


expansion of electrode materials disrupts Li⁺ transport, leading to a 
sudden decrease in battery capacity and premature battery failure [11,
12].

Recent advances in solid-state battery research have highlighted the 
critical need to understand and mitigate interfacial instabilities between 
electrolytes and electrodes. Multiple degradation mechanisms, 
including chemical, electrochemical, and mechanical processes, mani
fest at polymer electrolyte/electrode interfaces, impacting both the 
electrolyte and electrode phases [13,14]. Various experimental strate
gies have been reported to enhance solid interfacial compatibility and 
mitigate the volume expansion of electrode materials for the develop
ment of solid-state lithium batteries. Recently, dynamic covalent bonds 
with self-healing functions and supramolecular interactions have been 
introduced into SPEs to improve their mechanical stability and flexi
bility [15,16]. Self-healing polymers possess intrinsic recovery proper
ties at the molecular level through physical and chemical methods. 
Common self-healing mechanisms in solid electrolytes include hydrogen 
bonds [17,18], disulfide bonds [19,20], imine bonds [21,22], and 
transesterification [23,24]. Self-healing polymer electrolytes have 
demonstrated to significantly improve the cycling stability and safety of 
lithium batteries. Pu et al. [21] synthesized homogeneous and highly 
crosslinked gel electrolytes (PEGDA-UPy) with autonomous, fast 
self-healing, and a promising PF5

- scavenging role. Similarly, Xie et al. 
[25] developed a crosslinked network (PDDP) that combines hydrogen 
and dynamic disulfide bonds. This network can achieve spontaneous 
repair of mechanical damage or microcracks formed during the assem
bly or cycling of lithium batteries. Thus, it can suppress electrode vol
ume expansion and significantly enhance the cycling performance and 
safety of batteries. In recent years, research has predominantly focused 
on functional aspects of electrolytes, such as self-healing and flame 
retardancy. However, significant challenges remain at the interface 
between solid polymer electrolytes and porous electrodes, resulting in 
unstable interfacial ion transport and degraded electrochemical per
formance [26–28]. Therefore, enhancing the compatibility of the poly
mer solid electrolyte/electrode interface is crucial for improving the 
cycle life of lithium batteries.

In-situ polymerization strategies can effectively solve the interface 
problems of SPEs [7,29–31]. Ion transport at the electrode/electrolyte 
interface can be significantly enhanced by the in-situ formation of the 
dense and closely connected solid electrolyte layer [32–35]. For 
instance, Mai et al. [36] developed a topological polymer-based 

interface layer to regulate the high modulus and low interfacial acti
vation energy of the Li metal solid electrolyte interface (SEI). To 
improve the Li+ conductivity, Xue et al. [37] employed a one-step 
synthesis method to fabricate a block copolymer electrolyte (BCPE). 
This approach balanced Li+ coordination properties and enabled rapid 
Li+ transfer at the polymer electrolyte interface. Chen et al. [38] pro
posed a chemical/electrochemical reaction strategy leveraging the 
synergistic interaction between 1,4,7,10,13,16-hexaoxacyclooctade
cane (18C6) and LiNO3 for simultaneous in-situ construction of a sta
bilized cathode-anode interface. The unique [18C6Li]+NO3

- cluster 
modifies the electric double-layer structure through specific adsorption 
on the electrode surface, effectively regulating interfacial layer 
composition. However, most of the solid electrolyte layers formed 
through in-situ curing strategies are inherently brittle and lack elasticity 
[39–42]. Following high-current cycling, the in-situ polymerized elec
trolyte tends to crack and without self-repair capability, causing safety 
issues such as short circuits, as it fails to withstand the stresses and 
strains of higher intensity [43,44]. Therefore, it is a key research focus 
for the construction of polymer electrolytes with fast Li⁺ transport at the 
interface and the ability to inhibit electrode volume changes.

Herein, a self-healing polymer (SHP) with multiple dynamic bonds 
was developed through in-situ polymerization. The hydroxyethyl acry
late (HEA) works as the molecular bridge, and ethoxylated trimethy
lolpropane triacrylate (ETPTA) with crosslinking points improves the 
self-healing ability and mechanical strength of the electrolyte. Further
more, the dithiodianiline (DTDA) provides dynamic covalent bonds, 
while poly(propylene glycol) (PPO2300) extends chain segments and 
introduces complementary hydrogen bonds. Based on the excellent 
mechanical and self-healing properties of SHP, the self-healing quasi- 
solid electrolyte (SHQSE) was constructed by introducing liquid elec
trolytes (LE) into the SHP network through in-situ curing. The dynamic 
disulfide and complementary hydrogen bonds in the polymer chains 
were combined through in-situ polymerization. PPO2300 chain segments 
promote rapid Li+ transport (7.2 × 10–4 S cm-1), while alternating soft 
and hard segments from PPO2300 enhance the mechanical flexibility of 
the polymers. The in-situ polymerization strategy significantly enhances 
interfacial compatibility before cycling. During operation, the exchange 
and reorganization of SHQSE polymer chains effectively repair interfa
cial defects, ensuring sustained contact between the QSE and electrode 
while promoting uniform Li+ deposition. SHP also acts as the ion 
conductive agent with its crosslinked network structure forming the 

Fig. 1. Schematic representation of the SHP polymerization process, schematic structure of dynamic covalent disulfide and hydrogen bonds and the mechanism for 
the action of Si/C composite electrode.
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continuous Li⁺ transport paths on silicon/carbon (Si/C) electrodes. 
Furthermore, the multiple dynamic bonds and crosslinked structures in 
the polymer chains reduce the stresses and strains caused by the silicon 
particles expansion, inhibiting the volume expansion of the electrode 
during cycling (Fig. 1 and Fig. S1). As a result, SHQSE demonstrates 
excellent electrochemical stability with Li metal and Si/C electrodes 
during long-term cycling. Additionally, composite Si/C electrodes and 
SHQSE are integrated together to prepare a 2 Ah soft pack battery that 
exhibit 87 % capacity retention after 400 cycles and demonstrate high 
tolerance to abusive conditions. This approach provides a novel 
perspective for improving the performance of lithium batteries using 
QSEs.

2. Results and discussion

2.1. In-situ synthesis of SHQSE and MD simulations

SHQSE was synthesized by the polymerization of monomers con
taining abundant polar functional groups with high affinity for Li+. As 
shown in Fig. 2a, there is no significant change in color before and after 
polymerization; the solution remains yellow and transparent in both 
states, indicating that the secondary thermal polymerization process had 
no effect on the system. The chemical composition of SHQSE and raw 
materials was analyzed by Fourier transform infrared spectroscopy 
(FTIR) (Fig. 2b). PPO2300 exhibits a distinct -NCO characteristic peak at 
2277 cm-1, while DTDA shows an N–H stretching peak at 3326 cm-1. 
Characteristic peaks of HEA and ETPTA appears at 3409 cm-1 (-OH) and 
1635 cm-1 (C=C), respectively. After polymerization, these peaks largely 
disappeared in SHQSE, though weak C=C peaks persist, suggesting re
sidual unreacted ETPTA monomers. This may result from a polymeri
zation inhibitor in ETPTA slowing the reaction rate, leading to oligomer 
formation. The disulfide bond is confirmed by a new peak at 560 cm-1. 

The peak of the C=O group (1727 cm-1) (Fig. S2) is split into two peaks, 
with one shifting to around 1695 cm-1, attributed to hydrogen bonding 
between NH–COO, indicating the presence of intermolecular hydrogen 
bonds in the system, which further enhance the self-healing capability. 
The 1H NMR and 12C NMR spectra recorded with CDCl3 as solvent 
elucidated the structural compositions of PPO2300-DTDA and PPO2300- 
DTDA-HEA (Fig. 2c and Fig. S3, 4). In 12C NMR, peaks at 127.7 ppm 
(-NCO) and 139.3 ppm (-NH–C(pH)-) confirm residual -NCO and urea 
group formation in PPO2300-DTDA. For HEA-PPO2300-DTDA, 1H NMR 
peaks at 5.83, 6.41 and 6.12 ppm correspond to -CH––CH2 groups, while 
the absence of a peak at 3.86 ppm verifies successful HEA incorporation. 
Conversion rates were calculated via 1H NMR (Fig. S5): 81 % of ETPTA 
and HEA-PPO2300-DTDA reacted, leaving 19 % unreacted monomers or 
oligomers, confirming successful crosslinking. An optimal crosslinking 
degree enhances mechanical strength and ion mobility.

The self-healing ability of SHP was assessed by inflicting physical 
injury using a hobby knife (Fig. 2d). When the cut surfaces were 
recontacted, SHP withstood 10-second external stimuli at room tem
perature without rupture. Optical microscope images show that the 
fractured surfaces healed after 12 h at room temperature. This indicates 
that SHP has strong self-healing ability due to the combination of dy
namic disulfide bonds and complementary hydrogen bonds. Due to the 
in-situ curing process, SHQSE’s self-healing could not be directly 
observed. Therefore, a non-in-situ method was used: SHP was immersed 
in liquid electrolyte (LE) to form SHP-LE (Fig. S6). The experimental 
results show that the self-healing time of SHP-LE is longer compared to 
SHP, indicating that the electrolyte (LE) weakens the self-healing ability. 
To further demonstrate the stable operation of SHQSE at high temper
atures, self-healing experiments were performed at 60 ◦C (Fig. S7). The 
self-healing performance exhibits a significant temperature dependence: 
at 60 ◦C, SHP achieves complete crack closure within 6 h (compared to 
12 h at 25 ◦C). Tensile tests (Fig. S8) revealed the mechanical hierarchy: 

Fig. 2. (a) Physicochemical properties of the in-situ fabricated SHQSE. (b) FTIR spectra of the DTDA, PPO2300, HEA, ETPTA and SHQSE. (c) 1H NMR spectrum of the 
synthesized HEA-PPO2300-DTDA in CDCl3. (d) Photographs of the healing process of SHP at room temperature and the healing process under optical microscope. (e) 
Thermogravimetric analysis curves of SHQSE and SHP. (f) Snapshots of SHP molecular dynamics simulations in liquid electrolytes. (g) Radial distribution function of 
SHP and (h) coordination number.
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SHP > SHP-LE, with reduced strength and strain due to LE-induced 
disruption of crystalline domains and weakened interchain in
teractions [45]. Despite this, SHQSE retains sufficient self-healing ability 
for electrochemical stability applications.

The DSC results of SHQSE and SHP show that the glass transition 
temperature (Tg) of SHQSE was − 54.4 ◦C (Fig. S9) with a crystalline 
melting temperature (Tm) of 119.5 ◦C. The Tg and Tm of SHP were 
− 35.8 and 96.3 ◦C, respectively. These results indicate that the incor
poration of LE in SHQSE lowers its Tg [46]. The low Tg disordered 
crosslink network structure enhances segment mobility in SHQSE, 
which is beneficial for Li+ transport and ionic conductivity [47]. As 
shown in Fig. 2e, SHP demonstrates remarkable thermal stability with 
an initial decomposition onset temperature of 269 ◦C. In contrast, 
SHQSE displays a distinct two-stage degradation pattern: (1) Due to the 
high volatility of LE, SHQSE exhibits an obvious weight loss from room 
temperature to 133 ◦C [48]; (2) The subsequent decomposition of the 
polymer matrix begins at 295 ◦C, which indicates that SHQSE possesses 
higher thermal stability than LE [49].

To further investigate the solvation structure of the electrolytes, 
NMR tests were conducted on SHQSE and LE. The NMR was used to 
examine the local environments of Li+ and F- in LiPF6. As shown in 
Fig. S10, the SHQSE exhibits a downshift from − 0.75 ppm to − 0.59 ppm 
compared to LE, indicating that the weaker electronegative environment 
around Li+ promotes Li+ migration [11]. The 19F NMR shows that the 
peak of SHQSE gradually shifts to the lower field, indicating that the 
crosslinked network restricts PF6

- -polymer interactions, thereby 

weakening the electron shielding around F atoms. SHQSE contains an 
amount of LE, while the solid electrolyte was cured inside the battery by 
in-situ polymerization. Therefore, LE was always present throughout the 
system, and molecular dynamics simulations were quite challenging due 
to the large molecular weight of SHQSE. Traditional molecular dy
namics (MD) simulations were conducted to analyze the interactions 
between Li⁺ and the components of the electrolyte system. These simu
lations aimed to further investigate the coordination environment of Li⁺ 
in both SHP and LE. Fig. 2f displays a simulated snapshot of SHP in LE, 
illustrating the uniform distribution of ions and solvent molecules 
throughout the simulation framework. The radial distribution functions 
(RDF) and coordination numbers (CN) reveal Li⁺ solvation shell 
composition. As shown in Fig. 2 g, h, there are five Li+ coordination 
pairs at approximately 0.2 nm, corresponding to Li-O (EC), Li-O (SHP), 
Li-O (DEC), Li-F (PF6

− ), and Li-O (FEC), indicating the involvement of 
SHP in the solvation shell of Li+. The average CN values are 2.25 (EC), 
1.26 (DEC), 1.06 (PF6

- ), 0.82 (O-SHP), 0.45 (N-SHP), and 0.27 (FEC), 
demonstrating that SHP reduces PF6

- coordination in LE. In the local 
structure (Fig. S11), Li⁺ migrates within SHP accompanied by solvent 
molecules, indicating that Li⁺ preferentially coordinates with SHP’s O 
atoms to form additional transport channels. Hydrogen bond analysis 
(Fig. S12, Table S1) shows that 15 SHP molecules form 8.3 intra-SHP 
hydrogen bonds on average, consistent with the C=O blue shift in 
FTIR. Due to the presence of C=O or O in EC, FEC, and DEC, all of these 
molecules can form hydrogen bonds with LE to varying degrees, thereby 
encapsulating the LE.

Fig. 3. Electrochemical properties of ultrathin SHQSE and LE in symmetric Li|Li cells at 25 ◦C. (a) Long-term cycling performance of Li|Li symmetric cells in SHQSE 
and LE at 1 mA cm-2 and 1 mAh cm-2 and magnification over different time periods (b). (c) EIS plots of Li|Li symmetric cells before and after 500 cycles in SHQSE and 
LE. (d) EIS plot of Li|Li symmetric cells impedance with the variation of time (1–15 days) for SHQSE. (e) Tafel curves of Li|Li symmetric cells with SHQSE and LE. 
SEM images of the Li metal anodes after 500 cycles in (f-g) LE and (h-i) SHQSE.
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The linear sweep voltammetry (LSV) tests were conducted to inves
tigate the oxidative stability of the materials and assess their feasibility 
for high-voltage cathodes. Using LE as the reference, the electrochemical 
characterization revealed that the oxidation current rises sharply at 
~4.5 V (SHQSE) and ~4.4 V (LE), indicating irreversible electrolyte 
decomposition at these potentials (Fig. S13). The stability of LE is pri
marily attributed to the relatively stable molecular structure of FEC. In 
contrast, the crosslinked network structure (urethane groups) of SHP 
effectively stabilizes polymer chain segments against oxidative decom
position. The strong electrostatic interactions and hydrogen bonding of 
LE with the SHP network enhance structural stability and retard the 
decomposition of LiPF6, thereby conferring excellent electrochemical 
stability to SHQSE [50]. As shown in Fig. S14, SHQSE exhibits a 
non-corrosive effect on Li metal in comparison with LE, indicating that 
the overall polymer structure provides excellent Li stability without 
significant side reaction. Comparing to LE (36.63◦) (Fig. S15), the con
tact angle of SHQSE is 41.54◦ and the complex structure of the system 
increases the viscosity, resulting in slightly lower wettability than that of 
LE. Nevertheless, the contact angle of SHQSE is still better than that of 
other polymeric solid electrolytes and does not affect the wettability of 

the diaphragm and electrodes [51]. The Li+ conductivity properties of 
SHQSE and LE from 30 to 80 ◦C are presented in Fig. S16. The Li+

conductivity of LE is slightly higher than that of SHQSE (30 ◦C, 0.95 >
0.72 mS cm-1). This indicates that the viscosity of the system increases 
before crosslinking, and the enhanced crosslinked structure, further 
reduces Li+ conductivity. With the increase in temperature (70–80 ◦C), 
the Li+ conductivity of SHQSE becomes greater than that of LE. This 
phenomenon arises because the crystalline region of SHQSE decreases at 
high temperatures, while enhanced polymer activity further contributes 
to the significant improvement in Li+ conductivity. SHQSE exhibits a 
higher Li+ migration number (tLi

+ = 0.56), which is attributed to the 
reduced interaction of Li+ with the solvent, leading to more free 
migration of Li+. The abundant hydrogen bonds and crosslinking 
network hinder anion migration to some extent, inhibiting the formation 
of space charge near the Li anode and further reducing the dendrite 
formation under high current density (Fig. S17). Comparative Li|SS cell 
tests (Fig. S18) demonstrate that SHQSE achieves comparable current 
peaks and charge transfer characteristics to LE during Li stripping/
plating. These results confirm that SHQSE maintains excellent electro
chemical kinetics while improving cycling stability.

Fig. 4. Electrochemical performance of full cells with high loading using SHQSE and LE. (a) Cycling performance of Li|LFP full cells in SHQSE and LE at 1 C. (b) Rate 
capacities of Li|LFP full cells. (c) The corresponding capacity curves in SHQSE for different number of cycles of charging/discharging. (d) EIS plots of SHQSE and LE 
for LFP full cells before and after the 100th cycle. (e) High-resolution TEM images of LFP particles after 100 cycles of SHQSE and (f) LE. (g) GITT profiles at the 
discharge/charge process (SHQSE), diffusion coefficients calculated from GITT profiles (h). (i) Cycling performance of Li|NCM811 full cells in SHQSE and LE at 0.5 C.
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2.2. Li stripping/plating reversibility and stability

The compatibility between SHQSE and Li anode plays a critical role 
in determining the performance of high-energy-density Li metal batte
ries. The surface of the Li electrode was protected by an in-situ formed 
self-healing layer. The self-healing capabilities of SHQSE were further 
investigated by testing Li|Li symmetric cells. For comparison, the cell 
with LE was also tested under the conditions of 1 mA cm-2 and 1 mAh 
cm-2. As shown in Fig. 3a-b, the symmetric cell with SHQSE exhibits 
excellent interfacial compatibility and electrochemical stability, 
achieving a cycling life of 1300 h and a stable overpotential of 120 mV. 
This performance is significantly better than that of the LE-based sym
metric cell and surpasses many reported solid electrolytes (Table S2). 
The polarization tests (Fig. S19) conducted at different current densities 
(3 mA cm-2 and 5 mA cm-2) show stable cycling of 3500 h and 650 h with 
consistent overpotential, indicating that the electrolyte can be used 
under high-current conditions in batteries. In addition, the interfacial 
impedance of the Li|Li symmetric cell with SHQSE increases by 38 Ω 
after 500 cycles, while that of LE increases by 118 Ω at 1 mA cm-2 

(Fig. 3c). The impedance variation over time shows that the interfacial 
impedance of SHQSE increased from 225 Ω on the first day to 356 Ω on 
the 15th day, while that of LE increased from 311 Ω to 476 Ω (Fig. 3d 
and Fig. S20). Furthermore, the rapid Li⁺ transfer kinetics at the Li 
electrode/electrolyte interface were demonstrated by Tafel plots of Li|Li 
symmetric cells. As shown in Fig. 3e, the exchange current density for 
SHQSE (0.3 mA cm-2) is slightly lower than that for LE (0.35 mA cm-2), 
suggesting that high compatibility between the in-situ form SHQSE and 
the Li anode may facilitate rapid Li⁺ transfer.

SEM was employed to observe the Li deposition morphologies using 
different electrolytes. The Li|Li symmetric cell was disassembled after 
500 cycles at current densities of 1 mA cm-2 and 1 mAh cm-2. For LE 
(Fig. 3f, g and Fig. S21a, b), Li deposition is uneven and accompanied by 
severe corrosion. The Li metal surface exhibits an irregular dendritic 
structure, indicating significant voltage hysteresis and instability, and 
poor cycling performance. In contrast, the Li surface in SHQSE exhibits a 
smooth and dense depositional morphology without visible cracks. 
(Fig. 3h, i and Fig. S21c, d). The self-healing interface helps maintain the 
integrity of the SEI and reduce interfacial side reactions. This uniform 
and dense Li deposition behavior in SHQSE ensures more stable Li 
stripping/plating reversibility and further improves the electrochemical 
performance of practical Li metal batteries.

X-ray photoelectron spectroscopy (XPS) characterization was per
formed on cycled Li metal from Li|Li symmetric cells after 50 cycles to 
determine the SEI composition. As shown in Fig. S22, the surfaces of LE 
and SHQSE are dominated by C–C/C–H, C–O/C=O, and C-F species in 
the C 1 s and O 1 s spectra, which are characteristic of organic species 
compounds primarily derived from solvent decomposition (EC, DEC, 
and FEC). The decrease in contents etching depth indicates that the SEI 
outer layer is rich in organic components, while the inner layer is 
dominated by inorganic components. This structure improves ionic 
conductivity and mechanical stability, thereby inhibiting lithium 
dendrite generation [52]. In the F 1 s spectra, the SEI of SHQSE shows 
higher LiF contents in both the inner and outer layers compared to LE. 
The C-F content in the inner layer of SHQSE SEI is slightly increased, 
which benefits for enhancing SEI conductivity. Notably, LiPF6 and FEC 
generate C-F and LiF, but LiPF6 produces more side reactions and forms 
a loose SEI layer, while FEC directly forms a dense LiF-rich SEI [53]. 
Meanwhile, the content of LixPOyFz derived from LiPF6 is lower in 
SHQSE’s SEI than in LE, confirming that LiF originates from FEC 
decomposition. The crosslinked network structure of SHQSE hinders the 
movement of PF6

- , reduces direct contact with Li metal, and inhibits 
LiPF6 decomposition [54]. Remarkably, the Li2O content on the surface 
of SHQSE is higher than that of LE. This is attributed to the unsaturated 
double bonds in the residual monomers (such as ETPTA), which are 
prone to be reduced because of their low LUMO (Fig. 5b). Consequently, 
this reduction process leads to forming more Li2O on the surface [55]. 

This inorganic-rich SEI isolates Li from electrolyte corrosion, improving 
reversibility and stability. The S 2p spectra reveal S-S bonds in the SEI, 
enriching its composition and enhancing anode stability.

2.3. Practical applications in LFP and NCM811 cells

To demonstrate the capability of SHQSE in practical applications, Li 
metal full cells were assembled with high-loading cathodes: LiFePO4 
(LFP, areal loading: 10.6 mg cm-2) and LiNi0.8Co0.1Mn0.1O2 (NCM811, 
areal loading: 17.5 mg cm-2). As shown in Fig. 4a, the Li|LE|LFP cell 
delivers an initial discharge capacity of 137 mAh g-1 at 1 C. After 147 
cycles, the specific capacity begins abrupt decay, reaching 70 mAh g-1 by 
the 200th cycle. In contrast, the Li|SHQSE|LFP cell maintains a revers
ible discharge capacity of 87 mAh g-1, with over 99 % coulombic effi
ciency and 62.6 % capacity retention after 600 cycles, outperforming 
most reported solid-state batteries (Table S2). The rate performance of 
the integrated Li|LFP cell was evaluated at different current densities 
ranging from 0.1 to 5 to 0.2 C (Fig. 4b). The specific capacities of SHQSE 
and LE are comparable from 0.1 to 2 C, and they even exhibit similar 
specific capacities at 1 C and 2 C. When the current density returns to 0.2 
C, the capacity returns to its initial level. The dynamic disulfide bonds 
and the numerous complementary hydrogen bonds in SHQSE are proven 
to be highly reversible and the in-situ curing enhances the contact be
tween SHQSE and the LFP electrode/electrolyte interface. Additionally, 
the charge/discharge curves of the full cell using SHQSE at 1 C for 
different cycles show excellent cycling performance, without significant 
increase in overpotential observed over 600 cycles (Fig. 4c).

The electrochemical impedance spectra (EIS) of both cells before and 
after cycling are shown in Fig. 4d After 100 cycles, the impedance of the 
LFP with LE increases by 138 Ω, while the interfacial impedance of 
SHQSE increases by 87 Ω. This increase is mainly attributed to the for
mation of stable self-healing interfaces between SHQSE and the elec
trodes after cycling. The cathode electrolyte interface (CEI) is an 
important component affecting the cathode/electrolyte interface, and 
the formation process of CEI can be understood by high-resolution 
transmission electron microscopy. As shown in Fig. 4e, the Li|SHQSE| 
LFP cell forms a uniform amorphous layer (CEI) on the surface of LFP 
material particles after 100 cycles. In contrast, the LFP material particles 
with LE form the thicker and inhomogeneous CEI layer, resulting in the 
higher interfacial resistance at the cathode/solid electrolyte interface 
(Fig. 4f). The Li+ diffusion coefficient (DLi

+) was further calculated using 
the galvanostatic intermittent titration technique (GITT). As shown in 
Fig. 4 g, h and Fig. S23, the Li+ diffusion coefficients of Li|SHQSE|LFP in 
the lithiation and delithiation states are approximately the same as those 
of Li|LE|LFP (Fig. S24). These results are consistent with the Tafel 
analysis. The excellent diffusion kinetics and cyclic reversibility are 
further demonstrated [56]. Finally, the high-voltage cycling stability 
performance was evaluated using a high-loading NCM811 cathode. As 
shown in Fig. 4i and Fig. S25, the capacity of the Li|LE|NCM811 cell 
continues to drop at 0.5 C and suddenly failed at the 87th cycle due to 
uneven Li deposition and rapid growth of Li dendrites. In contrast, Li| 
SHQSE|NCM811 cell maintains a stable capacity of 120.9 mAh g-1 ca
pacity and 75.5 % capacity retention after 500 cycles. The results 
demonstrate excellent cycling performance compared to other works 
listed in Table S2. The high reversibility of SHQSE at different rates from 
0.1 to 5 to 0.2 C further verifies its self-healing and high-voltage resis
tance properties (Fig. S26). As shown in the C 1 s spectra of Fig. S27, 
both LE and SHQSE systems exhibit organic species including 
C–C/C–H, C–O, O–C=O, and C-F components, which originate from 
electrolyte decomposition. Notably, the content of these organic com
ponents decreases progressively with increasing etching depth. This 
trend indicates that the CEI structure resembles the conventional SEI 
architecture, featuring an organic-rich outer layer and an 
inorganic-dominated inner layer. The F 1 s spectra further reveal that 
the SHQSE system contains a higher LiF content compared to the LE 
system, along with C-F and LixPOyFz species in both cases. These species 
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are likely derived from the decomposition of LiPF6 because of the lower 
HOMO energy level of FEC and the resistance to decomposition. With 
increasing etching depth, LixPOyFz still exists in the LE system, 
providing additional evidence that the LiF possibly originates from LiPF6 
decomposition. In addition, the LiF in both the outer and inner layers of 
the CEI in the SHQSE system is lower than that in the LE system, sug
gesting that SHQSE inhibits LiPF6 decomposition [54]. The O 1 s spectra 
show that the SHQSE system has higher lattice oxygen content and a 
lower surface oxygen content with increasing etching depth compared 
to LE. This finding indicates that SHQSE generates a thinner CEI, which 
is consistent with the conclusions drawn from TEM observations and 
long-term cycling experiments. Moreover, the S 2p spectra reveal the 
presence of S-S in both the inner and outer layers at 163.6 eV, suggesting 
that SHQSE participates in CEI layer formation. Thus, SHQSE enhances 
the compatibility between the electrode and electrolyte, suppresses 
further decomposition, and enables fast and uniform Li+ transport in the 
cell.

2.4. Practical applications in Si/C cells

The functionality and availability of SHP were further verified with 
schematic diagrams showing the post-cycling state of silicon particles in 
Si/C electrode materials (Fig. 5a). SHP was introduced into the electrode 
material as the ionic conductive agent. The crosslinked network formed 
efficient Li+ transport channels through in-situ polymerization. Simul
taneously, polymer chains adhered to the surface of the anode material 
particles, optimizing the Li+ transport path between them. The complex 
soft and hard chain segments combined with dynamic self-healing co
valent bonds synergistically constructed a polymer network to with
stand high stresses and form elastic protective layers. The oxidation 

stability of the solid electrolyte is a significant indicator in practical 
applications. Fig. 5b presents the HOMO and lowest unoccupied mo
lecular orbital (LUMO) energy levels of different molecules obtained 
from density functional theory (DFT) calculations. FEC has lower LUMO 
and HOMO compared to other solvent molecules (EC, DEC), indicating 
its preferential decomposition of FEC at the anode and enhanced 
oxidative stability. The solid electrolyte monomer contains unstable 
groups (e.g. C=C). Upon in-situ polymerization, SHP forms a crosslinked 
network structure that enables more uniform dispersion of the negative 
electron region, which interacts with the LE to enhance oxidative sta
bility. This finding is consistent with the results of LSV [57]. In the 
SHQSE system, more Li⁺ clusters are generated due to the increased LE 
encapsulation around the solid electrolyte, inducing additional LiF for
mation, as confirmed by XPS [50]. The Li+ conductive network disso
ciates Li salts and induces the formation of stable SEI, which inhibits side 
reactions at the electrode/solid electrolyte interface and provides 
excellent interfacial stability. The elemental mapping images (Fig. S28) 
show that the Si/C electrode contains C and Si elements, with uniformly 
distributed S elements at low concentrations on the surface and within 
the electrode. The Li|Si/C@SHP cell exhibits 74.5 % capacity retention 
after 200 cycles at 0.33 C (Fig. 5c). Owing to SHP’s self-healing prop
erties and fast Li⁺ transport channels, the capacity recovers after 70 
cycles. This unique advantage is attributed to the adaptive and 
self-healing capability of the composite anode, where SHP builds robust 
networks on the surface of the particles. The alternating soft and hard 
segments of the polymer can tolerate volume changes in silicon to 
maintain mechanical and electrochemical integrity. The EIS curves 
(Fig. 5d) show that the interfacial impedance of the Si/C@SHP cell in
creases by only 39 Ω after 50 cycles at 0.33 C, whereas that of the Li|Si/C 
cell rises sharply by 184 Ω. Fig. 5e shows the self-healing of Li| 

Fig. 5. (a) Schematic representation of particle changes after long cycling in Si/C and Si/C@SHP. (b) HOMO and LUMO energy levels of different molecular and SHP. 
(c) Cycling performance of different Li|Si/C cells at 0.33 C. (d) EIS plots of Si/C@SHP and Si/C for Li|Si/C cells before and after 50 cycles. (e) Scratched composite Si/ 
C@SHP electrode and optical microscope image after ten cycles. (f) Si/C@SHP and (g) Si/C high-resolution TEM images of Si/C anode particles after 50 cycles. Top- 
view SEM images of Si/C@SHP (h) and (l) Si/C electrodes before cycling. Top-view SEM images of Si/C@SHP (i) and Si/C (m) electrodes after 50 cycles. Cross- 
sectional SEM images of Si/C@SHP (j) and Si/C (n) electrodes before cycling. Cross-sectional SEM images of Si/C@SHP (k) and Si/C (o) electrodes after 50 cycles.
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Si/C@SHP electrodes before and after cycling. The apparent healing of 
the scratches can be attributed to self-healing mechanisms of SHP during 
the cycling process. As shown in Fig. 5h-k, the Si/C@SHP electrode 
remains smooth and dense with minimal cracking and thickness increase 
after cycling, confirming SHP’s ability to suppress volume expansion. In 
contrast, the Si/C electrode with the styrene butadiene rubber/
carboxymethyl cellulose sodium (SBR/CMC) (Fig. 5l-o) shows severe 
surface cracks, particle fragmentation, and doubled electrode thickness 
due to inadequate stress tolerance. These results indicate that SHP 
significantly improves the overall performance of Si/C electrodes 
through structural and interfacial stabilization, making it possible to 
apply polymer electrolyte as the ionic conductive agent.

2.5. Practical applications of soft pack batteries

The practicality of highly-load positive and negative materials in 
SHQSE was successfully verified. This was achieved through an in-situ 
SHQSE polymerization strategy, which enabled the assembly of a 2 Ah 
NCM811|SHQSE|Si/C@SHP soft pack battery. The structure and 
detailed design diagram of the NCM811|SHQSE|Si/C@SHP soft pack 
battery are schematically presented in Fig. 6a and Fig. S29. The cycle 
stability of the soft pack battery was tested at 25 ◦C (Fig. 6b). The 
NCM811|SHQSE|Si/C@SHP soft pack battery initially delivers a ca
pacity of 2 Ah at 0.5 C and maintains 87 % capacity after 400 cycles. In 
comparison, the LE-based soft pack battery retains 69 % capacity under 
identical cycling conditions. The capacity-voltage curves show that 
SHQSE maintains high capacity performance even after long cycling, 
with negligible changes (Fig. 6c). The LE-based battery exhibits signif
icant polarization voltage fluctuations in the later stages of cycling, 
leading to rapid capacity decay (Fig. S30). The SHQSE integrated soft 
pack battery achieves enhanced cycle stability through interfacial self- 
healing and adaptive volume expansion. The light board continues to 
function without burning or smoking despite multiple 90◦ folds and 
destructive experiments (e.g., cutting the package), demonstrating 
exceptional safety and flexibility. These results confirm that SHQSE- 
based solid-state batteries possess excellent practical safety value.

3. Conclusion

In summary, we developed a self-healing quasi-solid electrolyte with 
multiple dynamic bonds formed through in-situ polymerization, which 
significantly improved self-healing efficiency and mechanical strength. 
The SHQSE, synthesized via in-situ thermal polymerization of ETPTA, 

HEA, DTDA and PPO2300, not only repairs interfacial defects but also 
improves the solid electrolyte/electrode interfacial contact to ensure 
uniform Li+ deposition. The formation of dynamic disulfide bonds and 
complementary hydrogen bonds in the polymer chain through in-situ 
polymerization endows SHQSE with high stretchability and Li⁺ con
ductivity. Additionally, SHP serves as an ionic conductive agent for Si/C 
electrodes. Its complex crosslinked network enables SHP to create 
continuous Li+ transport paths on Si/C electrodes, thereby alleviating 
the stresses caused by the expansion of silicon particles. Benefiting from 
these advantages, the in-situ polymerized SHQSE cells exhibit smaller 
voltage polarization and impedance, more uniform and flat electrode 
interfaces, and excellent cycling performance compared to LE. The 
NCM811|SHQSE|Si/C@SHP soft pack battery demonstrates stable 
cycling (87 % capacity retention after 400 cycles), robust flexibility 
without electrochemical degradation under folding, and excellent safety 
under abuse conditions with no short-circuiting or combustion. These 
results highlight its great potential for practical applications. This in-situ 
strategy combined with self-healing capabilities highlights the potential 
of SHQSE to advance safe and high-performance lithium batteries.
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Fig. 6. Construction, flexibility and safety demonstration of the NCM811|SHQSE|Si/C@SHP soft pack batteries. (a) Schematic of the NCM811|SHQSE|Si/C@SHP 
soft pack battery structure. (b) Cycling performance of 2 Ah NCM811|SHQSE|Si/C@SHP and NCM811|LE|Si/C soft pack batteries at 0.5 C and 25 ◦C. (c) Voltage- 
Capacity Curves of NCM811|SHQSE|Si/C@SHP soft pack batteries with different number of turns. (d) Optical photographs of NCM811|SHQSE|Si/C@SHP soft pack 
battery lighting up a light sign at 25 ◦C under different states and destructive conditions.
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