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Abstracts: The chemical composition of the solid electrolyte interphase (SEI) at Li 

anode/electrolyte interface are critical to the performance of lithium metal batteries. Herein, we 

designed a functional ionic salt (DG-Cl) with a π-conjugated structure, aiming to enhance the 

electronic delocalization of the filler to regulate the bond-breaking kinetics and promote the 

formation of the effective components of SEI. Density functional theory (DFT) verify that DG-

Cl is capable of releasing Cl- directionally under an electric field and subsequently combining 

with Li+ to form LiCl. Simultaneously, DG-Cl can anchor TFSI- via cationvacancies. Besides, 

through its strong electron delocalization capability, DG-Cl could facilitate the cleavage of C-

F bonds of TFSI- during the binding process (with charge transfer reaching up to 1.8453 e-), 

thereby promoting the formation of more LiF. XPS and TOF-SIMS confirmed the in-situ 

uniform co-growth of LiF-LiCl on the SEI, which facilitatse the Li-ion transport kinetics and 

regulates the lithium deposition behavior. Impressively, the lithium symmetric batteries 

delivers ultralong cycling stability over 4000 hours at 0.1 mA cm-2 and over 2200 hours at 0.2 

mA cm-2 while the Li/LiFePO4 full cells possess 82.04% capacity retention after 800 cycles at 

2 C. Besides, this approach to regulating electron transfer at the molecular level guarantees the 

outstanding cycling performance of pouch cells. After 150 cycles, the battery retention rate was 

96.6%. This work proposes a new approach to achieving a high-performance and stable lithium 

metal batteries (LMBs).
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Introduction

All-solid-state lithium-metal batteries (ASSLMBs) are a top candidate for future energy 

storage, they offer two key benefits: inherent safety and superior energy density.[1,2] Polymer 

solid electrolytes have garnered significant research interest due to their outstanding flexibility 

and processability.[3,4] However, the lithium anode's high reactivity leads to continuous 

electrolyte side reactions. This results in an unstable SEI layer that repeatedly breaks down and 

reforms.[5,6] This continuous process consumes both the electrolyte and lithium ions, thereby 

increasing resistance and causing a decline in battery capacity.[7] In addition, the fragile SEI 

lacks the mechanical strength and electronic insulation necessary to suppress electron tunneling 

and regulate ion flux. As a result, uneven lithium deposition and rampant dendrite growth result 

in deteriorated cycle life.[8] Consequently, the rational design and construction of a stable SEI 

layer is crucial for improving overall battery performance.[9-11]

LiF is widely regarded as as an optimal component for SEI due to its sufficiently low Li+ 

diffusion barrier and exceptional mechanical strength.[13] Typically, LiF arises from the 

cleavage of the C-F bond within the anion of lithium salts present in the electrolyte.[13] 

Therefore, precisely controlling the kinetics of C-F bond cleavage is essential for constructing 

a LiF-rich SEI layer. This can be achieved through various strategies, such as introducting polar 

functional groups to enhance charge transfer efficiency or creating charge storage reservoirs to 

enhance the charge transfer numbers, both of which promote the formation of a robust LiF-rich 

SEI layer. Li and his team introduced polar functional groups (C=O), thereby inducing electron 

transfer to LiTFSI and promoting C-F bond breakage, ultimately leading to LiF formation.[14] 

Chen et al. constructed a LiF-rich SEI by introducing porphyrin-based covalent organic 

frameworks (COFs), which induced the cleavage of TFSI- through electronic redistribution 

within the hetero-segments of the structural nodes.[15] However, due to F- strong 

electronegativity, LiF exhibits low Li+ conductivity (≈10-31 S cm-1), which significantly hinders 

lithium ion transport at the electrode interface, thereby increasing the interfacial impedance of 

the battery.[16] This can result in significant polarization effects during charging and discharging, 

which may lead to premature battery failure.[17,18] By designing fillers with electronic 

delocalization capabilities, it is possible to catalyze the formation of other inorganic 

components with high Li+ conductivity at the molecular level. This approach can effectively 
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address the drawbacks brought by a single LiF-rich SEI and simultaneously enhance the 

interface stability of the battery.

In recent years, LiCl has attracted considerable attention as a vital component of the 

electronically insulating SEI, owing to its outstanding ionic conductivity (≈10-8 S cm-1),[19] wide 

electrochemical stability window, and effective barrier against lithium-ion migration.[20] Wu et 

al. developed a mechanically flexible yet rigid bi-protective layer composed of LiCl-rich SEI 

on a lithium anode. This layer not only mitigates dendrite growth but also promotes rapid Li+ 

transport, leading to uniform lithium deposition.[21] However, the SEI layer predominantly 

consisting of LiCl exhibits poor mechanical strength with a Young's modulus of approximately 

50 GPa and struggles to accommodate volume changes during repeated lithium 

plating/stripping cycles.[22,23] This inherent brittleness renders it susceptible to crack and 

exposes fresh lithium surfaces, consequently triggering dendrite growth.[24,25] As an essential 

component of the SEI, LiF exhibits strong mechanical strength, which can effectively 

compensate for the shortcomings of LiCl. Therefore, the combination of LiCl and LiF can 

significantly enhance interface stability and further enhance the electrochemical performance 

of the battery.

In this study, we developed a weakly bonded cationic organic ionic salt (DG-Cl), as 

depicted in Fig. 1a. Subsequently, the synthesized ionic salt (DG-Cl, DG-F) was incorporated 

as a functional filler into PEO-LiTFSI matrix to fabricate a composite electrolyte material. This 

composite SEI layer synergistically leverages the excellent mechanical stability of LiF and the 

high ionic conductivity of LiCl, thereby concurrently enhancing the mechanical robustness, 

electrochemical stability, and lithium-ion transport kinetics of the interfacial film. The in-situ 

growth of LiF-LiCl SEI at the Li/ electrolyte interface was confirmed by XPS/TOF-SIMS 

analysis. First-principles calculations combined with AIMD simulations have revealed the in-

situ growth mechanisms of LiF and LiCl under the DG-Cl dual functional roles of electron 

transfer and electron anchoring. The DG-Cl can reduce Li+-TFSI- complexation strength, 

enhancing lithium-ion liberation and enabling efficient C-F bond dissociation via electron 

transfer mechanisms. Simultaneously, under the influence of an electric field, Cl- undergoes 

ionization and subsequently combines with free Li+ to form LiCl, leading to the formation of a 

LiF-LiCl hybrid SEI layer at Li/SPE interface, which facilitatse the Li-ion transport kinetics 
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and regulates the lithium deposition behavior. Compared with single LiF-rich SEI lithium 

symmetric cells with LiF-LiCl rich SEI demonstrated prolonged cycling stability exceeding 

4000 hours at 0.1 mA cm-2, significantly outperforming sigle LiF-rich SEI, which failed after 

approximately 2200 hours. Additionally, the PEO-DG-Cl full cell retains a capacity of 82.04% 

after 800 cycles at 1 C and 80.6% after 800 cycles at 2 C. Moreover, it shows good cycling 

performance at room temperature.

Fig. 1 (a) Schematic illustrating filler preparation procedures and its mechanism of action in 

electrolytes. SEM and EDS of the powders. (b) DG-Cl. (c) DG-F. (d) The FTIR of the reactive 

monomers TG-Cl and 5-ND, as well as the synthesized compounds DG-Cl and DG-F. (e) 13C 
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NMR of powders DG-Cl and DG-F. 

Results and Discussion

2.1 Structural characterisation of DG-Cl and DG-F

The synthesis of the target compound DG-Cl is predicated on the Schiff base reaction 

between 5-nitrosalicylaldehyde (5-ND) and diaminoguanidine hydrochloride (TG-Cl),[26] as 

illustrated in Fig. 1a. To validate the synthesis process and elucidate the structure of the 

resultant product, we conducted a comprehensive characterization utilizing Fourier transform 

infrared spectroscopy (FTIR) and nuclear magnetic resonance spectroscopy (NMR). The FTIR 

shown in Fig. 1d indicates that the characteristic peak of the -C=O- group from the 5-ND 

monomer at 1662 cm-1, as well as the peaks corresponding to the primary amine group (-NH2-) 

of TG-Cl at 3428 and 3308 cm-1, completely vanished after the reaction. new bending vibration 

peak for -NH- appeared at 3431 cm-1. This suggests that the -NH2- and -C=O- groups had 

undergone a chemical reaction leading to structural reconfiguration. Notably, the stretching 

vibration peak of the -C=N- bond shifted to 1627 cm-1. This provides direct evidence that an 

imine bond (-C=N-) was formed through the condensation of the aldehyde group of 5-ND and 

amino group of TG-Cl.[27] Further structural analysis was conducted using 13C NMR analysis 

(Fig. 1e). The results showed that the characteristic peaks located at positions 1-5 and position 

8 corresponded to carbon signals from benzene rings present in the DG-Cl structure. The peak 

observed at 156.72 ppm was attributed to carbon atoms within guanidine groups.[28] 

Additionally, a newly identified peak at 141.71 ppm distinctly indicated formation of -C=N- 

bonds resulting from reactions between aldehyde groups and amino groups.[29] Both 

spectroscopic techniques demonstrated remarkable consistency in their structural 

characterizations, thereby conclusively affirming successful synthesis of DG-Cl alongside 

accuracy regarding its molecular architecture. 

After the ion exchange reaction, 13C NMR signals at positions 6 and 7 exhibit significant 

shifts. This phenomenon can be attributed to the strong electronegativity of F-, which induces 

a reconfiguration of the local electronic environment. The carbon atom at position 7 experiences 

a shift to a lower field (higher chemical shift value), reflecting diminished electron density due 

Page 5 of 28 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 9

/2
2/

20
25

 2
:4

0:
52

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5SC05254H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05254h


to the electron-withdrawing nature of F-.[30] Conversely, the carbon atom at position 6 shifts to 

a higher field, likely as a result of compensating electronic effects from adjacent groups.[31] Fig. 

1b,c illustrate that following ion exchange, the color of the powder sample changes from yellow 

to brown. The EDS spectrum confirms that fluorine is uniformly distributed within the DG-F 

powder, while Fig. S1 demonstrates an absence of chlorine in the DG-F powder. This indicates 

that Cl- has been completely replaced by F-, thereby validating the reliability of the ion exchange 

process.

2.2 Physical and electrochemical testing of composite solid-state electrolytes (CSEs)

Li⁺ migrate through segmental motion within the amorphous regions of polymers,[32] thus 

the crystallinity of polymer electrolytes critically governs their Li⁺ transport capability. As 

shown in Fig. 2a, the crystallization behavior of CSEs was investigated using X-ray diffraction 

(XRD). The XRD pattern reveals that PEO-LiTFSI system exhibits distinct diffraction signals 

at 19.2° and 22.2°, indicating a highly ordered crystalline structure within this system. In 

contrast, the characteristic peaks of PEO-DG-Cl, PEO-TG-Cl, and PEO-DG-F are significantly 

diminished or even absent, suggesting that effectively suppresses the crystallization behavior 

of the polymer matrix. Notably, the intensity decay of the diffraction peak for PEO-DG-Cl 

electrolyte is particularly pronounced. This may be ascribed to strong Lewis acid-base 

interactions formed between electron-rich groups (guanidinium) in DG fillers and PEO chain 

segments,[33] which disrupts the orderly stacking of polymer chains through coordination effects. 

Furthermore, Cl- possesses a larger ionic radius compared to F-, resulting in greater steric 

hindrance on PEO chain segments and thereby promoting an expansion of amorphous 

regions.[34-36] As shown in Fig. 2b, the crystallization behavior of CSEs was further analyzed 

using Differential Scanning Calorimetry (DSC). The DSC curves indicate that the glass 

transition temperatures (Tg) for PEO-DG-Cl, PEO-DG-F, and PEO-TG-Cl are -54.5 ℃, -

52.2 ℃, and -49.1 ℃, respectively, while the Tg value for pure PEO-LiTFSI is -47.8 ℃. The 

observed decrease in Tg values indicates an increase in amorphous regions within the 

electrolyte and enhanced segmental mobility, which is consistent with the results from XRD, 

where a reduction in crystallization peaks was noted. Meanwhile, the reduction in crystallinity 

will have a substantial impact on its surface morphology. The microstructure of the CSEs were 
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characterized using atomic force microscopy (AFM). As depicted in Fig. 2c, the unmodified 

PEO electrolyte displays significant roughness, characterized by numerous pits and wrinkles. 

In contrast, the surface roughness of the PEO-TG-Cl and PEO-DG-Cl electrolytes modified 

with TG-Cl and DG-Cl is markedly reduced, resulting in a smoother and denser surface 

morphology. This smooth and uniform electrolyte film promotes intimate interfacial adhesion 

with lithium metal cathodes.

Fig. 2. (a) XRD spectra. (b) DSC curves. (c) AFM image of the CSE surface. (d) Ionic 

conductivity of CSEs. (e) Li+ mobility number curves of PEO-DG-Cl. (f) CSE Fourier infrared 

curve. (g) LSV Curve. (h) TG and DG electrostatic potential distributions. (i) Binding energies 

of PEO chains, TG, and DG with lithium ions. 

Higher ionic conductivity and lithium-ion transport numbers can alleviate the polarization 

effects in batteries, thereby promoting the rapid migration of Li+.[37] To enhance the ionic 

conductivity of the electrolyte and determine the ideal filler proportion, SS/CSEs/SS batteries 
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were assembled to assess the ionic conductive properties of the CSEs. Fig. S2 illustrates the 

impedance characteristics of CSEs with varying filler contents at different temperatures (30, 

40, 50, and 60 °C), measured by AC impedance spectroscopy. As temperature increases, the 

impedance of the electrolyte decreases correspondingly, leading to an increase in its ionic 

conductivity. Utilizing the Arrhenius equation, further fitting was performed on the impedance 

data to calculate ionic conductivity values. When the filler content was set at 1 wt%, a peak in 

ionic conductivity was observed, indicating that this level represents an optimal addition. Fig. 

2d presents the temperature-dependent ionic conductivities of CSEs containing 1 wt% PEO-

TG-Cl, PEO-DG-Cl, PEO-DG-F, and pure PEO-LiTFSI. Compare0 with PEO (2.36 × 10-5 S 

cm-1 at 30 °C), the ionic conductivities of PEO-DG-Cl, PEO-DG-F, and PEO-TG-Cl have been 

enhanced to 8.20 × 10-5 S cm-1, 5.55 × 10-5 S cm-1, and 3.41 × 10-5 S cm-1, respectively. As the 

temperature increases to 60 °C, substantially improves chain segment mobility. The ionic 

conductivity of pure PEO only improves to 4.68 × 10 -5 S cm-1, while that of the PEO-DG-Cl 

electrolyte markedly rises to reach a value of up to 3.48 × 10 -4 S cm-1, substantially higher than 

that of conventional PEO electrolytes as well as those for PEO-DG-F (2.57 × 10-4 S cm-1) and 

PEO-TG-Cl (1.6× 10-4 S cm-1). 

The lithium-ion transfer number (tLi⁺) for assembled Li/CSEs/Li batteries was determined 

using the Bruce-Vincent method. As shown in Fig. 2e, the tLi⁺ value for PEO-DG-Cl is 0.54, 

which is significantly higher than those of PEO-DG-F, PEO-TG-Cl, and PEO-LiTFSI, with tLi⁺ 

values of 0.32, 0.30, and 0.15 respectively (Fig. S3). This phenomenon occurs because the DG-

Cl cation has the ability to adsorb and anchor TFSI-, which in turn facilitates the dissociation 

of lithium salts, leading to an increased release of Li+.

To explore the influence of TG and DG fillers on the dissociation of LiTFSI, the FTIR 

spectra of pure PEO, PEO-TG-Cl, and PEO-DG-Cl within the wavelength range of 1400-1000 

cm-1 were compared, as illustrated in Fig. 2f. The PEO-LiTFSI CSEs displayed characteristic -

SO2- symmetric and asymmetric stretching modes at 1327.4 cm-1 and 1295.3 cm-1, respectively. 

Upon introducing fillers, the -SO2- stretching vibration peaks for PEO-TG-Cl shifted to 1329.7 

cm-1 and 1296.0 cm-1, while those for PEO-DG-Cl moves to 1332.5 cm-1 and 1298.4 cm-1. 

Notably, the -CF3- vibration peak exhibites a significant shift from 1096.4 cm-1 in PEO-LiTFSI 

to 1098.9 cm-1 in PEO-TG-Cl, with a further displacement to 1102.1 cm-1 in PEO-DG-Cl. The 
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changes observed in these two peaks are more evident in the PEO-DG-Cl electrolyte, indicating 

that DG interacts more strongly with TFSI-. This interaction consequently facilitates the 

dissociation of LiTFSI and enhances Li+ release.

The electrochemical window serves as a critical indicator for assessing electrolyte 

performance and practical usability.[38] Fig. 2g presents the linear sweep voltammetry (LSV) 

curves of four different solid polymer electrolytes that were prepared. The oxidation current of 

PEO-LiTFSI shows a significant increase at 4.19 V, leading to subsequent decomposition of 

the electrolyte. In contrast, PEO-DG-Cl exhibits superior oxidative stability, with an 

electrochemical window of approximately 4.98 V, surpassing that of PEO-DG-F (4.65 V). 

Notably, the electrochemical window of PEO-TG-Cl is only 3.01 V, which is even lower than 

that of pure PEO. This indicates that the incorporation of unmodified small molecules not only 

fails to protect the electrolyte from oxidation and decomposition but may also trigger strong 

side reactions with PEO, resulting in premature degradation.

To investigate the coordination mechanism of TG and DG molecules with lithium salts, 

we systematically calculated the molecular electrostatic potential distribution and binding 

energy based on DFT. The electrostatic potential mapping in Fig. 5e demonstrates that the long-

chain segment of DG exhibits a stronger positive charge compared to TG. Notably, there is a 

significant increase in electrostatic potential energy around the guanidine chain segment at the 

center of the molecule. The binding energy calculations presented in Fig. 5f reveal that DG's 

binding energy with Li⁺ reaches -0.46 eV, which significantly exceeds that of traditional PEO-

based electrolytes (-0.19 eV) and TG molecules (-0.21 eV). This discovery suggests that the 

extension of the π-conjugated structure can substantially improve the charge binding capacity 

of DG. Furthermore, strong coordination between the central part of DG and TFSI⁻ weakens 

the Coulombic interaction between Li⁺-TFSI⁻ ion pairs, thereby remarkably promoting the 

dissociation of LiTFSI. 

2.3 Testing the interfacial stability of lithium metal batteries
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Fig. 3 (a) Galvanostatic cycling profiles for Li/Li symmetric cells operated at 0.1 mAcm-2 

current density with 0.1 mAh cm-2 capacity. (b) Comparative analysis of long-term cycling 

performance of Li/Li symmetric full cells at 60 ℃. (c) Charge-discharge characteristics of Li/Li 

symmetric cells under 0.2 mAcm-2 current density and 0.1 mAh cm-2 capacity. (d) CCD testing 

of PEO-DG-Cl symmetric cells. (e) Electrochemical cycling responses of Li/Li symmetric cells 

across varied current densities. (f) Lithium plating/stripping nucleation overpotentials for Li/Li 

symmetric cells. (g) Li/Li symmetric cell tafel curves. (h) Electrochemical impedance 

spectroscopy data for Li/CSEs/Li batteries recorded pre-cycling and following 1-50 charge-

discharge cycles. Surface morphology analysis via SEM for lithium electrodes in (i) PEO-

LiTFSI. (j) PEO-DG-F. (k) PEO-DG-Cl electrolyte systems.

To investigate the effects of incorporating DG-Cl on the stability of interfaces, symmetric 

Li/Li batteries incorporating various solid electrolytes were cycled at 60 °C. The stability of the 
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electrolyte film was assessed at 0.1 mA cm-2 current density, as illustrated in Fig. 3a. PEO-

LiTFSI symmetrical cell exhibited limited cycling stability with a 200-hour lifespan, the cycle 

lifetimes of PEO-DG-F and PEO-DG-Cl symmetrical cells surpass 2400 hours and 4000 hours, 

respectively, without any occurrence of short-circuit phenomena. Even at elevated 0.2 mA cm-

2 current density, the PEO-DG-Cl cell continues to exhibit stable cycling for over 2000 hours 

(Fig. 3c). By comparing the performance of various reported CSEs in Li/Li symmetric cells at 

60 ℃ (Fig. 3b),[39-51] the exceptional interfacial stability exhibited by the PEO-DG-Cl system 

in this study was further substantiated. Furthermore, we analyzed the lithium 

deposition/stripping voltage profiles for both Li/PEO-DG-Cl/Li and Li/PEO-DG-F/Li 

symmetrical cells across varying current densities (0.1-0.5 mA cm-2) were analyzed. As 

depicted in Fig. 3e, the Li/PEO-DG-Cl/Li cell maintains a low and stable polarization voltage 

throughout the entire deposition/stripping process, significantly lower than the PEO-LiTFSI 

and PEO-DG-F cells. 

The critical current density signifies the maximum current density that a symmetrical 

lithium battery can endure.[52] The detailed voltage-time curves of three groups of Li/Li 

symmetrical batteries were evaluated at 60 °C. As the current density increased, the polarization 

voltage correspondingly rose. As illustrated in Fig. 3d and Fig. S4, the critical current density 

for the PEO-DG-Cl based symmetrical lithium battery reaches 1.23 mA cm-2, whereas that for 

the PEO-DG-F based symmetrical lithium battery attains 0.92 mA cm-2. Notably, the simple 

PEO-LiTFSI system experiences short-circuiting at 0.5 mA cm-2. A higher critical current 

density (CCD) signifies superior suppression of lithium dendrite growth because it represents 

the electrolyte's enhanced ability to maintain uniform Li-ion flux and deposition at high current 

densities, thereby delaying the onset of detrimental space charge effects and localized dendrite 

initiation that occur when the limiting current is exceeded, which confirms that the PEO-DG-

Cl electrolyte can effectively inhibits lithium dendrite formation.

To assess the influence of DG-Cl on lithium deposition behavior, assembled Li/CSE/Cu 

cell cells were subjected to further testing. As depicted in Fig. 3f, the nucleation overpotentials 

for PEO-LiTFSI, PEO-DG-F, and PEO-DG-Cl during the initial stages of lithium deposition 

are recorded at 29.2 mV, 24 mV, and 16.5 mV respectively. It is noteworthy that among the 

CSEs studied, PEO-DG-Cl demonstrates the lowest nucleation overpotential. This finding 
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suggests that the interfacial layer between PEO-DG-Cl and lithium metal exhibits minimal 

nucleation resistance during the lithium deposition and desorption processes, thereby 

significantly facilitating the migration of Li⁺ at the interface. The exchange current density 

serves as a crucial parameter for investigating the kinetics of the lithium deposition reaction.[53] 

As illustrated in Fig. 3g, PEO-DG-Cl demonstrates an impressive exchange current density of 

0.0782 mA cm-2, superior performance compared to PEO-LiTFSI, which has a value of 0.0157 

mA cm-2, by 389%. Furthermore, it exceeds the performance of PEO-DG-F, recorded at 0.0225 

mA cm-2, by an outstanding margin of 247%. This elevated exchange current density suggests 

that the PEO-DG-Cl electrolyte facilitates charge transfer processes at Li/CSE interface, 

thereby enhancing Li⁺ transport kinetics.

To evaluate the evolution of interface impedance, symmetric Li/CSE/Li configurations 

underwent electrochemical impedance spectroscopy analysis across multiple cycles (0-50 

cycles). The interfacial impedance exhibited dynamic changes over time under a constant 

current density. As illustrated in Fig. 3h and Fig. S5, the initial interfacial impedance between 

PEO-DG-Cl and metallic lithium is significantly lower at 477 Ω compared to that of Li/PEO-

LiTFSI/Li, which measures 1872 Ω, and Li/PEO-DG-F/Li at 558 Ω. The interfacial impedance 

between PEO-DG-Cl and metallic lithium show a slight increase over time, stabilizing at 562 

Ω after 40 cycles. In contrast, the interfacial impedance for PEO-DG-F with metallic lithium 

remains unstable beyond the 40-hour mark, rising to 1005 Ω after 50 cycles. Meanwhile, the 

interfacial impedance for PEO-LiTFSI reached 1533 Ω after 50 cycles. The interfacial layer 

between the PEO-DG-Cl electrolyte and the lithium anode significantly enhances interface 

stability, facilitates the migration of lithium ions, and consequently reduces overall interfacial 

impedance. To demonstrate the influence of DG-Cl on the regulation of lithium metal 

electrodeposition behavior, 200 hour cycling tests were performed on symmetrical lithium 

batteries utilizing various CSEs. The morphology of lithium deposition was examined using 

scanning electron microscopy (SEM), as shown in Fig. 3i-k. PEO electrolytes exhibites lithium 

anodes with porous, dendritic architectures featuring vertically oriented growth patterns and 

flaky inactive lithium accumulation. In contrast, within the PEO-DG-F, while there was a 

noticeable reduction in spherical dendrites leading to an uneven surface on the lithium metal, 
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some cracks remain present. Remarkably, PEO-DG-Cl enabled homogeneous lithium 

deposition, yielding smooth electrode surfaces devoid of dendrites or dead lithium.

2.3 Analysis of SEI characterization and formation mechanisms

Fig. 4. CSE XPS spectra after 200 h lithium-symmetric cycling: (a) C 1 s, (b) F 1 s, (c) Cl 2 p. 

(d) Post-cycling TOF-SIMS characterization of lithium electrodes from CSEs batteries. LiF2
- 

content mapping, LiF2
- signals denote LiF. LiCl2

- content mapping, LiCl2
- signals denote LiCl. 

TOF-SIMS 3D reconstruction of PEO-DG-Cl. TOF-SIMS depth profile intensity distribution 

(e) LiF2
-. (f) LiCl2

-.

Generally speaking, the stability and performance of battery interfaces are significantly 
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influenced by the composition and structure of the SEI. Based on this understanding, lithium 

metal strips were extracted from Li/PEO-LiTFSI/Li, Li/PEO-TG-Cl/Li, Li/PEO-DG-Cl/Li, and 

Li/PEO-DG-F/Li batteries after 200 hours of cycling. X-ray photoelectron spectroscopy (XPS) 

was employed to investigate the SEI components present on these disassembled lithium strips. 

As shown in Fig. 4a, the C1s spectrum reveals decomposition peaks at 284.7 eV (C-C/C-H) 

and 286.5 eV (C-O),[54,55] These eaks primarily arise from the decomposition of PEO. It is 

evident that introducing fillers into CSEs effectively mitigates PEO decomposition. Fig. 4b 

displays characteristic peaks located 684.8 eV (LiF) and 688.7 eV (C-F moieties including 

CF2/CF3).[56,57] In comparison, the characteristic peaks for LiF and CF2 in the lithium strip from 

the Li/PEO-DG-Cl/Li and Li/PEO-DG-F/Li batteries are notably higher. This indicates that 

incorporating DG facilitates cleavage of TFSI-bound C-F bonds, thereby increasing the 

abundance of CF2 radicals which leads to enhanced formation of more LiF. Additionally, Cl 2p 

spectra reveal characteristic binding energies at 197.8 eV and 199.6 eV (Fig. 4c),[58] which 

correspond to LiCl formation within SEIs generated in Li/PEO-DG-Cl/Li and Li/PEO-TG-

Cl/Li batteries system. 

To further investigate spatial distribution characteristics between LiF and LiCl within SEIs 

formed during operation, three-dimensional compositional mapping of lithium metal anode 

surfaces was performed via time-of-flight secondary ion mass spectrometry (TOF-SIMS) 

analysis, as depicted in Fig. 4d. Notably, for the Li/PEO-DG-F/Li battery configuration, it is 

important to mention that LiTFSI is not the sole source of fluorine. The highest concentration 

of LiF was observed in the PEO-DG-F electrolyte, resulting in the formation of the thickest SEI 

layer. However, an excessively thick SEI layer can lead to increased lithium-ion diffusion 

impedance, which may adversely affect both the lifespan and safety of the battery.[59] The SEI 

formed in the Li/PEO-DG-Cl/Li battery exhibits a moderate thickness, with relatively high 

concentrations of LiF and LiCl that are more uniformly distributed. Fig. 4e-f illustrate cross-

sectional images exhibiting high lateral resolution across interfaces containing LiF2
- and LiCl2

-, 

suggesting that introduction of DG-Cl catalyzes dissociation processes involving LiTFSI and 

the shedding of Cl-, thus enabling co-growth phenomena between LiF-LiCl layers constituting 

SEIs. 

To elucidate the formation mechanism of a robust LiF-LiCl SEI layer, assembled 
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SS/CSEs/Li cells were assembled initially and cyclic voltammetry (CV) tests were prepared to 

examine the influence of DG on the catalytic decomposition of LiTFSI. Electrochemical 

characterization performed via CV highlights distinct redox behaviors in the three batteries, as 

depicted in Fig. 5a-c. Each specimen demonstrates a characteristic reduction signal between 

1.2-1.5 V, which corresponds to the decomposition peak of TFSI-. The intensity of this TFSI- 

reduction peak is directly proportional to the extent of its catalytic decomposition. By analyzing 

the CV cycling curves obtained from various electrolytes, it is observed that in the PEO-TG-Cl 

electrolyte, the decomposition peak for TFSI- remains evident throughout all cycles. In contrast, 

in the PEO-DG-Cl electrolyte, there is a pronounced intensity in TFSI- reduction, indicating 

that DG-Cl effectively catalyzes the decomposition process of TFSI-, leading to an increased 

generation of F- and consequently more LiF production. To achieve a more profound 

understanding of the catalytic mechanism of DG-Cl, the Bader charges of TG and DG were 

calculated using the charge density difference method and the charge transfer process of DG on 

LiTFSI was examined. As illustrated in Fig. 5g, when TFSI- interacts with DG-Cl and TG, it 

pairs with the Lewis site on the cation, resulting in a transfer of charge to TFSI-. Notably, the 

charge transfer number for TG-Cl is only 0.10584 e-. In contrast, the structure-optimized DG-

Cl exhibits a charge transfer number of 1.8452 e-
, which is 17 times greater than that of TG-Cl. 

This significant disparity can be attributed to intermolecular π-π interactions present in 

structure-optimized DG-Cl, which facilitates the formation of a dense electron cloud. When 

DG-Cl anchors TFSI-, there is an accumulation of charge on TFSI- that promotes cleavage of 

the C-F bond. 

To elucidate the formation mechanism of LiF-LiCl, ab initio molecular dynamics (AIMD) 

simulations were employed to analyze the decomposition kinetics of LiTFSI within the PEO-

DG-Cl electrolyte system (Fig. 5h). Experimental findings reveal that at 280 fs, a localized 

transfer of 0.4076 e- occurrs in the LiTFSI molecule, triggering sequential cleavage of C-S/N-

S bonds and simultaneously generating CF3
-, SO2

-, and LiNSO2CF2
- intermediates. 

Concurrently, Cl- in DG-Cl dissociate from their coordination centers and coordinate with Li+ 

to form LiCl. By the time point of 520 fs, a directional transfer of 1.1262 e- is observed towards 

LiNSO2CF2
-, which subsequently dissociat into CF2

- and LiNSO2
-. At the critical juncture of 

760 fs, the C-F bond rupture in CF3
- group generates CF2

- alongside F-. The F- then combines 

Page 15 of 28 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 9

/2
2/

20
25

 2
:4

0:
52

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5SC05254H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05254h


with Li+ to ultimately yield LiF. In conclusion, the results of DFT and AIMD calculations 

indicate that this functional filler with electronic delocalization can effectively can promote the 

kinetics of F/Cl bond breaking, and in-situ generate a LiF-LiCl-rich SEI, thereby significantly 

enhancing the electrochemical performance of the battery. 

Fig. 5. Li/CSEs/SS CV cycle curves: (a) PEO-LiTFSI, (b) PEO-TG-CL, (c) PEO-DG-Cl. 

(d)Initial cyclic voltammetry profiles for four Li/CSEs/SS configurations. (e) Difference in 

charge density for TG-Cl and DG-Cl. Snapshots of AIMD simulations for PEO-DG-Cl: (f) 0 

fs, (g) 280 fs, (h) 520 fs, (i) 760 fs.

2.4 The electrochemical cycling stability of all-solid-state lithium metal batteries 

To investigate the feasibility of LiF-LiCl interfacial modifications for improving cycling 

durability in solid polymer lithium metal batteries, Li-LiFePO4 (LFP) cells were assembled and 

tests were conducted at 60 °C. Firstly, long-cycle tests were performed at this temperature. Fig. 

6c demonstrates the performance of LFP/PEO-DG-Cl/Li cells at 1 C current density. The initial 

capacity of the battery is measured at 130.6 mAh g-1. After 800 charge-discharge cycles, the 

reversible capacity decreases to 106.9 mAh g-1, resulting in a capacity retention rate of 82.04%. 

In addition, the PEO-DG-Cl battery exhibits a relatively small electrode polarization 
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phenomenon (Fig. S6). As depicted in Fig. 6a, for the LFP/PEO-DG-Cl/Li cell operating at a 

current density of 2 C, the initial capacity is recorded as 123.7 mAh g-1
. Following 800 cycles, 

the battery stabilizes at 99.8 mAh g-1 with a corresponding capacity retention rate of 80.6%. 

After 800 cycles, the polarization voltage of the PEO-DG-Cl battery exhibited a relatively stable 

performance, suggesting that the battery possesses high cycle reversibility (Fig. 6b). Notably, 

LFP/PEO-DG-F/Li cell display markedly inferior performance, commencing with 120.9 mAh 

g-1 initial capacity but deteriorating to 70.6 mAh g-1 after equivalent cycling, achieving merely 

58.3% retention. Throughout 2 C cycling processes, it is observed that both LFP/PEO-

LiTFSI/Li and LFP/PEO-TG-Cl/Li cells exhibit lower discharge specific capacities compared 

to those seen in the LFP/PEO-DG-Cl/Li cell, which ultimately fail after approximately 250 

cycles due to performance degradation. Furthermore, it is noteworthy that the discharge specific 

capacity for the LFP/PEO-TG-Cl/Li cell remains inferior when compared to that achieved by 

the LFP/PEO-LiTFSI/Li cell. Moreover, the LFP/PEO-TG-Cl/Li battery failed after more than 

100 cycles due to severe side reactions.

Subsequently, the rate performance was investigated using galvanostatic testing across 

multiple current densities (0.1 C to 2 C), as illustrated in Fig. 6d. Both PEO-DG-Cl and PEO-

DG-F electrolytes exhibit enhanced rate performance compared to conventional PEO 

electrolytes. For the PEO-DG-Cl electrolyte, specific discharge capacities of 159.19, 154.69, 

146.16, 136.01, and 120.44 mAh g-1 were recorded at 0.1 C, 0.2 C, 0.5 C, 1 C, and 2 C 

respectively, maintaining 154.54 mAh g-1 capacity recovery when cycled back to 0.1 C. 

Similarly, the PEO-DG-F electrolytes demonstrated comparable performance with discharge 

capacities of 154.54, 146.30, 138.21, 128.83, and 112.77 mAh g-1 under same testing conditions, 

retaining 144.8 mAh g-1 upon reverting to 0.1 C after high rate cycling. Fig. S7 presents voltage 

curves for LFP/PEO-DG-Cl/Li and LFP/PEO-DG-F/Li batteries under varying 

charge/discharge conditions. LFP/PEO-DG-Cl/Li consistently exhibits low polarization along 

with stable charge/discharge platforms. In contrast, the PEO-DG-F electrolyte encounters 

dendrite penetration leading to short circuits when subjected to elevated currents (specifically 

observed during testing at 2 C). This observation underscores that the PEO-DG-Cl electrolyte 

possesses exceptional cycling performance under varied current conditions, demonstrating that 

the LiF-LiCl-rich SEI layer effectively mitigates metallic dendrite propagation, thereby 
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ensuring enhanced cyclic stability across diverse operating conditions.

Fig. 6. (a) Cycling performance of LFP/CSEs/Li batteries at 2 C. (b) Voltage-specific capacity 

curve of LFP/PEO-DG-Cl/Li batteries at 2 C. (c) Cycling performance of LFP/PEO-DG-Cl/Li 

batteries operating at 1 C. (d) An examination of the cycling performance of LFP/CSEs/Li 

batteries subjected to various current multiplicities. (e) Cycling performance of LFP/PEO-DG-

Cl/Li pouch cell at 0.2 C 60 °C. (f) Cycling performance of an LFP/PEO-DG-Cl/Li battery 

under high load conditions (LFP: 6.12 mg). (g) Cycling performance of LFP/PEO-DG-Cl/Li 

battery at 0.2 C 30 °C. (h) Cycling performance of the LFP/PEO-DG-Cl/Li pouch cell at 0.2C 
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and 60 °C before folding, after 10 folds, after 20 folds, and after 50 folds. 

As shown in Fig. 6f, when the active mass loading increased to 6.18 mg, the LFP/PEO-

DG-Cl/Li configuration demonstrated an initial specific capacity of 136.2 mAh g-1 at 0.2 C rate, 

which gradually decreased to 122.7 mAh g-1 after 50 cycles. Due to the low ionic conductivity 

of traditional PEO electrolytes at room temperature, their cycling performance at room 

temperature is poor. However, the introduction of the filler DG-Cl enhances the ionic 

conductivity. Therefore, we evaluated the cycling performance of LFP/PEO-DG-Cl/Li at room 

temperature. As shown in Fig. 6g and Fig. S8, the PEO-DG-Cl battery exhibited reveals 

enhanced performance characteristics at a current density of 0.2 C, the PEO-DG-Cl battery 

maintaining 130.2 mAh g-1 initial discharge capacity through 180 cycles without notable 

degradation, demonstrating improved low-temperature functionality. Furthermore, in order to 

explore the potential compatibility of PEO-DG-Cl with high-voltage cathodes, an 

NCM811/PEO-DG-Cl/Li battery was assembled using LiNi0.8Co0.1Mn0.1O2 (NCM811) as the 

cathode material. This battery demonstrated 156.1 mAh g-1 initial capacity at 0.2 C, retaining 

71.2% capacity after seventy cycles (Fig. S9). To evaluate the practical applicability of the 

LFP/PEO-DG-Cl/Li battery, a soft-pack battery was assembled for cycling tests (Fig. 6e). The 

initial discharge specific capacity of the pouch cell at a rate of 2 C was measured at 151 mAh 

g-1. After undergoing 150 cycles, the discharge specific capacity was decreased to 145.9 mAh 

g-1, resulting in a capacity retention rate of 96.6%. To verify the flexible applicability of the 

pouch cell, a small bulb was used to conduct illumination tests under bending, puncture, and 

cutting conditions (Fig. S10). Additionally, the cycling performance of the pouch cell was 

evaluated after 10, 20, and 50 folds, as depicted in Fig. 6h. The capacity remained largely 

unchanged after 10 and 20 folds, while a pronounced decline was observed following 50 folds. 

Experimental results demonstrated that, although a certain degree of capacity degradation 

occurred during the testing process, the battery was able to maintain a stable and safe 

operational state throughout the entire duration, with the bulb remaining continuously 

illuminated.

3. Conclusion

In this work, a π-conjugated organic ionic salt (DG-Cl) with enhanced electron delocalization 
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capability was prepared to catalyze the in-situ formation of stable SEI. Detailed, the Cl- ions of 

DG-Cl dissociate under the electric field and subsequently combine with Li+ to form LiCl. Then, 

DG+ with abundant cation vacancies could restricting the movement of TFSI- and promotes 

efficient charge transfer to TFSI- by leveraging its π-conjugated electron delocalization effect, 

which results in the generation of additional LiF. Notably, the DFT results revels that the 

structurally modified DG-Cl exhibits a charge transfer number of 1.8453 e-, which is 17 times 

higher than that of the unmodified TG-Cl (0.10584 e-). This demonstrates the powerful charge 

delocalization function of DG-Cl, thereby promoting the co-growth of LiF-LiCl-rich SEIs. 

Experimental results demonstrate that the battery performance based on LiF-LiCl-rich SEI 

surpasses that of single SEI dominated by LiF alone. Owing to the enhanced ability of the LiF-

LiCl rich SEI to inhibit lithium dendrite formation and mitigate side reactions, Li/PEO-DG-Cl 

symmetric cells demonstrate excellent cycling performance over 4000 hours at 0.1 mA cm-2, 

significantly better than that of PEO-DG-F (2000 hours). Furthermore, Li/PEO-DG-Cl/LFP full 

cell delivers capacity retention of 80.6% after 800 cycles at a rate of 2 C. This strategy of 

enhancing electronic delocalization at the molecular structure level has verified its feasibility 

and potential value in practical applications in the field of energy storage.
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