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ABSTRACT

As a promising deep eutectic quasi-solid electrolyte (DES) for Li-ion batteries, the application of dimethyl
sulfone (DMS) is limited by its stability at the electrode-electrolyte interface. A common strategy to
address this issue involves introducing additional anions into the Li-ion (Li*) solvation sheath to stabilize
the interphase. However, this approach often comes at the expense of ionic conductivity, which can neg-
atively impact battery performance. In this work, a strategy to decouple Li* conduction and coordination
structure is proposed. The introduction of lithium difluoroxalate borate (LiDFOB) promotes an anion-rich
Li* solvation sheath, which facilitates the formation of stable interphases. More importantly, the incorpo-
ration of polyvinylidene fluoride (PVDF) frameworks regulates localized coordination structures and con-
structs fast Li* transport channels, liberating the movement of Li* from the constraints of their sluggish
solvation clusters. As a result, this hierarchical regulation strategy not only achieves improved ionic con-
ductivity, enabling high-rate operation, but also ensures the formation of stable interphases on 4.6 V
LiCoO, cathode and graphite anode, exhibiting exceptional high-voltage operation stability for DESs.
This work presents a promising approach to addressing critical challenges of DESs by achieving a balance
between conductivity and interfacial stability, providing significant insights for their practical
application.
© 2025 Science China Press. Published by Elsevier B.V. and Science China Press. All rights are reserved,
including those for text and data mining, Al training, and similar technologies.

1. Introduction

with the enhanced safety of solid electrolytes [2,3]. However, most
existing QSEs are primarily based on polymer matrices. While

Solid-state batteries have gained significant attention in recent
years as promising candidates for next-generation energy storage
devices due to their enhanced safety, energy density, and cycling
stability compared to conventional liquid electrolyte-based batter-
ies [1]. However, solid electrolytes face challenges, such as limited
ionic conductivity at room temperature and poor interfacial stabil-
ity with electrodes, which hinder their practical application. Quasi-
solid electrolytes (QSEs), on the other hand, offer a balanced solu-
tion by combining the high ionic conductivity of liquid electrolytes
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polymer-based solid electrolytes such as polyvinylidene fluoride
(PVDF) and polyacrylonitrile have been widely explored due to
their mechanical stability and processability, they typically suffer
from low room-temperature ionic conductivity and poor interfacial
wettability with electrodes. These limitations often result in high
interfacial resistance and sluggish Li* transport under practical
conditions [4-9]. Compared to conventional polymer-based solid
electrolytes, deep eutectic quasi-solid electrolyte (DES)-based QSEs
typically offer higher room-temperature ionic conductivity, better
interfacial wettability with electrodes, and simpler processing pro-
cedures, while still maintaining quasi-solid-state structural stabil-
ity, making them an ideal compromise between liquid and solid-
state systems [10-13]. These binary or ternary systems, formed
by lithium salts and solid “solvents” through strong acid-base
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interactions, offer numerous advantages, such as low cost, non-
flammability, and high deformability, making them ideal candi-
dates for solid-state batteries applications. Exhibiting high room-
temperature ionic conductivity (exceeding 10> S cm™!) and low
costs, sulfone-based QSEs, such as dimethyl sulfone (DMS), have
attracted wide attention [14]. However, the electrochemical win-
dow of DMS-based QSEs is not ideal, thus facing a series of interfa-
cial issues in practical battery systems: not only does severe
reduction decomposition occur at low working potentials, but oxi-
dation decomposition also takes place at the cathode interface
under high voltages.

To improve the interfacial stability of DMS-based QSEs, various
attempts have been made. As one of the most promising
approaches, the addition of lithium salt additives (such as lithium
difluoroxalate borate (LiDFOB), lithium bis(oxalato)borate (LiBOB),
etc.) not only facilitates the formation of desirable components in
solid-electrolyte interphase (SEI) or cathode-electrolyte inter-
phases (CEI), but also helps regulate the solvation structure of Li-
ions (Li*), forming contacted ion pairs (CIPs) or aggregates (AGGs),
which aids in the decomposition of anions [15-18]. However, the
increase in CIPs and AGGs often affects the ionic conductivity of
the electrolyte, especially for QSEs, thereby sacrificing the rate per-
formance of batteries [19].

In liquid electrolyte systems, local high-concentration elec-
trolytes (LHCEs) are considered a hallmark strategy to address
the above conflicting issues, as they can decouple ion transport
from the solvation structure [20,21]. Drawing inspiration from
the essence of LHCEs, we herein propose a hierarchical solvation
structure modulation strategy in this work, which decouples ion
conduction from its solvation structure (Scheme 1). On the one
hand, the introduction of LiDFOB modulates the Li* solvation struc-
ture, leading to an anion-rich solvation sheath that induces stable
interphases. On the other hand, the incorporation of PVDF frame-
works induces localized solvation structure regulation, facilitating
fast ion transport channels. This solvation structure regulation
strategy allows the anions to be more effectively retained within
the solvation shell of Li*, thereby enabling the formation of stable
interphases at the surface of the 4.6 V LiCoO, (LCO) cathode and
the graphite (Gr) anode, achieving stable cycling of the full cell. It
is equally important that the regulated solvation structure causes
the ion transport mechanism to shift from the Arrhenius model
to the Vogel-Tammann-Fulcher (VTF) model below the melting
point, leading to an increase in the ionic conductivity of the QSE
at room temperature [22]. The hierarchical solvation structure
modulation strategy successfully balanced the conductivity and
interfacial stability in DMS-based QSEs, which holds profound
guiding value for their practical application.

2. Materials and methods
2.1. Materials

N-methyl pyrrolidone, DMS, lithium bis(trifluoromethanesul
phonyl)imide (LiTFSI), LiDFOB, 1,4-dioxane were purchased from
Aladdin. PVDF (Mw = 300,000, kynar 761) came from Arkema.
The Li; 3Nig.13C00.13Mng 540, (LLMO) and the LCO were kindly pro-
vided by Xiamen XTC New Energy Materials Co., Ltd. Glass fiber fil-
ter membrane was purchased from Whatman Co.

2.2. Preparation of glass fiber reinforced single salt composite solid
electrolyte

Initially, the single salt gel electrolyte was prepared by stirring a
mixture of LiTFSI and DMS at 60 °C for 24 h (with a molar ratio of
4:1 for DMS to LiTFSI). Subsequently, the prepared gel electrolyte
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was spin-coated onto the surface of a glass fiber membrane at
60 °C, followed by a 6-h annealing period at this temperature,
allowing the gel electrolyte to fully penetrate the glass fiber mem-
brane (all the above processes were conducted in a glovebox filled
with argon gas).

2.3. Preparation of glass fiber reinforced double salt composite solid
electrolyte

Similarly, the dual salt gel electrolyte was prepared by stirring a
mixture of LiTFSI, LiDFOB, and DMS at 60 °C for 24 h (with a molar
ratio of DMS:LIiTFSI:LiDFOB as 4:0.8:0.2). Subsequently, the pre-
pared gel electrolyte was spin-coated onto the surface of a glass
fiber membrane at 60 °C, followed by a 6-h annealing period at this
temperature, allowing the gel electrolyte to fully penetrate the
glass fiber membrane (all the above processes were conducted in
a glovebox filled with argon gas).

2.4. Preparation of PVDF frame enhanced double salt composite solid
electrolyte

Firstly, 1 g PVDF was added to 14.28 g 1,4-dioxane, and the mix-
ture was stirred at 60 °C for 24 h to allow PVDF to fully dissolve in
the 1,4-dioxane. After that, the precursor solution was poured into
a glass template. Initially, the solution was pre-frozen by liquid
nitrogen (the distance between liquid nitrogen and membrane
was about 1.5 cm), and then it was wholly transferred into a vac-
uum freeze dryer at —86 °C for 24 h. The as-prepared PVDF porous
3D frameworks were also reheated to remove residual solvent and
stored in the glove box. Subsequently, the dual salt gel electrolyte
was spin-coated onto the PVDF porous 3D framework at 60 °C, fol-
lowed by a 6 h annealing period at this temperature to allow the
gel electrolyte to fully penetrate the PVDF porous 3D framework,
thereby obtaining the PVDF composite electrolyte (this process
was also conducted in a glovebox filled with argon gas) [23].

3. Results and discussion
3.1. Hierarchically modulated coordination structure

The DMS SE is fabricated by the incorporation of LIiTFSI as the
main salt and DMS solid solvent. To maintain the highest ionic con-
ductivity at solid state, nyi:npys = 1:4 is chosen for the study
(Fig. S1 online). The resultant electrolyte with pristine Li coordina-
tion is denoted as PLC. The high ionic conductivity observed in the
PLC electrolyte (ny:npms = 1:4) originates from the intrinsic fea-
tures of deep eutectic systems. At this composition, the compo-
nents form a eutectic structure that suppresses crystallization
and leads to a structurally homogeneous yet mechanically stable
quasi-solid-state matrix. The well-organized salt-solvent interac-
tions and moderate hydrogen bonding maintain dynamic ionic
domains that facilitate Li* transport. Given the interfacial instabil-
ity between the electrolyte and electrode, LiDFOB as a film-forming
additive is introduced, resulting in an electrolyte with anion mod-
ulated Li coordination structure (denoted as AMLC). In addition,
PVDF, which preferentially interacts with a specific solvent in elec-
trolyte, is selected as polymer backbone for additional solvation
structure modulation [23]. The as-prepared QSE with hierarchi-
cally modulated Li* coordination is denoted as HMLC.

Differential scanning calorimetry (DSC) was performed to
examine the thermal transitions of the DMS-based electrolytes.
Pristine DMS exhibits a distinct melting peak at 116.28 °C, confirm-
ing its crystalline nature. In contrast, HMLC shows a lower glass
transition temperature (Tg) than AMLC, which is attributed to
specific interactions between the PVDF matrix and DMS molecules
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Scheme 1. Schematic diagram of Li* solvation structure regulation mechanism.

(Fig. S2 online). To assess the thermal stability of the quasi-solid-
state electrolyte, thermogravimetric analysis (TGA) was performed
on DMS, PLC, AMLC, and HMLC. The results indicate that HMLC
exhibits the highest thermal stability among the tested elec-
trolytes, as evidenced by its higher decomposition onset tempera-
ture and greater residual mass at elevated temperatures (Fig. S3
online).

Next, the fourier transform infrared (FTIR), the raman spec-
troscopy and the nuclear magnetic resonance (NMR) were
employed to investigate the solvating coordination in the elec-
trolytes. The FTIR spectra (Fig. 1a) exhibit an absorption peak
within 750-730 cm™!, which corresponds to the -SNS- stretching
vibration of TFSI™ anions [24]. In PLC, a higher proportion of solvent
separated ion pairs (SSIPs) is observed, while the corresponding
peak in the AMLC exhibits a blueshift to higher wavenumbers, indi-
cating an increase in CIPs and AGGs. This blueshift is even more
pronounced in the HMLC, suggesting a further increase in the pro-
portion of CIPs and AGGs. For the free DMS solvent, the C-S-C sym-
metric stretching vibration is located at 760.9 cm™' [25,26].
However, after the addition of LiTFSI, the corresponding peak in
the PLC sample shifts to 764.8 cm™!, indicating a stronger coordi-
nation between DMS and Li*. Compared to PLC, the DMS absorp-
tion peaks in the AMLC and HMLC samples show a continuous
redshift toward lower wavenumbers, indicating weakened coordi-
nation between DMS and Li*. This results in more free solvent
molecules, which indirectly suggests that Li* exhibits stronger
Coulombic interactions with anions due to reduced solvent partic-
ipation in coordination. Similar conclusions can be drawn from the
Raman spectra of both DMS (Fig. 1b) and LiDFOB (Fig. S4 online),
confirming the evolutions in the solvation environment of the elec-
trolyte. Similar changes can be found in Li*-DFOB™ ion pairing. The
hierarchically modulated solvation structure is further explored by
NMR. PLC exhibits the highest value of “Li chemical shift, followed
by AMLC, while HMLC has the lowest value (Fig. 1c) [27]. The con-
tinuous upfield shift results from a stronger shielding effect that
implies enhanced Li*-anion coordination. To reveal the intrinsic
Li* coordination environments in the QSEs, density functional the-
ory (DFT) and molecular dynamics (MD) theoretical calculations
are employed [28]. The radial distribution function (RDF) analysis
of PLC (Fig. 1d) shows that the initial RDF peaks of Li*-O (TFSI")
and Li*-O (DMS) locate around 2.06 and 2.05 A respectively. In
the case of AMLC, the first solvation sheath exhibits a reduced sol-
vent content and newly involved DFOB™ anion, as indicated by the
Li*-O (DFOB-) peak at 2.01 A (Fig. 1e). In HMLC, the modulation
effect of PVDF on the solvation sheath is confirmed by the further

increase in anions and a reduced solvent proportion (Fig. 1f). The
above findings demonstrate that LiDFOB and PVDF collaboratively
participate in the regulation of solvation.

To probe the interaction between DMS and PVDF, electrostatic
potentials (ESPs) were calculated (Fig. S5 online). The electron poor
—CHj3 in DMS attracts the electron-rich —F group in PVDF through a
dipole-dipole interaction, while the electron-rich =O group in DMS
interacts with the electron-poor —H group in PVDF, resulting in the
strong affinity between DMS and PVDF. In addition, the FTIR spec-
tra (Fig. 1g) show that the absorption peak at 932 cm™' assigned to
free solvents is replaced by the coordinated DMS in PLC and AMLC.
However, free and coordinated solvents coexist in HMLC due to the
presence of PVDF, which causes DMS to move away from the sol-
vation sheath owing to the affinity between DMS and PVDF. This
mechanism is further verified by the intensified -CH3 peak belong-
ing to DMS in HMLC (Fig. 1h). Such favorable coordination is con-
firmed by the notably higher binding energy between PVDF and
DMS compared to the commonly used glass fiber separator due
to their low porosity and limited wettability with the electrolyte
(Fig. S6 online). The aforementioned analysis demonstrates that
the solvation structure of HMLC is synergistically regulated by both
DFOB™ anion and PVDF. Consequently, a solvation sheath contain-
ing more anions is achieved, effectively leading to a lower Li* de-
solvation energy (Fig. 2i). This reduction in de-solvation energy
facilitates faster ion migration, thereby improving the rate perfor-
mance [29-32].

3.2. Decoupling of solvation structure and ion transport in HMLC

According to previous studies, an anion-rich solvation sheath
tends to limit ion transport due to stronger ion-pairing
[19,33,34]. This trade-off is clearly reflected in the Arrhenius plots
(Fig. 2a), where the anion-rich solvation structure in AMLC restricts
its ionic conductivity compared with PLC, especially in the Arrhe-
nius region. Moreover, in both PLC and AMLC, ion transport shows
a combination of Arrhenius behavior at low temperatures (25-
50 °C) and VTF behavior at high temperatures (50-90 °C) [35,36].
HMLC exclusively follows VTF behavior, where Li* prefers
vehicular-solvent coordinated motion. In this case, the ionic trans-
port no longer depends on the sluggish DMS movement under
lower temperatures, hence the improved ionic conductivity. This
decoupling of solvation structure and ion transport is further sup-
ported by the significantly higher Li* transference number (t;;.) in
HMLC (0.75) compared to PLC and AMLC (Fig. 2b). Therefore,
although HMLC features increased anion coordination, its hierar-
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respectively; (i) Calculated de-solvation energy in different electrolytes.

chical solvation structure facilitates efficient Li* transport through
VTF-type pathways. This mitigates the common trade-off between
ion aggregation and ionic mobility.

Next, we analyzed the diffusion coefficients of Li* (Df;) through
mean square displacement (MSD) calculations, where D is propor-
tional to the slope of the time-dependent curves (Fig. 2c). The cal-
culated Dy;. in the bulk electrolytes and at the PVDF/electrolyte
interface (HMLC-interface) shows that, although HMLC-bulk exhi-
bits a slightly lower Dy than AMLC and PLC, the highest Dy, is
observed at the HMLC interface, consistent with the improved
ionic conductivity. The strong dipole-dipole interaction between
DMS and PVDF induces solvent enrichment at the AMLC/PVDF
interface, enabling rapid ion transfer through this solvent layer.
Next, COMSOL numerical analysis of the current distribution in dif-
ferent SEs was carried out to visualize the Li* diffusion process. As
shown in Fig. 2d-f, the change in color from blue to red represents
the increase in electric potential. It is evident that HMLC exhibits
the most uniform potential distribution due to rapid ion conduc-
tion, while the least uniformity is observed in AMLC. The ion trans-
port under such confined regions means that the Li* conduction is
no longer solely limited by the physico-chemical properties of DMS
itself, allowing for the display of the VTF transport mode over a
wider temperature range. Therefore, by decoupling ion transport
and solvation structure in HMLC, the increased ion pairs in the sol-

vation sheath contribute to the SEI/CEI formation, while Li* can
freely transport along the DMS/PVDF interface.

3.3. In-situ characterization of interfacial evolution

In-situ FTIR was used to investigate the electrolyte decomposi-
tion behaviors during CEI/SEI formation in various electrolytes
[37]. For the LCO cathode, as the voltage increased from open cir-
cuit voltage (OCV) to 4.6 V, severe solvent decomposition could
be observed in PLC, evidenced by the pronounced reverse peaks
of DMS (~741 cm™') and Li*-DMS (~766 cm™!), signifying exten-
sive solvent breakdown. In contrast, AMLC and HMLC electrolytes
exhibited much less solvent decomposition, with HMLC showing
the most effective suppression of solvent degradation (Fig. 3a—c).
It can be speculated that the anion-rich Li* coordination environ-
ments lead to the formation of anion-derived CEI, which stabilizes
the interface and prevents uncontrolled electrolyte decomposition.
This hypothesis is supported by the in-situ Raman spectra (Fig. S7
online), where the two characteristic peaks at 485 and 595 cm™!
can be assigned to the O-Co-O bending (E,;) and Co-O stretching
(A1g) of LCO, respectively. During charging, all cells showed similar
trends. The peak intensity of E; and A, tends to reduce, corre-
sponding to the bond weakening due to de-lithiation. Upon charg-
ing, LCO with PLC exhibited dramatic attenuation in the E; and Asg
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peaks, resulting from the severe reaction on the LCO/PLC interface.
As for AMLC, the two peaks have reemerged, but the recovery is
insufficient. In comparison, HMLC exhibits the best reversibility
during cycling due to the superior interfacial stability, which
greatly prevents the irreversible breaking of Co-O and 0-Co-O
bonds on the surface, which could further prohibit the structural
collapse of LCO [38].

Another issue that DMS faces in commercial applications is its
extreme incompatibility with Gr anodes, as demonstrated in the
cycling performance of Li||Gr half-cell with PLC (Fig.S8 online),
which shows almost no capacity. During the discharge of the Gr
anode from OCV to 0.01 V, extensive solvent decomposition took
place in PLC, as evidenced by the significantly intensified DMS
and Li*-DMS reverse peaks. In contrast, reduced solvent peaks were
observed in both AMLC and HMLC, with HMLC demonstrating a
stronger inhibitory effect on DMS consumption (Fig. 3d-f). In-situ
EIS further revealed that during the discharge process from OCV
to 0.01 V, SEI formation begins at around 1.5 V for both AMLC
and HMLC (Fig. S9 online), indicating earlier interphase formation;
whereas for PLC, the SEI formation does not occur until 1.2 V. This
earlier formation of the SEI layer in HMLC contributes to its better
interfacial stability, as reflected in the significantly lower impe-
dance of HMLC compared to AMLC and PLC. The early and stable
SEI formation in HMLC helps to form a robust passivation layer that
effectively prevents further electrolyte degradation, resulting in a
superior electrochemical performance.

3.4. Improved electrical chemical performance

To evaluate the electrochemical performance of the as-prepared
electrolytes, LCO||Li cells with different SEs are assembled and
tested with a charge cut-off voltage at 4.6 V. Long-term cycling
results (Fig. 4a) show that with an initial discharge capacity of
193 mAh g ! and a high-capacity retention of 93.1% after 200

cycles at 0.2 C, HMLC delivers a superior cycling performance over
PLC (failed after 100 cycles) and AMLC (capacity retention of 45.5%
at 200 cycles), the high-voltage cycling performance of HMLC sur-
passes most previous reports (Fig. S10 and Table S1 online). Ex-situ
Raman spectra revealed that after cycling, electrodes using AMLC
and PLC electrolytes showed an increase in spinel Co304 compo-
nents, while the formation of such electrochemically inactive
phase was effectively suppressed in HMLC (Fig. S11 online), hence
the enhanced cycling stability [39]. Furthermore, transmission
electron microscopy (TEM) images (Fig. S12 online) confirmed
the formation of spinel phase at the near-surface region of the
LCO cycled in PLC and AMLC, while layered structure remains
intact for HMLC.

The corresponding charge-discharge profiles of HMLC (Fig. 4b)
exhibit lower overpotential than PLC (Fig. S13a online) and AMLC
(Fig. S13b online). This tendency is also found in the cyclic voltam-
metry (CV) curves (Fig. S14 online), indicating the favorable kinetic
process facilitated by HMLC. The improved cycling stability by
HMLC is also demonstrated at a higher rate of 0.5 C (Fig. S15
online). Benefiting from the improved Li-conduction and modu-
lated solvation structure, HMLC displays superior rate capability
over other electrolytes (Fig. 4d). Linear sweep voltammetry (LSV)
measurements (Fig. S16 online) further confirm that HMLC exhi-
bits the widest electrochemical stability window among the three
electrolytes. To verify the universality of this electrolyte design
strategy, LLMO is paired with different DMS-based electrolytes
and tested under 0.5 C. As a result, HMLC delivered a higher capac-
ity retention of 86.6% over 200 cycles, outperforming AMLC and
PLC (Fig. S17 online). The enhanced interfacial stability at high-
voltage and rate performance demonstrated by HMLC can be
attributed to its optimized solvation structure.

As an important parameter to evaluate the stability towards Li
dendrite growth, the maximum current density is tested for differ-
ent electrolytes by performing galvanostatic cycling for Li||Li sym-
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Fig. 3. In-situ FTIR difference spectra on LCO cathode surface during galvanostatic charging to 4.6 V with PLC (a), AMLC (b), and HMLC (c) electrolytes; In-situ FTIR difference
spectra on Gr anode surface during galvanostatic discharging to 0.01 V with PLC (d), AMLC (e), and HMLC (f) electrolytes.

metric cells with an increasing current density (Fig. S18 online). It
is shown that the stable cycling with low polarization for HMLC is
achieved with a current density as high as 0.8 mA cm™2, outper-
forming PLC (short-circuited at 0.4 mA cm™2) and AMLC (short-
circuited at 0.6 mA cm~2). The voltage profiles (Fig. S19 online)
during long-term Li plating/stripping process are recorded at
25 °C with a current density of 0.2 mA cm™2. The poor cycling per-
formance of Li||Li cell with PLC implies the intrinsic instability
between DMS and Li metal. As for AMLC, the assembled cell shows
stable cycling up to 1100 h, followed by a gradual increase in polar-
ization and a short circuit after 2200 h. In contrast, HMLC is able to
maintain stable cycling for more than 3500 h, and is accompanied
by a much smaller polarization voltage.

Benefiting from the regulated Li solvation sheath, Gr anode is
compatible with both AMLC and HMLC (Fig. 4c and Fig. S20
online): HMLC displays exceptional cyclic stability under 0.5 C,
retaining 94.9% of its capacity after 150 cycles, while AMLC
encounters capacity decay after 100 cycles. Temperature-
dependent EIS was further employed to evaluate the kinetics of dif-
ferent interfacial processes. The activation energy of Li de-

solvation (E.;) in HMLC (44.1 k] mol™) is calculated to be signifi-
cantly lower than that of PLC (73.2 k] mol™!) and AMLC
(64.1 k] mol™'), indicating a facile de-solvation process (Fig. S21
online). Therefore, it can be inferred that HMLC, due to its anion-
enriched lithium-ion solvation sheath, avoids solvent co-
intercalation that can lead to Gr structural damage, thus achieving
excellent interfacial stability with Gr.

To further demonstrate the potential of HMLC for practical
application, LCO||Gr full cells were assembled and tested. In coin
cells, HMLC enabled a satisfactory cyclic performance during 200
cycles, with a high-capacity retention of 91.5% under 1 C
(Fig. 4e). Based on EIS results, the cell using HMLC exhibited much
lower impedance values than those with other electrolytes after
cycling (Fig. S22 online), suggesting that the failure in bulk LCO
and Gr originates from the surface. Furthermore, solid-state pouch
cells are assembled and tested (Fig. S23 online). The flexible pouch
cells were able to reliably power a light-emitting diode without
short-circuiting during bending, cutting and igniting tests, and also
successfully passed the nail penetration test, demonstrating supe-
rior safety of HMLC (Fig. 4f and Fig. S24 online). Finally, an 11 V
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Fig. 4. (a) Galvanostatic cycling performance and Coulombic efficiency of Li||LCO cells with various electrolytes at a current density of 0.1 C for the first 5 cycles and 0.2 C for
subsequent cycles at 25 °C. (b) Charge-discharge profiles of LCO cathodes with HMLC in the voltage range of 3.0-4.6 V. (c) Galvanostatic cycling performance and Coulombic
efficiency of Li||Gr cells with various electrolytes at a current density of 0.1 C for the first 5 cycles and 0.5 C for subsequent cycles at 25 °C. (d) Charge-discharge profiles of Gr
anodes with HMLC in the voltage range of 0.01-1 V. (e) Galvanostatic cycling performance and Coulombic efficiency of LCO||Gr pouch cells at a rate of 0.2 C using HMLC. (f)

Pouch cell usability test.

pouch cell with a direct internal connection was successfully
assembled, showcasing the potential for achieving high-energy-
density batteries.

3.5. Characterizations of SEI and CEI

From the above, it can be concluded that the differences in elec-
trochemical performance arise from variations in interfacial stabil-
ity, which is determined by the SEI or CEIl. Therefore, we
conducted a series of characterizations on the SEI and CEL First, X-
ray photoelectron spectroscopy (XPS) was used to characterize the
compositional information of interphases on both electrodes of
LCO||Gr full cells after cycled. Compared with PLC, the modified sol-
vation structures in AMLC and HMLC led to the formation of a CEI
film containing LiF, B-O, and B-F bonds, which can be attributed to
the decomposition of anions in AGGs (Fig. 5a and b). Due to the pres-
ence of B-O and B-F groups with strong electron-withdrawing
effects, the CEI's antioxidant performance can be significantly
enhanced [15]. At the same time, the substantial amount of LiF pro-
vides the CEI with good electronic insulation and mechanical
strength [40]. For the Gr anodes cycled in different electrolytes
(Fig. 5c and d), the F 1s and B 1s spectra demonstrated even more
significant differences in the SEI composition. Compared to the
CEl, the SEI formed with HMLC contains higher relative amounts
of LiF and B-F containing compounds [41]. These components, which
possess high mechanical strength and excellent electronic insulation
properties, are more effective in passivating and protecting the Gr
anode. Therefore, the superior compatibility between HMLC and

Gr is attributed to the accelerated desolvation process and the con-
struction of a robust SEI film, both of which stem from the hierarchi-
cally modified solvation structure.

To explore the interfacial stability of HMLC toward the elec-
trodes, time-of-flight secondary ion mass spectroscopy (TOF-SIMS)
was conducted to visualize the spatial distribution of various com-
positions in the as-formed CEI and SEI (Fig. 5e and f) of LCO||Gr full
cell [42]. Both CEI and SEI formed in HMLC exhibit similar layered
structures, which significantly enhances interfacial stability and
electrochemical performance (Fig. 5g). The outer layer is enriched
with BF; derived from the LiDFOB additive. Due to the high thermal
stability and density of compounds containing B-F bonds. They can
form a stable and dense protective shell that inhibits direct contact
between the electrolyte and the surface of the active material. Addi-
tionally, as mentioned earlier, their excellent antioxidant capability
ensures the stability of the CEI under high voltage. Moreover, the
inner layers of both CEI and SEI predominantly consist of LiF, which
not only provides stable structural support for the interphases but
also blocks electron transport due to its wide band gap. Therefore,
the hierarchical modulation of the solvation structure in HMLC facil-
itates the formation of robust CEI and SEI with layered structures,
ensuring superior stability during high-voltage cycling.

4. Conclusion
In this study, we proposed a novel hierarchical solvation

structure modulation strategy to decouple the conduction of Li*
from the solvation structure in a DMS-based QSE. On the one
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secondary ion fragments during the TOF-SIMS measurement for LCO cathodes and Gr anodes (g).

hand, the introduction of LiDFOB as an additive led to an anion-
rich solvation sheath, facilitating the formation of stable inter-
phases at both the cathode and anode. On the other hand, the
incorporation of PVDF frameworks regulated the solvation struc-
ture and created fast Li* transport channels, which liberated the
movement of Li* from the constraints of their solvation clusters.
As a result, the DMS-based QSEs exhibited improved electro-
chemical performance, with superior rate capability and long
cycling stability, particularly when paired with the high-voltage
LCO cathode and the Gr anode. By offering a balanced solution
between conductivity and interfacial stability, this study pre-
sents a promising and practical approach to address the chal-
lenges associated with DESs. We acknowledge, however, that
the current study primarily relies on indirect transport analysis
to support the proposed decoupling mechanism. While these
findings suggest the formation of alternative conduction path-
ways, more direct evidence—such as spatially resolved conduc-
tivity measurements or spectroscopic analysis-is needed to
fully validate the interfacial transport process. Future research
efforts should prioritize advanced techniques such as neutron
reflectometry or NMR-based ion mobility mapping to further elu-
cidate the underlying mechanisms.
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