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Abstract 

The urgent need for safe and high energy batteries is pushing the battery studies towards the 

solid-state direction, and the most central question is finding proper solid-state electrolyte. So far, 

the recently studied electrolyte systems have obvious advantages and fatal weaknesses, resulting in 

indecisive plans for industrial production. In this work, we propose a thin and dense lithiated 

polyphenylene sulfide (PPS)-based solid polymer electrolyte prepared by a solvent-free process in a 
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pilot stage. Moreover, the PPS surface is functionalized to immobilize the anions, increase the Li 

ion transference number to 0.8-0.9, and widen the electrochemical potential window (>5.1 V). At 

room temperature, the PPS-based quasi-solid electrolyte (PPS-QSSE) exhibits high intrinsic Li+ 

diffusion coefficient and ionic conductivity (>10-4 S cm-1), excellent thermal stability, and Li+ 

transport rectifying effect, resulting in homogenous Li-plating on Cu at high current density. Based 

on the limited Li-plated Cu anode or anode-free Cu, high loadings cathode and high voltage, the Li 

metal batteries with PPS-QSSEs deliver high energy density (>1000 Wh L-1) and good cycling at 

high power (900 W L-1) exceeding that of state-of-the-art Li-ion batteries. The results enlighten the 

mechanism of solid-liquid two phase conduction and promote the solid-state battery towards 

practicality.  

  



 

1. Introduction 

With the excessive use of traditional fossil energy sources such as coal and petroleum, 

environmental pollution and energy shortages put forward serious challenges to modern energy 

storage methods1. Under such circumstances, lithium-ion batteries (LIBs) have become more and 

more widely used in energy storage due to their advantages of high energy density and cycle life2. 

However, conventional LIBs usually use a large amount of flammable, explosive, and volatile 

organic liquid electrolytes, leading to serious safety problems in use3. Moreover, the state-of-the-art 

LIBs are insatiable in the rising demand for higher energy density. Advanced LIBs based on Li 

metal anodes (LMBs) could provide higher energy density and become a hot research topic4. But 

the “dead” Li and low cycling caused by uncontrolled growth of Li dendrites also limit the 

development of the LMBs. 

 

By using solid-state electrolytes (SSE) instead of traditional organic liquid electrolytes, solid-state 

LMBs are considered to be the most promising energy storage method. SSEs can suppress Li 

dendrites' formation, thereby fundamentally solving the safety and cycling issues of LMBs5. To 

achieve safe, high energy and power density, and better cycle stability, the solid-state electrolytes 

require a high diffusion rate including bulk and interface between solid-state electrolyte domains in 

a wide temperature range, thin and flexible electrolyte films, chemical and mechanical stabilities. 

However, the solid-state electrolytes reported so far remain formidable challenges to meet all the 

above requirements. In general, SSEs can be divided into two categories: inorganic glassy or 

ceramic electrolytes and solid polymer electrolytes (SPEs). For instance, the inorganic solid 

electrolyte systems, including the garnet-type and perovskite-type ceramic materials and 



sulfide-type glass, have been extensively studied for the high conductivity at room temperature. 

However, due to the brittle nature, poor processing performance, high interface resistance with the 

electrode, and high sensitivity to moisture for sulfides, they are still not suitable for wide 

commercial applications6. Various organic SPEs, such as the most studied polyethylene oxide 

(PEO)7, the polyacrylonitrile (PAN)8, the poly(vinylidene fluoride) (PVDF)9, the polymethyl 

methacrylate (PMMA)10, and the polypropylene oxide (PPO)11, have good thermal stability and 

flexibility. Still, their low ionic conductivities restrict the high-power operation of the battery at 

room temperature. One of the approaches to address above mentioned challenges is to use 

quasi-solid-state electrolyte (QSSE) by adding the liquid electrolytes (organic solvents or ionic 

liquid) into the solid electrolytes12. The gel polymer solid electrolytes (GPEs) are considered the 

most promising quasi-solid electrolyte candidate13. But the low ion transference number, expensive 

precursors, flammable and inhomogenous thick film structure of gel-type electrolytes also hinder its 

potential application14. Besides, the amount of liquid electrolyte needs to be minimized for retaining 

intrinsic safety.  

 

Until 2019, Liu et al.15 firstly reported that a porous (60-80% porosity) polyphenylene sulfide (PPS) 

has superior electrolyte wettability, high ionic conductivity, and excellent thermal stability for flame 

retardant LIBs. Zimmerman et al.16 patented in 2013 the fabrication of ions-doping PPS-based films 

through traditional high-temperature extrusion process for the SPEs, which have high ionic 

conductivity for various ions (Li+, Na+, Mg2+, Ca2+, Al3+, and OH-). But until now, it is still a lack of 

detailed scientific research on the PPS-based SPEs to verify that such flame retardant material can 

be commercialized in the battery field. In addition, the traditional polymer film fabrication 

technologies, such as solvent or high temperature casting processes, always cause high porosity, 



recrystallization (>150 °C for PPS)17, oxidation, and uncontrollable crystallinity18,19. Especially, the 

S elements in PPS start to be oxidized at ~200 °C in air20. As a result, the PPS separator with high 

porosity required a large amount of liquid electrolyte uptake similar to commercial separators, 

which can not solve the Li dendrites formation for LMBs and scarify the intrinsic safety of 

solid-state electrolytes due to the presence of a large amount of liquid electrolyte. Besides, Li 

diffusion needs to be significantly improved.  

Recently, we reported a solvent-free process in a pilot stage, combining a high-speed air blowing 

and rolling process, which can make the free-standing film at relatively low temperature21. Hence, 

in this study, we used this solvent-free process to fabricate a thin (~35 μm) and dense (~9% porosity) 

lithiated PPS based SPE film (PPS-SPE) with high Li loading of 3 wt%. Tracy of dual-salt 

LiDFOB/LiBF4 liquid electrolyte (4 μL Ah-1) was added to infiltrate the electrodes and PPS-SPEs to 

obtain the PPS-QSSEs, which showed higher conductivity (>10-4 S cm-1) and diffusion rate in bulk 

and interface at room temperature. Moreover, the PPS particle surface was functionalized by 

anions-immobilizing molecules such as tetrachloro-p-benzoquinone (TCBQ), to improve the Li 

transference number (tLi+=0.8-0.9) and electrochemical potential window (EPW>5.1 V), resulting in 

homogenous Li plating on Cu at high current density (2 mA cm-2). Both experimental and 

computational studies demonstrate PPS-TCBQ coupling with a thin layer of dual salt as efficient 

QSSE. The full cells with QSSEs, high loading (2.2-3.5 mAh cm-2) cathodes, and limited Li-plating 

Cu anode showed good cycling, high energy density (> 1000 Wh L-1), and power density (>900 W 

L-1) at room temperature. 

2. Results  

PPS-based SPE design and fabrication 

In this work, the lithiated PPS powders were prepared on the accounts of the commercial way 



invented by Edmond and Hill (Philip petroleum Co.) in 196722. The difference was that the reactant 

of Na2S was replaced by Li2S. And the Li ions were simultaneously introduced into the PPS 

matrices, as shown in Eq. 1.  

                   1 

However, the undesired Cl ions were also inevitably introduced into this system, which can cause 

corrosion on the current collectors and attack electrode materials23. Hence, the Cl ions need to be 

bound in the SPE, as proposed by recent strategies that the metal-organic frameworks (MOFs) were 

used to immobilize the anions in order to get single-ion conducting SSEs 24. In this work, we chose 

a much cheaper and non-toxic organic compound, tetrachloro-p-benzoquinone (TCBQ), which is 

commonly used for biomedical analysis to chelate the molecules and ions with lone pair of 

electrons25,26. To investigate the Cl-binding effect of TCBQ, the density functional theory (DFT) 

simulations were carried out. All the calculation details are given in the Supplementary Methods 

section. The results are shown in Fig. S1. It is slightly difficult to adsorb the first and second Cl 

atoms with a single TCBQ molecule. But interestingly, the negative formation energies mean that 

the further third and fourth complexation reaction will get easier and become spontaneous. Hence, 

the mixture of lithiated PPS and TCBQ powders was heated at 210 °C with Ar protection 

determined by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) 

measurements to make the lithiation and complexation reactions happen. Then the powders were 

washed several times with distilled water to remove the excess LiCl. The Li content in the PPS-SPE 

film was ~3 wt%, measured by the inductively coupled plasma emission spectrometer (ICP). The 

XRD patterns (Fig. S2) of the final powder product showed mainly the well-crystallized linear PPS 

with the space group of Pbcn27.  

  

2n Li S + n p-dichlorobenzene PPS + 2n LiCl¾¾®



 

 

 

 

Fig. 1. PPS-based SPE design, fabrication and characterization. (a) MSD versus diffusion time of Li transport 

in PPS crystal bulk along X, Y, and Z directions. (b) The likelihood Li diffusion pathways in bulk and exposed 

(002) plane of PPS crystal with minimum Li diffusion energy barriers. (c) Schematic representation of the 

fabrication route for the PPS-SPEs. (d) SEM images of the surface and cross-section of the PPS-SPE film. (e) 

FIB-SEM of the cross-section of PPS-SPE and EDS element mapping of O, Cl, S, C. (f) Comparison of the O1s 

deconvolutions for the XPS results of the TCBQ, PPS, lithiated PPS powder, and PPS-based SPE. (g) Comparison 

of the 1H chemical shift spectra of the PPS, lithiated PPS powder, and PPS-based SPE tested by SSNMR.  

 

As early as 2003, Bruce’s group28 firstly proposed the mechanism of Li-ion conduction in the 

crystalline polymer in contrast with the established traditional view of amorphous polymer 
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conductor. Hence, before the film engineering work, the Li conduction pathway and diffusivity in 

PPS crystal were simulated by the Ab-initio molecular dynamics (AIMD). The Li-ions’ mean 

squared displacements (MSDs) in the PPS bulk at 600 K are shown in Fig. 1a. Unlike the most 

studied PEO based SPE, where the Li-ions prefer to diffuse along the polymer chain7. For the PPS 

system, the Li diffusion anisotropy is distinct, and the best diffusion path follows the X and Y 

directions, which are perpendicular to the PPS chain ([001] or Z direction) as shown in Fig. 1b. The 

diffusivity coefficients along the X and Y direction calculated from the slope of the MSD were 0.26 

and 0.12×10-5 cm2 s-1, respectively, which were almost 1 order of magnitude higher than the value 

of Z direction. So the Li-ions mainly hop from one S site to the other closest S site in bulk, as 

indicated in Fig. 1c left. And the minimum Li diffusion energy barrier through the S channel was 

0.48 eV calculated by the climbing image nudged elastic band (CI-NEB) method. More 

interestingly, the Li diffusion pathway on the PPS surface is different from bulk. In this work, the 

(002) lattice plane was chosen as the exposed PPS crystal surface for that the (002) peak shows the 

highest intensity in the XRD patterns (Fig. S2) and the (002) plane has the lowest surface energy of 

0.172 J/m2 calculated by DFT based on the slab model 29. On the (002) plane surface, the Li-ions 

prefer to diffuse through the 1D tunnel between two polymer chains along the Z direction and hop 

from the S site on one chain to the nearest S site on the other, as shown in Fig. 1c. The diffusion 

energy barrier was calculated to be only 0.25 eV and half of the value for bulk diffusion, which was 

very close to Li10GeP2S12 (LGPS, 0.16 eV) with the highest reported Li ionic conductivity so far 30. 

The results indicate that the PPS should be well crystallized and preserve the perfect S channels in 

the bulk and a large amount of S sites on the surface to gain high Li-ion conductivity. Hence, in this 

work, the PPS-based SPE was fabricated in the solvent-free and low-temperature way in a pilot 

stage in order to reserve the property of the lithiated PPS powders utmostly, as shown in Fig. 1c. 



The whole process consists of the high-speed air blowing process to fiberize the 

polytetrafluoroethylene (PTFE), the rolling process at 130 °C to make the PPS-based SPE film (for 

more details, see Methods section and Movie S1). 

 

Materials characterization of PPS-based SPEs 

Fig. 2a represents the SEM image of the PPS-based SPE surface. After the rolling process, the 

PPS-based SPE film shows a compact and smooth surface. In addition, we can also see a small 

number of incomplete filling voids between adjacent PPS particles on the surface. Even more small 

cracks on particle surfaces in nanoscale can be observed in the higher magnification image marked 

by a square in Fig. S3. These microcracks could be attributed to the fracture among the tufted PPS 

chains, forming the surface of the exposed chain and facilitating the Li-ion diffusion, as illustrated 

and calculated in Fig. 1b. The compact and dense structure was further demonstrated by the SPE 

film’s cross-section view, as shown in Fig. 1d. The thickness was measured to be ~35 μm, which is 

adjacent to the commercial PE or PP based separators. Besides, it is obviously can be seen that the 

PTFE fibrillated by the high-speed dry air blowing presents a three-dimensional network structure 

and tightly binds the PPS powders together. 

 

The focused ion beam (FIB)-SEM was taken on the cross-section of the PPS-based SPE film. The 

chemical composition was confirmed by the energy disperse spectroscopy (EDS) element mapping. 

As shown in Fig. 1e, the S, Cl, C are homogeneously distributed in the film. However, the 

enrichment of the O element in the PPS powders interface clearly shows in the EDS mapping (insert 

in Fig. 1e). The O element was mainly introduced by the TCBQ. Hence, the exact reaction between 

the PPS and TCBQ was further identified by the X-ray photoelectron spectroscopy (XPS) and 



solid-state nuclear magnetic resonance (SSNMR). Fig. 1f gives the comparison of O1s 

deconvolutions derived from the XPS results of four different samples. The pure TCBQ sample 

exhibits the major O1s peak at 532.5eV, which is attributed to the benzoquinone group. And the 

pure PPS sample shows a distinct O1s peak at 531.8eV, which could be due to the oxidation of the 

carbon and thioether bond (C=O, S=O) 31. However, in the XPS spectra of the lithiated PPS powder 

and PPS-based SPE film, there appears a higher peak intensity of the C−O−C bond. This can be 

attributed to the heat treatment (210 °C) of the PPS, LiCl, and TCBQ mixed powders, creating a 

new ether bond. In order to reconfirm the reaction occurring on the PPS surface, the 1H chemical 

shift spectrum was studied by SSNMR. As shown in Fig. 1g, the NMR spectrum of the lithiated 

PPS powder appears a different H from the PPS spectrum in a new chemical environment, which 

indicates that the C=O bond on TCBQ breaks and connects to the PPS benzene ring, the H atom on 

the PPS benzene ring spontaneously transfers to the new position of C−O bond on TCBQ. Besides, 

the signal of the 1H in the new chemical environment is enhanced greatly in the PPS-based SPE 

SSNMR spectrum. It is properly due to that more hydrogenate TCBQ on the PPS surface was 

exposed after the film-forming process by hot rolling at 130 °C. Fortunately, the Li diffusion on the 

TCBQ functionalized PPS surface is not too much affected. The CI-NEB calculation result showed 

that the Li diffusion barrier energy was 0.34 eV (Fig. S4), which was slightly higher than the value 

for clean PPS surface (Fig. 1b), ensuring the Li high-speed surface diffusion channels for 

PPS-based SPE.  

 

Principle of the Li-ion conduction in PPS-QSSE  

The intrinsic Li+ diffusion coefficient (D7Li) of the PPS-SPE with 5 wt% TCBQ was measured by 

pulsed-field-gradient (PFG)-SSNMR, which gives the D7Li value of 1.92×10-8 cm2 s-1 at room 



temperature, as shown in Fig. 2a. It is much higher than the reported values of PEO based SPE 

(3.2×10-9 cm2 s-1)32 and oxide ceramics SSEs at higher temperatures, for instance, the 

Li6.6La3Zr1.6Ta0.4O12 (LLZO, 6.5×10-9 cm2 s-1)33 and Li1.5Al0.5Ge1.5(PO4)3 (LAGP, 2.9×10-9 cm2 s-1)34. 

The value was comparable to the sulfides with the best reported SSE performances at room 

temperature ((Li2S)7(P2S5)3, 4.58×10-8 cm2 s-1)35, which gives the possibility to achieve a SPE with 

high Li-ion conductivity (σLi+) using lithiated PPS. However, the measured σLi+ for PPS-SPE was 

only 4.03×10-9 S cm-1 (Fig. S5) at 25 °C. The Nyquist plot showed a distinct semicircle in the 

frequency range of 103 to 105 Hz due to the contribution from the grain boundary resistance (RGB), 

as same as the oxide ceramics SSEs 36. Interestingly, when we dropped trace of solvent 

(fluoroethylene carbonate (FEC): diethyl carbonate (DEC)=1:2 vol%) on the PPS-SPE film (5 μL 

cm-2), the σLi+ dramatically increased to 1.86*10-5 S cm-1 and the RGB circle disappear. Then, the 

LiBF4 salt was added and dissolved into the solvent to make the liquid electrolyte and PPS-SPE 

composite, namely PPS-based quasi-solid electrolyte (PPS-QSSE), as shown in Fig. 2b. At first, the 

σLi+ of the PPS-QSSE rapidly increased with the concentration of added LiBF4 (CLiBF4, the amount 

of LiBF4 per unit volume of solid polymer). And the blue line shows the decrease of Ea with the 

CLiBF4. In Fig. 2b, compared to the commercial PE seperator, a much higher σLi+ can be achieved for 

the PPS-QSSE with dilute liquid electrolyte. The maximum σLi+ value of 2.2*10-4 S cm-1 was 

obtained at CLiBF4=0.47 mmol cm-3. The Bode phase (φ) plot (Fig. S5f) further demonstrated that 

the resistence mainly corresponds to the bulk in the high frequency of ∼105 Hz. Fig. S6 gives an 

example that a high voltage LiCoO2(HVLCO)-graphite battery using PPS-QSSE with ultralow salt 

concentration electrolyte (0.05 M LiBF4, a lean electrolyte condition of 4 μL mAh-1) can deliver a 

specific capacity of 184 mAh g-1, which cannot be achieved for traditional separators. Moreover, a 



decrease of σLi+ with the CLiBF4 was also observed in Fig. 2b. These new phenomena in solid-liquid 

two-phase were systematically studied as follows. 

 

  

   

   

Fig. 2. Principle of the Li ion conduction and anions immobilization in PPS-QSSE. (a) 7Li diffusion 

coefficient of PPS-SPE with 5 wt% TCBQ measured by PFG-SSNMR (inset shows the photograph of PPS-SPE 

fabricated by our pilot line). (b) Li ion conductivities of the PPS-QSSE and 5 μm commercial PE separator with 

LiBF4 in FEC:DEC=1:2 vol% measured at 25 °C versus the concentration of added LiBF4 per polymer solid 

volume. Li conduction activation energy (Ea) of the PPS-QSSE versus the LiBF4 concentration at 

high-temperature region of 25-70 °C. (c) FIB-SEM and EDX mapping of the cross-section of PPS-QSSE after 

cycling in LIB. (d) AIMD calculation: two adjacent lithiated PPS particles with/without DEC solvent before and 

after the Li diffusion in vacuum. (e) EIS plots of the PPS-QSSE (CLiBF4+ LiDFOB=0.58 mmol cm-3) at temperatures 

from -30 to 70 °C. Arrhenius plots of PPS-QSSE to determine the activation energy (Ea). (f) Lithium transference 

number (tLi+) of dual-salt LiDFOB/LiBF4 electrolyte and tLi+ value versus the wt% of TCBQ in PPS-QSSE; EIS 
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before and after polarization of the PPS-QSSE with 5 wt% TCBQ; the current-time curve at 10 mV of polarization. 

(g) Charge difference densities before and after the dipole adsorption between BF4/DFOB and TCBQ and the 

formation energies. (h) Comparison of the 19F SSNMR spectra of the dual-salt LiDFOB/LiBF4 mixture, lithiated 

PPS powders with and without TCBQ after mixing drying with the dual-salt electrolyte, the fresh PPS-SPE, and 

cycled PPS-QSSE. (I) LSV curves at a scan speed of 1 mV s-1 in the SS/Li cells for PPS-QSSE with different 

content of TCBQ and PE separator with dual-salt electrolyte. 

 

The dual-salt difluoro(oxalate)borate (LiDFOB) / lithium tetrafluoroborate (LiBF4) carbonate-based 

liquid electrolyte, which has been demonstrated as a proper electrolyte for LMBs37, was also used in 

this work. The FIB-SEM images were taken at the cross-section of the PPS-QSSE film with the 

dual-salt electrolyte (0.6 M LiDFOB and 0.6 M LiBF4 in FEC: DEC=1:2 vol%) after 40 cycles in 

LMBs, as shown in Fig. 2c and Fig. S7. The dense PPS-QSSE film was not perfectly compacted. 

The gaps in a range of several nm to 5 μm exist between two adjacent PPS particles. The porosity of 

cycled PPS-QSSE was ~9 vol%, which was measured and calculated by the integral of PPS particle 

cross-section and gap areas based on the FIB-SEM image (Fig. S7). Although the porosity was far 

less than the commercial separator (40-50 vol%) and the measured electrolyte wetting angle for the 

PPS-QSSE film was up to 66° (Fig. S8), which is much higher than the reported value of 13° for the 

PPS-based separator (70% porosity) 15, the electrolyte still can penetrate into the gaps driving by the 

capillary force. The EDS element mapping (Fig. 2c) further demonstrated the electrolyte penetration. 

The enrichment of F and B was clearly observed around the interface between two adjacent 

particles. Hence, the apparent σLi+ of the PPS-QSSE should be the consequence of the coaction of 

both the intrinsic Li-ion conduction of lithiated PPS and liquid electrolyte. The Li diffusion 

mechanism in solid-liquid two phase was further verified by the AIMD. The Li is difficult to break 

away from the confinement of S channels, come off the PPS matrices, and pass through the gap, as 

shown in the left part of Fig. 2d and Movie S2. When the gap was filled with DEC solvent 

molecules (assuming ρ=1 g cm-3), the Li can be free from the PPS and form the complexes with the 



DEC (Movie S3). Hence, the electrolyte in liquid phase was just like a Li bridge to realize the 

conduction between two adjacent PPS particles with gap, which coincided well with 

electrochemical results (Fig. 2b and Fig. S5). The Li two-phase diffusion mechanism in PPS-QSSE 

with the dual-salt LiDFOB/LiBF4 electrolyte (CLiBF4+ LiDFOB=0.58 mmol cm-3, the amount of LiBF4 

and LiDFOB per unit volume of PPS) was further demonstrated by the Arrhenius plot based on the 

results of electrochemical impedance spectroscopy (EIS), as shown in Fig. 2e. The plot did not 

show a typical linear Arrhenius-like activated behavior. In the high-temperature region (30-70 °C), 

the σLi+ of PPS-QSSE was not quite sensitive to the temperature, and the activation energy (Ea) was 

only 0.48 eV, lower than the oxide ceramics SSEs (Ea=0.55 eV for LiPON)38. The full conduction of 

PPS particles through the liquid phase means that the apparent σLi+ of the PPS-QSSE depends 

mainly upon the intrinsic Li-ion conduction of lithiated PPS, which is on the condition that the 

liquid electrolyte offers high conductivity and its Li+ concentration reaches to a certain degree. It 

should be noted here that higher Li+ concentration also causes the higher viscosity of liquid 

electrolyte and lower conductivity, which also brought about the decrease of the PPS-QSSE 

apparent σLi+, as shown in Fig. 3b (black line). In the low-temperature region (-30-20 °C), the 

conductivity of the liquid electrolyte decreased and the bridging effect weakened, resulting in the 

apparent σLi+ was more temperature-sensitive, and the value of Ea decreased to 1.64 eV, which 

approached the value for PEO-based SPE (Ea=~1.6 eV)39.  

 

Immobilization of anions  

Li transference number (tLi+) is another very important factor for the SSE of LIB. A large 

transference number is essential for reducing concentration polarization of electrolytes during 

charge-discharge steps, and thus producing higher power density and homogenous Li 



diffusion/plating/stripping40. It is highly desirable that the transference number of lithium ions 

approaches 1 in an electrolyte system. The measured tLi+ of the dual-salt LiDFOB/LiBF4 electrolyte 

through PE separator using the Bruce-Vincent-Evans method41 was ~0.45, as shown in Fig. 4a. For 

the PPS-QSSEs with the dual-salt electrolyte, it was found that the tLi+ increased with the TCBQ 

content and reached up to 0.8-0.9 when the TCBQ was higher than 2.5%. And poor tLi+ results were 

obtained for the ones without TCBQ, even lower than the liquid electrolyte (Fig. 2f). As we 

illustrated above, the TCBQ was used to chelate the Cl ions. The DFT simulations demonstrated 

that the –F bonds on the BF4 and DFOB also prefer to dipole adsorb on the C sites of the TCBQ 

molecule, and the calculated formation energies were as low as -1.80 and -0.31 eV, respectively, as 

shown in Fig. 2g. The charge difference densities before and after the adsorption were also 

calculated to quantify the charge redistribution and dipole moments of the interaction. Obviously, 

both of the BF4 and DFOB show strong dipole adsorption on the TCBQ. In addition, the interaction 

between BF4 and TCBQ was much stronger. The 19F SSNMR spectra of the lithiated PPS powders 

with and without TCBQ after mixing and drying with the dual-salt electrolyte were given in Fig. 2h. 

For the sample without TCBQ, two main peaks at -148 and -153 ppm correspond to the BF4
-
 and 

DFOB- respectively, as same as the dual-salt mixture and the reported results by Weber et al.42. 

Distinct chemical environments for the BF4
-
 and DFOB- were presented for the sample powders 

with TCBQ. The chemical shift was nearly 10 ppm, which could be due to that the BF4
-
 and DFOB- 

ions are chelated and adsorbed on the TCBQ via diople adsorption. The 19F SSNMR spectrum of 

fresh PPS-SPE was mainly attributable to the PTFE. After cycling in LMBs, an additional peak was 

found at -163 ppm with the same peak position for the infiltrated sample with TCBQ.  

 



Another surprising finding was that the electrochemical potential window (EPW) was widened by 

adding the TCBQ in the PPS-QSSE with the dual-salt electrolyte. Fig. 2I showed the EPW results, 

which were investigated by linear sweep voltammetry (LSV) in the stainless steel (SS)/Li cells from 

open circle voltage to 6 V at 1 mV s−1. For the PPS-QSSE without TCBQ, the side reaction started 

at 3 V and presented a peak at 3.8 V, which was attributed to the electrochemical corrosion of the 

free Cl ions on the working electrode. The corrosion morphology and surface composition of the 

cycled positive electrodes were further studied by the cycling voltammetry (CV) of Li-Al cells (Fig. 

S9), SEM (Fig. S9 and Fig. S10), and X-ray photoelectron spectroscopy (XPS) (Fig. S10), which 

were demonstrated the Cl corrosion on the Al current collector. The corrosion side reaction was 

eased by adding the TCBQ in the PPS-QSSE (Fig. 2I, Fig. S9, and S10). The widest EPW of 5.1 V 

was achieved by compositing 5 wt% TCBQ with the PPS-QSSE, which was even better than the 

commercial PE separator soaking in a dual-salt liquid electrolyte. A plausible reason is that most of 

the anions are bound in the PPS-QSSE slowing the oxidation reaction on the positive electrode. 

Especially, the LiDFOB salt with poor oxidative stability binding on PPS-QSSE reduces the 

likelihood of decomposition when the voltage higher than 4.3 V 42.    

 

In addition, the PPS-SPE showed excellent thermal stability, which was demonstrated by the DSC 

and TGA measurements (Fig. S8). The DSC profile of PPS-SPE had a very weak endothermic peak 

at 281 °C, and the weight did not change until 480 °C. And the flame-retardant of PPS-SPE was also 

tested by exposing the film on fire (Movie S4). The flame can not self-propagating due to the 

fire-retarded PPS resin43. The excellent thermal stability and flame-retardant of PPS-SPE will 

ensure the safety of LIBs.  

 



Homogenous Li-plating 

The high tLi+ and DLi+ (related to high apparent σLi+) values of battery electrolyte can help to 

mitigate the concentration gradient and promote the dendrite-free Li metal formation, based on the 

Sand’s capacity (CSand) model as the safety limit for metal batteries44. Recently, many researchers 

verified this model in their SSE works45, for instance, the metal-organic frameworks (MOFs)-based 

single Li+ conductors24,46,47. Hence, in this work, the PPS-QSSE with high tLi+=0.8-0.9 and DLi+ 

(related to high apparent σLi+ at room temperature) should also inhibit the dendrite formation, which 

was demonstrated by our electrochemical works. The LiFePO4 (LFP) cathodes were used as the Li 

source, and the Li-plating on Cu foil was performed by using the galvanostatic charge, as illustrated 

in Fig. S12. A solvent-free electrode process was adopted to fabricating the thick LFP electrode with 

high-loadings up to 10 mAh cm-2, as we reported recently 21.  
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Fig. 3．Homogenous Li-plating through PPS-QSSE. (a) SEM image of Li-plating on Cu foil surface through PE 

separator with dual-salt LiDFOB/LiBF4 electrolyte at 1mA cm-2 for 2h. (b) SEM image of Li-plating on Cu foil 

surface through PPS-QSSE at 1mA cm-2 for 2h. (c) SEM image of Li-plating on Cu foil surface through 

PPS-QSSE at 2 mA cm-2 for 1h. (d) (e) (f)Cross-sectional SEM image of the sample for (a) (b) (c). (g) 

Galvanostatic charge and discharge (GCD) cycling of the Li–Cu cells assembled with PPS-QSSE and PE with 

dual-salt electrolyte at 2 mA cm−2 and constant capacity of 1 mAh cm−2.  

 

Fig. 3a represents the SEM image of Li-plating on Cu foil using PE separator with the dual-salt 

LiDFOB/LiBF4 electrolyte at a current density of 1mA cm-2 for 2h. The Li metal grains with an 

average size of ~15 μm (Fig. S13a) were randomly and loosely distributed, and the Li-plating 

morphology was similar to the reported work by Weber et al.42, utilizing the same dual-salt 

electrolyte under low pressure. When the PE separator was replaced by the PPS-QSSE under the 

same experimental conditions, denser and more homogenous Li-plating structure composited by 

smaller grains (~3 μm, Fig. S13b) was obtained (Fig. 2b). More interestingly, the grain size of the 

Li metal decreased with the lithiation current density. Decreasing to 0.2 mA cm-2, a compacted 

Li-plating surface with large mossy-like grains (~8 μm) was gained, as shown in Fig. S13c. And 

increasing the current density to 2 mA cm-2, the Li-plating structure got even denser with little pores 

(Fig. 2c), and the grains were refined to ~1 μm (Fig. S13d). Variations of the Li-plating structures 

were even more pronounced by investigating the cross-section of the Li-plating layers. Typical 

mossy-like Li grains growing on Cu foil show a thick Li layer (~48 μm) with high porosity for the 

sample prepared by PE separator (Fig. 3d). It is still possible to find some protruding dendritic Li as 

g 



marked by a circular in Fig. 3d. For the two samples lithiated through PPS-QSSEs, the refined Li 

grains formed the compact layers (Fig. 3e and f). Especially, for the sample lithiated at high current 

density of 2 mA cm-2, the deposited Li layer was so dense and showed a thickness of ~15 μm, which 

was adjacent to the theoretical value of 9.7 μm (for 2 mAh cm-2) 48. As we illustrated above, the 

Li-ions transport in the PPS-QSSE following three fixed paths, the S channels in the bulk of the 

PPS crystal, the PPS particle surface along the chains, and the gaps infiltrated by the liquid phase. 

Unlike the random Li diffusion in the PE with liquid electrolyte, the Li ions are confined to diffuse 

in fixed paths of PPS-QSSE, which can ensure the homogenous Li-ion flux. The 

anions-immobilizing effect of TCBQ and high apparent σLi+ of the thin PPS-QSSE also can 

compensate for the cationic depletion and eased the concentration gradient near the negative 

electrode surface. All of these can effectively depress the Li dendrites formation based on the 

“space charge model” proposed by Chazalviel in 1990 49. The polarization due to the space charge 

effect was suppressed by the PPS-QSSE even at high current density. Based on the “SEI-induced 

nucleation model” raised by Kushima et al.50, the higher current density gives more opportunities 

for the nucleation and the low polarization without charges accumulation makes the growth of Li 

deposits to be difficult. It should be the plausible reason that the compacted Li metal layer with 

refined grains was achieved at an increased current density of 2 mA cm-2.  

 

To further clarify the Li-ion transport rectifying effect of PPS-QSSE, the Li-Cu cells with PE 

separator and PPS-QSSE utilizing the dual-salt LiDFOB/LiBF4 electrolyte are tested through the 

galvanostatic charge and discharge (GCD) cycling at a high current density of 2 mA cm−2 and 

constant capacity of 1 mAh cm−2. Before the cycling, the Cu foils were initially plated by the Li 

metal electrodes at 0.2 mA cm−2 for 10 h. As shown in Fig. 3g, it can be clearly seen that the cell 



with PE experienced serious polarization after 25 h of cycling and reached a voltage exceeding 5 V 

after 72 h. In comparison, the PPS-QSSE-based cell presented a low initial overpotential of 0.02 V, 

excellent cycle life, which maintained for 375 h. Compared with the serious polarization of the cell 

with PE, the PPS-QSSE-based cell exhibited excellent cycling stability, which can be observed in 

the enlarged voltage profiles in Fig. 3g. It can be found that the cell with PE showed voltage 

oscillations during the charge and discharge process, which was mainly caused by the dendritic Li 

induced highly porous Li plating layer and electrical disconnection. On the opposite, the voltage 

profiles remained the smooth and flat shape for more than 370 h for the cell with PPS-QSSE. To 

further verify the Li dendrite-free effect of PPS-QSSE, the Li–Li symmetrical cells were also tested 

at 2 mA cm−2, as shown in Fig. S14. The PPS-QSSE cell showed even better cycling performance in 

excess Li condition. The overpotential did not change for over 900 cycles (900 h). 

 

Li metal battery with limited Li-plating Cu anode 

To further characterize the practicality of the PPS-QSSE (with 5% TCBQ) at a relatively high 

current density and room temperature comparing to other solid-state battery works, the LiFePO4 

thick solvent-free electrodes for Li-plating were removed and replaced by HVLCO or 

LiNi0.5Co0.2Mn0.3O2 (NCM523) cathodes with each side loadings of P=2.2 and 3.5 mAh cm-2, 

respectively, supplied by Ampreus (Wuxi) Co., Ltd.. The HVLCO-Li-Cu cells were assembled with 

the Li-plated Cu anode at 2 mA cm-2 for 1 h (N=2 mAh cm-2) and the PPS-QSSE was infiltrated by 

dual-salt LiDFOB/LiBF4 electrolyte (total 4 μL mAh-1 considering the Li-plating process). The rate 

performance of HVLCO-Li-Cu cell with relatively low N/P ratio (0.91) at 3-4.4 V and 25 °C was 

tested by galvanostatic charge/discharge (GDC) and shown in Fig. 4a. The HVLCO-Li-Cu cell 

presented a high discharge capacity of 183 mAh g-1 at 0.1 C (1 C=160 mA g-1) and maintained 80 % 



of the initial capacity (145 mAh g-1) at a high current density of 1 C (2.2 mA cm-2), confirming that 

the PPS-QSSE has good high-voltage stability and acceptable Li-ion conductivity at room 

temperature. Fig. S15 gives the GDC curves of NCM523-Li-Cu cells with PPS-QSSE, which also 

suggests acceptable rate capability at room temperature, comparing to other solid-state and liquid 

LMBs works 51,52, as listed in Table S1 and S2. 

 

        

   

   

Fig. 4. Li metal battery with limited Li-plating Cu anode or anode-free Cu. (a) GCD curves of HVLCO-Li-Cu 

cell at different current rates from 0.1 to 1 C. (b) Cycling performance of HVLCO-Li cells assembled using the 

PPS-QSSE with/without TCBQ and commercial PE separator at 0.5C charge and 1C discharge. (c) Cycling 

performance of HVLCO-Li-Cu cells with PPS-QSSE and Li-plated Cu foil anodes using 2 mA cm-2 and different 
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plating times. (d) GCD curves of anode-free and solvent-free LNMO-Cu cell at 0.2C for 12 cycles. Insertion is hot 

rolling process for fabricating the free-standing LNMO film. (e) Cycling performance of the solvent-free LNMO 

cells with PPS-QSSE and anode free Cu, Li-plated Cu (1 mAh cm-2), Li metal anode with a thickness of 150 µm, 

and graphite anode supplied by Ampreus (Wuxi) Co., Ltd. at 0.2 C (1 C=120 mAh g-1). (f) Cycling performance 

of High loading HVLCO-Li-Cu cell and NCM523-Li-Cu cell. 

 

In addition to rate performance, cycle life (the cycle with 80% of the initial capacity) is also a 

critical parameter for evaluating LIBs. Fig. 4b presents the comparison of cycle performance 

between PE separator with liquid electrolyte and PPS-QSSE with and without TCBQ by using 

150μm Li metal anodes and HVLCO cathodes. At 0.5 C charge and 1 C discharge current, the cell 

with commercial PE separator failed after 73 cycles (Fig. 4c), which was mainly caused by the 

uncontrollable growth of Li dendrites at high current density coinciding with the SEM and Li-Cu 

cell tests (Fig. 3). However, the two samples assembled with PPS-QSSEs exhibited better cycling 

life. Especially, PPS-QSSE with 5 wt% TCBQ showed the best cyclic stability, which cycled with a 

discharge capacity of over 150 mAh g-1, and presented 19.1% capacity loss after 200 cycles. 

Moreover, high coulombic efficiency was maintained at ~99.4%. However, PPS-QSSE without 

TCBQ showed much lower capacity and unstable coulombic efficiency. As discussed above, the 

unstable cycling mainly resulted from the Cl- corrosion side reaction, lacking the 

anions-immobilizing effect of TCBQ. The cycled HVLCO cathodes were examined by SEM (Fig. 

S10) and XPS (Fig. S10d). Distinct Cl2s (270.1 eV) and Cl2p (200.3 eV) peaks were presented in 

the XPS spectra, and the corrosion damage of the Al current collector was evident for the sample 

used PPS-QSSE without TCBQ, which were barely detected and observed for the other two 

samples using PPS-QSSE with TCBQ and PE separator.  

 

Fig. S16 studied the influence of the Li-plating current densities on the cell performance by testing 



the cycling of HVLCO-Li-Cu cells with the same N/P=0.91. The HVLCO-Li-Cu cell with Li-plated 

Cu anode at the highest current density of 2 mA cm-2 for 1h presented the best cycle performance. 

This result was extraordinary consistent with the dense and homogenous Li-plating layer with 

refined grains Li-plated at 2 mA cm-2 in Fig. 3, which could give the best electrical connection and 

promoted the further reversibility of Li-striping and the cycling stability. Hence, the Li-plating 

current of 2 mA cm-2 was fixed, the Li-plating time was gradually lengthened to stepwise increase 

the Li loadings (N value), in order to achieve the best cycling performance, as shown in Fig. 4c. 

The 0.5 C charge and 1 C discharge currents at 25 °C were chosen to perform the cycling in order to 

meet the vast majority of practical battery power requirements, which were nearly the highest 

cycling current among the reported solid-state batteries with limited Li anodes and lean electrolyte, 

as listed in Table S1. For the commercial PE separators, it was prone to short-circuit when plating at 

high current, a low Li-plating current of 0.2 mA cm-2 for 10 h was used for the repeatable result. As 

shown in Fig. 4c, the cycling performance of the cell with PE was very poor (< 10 cycles) at 1 C. In 

comparison, all the cells with PPS-QSSE presented high coulomb efficiency of over 99% and better 

cycle reversibility, especially when using 6 mAh cm–2 Li-plated Cu, the cycling life can be extended 

to 130 cycles (80% of their initial capacities).  

 

Moreover, the TCBQ functionalized PPS-QSSE also showed excellent stability in the high-voltage 

5V LiNi0.5Mn1.5O4 (LNMO) system, as indicated in Fig. 2I. Here, 5 wt% Li2C2O4 in LNMO cathode 

was used for the Li-compensating and plating on Cu. Due to the deliquescent character of Li2C2O4, 

the solve-free electrode process 21 was used to fabricated the free-standing LNMO film (Fig. 4d and 

Movie S5) and final LNMO cathode (P=1.5 mAh cm-2). Fig. 4c presents the GDC curves of the 

LNMO-Cu anode-free cell (N=0 mAh cm-2) cycling at 0.2 C (1 C=120 mA g-1). The long initial 



charge curve indicates the decomposition of the Li2C2O4, forming extra Li-plating on Cu, which 

ensures the initial 5 stable cycles. Then, the degradation happened. The cycling performance was 

improved by using a Li-plated Cu anode (N=1 mAh cm-2), as shown in Fig. 4d. And even better 

cycling can be achieved by using the Li metal anode (no fading at 0.5 C for 400 cycles) and a 

graphite anode. The detailed electrochemical profiles are given in Fig. S17. 

 

It should be noted here that both the N/P ratio (R value) and cycling life (C value) are important 

factors for the practical use of Li metal batteries (LMBs) 53. Hence, the C/R value has been used for 

the comparison among different LMB systems 47. In our PPS-QSSE work, the best C/R value of 96 

was achieved by using the HVLCO cathode with high loadings of 3.5 mAh cm-2 and 2 mAh cm–2 Li 

loadings anode (N/P=0.57), which was more outstanding than most of recently reported LMBs 

works, especially at high charge/discharge current density, as listed in Table S1 and S2. Based on 

the calculation model proposed by Xu et al. 47 and Niu et al. 53, assuming that an 1 Ah pouch cell 

adopts the same cell parameters and the 1 Ah pouch cell with PPS-QSSE demo fabricated by 

Ampreus (Wuxi) Co., Ltd. (Fig. S18), the LMB with PPS-QSSE and HVLCO could achieve a high 

energy density of 1049 Wh L-1 (319 Wh kg-1) and power density of ~900 W L-1, for rough 

comparison (Fig. 4f). The detailed energy density calculation was given in Table S3. Besides, the 

NCM523-Li-Cu presented better cycle performance at 0.5C/1C charge/discharge cycling currents, 

an initial discharge capacity of 138.9 mAh g−1 with a capacity retention of 80% after 90 cycles, as 

shown in Fig. 6f. However, the C/R value was 45, and the energy density was estimated to be 683 

Wh L-1 (268 Wh kg-1). The anode-free LNMO-Cu could achieve 602 Wh L-1 (213 Wh kg-1), as 

listed in Table S3. We made a coffee-bag cell for the HVLCO-Li-Cu system and powered a fan. 

Interestingly, the cell still regular worked after the cutting in the middle, as shown in Movie S6. 



 

3. Discussion 

Compared to other SSEs systems, there are no serious deficiencies for the PPS-QSSEs, which 

would be easily translated for industrial roll-to-roll production, not only for the SPEs fabrication but 

also for the pouch cells production. The only drawback was the insulated gap between two adjacent 

PPS particles. Hence, future research to improve the performance of PPS-QSSEs based LIBs should 

focus on: (1) from an engineering point of view, decreasing the porosity of the PPS-SPEs to achieve 

better Li-ion flux connection (for instance, exhaust-gas disposal of powders after the PTFE fibration 

process and before the rolling process); (2) surface modification of the PPS particles making the 

conglutination more readily during the rolling; (3) developing more compatible second phase 

materials, not only liquid phase but also solid phase, to achieve more effective Li-ion bridge and 

wider working temperature range; (4) combining with the solvent-free electrodes to decrease the 

electrode/electrolyte interphase resistance and make the all-solid-state battery.  

 

4. Conclusions 

We have demonstrated a PPS-based SPE with a thin and dense film structure, high intrinsic Li+ 

diffusion coefficient of 1.92×10-8 cm2 s-1 at room temperature, and excellent thermal stability 

fabricated by a solvent-free process in a pilot stage, combining a high-speed air blowing and rolling 

process. The high conductivity (2.2×10-4 S cm-1) at room temperature was achieved for PPS-QSSEs 

with a small amount of liquid electrolyte. The Li-ion conduction is mainly due to three paths: the S 

channels in the bulk of the PPS crystal, the PPS particle surface along the chains, and the gaps 

infiltrated by the liquid phase. Moreover, the TCBQ with anions-immobilizing effect was 

introduced to functionalize the PPS particles surface, and the high Li-ion transference number 



(0.8-0.9) and wide EPW (>5.1 V) were gained due to the strong dipole adsorption between the 

TCBQ and anions. These outstanding parameters of PPS-QSSEs ensured the homogeneous and 

dendrites-free Li-plating on Cu at high pre-lithiation current density. Based on the pre-lithiated Cu 

anode, high loadings HVLCO and NCM523 cathode, and PPS-QSSEs, we demonstrated the 

fabrication of an LMB with high energy density. Our study paves a new PPS solution for the SPEs, 

which could push the solid-state battery towards practicality. 

 

5. Methods 

5.1 Computational works 

5.1.1 Mean squared displacements 

Ab initio molecular dynamics (AIMD) based on density functional theory (DFT) were used to avoid 

the use of empirical interatomic potential applied in classical molecular dynamics (MD), which 

suffers from the lack of sufficient accuracy for the polymers. The AIMD simulations of the lithiated 

PPS supercell models with size of 8.67×11.22×10.26 Å3 were carried out using the Vienna ab initio 

simulation package (VASP)54,55. A generalized gradient approximation Perdew-Burke-Ernzerhof 

(GGA-PBE) potential for exchange correlation functional and a projector augmented wave (PAW) 

method for the interaction between the ions and electrons were employed56. All simulations were 

carried out under canonical ensemble (NVT ensemble), where the volume of the simulation box, 

temperature of the system and number of particles remain constant. We used a sufficiently high 

cutoff energy of 400 eV for the plane wave expansion with the convergence limits for ground state 

energy and force set at 10-5 eV and 2×10-2 eV/Å, respectively. A single Γ-point sampling is used for 

Brillouin zone. The Newton’s equations of motion are integrated under Verlet’s algorithm with ionic 

time step of 1 fs at 600 K. At each MD step, the solutions of instantaneous Kohn-Sham equation 



provide the wave-function for the residual minimization scheme with direct inversion in the 

iterative subspace (RMM-DIIS) method. The mobility of the Li ions was quantified using the mean 

squared displacement (MSD) of the monomers defined as57: 

                        1 

where ri(t) denotes the position of the ith Li ion at time t and,<> denotes an ensemble average. The 

detail data analysis was carried out by VASPKIT tool58. 

5.1.2 Li ion diffusion barrier 

The migration barriers of Li ion diffusion in the PPS bulk or surface were calculated using the 

climbing-image nudge elastic band (CI-NEB) method of Transition State Tools for VASP 

(VTST)59,60. In the CI-NEB process, we first made structural relaxation of the initial and final states, 

and then interpolated five reaction coordinates between the initial state and final state for searching 

of the minimum energy path (MEP). 

The DFT-D3 correction proposed by Grimme was used for the long-range dispersion, because of its 

excellent description of van der Waals interactions61. The convergence criteria of the NEB 

calculations for energy and force were set to be 10−6 eV and 0.05 eV Å−1, respectively.   

5.1.3 Anions-binding effect of TCBQ 

The interaction mechanisms of Cl atoms, BF4 or DFOB molecule with TCBQ were demonstrated 

using first-principles DFT calculations. Spin-polarized total-energy calculations and structure 

relaxations were performed using the VASP with PAW potential method54,55. The GGA with the 

standard norm conserving PBE was employed56. The energy cutoff for the plane-wave basis wave 

functions was 400 eV for all calculations. A Gaussian smearing of 0.02 eV to the orbital occupation 

was applied for the geometry optimization and total energy computation. A large enough supercell 
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model of 20×20×20 Å3 was adopted for isolation to prevent interaction between two neighboring 

molecules. The k-point sampling of the Brillouin zone was obtained using only a Gamma point grid. 

Convergence was reached when the total energies converge within 1×10-5 eV and the 

Hellmann-Feynman forces on each ion were lower than 0.02 eV Å-1. The effect of the vdW forces 

was taken into account by adding a correction term to the Kohn-Sham DFT energy through a 

semiempirical DFT-D3 vdW correction61.  

The binding energy (EbCl) of the Cl atoms on TCBQ was calculated as 

                        2 

where ETCBQ is the energy of TCBQ molecule, ECl2 is the energy of Cl2 molecule, n is the number of 

binding Cl atoms and EnCl/TCBQ is the total energy of the nCl atoms binding with the TCBQ 

molecule. A more negative Eb value implies a more stable binding. 

The binding energy (EbBF4) of the BF4 on TCBQ was calculated as 

                        3 

where EBF4 is the energy of BF4 molecule, EnBF4/TCBQ is the total energy of the BF4 binding with the 

TCBQ molecule.  

The binding energy (EbDFOB) of the DFOB on TCBQ was calculated as 

                        4 

where EDFOB is the energy of DFOB molecule, EDFOB/TCBQ is the total energy of the DFOB binding 

with the TCBQ molecule.  

 

5.1.4 Solid-liquid two phase diffusion model 

The solid-liquid two phase diffusion model was built by two slabs of PPS with (120) surfaces and a 

2

/ ( )
2

Cl

bCl nCl TCBQ TCBQ

nE
E E E= - +

4 4/ 4( )bBF BF TCBQ TCBQ BFE E E E= - +

/ ( )bDFOB DFOB TCBQ TCBQ DFOBE E E E= - +



slab of DEC with amorphous structure. Setting the x and y same as the slab’s scale, 10 DEC 

molecules were randomly distributed in a cubic simulation cell with the density of 1 g/cm3 using 

Packmol62. Before the MD running, the two phase diffusion model was fully relaxed at the 10−6 eV 

and 0.02 eV Å−1 convergence criteria. 

AIMD simulations were performed by the DFT implementation in CP2K/Quickstep 63,64. CP2K was 

based on a hybrid Gaussian plane wave (GPW) scheme, the orbitals were described by an atom 

centered Gaussian-type basis set, and an auxiliary plane wave basis set was used to re-expand the 

electron density in the reciprocal space. A matrix diagonalization procedure was used for the wave 

function optimization and the self-consistent field (SCF) convergence was facilitated by Fermi 

smearing with the electronic temperature of 300 K. The 1s electron of H, 1s, 2s electrons of Li, 2s, 

2p electrons of O and C, and 3s, 3p electrons of S were treated as valence, and the rest core 

electrons were represented by Goedecker-Teter-Hutter (GTH) pseudopotentials. The Gaussian basis 

set was double-ζwith one set of polarisation functions (DZVP), and the plane wave cutoff was set 

to 400 Ry. PBE function was used to describe the exchange-correlation effects, and the dispersion 

correction was applied in all calculations with the Grimme D3 method. In static calculations, the 

geometries were optimized by Broyden-Fletcher- Goldfarb-Shanno (BFGS) minimizer. For 

sampling the structures of the interface models and bulk solution, Born-Oppenheimer molecular 

dynamics (BOMD) was employed, and NVT conditions were imposed by a Nose-Hoover 

thermostat with a target temperature of 600 K. Only Γ point was used in all calculations due to the 

large size of the supercells.  The MD time step is set to 1 fs. For all the MD trajectories, the initial 

~1 ps (1000 steps) was regarded as the equilibration period, and then followed by production 

periods of more than 10 ps.  

 



5.1.5 Surface energy 

DFT analyses of PPS (002) and (120) lattice plane were also calculated using the plane-wave basis 

set in the VASP. The surface slabs were built by cleaving the 88 atoms supercell PPS bulk in surface 

index and adding the 15 Å vacuum layer. The basic parameters were set as same as the PPS bulk 

calculation in the 1.3.2 section. The surface energy for the different number of layers was calculated 

as follows, where A is the surface area of the slab and n is the number of PPS units in the slab: 

                            5 

The 2A in the denominator accounts for the fact that there are two surface areas of interest from the 

slab. All the atoms in the slab were allowed to fully relax during the geometric optimization. The 

bulk energy of PPS crystal was calculated as -73.23 eV unit-1 of PPS. The surface area of (220) and 

(120) slab was 115.12 and 211.90 Å2, respectively. 

 

5.2 Fabrication of the PPS-SPE 

The lithiated polyphenylene sulfide (PPS) powders were prepared on the accounts of the 

commercial way invented by Edmond and Hill (Philip petroleum Co.) in 196722 with the help from 

Zhejiang NHU Co., Ltd. The mixture of lithiated PPS and TCBQ (0, 1, 2.5, 5, 7.5 wt%) powders 

was heated at 210 °C for 2 h with Ar protection to make the lithiation and complexation reactions 

happen. The heat-treatment temperature was determined by thermal gravimetric-differential 

scanning calorimetry analysis (TG-DSC, TA SDT Q600) with temperature range of 30-600 °C at a 

heating rate of 10 °C min−1 under Ar atmosphere. Then the powders were washed several times by 

distill water to remove the excess LiCl. The solid solution of Li content in the PPS-SPE film was 

measured by the inductive coupled plasma emission spectrometer (ICP, SPECTRO ARCOSII). The 

routing of the solvent-free film fabrication process is shown in Figure 1. Firstly, 94 wt% lithiated 
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PPS powder and 6 wt% polytetrafluoroethylene powders (PTFE, DuPontTM) were mixed at low 

temperature (0-5 °C) for keeping the PTFE in glassy state and achieving homogeneous mixture. The 

total mass of the powder materials is 1 kg per batch. Then the high-speed dry air accelerated 

through the Lavel nozzles was used for blowing the mixed powders in a semi-enclosed stainless 

steel container, so that the PTFE molecular chain can be extended and opened up to form fibers. 

The PTFE fibers form a net-like binding structure on the surface of PPS particles getting cotton 

candy-like powders. The candy-like powders were collected by a gas filter and then hot-rolled at 

130 °C to form a free-standing film using a horizontal-type roller (Movie S1). The free-standing 

film was collected by a winding system. 

 

5.3 Material characterization 

X-ray diffraction (XRD) analyses of the PPS, lithiated PPS powders and PPS-SPE were conducted 

by a Bruker AXS D8 Discover diffractometer. Scanning electron microscopy (SEM) images of the 

PPS-SPE, Li-plating layers and cycled positive electrodes were characterized by HITACHI UHR 

FE-SEM SU8000. The microstructure and composition of the cross-section of the PPS-SPE before 

and after cycling were characterized by the focused ion beam (FIB)-SEM (ZEISS Crossbeam 540) 

equipped with energy dispersive X-ray spectroscopy (EDX, Oxford X-max 80). The microstructure 

and morphologies of cycled positive electrodes were investigated by SEM (JEOL, JSM-7600F). 

X-ray photoelectron spectroscopy (XPS) analyses of PPS-SPE and cycled positive electrodes were 

performed on a Thermo Scientific K-Alpha spectrometer. All the cycled samples taken out of the 

cells were washed by diethyl carbonate (DEC) solvent to remove the residue Li salt from liquid 

electrolyte and dried overnight in glove box before the SEM testing. Solid-state nuclear magnetic 

resonance (SSNMR) experiments of the PPS-based materials (1H and 19F chemical shift) were 



performed on Agilent 600M spectrometers using a zirconia rotor with 4 mm in diameter standard 

Agilent magic angle spinning (MAS) probes.  

The diffusion coefficients of Li+(D7Li) ions were measured by Shanghai Fuda Testing Technology 

Group CO., Ltd. using pulsed-field-gradient NMR (PFG-NMR). The data was collected on the 

Bruker Avance 600 MHz spectrometer with a Z-gradient direct detection broad-band probe. The 

testing method was as same as the reported work by Xu et al.. The diffusion constant was estimated 

from the echo attenuation plot by varying gradient strengths with a fixed value of diffusion delays 

(Δ = 20 ms) and gradient duration (δ = 1 ms). The magnetogyric ratio (ΓLi = 1.03976×108 rad/(T s)) 

is constant. The diffusion coefficient (D) is related to the intensity (I) and variable gradient (Gi, 

G/cm), which can be obtained using the equation: 

                       6 

The thermal stability of PPS-SPE was tested by differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA) measurements with temperature range of 30-500 °C at a heating 

rate of 10 °C min−1 under Ar atmosphere. 

The liquid electrolyte contact angle on the PPS-SPE surface was measured by Dataphysics 

DCAT21. 

5.4 Electrochemical work 

5.4.1 Cell assembly and Li ion conductivity measurement 

Electrochemical studies were all performed using CR2032 coin cells, unless some of high voltage 

LiCoO2 (HVLCO)-Li-Cu cells and LiNi0.5Co0.2Mn0.3O2 (NCM523)-Li-Cu cells were assembled 

using typical coffee-bag cells for demonstration (Movie S6). All the HVLCO cathode with high 

areal capacity of 2.2 and 3.5 mAh cm-2 and NCM523 cathode with 3 mAh cm-2 were supplied by 
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Ampreus (Wuxi) Co., Ltd.. The LiNi0.5Mn1.5O4 (LNMO) cathode was fabricated by the solvent-free 

process, as we reported recently21. The free-standing film contained 75 wt% LNMO (Wujie Science 

and Technology Co., LTD), 5 wt% Li2C2O4, 12 wt% carbon materials, and 8 wt% fiberized PTFE. 

The film was rolled several times at 130 °C to reduce the thickness to ~150 μm, as shown in Movie 

S. Then, the free-standing films and the graphite-protected etched Al current collectors were 

combined together through the hot roller at 160 °C to form the LNMO cathode. The loadings and 

areal capacity were 16 mg cm-2 and 1.5 mAh cm-2, repectively. The Cu foils with thickness of 9 μm 

(Hefei Kejing Materials Techonology Co., Ltd.) were used as the Li-plating current collector. The 

Al foils (A1090, FOILTEC) were supplied by AFT ELECTRONIC CO., LTD.BOLUO for testing 

the Cl-corrosion reaction on positive Al side. For comparison, commercial PE separators (5 μm and 

17μm) were purchased from SK Innovation Co., Ltd.. The electrodes were cut into circular 

electrodes with diameter of 15 mm. The PPS-SPEs and PE separators were cut into circular 

electrodes with diameter of 18 mm. The electrodes and PPS-SPEs were dried in the vacuum oven at 

120 °C overnight before assembling in argon-filled glovebox. The electrolytes used were dual-salt 

0.6 M difluoro(oxalate)borate (LiDFOB) / 0.6 M lithium tetrafluoroborate (LiBF4) in fluoroethylene 

carbonate (FEC): diethyl carbonate (DEC)=1:2 vol% (Jiangsu Guotai Super Power New Materials 

Co., Ltd. ). Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were 

carried out on a multi-channel potentiostat (PARSTAT MC, AMETEK). EIS plots were measured in 

the frequency range of 100 kHz to 10 mHz with an amplitude of 10 mV. For testing the apparent Li 

ion conductivity (σLi+) of PPS-QSSE and PE separator versus LiBF4 concentration (C LiBF4), the 

LiBF4 in FEC: DEC=1:2 vol% electrolytes with 15 different concentrations from 0 to 3.4 M LiBF4 

were used for assembling the stainless steel (SS)/SS symmetric cells. The SS|SS cells were kept rest 

for overnight before the testing to ensure the homogenous penetration of the liquid phase. The 



CLiBF4 value can be calculated as following: 

                  7 

where the film porosities are 9% and 42% for PPS-QSSE and PE separator, respectively. 

For the test of temperature-dependent σLi+ from -30 to 70 °C, the σLi+ was examined by EIS and 

calculated according to the Equation (3) 

                                       8 

where L is thickness of PPS-QSSE (cm), R is total resistance (Ω), and S is area of stainless steel 

disc (cm2). 

Charge/discharge analysis was performed galvanostatically with an 8-channel battery analyzer 

(Neware, BTS-5V6A) at room temperature (T=25 °C). For the HVLCO-Li-Cu cell, a 

constant-voltage charge at 4.4 V with limitation to 0.02 C was added following the galvanostatic 

charge procedure. For the NCM523-Li-Cu cell, the constant-voltage procedure was operated at 4.35 

V. 

5.4.2 Li transference number  

The transference number tLi+ can be estimated from the Bruce-Vincent-Evans (BVE) equation41, 

which is evaluated by potentiostatic polarization and EIS using a Li|Li symmetric cell: 

                                 9 

Where I0 and Iss are the initial and steady state currents before and after the potentiostatic 

polarization, respectively, ΔV is the potentiostatic polarization of 10 mV, R0 and RSS are the initial 

and steady state resistance, respectively. 

5.4.3 Electrochemical stability 
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The electrochemical stability of the electrolytes as estimated by linear sweep voltammetry (LSV) of 

the Li-SS cell at a scan rate of 1 mV s−1 from open circle voltage (OCV) to 6 V at 25 °C. 

5.4.4 Li-plating 

The Li-plating on Cu foil was performed by using gavanostatic charge, and the LiFePO4 (LFP) 

cathodes were used as the Li source and positive electrode, as illustrated in Figure S9. Solvent-free 

electrode process was adoped to fabricating the thick LiFePO4 electrode with high-loadings up to 10 

mAh cm-2, as we reported recently 21. The Li-plating currents from 0.25 to 2 mA cm-2 were used in 

this work. After the Li-plating procedure, the cell was opened up in the glove box and the LFP 

cathode was replaced by the HVLCO or NCM523 cathode. Trace of liquid dual-salt electrolyte was 

added for making the new cell. However, the total liquid dual-salt LiDFOB/LiBF4 electrolyte was 

controlled at 4 μL mAh-1 considering the Li-plating process.  

 

  



 

Reference 

1 Armand, M. & Tarascon, J. M. Building better batteries. Nature 451, 652-657, doi:10.1038/451652a (2008). 

2 Sun, Y., Liu, N. & Cui, Y. Promises and challenges of nanomaterials for lithium-based rechargeable batteries. 

Nature Energy 1, 16071, doi:10.1038/nenergy.2016.71 (2016). 

3 Goodenough, J. B. & Park, K.-S. The Li-Ion Rechargeable Battery: A Perspective. J. Am. Chem. Soc. 135, 

1167-1176, doi:10.1021/ja3091438 (2013). 

4 Xia, S., Wu, X., Zhang, Z., Cui, Y. & Liu, W. Practical Challenges and Future Perspectives of All-Solid-State 

Lithium-Metal Batteries. Chem 5, 753-785, doi:https://doi.org/10.1016/j.chempr.2018.11.013 (2019). 

5 Choudhury, S. et al. Solid-state polymer electrolytes for high-performance lithium metal batteries. Nat. 

Commun. 10, 4398, doi:10.1038/s41467-019-12423-y (2019). 

6 Han, X. et al. Negating interfacial impedance in garnet-based solid-state Li metal batteries. Nat. Mater. 16, 

572-579, doi:10.1038/nmat4821 (2017). 

7 Wan, J. et al. Ultrathin, flexible, solid polymer composite electrolyte enabled with aligned nanoporous host for 

lithium batteries. Nat. Nanotechnol. 14, 705-711, doi:10.1038/s41565-019-0465-3 (2019). 

8 Yuan, F., Chen, H.-Z., Yang, H.-Y., Li, H.-Y. & Wang, M. PAN–PEO solid polymer electrolytes with high ionic 

conductivity. Mater. Chem. Phys. 89, 390-394, doi:https://doi.org/10.1016/j.matchemphys.2004.09.032 (2005). 

9 Yu, X. et al. Selectively Wetted Rigid–Flexible Coupling Polymer Electrolyte Enabling Superior Stability and 

Compatibility of High-Voltage Lithium Metal Batteries. Adv. Energy Mater. 10, 1903939, 

doi:10.1002/aenm.201903939 (2020). 

10 Uma, T., Mahalingam, T. & Stimming, U. Conductivity and thermal studies of solid polymer electrolytes 

prepared by blending polyvinylchloride, polymethylmethacrylate and lithium sulfate. Mater. Chem. Phys. 85, 

131-136, doi:https://doi.org/10.1016/j.matchemphys.2003.12.012 (2004). 

11 Young, N. P., Devaux, D., Khurana, R., Coates, G. W. & Balsara, N. P. Investigating 

polypropylene-poly(ethylene oxide)-polypropylene triblock copolymers as solid polymer electrolytes for 

lithium batteries. Solid State Ionics 263, 87-94, doi:https://doi.org/10.1016/j.ssi.2014.05.012 (2014). 

12 Zhang, P. et al. Polymerized Ionic Networks with High Charge Density: Quasi-Solid Electrolytes in 

Lithium-Metal Batteries. Adv. Mater. 27, 8088-8094, doi:https://doi.org/10.1002/adma.201502855 (2015). 

13 Bai, S. et al. Permselective metal–organic framework gel membrane enables long-life cycling of rechargeable 

organic batteries. Nat. Nanotechnol., doi:10.1038/s41565-020-00788-x (2020). 

14 Porthault, H. et al. Development of a thin flexible Li battery design with a new gel polymer electrolyte 

operating at room temperature. J. Power Sources 482, 229055, 

doi:https://doi.org/10.1016/j.jpowsour.2020.229055 (2021). 

15 Liu, J. et al. Polyphenylene Sulfide Separator for High Safety Lithium-Ion Batteries. J. Electrochem. Soc. 166, 

A1644-A1652, doi:10.1149/2.1041908jes (2019). 

16 Zimmerman, M., A., Gavrilov, A., B. & Liu, T. ELECTROCHEMICAL CELL HAVING SOLID IONICALLY 

CONDUCTING POLYMER MATERIAL. USA patent US2020144620 (A1) (2020). 

17 Burba, C. M., Frech, R. & Grady, B. Stretched PEO–LiCF3SO3 films: Polarized IR spectroscopy and X-ray 

diffraction. Electrochim. Acta 53, 1548-1555, doi:https://doi.org/10.1016/j.electacta.2007.04.035 (2007). 

18 Lian, D., Zhang, R., Lu, J. & Dai, J. Performances and structure changes of neat PPS fiber and nano 

Ti-SiO2-modified PPS fiber after over-temperature oxidation. High Perform. Polym. 30, 328-338, 

doi:10.1177/0954008317696346 (2017). 

19 Black, R. M., List, C. F. & Wells, R. J. Thermal stability of p-phenylene sulphide polymers. Journal of Applied 



Chemistry 17, 269-275, doi:10.1002/jctb.5010171001 (1967). 

20 Gies, A. P., Geibel, J. F. & Hercules, D. M. MALDI-TOF MS Study of Poly(p-phenylene sulfide). 

Macromolecules 43, 943-951, doi:10.1021/ma902117u (2010). 

21 Zhou, H. et al. Dense integration of solvent-free electrodes for Li-ion supercabattery with boosted low 

temperature performance. J. Power Sources 473, 228553, doi:https://doi.org/10.1016/j.jpowsour.2020.228553 

(2020). 

22 Edmonds, J. J. T. & Hill, J. H. W. Production of polymers from aromatic compounds. US3354129 patent 

(1967). 

23 Muñoz, A. g. & Bessone, J. B. Pitting of aluminium in non-aqueous chloride media. Corros. Sci. 41, 

1447-1463, doi:https://doi.org/10.1016/S0010-938X(98)00199-1 (1999). 

24 Zhu, F. et al. High-Performance Metal–Organic Framework-Based Single Ion Conducting Solid-State 

Electrolytes for Low-Temperature Lithium Metal Batteries. ACS Appl. Mater. Interfaces 11, 43206-43213, 

doi:10.1021/acsami.9b15374 (2019). 

25 Liu, Z. et al. Electron transfer reaction between Au25 nanocluster and 

phenothiazine-tetrachloro-p-benzoquinone complex. Int. J. Hydrogen Energy 38, 16722-16726, 

doi:https://doi.org/10.1016/j.ijhydene.2013.06.030 (2013). 

26 Li, S.-Y. Charge-Transfer Reaction of L-Tyrosine with Tetrachlorobenquinone. Chinese Journal of 

Spectroscopy Laboratory 21, 1167-1170 (2004). 

27 Tabor, B. J., Magré, E. P. & Boon, J. The crystal structure of poly-p-phenylene sulphide. Eur. Polym. J. 7, 

1127-1133, doi:https://doi.org/10.1016/0014-3057(71)90145-5 (1971). 

28 Stoeva, Z., Martin-Litas, I., Staunton, E., Andreev, Y. G. & Bruce, P. G. Ionic Conductivity in the Crystalline 

Polymer Electrolytes PEO6:LiXF6, X = P, As, Sb. J. Am. Chem. Soc. 125, 4619-4626, doi:10.1021/ja029326t 

(2003). 

29 Zhang, P.-X. et al. Density functional theory investigations on the catalytic mechanisms of hydrazine 

decompositions on Ir(111). Catal. Today 165, 80-88, doi:https://doi.org/10.1016/j.cattod.2011.01.012 (2011). 

30 Liang, X. et al. In-Channel and In-Plane Li Ion Diffusions in the Superionic Conductor Li10GeP2S12 Probed 

by Solid-State NMR. Chem. Mater. 27, 5503-5510, doi:10.1021/acs.chemmater.5b01384 (2015). 

31 Louette, P., Bodino, F. & Pireaux, J.-J. Poly(sulfone resin) XPS Reference Core Level and Energy Loss Spectra. 

Surf. Sci. Spectra 12, 100-105, doi:10.1116/11.20050921 (2005). 

32 Sheng, O. et al. Mg2B2O5 Nanowire Enabled Multifunctional Solid-State Electrolytes with High Ionic 

Conductivity, Excellent Mechanical Properties, and Flame-Retardant Performance. Nano Lett. 18, 3104-3112, 

doi:10.1021/acs.nanolett.8b00659 (2018). 

33 Hayamizu, K., Matsuda, Y., Matsui, M. & Imanishi, N. Lithium ion diffusion measurements on a garnet-type 

solid conductor Li6.6La3Zr1.6Ta0.4O12 by using a pulsed-gradient spin-echo NMR method. Solid State Nucl. 

Magn. Reson. 70, 21-27, doi:https://doi.org/10.1016/j.ssnmr.2015.05.002 (2015). 

34 Hayamizu, K. & Seki, S. Long-range Li ion diffusion in NASICON-type Li1.5Al0.5Ge1.5(PO4)3 (LAGP) 

studied by 7Li pulsed-gradient spin-echo NMR. Phys. Chem. Chem. Phys. 19, 23483-23491, 

doi:10.1039/C7CP03647G (2017). 

35 Hayamizu, K. & Aihara, Y. Lithium ion diffusion in solid electrolyte (Li2S)7(P2S5)3 measured by 

pulsed-gradient spin-echo 7Li NMR spectroscopy. Solid State Ionics 238, 7-14, 

doi:https://doi.org/10.1016/j.ssi.2013.02.014 (2013). 

36 Park, H., Jung, K., Nezafati, M., Kim, C.-S. & Kang, B. Sodium Ion Diffusion in Nasicon (Na3Zr2Si2PO12) 

Solid Electrolytes: Effects of Excess Sodium. ACS Appl. Mater. Interfaces 8, 27814-27824, 

doi:10.1021/acsami.6b09992 (2016). 

37 Louli, A. J. et al. Diagnosing and correcting anode-free cell failure via electrolyte and morphological analysis. 



Nature Energy 5, 693-702, doi:10.1038/s41560-020-0668-8 (2020). 

38 West, W. C., Whitacre, J. F. & Lim, J. R. Chemical stability enhancement of lithium conducting solid 

electrolyte plates using sputtered LiPON thin films. J. Power Sources 126, 134-138, 

doi:https://doi.org/10.1016/j.jpowsour.2003.08.030 (2004). 

39 Yang, X. et al. Determining the limiting factor of the electrochemical stability window for PEO-based solid 

polymer electrolytes: main chain or terminal –OH group? Energ Environ Sci 13, 1318-1325, 

doi:10.1039/D0EE00342E (2020). 

40 Chen, L., Li, W., Fan, L.-Z., Nan, C.-W. & Zhang, Q. Intercalated Electrolyte with High Transference Number 

for Dendrite-Free Solid-State Lithium Batteries. Adv. Funct. Mater. 29, 1901047, 

doi:https://doi.org/10.1002/adfm.201901047 (2019). 

41 Evans, J., Vincent, C. A. & Bruce, P. G. Electrochemical measurement of transference numbers in polymer 

electrolytes. Polymer 28, 2324-2328, doi:https://doi.org/10.1016/0032-3861(87)90394-6 (1987). 

42 Weber, R. et al. Long cycle life and dendrite-free lithium morphology in anode-free lithium pouch cells 

enabled by a dual-salt liquid electrolyte. Nature Energy 4, 683-689, doi:10.1038/s41560-019-0428-9 (2019). 

43 Rahate, A. S., Nemade, K. R. & Waghuley, S. A. Polyphenylene sulfide (PPS): state of the art and applications. 

Rev Chem Eng 29, 471, doi:https://doi.org/10.1515/revce-2012-0021 (2013). 

44 Sand, H. J. S. On the Concentration at the Electrodes in a Solution, with special reference to the Liberation of 

Hydrogen by Electrolysis of a Mixture of Copper Sulphate and Sulphuric Acid. Proceedings of the Physical 

Society of London 17, 496-534, doi:10.1088/1478-7814/17/1/332 (1899). 

45 Wang, C. et al. Controlling Li Ion Flux through Materials Innovation for Dendrite-Free Lithium Metal Anodes. 

Adv. Funct. Mater. 29, 1905940, doi:https://doi.org/10.1002/adfm.201905940 (2019). 

46 Bai, S. et al. High-Power Li-Metal Anode Enabled by Metal-Organic Framework Modified Electrolyte. Joule 2, 

2117-2132, doi:https://doi.org/10.1016/j.joule.2018.07.010 (2018). 

47 Xu, Y. et al. Ion-Transport-Rectifying Layer Enables Li-Metal Batteries with High Energy Density. Matter 3, 

1685-1700, doi:https://doi.org/10.1016/j.matt.2020.08.011 (2020). 

48 Berg, E. J., Villevieille, C., Streich, D., Trabesinger, S. & Novák, P. Rechargeable Batteries: Grasping for the 

Limits of Chemistry. J. Electrochem. Soc. 162, A2468-A2475, doi:10.1149/2.0081514jes (2015). 

49 Chazalviel & J.-N. Electrochemical aspects of the generation of ramified metallic electrodeposits. Phys Rev A 

42, 7355-7367 (1990). 

50 Kushima, A. et al. Liquid cell transmission electron microscopy observation of lithium metal growth and 

dissolution: Root growth, dead lithium and lithium flotsams. Nano Energy 32, 271-279, 

doi:https://doi.org/10.1016/j.nanoen.2016.12.001 (2017). 

51 Zhang, J. et al. Safety-Reinforced Poly(Propylene Carbonate)-Based All-Solid-State Polymer Electrolyte for 

Ambient-Temperature Solid Polymer Lithium Batteries. Adv. Energy Mater. 5, 1501082, 

doi:https://doi.org/10.1002/aenm.201501082 (2015). 

52 Fan, R. et al. Versatile Strategy for Realizing Flexible Room-Temperature All-Solid-State Battery through a 

Synergistic Combination of Salt Affluent PEO and Li6.75La3Zr1.75Ta0.25O12 Nanofibers. ACS Appl. Mater. 

Interfaces 12, 7222-7231, doi:10.1021/acsami.9b20104 (2020). 

53 Niu, C. et al. High-energy lithium metal pouch cells with limited anode swelling and long stable cycles. Nature 

Energy 4, 551-559, doi:10.1038/s41560-019-0390-6 (2019). 

54 Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a 

plane-wave basis set. Physical Review B 54, 11169-11186, doi:10.1103/PhysRevB.54.11169 (1996). 

55 Kresse, G. & Furthmüller, J. Efficiency of ab-initio total energy calculations for metals and semiconductors 

using a plane-wave basis set. Computational Materials Science 6, 15-50, 

doi:https://doi.org/10.1016/0927-0256(96)00008-0 (1996). 



56 Perdew, J. P., Ernzerhof, M. & Burke, K. Rationale for mixing exact exchange with density functional 

approximations. The Journal of Chemical Physics 105, 9982-9985, doi:10.1063/1.472933 (1996). 

57 Sethuraman, V., Mogurampelly, S. & Ganesan, V. Ion transport mechanisms in lamellar phases of salt-doped 

PS-PEO block copolymer electrolytes. Soft matter 13, 7793-7803, doi:10.1039/c7sm01345k (2017). 

58 Wang, V., Xu, N., Liu, J., Tang, G. & Geng, W. VASPKIT: A User-friendly Interface Facilitating 

High-throughput Computing and Analysis Using VASP Code.  (2019). 

59 Uberuaga, B. & Jonsson, H. A Climbing Image Nudged Elastic Band Method for Finding Saddle Points and 

Minimum Energy Paths. J. Chem. Phys. 113, 9901-9904, doi:10.1063/1.1329672 (2000). 

60 Henkelman, G. & Jónsson, H. Improved tangent estimate in the nudged elastic band method for finding 

minimum energy paths and saddle points. The Journal of Chemical Physics 113, 9978-9985, 

doi:10.1063/1.1323224 (2000). 

61 Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab initio parametrization of density 

functional dispersion correction (DFT-D) for the 94 elements H-Pu. The Journal of Chemical Physics 132, 

154104, doi:10.1063/1.3382344 (2010). 

62 Martínez, L., Andrade, R., Birgin, E. G. & Martínez, J. M. PACKMOL: A package for building initial 

configurations for molecular dynamics simulations. Journal of Computational Chemistry 30, 2157-2164, 

doi:https://doi.org/10.1002/jcc.21224 (2009). 

63 Hutter, J., Iannuzzi, M., Schiffmann, F. & VandeVondele, J. cp2k: atomistic simulations of condensed matter 

systems. WIREs Computational Molecular Science 4, 15-25, doi:https://doi.org/10.1002/wcms.1159 (2014). 

64 VandeVondele, J. et al. Quickstep: Fast and accurate density functional calculations using a mixed Gaussian 

and plane waves approach. Computer Physics Communications 167, 103-128, 

doi:https://doi.org/10.1016/j.cpc.2004.12.014 (2005). 

 



Figures

Figure 1

PPS-based SPE design, fabrication and characterization. (a) MSD versus diffusion time of Li transport in
PPS crystal bulk along X, Y, and Z directions. (b) The likelihood Li diffusion pathways in bulk and
exposed (002) plane of PPS crystal with minimum Li diffusion energy barriers. (c) Schematic
representation of the fabrication route for the PPS-SPEs. (d) SEM images of the surface and cross-
section of the PPS-SPE �lm. (e) FIB-SEM of the cross-section of PPS-SPE and EDS element mapping of O,
Cl, S, C. (f) Comparison of the O1s deconvolutions for the XPS results of the TCBQ, PPS, lithiated PPS



powder, and PPS-based SPE. (g) Comparison of the 1H chemical shift spectra of the PPS, lithiated PPS
powder, and PPS-based SPE tested by SSNMR.

Figure 2

Principle of the Li ion conduction and anions immobilization in PPS-QSSE. (a) 7Li diffusion coe�cient of
PPS-SPE with 5 wt% TCBQ measured by PFG-SSNMR (inset shows the photograph of PPS-SPE
fabricated by our pilot line). (b) Li ion conductivities of the PPS-QSSE and 5 μm commercial PE separator
with LiBF4 in FEC:DEC=1:2 vol% measured at 25 °C versus the concentration of added LiBF4 per polymer



solid volume. Li conduction activation energy (Ea) of the PPS-QSSE versus the LiBF4 concentration at
high-temperature region of 25-70 °C. (c) FIB-SEM and EDX mapping of the cross-section of PPS-QSSE
after cycling in LIB. (d) AIMD calculation: two adjacent lithiated PPS particles with/without DEC solvent
before and after the Li diffusion in vacuum. (e) EIS plots of the PPS-QSSE (CLiBF4+ LiDFOB=0.58 mmol
cm-3) at temperatures from -30 to 70 °C. Arrhenius plots of PPS-QSSE to determine the activation energy
(Ea). (f) Lithium transference number (tLi+) of dual-salt LiDFOB/LiBF4 electrolyte and tLi+ value versus
the wt% of TCBQ in PPS-QSSE; EIS before and after polarization of the PPS-QSSE with 5 wt% TCBQ; the
current-time curve at 10 mV of polarization. (g) Charge difference densities before and after the dipole
adsorption between BF4/DFOB and TCBQ and the formation energies. (h) Comparison of the 19F SSNMR
spectra of the dual-salt LiDFOB/LiBF4 mixture, lithiated PPS powders with and without TCBQ after
mixing drying with the dual-salt electrolyte, the fresh PPS-SPE, and cycled PPS-QSSE. (I) LSV curves at a
scan speed of 1 mV s-1 in the SS/Li cells for PPS-QSSE with different content of TCBQ and PE separator
with dual-salt electrolyte.



Figure 3

Homogenous Li-plating through PPS-QSSE. (a) SEM image of Li-plating on Cu foil surface through PE
separator with dual-salt LiDFOB/LiBF4 electrolyte at 1mA cm-2 for 2h. (b) SEM image of Li-plating on Cu
foil surface through PPS-QSSE at 1mA cm-2 for 2h. (c) SEM image of Li-plating on Cu foil surface
through PPS-QSSE at 2 mA cm-2 for 1h. (d) (e) (f)Cross-sectional SEM image of the sample for (a) (b) (c).
(g) Galvanostatic charge and discharge (GCD) cycling of the Li–Cu cells assembled with PPS-QSSE and
PE with dual-salt electrolyte at 2 mA cm−2 and constant capacity of 1 mAh cm−2.



Figure 4

Li metal battery with limited Li-plating Cu anode or anode-free Cu. (a) GCD curves of HVLCO-Li-Cu cell at
different current rates from 0.1 to 1 C. (b) Cycling performance of HVLCO-Li cells assembled using the
PPS-QSSE with/without TCBQ and commercial PE separator at 0.5C charge and 1C discharge. (c) Cycling
performance of HVLCO-Li-Cu cells with PPS-QSSE and Li-plated Cu foil anodes using 2 mA cm-2 and
different plating times. (d) GCD curves of anode-free and solvent-free LNMO-Cu cell at 0.2C for 12 cycles.
Insertion is hot rolling process for fabricating the free-standing LNMO �lm. (e) Cycling performance of the



solvent-free LNMO cells with PPS-QSSE and anode free Cu, Li-plated Cu (1 mAh cm-2), Li metal anode
with a thickness of 150 µm, and graphite anode supplied by Ampreus (Wuxi) Co., Ltd. at 0.2 C (1 C=120
mAh g-1). (f) Cycling performance of High loading HVLCO-Li-Cu cell and NCM523-Li-Cu cell.
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