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Solvation Chemistry of Nonaqueous Electrolytes for
Rechargeable Magnesium Batteries
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Shuangshuang Tan,* Qinyou An,* and Ligiang Mai*

Rechargeable magnesium batteries (RMBs) have emerged as a promising
candidate for next-generation energy storage due to their intrinsic safety and
abundant resource availability. However, the development of ideal electrolytes
that enable reversible Mg plating/stripping and ensure electrode compatibility
remains a significant bottleneck. Over the past decades, considerable efforts
have been devoted to addressing this challenge, highlighting the need for a
comprehensive and fundamental understanding of the complex nature of Mg
electrolytes. This review presents a comprehensive overview of the advances
in nonaqueous Mg electrolytes, with an emphasis on solvation chemistry that
governs ion transport, redox kinetics, and solid-electrolyte interphase
formation. A systematic analysis of the interactions between ions and solvent
molecules, namely active cations, anion receptors, weakly coordinated anions,
and solvation structure, is offered to establish a fundamental understanding
of structure-function relationships in Mg electrolytes. Furthermore, the key
challenges and emerging research trends in Mg electrolytes are summarized.
This work underscores the critical role of mastering solvation chemistry in
optimizing RMB performance and provides principled guidance for rational,

bottom-up Mg electrolyte design.

1. Introduction

Lithium-ion batteries (LIBs) have become integral to power-
ing mobile devices such as smartphones, laptops, and electric
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vehicles since their commercialization in
1991.1'73] However, safety concerns related
to thermal runaway and the high cost of
LIBs have restricted their suitability for
large-scale energy storage applications.*!
To facilitate the decarbonization of the
electrical grid, the development of high-
energy and inherently safe, energy stor-
age technologies is an increasingly press-
ing issue. Over the past few decades,
emerging battery systems, including aque-
ous batteries, lithium metal batteries, and
solid-state batteries, have been developed
as next-generation alternatives for energy
storage.> 1%l However, the narrow electro-
chemical window (x1.23 V) of aqueous elec-
trolytes limits their energy density, while
dendrite formation in lithium metal bat-
teries and solid-state Dbatteries poses sig-
nificant safety risks.''™™3] Uniform elec-
trodeposition in high-capacity metal an-
odes is a fundamental requirement for
battery systems to simultaneously achieve
high energy density and robust opera-
tional safety. Among various candidate
metal anodes, Mg metal stands out due to its dendrite-free plat-
ing morphology, which has been widely reported.'*!%) In addi-
tion, Mg metal features a high theoretical volumetric capacity
(3833 mAh cm™?), a low redox potential (—2.37 V vs standard hy-
drogen electrode), and abundant availability (2% in the earth’s
crust), making nonaqueous rechargeable magnesium batteries
(RMBs) a highly promising energy storage technology.['*+16-20]
Since the prototype RMB was proposed in 2000, significant
progress has been made in Mg electrolyte research.[?!-2¢] How-
ever, the diversity and complex compositional complexity of Mg
electrolytes continue to present challenges. To date, no stan-
dard RMB electrolyte has been established for either commer-
cial or laboratory use. Most current studies categorize Mg elec-
trolytes primarily based on salt and solvent species, which con-
strains a deeper understanding of the underlying interactions
within electrolyte compositions.[?’?°! In this review, we present
a comprehensive analysis of solvation chemistry in nonaqueous
Mg electrolytes, emphasizing the design of active cations, anion
receptors, weakly coordinated anions, and solvation structures
these four parts (Figure 1). By classifying electrolytes according to
their intermolecular interaction mechanisms, this work seeks to
deepen the understanding of the relationship between electrolyte
microstructure and function. In addition, this review outlines key
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Figure 1. The schematic summarization of solvation chemistry in rechargeable magnesium batteries.

challenges and prospective directions in the development of Mg
electrolytes, with considerations spanning both fundamental sci-
entific issues and practical industrial needs. The established con-
nection between solvation chemistry and electrolyte performance
in RMBs not only provides valuable guidance for designing next-
generation Mg electrolytes but also offers critical insights for ad-
vancing other multivalent ion batteries.

2. The Role of Solvation Chemistry in Mg
Electrolytes

Solvation chemistry in electrolytes examines the interactions be-
tween solvent molecules and solutes (such as salts or additives)
and their impact on electrode materials.*% These interactions are
typically stronger than those in gases but weaker than those in
solids. While gaseous interactions can be analyzed using kinetic
theory and solid-state interactions can be studied through solid-
state physics, solution chemistry remains one of the most intri-
cate area of physical chemistry.3!l Specifically, these intermolec-
ular interactions in electrolytes include ion-ion, ion-solvent, and
solvent-solvent interactions.

1) Ion-ion interactions are primarily governed by the Coulomb
force, involving electrostatic attraction between oppositely
charged ions and electrostatic repulsion between ions of the
same charge. In the classical electrolyte model, the Coulomb
force (F) is described by the following equation:

F=kE 1~ 90 x10°N - m?/C? (1)
ET

where k represents the Coulomb constant, g, and g, are the
charges of the two ions, ¢ is the dielectric constant of the solvent,
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and ris the distance between the ions. Factors such as ion charge,
ion radius, ion configuration and electrolyte concentration all
contribute to the strength of the Coulomb interaction. It is worth
noting that the dielectric constant (¢) of organic solvent is sig-
nificantly lower than that of water (80.2 at 20 °C)3!l which leads
to a stronger Coulomb force in nonaqueous Mg electrolytes. The
enhanced ion-ion interactions in electrolytes promote the forma-
tion of ion pairs (e.g., MgCl*), ion clusters (e.g., Mg,Cl;*),*?l and
complexes (e.g., [Mg, (u-Cl); (THF)4]*),1**] which subsequently in-
fluence salt solubility, electrolyte ionic conductivity, and the com-
patibility of electrode-electrolyte interphase.

2) Ion-solvent interactions arise from the solvation processes of
cations and anions. These interactions are mainly driven by
ion-dipole interactions and Lewis acid—base interactions. Typ-
ically, when a cation is coordinated with solvent molecules,
it serves as an electron-pair acceptor, capturing electron pairs
from the surrounding solvent molecules. The cation solvation
structure determines the cation diffusion, de-solvation, and
nucleation processes. Additionally, solvent molecules within
the cation solvation shell are more readily able to accept elec-
trons during reduction reactions compared to free solvent
molecules in the bulk electrolyte, which accelerates solvent re-
ductive decomposition. In contrast, these coordinated solvent
molecules exhibit improved oxidative stability, as they are less
prone to lossing electrons during oxidation reactions. Con-
versely, anion solvation enhances the reduction stability of the
coordinated solvent while reduces its oxidation stability. How-
ever, due to their lower charge density compared to cations,
the influence of anion solvation is less pronounced.** Ac-
cording to Frontier molecular orbital theory, these differ-
ences are reflected in lowered lowest unoccupied molecu-
lar orbital (LUMO) and highest occupied molecular orbital
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(HOMO) energy levels for cation-coordinated solvents, while
anion-coordinated solvents have higher LUMO/HOMO en-
ergy levels.33] Typically, the ion-solvent interactions in a spec-
ified electrolyte can be fine-tuned by altering the coordinated
anions or solvent molecules. This manipulation allows for
controlled decomposition of selected components, resulting
in the formation of an optimized solid electrolyte interphase
(SEI) and cathode electrolyte interphase (CEI).[36-38]

3) Solvent-solvent interactions are primarily influenced by
dipole-dipole interactions, hydrogen bonds, and Van der
Waals forces. Dipole-dipole interactions arise exclusively in
polar solvents, where the charge distribution imbalance
within a molecule creates a dipole moment. In this situation,
the positive charge center (6*) and the negative charge cen-
ter (67) of neighboring solvent molecules attract each other.
Hydrogen bonds typically form between a partially positively
charged H (covalently bonded to an electronegative atom or
group) and another electronegative atom with a lone pair of
electrons.*°l Hydrogen bonding is common in water and in
organic compounds such as alcohols and ketones. Van der
Waals forces, which exist between all molecules (polar and
nonpolar), are weaker than the aforementioned two forces.
Overall, solvent-solvent interactions play a key role in deter-
mining the solubility, freezing and boiling points, dielectric
constant, vapor pressure, and viscosity of bulk electrolytes.

In practical electrolytes, solvation chemistry encompasses ad-
ditional complex interactions, including dipole-induced dipole
forces, instantaneous dipole-induced dipole forces, and hydro-
gen bonding between ions and solvent molecules. Neverthe-
less, ion-ion, ion-dipole, dipole-dipole interactions play a domi-
nant role, which can be quantitatively described by the following
equations:3!l

1 2z,2,€
Uion—ion = _ET (2)
1 zeucos@
Uion—dipole = _E T (3)
1 2m°m°
Udipole—dipole =- 21 76 (4)

(47e)® 3k, TS

In addition to the charge of ion (ze) and the angle between the
dipole moment () and the line connecting the ion and the cen-
ter of the dipole (), the dielectric constant (¢) of solvent and the
interaction distance (r) between ions and dipoles determine the
strength of these forces.!*"] Specifically, changes in the dielectric
constant or the anion radius can regulate the solvation effect, in-
fluencing the binding energies of ion-ion and ion-solvent inter-
actions. These changes, in turn, affect the ions’ solvation struc-
tures, the electrolytes’ electrochemical stability windows, and the
electrode-electrolyte interphase properties (Figure 2).

3. The Key Challenges in Mg Electrolytes and the
Resolution Strategies

Solvation chemistry in electrolytes is driven by the dissociation
of the crystalline salt and the subsequent solvation of ions. Both

Adv. Mater. 2025, 10488

€10488 (3 of 26)

www.advmat.de

a“’"“w and interfacia| ,eacﬁ
X ()

O OF = o

Solven

E Co-solvent

Figure 2. lllustration of the interaction types in Mg electrolytes and their
relationships with solvation structure, de-solvation process, electrochem-
ical stability, and interfacial reaction.

a lower lattice energy (typically represented by the salt’s melting
point) and a higher solvation energy favor salt dissolution.[“0#1]
Mg salts generally possess a higher melting point than Li salts
(714 °C of MgCl, vs 605 °C of LiCl). Additionally, the smaller
cation radius (0.72 A of Mg?* vs 0.76 A of Li*) and the diva-
lent nature of Mg?* result in stronger ion-ion (U,,,,,,) and ion-
solvent (U, 4ino) interactions. Furthermore, the stronger Lewis
acidity of Mg** compared to Li* leads to stronger Lewis acid-
base interactions with the solvent molecules, which results in
a significantly larger Stokes radius for Mg?* than Lit (3.47 A
vs 2.38 A in water).*>*)] Consequently, Mg?* forms more ro-
bust coordination with both anions and solvent molecules. These
strong interactions promote the formation of tightly bonded con-
tact ion pairs (CIPs), aggregates (AGGs), or solvent-separated
ion pairs (SSIPs) structures in Mg electrolytes,|*] thereby hin-
dering the “free-flowing” state of Mg?* in solution. More-
over, the currently used Mg electrolytes are primarily based on
ether solvents, which offer high interphase compatibility but
exhibit a lower dielectric constant compared to other solvents
(Table 1). Thus, both the solubility of Mg salts and electrolytes’
ionic conductivity are considerably lower than those in Li-based
systems.

I. To reduce ion-ion interactions and ensure the complete
dissociation of Mg salts in ether-based solvents, charge-
delocalized anions with strong electron-withdrawing groups
are employed (such as TFSI~, OTf", ClO,™).[*#¢] However,
due to the strong electron-accepting nature of divalent Mg?*,
coordinated solvents and anions typically exhibit much
lower LUMO energy levels, making them more likely to de-
compose and ultimately passivate the Mg metal anode.[*”]
Therefore, designing electroactive cations or cation clusters
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Table 1. Physical properties of the common organic solvents for RMB electrolytes.
Solvent Chemical structure Coordinating sites T, [°C] T, [°C] n [cP] [25 °C] Density € DN
lgmL™]
THF LO) sp>O (ether) -108 66 0.55 0.887 7.1 20
DOL O[:/\O sp>O (ether) -95 75 0.53 1.06 7.1 18
DME Ou~p~ sp*O (ether) -58 84 0.46 0.867 7.2 20
G2 O~ O- sp’O (ether) —60 162 1.06 0.944 7.4 195
G3 ~o ™~ O~ O sp30 (ether) —45 216 218 0.986 7.6 14
G4 ’O\/\O’\/O\/\O’\/O\ sp>O (ether) -30 275 3.39 1.009 7.7 16.6
BTFE F F F F sp3O (ether) 25 62 0.64 1.414 13.4 <10
FAOAK
MOEA (8) sp3O (ether —82 95 0.66 0.864 9 64.8
sp’N (amine)
DMA o] sp?0 (carbonate)/ <20 184 0.92 0.925 36.7 27.8
)]\N/ sp>N (amine)
|
TMP Q sp?O (carbonate) —46 197 2.032 1.197 20.6 23
\0‘3‘0’
\
TEP 0 sp?0 (carbonate) —56 215 1.7 1.072 13.1 23.4
/‘O'E‘o/\
EC OYO sp?O (carbonate) 36 248 1.9 (40 °C) 1.321 89.7 16.4
0/
pPC OYO sp?0 (carbonate) —48 242 2.53 1.204 64.9 15.1
O/
NMI N sp?N (imidazole) —60 198 1.382 (35 °C) 1.03 39 47
\=N
ACN H spN —45 82 0.38 0.786 37.5 14.1
NZC-C-H
H
DMSO 0} sp?0 (sulfoxide) 18.4 189 1.99 1.1 46.7 30
1]
N
H3C™ ~ "CHjy
H,0 H\O,H sp>O (hydroxyl) 0 100 0.899 1 80.2 18
is one of the most effective ways to achieve reversible Mg Accordingly, designing a variety of multifunctional an-
plating/stripping. ion receptors is another optimization strategy for Mg
II. On the other hand, some commercially available Mg salts electrolytes.
(such as MgCl,) demonstrate high Mg anode affinity but  III. Designing weakly coordinated anions is a further approach
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have limited solubility in ether solvents.[*®#] Strengthening
anion-dipole interactions can improve the solubility of these
Mg salts. The introduction of strong anion acceptors facil-
itates electron pair acceptance from anions via Lewis acid-
base interactions. The resulting coordinated-anions struc-
ture not only promotes Mg salt dissociation but also ex-
pands the electrolyte’s electrochemical stability window.[>%!

€10488 (4 of 26)

to minimizing ion-ion interactions in Mg electrolytes. Re-
ducing the strong Mg?*-anion electrostatic interaction re-
quires a larger anion radius and more electron-withdrawing
groups. The large ionic radius of anions enables a more uni-
form dispersion of negative charges, which weakly coordi-
nate with Mg?*, thereby increasing the solubility of Mg salts.
Furthermore, the presence of electron-withdrawing groups
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Scheme 1. Typical reaction routes and structural illustration of [Mg, (u-Cl); (THF)¢]* and [Mg, (u-Cl), (DME) 4]** cations.

can reduce the HOMO energy level of the anion, enhancing
the oxidation stability of the electrolyte.>!]

IV. Regulate ion-ion and ion-dipole interactions to optimize
Mg?* solvation structure and enable reversible Mg plat-
ing/stripping. The electrolyte solvation structure plays a
critical role in determining ion diffusion rates, the desol-
vation process, and electrode-electrolyte interphase behav-
ior. The primary solvation sheath is formed by the com-
petitive coordination between Mg?" and electron donors,
such as solvents and anions. By introducing tailored com-
ponents into the solvation structure, the strength of the
Mg?*-electron donor interaction can be regulated, facilitat-
ing rapid Mg?* diffusion and promoting the formation of
a stable, passivation-free Mg anode interphase.[*?! In sum-
mary, a comprehensive understanding of solvation chem-
istry is vital for the rational design of high-performance
Mg electrolytes. In the subsequent sections, we will delve
deeper into the four key aspects outlined above, provid-
ing a detailed analysis of their implications for electrolyte
performance.

4. Strategies for Regulating the Solvation
Chemistry in RMBs

4.1. Design Active Cations

As early as 1957, reversible Mg plating/stripping has been
demonstrated in ether solutions of C,H;MgBr or MgBr,, al-
though the plating efficiency was relatively low (~71%).[*) Mod-
ifying the alkyl group (R) of the Grignard reagent RMgX (X = Cl
or Br) can further enhance Coulombic efficiency (CE). In these
solutions, the Mg?* diffusion and reduction mechanisms differ
significantly from those in Li-based batteries, where Li* migrates
through a stable SEI film and subsequently undergoes reduction.
In contrast, the reversible Mg redox in Grignard reagent involves
a complex electrolyte component adsorption-desorption process,
rather than a simple two-electron transfer reaction.l**>* This dis-
tinct reduction pathway prevents the passivation of Mg metal in
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such systems. The possible equilibria are established in these so-
lutions:

2RMgX < MgR, + MgX, Schleck equilibrium 5)
2RMgX < RMg* + RMgX] Ionization equilibrium (6)

Scheme 1 summarizes the two most common active cations
derived from ionization equilibrium. Specifically, the major ac-
tive cations in Grignard reagents was investigated by Sakamoto
et al. using single-crystal X-ray diffraction (XRD).[*! They found
that active [Mg, (u-Cl);(THF)(]* cation or R,Mg,Cl,(THF), struc-
ture is prevalent in various Grignard reagents (with R groups
such as Me, Bu, Ph, or benzyl), which are responsible for highly
reversible Mg plating/stripping (Figure 3a,b). However, as strong
reducing agents, Grignard reagents suffer from insufficient ox-
idation stability, making them difficult to match with cathodes
and therefore unsuitable for practical Mg batteries. To solve this
problem, Aurbach et al. introduced a family of Mg organohaloalu-
minate salts (Mg(AICL,R), and Mg(AICL,RR’),). When dissolved
in tetrahydrofuran (THF), Mg salts with alkyl groups (Et and Bu)
exhibit nearly 100% Mg plating/stripping efficiency. Additionally,
the wide electrochemical window of these electrolytes enables
compatibility with Chevrel phase Mo, S cathode, as assembled
RMB prototype systems delivered steady cycling for over 2000
cycles.[?!] Their further investigations revealed that the active
[Mg, (u-Cl);(THF),]* cation is still commonly found in these elec-
trolytes (Figure 3c).’®! Consequently, [Mg, (u-Cl);(THF),]* has
been widely recognized as the most effective active cation for fa-
cilitating reversible Mg redox reactions.

To investigate the anti-passivation mechanism of the active
[Mg, (u-Cl);(THF)4]* cation during the Mg deposition, Kim et
al. identified three potential Mg-deposition pathways through
ab initio calculations, all of which involve a multi-step reduc-
tion mechanism.* Similarly, Benmayza et al. proposed a three-
step reduction mechanism based on in situ X-ray absorption
measurements, which involves the dissociation of the [Mg, (u-
Cl);(THF)(]* dimer, the adsorption of [MgCl(THF);]* monomers
onto the Mg anode, and the subsequent electroreduction of
Mgt to Mg?.[32] Overall, in contrast to the direct two-electron
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Figure 3. Single crystal structure and electrochemical properties of a) [Mg, (u-Cl); (THF)g][PhMgCl, (THF)], b) [Mg4(u-Cl) (THF)gt-Bu,], ¢) [Mg, (u-
Cl)3 (THF)6]IAICI Et,], d) [Mg; (u-Cl), (DME) ,JAICI; Et],, €) Mg, (1-Cl);(G2),Cl,], and f) [Mg(THF)g][AICI],.

reduction of Mg?*, the unique adsorption-reduction mecha-
nism of [Mg,(u-Cl);(THF),]* cations, effectively prevents the
passivation of the Mg anode, which is critical for reversible
Mg plating/stripping.[’! However, the bulky coordination struc-
ture of [Mg,(u-Cl);(THF),]" hampers both the diffusion co-
efficient of Mg?* and the ionic conductivity of the elec-
trolyte. Therefore, the development of more flexible and ki-
netically favorable active cations is essential to overcome these
limitations.

Although THF demonstrates excellent compatibility with the
Mg metal anode, its high volatility restricts its practical appli-
cations. Among various ether solvents, DME stands out for its
superior thermal and chemical stability, making it a preferred
choice in Li-ion and Na-ion batteries.3**® Additionally, com-
pared to the single coordination oxygen in a THF molecule,
the DME chain contains two coordination oxygens, which can
reduce the number of coordinated solvents and promote a
more flexible active cation structure. Cheng et al. first iden-
tified the active Mg cation structure in DME-based Mg elec-
trolytes. Their crystallographic analysis revealed that the elec-
troactive complex [Mg, (u-Cl),(DME),]** is commonly observed
across a range of DME-based electrolytes (Figure 3d).[°°! Besides,
these electrolytes demonstrated the lowest Mg plating overpo-
tential (220 mV), the higher CEs (x%95%), and ionic conduc-
tivity (~4.1 mS cm™!) among various ether-based electrolytes,
such as THF, G2, G3, or G4. Further optimization of the elec-
trolyte performance can be achieved by increasing the concen-
tration of the thermodynamically stable [Mg,(u-Cl),(DME),J**
cation. The optimized electrolyte exhibits a decent electrochem-
ical window of 3.5 V and excellent compatibility with the Mo, S
cathode.
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In general, electroactive Mg,ClL,* cation clusters are com-
monly found in chlorine-containing Mg electrolytes (Figure 3e),
which are responsible for a passivation-free Mg plating/stripping
process.[0061] However, these Mg-Cl coordinated structure leads
to increased corrosion and decreased Mg?* conductivity in the
electrolyte.

To address this problem, Zhang et al. developed an electroac-
tive [Mg(THF),][AICL,], salt through a simple heating process
in an ionic liquid (Figure 3f). The mono-Mg?* as active cations
reduces the corrosiveness of the electrolyte, while the smaller
[Mg(THF)(** structure promotes faster Mg?* diffusion. This
non-nucleophilic electrolyte structure enables the reversible cy-
cling of the Mg-S batteries for 20 cycles.[°2] Moreover, they ap-
plied a similar thermal strategy in a DME-based electrolyte to
synthesize a [Mg(DME),][(HMDSAICI,)], complex. By incorpo-
rating hexamethyldisilazide (HMDS) groups in the anions, the
electrolyte’s corrosion rate was further reduced, its oxidation sta-
bility (~3.5 V) was enhanced, and the cyclability of Mg-S batteries
was extended to 100 cycles.[®*]

Overall, early research on Mg electrolytes focused on halogen-
containing electrolytes, as they enable reversible Mg redox
reactions.[®"l The existence of electroactive Mg,Cl* ion clus-
ters can reduce the electrolyte activation process, while the ad-
sorption of chlorine-containing components on the anode in-
terphase can protect Mg metal from passivation.l®*%"] As a re-
sult, these electrolytes have been extensively applied in var-
ious cathode materials, such as sulfides and selenides.[0¢°]
However, the low oxidation stability and limited concentra-
tion of these electrolytes restrict their practical application in
high-voltage cathode systems, indicating a need for further
improvement.l”’]
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Scheme 2. Typical reaction routes between MgCl, and anion receptors in THF and DME solvents.

4.2. Design Anion Receptors

Electrolyte solvents with high dielectric constants can weaken
cation-anion interactions and promote ionic dissociation, result-
ing in enhanced ionic conductivity and salt solubility. How-
ever, passivation-free Mg redox reactions have predominantly
been observed in low dielectric constant solvents, such as
ethers or amines.”!l Therefore, designing anion receptors to
capture anions and release active Mg cations represents an-
other important strategy (Scheme 2). Since anions are the
more easily oxidized components in the solution, they largely
determine the oxidation stability of the electrolyte. The in-
teraction between anion receptors and anions will generate
a bulky anion structure, facilitating electron delocalization
and significantly improving the high-voltage stability of the
electrolyte.

Among various reagents, AlICl; is the most widely used an-
ion receptor (Figure 4). In its molecule structure, the central alu-
minum (Al) atom adopts sp? hybridization, forming three cova-
lent bonds with three Cl atoms while retaining a vacant p-orbital
capable of accepting an electron pair from anions. Additionally,
due to the higher electronegativity of Cl atoms compared to the Al
atom, the electron cloud density around the Al atom is reduced,
imparting strong Lewis acidity to AICl,. This enhanced acidity
enables AlCl; to effectively coordinate with anions possessing
lone electron pairs through ligand bonding, forming stable com-
plexes.

Aurbach et al. pioneered the combination of AICl, with a
Grignard reagent (PhMgCl) in THF, synthesizing the all-phenyl
complex (APC) electrolyte through a transmetalation reaction.!’?!
Comprehensive analyses using Raman spectroscopy, NMR spec-
troscopy, single crystal XRD, and DFT calculation confirmed that
the equilibrium species in the APC electrolyte are AICl,_,, Ph,~
anions (Figure 5a). The APC electrolyte provides a electrochem-
ical window of over 3 V and achieves nearly 100% Mg plat-
ing/stripping efficiency with low polarization (< 0.2 V).”*] The
introduction of AICl; promotes Mg?* dissociation, resultingin an
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ionic conductivity for the APC electrolyte comparable to that of
standard Li-ion battery electrolytes within the temperature range
of =10 to 30 °C (~4 mS cm™). This work paves the way for de-
signing anion receptors to improve electrolyte performance. De-
spite the significant advancements of APC electrolytes in vari-
ous aspects, their commercial application remains limited due
to the use of air- and water-sensitive organometallic Grignard
reagents. Doe et al. developed the first fully inorganic Magne-
sium Aluminum Chloride Complex (MACC) electrolyte through
a Lewis acid-base reaction between MgCl, and AlCl,. This elec-
trolyte exhibits decent anodic stability (~3.1 V), excellent Mg plat-
ing/stripping efficiency (99%), and low overpotential (<0.2 V)
(Figure 5b). More importantly, the use of cost-effective MgCl,
salts as the Mg source makes this electrolyte more commercially
viable.l”*]

By reacting AICl, with Mg salts containing varied func-
tional groups, electrolytes with precisely tailored properties
can be prepared. The performance of the non-nucleophilic
hexamethyldisilazide magnesium chloride (HMDSMgCl) elec-
trolyte can be enhanced by the addition of AlCI,.”>7¢1 The
prepared HMDSMgCI-AICI; electrolyte exhibited good com-
patibility with the electrophilic sulfur cathode. Moreover, the
purified [Mg, (u-Cl);(THF),][HMDSAICI,] crystalline electrolyte
(Figure 5c), showed significant improvements in both oxidation
stability (~3.2 V) and plating/stripping efficiency (~100%). As
a proof of concept, the first assembled Mg-S battery achieved
an impressive initial capacity of 1200 mAh g=!. Despite rapid
capacity decay was observed due to the polysulfide “shuttle ef-
fect”, this work represents a significant step toward advancing
Mg-S Dbatteries. Fichtner et al. further simplified the synthesis
of HMDS-based electrolytes.[””! They replaced HMDSMgCl with
Mg(HMDS), and MgCl, to react with AICl,. The addition of
MgCl, in the electrolyte drives the ionization equilibrium as fol-
lows:

HMDSAICI, + 2MgCl, < [Mg,Cl;| [HMDSAICL| (7)

© 2025 Wiley-VCH GmbH
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This reaction results in a high concentration of electroactive
[Mg,Cl,)JHMDSAICL,] species, granting the electrolyte high ox-
idation stability (>3.5 V). By increasing the Mg?" concentration
to 1.8 M and introducing an ionic liquid co-solvent, they miti-
gated Mg polysulfide dissolution and the shuttle effect. Based on
this modified electrolyte, the assembled Mg-S batteries achieve
a high discharge plateau of 1.65 V, which is close to the theo-
retical thermodynamic value. In addition to synthesizing non-
nucleophilic electrolyte, AICl; can improve the oxidative sta-
bility of electrolytes when combined with Mg salts containing
electron-withdrawing groups.!”?! Similarly, AICl, complexation
with phenolate-based Mg salts enhances the electrolyte’s resis-
tance to moisture and oxygen (Figure 5d).7%% In summary, the
incorporation of diverse functional groups into the electrolyte en-
ables the design of multifunctional Mg electrolytes.[81-%]

Inspired by the great success of AICl,, several analogous
Al-centered anion receptors have also attracted significant
attention.3*85] Liu et al. reported the combination of MgCl,
with various Al-centered anion receptors (AICl,, AICLEt, and
AlPh,). Their findings revealed that these electrolytes share the
same [Mg, (u-Cl);(THF),]* active cation (Figure 5e), demonstrat-
ing moderate oxidation stability (=3 V) and high electrochemical
reversibility (*100% CEs).l%] Bartlett et al. designed a phenolate-
based Al(OPh), anion receptor.!®”] When complexed with Ph-
MgCl at a 1:4 ratio, it produces a low-chlorine-content electrolyte
with unprecedented oxidative stability (Figure 5f), exceeding 5 V
on both stainless steel (SS) and platinum (Pt) current collectors—
the highest oxidative stability reported for Mg electrolytes so far.
Unfortunately, this electrolyte shows poor cathode compatibil-
ity, and its detailed anti-oxidation anion structure remains un-
clear. Nevertheless, the expanded electrochemical window of this
electrolyte presents a promising pathway for the development of
high-voltage RMBs.

Overall, Al-centered anion receptors play a crucial role in pro-
moting Mg salt dissociation and improving both the oxidation
stability and reversibility of electrolytes. However, the Al/AI**
redox couple possesses a higher redox potential (—1.66 V vs
SHE) compared to the Mg/Mg?* couple (—2.37 V vs SHE), the
formed AICL,* cation would lead to irreversible Al deposition
during Mg?* reduction. This phenomenon reduces Coulombic
efficiency and necessitates a “conditioning” process to optimize
electrolyte performance.[**#-01 Consequently, researchers have
shifted their focus toward developing boron (B)-centered anion
receptors as alternatives to Al-centered systems.

B and Al, both belonging to the same main group with three
valence electrons, adopt sp2 hybridization and retain an empty
orbital when forming compounds, enabling them to function as
anion acceptors. Due to its smaller atomic radius compared to Al,
B exhibits stronger electron attraction and non-metallic behav-
ior, which does not deposit during Mg reduction. Additionally,
B’s higher electronegativity (2.04) compared to Al (1.61) gives B-
based anion receptors stronger Lewis acidity, making them more
effective at binding anions and forming stable structures. Fur-
thermore, B and its compounds are highly compatible with var-
ious electrode materials.®!l These advantages make B-centered
anion receptors highly attractive alternatives to Al-centered anion
receptors. In lithium-ion batteries, boron-based additives have
been reported to promote the formation of a protective cathode
electrolyte interphase (CEI) and mitigate cathode material disso-
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lution and structural degradation during cycling, leading to en-
hanced battery performance.[*?]

Early B-centered anion receptors can be traced back to
BCl, and BPh,. However, the prepared BPh,-based electrolytes
exhibited lower Coulombic efficiency and reduced decompo-
sition potential compared to their Al-centered counterparts
(Figure 6a).2*>%1 In 2012, Guo et al. functionalized the ben-
zene ring of BPh, with methyl or fluoro groups via a mod-
ified organometallic reaction.’*3] The resulting triarylborates
BR;-PhMgCl electrolytes exhibited efficient Mg plating/stripping
abilities. Notably, dimethyl-substituted aryl borates (Mes;B, Mes
= 3,5-Me,C H;)-PhMgCl electrolyte displayed superior cath-
ode compatibility and the highest oxidation stability (3.5 V)
(Figure 6b). Their analysis revealed that the enhanced stability
arises from an intermediate product formed via weak interac-
tions between the [Mes;BPh]™ anion and Ph,Mg. However, the
presence of chlorine compromises the high oxidation stability of
this electrolyte, confining its applicability to corrosion-resistant
Pt electrodes. To enhance the practical applicability of Mes;B,
they substituted the Grignard reagent PhMgCl with chlorine-free
MgPh, salts as the Mg source. The resulting Mg[Mes; BPh|, /THF
electrolyte demonstrated comparable oxidation stability (>2.5 V)
on Pt, SS, and Al current collectors.[*]

In addition to methyl substitution, An et al. demonstrated that
fluoro-substitution also introduces functional properties to aryl
B-centered anion receptors.!””] They incorporated the fully flu-
orinated anion receptors tris(pentafluorophenyl)boron (TPFPB)
into a B(OPh),;-MgCL,-THF electrolyte. The strong electron-
withdrawing effect of the -F groups significantly increased the
Lewis acidity of TPFPB. When combined with MgCl,, more ac-
tive [Mg,Cl;]* species were generated, improving the electrolyte’s
Mg plating/stripping reversibility. More importantly, the decom-
position of this TPFPB additive facilitated the formation of an
MgF,-rich SEI layer, which suppressed side reactions and en-
hanced the long-term cycling performance of RMBs. In sum-
mary, tailoring functional groups on the benzene ring represents
a promising and practical strategy for developing multifunc-
tional anion receptors, offering significant potential for further
exploration.

Fluorination of the terminal group also has a positive effect
on alkyl B-centered anion receptors. Cui et al. designed a borate
ester (B(Ohfip);) with trifluoromethyl (-CF;) terminal groups.
Compared with -F group, the strong electron-withdrawing ef-
fect of the -CF; groups endows the reagent with stronger
Lewis acidity, facilitating the dissolution of various insoluble Mg
salts, including MgO,[*! MgF, ,l””] Mg(BH,),,°*! and MgCl,.[*"]
Although the active cations in these electrolytes differ—
namely, [(DME),Mg-O-Mg]**, [Mg(DME), [**, [MgBH,(DME), |,
and [Mg,Cl,(DME),)**—their anionic structure evolves into the
same [B(Ohfip),]” anions during cycling (Figure 6¢,d). This
bulky, electron-delocalized anion structure shows lower HOMO
energy level, broadening the electrolytes’ electrochemical stabil-
ity window. Its non-nucleophilic nature enables good compati-
bility with high-capacity S or Se cathodes. As a result, the Mg-Se
batteries with BCM (MgF,-B(Ohfip),) electrolyte maintain a ca-
pacity of 361 mAh g™' after 200 cycles, and the Mg-S batteries
with OMBB electrolyte (Mg-MgCl,-B(Ohfip),) deliver an impres-
sive capacity of 1019 mAh g=! after 100 cycles. Recently, Jin et al.
developed a simpler in situ reaction strategy involving B(Ohfip),,
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Figure 6. Single crystal structure and electrochemical properties of a) [Mg, (u-Cl); (THF)][BPh,], b) [Mg, (u-Cl); (THF)g][Mes;BPh], c) [Mgy(u-

Cl)6 (DME)¢][B(Ohfip)4],, and d) [Mg; (1-Cl)3 (THF)][B (Ohfip) ).

I,, and the Mg metal anode.[1%] Unlike conventional Lewis acid-
base reactions between B(Ohfip), and Mg salts, this in situ in-
terfacial reaction promotes the formation of an Mgl,- and MgF,-
rich SEI layer on the Mg anode. This favorable interphase extends
the Mg anode’s cycle life to 1500 h with a low overpotential of
80 mV. Beyond its application in chlorine-containing electrolytes,
the strong anion-accepting ability of B(Ohfip), allow for the con-
struction of chlorine-free, weakly coordinated electrolyte system,
which will be discussed in detail in the following section.
Building on the success of bis-trifluoromethyl substituted
B(Ohfip);, mono-trifluoromethyl substituted B(Otfe); an-
ion receptors present a cost-effective alternative for B-based
electrolytes.l101921 Additionally, the reduced steric hindrance
of B(Otfe); enables more rapid and efficient interactions with
Mg salts. Similar to B(Ohfip);-based electrolytes, when B(Otfe),
complexes with MgCl, or MgF, salts, both electrolytes feature
the same [B(Otfe),]” anion structure, but differ in their cations:
[Mg,CL, (THF)]** and [Mg(DME);**, respectively. In these struc-
ture, the chlorine-free [Mg(DME),]** cation has a significantly
higher de-solvation energy barrier than [Mg, Cl, (THF),]*" cation,
which may be responsible for its inferior Mg plating/stripping
efficiency. Benefiting from the diverse structural configurations
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of B/Al-based anion receptors, the mono-trifluoromethyl sub-
stituted Al(Otfe),, tris-trifluoromethyl substituted Al(Opftb),,
B(Opfib);, and other Al- or B-centered derivatives hold significant
potential for advancing RMBs technology.

It is worth mentioning that reagents like CrCl; and InCl; pos-
sess molecular structures similar to AlCl;, yet their roles in Mg
batteries extends beyond serving as anion receptors. For instance,
adding CrCl, to the MACC electrolyte results in the formation of
nanoscale Cr-rich deposits, which act as heterogeneous catalysts.
These deposits enable the selective deposition of Al and facili-
tate the rapid dissolution of Mg, thereby yielding a “conditioning-
free” MACC electrolyte.[193194 Additionally, the Mg(OTf),-InCl,
complexed electrolyte promotes the in situ formation of a Mg—In
alloy interphase. This Mg-philic interphase facilitates uniform
Mg deposition and accelerates redox reaction kinetics.[2%106]

In addition to reagents with vacant coordination orbitals that
function as anion receptors, some soluble metal salts can release
cations that interact with insoluble Mg salts, enhancing their sol-
ubility and improving electrolyte performance. This mechanism
represents another class of “anion receptors” (Figure 7), with Li
salts being the most prevalent example. As we previously high-
lighted, Li salts exhibit superior solubility relative to Mg salts

© 2025 Wiley-VCH GmbH
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Figure 7. Commonly used co-solute salts in RMB electrolytes.

owing to their lower melting points and reduced ion-ion inter-
actions. Therefore, the free Li* ions in solution attract anions
ionized from Mg salts, partially shielding the Mg?**-anion elec-
trostatic attraction and promoting Mg salt dissolution. As an ex-
ample, adding LiBH, facilitates the dissociation of Mg(BH,),,
which greatly enhances the Coulombic efficiency and Mg plat-
ing/stripping kinetics of the Mg(BH,),-DME electrolyte.[*?”]
This improvement in electrochemical performance is primar-
ily due to the increased concentration of free BH,” anion
and the formation of a Mg-Li alloy interphase.'%1% Zhang
et al. demonstrated that incorporating LiCl increases MgCl,
solubility and enables the formation of the active [Mg,(u-
Cl);(THF)][LiCL, (THF),] structure, which ensures a passivation-
free electrolyte-electrode interphase and shortens the electrolyte’s
activation process.[''% Their further studies showed that the syn-
ergistic effect of LIHMDS and LiCl dual-salt additives facilitates
the formation of a stable [Mg,Li HMDS,Cl,,, ., nTHF] solva-
tion shell.''" This structure reduces the Mg?* de-solvation en-
ergy barrier via the anions’ electric field effect and the lubrica-
tion effect of coordinated THF solvents. More importantly, these
water-resistant and impurity-resistant aggregates allow Mg bat-
teries to operate with 1000 ppm H,O content and 97% MgCl,
purity, significantly reducing RMBs commercialization costs. As
a multi-functional additive, recent studies in LIBs have reported
that LIHMDS promotes the formation of an electrochemically
stable CEI layer and prevents the irreversible phase transforma-
tion of cathode materials, warranting further investigation in
RMBs.['12] Tn addition to the aforementioned Li salts, other Li
salts, LiOTf!"3 and LiTFSI[!* salts have also been demonstrated
to positively impact Mg electrolytes. Despite these advantages,
the introduction of Li* into the Mg electrolyte will inevitably lead
to the co-insertion of Li*/Mg?* dual-cations in cathode.['™] In
contrast to traditional “rocking chair” batteries, these dual-ion
batteries require a larger amount of electrolyte to achieve com-
plete charge/discharge of the cathode material, posing challenges
to achieving high energy density. Therefore, developing all-Mg
salts electrolytes is vital.

Charge-delocalized anion structures (e.g., TFSI-, ClO,",
HMDS", etc.) distribute the negative charge across the entire
anionic group, reducing electrostatic interactions between Mg?*
cations and thereby exhibiting high solubility. Although pure
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ether solutions of these Mg salts tend to passivate the Mg an-
ode, their combination with highly active MgCl, results in effi-
cient all-Mg salts electrolytes. Aurbach et al. pioneered the de-
velopment of the Mg(TFSI),-MgCl,-DME electrolyte, wherein
Mg(TFSI), salts facilitate the dissolution of MgCl,, while MgCl,
enhances the electrolyte’s electrochemical activity.[''®) However,
due to the lack of highly pure and anhydrous Mg salts, this elec-
trolyte achieved only 80-90% Coulombic efficiency. The authors
attributed this limited performance to side reactions and impu-
rity accumulation on the Mg anode, and proposed the addition of
Di-butyl Mg as an impurity scavenger. The modified electrolyte
exhibited homogeneous Mg deposition behavior and a wide elec-
trochemical window (>3 V). Additionally, the higher concentra-
tion of MgCl, in this electrolyte facilitates the formation of elec-
troactive [Mg,Cl,(THF),]* cations, thereby improving its electro-
chemical performance.*¥! Wang et al. reached similar conclu-
sions, they reveal that the concentrated Mg(TFSI),-MgCl,-DME
electrolyte effectively reduces the solubility of sulfur and Mg
polysulfides, thereby mitigating the shuttling effects. Addition-
ally, its non-nucleophilic property contributes to the long-term
cycling stability of Mg-S batteries.[!'”] Overall, benefiting from
the facile preparation process and accessible raw materials, the
Mg(TFSI),-MgCl, electrolyte has been widely used with organic
materials,[''8119] sulfide,['2%121] and other cathode materials.

In addition to Mg(TFSI),-based electrolytes, other all-Mg salt
electrolytes also exhibit excellent electrochemical stability. Zhang
et al. developed an electrolyte by reacting perfluorinated tert-
butoxide Mg salts (Mg(Opftb),) with MgCl,, which features ac-
tive [Mg,Cl,-6THF]* cations and [Mg(Opftb),]™ anions. The low
LUMO energy level of this anion structure promotes its pref-
erential decomposition during cycling, producing an organic-
inorganic hybrid SEI layer. This robust SEI allows the Mg//Mg
symmetrical cell to achieve an exceptional cycle life of 8100 h
with a low overpotential of 75 mV.'?2l Zhi Wei Seh et al. en-
gineered an electrolyte containing Mg(OTf), and MgCl,, en-
abling uniform Mg deposition at a high current density of 3 mA
cm~2 and a capacity of 5 mAh cm~2.1123] Other charge-delocalized
Mg salts, such as Mg(HMDS),,['?#125] Mg bis(diisopropyl)amide
(MBA),[126] and Mg(Ohfip),!'¥’] has also been demonstrated to
significantly enhance the electrochemical performance of Mg
electrolytes.
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Figure 8. Structure and thermodynamic descriptors of common Mg salt anions. a) Crystal structures of common Mg salts, b) ESP mappings with the
most negative and positive values of the anions from Mg salt; c) The HOMO and LUMO energies of these anions. The B3LYP functional combined with
the 6-31G basis set in density functional theory was used for geometry optimization and energy calculation.

In summary, structurally and functionally diverse anion recep-
tors have been introduced into Mg electrolytes. These anion re-
ceptors not only enable precise tailoring of electrolyte properties
but also widen the electrochemical stability window and simulta-
neously enhance cycling stability through optimized interfacial
chemistry and anion reconstruction, thereby playing an indis-
pensable role in advancing RMB technologies.

4.3. Design Weakly Coordinated Anions

The development of functional active cations and anion receptors
has enabled reversible Mg plating/stripping behavior in diverse
electrolytes. However, most of these electrolytes rely on chlorine-
containing formulations, where the presence of Mg,ClL * cations
ensure high compatibility with Mg metal anodes. The high dis-
sociation energy barrier of the Mg-Cl bond leads to high over-
potentials when these electrolytes are paired with intercalation
cathodes."11%1 Additionally, the co-insertion of MgCl* cation
hinders the two-electron transfer chemistry of the Mg/Mg?* re-
dox process and results in electrolyte consumption during bat-
tery cycling.12812] Therefore, the development of chlorine-free
Mg electrolyte is widely recognized as the “holy grail” in RMBs
research.

Most Mg salts exhibit a six-coordinated crystal structure, where
Mg?* is coordinated with six anions, forming a stable octahedral
geometry with high lattice energy (Figure 8a). Therefore, dissolv-
ing Mg salts requires substantial energy to break the strong Mg?*-
anion bonds. Although the charge-delocalized anion structure
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enables the dissolution of Mg salts in ether-based solvents, the
high charge density of Mg?* leads to incomplete salt dissociation,
facilitating the formation of tightly bonded CIPs within the elec-
trolyte (such as [Mg?*-TFSI~]). Compared to free TFSI~ anions,
these Mg?*-coordinated structures reduce the LUMO energy lev-
els of the anions, making them more prone to reductive decom-
position, which eventually passivates the Mg metal anode.[130-134]
Electrostatic potential (ESP) maps provide insights into the sur-
face charge distribution of molecules and can be used to quantify
the binding strength of Mg?* to anions. As shown in Figure 8b,
the most negatives value among various Mg salts anions follow
this sequence: Ohfip~< Cl"< BH, < ClO,~< OTf < TFSI"<
B(Ohfip), < CB,;; H;,”, which corresponds to their binding affin-
ity with Mg?*. Among these, weakly coordinated anions, such
as B(Ohfip),~ and CB,;H;,, effectively mitigate strong electro-
static interactions with Mg?*, and demonstrated enhanced intrin-
sic electrochemical stability (Figure 8c), making them promising
candidates for high-voltage, passivation-free Mg electrolytes.

As early as 1990, a series of magnesium tetraorganobo-
rate salts (Mg(BR,),, R = butyl or phenyl) were reported.l’!]
When dissolved in THF, these electrolytes achieved efficient
Mg plating/stripping and enabled reversible Mg?* intercala-
tion/extraction in Co,O, cathodes. The researchers attributed
this performance to the covalent nature and bulky structure
of the anions, which enhanced ionic dissociation in solution.
Although the low ionic conductivity of this electrolyte hinders
its practical application, the anion structure presented in this
study paves the way for designing chlorine-free, weakly coor-
dinated Mg electrolytes. Inspired by this work, Mohtadi et al.
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Scheme 3. Typical reaction routes of fluorinated Mg alkyloxyaluminate/alkyloxyborate salts.

reported that magnesium borohydride (Mg(BH,),) enables re-
versible Mg plating/stripping in both THF and DME solvents.[*?7]
However, due to its small anion size and insufficient charge de-
localization, the electrolytes’ ionic concentration and Coulom-
bic efficiency remain uncompetitive. As discussed in the pre-
vious section, they introduced LiBH, as a co-solute to pro-
mote the Mg(BH,), dissociation, enhancing deposition cur-
rent density by orders of magnitude. However, due to the g-
H elimination reaction, these magnesium organoboron elec-
trolytes all demonstrated insufficient oxidative stability (1.7 V
of Mg(BH,),, #1.77 V of Mg(BPh,Bu),).['*3] Muldoon et al. pro-
posed the Mg(BPh,), and Mg(BAr;), (BAr; = tetrakis[3,5-bis(tri-

\

P

[Mg(THF),(AI(OPh),).]

W
~4.5V 41 ms cm b FN 4t b

95% &Cr? fﬁ}k\%\%ﬁ? /9(%20 95%

[Mg(AI(OBU),),]

uoromethyl)phenyl]borate) based electrolytes to improve oxida-
tive stability by eliminating alkyl groups on the B center.!3¢] How-
ever, Mg(BPh,), exhibits a solubility of less than 0.01 M in THF,
and Mg(BAry), is not compatible with Mg metal anode.

The low oxidation stability of Mg(BR,),-based electrolytes re-
mained unresolved until 2017, when Zhao et al. addressed this
issue by treating Mg(BH,), with various fluorinated alcohols to
produce fluorinated Mg alkoxyborates (Mg[B(ORY),],, RF = flu-
orinated alkyl group) (Scheme 3).137] Notably, the substitution
of -H with hexafluoroisopropyl extends the oxidation stability of
Mg[B(Ohfip),],-DME electrolyte to 4.3 V (Figure 9a). More im-
portantly, the chlorine-free nature of this electrolyte allows this

0.4 mS cm!

~3V

[Mg(DME);][AI(Opftb),],

© 0000000 [N ra a

Mg O C A H CI F B  Oxidation stability Coulombic efficiency lonic conductivity
Figure 9. Single crystal structure and electrochemical properties of a) [Mg(DME);][B(Ohfip)s],, b) [Mg(G2),][B(O,C;(CF3)4),l0,
<) [Mg(DME) (B(Otfe),),], d) [Mg(THF), (Al(OPh),),], €) [Mg(Al(O'Bu),),], and f) [Mg(DME);][Al(Opftb),],.
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enhanced oxidation stability to be maintained on Al or SS cur-
rent collectors, significantly reducing the commercial application
costs of RMBs. Their subsequent research optimized the syn-
thesis process and improved the purity of Mg[B(Ohfip),], salts.
As a result, the highly purified Mg[B(Ohfip),],-DME electrolyte
demonstrated even greater oxidation stability, reaching 4.5 V.[1*8]
They identified 0.3 M as the optimal concentration for this elec-
trolyte, which exhibits a high ionic conductivity comparable with
Li-based electrolyte (11 mS cm™! at 23 °C). With these remarkable
properties, the Mg[B(Ohfip),],-DME electrolyte achieved long-
term cyclability of up to 1200 h and delivered a high energy den-
sity of 1248 Wh kg~! in Mg-S batteries. Although the same an-
ionic structure was reported earlier in halogen-containing elec-
trolytes, as we discussed in the previous section.””] The direct
synthesis of weakly coordinating [B(Ohfip),]” anions in pure
Mg?* electrolytes represents a critical advancement in the devel-
opment of RMBs.

During the same period, the Mg[Al(Ohfip),],-DME electrolyte
was also synthesized.®* Unlike the alcohol substitution re-
actions used in the synthesis of Mg[B(Ohfip),], salt, Arnold
et al. employed Al(Ohfip),; as an anion receptor to react with
Mg(Ohfip), salt. The resulting Mg[Al(Ohfip),], electrolyte exhib-
ited reversible, high-efficiency Mg plating/stripping ability. Addi-
tionally, the [Al(Ohfip),]” anion demonstrated exceptional oxida-
tion stability (>3.5 V), comparable to that of [B(Ohfip),]™ anions,
owing to the electron-withdrawing —CF; groups and the tetra-
hedral coordination structure. However, the Al-centered salts are
exceptionally sensitive to moisture and decompose quickly upon
exposure to air, requiring rigorous precautions throughout the
preparation process. Building on this work, Mandai found that
the Mg[B(Ohfip),], electrolyte, prepared via the in situ reaction
of Mg(Ohfip),, BH;, and hexafluoroisopropanol (HFIP), demon-
strated enhanced electrochemical properties than those prepared
from Mg(BH,),.I"* The key benefit of this transmetalation reac-
tion is the removal of Mg(BH,), as a raw material, preventing the
introduction of unwanted impurities such as MgH,, MgX, (X =
Cl or Br), and parent boron compounds during synthesis. More
importantly, this work highlights two key challenges in RMB re-
search. The first is the strong coordination between Mg?* and
DME molecules, which leads to solvent decomposition and the
formation of an unfavorable electrode-electrolyte interphase dur-
ing cycling. The second challenge is the uneven distribution of
active sites on the Mg metal anode, resulting in isolated Mg de-
posits and ultimately leading to battery short circuits. These find-
ings highlight the importance of designing Mg-ion conductive
SEls and substrates with high Mg affinity in advanced RMBs
research.[10141]

In addition to optimizing the synthesis process, a simple elec-
trochemical “conditioning” process, similar to that used for the
MACC electrolyte, allow the Mg[B(Ohfip),], electrolyte (synthe-
sized via the dehydrogenation reaction of Mg(BH,),) to achieve
improved Mg plating/stripping efficiency, reduced overpotential,
and a more uniform Mg deposition morphology.'*!! The en-
hanced electrochemical performances results from the elimina-
tion of detrimental contaminants and trace water. Similarly, the
addition of 5 mM Mg(BH,), to the Mg[B(Ohfip),], electrolyte
helps eliminate the native oxide layer on the Mg metal anode
and facilitates the formation of a stable SEI layer.'*¥] The en-
hanced performance of this electrolyte may also be attributed to
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the presence of BH,™ ions, which effectively remove trace wa-
ter in the electrolyte.l'**] Apart from the purity of Mg[B(Ohfip),],
salts, the cost-effectiveness of synthesis process is another cru-
cial consideration for the practical application of RMBs. A re-
cent report described a cation replacement method for prepar-
ing Mg[B(Ohfip),], salts from low-cost Zn(BH,), salts.'*] This
simple method enables the production of Mg[B(Ohfip),], salts
on a hectogram scale and demonstrates the electrolyte’s practi-
cal applicability in Mg-S pouch cells, achieving an energy den-
sity of 53.4 Wh kg~!'. While Zn?* can be completely replaced by
Mg?* through cation exchange, using impure Zn(BH,), salts as
raw material inevitably introduces undesirable impurities, such
as NaCl. Thus, the resulting product requires further characteri-
zation to identify any additional impurity cations. Bitenc et al. sys-
tematically investigated how different synthesis processes affect
the purity and electrochemical performance of Mg[Al(Ohfip),],
salts.[1*®l They found that Mg salts produced by cation exchange
methods tend to retain substantial Na* residues, necessitat-
ing further purification. On the other hand, Mg salts synthe-
sized through organometallic reactions show higher purity but
at a higher cost. Overall, weakly coordinated Mg[B(Ohfip),], and
Mg[Al(Ohfip),], are among the most promising Mg salts for next-
generation Mg batteries. However, further research is required
to develop cost-effective and high-purity synthesis methods for
these electrolyte salts and to deepen the understanding of their
compatibility with high-voltage cathodes.

Inspired by the great success of Mg[B(Ohfip),], and
Mg[Al(Ohfip),], salts, several other weakly coordinated fluo-
rinated Mg alkoxyborates/alkoxyaluminate anionic structures
have been widely investigated. Liu et al. synthesized Mg per-
fluorinated pinacolatoborate (Mg-FPB) salts using a bidentate
alkyloxide ligand, which precluded possible f-hydride elimina-
tion side reactions (Figure 9b).'*’] Consequently, the Mg-FPB
electrolyte exhibited enhanced Coulombic efficiency and re-
duced overpotential compared to the Mg[B(Ohfip),], electrolyte,
while also demonstrating excellent compatibility with high-
voltage MnO, cathode. NulLi et al. developed a cost-effective
Mg tetra(trifluoroethanoloxy)borate (Mg[B(Otfe),],) electrolyte
(Figure 9c), delivering high oxidation stability (>3 V) and
Coulombic efficiency (>99%).'*8] Tan et al. designed an asym-
metric B-centered anion by grafting [OTf]~ onto B(Otfe);. The
resulting weakly coordinated [B(Otfe);OTf]™ structure prevents
the passivation and decomposition of the [Mg?*-OTf ] ion
pair, ultimately enhancing the cycle stability and extending the
lifespan of Mg batteries.!*] Grey et al. reported the synthesis
of a series of Mg[Al(OR),], (R = alkyl- or aryl-group) salts by
employing Mg(AlH,), and various alcohols.'>% Their single-
crystal X-ray and NMR analyses revealed that Mg[Al(O'Bu),],
and Mg[Al(OPh),], salts exist as ion pairs in solution, suggesting
that the absence of electron-withdrawing groups in the anion
structures hinders the dissociation of the Mg salts (Figure 9d,
e). On the contrary, the Mg[Al(Opftb),], salt, with each anion
containing 12 electron-withdrawing —CF; groups, is weakly
coordinated, offering high solubility and enhanced Mg plat-
ing/stripping capability. Lau et al. draw a similar conclusion
through comprehensive computational and electrochemical
analyses on Mg[Al(Opftb),], salts.'>!l They found that this
highly electron-deficient anionic structure weakens coordination
with Mg?*, preventing reduction-induced decomposition during

© 2025 Wiley-VCH GmbH
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THF
Route1: (HNEt3)CB{1Ho + Mg(C4Hg)y ———> Mg(CB11H12)2 + (HNEt3)C4Hg

THF
Route2: AgCBq1Hi2 + MgBr, ———> Mg(CB1{H12), + AgBr

Scheme 4. Typical reaction routes of carborane-based Mg salts.

Mg?* plating. As a result, the Mg[Al(Opftb),], electrolyte exhibits
both high reduction and oxidation stability (~4.5 V vs Mg?* /Mg).
To gain a deeper understanding of how electron-withdrawing
ligands improve the performance of weakly coordinated anionic
structures, Bitenc et al. investigated the electrochemical behavior
of Mg alkoxyborate electrolytes with different ligand fluorination
degrees.[52] Their findings suggest that the perfluorinated
Mg[B(Opfib),], electrolyte is the optimal choice based on a
comprehensive evaluation of electrolyte properties, including
ionic conductivity, interfacial compatibility, and cycling stability.
Additionally, they found that an inorganic boron-rich interphase
plays a crucial role in achieving high Mg plating/stripping
efficiency, low overpotential, and long-term cycling stability. A
boron-rich cathode electrolyte interphase (CEI) is also considered
beneficial for the Mg?* de-solvation process and cross-interphase
transfer.(>%]

In summary, electron-withdrawing ligands, such as the —CF,
group, are widely recognized for weakening the strong interac-
tions between Mg?* and anions. This effect facilitates the forma-
tion of weakly coordinated anionic structures, promotes Mg salt
dissociation, and enhances the electrolyte’s oxidation stability.
However, the impact of excessive electron-withdrawing ligands
(such as Mg[Al(Opftb),], and Mg[B(Opftb),], salts) on the Mg
plating/stripping process remains controversial. Krossing et al.
developed a chlorine-free synthesis method for Mg[Al(Opftb),],
salts (Figure 9f). Surprisingly, despite its high-purity, this elec-
trolyte showed no electrochemical activity.'>* Their further ex-
periments revealed that this phenomenon was due to the exces-
sive use of —CF,; ligands, which lowered the LUMO energy level
of the anion (+3.36 eV). Although the electrolyte still demon-
strated exceptionally high oxidation stability (>4 V), in line with
previous reports by Grey and Lau et al.,['**'>! the significantly
reduced LUMO energy level facilitated the reductive decomposi-
tion of this anion. As a result, an insulating MgF, layer (rutile
structure) was formed, which hindered reversible chemical re-
actions. In contrast, the moderately fluorinated Mg[Al(Ohfip),],
and Mg[B(Ohfip),], salts, with slightly higher LUMO energy lev-
els (+3.42 and +4.17 eV, respectively), exhibited high electro-
chemical activity and reduction resistance.!**]

In addition to Al- and B-centered fluoride alkyl anions, carbo-
ranes represent another prominent class of weakly coordinated
anions (Scheme 4). The first carborane anionic structure in
Mg electrolyte was reported by Mohtadi et al.l'*®] The de-
veloped [R,MgCl]"[Mg,CL;]" (R = 1-(1,7-C,B,,H;;)) electrolyte
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[Mg(DME)

(Figure 10a) exhibits a oxidation stability of 3.2 V, poor ionic con-
ductivity (0.6 mS cm™!), and decent Coulombic efficiency (98%).
The chlorine-containing nature of this electrolyte drove them to
design a more attractive, simpler Mg electrolyte. They attempted
the synthesis of chlorine-free MgR, (R = 1-(1,7-C,B; H;,)) elec-
trolyte, however, the attempt was failed due to its poor solubil-
ity. To further delocalize the anion’s charge and achieve weak co-
ordination, a monoanionic icosahedral CB;;H,,™ structure was
designed (Figure 10b).[*>”] In this structure, the negative charge
of the anion is uniformly distributed within the cage bonding
and fully delocalized across the cage. Besides, the absence of
lone pairs of electrons allowed the Mg(CB,;H,,), salt to dis-
solve more effectively in ether solvents. Based on these distinct
advantages, the Mg(CB,;H;,),/G4 electrolyte exhibited an im-
pressive oxidation stability of 3.8 V and a Coulombic efficiency
exceeding 99%. However, the high viscosity and strong coordi-
nation of the long-chain G4 solvent hinder rapid Mg?* diffu-
sion in this electrolyte (ionic conductivity ~1.8 mS cm™). To
address this challenge, Yao et al. found that using short-chain
DME/G2 (1:1, w/w) solvent blends improves Mg** diffusion ki-
netics while maintaining high salt solubility.®!! The resulting
0.5 mol kg~! Mg(CB,,H,,),/(DME-G2) electrolyte exhibited an
enhanced ionic conductivity of 6.1 mS cm~! and a superior
Coulombic efficiency of 99.9%. These impressive transport prop-
erties enable homogenous and dendrite-free Mg plating behavior,
even at a high current density of 50 mA cm~2. When paired with
a high-capacity pyrene-4,5,9,10-tetraone (PTO) cathode, the Mg
battery demonstrated stable cycling over 200 cycles at 5 C (1C =
408 mA g~!) and retained a high capacity of 210 mAh g~! even at
50 C. This high-power (30.4 kW kg™!), high-energy (313 Whkg™)
Mg battery prototype establishes a paradigm for next-generation
multivalent metal-ion batteries.

Building on the great success of carborane anion [CB,;H,]~
in Mg electrolytes, several similar derivatives, including the 10-
vertex closo-carborane anion [CByH,,]~ (Figure 10c),!"*®! fluori-
nated carborane anion [F-CB,;H,;]7,!**" halogenated carborane
anions [Br-CB,;H,;]” and [CI-CB,,H,,]7,l!*® alkyl-substituted
carborane anion [R-CB;;H,,]” (R = CH,;) (Figure 10d),/**!]
and others,!'®?] have been developed for electrochemical per-
formance optimization. Overall, carborane anions feature a
3D cage-like structure with highly delocalized charge, enabling
them to tolerate high voltages while maintaining weak coordi-
nation with Mg?*. These distinct properties allow carborane-
based electrolytes to achieve high Mg?* conductivity and excellent
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Figure 10. Single crystal structure and electrochemical properties of a) [Mg, (u-Cl); (THF)g][(C,B19H17)2MgCI(THF)], b) [Mg(G2),][CB11H15],,

c) [Mg(DME);][CBgH1q],, and d) [Mg(DME);][CsH11-CByyHy ],

compatibility with Mg anode, making them highly promising
candidates for Mg electrolytes. To date, over 300 types of carbo-
rane anions have been identified, but only a few have been thor-
oughly studied in Mg electrolytes.['®] Therefore, further explo-
ration of optimal structures is necessary. Moreover, the synthesis
of carboranes is costly and complex, highlighting the urgent need
for cost-effective and scalable production methods.

4.4. Design Solvation Structure

Recent progress in advanced characterization techniques, includ-
ing in situ/ex situ spectroscopy (e.g., Raman, Fourier-transform
infrared, NMR)***] and computational modeling (molecular dy-
namics simulations and DFT),!'%] has provided unprecedented
insights into the dynamic evolution of solvation structures. These
techniques have enabled researchers to better understand the re-
lationship between solvation structures and battery performance
at the molecular level. From a microscopic perspective, the sol-
vation structure of Mg?* influences de-solvation kinetics and ion
transport, which in turn governs SEI composition and Mg depo-
sition behavior. From a macroscopic perspective, the rational de-
sign of electrolyte components (solvent, salt, additives) facilitates
the precise design of solvation environments, optimizing ionic
conductivity, electrochemical stability, and interfacial compatibil-
ity. Therefore, optimizing the electrolyte performance by tailor-
ing the solvation structure has gained increasing attention.!1¢!
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Generally, the regulation of solvation structure in Mg batteries
involves two main strategies (Figure 11a). The first strategy opti-
mizes electrolyte components (solvent, co-solvent) to regulate the
cations-solvent interaction, promoting the formation of anion-
free, loose solvation structures. The second strategy focuses on
regulating the interaction between cations and anions, facilitat-
ing the formation of anion-involved, passivation-free solvation
structures. The mutual purpose of these strategies is to achieve
highly reversible Mg plating/stripping (Scheme 5). Figure 11b
depicts the solvation ability of various common Mg electrolyte
solvents through ESP mappings. Solvents with lower most neg-
ative values, like TMP and TEP, promote the solvation of Mg?*,
leading to the formation of solvent-coordinated SSIP solvation
structures. In contrast, solvents with higher most negative values,
such as BTFE, are less prone to coordinate with Mg?*, resulting
in the formation of anion-involved solvation structures.
Mg(TFSI), based electrolytes have been widely recognized
to passivate the Mg metal anode.*] However, rational engi-
neering of their solvation structures can restore their electro-
chemical activity. Adding dimethylamine (DMA) co-solvent to
the Mg(TFSI),-THF electrolyte enhances the solubility of Mg
salts, resulting in the formation of a neutral Mg(TFSI),(THF),
solvation structure. This ion-pair structure reduces the charge
density of solvated Mg?*, promoting a faster de-solvation
process.'”JAdditionally, the amine solvent with stronger coor-
dination ability preferentially coordinates with Mg?*, leading
to the formation of an anion-free solvation structure. Wang
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Figure 11. lllustration of solvation structure design. a) Local solvation structure of anion-free solvation structure and anion-involved solvation structure,
b) ESP mappings with the most negative values of the commonly used organic solvents in RMB electrolytes.

et al. introduced a family of methoxyethyl-amine compounds
into the Mg(TFSI),-DME electrolyte. Their stronger affinity with
Mg?** allows them to replace DME in the solvation sheath.[18]
Compared with [Mg?*(DME),] (Figure 12a), the less compact
[Mg?*(M4),] structure has a smaller solvation sheath reorganiza-
tion energy, resulting in highly reversible Mg plating/stripping
behavior and reduced overpotential. Additionally, the less com-
pact structures enhance charge transfer kinetics in the layered
oxide cathode. The assembled Mg-Mg, ;sMnO, battery demon-
strated an impressive energy density of 412 Wh kg~! and sta-
ble cycling over 200 cycles. Motivated by these pioneering find-
ings, Zhao et al. further investigated the relationship between
solvation structure and interfacial reactions in amine-based

electrolytes.l”] They found that the Mg(TFSI), electrolyte used
3-methoxypropylamine (S2) solvent achieves an optimal balance
between the charge transfer process and the de-solvation pro-
cess. This balance minimizes the reaction barrier on the anode
interphase. Moreover, amines solvents show high water toler-
ance due to strong hydrogen bonding with water, enabling the
assembled Mg batteries to maintain stable cycling even with
up to 10,000 ppm water content. Even for the less solvated
Mg(OTY), salts (Figure 12b), amine reagents can effectively im-
prove their solubility and electrochemical performance. Nuli and
Tan reported a 2-methoxyethylamine (MOEA)/ether co-solvent
Mg(OTH),-based electrolyte.['7%17!] The strong solvent coordina-
tion effect of MOEA promotes the dissociation of the [Mg-OTf]*

o~ 2+
O A \ N j
e 9] M _
Route1:  Mg(TFSl), ——» / f g + TFSI
o) ~0
HZ/\/ N \\/O\HZ
[Mg(MOEA)(DME),J?*
Omo” [ R N/
- CF
Route2: Mg(Ohfip)y ——— )3_0...}44...0{ .
CF; \ CF;
[Mg(Ohfip),(DME),]

Scheme 5. Typical reaction routes of anion-free and anion-involved solvation structures.
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Figure 12. Single crystal structure and electrochemical properties of a) [Mg(DME);][TFSI],, b) [Mg (DME), (OTf),], ¢) [Mg(DME), (Opftb),], and

d) [Mg, (DME), (Ohfip)].

ion pair and increases the population of (solvent-separated ion
pairs) SSIPs in the electrolyte. This SSIP-dominated solvation
structure increases both ionic conductivity and the reversibility
of Mg plating/stripping. Furthermore, the preferred decomposi-
tion of MOEA-coordinated species results in the formation of a
Mg;N,-rich gradient organic-inorganic SEI layer, enabling stable
Mg//Mg symmetrical cell cycling for over 5000 h and Mg-Mo, S,
cell cycling for 1000 cycles. In addition to modifying solvation
structures, 72! the partial ionization of amine/ether co-solvents
in electrolyte can reduce the ion-pair content and generate active
pseudo-Grignard reagent species, promoting the formation of a
thin and passivation-free SEL['73174] Overall, amines reagents are
widely used to regulate the solvation sheath of Mg?* due to their
unique nucleophilic amidogen (—NH,) donor and high compat-
ibility with Mg metal. However, their low oxidation stability and
local adsorption on the Mg anode could present potential safety
concerns, warranting further research.!'””]

In addition to amines, which rely on high donor numbers (DN)
to coordinate Mg?*, ester solvents exhibit high polarity and a
greater dipole moment. This enhances the ion-solvent (Uj,,, i)
interactions and promotes their participation in Mg?* solvation
structures. Introducing an appropriate amount of trimethyl phos-
phate (TMP) or triethyl phosphate (TEP) into the Mg(TFSI),-
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DME electrolyte transforms the compact [Mg(DME),]?* struc-
ture into [Mg(DME),TMP]** or [Mg(DME),TEPJ** structures.
These asymmetrical solvation sheaths facilitate the conversion
of the DME decomposition-derived organic passivation layer
into an organophosphorus-derived Mg?*-conductive layer dur-
ing cycling, enabling a reversible Mg metal anode.l'’*78] Fur-
ther, building on the TEP-modified Mg(TFSI),-DME electrolyte,
Nazar et al. introduced an additional non-coordinating BTFE sol-
vent as a diluent. The resulting electrolyte not only preserves the
SSIPs-dominated solvation structure but also delivers enhanced
ionic diffusion kinetics. Consequently, this co-ether phosphate
electrolyte enables homogenous Mg plating/stripping for over
7000 h at a high current density of 2 mA ¢m=2.17%) This inno-
vative approach enhances both interfacial reaction kinetics (de-
solvation) and bulk-phase transport kinetics (ionic conductivity),
providing new insights for the development of high-rate Mg bat-
teries. Zhang et al. introduced methylimidazolium (Melm) co-
solvent to release free anions in Mg(TFSI), and Mg(HMDS),-
based electrolytes.'8 The high dielectric constants and donor
number of Melm allow it to easily coordinate with Mg?*, re-
ducing the content of CIPs and AGGs in the electrolyte. These
released anions exhibit a higher LUMO energy level compared
to paired anions, making them less prone to reduction and
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decomposition, thus preventing passivation of the Mg anode dur-
ing battery cycling. As a result, the electrolyte’s ionic conductivity
increases over 30 times, and the Mg//Mg symmetrical cell stably
runs for over 800 h. Several other co-solvent formulations, such
as DME-THEF,['81182l DME-B(Otfe), !'®! and THF-BTFE,!"® have
also been demonstrated to facilitate the construction of favorable
Mg?* solvation structures.

While the aforementioned studies have shown that ion pairs
in electrolytes lower LUMO energy levels, causing their de-
composition at the interphase and passivation of the Mg an-
ode, recent research has increasingly focused on strategies to
rationally control cation-anion interaction strength and design
anion-involved solvation structures.®] Typically, in chlorine-
containing electrolytes, the negatively charged halide species fa-
cilitates the de-solvation of solvated Mg?*, therefore chlorine-
containing electrolytes always exhibit superior Mg anode compat-
ibility. Besides, introducing low charge delocalization Mg(BH,),
salts into a Mg(TFSI), electrolyte promotes the transformation
of the solvation structure from [Mg(TFSI)(G2),]* to the neu-
tral [Mg(BH,)(TFSI)(G2)] structure. During electrodeposition,
the strongly bonded [Mg(BH,)]* ion pair preferentially adsorbs
onto the Mg anode, preventing the reduction and passivation of
the [Mg-TFSI]* ion pair and ensuring highly reversible Mg plat-
ing and stripping.!'®¢] Additionally, adding fluoride alkyl Mg salts
(Mg(Opfib),) (Figure 12¢) into a MgCl,-AlCl;-DME electrolyte
facilitates the formation of neutral [MgCl(Opftb)(DME),] solva-
tion structure. This structure promotes the in situ formation of a
stable, anion-derived MgF,-rich SEI layer during cycling, which
allows the Mg battery to maintain a superior Coulombic effi-
ciency of 99.5% over 3000 cycles.['®”] Besides, the addition of
NaOTf to a Mg[B(Ohfip),],-DME electrolyte transforms the sol-
vation structure into [Mg(DME), ; OTf]*, which results in a lower
Mg?* de-solvation barrier and faster reaction kinetics on the CuSe
cathode.["®8 In addition to introducing salts to coordinate with
Mg?*, increasing the electrolyte concentration to minimize free
solvent content can also lead to a CIPs-dominated solvation struc-
ture. The 2 M Mg(Ohfip),-DME electrolyte demonstrated highly
efficient Mg plating/stripping and excellent cathode compatibil-
ity (Figure 12d), owing to the abundant active [Mg-Ohfip]* ion
pairs within the electrolyte. These ion pairs mitigate the charge
density of Mg?* and facilitate a rapid de-solvation process.l*?] Be-
sides, the use of Mg(OTf), salts with moderate charge delocaliza-
tion promotes the formation of anion-involved solvation struc-
tures in strongly coordinated amine or ester solvents.'8] The
anion-cation interactions within the solvation sheath reduce the
bonding between Mg?" and the solvent, thereby preventing the
dehydrogenation decomposition of the -NH, group,!**"! and pro-
moting the formation of an anion-derived inorganic-rich SEL[1]
Additionally, the decomposition of free OTf™ anions promotes
the formation of a C,N, and MgF,-enriched CEI interphase, en-
suring favorable cathode compatibility.l'®?] Building on these re-
search findings, we can conclude that solvated cations, including
SSIPs, CIPs, and AGGs, is more likely to reduction on the anode
surface, thereby significantly influencing the evolution of the SEI
interphase. In contrast, free anions and the solvent, which are
more prone to oxidation on the cathode surface, govern the com-
position of the CEI interphase. By rationally regulating the elec-
trolyte components, the ionic insulating passivation layer can be
converted into a favorable SEI/CEI interphase.
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In addition to regulating the solvation structure of the bulk
electrolyte, precisely controlling the local solvation environment
presents another way for a highly reversible Mg metal anode.!'*]
The introduction of isobutylamine (IBA) and Mg(Bu), additives
to the Mg(TFSI),/G2 electrolyte promotes the formation of a
H,O-free solvation structure, thereby protecting the Mg metal
from surface passivation induced by trace H,0.1'”3] The addition
of 1-chloropropane (CP) to the Mg(OTf),/DME electrolyte en-
ables a Cl-rich SEI interphase, thus facilitating the homogenous
Mg(002) plane plating.['*] In addition, TBABH, and TBAOTY,
as multifunctional electrolyte additives, not only eliminate trace
H, O, promoting a robust inorganic SEI interphase,!12414419] byt
also balance the interfacial Mg?* diffusion-reduction rate, which
enables long-life RMBs.['?7]

Overall, the solvation structure serves as the electrolyte’s
“microscopic gene”, directly influencing ion transport, interfa-
cial reactions, electrochemical stability, and deposition behav-
ior. By modulating the solvation structure, the “gene expression”
of the electrolyte can be optimized, paving the way for high-
performance Mg batteries.

5. Summary and Outlook

In summary, RMBs have emerged as a promising candidate for
next-generation energy storage technologies due to their abun-
dant resources, inherent safety, and high theoretical capacity.
This review highlights recent breakthroughs in nonaqueous Mg
electrolytes, specifically focusing on the design of active cations,
anion receptors, weakly coordinated anions, and solvation struc-
ture. Table 2 presents a detailed summary of the electrochem-
ical performance of typical RMB electrolytes. As indicated, the
development of active cations and anion receptors in chlorine-
containing electrolytes enhances their compatibility with Mg an-
odes. However, their corrosive nature compromises both elec-
trochemical stability and cathode compatibility, preventing them
from meeting the increasing demand for high-voltage RMBs.
On the other hand, the design of weakly coordinated anions en-
sures the Mg electrolyte exhibits high ionic conductivity, a broad
electrochemical window, and good anode/cathode compatibility.
However, their high cost and complex synthesis processes re-
strict their large-scale application. While simple Mg salt elec-
trolytes offer greater practical potential, their low ionic conduc-
tivity makes them prone to inducing passivation of the Mg an-
ode (Figure 13). Future research on Mg electrolytes should pri-
oritize the design of weakly coordinated anions and the opti-
mization of Mg?* solvation in simple salt electrolytes to improve
electrolytes’ plating/stripping capacity and cathode compatibility.
This review provides a comprehensive understanding of the fun-
damental solvent-salt interactions in Mg electrolytes, which is ex-
pected to drive the development of high-performance RMBs.

Despite significant advancements made in this field, several
challenging yet promising directions remain, as detailed fol-
low:

1) High-purity Mg Salts Production Techniques. The purity of
Mg salts significantly influences the Coulombic efficiency,
solubility, and cycle stability of the electrolyte. In particular,
for chlorine-free electrolytes, trace amounts of water or impu-
rities can passivate the Mg metal anode.['”*] Moreover, since
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Electrolyte Oxidation stability ~Conductivity [ms cm™"]  Coulombic efficiency Cycle life [n] Matched cathode Cyclability [retention]  Refs.
\
2.5 M C,HsMgBr/Et,0 <2.0V low ~71% / / / [49]
0.25 M Mg (AICl, BuEt), /THF ~2.5V (Pt) ~5 ~100% / MogSg 2000 (85%) [21]
0.4 M MgCl,+AICl,Et/DME ~3.0V (Pt) 4.1 ~95% 400h MogSs 75 [59]
0.3 M MgCl,+AICly ~2.5V (SS) 8.5 ~100% 50h S 20 [62]
+PYR14TFSI/THF
0.4 M PhMgCl+ ~3.2V (Pt) ~4 ~100% / MogSg 94 (100%) [72]
AICl; /THF (APC)
0.25 M MgCl,+ ~3.1V (Py) ~2 ~99% 30h MogSs 15 [74]
AlCl; /DME (MACC)
0.4 M HMDSMgCI+AICI; /THF ~3.2V (Pt) ~2 ~100% / S 2 [75]
0.67 M MgCl,+AIEtCl, /THF ~2.9V (GQ) 6.99 ~100% / MogSg 100 (95%) [86]
0.5 M Al(OPh);+PhMgCl/THF ~5.0V (Pt) 1.24 ~98% 96h WSe, 50 187]
0.4 M Mes, B+PhMgCl/THF ~3.5V (Pt) 2 ~100% 600h MogSg 50 [50]
0.2 M MgCl,+ ~3.0V (Mo) / ~98% 300h MogSg 50 [95]
B(OPh);+TPFPB/THF
0.5 M MgCl,+ ~3.3V (Pt) 5.58 ~98% 700h S 100 (80%) [99]
B(Ohfip); +Mg/DME
0.05 M MgF,+B(Ohfip); /DME ~3.8V (Al) 1.1 ~99% / Se 200 [97]
0.24 M 1,+B(Ohfip);+Mg/DME ~3.8V (Mo) 1 ~98% 1500h MogSg 1200 (81.6%) [100]
0.5 M MgCl,+B(Otfe); /THF ~3.0V (Pt) / ~94% 120h MogSg 100 o1
0.4 M Mg(OTf),+InCl;/DME / / ~98% 600h MogSg 800 (95%) [105]
1.0 M MgCl,+Mg(TFSl),/DME >3.0V (Pt) / ~93% / S 100 (69%) [117]
1.2 M MgCl,+Mg(Opftb), /THF ~3.1V (Pt) / ~99% 8100h MogSg 800 [122]
0.4 M MgCl,+AICl;+ ~3.8V (Mo) / ~99% 2000h MogSg 500 (93%) [187]
Mg (Opftb),/DME
0.1 M Mg(BH,),/DME ~1.7V (Pt) / ~67% / Moy Sg 40 [107]
0.3 M Mg[B(Ohfip),],/DME ~4.5V (Pt) 1 ~95% 1200h S 100 [138]
0.25 M Mg[Al(Ohfip),],/DME ~3.5V (GQ) 6.5 ~99% / MogSg 50 [84]
0.5 M Mg[B(O,C,(CF;3)4),],/G2 ~4.0V (SS) 3.95 ~95% 500h MnO, / [147]
0.75 M Mg[B(Otfe),],/THF ~3.0V (SS) 0.4 ~99% 200h MogSs 210 [148]
0.4 M Mg[Al(Opftb),],/G3 ~4.8V (Au) 3.1 ~80% / / / [157]
0.5 M Mg(CBy;H,,),/DME-G2 ~3.8V (Al) 6.1 ~100% 83h PTO 700 [57]
0.75 M Mg(CBgH,(),/G4 ~3.5V (Pt) 1.8 / / MogSg 30 [158]
0.9 M Mg(CsH;;-CBy;H;;),/DME ~4.2V (Pt) 7.33 ~96% 400h MogSg 60 [167]
0.5 M Mg(TFSl),/DME-M4 ~3.8V (SS) 4 ~99% 180h Mgy 15MnO, 200 [168]
0.1 M Mg(TFSI),/S2 ~2.7V (SS) 0.94 ~95% 350h MogSg 100 [169]
0.25 M Mg(OTf),/G2-MOEA ~2.8V (SS) ~0.7 ~98% 5000h MogSg 1000 (89%) [177]
0.4 M Mg(TFSI),/DME- ~4.1V (Al) 2.8 ~95% 7000h PANI 400 (72%) [179]
G2-BTFE-TEP
0.3 M Mg(TFSI),/DME-Melm ~3.0V (Al) 83 ~90% 800h MogSg 120 [180]
2 M Mg(Ohfip),/DME ~3.5V (SS) 0.2 ~98% 300h PDI-EDA 400 (80%) [52]
0.5 M Mg(OTf),/G2-TMP / 0.75 ~98% 3000h PTCDI 40 ED!
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research on Mg batteries is still in its infancy, novel Mg salts
synthesized in different laboratories may contain impurity
cations or halogens, leading to performance variations and in-
consistent conclusions.[**¢] Therefore, detecting impurity el-
ements and develop low-cost, high-purity Mg salts synthesis
technique is essential.

Investigating the Practical Stability Limits of Mg Electrolytes.
Achieving high energy density in Mg batteries requires the de-

€10488 (20 of 26)

velopment of high-voltage cathode materials and electrolytes
with a wide electrochemical window. Although numerous Mg
electrolytes exhibit excellent oxidation stability (>3 V) on in-
ert current collectors, their practical use in full cells remains
constrained to low-voltage (~2 V) cathodes, such as Mo,S,
and CusS. This limitation may arise from the inherent insta-
bility of electrolytes within porous electrodes.!'*! Therefore,
future linear sweep voltammetry (LSV) tests of Mg electrolytes
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Figure 13. Comparison of the key parameters of various Mg electrolytes, including chlorine-containing electrolytes, weakly coordinated electrolytes, and
simple salt electrolytes. The evaluation criteria for the electrochemical stability and ionic conductivity are derived from the electrochemical performance of
various electrolytes presented in Table 2. The criteria for cathode and anode compatibility are based on the de-solvation process, interphase compatibility,
and cycle life of different electrolytes. The criteria for cost advantage and processability are based on the cost and synthesis process steps of the

electrolytes.

should include an investigation of the practical stability limits
on porous materials.

3) Clarifying the design principles of RMB electrolytes. The in-
teractions between ions and molecules in bulk electrolytes de-
termine the microscopic solvation structure. Typically, intro-
ducing anion receptors and strong polar solvents reduces the
content of CIPs and AGGs in the electrolyte, promoting rapid
ion diffusion. However, the relationship between the solva-
tion structure, interphase decomposition reactions, and inter-
phase ion transport mechanisms remain unclear. Future elec-
trolyte design should focus on both cathode/anode interphase
compatibility to obtain a more promising RMB prototype.

4) Focus on the anion-solvent interaction. The dissolution of cer-
tain Mg salts in nonaqueous solvents remain challenging due
to strong Mg-anion interactions. Previous studies focused on
designing anion acceptors or weakly coordinated anions to re-
duce these interactions. Besides, nucleophilic aprotic solvents
are predominantly employed in Mg electrolytes, which signif-
icantly reduce the anions’ solvation effect. Although anions
are poorly solvated in ether or amine-based solvents, solvents
with exposed positive charge sites are expected to enhance
the anion-solvent interactions, facilitating the dissolution of
Mg salts. Most importantly, anion-solvent interactions can en-
hance the reductive stability of solvents, thereby suppressing
side reactions at the interphase. Additionally, these interac-
tions limit anion mobility, enhancing the cation transference
number and improving the battery’s rate capability. While pi-
oneering work has been conducted in this area,!*¥”18] further
research remains necessary.

5) Designing multifunctional RMB electrolytes. Current RMB
electrolytes are limited by strict usage requirements, such
as room-temperature operation, reliance on ultrahigh-purity
salts, and stringent water content control at ppm levels. These
constraints restrict their suitability for extreme environments
and cost-effective manufacturing. The development of multi-
functional RMB electrolytes with a wide operating tempera-
ture range (—40 to 80 °C), resistance to water and impurities
will not only broaden the potential applications of RMBs but
also reduce production costs, providing a significant compet-
itive advantage.

6) Developing Emerging Solvents and Additives. Ether-based
solvents (such as THF, DME) continue to be the dominant
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choice for Mg electrolytes. While amine solvents have gained
attention, their limited oxidative stability remains a concern.
Meanwhile, fluorinated ethers and additives, which have gar-
nered significant interest in lithium electrolyte,'! deserve
further exploration for Mg battery applications. Additionally,
electrolyte systems like weakly solvated electrolytes, high-
concentration electrolytes, localized high-concentration elec-
trolytes, and solid-state electrolytes!?*’! represent promising
avenues for the further development of Mg batteries.[*]

7) In situ Characterization Tools and Machine Learning Meth-
ods. Compared to monovalent ions (Li*, Na*, K*), the disso-
lution and association behaviors of divalent Mg?* in solvents
are more complex and involve multiple steps, leading to the
formation of more intricate CIPs or AGGs. The development
of in situ characterization techniques is therefore essential for
uncovering the relationship between electrolytes’ microstruc-
ture and their bulk properties. Furthermore, the integration
of advanced optimization algorithms (e.g., Bayesian optimiza-
tion, genetic algorithms) with machine learning models fa-
cilitates the identification of optimal electrolyte formulations
from vast chemical libraries, significantly reducing the re-
liance for conventional trial-and-error methods. In the future,
combining in situ characterization techniques with Al-driven
simulations (e.g., molecular dynamics and machine learning)
will enable precise control of solvation chemistry, accelerating
electrolyte development cycles, reducing costs, and enhanc-
ing performance.201]

Overall, advanced Mg electrolyte design necessitates not only
careful compositional engineering but also the strategic modula-
tion of intermolecular interactions. Future research should inte-
grate multiscale modeling, in situ characterization, and solvation
regulation to develop electrolytes that improve Mg plating unifor-
mity, oxidation stability, interphase compatibility, and rapid de-
solvation kinetics, thereby unlocking the full potential of multi-
valent Mg-based energy storage systems.
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