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ABSTRACT
The escalating demand for lithium-based batteries has underscored the urgency to address safety and environmental risks
associated with conventional electrolytes. To mitigate these challenges, we propose a fluorine-free electrolyte architecture
leveraging tailored solvent-polymer elastic bridging. This design encapsulated LiBOB-based F-free localized high-concentration
electrolyte within an elaborately synthesized zwitterionic polyurethane combining rigid-flexible molecular motifs. The chain-
solvent elastic bridging strategy reconstructs the solvation environment through selective Li+-solvent coordination, while
modulates weak intermolecular interactions in the polymer backbone to guide ion transport and further improve mechanical
properties. Thus, the resultant fluorine-free electrolyte achieves an extremely high lithium-ion transference number of 0.95,
high room-temperature ionic conductivity of 1.3 mS cm−1 and high fracture strength of 1.1 MPa. These advancements synergize
with the formation of an inorganic boride-rich interfacial layer, enabling Li||Li symmetric cells to sustain plating/stripping of
1000 h. Moreover, solid-state full cells achieve superior performance; for instance, the Li|| NCM622 (10 mg cm−2) cell exhibits
an average capacity of 1.6 mAh cm−2 (140 mAh g−1) and a coulombic efficiency of 99.4% over 200 cycles, and a pouch cell also
achieves a capacity of 1600 mAh. This work pioneers electrolyte design innovation through molecular solvent-polymer synergy
and macroscopic electrochemical integration, enabling sustainable fluorine-free energy storage commercialization.
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Introduction

ithium-ion batteries (LIBs) now dominate the electric vehicle
nd consumer electronics sectors and play a pivotal role in
rid-scale advanced energy storage systems [1], while lithium
etal batteries (LMBs) are going to commercialization as next-
eneration energy storage solutions due to their superior the-
retical energy density [2, 3]. However, due to the electrolyte’s
lammability and its tendency to induce unstable solid electrolyte
nterphase (SEI) film formation on the lithium anode, which
ccelerates lithium dendrite growth, LMBs pose significant safety
azards. High-concentration electrolytes (HCEs) and localized
igh-concentration electrolytes (LHCEs) have demonstrated sig-
ificant advantages in enhancing lithiummetal interface stability
4]. Notably, LHCEs incorporating nonpolar diluents exhibit
igher room-temperature ionic conductivity and lower costs [5].
owever, LHCEs also present risks of flammability and liquid
eakage, thereby remaining inadequate in ensuring the safety of
MBs [6–8]. Furthermore, LHCEs not only require fluorinated
ithium salts similar to other electrolytes but even necessitate
igh-cost fluorinated diluents. Thus, scaling up such technology
ntensifies environmental concerns [9–15]. A more critical issue
s that while LHCEs exhibit high ionic conductivity at room-
emperature, their effective lithium-ion transference number
emains significantly low due to insufficient anion immobi-
ization. This deficiency severely restricts battery cycle life. At
resent, gel polymer electrolytes (GPEs) prepared by gelatinizing
iquid electrolytes represent an effective strategy to enhance the
afety of LMBs [16–23].

herefore, developing fluorine-free LHCEs and encapsulating
hem within polymer networks to construct fluorine-free GPEs
olds promise for addressing the aforementioned challenges.
owever, the development of fluorine-free LHCEs remains
carcely reported and highly challenging, primarily due to two
undamental constraints: (1) the intrinsically limited solubility
f fluorine-free lithium salts in organic solvents (while LiClO4
xhibits high solubility, its strong oxidizing nature and ther-
al instability severely hinder practical applications [24–26])
27–29], and (2) the thermodynamic instability of solvation
tructures within fluorine-free lithium salt electrolyte systems
30]. Furthermore, even when solubility enhancement strategies
re employed, realizing stable liquid—phase encapsulation of
hese electrolytes proves to be an exceptionally arduous task.
he root cause lies in the persistent difficulty of achieving
recise and sophisticated modulation of the intermolecular
nteractions that occur between solvent molecules and polymer
hains, which remains an unsolved puzzle in the cutting-edge
ield of electrolyte research. More gravely, akin to the long-
tanding and intractable challenge encountered in conventional
el electrolytes, the realization of a high lithium-ion transference
umber within fluorine-free gel systems persists as a formidable
cientific and engineering conundrum that demands in-depth
xploration and innovative solutions [31–35].

erein, leveraging a solvent-polymer elastic bridging strategy,
hich entails the establishment of hydrogen bonding and
on-dipole interactions between the solvents of a fluorine-free
HCE and the chains of a fluorine-free polymer, we develop
fluorine-free GPE with single-ion conducting for sustainable
MBs. Specifically, we designed and prepared for the first time
of 12
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a LiBOB-based tetraethylene glycol dimethyl ether (T, strong
coordination)/γ-valerolactone (V, weak coordination) fluorine-
free LHCE. This fluorine-free LHCE was further encapsulated
within an elaborately designed zwitterionic polyurethane to
construct a novel fluorine-free solvent-polymer elastic bridging
GPE. Through hydrogen bonding and ion-dipole interactions
between the zwitterionic polyurethane and solvent molecules,
solvents-Li+ coordination in the fluorine-free LHCE is further
weakened, not only achieving solvent encapsulation but also
promoting the formation of rich anion-dominated solvation
structures. Moreover, by leveraging the synergistic effect of
rigid and flexible components in the zwitterionic polyurethane
backbone, combined with weak intermolecular interactions, the
electrolyte is endowed with elasticity, self-healing capability,
and forms zwitterionic nanochannels for efficient lithium-ion
transport. As a result, the fluorine-free GPE exhibits outstand-
ing mechanical and electrochemical performances, especially,
an extremely high lithium-ion transference number of 0.95
is achieved. Further combined with the inorganic boride-rich
interfacial layer, the assembled batteries demonstrate superior
rate performance and long-cycle stability. This work pioneers
a new paradigm for the practical application of fluorine-free
GPEs.

2 Results and Discussion

Taking into comprehensive consideration the thermal stabil-
ity, electrochemical stability, safety, cost, and other factors of
fluorine-free lithium salts, LiBOB emerges as a relatively ideal
fluorine-free lithium salt. Therefore, in this work, LiBOB was
selected as the sole lithium salt to develop a fluorine-free LHCE,
which was then encapsulated within a fluorine-free polymer
to prepare a fluorine-free polymer-based electrolyte. To prepare
the fluorine-free LHCE, LiBOB was dispersed in T, followed
by added V. As clearly demonstrated in Figure S1, the T-Li
mixture appeared mildly turbid, whereas the T-V-Li system
became transparent after addingV. Additionally, the V-Limixture
remained significantly turbid. These observations confirm that
the strong-weak coordination between T, V, and lithium ions
effectively enhances the solubility of LiBOB. Subsequently, a
zwitterionic polyurethane was synthesized via polycondensation
reaction (Scheme S1), the 1H NMR spectrum in Figure S2
confirm the successful synthetic of the polymer. The polymer
is then combined with the fluorine-free electrolyte (T-V-Li)
to yield a fluorine-free zwitterionic polyurethane electrolyte
(TPU-T-V-Li). Scheme 1 illustrates the design concept of TPU-
-V-Li: the unique rigid-flexible components and intermolec-
ular hydrogen bonding within the zwitterionic polyurethane
structure endow the electrolyte with exceptional elasticity and
efficient self-healing capability. Within the polymer network,
strong coordination interactions exist between LiBOB and T,
while weak coordination occurs with V. Furthermore, hydrogen
bonding interactions between the -NH- groups in zwitterionic
polyurethane with both T and V contribute to weakening
solvent-lithium ion coordination, promoting the formation of rich
anion-derived solvation structures and facilitating further lithium
ion desolvation. Free lithium ions are subsequently rapidly
transported within the zwitterionic nanochannels, achieving
high ionic conductivity for the fluorine-free polymer electrolyte
system.
Advanced Materials, 2026
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SCHEME 1 Electrolyte multifunctionality and interactionmechanism: (a) Schematic illustration of the multifunctional properties of the fluorine-
free zwitterionic polyurethane electrolyte. (b) Interactionmechanismbetween solvent, polymer segments, andLiBOBof the designed elastic fluorine-free
zwitterionic polyurethane electrolyte.
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he good thermal stability of TPU (Figure S3a) and TPU-T-
-Li (Figure S3b) was confirmed through TGA analysis. DSC
easurements revealed that TPU-T-V-Li exhibits a significantly
ower glass transition temperature (Tg) (Figure S3c, -53.7◦C)
ompared to TPU (Figure S3d, -46.6◦C), suggesting that T-
-Li incorporation enhances polymer chain mobility and can
onsequently improve ionic conductivity. The interactions among
ifferent components of the electrolyte were initially investigated
sing IR spectroscopy. The addition of V to LiBOB induced
oticeable shifts in the characteristic vibrational peaks of the
═O (Figure 1a) and O─B─O ring (Figure 1b) within the BOB−

nion. Notably, Figure 1a demonstrates that the C═O stretching
dvanced Materials, 2026
vibration in V underwent a redshift from 1768 to 1761 cm−1.
Furthermore, when T was introduced into the LiBOB system,
significant spectral shifts were observed for key functional groups
in the BOB− anion, including O─B─O and C─O─C vibrations
(Figure 1c). Specifically, the characteristic C─O─C stretching
peak associated with T exhibited a red shift from 1029 to 1017
cm−1, likely due to strong lithium ion coordination with T.
A comparative analysis reveals that LiBOB induces a more
pronounced shift in the C─O─C peak of T compared to its
effect on the C═O shift in V, suggesting a stronger coordination
interaction between lithium ions and the C─O─C functional
groups.
3 of 12
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FIGURE 1 Characterization of intermolecular interactions in electrolytes. (a–c) IR spectra of LiBOB and various prepared fluorine-free liquid
electrolytes. (d) IR spectra of LiBOB, amphoteric polyurethane, and TPU-Li. (e) IR spectra of TPU and TPU-V. (f) IR spectra of TPU and TPU-T. (g,h)
Verify the intermolecular hydrogen bond interaction based on the Independent Gradient model (IGM). (i) The content of SSIP, CIP, and AGG in various
prepared electrolytes.
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igure 1d further explores the interaction between TPU and
iBOB. Notably, the characteristic C═O stretching vibration (1719
m−1) attributed to the TPU exhibits a red shift to 1715 cm−1

pon LiBOB addition, while the C═O peak (1819 cm−1) from
iBOB itself also shifts to 1806 cm−1 after TPU incorporation.
hese spectral changes indicate mutual interactions between
he polymer’s C═O groups and lithium ions. The greater red
hift observed for the TPU-derived C─O─C peak compared
o the TPU–derived C═O peak upon LiBOB addition suggests
referential lithium ion coordination with C─O─C moieties.
dditionally, the involvement of SO3

− groups inTPUwith lithium
ons induces a characteristic red shift, which facilitates lithium
on transport through the zwitterionic nanochannels.

s shown in Figure 1e, hydrogen bonding interactions between
’s C═O and TPU’s NH groups cause a significant blue shift
f the NH stretching band (from 1643 to 1631 cm−1) following
incorporation. Similarly, Figure 1f reveals that introducing
of 12
T into TPU leads to a redshift of the NH peak (from 1645 to
1638 cm−1) due to hydrogen bonding with T’s oxygen atoms.
Concurrently, electrostatic interactions between the positively
polarized carbon in C─O groups and SO3

− anions induce a
blueshift of the SO3

− asymmetric stretchingmode (from603 to 617
cm−1). Independent Gradient Model (IGM) analysis (Figure 1g,h)
visually confirms the presence of hydrogen bonding interactions
between monomers (such as V) and TPU chains, consistent with
the IR spectroscopic observations.

Raman spectroscopy was further employed to analyze ionic
aggregation patterns in these electrolyte systems and the fluorine-
free zwitterionic TPU-based electrolytes (Figure S4). As depicted
in Figure 1i, the V-Li complex exhibits markedly reduced
solvent-separated ion pair (SSIP) populations compared to T-Li
systems, with concurrent increases in contact ion pairs (CIP)
and aggregates (AGG). The locally high-concentration T-V-Li
system shows further suppression of SSIP species and enhanced
Advanced Materials, 2026
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FIGURE 2 Solvation structure and coordination of electrolytes. (a) Relative chemical shift variations of the terminal carbon in T (referenced to
the terminal carbon) after introducing different components (samples: T vs. T-Li, T-Li vs. T-V-Li, T vs. T-V-Li), and relative chemical shift variations
of the carbonyl carbon in LiBOB (referenced to the carbonyl carbon in LiBOB) after introducing different components (samples: Li vs. V-Li, Li vs.
T-Li, Li vs. T-V-Li). Binding energies between Li+ and (b) BOB− anion, (c) T, and (d) V, respectively. (e) Snapshots of TPU-T-V-Li from molecular
dynamics (MD) simulation. (f–i) Radial distribution functions (RDFs) in TPU-T-V-Li. (J) Mean squared displacement (MSD) of Li+ in TPU-T-V-Li and
T-V-Li. (k) Diffusion coefficients of Li+ in TPU-T-V-Li and T-V-Li. (l) Simulated structure of TPU-T-V-Li.
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IP/AGG formation.UponTPU incorporation, the solventmatrix
emonstrates a slight increase in CIP/AGG content, indicating
hat the polymer network enables fine-tuning of lithium ion
olvation structures.

igure 2a illustrates the spectral shifts observed in characteristic
3C NMR peaks for electrolyte components (the complete spectra
re presented in Figures S5–S9, while the coordination interac-
dvanced Materials, 2026
tions between Li+ and solvent molecules are shown in Figure
S10). The terminal carbon chemical shift of T is 58.61 ppm. Upon
coordination with Li to form the T-Li complex, its chemical shift
increases to 58.83 ppm (Δ = 0.22 ppm), indicating that the strong
polarization effect of Li+ reduces the electron cloud density of
the terminal oxygen in T (deshielding effect). When the weakly
coordinating solvent V is further introduced to form the T-V-
Li system, the terminal carbon chemical shift of T decreases to
5 of 12
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8.59 ppm (Δ = 0.06 ppm), suggesting that V partially weakens
he direct interaction between T and Li+ through competitive
oordination and dilution effects. Notably, the chemical shift dif-
erence between T-Li and T-V-Li (0.25 ppm) is slightly larger than
hat between T and T-Li (0.22 ppm), indicating that the addition
f V does not completely disrupt the coordination between T
nd Li+. Instead, it may slightly enhance the local coordination
ffect by adjusting the solvent structure (e.g., forming a T-Li+-
complex). In LiBOB, the chemical shift of the C═O carbon
n the B─O─B ring is 164.145 ppm. Upon coordination with T
o form T-Li, its shift significantly decreases to 158.68 ppm (Δ =
.462 ppm), demonstrating that the strong coordination capacity
f T effectively stabilizes the electronic structure of BOB−. The
ddition of V in the V-Li system reduces the C═O carbon shift
o 158.416 ppm (Δ = 5.735 ppm), with a slightly larger difference
ompared to the T-Li system. This indicates that the weak coordi-
ation ability of V does not significantly stabilize BOB−; instead, it
ntensifies the fluctuation of BOB−’s electron cloud density due to
he weak interaction between Li+ and V. Interestingly, in the T-V-
i system, the C═O carbon shift further decreases to 158.404 ppm
Δ = 5.741 ppm), with a marginally increased difference. This
uggests that the dilution effect of V does not interfere with
he coordination between T and Li+ but optimizes the solvation
tructure of Li+ through synergistic effects, leading to a more
tabilized electronic environment for BOB−. Therefore, the strong
oordination between T and Li+ serves as the core mechanism
f the LHCE. Meanwhile, V, acting as a weakly coordinating
iluent, not only weakens the excessive coordination between T
nd Li+ through competitive coordination and solvent structure
djustment but also maintains the relative stability of BOB−. This
urther supports the formation of the locally high-concentration
-V-Li electrolyte. The binding energy calculations (Eb) show the
ollowing coordination hierarchy: Eb (Figure 2b, Li-T = 5.32) >
b (Figure 2c, Li-BOB = 5.23) > Eb (Figures 2d, V-Li), further
ndicating lithium ions prioritize T coordination before engaging
ith V or BOB− anions.

olecular dynamics (MD) simulations were employed to investi-
ate the solvation structures of the prepared electrolytes. InT-V-Li
Figure S11), the Li+-O coordination numbers are 2.16 (T-Li), 1.17
Li-BOB), and 0.65 (V-Li). Figure 2e shows the snapshots of T-V-
i-TPU from the MD simulation. Specifically, after TPU addition
Figure 2f–i), the Li+-BOB− coordination number increases to
.37, while solvent coordination numbers decrease to 2.04 (T) and
.32 (V). Notably, TPU fragments exhibit 0.24 Li+ coordination,
onfirming their role in weakening Li+-solvent interactions while
trengthening Li+-BOB− binding. These findings align with both
aman spectroscopic and 13C NMR observations, establishing
consistent picture of solvation structure modulation through
omponent interactions.

ollowing equilibrium attainment in the simulated system, the
obility of Li+ was evaluated through analysis of its mean
quare displacement (MSD) derived from molecular dynamics
rajectories (Figure 2j). Notably, as shown in Figure 2k, the
elf-diffusion coefficient determined for Li+ in the novel TPU-
-V-Li formulation (61.9 × 10−6 cm2

⋅s−1) exhibits a nine-fold
nhancement compared to the T-V-Li electrolyte benchmark
6.6 × 10−6 cm2

⋅s−1). This pronounced kinetic advantage in the
PU-based electrolyte can be attributed to reduced solvation
heath energy around Li+ and well-established ion channels
of 12
via TPU, which facilitates greater ionic mobility through dimin-
ished ion-solvent interactions and ion transport energy barrier.
Furthermore, in comparison to the simulated structure of T-V-
Li (Figure S12), TPU-T-V-Li (Figure 2l) exhibits a significantly
reduced solvent content outside the solvation radius, with more
uniform dispersion and effective confinement of ionic species
within the polymer networks.

The electrolyte membrane displays distinct phase-separated
morphological characteristics at the microscale (Figure 3a),
which facilitate efficient ion transport [36, 37]. The electrolyte
film demonstrates an exceptional strain capacity of ∼900%
under 1.1 MPa stress (Figure 3b). This remarkable perfor-
mance can be attributed to the synergistic effects of reg-
ulatory rigid-flexible segment ratios in the polymer matrix,
intermolecular hydrogen bonding networks, ion-dipole inter-
actions, and dynamic crosslinking between solvent molecules
and polymer chains. As vividly illustrated in Figure 3c, the
film exhibits extraordinary stretchability. The cyclic stress–strain
curves and sequential tensile loading–unloading curves of TPU-
-V-Li collectively demonstrate its excellent elastic recovery
properties (Figure 3d–f). Microscopic characterization reveals
the electrolyte membrane’s capability for effective self-healing
at room-temperature within 5 h after fracture, as depicted
in Figure 3g. This autonomous repair characteristic arises
from the reversible nature of hydrogen bonding and ion-
dipole interactions between polymer chains, and also weak
interactions between polymer and compositions from T-V-Li
(Figure 3h), enabling dynamic reconstruction of the material
network. Notably, the TPU-T-V-Li system demonstrated excep-
tional interfacial adhesion performance when paired with a
hydrophobic PET substrate. Under a contact area of 10 cm2,
an adhesive strength of 2.7 MPa was achieved. This finding
highlights the material’s potential for applications requiring
robust mechanical interlocking at minimal contact interfaces.
Moreover, the actual adhesion strength between the electrolyte
membrane and metal electrode exceeds 6 N, as demonstrated in
Figure 3k,l.

Figure 4a demonstrates that the high-concentration strongly
solvating electrolyte T-Li exhibits higher room-temperature (RT)
ionic conductivity (0.22 mS cm−1) compared to the weakly
solvating electrolyte V-Li (0.094mS cm−1), while the locally high-
concentrationV-T-Li electrolyte achieves further enhancement in
RT ionic conductivity (0.85 mS cm−1). These findings align with
the preceding spectroscopic characterizations and theoretical
calculations. After combining V-T-Li with TPU, a fluorine-free
zwitterionic TPU electrolyte was successfully prepared, showing
RT ionic conductivity of 1.3 mS cm−1. Nonlinear (Figure 4b)
and linear (Figure S13) fitting analyses were performed on the
conductivity-temperature relationship of TPU-T-V-Li, with the
nonlinear fitting exhibiting a superior goodness-of-fit (R2 closer to
1), indicating lithium-ion transport better conforms to the Vogel–
amman–Fulcher (VTF) model. The fitting results reveal two key
aspects: (1) an activation energy of 1.33 kJ mol−1, significantly
lower than previously reported values [38, 39], and (2) plasticizers
primarily interact with polymer chains through weak interac-
tions, establishing a pseudofully polymerized ionic conduction
mechanism. Furthermore, chronoamperometry and impedance
spectroscopy analyses (Figure 4c) demonstrate that the TPU-T-
-Li electrolyte achieves a lithium-ion transference number of
Advanced Materials, 2026
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FIGURE 3 Morphology and mechanical properties of electrolyte. (a) SEM image of TPU-T-V-Li. (b) Strain–stress curve of TPU-T-V-Li and (c) the
corresponding physical object images before and after stretching. (d) Cyclic stress–strain curves of TPU-T-V-Li under continuous loading–unloading
cycles without intervals at fixed strain (λ = 2) and constant tensile speed (v = 10 mm/min). (e,f) Sequential tensile loading–unloading curves of TPU-T-
V-Li at different strain levels. (g) POM images of TPU-T-V-Li before and after self-healing. (h) Self-healing mechanical of TPU-T-V-Li. (i) Adhesion test
and its (j) physical diagram. (k) Real adhesion test photograph and (l) adhesion test curve.
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.95, substantially exceeding 0.41 for T-V-Li (Figure S14) and

.5 for commercial electrolytes (Figure S15). This observation
orrelates with molecular dynamics simulations of lithium-ion
iffusion coefficients, further underscoring the critical synergistic
ffects of reduced lithium-ion migration barriers in the T-V-Li
lectrolyte system and the zwitterionic nanochannel architecture
n facilitating lithium-ion transport. The LSV curve in Figure 4d
onfirms that the TPU-T-V-Li electrolyte exhibits an electrochem-
dvanced Materials, 2026
ical window exceeding 4.8 V, which provides a critical safety
margin for high-voltage cathode operation. DFT calculations
reveal that T-Li (-10.36 eV) and V-Li (-13.2 eV) exhibit lower
highest occupied molecular orbital (HOMO) energies compared
to Li-BOB (-8.42 eV), attributed to the electron-withdrawing
effects of ether and ester groups, which significantly enhance
the antioxidant capability of the developed electrolyte system
(Figure 4e).
7 of 12
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FIGURE 4 Electrochemical performance, reversible lithium deposition, and SEI composition. (a) Room-temperature ionic conductivity of T-Li,
V-Li, and T-V-Li. (b) Ionic conductivity vs. temperature of TPU-T-V-Li. (c) Chronoamperometry profile and EIS (inset) before and after polarization of
Li|TPU-T-V-Li|Li cell. (d) LSV curve of TPU-T-V-Li. (e) HOMO and LUMO levels of LiBOB, T-Li, and V-Li. (f) Rate and (g) cycle performance of Li||Li
cell using TPU-T-V-Li. SEM characterization of the (h) initial (internal illustration) and cycled Li. XPS of (i) C 1s, (j) B 1s, (k) S 2p, and (l) N 1s of cycled
Li based on Li|TPU-T-V-Li|Li cell.

8 of 12 Advanced Materials, 2026
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FIGURE 5 Full-cell performance and cathode interface. (a) C-rate performance of Li||LFP cell using commercial liquid electrolyte and TPU-T-V-
Li, respectively. (b) Long cycle performance of Li|TPU-T-V-Li|LFP cell. (c) Charging/discharging curves of Li|TPU T-V-Li|NCM622 cell under different
cycles and (d) corresponding cycle performance. SEM images of (e) initial and (f) cycled NCM622. HR-TEM of cycled NCM622 using (g) commercial
liquid electrolyte and h) TPU-T-V-Li, respectively. XPS of (i) C 1s, (j) F 1s, and (k) B 1s of cycled NCM622.
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igure 4f demonstrates that the polymer membrane-based Li||Li
ymmetric cell exhibits excellent cycling stability under varying
urrent densities (0.05–1 mA cm−2). Notably, while the T-V-Li
lectrolyte system experienced rapid microshorting at 0.1 mA
m−2/0.1 mAh cm−2, the polymer membrane-equipped Li||Li
ells maintained stable cycling for ∼1000 h (Figure 4g). This
dvanced Materials, 2026
performance difference confirms the electrolytemembrane’s dual
capabilities: effective suppression of lithium dendrite growth and
superior interfacial compatibility with the lithium metal anode.
Post-cycle SEM analysis of the lithium metal surface revealed
no noticeable protrusions (Figure 4h), further corroborating the
polymer membrane’s dendrite-inhibiting effect.
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etailed post-mortem analysis was conducted on both the surface
nd subsurface regions of cycled lithium metal [40, 41]. XPS
haracterizations (C 1s, B 1s, S 2p, and N 1s spectra in Figure 4i–l)
emonstrate that the SEI layer formed on the lithium anode con-
ains not only polymer-derived components but also inorganic
pecies including borides (e.g., LiBxOy), sulfides (e.g., Li2Sx), and
itrides (e.g., Li3N). This multifunctional SEI composition syner-
istically ensures exceptional stability of the lithiummetal anode
uring prolonged cycling, as validated by both electrochemical
erformance and surface morphology analysis.

he rate performance of Li||LFP cells using T-Li and T-V-Li is
hown in Figure S16, further confirming the outstanding perfor-
ance of T-V-Li. Figure 5a compares the C-rate performance of
i||LFP batteries fabricated with commercial liquid electrolyte
nd TPU-T-V-Li. The polymer electrolyte-based Li||LFP exhibits
uperior rate performance across various current densities, main-
aining a discharge specific capacity of 150 mAh g−1 at 1.5 C,
ith corresponding charge–discharge curves shown in Figure
17. This improvement is attributed to the synergistic effects of
-V-Li’s unique solvation structure and TPU’s ion-conducting
hannels, which collectively reduce ionic migration barriers and
acilitate rapid Li+ transport. Remarkably, as shown in Figure 5b,
he Li|TPU-T-V-Li|LFP solid-state battery achieves stable cycling
ver 500 cycles at 0.5 C, with an average capacity of 155 mAh
−1, 99.9% Coulombic efficiency, and 99.7% capacity retention.
eanwhile, the corresponding flexible battery prepared with this
lectrolyte can enable the LED to work normally in both flat
nd bent states (inset of Figure 5b), confirming the potential
f this electrolyte for application in flexible energy storage
evices.

o further validate electrolyte practicality, we evaluated cycling
erformance using commercial high-loading (∼12 mg cm−2) LFP
lectrodes. Figure S18a presents the initial charge–discharge
rofile, while Figure S18b shows the cycling performance at 0.5
, achieving an average areal capacity of 1.6 mAh cm−2 with
9.45% average coulombic efficiency about 150 cycles. Figure 5c
isplays charge–discharge curves for TPU-T-V-Li paired with
igh-loading NCM622, and Figure 5d shows corresponding long-
erm cycling, where the cell maintains 200 cycles with 1.6
Ah cm−2 average areal capacity and 99.4% average coulombic
fficiency. SEM analysis reveals minimal morphological changes
n NCM811 after cycling (Figure 5f) compared to the pris-
ine state (Figure 5e). Notably, the polymer electrolyte-cycled
CM622 exhibits a uniform and thin CEI layer (Figure 5h),
ontrasting with the uneven, thick CEI components formed
n the commercial liquid electrolyte system (Figure 5g). XPS
haracterization further confirms homogeneous distribution of
rganic components (e.g., from partial polymer decomposition,
igure 5i), inorganic fluorides (from binder evolution, Figure 5j),
nd inorganic borides (from LiBOB decomposition, Figure 5k)
cross the electrode surface. Moreover, we also confirmed that a
ouch cell also achieves a capacity of 1600 mAh (Figure S19).

Conclusion

n conclusion, the study introduces a fluorine-free electrolyte
rchitecture with single-ion conduction characteristics that
edefines high-energy lithium battery chemistry through engi-
0 of 12
neered solvent-polymer elastic bridging interaction. By integrat-
ing a zwitterionic polyurethane matrix with an F-free LHCE
(LiBOB containing tetraethylene glycol dimethyl ether and γ-
valerolactone), the design achieves outstanding electrochemical
performance: an extremely high lithium-ion transferencenumber
of 0.95, a high room-temperature ionic conductivity 1.3 mS cm−1,
and a high mechanical strength of 1.1 MPa. These advancements
stem from selective LiBOB-solvent coordination and modulated
polymer backbone interactions. Further combined with the for-
mation of an inorganic boride-rich interfacial layer, this enables
stable cycling of Li||Li cells (with plating/stripping lasting for
1000 h) and demonstrates exceptional full-cell performance (for
example, achieving 99.4% capacity retention over 200 cycles for
a high-loading NCM622 cathode). This molecular engineering
strategy—particularly the solvent-polymer elastic bridging and
solvation regulation—not only pioneers a sustainable pathway
for fluorine-free lithium batteries but could also be extended
to sodium- and potassium-ion systems by designing analogous
conductors with tailored coordination environments. Moreover,
the demonstrated mechanical robustness, self-healing capability,
and interfacial stability offer a promising platform for developing
safe, adaptable electrolytes in flexible and wearable electronics,
underscoring its broader scientific and technological relevance.
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