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A B S T R A C T

Solid polymer electrolytes (SPEs) fabricated via in situ polymerization have garnered significant attention due to their excellent interfacial compatibility. None
theless, critical challenges, including low ionic conductivity, sluggish Li+ transport kinetics, and electrolyte flammability continue to hinder their widespread 
application. Herein, we introduce a multifunctional tri-arm crosslinker, triallyl isocyanurate (TAIC), to engineer an ultrathin, hypercrosslinked solid polymer 
electrolyte (TAIC-SPE) through in situ copolymerization with polyethylene glycol diacrylate (PEGDA). TAIC can act as rigid anchoring junctions, effectively avoiding 
the formation of long polymer chains, thereby enhancing ionic conductivity, and the electron-withdrawing carbonyl and triazine groups promote LiTFSI dissociation 
via anion coordination, enhancing the Li+ transference number. Besides, N-rich, structurally stable triazine ring can endow SPEs with high flame resistance and 
promote the formation of Li3N-enriched SEI during electrochemical cycling. The in situ-formed hypercrosslinked network ensures seamless interfacial adhesion and 
yields an only ~28-μm-thick membrane that provides short ion diffusion pathways. Thus, the optimized TAIC-SPE delivers a remarkable room-temperature ionic 
conductivity of 1.03 mS cm− 1, a high Li+ transference number of 0.62, a wide electrochemical window (>4.8 V) and high temperature tolerance. Consequently, the 
symmetric cells can achieve stable cycling for over 2000 h, and full cells with LiFePO4 cathode and high-voltage NCM cathode can run stably with a high-capacity 
retention. This work underscores the viability of hypercrosslinked SPEs toward the practical realization of safe, high-performance solid-state Li metal batteries.

1. Introduction

Lithium metal batteries (LMBs) have garnered significant attention 
in recent years for next-generation energy storage system due to the high 
theoretical capacity (3860 mAh g− 1), lowest redox potential (− 3.04 V vs 
SHE), and low density (0.534 g cm− 3) of the Li metal anode. [1–3]
However, the path to practical deployment is obstructed by the intrinsic 
incompatibility between the highly reductive Li anode and organic 
liquid electrolytes, which induces continuous electrolyte depletion and 
unstable solid electrolyte interphase (SEI) formation. [4,5] Furthermore, 
the inherent flammability and volatility of liquid electrolytes pose 
insurmountable safety hazards that limit large-scale application. [6–8]
Consequently, developing intrinsically safe and electrochemically 
resilient electrolyte systems is an urgent imperative.

In this context, solid-state electrolytes (SSEs) have emerged as a 
compelling alternative, promising to circumvent the volatility and 
leakage issues endemic to liquid systems. [9–12] Among the numerous 
SSEs, SPEs stand out for their unparalleled mechanical flexibility, facile 

processability, and superior interfacial compatibility with electrode ar
chitectures. [13–15] However, the translational potential of conven
tional linear SPEs remains severely curtailed by a trio of fundamental 
limitations: i) intrinsically poor room-temperature ionic conductivity 
(typically <10− 5 S cm− 1), stemming from sluggish segmental dynamics 
in semi-crystalline domains; ii) inadequate mechanical robustness, 
which proves insufficient to physically suppress Li dendrite penetration; 
iii) narrow electrochemical stability windows that preclude pairing with 
high-voltage cathodes. [16–18] While some prevalent strategies, such 
as: plasticizer incorporation or inorganic filler blending can partially 
alleviate ionic conductivity, these approaches often introduce unin
tended consequences. [19] For instance, small-molecule plasticizers (e. 
g., DMF, NMP, or acetonitrile) tend to migrate toward the Li metal 
interface, exacerbating side reactions and accelerating interfacial 
degradation. [20–22] Simultaneously, despite numerous studies aiming 
to improve the electrochemical performance and processability of SPEs, 
most remain flammable, posing safety risks in battery systems. [23–26]
Although the introduction of flame-retardant additives (e.g., black 
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phosphorus or alkyl phosphates) can mitigate fire risks, this often comes 
at the expense of reduced ionic conductivity or compromised mechan
ical integrity. [27–31] Therefore, the simultaneous realization of high 
ionic conductivity, wide electrochemical stability, robust dendrite sup
pression, and nonflammability within a single SPEs platform remains a 
formidable scientific challenge. [32]

In this study, we present a rational molecular engineering strategy to 
surmount these interconnected obstacles through the construction of a 
triazine-anchored hypercrosslinked network. Specifically, we employ 
TAIC, a multifunctional tri-arm crosslinker, to undergo in situ free- 
radical copolymerization with PEGDA, yielding a hypercrosslinked 
solid polymer electrolyte, denoted as: TAIC-SPE. The design leverages 
four synergistic attributes: 1) TAIC serves as rigid anchoring junctions 
that disrupt PEGDA crystallinity and lower Tg, unlocking segmental 
motion for enhanced Li+ conduction; 2) The electron-withdrawing 
carbonyl and triazine moieties promote LiTFSI dissociation by anion 
coordination, elevating the Li+ transference number; 3) N-rich struc
turally stable triazine rings facilitate the formation of a robust Li3N- 
enriched SEI while endow SPEs with high flame resistance; 4) The in situ 
formed hypercrosslinked architecture ensures seamless interfacial 
adhesion with a thickness of only ~28 μm. Leveraging this design, the 
optimized TAIC-SPE exhibits outstanding ionic conductivity (1.03 mS 
cm− 1 at 25 ◦C), high Li+ migration number (0.62), and a broad elec
trochemical stability window (4.8 V). Symmetric Li || Li cells achieve 
stable cycling over 2000 h, while LiFePO4 full cells retain 83% capacity 
after 600 cycles. High-voltage NCM cathodes further demonstrate 89% 
retention after 100 cycles at 4.3 V. This work establishes hyper
crosslinked network engineering as a scalable pathway toward safe, 
high-performance solid-state LMBs.

2. Result and discussion

2.1. Design principles and preparation of SPEs

To actualize the multifunctional design principles outlined above, we 
devised a facile in situ thermal crosslinking strategy. The in-situ cross
linking process and double-bond radical polymerization mechanism 
were illustrated in Fig. 1a. In a typical procedure, the crosslinking agent 
of TAIC, and the monomer of PEGDA, were uniformly mixed and poly
merized via thermal initiation by azobisisobutyronitrile (AIBN), yielding 
a densely crosslinked, three-dimensional hypercrosslinked network, 
labeled TAIC-SPE. As shown in Fig. 1b, the initially flowing transparent 
precursor solution gradually transformed into a dimensionally stable, 
optically clear SPE membrane upon completion of the polymerization 
process. [33]

Fourier-transform infrared (FTIR) spectroscopy was employed to 
examine changes in functional groups before and after polymerization. 
As shown in Fig. 1c, following polymerization, the characteristic C––C 
stretching vibration peak of PEGDA at 1618 cm− 1 disappeared, indi
cating that both TAIC-SPE and SPE underwent polymerization reactions. 
[34,35] Furthermore, comparison with the SPE spectrum revealed a 
signal at 1700 cm− 1 for TAIC-SPE, corresponding to the carbonyl (C=O) 
vibration of TAIC. Following TAIC incorporation into the polymeriza
tion, this C––O signal disappeared, confirming the successful chemical 
grafting and copolymerization of TAIC with the PEGDA matrix. 
Morphological characterization via scanning electron microscopy (SEM) 
revealed that the crosslinked polymer networks of TAIC-SPE and SPE 
uniformly and densely filled the PP separator (Fig. S1). Cross-sectional 
SEM analysis confirmed a compact morphology with a membrane 
thickness of ~28 μm (Fig. 1d and Fig. S2–3). This thin architecture 
ensures short ion diffusion pathways while maintaining robust me
chanical integrity, a prerequisite for stable and safe LMBs. Fig. S4 

Fig. 1. Structure characterization of the SPEs. (a) Schematic of the copolymerization mechanism of PEGDA and TAIC. (b) Optical photograph of the TAIC-SPE. (c) 
FTIR spectra, and (d) Cross-section SEM images of TAIC-SPE electrolyte.
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showed the results of the tensile test. The elongation at break of TAIC- 
SPE reached 140%, indicating that the crosslinking centers increased 
intermolecular interactions, thereby imparting high mechanical elas
ticity to the polymer.

2.2. Physicochemical properties of the SPEs

Having established the structural and morphological characteristics 
of the ultrathin TAIC-SPE, we next to analyze its Li+ transport mecha
nism and electrochemical stability. To this end, the interactions between 
the polymer network of TAIC-SPE and LiTFSI were systematically 
analyzed using Fourier Transform Infrared Spectroscopy (FTIR). As 
shown in Fig. 2a, the incorporation of TAIC induced a distinct shift of the 
C––O stretching vibration from 1679.8 cm− 1 to 1695.5 cm− 1, signifying 
a pronounced coordination interaction that perturbed the local elec
tronic environment of the carbonyl moiety. [36] This interaction 
directly impacted the Li+ solvation, as revealed by 7Li nuclear magnetic 
resonance (NMR) spectroscopy. As shown in Fig. 2b, the Li+ signal in the 

SPE control appeared at − 1.120 ppm, indicating a highly bound, slow- 
exchanging solvation structure. In stark contrast, in the TAIC-SPE, the 
Li+ signal was shifted up-field to − 1.214 ppm, suggesting that the TAIC- 
incorporated network facilitated the dissociation of LiTFSI. [22]

Then, to quantify the speciation of the TFSI− anion, Raman spec
troscopy was employed, with the characteristic S–N–S bending region 
deconvoluted via Gaussian–Lorentzian fitting into three distinct con
tributions: free anions (SSIP, ~738 cm− 1), contact ion pairs (CIP, ~742 
cm− 1), and higher-order aggregates (AGG, ~750 cm− 1). [37,38] As 
shown in Fig. 2c and f, while both electrolytes exhibited comparable 
populations of free SSIP species, the ion-association state was markedly 
redistributed after the incorporation of TAIC: TAIC-SPE exhibited an 
AGG-rich coordination environment (52.58%), whereas the SPE control 
was dominated by CIP species (36.08%). This redistribution reflects a 
pronounced reorganization of the local Li+/TFSI− coordination envi
ronment induced by the TAIC-containing network and suggests stronger 
participation of TFSI− in the local coordination structure.

Furthermore, density functional theory (DFT) calculations provided 

Fig. 2. Ion transport mechanism and electrochemical properties of the SPEs. (a) FTIR spectra of TAIC-SPE and SPE. (b) 7Li NMR spectra of TAIC-SPE and SPE. 
Raman spectra of (c) TAIC-SPE and (f) SPE. (d) Binding energy with Li+ or TFSI− of PEGDA and TAIC-PEGDA. (e) Electrostatic potential of typical clips from PEGDA 
and TAIC-PEGDA. (g) Ion transport mechanisms of TAIC-SPE and SPE.
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complementary theoretical support for this preferential interaction. As 
shown in Fig. 2d, the TAIC-PEGDA segment exhibited a weaker inter
action with Li+ but a stronger interaction with TFSI− than the polymer 
segment, indicating a preferential affinity of the TAIC-containing 
framework toward TFSI− , [39] avoiding excessively strong Li+ binding 
to the polymer framework, thereby providing a more favorable envi
ronment for ion transport.

Electrostatic potential (ESP) maps further illustrated the redistribu
tion of the local electronic environment. [40] As shown in Fig. 2e, the 
negative electrostatic potential in pristine PEGDA is mainly localized 
around the ether oxygen atoms. After incorporation of the triazine and 
carbonyl functionalities in TAIC-PEGDA, the electrostatic potential 
distribution was substantially redistributed, generating additional polar 
interaction regions within the polymer framework, [41,42] which pro
vided potential interaction sites for TFSI− .

Taken together, the Raman-derived coordination-state redistribu
tion, selective binding-energy characteristics, and ESP analysis provide 
mutually consistent evidence that the TAIC-containing framework 
preferentially interacts with TFSI− and modulates the local Li+/TFSI−

coordination environment.

The Li+ transport mechanism of TAIC-SPE was shown on Fig. 2g. In 
the conventional SPE, Li+ transport was constrained by strong coordi
nation to the polymer backbone, resulting in sluggish segmental motion- 
assisted hopping. However, in the TAIC-SPE, the preferential interaction 
of TAIC with TFSI− anions promoted the dissociation of LiTFSI, liberated 
a higher concentration of free Li+, thereby enhancing Li+ migration 
efficiency. This mechanism was also directly validated by the measured 
Li+ transference number (tLi

+). As shown in Fig. 3a and Fig. S5, the TAIC- 
SPE achieved a tLi

+ of 0.62, more than double that of the SPE (0.29). The 
parameter values used for migration calculations are summarized in 
Table S1. Such a high transference number was instrumental in sup
pressing concentration polarization and fostering uniform Li deposition.

Consistent with this enhanced transport efficiency, temperature- 
dependent electrochemical impedance spectroscopy and Arrhenius 
analysis yielded an apparent activation energy (Ea) for ionic transport of 
0.11 eV for TAIC-SPE, compared with 0.14 eV for SPE (Fig. 3b and 
Fig. S6), corresponding to an approximately 21% reduction. The low Ea 
quantitatively indicated a lower energetic barrier for ion transport in 
TAIC-SPE, providing direct kinetic evidence for its more favorable ion- 
transport behavior, which was consistent with the Raman and 7Li 

Fig. 3. Physical and chemical properties of SPEs. (a) Current-time curves of Li|TAIC-SPE|Li cells at 10 mV (illustration showed the EIS curves before and after 
polarization). (b) Arrhenius plots of ionic conductivity for TAIC-SPE and SPE. (c) Impedance diagrams of TAIC-SPE and SPE. (d) DSC curves of the electrolytes. (e) 
Tafel plots for different electrolytes. (f) Comparison of the HOMO/LUMO orbitals. (g) LSV curves of TAIC-SPE and SPE. (h) TGA curves of TAIC-SPE and SPE at 
25–490 ◦C. (i) Flame retardant mechanism of TAIC-SPE.
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NMR analyses, as well as the DFT calculations. Taken together, these 
complementary spectroscopic, theoretical, and quantitative kinetic re
sults suggest that the preferential regulation of TFSI− modified the local 
Li+ coordination environment and reduced the energetic barrier for Li+

transport, thereby facilitating ion migration within the polymer matrix. 
[43] This reduction in the migration energy barrier, coupled with the 
increased carrier concentration, culminated in a high room-temperature 
ionic conductivity of 1.03 mS cm− 1 (Fig. 3c). [44] Meanwhile, differ
ential scanning calorimetry (DSC) traces revealed that the hyper
crosslinked TAIC-SPE exhibited a significantly depressed glass transition 
temperature (Tg) of − 43.3 ◦C, compared to − 38.3 ◦C for the SPE 
(Fig. 3d). This depression in was a direct consequence of the disrupted 
crystallinity imparted by the rigid TAIC junctions, which expanded the 
amorphous fraction and enhanced polymer segmental mobility, a pre
requisite for efficient ion transport. [45] Moreover, Tafel analysis also 
revealed a higher exchange current density for the TAIC-SPE interface, 
further confirming accelerated Li+ transfer kinetics across the electrode/ 
electrolyte interphase (Fig. 3e). Interfacial resistance is a critical 
parameter that bridges the microscopic structure of the electrolyte and 
the macroscopic performance of the battery. In polymer solid-state 
systems, poor interfacial contact or restricted segmental dynamics 
near the electrode/electrolyte interface can impede Li+ transport, 
aggravate cell polarization, and ultimately compromise rate capability. 
At the Li-metal interface, nonuniform Li+ flux further facilitates den
dritic deposition. Therefore, minimizing interfacial resistance while 
ensuring stable electrode/electrolyte contact is essential for achieving 
high rate capability, long cycling stability, and enhanced safety in 
polymer-based solid-state LMBs. [46]

The electrochemical stability of the SPEs was equally critical for 
compatibility with high-voltage cathodes. As shown in Fig. 3f, the TAIC- 
PEGDA segment possessed a lowered highest occupied molecular orbital 

(HOMO) energy level of − 7.42 eV compared to the PEGDA, suggesting 
enhanced oxidative stability. [47] At the same time, Linear sweep vol
tammetry (LSV) revealed that TAIC-SPE exhibited a broad electro
chemical stability window of 4.8 V, surpassing that of the SPE (4.3 V) 
and rendering it suitable for high-energy-density cathode chemistries 
(Fig. 3g). [48] The CV test results of the Li||SS half cells with different 
electrolyte systems showed the good Li plating/stripping reversibility 
(Fig. S7).

Thermal and safety characteristics were subsequently evaluated. As 
shown in Fig. 3h, thermogravimetric analysis (TGA) demonstrated the 
superior thermal resilience of TAIC-SPE, attributable to the thermal 
decomposition of isocyanurate groups into non-flammable and inert 
gaseous species. Concurrently, the formation of a dense, protective char 
layer during thermal exposure acts as a physical barrier to heat and mass 
transfer, effectively quenching combustion propagation (Fig. 3i). 
[49,50] The practical implications of this dual protective mechanism are 
vividly illustrated by combustion and thermal abuse tests. As shown in 
Fig. 4a and Videos S1 and S2 (Supporting Information), SPE sustained 
burning upon exposure to flame, whereas TAIC-SPE exhibited brief 
combustion followed by rapid self-extinguishment, demonstrating su
perior flame-retardant properties. Infrared thermal imaging compari
sons between TAIC-SPE, SPE, and polypropylene (PP) separators also 
revealed thermal degradation processes. As shown in Fig. 4b, PP sepa
rators exhibited noticeable wrinkling at 100 ◦C, while SPE separators 
began wrinkling at 120 ◦C. In contrast, TAIC-SPE maintained dimen
sional stability and showed no significant physical changes at 160 ◦C, 
indicating superior thermal resistance and structural integrity at 
elevated temperatures. Collectively, these results establish that the 
TAIC-SPE not only delivers exceptional ionic transport metrics but also 
provides an unprecedented margin of safety under extreme thermal 
duress.

Fig. 4. Thermal stability test of SPEs. (a) Optical images of TAIC-SPE and SPE under the flame test, and (b) Infrared thermography images of TAIC-SPE, SPE, and 
PP during heating process.
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2.3. Interfacial stability and electrochemical performance

Having demonstrated the superior ionic transport properties and 
intrinsic safety features of the TAIC-SPE, we next assessed its practical 
viability in LMBs. To this end, galvanostatic cycling of Li||Li symmetric 
cells were performed at a current density of 0.1 mA cm− 2. As shown in 
Fig. 5a, the cell incorporating TAIC-SPE exhibited remarkably stable 
voltage profiles over 2000 h, with a consistently low and invariant 
overpotential. In stark contrast, the overpotential of the Li|SPE|Li 
symmetric cells sharply declined after 200 h, a signature of incipient soft 
shorting induced by uncontrolled dendrite growth. Notably, throughout 
the cycling process, the overpotential of the TAIC-SPE remained 
consistently lower than that of the SPE without oscillation, underscoring 
its exceptional capacity to regulate uniform Li plating/stripping 
behavior (Fig. S8).

After cycling, the Li symmetric cell was disassembled and subjected 
to SEM examination. As shown in Fig. 5b, the Li metal anode harvested 
from the TAIC-SPE cells exhibited uniform and smooth deposition 
without any dendrite formation. In contrast, the Li metal anode from the 
Li|SPE|Li cells displayed significant non-uniform deposition and 

dendrite growth (Fig. S9). The morphology of lithium deposition at 
different stages of the cycle also demonstrates the inhibitory effect of 
TAIC-SPE on dendrite formation (Fig. S10). Furthermore, after cycling 
200 h, it can be observed that the thickness of the reaction layer on the 
TAIC-SPE was significantly thinner than that on the SPE, and its struc
ture was denser (Fig. S11). This capacity for dendrite suppression was 
retained even under more demanding conditions. Furthermore, at an 
elevated areal capacity of 0.2 mAh cm− 2, the TAIC-SPE-based symmetric 
cell also demonstrated long-term stability (Fig. S12). Through more 
stringent critical current density (CCD) testing, the maximum current at 
which Li dendrites could be inhibited was evaluated for both samples. 
The critical current density for TAIC-SPE reached 2.4 mA cm− 2, sur
passing the 1.7 mA cm− 2 achieved by SPE (Fig. 5c). Furthermore, even at 
a high area capacity of 0.5 mAh cm − 2, the Li|TAIC-SPE|Li symmetric 
cells still exhibited high long-term stability, while the Li|SPE|Li cells 
exhibited irreversible hard short-circuiting after only 10 cycles 
(Fig. S13). Electrochemical impedance spectroscopy (EIS) acquired at 
various cycle intervals further corroborated the superior interfacial 
stability of TAIC-SPE. As shown in Fig. 5d and e, while the Li|SPE|Li cell 
exhibited a marked and progressive decrease in interfacial resistance, 

Fig. 5. Li plating/stripping behavior and post analysis. (a) The constant current cycle performance of Li||Li cells assembled by TAIC-SPE and SPE at a current 
density of 0.1 mA cm− 2. (b) SEM images of Li metal anode after cycling with TAIC-SPE. (c) CCD of TAIC-SPE and SPE at the current density of 0.05–3.5 mA cm− 2. 
Impedance changes after 10, 30 and 50 cycles of the cells with (d) TAIC-SPE and (e) SPE. (f) N 1 s XPS of Li anode after cycling in TAIC-SPE and SPE. (g) F 1 s XPS of 
Li anode after cycling in TAIC-SPE and SPE. (h) O 1 s XPS of Li anode after cycling in TAIC-SPE and SPE.
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the impedance of the Li|TAIC-SPE|Li cell remained essentially invariant, 
confirming the formation of a stable SEI film. Furthermore, the SEI was 
probed via X-ray photoelectron spectroscopy (XPS). Li3N is known to be 
a beneficial component of the SEI, providing high mechanical strength 
and ionic conductivity. As shown in Fig. 5f, the TAIC-SPE exhibited a 
distinct signal (~399 eV) for the inorganic component rich in Li3N, with 
an intensity significantly higher than that of the SPE, signifying that the 
nitrogen-rich triazine moieties within TAIC underwent preferential 
reductive decomposition to generate a Li3N-rich SEI layer. [21,51]
Concomitantly, thanks to the preferential interaction of TAIC with TFSI−

anions, a LiF-rich phase can also be observed, which further enhanced 
the stability of SEI layer(Fig. 5g). Moreover, a significant attenuation of 
signals associated with organic C–O/C=O species was observed for the 
TAIC-SPE, indicating suppressed decomposition of organic materials 
(Fig. 5h). [36] At the same time, as shown in Fig. S14a, compared to the 
SPE spectrum, the Li2CO3 signal was significantly attenuated in the 
TAIC-SPE spectrum, indicating that the polymer structure remained 
intact. [52] Furthermore, as observed in the Li 1 s spectrum, the signal 
intensities of the inorganic phases Li3N and LiF in TAIC-SPE were higher 
than those in the SPE (Fig. S14b).This inorganic-rich, hierarchically 
structured SEI serves as a robust physical and chemical barrier, miti
gating parasitic side reactions and enforcing uniform Li+ flux.

Lastly, the practical impact of this stabilized interface was next 
evaluated in full cells.The SEM images of the fabricated LFP and NCM 
cathodes together with the corresponding EDS elemental mapping were 
shown in Fig. S15. As shown in Fig. 6a, the Li|TAIC-SPE|LFP cells 
delivered exceptional long-term cyclability, retaining 83.7% of its initial 
capacity after 600 cycles at 1.0C. In contrast, the Li|SPE|LFP cells suf
fered from a continuous capacity fade after only 150 cycles, due to un
controlled side reactions and Li dendrites growth. The corresponding 
charge-discharge profiles also exhibited well-defined voltage plateaus 
with minimal polarization growth for the TAIC-SPE system (Fig. 6b and 
Fig. S16). Rate capability tests further underscored the superior kinetics 
enabled by the TAIC-SPE. As shown in Fig. 6c, the Li|TAIC-SPE|LFP cells 
delivered reversible specific capacities of 169.53, 166.67, 155.03, 
139.05, and 109.42 mAh g− 1 at 0.1C, 0.5C, 1C, 2C, and 5C, respectively, 
systematically outperforming the SPE-based cells. Notably, upon 
reverting the current density to 0.1C, the capacity recovers fully to 169.8 
mAh g− 1 with negligible degradation, attesting to the excellent elec
trochemical resilience of the TAIC-SPE. Impressively, even under a high 
current density of 5C, the Li|TAIC-SPE|LFP cell also maintained a 
discharge capacity of 101.3 mAh g− 1 with 89.52% retention after 200 
cycles (Fig. 6d). The corresponding charge-discharge curves were shown 
in Fig. S17. [53]

Fig. 6. Electrochemical performance of LMBs. (a) Cycle performance of Li||LFP cells with TAIC-SPE and SPE at the current density of 1.0C. (b) Charging/dis
charging curve of Li|TAIC-SPE|LFP cells. (c) Rate capability of Li||LFP cells with TAIC-SPE and SPE at the current density of 0.1–5.0C. (d) Cycle performance of Li|| 
LFP cells with TAIC-SPE at the current density of 5.0C. (e) Cycle performance of Li||NCM cells with TAIC-SPE and SPE at the current density of 0.5C. (f) Li|TAIC-SPE| 
LFP pouch cells in mechanical abuse test.
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Leveraging the wide electrochemical stability window of TAIC-SPE 
(>4.8 V), we further explored its compatibility with high-voltage cath
ode. As shown in Fig. 6e, when paired with NCM cathode, the full cells 
also exhibited an initial discharge specific capacity of 148.48 mAh g− 1 at 
0.5C, retaining 83.11% of this capacity after 100 cycles, demonstrating 
the feasibility of extending this electrolyte platform to high-energy- 
density systems. At the same time, when using thick NCM with a 
higher cathode area loading of approximately 9.2 mg cm− 2, the Li|TAIC- 
SPE|NCM system was still able to maintain stable cycling, whereas the 
Li|SPE|NCM system lasted only 5 cycles (Fig. S18).

Finally, to demonstrate the practical application potential of TAIC- 
SPE, we assembled the pouch cells. As shown in Fig. 6f, the TAIC-SPE- 
based pouch cells continued to power a light-emitting diode (LED) 
array without interruption or internal short-circuiting, even after being 
subjected to severe mechanical deformation, including folding and 
scissor cutting, underscoring the transformative potential of the ultra
thin, hypercrosslinked TAIC-SPE design for the realization of safe and 
durable solid-state LMBs.

3. Conclusion

In summary, we have developed an ultrathin, triazine-anchored 
hypercrosslinked solid polymer electrolyte (TAIC-SPE) via a facile in 
situ copolymerization strategy. The strategic incorporation of the 
multifunctional TAIC crosslinker disrupts polymer crystallinity to un
lock segmental dynamics, anchors anions to elevate the Li+ transference 
number, and generates a robust Li3N-rich interphase. These synergistic 
attributes endow TAIC-SPE with a room-temperature ionic conductivity 
of 1.03 mS cm− 1, a wide electrochemical window (>4.8 V), and intrinsic 
nonflammability. The resultant SPEs enable dendrite-free Li plating/ 
stripping over 2000 h and stable cycling of both LFP and NCM full cells. 
Moreover, pouch cells exhibit remarkable resilience to folding and 
cutting, underscoring the practical viability of this hypercrosslinked 
design. Performance comparisons with state-of-the-art cross-linked 
polymer electrolytes are summarized in Table S2 and Fig. S19, under
scoring the competitiveness of our strategy for safe, high-performance 
solid-state LMBs. This work establishes promising molecular engineer
ing for safe, high-performance solid-state LMBs.
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