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ABSTRACT: Slow ion transport kinetics hinder the development
of solid polymer electrolytes in lithium metal batteries. Herein, we
adopt the electron-deficient Li;S¢" as an electrophilic initiator to
induce the ring-opening copolymerization of 1,3-dioxolane and
ethylene glycol diglycidyl ether in a precursor solution. The Li;S4*
in prepared polymer electrolyte (FITSE) improves both ionic
conductivity and Li* transference number while generating a
gradient sulfur-containing SEI layer to promote uniform lithium
deposition. The LillFITSEIILFP cell delivers a high initial capacity Lie ~ ‘
of 138.8 mAh g™ with a capacity retention of 94.6% over 250
cycles at 1 C and maintains a capacity of 60.96 mAh g~' over 130

[l Metrics & More ’ Q Supporting Information

v Uniform lithium deposition ~—— Cellulose separator

=+ Coordinate bond

cycles even at —10 °C.

v Directional ion transport channel

¥ Fastion transport Ion transport path

KEYWORDS: ion transport kinetics, electrophilic effect, polysulfide cations, polymer network, lithium deposition

1. INTRODUCTION

Lithium metal batteries (LMBs) dominate portable electronic
devices due to the use of lithium metal anodes, which offer a
unique high theoretical specific capacity (3860 mAh g™*) and
extremely low reduction potential (—3.04 V vs standard
hydrogen electrode). However, LMBs with liquid electrolytes
still face a potential leakage risk and poor chemical stability
toward high-voltage cathode materials. All-solid-state electro-
lytes are suggested to make up for the above-mentioned
shortcomings.” Among various kinds of solid-state electrolytes,
solid polymer electrolytes (SPEs) have received tremendous
attention in terms of their flexibility and excellent electrode
interface compatibility.” Over the years, SPEs have evolved
from traditional polyether-based SPEs (such as PEO, 107"—
107° S cm™) with limited ionic conductivity’ to complex
architectures incorporating cross-linked polymer networks,
block copolymer electrolytes,” and organic—inorganic compo-
site electrolytes.” Unfortunately, the lack of fluidity in polymer-
based electrolytes impedes the efficient ion migration in solid-
state phases.”

The strategy of in situ polymerizing liquid monomers
enables the precursor solution to infiltrate the electrodes and
electrolyte, facilitating the formation of ion transport net-
works.”'" In contrast to the copolymerization of alkenes, the
linear polydioxolane (PDOL) derived from the ring-opening
polymerization of 1,3-dioxolane (DOL) features superior
interfacial compatibility with a lithium metal anode and ionic
conductivity (>0.1 mS cm™, 25 °C)."" The ring-opening
polymerization of DOL can be initiated through several

© 2025 American Chemical Society

7 ACS Publications

strategies, including electrochemical activation,” electrophilic
initiators,"> and free radical induction.'* Recently, Lewis acids
(LiPF4, Al(OTY);, InCl,, etc.) have emerged as effective and
selective ring-opening strategies. They activate the monomer
through coordination with the oxygen atom as electrophilic
initiators, enabling the reaction to proceed under milder
conditions.'” However, the above approaches of ring-opening
DOL resulted in substantial residual DOL in overly rapid
polymerization, thereby deteriorating the solid electrolyte
interface (SEI) on the lithium anode.'® Moreover, the linear
PDOL is apt to fail in suppressing lithium dendrite growth due
to its insufficient mechanical strength. Therefore, developing
an ideal polymerization initiator that can effectively induce
ring-opening polymerization and simultaneously promote the
stable SEI layer remains a current research focus.

We utilized the cationic compound (LiySs*") derived from
lithium polysulfides to activate epoxy groups, promoting the
open-chain addition reaction between polymer monomers.
Previously, the application of polysulfides in LIBs was limited
due to the instability in air.'” Herein, a polysulfide-loaded
cellulose separator (denoted as Li,S¢@CS) was employed as
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Figure 1. (a) Schematic diagram of FITSE prepared by modifying the separator and in situ polymerization, with an enlarged illustration on the
right showing ion transport within FITSE. (b) Polymerization mechanism diagram of FITSE. (c) The polymerization mechanism diagram of

FITSE.

the supporting scaffold and subsequently impregnated with the
polymer precursor solution consisting of lithium salts,
succinonitrile (SN), ethylene glycol diglycidyl ether (EGDE)
monomers, and DOL. Polysulfides first spontaneously react
with lithium salts in the precursor solution to generate
polysulfide cations (Li;Ss"), which then act as electrophiles to
attack the epoxy groups of EGDE and form active
intermediates (Li,Ss"-EGDE). Difluoro(oxalato)borate(1—)
(LiDFOB)-derived DOL radicals easily attack the LiyS4*-
EGDE intermediates and initiate a ring-opening polymer-
ization reaction. Finally, the ring-opened EGDE copolymerizes
with DOL to form extended polymer long chain. Li;Ss" not
only accelerates the copolymerization of DOL and EGDE but
also acts as fast ion conductors uniformly distributed around
the polymerization sites after EGDE ring-opening to further
construct an efficient ion transport network (FITSE). More
importantly, polysulfides can also generate high-valence sulfur-
containing species during cycling, which are beneficial for SEI
formation and uniform lithium deposition. In contrast to linear
PDOL, FITSE exhibits superior stretchability and dendrite
suppression. It achieves excellent ionic conductivity (5.91 X
107* S cm™, 25 °C) and an electrochemical stability window
(~5.1V). The LillLi cells with FITSE exhibited stable plating/
stripping of lithium metal at a current density of 0.5 mA cm™?,
while LillFITSEILLFP cells maintained high specific capacity
even at low temperature (—10 °C) and high current density (3
C).

2. RESULTS AND DISCUSSION

The preparation process and design concept of FITSE are
illustrated in Figure 1. Li,S¢ was selected as the key polysulfide

in this paper due to its high ionic conductivity.'® First, the
lithium polysulfide (Li,Ss) solution was dropped onto a
cellulose separator (CS) to obtain the Li,Ssloaded separator
(designated as Li,S¢@CS), followed by injecting the polymer
precursor solution containing lithium salts, succinonitrile
(SN), ethylene glycol diglycidyl ether (EGDE) monomers,
and DOL into Li,S¢@CS (Figure 1a) and curing at 60 °C for
12 h to obtain the electrolyte membrane (FITSE). The
polymer matrix can not only provide the adsorption sites for
the lithium-ion coordination but also provide combination
sites for the polysulfide ions. The incorporation of polysulfides
further regulates Li* migration in the electrolyte membrane
(Figure 1b). The polymerization mechanism in FITSE is
shown in Figure lc. Li,S4 readily binds with Li* from LiTFSI
to form cationic polysulfides (Li;Ss*)."” Owing to the Lewis
acid property, Li;S" is prone to function as the electrophilic
initiator, attacking electron-deficient regions of the reactants.
Therefore, Li;S4* can react with the electron-rich epoxy groups
of EGDE to generate the complexed active intermediates
(Li3S¢™-EGDE) in a process termed the electrophilic reaction
pathway.'"*° Subsequently, DOL radicals induced by LIDFOB
attack the Li3S,"-EGDE complex, triggering ring-opening
copolymerization with DOL and facilitating extension of the
polymer network. However, the detached Li;Ss* were
uniformly dispersed around the EGDE chain segments of the
copolymer via electrostatic adsorption, forming ion transport
channels to promote Li" migration in FITSE.

Electron spray ionization mass spectrometry (ESI-MS) was
employed to detect Li;Ss" and analyze sulfur species in
different Li,S¢ solution. With extra LiTFSI, the intensity of the
cationic Li;S¢* (m/z = 303, with one DME as the solvation
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sheath) characteristic peak increases significantly (Figure S1),
demonstrating the strong association tendency between Li,S4
and Li". LIDFOB-derived DOL radicals then easily attack the
Li;Ss*-EGDE intermediates and initiate a ring-opening
polymerization reaction. During the polymerization reaction
process, LIDFOB plays the key role to induce the elongation of
the DOL chain, while the other solution remained in the flow
state after keeping them at SO °C for S days (Figure S2).
The optical photos of the Li,S¢; separator and polymer
matrix after polymerization are illustrated in Figure 2a, where

(e) 16 epoxy group
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Figure 2. (a) Optical photos of Li,S¢-CS and the polymerized
polymer matrix. (b) Stretch properties of the polymer matrix. (c)
Optical photos of the Li,S; separator and polymer matrix after
polymerization. (d) Interaction energy of the cation polysulfide
(LisS¢*) binding with different functional groups in the EGDE
monomer. (e) FTIR spectra of EGDE and precipitates produced by
mixing EGDE in a Li,S4 solution. (f) Raman results of different
reaction stages between polysulfides and EGDE. (g) Peak fitting
analysis of Raman spectra for FITSE in relation to the Li,S4 separator.

the Li,S¢ separator appears light yellow, and the polymer
matrix exhibits a homogeneous and transparent appearance
(Figure S3 shows the optical image of the polymer precursor

solution). Furthermore, the polymer matrix shows excellent
stretchability (Figure 2b). After compositing with Li,Ss@CS,
the FITSE demonstrates both plasticity and gel-like character-
istics and also maintains superior stretchability inherited from
the polymer matrix compared to the TF separator (Figure S4).
During the experiment, it was surprisingly observed that
Li,S¢@CS rapidly faded after dropping the polymer precursor
solution (Figure 2c), indicating reactions with solution
components. Subsequently, the formation of Li;Ss*-EGDE
active intermediates was visualized (Figure SS). In contrast, the
LiTFSI-containing Li,S4 solution produced heavy precipitation
after adding EGDE, further indicating the electrophilic reaction
of LiyS¢". Li,S¢ was introduced into the mixed solution
containing two lithium salts and SN to monitor the precursor
changes. The solution presented the characteristic color of
polysulfides, which faded rapidly after adding EGDE, followed
by the formation of a turbid precipitate after placing (Figure
S6). This observation is consistent with the results shown in
Figure SS5. Subsequently, as the degree of polymerization
increased, the polymer matrix gradually regained a brown-
yellow appearance and became transparent. The color
transformation in the process indicates that polysulfides are
re-released after EGDE ring-opening triggered by LiDFOB,
which further proves the complexation between polysulfides
and epoxy groups in EGDE.

The binding energy of three addition products revealed that
the complex formed between one Li;S¢" and two epoxy groups
of one EGDE showed the lowest binding energy (—9.44 V),
indicating a relatively stable state from a thermodynamic
perspective (Figure 2d). Furthermore, the Fourier transform
infrared (FTIR) analysis of the precipitated addition product
from the polymer precursor after adding Li,S¢ showed a shift in
the epoxy bond characteristic peak of EGDE from 910 cm™" to
924 cm™}, demonstrating the interaction between the
polysulfides and epoxy groups (Figure 2e). The characteristic
peaks of Raman at 211, 432, and 465 cm™' in the Li,Sg
solution correspond to a Li,Sg, Li,S¢, and Li,S, mixture and
Li,S (Figure 2f).”"** This is attributed to the disproportio-
nation reaction of Li,Se.>® All polysulfide-related peaks
disappeared after adding EGDE, along with C—O—C and
epoxy group signals from EGDE. After cycling in the LFPI|
FITSEIILi cell, polysulfides reappeared in the electrolyte,
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Figure 3. (a) Nyquist plots and (b) Arrhenius curve of FITSE at different temperatures. (c) Chronoamperometry profile of LillFITSEIILi
symmetric batteries and the Nyquist impedance spectra before and after polarization. (d) LSV curves of PDOL and FITSE. (d) In situ optical
microscopy observation of lithium deposition using different electrolytes with increasing discharging time. (e) In situ optical microscopy
observation of lithium deposition using different electrolytes with increasing discharging time.
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Figure 4. (a) Cycling performance of LillLi symmetric batteries with FITSE and FITSE-0. Cycling stability of Lill[FITSE-OllILFP and LillFITSEIILFP
at (b) 1 C, (c) 2 C, and (d) 3 C. (e) Rate performance of the LillFITSEILFP cell at step-increased C-rates. (f) Cycling stability of the cell with

FITSE under a rate of 0.1 C at —10 °C.

indicating their release and immobilization within the electro-
lyte structure during cycling. Moreover, the free TFSI™ and
coordinated TFSI™ were further detected by Raman analysis.
Compared with Li,Ss-free SPEs (Figure S7), the higher
proportion of free TFSI” in FITSE (Figure 2g) proves
enhanced lithium salt dissociation and improved Li* transport
efficiency. The nuclear magnetic resonance (NMR) spectra of
"Li confirmed the coordination environment in SPEs (Figure
S8). The "Li NMR spectrum showed a downfield shift in
polymerized EGDE+Li,S4 compared to the pure Li,S¢ solution,
indicating reduced electron density around Li* and an increase
in free Li*,)** further verifying the Raman results from the
Li,S4-containing separator.

To investigate the effect of Li,S¢ on the ion transport
kinetics of the FITSE electrolyte, the ionic conductivity and
the corresponding activation energy of FITSE with varying
Li,S¢ content were measured (Figure 3a,b, Figure S9a,b, Figure
S10a,b, and Figure S1la,b). Different amounts of Li,Ss were
named FITSE-x (x = 0, 10, 20, 30 uL). As a result, FITSE-10
showed the highest ionic conductivity (5.91 X 107*S cm™/, 25
°C) and the lowest activation energy (0.803 eV) and was
consequently selected for subsequent electrochemical tests
(abbreviated as FITSE). In addition, FITSE achieved a high
Li* transference number (¢, = 0.85), which is 1.33 times
higher than that of FITSE-0 (Figure 3c, Figures S9c—S11c).
The results indicate polysulfide can improve the ionic
conductivity and lower the ionic transfer energy barrier for
enhanced ionic transport kinetics in the electrolyte. The
electrochemical stability window of FITSE is over 4.8 V
(Figure 3d), endowing superior antioxidant capabilities
compared to linear PDOL (4.05 V).'"* The curves of cyclic
voltammetry (CV) have a highly consistent redox behavior,
indicating the superior electrochemical stability of FITSE
(Figure S12). To visualize the lithium deposition behavior
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during cycling, in situ optical microscopy images reveal
uniform lithium deposition with negligible dendrite growth
during discharge in FITSE, in contrast to uneven lithium
deposition in the PDOL electrolyte (Figure 3e). This result
demonstrates that FITSE contributes to Li plating/stripping
processes.

Rate performances of the LillLi symmetric cell with FITSE
reveal superior lithium deposition/stripping behavior, main-
taining a stable square-wave voltage—time curve even at 1.2
mA cm™% However, the LilPDOLIILi symmetric cell exhibits a
large overpotential, and a sawtooth pattern followed by short-
circuiting occurs (Figure S13). The LillLi symmetric cell with
FITSE has maintained a stable low overvoltage of 15 mV over
500 h at a current density of 0.5 mA cm™2, demonstrating its
excellent lithium deposition/stripping behavior (Figure 4a).
Unfortunately, after only 50 cycles, the overpotential
fluctuation of the cell with PDOL increased steeply, indicating
that the electrode—electrolyte interface was severely degraded.
In addition, we also evaluated the stability of symmetric cells
assembled with FITSE-x (x = 0, 20, 30). Their overpotentials
were slightly higher than that of FITSE (Figure S14). We
speculate that excessive polysulfides can affect the interface
layer of the lithium anode. Subsequently, the lithium metal was
further analyzed by SEM and in-depth X-ray photoelectron
spectroscopy (XPS) spectra to investigate the formation of the
SEI layer (Figures S15, S16). As the etching time increases, the
gradient architecture with an organic-rich outer layer and
inorganic-rich inner layer significantly can enhance the stability
and cycling performance of batteries.”*>” The LillLEP cell was
assembled to evaluate the performance of the FITSE
electrolyte under practical charge—discharge conditions. The
LillLFP cell using FITSE exhibits 153.4, 150.8, 147, 140.2,
125.4, and 98.4 mAh g™' at a rate of 0.1, 0.2, 0.3, 0.5, 1, and 2
C, respectively (Figure 4e). Figure 4b—d show the cycling
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performance of LillLFP cells with FITSE and FITSE-0 at 1, 2,
and 3 C, respectively. The cell with FITSE delivers a higher
initial discharge capacity of 138.8 mAh g™' and exhibits a high-
capacity retention of over 94.6% with an average CE of 99.87%
after 250 cycles at 1 C. Even at higher current density, the Lill
FITSEIILFP cell also exhibits excellent cycling stability (Figure
4d). In contrast, the cell with FITSE-O exhibits a lower initial
capacity of 128.3 mAh g ' at 1 C, and its capacity decreases as
the current density increases, which were all lower than those
of the LillIFITSEIILFP cells. Furthermore, the electrochemical
performance of LillPDOLIILFP cells from the recently
published literature was compared to further demonstrate the
advantages of FITSE (Table S1). Even at —10 °C, the LillLFP
cell with FITSE can also deliver at least stable cycling of 130
cycles at 0.1 C.

3. CONCLUSION

In summary, a high-performance solid polymer electrolyte
(FITSE) with fast ion transport and uniform lithium
deposition capability was designed through a Li;S¢" electro-
philic modulation strategy. Li;Ss" initiates the copolymeriza-
tion of EGDE and DOL through reactive intermediates
(Li3S¢™-EGDE). The detached LiyS¢" uniformly distributes
around the polymerization sites, forming ion-conducting
pathways and regulating the ion transport kinetics in FITSE,
achieving ionic conductivity of up to 5.91 X 10™* S cm™ (25
°C). FITSE shows a high t;, (0.88) and electrochemical
stability window (~5.1 V) to imply excellent ion transport
kinetics. Furthermore, polysulfide-derived high-valence sulfur-
containing products (Li,SO; and Li,SO,) promote uniform
lithium deposition during cycling, allowing the Lill[FITSEIILi
cell to stably cycle for 500 h at 0.5 mA cm 2. The LillFITSEIl
LFP cells also deliver outstanding rate performance and cycling
stability and operate stably even at —10 °C.
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