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Enhanced Reversibility of Mg Plating/Stripping via
Solvation Sheath Regulation by a Multidentate Linear

Oligoether

Toshihiko Mandai

Magnesium (Mg) is an abundant resource, and rechargeable Mg
metal batteries (RMMBs) could help to achieve a sustainable soci-
ety. However, practical Mg batteries require electrolyte materials
compatible with both positive and negative Mg metal electrodes.
Weakly coordinating anion (WCA)-based electrolytes meet these
requirements and have had a groundbreaking impact on this field
of research. In this study, the effects of multidentate oligoether
additives on the structural characteristics of WCA-based electro-
lytes are examined. Integrating a linear oligoether of hexaglyme

1. Introduction

Resource constraints require energy storage systems based on
ubiquitous elements. Rechargeable Mg metal batteries (RMMBs)
are a potential energy-storage technology that meets many of
our current requirements.”’ The advantageous properties of Mg
metal mean that the energy density of RMMBs could be compara-
ble to that of lithium-ion batteries, but their material costs would
be much lower!? Recent intensive research efforts to develop
functional materials and advanced analytical techniques in con-
junction with computational science have paved the way for a fun-
damental understanding of the working principles and bottleneck
issues of RMMBs.>™® The results have contributed significantly to
the development of electrode and electrolyte materials with
improved electrochemical performance.”~'?

Among various potential candidates, electrolytes incorporat-
ing a specific aluminate-based weakly coordinated anion (WCA),
[AI(HFIP),]~, with diglyme (G2) have exceptional compatibility
with reversible Mg plating/stripping reactions."*'* The tenta-
tive optimum electrolyte, namely, 0.3-0.4 M Mg[AI(HFIP),],/G2
(M; mol dm~3), demonstrated near-unity efficiency for Mg plat-
ing/stripping. However, its electrochemical performance with

T. Mandai

Functional Electrolyte Synthesis Team

Research Center for Energy and Environmental Materials (GREEN)

National Institute for Materials Science (NIMS)

1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan

E-mail: mandai.toshihiko@nims.go.jp

Supporting information for this article is available on the WWW under https://
doi.org/10.1002/batt.202500348

™ © 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

Batteries & Supercaps 2025, 8, €202500348 (1 of 8)

(G6) is found to be particularly effective at enhancing Mg plating/
stripping performance, whereas the corresponding cyclic coun-
terparts impart inferior performance. The combined electrochem-
ical and spectroscopic analyses suggest that changes in the
coordination environments of Mg?" in solution with a specific
amount of G6 are responsible for the enhanced interfacial
charge-transfer kinetics. The results of this study will help guide
the design of fully ethereal RMMB electrolytes compatible with
highly reactive Mg metal-negative electrodes.

respect to cycle life and cycling efficiency is short of the target
value, especially under practical experimental conditions.
Specifically, the cycling efficiency is ~98-99% at 1 mA cm™?
(Figure S1, Supporting Information), while the value reaches
>99% over 250 cycles at 0.5 mA cm 2" Under relatively harsh
experimental conditions, inferior cycling efficiency can be
ascribed to side reactions during Mg plating/stripping. The
introduction of functional artificial interfaces is a common strat-
egy for mitigating undesired side reactions. A suitable Mg**-
conductive interface has been achieved by rationally designed
artificial interfaces, which effectively suppress side reactions while
facilitate interfacial charge-transfer reaction simultaneously.'>™'®
However, the construction of long-term stable artificial interfaces
on metal electrodes remains challenging because of the successive
morphological changes of the electrodes associated with repeated
plating/stripping.l"® The associated mechanical stress induced by
the inhomogeneous morphological evolution also deteriorates the
interface, resulting in a limited lifespan.*'

Making an electrolyte stable against Mg plating/stripping is
one of the most straightforward approaches for overcoming
interfacial issues. A common strategy for solvation sheath regu-
lation was adopted in this study. One of the potential working
principles behind the improved electrochemical performance
achieved by solvation sheath regulation is the suppression of side
reactions due to the elimination of associated anions in electro-
lyte solutions.2?" The strong electric field of divalent Mg®* polar-
izes the electronic states of surrounding species (solvents and
counter anions). This polarization induces collective shifts in
the energy levels of the ionization potential and electron affinity,
which makes the solvents and anions oxidatively stable but
reductively unstable.?? Certain electrolyte systems incorporating
highly associative BH,~ are not in the case due to its excellent
reductive stability even in the association with divalent
Mg>*.2>2¥ However, the salt association state in solutions is
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critical for the systems incorporating species those reductive sta-
bilities spanning the electrode potential of Mg, such as
[N(CF5S0,),] and [Z(HFIP),] (Z = B or Al).?? Although the associa-
tion ability of WCAs is considerably weak, recent experimental
studies have suggested the presence of associated species in
electrolyte solutions, even when incorporating WCAs.”>' Such
associated species are potentially susceptible to reduction, result-
ing in inferior efficiency. The introduction of electrophilic anion
receptors such as AlCl; and B(OCH,CF;); is a potential approach
to facilitate salt dissociation.”®?”! The structural bulkiness of most
WCAs, however, hinders the accommodation of anion receptors
in their environments."¥ The integration of nonethereal solvating
agents such as amines and phosphates also deteriorates or inac-
tivates the electrochemical performance of representative WCA-
based RMMB electrolytes.?**®

Cyclic oligoethers, such as crown ethers, are the most repre-
sentative solvating (complexing) agents.* The addition of crown
ethers to conventional Mg[N(SO,CF;),],-based ethereal electro-
lyte solutions enhances Mg plating/stripping efficiency.2”
Strong solvation by the crown ether, arising from multidentate
characteristics, weakens unfavorable Mg*™—anion interactions,
thereby suppressing anion decomposition. It is believed that
the same approach can be adopted for WCA-based systems
because the partial association of WCAs in solutions is presumed
to be the reason for their insufficient performance. In this study,
multidentate oligoethers were used as ethereal solvating agents
to achieve favorable WCA-based fully ethereal electrolytes. A sys-
tematic electrochemical and spectroscopic study of the oli-
goether structural characteristics revealed that the interfacial
charge-transfer kinetics were enhanced by the integration of

certain multidentate linear oligoethers into the WCA-based elec-
trolyte because of the change in the coordination state of Mg*"
and the consequent relaxation of Mg?* solvation by the main
ethereal solvent.

2. Results and Discussion

The galvanostatic cycling profiles of the 0.3 M Mg[AI(HFIP),],/G2
electrolytes with and without 0.1 M oligoether additives are
shown in Figure 1. The molecular structure formula of the addi-
tives is displayed in Scheme 1. In contrast to conventional RMMB
electrolyte solutions, the efficacy of crown ether integration into
WCA-based electrolytes is limited. The cycling efficiencies for Mg
plating/stripping were improved slightly. However, cycle lives
and polarization deteriorated compared with the control experi-
ment using the base electrolyte, irrespective of the crown ether
cavity size (i.e, 2.0 A for 15-crown-5 ether (15C5), while 2.9 A for
18-crown-6 ether (18C6)).%? The polarization curves in the initial
cycles (Figure 1¢) and the plot of overpotential at an areal capac-
ity of 0.5 mAh cm™ (Figure S2, Supporting Information) clearly
indicate the negative effect of crown ether integration, especially
in the case of 15C5. The size of the cavity and guest ions deter-
mines the binding affinity, and the cavity size of 15C5 matches
well with Mg?*.2>3" This is one reason why remarkably large
overpotentials are required for plating and stripping with
15C5. A similar result was reported for Mg[N(CFsS0O,),],-based
electrolytes, where the introduction of 15C5 resulted in no Mg
plating activity.®® In this study, 18C6 did not improve the Mg
plating/stripping performance, which is inconsistent with
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Figure 1. a) Galvanostatic cycling profile and b) corresponding Coulombic effici
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ency of asymmetric [Mg || Cu] cells using 0.3 M Mg[Al(HFIP),],/G2 with and

without 0.1 M oligoether measured at 1 mA cm~2 and 30°C. The legend in (b) indicates the Coulombic efficiency of each cell. Polarization curves during
) the 1st and d) 10th cycles. The arrow in (d) indicates the occurrence of a short-circuit.

Batteries & Supercaps 2025, 8, €202500348 (2 of 8)

© 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH

85U8017 SUOWWIOD BAIIERID 3(dedl|dde ayy Aq peussnob ae s O ‘8sN Jo Sa|nJ 10} Akeiq 1 8UlJUO AB]1M UO (SUONIPUOD-pUe-SWLBI W00 A8 1M Aeiq Ut |uo//Sdiy) SUOTPUOD pue swis | 8U1 89S *[5Z02/0T/0T] uo Akeidiauljuo A8|1M ‘104 81miisul euoleN Aq 8£005202 1eA/200T 0T/10p/woo" As 1w AReiq 1 putjuoadoune-Alis iweyd;/sdny wous pepeojumod ‘0T ‘§20z ‘£2299952


http://doi.org/10.1002/batt.202500348

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Batteries & Supercaps doi.org/10.1002/batt.202500348

H,e” O N0 SO N SO N Oy,

¢ (3
<‘o oj o) o
\_J (o

Scheme 1. Molecular structure formula of G6, 15C5, and 18C6.

previous studies. The polarization for Mg plating/stripping gradu-
ally increased with cycling, and the cycle life of the cell was
reduced due to 18C6 integration compared with that of the control
experiment. The larger polarization at the 10" plating/stripping
cycle for 18C6 compared with that for 15C5 suggests the side reac-
tions of the Mg metal with the electrolyte containing the 18C6.

In contrast to the above multidentate cyclic oligoethers, the
integration of the linear oligoether G6 has a distinct impact on
the Mg plating/stripping performance. The cycle life increased
by almost three times without compromising the polarization
characteristics. The electrolyte-Mg interface was stabilized by
G6, as the polarization behavior during the 10th cycle was almost
identical to that during the 1st cycle (Figure 1c,d). Comparative
experiments using the shorter oligoethers G3 and G4 exhibited
minor impacts on electrochemical characteristics (Figure S3,
Supporting Information). In contrast, G6 imparted exceptional
electrochemical characteristics. The Coulombic efficiency for
the reversible Mg plating/stripping reached >99% over 30 cycles
for the G6-integrated electrolyte, even at a relatively practical
areal capacity of 1 mAhcm™ (Figure 1b), while the values of
the other systems were =98%. The integration of G6 was also par-
ticularly effective at improving the long-term cycling stability
(Figure S4, Supporting Information).
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Figure 2. Nyquist plots of symmetric [Mg || Mg] cells using 0.3 M
Mg[AI(HFIP),],/G2 with and without 0.1 M oligoether measured at 30 °C.
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To provide in-depth insights into the interfacial behaviors of
the different electrolytes, electrochemical impedance spectros-
copy (EIS) was performed. Nyquist plots of the [Mg || Mg] sym-
metric cells were fitted using a typical equivalent circuit, and
the fitting parameters are summarized in Table S1, Supporting
Information. The oligoether additive has a dominant effect, espe-
cially on interfacial charge-transfer resistance (Rcy; Figure 2 and
Table S1, Supporting Information). The R¢; values increased sig-
nificantly with the integration of cyclic oligoethers (crown ethers).
An exceptionally large R of the 15C5-based system demon-
strated the strong binding of Mg®* by 15C5 and hindered
charge-transfer kinetics at the interface. The large R was respon-
sible for the remarkably large polarization observed during Mg
plating/stripping using this electrolyte (Figure 1c). In stark con-
trast to cyclic oligoether-integrated systems, G6 integration
facilitates interfacial charge-transfer kinetics. A similar positive
effect was observed for the G4-integrated system, whereas G3
resulted in inferior interfacial behavior (Figure S5, Supporting
Information). The preferential coordination number of Mg*" in
ethereal solutions is 5-6.2 Systematic Raman spectroscopic
analysis combined with X-ray crystallography and density func-
tional theory calculations suggested that two orthogonally
oriented solvent molecules wrapped the Mg?" ions in the G2
and G3 solutions for stabilization.****) However, a single, longer
oligoether molecule can coordinate with several Mg?" ions
because of its conformational flexibility and multiple coordina-
tion sites. Such differences in coordination abilities can explain
the different functions of G3 and longer glymes as agents for
solvation sheath regulation.

The surface morphology of the cycled Mg electrodes was
responsible for the improved cycle lifetimes of the Gé-integrated
electrolyte. In RMBs, uneven Mg plating/stripping reactions fol-
lowed by the intrusion of three-dimensional (3D) Mg deposits
into the porous separator are recognized as the main reasons
for short circuits.*'®'23¢! Scanning electron microscopy (SEM)
images of Mg electrodes cycled in the base electrolyte show typi-
cal morphological evolution after stripping and plating reactions
(Figure 3a). A number of pores generated during the electro-
chemical stripping processes were discernible, and bulk Mg crys-
tals were unevenly deposited on the surface. In contrast, the
surface appeared somewhat flat when Mg was cycled in an
electrolyte containing G6 (Figure 3b). Microcrystalline deposits
preferentially fill their pores, and a relatively small portion of
Mg crystals is deposited adjacent to the former deposits.
Eventually, the protrusion of 3D-deposited Mg is effectively miti-
gated by G6 integration, and this suppressed morphological evo-
lution strongly contributes to the improved cycle life of Mg
plating/stripping.

The Raman spectra of the electrolytes show the different sol-
vation characteristics of the cyclic and linear oligoethers. The
vibrational modes of the ethylene oxide units in oligoether mol-
ecules are sensitive to their solvation state.*”” While bulk oli-
goether solvents have broad peaks at =860-800cm™', a
distinct peak is discernible at =900-870 cm~" upon complexation
with metal ions, and this is the so-called ring breathing mode. The
peak shift of the ring-breathing mode depends on the oligoether-
metal ion interactions, shifting to higher wavenumbers with
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Figure 3. Outermost surface SEM images of the Mg electrodes after cycling.
Cycled in the 0.3 M Mg[AI(HFIP),],/G2 electrolytes a) without and b) with
0.1 M G6.

increasing interactions. Indeed, monovalent Li*—glyme complexes
have the peak at =870 cm~",28% while the same peak appeared at
=890 cm™" for divalent Mg*"—glyme complexes.*'*3!

The Raman spectra of the base electrolytes with and without
oligoether additives are shown in Figure 4a. The spectrum of neat
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G2 was also used as a reference. The electrolytes exhibited char-
acteristic spectral profiles. The distinct peak centered at 892 cm™’
observed in the base electrolyte is a fingerprint of the Mg®"-G2
complex formation. The peak located at 765 cm ™" is assignable to
the vibrational mode of the counter anion. Unfortunately, this
band was less sensitive to the coordination state of the anion.*”
However, the addition of oligoethers to the base electrolyte
affected the coordination state of Mg®*, as evidenced by the
change in the shift and shape of the corresponding peaks. The
coordination state of Mg>" drastically changed upon 15C5 inte-
gration because the peak intensity of the original Mg®*-G2
complex decreased, and another peak appeared at higher
wavenumbers. This observation indicates ligand exchange
between G2 and 15C5 and two different coordination species,
[Mg(G2),I*" and [Mg(15C5)]*", presented in the solution. As
described above, the cavity size of 15C5 matches well with that
of Mg?*, which induces strong binding between Mg>* and 15C5.
However, for 18C6, the peak position of the fingerprint was
almost identical to that of the base electrolyte, suggesting that
G2 and 18C6 have comparable coordination ability. This may
be explained by the size mismatch between Mg?* and the cavity
of 18C6 and the relatively rigid framework of 18Cé6.

Although the representative peak assignable to vibrational
modes of anion is less sensitive to its coordination state, the
transport properties clearly indicated improved dissociation of
Mgl[AI(HFIP),], in G2 upon multidentate oligoether integration.
As summarized in Table S2, Supporting Information, the ionic
conductivity of the base electrolyte was greatly improved by
the addition of the multidentate oligoethers irrespective of their
structural characteristics. As the solution viscosity does not
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Figure 4. a) Raman spectra of 0.3 M Mg[AI(HFIP),],/G2 with and without 0.1 M oligoether at ambient temperature. The spectrum of a neat G2 solvent
is included as a reference. The specific spectral range responsible for Mg*™—ether coordination and the vibrational mode of the anion is depicted.
b) Deconvolution of the fingerprint modes observed in 0.3 M Mg[AI(HFIP),],/G2 with and without 0.1 M G6.
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change largely with and without the multidentate oligoethers,
these oligoethers contributed to decrease associated Mg?'-

anion species. Among the
imparted the highest cond
different coordination man
and 18C6.

studied oligoether, G6 integration
uctivity. This observation suggests a
ner of linear G6 against cyclic 15C5

A different spectral feature was indeed observed for the elec-
trolyte with linear G6. The peak position of the fingerprint of com-
plexation shifted from 892 cm™' for the base electrolyte to
888 cm™! for the Gé6-integrated electrolyte, and the peak width
was broadened. The spectral deconvolution provided clear evi-
dence of change in coordination environment of Mg?" in the
G6-integrated electrolyte. The deconvolution results are shown
in Figure 4b. The deconvolution and subsequent fitting of the

fingerprint of the electrolyt

es with and without the G6 additive

revealed the presence of two components, located at 892 and
887 cm™, in the former system. This change indicates relaxation

of the Mg?*-G2 interaction

and an increase in the population of

loosely bound Mg*™-complexes in the solution. Because the des-
olvation process at the Mg-electrolyte interface is the rate-
determining step for Mg plating,** the weakened interaction
facilitates charge-transfer kinetics at the interface. This is also
effective in suppressing undesired side reactions, resulting in
enhanced Mg plating/stripping performance with G6 integration.
Revealing the detailed mechanism of the coordination change by
G6 is beyond the scope of this study and will be investigated in
future work using structural analysis combined with theoretical

calculations.

To clarify the composition-performance relationship in the
presented system, the effect of the G6 concentration was evalu-
ated. The G6 concentration has a dominant impact on electro-
chemical performance (Figure 5). The optimal composition for
Mg plating/stripping should be a base electrolyte with 0.1 M G6;
however, the performance decreases with increasing G6 concen-
trations. The cycle lives are almost the same among the electro-
lytes, with the exception of 0.1 M G6. However, the Coulombic
efficiency of Mg plating/stripping degraded with the increasing
G6 concentration (Figure 5b). The considerably poor electrochem-
ical performance of the electrolyte comprising the same conduc-
tive salt and G6, 0.3 M Mg[AI(HFIP),],/G6, compared to that of the
base electrolyte, implies insufficient compatibility of excess G6 with
Mg plating/stripping reactions (Figure S6, Supporting Information).
In addition to the cycle life and cycling efficiency, the polarization
behavior of Mg plating/stripping is also dependent on the concen-
tration of G6. A substantially large overpotential was observed for
the electrolytes containing certain amounts of G6. However, the
plots of the stable plating/stripping polarization, e.g., the voltage
at an areal capacity of 0.5 mAh cm™2, as a function of G6 concen-
tration, represented the concave/convex-type profiles for plating/
stripping, respectively (Figure S7, Supporting Information).
The interfacial resistance exhibited a similar trend (Figure S8,
Supporting Information). These observations strongly suggest
changes in the coordination state of Mg?" at specific electrolyte
compositions.

Assuming that the associative nature of [AI(HFIP),]™ is com-
parable to that of [B(HFIP),l~, =20% of the anion should be
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Figure 5. a) Galvanostatic cycling profiles and b) corresponding Coulombic efficiencies of asymmetric [Mg || Cu] cells using (0.3 M Mg[AI(HFIP),], +x M
G6)/G2 electrolytes measured at 1 mA cm~2 and 30 °C. The legend in (b) represents the average Coulombic efficiency of each cell. Polarization curves for

c) the 1st and d) 10th cycles.

Batteries & Supercaps 2025, 8, €202500348 (5 of 8)

© 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH

85U8017 SUOWWIOD BAIIERID 3(dedl|dde ayy Aq peussnob ae s O ‘8sN Jo Sa|nJ 10} Akeiq 1 8UlJUO AB]1M UO (SUONIPUOD-pUe-SWLBI W00 A8 1M Aeiq Ut |uo//Sdiy) SUOTPUOD pue swis | 8U1 89S *[5Z02/0T/0T] uo Akeidiauljuo A8|1M ‘104 81miisul euoleN Aq 8£005202 1eA/200T 0T/10p/woo" As 1w AReiq 1 putjuoadoune-Alis iweyd;/sdny wous pepeojumod ‘0T ‘§20z ‘£2299952


http://doi.org/10.1002/batt.202500348

Batteries & Supercaps

Research Article
doi.org/10.1002/batt.202500348

Chemistry
Europe

European Chemical
Societies Publishing

loosely bound to Mg?* in the solution, according to the preceding
work.”®! Based on the composition of the base electrolyte, the
addition of a certain amount of G6 with greater solvation ability
than G2 can effectively facilitate the dissociation of the remaining
associated species. Elimination of associated species would
enhance the electrochemical Mg plating/stripping performance.
However, an excess of G6 causes a coordination exchange
between G2 and G6, which leads to the formation of a dominant
amount of [Mg(G6)]*". The desolvation energy of [Mg(G6)I*" is
definitely larger than that of [Mg(G2),]*" because of its well-
known chelating effect. This is partly why large polarization is
necessary for Mg plating/stripping in an electrolyte containing
0.3 M G6. However, the further addition of more G6 caused fur-
ther changes in the coordination environment of Mg®* but in a
different manner because of the conformational flexibility and
multidentate nature of G6. Several G6 molecules participate in
the coordination of single Mg?*, and this can reduce the binding
power of each G6 molecule against Mg?*. The post-analysis on
the Raman spectra also supports this hypothesis. The spectral
deconvolution suggested the formation of three different sol-
vates depending on the G6 concentration. The deconvolution
results of the selected spectra and fraction of each deconvoluted
peak are summarized in Figure S9, Supporting Information. As
shown in Figure 4b and S9, Supporting Information, while the
base G2-based electrolyte has a single peak located at
892 cm™, the addition of a small amount of G6 resulted in the
formation of the G6-solvate, which was observed at 887 cm™
in their spectra, possibly accompanied with the dissociation of
the remaining associated species. At the G6 concentration of
0.3 M, all solvates presented in the solution should be replaced
into [Mg(G6)]*" due to the strong chelating effect of G6, and
the single peak located at 887 cm™' has indeed been found in
the corresponding spectrum. Notably, excess G6 resulted in the
distinct peak evolution at 893cm™' (Figure S9, Supporting
Information). This new peak can be assigned to the above differ-
ent solvate species. Crystallographic studies on binary mixtures of
Li salt and oligoethers have indeed identified the different solvate
formation depending on the ratio of salt and oligoethers: isolated
column-like and polymeric chain-like structures.* Owing to the
structural similarity, a similar coordination capability is expected
for G6. Although further detailed structural analysis is needed to

(a) 25

2nd 5th Base + 0.1 M G6
— ====Cell 1

200 |— --—-cell 2

Cell voltage / V

0.5

0.0

0 20 40 60 80

Capacity / mAh g'1

identify the exact coordination environment of Mg?* in our sys-
tem, such a change in the coordination environment due to the
ratio between Mg>* and G6 may result in a convex/concave-type
composition-polarization relationship.

Finally, the compatibility of the developed electrolyte with
representative positive electrodes is assessed. Discharge—charge
cycling performance of the [Mg || MogSg] cells using the base and
optimal electrolytes is shown in Figure 6. The deliverable capaci-
ties were comparable, irrespective of the electrolyte formulation.
This result is understandable because the polarization character-
istics of these electrolytes were almost identical (Figure S7,
Supporting Information). In contrast, the reproducibility of the
battery cycling results improved remarkably with the optimal
electrolyte. The profiles of the two independent measurements
overlapped well, particularly for charging, whereas those
obtained using the base electrolyte exhibited inferior reproduc-
ibility. Although many independent and mutually correlated
factors contribute to the conclusive battery cycling performance,
the improved interfacial characteristics induced by G6 integration
may minimize the negative contributions, which would impart a
fluctuating performance, and eventually lead to greater experi-
mental reproducibility.

3. Conclusion

This study investigated the effects of oligoether additives on the
electrochemical Mg plating/stripping performance of representa-
tive WCA-based electrolytes. A systematic survey of the molecular
structure of oligoethers revealed that the introduction of cyclic
oligoethers into the base electrolyte negatively affected the elec-
trochemical performance, although its effectiveness has been
reported for other systems incorporating associative anions. In
contrast, the electrochemical performance was remarkably
improved after integrating a specific linear oligoether of G6.
EIS combined with Raman spectroscopy analysis indicated that
the interfacial charge-transfer kinetics were enhanced by G6 inte-
gration owing to changes in the coordination state of Mg®" in the
electrolytes and consequent relaxation of the Mg?t-G2 interac-
tion. The flexible chain structure and the large number of coor-
dination sites in a single G6 molecule are responsible for such

(b) 257 : '
2nd 5th Base electrolyte
— ====Cell 1
200 [— ———-Cell 2
> ; /
-~ I,' ',¢’
£,
g 15 i /
8 L >
Ie)
> 1o *© Sy
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Figure 6. Discharge-charge cycling profiles of [Mg || MoeSs] cells using a) optimal and b) base electrolytes.
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favorable coordination environments. The optimum Gé-integrated
fully ethereal WCA electrolyte allowed stable Mg plating/
stripping cycling with improved Coulombic efficiency. This elec-
trolyte also improved the reproducibility of the battery cycling
performance.

The development of prospective electrolyte materials that
satisfy various requirements for practical RMMB materialization
has been a long-standing challenge in this field of research.
Regulation of the solvation sheath by solvating nonethereal sol-
vents is an emerging concept for improving the overall perfor-
mance of RMMB electrolytes. However, the selective compatibility
of Mg with organic solvents and the resulting large polarization for
Mg plating/stripping may limit the application of these nonethe-
real solvents in practical batteries.”” This work provides another
pathway for designing rational electrolyte materials based on fully
ethereal solvents that are ultimately compatible with reactive Mg
metal-negative electrodes.

4. Experimental Section

Materials

A conductive salt consisting of the representative WCA, Mg[AI(HFIP),],
was synthesized according to a previously reported procedure with a
slight modification to the isolation step."® The crude product was puri-
fied by washing with anhydrous diethyl ether (FUJIFILM Wako
Chemicals) until the solution phase became colorless, followed by vac-
uum drying at 45 °C for 2 h, yielding microcrystalline colorless prod-
ucts. The chemical structures and compositions were determined
by "H and "°F NMR spectroscopy, and the spectra were identical to
those previously reported. Anhydrous G2 and G3 were obtained from
Kanto Chemical Co., Inc,, and used as received. G4 was purchased from
Kishida Chemical Co., Ltd., and G6 was obtained from the NARD
Institute, Ltd. Both G4 and G6 were dehydrated over 4 A molecular
sieves prior to use. We obtained 15-crown-5 ether (15C5) and
18-crown-6 ether (18C6) from Tokyo Chemical Industry Co., Ltd., and
they were used without further purification. The electrolyte solutions
were prepared by mixing predetermined amounts of Mg[AI(HFIP),],
and a specific oligoether in G2, followed by vigorous stirring at
30 °C overnight in an Ar-filled glovebox (<1 ppm H,0 and O,). For elec-
trolytes containing 15C5 or 18C6, the resulting solutions were dried
over 4 A molecular sieves for several days. The water content of the
prepared electrolytes was determined to be 50-100 ppm using Karl
Fischer titration. Cu,Mo4Sg, @ precursor of the positive electrode active
material, was purchased from Kojundo Chemical Laboratory Co., Ltd.,
and oxidized to obtain MosSg powder following a standard oxidation
protocol 1!

Electrochemical Measurements

Galvanostatic Mg plating/stripping measurements were conducted
on asymmetric and symmetric two-electrode cells. Asymmetric cells
were fabricated using Cu foil and Mg metal. To remove native oxide
films, Cu foil was soaked in a 0.1 M HCl aqueous solution for 1h,
rinsed with deionized water, ethanol, and acetone, and then dried
under vacuum at 80°C overnight. For the Mg (Rikazai; 99.94%,
t = 0.04 mm) electrodes, the surface was polished mechanically with
sandpaper, washed several times with anhydrous tetrahydrofuran
(THF), and dried under vacuum at ambient temperature for 1h,
irrespective of the cell assemblies. The pretreatment of the Mg elec-
trodes and all cell assemblies was performed in an Ar-filled glovebox.
MoeSs composite electrodes were fabricated according to a

Batteries & Supercaps 2025, 8, €202500348 (7 of 8)

previously reported procedure!™® The average loading of MogSs
was fixed at =2 mg cm~2 A glass fiber separator (GF/A, t = 0.260 mm)
was used as the standard separator for all electrochemical measure-
ments, unless otherwise specified. Galvanostatic and discharge-charge
measurements were conducted using an automatic charge—discharge
instrument (HJ0610SD8C, Hokuto-Denko Co., Ltd.). For the galvano-
static Mg plating/stripping cycling measurements, a fixed current den-
sity of 1 mA cm™2 was applied. The battery cycling test was conducted
at 0.3-1.8V and 30 °C with a current density of 12.2mAg™', based on
the mass of MoeSs. The EIS spectra of the [Mg || Mg] symmetric cells
were acquired using the complex impedance method with an imped-
ance analyzer (VMP3, Biologic). The current frequency of the cells was
scanned from 1 to 50 mHz with a sinusoidal alternating voltage ampli-
tude of a 10 mV root mean square.

Characterization

The surfaces of the cycled Mg electrodes were observed using SEM
(JSM-7800 F, JEOL). The Mg electrodes retrieved from the cycled cells
were washed with anhydrous THF to remove the residual electrolyte,
dried under high vacuum at ambient temperature, placed in an air-
tight chamber, and transferred for SEM analysis without air exposure.

The coordination states of Mg®" in solution were evaluated using
Raman spectroscopy. The spectra were collected using a laser
Raman spectrometer (NRS-4500, JASCO) equipped with a 785-nm
laser at a resolution of 1cm~". The sample solutions were hermeti-
cally sealed in quartz glass tubes in an Ar-filled glovebox and were
subjected to spectrometry without any exposure to moisture. The
acquired spectra were calibrated using a Si standard. The spectral
deconvolution was carried out by the Gaussian-Lorentzian function.

The ionic conductivities of a series of electrolyte solutions were mea-
sured using the complex impedance method with an impedance
analyzer (VMP3, Biologic). A commercial cell equipped with two plat-
inized platinum electrodes (CT-57101B, TOA DKK Corporation) was
used for the measurements. The cell was placed in a temperature-
controlled chamber and held at 30 °C for 1 h to equilibrate the tem-
perature prior to the measurements. The viscosities were measured
at 30 °C using a kinematic viscometer (SYM3001, Anton Paar GmbH).
All of the standard deviations in the experimental values were within
+3% of the average.
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