" ion in 1[Mg**] would produce unique carborane
electrolytes 1[MgR"'*]. We also desired a method that could
potentially be used to rapidly create a library of electrochemi-
cally distinct Mg electrolytes without the introduction of
potential contaminants, as in transmetalation reactions. It was
reasoned that treatment of Lewis acidic 1[Mg**] with an equal
molar amount of a halide free Lewis basic diorganomagne-
sium reagent MgR, would result in comproportionation to
afford 1[MgR"] species. Inspired by Aurbach’s all phenyl
complex electrolyte (APC),** which features an oxidation resistant
phenyl substituent, we predicted that readily available MgPh,
would be an ideal reactant. Indeed, treatment of a suspension
of 1[Mg*'] in DME with a DME solution of MgPh, instantly
solubilizes the mixture suggesting that a reaction occurred
(Fig. 3). The analysis of the solution by "H NMR spectroscopy
(ESIt) shows the disappearance of resonances associated with

1[MgPh™]

Fig. 3 Comproportionation of 1[Mg?*] and MgPh, to produce
1[MgPh*] (top).

This journal is © the Partner Organisations 2015


https://doi.org/10.1039/c5qi00171d

Published on 15 2015. Downloaded by Fail Open on 5/7/2025 3:32:30 PM.

Inorganic Chemistry Frontiers

MgPh, and the formation of a single new product with aro-
matic resonances, consistent with the formation of 1[MgPh™"].

In addition, the ">C NMR spectrum (ESIf) shows a distinct
quaternary aryl resonance at 169.8 ppm, which is 10 ppm
upfield with respect to MgPh, and suggests that the aryl sub-
stituent is bound to a more electrophilic Mg center.'* Variable
temperature NMR experiments to a temperature as low as
—50 °C, show the presence of only single molecular species,
which demonstrates the absence of an observable Schlenk-like
equilibrium on the NMR time scale. The apparent absence of
an observable Schlenk equilibrium highlights the poor nucleo-
philicity of the carborane anion compared to the halide ions
present in Grignard reagents and organo-haloaluminates. The
"B NMR of 1[MgPh'"] (ESI{) is identical to 1[Mg>"], which
suggests that the carborane anion 1 has no interaction with
the [MgPh'"] cation. Although the data is not of sufficient
quality to accurately discuss bond lengths and angles, a single
crystal X-ray diffraction study confirms the structure of
1[MgPh"*] (Fig. 4). In the solid-state, the Mg center is octahed-
rally coordinated to the Ph group, two molecules of chelating
DME, and a single molecule of THF. The closest approach
between the carborane anion 1 and the Mg center is approxi-
mately 6.7 angstroms, which is out of the range for both
covalent and van der Waals interactions.

The 1[MgPh"’] electrolyte in DME demonstrates an excel-
lent room temperature conductivity. As shown in the ESI,} the
conductivity of the 1[MgPh'"] electrolyte in DME increases as a
function of salt concentration. At 0.4 M, the conductivity is
1.24 x 107> S ecm ™', which is more than 4 times higher than
the maximum conductivity of 1[Mg>] reported by Mohtadi
(0.75 M in triglyme, 2.9 x 107> S em™").”* As demonstrated by
cyclic voltammetry (CV), 1[MgPh"*] also shows reversible Mg
deposition/stripping and excellent anodic stability on various
metal surfaces. As shown in Fig. 5a, CV scans show facile Mg
deposition and stripping on all working electrodes (WE)
including platinum (Pt), glassy carbon (GC), titanium (Ti),
nickel (Ni), 316 stainless steel (SS) with low overpotentials (250

Fig. 4 Solid state-structure of 1[MgPh'*] with a THF and two co-
ordinated DME molecules. Hydrogen atoms and two molecules of
cocrystallized toluene are omitted for clarity and thermal ellipsoids are
drawn at the 50% probability level (color code: blue = Mg; grey =
carbon; brown = boron; red = oxygen).

This journal is © the Partner Organisations 2015

View Article Online

Research Article

o
w

Q

o
)

-
o
1

(6}
1
o
e

Current Density (mAcm?)
o

35 4.0 45 5.0
Potential (V vs. Mg RE)

o
1

Current Density (mAcm?)
i

N
o
1

d T T T v T v 1
2 3 4 5
Potential (V vs. Mg RE)

A I

b 154 100
_— ety Pty
1" cycle g 954 ‘%‘\ L
— 3 g 90 . -

T 100 ey | | §
g Yy E 85

o

35 80
T £
é 5. 3 75

)
2 70 ; . . g ;
7 0 10 20 30 40 50
c Cycle Number
a
h 0— +
c
e
—
-
O 54

—
-10 05 00 05 10 15 20 25
Potential (V vs. Mg RE)

Fig. 5 (a) First CV scan of 0.4 M 1[MgPh'*] in DME on various WEs
using scan rate of 5 mV s%. Enlargement of 3.5 to 5.0 V region of the
anodic scan shows the oxidative onset potentials (inset). (b) Selected CV
cycling curves of Mg deposition/stripping on a Pt working electrode
with a 5 mV s~ scan rate. The inset shows the coulombic efficiency as a
function of the CV cycle number.

to 300 mV depending on the surface). Metallic Mg deposition
was confirmed by scanning electron microscopy and X-ray
diffraction studies (ESIT). Impressively, anodic scans of the
electrolyte (inset in Fig. 5a) demonstrate the unprecedented
oxidative stability of 1[MgPh"'*] with various WEs using a scan
rate of 5 mV s~'. Enlargement of the 3.5 to 5.0 V region of the
anodic scan shows the oxidative onset potentials (inset). This
electrolyte is stable up to 4.6 V vs. Mg”*? on both Pt and GC,
rendering it by far the most oxidatively stable Mg-ion electro-
Iyte reported to date. The anodic stability is 4.2 V on Ti and
3.5 V on both SS and Ni. While the oxidative stability of the
carborane anion 1 is not surprising given the data reported
by Boeré and Knapp, the electrochemical stability of the
novel cation [MgPh'*] containing an organic ligand is truly
remarkable. The Mg deposition/stripping CV cycling curves
and cycling coulombic efficiency are shown in Fig. 5b.
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The efficiency of the first cycle on Pt WE is 93.0%, which
improves to 95.0% in the following 50 cycles. The average coulom-
bic efficiency of Mg deposition/stripping on Ni, Ti, and SS is also
measured with a galvanostatic cycling method (ESI{) as 95.3%,
93.7%, and 91.7%, respectively. The feasibility of 1[MgPh"*] in
DME as an electrolyte in rechargeable Mg-ion batteries was
demonstrated using coin cells with a Mg metal anode and the
standard MogSg cathode (ESIf). The Mg-MogSs batteries demon-
strate performance consistent with other reported studies."

Conclusions

The manuscript above introduces several key advances that
pave the way for the development of practical high capacity Mg
batteries. The reduction of reactive cations to form halide free
electrolytes should be a broadly applicable method for the
preparation of any electrolytes that will be suitable for Mg bat-
teries. Since the anionic component of competent electrolytes
must be chemically inert towards Mg, this method also serves
as a chemical test to ensure electrolyte compatibility with the
anode. The comproportionation strategy serves as an entry way
into sophisticated highly oxidatively stable monocationic
carborane salts 1[MgR""] containing organic ligands, as exem-
plified by the preparation of 1[MgPh'*]. Lastly, access to
electrolytes that have oxidative stability beyond 4.5 V creates a
novel paradigm for discovering entirely new high voltage
cathode materials for the development of practical high
capacity Mg-ion batteries.
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