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Quasi-solid polymer electrolytes (QSPEs) are promising electrolytes for next-generation high-energy-
density lithium metal batteries, benefiting from their flexibility and intimate interfacial contact with
electrodes. However, conventional QSPEs encounter challenges such as limited Li* mobility and poor
mechanical properties. Herein, we design a multiple-crosslinked ionogel electrolyte, featuring a high Li*
transference number of 0.74, superior stability against oxidation up to 4.8 V, and high mechanical
strength (0.8 MPa) simultaneously. The ionogel electrolyte constructs rapid Li* conductive pathways and
promotes the formation of lithium fluoride (LiF), lithium nitride (LizN), and lithium sulfide (Li,S)-enriched

passivation layers during Li deposition, greatly enhancing the reversibility of lithium metal deposition.
Received 17th September 2025 Sy . L . - .
Accepted 23rd October 2025 Consequently, the Li||Li cell demonstrates superior lithium plating/stripping stability for 5000 h, and the
Li||LiFePO4 cell shows stable cycling performance with 80% capacity retention after 1000 cycles at a rate

DOI: 10.1035/d5ta07159¢ of 0.5C. Remarkably, the high-voltage Li|[NCM532 cell maintains about 76% of its capacity over 200

rsc.li/materials-a cycles at 4.2 V.

Introduction

Lithium-based rechargeable batteries are emerging as prom-
ising energy storage devices, offering advantages over tradi-
tional systems owing to their lightweight, minimal
maintenance, superior energy density, and high electro-
chemical potential.»* As the “holy grail” of anodes, lithium
metal electrodes receive much attention on account of their
exceptional theoretical specific capacity (3860 mAh g™') and
relatively low redox potential (—3.040 V).>* Nevertheless, the
utilization of liquid electrolytes (LEs) in lithium metal batteries
(LMBs) increases the risk of safety incidents, such as fires and
explosions, limiting the battery's long-term cycling perfor-
mance.>® Furthermore, LEs can barely withstand elevated
operating voltage and undergo reactions with Li anodes,
resulting in fragile solid electrolyte interphase (SEI) layers and
uncontrolled deleterious lithium dendrites.”®

By eliminating flammable organic solvents, polymer solid
electrolytes (PSEs) offer a reliable solution to address critical
concerns, including the suppression of transition metal cation
dissolution and parasitic reactions on the surface of the
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electrodes.”** However, due to the high crystallization, their
commercial viability is hindered by limited ionic conductivity
(107°-1077 S em ™) at ambient temperature.”**® To overcome
this challenge, many strategies have been developed to reduce
the polymer crystallization or enrich the ionic transfer path-
ways, such as designing polymer structures, incorporating LEs,
using cross-linking, and introducing fillers."*"” Among these,
gel polymer electrolytes (GPEs), composed of polymer frame-
works and supporting electrolytes, have emerged as a viable
alternative, exhibiting high ionic conductivity.’*'* Commonly,
organogel electrolytes integrate polymer frameworks with
organic molecules to form microporous channels for ions to
migrate freely between the electrodes. For instance, in situ
polymerization of the methyl methacrylate monomer in a liquid
dimethoxyethane (DME)-based GPE has been utilized to regu-
late lithium-ion (Li") transport. The resulting quasi-solid GPE
traps PF¢ anions and free DME molecules via hydrogen bonds,
leading to improved ionic conductivity (7.49 x 10 S em™') and
an enhanced Li' transference number (¢.;-) of 0.48.2° Similarly,
GPEs incorporating ether-based liquids into stable cross-linked
amide frameworks exhibit high ionic conductivity (1.76 x
107* S em™") and an increased Li* transference number (t;:) of
0.78.* However, conventional GPEs typically rely on organic
solvents, and these solvents are often flammable, posing safety
hazards, and can trigger interfacial instability and side reac-
tions with lithium metal, leading to dendrite growth, electrolyte
decomposition, and capacity fading.
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In this regard, ionogel electrolytes (IGEs) incorporating ionic
liquids (ILs) offer several advantages, including excellent
electrochemical stability, non-flammability, high polarity to
dissociated lithium salts, and fewer side reactions,**** which
can offset their higher material costs. IGEs have been engi-
neered with tailored polymer networks that integrate comple-
mentary properties, such as combining mechanical flexibility
with structural rigidity and preserving continuous pathways for
efficient Li" transport.?*2° However, precisely regulating the ion
environment to achieve high Li" conductivity, robust mechan-
ical strength, and superior oxidative stability remains a key
challenge for the development of safe and high-energy-density
batteries.

Herein, a multiple-crosslinked ionogel was prepared via the
copolymerization of 1-vinyl-3-ethoxy-methyl-imidazolium bis-
(trifluoromethylsulfonyl)imide (VOMImMTFSI), pentaerythritol
tetraacrylate (PET4A), and polyethylene glycol diacrylate
(PEGDA), along with lithium bis(fluorosulfonyl)imide (LiFSI)
and N-butyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide
(Pyry3FSI) as supporting electrolytes. The copolymerization
engages the covalent cross-linking chain with a four-arm PET4A
and intermolecular hydrogen bonding between imidazolium
cations and ether units, constructing robust polymer frame-
works to provide superior mechanical stability. The metal ion-
anion-polycation coordination structure constructs rapid Li"
transport channels and supports the establishment of a robust
inorganic-enriched SEI. The ionogel electrolytes display stable,
low overpotential, and long-term reversible Li plating/stripping
for 5000 h in Li||Li symmetrical cells. The Li||LiFePO, (LFP) cell
can be stably cycled for 1000 cycles with a capacity retention of
about 80%. Additionally, the 4.2 V Li||LiNiy5C0¢,Mng 30,
(NCM532) cells deliver a superior capacity retention of about
76% after 200 cycles. The polymerization and film-casting
processes are compatible with conventional battery
manufacturing, using commercially available materials under
mild conditions without expensive catalysts. These features
indicate that the ionogel electrolyte is cost-effective and scal-
able, supporting its industrial relevance for high-performance
quasi-solid-state lithium metal batteries.

Results and discussion
Ionogel electrolyte synthesis and electrochemical properties

Fig. 1a illustrates a diagram outlining the fabrication process of
ionogel electrolytes. VOMIMTFSI was copolymerized with the
supramolecular cross-linker PET4A and PEGDA, incorporating
20 wt% Pyr3FSI (*H nuclear magnetic resonance spectroscopy
(NMR) is illustrated in Fig. S1), as supporting electrolytes, to
obtain a mechanically strong ionogel electrolyte. Fourier
transform infrared spectroscopy (FT-IR) (Fig. S2a) was applied
to analyze the chemical structure of every single composition in
the electrolyte system. The magnified FT-IR spectra in Fig. S2b
show that the vinyl-related C=C peak from VOMImTFSI,
PET4A, and PEGDA at 1655 cm ™' disappears,” confirming the
occurrence of chemical cross-linking through the polymeriza-
tion of the vinyl groups. Moreover, as shown in Fig. S3, the
addition of PEGDA causes a downfield chemical shift in "H
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NMR, indicating the formation of a hydrogen bonding inter-
action between the oxygen atoms in the alkoxy chains and the
imidazolium C-H groups.*®*® Together with the ion-ion coor-
dination between polycations, anions, and Li’, these physical
cross-links complement the chemical network, contributing to
the formation of multiple-crosslinked ionogel electrolytes,
simultaneously boosting mechanical robustness and Li"
transport.

The prepared ionogel electrolyte, denoted as IGE-2, was
characterized to evaluate its properties and performance, and
ionogel electrolytes with different Pyr;3FSI contents (0 wt%
denoted as PE and 10 wt% denoted as IGE-1) were prepared for
comparison. The thermal stability of the different electrolytes
was measured via thermogravimetric analysis (TGA). The ther-
mograms of the electrolytes under N, and air atmospheres are
presented in Fig. S4 and S5, respectively. The thermal degra-
dation temperature of IGE-2 exceeds 267 °C in both N, and air
atmospheres, and all other electrolytes reveal excellent thermal
stability with similar decomposition temperatures to IGE-2,
indicating a high pyrolysis temperature of the electrolytes.
These results confirm the thermal stability of the ionogel elec-
trolytes, reinforcing their suitability for battery applications at
elevated temperatures. Additionally, IGE-2 exhibited non-
flammability and did not ignite upon exposure to an open
flame (Fig. S6). The non-flammability is attributed to the
inherent stability of both the polymer backbone and Pyr;3FSI,
underscoring its safety advantages for practical applications.
Furthermore, differential scanning calorimetry (DSC) analysis
was conducted to evaluate the melting temperature (7Ty,) and
glass transition temperature (T,) of the electrolytes under a N,
flow. As depicted in Fig. S7, PE exhibits a distinct 7}, of 222.8 °C,
which is advantageous for maintaining structural stability. The
incorporation of IL maintains this structural stability. Addi-
tionally, the T, of PE is approximately —10.6 °C, while those of
IGE-1 and IGE-2 are —24.2 and —27.3 °C, respectively. Addi-
tionally, as depicted in Fig. S8, the DSC of IGE-2 was tested
under an air atmosphere, which shows a T, of —27.6 °C, similar
to the results obtained under a N, flow. The introduction of
Pyr3FSI further decreases the T, of the electrolytes, which
enhances ionic mobility by promoting the segmental flexibility
of polymer chains.** Furthermore, density functional theory
(DFT) suggests that the reduction in T, is associated with
enhanced metal ion-anion-polycation co-coordination (Fig. S9a
and 9b). The binding energy of the metal ion-anion-polycation
complex is —348.81 k] mol ', which is lower than that of the
anion-polycation interaction (—359.91 kJ mol™'). The increase
in coordination weakens the anion-polycation interactions and
reduces the ionic crosslinking between polymer chains, thereby
facilitating local segmental dynamics and increasing ionic
mobility in IGE-2.>*

Tensile experiments were performed to quantitatively assess
the mechanical properties of the prepared films. As shown in
Fig. 1b, PE exhibits a high tensile modulus of 1.2 MPa,
exceeding that of conventional PEO/LiTFSI-based PSEs by more
than twofold,** but its strain elongation rate is only 35%. With
the incorporation of IL, the mechanical strength of IGE-1
decreases slightly to 0.8 MPa while elongation increases to

This journal is © The Royal Society of Chemistry 2025
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Fig. 1

(a) Schematic of synthesizing an ionogel electrolyte (inset shows the macroscopy image of the ionogel electrolyte). (b) Stress—strain plots

of PE, IGE-1, and IGE-2. (c) Arrhenius curves of the variation in ionic conductivity with different temperatures for PE, IGE-1, and IGE-2. (d) The Li*
transference number of IGE-2. (e) ’Li solid-state NMR spectra of PE, IGE-1, and IGE-2. (f) Raman spectra of PE, IGE-1, and IGE-2.

75%. Further increasing the IL content, IGE-2 maintains the
mechanical strength of IGE-1 while further enhancing the strain
elongation rate to 90%. The presence of the IL monomer
contributes to the improved elongation at break. However,
when the IL content is further increased to 30 wt% (IGE-3), both
mechanical strength and strain begin to decline due to poten-
tial over-softening of the electrolyte (Fig. S10). The synergistic
balance between the chemical cross-linking, driven by the four-
arm structure of PET4A and VOMIMTEFSI, and the physical
cross-linking, arising from hydrogen bonding, endows IGE-2
with mechanical robustness.**** The ionogel achieves

This journal is © The Royal Society of Chemistry 2025

a balanced combination of mechanical resilience and Li"
transport through multi-level interactions. The synergistic
balance between the chemical cross-linking, driven by the four-
arm structure of PET4A and VOMIMTFSI, and the physical
cross-linking, arising from hydrogen bonding and metal ion-
anion-polycation co-coordination, endows IGE-2 with
mechanical robustness.

Fig. 1c shows the ionic conductivity of the prepared elec-
trolyte. PE demonstrates an ionic conductivity of 2.44 x
107* S em ™! at 25 °C. By incorporating the IL into PE, the ionic
conductivity of IGE-1 and IGE-2 increases significantly to 5.82 x
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107" and 9.58 x 10°* S em ' at 25 °C, respectively. The
improved ionic conductivity of IGE-2 is due to the low T, and
poly VOMIm‘-anion-Li" co-coordination. The activation energy
(E,) values, determined by fitting the ionic conductivity data
with the VTF equation, are 0.59 eV for PE, 0.43 eV for IGE-1, and
0.41 eV for IGE-2, indicating a reduced energy barrier for Li"
transport with IL incorporation. Furthermore, the ¢ is deter-
mined using the Bruce-Vincent method.*® As illustrated in
Fig. 1d, the initial current is 112.8 pA, stabilizing at 83.3 pA after
polarization, with the interfacial impedance increasing from
64.6 to 181.7 Q. The t;;+ for IGE-2 was calculated to be 0.74,
significantly higher than those of IGE-1 (0.65, Fig. S11a) and PE
(0.24, Fig. S11b), with detailed data provided in Table S1.
Moreover, the metal ion-anion-polycation coordination lowers
the T,, enhancing polymer chain segment mobility and
providing continuous pathways for rapid Li* transport.

The improved ionic conductivity and ¢ ;+ can be ascribed to
the improved Li" mobility and Li" transport sites in IGE-2, as
confirmed by “Li solid-state NMR and Raman spectroscopy. As
shown in Fig. 1e, the "Li peak shifts upfield with increasing IL
content, indicating a strengthened shielding effect on Li", cor-
responding to the enhanced coordination of FSI"/TFSI™ with
Li".*%*” The enhanced coordination lowers the lowest unoccu-
pied molecular orbital (LUMO) of FSI /TFSI , thereby facili-
tating their decomposition and forming a LiF and LiNO;™
enriched SEI on the lithium metal electrode surface.*® To
further investigate the solvation environment among the poly-
mer, IL, and Li salt, as well as its impact on ionic conductivity
and t;;+, Raman spectroscopy was conducted. As shown in Fig.
S12, the peaks at (742-744 cm™ ") can be ascribed to LiTFSI and
LiFSL,**" and Fig. 1f presents the solvation structures of PE,
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IGE-1, and IGE-2. The peaks observed at 737, 743 and 748 cm ™
are associated with free ion pairs, contact ion pairs (CIP) and
aggregated ion pairs (AGG),” respectively. As the IL content
increases, the overall intensity of the free FSI /TFSI™ peak
decreases from 34.1% (PE) to 18.7% (IGE-1) and further to
14.5% (IGE-2). This reduction reflects a substantial increase in
CIP- and AGG-coordinated FSI"/TFSI™, promoting the forma-
tion of additional Li" transport sites in IGE-2 that enhance both
ionic conductivity and #;~.**

These findings are consistent with results from molecular
dynamics (MD) simulations. Fig. 2a and b depict the IGE-2 and
PE models, respectively. Mean-square displacement (MSD)
analysis reveals that Li* exhibits higher mobility in IGE-2
compared to PE (Fig. 2¢). Furthermore, as depicted in Fig. 2d,
the diffusion coefficient of Li* in IGE-2 reaches 2.270 x 103,
which is significantly higher than that in PE (1.502 x 10~%),
indicating enhanced Li" diffusion dynamics in IGE-2. To further
investigate the ion coordination environments, the radial
distribution function (RDF, g(r)) was analyzed. Fig. 2e shows the
RDFs calculated between Li* and FSI™. The RDF peaks at 0.20,
0.36 and 0.44 nm are related to the different Li"-FSI"~ coordi-
nation geometries. The more prominent RDF peaks of Li'-FSI~
in IGE-2 suggest that the introduction of Pyr,;FSI facilitates the
incorporation of more FSI™ anions into the Li" solvation shell,
leading to a molten Li-FSI salt-dominated chemical environ-
ment observed in the superconcentrated IL electrolytes, which
can promote the Li* diffusion.*** Furthermore, the RDF anal-
ysis in Fig. 2f reveals the coordination behavior between Li* and
TFSI~ on the polyIL. The decreased RDF peaks of Li’*~TFSI™ in
IGE-2 compared to PE indicate a weakened binding strength
between Li* and polyIL. These results suggest that the
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Fig.2 MD snapshots showing the structures of (a) IGE-2 and (b) PE. (c) MSD profiles of Li* in IGE-2 and PE were obtained from MD simulations.
(d) Diffusion coefficients of IGE-2 and PE. Calculated RDFs of (e) LiFSI and (f) LiTFSI with IGE-2 and PE.
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formation of molten salt-like regions in IGE-2, combined with
the reduced Li'-polyIL interaction, effectively facilitates Li*
diffusion within the ionogel matrix.

Lithium metal compatibility of the ionogel electrolyte

Fig. 3a shows the electrolyte stability with Li metal, and the
Tafel plots reveal a higher exchange current density of 0.082 mA
cm ™2 for IGE-2 in contrast to 0.006 mA cm ™2 for PE, demon-
strating enhanced Li" transport kinetics and accelerated Li"
migration with Li metal and IGE-2.*° To further evaluate the
compatibility between PE/IGE-2 and the Li metal, the cycling
stability of symmetric Li||Li batteries was assessed at 60 °C.
Critical current density (CCD) measurements (Fig. 3b and S13)
were performed to determine the optimal current density of
Li||Li plating/stripping. Employing a stepwise current incre-
ment of 0.025 mA cm > per cycle, the potential response
adheres closely to Ohm's law, confirming stable operation
within a current density below 0.80 mA ecm™? of IGE-2 and
a lower range of 0.20 mA cm™ > for PE.**® Further galvanostatic
cycling tests (Fig. 3c) were performed at various currents of 0.05
to 0.15 mA cm > (areal capacities of 0.1 to 0.3 mAh cm™?). The
Li|PE|Li cell displays pronounced voltage fluctuations, indica-
tive of unstable interfacial behavior. In comparison, the Li|IGE-
2|Li cell maintains stable overpotentials of approximately 43
and 70 mV for capacities of 0.2 and 0.3 mAh cm™?, respectively.
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When the capacity is reduced back to 0.1 mAh cm ™2, the over-
potential recovers to 26 mV and remains stable for 1000 h,
which is nearly twice the operational duration of the Li|PE|Li
cell under the same conditions.

The long cycling stability of symmetric Li||Li batteries was
investigated with IGE-2. The cell exhibits high stability, main-
taining consistent performance for 5000 h at a current density
of 0.05 mA cm 2 (area capacity: 0.1 mAh cm™?, Fig. 3d). The
voltage plateau remains flat and stable throughout long-term
cycling without significant fluctuation. In contrast, the
symmetric Li||Li batteries with PE exhibit a shorter plating/
stripping process around 1200 h (Fig. S14). Furthermore, the
surface and cross-sectional deposition structure of the lithium
metal was investigated by Scanning Electron Microscopy (SEM).
The cycled Li|PE|Li cell presents a loose and non-uniform
structure with an uneven surface (Fig. 3e). In contrast, the
cycled cell using IGE-2 displays a dendrite-free, compactly
aggregated lithium-plating structure with a smooth and flat
surface (Fig. 3f). These results indicate that IGE-2 promotes
consistent Li" deposition, which leads to a dense Li metal layer
that effectively mitigates the undesired reaction between Li
metal and the electrolyte. These findings were further corrob-
orated by the electrochemical impedance (EIS) measurements.
Fig. 3g shows the Nyquist plots with a single complete semi-
circle. The diameter of the semicircle reflects the interfacial
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Fig. 3 (a) Tafel plots and (b) CCD tests of Li||Li cells with PE and IGE-2. (c) Cycling of the Li||Li cell from 0.05 to 0.15 mA cm—2. (d) Long-term Li
plating/stripping process of the Li|IGE-2|Li cell at 0.05 mA cm™2. SEM images from the top view and cross-section of the lithium electrode cycled
with (e) PE and (f) IGE-2. (g) Nyquist plots of Li||Li cells after 200 h of cycling at 0.1 mA cm™2. (h) Long-term Li plating/stripping process of the

Li|IGE-2|Li cell at 0.1 mA cm~2.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. A, 2025, 13, 41019-41029 | 41023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta07159c

Open Access Article. Published on 24 October 2025. Downloaded on 3/3/2026 11:08:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

resistance between the electrolyte and the Li electrode.*® IGE-2
shows a significantly lower interfacial resistance of 225.7 Q
after 200 h than that of PE (823.4 Q). The lower interfacial
resistance indicates better interfacial compatibility between the
Li electrode and IGE-2. Furthermore, the LiJIGE-2|Li cell
remains stable for more than 1800 h under 0.1 mA cm™ > (0.2
mAh cm 2, Fig. 3h). The remarkable cycling and rate perfor-
mance of IGE-2 demonstrates superior interfacial compatibility
with lithium metal and effective inhibition of the growth of
lithium dendrites.

X-ray photoelectron spectroscopy (XPS) etching was carried
out to examine the evolution of the SEI components on the Li
anode. The C 1s XPS spectrum (Fig. S15) reveals peaks attrib-
uted to C-C (284.8 eV), C-O (286.5 eV), C=0 (288.6 V), Li,CO;
(289.8 eV), and C-F (291.5 eV). As illustrated in Fig. S15a, the C
1s depth profile for the Li metal cycled with IGE-2 shows that
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the Li,CO; content increases with etching depth. In contrast, for
the Li metal cycled with PE, the Li,CO; content gradually
decreases (Fig. S15b), suggesting that the inorganic compounds
formed by PE are primarily located in the outer layer. In the F 1s
spectrum of Li metal cycled with IGE-2 (Fig. 4a), the signals
located at 685.7 eV are attributed to LiF, which increases with
depth, suggesting that LiF is primarily located within the inner
portion of the SEI. Fig. 4b shows peaks at 688.9 eV (C-F;) and
690.3 eV (C-F,), whose intensities increase with etching in the
PE-based cell, while the LiF signal decreases. This result is
further confirmed in Fig. 4c, which shows an increase in the LiF
peak (61.5 eV) in the Li 1s spectrum as the etching depth
increases with IGE-2. However, the LiF peak nearly disappears
after 120 s of etching for the Li electrode cycled with PE (Fig. 4d).

According to N 1 s (Fig. 4e), LiNO; (403.1 eV) and Li;N
(400.4 eV) are more evenly distributed across the surface and
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Fig. 4 XPS of cycled Li metal with PE at various etching depths of (a) F 1s, (b) Li 1s, (c) N 1s, and (d) S 2p. XPS of cycled Li metal with IGE-2 at
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depth of the Li metal cycled with IGE-2. These compounds
primarily originate from the reductive decomposition of FSI"/
TFSI™, which contributes to a high ionic conductivity SEI layer.
In contrast, these compounds are only observed in the outer
layer of the SEI for the Li metal cycled with PE (Fig. 4f).
Furthermore, the S 2p spectrum identifies diverse inorganic
sulfide species, including Li,S, Li,SO; and Li,SO,. Notably,
Li,S is evenly distributed across both the surface and depth of
the SEI formed by IGE-2 (Fig. 4g), but it is only found in the
external layer of the SEI generated with PE (Fig. 4h). The
uniform distribution promotes stable lithium deposition and
helps to stabilize the lithium metal anodes. The inorganic
layer, enriched with the decomposition products from FSI/
TFSI™, passivates the anode surface, enabling the mainte-
nance of a robust SEI during prolonged cycles. The higher LiF
content within the inner layer contributes to enhanced
mechanical strength and interfacial stability.® Furthermore,
the inorganic-rich inner layer, composed of LiNOj3, Li;N, and
Li,S, promotes efficient Li" transfer to the electrode surface
due to the high ionic conductivity of these components.*>** As
illustrated in Fig. 4i, the SEI formed by IGE-2 is denser and
more uniform, with a higher level of inorganic components,
especially in the inner layer. In comparison, the SEI formed by
PE is loose, uneven, and ineffective in suppressing lithium
dendrite growth (Fig. 4j). The improvement arises from the
strong Li'-anion interaction within IGE-2, accelerating the
decomposition of Li salts and driving the generation of an
inorganic-dominated SEI. Consequently, this design enhances
mechanical stability, improves ionic conductivity, and ensures
a steady and uniform Li" deposition.

Electrochemical properties of quasi-solid-state lithium metal
batteries

The electrolytes should also demonstrate enhanced oxidative
stability and high compatibility with cathodes. Fig. 5a presents
the linear sweep voltammogram (LSV) without significant
oxidation at 4.6 V, reflecting the superior antioxidation stability
of the PE-based electrolytes. Notably, the IGE-2 electrolyte
membrane exhibits excellent electrochemical stability, with-
standing voltage up to 4.8 V. This high-voltage tolerance is
further supported by electrochemical floating tests (Fig. 5b), in
which IGE-2 shows significantly lower leakage currents than PE
at voltages above 4.5 V, confirming its suitability for high-
voltage lithium battery applications.*® Additionally, IGE-2 ach-
ieves a good balance between mechanical properties and
electrochemical performance with a tensile stress of 0.8 MPa
and a strain of 90%. Meanwhile, it exhibits a high ionic
conductivity (9.58 x 10™* S em ), Li* transference number
(0.78), and electrochemical window (4.8 V) at room tempera-
ture, which are higher than those of recently reported quasi-
solid polymer electrolytes (QSPEs) or GPEs that are summa-
rized in Table S2. These results underscore the superior
electrochemical properties of IGE-2. Furthermore, the ionic
conductivity and ¢;;+ of PE and IGE-2 at 60 °C were tested. As
shown in Fig. S16-S19, the ionic conductivity and ¢;- of PE are
1.9 x 10°* S em ™! and 0.48 at 60 °C, whereas the IGE-2 exhibits

This journal is © The Royal Society of Chemistry 2025
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a higher ionic conductivity of 1.5 x 107> S em ™" and #;;+ of 0.81.
As presented in Fig. 5c, the Li|IGE-2|LFP battery consistently
delivers stable rate performance, with specific capacities of
156.9, 154.8, 152.1, and 145.3 mAh g~ across current densities
of 0.1, 0.3, 0.5, and 1C, respectively. Furthermore, with
a reduction in current densities back to 0.1C, the capacity
retention is nearly 97% of the initial value, indicating that IGE-2
exhibits high stability at high current rates. In contrast, the
Li|PE|LFP cell shows a rapidly fading capacity at 0.5 and 1C,
with average capacities of 141.6 and 76.5 mAh g™, respectively.
Fig. 5d highlights the stability over extended cycles of the
Li|IGE-2|LFP cells, which deliver a starting capacity value of
152.0 mAh g~ at 0.5C, experiencing a gradual decrease to 120.6
mAh g after 1000 cycles, reflecting a capacity retention of
79.3% and a minimal capacity reduction of 0.021% for each
cycle. In comparison, the Li|PE|LFP cell exhibits rapid capacity
degradation, retaining only 52.7% of its initial capacity after 400
cycles. Additionally, the galvanostatic charging-discharging
profiles for the 1st, 3rd, 5th, 10th, and 200th cycles of Li|IGE-
2|LFP demonstrate stable charging-discharging plateaus, with
a polarization potential of 0.20 V and remaining relatively
constant after 200 cycles (Fig. 5e), which indicates reduced
polarization and more stable cycling performance compared to
the Li|PE|LFP cell (Fig. S20). Furthermore, as shown in Fig. 5f,
the IGE-2 electrolyte enables exceptional longevity in both Li||Li
and Li||LFP cells, outperforming recently reported QSPEs or
GPEs, with the corresponding data detailed in Table S3. It
should be attributed to the efficient Li" migration pathways,
which are facilitated by the abundant cations and anions in the
ILs that effectively dissociate the Li salt and coordinate with the
free Li*.>*

These findings were further corroborated by the EIS tests,
which were undertaken to explore the interface evolution
during the cycling of the Li||LFP cells (Fig. S21). The Li|IGE-
2|LFP battery exhibits a charge-transfer resistance (R.) of 490.1
Q after the first cycle, which increases moderately to 755.2 Q
after 20 cycles. In comparison, the R, of the Li|PE|LFP battery
increases from 670.3 to 1076.6 Q over the same period. The
lower interface resistance between IGE-2 and the LFP cathode
facilitates ion conduction and ensures efficient Li* transport in
the Li|JIGE-2|LFP battery.”® Additionally, the complex kinetic
processes were further analyzed using the distribution of
relaxation times (DRT) (Fig. 5g), derived from the Nyquist-type
impedance spectra.***” The DRT plot reveals five peaks within
a timescale (1) range of 10 °-10> s, labeled as R;-Rs. The 1
characterizes each process, while the area under each peak
represents the polarization contribution associated with
a specific reaction, illustrating variations in the nature and
extent of electrode reactions. Generally, the R, and Rs; peaks
within 107" to 10 s correspond to the charge-transfer reactions
and diffusion impedance, respectively. The R;, R, and R; peaks,
observed at shorter relaxation times (10~ to 10™" s), are asso-
ciated with the contact resistance between the cathode and the
current collector, as well as ionic conduction through the
cathode-electrolyte interphase (CEI) and SEL°**° Notably, the
v(t) peaks of R;-R5 for IGE-2 exhibit shorter 7 values than those
of PE, indicating that IGE-2 possesses enhanced interfacial

J. Mater. Chem. A, 2025, 13, 41019-41029 | 41025
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(a) LSV and (b) floating test of PE and IGE-2. (c) Rate performance of the Li||LFP cell. (d) Discharge specific capacity of the Li||LFP cells at

0.5C. (e) Charge—discharge voltage profile of Li||GE-2|LFP cells. (fl Comparison of lithium plating/stripping cycling time for Li||Li cells and cycling
number of Li||LFP cells with reported QSPEs or GPEs.®2-7* (g) DRT plots of the impedance results. (h) Cycling performance of the Li||NCM523 cells
at 0.2C. (i) O 1s, (j) F 1s, and (k) N 1s XPS spectra of NCM523 cathodes after cycling with PE and IGE-2.

reactions, significantly improving interfacial dynamics and
providing more efficient pathways for Li" transport.
Furthermore, the Li|IGE-2|LFP battery with a high mass
loading of 9 mg cm ™2 was tested. As shown in Fig. S22, the cell
exhibits an initial specific capacity of 156.8 mAh g~ " ata current

41026 | J. Mater. Chem. A, 2025, 13, 41019-41029

density of 0.5C and 60 °C. After 100 cycles, it maintains 93.5% of
its initial capacity, corresponding to a capacity decay of only
0.065% per cycle, demonstrating that IGE-2 effectively supports
high-mass-loading electrodes with excellent cycling stability.

This journal is © The Royal Society of Chemistry 2025
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Moreover, to investigate the performance of the high-voltage
electrolyte, the Li|IGE-2|NCM523 and Li|PE|[NCM523 cells were
cycled with a high voltage of 4.2 V at 60 °C. IGE-2 enables stable
cycling in the Li||[NCM523 batteries, starting with a specific
capacity of 123.1 mAh g~ ' and retaining 75.5% of its capacity
over 200 cycles at 0.2C (Fig. 5h), significantly outperforming PE
(42.8% capacity retention). These results highlight the signifi-
cant potential of IGE-2 for reliable applications with high-
voltage cathodes. XPS spectroscopy was performed on the
cycled NCM523 electrode to investigate the components of the
CEL As shown in Fig. S23, the C 1s spectra of PE and IGE-2
reveal the typical observed components of C-C/C-H (284.8
eV), C-0 (285.5 eV), CH,—CF, (287.1 eV), C=0 (287.8 eV), and
CF; (293.0 eV). Compared to the cathode with PE, the cathode
with IGE-2 exhibits a higher ratio of the CH,-CF, and CF; peaks
and a reduced proportion of the C-O and C=0 peaks. All these
species are attributed to the decomposition of the electrolyte
and lithium salt. This trend is further corroborated by the O 1s
spectra (Fig. 5i). For IGE-2, the ratios of C-O and C=O0 decrease,
while the proportion of Li,CO; increases from 45.6% to 62.5%.
Additionally, the metal-O peak disappears. These changes
indicate a greater formation of Li,CO; for the CEL In the F 1s
spectrum (Fig. 5j), the peaks representing LiF (687.9 eV) and C-
F/S-F (688.4 eV) are identified. By calculating the integrated
peak areas, it is determined that 67.6% of the fluorine in the CEI
formed LiF for IGE-2, compared to 42.5% for PE. The C-F/S-F
species originate from the FSI" /TFSI™ anions, while the fluorine
source of LiF derives from the decompositions of these anions.*
The increased proportion of LiF in the cathode interface
suggests the formation of a LiF-enriched CEI, which enhances
the stability and structural integrity of the interphase and
reduces the energy barrier for Li" transport through the CEL®
As observed in Fig. 5k, the N 1s spectrum displays an increase in
the ratio of Li;N, from 38.2% in the PE-based batteries to 42.6%
in the IGE-2-based batteries. These results indicate that IGE-2
promotes the generation of an inorganic CEI enriched with
Li,CO;, LiF, and LizN. Furthermore, the room-temperature
performance of the Li[IGE-2|LFP cell is shown in Fig. S24. The
Li|IGE-2|LFP cell delivers an initial capacity of 158.9 mAh g~*
and stable cycling performance over 100 cycles, maintaining
a capacity retention of 85.1%.

Conclusion

In conclusion, an ionogel featuring improved ionic conduc-
tivity, an elevated Li" transference number, excellent oxidative
resistance, and robust mechanical strength was fabricated
through a multiple-crosslinking strategy. The multiple-
crosslinked network, combined with a regulated Li* environ-
ment, enabled the construction of rapid Li* conductive path-
ways, while effectively facilitating the formation of an SEI
containing a high concentration of LiF and Li;N. Therefore, it
facilitates dendrite-free Li deposition, resulting in Li|/Li
batteries with outstanding lithium plating/stripping stability for
5000 h. In addition, the Li||LFP cell displays remarkable stability
for 1000 cycles at 0.5C. The high-voltage Li||NCM523 cells also
exhibit stable cycling with a cut-off voltage of 4.2 V. This study

This journal is © The Royal Society of Chemistry 2025
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offers a practical application for boosting Li" transfer and the
interfacial stability of QSPEs for high-performance solid-state
LMBs.
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