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ABSTRACT

Solid polymer electrolytes (SPEs) hold great promise for next-generation high-safety lithium batteries, yet their development
is fundamentally constrained by the inherent dilemma of poor ion transport and unstable electrode-electrolyte interfaces. To
address the challenge, the biomimetic ion-management strategy termed “recognition-capture” strategy, inspired by the synergistic
predation behavior of grouper and moray eel, is proposed. The covalent organic framework (COF) with ordered nanochannels is
designed as the “moray eel” to recognize, enrich, and guide TFSI™ anions, while the hyperbranched polyamidoamine (PAMAM)
with dense amine groups serves as the “grouper” to deeply anchor and lock the anions. Therefore, the created composite electrolyte
TFPL simultaneously achieves ionic conductivity of 4.5 mS cm™" and t;;, of 0.7. Moreover, the biomimetic “recognition-capture”
strategy induces the spontaneous formation of the stable gradient interphase (Li;N—Li,S—LiF/LiH), which homogenizes Li* flux
and suppresses dendrite. Consequently, Lil|Li cells achieve stable cycling exceeding 1800 h. The TFPL electrolyte enables LFP cells
to cycle stably for 450 cycles at 5 C, delivers over 240 mAh g=! for NCM8I11 cell at 4.5V, and offers 9.37 mAh for NCM523 pouch
cells at 0.1 C. The strategy also proves effective in Li—S cell, demonstrating the broad applicability for next-generation solid-state
lithium-metal batteries.
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1 | Introduction

With the rapid development of electric vehicles and large-scale
energy storage technologies, the development of electrochemical
energy storage systems with high energy density and high
safety has become an urgent demand in the energy field [1-3].
Lithium-metal batteries (LMBs), which employ metallic lithium
anodes with ultra-high specific capacity (3860 mAh g™) [4]
and the lowest electrochemical potential (—3.04 V vs. standard
hydrogen electrode) [5-7], are regarded as one of the ideal
systems for achieving breakthroughs in energy density [8, 9].
However, side reactions between traditional liquid electrolytes
and lithium-metal anodes and lithium dendrite severely restrict
the practical application [10, 11]. Meanwhile, flammable organic
electrolytes also pose significant safety hazards [12, 13]. As
the solution integrating high safety and excellent processabil-
ity, solid polymer electrolytes (SPEs) have attracted extensive
attention [14, 15].

Currently, the research on SPEs mainly focuses on linear polymer
electrolyte including polyethylene oxide (PEO) SPEs [16, 17],
polycarbonate (PC) [18, 19] SPEs, fluorinated polymer [20, 21]
SPEs, and linear polyacrylonitrile [17] SPEs, all of which have
long been constrained by the classic “interlocking dilemma”.
Among linear polymer electrolytes, amide-containing polymers
can immobilize anions via hydrogen-bond interactions and
restrict anion migration [22-25]. Nevertheless, compared with
hyperbranched counterparts, such linear macromolecules pos-
sess fewer amide sites and weaker anion adsorption capacity.
In addition, the slow segmental dynamics of polymer chains
further degrade ionic conductivity, making these materials
unsuitable for practical applications [26]. Ye et al. developed a
self-healing polyurethane electrolyte with an ionic conductivity
of only 413 x 10~ S cm™ [27]. In addition, although several
novel polymer electrolytes represented by ionic liquid-based
systems deliver satisfactory ionic conductivity, the absence of
amide bonds to immobilize migrating anions leads to a low
lithium-ion transference number, thereby introducing safety
risks to batteries. Fu et al. [28]. fabricated polymer electrolytes
based on polymeric ionic liquids and ionic liquid plasticizers,
which achieved a high room-temperature ionic conductivity of
0.8 mS cm'; nevertheless, the lithium-ion transference number is
only 0.44.

To enhance the room-temperature ionic conductivity (o), it
is necessary to promote lithium salt dissociation and reduce
the barrier of segmental motion, but this inevitably grants
a high degree of migration freedom to anions (e.g., TFSI™)
[19]. The free migration of anions easily triggers severe polar-
ization of concentration gradients, which not only directly
lowers the apparent lithium-ion transference number (t;,),
but also facilitates generation of lithium dendrite [29]. Mean-
while, the anions migrating to the electrode surface are
prone to undergo continuous reductive/oxidative decomposi-
tion [30, 31], and the decomposition products easily form
the fragile organic interphase layer with poor mechanical
strength and low ion conduction ability [12], which is not
conducive to effectively suppressing the recurrent interfacial side
reactions [15].

To address this core challenge, existing research follows two
conventional approaches: “suppression” or “blocking” of anion
migration. The first approach involves incorporating inorganic
fillers such as SiO, [32], Al,O; [33], and LLZO [34, 35] into the
polymer matrix that aim to leverage the filler to promote lithium
salt dissociation, inhibit crystallization, and thereby enhance
o [13]. This approach has achieved noticeable improvements
in ionic conductivity, yet it remains difficult to precisely reg-
ulate anion migration and interfacial reactions [36]. The other
approach is to design single-ion conductors, where anions are per-
manently anchored to the polymer backbone via covalent bonds,
aiming to fundamentally eliminate anion migration. Although
the approach can achieve the theoretical t;;, approaching 1 [37,
38], the strong covalent anchoring severely restricts the mobility
of polymer segments [2, 39]. Therefore, simultaneously achieving
high o, high t;;,, and high interfacial stability has become the core
issue restricting the practical application of SPEs.

In the marine ecosystem, moray eels identify prey hiding in
rocky crevices and flush them out, while groupers lying in
ambush in open waters intercept and capture those prey. Inspired
by the synergistic predation behavior of grouper and moray
eel, we propose a biomimetic “recognition-capture” strategy
and successfully fabricate a solid-state composite polymer elec-
trolyte TFPL based on fluorine-containing covalent organic
frameworks (COFs) and hyperbranched polyurea prepared
by the polymerization of the hyperbranched polyamidoamine
(PAMAM), polyetheramine (PEA), and isophorone diisocyanate
(IPDI).

The strong electron-withdrawing —CF; groups of fluorinated
COFs (Tp-TFMB) act as “moray eel”, which function similarly to
moray eel and are capable of “recognizing” and electrostatically
repelling TFSI™ anions. Meanwhile, the precisely engineered
amide cavities provided by PAMAM serve as “grouper”, which are
analogous to the capture and enrichment functions of grouper,
achieve specific capture and robust confinement of the anions
migrating to the cavities. The process of “recognition-repulsion-
capture” accurately imitate the efficient regulation of biological
systems toward foreign substances, enabling directional trans-
port, and regional confinement of anions in the TFPL. The
design alleviates the dilemma that o and t;;, cannot be improved
simultaneously and synchronously elevates the o and t;, to 4.5
mS cm-! and 0.7, respectively. More importantly, the design
guides the ordered reconstruction of the electrode/electrolyte
interface, which spontaneously forms the gradient interphase
layer with both highly stable composition and structure. The
cells assembled with created TFPL exhibit favorable and universal
electrochemical performance. The LFP cells can achieve stable
cycling for up to 450 cycles at 5 C and 1000 cycles at 1 C, while
the multi-layer pouch cells also deliver the discharge capacity of
41 mAh at 0.1 C for 50 cycles with nearly zero capacity decay.
Furthermore, the cells assembled with TFPL display discharge
specific capacity of over 240 mAh g™ at 4.5 V when paired with
NCMBSI1 cathodes. The assembled commercial NCM523 pouch
cells operate stably for 40 cycles with high discharge capacity
of 9.37 mAh. In addition, the strategy has been successfully
extended to lithium-sulfur (Li—S) battery, confirming the broad
application potential.
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FIGURE 1 | (a)Schematicdiagram of biomimetic “recognition-capture” synergistic strategy for anion trapping and fast lithium-ion transport; snap-
shot of the number of hydrogen bonds of (b) TFPL and (c) TBPL; (d) Number of hydrogen bonds between —NH on PAMAM and F on TFSI anions in
PL, TBPL, and TFPL; (e) FTIR spectra of PL, TBPL, TFPL and PL without LiTFSI (1400 cm~'"1150 cm™!); Confocal laser scanning microscopy (CLSM)
3D images of PL at 405 nm (f) and 488 nm (g) wavelengths and TFPL at 405 nm (h) and 488 nm (i) wavelengths.

2 | Results and Discussion
2.1 | Biomimetic “Recognition-Capture”
Synergistic System

As shown in Figure 1la, the biomimetic “recognition-capture”
synergistic strategy is proposed, which is realized by constructing
the composite electrolyte TFPL consisting of hyperbranched poly-

mer, LiTFSI, and Tp-TFMB. Among them, the hyperbranched
polymers are obtained via the polymerization reaction of amino
groups of generation 2 polyamidoamine (PAMAM) and PEA
with isophorone diisocyanate (IPDI). The optimal ratios are
identified as precursor polymer: LiTFSI = 1:1.6 labeled as PL.
To optimize the internal composition, a series of PL and Tp-
TFMB-incorporated composite electrolytes TFPL with varying
component ratios are screened via impedance and lithium-ion
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transference number measurements. The optimal ratios are iden-
tified as precursor polymer: LiTFSI: Tp-TFMB = 1:1.6:0.01 named
as TFPL (Figures S11-S14). Within this TFPL, PAMAM by virtue
of the internal high-density amide bonds that enable precise
capture and anchoring of bis(trifluoromethanesulfonyl)imide
(TFSI™) anions through multiple hydrogen bonds with —CONH—
from PAMAM. Meanwhile, the abundant —CF; groups in Tp-
TFMB can specifically expel TFSI~ anions and drive anions
enrichment toward the PAMAM region. Therefore, spatial pre-
organization and directional transport of anions are achieved. In
addition, the hyperbranched structure of the polyurea network
provides rapid transport channels for lithium ions (Li*). This
spatial and functional division of labor between “moray eel-
driven migration” and “grouper-confined capture” allows full-
process management of anions from recognition and transport to
immobilization.

The molecular dynamics (MD) simulation is utilized to elucidate
the synergistic mechanism of the biomimetic “recognition-
capture” strategy at the molecular dynamics level. As illustrated
in Figure 1b,c, the number of hydrogen bonds existing within the
TFPL exceeds that within the TBPL, which contains PAMAM,
PEA, LiTFSI, and TpBd without -CF;. The results in Figure 1d
reveal that the average number of hydrogen bonds (AHBs)
formed between the amide bonds of PAMAM and the —CF;
of TFSI~ within the PL system is merely 0.072 over the simu-
lation duration of 50 000 ns. Remarkably, the AHBs increase
dramatically to 14 in the TBPL system incorporated with TpBd.
The enhancement is primarily attributed to the steric hindrance
effect induced by the structure of TpBd, which restricts the
long-range migration of TFSI~ anions, and thus elevates the
probability of interaction with the PAMAM “cages”. Nevertheless,
the real breakthrough is achieved in the TFPL system mod-
ified with Tp-TFMB, where the AHBs further surge to 24.8.
The substantial increase demonstrates that Tp-TFMB does not
merely act as a passive barrier. Instead, the abundant —CF;
effectively recognizes and drives more anions to migrate direc-
tionally and accumulate toward the PAMAM “cages” through
stronger hydrogen interactions between TFSI~ and amide in
PAMAM.

Meanwhile, the Fourier transform infrared (FTIR) spectroscopy
characterized the reconstruction of the hydrogen bond network
in the TFPL. On the one hand, the C—N stretching vibration peaks
of the amide and the —NH, vibration peaks of the amino in the
PL, TBPL, and TFPL undergo blue-shift compared to PL without
LiTFSI in Figures S4 and S5. On the other hand, the asymmetric
stretching vibration peaks of —CF; and the characteristic peaks
of —SO,— derive from LiTFSI exhibit significant red-shift in
Figures le and S5. The shifting trend collectively indicates the
formation of strong hydrogen bonding interactions between the
anions and the polymer.

Particularly important, the new shoulder peaks appear at 1236
and 1319 cm—! in the spectra of PL, TBPL, and TFPL in Figure 1le,
which can be ascribed to the new vibration mode generated by
the hydrogen bond coupling between the -NH- vibration of the
amide in the PL, TBPL, and TFPL and the —CF; groups in LiTFSI
[40]. In addition, the symmetric bending vibration peak of the
methyl groups on the ring of IPDI also shifts, which further
confirms the presence of hydrogen bonding interactions between

the urea bonds derived from —NHCONH— and the —CF; groups
in Figure S5. All the above changes become more pronounced
after the incorporation of Tp-TFMB. The results demonstrate
that surface —CF;-rich Tp-TFMB, effectively participating in
and strengthening the entire interaction. It drives and pre-
organizes more anions into the trapping range of the PAMAM
cage.

In addition, the hydrogen bond interaction can be reflected in the
fluorescence signal via the differences in the microenvironment
in the hyperbranched polyurea. Therefore, wavelength-resolved
fluorescence imaging analysis is performed using confocal laser
scanning microscopy (CLSM) to spatially resolve the dynamic
reconstruction of the hydrogen bond network induced by the
biomimetic “recognition-capture” strategy. As shown in the
Figure 1f-i, the signal observed under excitation at 405 nm may
be mainly derived from the intact and ordered amide/amine
hydrogen bond clusters in the polymer backbone [41, 42]. In
contrast, the enhanced signal under excitation at 488 nm may
correspond to the sites where the hydrogen bond network is
disturbed, and specific coordination with LiTFSI occurs or ionic
aggregates are formed, thus representing potential ionic conduc-
tive microregions with strong ion-polymer interactions [43, 44].
As shown in Figure 1f,g, the clustered yet relatively uniform
fluorescence signals in the PL polymer electrolyte. However,
the fluorescence signal intensity is significantly enhanced, and
its spatial distribution becomes extremely uniform in the TFPL
composite electrolyte when Tp-TFMB is introduced. The distinct
difference indicates that Tp-TFMB effectively drives and enriches
more TFSI™ anions around the PAMAM cages, thereby disturbing
and reconstructing the original amide-based hydrogen bond
network, and forming a large number of uniformly distributed
regions with strong ion-polymer interactions. Meanwhile, the
solid UV-vis diffuse reflectance spectroscopy (solid UV-vis)
further confirms the above results in Figure S6. In the visible light
region (400-600 nm), PL only exhibits weak background absorp-
tion with no characteristic peaks. After COF is introduced, TBPL
shows weak absorption shoulders at 350 and 450 nm due to the
structure of TpBd. Compared with TBPL, the absorption intensity
of TFPL in the visible light region is significantly enhanced
and red-shift. The phenomenon directly verifies that the strong
electron-withdrawing —CF; reduces the electron cloud density
and enhances the polarity of the COF conjugated backbone
via the inductive effect [45]. The resulting Tp-TFMB improves
interfacial compatibility with the PL polymer through interac-
tions. Furthermore, the redshifted and broadened absorption
band observed in TFPL provides spectroscopic evidence for the
subsequent redistribution of TFSI™ anions. Once repelled from
the COF interface, these anions heterogeneously bind to amide
cages at various sites within the PAMAM network, creating a
diversity of local chemical environments that manifests as the
observed absorption broadening.

Additionally, when the Tp-TFMB is added into the polymer
electrolyte matrix, the stress of TFPL shown in Figure S7 is
increased from 1.1 MPa to 1.27 MPa compared with that of
PL. The result may be attributed to joint contribution of the
interaction between Tp-TFMB and polymer electrolyte matrix,
as well as the rigid skeletal structure of Tp-TFMB. Meanwhile,
the TFPL electrolyte shows no significant mass loss at 300°C,
demonstrating excellent thermal stability (Figure S8).

40f13

Angewandte Chemie International Edition, 2026

85UB917 SUOWILLIOD BAIES1D) 3gedl(dde ay) Aq pausenob a1e sajoiLe VO ‘SN Jo o[ Joj Aelg1 8UlUQ A8]1/W\ UO (SUOTIPUOD-PUEe-SULIB)W0D A8 1M Ale1q1Bul[UD//:SANyY) SUORIPUOD PpUe SLe | aU) 885 *[9202/60/9T] Lo Areiqiauljuo Ae|im ‘Asiealun BulfueN Aq £08TZ8T @1U/Z00T OT/I0pAW0d A3 |1 Arelq Buljuo//sdny woiy papeojumod ‘0 ‘€//ETZST



(@)os (b) C)e 30—
—  TFPL — | 7 5o/ PLH(CCO) )§ 7%@[ Li+
——TBPL i — TBPL-(C-C-0) 5 —PL
031 , __ TFPL-(C-C-O) £ 25
= 2 i 40 Q
o ; =2 el 3
< 0.0 by TFPL(CC-0) a
; . R g 30+ £ 201
2-0.31 ' g I 3 ;
b 20+ 5 N W \/
o 3 151
e 10 e
j — g \
09 _ I— 0 = 104 : : -
~80 60 40 20 5 : e P 0 3500 7000 10500 14000
Temperature (°C Time (ns Time (ns
( d) p Q) ( e) (ns) (f) (ns)
100
400{  AGG cIp ssIP 400 AGG cp ssiP AGG cip
5 5 5
8 8 8
z oo T2.8% = . 2 501 .
2 2001 " 2 200 70% 2 79.5%
o) . [0} o)
= 17% & 4 N = 20.4% = 20.5%
N 102% 9.6% A
5 B /‘.\~L,, i 0
0 f = A 0 ez
754 752 750 748 746 744 742 T40 738 736 752 750 748 746 744 742 740 738 736 756 754 752 750 748 746 744 742 740 738
(g) Raman shift (cm-") (h) Raman shift (cm-") (|) Raman shift (cm-')
-SO,- Li — TFPL -1.8
—TBPL Ea =725 meV
—~ —PL
= 3
& < -
> 2 9
=S ‘@ (o)
2 5 <
2 IS
£ IS
—TFPL
—TBPL
—PL T T T T : 7 7 28
1160 1140 1120 1100 1080 1060 2.0 16 1.2 0.8 04 0.0 -0.4 -0.8 T 28 29 30 31 32 33

Wavenumber (cm-1)

7Li chemical shift (ppm)

1000/T (K1)

FIGURE 2 | (a) Differential scanning calorimetry (DSC) data of PL, TBPL, and TFPL; (b) DFT calculations of the mobility of C—C—O segments
on PEA chains and (c) mean-square-displacement (MSD) of Li* based on PL, TBPL and TFPL; Raman spectra of (d) TFPL, (¢) TBPL, and (f) PL; (g)
FTIR and (h) “Li solid-state nuclear magnetic resonance (NMR) spectra of PL, TBPL, and TFPL; (i) Ionic conductivities at different temperatures and

lithium-ion migration activation energies of PL, TBPL, and TFPL.

2.2 | Decoupled Ion Transport and Polymer
Segmental Motion

Based on the biomimetic “recognition-capture” strategy, the
TFPL electrolyte exhibits significantly enhanced polymer seg-
ment mobility and an optimized lithium-ion solvation structure,
thereby synergistically facilitating the rapid transport of Li*. As
shown in Figure 2a, the introduction of TpBd and Tp-TFMB
effectively suppresses the crystallization of polyether segments
(—CH,—CH,_0—) and promotes amorphization of the electrolyte,
resulting in the significant reduction in the glass transition tem-
perature (T,) of TBPL and TFPL compared with PL. Specifically,
the T, of TBPL is —53.7°C, and that of TFPL further decreases
to -65.2°C, which is much lower than the T, of PL (-29.1°C).
Meanwhile, the DFT simulations in Figure 2b further confirm
that the —CH,—CH,—0O— on the PEA chains in the TFPL exhibit
significantly larger motion amplitudes. The incorporation of COF
disrupts the ordered arrangement of polyetheramine chains and
increases the degree of freedom of segment motion [46].

Meanwhile, benefiting from the efficient anion management
enabled by the biomimetic “recognition-capture” strategy, the
large number of TFSI™ anions are confined in the amide cages
of PAMAM. This not only greatly promotes the dissociation of
LiTFSI, but also optimizes the solvation structure of Li*. As
shown in Figure 2d-f, the Raman spectroscopy analysis reveals
that the proportions of Li*—TFSI~ contact ion pairs (CIPs)
and solvent-separated ion pairs (SSIPs) in the TFPL electrolyte
are significantly enhanced. Specifically, the proportion of CIP
increases further from 20.5% in PL and 70% in TBPL to 72.8%
in TFPL, while the proportion of SSIP structures rises from
9.6% in TBPL to 10.2% in TFPL. Meanwhile, the proportion
of ion aggregates (AGGs) drops sharply from 79.5% in PL and
20.4% in TBPL to 17%. The structural evolution directly confirms
the more complete dissociation of the LiTFSI, where Li* are
more coordinated with PEA, forming a solvation environment
more conducive to rapid ion migration in TFPL. The FTIR
spectroscopy and solid-state “Li nuclear magnetic resonance
(NMR) spectroscopy further corroborate the above conclusions.
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As shown in Figure 2g, the characteristic —SO,— peak of TFSI~
in TBPL and TFPL undergoes redshift (shifted to 1134.1 cm-1)
and further red-shift to 1132.2 cm—' in TFPL compared with PL
(1136 cm~—"). This indicates that Tp-TFMB, which repel anions
and the amide which serves as the traps to capture anions,
synergistically intensify the perturbation of the local anionic
environment. In addition, the solid-state ’Li NMR peak of TFPL
exhibits a distinct downfield shift compared with those of PL
and TBPL, which directly demonstrates that Li* possesses the
strongest migration capability in the TFPL electrolyte, as shown
in Figure 2h. Meanwhile, the calculations based on the MSD
reveals that the mobility of TFSI™ in the TFPL electrolyte is
significantly lower than that in the PL and TBPL in Figure S9. The
dynamic confinement phenomenon is directly verified by NMR
spectroscopy; the characteristic peak of TFSI~ in the 1°F NMR
spectrum of TFPL exhibits a systematic high-field shift (Figure
S10). The two independent pieces of evidence collectively confirm
that the biomimetic “recognition—capture” strategy markedly
restricts the migration ability of TFSI™ anions via the efficient
recognition and capture of TFSI~ anions by fluorinated COFs.
The combined effects of enhanced segment mobility and opti-
mized solvation structure significantly reduce the energy barrier
for lithium-ion transport. The stainless steel/TFPL/stainless steel
(ss/TFPL/ss) cell shows lowest impedance (6.25 Q). The TFPL
electrolyte possesses the higher ionic conductivity of 4.5 mS cm™
than TBPL (3.2 mS ~'cm) and PL (1.9 mS ~‘cm) in Figures 2i and
S15. Therefore, the ion migration activation energy (E,) calculated
based on the Arrhenius equation reveals that the value of the
TFPLis as low as 72.5 meV. In contrast, the values of TBPL and the
PL reach 90.1 and 111.9 meV, respectively, which further verifies
the kinetic superiority of the biomimetic “recognition-capture”
strategy from dynamic perspective.

2.3 | Interfacial Stability

Benefiting from the effective confinement of abundant TFSI~
anions enabled by the biomimetic “recognition-capture” strategy,
the t;;, of TFPL is significantly enhanced and reached 0.7, which
is notably higher than those of TBPL (0.42) and PL (0.24) in
Figures 3a and S16. This indicates that the strategy successfully
renders Li* the dominant charge carriers and thus markedly
alleviates the concentration polarization. Additionally, the TFPL
also significantly improves the transport and transfer resistance
of Lit at the interface. In the assembled Li/TFPL/Li cell, the
interfacial impedance is only 132.1 Q and the charge transfer
impedance is merely 39.6 Q, which are much lower than those
of the Li/TBPL/Li cell (197.7 Q and 41.7 Q) and the Li/PL/Li cell
(218.1 Q and 66.6 Q).

Therefore, the strategy remarkably enhances the interfacial sta-
bility of lithium metal batteries. The Tafel tests performed on
the assembled LillLi symmetric cells show that the exchange
current density of TFPL cell system is as high as 0.72 mA cm™>
in Figure 3b, outperforming those of TBPL cell system (0.54 mA
cm~2) and PL cell system (0.39 mA c¢cm~2), which implies faster
interfacial charge transfer kinetics. Furthermore, the corrosion
potential between TFPL and lithium metal is as low as 0.02 V,
with a significant reduction compared with the PL and TBPL,
demonstrating lower hindrance to the Li* deposition/stripping

processes on the electrode surface and effective suppression of
interfacial side reactions.

To further evaluate the interfacial compatibility between the
electrolyte and electrodes, as well as the reversibility of lithium-
ion deposition/stripping processes, LillCu cells and LillLi cells
are fabricated and subjected to long-term cycling. The test results
demonstrate that the assembled Li/TFPL/Cu half-cell (Figure 3c)
achieves a high average Coulombic efficiency (CE) of 96% and
can cycle stably for 300 cycles, exhibiting excellent reversibility
of lithium deposition and interfacial compatibility. In contrast,
the CE of the Li/TBPL/Cu half-cell decays to 82.9% after 200
cycles, while that of the Li/PL/Cu half-cell drops sharply after
merely 100 cycles. Concurrently, the Li/TFPL/Li symmetric cell
shows no obvious voltage fluctuation or short-circuit signs at a
current density of 1.2 mA cm~2 (Figure 3d). On the contrary, the
Li/TBPL/Li and Li/PL/Li symmetric cells suffer premature short-
circuit at current densities of 0.8 and 1.0 mA cm™2, respectively,
indicating insufficient interfacial uniformity and dendrite sup-
pression capability. In terms of long-term cycling stability, the
Li/TFPL/Li cell delivers a lower polarization voltage and can
operate stably for more than 1800 h at a current density of 0.1 mA
cm? (Figure 3e). In comparison, the Li/PL/Li cell shows a higher
polarization voltage under the same conditions and fails after
approximately 600 h, which proves that it lacks effective dendrite
suppression and interfacial stabilization.

To further uncover the dynamic interfacial processes, the in-situ
distribution of relaxation time (DRT) technology is employed
to analyze the interfacial evolution during the charging process
(Figure 3f-h). For the Li/TFPL/Li cell, the time constant related
to interfacial impedance remains stable, while the time constant
associated with charge-transfer impedance shows a trend of first
increasing and then decreasing. This indicates that the formed
SEI film possesses excellent adaptability and kinetic optimization
capability, which facilitates the uniform deposition of lithium
ions. In contrast, both the interfacial impedance and charge-
transfer impedance of the Li/TBPL/Li cell increase continuously
(Figure 4g), reflecting dynamic instability at the interface; mean-
while, the Li/PL/Li cell exhibits the largest interfacial impedance
(Figure 4h), suggesting that it fails to form an effective stable
interfacial layer.

2.4 | The Gradient-Distributed Interphase Layer

To clarify the critical role of Tp-TFMB in stabilizing the elec-
trode/electrolyte interface, time-of-flight secondary ion mass
spectrometry (TOF-SIMS) and x-ray photoelectron spectroscopy
(XPS) are employed to conduct in-depth interfacial character-
ization of the cycled lithium metal anodes (Figures 4a-c and
S19).

The characterization results consistently demonstrate that the
incorporation of Tp-TFMB (TFPL) can significantly increase the
content of LiF in the solid electrolyte interphase (SEI) and
optimize the uniformity of its spatial distribution compared to
TBPL and PL in Figure 1d,g,i Furthermore, XPS analysis exhibits
a significantly enhanced characteristic LiF signal at 684.8 eV that
can be detected on the surface of the lithium anode in the cycled
Li/TFPL/Li cell in Figure 4e.
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In contrast, the characteristic LiF signal is notably weaker on the
anode surfaces of both the Li/TBPL/Li (Figure 4h) and Li/PL/Li
(Figure 4Kk) cells. The result confirms that the TFPL electrolyte
exhibits superior performance in constructing the LiF-rich inter-
face. Furthermore, PAMAM-free PFCOF electrolyte is prepared
and corresponding lithium symmetric cells are assembled. As
shown in Figures S34a and 4k, LiF is detected on the lithium
foil surfaces based on both PFCOF and PL electrolytes, while the
cell based on PFCOF exhibits a significantly higher LiF signal
intensity. These results indicate that Tp-TFMB promotes LiF
accumulation and enables the formation of a stable interfacial
layer. Further three-dimensional (3D) TOF-SIMS analysis clearly
reveals that a gradient-ordered SEI structure is formed on the
anode surface of the Li/TFPL/Li cell (Figure 4f): starting from the
lithium metal side outward, the structure consists of an inner LiH
layer to form LiF-LiH composite layer, an intermediate Li,S layer,
and an outer Li;N layer, with highly abundant LiF uniformly
dispersed throughout the entire SEI film. The layered structure
forms a stable interphase layer enabling rapid lithium-ion trans-

port [47]. In sharp contrast, the SEI formed in Li symmetric cells
based on TBPL and PL electrolytes fails to develop such a well-
defined layered architecture. Instead, it exhibits a disordered and
incomplete distribution of key components in Figure 4i-1. The
compositional chaos and the absence of a continuous, gradient
structure directly indicate the failure to form a robust and stable
interphase layer. Meanwhile, LiF species only locally accumulate
on the upper surface of the Li foil in the PAMAM-free PFCOF
cell in Figure S35a, while both TFPLS5 (Figure S35b,e) and TFPLI15
(Figure S35c,f) exhibit remarkably higher LiF content over the
entire electrode surface. These results confirm that Tp-TFMB can
effectively induce in-situ LiF formation, and the hyperbranched
PAMAM structure further enriches interfacial LiF species to
construct a more robust and uniform interphase layer. In terms
of Li-N interfacial components, the Li/PFCOF/Li cell presents
a very low Li—N signal (Figure S36a), whereas TFPL5 (Figure
S36b) and TFPL15 (Figure S36¢) possess abundant Li—N species,
strongly demonstrating that the hyperbranched PAMAM skeleton
is essential for the formation of Li—N interfacial products. In
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addition, the PL electrolyte without Tp-TFMB yields only a small
amount of Li—N components with extremely uneven distribution
on the Li surface (Figure S21c). Collectively, these comparisons
verify that the synergistic cooperation between Tp-TFMB and
hyperbranched PAMAM significantly promotes the generation
and uniform deposition of Li—N species, and only moderate
Tp-TFMB loading achieves well-distributed Li—N interfacial
structures.

The interfacial structure featuring high LiF content and ordered
layered architecture acts as the fundamental microstructural
basis for the superior cycling stability of the assembled batteries.
This distinctive interfacial structural evolution can be directly
attributed to the dynamic implementation of the biomimetic
“recognition-capture” design strategy. Specifically, Tp-TFMB
effectively repels and confines the TFSI~ anions enriched
on its surface within the amide “cages” of PAMAM. During
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electrochemical cycling, these pre-enriched anions undergo
orderly reduction: the S=O/S—N bonds break to form the inter-
mediate Li,S layer, while trace H" is reduced to generate the
inner LiH layer. Most critically, the locally high-concentration
fluorine sources (derived from the —CF; groups of TFSI~ and the
Tp-TFMB) ensure the formation of a large quantity of uniformly
distributed LiF in the final reduction state. These inorganic
components collectively construct a stable gradient composite
SEI structure.

2.5 | Compatibility With High-Voltage Cathodes

To investigate the effect of the biomimetic “recognition—capture”
strategy on improving the cathode stability of composite elec-
trolytes, systematic electrochemical characterizations are carried
out. Constant-voltage floating charge tests performed at 4.1 and
4.6 V revealed that the leakage current of the Li/PL/NCM523 cell
increases continuously, indicating severe electrolyte decomposi-
tion. In contrast, the Li/TBPL/NCMS523 and Li/TFPL/NCM523
cells remained stable at the high voltage of 4.6 V, demonstrating

that the interfacial side reactions are significantly suppressed
(Figure 5a).

Further linear sweep voltammetry (LSV) tests reveal that the
electrochemical stability window of the TFPL electrolyte is
extended to 5.0 V (vs. Li/Li*), confirming its excellent high-
voltage tolerance (Figure 5b). To evaluate the practical application
performance, full-cell tests of Li/NCM523 batteries are con-
ducted at a high cut-off voltage of 4.5 V. The results show
that the cell assembled with the TFPL electrolyte exhibits a
stable charge—discharge profile and a discharge specific capacity
of 117 mAh (Figure 5c). On the contrary, the cell assembled
with the TBPL electrolyte exhibits voltage fluctuation and soft
short-circuit (Figure 5d). Therefore, the cells based on the TFPL
electrolyte exhibit excellent electrochemical performance under
the conditions of NCMS8I11 as cathode, 4.5 V cut-off voltage, and
0.1 C rate. Its initial discharge specific capacity reaches 209.5
mAh g7, and the capacity gradually climbs to a maximum
of 248 mAh g™ at 4.5 V. This may be due to the fact that
in the early cycles, only surface NCM particles form efficient
continuous Li* transport paths with the composite polymer
solid electrolyte, while deep electrode active materials barely
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(b) 1C and (c) 5C; (d) High load (11.5 mg/cm?) LFP cell based on TFPL at different rate; (e) Long-cycle performance of high-loading LFP cells based on
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the pouch cell; (g) Triple-layer high-loading LFP pouch cell based on TFPL enables both mobile phone charging and small LED lamp illumination. (h)

Cycling performance of Li/TFPL/S cells at different current densities.

engage in Li intercalation/deintercalation [48], resulting in lower
the initial capacity. Constant reconstruction of uniform ion-
conductive CEI interphases continuously activates inner inert
active particles and steadily elevates discharge capacity [49].
Meanwhile, deep delithiation of NCM at 4.5 V induces severe
lattice strain and internal stress [50], drastically raising interfacial
impedance of inner particles without stable interphases and trig-
gering violent capacity oscillation. After prolonged cycling, fully
grown compact stable interphases stabilize solid-solid contact
[51], gradually relieve capacity fluctuation. In addition, the pouch
cells assembled with commercial NCM523 cathodes deliver a
maximum discharge capacity of 9.37 mAh at 0.1 C, and still
retain a high capacity of 6.73 mAh after 40 stable cycles. To
investigate the interfacial advantages, the XPS characterization is
performed on the surface of the cycled NCM523 cathodes. The
results demonstrate that a significantly stronger characteristic
LiF signal is detected on the cathode surface of the TFPL-
based cell, confirming that the biomimetic “recognition-capture”
strategy promotes the formation of a LiF-rich, structurally stable
cathode electrolyte interphase (CEI). This effectively suppresses
interfacial side reactions under high-voltage, resulting in the
excellent cycling stability of the full cells.

2.6 | Long-Cycle Stability and Practical
Applicability

To further verify the universality of the biomimetic “recognition—
capture” strategy, the Li/TFPL/LFP cell is assembled and delivers
discharge specific capacities of 149, 140.9, 135.7, 128.6, and 112.2
mAh g-! at 0.2, 0.5, 1, 2, and 5 C, respectively (Figure 6a).
Although the assembled Li/TBPL/LFP cells exhibit higher dis-
charge specific capacities than Li/TFPL/LFP cellsat 0.1and 0.2 C,
the capacity fades at higher rates. In contrast, the discharge spe-
cific capacities of the assembled Li/PL/LFP cells are significantly
lower than those of TFPL-based LFP cells. For long-cycle testing
at 1 C (Figure 6b), the Li/TFPL/LFP cell still retains a discharge
specific capacity of 99.8 mAh g—! after 1000 cycles, corresponding
to the capacity retention rate of 75.5%. At 5 C, the Li/TFPL/LFP
cell operates stably for 450 cycles with a high-capacity retention
rate of 75.2% (Figure 6c). Importantly, the discharge capacity of
the assembled high-loading Li/TFPL/LFP cell reaches 2.74 mAh
at 0.1 C,2.2mAh at 0.2 C, and 1.45 mAh at 0.5 C (Figure 6d).

Furthermore, the cell operates stably for 20 cycles at 0.2 C with the
discharge specific capacity of 1.82 mAh and 60 cycles at 0.5 C with
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the discharge specific capacity of 1.5 mAh (Figure 6f). In contrast,
the capacity of the Li/TBPL/LFP cell continuously fades to 0.7
mAh at 0.2 C. When assembled into triple-layer high-loading
LFP/Li pouch cells, the Li/TFPL/LFP configuration delivers a
maximum discharge capacity of 46.1 mAh at 0.05 C and 41.3 mAh
at 0.1 C. Notably, the pouch cell maintains stable operation
over 50 cycles at 0.1 C with nearly 100% capacity retention. In
addition, the assembled triple-layer pouch cells are capable of
charging smartphones shown in video and illuminating LED
lamps successfully in Figure 6g, which provides intuitive evidence
for their practical power delivery performance and promising
application prospects. Finally, the Li/TFPL/S cell is assembled
to further expand the application potential and the Li/TFPL/S
cell delivers discharge specific capacities of 1401 and 909.8 mAh
g™! at current densities of 0.land 0.2 mA cm™, respectively.
Especially, the assembled cells retain the capacity of 659 mAh
g—1 after 45 cycles 0.2 mA cm—2. Reproducible measurements
can be achieved for all batteries assembled with TFPL composite
electrolyte. Minor performance disparities between different cells
mainly stem from manual operational deviations during cell
assembly. The battery curves display in all figures correspond
to the sample with optimal cycling performance among parallel
replicates. It is thus clear that the prepared composite polymer
electrolyte TFPL demonstrates the good potential for application
in various high-energy-density batteries.

3 | Conclusion

The biomimetic “recognition-capture” strategy is proposed to
break the traditional dilemma in solid polymer electrolytes. The
approach led to the successful fabrication of the TFPL based
on hyperbranched PAMAM, PEA, and the fluorinated COF
(Tp-TFMB). Among them, the Tp-TFMB directionally regulate
TFSI™ anions, while the PAMAM serves as the “cage” for their
confinement. Consequently, the TFPL electrolyte achieves a
high room-temperature ionic conductivity of 4.5 mS cm—! and
an elevated Li* transference number of 0.7. More importantly,
this strategy in-situ induces the formation of a gradient, robust
solid electrolyte interphase (Li;N—Li,S—LiF/LiH). The unique
interfacial structure enables exceptionally stable lithium plat-
ing/stripping, evidenced by the Li//Li symmetric cell cycling over
1800 h and the Li//Cu half-cell maintaining high Coulombic
efficiency of 96% for 300 cycles. The TFPL electrolyte also exhibits
a wide electrochemical window up to 5.0 V (vs. Li/Li*), demon-
strating excellent compatibility with high-voltage NCM811 (4.5V),
LFP (5 C, 450 cycles), NCM523 (9.37 mAh), and sulfur cathodes.
The assembled multi-layer LFP pouch cells deliver high dis-
charge capacities (41.3 mAh) and stable cycling performance (50
cycles). This work provides a new paradigm for designing high-
performance solid-state electrolytes through multi-component
synergistic management, opening a promising avenue toward
safe, high energy density lithium-metal batteries.
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