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37  Supplementary Fig. 1 HAADF-STEM image and EDS mappings of LATP@d-PANI
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40  Supplementary Fig. 2 TEM image of LATP@d-PANI
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Supplementary Fig. 3 EDS line-scanning analysis of (a) LATP and (b) LATP@d-PANI
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52  Supplementary Fig. 5 Zeta potential distribution data of LATP and LATP@d-PANI
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Supplementary Fig. 6 SEM images and the corresponding EDS mapping of the PVPL electrolyte (a)
and PLPA electrolyte (b)
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59  Supplementary Fig. 7 Optical photographs of the PVPL electrolyte (a) and PLPA electrolyte (b)
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67  Supplementary Fig. 9 AFM topography of (a) PVPL and (b) PLPA electrolytes
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Supplementary Note 1 | Characterization of electrolytes

The incorporation of Lij4Alo4Tiis(PO4); (LATP) into PVDEF electrolytes can enhance their
mechanical strength and chemical stability'-2. Therefore, 15 wt% LATP was incorporated into PVDF-
LiFSI electrolyte to obtain composite solid electrolyte (PVPL). The LATP@d-PANI was synthesized
through ball-milling d-PANI and LATP at a specific mass ratio to take advantage of the compatibility
of d-PANI with PVDF, which enables a more uniform distribution of LATP within the electrolyte.
High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) together
with energy-dispersive spectroscopy (EDS) mapping (Supplementary Fig. 1) and TEM images
(Supplementary Fig. 2) affirm a consistent coating of approximately 4 nm thickness of d-PANI on
the surfaces of LATP particles. The EDS line-scanning profiles also demonstrate that C and N
elements are distributed on the LATP surface following the ball-milling process (Supplementary Fig.
3), suggesting a robust coupling between d-PANI and LATP. Moreover, the N 1s XPS spectra of the
LATP@d-PANI composite exhibit characteristic d-PANI signals along with a distinct new peak at
403.18 eV, corresponding to the formation of N-O-P/Al bonding>*. The chemical interaction
between LATP and d-PANI is also substantiated by the binding energy shifts observed in the P 2p and
Al 2p XPS spectra (Supplementary Fig. 4), indicating the presence of a strong interaction between
the d-PANI and LATP surfaces. In Supplementary Fig. 5, the zeta potential of LATP@d-PANI
particles exhibits a slight reduction, measuring at —24.0 mV, in contrast with the —26.6 mV zeta
potential observed for pristine LATP particles. These results portend high dispersion of LATP@d-
PANI particles in slurry, laying the foundation for synthesizing homogenized polymer electrolyte
composite (PLPA) without ceramic aggregation. To evaluate the dispersion of LATP@d-PANI in
PVDF electrolytes, a certain amount of LATP@d-PANI was incorporated into PVDF-LiFSI
electrolyte to obtain the PLPA electrolyte. As shown in Supplementary Fig. 6, the LATP exhibits
obvious aggregation in the PVPL electrolyte, while in the PLPA electrolyte, LATP@d-PANI is
uniformly distributed throughout the electrolyte. As a result, the PLPA electrolyte shows a much
denser structure and less surface roughness than the PVPL electrolyte, improving the mechanical
property of the PLPA electrolyte (Supplementary Figs. 7-9). Additionally, the PLPA electrolyte can

be folded and wound, demonstrating the excellent flexibility (Supplementary Fig. 8b).
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98  Supplementary Fig. 10 SEM images of the PLPA electrolyte (a) and PVPL electrolyte (b)
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Supplementary Fig. 11 Cross-sectional SEM images of the PLPA (a) and PVPL (b) electrolytes
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Supplementary Fig. 12 The spin-lattice relaxation rate (7;) of '°F in the PVDF of the (a) PLPA
electrolyte and (b) PVPL electrolyte; (c) DSC curves of PLPA electrolyte and PVPL electrolyte

The differential scanning calorimetry (DSC) and the solid-state nuclear magnetic resonance (ss-NMR)
of °F were performed to investigate the dynamics/relaxation of polymers. The DSC curves display
that the melting temperature (Tm) of PVPL and PLPA electrolytes is 151.6 and 150.3°C, respectively,
exhibiting negligible change (Supplementary Fig. 12). The spin—lattice relaxation rate of '°F in PVDF
(T7) of the PVPL and PLPA electrolytes shows no significant changes. These findings indicate that

the introduction of d-PANI does not markedly affect PVDF polymer dynamics.
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Supplementary Fig. 14 The localized orbital locator-n (LOL-) mappings of d-PANI
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124  Supplementary Fig. 15 The cross-sectional SEM image of PLPA film
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127  Supplementary Fig. 16 Diclectric constant of the PVPL and PLPA films with different amounts of

128  d-PANI at 25 °C and 20 Hz
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131  Supplementary Fig. 17 Dielectric constant of (a) PVPL and (b) PLPA films at different temperature
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139  Supplementary Fig. 19 Finite element simulation of the current density in the PLPA electrolyte
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Supplementary Fig. 20 (a) The electronic conductivity of PVPL and PLPA electrolytes (Data were
analyzed from more than three experiments); Current-time curves of symmetric cells with stainless

steel as electrodes for the electronic conductivity of (b) PVPL and (c) PLPA electrolytes

To investigate the influence of d-PANI on electronic conductivity of the composite electrolyte, the
symmetric cells with stainless steel as electrodes were assembled and conducted Chronoamperometry
(CA) tests with applied voltage of 1 V. The results show that the electronic conductivity of PVPL and
PLPA electrolytes is 2.92x10° Secm 'and 5.27x107° Scm™!, respectively, as shown in

Supplementary Fig. 20.
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Supplementary Note 2| Dissociation kinetics of Li salts

Herein, the dissociation kinetics of Li salts is characterized by a specific ionic conductance of G,
which includes the contributions from the (1) intrinsic Li* conductance of SPEs without an electric
field (Go = 1/Ro) and (2) the enhanced Li" conductance of SPEs after applying an electric field. The
second item can be determined by AE-Gg, where Gg (S V') is the Li* conductance per unit voltage.
Therefore, a linear relationship between G4t and AE can be established as G4z = Ge AE + Gy. The
G4 values are determined by measuring the Li* conductance of electrolytes under the corresponding

AE.
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172 Supplementary Fig. 24 The snapshot of MD simulations for the PVPL electrolyte (a) and PVPL

173 electrolyte with electric field (b); the PLPA electrolyte (c) and PLPA electrolyte with electric field (d)
174

28



175

176

177

178
179

90 18 90 18
a — Li-Ogq PVF;I{ Wia elecric Field b —— Li-Og, P\/’PL Wi electric Field
Li-Opye i L!’DDMF i
— LiFogr li — LiFoypr i
60 4 ; L12 60 1 ; L12
/ /
= S OIS ’
o c o
304 , -6 30 { ; -6
s Pd
I rd - ’ -~
| Fd | - -
¢ e A .-
0 AL 0 0 Ao e = "
0.0 0.4 0.8 1.2 0.0 0.4 0.8 1.2
r(nm) r(nm)
90 - r18 90 18
C —— Li-Ogg PLP»‘?’W!O electric Field d —— Li-Ogg PLPA W/ electric Field
. i
Li-Qpye ; Li-Opue '
— Li-Fewor i —— Li-Fevpr E
60 4 i F12 60 - 7 F12
/ ’
— ’ —_—
= y = g
o c o
30 1 ; L6 30 ; L6
- -
/£ s Vi -
L= - | - -
i e i -7
0 (T O St 0 0 i N = 0
0.0 04 08 12 0.0 04 08 12

Supplementary Fig. 25 Radial distribution functions (RDF) and coordination number obtained by

molecular dynamics (MD) simulations in the PVPL electrolyte without (a) and with (b) electric field;
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PVPL electrolyte with (a) and without (b) electric field
The Supplementary Fig. 26 exhibits a negligible change in the proportion of high coordination

numbers of FSI” with Li" for the PVPL electrolyte under electric field, which is consistent with the

coordination number of FSI” with Li" (Li—O (FSI") and Li-N (FSI")) of the PVPL electrolyte under

electric field.
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189  Supplementary Fig. 27 Raman spectra of the PLPA electrolyte (a) and PVPL electrolyte (b) and
190  corresponding quantification results of the FSI™ anion states in the electrolytes under different

191  voltages
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Supplementary Fig. 28 (a) The dielectric constant of films containing undoped PANI (0% doping)
and 50%-doped PANI (the d-PANI used in this work); (b) ionic conductivity of the electrolyte
containing undoped PANI (0% doping) and 50%-doped PANI (the d-PANI used in this work)

As shown in Supplementary Fig. 28, at a fixed loading of 3 wt%, the ionic conductivity of
electrolytes and dielectric constant of the films containing undoped PANI (0% doping) are
significantly lower than that with 50%-doped PANI (the d-PANI used in this work). This indicates
that the “micro-capacitors” induced by electron delocalization of d-PANI effectively promote Li salt

dissociation and ion transport in PLPA electrolyte.
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Supplementary Fig. 29 The evolution of dielectric constant (a), ionic conductivity (b) and electronic

conductivity (c) varies with the change of d-PANI loading amount

Meanwhile, the Supplementary Fig. 29 presents both the ionic and electronic conductivities of
electrolytes with varying d-PANI loadings. When the loading exceeds 3 wt%, a pronounced increase
in electronic conductivity is observed, whereas the enhancement in ionic conductivity becomes
marginal. This can be attributed to the aggregation of d-PANI particles at higher loadings, which
compromises their isolated distribution and thus weakens the “micro-capacitor” effect. Therefore, in
this work, a d-PANI loading of 3 wt% was selected to ensure efficient ion transport while avoiding

electronic leakage.
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various temperature (Data were analyzed from more than three experiments)
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219  Supplementary Fig. 31 (a)The residual solvent content in PVPL electrolyte and PLPA electrolyte
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224  Supplementary Fig. 32 TG-MS curves of (a) PVPL electrolyte and (b) PLPA electrolyte
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228  Supplementary Fig. 33 Li" diffusion coefficient of (a) PLPA electrolyte and (b) PVPL electrolyte
229  tested by PFG-NMR
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Supplementary Note 3| The influence of electrolyte microstructure on ion transport

To further investigate the influence of electrolyte microstructure on Li* transport, the dense
PVPL electrolyte (denoted as dense-PVPL) by vacuum oven drying, which is a modified fabrication
method derived from the original PVPL electrolyte. And a relatively porous PLPA electrolyte
(denoted as porous-PLPA) by increasing the ratio of solvent, which is a modified fabrication method
derived from the original PLPA electrolyte (Supplementary Fig. 34). To clarify how the denser
morphology affects the distribution of the residual solvent and the Li* transport pathways, the atomic
force microscope-nano-infrared (AFM-nano-IR) map was performed to elucidate the distribution of
residual solvent (DMF) in the electrolytes. As shown in Supplementary Fig. 35, 36, the DMF is
locally aggregated inside the bulk of the PVDF spherulites rather than in the pores. Therefore, the
denser structure of PVDF-based electrolytes would promote the uniform distribution of DMF, which
could potentially contribute to uniform and abundant Li* transport pathways. However, the influence
of morphology alone on ionic conductivity appears to be limited. The dense-PVPL electrolyte
exhibits an ionic conductivity of 5.01<10# S cm™ (Supplementary Fig. 37a), which is close to that
of the PVPL electrolyte, indicating that the effect of ionic conductivity enhancement from electrolyte
morphology is very limited. This is owing to the low population of dissociated and mobile Li* in the
PVPL system. In contrast, the porous-PLPA electrolyte still exhibits a high ionic conductivity of
8.58x10* S cm?, comparable to that of the PLPA electrolyte. Taken together, these results indicate
that although morphology can influence the distribution of residual DMF and the uniformity of ion-
transport pathways, the markedly improved ionic conductivity of PLPA mainly arises from enhanced
Li-salt dissociation induced by the strong dielectric response associated with the electron
delocalization of d-PANI. Furthermore, the results of thermogravimetric analysis exclude the effect

of the residual solvent content on ion transport (Supplementary Fig. 37b, c).

38



Gl dense-PVPL ol porous-PLPA -

255
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259  Supplementary Fig. 35 AFM image of the PLPA electrolyte (a) and porous-PLPA electrolyte (c) and

260  corresponding nano-infrared overlap of the C=O vibration of DMF in the PLPA electrolyte (b) and

261  porous-PLPA electrolyte (d) (the red areas indicate a stronger DMF absorption intensity)
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269  Supplementary Fig. 37 (a) The ionic conductivity of dense-PVPL, PVPL, porous-PLPA and PLPA
270  electrolyte (Data were analyzed from more than three experiments); (b) TGA curves of porous-PLPA

271 electrolyte; (c) TGA curves of dense-PVPL electrolyte
272
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Supplementary Fig. 38 (a) Nyquist plots and fitted results of PLPA w/o salts; (b) The proton

conductivity of PLPA w/o salts (Data were analyzed from more than three experiments)

To investigate the influence of proton conduction from d-PANI on the ionic conductivity
enhancement, a sample of PLPA electrolyte that does not contain the Li salt (LiFSI) was prepared
(denoted as PLPA wi/o salts) to eliminate the influence of Li* conductivity. Its proton conductivity
was measured by electrochemical impedance spectroscopy (EIS) from 7.00 MHz to 0.01 Hz with a
10 mV alternating current (AC) oscillation on a VMP3 multichannel electrochemical station (Ind.
Eng. Chem. Res. 44, 20, 7617-7626 (2005); Nat Commun 15, 3930 (2024)). The results show that
their proton conductivity is 5.8610°° S cm™ (Supplementary Fig. 38). These values are five orders
of magnitude lower than the measured total ionic conductivity (104 S cm™) of PLPA electrolyte,

confirming that the contribution of proton conductivity is negligible.
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Supplementary Note 4| The versatility of the electron delocalization strategy

To assess the generality of ion-transport enhancement induced by the dielectric response from the
electron delocalization of d-PANI, polymer electrolytes based on poly (ethylene oxide) (PEO) and
polyacrylonitrile (PAN) systems were fabricated using the same fabrication method as employed for
the PVDF system. First, the d-PANI was incorporated into PEO-LiFSI electrolyte with LATP filler
(termed PEPL) to obtain a membrane of composite polymer electrolyte (termed PEPA). As shown in
Supplementary Fig. 39, the PEPA electrolyte exhibits a much higher room-temperature ionic
conductivity of 2.06 x 107*Scm™! than that of PEPL electrolyte (0.69 x 10#S cm™), with a low
activation energy (£,) of 0.24 eV. It should be noted that the residual solvent content in both the PEPL
and PEPA electrolytes is approximately 5 wt%. Furthermore, the free FSI™ of PEPA electrolyte
increases from 26.8% for PEPL electrolyte to 55.1%, suggesting that d-PANI in the electrolyte
promotes the dissociation of Li salt. Then, the d-PANI was incorporated into PAN-LiFSI electrolyte
with LATP filler (termed PAPL) to obtain a composite polymer electrolyte (termed PAPA). Compared
with the PAPL electrolyte (Supplementary Fig. 40), the PAPA electrolyte shows higher ionic
conductivity (1.37 x 10# S cm ™), lower E, (0.30eV), and a greater proportion of free FSI". These
results are consistent with those observed in the PEO system, indicating that the enhancement of ionic
conductivity by electron delocalization-induced dielectric response to promote Li salt dissociation, is

effective across different polymer systems.

44



307
308

309

310

311

312

a 23 b 24 -
— "~
I S,
£ ] ~lm
520 — Tl mEa=0.24 &V
kS T -2.8 .
=15 £ e
z © ~:
= 0
©10 321
3 L,
- g |
; 05 o
5 36
o PEPL  PEPA
28 29 30 31 32 33
1000/T (K™)
c PEPL d o0l
__ 901
= &
s = 80
[=)]
% g 704
k5 2 604
= §
& 504
401
30 —
705 720 735 780 765 0 100 200 300 400 500 600

Raman shift (cm™) Temperature (°C)

Supplementary Fig. 39 (a) The ionic conductivity of PEPL and PEPA electrolytes (Data were
analyzed from more than three experiments); (b) Arrhenius plots and the activation energy (E,) of
PEPL and PEPA electrolytes; (c) Raman spectra of PEPL and PEPA electrolytes; (d) TGA curves of

PEPL and PEPA electrolytes
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314  Supplementary Fig. 40 (a) The ionic conductivity of PAPL and PAPA electrolytes (Data were
315 analyzed from more than three experiments); (b) Arrhenius plots and the activation energy (E,) of
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322  Supplementary Fig. 41 Initial configurations of AIMD in the PLPA electrolyte (a) and the PVPL
323  electrolyte (b); Illustration and atom labelling of the FSI™ molecule (c); The representative snapshots

324  0of0.2, 1 and 4 ps AIMD simulations in the (d) PVPL and (e) PLPA electrolytes.
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Supplementary Fig. 42 Temporal evolution of changes in the bond distance of S—O2 bonds
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Supplementary Fig. 45 XPS depth profiles of C 1s (a), F 15 (b), S 2p (¢) and N 1s (d) on the cycled
Li metal after 50 times Li plating/stripping at 0.1 mA cm 2, 0.1 mAh cm 2 (25°C) for the PVPL-driven
SEI
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Supplementary Fig. 46 XPS depth profiles of C 1s (a), F 15 (b), S 2p (¢) and N 1s (d) on the cycled
Li metal after 50 times Li plating/stripping at 0.1 mA cm 2, 0.1 mAh cm 2 (25°C) for the PLPA-driven
SEI
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Supplementary Fig. 47 The S—F/LiF ratio supported by XPS depth profiling of (a) PVPL electrolyte
and (b) PLPA electrolyte
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352  Supplementary Fig. 48 Quantified SEI atomic composition ratios of the (a) PLPA-driven SEI and

353  (b) PVPL-driven SEI
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Supplementary Fig. 49 The 3D views in the time-of-flight secondary-ion mass spectrometry (ToF-
SIMS) sputtered volumes of the PLPA-driven SEI (a) and PVPL-driven SEI (b)
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Supplementary Fig. 50 Cryo-TEM image of Li deposition morphology using the PLPA electrolyte

The supplementary Fig. 50 shows the imaging of the morphology of Li that is deposited using PLPA

electrolyte with a current density of 0.1 mA cm 2 for 5 hours with a spherical shape morphology.
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364

365 Supplementary Fig. 51 Cryo-TEM energy-dispersive X-ray spectroscopy (EDS) maps of the SEI on

366  the Li surface in the PLPA electrolyte
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369

370  Supplementary Fig. 52 Temperature variable DRT analysis for Li||Li cells with the PVPL electrolyte
371  (a) and PLPA electrolyte (b)

372  The intermediate frequency peak with the time constants (z) of 102to 10 corresponds to the

373  impedance of Li* diffusion across the SEI (Rszi).
374
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376  Supplementary Fig. 53 Nyquist plots at various temperatures for symmetric Li cells after forming

377  stable SEI with the PLPA electrolyte (a) and PVPL electrolyte (b)
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Supplementary Fig. 54 Tafel plots of the Li||Li cells with different electrolytes at 25°C (a) and —10°C
(b)

The exchange current density (jo,) obtained from Tafel plots in the PLPA electrolyte demonstrates a
much higher jy of 0.337 mA cm 2 at 25°C than that using PVPL electrolyte (0.138 mA cm ). When
the temperature drops to —10°C, the PLPA electrolyte still exhibits the higher jothan PVPL electrolyte.
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Supplementary Fig. 55 1D "Li MAS spectra of the Li and SEI generated in the PVPL electrolyte and
PLPA electrolyte

To discriminate between the different Li-containing species present in SEI and metallic Li after
directly plating Li on a Cu substrate with different SPEs at 0.1 mA cm ™2, one-pulse 'Li magic angle
spinning (MAS) solid-state nuclear magnetic resonance (ss-NMR) spectra were measured. Two
distinguishable resonances were observed in the spectrum, which correspond to the two main kinds

of Li environment. One is from metallic Li and the other from Li species in the generated SEI.
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Supplementary Fig. 56 Cross-sectional synchrotron X-ray tomography images showing of (a)
Li|PLPA|Li cells and (b) Li|PVPL|Li cells after cycling
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Supplementary Note 5| The morphology of cycled Li negative electrodes

The X-ray computed tomography (CT) scans display the original non-destructive information of the
morphology and internal structure of the cell. Therefore, the dendrite growth in the symmetric cells
was investigated by the X-ray CT. The Li|PLPA|Li cell and Li|PVPL|Li cell were plated/ stripped for
100 cycles at a current density of 0.5 mA cm™ and a capacity of 0.5 mAh cm™ for ex situ X-ray CT
scans. As shown in Supplementary Fig. 56a, there were no obvious Li dendrites and dead Li
coverage on the surface of the PLPA electrolyte. In contrast, the dendrite growth is observed in the
PVPL electrolyte and uneven Li deposits trigger severe dead Li to coverage on the surface of the

PVPL electrolyte (Supplementary Fig. S56b).
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410  Supplementary Fig. 57 (a) Critical current density measurement of the Li||Li cell-1 using PVPL
411  electrolyte and PLPA electrolyte at 25°C and 0.1 mA cm 2 increased per step; (b) Critical current
412  density measurement of the Li||Li cell-2 using PVPL electrolyte and PLPA electrolyte at 25°C and

413 0.1 mA cm 2 increased per step
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Supplementary Fig. 58 Critical current density measurement of the Li||Li cells using (a) the dense-

PVPL electrolyte and (b) the porous-PLPA electrolyte at 25°C and 0.1 mA cm 2 increased per step
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Supplementary Note 6| The influence of electrolyte microstructure on interface stability

The critical current density (CCD) tests of the Li|porous-PLPA|Li cells and Li|dense-PVPL|Li were
performed to evaluate the ability to inhibit the growth of Li dendrites. The dense-PVPL electrolyte
exhibits a CCD of 1.8 mA cm2 (Supplementary Fig. 58a), which is slightly higher than that of the
PVPL electrolyte (1.4 mA cm™), but significantly lower than that of the PLPA electrolyte (4.2 mA
cm2). The porous-PLPA electrolyte exhibits a CCD of 3.8 mA cm~2 (Supplementary Fig. 58b),
which is significantly higher than that of the PVPL electrolyte (1.4 mA cm2) and dense-PVPL
electrolyte (1.8 mA cm2). The results indicate that a dense structure of polymer electrolyte provides
only partial physical blocking to Li propagation, while not achieving a homogeneous Li deposition
that demands a robust solid electrolyte interphase (SEI) with fast transport kinetics to enable
interfacial stability against Li metal, demonstrating the vital role of the electron delocalization-driven
SEI with the inorganic components in suppressing the growth of Li dendrites and enabling stable

interface.
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435  Supplementary Fig. 59 Galvanostatic Li plating/stripping curves of the Li||Li cells using the PVPL
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447  Supplementary Fig. 62 DFT results for adsorption energies between PVDF, d-PANI and DMF
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Supplementary Fig. 63 The SEM image of Li negative electrode after direct contact with DMF (a,
b), cycled with PVPL electrolyte (c, d) and cycled with PLPA electrolyte (e, f)
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Supplementary Fig. 65 The SEM images of (a) pristine Li and (b) Li contact with d-PANI for 24h;

(c) FTIR spectra of pristine d-PANI and d-PANI with Li negative electrode; (d) the coulombic

efficiency of Li||Cu cells with PVPL and PLPA electrolytes under full plating/stripping conditions at
0.1 mA cm 2 and 0.1 mAh cm 2
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Supplementary Note 7| Influence of d-PANI and DMF for side reactions with Li

Density functional theory (DFT) calculations were performed to investigate the interaction between
the PVDF, DMF and d-PANI (Supplementary Fig. 62). The adsorption energy of the DMF with
PVDF and d-PANI is —1.07 ¢V and —1.05 eV, respectively, indicating that d-PANI does not exhibit
strong interaction with DMF to effectively suppress their decomposition. Furthermore, the surface
morphologies of the Li negative electrode in the Li||Li cell after cycling 100 h were also monitored.
As shown in Supplementary Fig. 63, the surface of Li metal after direct contact with DMF exhibits
severe side reactions, leading to surface cracking and the formation of side reaction products. In
contrast, the Li metal surfaces after cycling with PVPL and PLPA electrolytes all are no morphology
of serious side reactions. For the PVPL electrolyte, some irregular Li deposition and stripping patterns
are observed on the Li metal surface. The surface of Li metal with PLPA electrolyte remains smooth
due to the homogeneous Li deposition and stripping induced by a robust anion-derived SEI. To further
investigate the interfacial side reactions between the composite solid-state electrolyte and Li metal,
the depth-profiling X-ray photoelectron spectroscopy (XPS) measurement of Li metal was performed.
When DMF is directly absorbed on a Li foil, C-N, N-C=0 and amine/amide peaks are detected on
the surface of the Li foil after the reaction with DMF solution, suggesting the reaction between DMF
and Li metal (Supplementary Fig. 64). However, these peaks are not detected on the Li metal surface
after cycling with the composite solid-state electrolyte, indicating that the side reactions between

DMF and Li metal were significantly suppressed (Supplementary Fig. 45, 46).

Furthermore, to investigate the stability between d-PANI and Li metal, d-PANI was coated onto a L.i
foil surface for 24 hours and subsequently removed. The scanning electron microscope (SEM) images
of the contacted L.i surface retain a smooth morphology, which is identical to that of a fresh Li foil
(Supplementary Fig. 65a, b). Furthermore, the FTIR spectra showed no significant change in d-
PANI before and after the contact with Li foil. These results demonstrate that no serious side reactions
occur between d-PANI and Li metal (Supplementary Fig. 65¢). Meanwhile, no significant changes
were observed in the XPS peaks on the surface of the pristine Li foil and the Li foil after direct contact
with d-PANI (Supplementary Fig. 66), indicating that no severe side reactions occur between d-

PANI and Li metal.
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499  Supplementary Fig. 67 CV measurements of the (a) Li|PLPA|[NCMS11 and (b) Li|PVPLNCM&811

500 cells at different scan rates

501  The CV curves at different scanning rate indicate that the LiPLPANCMS&I11 cell possesses much

502  superior reversibility of redox reaction of and the smaller overpotential than the LilPVPLINCMS811
503  cell.
504
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506  Supplementary Fig. 68 In situ DRT data representing different SOCs of the Li||[NCM811 cells with
507  the PLPA electrolyte (a) and PVPL electrolyte (b) at —10°C

508  Compared to the Li|[NCMS811 cells with the PVPL electrolyte, the negligible R.; and Rsgs in the PLPA
509 electrolyte at different state of charge are observed in Supplementary Fig. 68 of in situ EIS-combined

510  DRT mapping.
511
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Supplementary Fig. 69. The CV measurements of Li||SS cells with (a) the PLPA and (b) PVPL
electrolyte; (c) The FTIR spectroscopy of d-PANI, PLPA and cycled PLPA electrolyte; (d) The XPS
of uncycled and cycled LATP@d-PANI

To investigate the evolution of d-PANI during battery operation, the Li||stainless steel (SS) cells with
PVPL and PLPA electrolytes were assembled to perform cyclic voltammetry (CV) measurements in
the voltage range of 2.8-4.3 V for 3 cycles. As shown in Supplementary Fig. 69a, b, no other peaks
appeared in the CV curves of Li||SS cells with PLPA electrolyte compared to that with PVPL
electrolyte, indicating that no additional reactions of d-PANI occurred for PLPA electrolyte during
cell’s cycling process. In addition, Fourier-transform infrared (FT-IR) spectroscopy and X-ray
photoelectron spectroscopy reveal that the characteristic signals of d-PANI in the PLPA electrolyte
show no significant change before and after cycling (Supplementary Fig. 69c, d). These results
demonstrate that the d-PANI remains stable during cell’s cycling process, which can be attributed to

the uniform dispersion of d-PANI particles throughout the solid polymer electrolyte.
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526
527  Supplementary Fig. 70 (a) The XRD patterns (b) XPS spectra for Ti 2p of pristine LATP and LATP

528  from cycled in PVPL electrolyte and PLPA electrolyte
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531  Supplementary Fig. 71 (a) The electronic conductivity of original and cycled electrolytes; Current-

532  time curves of symmetric cells with stainless-steel electrodes for the electronic conductivity of cycled

533  (b) PVPL electrolyte and (c) PLPA electrolyte
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540  Supplementary Fig. 73 Cycling performance of the Li||[NCMS811 cells using different electrolytes at
541 540 mA g ! and 45°C

542  The Li|PVPLINCMSI11 cells show serious fluctuation of Coulombic efficiency, followed by a rapid
543  capacity decay due to the uncontrollable side reactions between the PVPL electrolyte and Li negative

544  electrode at an elevated temperature of 45°C.
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550 Supplementary Table

551  Supplementary Table 1. The reduction potential of Li-anion complex and the diffusion coefficients

552 of Li* ions at varying molar ratios of ligand and Li salt
Molar ratios of Li* diffusion coefficient The onset of the reduction potential
ligand and Li salt (cm?s™) of Li-anion complex
11 9.677 X101 —0.765
1.4:1 3.166X1010 -0.875
1.6:1 9.077X1010 -0.930
2:1 3.085X10° -1.039
3:1 5.150X107° -1.229
553
554

84



555
556

557

558

Supplementary Table 2. Comparison of electronic conductivities of the PLPA electrolyte with

other reported electrolyte systems

Ref. Electronic

numbe Electrolyte System conductivity (10~ Reference
r Scem™)
1 LLZO/LizAlFs 12.70 Adv. Mater: 35, 2208951 (2023)°
2 LisYCls 2.80 Adv. Mater: 30, 1803075 (2018)°
3 LiF-Li;0GeP2S1» 242 Adv. Mater. 35, 2211047 (2023)”
4 Li3PS4 5.00 Energy Environ. Sci. 11, 2828-2832 (2018)°
5 LLZTO-SnO2 PTAA 1.02 Adv. Mater. 15687 (2025)°
6 Lis sPS4.5Clo.75Bro 75 9.70 Angew. Chem. Int. Ed. 65, e23225 (2026)"°
7 Li3Taz04Clio 7.79 Science 390, 199-204 (2025)"
8 PVDF/Ag-LLZTO 3.54 Nature 647, 86-92 (2025)"?
9 PEO/LiTFSI/carbon 6.83 Angew. Chem. Int. Ed. 62, ¢202217538 (2023)"
10 PVDF/ d-PANI 5.27 This work
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559

560

561

Supplementary Table 3 Comparative data of conductivity enhancement of our work with other

high-dielectric materials

Ref.
b Electrolvte Svst Ionic conductivity Ref.
numbe ectrolyte System eference
yiesy 10~ S em™)
r
BaTingLiog3Lao_5(,TiO3,x/
1 8.20 Nat. Nanotechnol 18, 602-610 (2023)"*
PVDF

2 BaTiOs_«/PVDF 8.40 Energy Environ. Sci. 17, 3797-3806 (2024)°
3 LiNbO3/PVDF 7.39 Sci. China Mater. 67, 1947-1955 (2024)'°
4 SisN4/PVDF 5.70 Energy Storage Mater. 53, 305-314 (2022)"7
5 CuPcLi/PVT 8.30 Adv. Energy Mater. 13, 2204425 (2023)%
6 Ca;Nb301o/PEO 2.40 Energy Storage Mater. 70, 103473 (2024)"°
7 PbZr,Ti1xO3/PVDF 1.16 ACS Nano 17, 14114-14122 (2023)%°
8 LiTaO3/PVDF 4.90 Energy Mater. Devices 1, 9370004 (2023)*!
9 Lio3Ti0.02Ni.6sO/PVDF 4.09 Carbon Neutrality 3, 22 (2024)*
10 PLPA 8.92 This work
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562

563

564

Supplementary Table 4 Comparative data of Li||Li cells cycling performance of our work and

previously published studies

Ref. Current density Areal capacity Cycle time
Electrolyte Ref.
number (mA cm?) (mAh cm?) (hours)
1 PLPA 2.0 1.0 1,200 This work
2 PLPA 0.1 0.1 3,200 This work
3 PLPA 0.1 5.0 1,500 This work
4 PVDF/LATP 0.5 0.5 700 Ref.!
5 PVDF/zeolite 0.5 0.5 200 Ref.?
6 PVDF/NaNbO3 1.0 0.5 275 Ref.?
7 PVDF/MoSe; 1.0 1.0 480 Ref.®
8 PVDF/MOFs 0.5 0.5 500 Ref.?6
9 PVDF-HFP/TiN 0.2 0.2 320 Ref.?’
10 PVDF-HFP/PTFEP 0.5 0.5 1000 Ref.28
11 PEO/LiDF 0.3 0.3 700 Ref.?
12 PolyEA/SN 0.2 1.0 1, 800 Ref.30
13 PVDF/BTO-LLTO 1.0 1.0 300 Ref.'4
14 P(AT-MBA-6F) 0.2 0.2 500 Ref3!
15 PVC/LSC/Zn-P1 0.4 0.2 240 Ref.*
16 PVDF/FEC 0.1 0.1 1200 Ref.®
17 PVDF/FEC 1 1 400 Ref.®
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565 Supplementary Table 5 Comparative data of solid-state Li metal batteries cycling performance of

566 our work and previously published studies
Ref. number | Positive | Negative Electrolyte Rate | Cycle numbers Ref.
electrode | electrode

1 NCMS811 Li PLPA 5C 4,000 This work
2 NCMS811 Li PLPA 10C 13,000 This work
3 NCMS11 Li PVDF/LATP 2C 1,500 Ref.!
4 NCMS11 Li PVDF/zeolite 1C 1,130 Ref.?
5 NCMB8I11 Li PVDF/NaNbO3 2C 2,200 Ref.*
6 NCMB8I11 Li PVDF/MoSe» 3C 2,000 Ref.?
7 NCMS811 Li PVDF/MOFs 5C 1,000 Ref.?
8 LiFePO4 Li PVDF-HFP/TiN 2C 3,000 Ref.?’
9 SPAN Li PTMG-HDI-BHDS 0.3C 700 Ref.3*
10 NCMSI11 Li PVDF-HFP/PTFEP 0.5C 480 Ref.?8
1 SPAN Li PVDF/Ni[CN]4 1C 1,000 Ref3s
12 LiFePO4 Li PEO/LiDF 0.5C 1,000 Ref.?
13 LiFePO4 Li PolyEA/SN 1C 2,000 Ref30
14 NCMS811 Li PVDF/BTO-LLTO 1C 1,500 Ref.!4
15 NCMS811 Li P(AT-MBA-6F) 0.2C 1,500 Ref3!
16 LiFePO4 Li PVC/LSC/Zn-PI 1C 800 Ref.3?
17 LiFePO4 Li PEO/Li-HA-F 0.2C 500 Ref.3®
18 SPAN Li PVDF-HFP/ SCPBA 0.5C 180 Ref?’

567  NCMB8I1, 1C=180 mA g'!; LFP, 1C=145 mA g!; SPAN, 1C=811 mA g!
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568 Supplementary Table 6 The detailed simulation system compositions
PVPL without electric PVPL with electric PLPA without PLPA with
field field electric field electric field
Li* 200 200 200 200
FST™ 200 200 200 200
DMF 280 280 280 280
PVDF 146 146 146 146
d-PANI 0 0 10 10
569
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