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(e.g., LLZO, NASICON-type ceramics)[17,18] and cost-effective in-
ert fillers (e.g., SiO2, Al2O3 nanoparticles).

[19,20] The latter cate-
gory enhances Li+ transport through dual mechanisms: disrupt-
ing polymer crystallinity to create amorphous domains and facili-
tating Lewis acid-base interactions with both polymer chains and
Li+.[21,22] In recent years, the incorporation of structurally well-
defined porous materials—including metal–organic frameworks
(MOFs), zeolitic imidazolate frameworks (ZIFs), covalent organic
frameworks (COFs), and aluminosilicate zeolites—into polymer-
based matrices has attracted considerable attention.[23,24] These
materials possess ordered pore structures, high surface ar-
eas, tunable chemical environments, and abundant Lewis acid-
base sites, which together contribute to enhanced ion dissoci-
ation, directional Li+ transport, and structural integrity within
composite electrolytes.[25] ZIF-8, as a representative MOF, has
been incorporated into PEO and poly(vinylidene fluoride-co-
hexafluoropropylene) PVDF-HFP matrices, where it effectively
suppresses polymer crystallinity, immobilizes anions through
Lewis acid-base interactions, and facilitates the formation of
interconnected ion-conduction pathways.[26] COF-based fillers,
characterized by their thermal stability and structural tunabil-
ity, have also been employed to construct tailored Li+ trans-
port networks in CQSEs.[27] Zeolites, which feature rigid mi-
croporous frameworks and high ion-exchange capacities, have
demonstrated effectiveness in enhancing ionic conductivity and
thermal stability in such systems.[28] Despite these advances, the
widespread application of porous framework-based CQSEs re-
mains limited by issues such as filler agglomeration, phase in-
compatibility, and incomplete understanding of polymer-filler in-
terfacial transport behavior.[29] Therefore, the rational design of
filler surface properties and the optimization of Li+ transport
pathways at heterogeneous interfaces are crucial for further ad-
vancement of this class of materials.
Compared with other porous materials such as MOFs and

COFs, aluminosilicate zeolites exhibit superior structural rigidity,
thermal and chemical stability, and scalability in synthesis. These
frameworks, constructed from oxygen-bridged SiO4 and -AlO4
tetrahedra, provide highly ordered microporous channels and
strong Lewis acid-base characteristics,making them suitable can-
didates for promoting ion transport in polymer electrolytes.[30,31]

Their capacity to disrupt polymer crystallinity, increase the con-
centration of dissociated Li+, and stabilize interfacial architec-
tures has rendered them cost-effective and functionally versatile
fillers for QSEs.[32] Wu et al.[33] developed a composite solid elec-
trolyte by integrating lithiated zeolites with PVDF-HFP, where
the zeolite component reduced polymer crystallinity and liber-
ated more desolvated Li+, achieving an enhanced ionic conduc-
tivity of 1.98 × 10−4 cm S−1. Nevertheless, the interfacial in-
compatibility between the inorganic filler and the polymer ma-
trix induces electron localization, Li+-deficient space charge lay-
ers due to high potential difference and strong electron trans-
fer, which slows down the multiphase interfacial dynamics and
hinders the Li+ transport in the CQSEs, limiting the further im-
provement of the ionic conductivity.[34,35] To address these limi-
tations, Yu’s group[36] engineered a PVEC/SiO2 composite elec-
trolyte with hydrogen-bonding-enhanced electrochemical stabil-
ity. Similarly, Wang et al.[37] developed Kevlar nanofibers func-
tionalized with negatively charged groups to bridge MOF pores,

establishing 3D ion-transport networks for improved interfa-
cial Li+ migration. However, a prevalent research gap persists
where the fundamental mechanisms of Li+ transport across elec-
trode/electrolyte interfaces remain insufficiently addressed in
current methodologies. This critical oversight directly manifests
as compromised ionic transport efficiency and exacerbated inter-
facial resistance, fundamentally constraining the electrochemi-
cal performance of SSLMBs.[38–40] Therefore, constructing con-
tinuous ion-conduction channels between inorganic fillers and
polymer electrolytes while synchronously optimizing Li+ trans-
port pathways across electrode/electrolyte interfaces remains a
formidable challenge.
Conventional CQSE fabrication through ex situ membrane as-

sembly frequently results in poor electrode/electrolyte interfacial
compatibility and compromised Li+ transport kinetics.[41] In situ
polymerization strategies have emerged as promising solutions,
where liquid-state electrolyte precursors are injected into bat-
tery cells and solidified under thermal/photo conditions, trans-
forming traditional two-phase interfaces into integrated contact
architectures.[42] However, the prevalent use of linear polymers in
current in situ systems leads to thermal/electrochemical insta-
bility and exacerbated interfacial side reactions.[43] Crosslinked
polymer architectures demonstrate superior potential by re-
ducing crystalline domains, enhancing room-temperature ionic
conductivity, and improving oxidative stability and mechanical
flexibility.[44] Notably, the synergistic combination of crosslinked
polymers with covalently bonded porous inorganic fillers for
in situ polymerized CQSEs has not yet been systematically
explored.
Herein, we present an original design of in situ polymerized

CQSEs (denoted as PTHLZ) featuring dual crosslinked centers:
1) surface-modified lithiated ZSM-5 zeolite (LiZSM-5) with abun-
dant Lewis acid sites serves as an inorganic crosslinked center,
effectively anchoring PF6

− anions while reducing polymer crys-
tallinity and liberating mobile Li+ through its 3D framework; 2)
a kind of polymer (Trimer) with hemiacetal amine groups acts
as an organic crosslinked center, providing strong Li+ dissocia-
tion capability and rapid ion-conduction pathways through flexi-
ble chain segments. Poly(ethylene glycol) diacrylate (PEGDA) is
employed as a chain extender to establish multiple continuous
ion-transport channels. This dual crosslinked strategy not only
constructs an interconnected 3D ion-conduction network, but
also simultaneously addresses phase separation issues and elec-
trode/electrolyte interfacial incompatibility. Molecular dynam-
ics simulations combined with electrochemical characterizations
reveal enhanced interfacial Li+ transport mechanisms through
multiple fast-ion channels. The optimized PTHLZ achieves a
remarkable Li+ transference number of 0.89 and ionic con-
ductivity of 3.7 mS cm−1 at 25 °C. Corresponding lithium
symmetric cells demonstrate ultralong cycling stability over
11 000 h at 5 mA cm−2. Practical applications in high-loading
LiFePO4 (10.5 mg cm−2) and LiNi0.8Co0.1Mn0.1O2 (NCM811,
17.5 mg cm−2) full cells exhibit extended cycle lives of 1200 and
800 cycles, respectively. Furthermore, soft-pack batteries incor-
porating PTHLZ display exceptional safety characteristics and
cycling durability. This work establishes new paradigms for de-
signing high-performance CQSEs through rational structural
engineering.
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Figure 1. a) Schematic preparation of modified lithiated ZSM-5 (HEYTS-LiZSM-5). b) Design and fabrication of cross-linked composite solid polymer
electrolyte PEGDA-Trimer-IEM-HEYTS-LiZSM-5 (named as PTHLZ) by in situ curing.

2. Results and Discussion

Lithiated ZSM-5 zeolites (LiZSM-5) featuring orthorhombic
symmetry and a unique 3D pore architecture with mutually
perpendicular sinusoidal 10-membered ring channels demon-
strate exceptional potential as solid electrolytes, combining
molecular sieving capability with an ultra-stable electrochem-
ical window.[45] Figure 1a illustrates the stepwise fabrication
of HEYTS-LiZSM-5 through three critical stages: i) Li+ ex-

change in ZSM-5 via LiCl immersion, ii) surface functional-
ization using hex-5-en-1-yltrimethoxysilane (HEYTS), and iii)
covalent grafting through dehydration between silanol groups
and zeolite surface hydroxyls (Figure S1, Supporting Informa-
tion). This strategic modification preserves the zeolitic frame-
work while introducing reactive vinyl moieties for subsequent
polymerization. Then, the soft co-polymer chain with -O-(CH2)2-
chain segments of 2-[2-(2-aminoethoxy)ethoxy]ethanol (NH2-
PEG3-OH) and paraformaldehyde (PFA) as crosslinked agent

Adv. Energy Mater. 2025, 2501350 © 2025 Wiley-VCH GmbH2501350 (3 of 13)
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Figure 2. a) 1H NMR spectrum of Trimer. b) XRD patterns of ZSM-5 and HEYTS-LiZSM-5. c) FT-IR spectra of LiZSM-5, HEYTS, and HEYTS-LiZSM-5.
d) TEM images of HEYTS-LiZSM-5 at different magnifications (i = 500 nm, ii = 100 nm, and iii = 20 nm) and EDS elemental mapping images iv) of
C, O, Si, and Al. e) FT-IR spectra of PTHLZ. f) 7Li NMR spectra of PTHLZ, PTLZ, PLZ, PT, P, and LE. g) DSC curves of PTHLZ, PTLZ, PLZ, PT, and P
electrolytes.

was used to form the Trimer with hemiacetal amine crosslinked
centers (Figure S2, Supporting Information). 2-Isocyanatoethyl
Methacrylate (IEM) was used as a bridging chain to connect
the Trimer and enhance the peristaltic properties of the chain
segments (Figure S3, Supporting Information). The hemiacetal
amine crosslinked center features a weak intramolecular hydro-
gen bond and relatively strong C─N bond, while the soft phase
of the co-polymer chain enables Li+ dissociation and rapid trans-
port. As a result, the vinyl groups on the surfaces of Trimer-IEM,
poly(ethylene glycol) diacrylate (PEGDA), and LiZSM-5 will un-
dergo in situ polymerization to form a long polymer chain and
construct a 3D continuous network structure with LiZSM-5 and
Trimer as the dual centers, and the effect is schematically shown
in Figure 1b.

First, nuclear magnetic resonance (NMR) analysis con-
firms the successful synthesis of Trimer. The 1H NMR spec-
trum (Figure 2a) indicates characteristic peaks at 3.69 ppm (-
CH2NHCH2N(CH2)2-), 3.47 ppm (-(CH2)2NCH2N(CH2)2-), and
2.69 ppm (-OCH2CH2NHCH2-), supported by mass spectrom-
etry (m/z = 502.3 Da, Figure S4, Supporting Information). X-
ray diffraction (XRD) patterns of ZSM-5, LiZSM-5, and HEYTS-
LiZSM-5 are presented in Figure 2b. Pristine ZSM-5 displays
a pure crystalline phase, while lithium doping (LiZSM-5) pre-
serves the crystallinity, aligning with prior reports.[46] The in-
ductively coupled plasma (ICP) analysis verifies that Li+ was
successfully loaded into the ZSM-5 framework (Table S1, Sup-
porting Information). The successful grafting of HEYTS onto
LiZSM-5 and the preservation of the zeolite framework were
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further confirmed by 27Al and 29Si NMR spectroscopy (Figure S5,
Supporting Information). The observed decrease in crystallinity
likely results from HEYTS hydrolysis, during which HEYTS re-
acted with surface hydroxyl groups on ZSM-5, self-polymerized,
and adhered to the ZSM-5 surface. Fourier transform infrared
(FT-IR) spectra (Figure 2c) provided further structural evidence.
The HEYTS-LiZSM-5 spectrum features a distinct ─CH═CH─

vibration at 1641 cm−1, while the disappearance of the ─OCH3
stretching mode at 2937 cm−1 confirmed the successful grafting
of HEYTS. Meanwhile, scanning electron microscopy (SEM) re-
veals no significant morphological or size changes in ZSM-5 af-
ter proton exchange and functionalization (Figure S6, Supporting
Information), indicating structural integrity preservation. Ther-
mogravimetric analysis (TGA) of HEYTS-LiZSM-5 (Figure S7,
Supporting Information) shows a 5.3 wt.% mass loss between
258 and 500 °C, attributed to organic group combustion, quan-
titatively verifying HEYTS grafting. This conclusion was fur-
ther supported by transmission electron microscopy (TEM) and
energy-dispersive spectroscopy (EDS) mapping (Figure S8, Sup-
porting Information). TEM images of HEYTS-LiZSM-5 reveal
uniform particles (≈300 nm) with lattice spacings of 1.04 and
1.13 nm (Figure S9, Supporting Information), corresponding to
the (101) and (200) planes of ZSM-5, respectively. While EDS
confirms the presence of C, O, Si, and Al (Figure 2d), spatial
resolution limitations precluded precise organic group localiza-
tion. To address this, fluorinated F-LiZSM-5 analogs were syn-
thesized using trimethoxy(3,3,3-trifluoropropyl)silane.[46] TEM-
EDS mapping (Figure S10, Supporting Information) demon-
strates homogeneous F distribution overlapping with Si sig-
nals, confirming uniform organic moiety integration within the
LiZSM-5matrix. Brunauer-Emmett-Teller (BET) analysis (Figure
S11, Supporting Information) reveals a specific surface area of
499.2 m2 g−1 for HEYTS-LiZSM-5, slightly reduced from pris-
tine ZSM-5 (591.1 m2 g−1) due to pore occupation by the grafted
organic chains.
The FT-IR spectra provided critical insights into the struc-

tural evolution of PEGDA-Trimer-HEYTS-LiZSM-5 (named as
PTHLZ) during crosslinking. Notably, the weakening of the char-
acteristic ─CH═CH─ stretching vibration at 1645 cm−1 follow-
ing crosslinking (Figure 2e; Figure S12, Supporting Informa-
tion), coupled with emerging broad peaks at 3290 cm−1 (─OH
stretching) and 2267 cm−1 (─NCO stretching), confirms that
most of the monomers have been successfully converted into
long-chain polymers and polymerized with a yield of 83.6%. This
interpretation aligns withmacroscopic observations (Figures S13
and S14, Supporting Information) showing complete phase tran-
sition from liquid precursor to non fluid solid electrolyte, demon-
strating the uniformity of HEYTS-LiZSM-5 dispersion in the sys-
tem. To investigate the effect of each component on the elec-
trochemical properties, a series of cross-experiments were car-
ried out for comparison, and the optimal electrochemical per-
formance mass ratio was 3:1:1 (detailed experiments can be
seen in Figures S15 and S16, Supporting Information). The
XRD patterns of the PTHLZ and control samples show typical
crystal diffraction peaks, confirming the amorphous structure
of LiZSM-5 grafted with crosslinked PEGDA and Trimer-IEM
(Figure S17, Supporting Information). TGA analysis demon-
strated enhanced thermal stability in crosslinked systems, with
PTHLZ exhibiting 146.8 °C decomposition temperature (Figure

S18, Supporting Information), which is significantly higher than
that of the linear PEGDA electrolyte. The amorphous structure
promotes segmental vibration and partial relaxation of the poly-
mer chains, thereby facilitating Li+ transport. Raman analysis
(Figure S19, Supporting Information) was performed to inves-
tigate the interaction between PTHLZ and LiPF6. The charac-
teristic peaks at 744 and 766 cm−1 correspond to free PF6

− and
free EC solvent molecules, respectively.[47] PTHLZ exhibits a sig-
nificantly higher content of free PF6

− compared to the other
four electrolytes. This observation suggests that both HEYTS-
LiZSM-5 and Trimer effectively anchor PF6

−. This anchoring ef-
fect promotes LiPF6 dissociation, thereby increasing the concen-
tration of free Li+. To gain deeper insight into the Li+ trans-
port mechanism within PTHLZ, 7Li NMR spectroscopy was em-
ployed (Figure 2f; Figure S20, Supporting Information). For the
PT electrolyte, two distinct peaks are observed, corresponding to
Li+ coordinated with poly (Trimer-IEM-PEGDA) and Li+ resid-
ing in liquid-electrolyte (LE) rich domains.[48] Upon incorpora-
tion of HEYTS-LiZSM-5, additional peaks appear at −0.746 and
−0.777 ppm in the PTHLZ electrolyte. These are attributed to Li+

environments within the HEYTS-LiZSM-5–poly (Trimer-IEM-
PEGDA) matrix and the zeolitic framework of HEYTS-LiZSM-
5. Concurrently, the intensities of signals associated with poly
(Trimer-IEM-PEGDA) and LE-rich pores decrease, supporting
the redistribution of Li+ into more coordinated environments.
Moreover, the 7Li NMR signal for PTHLZ exhibits the largest
downfield shift (up to 0.28 ppm) among all samples, indicat-
ing a decrease in electron density around Li+. This shift is at-
tributed to the strong anchoring interactions within PTHLZ,
which facilitate continuous Li+ transport through interconnected
polymer–zeolite networks, significantly enhancing overall ionic
conductivity.[49,50] Differences in the thermal transition behavior
of PTHLZ, PTLZ, PLZ, PT and P were analyzed using differen-
tial scanning calorimetry (DSC). High-performance solid poly-
mer electrolytes utilized in batteries typically have low glass tran-
sition temperatures.[51] Figure 2g presents the glass transition
temperature (Tg) of PTHLZ at −59.1 °C. This pronounced Tg
depression, induced by LiZSM-5 grafting and Trimer-mediated
chain crosslinking, effectively suppresses the crystallinity of the
polyether phase. The trend of Tg values for different electrolytes
obtained from dynamic thermo-mechanical (DMA) analysis is
the same as that from DSC (Figure S21, Supporting Informa-
tion). The introduction of Trimer andHEYTS-LiZSM-5 facilitates
enhanced relaxation dynamics in the polymer phase. Notably, the
relatively short Trimer side chains contribute to the formation
of an extended amorphous percolating microphase, suggesting
weakened inter-chain interactions and a significant increase in
the amorphous fraction. This microstructural evolution enables
more rapid Li+ transport within the PTHLZ matrix.[52,53]

To evaluate the ionic conductivity of the prepared PTHLZ, elec-
trochemical impedance spectroscopy (EIS) plots of the assembled
cells were performed at varying temperatures (Figure 3a). The
Nyquist plots (Figure S22, Supporting Information) reveal a pro-
nounced decrease in impedance for PTHLZ, PTLZ, PLZ, and P
with rising temperature. The ionic conductivity-temperature re-
lationship (Figure 3b) follows Arrhenius behavior, with PTHLZ
exhibiting the lowest activation energy (0.45 eV) compared to
PEGDA-Trimer-LiZSM-5 (named as PTLZ) (0.49 eV), PEGDA-
LiZSM-5 (named as PLZ) (0.53 eV), PEGDA-Trimer (named as
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Figure 3. Potential of PTHLZ as a composite solid polymer electrolyte with fast ionic conduction. a) EIS curves of PTHLZ at different temperatures.
b) Arrhenius plots of the ionic conductivities of PTHLZ, PTLZ, PLZ, PT, and P. c) Ionic conductivity of PTHLZ, PTLZ, PLZ, PT, and P at room temperature.
d) Tafel curves of Li|Li symmetric cells with PTHLZ, PTLZ, PLZ, PT, and P. e) Polarization curves as well as the initial and steady-state impedance diagram
of PTHLZ at room temperature (Inset). f) CV curves for PTHLZ, PTLZ, PLZ, PT, and P cells at a scanning rate of 1 mV s−1. g) Linear sweep voltammetry
(LSV) curves of PTHLZ, PTLZ, PLZ, PT, and P at room temperature. h) Set of EIS data with PTHLZ, PTLZ, PLZ, PT, and P symmetric cells. i) EIS plot of
Li|Li symmetric cells impedance with the variation of time (1–15 days) for PTHLZ.

PT) (0.59 eV), and PEGDA (named as P) (0.69 eV). This reduc-
tion in energy barrier for Li+ migration is attributed to the dual-
crosslinked architecture formed by Trimer and HEYTS-LiZSM-
5, which establishes multiple ion transport pathways. At room
temperature, PTHLZ achieves a superior ionic conductivity of
3.7 mS cm−1 (Figure 3c), outperforming all counterparts and
underscoring its potential for ambient-condition battery opera-
tion. Further, the exchange current density (I0) of PTHLZ reaches
0.498 mA cm−2 (Figure 3d), ≈55-fold higher than that of P
(0.009 mA cm−2). This enhancement arises from the 3D con-
tinuous Li+ channels formed by HEYTS-LiZSM-5 and Trimer,
which improve the interfacial compatibility via in situ polymer-
ization and stabilize the solid-electrolyte interphase (SEI) on the
Li metal anode. The Li+ transfer number (tLi

+) of PTHLZ is

0.89 (Figure 3e; Figure S23, Supporting Information), signifi-
cantly exceeding PTLZ (0.77), PLZ (0.68), PT (0.42), and P (0.24).
This improvement stems from 1) anionic interactions between
LiZSM-5 and free Li+, 2) Lewis acid site coordinationwith Li salts,
and 3) anionic hindrance suppression by the dual-crosslinked
network.[54] Cyclic voltammetry (CV) of Li|SS cells (Figure 3f)
confirms faster charge transfer kinetics in PTHLZ, evidenced by
its larger peak area, consistent with its high tLi

+ and ionic con-
ductivity. Linear scanning voltammetry (LSV) demonstrates an
extended electrochemical stability window of 4.8 V for PTHLZ
(Figure 3g), surpassing PTLZ and PLZ, which highlights the role
of LiZSM-5 structural integrity in enhancing oxidative stability.
Excellent interfacial contact between electrodes and electrolyte is
crucial for achieving safe and reliable Li metal batteries.[55,56] To
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evaluate and compare the EIS between PTHLZ, PTLZ, PLZ, PT,
and P QSEs with Li metal anode. As can be seen in Figure 3h,
the PTHLZ electrolyte impedance is the smallest (the difference
with the P electrolyte is ≈390 Ω). The interfacial impedance of
PTHLZ increases from 260 Ω on the first day to 353 Ω on the
15th day, whereas the interfacial impedance of PTLZ, PLZ, PT,
and P all increase by more than 250Ω, with the maximum incre-
ment of 1124Ω (Figure 3i; Figure S24, Supporting Information).
The results show that PTHLZ has better contact with the Li metal
anode while linear polymers have poor stability to Li metal. In
addition, the in situ polymerization strategy improves the com-
patibility at the electrolyte/electrode interface and among compo-
nents, which is the prerequisite for stable cycling of the Li metal
anode.
To gain more insight into the interactions of Trimer, HEYTS-

LiZSM-5, PTHLZ and LiPF6 in the electrolyte and the Li+

transport paths in the electrolyte, the molecular dynamics and
electrolyte/electrode stability mechanisms of Li+ in PTHLZ
and the component systems were investigated by density func-
tional theory (DFT) and molecular dynamics (MD) simulations.
Figures 4a and S25 (Supporting Information) show the high-
est occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) energies to evaluate the elec-
trochemical reactivity of each component of the electrolyte and
its precursor. PTHLZ, possessing the highest LUMO energy
(0.214 eV), is therefore inert in SEI film formation during charg-
ing (in agreement with XPS findings). Notably, the depressed
HOMO level (−6.873 eV) signifies enhanced oxidative stability
at high potentials, arising from structural stabilization through
LiZSM-5 framework integration and dual-crosslinking architec-
ture. The snapshots of the PT, P, PTHLZ, and PTLZ are shown
in Figure 4b–d and Figure S26 (Supporting Information), and
the corresponding radial distribution function shows that the Li-
O coordination number within the PTHLZ system reaches 3.55,
which is higher than that of PTLZ (3.09), PT (2.86), and P (2.63).
The increased number reflects a higher concentration of oxygen-
containing molecules in the primary solvation shell of Li+, sug-
gesting that PTHLZ actively facilitates Li+ transport. This im-
plies that PTHLZ can establish additional Li+ transport pathways,
thereby enhancing the ionic conductivity of the PTHLZ elec-
trolyte system. Subsequently, the electrostatic potential (ESP) val-
ues of Trimer, HEYTS-LiZSM-5, PEGDA, PT, PTHLZ, and a rep-
resentative polymer segment of PTHLZ were calculated to elu-
cidate the charge distribution (Figure 4e). In Trimer and PT, the
negative charge is concentrated on the ether oxygen chain seg-
ments (blue color near the O atom). Meanwhile, HEYTS-LiZSM-
5 has an overall high positive charge, which is more favorable for
the adsorption of anions. The ESP analysis of solvent molecules
reveals that only ethylene carbonate (EC) displays strong nega-
tive electronegativity (Figure S27, Supporting Information), indi-
cating its high affinity for Li+. In the polymer chain segments of
PTHLZ, the negative charge is primarily concentrated on ether-
oxygen segments and polyurethane groups. This suggests that
Li+ coordinates with these oxygen-rich functional groups to facil-
itate Li+ transport along the polymer chain, which partly explains
the high conductivity of PTHLZ at room temperature.
Furthermore, the electron cloud density distributions of

PTHLZ and each constituent repeating unit were calculated to
further investigate the interaction of Li+ with PTHLZ, as shown

in Figure 4f and Figure S28 (Supporting Information). The bind-
ing sites of Trimer, HEYTS-LiZSM-5, PEGDA, and PT with Li+

were determined based on the electronegativity of the electro-
static potential and the binding energies, all of which are lower
than that of PTHLZ (−4.17694 eV). In contrast, the negative
charge of PTHLZ was also detected at the O-atoms of the SiO4
tetrahedron of LiZSM-5, which suggests that PTHLZ interacts
with Li+ throughmultiple pathways corresponding to diverse Li+

transport routes. The binding energies of EC, DEC, and DME
with Li+ (−1.98175, −1.86185, and −1.70174 eV) are lower than
that of PTHLZ (Figure S29, Supporting Information), indicating
that PTHLZ has a stronger interaction with Li+ and can more
effectively penetrate the solvation shell layer of Li+. Meanwhile,
binding energy calculations for PTHLZ and individual compo-
nents and individual components with PF6

− (Figure S30, Sup-
porting Information) show that both HEYTS-LiZSM-5 and PT
exhibit strong binding energies (−4.5124 and −4.2102 eV). The
PTHLZ formed after the combination shows themaximumbind-
ing energy of −8.4537 eV, confirming that the affinity of the
Lewis acid sites for PF6

− promotes the dissociation of Li salt and
releases more free Li+. To better visualize Li+ transport path-
ways, we conduct density field simulations. The results reveal
that Al atoms within the ZSM-5 framework serve as Lewis acid
sites that effectively bind PF6

−. At the polymer-zeolite interface,
the Si─O─Si linkages in ZSM-5 promote rapid Li+ migration.
This behavior is driven by a continuous electronegativity gradient
formed by oxygen atoms in the poly (Trimer-IEM) chains (─C═O
and ─C─O─C─), PEGDA segments (─C─O─C─), and HEYTS-
LiZSM-5. These electronegative sites create interconnected con-
duction pathways, facilitating efficient ion transport. Notably,
Li+ density is significantly enriched in HEYTS-LiZSM-5 regions
(Figure S32, Supporting Information), confirming the key role
of zeolitic oxygen atoms in enhancing Li+ mobility through co-
ordinated interactions. Overall, the functional groups in both
HEYTS-LiZSM-5 and poly (Trimer-IEM-PEGDA) synergistically
construct multiple, interconnected ion-conducting channels.[57]

To give clearer indication of Li+ diffusion at the interface,
the interfacial diffusion kinetics analyzed using the simulated
cell were assessed by evaluating the mean-square displace-
ments (MSD). The data indicate that Li+ diffusivity decreases
within the internal channels of LiZSM-5 (5.13 × 10−5 and
9.22 × 10−6 cm2 s−1), whereas Li+ tends to accumulate and dif-
fuse more readily outside the framework (1.76 × 10−2 cm2 s−1)
(Figure S32, Supporting Information). Furthermore, the slip-
assisted diffusion of Li+ along the PTHLZ polymer chains in
isotropic regions demonstrates significantly enhanced diffusivity
(2.21× 10−1 cm2 s−1) and promotes ion transport within LiZSM-5
(9.93× 10−5 and 2.09× 10−6 cm2 s−1) (Figure 4h,i). The formation
of electron localization at the LiZSM-5 interface greatly reduces
the Li+ migration kinetics. The PTHLZ coherent zone formed
by in situ polymerization can effectively inhibit electron localiza-
tion at the interface, enabling a continuous and fast ion channel.
The Li+ transport channel in the PTHLZ is shown in Figure 4j.
The schematic illustrates the structure of the PTHLZ network
with Trimer-IEM-PEGDA acting as the soft 3D framework and
HEYTS-LiZSM-5 acting as the hard 3D framework, which are
crosslinked to form the spatial network of double crosslinked
sites. LiZSM-5 facilitates Li salt decomposition and ion transport
by generating the free space accommodating Li salt or other poly-

Adv. Energy Mater. 2025, 2501350 © 2025 Wiley-VCH GmbH2501350 (7 of 13)
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Figure 4. a) Diagram of the LUMO and HOMO energy levels and the corresponding optimized geometrical structures of EC, DEC, DME, Trimer, Trimer-
IEM, HEYTS-LiZSM-5, PEGDA and PTHLZ. Snapshots obtained from MD simulations of the PT electrolyte b), P electrolyte c), and PTHLZ electrolyte
d) with the corresponding radial distribution functions and statistical diagram of the coordination number of PTHLZ, PT, PTLZ, and P (insert). e) ESP
maps of Trimer, HEYTS-LiZSM-5, PEGDA, PT, and PTHLZ. f) Simulations on electron cloud density distributions and g) corresponding binding energies
of HEYTS-LiZSM-5, Trimer, PEGDA, and PTHLZ with Li+. h) Li+ trajectories for LiZSM-5 with the modification of HEYTS interfacial simulation cells
plotted over a 100 ps MSD window. i) The calculated Li+ diffusivity for LiZSM-5 with the modification of PTHLZ. j) Schematic diagram of ion transport
in PTHLZ electrolyte.
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Figure 5. a) Long-term cycling performance of Li|Li symmetric cells in PTHLZ, PTLZ, PLZ, PT, and P at 5 mA cm−2 and 5 mAh cm−2 and magnification
over different time periods. b) Rate performance of Li|Li symmetric cells with different quasi-solid electrolytes. SEM image of the surfaces c) and cross
sections d) of the Li anode of the PTHLZ after 100 cycles of the Li||Li symmetric cells at 5 mA cm−2. e) The Li+ deposition pathways and states of linear
polymer electrolytes and double crosslinked structured PTHLZ at the lithium metal anode interface. f–i) XPS depth profiles of C 1s, O 1s, Li 1s, and F 1s
in lithium metal anode cycled in Li||Li cells with PTHLZ.

mer chains. In addition, the abundant channels and Lewis acid
sites within LiZSM-5 can allow Li+ migration while restricting
PF6

−, thereby improving the ion mobility number. Trimer-IEM-
PEGDA forms another network structure that can conduct Li+

rapidly due to its excellent polymer chain segments in the poly-
mer phase conductivity. The network structure additionally re-
stricts some PF6

− movement, further increasing Li+ migration
speed. The inorganic and organic phases are tightly bound by co-
valent bonds, allowing both frameworks to formmultiple contin-
uous ion channels for rapid Li+ transport. This structural integra-
tion plays a crucial role in the thermal stability, ionic conductivity,
and electrochemical properties of PTHLZ.
To probe the interfacial stability during Li stripping/plating

processes, Li|QSE|Li symmetric cells employing different elec-
trolytes were systematically evaluated. Contact angle measure-
ments reveal improved wettability of the liquid polymer precur-

sor on separators, with uniform polymer infiltration into Li sur-
faces (Figure S33, Supporting Information). Figure 5a compares
the cycling performance of Li|QSE|Li cells (PTHLZ, PTLZ, PLZ,
PT, and P electrolytes) at 5 mA cm−2 with 1 h plating/stripping
cycles. Cells using PTLZ, PLZ, PT, and P electrolytes exhibit pro-
gressively increasing polarization voltages (>500 mV), leading to
premature short-circuiting within 500 h (PT, P) or 2200 h (PTLZ),
attributed to uncontrolled Li dendrite propagation and dead Li
accumulation. Notably, the PTHLZ-based cell maintains an ul-
tralow polarization voltage (260 mV) with negligible fluctuation
over record-breaking 11 000 h cycling, demonstrating exceptional
interfacial stability. This performance stems from the mechan-
ically reinforced dual-crosslinked network-combining LiZSM-
5 surface grafting and Trimer-mediated crosslinking, which
synergistically suppresses dendrite formation while enabling
continuous 3D Li+ transport channels. These channels not only

Adv. Energy Mater. 2025, 2501350 © 2025 Wiley-VCH GmbH2501350 (9 of 13)
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mitigate nanoparticle agglomeration but also ensure homoge-
neous Li deposition, significantly outperforming state-of-the-art
solid electrolytes under high-current conditions (Table S2, Sup-
porting Information). Polarization tests at increasing current
densities (Figure S34, Supporting Information) confirm the sta-
bility of PTHLZ, maintaining consistent overpotentials through
4000 h at 10mA cm−2. In addition, EIS analysis (Figure S35, Sup-
porting Information) reveals a minimal interfacial resistance in-
crease (90 Ω) for PTHLZ after 100 cycles at 5 mA cm−2, far sur-
passing counterparts: PHLZ (230 Ω), PLZ (397 Ω), PT (405 Ω),
and P (894 Ω). To further evaluate the Li metal anode interfa-
cial stability of the PTHLZ when the current is altered, the volt-
age profile of Li constant-current plating/stripping was tested
when the current density increased from 0.5 to 10 mA cm−2

(Figure 5b). The polarization voltage becomes larger with increas-
ing current density. Even at 10 mA cm−2, the cell maintains sta-
ble cycling without short-circuiting, attributed to the rapid ion
channels and high ionic conductivity of PTHLZ.[58] The polar-
ization voltages of the cells with PTHLZ are 50, 95, 160, 260,
and 510 mV at 0.5, 1, 3, 5, and 10 mA cm−2, respectively, and
still maintained stable cycling when the current density recov-
ered from 10 to 1 mA cm−2. In contrast, control cells (PTLZ,
PLZ, PT, P) experience catastrophic failure at 10 mA cm−2 due to
sluggish ion transport. To verify the inhibitory effect of PTHLZ
on Li dendrites, the surface morphology of Li metal anodes of
Li|PTHLZ|Li cells after 100 cycles was investigated by scanning
electron microscopy (SEM) (Figure 5c,d). Post-cycling SEM char-
acterization of PTHLZ-assembled Li anodes reveals smooth sur-
faces with negligible mossy Li formation, while cross-sectional
analysis showed controlled thickness evolution (825 μm, Figure
S36a,b, Supporting Information). Conversely, control electrolytes
induced severe surface cracking and excessive dead Li layers
(>825 μm, Figures S36c–h and S37c–j, Supporting Information),
directly correlating with their rapid capacity decay. Figure 5e
schematically contrasts Li+ deposition pathways in linear poly-
mer and dual-crosslinked (PTHLZ) systems. The 3D percolating
ion channels in PTHLZ enable spatially uniform Li+ flux, fos-
tering stable SEI formation. This unique architecture endows
PTHLZ with unparalleled electrochemical stability, paving the
way for long-cycle-life and safe SSLMBs.
To further explore the formation and microstructural evolu-

tion of the SEI film, the spatial distribution of the chemical com-
ponents in the SEI was characterized at different depths after
50 cycles using Ar+ etching (Figure 5f–i). The high-resolution
C 1s spectra reveal three characteristic peaks at 284.8, 286.6,
288.3, and 290.1 eV, corresponding to C─C/C─H, C─O, C═O,
and CO3

2− species, respectively, confirming the coexistence of
organic and inorganic components in the SEI. A progressive de-
crease in C-related peak intensities with etching depth suggests
a gradual reduction of organic constituents in inner SEI layers.
Notably, the absence of Al 2p and Si 2p signals in XPS patterns
(Figure S38, Supporting Information) confirms the electrochem-
ical stability of LiZSM-5 without decomposition participation in
SEI formation. In the O 1s and Li 1s spectra, the dominant peak
at 55 eV corresponds to Li2CO3, indicating preferential formation
of this inorganic component at the surface. As etching proceeds
to deeper layers, emerging peaks at 528 eV, 54.1 eV (Li2O) and
55 eV demonstrate forming Li2O in the inner SEI and the con-
tinuous increase of LiCO3 content, which contributes to higher

coulombic efficiency in SSLMBs.[59] Remarkably, the F 1s and Li
1s spectra exhibit prominent LiF signals at 684.4 and 56.9 eV, re-
spectively, with intensities showing positive correlationwith etch-
ing depth. The proportion of inorganic components (Li2CO3, LiF,
and Li2O) in the inner layers of the SEI formed with PTHLZ sub-
stantially increases, which indicates that inorganic components
dominate the inner SEI in PTHLZ, contributing to enhanced cell
stability and cycling performance.[60–62]

To evaluate the electrochemical performance of different
electrolytes, full cells incorporating high-mass-loading LFP
and NCM811 cathodes were comprehensively investigated. As
demonstrated in Figure 6a, the LFP|PTHLZ|Li cell delivers a re-
markable initial discharge capacity of 144.9mAh g−1 at 1C,main-
taining 63.6% capacity retention after 1200 cycles with superior
cycling stability. This performance significantly surpasses that of
cells employing PTLZ, PLZ, PT, and P electrolytes, which suffer
from inferior initial capacities and unstable coulombic efficiency
due to suboptimal ionic conductivity and nonuniform SEI forma-
tion. Notably, the irregular SEI morphology induces sluggish Li+

transport kinetics, progressively increasing polarization, thereby
accelerating capacity degradation. The exceptional electrochem-
ical stability of PTHLZ-based cells is further evidenced by the
minimal voltage hysteresis between charge/discharge plateaus
from the 1st to 1200 cycle (Figure 6b). In sharp contrast, cells
with other electrolytes exhibit exponentially growing polariza-
tion with cycling (Figure S39, Supporting Information), imply-
ing very small and stable polarization, excellent ionic conductiv-
ity of the PTHLZ, as well as low interfacial impedance. To eval-
uate the cycling stability under high current conditions, a long-
term cycling test is performed at 5 C (Figure S40, Supporting In-
formation). The PTHLZ electrolyte exhibits stable cycling over
400 cycles with a capacity retention of 50%. In addition, rate ca-
pability evaluation (Figure 6c,d) reveals that PTHLZ-based cells
achieve 164.4 mAh g−1 at 0.1 C, retaining 60.6 mAh g−1 at 5 C
when returning to 0.2 C (156.4 mAh g−1). Comparatively, other
electrolyte systems show rapid performance deterioration above
0.5 C and complete failure at 5 C (Figure S41, Supporting Infor-
mation). The experimental results show that PTHLZ cells with
in situ polymerization interface and dual crosslinked strategy
have stable high-current charging and discharging performance
and high reversibility. As a result, PTHLZ shows marked im-
provements over existing in situ polymerized solid electrolytes,
with enhanced temperature adaptability, capacity retention, cycle
longevity, rate, and area loading capabilities relative to reported
composite solid electrolytes (Figure 6e).
To further evaluate the applicability of the PTHLZ electrolyte

in high-energy-density batteries, NCM811|Li cells with highmass
loading (17.5 mg cm−2) were investigated. As shown in Figure 6f,
the NCM811|PTHLZ|Li cell maintains a discharge capacity of
120 mAh g−1 with 72.3% capacity retention after 800 cycles
at 0.5 C, accompanied by highly reversible charge/discharge
profiles (Figure 6g). However, the NCM811|PT|Li cell (best-
performing control) exhibits rapid capacity fade from 168.3
to 97.7 mAh g−1 (58.1% retention) within merely 300 cycles
(Figure S42, Supporting Information). This marked superior-
ity originates from the Trimer-based molecular design enabling
superior ion transport and the dual-crosslinked architecture
formed by HEYTS-LiZSM-5 and Trimer, which synergistically
enhances high-voltage tolerance. Notably, the in situ polymer-
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Figure 6. Application of PTHLZ electrolyte in lithiummetal battery. a) Cycling performance of LFP|QSE|Li at 1 C. b) The corresponding charge/discharge
profiles at different cycles of PTHLZ-based LFP|Li cell. c) Rate performance of LFP|PTHLZ|Li cells at different rates. d) Charge/discharge curves of
LFP|PTHLZ|Li cell in the first turn at each rate. e) Radar plots that compare the electrochemical performance of various reported works. f) Cycling
performance of NCM811|QSE|Li cell at 0.5 C. g) Charge/discharge curves of NCM811|PTHLZ|Li cell. h–l) High-resolution TEM images of NCM811
particles after full cell cycling with different solid electrolytes. m) Cycling performance of NCM811|PTHLZ|Li soft pack battery at 0.33 C. n) Voltage
capacity curves of NCM811|PTHLZ|Li soft pack battery with different numbers of turns. o) The abuse experiment of NCM811|PTHLZ|Li soft pack battery.
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ized PTHLZ establishes exceptional antioxidant stability and in-
timate cathode-electrolyte interfacial compatibility. TEM analysis
(Figure 6h) reveals an ultrathin and homogeneous CEI layer on
cycled NCM811 particles in PTHLZ-based cells, effectively sup-
pressing electrolyte decomposition and indicating excellent inter-
facial compatibility of PTHLZ. This performance surpasses that
reported in the current literature (Table S4, Supporting Informa-
tion). In contrast, cells with PTLZ, PLZ, PT, and P electrolytes
form a nonuniform and thicker CEI layer (Figure 6i–l), which
leads to higher interfacial resistance at the cathode/electrolyte
interface and slower ion transport. The essential reason for the
poor cycling performance of their corresponding batteries can
also be demonstrated laterally. To further explore the practi-
cal feasibility of PTHLZ, an Ah-level soft pack battery was pre-
pared, and the electrochemical performance was evaluated. As
shown in Figure 6m,n, the NCM811 anode with higher loading
(21.4 mg cm−2) delivers a high capacity of 1 Ah at room tem-
perature and still achieves very stable cycling performance with
89.2% capacity retention after 120 cycles. And impressively, the
soft pack battery is also able to withstand rigorous cutting and
severe folding tests, as shown in Figure 6o and Video S1 (Sup-
porting Information), illustrating the remarkable safety and sta-
bility of the PTHLZ electrolyte in SSLMBs. In conclusion, these
findings demonstrate favorable practical application potentials of
PTHLZ as a solid electrolyte for high-performance and durable
SSLMBs.

3. Conclusion

In summary, we present a kind of dual-crosslinked solid elec-
trolyte (PTHLZ) engineered through in situ polymerization
of vinyl-functionalized LiZSM-5 nanoparticles and hemiacetal
amine-based Trimer, constructing a 3D network with multiple
continuous Li+ transport channels. This molecularly tailored ar-
chitecture delivers excellent ionic conductivity (3.7 mS cm−1) and
Li+ transference number (tLi

+ = 0.89), enabled by synergistic ef-
fects of strongly dissociated flexible chains and Lewis acid-base
interactions at LiZSM-5 interfaces. Multiple fast transport chan-
nels enable Li|Li symmetric cells to operate under dendrite-free
operation for more than 11 000 h by accelerating Li+ desorption
kinetics. Practical implementations demonstrate favorable cycla-
bility: high-loading LFP|PTHLZ|Li cells retain 63.6% capacity af-
ter 1200 cycles at 1 C, while NCM811|PTHLZ|Li cells maintain
72.3% retention over 800 cycles at 0.5 C. Remarkably, Ah-level
pouch cells achieve 89.2% capacity retention post 120 cycles with
inherent safety against mechanical abuse. Our proposed CQSEs
based on in situ dual crosslinked centers provide a promising and
scalable platform for designing high-performance SSLMBs.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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