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Rechargeble Batteries

Tailoring Loose Mg’ Solvation Structure by Steric and
Competitive Solvent Coordination for Fast-Charging

Magnesium Batteries

Yinlin Shen, Kangjie Xu, Zhirong Zhao-Karger, and Xiangyu Zhao*

Magnesium batteries are attracting growing interest as next-generation energy
storage technology due to their high safety, cost-effectiveness, and resource
abundance. However, their development remains limited by sluggish Mg”"
transport kinetics at the electrode/electrolyte interface. Herein, we propose an
electrolyte design strategy that modulates the Mg>* solvation structure by
introducing tetrahydrofuran (THF) as a co-solvent into a borate-based
electrolyte, Mg[B(hfip);] (MBF) in dimethoxyethane (DME). THF, selected from
a series of linear and cyclic ethers, has a comparable dielectric constant and
donor number to DME, but its cyclic structure introduces steric hindrance
that induces competitive coordination with Mg>". This competition weakens
Mg>" — solvent interactions, yielding a more labile solvation structure and
enhanced desolvation kinetics. As a result, Mg||Mg cells employing the
optimized MBF/1D1T electrolyte (DME: THF = 1:1, v:v) exhibit a significantly
reduced Mg plating/stripping overpotential of 120 mV at 10 mA cm 2,
compared with 316 mV at 8 mA cm > with MBF/DME, along with exceptional
cycling stability exceeding 1200 h. Furthermore, representative sulfide cathodes

the lack of suitable high-energy-density cathode
materials and compatible electrolytes.** To
overcome this limitation, extensive efforts have
been devoted to the design of advanced magne-
sium storage materials, leading to the develop-
ment of diverse cathode candidates such as metal
8] Chalcogenides,[%“]
compounds,l'¥ and  organic
Among these, conversion-type metal sulfides
have garnered particular attention due to their
multiple-electron transfer capabilities, enabling
higher theoretical capacities.[g’m'”] However,
their practical electrochemical ~performance
remains far from ideal, especially under
high-rate  conditions. To address  this,
various modification  strategies—such  as
nanostructuring,[ls] hybridization with conduc-
tive matrices,[“’] interlayer expansion,[”] and
heterostructure  engineering!'®'—have  been
explored. Although these approaches have

oxides, [ polyanionic

materials.!'®!

such as CuS and VS, demonstrate faster activation and improved high-rate

performance in the presence of MBF/1D1T.

1. Introduction

Magnesium-ion batteries (MIBs) have emerged as promising
next-generation alternatives to lithium-ion batteries due to the inherent
advantages of magnesium metal anode, including natural abundance,
low cost, low reduction potential, high theoretical volumetric capacity,
and resistance to dendrite formation under mild conditions.!' ! Despite
these advantages, the development of MIBs has long been hindered by
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helped unlock considerable capacity at low cur-
rent densities,!'”! the performance degradation at
high rates continues to pose a critical bottleneck.
This issue is rooted in the intrinsically sluggish
desolvation kinetics of Mg>" ions at the electrode/electrolyte interface,
which significantly impedes efficient ion transport and reversible storage.

Unlike monovalent Li* ions, Mg shares a similar ionic radius but
carries twice the charge, resulting in stronger electrostatic interactions
with coordinating solvents and a higher energy barrier for desolvation.
This slow desolvation process often limits Mg®" insertion in the cathode
materials, especially in non-layered or narrowly spaced layered mate-
rials. In some electrolyte systems, such as fluoroborate-based electro-
lytes, solvated complexes like [Mg(DME)g]2+ bypass desolvation and
directly co-intercalate into layered cathodes (e.g., MoS,),!" %) acceler-
ating reaction kinetics. However, the incorporation of bulky solvated
ions can cause structural collapse and limit the generality of this
approach. Therefore, for non-layered or high-capacity conversion-type
cathodes, efficient Mg”" desolvation at the cathode/electrolyte interface
is essential to govern their practical performance.

Growing understanding of solvation structures has spurred consider-
able interest in electrolyte design for multivalent ion batteries, such as
7n*", Mg®", and Ca”" systems.”'™*1 Strategies such as introducing
strong-coordinating additives or solvents,?***”) employing bulky cat-
ions, or using highly coordinating anions have been proven effective in
stabilizing solvated Zn>" structures and suppressing water decomposi-
tion at the electrode interface in aqueous zinc-ion batteries.[?®*”]

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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In magnesium systems, the introduction of chelating agents like meth-
oxyethylamine has been shown to facilitate a rearrangement of the sol-
vation sheath,*] enabling Mg”" to bypass the high-energy desolvation
step and promoting efficient storage in metal oxides. Similarly, employ-
ing strong-coordinating solvents and dissociative calcium salts has
enabled solvent-dominated solvation structures,”*'] suppressing anion
decomposition and allowing reversible calcium plating. Incorporating
triflate anions into Mg”" solvation structures can also weaken Mg”'—sol-
vent interactions,**) lower the desolvation energy barrier, and dramati-
cally enhance Mg storage performance in metal sulfide cathodes,
delivering higher capacities, superior rate performance, and faster acti-
vation processes. Therefore, the rational design of electrolyte systems,
particularly through modulation of solvation structures, presents a sim-
ple yet effective strategy for improving the electrochemical kinetics of
magnesium metal batteries.

In this work, we develop a solvation engineering strategy by
screening linear and cyclic ether solvents for their Mg”" coordination
capability, ultimately selecting tetrahydrofuran (THF) as the optimal
co-solvent to reconstruct the Mg”" coordination environment in a
dimethoxyethane =~ (DME)-based fluoroborate electrolyte  (Mg[B
(hfip)4],/DME). Owing to its similar dielectric constant and donor
number, THF competes effectively with DME for Mg”" coordination.
Additionally, the steric hindrance of cyclic THF weakens the binding
strength of DME, resulting in a more flexible solvation shell and accel-
erated desolvation kinetics. ~ Spectroscopic  analyses, including
Fourier-transform infrared (FI-IR) spectroscopy, Raman spectroscopy,
and 'O nuclear magnetic resonance (NMR) spectroscopy, combined
with density functional theory (DFT) calculations, confirm the weak-
ened Mg”*—solvent interactions in the DME/THF mixed-solvent system.
Electrochemical evaluations of Mg||Cu, Mg|Mg, and Mg|sulfide cells
demonstrate that employing the optimized Mg[B(hfip).],-based elec-
trolyte with a DME/THF volumetric ratio of 1:1 (MBE/1DIT) enables
the cells to achieve significantly enhanced cycling stability and
high-rate performance. This competitive coordination strategy offers a
practical and generalizable pathway for tailoring solvation structures in
multivalent ion electrolytes.

2. Results and Discussion
2.1. Electrolyte Design Principle

In the MBF-based electrolyte, the weak interaction between the Mg ion
and the boron-centered anion arises from the high degree of electron
delocalization in the borate anion. This characteristic ensures efficient
salt dissociation in a variety of organic solvents and results in a low
concentration of contact ion pairs, thereby promoting fast Mg2+ trans-
port. Moreover, weakened Mg” —anion interactions allows strong coor-
dination between Mg2+ and solvent molecules, exemplified by DME—a
widely used solvent in magnesium batteries due to its good compatibil-
ity with magnesium anode. Specifically, each Mg”" ion is coordinated
by six oxygen atoms from three DME molecules ([Mg(DME);]*"), with
an average Mg—O bond length of 2.094 A, as confirmed by DFT calcu-
lations (Figure 1a) and the result of 'H NMR (Figure S1, Supporting
Information). However, this rigid solvation configuration imposes a
high-energy barrier to Mg>" desolvation at the electrode/electrolyte
interface, thereby severely restricting Mg2+ insertion kinetics.

To overcome this limitation, solvent engineering—either by
substituting the primary solvent or introducing a co-solvent—offers a
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viable strategy. Figure S2, Supporting Information compares the physi-
cal properties of linear ethers (dimethoxyethane, DME; diglyme, G2;
triglyme, G3; tetraglyme, G4; ethylene glycol diethyl ether, EGDE;
diethylene glycol diethyl ether, DEE) and cyclic ethers (tetrahydrofuran,
THF; 2-Methyltetrahydrofuran, MeTHF; tetrahydropyran, THP; 1,3-
dioxolane, DOL). Linear ethers generally exhibit higher boiling points
and lower melting points than cyclic ethers, along with elevated dielec-
tric constants. By contrast, cyclic ethers are characterized by lower
dielectric constants, yet their distinct steric hindrance (enhanced Mg-O
bond length; Figure 1a) and solvation characteristics may facilitate faster
Mg”" desolvation.

When the cyclic ether of THF is used as the sole solvent, Mg”* ions
form a six-coordinate structure ([Mg(THF)4]>", Figure S1, Supporting
Information) with an elongated Mg—O bond length of 2.116 A attrib-
uted to the steric hindrance of the cyclic THF ligands. This configura-
tion results in a looser solvation shell compared with the
[Mg(DME) 3]”. Notably, THF and DME exhibit comparable dielectric
constants (7.6 vs 7.2) and identical donor numbers (DN = 20), creat-
ing a competitive coordination environment in their mixed-solvent sys-
tems. Such competition weakens solvent-Mg”" interactions, leading to
an overall looser solvation structure. Consequently, Mg”** can undergo
desolvation more readily at the electrode interface, thereby enhancing
electrochemical kinetics.

Electrostatic potential (ESP, Figure 1b) analysis revealed that in linear
ethers such as DME, oxygen atoms exhibit high electron density, facili-
tating strong coordination with Mg”* ions. However, as the ether chain
length increases (e.g., from DME to G2 and G3), electron density
becomes more delocalized, weakening Mg*—solvent interactions.l**]
Among cyclic ethers, the five-membered-ring THF exhibits comparable
electron enrichment around oxygen atoms, whereas six-membered
THP and methyl-substituted MeTHF lack distinct electron-rich regions,
indicating lower Mg”" binding affinity. To disrupt the compact solva-
tion structure of [Mg(DME);]*", introducing a co-solvent with bal-
anced dielectric properties and steric effects is essential. THF was
selected as the optimal co-solvent due to its comparable dielectric con-
stant and DN to DME, coupled with enhanced steric hindrance and
electron-rich oxygen atoms that promote a looser Mg”" solvation shell.

A series of single-solvent electrolytes were prepared using 0.3 M
MBF salt in DME, G2, G3, THF, THP, and MeTHF. Owing to the pres-
ence of weakly coordinating anions, all solvents successfully dissolved
the MBF salt (Figure S3, Supporting Information). When tested in Mg||
Cu cells (Figure S4, Supporting Information), all electrolytes—except
MBF/THP—exhibited clear Mg plating/stripping behavior under cyclic
voltammetry (CV) at scan rates ranging from 1 to 50 mV s~ '. Notably,
cells employing MBF/DME and MBF/THEF electrolytes exhibited signifi-
cantly enhanced current responses (~26 mA cm™”) compared with
other systems (G2: 8 mA cm %, G3: 2 mA cm 2, MeTHF or THP:
<1 mA am %), reflecting their superior electrochemical activity. Fur-
thermore, the MBF/DME system demonstrated markedly improved
reaction kinetics over MBF/THF, as evidenced by a 198 mV reduction
in oxidation peak potential at 50 mV s~', which correlated with
reduced electrochemical polarization.

Figures S5-S7, Supporting Information show the galvanostatic
plating/stripping profiles at 1.0 mA cm™* for 10 min, further demon-
strating the electrochemical performance of these electrolytes. The low
electrochemical polarization of the MBEF/DME system aligns with CV
observations. Among the tested systems, the MBF/THF system exhib-
ited the highest cycling stability and coulombic efficiency (CE), main-
taining an average CE of 99.5% after 500 cycles, followed by
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Figure 1. a) Mg®" solvation structure optimized by DFT and b) surface electrostatic potentials of DME, G2, G3, THF, THP, and MeTHF molecules.

MBF/DME (89.1%). Long-term cycling under enhanced areal capacity
(1.0 mA am™?, 1.0 mAh cm™?) further demonstrated the superiority
of MBF/THF, achieving an average CE of 98.6% over 200 cycles
(Figure S8b, Supporting Information), whereas MBF/DME showed
severe degradation (CE of 81.4% after 150 cycles, Figure 2b). To eval-
uate the rate capability of the MBF/THEF system (Figure S8c, Supporting
Information), deposition current densities were further increased to
2.0, 5.0, and 10.0 mA cm™~
magnesium plating on copper were 82, 201, and 323 mV, respec-
tively. These results validate the high compatibility of MBF/THF with
magnesium metal anode and its potential for high-rate applications.

*. The corresponding overpotentials for

2.2. Compatibility of Electrolytes with Mg Metal

To further optimize the Mg”* solvation structure and construct an
expanded solvation structure, a series of binary-solvent systems were
formulated (Figure 2 and Figures S9 and S10, Supporting Information),
including DME + THF, DME + G2, DME + G3, THF + G2, and
THF + G3. Among these, the MBF/DME + THF electrolyte
(MBF/1D1T) exhibited the best electrochemical performance in Mg||Cu
cells. Long-term deposition/stripping cycling at 1.0 mA cm™* with a
deposition capacity of 0.17 mAh cm™* revealed that MBF/1DIT
achieved superior stability, the highest CE (>99.5%), and the lowest
overpotential (70 mV) among all binary-solvent combinations.

When tested at 1.0 mA an~ > with a higher areal capacity of
1.0 mAh am™? (Figure 2a), MBE/1DIT delivered an ulra-low Mg
plating overpotential of 38 mV. After an initial three-cycle activation
process, the CE rapidly stabilized at ~100% (Figure 2b), whereas
MBF/DME showed poor cycling stability, with a continuous decline in
CE after 80 cycles.

The rate performance of MBF/1D1T was further evaluated by depos-
iting 0.5 mAh cm™” of Mg at various current densities (Figure 2c).
The resulting overpotentials were 38, 54, 105, 131, and 136 mV at
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0.5, 1.0, 2.0, 5.0, and 10.0 mA cmfz, respectively, indicating excel-
lent compatibility with Mg metal even at high current densities. More-
over, Mg||Cu cells with MBF/IDIT electrolyte maintained low
overpotentials (<250 mV) and high CE (~100%) at elevated areal
capacities from 1.0 to 10.0 mAh cm™* (Figure S11, Supporting
Information).

Strikingly, in extended cycling tests at a low areal deposition capacity
of 0.17 mAh ecm™* (1 mA cm™ > for 10 min, Figure 2d), the
MBEF/ 1D1T-based Mg||Cu cell maintained stable operation with a high
CE of 99.7% for over 900 h (2700 cycles), significantly outperforming
the MBF/DME system, which underwent failure after ~200 h
(600 cycles). These results underscore the critical role of mixed-solvent
strategies in enabling stable and efficient Mg deposition via the forma-
tion of favorable solvation structure and electrode/electrolyte interface.

To further investigate the interfacial stability of magnesium metal
anodes, Mg|[Mg symmetric cells were assembled and tested in both
MBF/DME and MBE/IDIT electrolytes (Figure 3). As shown in
Figure 3a, under operation at 0.5 mA cm™” with an areal capacity of
0.5 mAh am ™, the Mg|[Mg symmetric cell using the MBF/1DIT elec-
trolyte exhibited an ultra-low overpotential—only ~16% of that
observed in the MBF/DME system—and remained stable over an
extended cycling period of 1200 h.

When the current density was further increased (Figure 3b), the
Mg|Mg symmetric cell using MBF/DME showed significant polariza-
tion growth and eventually failed at 9.0 mA cm™* due to severe inter-
facial degradation. By contrast, the Mg|[Mg cell using MBF/1DIT
maintained low overpotentials up to 10 mA cm™’
superior rate capability and interfacial stability. Specifically, the
MBE/1DIT system exhibited overpotentials of 66 mV (1.0 mA cm™?),
71mV  (2.0mAcan?), 73mV (5.0 mAan ?), 118 mV
(8.0 mA am %), and 120 mV (10.0 mA cm %), with negligible
increments (<2%) between 8.0 and 10.0 mA cm ™ (Figure 3c). Con-
versely, the MBF/DME system showed significantly higher overpoten-
tials of 120 mV (1.0 mA cm™ %), 148 mV (2.0 mA cm™ %), 197 mV

, demonstrating
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Figure 4. a) XRD patterns of Mg deposits on Cu foils in MBF/DME and MBF/1D1T. XPS spectra (F 1s and B 1s) and SEM images of Mg deposits on Cu foils
in b, d) MBF/DME and ¢, e) MBF/1D1T. SEM images of Mg metal surface after 50 cycles in f) MBF/DME and g) MBF/1D1T.

(5.0 mA cm™?), and 316 mV (8.0 mA cm™?), accompanied by large
voltage fluctuations beyond 5.0 mA cm™ >, Moreover, the MBF/DME
system could not sustain stable operation at 5 mA cm ™ without a
prior activation process involving several tens of cycles at lower current
densities (0.5 and 1 mA cm™*). By contrast, the MBF/IDIT system
enabled stable cycling over 400 h at 5 mA cm™” (areal capacity: 2.5
mAh cm ™ %), maintaining consistently low polarization throughout the
test (Figure S12, Supporting Information).

The ultra-low overpotentials observed in both Mg||Cu and Mg||Mg
cells using MBF/IDIT highlight fast Mg™" desolvation and efficient
charge transfer at the electrode/electrolyte interface. The introduction
of THF has been shown to enhance the ionic conductivity of the
Mg-ion electrolyte (11.07 mS cm™' for MBF/DME and 13.48 mS
em~' for MBF/IDIT). Furthermore, the exceptionally long-term
cycling stability confirms the excellent compatibility of the MBF/1DIT
electrolyte and magnesium metal anodes, positioning it as a promising
electrolyte for high-performance Mg batteries.

Desolvation behavior at the anode/electrolyte interface plays a crucial
role in determining Mg deposition characteristics. X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and scanning electron
microscopy (SEM) analyses (Figure 4) were performed on magnesium
deposits (5 mAh em™* on copper foil) and cycled magnesium foils.
Figure 4a shows the XRD patterns of magnesium deposits in the
MBEF/1DI1T and MBF/DME electrolytes, where only copper (PDF card
no. 4-836) and Mg [(100), (002), and (101) lattice planes; PDF
card no. 35-821] diffraction peaks are observed, indicating high-purity
Mg deposition without detectable impurities. In the MBF/DME electro-
lyte, the Mg deposits exhibit comparable diffraction peak intensities for
the (100) and (002) planes, suggesting that the growth rates of metal-
lic Mg along the (100) and (001) crystallographic directions are nearly
identical. By contrast, Mg deposited from the MBF/1DIT electrolyte
shows a stronger (100) peak relative to (002) peak, indicating prefer-
ential growth along the (100) direction. This orientation change
implies that the introduction of THF suppresses Mg growth along the
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(001) axis, likely due to the preferential adsorption of THF molecules
on the (002) surface of metallic Mg.**)

The composition and structure of the surface layer formed on the
deposited Mg were investigated via XPS depth profiling (Figure 4b,c,
and Figure S13, Supporting Information). Both the MBF/DME and
MBE/1DIT electrolytes yielded Mg deposits containing Mg, B, F, and C
elements, indicating the formation of F- and B-rich solid electrolyte
interface (SEI) layers. Detailed analysis of F 1s and B 1s region spectra
revealed that, in the MBF/DME system, surface fluorine species
predominantly consisted of organic C—F (688.9 eV) and inorganic
MgF, (685.7 €V). As the etching depth increased, the proportion of
organic components decreased, but even after 180 s of etching, organic
species remained prevalent, indicating the coexistence of organic and
inorganic components throughout the interfacial layer. By contrast, for
magnesium deposited from the MBF/1DI1T electrolyte, organic species
(likely from residual electrolyte salts) were detected on the surface
but diminished rapidly with etching depth, ultimately revealing a MgF,-
dominated inorganic SEI layer that is beneficial for Mg”" conduction.

To further elucidate the chemical composition of the SEI, additional
XPS analyses were conducted for C 1s, O 1s, and Mg ls regions
(Figure S13, Supporting Information). The C 1s spectra show character-
istic peaks of C—C, C-O, and C=0 bonds, attributed to solvent (DME or
THF) decomposition, along with a C-F peak originating from anion
decomposition. Prior to sputtering, stronger C—F signals were observed
on Mg deposited from the MBF/1D1T electrolyte, indicating the pres-
ence of fluorinated organic species on the surface. However, these sig-
nals declined sharply after 60 s of etching, whereas in the MBF/DME
system, C—F signals remained persistent—consistent with the trend
observed in the F 1s region—further confirming a more organic-rich
SEI in the MBE/DME electrolyte.

The O 1s spectra may include contributions from adsorbed oxygen
(due to air exposure), MgO/Mg(OH),, C—O/C=0 functional groups,
and B-O bonds. However, accurate deconvolution of the O 1s region
is complicated by signal overlap and the potential for fitting bias. Given
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Figure 5. a) FT-IR spectra, b) Raman spectra, and c) O NMR data of different solvents and electrolytes. d) Chronoamperometry curves of Mg||Al cells using
different electrolytes measured from 2.5 to 4.0 V versus Mg. e) Calculated HOMO and LUMO energy levels of DME, THF, and solvated Mg-ions ([Mg

(DME);)*", [Mg(THF)s]*", and [Mg(DME),(THF),]*").

these limitations, the existing depth-resolved XPS data for Mg, C, B,
and F elements are considered sufficient to characterize the interfacial
chemistry and evaluate SEI composition. Collectively, the results dem-
onstrate that the MBF/1DIT electrolyte favors the formation of a
thinner, more inorganic, and MgF,-rich SEI, while the MBF/DME elec-
trolyte leads to a thicker, more organic-containing interphase, which
may contribute to inferior interfacial stability and Mg deposition
behavior.

The morphology of deposited magnesium on copper foil was
examined. In the MBF/DME electrolyte (Figure 4d and Figure S14a,b,
Supporting Information), the deposits exhibited particle sizes ranging
from tens of nanometers to several micrometers. Conversely, deposi-
tion from MBF/1DIT yielded a smoother surface composed of uni-
formly stacked ~1 pm particles (Figure 4e and Figure Sl4c,d,
Supporting Information). The low polarization, stable long-term
cycling, and excellent rate performance of the Mg||Cu cell can be
attributed to the uniform magnesium deposition morphology. After
multiple cycles, the Mg foil in MBF/DME showed a pitted surface
(Figure 4f and Figure S15a, Supporting Information), indicative of
locally electrochemical activity with passivated regions, whereas the
cycled magnesium foil in MBF/1DI1T exhibited a uniform 3D net-
work structure (Figure 4g and Figure S15b, Supporting Information),
indicating full surface utilization, which greatly improves long-term
stability and activation behavior.

2.3. Mg>" Solvation Structure

The interaction between Mg”" and solvent molecules was systemat-
ically investigated using FT-IR, Raman spectroscopy, and '’O NMR
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(Figure 5). These techniques provide complementary insights into
the solvation behavior of Mg”" in single- and binary-solvent sys-
tems. In the FT-IR spectra (Figure 5a), characteristic peaks at 2816,
2877, 2927, and 2981 cm ' corresponded to vibrational modes
of free DME molecules. Upon addition of 0.3 M magnesium salt,
these peaks shifted to higher wavenumbers (2821, 2881, 2932,
and 2984 cm™'), indicating coordination between oxygen atoms
of DME and Mg”" ions. Similarly, for THF, the free solvent peaks at
2856 and 2973 cm™ " also shifted to higher wavenumbers (2861
and 2977 cm™') upon Mg-salt addition. Notably, in the
MBE/1DIT binary-solvent system, the IR peaks were at 2819,
2877, 2932, and 2981 cm ™ '. The peak shifts for both DME and
THF were significantly smaller compared to their respective single-
solvent systems, suggesting weaker Mg” —solvent interactions in
the mixed electrolyte. This weaker interaction implies that solvent
molecules can more easily dissociate from the solvation shell dur-
ing electrochemical processes. The Raman spectra in Figure 5b
exhibited a similar trend to the FT-IR results, further confirming
that solvation interactions between Mg”* and solvent molecules are
reduced in the binary-solvent electrolyte. This observation aligns
with a loosely coordinated solvation structure, which facilitates fas-
ter desolvation kinetics.

To gain deeper insight into the Mg—O coordination environment,
0 NMR spectroscopy was performed using D,O as an external refer-
ence. For pristine DME, the oxygen atom showed a chemical shift at
—21.3 ppm. In the MBF/DME electrolyte, a downfield shift to
—24.7 ppm was observed, indicating coordination between DME and
Mg™*. A similar shift (from 19.4 to 17.7 ppm) was observed for THF in
the MBF/THF electrolyte. Notably, in the MBE/1DIT binary-solvent
electrolyte, the chemical shift changes for both DME (—23.0 ppm) and

© 2025 The Author(s). Energy & Environmental Materials published by
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Figure 6. a) CV curves at 0.1 mV s~ ', b) charge/discharge profiles at different current densities, and cycling performance at ¢) 0.1 A g~' and d) 0.56 A g~
of Mg||Cus cells in the MBF/DME and MBF/1D1T electrolytes. €) CV curves 0.1 mV s~ ' of Mg||VS, cells using MBF/DME and MBF/1D1T electrolytes. Cycling
performance of Mg||VS; cells at f) 0.1 A g~ and g) 0.56 A g~ ' using MBF/DME and MBF/1D1T electrolytes.

THF (18.5 ppm) were smaller than those in their single-solvent coun-
terparts, suggesting that competitive solvent coordination weakens indi-
vidual solvent—Mg”" interactions. This weakened solvation interaction
facilitates fast Mg”>" desolvation, enabling highly reversible Mg
plating/stripping in both Mg||Cu and Mg||Mg cells even under ultrahigh
current densities. To determine whether the solvents also participate in
anion coordination, the electrolytes were dried to isolate recrystallized
magnesium salts, which were then characterized by ''B and '’F NMR
spectroscopy (Figure S16, Supporting Information). The chemical shifts
of both boron and fluorine in the recrystallized salts showed negligible
deviations from those in pristine MBF, indicating that neither DME nor
THEF coordinates with the anion. These results confirm that the addition
of THF modifies only the cationic solvation structure, without affecting
the coordination environment of the anions.

Chronoamperometry measurements of Mg||Al cells (Figure 5d)
revealed that all three electrolytes exhibited anodic stability above
3.5V, indicating good compatibility with high-voltage cathodes. This
is notable because DME and THF are typically unsuitable for high-
voltage applications due to oxidative instability. However, Mg>" coordi-
nation alters the solvents’ electronic environment: The highest occupied
molecular orbital (HOMO) energy levels of the solvated solvent mole-
cules are significantly lowered by strong electrostatic interaction with
Mg”", suppressing solvent oxidation and extending the electrolyte’s
anodic stability. These results highlight the critical role of Mg“—induced
solvation effects in stabilizing ether-based electrolytes.
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2.4. Electrochemical Performance of Mg||Sulfide Cells

To verify the compatibility of the MBF/1DIT electrolyte with cathode
materials, transition metal sulfides, specifically CuS and VS, (high theo-
retical capacity sulfides), were tested. Figure 6 compares the electro-
chemical performance of the CuS cathode in MBF/DME and
MBEF/1DIT. CV curves (Figure 6a) showed distinct redox peaks corre-
sponding to the Cu**/Cu® redox pair in both electrolytes. Notably, the
peak currents were significantly higher, and the voltage gap between
redox peaks decreased from 0.92 to 0.72 V of the CuS cathode in
MBF/1DIT, indicating improved kinetics. The CuS cathode in
MBEF/1DIT also exhibited an activation process (Figure S17, Supporting
Information), attributed to nanostructuring of the electrode material.

To further highlight the improved kinetics of the cathode material in
the mixed electrolyte, the CuS cathode was subjected to
charge/discharge tests at different current densities (Figure 6b). As the
current density increased, the CuS cathode delivered discharge capacities
of 445/540, 349/488, 162/386, and 108/247 mAh g~ ' in
MBE/DME and MBE/1DIT, respectively, at 0.1, 0.2, 0.5, and 1.0 A
g~ '. Compared with MBF/DME, the Cu$ cathode in the mixed electro-
lyte exhibited 1.2, 1.4, 2.4, and 2.3 times higher capacities, indicating
that the rapid desolvation in MBF/IDIT provides enhanced perfor-
mance advantages at high-rate conditions.

Furthermore, the Mg||CusS cells in the MBF/1DIT electrolyte showed
reduced charge/discharge polarization, with clear charge/discharge

© 2025 The Author(s). Energy & Environmental Materials published by
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plateaus maintained even at a high current density of 1.0 A g~'. The
cells cycled at 0.1 A g~' (Figure 6c) and 0.56 A g~ ' (Figure 6d)
exhibited activation behavior consistent with CV observations. Notably,
activation proceeded significantly faster in MBEF/IDIT than in
MBE/DME. At 0.1 A g~ ', the CuS cathode in MBF/1D1T achieved a
maximum capacity of 540 mAh g~ (96.4% of its theoretical value) by
the 13th cycle, surpassing 455 mAh g~ ' of the cathode in MBF/DME
after 30 cycles. The Mg||CuS battery cycled in MBF/1D1T maintained a
capacity of 453 mAh g~ after 60 cycles, which is higher than the 380
mAh g~ achieved in MBF/DME. Even at a higher current density of
0.56 A gfl, MBEF/IDIT enabled faster activation, higher reversible
capacity, and enhanced capacity retention (245 mAh g~ ' versus 141
mAh g~' in MBF/DME after 200 cycles) of the CuS cathode. The
improved electrochemical properties of the Mg||CuS cell using the
MBEF/1DIT electrolyte stem from fast desolvation kinetics, accelerated
interfacial charge transfer, and stable magnesium plating/stripping.

Another tested sulfide cathode material is VS,, whose phase struc-
ture, thermogravimetric analysis, XPS results, and morphological char-
acteristics are provided in Figures S18 and S19, Supporting
Information. The CV curves of Mg|[VS, cells in both electrolytes showed
distinct redox peaks (Figure 6e). Notably, the cell using MBF/1DIT
exhibited smaller electrochemical polarization, indicating enhanced
reaction kinetics. In addition, the VS, cathode demonstrated a pro-
nounced electrochemical activation process in the MBE/1DIT electro-
lyte (Figure S20, Supporting Information).

Further insights into the activation behavior are provided by the
cycling performance at 0.1 A g~ ' (Figure 6f). The VS, cathode in
MBE/ 1D1Tdelivered an initial discharge capacity of 34 mAh g~ but
underwent rapid activation, reaching over 450 mAh g~ ' by the 36th
cycle. By contrast, the same electrode in MBF/DME only achieved 291
mAh g~ ', After 200 cydles, the discharge capacity remained at 447
mAh g~' in MBF/1DIT, whereas it dropped to 266 mAh g~' in
MBE/DME. At a higher current density of 1.0 A g~ (Figure 6g), both
systems exhibited similar initial discharge capacities and activation
trends. In MBF/1D1T, the VS, cathode reached a maximum capacity of
347 mAh g~' at the 350th cycle and retained 243 mAh g~ ' after
900 cycles. By contrast, the cathode in MBF/DME remained in an acti-
vation phase throughout 900 cycles, ending with a final capacity of
128 mAh g~ ', approximately half of that achieved in MBF/1DIT.
These results collectively demonstrate the superior electrochemical per-
formance of VS, in MBF/1D1T, characterized by high reversible capac-
ity, good rate capability, and long-term cycling stability.

3. Conclusion

In summary, a mixed-solvent electrolyte strategy was developed by
incorporating THF—an ether solvent with dielectric constant and donor
number comparable with DME—into the MBE/DME electrolyte. The
sterically hindered THF molecules competitively coordinated with
Mg”", thereby weakening the overall Mg—solvent interaction. Compre-
hensive spectroscopic characterizations, including Raman, FT-IR, and
70 NMR, confirmed the formation of a weakly coordinated solvation
structure in the tailored MBE/1DIT electrolyte. This optimized solva-
tion environment led to significantly improved interfacial properties
with magnesium metal, as evidenced by an ultra-low deposition over-
potential of 38 mV at 1 mA cm™ %, which is significantly lower than
179 mV observed in MBF/DME electrolyte, and only 136 mV at

10 mA cm ™ *. Purthermore, Mg||Cu and Mg|Mg cells employing
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MBF/1DIT demonstrated remarkable cycling stability, operating
steadily for 900 and 1200 h, respectively, surpassing the 200 and
300 h achieved with the MBF/DME counterpart. Furthermore, the
MBE/ IDIF electrolyte enabled markedly more uniform Mg deposition
compared with MBF/DME, indicating improved interfacial stability.
When applied to sulfide-based cathode materials, MBF/1D1T enabled
shortened activation processes and improved rate performance. Notably,
the CuS and VS, cathodes exhibited approximately 2.3- and 2.7-fold
higher capacity at 1.0 A g~', respectively, compared to those paired
with MBF/DME. These findings highlight the effective competitive
coordination strategy in modulating multivalent Mg”*"  solvation
structures.

4. Experimental Section

Materials: Di-n-butyl magnesium (Mg(Bu),, 1 m heptane solution), 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP-H), and borane tetrahydrofuran complex solution
(BH5-THF) were purchased from Macklin and used without further purification.
DME (Macklin, 99.9%), G2 (Macklin, 99.5%), G3 (Macklin, 99.9%), THF (Aladdin,
99.9%), MeTHF (Aladdin, 99.5%), and THP (Aladdin, 99.9%) were used after being
dehydrated with a 4-A molecular sieve.

Electrolytes preparation: 2.13 mL HFIP-H was dissolved in 5 mL DME in a
100 mL glass bottle, and then 10 mL 1 M Mg(Bu),/heptane solution was added
slowly and stirred for 5 h. At the same time, 7.07 mL HFIP-H was dissolved in
5 mL DME in a 20 mL glass bottle, and then 244 mL BH;-THF solution was
slowly added and stirred for 5 h. After that, the above solutions were mixed
together and stirred at RT for 12 h. Finally, the Mg[B(hfip),], salt was obtained
by vacuum heating at 60 °C for 24 h. The magnesium salts were dissolved in sin-
gle or binary ether solvents in a volumetric flask to obtain electrolytes of specific
concentrations. The concentration of electrolytes is 0.3 m.

Synthesis of CuS and VS, materials: CuS material was synthesized following
a previous report.[m] VS, material was synthesized through a hydrothermal
method using vanadium ammonium (NH,VOs) as the vanadium source, thioace-
tamide as the sulfur source, graphite oxide (GO) as the carrier, and deionized
water as the solvent. Generally, 144 mg of GO was ultrasonically dispersed in
80 mL of deionized water for 2 h. Then, 1.06 g of NH,VO; and 6.85 g of thioace-
tamide were added to the dispersion and stirred magnetically for 2 h. The mix-
ture was transferred to a 100 mL Teflon-lined autoclave and heated at 160 °C
for 24 h. The black product was washed several times with water and ethanol.
Finally, the product was dried in a vacuum oven at 80 °C for 12 h.

Material characterization: XRD was conducted on a Rigaku SmartLab instru-
ment (Cu-Ko, A = 15418 A, 9 kW). SEM (ZEISS GeminiSEM 300) and XPS
(Thermo Scientific Nexsa) were applied to analyze the samples’ morphology and
composition. Raman (WITec alpha 300R) and FT-IR (PerkinElmer) were used to
characterize the electrolytes’ solvation structure. The instrument used for O
NMR test was Bruker 300 MHz. To avoid the influence of deuterated reagents on
the solvation structure, the 7O NMR test used coaxial nuclear magnetic tubes
and the deuterated reagent was deuteroxide.

Electrode preparation: The CuS or VS, electrodes were prepared by coating
60 wt.% active materials, 30 wt.% carbon black, and 10 wt.% polyvinylidene fluo-
ride onto copper foil. This assembly was subsequently dried overnight in a vac-
uum at 80 °C. The resulting mass loading is about 2 mg cm ™2

Electrochemical measurements: The cells were assembled in 2032 coin-type
cells in an Ar-filled glove box. Glass fiber (Whatman GF/F) was used as the separa-
tor, and polished magnesium metal (50 pm thick) functioned as the counter
electrode. Galvanostatic tests were conducted using the Neware battery test sys-
tem (CT-4008T) and the LAND battery test system (CT2001A). CV data were col-
lected using a potentiostat (VMP3, Bio-Logic) electrochemical workstation. All
electrochemical tests were conducted at 298 K. The specific capacities were cal-
culated based on the mass of CuS or VS, material in the cathode.

Quantum chemistry calculations: The quantum chemistry calculations were
performed using the ORCA package employing the resolution of identity
approximation.BS] All the DFT calculations were performed using the PBE func-
tional. Basis sets of def2-TZVP**”) were adopted for all atoms in the complexes
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with decontracted auxiliary def2-TZVP/) Coulomb fitting basis sets.*®! D3 disper-
sion correction developed by Grimme is included for weak interactions.*” Visual-
ization of ESP is made by using GaussView6.0 software.
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