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a b s t r a c t

Despite the growing interest in fast-charging solid-state lithium (Li)-metal batteries (SSLMBs), their prac-
tical implementation has yet to be achieved, primarily due to an incomplete understanding of the dis-
parate and often conflicting requirements of the bulk electrolyte and the electrode-electrolyte
interphase. Here, we present a weakly coordinating cationic polymer electrolyte (WCPE) specifically
designed to regulate the Li+ coordination structure, thereby enabling fast-charging SSLMBs. The WCPE
comprises an imidazolium-based polycationic matrix combined with a succinonitrile (SN)-based high-
concentration electrolyte. Unlike conventional neutral polymer matrices, the polycationic matrix in the
WCPE competes with Li+ for interactions with SN, weakening the original coordination between SN
and Li+. This modulation of SN–Li+ interaction improves both Li+ conductivity of the WCPE (rLi+ = 1.29
mS cm−1) and redox kinetics at the electrode-electrolyte interphase. Consequently, SSLMB cells (compris-
ing LiFePO4 cathodes and Li-metal anodes) with the WCPE achieve fast-charging capability (reaching over
80% state of charge within 10 min), outperforming those of previously reported polymer electrolyte-
based SSLMBs.
© 2025 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by

Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, AI
training, and similar technologies.
1. Introduction

SSLMBs remains largely underexplored, mainly due to a limited
derstanding of ion transport phenomena in the bulk electrolyte

The growing demand for higher energy density and safer energy
storage systems is driving innovation in the battery industry [1–3].
Among emerging technologies, solid-state lithium (Li)-metal bat-
teries (SSLMBs) have garnered considerable attention due to their
higher energy density and improved safety characteristics [4–7].
In particular, advancing fast-charging capability has recently
emerged as a key focus for expanding the practical applications
of SSLMBs [8,9]. However, the fast-charging performance of

un
and charge transfer at the electrode-electrolyte interphase (EEI) in
terms of practical cell application [10–12].

Previous studies on solid-state Li+ conductors have predomi-
nantly focused on inorganic electrolytes such as sulfides and oxi-
des. Although these inorganic electrolytes exhibit high Li+

conductivities comparable to those of liquid electrolytes, their abil-
ity to deliver high capacities at elevated current rates is restricted
by sluggish redox kinetics at the EEI. Major challenges responsible
for the hindered ionic diffusion across this interphase include a
limited effective contact area for charge transfer [13,14], the for-
mation of poorly conducting interphases due to chemical and elec-
trochemical instability [15–17], and the presence of space charge
layers that alters ion distribution and conductivity near the inter-
face [18–21].

In addition to the aforementioned inorganic electrolytes,
polymer-based electrolytes have been investigated for ease of
processing, mechanical flexibility, and the ability to form intimate
reserved,
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interfacial contact with electrodes [22–24]. Nevertheless, the rel-
atively low ionic conductivities of polymer-based electrolytes
have thus far hindered their practical application in SSLMBs
[25–27].

Various strategies have been employed to overcome the chal-
lenges associated with polymer-based electrolytes. These strate-
gies include the design of new chemical structures [28–30], the
incorporation of functional additives [31–33], and the optimization
of compositions [34–36]. However, the majority of these efforts
have predominantly centered on enhancing Li+ transport in the
bulk electrolyte, often overlooking the critical role of interfacial
charge transfer phenomena. To enable fast-charging SSLMBs, it is
essential to address the different and often conflicting require-
ments of both the bulk electrolyte and the EEI. Therefore, a novel
approach to polymer-based electrolytes is required based on a
mechanistic understanding of bulk ion transport and charge trans-
fer mechanisms.

Here, we present a weakly coordinating cationic polymer elec-
trolyte (WCPE) for fast-charging SSLMBs. The WCPE comprises a
1-allyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(AMIM-TFSI)-based polycationic matrix and a succinonitrile (SN)-
based high-concentration electrolyte. SN is a representative plastic
crystalline organic molecule that acts as a solid solvent capable of
dissolving Li salts [37,38]. The WCPE is designed to regulate the Li+

coordination environment through two key mechanisms described
below: static regulation and dynamic regulation (Fig. 1b, c). Static
regulation refers to the control of Li+ coordination in the bulk elec-
trolyte through the formation of a polycation–SN–Li+ complex,
which weakens the original interaction between Li+ and SN due
to competitive binding of SN with the polycation. This reduction
in Li+ coordination facilitates the de-coordination of Li+ in the bulk
electrolyte, thereby improving ion conductivity. Dynamic regula-
tion, on the other hand, occurs at the Li-metal anode, where anions
in the Li+ solvation sheath are repelled during charging [39,40].
This leads to the formation of anion-exclusive Li+ coordination
structures near the anode, which reduces the Li+ coordination
energy, thereby facilitating Li+ de-coordination and enhancing
redox reactions at the EEI. Consequently, the WCPE exhibits high
Li+ conductivity (rLi+ = 1.29 mS cm−1) and low charge transfer
resistance (Rct) at the EEI.

The electrochemical performance of the WCPE was investigated
by incorporating it into a cell (comprising Li-metal anode and
LiFePO4 (LFP) cathode). The WCPE, owing to the aforementioned
beneficial effects of its modulated Li+ coordination, enhances rate
performance and cycling retention (86.8% after 250 cycles) of the
resulting SSLMBs. Moreover, the WCPE demonstrates superior
fast-charging capability, achieving over 80% state of charge (SoC)
in less than 10 min, significantly outperforming previously
reported SSLMBs with polymer-based electrolytes.

2. Experimental

2.1. Preparation of WCPE

The WCPE and control samples were prepared in an argon (Ar)-
filled glove box. AMIM-TFSI (≥98.5%, Sigma-Aldrich), 1-
allylimidazole (>97.0%, Tokyo Chemical Industry Co., LTD.), and
trimethylolpropane propoxylate triacrylate (TPPTA) (Sigma-
Aldrich) were purified through the poly(1,1,2,2,-tetrafluoroethy
lene) (PTFE) syringe filter before use. SN (>98.0%, Tokyo Chemical
Industry Co., LTD.) was degassed before use according to the proce-
dure described in a reference [41]: (1) bubbling with Ar at 70 °C for
45 min, (2) drying under vacuum at 70 °C for 15 min, and (3)
repeating (1) and (2) three times. Azobisisobutyronitrile (AIBN)
(99%, DAEJUNG, Korea) was dried under a vacuum at 20 °C for
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24 h before use. Lithium bis(fluorosulfonyl)imide (LiFSI) (99.9%,
ENCHEM Co., Ltd.) powder was dried under vacuum at 100 °C for
24 h before use.

The precursor solution of the WCPE was prepared by mixing
AMIM-TFSI, TPPTA, SN, LiFSI, and AIBN in a molar ratio of
8/2/40/12.5/0.1. For Control 2, the precursor solution was prepared
bymixing AMIM-TFSI, TPPTA, SN, LiFSI, and AIBN in a molar ratio of
8/2/40/5/0.1. Similarly, the precursor solution for Control 1 was
prepared by mixing 1-allylimidazole, TPPTA, SN, LiFSI, and AIBN
in a molar ratio of 8/2/40/5/0.1, respectively. To suppress the side
reaction of SN with Li-metal, 2 wt% fluoroethylene carbonate (FEC)
(99.9%, ENCHEM Co., Ltd.) was added to the precursor solutions
[42]. The precursor solutions were stirred vigorously until they
became homogeneously transparent. The resulting precursor solu-
tions were injected into CR2032-type coin cell and polymerized
in situ at 70 °C for 3 h.

2.2. Physicochemical and electrochemical characterization of WCPE

Fourier transform infrared (FT-IR) spectra were collected with a
Bruker ALPHA II. Nuclear magnetic resonance (NMR) experiments
were performed on a Bruker NEO 600 spectrometer with a 5-mm
Prodigy probe. A coaxial sample tube setup was utilized to mea-
sure the gel phase of the sample. Specifically, an inner NMR tube
(WGS-5BL-SP) containing 220 lL of reference solvent (DMSO-D6)
was inserted into a 5-mm NMR tube (535-PP-7) containing
260 lL of the sample. The 1H NMR spectra were acquired with
zg30 at an operating frequency of 600.25 MHz. The experimental
conditions included a pulse length of 11.55 ls, relaxation delay
(D1) of 10 s, and scans (NS) of 16. The 7Li magic angle spinning
(MAS) NMR spectra were obtained utilizing the zg pulse sequence
at an operating frequency of 233.28 MHz. The 7Li longitudinal
relaxation times (T1) were measured utilizing the t1ir pulse
sequence with a pulse length of 10 ls, D1 of 20 s, and NS of 16.
1H-1H two-dimensional (2D) nuclear Overhauser effect spec-
troscopy (NOESY) NMR spectra were acquired utilizing the
noesygpphpp pulse sequence under the following conditions: a
pulse length of 11.55 ls and the D1 of 2 s, NS of 8, 128 increments,
and mixing time (D8) of 700 ms. 7Li-1H 2D heteronuclear Over-
hauser effect spectroscopy (HOESY) NMR spectra were obtained
utilizing hoesyetgp pulse duration with a pulse length of 10 ls
and D1 of 5 s, NS of 4, 256 increments, and D8 of 650 ms. Chemical
shifts are referenced to DMSO-D6 at 2.5 ppm and 1 M LiCl aqueous
solution at 0 ppm for 1H and 7Li, respectively. Morphological anal-
ysis was conducted via field emission scanning electron micro-
scopy (FE-SEM, Hitachi S-4800). Electrochemical impedance
spectroscopy (EIS) analysis was performed at a frequency range
from 10−2 to 106 Hz and an applied potential of 10 mV utilizing
potentiostats (VMP-300 and VSP, Bio-Logic). The electrochemical
stability windows of the electrolytes were evaluated by linear
sweep voltammetry (LSV) at a scan rate of 0.1 mV s−1. The Li+

transference number (tLi+) was evaluated utilizing a potentiostatic
polarization method [43]. The direct current (DC) polarization
through a Li+ non-blocking symmetric cell and its sequential EIS
spectra before and after the polarization were analyzed to deter-
mine tLi+.

tLi
Is DV I0R0

Io DV IsRs

where is the applied potential, I0 and R0 are the initial current
and resistance, and Is and Is are the steady-state current and resis-
tance after the polarization, respectively. For the Li-metal cell test,
LFP and LiNi0.7Co0.1Mn0.2O2 (NCM712) cathodes were prepared by
casting a slurry mixture (LFP or NCM712/polyvinylidene fluoride/
carbon black = 8/1/1, w/w/w) on a carbon-coated aluminum foil

DV
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Fig. 1. Design principle of WCPE. (a) Schematic of design procedure and coordination structure of WCPE. (b) Static regulation of Li+ coordination: Control 1 vs. Control 2 &
WCPE. (c) Dynamic regulation of Li+ coordination: coordination structure near surface of Li-metal anode during charging based on anion repulsion phenomenon.
with a loading of 1–2 mgLFP or NCM712 cm−2. All the cell performance
was tested with CR2032 coin-type cells utilizing cycle testers (PNE
Solution and McScience).

2.3. MD simulations

Molecular dynamics (MD) simulations were conducted for the
WCPE and control samples (i.e., Control 1 and Control 2) to inves-
tigate the microscopic solvation structures in the bulk system with
the experimental molar ratio. For the simulation, the bulk elec-
trolyte systems with the same ratio as the experimental molar
245
ratio (i.e., WCPE: AMIM-TFSI/TPPTA/SN/LiFSI = 8/2/40/12.5, Control
2: AMIM-TFSI/TPPTA/SN/LiFSI = 8/2/40/5, Control 1: 1-Allylimida
zole/TPPTA/SN/LiFSI = 8/2/40/5) were modeled. The numbers of
molecules included in the control samples and the WCPE system
for the MD simulations are shown in Table S1. The model systems
have a simulation box size of approximately 55 × 55 × 55 (Å3).
Initially, all systems were subjected to an NPT (isobaric-
isothermal, constant number of particles, pressure, and tempera-
ture) ensemble to equilibrate the systems for 5 ns. Subsequently,
the equilibrated systems were simulated for 5 ns under the
NVT (canonical, constant number of particles, volume, and
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temperature) ensemble. All the valence and non-bonded interac-
tions were described by COMPASSIII forcefield [44]. The Nose-
Hoover-Langevin thermostat and Berendsen barostat were utilized
[45,46]. The coordination number (CN) was defined as

q g r r2dr, where q is the average number density, g(r) is the
radial distribution function (RDF), and r is the distance from the
central atom.

2.4. DFT calculations

Density functional theory (DFT) calculations were performed to
determine the Li+ binding free energy of coordinated structures
that were obtained from the last frame of the MD simulation tra-
jectories. The Li+ binding free energy of each coordinated structure
could be calculated with an equation [47].

4p

DGLi bind DGLi CN mDGNM or CM nDGSN DGLi

where Li bind represents the binding free energy of Li+ X (i.e.,
X = Li+CN, NM or CM, SN, and Li+) is the free energy of the Li+ coor-
dinated structure, neutral moiety or cationic moiety, SN, and Li+. In
addition,m and n denote the number of neutral or cationic moieties
and SN molecules. All DFT calculations were performed with the
DMol3 program [48,49]. The B3LYP hybrid functional was utilized
for all calculations [50,51]. The spin-polarized calculation was
applied with the DNP 4.4 level. All electron relativistic effects were
included in the core treatment. The convergence criteria for the self-
consistent field were set to 1.0 × 10−6 eV atom−1. The convergence
criteria for the geometry optimization were set to 1.0 × 10−5 Ha for
energy, 0.002 Ha Å−1 for force, and 0.005 Å for displacement,
respectively.

DG . DG

3. Results and discussion

3.1. Design principle of WCPE

The WCPE was synthesized via thermal polymerization of a
cationic monomer mixture in the presence of an SN-based high-
concentration electrolyte (Fig. S1). The cationic monomer mixture
contains AMIM-TFSI as a cationic monomer and TPPTA as a
crosslinking agent, with a composition ratio of AMIM-TFSI/TPPTA =
8/2 (mol/mol). The SN-based high-concentration electrolyte con-
sists of 4.3 m LiFSI salt dissolved in SN, where ‘‘m” denotes molality
(moles of solute per kilogram of solvent). Successful thermal poly-
merization of the cationic monomer mixture to form a polycationic
matrix was confirmed by monitoring the change in FT-IR spec-
troscopy, specifically the peaks corresponding to C=C bonds
(Fig. S2) [52]. For comparative purposes, two control samples were
prepared with the same synthetic procedure: Control 1 (compris-
ing an analogous imidazole (i.e., 1-allylimidazole)-based neutral
polymer matrix and an SN-based low-concentration electrolyte
(1.5 m LiFSI in SN)) and Control 2 (comprising an imidazolium-
based polycationic matrix and an SN-based low-concentration
electrolyte).

The design principle of the WCPE is conceptually illustrated in
Fig. 1(a). The cationic AMIM-TFSI replaces the neutral 1-
allylimidazole in Control 1 to create Control 2. This modification
allows competition between the polycationic matrix and Li+ for
interactions with SN. Finally, the WCPE was obtained by increasing
the concentration of Li salt in the Control 2, effectively increasing
the proportion of anions in the Li+ coordination sheath.

Fig. 1(b) illustrates the static regulation of the Li+ coordination
achieved via cationization of the polymer matrix. This modification
leads to the formation of a polycation–SN–Li+ coordination com-
plex, which weakens the original coordinating interactions
between SN and Li+ due to the competitive interaction of SN with
both polycation and Li+. Such a reduction in the Li+ coordination
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energy promotes the de-coordination of Li+, thereby improving
Li+ migration in the bulk electrolyte [53–56] and electrochemical
redox kinetics at the EEI [56–59].

The dynamic regulation of the Li+ coordination at the Li-metal
anode is depicted in Fig. 1(c). During charging, anions in the Li+

coordination sheath are repelled from the negatively polarized
anode [39,40], resulting in anion-exclusive Li+ coordination struc-
tures near the Li-metal anode. As the concentration of Li salt
increases, the proportion of anions in the Li+ solvation sheath
grows, further signifying the effect of the anion repulsion at the
Li-metal anode. This anion disengagement weakens Li+ coordina-
tion energy at the EEI. Consequently, the WCPE accelerates Li+

de-coordination and subsequent redox reaction at the Li-metal
anode, verified by comparing the Rct values of Li||Li symmetric cells
with the WCPE and control samples (Fig. S3).

3.2. Static regulation of Li+ coordination

The static regulation of the Li+ coordination by the introduction
of the polycation was investigated with 2D 1H-1H NOESY and 2D
7Li-1H HOESY NMR spectra, as illustrated in Fig. 2(a, b) and
Fig. S4. NOESY and HOESY NMR techniques are known to reveal
spatial correlations between species in close proximity (<0.5–
1 nm), thereby providing insight into the coordinating interactions
between ions and molecules [60,61]. The NOESY and HOESY NMR
spectra of the WCPE identified two distinct proton environments
originating from the SN: (i) H (from SN at 2.5 ppm [62])–H (from
the methyl group of AMIM-TFSI at 3.6 ppm [63]), which indicates
proximity between the SN and the imidazoliummoiety of the poly-
cation, and (ii) H (from SN)–Li+, indicating proximity between SN
and Li+.

MD simulations were conducted to further elucidate the coordi-
nation of SN-polycation. In the WCPE, the presence of the cationic
moiety from AMIM-TFSI in the coordination region (∼3 Å) of SN
was confirmed by the high intensity of the RDF peak and 1 CN with
cationic moiety (Fig. S5). This suggests that SN can interact not
only with Li+ but also with polycations. Saturation recovery mea-
surements were conducted to further investigate the molecular
dynamics of SN (Fig. S6). The T1 relaxation times of SN decreased
in the presence of the polycation, with values of 1.538 s for Control
1, 1.337 s for Control 2, and 1.097 s for WCPE. This reduction in the
T1 value indicates a decrease in the molecular tumbling rate of SN,
which is attributed to the strong coordinating interactions
between SN, Li+, and the polycation.

In addition, the effect of the introduction of the polycation on
the Li+ coordination strength of SN was investigated. As demon-
strated in Fig. S7, the polycation weakens the intermolecular inter-
action of SN–Li+ by suppressing electron cloud donation from the
nitrile group of SN to Li+. The FT-IR spectra of the WCPE displayed
an upshift in the characteristic vibrational peak of the coordinating
SN bond (from 2276 cm−1 in Control 1 to 2280 cm−1 in the WCPE)
[64], indicating an increase in the C N bond strength (Fig. 2c). This
increased bond strength is attributed to a more localized electron
cloud around the nitrile group. The electron localization in the
nitrile group was further investigated via 15N MAS NMR spec-
troscopy (Fig. 2d). As the proportion of coordination of polyca-
tion–SN–Li+ increases in the sequence of Control 1, Control 2, and
WCPE, a gradual shielding of the N (nitrogen) nuclei in the C N
bond was observed [65], exhibiting the viable role of the incorpo-
rated polycation.

To further investigate the effect of the polycation on the Li+

coordination ability of SN in the WCPE, 7Li MAS NMR spectroscopy
was performed (Fig. 2e). Compared to Control 1, the Li+ peak in
Control 2 shifted upfield, disclosing the formation of an anion-
rich Li+ coordination sheath as a result of the weakened Li+ coordi-
nation of SN [66,67]. The most pronounced upfield shift of the Li+
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Fig. 2. Static regulation of Li+ coordination. (a) 2D 1H-1H NOESY NMR spectra and (b) 2D 7Li-1H HOESY NMR spectra of WCPE. The insets show the specific interactions
corresponding to each peak. (c) FT-IR spectra (focusing on C–N stretching peaks of SN) and (d) 15N MAS NMR spectra (focusing on nitrile peaks of SN) of WCPE (vs. control
samples). (e) 7Li MAS NMR spectra of WCPE (vs. control samples).
peak was observed in the WCPE, reflecting strong Li+-anion pairing
due to the combined effect of the high-concentration electrolyte
and the coordination of polycation–SN–Li+.

3.3. Dynamic regulation of Li+ coordination

The dynamic regulation of the Li+ coordination structure, focus-
ing on the anion repulsion on the surface of Li-metal anodes during
charging, was analyzed with the Gouy-Chapman-Stern model. In
this model, the thickness of the electric double layer (EDL) is the
sum of the Stern layer and the diffusion layer [68]. Given the higher
proportion of anions in the Li+ coordination sheath than that in the
control samples, the WCPE may exhibit the most significant
shrinkage in Li+ coordination radius at the EDL due to the anion
repulsion. Hence, the EDL between the WCPE and the Li-metal
anode could be densely packed with Li+, leading to the smallest
EDL thickness (Fig. 3a, b).

To quantify the EDL thickness, the EDL capacitance (CEDL) was
measured for the WCPE and control samples utilizing cyclic
voltammetry (CV) at various scan rates (Fig. S8) [69]. CEDL is esti-
mated by an equation L

eA
d , where e is the dielectric constant

of the electrolytes, A is the surface area of the electrodes, and d is
the EDL thickness. The WCPE and control samples contain SN as
a main component and the experiment was conducted using Li-
metal anodes of fixed dimensions. Consequently, the e and A were

CED
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assumed to be equivalent for all samples. Under these conditions,
the highest CEDL (1.09 mF cm−2) was observed for the WCPE
(Fig. 3c), indicating the smallest d. This result is consistent with
the anion repulsion phenomenon at the EEI.

Based on the understanding of the Li+ coordination structure
obtained from the MD simulations, DFT calculations were per-
formed to further verify the viability of the dynamic regulation
of the coordination structure. Prior to conducting the DFT calcu-
lations, the Li+ coordination structure in the WCPE was ana-
lyzed using the RDF and CN analyses (Fig. S9). The CN for
Li+-anions in the WCPE increased to 3, with this interaction pre-
dominating within the defined interaction region of approxi-
mately 2.5 Å. As discussed in the previous EDL analysis, the
negative polarization of the Li-metal anode induces anion repul-
sion from the anode surface [39,40]. Therefore, the DGLi+ bind for
the coordination structures was calculated using the MD simu-
lation results (Fig. 3d), in which the effects of anions were
excluded based on the anion repulsion. The WCPE exhibited
the lowest DGLi+ bind, indicating the weakest Li+ coordination
strength at the EEI.

3.4. Electrochemical compatibility between WCPE and Li-metal anode

To demonstrate the beneficial effect of the WCPE strategy,
which allows the static and dynamic regulation of Li+ coordination,
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Fig. 3. Dynamic regulation of Li+ coordination. Schematic of anion repulsion on the surface of Li-metal anode during charging based on Gouy-Chapman-Stern model of (a)
Control 1 and (b) WCPE. Li+ and anions are exclusively depicted. (c) CEDL between Li-metal anode and WCPE (vs. control samples). (d) DGLi+ bind for coordinated structures of
WCPE (vs. control samples).
on the redox kinetics at the EEI, the Rct values of Li||Li symmetric
cells with the WCPE and control samples were examined via EIS
at 25 °C (Fig. 4a and Fig. S10). The WCPE had a significantly lower
Rct value (126 X cm2) compared to the control samples, exhibiting
the effectiveness of the coordination structure regulation. This
improvement in the Rct of the WCPE was observed over a wide
temperature range (Fig. S11). In addition, the Tafel plots of the con-
trol samples revealed lower exchange current densities of
0.06 mA cm−2 (Control 1) and 0.38 mA cm−2 (Control 2), respec-
tively (Fig. 4b), indicating sluggish Li+ de-coordination kinetics. In
contrast, the WCPE displayed a higher exchange current density
of 0.60 mA cm−2. These results demonstrate that the WCPE accel-
erates the electrochemical reaction kinetics via the efficient Li+
248
de-coordination, highlighting its potential as a promising
polymer-based electrolyte for fast-charging SSLMBs.

The ion transport phenomena of the WCPE were investigated in
detail, revealing the crucial role of the polycationic matrix in facil-
itating Li+ transport. The Li+ conductivity (rLi

+ = ionic conductivity
(r) × cationic transference number (tLi+)) more than doubled from
0.60 mS cm−1 for Control 1 to 1.25 mS cm−1 for Control 2 at 25 °C
(Fig. 4c, Figs. S12, S13 and Tables S2, S3). Furthermore, the WCPE
had a higher rLi

+ of 1.29 mS cm−1 at 25 °C. This beneficial effect
was further verified by conducting the saturation recovery mea-
surement [70] based on the 7Li MAS NMR analysis (Fig. 4c and
Fig. S14). Both the WCPE and Control 2 exhibited larger T1 values
(1.021 s for WCPE and 1.020 s for Control 2) compared to Control
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Fig. 4. Electrochemical compatibility between WCPE and Li-metal anode. (a) Rct of Li||Li symmetric cells with WCPE (vs. control samples) at 25 °C. (b) Tafel plots of Li||Li
symmetric cells with WCPE (vs. control samples) at 25 °C. (c) Li+ conductivity (rLi

+ ) and T1 of WCPE (vs. control samples) at 25 °C. (d) Voltage profiles of Li||Li symmetric cells
with WCPE (vs. control samples) at a current density of 0.1 mA cm−2 and capacity of 0.1 mAh cm−2. (e) Voltage profiles of Li||Li symmetric cells with WCPE (vs. control
samples) as a function of current density, in which applied current density was increased from 0.1 to 1.5 mA cm−2 with a step increase of 0.1 mA cm−2 h−1. SEM images
(surface view) of cycled Li-metal anodes with (f) Control 1, (g) Control 2, and (h) WCPE.
1 (0.265 s), indicating the faster Li+ mobility enabled by the pres-
ence of polycations.

These advantageous effects of the WCPE on the redox kinetics
and rLi

+ enhanced the Li plating/stripping behavior of the Li||Li sym-
metric cell (Fig. 4d). Notably, the WCPE demonstrated stable Li
plating/stripping cyclability for 1600 h, outperforming the control
samples. Moreover, the WCPE exhibited a higher critical current
density (CCD) of 1.5 mA cm−2 compared to the control samples
(Fig. 4e). These effects were further corroborated by analyzing
the structural change of Li-metal electrodes after the cycling test
(Fig. 4f–h). A dense and uniform surface morphology was observed
on the cycled Li-metal electrode (after 50 cycles) assembled with
the WCPE. In contrast, the Li-metal electrodes assembled with
the control samples exhibited random and needle-like Li dendrites.
This comparative analysis confirms the electrochemical viability of
the WCPE in promoting redox homogeneity on the surface of Li-
metal electrodes.

3.5. Electrochemical performance of SSLMBs with WCPE

The effect of Li+ coordination regulation on the electrochemical
performance of the WCPE was investigated with SSLMB cells
249
(Li-metal anode||LFP cathode). The WCPE and control samples
exhibited a stable electrochemical stability window above 4.0 V
vs. Li/Li+ (Fig. S15). The cycling performance was examined at a
charge/discharge current density of 1.0/1.0 C at 25 °C (Fig. 5a).
The WCPE cell exhibited superior capacity retention (86.8% after
250 cycles) compared to the control cells. Furthermore, the WCPE
cell demonstrated reduced average discharge voltage decay
(Fig. 5b) and lower cell voltage hysteresis (Fig. S16) compared to
the control cells, exhibiting improved Li+ transport and redox
kinetics due to the low de-coordination barrier of the WCPE. In
addition, the WCPE cell achieved higher discharge rate capability
over a wide range of discharge current densities (0.1–4.0 C)
(Fig. 5c). Meanwhile, electrochemical performance of the WCPE
in a Li||NCM712 cell was investigated at 25 °C under a charge/dis-
charge current density of 1.0/1.0 C. The cell maintained a specific
discharge capacity of 166.4 mAh gNCM712

−1 over 40 cycles
(Fig. S17), demonstrating the potential applicability of the WCPE
in high-voltage systems.

Fast de-coordination kinetics and efficient Li+ transport in elec-
trolytes are essential to enable fast-charging SSLMBs. To investi-
gate the electrochemical performance under challenging
conditions, the cycling behavior of the SSLMB cell was evaluated
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Fig. 5. Electrochemical performance of SSLMBs with WCPE. (a) Cycling performance and (b) average discharge voltage of Li||LFP cells with WCPE (vs. control samples) at
charge/discharge current density of 1.0/1.0 C under voltage range of 2.5–4.0 V at 25 °C. (c) Rate performance of Li||LFP cells with WCPE (vs. control samples), in which the
discharge current density varied from 0.1 to 4.0 C at fixed charge current density of 0.1 C. (d) Cycling performance of Li||LFP cells with WCPE at charge/discharge current
densities of 4.0/4.0 C and 6.0/6.0 C under voltage range of 2.5–4.0 V at 60 °C. (e) Comparison between WCPE cell and previously reported SSLMBs containing polymer-based
electrolytes in terms of charging time (x-axis), SoC (y-axis), and operating temperature (heatmap). Details on the references are provided in Table S4.
at high current densities (4.0 and 6.0 C) and an elevated operating
temperature of 60 °C (Fig. 5d). The temperature of 60 °C was delib-
erately chosen as a harsh condition to promote ion (Fe2+) dissolu-
tion from the LFP cathode [71,72]. Under these constrained
operating conditions, the SSLMB cells with the WCPE exhibited
high specific discharge capacities (146.8 and 133.4 mAh gLFP−1 at
4.0 and 6.0 C, respectively) with stable cycle retention, outperform-
ing the control cells (Fig. S18). Furthermore, the high-rate capabil-
ity of SSLMB cells with the WCPE was evaluated at 25 °C (Fig. S19).
Even at 6.0 C, the WCPE cell maintained a high specific discharge
capacity of 123.2 mAh gLFP−1 with stable cycle retention, demonstrat-
ing its effectiveness in facilitating fast Li+ transport and enhancing
redox kinetics.

To further underscore such an exceptional fast-charging capa-
bility of the WCPE cell, its SoC and charging time (83.4% within
10 min at 60 °C and 77.0% within 10 min at 25 °C) were compared
with those of previously reported SSLMBs containing polymer-
based electrolytes free of volatile solvents (Fig. 5e and Table S4).
This comparative analysis demonstrates the WCPE as a promising
solid-state electrolyte design, representing a significant advance-
ment in the pursuit of fast-charging SSLMBs.

4. Conclusions

In summary, we have demonstrated the potential viability of
the WCPE as a class of solid-state electrolytes for fast-charging
SSLMBs. The WCPE facilitated both static and dynamic modulation
of the Li+ coordination structure, contributing to enhanced ion
transport and redox kinetics. The static regulation was achieved
through ion-dipole interactions between the polycationic matrix
and SN, thereby weakening Li+ coordination strength in ion clus-
ters within the bulk electrolyte. This mechanism effectively
reduced the Li+ de-coordination energy, leading to high rLi

+

(1.29 mS cm−1). The dynamic regulation occurred at the EEI, where
250
anion repulsion within the Li+ coordination sheath further lowered
Li+ de-coordination barrier, facilitating electrochemical reaction
kinetics. Benefiting from these advantageous effects, the WCPE
enabled the SSLMB (Li-metal anode||LFP cathode) to exhibit
improved rate performance and cycling stability (86.8% after 250
cycles). Notably, the WCPE provided exceptional fast-charging
capability (reaching 83.4% SoC within 10 min), far surpassing those
of previously reported SSLMBs based on conventional polymer-
based electrolytes. The WCPE strategy, based on the regulation of
the Li+ coordination chemistry, is a viable solid-state electrolyte
platform to address the pressing challenge of fast-charging
SSLMBs, which has remained unsolved with the prevalent inor-
ganic solid electrolytes.
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