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Remarkable electrochemical and ion-transport
characteristics of magnesium-fluorinated
alkoxyaluminate—diglyme electrolytes for
magnesium batteriest

Toshihiko Mandai, “2* Yong Youn® and Yoshitaka Tateyama

Magnesium batteries (MBs) are fascinating options for large-scale energy-storage devices because the
properties of magnesium metal anodes are more advantageous than those of their lithium or sodium
counterparts. Moreover, the recent rapid progress in electrolyte materials will surely benefit MB research
and development. Magnesium salts incorporating fluorinated alkoxyborate or alkoxyaluminate anions are
an emerging class of potential MB electrolyte materials owing to their outstanding characteristics, such
as favorable anodic stability and excellent compatibility with magnesium metal. Despite the growing
number of reports on such electrolytes, the optimal electrolyte compositions remain unclear and, hence,
must be investigated for practical application to MBs. Therefore, we comprehensively compared the bulk
physicochemical properties, electrochemical characteristics, and ion-transport behaviors of ethereal
solutions of magnesium-fluorinated alkoxyborate and alkoxyaluminate. By systematically characterizing
the composition—property relationships, we found that the magnesium-fluorinated alkoxyaluminate
MglAlHFIP)4], (HFIP = hexafluoro-iso-propoxyl group) and diglyme (G2) salt—solvent combination
exhibited outstanding electrochemical activity. The optimal electrolyte allowed highly stable and efficient
magnesium deposition/dissolution cycling for over 250 cycles with a coulombic efficiency of 99.4% under
an exceptionally low polarization <+60 mV despite the absence of strong Lewis acidic agents. As
evidenced by the Vogel-Tammann-Fulcher fitting analysis, impedance spectroscopy results, and ab initio
molecular dynamics calculations, the well-balanced solvation/desolvation of G2 toward Mg?* ions and
the remarkable ion-transport and interfacial characteristics and sufficient reduction stability of the
[AUHFIP)4]~ were the reasons for the outstanding electrochemical performance.

cathodes with magnesium metal anodes, the energy densities of
MBs can reach 500 Wh kg~ " or greater.> The long cycle-life

Transforming social infrastructure with the development of
highly efficient energy-harvesting and -storage technologies is
a very important pillar for improving societal wellbeing and
achieving sustainable development worldwide. Among the various
prospective technologies, large-scale stationary electrical energy-
storage systems must be developed to expand the use of sustain-
able energy such as solar and wind power and to effectively utilize
surplus nighttime electricity generated by power plants. Owing to
the high natural abundance, low cost, and high specific/volumetric
capacities of magnesium metal, magnesium batteries (MBs) are
promising candidates for meeting such energy requirements." By
combining high-voltage intercalation or high-capacity conversion

Center for Green Research on Energy and Environmental Materials, National
Institute for Materials Science (NIMS), 1-1 Namiki, Tsukuba, Ibaraki 305-0044,
Japan. E-mail: MANDAI Toshihiko@nims.go.jp

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/d1ma00448d

© 2021 The Author(s). Published by the Royal Society of Chemistry

MBs having comparable energy densities to present lithium ion
batteries have also emerged by combining well-designed
nanomaterials.®® To manufacture such outperforming batteries,
various electrode and electrolyte materials have been developed,
especially in the last decade.

Although the intrinsic physicochemical properties of cathode
and anode materials determine the resulting battery performance
(i.e., theoretical capacity and energy density) in principle, electro-
Iytes are also striking components in battery operation as they
support the mass transport of active species (directly related to
power density) and facilitate interfacial reactions at both the
cathode and anode. In stark contrast to lithium- and sodium-
based batteries, MBs can only employ a very limited range of salt-
solvent combinations, whereas conventional electrolyte solutions
applicable to lithium-ion batteries do not support fundamental
interfacial reactions, especially at magnesium anodes.”* Halide-
containing ethereal solutions consisting of different magnesium
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sources and strong Lewis acids such as AlCl;, AICl,(C,Hs), BPh;
[Ph = phenyl group], and B(HFIP); [HFIP = hexafluoro-iso-
propoxyl group] support reversible magnesium deposition/
dissolution with excellent energy and coulombic efficiencies. %>
However, these electrolytes also exhibit severe drawbacks such as
insufficient anodic stability, high corrosivity, incompatibility with
typical transition-metal-oxide cathodes, and moisture sensitivity—all
of which extremely hinder practical battery materialization. To
overcome these drawbacks, many attempts have been made to
develop highly efficient magnesium-ion conductive electrolytes.
For example, ethereal solutions of Mg[TFSA], (TFSA = trifluoro-
methanesulfonyl group) support reversible magnesium deposition/
dissolution and, thus, have been studied extensively as potential
electrolytes.”>* However, the interfacial instability of [TFSA]~
moderates cycling efficiency and causes high interfacial resistance
with magnesium anodes.>®?® In contrast, weakly coordinated
anion-based electrolytes incorporating boron-cluster, fluorinated
alkoxyborate, and fluorinated alkoxyaluminate anions are a pro-
mising option for fulfilling the MB operation requirements.>” >
Owing to their favorable electrochemical properties and structures
those are easily modified by simple synthesis methods, fluorinated
alkoxyborate and alkoxyaluminate electrolytes have attracted the
attention and fascination of many researchers, and various related
materials including calcium and zinc salts have also been
developed.*®~®

The first application of a fluorinated alkoxyaluminate electrolyte
to MBs was magnesium tetrakis(hexafluoro-iso-propoxy)aluminate
(hereafter denoted as Mg[AI(HFIP),],) in 2016.°° Its ethereal
solutions support magnesium deposition/dissolution with near-
unity cycling efficiency despite the absence of halide compounds
in the electrolyte solution. By introducing electron-withdrawing
fluorinated alkoxide groups to the anion coordination center, the
interactions between Mg>" and the anions are relaxed; thus, the
salt dissociates well in the electrolyte solution. Moreover, isolating
the anions from the divalent-Mg®* coordination sphere prevents
anion reduction. The high dissociativity and sufficient reduction
resistance of such electrolytes jointly contribute to the remarkable
electrochemical characteristics of the electrolytes. The borate-
based analogue, which spontaneously generated upon cycling
the electrolytes containing MgF, and B(HFIP);, was also found
as an effective electrolyte component for MBs.*" Inspired by these
pioneering works, some groups have also developed fluorinated-
alkoxyborate- and -alkoxyaluminate-based MB electrolytes**>* in
which even minor structural modifications such as changes in the
anion coordination centers or chemical structures of the alkoxides
strongly impacted the physicochemical and electrochemical
properties of the resulting electrolytes. However, because all
these studies were conducted by different research groups,
comparative studies have not yet been conducted. Therefore,
the structure-property relationships of the structurally analogous
fluorinated alkoxyborate and alkoxyaluminate families remain
unclear.

Herein, we comprehensively compare the bulk physicochemical
properties, basic electrochemical characteristics, and ion-transport
mechanisms of ethereal solutions of Mg[B(HFIP),], and
Mg[AI(HFIP),], (Scheme 1). Through systematic investigations,
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Scheme 1 Chemical structures of (left) [B(HFIP)4] and (right) [AI(HFIP),].

we discovered a specific salt-solvent combination that exhibits
excellent electrochemical magnesium deposition/dissolution. The
Vogel-Tammann-Fulcher (VTF) fitting analysis of the temperature-
dependent ionic conductivities and viscosities and the ab initio
simulations revealed the remarkable ion conduction characteristics
of the electrolyte.

Experimental
Materials

Di-n-butylmagnesium (Mg(Bu),; 1.0 mol dm > heptane solution)
was purchased from Sigma-Aldrich and was used as received
without further purification. Trimethylaluminum (Al(CHj)s;
15% in toluene, ca. 1.8 mol dm >) was obtained from Tokyo
Chemical Industries, Co., Ltd. In addition, 1,1,1,3,3,3-hexafluoro-
iso-propanol (HFIP-H), borane-tetrahydrofuran (BH;-THF), and
silver nitrate were purchased from FUJIFILM Wako Chemicals.
The HFIP-H was distilled over calcium oxide and stored in an
Arfilled glovebox with 3 A molecular sieves. Anhydrous toluene,
monoglyme (G1), diglyme (G2), and triglyme (G3) were obtained
from Kanto Chemical Co., Inc. and were used without further
purification. Tetraglyme (G4) and battery-grade magnesium
bis(trifluoromethanesulfonyl)Jamide (Mg[TFSA],) were purchased
from Kishida Chemical Co., Ltd. The G4 was purified by vacuum
distillation over sodium metal prior to use. The Mg[TFSA], was
dried under vacuum at 120 °C for several days and then stored in
an Ar-filled glovebox. The Mg[B(HFIP),], was synthesized accord-
ing to a procedure reported elsewhere,*® while the Mg[Al(HFIP),],
was synthesized according to a procedure modified from the ones
reported in the literature®>*° because Al(HFIP), is extremely fragile
and therefore, difficult to isolate. A commercial toluene solution of
Al(CH3); (2.02 equiv. vs. Mg) was diluted further with anhydrous
toluene to ca. 0.5 mol dm™> and was slowly mixed very well with
the Gl-toluene (1:1) solution containing the as-synthesized
Mg(HFIP),. Excess HFIP-H (3.5 equiv. vs. Al) was added dropwise
for over 1 h at ca. 0 °C to convert the Al(CH3); into Al(HFIP); and
transmetalate the HFIP units between Mg(HFIP), and Al(HFIP);.
After the HFIP-H was completely added, the resulting solution was
vigorously stirred at ca. 25 °C for 1 d, and the solvents and excess
HFIP-H were evaporated under vacuum at 45 °C for ca. 8 h, yielding
the crude sample. The as-synthesized salts were recrystallized by
slowly condensing the concentrated G1 solutions in an Ar-filled
glove box and subsequently drying the residues under vacuum
at 45 °C for at least 12 h. The chemical structures of the purified
salts were characterized by "H nuclear magnetic resonance

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(NMR; JNM-ECA 400, JEOL, 'H resonance frequency = 400 MHz)
spectroscopy, and the spectra are displayed in Fig. S1 (ESIt). The
'H NMR analysis of the isolated salts indicated the formation of
adducts such as Mg[B(HFIP),],-3G1 and Mg[Al(HFIP),],-4G1.
Because it was difficult to completely remove all the solvated
and/or cocrystallized G1 without decomposing any of the undesired
salts, the adducts were directly adopted as electrolyte-supporting
salts and are hereafter denoted simply as Mg{B(HFIP),], and
Mg[AI(HFIP),],, respectively. The electrolyte solutions were pre-
pared by mixing predetermined amounts of Mg[B(HFIP),], or
Mg[Al(HFIP),], in Gn, and the solutions were vigorously stirred at
30 °C overnight in a glovebox (< 1 ppm H,O and O,). The water
content of the prepared electrolytes was measured at < 30 ppm by
Karl Fischer titration.

Measurements

The bulk physicochemical properties including ionic conductivity,
liquid density, and viscosity were evaluated for a series of electro-
lytes. The ionic conductivities were measured using the complex
impedance method and an impedance analyzer (VMP3, Biologic)
operating in the range 500 kHz-1 Hz for a sinusoidally alternating
voltage amplitude of 10 mV root-mean-square. A commercial cell
equipped with two platinized platinum electrodes (CT-57101B,
TOA DKK Corporation) was used for the impedance measure-
ments. The cell was placed in a temperature-controlled chamber
and held at the predetermined temperature for 1 h to equilibrate
the temperature, after which the conductivity was measured at
each desired temperature. The liquid densities and viscosities were
measured using a U-tube oscillation densitometer and a falling-
ball viscometer (DMA4500M/Lovis2000, Anton Paar GmbH). To
measure the physicochemical properties, an appropriate solvent-
volatility-dependent temperature range was adopted to prevent
changing the solution composition. All the standard deviations in
the experimental values were within +£2% of the average.

Typical magnesium deposition-dissolution cycling tests
were conducted using cyclic voltammetry (CV) with a three-
electrode beaker cell. A Pt disk (& 3 mm, BAS) and a magnesium
ribbon (FUJIFILM Wako Chemicals) were used as the working
and counter electrodes, respectively. An Ag'/Ag reference electrode
was fabricated according to a procedure described elsewhere.*! The
potential of the reference electrode was calibrated as —2.49 V vs. the
reference for 0 V vs. Mg”'/Mg®**** The CV measurements were
conducted using an electrochemical analyzer HSV-110 (Hokuto-
Denko Corporation) in a glovebox. Electrochemical impedance
spectroscopy (EIS) was performed to evaluate the interfacial
behavior of a series of electrolytes. A symmetric Mg-Mg cell
was fabricated in an Ar-filled glovebox and then precycled twice
at 0.5 mA cm™ 2 for 30 min to remove the native passivation film.
The current frequency of the precycled cells was scanned from
1 MHz to 10 mHz with a sinusoidally alternating voltage
amplitude of 50 mV root-mean-square. A galvanostatic magne-
sium deposition/dissolution cycling test was performed on the
two-electrode cells. Cu foil and homemade Mg metal plates
served as the working and counter electrodes, respectively, and
GA200 (¢ = 0.74 mm, ADVANTEC) was used as a separator. A
galvanostatic cycling test was performed using an automatic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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charge/discharge instrument (HJ0610SD8Y, Hokuto-Denko
Corporation) operating at 0.5 mA cm™ > for 30 min at 30 °C for
each deposition and dissolution (0.25 mAh cm™?). Magnesium
metal used in the electrochemical studies was polished
mechanically by SiC abrasive papers #240, #2400, and #4000,
then washed with anhydrous THF immediately prior to use. All
the electrochemical cells were assembled in a glove box.

The surfaces of the electrodeposited magnesium metal were
observed using scanning electron microscopy (SEM; JSM-7800F,
JEOL) and subsequently characterized by energy dispersive X-ray
(EDX) spectroscopy and X-ray photoelectron spectroscopy (XPS;
VersaProbe II, ULVAC-PHI). Carbon fiber substrates were
employed as a working electrode for the electrodeposition and
subsequent SEM-EDX observations and XPS measurements to
prevent the deposits from falling off the electrode surface during
cell disassembly because the deposits had poorly adhered to the
flat metal electrodes (Fig. S2, ESIT). All the samples were washed
with anhydrous THF to remove any residual electrolyte, dried
under high vacuum at ambient temperature, placed in an airtight
chamber, and transferred for SEM-EDX analysis or XPS measure-
ments without any exposure to air. XPS measurements were
performed with an Al Ko X-ray source under a base pressure of
6.7 x 10~° 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.

Ab initio cluster calculations were performed to estimate the
electron affinities of the anions immersed in the electrolyte
solutions. Gaussian16 calculations** adopting M06 hybrid func-
tional with 6-311++G(d,p) basis sets and the integral equation
formalism polarizable continuum model (IEFPCM) for G2
(e = 7.23) and G3 (¢ = 7.62) were applied to obtain the electronic
states of isolated [Z(HFIP),]” (Z = B, Al) taking the solvation
effects into account. Ab initio Car-Parrinello molecular dynamics
(CPMD) simulations** were carried out using the Perdew-Burke-
Ernzerhof (PBE)-D2 functional’® and Goedecker-Teter-Hutter
(GTH) pseudopotentials*® to obtain the equilibrium solvation
structures and the diffusion properties of the Mg[Z(HFIP),],/Gn
solutions (Z = B or Al; n = 2 or 3). The supercell size of each
electrolyte was set to correspond to ca. 0.3 mol dm™* solution
involving one Mg®* ion, considering the experimental density. The
radial distribution function (RDF) profiles were obtained from the
equilibrium solvation and solution structures. The diffusion coeffi-
cients were estimated via the mean-square displacements of indivi-
dual species (e.g., Mg>* ions, anions, Gn solvents) in the canonical
NVT ensemble. The temperature 350 K was used to accelerate the
MD sampling and the reasonable sampling time was adopted to
evaluate the equilibrated diffusion coefficients.

Results and discussion
Bulk physicochemical properties

The diffusivity of the charge carriers responsible for redox
reactions at each electrode is a critical parameter for determining
the battery performance. In principle, the ionic conductivity
qualifies the ion mobility or diffusivity; thus, it is an essential

Mater. Adv,, 2021, 2, 6283-6296 | 6285
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physical parameter for elucidating electrolyte characteristics.
Also, clarifying the composition of electrolytes possessing the
highest ionic conductivities is particularly important as ionic
conductivities are directly related to the battery performance.
Fig. 1 summarizes the ionic conductivity of Mg[Z(HFIP),],/Gn
(z = B or Al; n = 1-3) plotted as functions of salt concentration.
Consistent with the findings of a previous report on Mg[B(HFIP),],/
G1 electrolytes,® the concentration-dependent ionic conductivities of
all the systems showed a typical volcano-type profile with a local
maximum at approximately 0.3 mol dm >, regardless of the anion
coordination center and glyme choices (Fig. 1). However, the G2 and
G3 solutions potentially contained coordinated and/or cocrystallized
G1. Because the solutions contained substantially more G2 and G3
(the main solvents) than G1 (only a trace), the effects of the residual
G1 on the solution state and diffusivity were assumed to be the
same level for all the solutions. The electrolyte solutions incorpor-
ating structurally analogous magnesium salts, Mg[Al(PFTB),],
(PFTB = perfluoro-tert-butoxy), also showed a local maximum
ionic conductivity in a comparable concentration range despite
the salt inherently being coordinated by seven THF molecules.**
This conductivity-concentration relationship is a common feature
of such weakly coordinated anion-based magnesium electrolytes.
Notably, the local maxima appear at ca. 1.0 mol dm™ for
conventional electrolyte solutions containing typical monovalent
salts. In contrast, the maxima for electrolyte solutions incorporat-
ing bulky borate anions paired with monovalent ions reportedly
appear at lower concentrations, ca. 0.8 mol dm>.*’ For lithium
salts consisting of highly bulky fluorinated alkoxy- or arylaluminate
anions such as Al(HFIP), and Al(HFIB), (HFTB = hexafluoro-tert-
butoxy), the G1-solution maxima reportedly appeared in the range
ca. 0.5-0.6 mol dm>.*® For typical divalent salts such as Mg(TFSA),,
the concentration where the conductivity maxima shift lower, ca.
0.5 mol dm >, is certainly due to the divalent-Mg>*-induced ion
association.*"***° For the current salt-solvent electrolytes, the local
maxima appeared at even lower concentrations than those observed
for typical divalent systems, as indicated by the difference between
the monovalent simple and bulky anions. Clearly, the remarkably
low diffusivity of the highly bulky anion (vide infia) and the divalent-
Mg”*-induced ion association had affected the overall conductivity.

(@) P
el 0.3 mol dm™ Mg[B(HFIP),], |
-0-G1
-0-G2
- -0-G3
é 10t ]
on
€
.
o s 1
O/O/A}qmi T3
ol . . ]

01 02 03 04 05 06
3
Cyg / mol dm

Fig. 1
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In addition to salt concentration, temperature is also a dominant
factor affecting transport properties because the temperature of the
medium directly affects the dynamics of ions and molecules
therein. Therefore, the appropriate solvent-volatility-dependent
temperature range was adopted based on the liquid-density—
temperature profiles (Fig. S3, ESIT) obtained under the following
experimental conditions: G1, 20-30 °C; G2, 20-70 °C; G3 and G4,
20-80 °C. The temperature-concentration-conductivity profiles
obtained for Mg[Z(HFIP),],/Gn (Z = B or Al; n = 2 or 3) are
summarized in Fig. S4 and S5 (ESIT), respectively, and a distinct
anion-coordination-center-dependent result was obtained. For
the Mg[AI(HFIP),], electrolytes, the concentrations at which
the local ionic-conductivity maxima observed were indeed
temperature dependent. The ionic conductivity decreased at
higher concentrations owing to the tradeoff between the mobility
and the number of charged species. The solution viscosity
decreased while the number of charge carriers increased with
increasing salt concentration. The charge-carrier mobility, on the
other hand, increased while the solution (medium) viscosity
decreased with increasing temperature. The enhanced mobility
counteracted the tradeoff and consequently shifted the local
ionic-conductivity maxima to higher concentrations. In contrast,
the concentration maxima unexpectedly always remained at
0.3 mol dm® regardless of the temperature measured for the
Mg[B(HFIP),],-based counterparts, suggesting that the ion-
conduction mechanism for the latter electrolytes was somewhat
different from that for the former. The VTF fitting analysis of
the temperature-dependent ionic conductivities and viscosities
indeed demonstrated a decoupling of the ion conduction from the
viscosity limitations for the latter electrolytes, while suggesting a
typical vehicle conduction mechanism with a relatively low
activation-energy barrier for the former (vide infra).

For the same electrolyte concentration at moderate temperatures,
the ionic conductivities of the Mg[Al(HFIP),],-based electrolytes were
always higher than those of their Mg[B(HFIP),],-based counterparts,
regardless of the glyme length (Fig. 2). In particular, the ionic
conductivities of the former G1 solutions were much higher than
those of the latter ones, despite their comparable viscosities. Because
the number of charge carriers in both systems was identical, the

(b) 0.3 mol dm™> Mg[AIHFIP),],
15¢ Gl |
-0-G2
- —-0-G3
§ 10 ]
o)
€
~
5 ]
0. i " 5 " B

01 02 03 04 05 06
-3
Cpig / Mol dm

lonic conductivities of (a) Mg[B(HFIP)4],/Gn and (b) MglAl(HFIP)4],/Gn (n = 1-3) measured at 30 °C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 lonic conductivities and viscosities of 0.3 mol dm~> MgIZ(HFIP),l»/
Gn (Z = B or Al; n = 1-4) measured at 30 °C.

superior ionic conductivity of the former indicates that the
former exhibited greater ion diffusivity and/or dissociation than
the latter. The molecular dynamics (MD) simulation of the ion
diffusivity suggests that the former exhibited a higher charged-
species diffusion coefficient (vide infra), and the difference
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between the ion associativities of both structurally analogous
anions may be the reason. Meanwhile, the electrolyte-solution
ionic conductivities decreased with increasing glyme length,
regardless of the coordination center, which simply reflected the
increased solution viscosity with increasing glyme length because
the individual glyme-solvent viscosities increased with increasing
glyme length as follows: 0.42, 0.98, 1.96, and 3.40 for G1, G2, G3,
and G4, respectively, at 20 °C.>*>!

Electrochemical characteristics

The basic magnesium deposition/dissolution electrochemical
activities of the 0.3 mol dm > Mg{Z(HFIP),],/Gn electrolytes were
assessed by cyclic voltammetry, and the resulting voltammo-
grams are shown in Fig. 3. All the electrolytes showed reversible
magnesium deposition/dissolution despite the absence of strong
Lewis acidic reagents, regardless of the anion coordination center
and glyme length. The current densities measured for magne-
sium deposition at the same potential, for example, —0.5 V vs.
Mg”*/Mg, were higher for the Mg[Al(HFIP),],-containing electro-
lytes than the Mg[B(HFIP),],-containing ones. Moreover, the
magnesium deposition/dissolution current densities measured
for the Mg[Al(HFIP),],/glyme electrolytes seemed less sensitive to

E/Vvs.Ag' /Ag

() -4 -3 2 -1 0 1
a0l 1st cycle
\ 20t
5
< 0 £\
S
< ol 0.3 mol dm™ Mg[AI(HFIP),], in |]
G1
—G2
[ —aG3
40 —G4
-1 0 1 2 3
2+
E/Vvs.Mg /Mg
+
E/ Vvs.Ag /Ag
(d) 40-4 -3 2 -1 0 1
10th cycle
o 20
1S
[&]
<<
g ° =
= 0.3 mol dm™ Mg[AI(HFIP),1, in
G1
20t —G2
—G3
—G4
A 0 1 2 3

E/ Vvs. Mg~ /Mg

Fig. 3 1st and 10th cyclic voltammograms scanned at 10 mV s~ for Pt electrode immersed in 0.3 mol dm~ (a and c) Mg[B(HFIP),4],/Gn and (b and d)

MgIAlHFIP)415/Gn (n = 1-4) at 30 °C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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changes in the glyme length than their Mg[B(HFIP),],-based
counterparts because the magnitude of the decreased current
densities with increasing glyme length was modest for the former
electrolytes. The superior transport properties of the Mg[Al(HFIP),],-
based electrolytes compared to those of their Mg[B(HFIP),],-based
counterparts at the measured temperature were certainly
responsible for this finding (vide infra).

The magnesium-deposition (nucleation) overpotential is glyme-
length dependent, and the lowest overpotential was surprisingly
observed for the G2 solutions among all those incorporating the
same supporting salts. The magnesium-nucleation onset
potentials for the 1st cycles were 400, 310, 350, and 380 mV
for 0.3 mol dm™* Mg[B(HFIP),],/G1, G2, G3, and G4, respectively,
and 310, 220, 250, and 230 mV for their 0.3 mol dm™
Mg[Al(HFIP),],-based counterparts, respectively. A similar order
was preserved for the subsequent cycles, e.g. 10th cycle, suggesting
that the onset potentials are inherently electrolyte dependent. The
desolvation energy barrier (i.e., the number of coordination sites in
a single molecule) usually increases with increasing chelating
ability at the [electrode | electrolyte] interface.”® Because the
current results conflicted with the established order of the solvent
coordination ability, other factors influencing interfacial processes
should be considered. For example, Liao et al. recently reported
that owing to the formation of an anion-derived effective solid-
electrolyte interphase (SEI) layer, magnesium nucleation on
a Pt working electrode immersed in a relatively concentrated
Mg[Al(PFTB),],/G3 electrolyte exhibited a lower overpotential
than the same electrode immersed in the same diluted electro-
lyte.** Such anion-derived SEI formation would lead to poor
coulombic efficiency. However, we did not find any evidence of
increased anion decomposition in the G2-based electrolytes
compared to the others because the Coulombic efficiencies
measured for galvanostatic magnesium deposition/dissolution
were higher for the G2-based electrolytes than the G1-based
ones (vide infra). In addition, the difference between the coulombic
efficiencies measured for the G1- and G2-based electrolytes was
extremely small, and only <1% efficiency was obtained for the
latter; hence, it would be unreasonable to attribute the SEI
formation to the improved nucleation overpotential of the
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G2-based solutions. G2, on the other hand, is an effective
chelating agent and a less-viscous solvent and often provides a
unique coordination environment by forming six-fold octahedral
metal-complex salts owing to its tridentate molecular structure.>>>°
Because Mg>" exhibits six-fold coordination, it indeed prefers
forming a stable complex cation with G2 in a 1:2 ratio.””***” In
contrast, owing to the relatively low coordinating ability of
bidentate G1, ligands are frequently exchanged assisted by
anion coordination (i.e., tentative cation-anion association) in
G1-based electrolyte solutions.>® The attractive Coulombic inter-
actions between cations and anions would make the charged
species sterically bulky and hinder the approach of the relevant
species to the working electrode. Consequently, magnesium
nucleation may exhibit high polarization in G1 electrolytes.
For longer-glyme electrolytes, strong chelate coordination (cation-
solvent interaction) can hinder the desolvation of such longer
glymes from the complex cation at the [electrolyte | electrode]
interface, thus requiring high polarization for desolvation and
subsequent nucleation. The EIS measurements for the magne-
sium electrodes immersed in different electrolytes also support
the CV results. Fig. 4 displays the Nyquist plots measured for the
magnesium electrodes immersed in 0.3 mol dm™® Mg[Z(HFIP),],/
Gn. Regardless of the coordination center, an exceptionally high
interfacial resistance was observed for the G1-based electrolytes.
For the longer-glyme electrolytes, the interfacial resistance
increased with increasing glyme length; that is, the G2-based
electrolytes exhibited the lowest interfacial resistance. The
cation-anion Coulombic interactions and cation-solvent induced
dipole interactions (coordination-desolvation) will both affect inter-
facial behavior. Furthermore, the MD simulations for the G2- and
G3-based electrolytes suggested a remarkably higher charge-carrier
diffusivity for the former (vide infra). Taking all the interfacial and
bulk properties and the mutually correlated cation-anion-solvent
interactions into account, the well-balanced coulombic interaction
and the coordination-desolvation effect combined with the
enhanced mass transfer of the relevant species are responsible for
MgZ(HFIP),],/G2 exhibited the lowest nucleation overpotential.
For electrolytes prepared using the same solvents, the corres-
ponding onset potential of the Mg[Al(HFIP),],-based electrolytes is
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Fig. 4 Nyquist plots measured for magnesium electrodes immersed in 0.3 mol dm™> (a) MgIB(HFIP)4]1,/Gn and (b) MglAWHFIP)4],/Gn (n = 1-4) at 30 °C.
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always lower than that of their Mg[B(HFIP),],-based counterparts,
suggesting a relatively facile magnesium nucleation in the former
electrolytes. Notably, the lower nucleation overpotential of the
former electrolytes seems to be universal regardless of the working
electrodes and cell fabrications used because the galvanostatic
profiles also exhibited a lower overpotential for magnesium
deposition on carbon-fiber and Cu electrodes in the former
electrolytes (Fig. 6 and S6, ESI{). Moreover, as evidenced by the
EDX mappings of the deposits (Fig. 5), relatively pure magnesium
can be deposited in the former electrolyte, while magnesium
deposition is sometimes associated with slight anionic decom-
position in the latter one. The calculated electron affinities, often
regarded as a measure of the target-species reduction resistance,
of [B(HFIP),]” and [Al(HFIP),]” were —0.73 and —0.78 eV vs.
vacuum (which approximately correspond to —1.38 and —1.33 V
vs. Mg>"/Mg), respectively, implying that both anions were
sufficiently stable with magnesium metal. Although a recent
study demonstrated the anion-solvent interaction between certain
fluorinated alkoxyaluminates and ethers by crystallography,*® such
specific interactions have not yet been experimentally confirmed
for the structurally analogous borates.>® The radial distribution
functions (RDF profiles) of the B and Al surroundings calculated
for 0.3 mol dm > Mg[Z(HFIP),],/G3 indeed suggest penetration of
the solvents between HFIP ligands for [Al(HFIP),|™ (Fig. S7, ESIT).
Rather prominent fluctuations between the anion coordination
center and the solvents are observed for the Mg[Al(HFIP),],
electrolytes from ca. 3 A while corresponding fluctuations emerge
from ca. 4 A for the Mg[B(HFIP),], counterparts, suggesting the
Al-solvent interactions. Such specific interactions would affect ion
transport behavior (or simply further facilitate the dissociation of
the Mg[Al(HFIP),], salt), leading to the higher ionic conductivity of
the Mg[Al(HFIP),],-based electrolytes (Fig. 2). Anion-solvent inter-
actions can also weaken the influence of the Mg”*-induced electric
field on the anion, thereby possibly rendering the anion reduction
resistant because of increasing the distance between Mg®"and the
anion. The suppressed anion decomposition in the Mg[Al(HFIP),],-
based electrolytes during the magnesium deposition was evidenced
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by the EDX mapping and XPS spectra (Fig. 5 and Fig. S8, ESIT).
The XPS spectra for the magnesium metals deposited from the
different electrolytes showed similar spectral features irrespective
of the salts. The relative intensities possibly assignable to the
(decomposition) reaction products are however strong for
the deposits from the borate electrolytes. In Mg 2p spectra, the
intense peaks assignable to both metallic Mg® (49.8 eV) and Mg”*
(ca. 51.5 eV) were clearly observed for both electrolytes. Although
the O 1s and F 1s spectra also showed some contributions of MgO
(ca. 531 eV) and CF-based compounds (ca. 686-687 €V) in
addition to the residual electrolytes observed at ca. 533-534 eV
(B-O or Al-O) and ca. 690 eV (C-CF;) for both deposits, rather
apparent contributions of MgO and CF-compounds were
observed for the deposits from the Mg[B(HFIP),], electrolyte.
These results strongly suggest that anion decomposition is
effectively suppressed in the Mg[Al(HFIP),],-electrolyte during
magnesium deposition process despite of the similar interfacial
chemical compositions, and further support that not SEI for-
mation but the enhanced mass-transfer kinetics and suppressed
anion decomposition of the Mg[AI(HFIP),],-based electrolytes
were responsible for the magnesium nucleation exhibiting lower
overpotential. It should be noted here that the interfacial stability
of the Mg[B(HFIP),],-based electrolytes can be modified by
artificial SEI formation upon incorporation of the corresponding
lithium salt as a co-salt.”® The lithium-containing SEI may be
effective to suppress the electrolyte decomposition though such
interphase can simultaneously impart interfacial resistance.

The onset potential (in the range 10-70 mV) for magnesium
dissolution is also somewhat solvent sensitive. Nevertheless, the
lowest dissolution overpotential was observed for the Mg{Al(HFIP),],/
G2 solution, indicating a certain solution state suitable for both
magnesium deposition and dissolution achievable by a special
combination of [Al(HFIP),]” and G2.

As shown in Fig. 5, the morphology of the deposits obtained
under certain galvanostatic conditions strongly depends on the
electrolyte composition. By employing the G1 solvent, hexagonal
crystalline deposits were obtained regardless of the anion

Fig. 5 SEM images and corresponding Mg, C, F, and O EDX mappings for 0.3 mol dm~> (a) Mg[B(HFIP)4l,/Gn and (b) MglIAIHFIP),],/Gn (n = 1-4)
electrodeposited at 1 mA cm™2 for 3 h. To prevent deposits from falling off flat electrodes, carbon—fiber electrodes were employed as substrates.
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coordination center. In contrast, the longer-glyme electrolytes
exhibited larger granular deposits, possibly due to the agglomera-
tion or growth of small (hexagonal) crystals during deposition. It is
widely accepted that deposition potential is a dominant factor for
crystal nucleation and subsequent growth and that nucleation
preferentially proceeds under a higher overpotential.***" Indeed,
as shown in Fig. S6 (ESIf), the overpotential for magnesium
deposition in the G1 electrolytes was more negative than that for
magnesium deposition in the other ones. Because charge transfer is
a rate-determining process under a high overpotential, the surface
diffusion accelerates; hence, the deposit morphology would be the
most stable hexagon required to minimize the surface energy.
Furthermore, the remarkable mass-transfer characteristics of
the G1 electrolytes support nucleation-driven deposition. In
contrast, crystallite growth proceeded preferentially, especially
in the G2 electrolytes, because larger crystallites were deposited
on the substrates (Fig. 5). Although understanding the detailed
crystal growth mechanism is beyond the scope of this study, the
deposit morphology (or crystallinity) could be related to the
subsequent dissolution and the deposition/dissolution cycling
efficiencies.

The salt concentration also affected the nucleation over-
potential. With increasing salt concentration, the overpotential
reached 70 and 190 mV for 0.5 mol dm™* Mg[B(HFIP),],/G2 and
Mg[Al(HFIP),],/G2, respectively (Fig. S9, ESIf). Moreover, the
magnitude of the decreased overpotential was low for the latter
electrolytes. The elemental analysis of the deposits and the
galvanostatic magnesium deposition/dissolution cycling sug-
gested that anionic decomposition increased with increasing
salt concentration, which is consistent with the findings of a
previous study on Mg[Al(PFTB),],/G3.>* The deposits obtained
from 0.5 mol dm * Mg[Z(HFIP),],/G2 (Z = B or Al) exhibited
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substantially more F atoms, whereas those obtained from the
lower-concentration salt electrolytes exhibited fewer, indicating
anion-decomposition-associated magnesium deposition in the
concentrated electrolytes (Fig. 5 and Fig. S10, ESIt). The coulombic
efficiencies measured for the galvanostatic magnesium
deposition/dissolution cycling also implied that magnesium
deposition was associated with both increasing anion decom-
position and salt concentration because the concentrated
electrolyte exhibited relatively lower efficiency (Fig. S11, ESIf).
In lithium batteries, such anion-derived fluorine-rich SEIs
effectively suppresses subsequent anion decomposition and
promote interfacial kinetics.®>®* Although relatively poor efficiency
was retained during prolonged cycling in the concentrated
magnesium electrolyte (and, thus, the decomposition products
could not suppress subsequent undesired side reactions), the
products may promote interfacial kinetics. Indeed, the over-
potentials measured for both nucleation and dissolution did
decrease with increasing salt concentration, as evidenced by
both CV and galvanostatic cycling shown in Fig. S9 and S11
(ESIT), respectively. Further studies are necessary to clarify the
chemical compositions, roles, and detailed functions of the
decomposition products. Taken together, the ionic conductivity
and magnesium deposition-dissolution activity and efficiency
suggest that a moderate salt concentration (approximately
0.3 mol dm?) was suitable for practically applying such electrolytes
to MBs.

The reversible magnesium deposition-dissolution of a series
of [B(HFIP),| - and [Al(HFIP),] -based electrolytes was further
assessed by galvanostatic cycling measurements. Fig. 6 displays
the deposition-dissolution cycling profiles measured for
[Mg||Cu] cells cycled at 0.5 mA cm 2 and the corresponding
coulombic efficiencies for the 0.3 mol dm > Mg[Z(HFIP),],/Gn
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(a and b) Galvanostatic magnesium deposition—dissolution cycling profiles and (c and d) corresponding coulombic efficiencies measured for

[Mg|Cul cells fabricated using 0.3 mol dm™> MgIZ(HFIP)4l./Gn electrolytes. Insets in (a) and (b) show magnified profiles for certain periods. Current

—2.

density: 0.5 mA cm™%; current applied 30 min to both deposition/dissolution; temperature: 30 °C.
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(n=1-3) electrolytes. Although reversible cycling was possible in
the Mg[B(HFIP),],-based electrolytes regardless of the glyme,
cycling unexpectedly failed in the Mg[Al(HFIP),],/G3 electrolyte.
The reason for this is unclear; however, because CV cycling was
possible for the other salt-solvent combinations and even
Mg[Al(HFIP),],/G3 (Fig. 3b) in a beaker cell, the trace impurities
in the commercial G3 may have reacted with the supporting salt,
and the resulting compounds would have further reacted with
the cell components, thereby possibly deactivating the cell.

As shown in Fig. 6a and b, all the prepared [Mg||Cu] cells
required several precycles, as is often required in MB studies
and is attributed to the activation of the metallic magnesium
anode.”>®" Even after the electrode had been mechanically
polished in an inert atmosphere, the so-called “native SEI” oxide
film remained on the electrode surface.’>*>* The native SEI
strongly impedes interfacial electrochemical reactions because it
is an insulator; hence, it must be chemically or electrochemically
removed to facilitate interfacial reactions. Meanwhile, magnesium
deposition and dissolution are glyme-length sensitive, and an
exceptionally high overpotential was observed for both deposition
and dissolution in the G1 solutions, regardless of the anion
coordination center. In addition, the G2 solutions imparted a
lower overpotential than the other solutions. Furthermore, com-
pared with the [B(HFIP),],-based electrolytes, the corresponding
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[Al(HFIP),]-based counterparts showed a lower overpotential and
higher coulombic efficiencies during the entire cycling period. The
well-suppressed decomposition of [Al(HFIP),]-based electrolytes
during magnesium deposition/dissolution processes, as evidenced
by EDX (Fig. 5) and XPS (Fig. S8, ESIY), is certainly responsible of
these observations.

The long-term cycling stability of the Mg[Z(HFIP),],/G2
electrolytes further corroborated the special combination of
Mg[AI(HFIP),], and G2 for reversible magnesium deposition/
dissolution cycling. Indeed, after several activation precycles,
that electrolyte solution exhibited particularly stable cycling with a
very low overpotential (<460 mV) and excellent coulombic effi-
ciency (99.4%) over 250 cycles (Fig. 7). To the best of our knowl-
edge, this is the highest performance ever achieved for reagent-free
halide-based electrolytes. The high ionic conductivity and suffi-
cient cathodic stability combined with favorable interfacial and
translational kinetics all contributed to the exceptionally remark-
able electrochemical characteristics of the Mg[Al(HFIP),],/G2
electrolyte.

The anodic stability of a series of electrolytes was investigated by
linear sweep voltammetry (LSV) for Pt electrodes immersed in the
electrolytes, and the LSV profiles are displayed in Fig. 8. Regardless of
the coordination center and glyme, all the currents increased at
approximately 3.5 V vs. Mg>"/Mg. Typical hydrocarbon-based

(a) °
Al

| Il
00

il I\ |

EIV

0.3 mol dm™ —— Mg[B(HFIP),1,/G2 —— Mg[AI(HFIP),],/G2

-0.2 i i 5= gy §
210 211 212 213 214 215

~

100

o
o

|
|

H
o

u]

Coulombic efficiency / % &
(2]
o

0 50 100 150 200
Time / hour

Fig. 7

(@) Long-term cycling stability and (b) corresponding coulombic efficiency measured for [Mg]||Cu] cells fabricated using 0.3 mol dm™

0.3 mol dm™
20p 0 O Mg[B(HFIP),,/G2 | ]
B O MglAI(HFIP),1,/G2
o] = " L N . r
250 0 50 100 150 200 250

Cycle number / -
3

MglZ(HFIP)41,/G2 electrolytes. Same experimental conditions as described in Fig. 5 were adopted. (a) Insets display magnified profiles for selected

periods.

E/V vs. Ag+/Ag
05 0.0 0.5 1.0 1.5 2.0

—
Q
~—

05
0.3 mol dm™ Mg[B(HFIP),]; in
o 04—
- —ac2
§ osf|—os
—G4
T o2
~
— 0'1 -
0.0f

2.0 25 3.0 35 4.0 45
E/Vvs. M92+/Mg

-
(b) E/Vvs.Ag /Ag
05 0.0 0.5 1.0 1.5 2.0
0.5¢ ; : ; - :
0.3 mol dm® Mg[AI(HFIP),J, in
o 04 o
—G2
§ o3| —cs :
—G4
E 0.2} .
~
— 0-1_ -
0.0}

2.0 25 3.0 35 4.0 45
E/V vs. M92+/Mg

Fig. 8 LSV profiles scanned at 1 mV s~ for Pt electrode immersed in 0.3 mol dm™> (a) MgIB(HFIP)4lo/Gn and (b) MgIAI(HFIP)4],/Gn (n = 1-4) at 30 °C.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv, 2021, 2, 6283-6296 | 6291


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00448d

Open Access Article. Published on 23 July 2021. Downloaded on 4/19/2026 1:20:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

ethers including glymes are oxidized at ca. 4-4.2 V vs. Li'/Li,*°
which corresponds to 3.3-3.5 V vs. Mg”*/Mg. The HOMO energy
levels of [B(HFIP),|” and [Al(HFIP),]™ are calculated to be —7.84
and —8.23 eV vs. vacuum (which approximately correspond to
+5.79 and +6.18 V vs. Mg”*/Mg), respectively. Because the anions
exhibited substantially high oxidation resistance, the current was
attributed to the oxidative decomposition of the solvent glymes.
Among the solutions prepared using the same anion, the G1
solutions were the least stable. The oxidation resistance of
electrolyte solvents is enhanced by metal-ion complexation
through the electric field effect. Briefly, the strong electric field
produced by metal ions highly polarizes the electronic state of the
surrounding solvent molecules, thereby increasing the ionization
potential. In extreme equimolar Mg-glyme complexes, wherein all
the glyme solvents are coordinated with Mg”* ions, the electrolyte
solvents do indeed exhibit excellent oxidation resistance (>4.0 V vs.
Mg>'/Mg) owing to the strong electric field produced by small,
divalent Mg®* ions.**®” In contrast, the solvent molecules that do
not participate in coordination and ligand exchange should decom-
pose at relatively low potentials. Because the salt-solvent ratio
decreases with increasing glyme length from 1:22 to 1:10 (salt:
solvent) for G1 to G4 at the same salt concentration, substantially
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more nonpolarized or less-polarized solvent molecules are in the G1
solutions than in the others. This balanced salt-solvent ratio is
possibly why the G1 solutions showed relatively poor anodic
stabilities.

Overall, the Mg[Al(HFIP),],-based electrolytes showed favorable
electrochemical characteristics compared to their Mg[B(HFIP),],-
based counterparts owing to the superior cathodic stability during
magnesium deposition and the higher ionic conductivity of the
former. By employing G2 as an electrolyte solvent, the resulting
Mg[AI(HFIP),],/G2 electrolyte showed remarkable characteristics,
especially the nucleation/dissolution overpotential and Coulombic effi-
ciency measured for reversible magnesium deposition/dissolution,
which corroborated the enhanced ion transport and favorable
interfacial kinetics achieved by combining Mg[Al(HFIP),], and G2.

Ion-transport behavior—experimental analysis and ab initio
MD simulation

To elucidate the ion-transport mechanism of Mg[Z(HFIP),],-based
electrolytes, the temperature dependences of the ionic conductiv-
ities and viscosities were investigated. The Arrhenius plots of the
ionic conductivities and viscosities of 0.3 mol dm > Mg[Z(HFIP),],/
Gn (Z =B or Al; n = 1-4) are displayed in Fig. 9 and 10 and exhibit
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Fig. 9 Arrhenius plots showing ionic conductivity plotted as functions of temperature for 0.3 mol dm~> (a) Mg[B(HFIP)4],/Gn and (b) MglA(HFIP)4],/Gn
(n = 1-4). Different solvent-volatility-dependent temperature ranges were adopted.
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Fig. 10 Arrhenius plots showing viscosity plotted as functions of temperature for 0.3 mol dm~ (a) Mg[B(HFIP)4],/Gn and (b) MgIAU(HFIP)4]5/Gn (n = 1-4).

Different solvent-volatility-dependent temperature ranges were adopted.
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typical convex and concave profiles, respectively, as described by
the VTF equations as follows:

Ay . [ —B, ] )
o= Xp|———1|,
JT R T T,
JT B,
= — 2
1= e [T E TO_J, o)

where A, and A, are scalars, B, and B, are activation-energy-related
constants for the appropriate transport properties, and T, and
To,, are the ideal glass-transition temperatures when ionic con-
duction and translational motion, respectively, are frozen. All the
fittings converged properly using the VTF equations, and the best-
fitting parameters (n = 2-4) are summarized in Table 1. Certain
correlations were found among the parameters for the [B(HFIP),]-
and [Al(HFIP),}-based electrolytes. Except for the G4 solutions,
although there was a relatively large difference between B, and B,
for the former electrolytes, these parameters were comparable for
the latter electrolytes. In addition, T, , and Ty, were in the range
comparable to those of the latter electrolytes, strongly implying
that viscosity-limited translational diffusion had dominated ion
transport in the [Al(HFIP),]-based electrolytes. The activation-
energy barrier for ion conduction, on the other hand, seemed
somewhat higher than that for translational diffusion in the
[B(HFIP),]-based electrolytes. Certain deviations between T, , and
T,,, were also found for the [B(HFIP),]-based electrolytes, suggest-
ing that ion conduction in these electrolytes may involve a
contribution from a certain conduction decoupled from the
viscosity limitations; that is, hopping conduction, in addition to
the translational diffusion of the charge carriers. However, such
hopping conduction would be manifested at elevated temperatures.
Indeed, the ionic conductivities of 0.3 mol dm~* Mg[B(HFIP),],/G2
and Mg[B(HFIP),],/G3 reached values comparable to those of their
Mg[Al(HFIP),],-based counterparts at higher temperatures despite
the higher viscosities of the former electrolytes (Fig. 9 and 10). This
finding corroborated the contribution of hopping conduction to the
overall ionic conductivities of Mg[B(HFIP),],-based electrolytes at
higher temperatures.

Among the various electrolytes, 0.3 mol dm™> Mg[AI(HFIP),],/
G2 exhibited an exceptionally low B, strongly implying that this
electrolyte also exhibited particularly favorable ion transport, even
at lower temperatures. Such ion-transport characteristics could
explain why excellent electrochemical magnesium deposition/
dissolution was achieved using this salt-solvent combination
(Fig. 6 and 7).

Table 1 VTF fitting parameters obtained from fit of temperature-
dependent ionic conductivity (6) and viscosity (y) for 0.3 mol dm~3
MQIZ(HFIP)4]2/Gn (Z = B or Al; n = 2-4)

Salt/solvent In4, B,/K To-/K InA, B,/K To,,/K
Mg[B(HFIP),,/G2  7.61 408 168 437 294 192
Mg[B(HFIP),],/G3  7.46 445 168 4.08 283 208
Mg[B(HFIP),],/G4  7.21 484 168 3.91 308 207
Mg[Al(HFIP),},/G2  7.15 330 168 473 346 181
Mg[AI(HFIP),],/G3  7.24 400 168 461 383 185
Mg[AI(HFIP),],/G4 7.41 488 168 437 391 191

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Ionic conductivity involves contributions from the total-
charged-species conduction, while only the conduction of the
relevant ions is responsible for targeting electrochemical pro-
cesses. Therefore, the transference number of the relevant species
(Mg>") should be estimated to further elucidate the effective Mg”*
transport abilities of each electrolyte. Owing to the unexpectedly
high interfacial resistance of the magnesium electrodes (even after
mechanical polishing), the complex alternating current/direct
current (AC/DC) polarization method could not be applied to the
electrodes in the present study. Instead, the diffusivities of the
electrolyte components were investigated by ab initio MD simula-
tion. The calculated diffusion coefficients (Ds) of Mg™", [Z(HFIP),]~
(anion), and the center of mass of the corresponding solvent
(solvent) are summarized in Table 2. The tyge+ values calculated
using Dyigzr and Dapion [tmgzr = Dmgz+/(Dmgz+ + Danion)] are also
included. Notably, the effect of G1 on the parent-salt diffusivities
was not considered in the simulations.

As shown in Table 2, the solvents diffused faster than the
other components. By comparing the D values of the electro-
Iytes incorporating the same solvent (G3), the D values of the
ionic species were higher for the [Al(HFIP),]™ electrolyte than
for the [B(HFIP),]” counterpart, while the solvent diffusivities
seemed comparable, which partly corroborated the superior
ionic conductivity and somewhat lower viscosity of the former
electrolyte. For the electrochemical characteristics of conventional
lithium-based electrolyte solutions, ¢ ;+ usually lies in the range
0.1-0.3. However, the ty+ values were unexpectedly high for the
present electrolytes. Because of the weak coordination ability of
[Z(HFIP),]” and the number of sites capable of coordinating with
metal ions in single G2 and G3 molecules (3 and 4, respectively), at
least two solvent molecules should participate in the coordination
of a single Mg®" ion in the solutions because the preferential
coordination number of Mg>* in ethereal solutions is 6
or 7.2%9°%%% The van der Waals volumes estimated for the
resulting solvated Mg?*, [Mg(G2),]** (310 A%), and [Mg(G3),]**
(372 A®) ions were smaller or comparable to that of [Z(HFIP),]~
(387 and 394 A® for [B(HFIP),]” and [AIl(HFIP),], respectively).
The smaller or comparable volumes of the solvated cations
against bulky anions is partly why the tyg+ values became
substantially high. Meanwhile, a somewhat high ty+ and
a slightly lower Dggpyen: for Mg[Al(HFIP),],/G3 compared to
those for Mg[B(HFIP),],/G3 also suggested anion-solvent
interactions.>®

Table 2 Diffusion coefficients and transference numbers calculated for
ca. 0.3 mol dm™> Mg[Z(HFIP)4],/Gn (Z = B or Al; n = 2 or 3) at 350 K

D/10°®m?s™!
Electrolyte® DMgz+b Danion” Dgolvent tvge”
Mg[B(HFIP),],/G3 0.64 1.09 5.07 0.370
Mg[AI(HFIP),],/G3 2.79 3.65 4.88 0.433
Mg[AI(HFIP),],/G2 6.23 3.10 13.60 0.668

“ Salt concentration was fixed at ca. 0.3 mol dm™* for entire series of
electrolytes. ? Diffusion coefficients were estimated from ab initio MD
simulations. © Transference number (fy:) was calculated as follows:

tvger = DMg2+/(DMg2+ + Danion)'
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The ab initio MD simulations corroborated the remarkable
electrochemical characteristics of the Mg[Al(HFIP),],/G2 electrolyte.
The large difference between the Dggjyen values for Mg[Al(HFIP),],/
G2 and Mg[AI(HFIP),],/G3 indicated better overall diffusivity of the
former electrolyte, which is consistent with their respective
viscosities. Although Dyge+ and Dapion for Mg[AI(HFIP),],/G3
exhibited a relationship like that for Mg[B(HFIP),],/G3, Mg>*
diffused faster than the anion in Mg[Al(HFIP),],/G2. Surprisingly,
Danion Was lower for Mg[Al(HFIP),],/G2 than for Mg{AI(HFIP),],/G3.
This characteristic ion-diffusion behavior suggested unique Mg>*
and anion environments and consequent conduction possibly
induced by mutual cation-anion and anion-solvent interactions,
especially in the Mg[Al(HFIP),],/G2 electrolyte. As previously
described, [Al(HFIP),]” can interact with surrounding solvent
molecules owing to the relatively large Al-O separation.*® Such
anion-solvent interactions may be stronger in G2 because of its
relatively small molecular structure compared to G3; hence, the
hydrodynamic volume of the resulting anion-solvent complex,
that is, [Al(HFIP),:(G2),]”, would increase, thereby leading to
modest diffusivity. Detailed theoretical studies on a series of
alkoxyaluminate- and alkoxyborate-based electrolytes will be
reported in a separate paper. Notably, the diffusion coefficients
and transference number of the components were simply
estimated based on ab initio MD simulations for the translational
diffusion of the corresponding species. Very recently, the incon-
sistency between the simple translational diffusion model and the
relevant battery performance has been highlighted.® The data
obtained by conducting a well-designed experiment and calculat-
ing the ion-conduction mechanism suggested that the contribu-
tion of the ion-ion dynamics to the electrochemical characteristics
was significantly correlated to the observed diffusivity. Thus, the
diffusion data must be carefully considered to elucidate and
interpret the ion-transport kinetics observed during electrochemi-
cal processes. The observed characteristics of the Mg[Al(HFIP),],/
G2 electrolyte correlated well with the calculated diffusivities in
this study. Therefore, the remarkably favorable electrochemical
characteristics of the Mg[Al(HFIP),],/G2 compared to the other
salt-solvent combinations must have arisen from the superior
Mg>" diffusivity in the electrolyte solutions and the remarkably
favorable interfacial kinetics.

Conclusion

Ethereal solutions incorporating magnesium-fluorinated alkoxybo-
rate or alkoxyaluminate salts are promising electrolyte candidates
for practical application to MBs. To optimize the compositions of
such electrolytes, the bulk physicochemical properties, electro-
chemical characteristics, and ion-transport behaviors were system-
atically and comprehensively studied for a series of Mg[Z(HFIP),],/
Gn (Z = B or Al; n = 1-4). The concentration dependence of the
ionic conductivities exhibited typical volcano-type profiles, and the
conductivity maxima were observed at a salt concentration of
0.3 mol dm™? at 30 °C, regardless of the anion coordination
center (Z). However, the temperature-concentration-conductivity
profiles were distinct depending on the anions, suggesting
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different ion-transport mechanisms, especially at higher tem-
peratures. At the same concentration and ambient temperature,
the Mg[AI(HFIP),],-based electrolytes always exhibited higher
ionic conductivities than their Mg[B(HFIP),],-based counterparts,
regardless of the glyme length. This superior ionic conductivity
arising from higher charge-carrier diffusivity was responsible for
the remarkable magnesium deposition/dissolution electrochemical
activity of the former electrolytes.

The comprehensive investigation of the electrochemical
magnesium deposition/dissolution and ion-transport characteristics
unexpectedly found a special salt-solvent combination,
Mg[AI(HFIP),],/G2. Such an optimal electrolyte allowed remark-
ably stable and efficient magnesium deposition/dissolution
cycling for over 250 cycles and an excellent coulombic efficiency
of 99.4% under an exceptionally low polarization of <460 mV.
The ab initio MD simulation also suggested that the optimal
electrolyte exhibited an exceptionally high translational Mg>*
diffusivity. As evidenced by impedance spectroscopy, the VTF
fitting analysis, and ab initio MD simulations, the well-balanced
mutual cation-anion-solvent interactions and sufficient
reduction resistance of the anion combined with the remark-
able ion transport and interfacial characteristics may be
responsible to the exceptional electrochemical activity of the
electrolytes. Although research into practical cathode and
anode materials is still in the early stages (and, thus, such
materials compatible with the present electrolytes must be
developed for application to high-performance MBs), this work
demonstrates that Mg[Al(HFIP),],/G2 can be the primary electro-
Iyte for application to future MBs. Further in-depth studies on the
interfacial characteristics of this electrolyte at both the magnesium
anode and cathode are underway and will be reported in a
forthcoming paper.
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