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16 Abstract

17 Lithium metal is regarded as a promising anode material for next-generation batteries due to its high theoretical 

18 capacity and low electrochemical potential. However, challenges such as unstable solid electrolyte interfaces 

19 (SEI) and uncontrolled dendrite growth can result in irreversible capacity loss and safety hazards. In this work, 

20 a pre-formed artificial solid electrolyte interface (ASEI) is constructed on lithium metal by in-situ 

21 polymerization of an imidazole-based poly (ionic liquid) (Im-IL) and polyhedral oligomeric silsesquioxane 

22 (POSS) directly on the lithium surface during a pre-assembly treatment step; in this context, the ASEI refers 

23 to this conformal polymeric interfacial coating rather than a layer generated solely by spontaneous Li-

24 electrolyte reactions. The resulting organic-inorganic hybrid polymer layer enhances interface adhesion, 

25 simplifies processing, and effectively accommodates volume fluctuations during lithium-ion intercalation and 

26 deintercalation, resulting in the modified Im-IL/POSS@Li exhibiting a wide electrochemical stability window 

27 and remarkable cycling performance. The Im-IL/POSS@Li|LFP cells in carbonate-based electrolyte show 

28 superior capacity retention and lower impedance versus bare Li|LFP, achieving 94.7% capacity retention after 

29 500 cycles and 84.6% after 1000 cycles. Moreover, in an ether-based electrolyte, the Im-IL/POSS@Li|LFP 

30 cells achieve 99.6% capacity retention after 200 cycles, compared to only 26.9% for the unmodified 

31 counterpart. XPS and SEM analyses reveal suppressed lithium salt decomposition and the formation of dense, 

32 conductive interphase on Im-IL/POSS@Li. These results demonstrate that the proposed ASEI strategy not 

33 only stabilizes lithium metal anodes but also offers a practical pathway toward safe and longer-lasting high-

34 energy-density batteries.

35

36 Keywords: artificial SEI, lithium dendrite, poly (ionic liquid), POSS, organic-inorganic hybrid polymer  

Page 2 of 30Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

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
 0

8 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 7

:2
4:

37
 P

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/D5TA07774E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta07774e


3

37 1. Introduction

38 To improve operating voltage, energy density, and reduce size, researchers are seeking optimal materials 

39 for both cathodes and anodes. Lithium metal, with its high specific and volumetric capacities and low 

40 electrochemical potential (-3.04V), has driven advancements in battery technology. Nevertheless, its practical 

41 application is limited by challenges such as low Coulombic efficiency and the formation of lithium dendrites. 

42 Lithium metal passivation was first observed in the early 1970s, and in 1979, Peled introduced the concept of 

43 the solid electrolyte interphase (SEI),1 spurring extensive studies on its composition and function. By the 

44 1980s, Li₂CO₃ was identified as a major SEI component,2 and Peled later proposed a mosaic model and 

45 equivalent circuit representation in 1997.3 Over time, in-situ AFM and SEM investigations provided three-

46 dimensional insights into SEI morphology,4, 5 while quantum chemical simulations in the 21st century further 

47 clarified SEI formation mechanisms during electrolyte reduction.6 

48 As the critical role of SEI in battery performance became evident, efforts to artificially control its formation 

49 emerged. In this context, artificial solid electrolyte interphases (ASEI) have been developed as pre-engineered, 

50 compositionally tunable interfacial layers on Li metal. One approach involves introducing electrolyte additives 

51 that decompose during initial charge-discharge cycles to form a stable SEI layer, 7-9 while another strategy 

52 employs electrolytes with specialized anions or cations, such as LiFSI, to stabilize SEI formation.10 Surface 

53 coatings offer additional protection by directly modifying the electrode or cathode material,11-14 with spin 

54 coating frequently used to deposit uniform films.15, 16 Techniques such as chemical vapor deposition (CVD) 

55 and atomic layer deposition (ALD)17-20 are also widely employed to fabricate robust ASEI layers. Advances 

56 in composite polymer–inorganic electrolytes, such as those incorporating PVDF-HFP with LATP and CeO₂, 

57 have been shown to effectively suppress lithium dendrite growth and improve interfacial stability in lithium 
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58 metal batteries, further enhancing overall battery performance.21 In the present work, the term ASEI 

59 specifically refers to a pre-formed artificial interphase that is constructed on Li metal before cycling, rather 

60 than a layer formed solely by spontaneous Li-electrolyte reactions.

61 Ionic liquids (ILs) are composed of various anions and cations, with the cations typically being large organic 

62 molecules and the anions smaller inorganic species. This size asymmetry results in relatively weak Coulombic 

63 interactions, allowing ILs to remain liquid at temperatures below 100°C. In contrast, conventional salts possess 

64 stronger ionic bonds, leading to much higher melting points, often near 1000°C, which limits their practical 

65 applications.22 ILs offer several advantages, including low volatility, high thermal stability, and excellent ionic 

66 conductivity due to high ionic mobility, making them highly attractive for electrochemical applications. Key 

67 uses include serving as media for electrochemical reactions such as electrochemical synthesis, 

68 electrodeposition, electrolysis, and the fabrication of electrochemical sensors.23-26 

69 Beyond their role as reaction media, ILs are also employed as electrolytes 27-30 or as additives to 

70 conventional electrolytes to enhance ionic conductivity and chemical stability.31-37 They are also incorporated 

71 into electrode materials,38 either directly or as surface modifiers, improving ion transport and diffusion rates 

72 and thereby enhancing electrochemical performance metrics such as capacitance. With the development of 

73 artificial solid electrolyte interphase (ASEI) technologies, ILs have increasingly been integrated into ASEI 

74 system,39-41 when they contribute to improved interfacial stability and electrochemical efficiency.

75 Polyhedral oligomeric silsesquioxanes (POSS) are a class of organic-inorganic hybrid materials featuring a 

76 cage-like polyhedral structure composed of silicon and oxygen atoms, with the general formula (R–SiO1.5)ₙ, 

77 where n typically equals 6, 8, or 10, and R denotes various organic substituents. POSS is distinguished by its 

78 well-defined cage architecture, nanoscale porosity, and versatile surface functionality, making it suitable for 

Page 4 of 30Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

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
 0

8 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 7

:2
4:

37
 P

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/D5TA07774E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta07774e


5

79 a wide range of commercial applications.42-44 The incorporation of silicon atoms endows POSS with excellent 

80 thermal stability,45 which has been widely exploited to improve the heat resistance of polymer matrices. 

81 Moreover, POSS has been reported to facilitate ion conduction and enhance electrochemical performance 

82 when incorporated into solid-state electrolytes.46-51 Owing to its unique hollow rigid structure and inorganic 

83 cubic siloxane backbone, POSS is used to modify various properties of polymer matrices, making it a valuable 

84 component in ASEI layers.52, 53 

85 In ASEI design, the interphase must exhibit sufficient mechanical toughness to accommodate volumetric 

86 changes induced by lithium dendrite growth, while maintaining high ionic conductivity for effective ion 

87 transport. To achieve this balance, flexible ionic liquids (ILs), particularly imidazolium-based cations paired 

88 with the highly conductive bis(trifluoromethylsulfonyl)imide anion (TFSI) anion, are employed. Two different 

89 IL backbone-poly(ethylene glycol) (PEG200) and dodecane are explored to tailor flexibility and conductivity. 

90 POSS is incorporated to reinforce mechanical strength, which can otherwise be compromised by the softer 

91 ILs matrix. Acting in concert, the liquid-like IL and cubic structure of POSS network form continuous ionic 

92 pathways within a mechanically robust scaffold. In our system, this hybrid PIL/POSS network is constructed 

93 as a conformal coating on Li metal surface via radical in-situ polymerization during a pre-assembly treatment 

94 step; thus, the resulting PIL/POSS layer constitutes a pre-formed ASEI that tightly adheres to the Li surface, 

95 minimizes interfacial gaps, and is designed to suppress dendrite growth and improve interfacial stability.

96

97 2. Experimental

98 2.1. Materials

99 Poly(ethylene glycol) (PEG200, molecular weight (Mn): 200 g mol-1, SHOWA), Phosphorus Tribromode 

100 (99%, Acros), Chloroform (SeedChem), Magnesium Sulfate Anhydrous (Avantor), Charcoal Activated (TCI), 
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101 1-Vinylimidazole (99%, Alfa), 1,12-Dibromododecane (Acros), Ethyl acetate (DUKSAN), Lithium 

102 bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.9%, Solvay), PSS-Octavinyl substituted (POSS, MACKLIN), 

103 Tetrahydrofuran (THF, DUKSAN), Polyvinylidene difluoride (PVDF, Arkema), N-methyl-2-pyrrolidone 

104 (NMP, Macron), Super-P (SP, Timcal), Lithium iron phosphate (LiFePO4, LFP, Aleees), 2,2’-Azobis(2- 

105 methylpropionitrile) (AIBN, Aencore). Lithium nitrate (LiNO3), 1,3-Dioxolane (DOL), and Dimethyl ether 

106 (DME) were bought from Sigma-Aldrich. Lithium metal with a 15.6 mm diameter was supplied by New 

107 Battery Energy. The Lithium bis(trifluoromethylsulphonyl)imide (LiTFSI), CR2032 coin cell, and aluminum 

108 foil were purchased from UBIQ. The electrolyte (1M LiPF6 in EC:DEC with a 1:1 volume ratio) was obtained 

109 from UBIQ, and the separator (D3182) was sourced from BenQ.

110

111 2.2. Synthesis of Br-PEG200-Br

112 As illustrated in the Scheme S1a, Br-PEG200-Br was synthesized by reacting 35 g of PEG200 (0.175 mol) 

113 and 63.3 g of PBr3 (0.234 mol). Both reagents were dissolved separately in chloroform, and the PBr3 solution 

114 was added dropwise to the PEG200 solution under an ice bath. The reaction mixture was stirred for 2 days. 

115 After completion, the excess PBr3 was extracted with deionized (DI) water three times. The organic layer was 

116 subsequently purified using activated charcoal and anhydrous magnesium sulfate, then concentrated under 

117 reduced pressure to obtain a transparent Br-PEG200-Br liquid.

118

119 2.3. Synthesis of [VIm-PEG200-VIm][TFSI]

120 The synthesis of the ionic liquid is shown in Scheme S1b. Br-PEG200-Br (29.1 g, 0.091 mol) was dissolved 

121 in ethyl acetate (EA), followed by the addition of 1-vinylimidazole (21.5 g, 0.228 mol). The mixture was 

122 stirred and refluxed at 75 °C for 24 hr. After cooling, DI water was added to the resulting orange precipitate 
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123 to improve flowability, followed by three extractions with EA to remove excess reactants and intermediates. 

124 Subsequently, 100 mL of DI water containing excess LiTFSI (57.8 g) was added for ion exchange and stirred 

125 for 2 hr. The precipitate was separated, washed three times with saturated sodium chloride solution, and the 

126 organic layer was purified with activated charcoal and anhydrous magnesium sulfate. The product was 

127 obtained by rotary evaporation as the IL.

128

129 2.4. Synthesis of [VIm-C12-VIm][TFSI]

130 [VIm-C12-VIm][TFSI] was synthesized by reacting of 1,12-dibromododecane with 1-vinylimidazole, 

131 following the same procedure as described for [VIm-PEG200-VIm][TFSI], except that 1,12-dibromododecane 

132 was used as the starting material in place of Br-PEG200-Br. The synthetic route is shown in Scheme S1c.

133

134 2.5. Preparation of ASEI

135 For the preparation of Im-IL/POSS ASEIs, the precursor was directly applied onto the lithium metal anode 

136 and subjected to thermal polymerization. Specifically, 0.127 g (0.2 mmol) of PSS-Octavinyl substituted 

137 (POSS) and 0.53 g (0.8 mmol) of [VIm-PEG200-VIm][TFSI] were separately dissolved in 2 mL of THF. The 

138 solutions were mixed and stirred for 1 hour, then 1 wt% AIBN was added as a thermal initiator and stirred for 

139 30 min. Subsequently, 55 µL of the precursor mixture was cast onto the lithium metal surface (diameter = 

140 15.6 mm) and covered with a separator to absorb excess liquid. The assembly was then heated at 60°C 

141 overnight to complete the polymerization, yielding the ASEI, denoted as VP200. Following an analogous 

142 procedure, 0.61 g (0.8 mmol) of [VIm-C12-VIm][TFSI] was employed to obtain the VC12 sample (Scheme 

143 S1). 

144

145 2.6. Characterizations
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146 The chemical structures of the imidazole-based IL and Im-IL/POSS composites were confirmed by 1H 

147 NMR spectroscopy (Bruker Avance 600NMR Spectrometer, solvent: d6-DMSO). Fourier-transform infrared 

148 spectrometry (FT-IR, Thermo Nicolet Nexus 6700) was employed to identify functional groups, with spectra 

149 collected in the range of 400 - 4000 cm-1. Mechanical properties were evaluated using a nanoindenter 

150 instrument (NanoIndenter G200). Cross-sectional morphology and elemental distribution were characterized 

151 by field-emission scanning electron microscopy (FE-SEM, Hitachi SU8000) coupled with energy-dispersive 

152 X-ray spectroscopy (EDS, Bruker XFlash 6I100). Post-cycling surface morphology and cross-sectional 

153 structures were examined using scanning electron microscopy (SEM, Hitachi SU-8010). X-ray photoelectron 

154 spectroscopy (XPS, PHI VersaProbe 4) analyzed the surface chemical composition of cycled lithium anodes. 

155 All the XPS samples were prepared and cut inside a glove box, then mounted to the vacuum stage with carbon 

156 tape.

157

158

159 Scheme 1 Schematic diagram of the ASEI fabrication process on the lithium metal anode.

160

161 2.7. Electrochemical measurements
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162 The electrochemical stability window of the electrolyte membranes was determined by linear sweep 

163 voltammetry (LSV) using Im-IL/POSS@Li cells on an SP-300 machine at a scan rate of 5 mV·s-1 over the 

164 potential range of 0~6V at room temperature. Cyclic voltammetry (CV) was also performed to examine the 

165 electrochemical stability of the Im-IL/POSS ASEI under the same instrument, with a scan rate of 0.1 mV s-1. 

166 The potential was swept from 0 V to 6 V (vs. Li/Li+) starting at 0 V. Additionally, CV tests within the potential 

167 window of 0-4.3 V (vs. Li/Li+) were conducted in the forward scan direction.

168 The charge-discharge performance of CR2032 coin cells with the Im-IL/POSS@Li|LFP configuration were 

169 measured at room temperature using a battery testing system (ACUTECH SYSTEMS, BAT-750B). 

170 Electrochemical impedance spectroscopy (EIS) measurements for Im-IL/POSS@Li|LFP cell systems were 

171 carried out on a SP-300 electrochemical workstation. The spectra were recorded at room temperature with a 

172 5 mV AC amplitude over a frequency range of 0.1-10 MHz. 

173 Lithium-ion transference numbers (TLi⁺) were determined from symmetric Li|electrolyte|Li cells according to 

174 Equation (1), where I0 and IS denote the initial and steady-state currents, R0 and RS are the interfacial 

175 resistances measured before and after polarization, and ΔV (0.01 V) is the applied potential.

TLi+ =  
Is(∆V ―  I0R0)
I0(∆V ―  IsRs) (1)

176 In addition, symmetrical lithium cells were assembled to investigate lithium dendrite growth behavior, which 

177 was monitored using a NEWARE CT-4000 testing system.

178

179 3. Results and Discussions

180 3.1. Characterization of monomers and ASEI

181 Br-PEG200-Br

182 The 1H NMR spectra of the commercially available PEG200 and the synthesized Br-PEG200-Br are shown in 
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183 Fig. S1a and S1b, respectively. In PEG200, the proton resonance of the repeating ethylene glycol units appears 

184 at δ = 3.5 ppm (a), while the terminal hydroxyl proton is observed at δ = 4.55 ppm (d). The neighboring 

185 methylene protons (b) and (c) resonate further downfield owing to the deshielding effect of the hydroxyl 

186 substituent. After bromination, the hydroxyl proton signal at δ = 4.55 ppm disappears, and the two terminal 

187 methylene signals shift from 3.4 ppm (c) and 3.47 ppm (b) to 3.57 ppm (c) and 3.73 ppm (b), respectively. 

188 Importantly, no extraneous peak corresponding to solvents or impurities is detected, confirming the successful 

189 synthesis of Br-PEG200-Br with high purity.

190

191 [VIm-PEG200-VIm][TFSI]

192 The 1H NMR spectrum of [VIm-PEG200-VIm][TFSI] is presented in Fig. 1a. The signals at δ = 2.5 ppm and 

193 δ = 3.3 ppm correspond to the solvent peaks of DMSO. The repeating ethylene glycol units give rise to a 

194 resonance at δ = 3.5 ppm (a). In comparison, the terminal PEG protons adjacent to the imidazole substituents 

195 appear further downfield at δ = 3.7 ppm (b) and δ = 4.3 ppm (c). The imidazolium ring protons resonate at δ 

196 = 7.8 ppm (f), δ = 8.1 ppm (e), and δ = 9.4 ppm (d), consistent with their deshielded environments. In addition, 

197 the three vinyl proton signals associated with the terminal groups are clearly resolved at δ = 5.4 ppm (i), δ = 

198 5.9 ppm (h), and δ = 7.3 ppm (g). Integration of all characteristic signals yields proton ratios that match the 

199 molecular structure, thereby supporting the successful introduction of both the imidazolium and vinyl 

200 functionalities. The absence of unexpected resonances indicates that [VIm-PEG200-VIm][TFSI] was obtained 

201 in high purity. Further confirmation of the ion exchange process was obtained by FT-IR spectroscopy (Fig. 

202 1c). In agreement with the reported data,54 the [TFSI]- anion exhibits characteristic –SO2 stretching bands 

203 1132 (Symmetric S=O) and 1350 cm-1 (Asymmetric S=O), together with a C–F3 band at 1170 cm⁻¹. 

204 Comparison of the spectra before and after exchange unambiguously verifies the incorporation of [TFSI]-, 
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205 conforming to the successful formation of [VIm-PEG200-VIm][TFSI].

206 [VIm-C12-VIm][TFSI]

207 The 1H NMR spectrum of [VIm-C12-VIm][TFSI] is shown in Fig. 1b. The signals at δ = 2.5 ppm and δ = 

208 3.3 ppm correspond to the solvent peaks of DMSO. The aliphatic region is dominated by the methylene 

209 resonances of the dodecyl chain, with the main repeating (–(CH2)4–) signal at δ = 1.2 ppm (a). The terminal 

210 methylenes adjacent to the imidazolium group are observed further downfield at δ = 1.8 ppm (b) and δ = 4.2 

211 ppm (c). The characteristic imidazolium ring protons resonate at δ = 7.9 ppm (f), δ = 8.2 ppm (e), and δ = 9.6 

212 ppm (d), while the three vinyl protons give distinct signals at δ = 5.4 ppm (i), δ = 5.9 ppm (h), and δ = 7.3 

213 ppm (g). Integration of the diagnostic resonances yielded proton ratios consistent with the proposed structure, 

214 for example, the integration ratio of f:c:a is 1:2:8, in excellent agreement with the expected values. The clean 

215 spectral profile, without additional peaks from side products or solvents, confirms that [VIm-C12-VIm][TFSI] 

216 was obtained in high purity. 

217

218 Fig. 1 (a) ¹H NMR spectrum of [VIm-PEG200-VIm][TFSI] and (b) [VIm-C12-VIm][TFSI] in d₆-DMSO; (c) 

219 FT-IR spectra of [VIm-PEG200-VIm] and [VIm-PEG200-VIm][TFSI], and (d) [VIm-C12-VIm] and [VIm-
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220 C12-VIm][TFSI].

221 FT-IR spectroscopy further corroborates the successful ionic exchange (Fig. 1d). Similar to the PEG-based 

222 analogue, the [TFSI]- anion introduces characteristic absorptions in the 1100-1400 cm-1 region, specifically 

223 the symmetric and asymmetric –SO2 stretching bands at 1132 and 1350 cm-1, together with a C–F3 vibration 

224 at 1170 cm⁻¹.54 The emergence of these bands, accompanied by the disappearance of precursor-related features, 

225 provides clear evidence of complete ion exchange and confirms the formation of [VIm-C12-VIm][TFSI].

226

227 3.2. Properties of ASEI

228 The FT-IR spectra of the ASEI layer (VC12 and VP200) and the ILs ([VIm-C12-VIm][TFSI], [VIm-

229 PEG200-VIm][TFSI]) in the range of 1700 - 1600 cm⁻¹ show a characteristic C=C stretching band at around 

230 1655 cm⁻¹ for the vinyl groups in the imidazole ILs, which completely disappears after POSS reaction (Fig. 

231 S2), confirming full vinyl consumption and successful PIL-POSS crosslinking. Scheme S2 illustrates the PIL-

232 POSS ASEI’s novelty. The crosslinked imidazolium network selectively conducts Li+ while repelling anions 

233 (TFSI⁻/PF₆⁻/NO3⁻), creating uniform Li+ flux, while robust POSS cages maintain conformal contact during 

234 volume changes to prevent dendrite penetration.

235 Nanoindentation test results for VC12 and VP200 ASEI layer are shown in Fig. S3. The load-displacement 

236 curves (Fig. S3a, b) show the raw response of applied load (mN) versus indentation depth (nm), both exhibiting 

237 the expected nonlinear increase with depth. VC12 (a) displays a steeper initial slope than VP200 (b), indicating 

238 higher resistance to penetration and greater stiffness. Hardness as a function of indentation depth (Fig. S3c, d) 

239 reveals VC12 reaches a maximum hardness of 6.8 GPa at shallow depths, followed by a gradual decrease 

240 attributed to substrate effects. In contrast, VP200 (d) exhibits a lower maximum hardness of 5.1 GPa with a 

241 flatter profile, confirming its softer mechanical nature. The fluctuations observed in the VC12 curve may arise 
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242 from surface heterogeneity or stronger interfacial interactions with the stainless-steel substrate. This ~33% 

243 hardness disparity stems from the VC12 linear C12 alkyl spacer, which promotes dense chain packing and 

244 robust π-π stacking among rigid imidazole rings,55, 56 whereas VP200 flexible PEG200 linker introduces steric 

245 hindrance, chain entanglement, and reduced interchain interactions,57 yielding a softer profile optimal for 

246 high-rate applications. Cross-sectional SEM images (Fig. S4a, g) and EDS elemental mapping (Fig. S4b-f for 

247 VC12; Fig. S4h-l for VP200) confirmed the homogeneous organic-inorganic hybrid structure. Uniform C, O, 

248 Si, N distribution throughout both ASEI layers verifies well-dispersed POSS (Si signal) and imidazolium (N 

249 signal) components without phase segregation, ensuring consistent Li+ transport pathways and mechanical 

250 integrity.

251  

252 3.3. Electrochemical performance of modified Li anode

253 Fig. 2a presents the LSV curves for untreated lithium metal (Bare Li) and lithium metal coated with Im-

254 IL/POSS composites (VC12@Li and VP200@Li). Bare Li exhibits a current onset at around 4 V, whereas 

255 both VC12@Li and VP200@Li remain stable up to approximately 5 V. This enhanced stability can be 

256 attributed to the presence of the TFSI anion in the IL, which broadens the electrochemical window and 

257 confirms the excellent electrochemical stability of the ASEI. Following the LSV results, cyclic voltammetry 

258 (CV) tests were performed to identify potential reactions based on oxidation and reduction peaks, as shown in 

259 Fig. 2b. Bare Li exhibits pronounced current responses, indicative of unstable interfacial reactions. By 

260 comparison, VC12@Li and VP200@Li display suppressed current densities, reflecting enhanced interfacial 

261 stability. VC12@Li shows more defined and stable features than VP200@Li, suggesting superior 

262 electrochemical reversibility. A distinct current signal appears at 3.43 V, corresponding to the operating 

263 potential of LFP, while peaks at 3.6 V and 3.28 V can be assigned to lithium-ion intercalation and 
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264 deintercalation, respectively. The absence of additional current signals confirms the electrochemical stability 

265 of the ASEI. Reversibility was further assessed by analyzing the anodic (Ip,a) and cathodic (Ip,c) peak potentials 

266 and by calculating the charge (Q) from the CV curves using the formula: Q = (i × E) / v, where i × E represents 

267 the integrated peak area and v is the scan rate. The resulting charge ratios (Qa/Qc), summarized in Table S1, 

268 are close to unity for both systems, confirming stable and nearly reversible electrochemical reactions. Notably, 

269 the peak current ratio of VC12@Li (1.27) is lower than that of VP200@Li (1.4), indicating more reversible 

270 ion diffusion and reaction kinetics in VC12@Li.

271 The electrochemical performance of the Im-IL/POSS@Li|LFP cells was evaluated by charge-discharge 

272 testing. Following activation at 0.1C for three cycles to establish a stable SEI layer, the cells were cycled at 

273 various C-rates within a voltage window of 2.5 - 4.0 V at 25ºC. As shown in Fig. 3a, b (with Li|LFP cell for 

274 comparison provided in Fig. S4a), both ASEI-containing cells (VC12 and VP200) delivered higher capacities 

275 than Bare Li under elevated current densities, confirming that the ASEI effectively suppresses parasitic 

276 reactions, stabilizes the Li interface, and mitigates dendrite growth. Between the two ASEI materials, VP200 

277 exhibited a slightly higher rate capacity, with discharge capacities of 122.2 and 89.4 mAh g-1 at 3C and 5C, 

278 respectively, compared to 116.7 and 68.8 mAh g-1 for VC12. This enhancement may be attributed to the PEG 

279 segments in VP200, which facilitate Li+ transport and support improved high-rate performance. Nevertheless, 

280 VC12 demonstrated superior cycling stability, as reflected in Coulombic efficiency and long-term cycling 

281 performance at 1C, retaining 94.7% capacity after 500 cycles (vs. 90.7% for Bare Li, 72.9% for 

282 VP200@Li|LFP; Fig. 3c, d) and 84.6% capacity after 1000 cycles (Fig. S4b). These findings highlight that 

283 while VP200 favors Li+ transport at high rates, VC12 provides a more stable interphase, thereby extending 

284 cell lifespan. 
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285 The EIS results for Bare Li, VC12, and VP200 are presented in Fig. S5c and Fig. 4a-b. The Nyquist plots 

286 display a semicircular arc followed by a straight line, with the arc composed of two overlapping semicircles 

287 corresponding to the solid electrolyte interphase resistance (RSEI) and charge-transfer resistance (Rct). For 

288 fitting, the equivalent circuit was used to fit data in Fig. S5d, and the spectra results were deconvoluted into 

289 bulk resistance (Rb), RSEI, and Rct, and the extracted values are summarized in Table S2. The bulk impedance 

290 (Rb), attributed to internal cell materials and assembly, remained essentially constant throughout cycling. The 

291 RSEI, associated with the first semicircle, originates from the SEI layer at the electrode-electrolyte interface. 

292 Its gradual increase during cycling is attributed to lithium dendrite growth. Among the samples, VC12 

293 exhibited the lowest RSEI, indicating more uniform dendrite suppression, while VP200 showed intermediate 

294 values higher than VC12 but lower than Bare Li, consistent with enhanced Li+ transport facilitated by POSS. 

295 The Rct, represented by the second semicircle, reflects interfacial charge-transfer kinetics. VC12 maintained 

296 the lowest Rct during the first 200 cycles, after which it increased, likely due to SEI thickening and the 

297 formation of the cathode-electrolyte interface (CEI).58 VP200 displayed slightly lower Rct than Bare Li, 

298 confirming its improved ionic conduction across the ASEI. 

299

300

301 Fig. 2 (a) LSV curves recorded within 0 – 6 V; (b) CV curves of untreated lithium metal (Bare Li), VC12@Li, 
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302 and VP200@Li. 

303 Lithium-ion transference numbers were determined for symmetric VC12@Li and VP200@Li cells using 

304 the Bruce-Vincent method (Table S3 and Fig. S6a, b), yielding TLi+  values of 0.62 and 0.59, respectively. 

305 These values are markedly higher than typical reports for 1M LiPF6 in EC/DEC (1:1, v/v), where TLi+  

306 generally lies in the range 0.3 – 0.4 (e.g., TLi+  = 0.2959 and 0.3860). This enhanced Li+ contribution is 

307 consistent with efficient Li+ transport across the artificial interphase, as expected for optimized battery 

308 electrolytes. The slightly higher TLi+  of VC12 correlates with its lower interfacial resistances (RSEI, Rct) 

309 extracted from EIS, supporting the conclusion that VC12 forms a more Li+-conductive and stable interphase 

310 than VP200, in line with its superior long-term impedance and cycling performance.

311  

312 Fig. 3 Charge-discharge curves of (a) VC12@Li|LFP and (b) VP200@Li|LFP cells; (c) Cycling performance 

313 of VC12@Li|LFP and (d) VP200@Li|LFP cells compared with Li|LFP cell.

314
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315 Lithium symmetric cells were further assembled to evaluate dendrite growth (Fig. S7a). When cycled 

316 under increasing current densities (0.1 – 3.0 mA cm-2), the Bare Li cell exhibited large voltage fluctuations, 

317 rapid polarization growth, and unstable cycling, indicative of severe dendrite growth and unstable interfacial 

318 reactions. In contrast, the VC12@Li cell maintains a relatively smooth and stable voltage profile with 

319 significantly lower overpotentials, even at higher current densities. This demonstrates that the ASEI formed 

320 by VC12 effectively suppresses lithium dendrite penetration, stabilizes the Li surface, and ensures prolonged 

321 cycling stability compared to Bare Li. Long-term stability tests (Fig. S7b) further demonstrate VC12@Li’s 

322 superior endurance after 800 hours at 0.5 mA cm-2 with stable overpotentials, confirming ASEI’s mechanical 

323 robustness and effective dendrite suppression under prolonged Li plating/stripping. These results collectively 

324 validate the PIL-POSS ASEI’s layer ability to stabilize the Li interface across diverse cycling conditions. 

325

326 Fig. 4 (a) EIS profiles of VC12@Li|LFP cells, and (b) VP200@Li|LFP cells.

327

328 3.4. Internal analysis of the battery after cycling

329 To evaluate the ASEI layers formed on the lithium-metal anodes, cross-sectional SEM was used to 

330 measure their thickness. Controlling this thickness is essential, since overly thick coatings hinder Li+ transport 

331 and degrade performance. As shown in Fig. S8, the VC12@Li forms a uniform ASEI layer of about 7 µm, 

332 conformally covering the lithium surface. Building on previous results demonstrating that the Im-IL/POSS 
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333 ASEI lowers impedance and improves cycling, we further examined its stability under practical conditions. 

334 Cells were cycled 100 times at 1C (2.5 – 4 V), then disassembled in a glove box for post-mortem SEM and 

335 XPS analyses. The SEM images of Bare Li, VC12@Li, and VP200@Li highlight clear differences in surface 

336 morphology (Fig. 5). Bare Li shows irregular dendrites on the Li surface (Fig. 5a and 5d), while VC12@Li 

337 (Fig. 5b and 5e) maintains a smooth and compact surface, showing strong dendrite suppression. VP200@Li 

338 produced a smoother surface than Bare Li (Fig. 5c and 5f), but less uniform than VC12@Li. Overall, Im-

339 IL/POSS ASEIs promote more uniform Li deposition, with the VC12 ASEI providing the most effective 

340 protection.

341

342

343 Fig. 5 SEM images of (a, d) Bare Li, (b, e) VC12@Li, and (c, f) VP200@Li. The Li|LFP, VC12@Li|LFP, 

344 and VP200@Li|LFP cells were disassembled after 100 cycles at 1C.

345

346 XPS spectra of Bare Li, VC12@Li, and VP200@Li electrodes were collected after cycling to analyze 

347 the near-surface chemical composition of the interphase (Fig. 6 and S9). The C1s spectra show C−C, C=C, 

348 and C−H signals appearing at 284−285 eV in all samples (Fig. S9), originating mainly from the materials, 

349 electrolyte, and Super P in the cathode. Peak at around 286 eV corresponding to C−N, C=N, and C−O bonds, 
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350 while those near 290 eV are assigned to C=N+ and C=O species, as well as decomposition products such as 

351 Li2CO3, RO−CO2Li, and (CH2OCO2Li)2 formed during cycling. The F1s spectra reveal LiF at 685–686 eV 

352 (Fig. 6), a key SEI component providing stability, and LiPF6 at 687–688 eV. Notably, the relative LiPF6 

353 contribution is higher for VC12 (77.3%) and VP200 (71.5%) than for Bare Li (64.9%), suggesting that the 

354 Im-IL/POSS-derived ASEI suppresses LiPF6 decomposition in the electrolyte. 61 

355

356 Fig. 6 XPS F 1s, O 1s and N 1s spectra of Bare Li, VC12@Li, and VP200@Li using 1 M LiPF₆ in EC/DEC 

357 (1:1, v/v). The Li|LFP, VC12@Li|LFP, and VP200@Li|LFP cells were disassembled after 100 cycles at 1C.

358

359 The N 1s spectra show a peak at ~399 eV corresponding to Li3N (Fig. 6), which enhances Li+ conductivity, 

360 observed in both VC12@Li and VP200@Li electrodes but absent in Bare Li. A signal at 401 eV is attributed 

361 to C=N groups from the coating material. These findings confirm that the ASEI facilitates ion transport. The 

362 O1s spectra provide further insights (Fig. 6). A peak at 528 eV, assigned to Li2O from lithium salt oxidation, 

363 is absent in both VC12@Li and VP200@Li, supporting the protective effect of the ASEI against electrolyte 

364 decomposition. A peak near 532 eV may correspond to LiNxOy, which can generate Li3N during cycling.61 In 

365 contrast, Bare Li presented a dominant peak at 531 eV, primarily attributed to Li2CO3, RO−CO2Li, and 

366 (CH2OCO2Li)2 from electrolyte degradation. Finally, the Li 1s spectra exhibit overlapping signals from Li₃N, 
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367 Li₂O, LiF, and LiPF₆ between 55–56 eV (Fig. S9), complicating peak deconvolution. Nevertheless, the 

368 spectral features are consistent with the compositional assignments derived from C 1s, F 1s, N 1s, and O 1s 

369 analyses. We note that, due to the ~7 µm thickness of the ASEI and the surface sensitivity of XPS, these data 

370 primarily probe the outermost interfacial region, but they still provide qualitative evidence that the Im-

371 IL/POSS layer promotes a LiF/Li3N-rich, decomposition-suppressing surface consistent with the improved 

372 electrochemical performance.

373

374 3.5. Electrochemical performance of modified Li anode with ether-based electrolyte

375 The charge-discharge profiles of Li|LFP and VC12@Li|LFP cells using ether-based electrolyte (1 M 

376 LiTFSI in DOL/DME (1:1, v/v) containing 2 wt% LiNO3) reveal a marked difference in cycling stability (Fig. 

377 S10 and 7a). The Li|LFP cell exhibits pronounced polarization and distorted curves upon cycling, reflecting 

378 unstable SEI formation and uneven Li deposition. In contrast, the VC12@Li|LFP cell delivers highly 

379 overlapping voltage profiles with reduced overpotentials, indicating uniform Li plating/stripping and 

380 suppressed dendrite growth. These results confirm that the VC12-derived ASEI effectively stabilized the Li 

381 anode and enhanced reversibility in ether-based electrolytes. The cycling performance of the VC12@Li|LFP 

382 cell at a 1C charge–discharge rate using ether-based electrolyte showed marked improvement as compared to 

383 the Li|LFP counterpart (Fig. 7b). The Li|LFP cell exhibited rapid capacity decay, dropping below 70 mAh g⁻¹ 

384 within 100 cycles and continuing to fade to below 40 mAh g⁻¹ after 500 cycles. In contrast, the VC12@Li|LFP 

385 maintained stable operation with nearly 130 mAh g⁻¹ after 200 cycles with 99.6% capacity retention, 

386 compared to only 46.2% for the Li|LFP counterpart. Even after 500 cycles, VC12@Li|LFP preserved 70.8% 

387 of its initial capacity, approximately 2.5 times higher than Bare Li, highlighting the superior cycling stability 

388 imparted by the VC12 ASEI layer.
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389

390 Fig. 7 (a) Charge-discharge curves of VC12@Li|LFP cell and (b) Cycling performance of VC12@Li|LFP cell 

391 compared with Li|LFP cell in 1 M LiTFSI in DOL/DME (1:1, v/v) containing 2 wt% LiNO3.

392 To investigate the near-surface interfacial chemistry of the ether-based electrolyte system, XPS analysis 

393 was performed on the cycled anodes (Fig. 8 and S11). The C1s spectra (Fig. S11) exhibit characteristic peaks 

394 at 284−285 eV (C−C, C=C, and C−H), attributed to residual carbon frameworks or polymeric species, 

395 indicative of carbonized polymers within the SEI. A peak at ~286 eV is assigned to C−O species originating 

396 from solvent decomposition or reaction with the lithium salt. The signals at ~289, 290, and 292-293 eV 

397 correspond to RO−CO2Li, C=O, and C–F bonds, respectively. Compared with Bare Li, the VC12-modified 

398 electrode presents reduced C=O and decomposition products but an enrichment of RO−CO2Li and polymeric 

399 organic species, which are recognized to facilitate Li+ transport and improve SEI stability. 

400 The O 1s spectra reveal a pronounced Li₂O peak (528-529 eV) on Bare Li (Fig. 8), indicating parasitic 

401 reduction and resistive inorganic byproduct. In contrast, the VC12-modified electrode suppresses Li₂O 

402 accumulation while promoting the formation of stable oxygenated compounds such as RO–CO₂Li, 

403 (CH2OCO2Li)2, LiNₓOᵧ, and NSO2¯ at 531-532 eV. The N 1s spectra further reveal that VC12 modification 

404 induces a higher fraction of LiNₓOᵧ (~399.5 eV) (Fig. 8), beneficial for Li⁺ conduction and interfacial 
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405 passivation, while concurrently reducing unstable intermediates such as LiNO₂ (~ 404 eV). Moreover, organic 

406 nitrogen species (C–N, C=N, R–NH2, ~ 400.7 eV) are more abundant in the VC12-modified electrode, 

407 suggesting the presence of a flexible polymeric nitrogen-containing SEI that can accommodate electrode 

408 volume fluctuations. Residual LiNO3 (~407 eV) is also detected, serving as a potential reservoir for SEI repair 

409 and stabilization during cycling.

410

411

412 Fig. 8 XPS F 1s, O 1s, and N 1s spectra of Bare Li, VC12@Li using 1M LiTFSI in DOL/DME (1:1, v/v) 

413 containing 2 wt% LiNO3. The Li|LFP and VC12@Li|LFP cells were disassembled after 100 cycles at 1C.

414

415  The F 1s spectra show contributions from LiF and –CF₃ group originating from LiTFSI decomposition in 

416 both samples (Fig. 8). Notably, the VC12-modified electrode demonstrates stronger LiF formation, a favorable 

417 SEI component that enhances interfacial robustness and suppresses dendrite growth. Finally, the Li 1s spectra 

418 (Fig. S11) highlight clear contrasts: Bare Li has a higher contribution from Li–O species (Li₂O, LiO₂), which 

419 raises interfacial resistance, whereas VC12 significantly increases beneficial inorganic/organic SEI 

420 components, including LiF, Li₃N, LiNₓOᵧ, and RO–CO₂Li. We note that, due to the ~7 µm ASEI thickness 

421 and XPS surface sensitivity, these data primarily probe the outermost interfacial region but provide qualitative 
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422 evidence of a LiF/Li3N/LiNxOy-rich surface composition consistent with the enhanced electrochemical 

423 performance. Collectively, these results demonstrate that the VC12-modified electrode forms a more balanced 

424 SEI of stable inorganic species and flexible organics, effectively mitigating parasitic reactions and improving 

425 cycling stability.

426 Comparative electrochemical performance of PIL-POSS ASEI against state-of-the-art artificial SEI (ASEI) 

427 strategies for Li metal anodes (Table S4). The PIL-POSS ASEI achieves superior capacity retention of 84.6% 

428 after 1000 cycles (carbonate electrolyte) and 70.8% after 500 cycles (ether electrolyte), outperforming other 

429 ASEI layers. This exceptional stability arises from POSS cages providing mechanical 

430 reinforcement (preventing rupture during Li volume expansion) and PIL components enabling selective Li⁺ 

431 conduction, minimizing dead Li formation and interfacial instability that limit conventional Li metal batteries.

432

433 4. Conclusion

434 In this work, we report a simple polymerization strategy to construct ASEIs on lithium metal anodes by 

435 integrating PILs with POSS. The hybrid ASEI combines the mechanical robustness of POSS with the 

436 flexibility and ionic conductivity of imidazolium-based ILs, forming a conformal crosslinked PIL–POSS 

437 network that accommodates volume changes during Li plating/stripping while effectively suppressing dendrite 

438 growth and side reactions. FT-IR and ¹H NMR analyses confirmed successful IL incorporation and complete 

439 PIL–POSS crosslinking. Both Im-IL/POSS@Li|LFP cells delivered higher capacities than bare Li at different 

440 C-rates. Rate capability tests further showed that PEG-based VP200 ASEI facilitated Li⁺ transport for high-

441 rate performance, whereas dodecane-based VC12 offered superior long-term stability. VC12@Li|LFP cells 

442 retained 94.7% capacity after 500 cycles and 84.6% after 1000 cycles in carbonate-based electrolytes and 
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443 99.6% after 200 cycles in ether-based electrolytes, while maintaining 70.8% after 500 cycles—approximately 

444 2.5 times higher than bare Li. LSV and CV confirmed a broadened electrochemical stability window of ~5 V 

445 compared with ~4 V for bare Li. Post-mortem analyses confirmed the ASEI’s protective function, revealing 

446 smooth, compact Li deposits and a balanced SEI composition enriched with stable inorganic species (LiF, 

447 Li₃N, LiNₓOᵧ) and flexible organic moieties (RO–CO₂Li, polymeric nitrogen species). These components 

448 enhanced Li⁺ mobility, inhibited electrolyte decomposition, and minimized resistive Li₂O formation. Overall, 

449 the PIL–POSS hybrid ASEI provides a practical route to dense, conductive, and mechanically robust 

450 interphases, enabling safer and longer-lasting lithium metal batteries.

451
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473 Supplementary data to this article can be found online at https://

474

475

476

477
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The data supporting this article have been included as part of the Supplementary 

information. 

Supplementary information: The experimental part and other necessary data supporting 

this study's key findings are provided in the SI file of this article. See DOI: 

https://doi.org/
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