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Abstract

Rechargeable magnesium batteries (RMBs) are one of the promising energy-storage
technologies for sustainable energy storage due to the abundant resources and intrinsically remarkable
energy-storage properties of magnesium metal. However, to compete with alternative technologies,
such as present lithium-ion batteries, there is a need to improve their energy density. One of the
approaches to accomplish the above demand is to use high-voltage cathodes. The poor anodic stability
of the current ether-based electrolytes compatible with magnesium metal anodes limits their working
voltage and the choice of electrode materials. In this study, we explored different organic solvent-
based electrolytes to design anodically-stable ether-based electrolyte solutions for RMB applications.
Through the comprehensive experimental and computational surveys, we found that the intrinsic
electrochemical/chemical stabilities against magnesium metal and the well-balanced solvating ability
were necessary to achieve the desired functionality. Based on this knowledge, we designed and
synthesized glyme-analogs bearing trifluoroalkyl groups. Consequently, we developed anodically-
stable electrolytes that support electrochemical magnesium deposition/dissolution by combining
suitable fluorinated-glyme-based solvents with appropriate conducting salts. These electrolytes
showed a remarkable anodic limit of 4.4 V vs. Mg?*/Mg (the highest ever reported to the best of our
knowledge) and effectively suppressed the undesired corrosion of Al current collectors. However,
these electrolytes could not be applied to RMBs with high-voltage oxide-based cathodes. Fragility
against oxide-based cathodes caused undesired catalytic decomposition of the fluorinated solvents

during charging.
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Introduction

The invention of rechargeable batteries is one of the greatest achievements of modern times.
Lithium-ion batteries have led to significant changes and technological innovations in society, and
their impact on industrial and social structures is immeasurable. However, to achieve sustainable
development worldwide and improve societal well-being, the development of large-scale energy-
storage technologies that are environmentally friendly is strongly recommended. Rechargeable
batteries that use magnesium metal anodes are a promising option to meet these demands, as
magnesium is abundant in nature, cost-effective, and has high specific/volumetric capacities, as well
as inherent stability against ambient atmosphere.>? Additionally, the less dendritic-growth nature of
magnesium metal anodes upon repeated electrochemical deposition/dissolution cycling is desirable
for safe battery operation, compared to conventional lithium metal anodes often experience fatal
dendritic-growth issues.>® Thus, rechargeable magnesium batteries (RMBs) have attracted
considerable attention, and various fascinating electrode and electrolyte materials have been
developed to realize RMBs with comparable or greater energy densities than present lithium-ion
batteries.

Combining high-capacity cathodes, such as air (O2) and sulfur, with high-capacity anodes,
such as lithium metal, silicon, and low-dimensional carbon materials, is the current mainstream for
research and development in both industry and academia when it comes to lithium-based batteries.®
These cathode-active materials are believed to be promising for enhancing the energy densities of
RMBs. However, the sluggish reversibility of Oz-related species and the substantially low working
voltage of sulfur species make it extremely challenging to achieve reversible and high-energy densities
for magnesium batteries.’*2 Consequently, straightforward approaches, such as high-voltage
transition metal oxides, appear more feasible for materializing high-energy-density RMBs.*314
According to the energy density calculator,'® “realistic” RMBs that take into account the weight and
volume of all battery components, including cathodes, anodes, current collectors, separators,
electrolytes, tabs, tab-leads, films, and free space, can achieve ca. 300 Wh kg™t and 600 Wh L™ when

a working voltage of 2.8 V and the discharge capacity of 270 mAh g* (based on the mass of cathode-



active materials) are reached. However, to realize such batteries, electrolytes that support
electrochemical reactions at both magnesium metal anodes and high-voltage cathodes need to be
developed. Conventional electrolyte solutions applicable to 4 V-class lithium-ion batteries, such as
carbonates, nitriles, and sulphones, do not support fundamental interfacial reactions at magnesium
anodes.'®!” Due to the reductive nature of magnesium metal, most constituents of conventional
electrolytes readily react with magnesium chemically, and the resulting passivation layer strongly
hinders the diffusion of Mg?* at [magnesium metal anode | electrolyte] interfaces.

The limited combinations of electrolyte salts and solvents allow reversible electrochemical
deposition/dissolution of magnesium metal. Ethers are one of the representative cathodically-stable
solvents. Indeed, ether solvents are typically used in major electrolyte solutions for electrochemical
magnesium deposition/dissolution.?1® The ethereal solutions of magnesium
bis(trifluoromethanesulfonyl)amide (Mg[TFSA]z) support somewhat reversible magnesium
deposition/dissolution with modest Coulombic efficiencies.’®® To improve interfacial kinetics and
suppress passivation in modest electrolytes, organic/inorganic halide species and strong Lewis acids
are effective additives for magnesium deposition/dissolution,?*2! although their mechanisms and
functions are still controversial. However, these additives, mostly halide species, often have
drawbacks, such as insufficient anodic stability, high corrosivity, and incompatibility with typical
transition-metal-oxide cathodes.?? To avoid these drawbacks due to additives, different approaches
have been developed to enhance and induce reversible magnesium electrochemistry, including the
modification of solvation sheath by dual solvents and artificial interfacial engineering for modestly
active and even inactive electrolytes, respectively.?>28 The former solvent approach is particularly
practical with respect to the practical battery materialization, as the surface chemistry and morphology
of the metallic anode systems would successively change during cycling. Recent studies into designing
electrolyte materials based on the solution chemistry have achieved promising Mg[TFSA]2-based
electrolytes by combining ether and certain organic solvents.?*?5-?” The dual-solvent systems would
offer better electrochemical characteristics than those composed of ether solvents solely by modulating
solvation states and solution structures. These successes challenge the established theory that

magnesium is only compatible with ethereal solvents and could pave the way for high-energy-density
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RMBs with suitable electrolytes that simultaneously support reversible magnesium electrochemistry
and sufficient anodic stability.

To identify the appropriate electrolyte formulations for high-energy-density RMBs that use
high-voltage oxide-based cathodes, we conducted a new study on organic solvent-based single-solvent
electrolytes. We examined their electrochemical magnesium deposition/dissolution activities and
anodic limits in a comprehensive survey that combined systematic experimental investigation with
first-principle calculations. Our findings confirm that intrinsic electrochemical/chemical stabilities
against magnesium metal anodes and well-balanced solvating ability are essential for achieving the
solvents that allow electrochemical magnesium deposition/dissolution. We also discovered that single-
solvent electrolytes composed solely of the second solvents in previously reported dual-electrolyte
systems did not support electrochemical magnesium deposition. Based on these findings, we attempted
to introduce the functional groups in the ether architectures to improve the anodic stability without
spoiling the favorable characteristics of ethers. Our optimal electrolyte exhibited moderate

compatibility with magnesium metal anodes and excellent anodic stability.

Methods

Materials. The electrolyte salts of Mg[Z(HFIP)4]2 (Z = B or Al; HFIP = hexafluoroisopropoxyl) were
synthesized using established procedures.?®3° Commercially available, anhydrous solvents were used
as received, while solvents whose water contents could not be guaranteed by the suppliers were dried
by vacuum distillation over suitable pre-drying agents and treated with activated 3-A molecular sieves
and then stored in an Ar-filled glovebox. A series of electrolyte solutions were prepared by dissolving
predetermined amounts of the salts in the studied organic solvents, and the solutions were vigorously
stirred at 30 °C overnight in an Ar-filled glovebox (O2, H20 <1 ppm, UNICO). As the solutions of
Mg[Z(HFIP)4]2 dissolved in conventional glyme (Gn; n indicates number of the ethylene oxide unit)
solvents showed the highest ionic conductivities at around 0.3 mol dm™ irrespective of the

coordination center of the anions and the number of ethylene oxide units of glymes,*® the



concentrations of the solutions were fixed at that concentration unless otherwise noted. The water

content of the prepared electrolytes was measured at <30 ppm by Karl Fischer titration.

Synthesis of fluorinated ethers. A series of fluorinated glymes bearing trifluoromethyl (TFM), 2,2,2-
trifluoroethyl (TFE), and 3,3,3-trifluoropropyl (TFP) groups were synthesized following the
conventional ~ Williamson  reactions®32 or the modified silver-mediated direct O-
trifluoromethylation,® depending on the molecular structure of the introduced functional groups. The
chemical structure and purities of the synthesized fluorinated ethers were identified by 'H, *C, and
¥F nuclear magnetic resonance (NMR) spectroscopy. Detailed synthetic conditions and analytical data
are provided in the Supporting Information (Figures S1-S4).

GNnTFM (n = 2 or 3): The silver-mediated direct O-trifluoromethylation was adopted to synthesize
trifluoromethoxy-type glyme-analogs from the corresponding oligoethylene glycols. The obtained
crude product was purified by silica-gel column chromatography, followed by vacuum distillation to
yield colorless liquid products at approximately 20% yield. As outstanding battery performance was
observed when applying GnTFM to lithium-based batteries, the detailed synthetic procedure for
GnTFM will be provided in our subsequent study.

GNnTFE (n = 2 or 3): Another anhydrous tetrahydrofuran (THF) solution of 2,2,2-trifluoroethanol was
added dropwise to an ice-cold suspension of NaH (60% dispersion in paraffin oil, 4.0 equiv.) in
anhydrous THF at 0°C. After vigorous stirring at ambient temperature (22+2°C) for 2 h, the anhydrous
THEF solution of the corresponding oligoethylene glycol bis(p-toluenesulfonate) precursors were added
slowly at 0°C, followed by refluxing with continuous stirring for 24 h. The reaction mixture was
cooled to ambient temperature; then, 10 wt% aqueous solution of NH4Cl was added to quench the
excess sodium alkoxide. The aqueous phase was extracted with ethyl acetate, and the combined
organic phase was washed with deionized water and saturated NaCl aqueous solution every three times.
The solution was dehydrated with anhydrous MgSO4 and subsequently concentrated using a rotary
evaporator. The crude product was purified by vacuum distillation to yield the colorless liquid at >80%

yield.



GnTFP (n = 2 or 3): The same procedure as GnTFE synthesis was adopted using 3,3,3-
trifluoropropanol instead of 2,2,2-trifluoroethanol. The resulting crude product was purified by

vacuum distillation to yield the colorless liquid at approximately 40% vyield.

Transport properties. The transport properties, such as ionic conductivity, liquid density, and
viscosity, were evaluated for various fluorinated ether-based and some selected electrolytes. The ionic
conductivities were measured using the complex impedance method with an impedance analyzer
(VMP3, Biologic). A commercial cell equipped with two platinized platinum electrodes (CT-57101B,
TOA DKK Corporation) was used for the impedance measurements. The liquid densities and
viscosities were measured using a kinematic viscometer (SVM3001, Anton Paar GmbH). All the

standard deviations in the experimental values were within +3% of the average.

Electrochemistry. The electrochemical magnesium deposition/dissolution activities of a series of
electrolyte solutions were assessed by cyclic voltammetry (CV) using a typical three-electrode beaker-
type cell. A Pt disk (3 mm, BAS) and pure Mg ribbon (FUJIFILM Wako Chemicals) were used as
working and counter electrodes, respectively, while an Ag*/Ag electrode was employed as a reference
for CV measurements. The Ag*/Ag reference was fabricated and calibrated according to the previously
reported procedure.?®3* The magnesium deposits were obtained by potentiostatic polarization of a Pt
disk working electrode at -1.0 V vs. Mg?*/Mg in 0.3 mol dm~3 Mg[AI(HFIP)4]2/G2TFE-G3TFE (in
50:50 vol%). The anodic corrosion tests of Al foil current collectors were conducted to investigate the
corrosive nature of the prepared electrolytes. Three-electrode cells were assembled using the Al
current collectors (916 mm) as a working electrode, a porous glass fiber as a separator (GF/A,
Whatman, t = 0.26 mm), mechanically polished magnesium foil (99.94%, homemade, 16 mm, t =
0.04 mm) as a counter electrode,® and an Mg?*/Mg electrode as a reference. The Mg?*/Mg reference
was fabricated by soaking a mechanically polished Mg wire (99.999%, Nilaco) in 0.3 mol dm3
Mg[AI(HFIP)4]2/G2, where electrochemical magnesium deposition-dissolution taking place almost at
0 V vs. Mg?*/Mg.*° The working electrodes were polarized in the fluorinated ether-based electrolyte

solutions at the predetermined potentiostatic conditions for 16 h at ambient temperature. The



aforementioned electrochemical measurements were conducted using an electrochemical analyzer
HSV-110 (Hokuto-Denko Corporation) located in an Ar-filled glovebox.

The discharge-charge cycling tests were performed using two- or three-electrode setup cells.
The nanostructure-engineered MgMn20s served as a cathode-active material.*® The cathode
formulations comprised MgMn20a4: multiwall carbon nanotube: polyvinylidene difluoride = 92: 4: 4
in weight ratio. The mixture was dispersed in N-methylpyrrolidone to obtain a slurry and then coated
on an Al current collector. The dried cathode sheets were compressed by a roll press, cut into a circular
shape with a diameter of 16 mm (the average mass loading was fixed at 3 mg cm2), followed by heat
treatment under a high vacuum at 80 °C for 24 h to completely remove adhered water and remaining
NMP. The cells were assembled using a MgMn204 cathode, GF/A separator immersed in certain
fluorinated and non-fluorinated electrolytes, and mechanically polished magnesium foil. For the three-
electrode setups, an Mg?*/Mg reference was used. Galvanostatic discharge-charge tests were
performed using a battery-testing system (Hokuto Denko, HJ1001SD8C). The current density of 10
mA ¢! and a cut-off voltage of +0.2 and +4.0 V were adopted. All discharge-charge tests were
performed at 30 °C. Each test was repeated at least three times separately to ensure experimental

reproducibility.

Chemical and Morphological Analysis. The electrodeposited magnesium metal and polarized
current collectors were examined using scanning electron microscopy (SEM; JSM-7800F, JEOL) and
subsequently characterized by energy dispersive X-ray (EDX) spectroscopy. X-ray photoelectron
spectroscopy (XPS; VersaProbe 11, ULVAC-PHI) was also used to characterize the current collectors.
XPS measurements were conducted with an Al Ka. X-ray source under a base pressure of less than 6.7
x 1078 Pa. The binding energy of the obtained spectra was calibrated using the C 1s peak from sp?-
hybridized carbon at 284.5 eV as a reference. To prepare the samples, all the impurities were removed
by washing with anhydrous ethylene glycol dimethyl ether and the samples were dried under a high
vacuum at ambient temperature. The samples were then placed in an airtight chamber and transferred

for SEM—EDX analysis or XPS measurements without any exposure to air.



Calculation. The DFT calculations were conducted using the Gaussian 16 software package®’ at the
MO06-2X/aug-cc-pVTZ level, taking into account the solvent effect with the SMD model.*® The
permittivity of each solvent was used for the calculations, and the dielectric constant was set to 7.23
for the fluorinated and sulfonated glyme-analogs, which corresponds to the non-modified glyme. The
zero-point energy and counterpoise correction were not included in the calculations. The oxidation
energy (ionization potential (IP) in solvent) was determined by calculating the energy difference
between the relaxed cation and neutral states, whereas the reduction energy (electron affinity (EA) in
solvent was determined by calculating the energy difference between the relaxed neutral and anion
states. The binding energy (BD) of the solvent with Mg?* was calculated by BD = Emg + Esolvent —

Esolvate, Where Emg, Esolvent, and Esoivate represent the energies of Mg?*, solvent, and solvate, respectively.

Results & Discussions

Revisiting the solvent survey for Mg deposition-dissolution: As described in the introduction part,
reversible electrochemical magnesium deposition-dissolution are only allowed in limited ethereal
solutions. However, recent studies have identified a promising avenue for developing magnesium
battery electrolyte compositions. Certain ether-based dual solution systems of MgCl2 and
Mg[N(CF3sS03)2]2, such as ether-sulfone,2®?* ether-amine,?>?® and ether-phosphate,?” have
demonstrated favorable electrochemical characteristics. However, achieving reversible magnesium
deposition-dissolution in non-ethereal single-solvent electrolyte solutions remains a challenging
task.?* The second solvents in these solutions play a specific role as chelating agents to kick the counter
anions in the first Mg?*-solvation shell away, stabilizing the isolated counter anions and subsequently
the [magnesium metal | electrolyte] interface.2? These dual-solvent systems impart complicated
solution states as mutual interactions among three Lewis basic components, including the ether, second
solvents, and counter anions, which compete with attractive interactions of the Lewis bases with Lewis
acidic Mg?*. To simplify the solution and interfacial chemistries and identify the solvents that are
compatible with magnesium metals, this study surveyed a single salt-solvent system with

Mg[Z(HFIP)a4]2 as a conducting salt. The coordination ability of this anion is considerably small;303°40
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thus, Mg?*-anion interactions would be negligible. A large variety of commercially available solvents,
including ethers, nitriles, amines, amides, carbonates, acid esters (acetates, phosphates, and borates),
sulfoxides, sulfites, sulfones, ketones, alcohols were studied. All primitive CV results are summarized
in the Supporting Information (Figures S5-S8). To avoid scattering focuses, this study discusses some
specific results for Mg[B(HFIP)4]2-based electrolytes.

Figure 1 shows that the choice of electrolyte solvents determines the electrochemical activity
for magnesium deposition-dissolution. Most ethereal solutions are intrinsically compatible with
magnesium metal; thus, allowing reversible magnesium deposition-dissolution, except for dipropylene
glycol dimethyl ether solution, which requires substantially large polarization to proceed deposition
and dissolution reactions. Although the reason for this observation is not clear, it is possible that the
coordination structures of Mg?* surrounded by propylene oxide units, O(CH2CH2CH20)s, may cause

such inferior electrochemical characteristics.
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Figure 1. Cyclic voltammograms of Pt working electrodes recorded in a series of Mg[B(HFIP)4]-

based electrolyte solutions at a scan rate of 10 mV s at 30 °C. Red, blue, and gray curves indicate

the 1st, 5th, and 10th cycles, respectively. THF, tetrahydrofuran; G1, monoglyme; G2, diglyme; AN,

acetonitrile; DMF, dimethyl formamide; DEC, diethyl carbonate; PC, propylene carbonate; TMP,

trimethylphosphate; EiPS, ethyl isopropyl sulfone.
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Reduction current responses can be observed for the electrolytes using the solvents containing
nitrogen-based functional groups, such as nitrile, amine, and amide. These responses are attributed to
electrolyte side reactions, such as reductive decomposition and the corresponding re-oxidation of
reduction products, despite their occurrence at approximately the ideal equilibrium potential of
Mg?*/Mg.** Solid deposits were not detected on the working electrodes after certain potentiostatic
polarization in these electrolytes; however, unidentified sticky compounds were found. It is worth
noting that the hybrid solvents of ether and nitrile, like 3-methoxypropionitrile and ethylene glycol
bis(propionitrile) ether, are inactive for magnesium deposition-dissolution, indicating that the
detrimental effects of nitrile on magnesium would evolve preferentially. The electrolyte solutions of
2-methoxyethylamine, a kind of hybrid solvent of ether and amide, exhibit irregular CV profiles. This
family has recently been reported to be an effective second solvents for enhancing the electrochemical
activity of ethereal solutions of Mg(TFSA)2 by modifying the solvation environment of Mg?*.?®
Somewhat coupled cathodic and anodic responses can be found at approximately -0.7 and -0.3 V vs.
Mg?*/Mg. The electrolyte solution of ethylenediamine, a non-ethereal counterpart of the 2-
methoxyethylamine, also showed similar coupled responses in the same range, -0.7 and -0.3 V, in
addition to another couple at +0.5 and +1.0 V vs. Mg?*/Mg. As these electrolytes are inactive for
magnesium deposition-dissolution due to the absence of deposits of magnesium metal even after CV
and potentiostatic measurements, the observed redox couples should come from somewhat reversible
redox reactions of the solvent, not the desired magnesium deposition-dissolution reactions.

Previously reported studies have noted the presence of peaks in carbonate-based electrolytes
that cannot be attributed to either magnesium deposition or dissolution.*® It is worth noting that the
current densities of the observed CV profiles for the carbonate-based electrolytes are considerably
smaller than those observed in nitrogen-based electrolytes. The salt was well dissociated in carbonate-
and nitrogen-based solvents, as evidenced by the ionic conductivity measurements (Figure S9),
suggesting that the interface formed by carbonate-derived electrolytes may be highly insulating. Such
a carbonate-derived interface may be formed during the initial cathodic process. The reductive
decomposition of the carbonate group took place at approximately +1.0 V vs. Mg?*/Mg, as all studied

carbonate-based electrolytes have similar cathodic current profiles for initial scans. A similar
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mechanism can be observed in other acid-ester solutions, such as acetate and phosphate. However, the
studied salt was not dissolved in borates, possibly due to the extremely weak coordinating ability of
borate esters.

In contrast to the electrolyte solutions containing sulfoxide, sulfite, and cyclic sulfone
(referred to as sulfolane), which are inactive electrochemically for magnesium deposition-dissolution,
the ethyl isopropyl sulfone (EiPS)-based electrolyte exhibits a different CV profile. This electrolyte
shows a large reduction current, which is readily assignable to the magnesium deposition reaction.
Similar curves can be obtained for the EiPS electrolyte containing Mg[AI(HFIP)s]2 as a conducting
salt (Figure S10), further supporting the modest compatibility of the solvent against magnesium metal.
The deposits obtained from the EiPS electrolyte consisted of magnesium and certain amounts of
impurity elements originating from the decomposition of the electrolyte. Unfortunately, the oxidation
currents corresponding to magnesium dissolution were considerably small or negligible, although the
EiPS solution allows magnesium deposition. The surface passivation of magnesium deposits due to
the cathodic decomposition of the electrolyte constituents may impede the dissolution of the deposits
during the reverse scans. The reversibility of magnesium deposition-dissolution of dialkyl sulfone-
based electrolyte solutions can be improved by adding ethers. As shown in Figure S11, somewhat
reversible responses can be observed during the anodic scan for the CV profiles of the dialkyl sulfone-
glyme dual-solvent electrolytes.

In summary, typical glymes are only the solvents that possess remarkable compatibility with
reductive magnesium metal electrodes and good solvating ability toward various magnesium salts.
Meanwhile, the other single organic solvents would impede reversible electrochemical magnesium
deposition-dissolution reactions mainly due to their interfacial instability. Mixing certain solvents with
glymes may improve the compatibility of the resulting dual-solvent electrolytes against magnesium
metal compared to the single non-ethereal electrolytes. However, the relatively inferior compatibility
of these solvents against magnesium would impart insufficient performance. Moreover, the anodic
stability of these dual-solvent electrolyte solutions would not be able to be improved as anodically
unstable solvents, in most cases ethers or amines, would be oxidized preferentially during the anodic

scan. To gain anodically stabile ethers, the introduction of electron-withdrawing groups into the
13



molecular structures of ethers by covalent bonding has been proposed. The inductive effect through a
o-bond by electron-withdrawing groups results in polarizing anodically fragile ether oxygen moieties,
making the compounds anodically stable. This synthetic approach worked well for ethers
functionalized by fluoroalkyl groups to enhance the anodic stability of the resulting ethers without
losing the good compatibility against lithium metal.*>** Based on the similar chemical nature of
lithium and magnesium metals, the same approach should be adoptable in developing anodically-
stable ethereal electrolytes for magnesium batteries. In this study, a computational survey has been
conducted to synthesize compounds to specify the electron-withdrawing functional groups that are
potentially compatible with magnesium metal-negative electrodes.

Computational survey toward feasible ether structures: Oxidation and reduction energies of the
representative solvent compounds with different functional groups are summarized in Table 1. The
binding energies of the molecules against magnesium ions are also included in the table. The energy
levels of the highest occupied and lowest unoccupied molecular orbitals, HOMO and LUMO,
respectively, are often referred to as measures of oxidative and reductive stabilities of compounds.
However, these energy levels do not necessarily reflect the corresponding stabilities due to the lack of
the principle of the energy differences between reactants and products.** In this study, to make a
reliable prediction of anodically-stable ether structures, we adopted adiabatic ionization potential (IP)
and electron affinity (EA) based on the relevant electron-transfer processes to estimate the oxidative
and reductive stabilities of compounds, respectively. The detailed computational studies on the
guantitative evaluation of the redox and solvation characteristics of major liquid electrolytes will be

reported in a separate paper.

Table 1. Oxidation and reduction energies of a series of representative organic solvents. The dielectric

constants (er) and binding energies with Mg?* were also included.

Solvents &r Oxidation energy / eV Reduction energy / eV Binding
HOMO Adiabatic IP LUMO Adiabatic energy with
EA Mg?* [ eV
EC 89.8 -10.306 -8.535 -0.012 -0.643 0.599
PC 66.1 -10.210 -8.360 -0.012 -0.603 0.647
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DEC 2.82 -10.084 -8.891 -0.069 -0.007 2.052

GBL 39.0 -9.465 -8.020 -0.024 -0.850 0.835
THF 7.52 -8.564 -7.175 0.020 -0.266 1.242
AN 36.64 -10.947 -9.294 0.013 -0.494 1.085
DMF 38.3 -8.194 -6.613 0.011 -0.639 0.451
SL 43.4 -9.246 -71.754 0.010 -0.385 0.801
DMSO 47.2 -8.011 -6.406 0.058 -0.520 1.204
TMP 20.6 -10.070 -8.029 -0.075 -0.490 1.231
Gl 7.30 -8.941 -7.844 0.016 -0.170 2.086
G2 7.23 -8.951 -7.006 -0.012 -0.169 2.987
G3 7.62 -8.956 -7.045 -0.027 -0.177 3.815

Footnote. EC, ethylene carbonate; PC, propylene carbonate; DEC, diethyl carbonate; GBL, y-butyrolactone;
THF, tetrahydrofuran; AN, acetonitrile; DMF, dimethyl formamide; SL, sulfolane; DMSO, dimethyl sulfoxide;

TMP, trimethylphosphate; G1, monoglyme; G2, diglyme; G3, triglyme.

For magnesium battery applications, electrolytes must be stable against magnesium metal-
negative electrodes. Therefore, reductive stabilities, namely, EAs, of the solvents are important
parameters to be considered. As shown in Table 1, sulfone, sulfoxide, phosphate, and linear carbonate
will be potential candidate groups for ether functionalization with respect to the EAs. Among them,
sulfoxide must be excluded because of its poor oxidative stability (referred to as IP in Table 1).
Unexpectedly, a linear carbonate, e.g., diethyl carbonate, is stable against reduction and oxidation,
whereas cyclic carbonates are susceptible, especially against reduction. As demonstrated in Figure 1
and many preceding works, the electrochemical magnesium deposition does not occur in any
carbonate-based electrolyte solutions. This discrepancy between computation and experimental may
arise from not the electrochemical but chemical instability of carbonate groups against magnesium
metal.* Indeed, an artificial interface that makes electrolyte components away from direct contact
with magnesium metal enables reversible magnesium electrochemistry even in carbonate-based
electrolytes.?® In contrast to the sulfoxide and carbonate groups, the sulfone and phosphate groups are
still fascinating because the corresponding solvents have shown certain adoptability against

magnesium metals.?>?427 As expected from the computation on the sulfone molecule, the oxidative
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stability would improve by combining glyme with sulfone without seriously spoiling the favorable
reductive stability of ethers (Table 2). Figure S12 shows the corresponding chemical structures of
sulfonated glyme-analogs. The number and position of the sulfonyl-group replacement on the ether

oxygen atoms have a minor impact on the electrochemical stabilities.

Table 2. Oxidation and reduction energies and binding energies with Mg?* of sulfonated and

fluorinated-glyme analogs. The data of parent non-modified G2 were also included as a reference.

Solvents Oxidation energy / eV Reduction energy / eV Binding
HOMO Adiabatic LUMO Adiabatic energy with
ionization electron Mg?* / eV
potential affinity
G2 -8.951 -7.006 -0.012 -0.169 2.987
G2-F1 -9.481 -8.091 -0.081 -0.372 1.572
G2-F2 -9.451 -8.448 -0.098 -0.366 1.830
G2-F3 -9.675 -8.341 -0.090 -0.296 1.663
G2-F4 -11.057 -9.844 -0.061 -0.276 0.486
G2-F5 -12.752 -10.078 0.104 -0.168 -0.681
G2-S1 -9.162 -7.937 -0.084 -0.360 2.119
G2-S2 -9.408 -7.974 -0.152 -0.418 3.003

Partial/full fluorination of hydrocarbons (H replacement by F) is also one rational approach
for designing molecules with enhanced oxidative stability. To clarify the effect of fluorination on the
electrochemical stabilities and solvating ability, fluorinated-glyme analogs were investigated
systematically based on the G2 structure as a model system. These chemical structures are illustrated
in Figure S12. The number and position of fluorination have a strong impact on the electrochemical
stabilities (Table 2). The contribution of fluorination on the terminal methyl group to the reduction
stability seems small, whereas that on the ethylene unit backbones is relatively large. A similar trend
can be found for the oxidation stability sides. The difference in the degree of contribution of
fluorination may arise in their molecular structures and the resulting extent of the impact of the

inductive effect of fluorine atoms on the electronic states of the adjacent ether oxygen atoms. The
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inductive effect through o-bond is well-known to be diminished with distancing. Therefore, the
inductive effect of each terminal CFs can affect the electronic state of the directly bonded single
oxygen atom. However, the effect of fluorinated ethylene units will be provided on two adjacent ether
oxygen atoms. Moreover, the inductive effect becomes prominent for the further or fully fluorinated
cases, e.g., G2-F4 and G2-F5 (Table 2 and Figure S12), improving the oxidation stabilities. The
perfluorination simultaneously diminishes the coordination ability of the solvents (Table 2). Based on
the computational speculations, partly fluorinated-glyme analogs will be considered.

Unfortunately, any attempts of the isolation of the phosphonated glyme compounds from

reaction mixtures failed, irrespective of the synthetic routes (i.e., esterification between an acid
chloride and alcohol and exchange of alkoxide groups on the P atom), probably due to the comparable
polarity/chemical characteristics of reagents, desired products, and by-products. In contrast, the
introduction of sulfonyl groups in the glyme structures can be achieved under typical addition
reactions using vinyl sulfone with corresponding ethylene glycol derivatives catalyzed by
triphenylphosphine.*® The introduction of fluorinated hydrocarbons in glyme structures is also
achievable by conventional chemical reactions. By combining synthetic accessibility and
electrochemical stabilities, sulfonated and fluorinated-glyme analogs are feasible ethereal solvents
with enhanced oxidative stabilities.
Electrochemistry of fluorinated-ether-based electrolytes: According to the computational estimations,
sulfonated and fluorinated-glyme analogs have been synthesized. It is worth noting that the sulfonated
glyme-analogs are highly viscous irrespective of the position and number of introduced sulfonyl
groups due to the strong inter and intramolecular interactions of sulfonyl groups. Although somewhat
reversible electrochemical magnesium deposition and dissolution can be observed upon elevating the
measurement temperature (Figure S13), we focused on the fluorinated-glyme analogs to avoid the
effect of another dynamic factor on the electrochemical properties.

In addition to the electrochemical stabilities, the position of fluorination in the chemical
structures of glyme-analogs has a dominant impact on the solvating abilities (Table 2). The solvating
ability of solvent molecules is pivotal to achieving magnesium-ion-conductive electrolyte solutions.

Indeed, one representative fluorinated oligoether 2,2,3,3-tetrafluoro-1,4-dimethoxybutane, which is
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recently recognized as a promising ethereal solvent for high-voltage lithium metal batteries,* is
incompatible with any studied magnesium salts as no clear solution can be obtained, whereas the
Mg[Z(HFIP)4]2 salts are soluble in the non-fluorinated counterpart. Additionally, the magnesium salts
as well as the corresponding lithium salts are not soluble in the perfluorinated G3 analog because of
the inferior solvation ability of solvents induced by the direct fluorination on the ether backbone. To
maintain the sufficient solvating ability against magnesium salts and enhance the anodic stability of
glyme-analogs simultaneously, trifluoroalkyl groups, such as trifluoromethyl (TFM), 2,2,2-
trifluoroethyl (TFE), and 3,3,3-trifluoropropyl (TFP), are substituted on both terminal methyl groups
of glymes. These solvents are hereafter denoted as GnTFX, where n indicates the number of ethylene
oxide units, and X is referred to as M (methyl), E (ethyl), or P (propyl). Their chemical structures are

summarized in Scheme 1.

n
X 2 3
M Fio 00O cr, |=3<:’0\/\0/\/0\/\0’0'=3
E FaCi O~ g~ O~ CF3 FaCo OO0 cr,
P F OO, FSCA‘/O\/\O/\/O\/\O/\/CF3

Scheme 1. Chemical structures of the synthesized fluorinated-glyme analogs GnTFX.

The solvation ability of these terminal fluorinated-glyme analogs GnTFX is also found to be
alkyl-length dependent (Table S1). For ionic compounds, it is well understood that the balance of the
binding energies between anion-cation and solvent-cation complexes is responsible for the solubility
of ionic compounds in solvents. The binding energies of the solvent-Mg?* complexes increase with
distancing the CFs from the ether oxygen atoms (—O-) and with increasing the number of ethylene
oxide units. The experimental results clearly reflect these trends that the Mg[TFSA]. and

Mg[Z(HFIP)4]2 salts are insoluble in the GnTFM irrespective of the anion coordination center (Z) and
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the number of ethylene oxide units n. Mg[B(HFIP)4]2 was scarcely soluble in GnTFP, soluble in part
in G2TFE, but completely soluble in G3TFE at the concentration of 0.3 mol dm™3, whereas the
Mg[AI(HFIP)4]2 counterpart was soluble at the same concentration in all studied GnTFE and GnTFP.
Mg[TFSA]2 does not dissolve in any fluorinated-glyme analogs. For the binding energies of [TFSA],
[B(HFIP)4]", [AI(HFIP)4]", and G2TFX with Mg?*, the values for [TFSA]-Mg?* are substantially
larger than G2TFX-Mg?*, as summarized in Table S1. For the soluble cases, such as Mg[AI(HFIP)a]2
in G2TFE, the binding energies of solvent-Mg?* are larger than those of anion-Mg?* complexes.
Although the greater binding energy for G2TFE-Mg?* than [B(HFIP)4]-Mg?* suggests complicated
competitions of interactions among the solvent, anion, and Mg?* behind a salt solubility, the results
illustrate that controlling the solvation ability of solvents by an appropriate chemical modification is
crucial to achieve ion-conductive solutions with sufficient carrier-ion concentrations.

The primitive electrochemical magnesium deposition/dissolution characteristics of a series of
fluorinated-glyme analogs-based electrolytes were evaluated by CV. The CV profiles of the saturated
solution of Mg[B(HFIP)4]2 in G2TFP are displayed in Figure S14. As shown in Figures 2 and S14, all
the electrolyte solutions containing the Mg[B(HFIP)4]> conducting salt were unexpectedly inactive.
The reduction currents can be observed at approximately 1 V vs. Mg?*/Mg, suggesting undesired side
reactions during the initial cathodic scan. In stark contrast, certain electrolyte solutions based on
Mg[AI(HFIP)4]2, especially those incorporating GnTFE solvents, showed favorable electrochemical
magnesium deposition/dissolution activities. In addition to the electrochemical activities, the solution
states may be different between Mg[AI(HFIP)4]2- and Mg[B(HFIP)4]2-based solutions as the colorless
solutions were obtained for Mg[AI(HFIP)s]2, while the solution color would turn brownish for
Mg[B(HFIP)4]2 (Figure S15). This color change for Mg[B(HFIP)4]2 was induced by the decomposition
of the anions, as evidenced by the corresponding *H NMR spectra shown in Figure 3. The peak
assignable to B(HFIP)s molecules was obviously detected for the spectrum of the saturated
Mg[B(HFIP)4]2/G2TFE solution, although the peak is absent for the parent salt and solvent. Due to
the structural bulkiness of the HFIP group and the relatively short distance between B and O of HFIP,
the crowded [B(HFIP)4]™ structure would be fragile.*”#8 DFT MD simulations on Mg[B(HFIP)4]2-

ether solutions also suggested the decomposition of [B(HFIP)4]™ anion into B(HFIP)s and [HFIP]™
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(alkoxide) upon ion-pair formation.®%4® The relatively strong solvation ability of [B(HFIP)s]™ than
[AI(HFIP)4] can facilitate the undesired anion decomposition, consequently leading to the
electrochemically inactive nature of the Mg[B(HFIP)s]2-based solutions. For the
Mg[AI(HFIP)4]2/G2TFE solution in contrast, no peak assignable to AI(HFIP)s molecules is discernible

in the corresponding spectrum, ensuring the superior structural stability of [AI(HFIP)4]™ owing to the

relatively less crowded nature around Al.#8°
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Figure 2. CV profiles of Pt working electrodes recorded in 0.3 mol dm™2 Mg[Z(HFIP)a]2 dissolved in

GNTFE and GnTFP (Z = B and Al) at a scan rate of 10 mV s™* at 30°C.
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Figure 3. 'H NMR spectra of the G2TFE solvent, Mg[Z(HFIP)a]2 salts, and Mg[Z(HFIP)4]2/G2TFE

solutions. (a) Z = B, (b) Z = Al. The specific spectral range for [Z(HFIP)4] and Z(HFIP)3 were adopted.

The CV profiles of Mg[AI(HFIP)4]2/GnTFE vary depending on the number of ethylene oxide
units n (Figure 2). The highest current densities for magnesium deposition/dissolution are achieved by
dissolving Mg[AI(HFIP)s4]2 into G2TFE. However, the G2TFE solutions simultaneously require
greater overpotential than the corresponding G3TFE solutions. This dependence on the number of
ethylene oxide units for the overpotential has also been observed in non-fluorinated conventional
glyme-based electrolytes.®® This difference in solvation structure and desolvation energies required
for charge transfer at the [electrode | electrolyte] interface is likely the reason for this observation. The
electrochemical performance can be improved by combining the G2TFE and G3TFE solvents. Figure
S16 shows the CV profiles for the solutions with different mixing ratios of G2TFE and G3TFE and
different salt concentrations. The optimal performance was achieved by mixing G2TFE and G3TFE
in a 50:50 volume ratio at a salt concentration of 0.3 mol dm™3. For the optimal electrolyte, the smallest
overpotential (onset potential) combined with the moderate current density for magnesium
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deposition/dissolution was observed (Figures 4a and 4b). Even with this optimal electrolyte solution,
the electrochemical magnesium deposition/dissolution activity is still lower than that of the non-
fluorinated counterpart. The lower ionic conductivities of the fluorinated electrolytes than those of the

non-fluorinated may be responsible for the modest electrochemical activity (Figure S17).
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Figure 4. (a), (b) CV profiles of 0.3 mol dm~3 Mg[Z(HFIP)4]2 dissolved in G2TFE, G3TFE, and their
mixtures. The SEM images and EDX mapping profiles of (c), (e) upper- and (d), and (f) bottom-

surface of deposits obtained from the optimal electrolyte.

The deposits obtained from the optimal electrolyte by galvanostatic polarization were
observed by SEM, and the results are shown in Figures 4c and 4d. A representative granular-shaped
morphology was confirmed for the upper surface of deposits (Figure 4c). The fine rounded grains with
a diameter of approximately 1 um were agglomerated to be higher-ordered rounded particles. Such
rounded magnesium deposits are typically found in Mg[TFSA]2-based electrolytes.'®° However, the

bottom-surface images support different morphological aspects (Figure 4d). The shape of the primary
22



particles was not rounded but rather angulated. The high-resolution image clearly indicated that the
higher-ordered particles were composed of rectangular-shaped primary particles, except for certain
areas that were presumably exposed to the electrolyte. A similar morphology of magnesium deposits
can also be found for the ethereal solutions containing MgCl2 and LiPFe.*! These observations strongly
suggest that the crystalline magnesium can be deposited from the present electrolyte and the deposits
would subsequently react with the electrolyte constituents. A larger amount of fluorine atoms,
originating from the electrolyte decomposition, can be detected on the upper surface than on the
bottom surface of deposits by the following elemental analyses (Figures 4e and 4f).

It is worth noting that the electrolyte solutions based on the GnTFP solvents exhibit low
electrochemical activity for magnesium deposition/dissolution despite their good solvating ability
(Figure 2 and Table S1). Although we do not have a clear explanation for these observations, it is
possible that the fortified coordination of magnesium ions by fluorine atoms of the terminal
trifluoromethyl group in GnTFP, in addition to the ether oxygen atoms, inhibits facile desolvation at
the interface and electrochemical activity. Similar enhanced binding by side arms has been reported
for complexation by lariat-crown ethers.>!

The anodic stability of the fluorinated-ether-based electrolytes was examined by the linear
sweep voltammetry (LSV) on Pt working electrodes with a scan rate of 1 mV s™*. Expectedly, the
anodic limits of the electrolytes were remarkably improved by employing the fluorinated-glyme
analogs as a solvent (Figure 5). The anodic stability of the conventional ethereal electrolytes is limited
by the oxidation of the ether solvents, at around 3.5-3.7 V vs. Mg?*/Mg.>>4%52 The potential, where
the anodic current density of 0.05 mA cm2 was observed, was shifted by about 0.7 V, from 3.7 to 4.4
V vs. Mg?*/Mg, for our Mg[AI(HFIP)4]2/GnTFE against the non-fluorinated counterpart. To the best
of our knowledge, this value, 4.4 V vs. Mg?*/Mg, is the highest anodic limit among the ever-reported
ether-based magnesium electrolytes. The introduction of trifluoroalkyl groups into glyme structures is

certainly responsible for this favorable result.
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Figure 5. LSV profiles of Pt working electrodes recorded in 0.3 mol dm~3 Mg[AI(HFIP)4]2 dissolved
in GNTFE (n =2 and 3) at a scan rate of 1 mV s* at 30°C. The profile recorded in the non-fluorinated

G2-based counterpart was also included as a control.

In summary, electrochemically-active and anodically-stable magnesium electrolyte solutions
have successfully been developed. The high anodic stability of these electrolytes has the potential to
enable the design of high-energy-density magnesium batteries using high-voltage cathode-active
materials. However, our attempts to use these electrolytes in combination with oxide-based cathode-
active materials have failed due to poor compatibility with fluorinated-glyme analogs. The next section
discusses both the positive and negative aspects of these electrolytes in magnesium battery
applications and lays the groundwork for future research on designing fascinating electrolyte materials.
Pros and Cons of fluorinated-glyme analogs-based electrolytes: As shown in Figure 5, the anodic
stability was significantly improved upon substituting the terminal methyl groups into fluorinated
alkyl groups of the glyme structures. Additionally, the fluorinated-glyme analogs-based electrolytes
can effectively suppress the undesired corrosion of Al current collectors. The preceding studies have
reported that corrosion of Al current collectors would take place at approximately 3.5 V by LSV;
however, pitting corrosion can be detected on the Al surface by polarizing at 3.0 V for a longer period
in the ethereal solutions of Mg[AI(HFIP)4]2.3° The same results were obtained in this study for an Al
current collector polarized for 16 h at the fixed cell voltage. The chronoamperograms of an Al current
collector measured in the non-fluorinated Mg[AI(HFIP)4]2/G2 electrolyte are indicative of corrosion
taking place, even at 3.0 V vs. Mg?*/Mg (Figure 6a), although the LSV measurements indicated its
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sufficient anodic stability over 3.5 V vs. Mg?*/Mg on Pt. The following SEM observations support
severe pitting corrosion of an Al current collector (Figure 6b). The depth profiles of Al 2p and F 1s
XPS spectra suggested an organic—inorganic hybrid fluoride surface layer formation upon
decomposition of the non-fluorinated electrolyte (Figures 6¢ and 6d). The inorganic aluminum fluoride
films are beneficial to inhibit further dissolution of Al species into the electrolyte and consequently
suppress the breakdown of the current collector in typical LiPFs-based electrolytes for lithium-ion
batteries.>® However, such inorganic aluminum fluoride films do not work well in certain electrolytes,
particularly containing [TFSA]™ anions.>* A similar chemistry on an Al current collector as [TFSA]-
based electrolytes in lithium-ion batteries may apply to the present Mg[AI(HFIP)4]2-based electrolytes

in magnesium batteries.
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Figure 6. (a) and (e) The chronoamperograms of Al current collectors; (b) and (f) the SEM images,

(c) and (g) Al 2p, and (d) and (h) F 1s spectra of the Al current collectors after static polarization at
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3.5 V. The electrolyte solutions of 0.3 mol dm~2 Mg[AI(HFIP)a]2 dissolved in (a)-(d) G2 and (e)-(h)

G2TFE-G3TFE were used.

In stark contrast, the corrosion of an Al current collector can effectively be ameliorated using
fluorinated-glyme analogs-based electrolytes. As shown in Figure 6e, no anodic currents can be
observed for an Al current collector polarized at 3.5 V vs. Mg?*/Mg in Mg[AI(HFIP)4]2/G2TFE and
Mg[AI(HFIP)4]2/G2TFE-G3TFE. Even at 4 V, a rapid breakdown of an Al current collector was
suppressed, while continuous anodic currents, presumably attributed to the electrolyte decomposition,
were observed. The SEM images of the Al current collectors after polarization also showed no visible
evidence of Al corrosion (Figure 6f). The corresponding Al 2p and F 1s XPS profiles indicated an
organic-inorganic hybrid fluoride layer formation on the surface of the polarized Al current collector,
as well as the case using the non-fluorinated electrolyte (Figures 6g and 6h). However, the relative
intensity of inorganic fluoride (Al-F, 686 eV) against organic fluoride (CFn, 689 eV) is strong for the
collectors polarized in the fluorinated-glyme-analogs-based electrolytes compared to that in the non-
fluorinated counterpart, strongly suggesting suppressed dissolution of the inorganic fluoride layer and
beneficial passivation of an Al current collector by fluorinated-glyme-analogs. The same passivation
phenomena were observed for the fluorinated-ether-based lithium electrolyte systems.4243

The battery cycling tests were conducted based on these advantageous properties of the
fluorinated-glyme-analogs-based electrolytes for achieving high-voltage magnesium batteries using
the spinel-type oxide-based cathodes, magnesium metal anodes, and developed electrolytes. Figure 7
shows the typical discharge-charge profiles of the two-electrode cells, including the profiles of the cell
using non-fluorinated electrolytes. The OCV of the cells was decreased by 0.5 V using the fluorinated-
glyme analogs-based electrolytes. This potential drop implies the passivation of magnesium anodes
upon undesired side reactions with the electrolytes. The behavior of the initial discharge and
subsequent charging is a clear reflection of the characteristics of electrolytes. When in contact with
the electrolyte, the passivation of magnesium anodes results in a significant positive shift of the
electrode potential of the anodes. This leads to inferior working voltage and discharge capacities for

the cells using fluorinated-glyme analogs-based electrolytes. The discharge-charge measurements
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using three-electrode setups, where an Mg?*/Mg electrode was used as a reference, further support the
unexpectedly large positive shift of the electrode potential of the magnesium electrode by
approximately +0.7 V as an OCV against the reference (Figure S18). Moreover, the fluorinated
electrolyte was found to be unstable against the MgMn204 cathode. The chronoamperograms of
MgMn204 cathodes polarized in the fluorinated electrolyte (Figure S19) clearly indicated side
reactions taking place even at 3.5 V vs. Mg /Mg, lower potential than the anodic limit of the
electrolytes. The catalytic activity of transition metal oxides would facilitate this electrolyte

decomposition. ¢
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Figure 7. Initial discharge-charge profiles of [Mg || MgMn204] cells using the Mg[AI(HFIP)4]2/G2

and Mg[AI(HFIP)4]2/G2TFE-G3TFE electrolytes.

Recently, surface chemical treatment is attracted significant attention as an emerging
technique for modifying the chemical nature of magnesium metal. By applying appropriate pre-
treatment, the electrochemical activity of such magnesium metals has significantly been improved in
certain modestly active electrolytes, such as halide-free ethereal solutions of Mg[TFSA]2.575! As well
as the [anode | electrolyte] interfaces, the interfacial modification approaches have also been proposed
for the [cathode | electrolyte] interfaces in the RMB research fields to mitigate the undesired side
reactions by highly active transition metal oxides.??®® Although the strong binding of Mg?* by oxide
lattice would be a major cause of the failure of the oxide-based cathodes, appropriate compositional,
morphological, and interfacial engineering will solve such bottleneck issues for high voltage RMB
materialization.
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Conclusions

In this study, we conducted systematic investigations on electrolyte solvents for RMB
applications to understand the compatibility of organic solvents with magnesium metal anodes again.
To avoid uncertainty derived from unambiguous side reactions of magnesium metal with electrolyte
components, we used Mg[Z(HFIP)4]2 as stable conducting salts. Through the comprehensive and
systematic solvent survey assisted by computational predictions, we found that solvents with intrinsic
electrochemical/chemical stabilities against magnesium metal anodes and well-balanced solvating
abilities are necessary to achieve the desired functionalities. Since glyme architecture was reconfirmed
to be a suitable solvent design with respect to the above requirements, the improvement of the anodic
stability of glyme-based solvents was investigated by minor structural modification. The substitution
of the terminal methyl groups of glyme molecules by the appropriate trifluoroalkyl groups successfully
imparted improved anodic stability without seriously spoiling the favorable properties of parent
glymes. Certain fluorinated-glyme analogs-based electrolytes supported electrochemical magnesium
deposition/dissolution activity and excellent anodic stability on Pt working electrodes. However, the
applications of such fluorinated electrolytes in RMBs employing high-voltage oxide-based MgMn204
cathodes have failed. The subsequent chemical and electrochemical analyses revealed that side
reactions between the fluorinated electrolytes and magnesium metal would occur, though relatively
pure crystalline magnesium could be deposited from the same electrolytes. Such side reactions induced
unfavorable passivation of magnesium anodes, resulting in a significant positive shift of the electrode
potential of the anodes, consequently leading to inferior battery performances, including working
voltage and discharge capacities. The instability of the fluorinated electrolytes against oxide-based
cathodes also causes the failure of battery cycling.

Therefore, to realize high-energy density RMBs, it is necessary to develop highly efficient
electrolytes with a sufficient electrochemical stability window. The anodic stability of these
fluorinated electrolytes was remarkably enhanced compared to that of the non-fluorinated counterpart.

However, the enhancement of anodic stability can lead to a reduction in cathodic stability, resulting in
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a potential shift in the electrochemical stability window by a chemical modification that is unfavorable
for achieving electrolyte solutions that allow reversible magnesium electrochemistry and possess
sufficient anodic/chemical stabilities. To avoid this complicated situation, it is important to develop
rational design concepts for feasible electrolyte solvents that consider both electrochemical (cathodic
and anodic) and chemical (against both magnesium metal and prospect cathode materials) stabilities.
In addition to the solvent approaches as described, the chemical/physical modification of electrode
materials, including the interfacial kinetics, may also be effective in mitigating unfavorable interfacial

reactions.
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