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Abstract: High-voltage lithium (Li) metal batteries

(LMBs) are promising next-generation high-energy-
density rechargeable batteries. Siloxane electrolytes
exhibit excellent performance in high-voltage LMBs.
Herein, the mechanisms responsible for the Li metal
compatibility and high-voltage resistance of siloxane
electrolytes were probed by classical molecular dynamics
(MD) simulations, first-principles calculations, and exper-
imental characterizations. Siloxane electrolytes have
been demonstrated to deliver anion-rich solvation struc-
tures, which are induced by weak Li ion (Lit)-solvent
interactions and strong Li*—anion interactions. The sili-
con (Si)—oxygen (O) bond energy of siloxane is larger
than that of carbon (C)—O of C-siloxane (replacing Si
atoms in siloxane with C atoms) because the atomic
radius of Si is larger than that of C, and the Pauli
exclusion of Si is smaller than that of C. Additionally, ab
initio molecular dynamics (AIMD) simulations revealed
that the decomposition of siloxane produces substances
containing Si—O fragments on Li metal surfaces, which is
beneficial for interfacial stability. This work reveals the
mechanism of interfacial stability and intrinsic stability
of siloxane electrolytes, providing a theoretical basis
for the practical application of siloxane electrolytes in
high-voltage LMBs.

Introduction

Lithium-ion batteries (LIBs) have been widely applied in
modern society, from portable electronic devices to electric
vehicles.['>] However, the energy density of routine LIBs
can hardly meet the growing demands from the above
application scenarios. For instance, the energy density of both
lithium nickel manganese cobalt oxide (LiNi,Mn,Co;_,_,0,
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(NMC))- and lithium iron phosphate (LiFePOy)-based LIBs
is generally below 300 Wh kg~ '[! In contrast, an energy
density higher than 500 Wh kg~! is usually required for
low-altitude economy applications.”8! As a result, it is
urgent to explore next-generation rechargeable batteries with
ultrahigh-energy density.

In order to build a high-energy-density battery, Li metal
has been considered the “holy grail” of anode materials
due to its ultrahigh specific capacity (3860 mAh g7')
and very low electrode potential (—3.04 V vs. the stan-
dard hydrogen electrode).'?] Besides anodes, high-voltage
cathode materials, such as LiNiyjsMng;Coy10, (NMC811),
LiNig 90sMng 035C00,060O2, and lithium nickel manganese oxide
(LiNipsMn; 5s04), are also beneficial to build high-energy-
density batteries, especially for those with an energy density
higher than 500 Wh kg~'.[''-1®] However, the application
of Li metal anodes and high-voltage cathodes generally
induces severe electrode-electrolyte interfacial (EEI) reac-
tions, which accelerate battery degradation and even cause
safety hazards.['7-20]

Electrolyte engineering has been widely considered an
effective strategy for building a stable EEI for high-voltage
LMBs. High-concentration electrolytes (HCEs) and local
high-concentration electrolytes (LHCEs) have been espe-
cially focused on due to their high compatibility with Li
metal anodes.?'?*! Specifically, anion-rich solvation struc-
tures, namely, more anions appear around Li™ compared
with solvents, are generally delivered in these two kinds of
electrolytes. Anion-rich solvation structures are beneficial
for producing inorganic components such as LiF, Li,O, and
Li;N in both solid-electrolyte interphase (SEI) and cathode-
electrolyte interphase (CEI).[**?°] Inorganic component-rich
SEIs are compact and contribute to a high Li plating/stripping
coulombic efficiency (CE). However, HCEs and LHCEs
achieve anion-rich solvation structures by increasing the
concentration of lithium salts or introducing diluents, which
inevitably raises material costs in principle. In contrast,
weakly solvating electrolytes (WSEs) emerge as a new
electrolyte system to achieve anion-rich solvation structures
by utilizing weakly solvating solvents.[3-34]

Among various weakly solvating solvents such as
siloxanes,[*>7] ethers,!’®] and fluorinated ethers,[?**!! silox-
anes have been widely demonstrated with a high Li
plating/stripping CE and a wide electrochemical window
(Figure 1a). Furthermore, siloxanes possess a similar density
to ethers (~0.8 g cm™?), while fluorinated ethers typically
exhibit a higher density (~1.3 g cm™). Siloxane electrolytes
demonstrate comparable viscosity to LHCEs while offering
lower costs than fluorinated ethers. The fluorine-free compo-
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Figure 1. The electrochemical performance of siloxane electrolytes. a)
CE, oxidation potential, and the density of solvents reported in the
literature. Both CE and oxidation potential determine where the center
of a bubble is located. The color and diameter of the bubbles represent
the category and density of the solvents, respectively. A cross mark
within a bubble indicates overlapping CE/oxidation potential
coordinates. The four uncolored circles above the horizontal “density of
main solvent” line provide a size reference for density values (labeled
numerically). CE data were obtained from Li | Cu cells, and oxidation
voltage data were measured using the linear sweep voltammetry (LSV)
method. Data are extracted from Refs. [35-43]. b) The optimized
geometrical structures of solvent molecules. White, grey, red, and black
balls represent H, C, O, and Si, respectively.

sition presents clear environmental and economic advantages
over fluorinated diluents.[*?] This combination of exceptional
electrochemical performance and favorable physicochem-
ical properties establishes siloxane electrolytes as highly
promising candidates for high-voltage LMB electrolytes. For
example, Huang et al.[*?] reported a series of siloxane solvent
molecules, such as tetraethyl orthosilicate, methyltriethoxysi-
lane, dimethyldiethoxysilane, and dimethyldimethoxysilane
(DMMS). These siloxane-based electrolytes with lithium
bis(fluorosulfonyl)imide (LiFSI) as the salt delivered a high
Li plating/stripping CE larger than 99%. In particular, 1.5 M
LiFSI DMMS achieved a CE of 99.8% and an oxidation volt-
age of 4.9 V. The assembled 4.5 V LiCoO;lILi cells retained
95% capacity after 200 cycles, and 1.4 Ah NCM811ILi pouch
cells with 2.5 g Ah~! lean electrolyte achieved 96% capacity
retention after 140 cycles. The promising electrochemical
performances of siloxane electrolytes were usually explained
by their anion-rich solvation structures and intrinsic stability.
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However, the fundamental mechanisms of siloxane on such
characteristics have not been well explored. Probing the
siloxane effects can facilitate the molecular-level design of
siloxane electrolytes and promote the practical application of
high-voltage LMBs.

In this contribution, the origin of anion-rich
solvation structures and stability in siloxane electrolytes
was probed by combining multiscale simulations
and experimental characterizations. Four siloxanes
(trimethylmethoxysilane (TMS), dimethoxydimethylsilane
(DDS), methyltrimethoxysilane (MTS), and tetramethyl
orthosilicate (TMOS)) electrolytes and four corresponding
ether  (methyl  tert-butyl  ether (C-TMS), 22-
dimethoxypropane (C-DDS), trimethyl orthoacetate
(C-MTS), and tetramethoxymethane (C-TMOS)) electrolytes
were systematically investigated (Figure 1b), including their
geometrical structures, electronic structures, interaction with
a Li*, and solvation structures. The anion-rich solvation
structures of siloxanes were ascribed to the relative binding
energies between LiT-solvent and LiT—anion. The high
intrinsic stability of siloxane is explained by the higher bond
energy of Si—O compared with C—O bond due to the larger
radius and smaller Pauli repulsion of Si compared with C.
AIMD simulations were further conducted to probe the
interfacial reaction mechanism between siloxane electrolytes
and Li metal anodes. Decomposition substances containing
Si—O fragments were confirmed, which is supposed to
enhance EEI stability and is consistent with experiments.
This work reveals the siloxane effects on electrolyte solvation
structures and molecular stability, facilitating the rational
design of advanced electrolytes and the application of
siloxane electrolytes to next-generation high-energy-density
rechargeable batteries.

Results and Discussion

Anion-Rich Solvation Structures

Siloxanes (TMS, DDS, MTS, and TMOS) and ethers (C-TMS,
C-DDS, C-MTS, C-TMOS, and 1,2-dimethoxyethane (DME))
were focused on (Figure 1) in this contribution. The four silox-
anes were chosen because they have been demonstrated to
exhibit excellent electrochemical performance, including high
Li plating/stripping CE and oxidation potential (Figure 1a).
By replacing Si atoms in the siloxane structure with C atoms
(Figure 1b), these C-siloxane (C-TMS, C-DDS, C-MTS, and
C-TMOS) molecules afford a direct comparison and further
help to unveil the mysterious role of Si atoms on electrolyte
solvation behaviors as well as functions. Additionally, DME
was included as a reference solvent, as it is widely employed
in LMBs due to its high Li plating/stripping CE.[**]

MD simulations were adopted to explore the solvation
structures of electrolytes containing the above solvents and
1.0 M LiFSI (Figures 2a,b, S1, and Table S1). As a result,
the FSI™ anions are uniformly distributed in typical strong
electrolytes, i.e., DME. However, anions tend to produce clus-
ters in siloxane electrolytes, which is a typical characteristic of
WSEs. According to the radial distribution function (RDF)
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Figure 2. The anion-rich solvation structures of siloxane electrolytes. a) and b) MD snapshots and typical solvation structures. White, purple, grey,
blue, red, cyan, black, and yellow balls represent H, Li, C, N, O, F, Si, and S, respectively. The radial distribution function (g(r)) and coordination
number of ¢) Lit—solvent and d) LiT—FSI~. e) The coordination number of 1.0 M LiFSl in various solvents.

analyses, Li™ mainly interacts with O atoms in solvents and
anions (Figures 2c,d and S2). Specifically, the peaks of Lit—
solvent (2.01 A) and Li*-FSI~ (2.03 A) appear at nearly the
same position in all electrolytes. In siloxane and C-siloxane
electrolytes, the coordination number (CN) of solvents is
smaller than that of anions (Table S2). Specifically, siloxane
electrolytes render solvent and anion CN of 0.89 and 2.90
for TMS, 1.04 and 3.85 for DDS, 0.98 and 3.87 for TMS, and
0.97 and 3.84 for TMOS, respectively. Similarly, C-siloxane
electrolytes exhibit solvent and anion CN of 0.94 and 3.80 for
C-TMS, 0.89 and 3.88 for C-DDS, 1.07 and 3.87 for C-MTS,
and 1.21 and 3.85 for C-TMOS, respectively. In contrast, the
CN of the solvent (3.69) is substantially larger than that of the
anion (2.19) in the DME electrolyte (Figure 2¢). The WSE-
featured phenomenon can be attributed to the structural
characteristics of siloxane. The Si atoms have a significantly
larger atomic radius (1.17 A) compared with the C atom
(0.77 A). Additionally, Si atoms in siloxanes are typically
surrounded by bulky functional groups, creating substantial
steric hindrance around the O atoms. The increased steric
hindrance in siloxanes restricts the accessibility of Li* to the
solvent O atoms, thereby reducing the coordination ability of
solvent with Li.

Raman spectra were further conducted to validate the
MD simulation results (Figure 3a). Based on the number of
Li* coordinated with an FSI~, the solvation structures were
classified into free FSI~ (no Li* coordinated with an FSI™),
contact ion pairs (CIPs, one Li* coordinated with an FSI™),
aggregate (AGG)-I (Two Lit* coordinated with an FSI™), and
AGG-II (three Li* coordinated with an FSI"). The Raman
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Figure 3. Experimental verification. a) Raman spectra of 1.0 M LiFSl in
various solvents. b) The ratios of free FSI~, CIP, AGG-I, and AGG-Il in
various electrolytes, as derived from Raman spectra.

shift of FSI~ in the range of 700-800 cm™! is attributed to
the S—N—S symmetric stretching vibration mode, which can
be classified into four types, including free FSI~ (720 cm™!),
CIPs (733 cm™!), AGG-I (747 cm™!), and AGG-II (757 cm™}).
Peak deconvolution of the Raman spectra revealed distinct
solvation structure distributions across different electrolytes
(Figure 3b). In siloxane electrolytes, AGG-I was consistently
the predominant species, accounting for 57%-59% of sol-
vation structures. Specifically, TMS exhibited the highest
degree of AGG with AGG-I (59%) and AGG-II (41%) as
the only observed species. DDS showed a distribution of
CIPs (24%), AGG-I (57%), and AGG-II (19%). Similarly,
MTS displayed CIPs (29%), AGG-I (58%), and AGG-II
(13%), while TMOS exhibited CIPs (22%), AGG-1 (57%),
and AGG-II (22%). In stark contrast, the DME electrolyte
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Figure 4. The origin of anion-rich solvation structures. The optimized
geometrical structures of a) Lit-DDS and Lit*—FSI~, and b) Lit*-DME
and Lit—FSI~ in a solvation environment. White, purple, grey, blue, red,
cyan, black, and yellow balls represent H, Li, C, N, O, F, Si, and S. Es and
Ea refer to Lit—solvent and Li*—anion binding energies, respectively. c)
The relative binding energy between Lit—solvent and Lit-FSI~. d) The
correlation between LiT—FSI™ binding energy and 1/¢,. e) The
correlation between LiT—solvent binding energy and O-LiT—O angle in
vacuum.

demonstrated significantly less aggregation, with free FSI~
as the dominant species (70%), followed by CIPs (24%)
and minimal AGG-I (6%). These quantitative results further
confirm that siloxane electrolytes promote AGG, with AGG-
I as the primary solvation structure, whereas the DME
electrolyte favors free FSI™ formation. The Raman results are
consistent with the above MD simulation results.

Origin of Anion-Rich Solvation Structures

Solvation structures originate from the competitive coordi-
nation of solvent and anion with Li*. Anion-rich solvation
structures are preferentially formed when Lit—solvent inter-
action is much weaker than Lit-anion interaction. The
binding energy quantitatively reflects the strength of the
interaction among the solvent, anion, and Li*. According
to the density functional theory (DFT) calculation results
(Figures 4a,b, S3, and S4), the binding energy of Li*—siloxane
is smaller than that of Li"~-DME (Es values of —1.16 to
—1.50 eV for siloxanes compared with —1.50 eV for DME),
indicating the WSE characteristic of siloxane electrolytes.
Furthermore, the binding energy of Lit-siloxane is even
lower than that of Li*-C-siloxane (except for Li*-TMS
and Lit—-C-TMS, where Es values are —1.16 and —1.09 eV,
respectively), suggesting that the introduction of Si atoms
can reduce the binding energy of the Lit-solvent complex.
In order to consider a quantitative description of WSEs, a
descriptor of Es—E A was proposed. For siloxane electrolytes,
Es—E, values range from 0.47 (TMOS) to 1.24 eV (TMS)
(Figures 4c and SS5), while C-siloxane electrolytes exhibit
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even higher values between 0.80 (C-MTS) and 2.69 eV (C-
DDS) (Figures S6 and S7). These substantially positive values
favor the formation of anion-rich solvation structures. In
contrast, for the DME electrolyte, Es—E 4 is 0.08 eV, leading
to the formation of solvent-rich solvation structures. More
importantly, the Es—E, delivers a positive correlation with
the ratio of AGG from Raman spectra, where TMS with the
highest Es—E value (1.24 eV) among siloxanes exhibits the
highest degree of AGG (100% AGG structures), while DME
with the lowest Es—FE, value (0.08 eV) shows minimal AGG
(only 6% AGG-I structures) (Figure S8).

To understand the origin of the WSE nature of siloxane
electrolytes, the principles of Si atoms in regulating the
binding energy were investigated. Intuitively, possible factors
affecting the binding energy include the dielectric constant,
dipole moment, bond length, charge, and bond angle (Figures
S9-S13). The electrostatic interaction between Lit and FSI~
is influenced by the dielectric constant of the solution environ-
ment. As the dielectric constant of the solvent increases, the
binding energy between Li* and FSI~ decreases.[*!] Specif-
ically, the binding energy of Li*—FSI~ shows a significant
positive correlation with the reciprocal of dielectric constant
(Figure 4d). Siloxanes have a lower dielectric constant than
DME, which results in larger binding energy between Li*
and FSI™ in siloxane electrolytes compared to that in DME
electrolytes (Figure S9). The dipole moment is related to
the configuration of the solvent molecule, with symmetrical
solvent molecules having low dipole moments.[*’] However,
there is no direct correlation between the dipole moment and
the binding energy (Figure S10). The Li—O bond length also
affects the Lit—solvent binding energy. A longer Li—O bond
length leads to a lower binding energy (Figure S14). Under
the same coordination conditions, the Li—O bond length in
siloxane is longer than in DME (Figure S11), resulting in
a lower binding energy. The charge on O in siloxanes is
higher than that on O in ethers (Figure S12), but this does
not significantly affect Lit-solvent binding energy. The effect
of the O—Li—O bond angle on the binding energy was also
considered. When Lit and the solvent form a chelate, a larger
O—Li—O bond angle results in a larger Li*—solvent binding
energy (Figure 4e). The atomic radius of Si is larger than
that of C, and the Si—O (or Si—C) bond length is also longer
than that of C—O (C—C). When the atoms on the chelate ring
are the identical, the O—Li—O bond angle in Li*-siloxane is
larger than that in Lit—ether (Figure S13).

Collectively, the above findings clarify the fundamental
role of Si atoms in establishing the WSE nature of siloxane
electrolytes. The presence of Si, with its larger atomic radius
(compared to C atoms) and distinct electronic properties,
influences multiple parameters that contribute to the WSE
nature. First, the larger Si atoms create more extended
molecular geometries with longer bond lengths, resulting
in increased Li—O bond length and thus weakened Li"—
solvent interactions. Furthermore, the incorporation of Si
atoms leads to lower dielectric constants in siloxane solvents,
strengthening Lit—anion interactions relative to Lit-solvent
interactions. Additionally, the chelate structures formed
between Lit and siloxanes create four-membered rings,
whereas Lit-DME complexes form five-membered rings.
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Consequently, the O—Li—O bond angles in siloxane chelates
are smaller than those in DME chelates, which further
contributes to reduced Li*—solvent binding energy in siloxane
systems. This multifaceted influence of Si atoms on molecular
geometry and physicochemical properties ultimately engi-
neers an electrolyte environment where Lit preferentially
associates with anions rather than only solvent molecules.

Thermodynamic Analysis of Solvent Stability

The thermodynamic stability of siloxane and C-siloxane was
further investigated through DFT calculations, with HOMO
and LUMO energy levels adopted as descriptors (Figures
S15 and S16). The introduction of a Si atoms into molecules
reduces both LUMO and HOMO energy levels, indicating
reduced reductive stability and enhanced oxidative stability,
respectively (Figures S17 and S18). Moreover, the interaction
between LiT and solvents leads to a reduction in both
LUMO and HOMO energy levels. The changes in LUMO
and HOMO energy levels are related to the binding energy
of the Lit-solvent complex (Figures S19 and S20), which
is consistent with previous reports.*] When chelates are
formed, the higher the binding energy between Lit and the
solvent, the larger the changes in the LUMO and HOMO
energy levels (Figures S21 and S22).

Bond energy can also reflect the stability of siloxane and
C-siloxane. The bond energies of Si—C, Si—O, and O—C
in siloxane and C—C, C—0O, and O—C in C-siloxane were
calculated. Both TMOS and C-TMOS have four —OCH;
functional groups, and lack Si—C and C—C bonds. The bond
energy analysis for DDS and C-DDS (Figure 5a) shows that
in siloxane (DDS), the Si—O bond has the highest bond
energy (—4.98 eV), followed by Si—C (—4.43 e¢V) and O—C
(—4.35 eV). In contrast, in C-siloxane (C-DDS), the C—C
bond exhibits the highest bond energy (—4.48 eV), followed
by O—C (—3.97 eV) and C—O (—3.97 eV). A similar trend
(Figure S23) was observed in other siloxane molecules (TMS,
MTS, and TMOS) and their C-siloxane counterparts (C-TMS,
C-MTS, and C-TMOS). The Si—O bond consistently exhibits
the highest bond energy in siloxane, while the C—C bond is
the strongest in C-siloxane. These results demonstrate that
Si—C and O—C bonds are more susceptible to breaking in
siloxane, whereas C—O and O—C bonds are more prone to
breaking in C-siloxane. The bond strength further indicates
that siloxane is more stable than C-siloxane. Notably, the bond
energy of Si—O in siloxane (—4.83 to —5.14 eV) is significantly
larger than that of C—O in C-siloxane (—3.86 to —4.17 eV),
suggesting better stability of siloxane compared with C-
siloxane. LSV tests further confirm the enhanced oxidative
stability of siloxane compared to ether-based electrolytes,
consistent with their bond energy differences.*’]

Bond energy decomposition further explores the effect of
the introduction of Si atoms on bond energy. The total bond
energy can be decomposed into four components,*! namely
Esrep, Eor, Ecis, and E. (Figure 5b). Ey., represents the sum
of Ey and E.p, E,, accounts for the energy contribution from
interfragment electron transfer, E. describes the classical
electrostatic interaction between fragments, and E. denotes
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Figure 5. Bond energy analysis. a) Bond energy of solvent molecules. b)
The bonding process involves multiple energy contributions. From
individual fragments to the promolecule, classical electrostatic energy
(Eels) dominates, complemented by exchange energy (Ey), DFT
correlation energy (Eprrc), and dispersion correction energy (Eq4c). From
the promolecule to the frozen state, Pauli repulsion energy (Erep)
becomes predominant. From the frozen state to the final state, orbital
interaction energy (Eop) facilitates further energy reduction, completing
bond formation. Note that E, and Ep, combine to form
exchange-repulsion energy (Eyrep), While Eprre and E4. constitute the
Coulomb correlation energy (Ec). c) Si/C—0O bond energy
decomposition.

the Coulomb correlation effect on interfragment interactions.
For DDS and C-DDS, the bond energy decomposition results
reveal distinct contributions from each energy component
(Figure 5c). The analysis shows that Ey., in DDS (15.84 eV)
is notably lower than that in C-DDS (17.22 eV), indicating
that siloxane experiences weaker Pauli repulsion. While E,;,
is comparable between the two systems (—11.87 eV vs.
—12.15 eV), and E.s remain nearly identical (—7.94 eV vs.
—7.90 eV), the reduced repulsion in DDS is the primary factor
contributing to its stronger overall bond energy (—4.94 eV
vs. —3.94 eV). The difference in Ey., can be attributed
to the larger atomic radius of Si compared to C, reducing
steric hindrance and facilitating stronger Si—O bond energy
formation. A similar trend (Figure S24) is observed for the
other siloxanes (TMS, MTS, and TMOS) and C-siloxanes
(C-TMS, C-MTS, and C-TMOS) molecules. These results
collectively demonstrate that the introduction of Si atoms
significantly reduces exchange-repulsion energy due to the
large atomic radius of Si, which minimizes steric hindrance
and enhances the stability of Si—O bonds. The bond energy
decomposition results further support the conclusion that
siloxane exhibits greater stability than C-siloxane.

Kinetic Analysis of Solvent Decomposition

AIMD simulations were further conducted to explore the
decomposition mechanism of siloxane solvents on Li surface.
DDS was specifically selected for the investigation because
it demonstrated the most promising electrochemical per-
formances in previous reports.[*?#-511 An interfacial model
consisting of Li(110) surface and 10 DDS solvents was built

© 2025 Wiley-VCH GmbH
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Figure 6. AIMD simulations of the decomposition of DDS on Li(110)
surface. a)—d) Complete sequence of DDS molecule decomposition
(unit: A). e) Time evolution of DDS molecule decomposition between 10
and 20 ps.

and then simulated for 40 ps. According to the complete
decomposition sequence (Figure 6a-d), a DDS molecule
near the Li surface decomposed to produce CHj; and
SiO(CHj3),(OCH3;). The theoretical calculation is consistent
with previous experimental XPS results, which demonstrated
the presence of O—Si—O and Si(CHj3)y fragments on the Li
metal surface in siloxane-based electrolytes.[*? Specifically,
the O2 atom of DDS molecule is approaching Lil and Li2
atoms from 14 to 15 ps (Figure 6¢). Then, C6—0O2 bond length
increased and finally broke at 15 ps. No other bond breaking
was observed during the following simulations within 40 ps
(Figure S25).

The AIMD simulation results reveal several important
mechanistic insights. The observed decomposition process
initiates with the interaction between Li atoms and the O
atom of DDS, leading to the subsequent breaking of the C—O
bond. This C—O bond-breaking mechanism can be attributed
to the strong electron-donating effect of Li atoms, which
significantly weakens the adjacent C—O. Notably, the Li—O
interaction selectively induces C—O bond-breaking while
preserving the Si—O bond throughout the simulation. The
selective bond-breaking is consistent with the bond energy
results that C—O bonds are more susceptible to breaking
compared with Si—O bonds. The preservation of Si—O
fragments in the decomposition products, as confirmed by
experimental XPS results showing the presence of O—Si—O
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fragments, is particularly significant as it contributes to the
formation of a stable SEI layer.[”] These findings not only
elucidate the decomposition mechanism of DDS but also
afford valuable insights for understanding other siloxane-
based electrolytes, as many siloxanes share similar structural
units with DDS.

Conclusions

The origin of anion-rich solvation structures and solvent
stability in siloxane electrolytes was comprehensively investi-
gated by combining multiscale simulations and experimental
characterizations. The anion-rich solvation structure in silox-
ane electrolytes was confirmed by both MD simulations and
NMR characterizations. An energy descriptor of Es—FE, was
proposed to explain the WSE characteristics of siloxane
electrolytes. The intrinsic stability of siloxane solvents was
further confirmed by frontier molecular orbital and bond
energy decomposition analyses that the bond energy in
siloxanes follows the order of Si—O > Si—C ~ O—C. Last
but not least, AIMD simulations validated the stability of
siloxane solvents in that no Si bond was broken during 40 ps
simulations. Previous studies have reported that anion-rich
solvation structures of siloxane electrolytes can promote the
formation of inorganic interface films, which are crucial for
the performance of high-voltage LMBs. This work elucidates
the fundamental role of Si atoms in regulating anion-rich
solvation structures in siloxane electrolytes and highlights
the superior stability of siloxane molecules. These insights
offer a molecular-level understanding of the design principles
governing siloxane electrolytes for high-voltage lithium metal
batteries, paving the way for their practical implementation in
next-generation rechargeable batteries.
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