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Abstract

This work presents the fabrication of a composite solid polymer electrolyte (CSE) by blending 

poly(ethylene oxide) (PEO) with polyacrylonitrile (PAN) and incorporating SiO₂ nanoparticles 

generated via in-situ process. The addition of PAN effectively disrupts the crystalline structure of 

PEO and increases the amorphous phase and polymer chain flexibility, which facilitates improved 

lithium-ion mobility. The in-situ formation of SiO₂ via tetraethyl orthosilicate (TEOS) hydrolysis 

ensures uniform dispersion of ceramic fillers, which enhances mechanical properties, thermal 

stability, and ion transport pathways. The optimized CSE-15 sample demonstrates a notable ionic 

conductivity of 3.81 × 10⁻⁴ S·cm⁻¹ at elevated temperature and a lithium-ion transference number 

of 0.36, indicative of efficient lithium transport. Electrochemical testing reveals a wide 

electrochemical stability window extending to 4.5 V (vs. Li/Li⁺), while lithium symmetric cells exhibit 

prolonged cycling stability and effective suppression of dendritic growth. Furthermore, full cell tests 

using LiFePO₄ as the cathode show a high specific capacity of 151.4 mAh·g⁻¹ with a Coulombic 

efficiency of 99.8% over 150 cycles at 0.5 C and 60 °C. The synergistic effect of polymer blending 

and in-situ filler incorporation is found to optimize the balance between ionic conductivity, 

mechanical integrity, and interfacial compatibility, which are critical parameters for advancing solid-

state lithium battery. These findings provide valuable insights into the rational design of composite 

electrolytes. Therefore, the obtained CSE is a promising candidate for developing safe and high 

performance lithium metal batteries.
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1. Introduction

Currently, lithium-ion secondary batteries are widely used across a broad range of applications, 

from portable electronic devices such as smartphones, laptops, and gaming consoles to electric 

vehicles (EVs) and large-scale energy storage systems (ESS), owing to their high energy density, 

excellent charge/discharge cycle performance, long lifespan, and high output voltage [1-2]. There 

is a growing demand for devices with higher efficiency and energy density, which imposes high 

technical requirements and needs continuous performance improvements. However, conventional 

lithium-ion batteries are struggling to meet the rapidly rising performance demands across various 

fields. In particular, typical lithium-ion batteries use liquid organic electrolytes, which cause several 

critical challenges, including electrolyte leakage and side reactions with electrodes. Furthermore, 

these batteries suffer from severe capacity decay, rate capability degradation, and accelerated 

lithium dendrite formation under low-temperature (LT) operation, necessitating a more systematic 

understanding of electrolyte behavior in extreme environments [3]. These issues lead to capacity 

fading, decomposition under high-voltage operation, and even safety hazards such as fire or 

explosion due to the flammable nature of the liquid electrolytes [4-9]. To address these problems, 

the use of solid-state electrolytes (SSEs) is considered a promising solution, as they significantly 

enhance battery safety and cycle life by eliminating the inherent risks associated with liquid 

electrolytes.

Compared to liquid electrolytes, solid-state electrolytes exhibit several advantageous properties, 

including low flammability, non-volatility, and excellent mechanical and thermal stability [10-15]. 

Although recent studies have attempted to overcome the limitations of liquid electrolytes through 

advanced electrolyte engineering by employing novel additives such as viologens for accelerated 

lithium-ion migration [16] or LiDFOB/BTFE combinations for enhanced fast-charging [17], it remains 

a significant challenge to simultaneously achieve extreme fast-charging, high-voltage stability, and 
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absolute safety. Consequently, solid electrolytes are generally categorized into three main types: 

inorganic ceramic electrolytes (ICEs) [18-24], polymer-based solid electrolytes (PSEs) [25-30], and 

composite solid electrolytes (CSEs) [31-38]. Among them, ICEs encompass a variety of material 

types, including garnet-type, NASICON-type, perovskite-type, LISICON-type, argyrodite-type 

structures and so on. Due to their superior mechanical properties, high thermal stability, excellent 

ionic conductivity, and wide electrochemical stability window, ICSs have attracted significant 

attention. However, their inherent brittleness, along with large interfacial and grain boundary 

resistance, gives rise to a critical challenge that hinders practical application in all-solid-state battery 

systems.

 In contrast, PSEs offer excellent processability and flexibility, favorable interfacial compatibility, and 

low flammability. Despite these advantages, their practical applications are limited due to their 

relatively narrow electrochemical stability window, low ionic conductivity at ambient temperature, 

and insufficient mechanical strength. Since ionic transport predominantly occurs in the amorphous 

regions of polymers, the high crystallinity inherent in many polymer matrices significantly impedes 

ion mobility. To address these limitations, plasticizers are often incorporated into the polymer matrix 

to form gel polymer electrolytes (GPEs), which enhance ionic conductivity [39-41]. However, the 

addition of plasticizers generally reduces the mechanical strength, electrochemical stability, and 

flame resistance of the electrolyte. Many studies have been devoted to enhancing the performance 

of polymer electrolytes through approaches such as polymer blending (e.g., PEO, PAN, PVP, PVDF, 

and PVDF-HFP), block copolymer formation, polymer chain alignment, and crosslinked polymer 

networks [29,31,42-44]. Although many improvements in polymer electrolytes have been achieved 

through previous researches, they still suffer from challenges including low ionic conductivity at 

room temperature, oxidative or thermal degradation, and insufficient suppression of lithium dendrite 

growth.

CSEs have gathered significant research interest in a direction that integrates the advantages of 

both inorganic ceramic and polymer-based electrolytes. Accordingly, numerous strategies have been 

developed to fabricate CSEs that can maintain mechanical robustness and interfacial stability with 

lithium metal without relying on plasticizers. Typically, active ceramic fillers such as LATP 

(Li₁.₃Al₀.₃Ti₁.₇(PO₄)₃), LLZO (Li₇La₃Zr₂O₁₂), and LLTO (Li₃xLa₂/3–xTiO₃) are employed as additives [45-

48]. These active fillers not only enhance the physical and mechanical properties of the polymer 

matrix, but also actively participate in lithium-ion transport, thereby significantly improving the 

electrochemical performance of the electrolyte.

One promising strategy for designing CSEs involves incorporating inorganic fillers such as ZnO, 
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TiO₂, Al₂O₃, and SiO₂ into polymer matrices [37,49-51]. These ceramic fillers possess high specific 

surface areas and Lewis acid characteristics, which contribute to enhanced lithium-ion conductivity. 

Specifically, the fillers interrupt the reorganization of polymer chains and reduce crystallinity, thereby 

facilitating segmental motion and promoting ion transport. Additionally, strong Lewis acid-base 

interactions between the ionic species in the electrolyte and the functional groups on the filler 

surface enhance the dissociation of lithium salts and improve the stability of the anions. These 

effects not only improve the mechanical properties and interfacial contact of the solid electrolyte, 

but also help to suppress the growth of lithium dendrites. Croce and Scrosati [49] demonstrated 

that the addition of nanosized TiO₂ (13 nm) and Al₂O₃ (5.8 nm) particles to a PEO-LiClO₄ matrix 

increased ionic conductivity from 10⁻⁸ S cm⁻¹ to approximately 1.7 × 10⁻⁵ S cm⁻¹ at room 

temperature. This improvement was attributed to the high surface area of the nanoparticles, which 

effectively suppressed the recrystallization of the polymer upon cooling from the amorphous state. 

Simultaneously, the mechanical properties of the polymer matrix were also enhanced. In another 

study [34], the incorporation of 10 wt% SiO₂ particles (5-10 nm in size) into a PEO-LiClO₄ matrix 

resulted in an initial conductivity of ~10⁻⁵  S cm⁻ ¹  at room temperature. However, this value 

decreased to ~10⁻⁶ S cm⁻¹ after one week, indicating that the suppression of recrystallization was 

incomplete. Lyu et al. [43] achieved a conductivity of 0.8 × 10⁻⁴ S cm⁻¹ at room temperature by 

adding succinonitrile (SN) and SiO ₂  nanospheres into a PEO matrix. The enhancement was 

attributed to reduced crystallinity and improved chain mobility induced by the additives. Despite 

these advances, most conventional fabrication methods for CSEs involve the direct mixing of pre-

synthesized ceramic nanoparticles with the polymer matrix. This approach often leads to non-

uniform dispersion, particle aggregation, and weak interactions between the fillers and polymer 

chains, limiting overall performance due to the presence of crystalline regions. To address these 

interfacial issues, recent studies have explored modified fillers. For instance, incorporating oxygen-

vacancy LLZTO (OV-LLZTO) into PEO has been shown to strengthen the bonding with polymer 

chains, effectively reducing interfacial resistance and preventing PEO crystallization [52]. To 

overcome the challenges, an in-situ synthesis approach has been proposed. Lin et al. [35] developed 

a CSE by incorporating monodispersed ultrafine SiO₂ particles into PEO through the in-situ 

hydrolysis of TEOS. This method resulted in an ionic conductivity of 4.4 × 10⁻⁵ S cm⁻¹ at 30 °C. 

Recent advancements in in-situ polymerization have further demonstrated the potential to create 

phase-separated systems that simultaneously enhance interfacial wettability and generate stable, 

LiF-rich interphases at both electrodes, thereby achieving state-of-the-art electrochemical 

performance [53]. The in-situ synthesized SiO₂ particles offered better particle dispersion and more 

efficient Lewis acid-base interactions compared to simple mechanical mixing, thereby enhancing 

both the structural and electrochemical properties of the solid polymer electrolyte. As discussed 
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thus far, the incorporation of individual fillers or additives into CSEs improves specific properties 

such as ionic conductivity and interfacial contact. However, the overall electrochemical performance 

of the electrolyte still requires significant enhancement. To maximize these improvements, the 

adoption of systematic approaches such as the Design of Experiments (DoE) is essential, as it allows 

for the exploration of multiple variables and their synergistic interactions, replacing repeated testing 

strategies [54]. Given that each type of filler and additive functions through different mechanisms 

and contributes to the performance improvements of solid electrolytes, introducing multiple 

functional materials simultaneously into the solid electrolyte is considered an effective strategy. This 

approach has the potential to achieve synergistic effects that address multiple limitations 

simultaneously.

In this study, a composite solid polymer electrolyte is developed by appropriately integrating 

multiple materials to synergistically utilize their own properties. Poly(ethylene oxide) (PEO) was 

selected as the polymer matrix due to its thermoplastic nature, excellent film-forming ability, and 

good flexibility and adhesiveness, which allow tight interfacial contact with the electrodes. Moreover, 

the ether oxygen atoms in the PEO polymer chains form coordination complexes with Li⁺ ions, 

providing effective ion transport pathways. PEO also shows good compatibility with lithium salts 

such as LiTFSI and LiClO₄, leading to the formation of stable composites [34,55-56]. However, the 

high crystallinity of PEO limits Li⁺  mobility, resulting in low ionic conductivity. To address this, 

polyacrylonitrile (PAN) was introduced via blend mixing instead of using succinonitrile (SN), a 

commonly used plasticizer. While SN has a low molecular weight that weakens the mechanical 

strength of polymer matrix, PAN has a high molecular weight that not only suppresses the 

crystallinity of PEO, but also enhances mechanical strength, contributing to the inhibition of lithium 

dendrite growth [25,38]. Furthermore, PAN exhibits high oxidative, thermal, and electrochemical 

stability, making it a desirable polymeric additive. The terminal cyano groups (C≡N) in PAN 

coordinate with Li⁺  ions, promoting ionic migration. However, PAN by itself lacks intrinsic Li⁺  

conductivity and has limited interaction with lithium salts. Excessive PAN content leads to phase 

separation within the electrolyte, facilitating non-uniform morphology and reduced ionic 

conductivity. Therefore, the PAN content was carefully optimized in this study to balance ionic 

conductivity and mechanical integrity. This balancing act is crucial, as evidenced by recent findings 

that while higher salt concentrations enhance ionic conductivity, lower salt concentrations can offer 

significantly higher mechanical stiffness and longer cycling life [57]. To further enhance the ionic 

conductivity and overall electrochemical performance, nanoscale inorganic fillers were incorporated 

into the electrolyte. SiO₂ nanoparticles expand the amorphous regions in the polymer matrix and 

form numerous interfacial conduction pathways that accelerate Li⁺ transport. Additionally, SiO₂, as 
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a ceramic filler, contributes to mechanical reinforcement, dimensional stability, thermal resistance, 

improved electrode-electrolyte interfacial contact, and suppression of lithium salt decomposition 

via moisture absorption. However, the inert and active ceramic nanoparticle fillers introduced as 

preformed ceramics often lead to the agglomeration and heterogeneous dispersion of fillers, and 

weak interactions between polymer chains and ceramic particles, thereby limiting further 

improvements in the conductivity of polymer electrolytes [35]. To ensure homogeneous dispersion 

and interfacial chemical stability of the inorganic particles, in-situ SiO₂ was formed via the hydrolysis 

of TEOS in PEO/PAN polymer blend solution. Based on this materials design strategy, we developed 

the PEO/PAN based solid electrolyte containing monodispersed ultrafine SiO2 particles. The strong 

chemical and mechanical interactions between formed SiO2 spheres and polymer chains successfully 

suppressed the crystallinity of PEO/PAN.  Furthermore, the precisely controlled growth of SiO2 

ensured improved particle distribution and monodispersity, increasing the effective surface area for 

efficient Lewis acid-base interactions. The resulting CSE was characterized using SEM, XRD, and FT-

IR analyses. Electrochemical performance was evaluated through AC impedance spectroscopy to 

determine ionic conductivity, linear sweep voltammetry (LSV) to evaluate electrochemical stability 

and lithium dendrite suppression, and galvanostatic charge-discharge cycling to investigate specific 

capacity, Coulombic efficiency, and cycle stability. The fabricated CSE exhibited an ionic conductivity 

of 3.81 × 10⁻⁴ S·cm⁻¹ at 60 °C, measured in a symmetric stainless steel/electrolyte/stainless steel 

cell. In a Li/electrolyte/Li symmetric cell, stable cycling was maintained for approximately 150 h at 

60 °C and 0.1 mA·cm⁻², demonstrating excellent interfacial and structural stability. Furthermore, an 

all-solid-state battery assembled with this electrolyte achieved a high specific capacity of 

153.3 mAh·g⁻¹ at 0.5C, and retained 99.8% of its capacity after 150 cycles at 0.5C and 60 °C. These 

results clearly indicate that the designed composite solid electrolyte is a promising candidate for 

use in next-generation solid-state lithium-ion batteries.

2. Experimental 

2.1. Materials

The materials used in this study are as follows: PEO (Mw = 1,000,000, Sigma Aldrich), PAN (Mw = 

150,000, Sigma Aldrich), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.95%, MTI Korea), N,N-

dimethylformamide (DMF, 99.8%, Sigma Aldrich), tetraethyl orthosilicate (TEOS, 98%, Sigma Aldrich), 

hydrochloric acid (HCl, 37%, Sigma Aldrich), LiFePO₄ powders (LFP, 99.9%, MTI Korea), polyvinylidene 

fluoride (PVDF, HSV900, Arkema Co.), N-methylpyrrolidone (NMP, 99.99%, Sigma Aldrich), carbon 

black (Ketjenblack EC-600JD, Sigma Aldrich), and lithium metal foil (MTI Korea). All chemicals were 
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used as received, without further purification.

2.2. Preparation of composite solid electrolyte

The CSE was prepared using a conventional solution casting method. First, LiTFSI and TEOS were 

sequentially dissolved in DMF under magnetic stirring at room temperature. LiTFSI, being the key 

component responsible for providing lithium ion conductivity, was first introduced into the solvent 

to ensure stable dissolution. After LiTFSI was completely dissolved, other components were added 

to this solution. TEOS forms SiO₂ nanoparticles through hydrolysis and condensation reactions. 

Once TEOS was added dropwise and stabilized in the solution, HCl was added at a TEOS:HCl molar 

ratio of 1:2 to promote hydrolysis reaction and facilitate the formation of a uniform SiO₂ distribution 

within the solution. PAN was added to the solution, and the mixture was vigorously stirred at 60 °C 

for 30 min until fully dissolved. In this process, TEOS was hydrolyzed and condensed to form 

extremely small SiO₂ nanoparticles. Although SiO₂ is generally insoluble, these nanoparticles were 

uniformly dispersed within the PAN solution, allowing it to remain transparent. Next, PEO was added 

while continuing vigorous stirring and the solution was stirred at 60 °C for 24 h to obtain a 

homogeneous solution with a concentration of 6%, where the molar ratio of Li+ to EO is 1:17. For 

comparison experiments, the mass ratios of PAN to PEO were 0:1, 1:2, 1:5, and 1:10, respectively. 

The amount of TEOS added to the solution was adjusted to ensure that it constituted 8% of the 

total polymer content after conversion to SiO₂. The fully dissolved solution was then scraped onto 

the polytetrafluoroethylene (PTFE) film sheet. The sample was placed in a dry chamber at 60 °C for 

12 h to remove the solvent and was then dried at room temperature for 48 h in order to ensure 

complete removal of the residual solvent. Finally, the samples were obtained and stored in a vacuum 

oven until further use. 

2.3. Preparation of cathode and all-solid-state battery

The LFP cathode sheets were prepared using a slurry casting method, which involved mixing active 

material, binder, conductive additive, and solvent. First, LiFePO4 (80 wt%), PVDF (10 wt%), and carbon 

black (10 wt%) were added to NMP and stirred into a uniform slurry at room temperature. The 

prepared slurry was cast onto the aluminum foil using a doctor blade and dried in a vacuum oven 

at 100 °C for 12 h. The completely dried cathode electrode was cut into circular disks with diameters 

of 10 mm and the active material loading was approximately 1.8 mg·cm-2. This loading was chosen 

as it is commonly used in laboratory-scale studies to ensure uniform coating, reproducibility, and 
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reliable electrochemical measurements. For electrochemical analysis, 2032-type coin cells were 

assembled using the prepared composite solid electrolyte, LFP electrode, lithium metal, and stainless 

steel in the argon-filled glove box. During the assembly of all cells, spacers were inserted to increase 

the stacking pressure inside the cell, ensuring that the electrodes and electrolyte were sufficiently 

in contact.

2.4 Characterization of composite solid electrolyte

In this study, the shape and composition, mechanical properties, crystallinity, and thermal behavior 

of the material were analyzed using the following equipment. The morphology and elemental 

composition of CSE were studied by field emission scanning electron microscopy (FE-SEM, MERLIN, 

Carl Zeiss) equipped with energy dispersive spectroscopy (EDS) system. The EDS mapping was 

performed on the surface of the CSE sample. XRD analysis was performed using X-ray diffractometer 

(D8 Advance, Bruker) instrument with a scan speed of 4° min-1 and a 2θ range from 10° to 60° to 

determine the crystal structure of CSE. Differential scanning calorimetry (DSC, Q-1000, TA) was used 

to measure the crystallinity and thermal properties of the electrolyte material in N2 atmosphere. 

Fourier transform infrared spectroscopy (FT-IR, Nicolet Summit X, ThermoFisher) was carried out 

over a wavelength range of 400 to 4000 cm-1 to analyze the chemical bonding of the components 

in fabricated CSE. The morphological features and crystalline structures were consistently 

reproduced across on multiple batches, confirming that the in-situ synthesis of SiO2 and its 

integration into the PEO/PAN matrix are highly stable and reliable processes.

2.5. Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) tests were conducted using an impedance 

spectrometer instrument (ZIVE SP1, WonATech). A symmetric cell, consisting of stainless steel (SS) 

and CSE (SS/CSE/SS), was assembled to measure the ionic conductivity (σ) in the frequency range 

of 100 kHz to 0.1 Hz with a voltage amplitude of 10 mV. Ionic conductivity is calculated using 

Equation (1):

σ = L / (Rb X S)

where L (cm) is the thickness of the CSE, Rb is the bulk resistance of electrolyte, and S represents 

the contact area between CSE and SS. 

The lithium ion transference number (tLi+) was determined using the chronoamperometry method 
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with Li/CSE/Li symmetric cell. EIS was conducted before and after DC polarization in the frequency 

range of 100 kHz to 0.1 Hz at room temperature, with a test voltage of 10 mV applied until the 

current stabilized. The tLi+ is calculated using the Vincent-Evans Equation (2):

tLi+ = Iss(ΔV-I0R0) / I0(ΔV-IssRss)

where I0 and Iss are initial and steady-state currents, respectively, ΔV represents the applied voltage, 

and R0 and Rss are the impedances before and after polarization, respectively. For electrochemical 

evaluations, including EIS and lithium-ion transference number measurements, the results were 

obtained by averaging the data from multiple cells to minimize experimental error and ensure 

statistical significance.

Linear scanning voltammetry (LSV) was performed using SS/CSE/Li asymmetric cell to determine the 

electrochemical stability window of the electrolyte. The potential range was from 2.0 to 5.5 V (vs. 

Li/Li+) with a scan rate of 1 mV s-1 at room temperature. The stripping/plating behavior of CSE was 

measured by Li/CSE/Li symmertric cell at current density of 0.1 mA cm-2. The galvanostatic 

electrochemical measurements and cycling performances of the asymmetry half-cells (Li/CSE/LFP) 

were evaluated, with voltage ranges found to be between 2.5 and 4.2 V, using an automatic charge-

discharge electrochemical workstation (WBCS 3000L, WonATech). The specific capacities and energy 

densities are determined by calculating the mass of active materials in the cathode electrode, which 

are responsible for charge storage and energy release. The electrochemical tests were conducted 

using independent cells for each condition, and the representative data set is reported.

3. Results and discussion

Figure 1 schematically illustrates the fabrication process of the composite solid electrolytes. In this 

study, PEO was selected as the primary polymer matrix due to its ability to facilitate lithium-ion 

transport and form a continuous ion conductive phase. The PEO-based solid electrolyte exhibits 

inherent tackiness, enabling intimate contact with the electrodes during cell assembly, which is 

further supported by the use of spacers, as illustrated in Figure 1. It is well known that ionic 

conductivity in solid polymer electrolytes mainly occurs in the amorphous regions of the polymer 

matrix [58]. However, the high crystallinity of PEO hinders its ionic conductivity when used alone, 

which limits its performance as a solid electrolyte. To overcome this limitation and improve the 

mechanical strength and suppress the crystallinity of PEO, PAN was incorporated through polymer 

blending. The degree of crystallinity in the blended polymer matrix varies depending on the 

blending ratio of PAN to PEO [26,58-59]. However, it induces phase separation and disrupts 

Page 9 of 35 Energy Advances

E
ne

rg
y

A
dv

an
ce

s
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 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

5:
46

:1
1 

PM
. 

 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/D6YA00033A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ya00033a


10

continuous ion-conduction pathways because excessive PAN content leads to poor interaction with 

lithium salts.

Figure 1. Schematic illustration of the preparation procedure and cell configuration.

This can negatively affect both the ionic conductivity and electrochemical stability of the electrolyte. 

Accordingly, composite solid electrolytes were prepared with PAN:PEO ratios of 0:1, 1:2, 1:5, and 

1:10 to determine the optimal PAN-to-PEO ratio and analyze the relationship between crystallinity, 

ionic conductivity, and mechanical properties. The corresponding samples are denoted as CSE-01, 

CSE-12, CSE-15, and CSE-110, respectively. To further enhance lithium-ion conductivity, LiTFSI was 

added at a molar ratio. LiTFSI forms coordination complexes with the ether oxygen atoms in the 

PEO chains, advancing lithium-ion transport and increasing the amorphous content of the polymer, 

thus improving the ionic conductivity. However, excessive salt concentration causes the formation 

of ion pairs or aggregates, which adversely affect ionic mobility. In this study, the EO:Li⁺ molar ratio 

was fixed at 17:1, which is widely regarded as optimal for balancing ionic conductivity and 

crystallinity suppression in solid polymer electrolyte systems. This specific ratio has been shown in 

previous studies to enhance conductivity while maintaining electrochemical stability across various 

polymer electrolyte platforms. For example, Fan and Fedkiw [51] reported the conductivity of 
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solution electrolytes containing lithium salts with various molar ratios. Their study said that 

composite electrolytes have a high ionic conductivity at room temperature (~1.5 × 10⁻⁵ S·cm⁻¹), a 

wide potential window (~5.5 V), and relatively stable performance with the Li+:EO ratio range of 

15:1 to 20:1. Kim et al. [60] prepared composite electrolyte consisting of PEO, LiTFSI, SN, LLZANO, 

and LiDFP. They used 16:1 in the molar ratio of EO:Li+ and achieved high ionic conductivities and 

stable electrochemical performance. Yang et al. [32] added LiTFSI to the membrane at an EO:Li+ 

ratio of 20:1. This resulting electrolyte membrane offered good ionic conductivity and stability 

against lithium dendrite formation.

In the prepared composite solid electrolytes, SiO₂ inorganic nanoparticles were incorporated via a 

non-aqueous sol-gel process. Previous studies have demonstrated that the optimal SiO2 content 

typically ranges from 5% to 10% relative to the total polymer weight [34,43,51]. Within this range, 

the inorganic fillers effectively promote ion transport by inhibiting polymer recrystallization, while 

maintaining the structural integrity of the membrane. Accordingly, the SiO2 content in this study 

was selected as 8% to achieve balanced electrochemical and mechanical properties. This was 

achieved by in-situ hydrolysis of tetraethyl orthosilicate (TEOS) within the polymer matrix using HCl 

as a catalyst, promoting uniform distribution of SiO₂ throughout the electrolyte. The in-situ sol-gel 

process allows for strong interfacial interactions between the formed SiO₂ nanospheres and the 

polymer chains, which is particularly effective in suppressing the crystallinity of PEO. During the 

fabrication process, all components were fully dissolved and homogeneously mixed in a single DMF 

solvent at 60 °C. This processing condition facilitates the uniform nanoscale dispersion of both the 

polymer matrix and the inorganic SiO₂ particles during electrolyte formation. The consistency of 

this fabrication protocol was verified through the production of multiple batches, which yielded 

composite electrolytes with highly uniform and reproducible physical properties. The incorporation 

of inorganic nanoparticles into polymer electrolytes is generally known to offer several advantages, 

including enhanced mechanical strength, increased amorphous regions, and extended lithium-ion 

transport pathways. However, the conventional addition of ceramic fillers often suffers from 

drawbacks such as particle aggregation, uneven dispersion, and interfacial incompatibility, which 

bring about decreased ionic conductivity and poor electrochemical performance. For direct 

comparison, a control sample (denoted as CSE-p) was also prepared by the mechanical mixing of 

pre-synthesized SiO2 nanoparticles with the polymer matrix. In contrast, the in-situ generated SiO₂ 

in this study effectively alleviates these limitations by ensuring homogeneous nanoparticle 

distribution, improving interfacial compatibility between polymer and inorganic component, and 

enhancing both the ionic conductivity and cycling stability of the electrolyte. This approach 

demonstrates the potential of in-situ ceramic synthesis as an effective strategy for optimizing the 
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structure and performance of composite solid electrolytes in all-solid-state lithium batteries.
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Figure 2. SEM images of (a) CSE-01, (b) CSE-15, (c) CSE-110, (d) CSE-12, (e) CSE-p and (f) cross-

section of CSE-15. EDS mapping of (g) silicon in CSE-p, and (h) silicon, (i) sulfur, and (j) fluorine in 

CSE-15.

The surface morphology of CSE prepared in this study was examined via scanning electron 

microscopy (SEM). As shown in Figures 2a-2c, the CSE-01, CSE-15, and CSE-110 samples exhibit 

smooth and uniform surfaces, characterized by compact and dense microstructure without pores.  

A similar surface morphology was observed for CSE-p (Figure 2e), which was prepared using pre-

synthesized SiO2, showing no significant differences in surface appearance compared to the in-situ 

samples. This suggests that while the surface appearance remains uniform regardless of the SiO2 

incorporation method, the internal dispersion and interfacial interactions may differ significantly, as 

further investigated through EDS. SEM surface images revealed no visible SiO₂ nanoparticles, 

suggesting that the particles were well embedded and dispersed within the polymer matrix. The 

consistent surface uniformity across these samples indicates the excellent film-forming capability of 

the PEO/PAN polymer blend matrix, which effectively embeds the inorganic fillers. On the other 

hand, the CSE-12 sample (Figure 2d), which contains the highest PAN content, displays a rough and 

heterogeneous surface with numerous visible micropores. This result is attributed to excessive PAN 
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incorporation, which likely disrupts uniform mixing within the polymer matrix and hinders proper 

film formation. Such phase separation and surface roughening have been previously reported as 

common outcomes of compositional imbalance and weak miscibility between blended polymers 

[56,59,61]. The electrolyte has to exhibit good flexibility and self-standing characteristics. However, 

the CSE-12 film demonstrated relatively stiffer and rougher surface features compared to the other 

samples. This is considered to result from the high PAN content reducing the overall flexibility of 

the polymer matrix and interfering with smooth film formation. By comparison, PAN-free sample 

(CSE-01) showed excessive stickiness, leading to poor dimensional stability and handling difficulties 

during cell assembly. Cross-sectional SEM images of the CSE films (Figure 2f) clearly show a uniform 

and symmetric internal morphology, confirming the successful formation of dense and coherent 

composite electrolytes. Since solid electrolytes must serve both as ion conducting media and 

physical separators between electrodes, controlling the thickness of the film is crucial. While a 

thinner film enhances ionic conductivity, it reduces mechanical integrity and is insufficient to 

suppress the lithium dendrite growth. On the contrary, thick films increase ionic resistance and 

negatively affect overall cell performance. Therefore, the thickness was optimized to balance 

mechanical stability and ionic conductivity. The final film thickness was controlled by adjusting the 

solution volume and casting height during the solution casting process, producing films 

approximately 80 μm thick.

To analyze the elemental distribution, EDS mapping was conducted on the surface of the CSE sample, 

as shown in Figure 2g–j. Figure 2g shows non-uniform distribution of Si from a sample prepared 

by the conventional mechanical mixing of pre-synthesized SiO2 nanoparticles. This is attributed to 

the agglomeration and inhomogeneous dispersion of inorganic particles, leading to unstable 

electrochemical performance, weak interactions between the fillers and polymer, and limited ionic 

conductivity. In contrast, the samples where SiO2 was introduced via the in-situ sol-gel method 

exhibit a significantly improved and uniform Si distribution. The mapping results of CSE-15 

presented here represent the typical elemental distribution observed across various samples, 

confirming the reproducibility of the homogeneous dispersion. The elemental mapping of Si 

obtained from EDS analysis (Figure 2h) confirms that the inorganic ceramic filler (SiO₂) is 

homogeneously distributed throughout the polymer matrix. This uniform distribution of filler is 

beneficial as it provides continuous pathways for lithium-ion transport, thereby promoting uniform 

lithium metal deposition. However, localized agglomeration of inorganic fillers is observed in certain 

areas. This phenomenon is attributed to local inconsistencies during the hydrolysis and 

condensation steps of the sol-gel reaction, as well as to variations in solvent evaporation rates. In 

addition, the inherent aggregation tendency of inorganic nanoparticles plays a role in this result. 
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Such issues could potentially be mitigated by precise control of processing parameters, including 

pH adjustment, reaction time optimization, and the incorporation of suitable dispersants. Figures 2i 

and 2j demonstrate that sulfur (S) and fluorine (F) elements are uniformly dispersed throughout the 

polymer matrix, indicating that the LiTFSI salt is evenly distributed in all composite electrolyte 

samples. This uniform salt distribution ensures consistent lithium-ion transport within the solid 

electrolyte, minimizing local concentration gradients and preventing electrochemical imbalances. It 

results in improved electrolyte stability, reduced interfacial resistance with the electrodes, and 

enhanced long-term cycling performance. Conversely, a high concentration of LiTFSI induces the 

formation of ion pairs or ionic aggregates, which hinder ionic conductivity and decrease 

electrochemical stability. Therefore, the uniform dispersion of LiTFSI observed in the composite solid 

electrolytes contributes to good electrochemical performance.
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Figure 3. (a) XRD patterns of CSE membranes. (b) DSC curves of CSE membranes. 

Lithium-ion transport in solid polymer electrolytes occurs through the segmental motion of polymer 

chains. This segmental mobility is strongly influenced by the crystallinity of the polymer; thus, the 

efficiency of ion transport in solid-state batteries depends on the degree of crystallinity in the 

polymer matrix. To investigate how polymer blending ratios affect the crystallinity of the prepared 

composite solid electrolytes, XRD analysis was conducted. As shown in Figure 3a, all CSE membranes 

exhibit similar XRD patterns, except for CSE-01 sample. The PEO-based solid electrolytes display 

characteristic diffraction peaks at approximately 19° and 23°, which indicate the crystalline region 

of PEO. The sharpness and intensity of these peaks correlate with the degree of crystallinity. The 

CSE-01 sample, which contains no PAN, shows sharp and intense peaks, confirming a high degree 

of crystallinity. In contrast, as PAN is incorporated into the polymer matrix, a decrease in the intensity 

and sharpness of the crystalline peaks is observed, suggesting a reduction in crystallinity. This result 

indicates that PAN effectively disrupts the crystalline region of PEO when blended into the matrix. 

The trend becomes more pronounced with higher PAN content, and the CSE-12 sample containing 

the highest PAN content exhibits the weakest diffraction peaks, indicating the lowest crystallinity 

among the samples.

The thermal behavior of the prepared CSEs was further investigated by DSC, which provides 

information on the glass transition temperature (Tg), melting temperature (Tm), and enthalpy of 

fusion (ΔHm). These thermal properties are critical for evaluating the stability and performance of 

solid electrolytes in battery applications. The glass transition temperature represents the threshold 

at which the polymer transitions from a rigid glassy state to a more flexible rubbery state. Polymer 

chain mobility is minimal below Tg, whereas segmental motion is activated above Tg, facilitating the 

formation of conductive pathways for lithium-ion transport. A decrease in crystallinity and an 

increase in amorphous content make the Tg lower. As presented in Figure 3b, Tg exhibited only 

minor variations of less than 1 °C depending on the PAN content, with values of -44.86, -45.02, -

45.23, and -45.27°C corresponding to CSE-01, CSE-110, CSE-15, and CSE-12, respectively. However, 

the differences between samples were not significant. This is likely because PEO already possesses 

a relatively low Tg, making it less sensitive to the addition of PAN. This suggests that, although Tg 

is closely related to the segmental mobility of polymer chains in the amorphous region, the 

temperature at which this motion begins does not differ significantly among the samples. However, 

an increased amorphous region implies that more polymer chains are available to participate in 

segmental motion. Tm, corresponding to the temperature at which crystalline regions melt and the 
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intermolecular interactions between polymer chains break down, also shows little variation among 

the samples. The melting temperatures of CSE-01, CSE-110, CSE-15, and CSE-12 were determined 

from the DSC curves to be 51.08, 57.44, 55.47, and 63.03 °C, respectively. The peaks for samples 

containing PAN in the Tm region split into two distinct peaks. The separation becomes more evident 

as the amount of PAN added increases. The ΔHm, the energy required to melt the crystalline regions, 

varies significantly, with values of 91.19, 72.29, 65.35, and 52.63 J/g for CSE-01, CSE-110, CSE-15, 

and CSE-12, respectively. Since ΔHm reflects the degree of crystallinity, a higher value corresponds 

to a greater proportion of crystalline regions. As shown in Figure 3b, CSE-01 displays the highest 

ΔHm, indicating the highest crystallinity, whereas CSE-12 exhibits the lowest ΔHm, consistent with 

the XRD results. These thermal transition trends and calculated enthalpy values were consistently 

observed across multiple independent measurements. These observations indicate that increasing 

PAN content disrupts the regular arrangement of PEO chains, thereby suppressing crystallization 

and increasing the amorphous regions within the polymer matrix. 

An increased proportion of amorphous phases allows for more polymer chain movement, which 

induces faster Li+ hopping and thus enhances ionic conductivity. In other words, polymer chain 

flexibility increases as crystallinity decreases, providing Li+ ions with greater freedom to migrate 

along ether oxygen coordination sites. As a result, ionic conductivity within the solid electrolyte is 

directly improved. This relationship is a commonly observed trend in the ionic conductivity behavior 

of solid electrolytes, suggesting that controlling crystallinity is a key factor in electrolyte design. 

Based on XRD and DSC results, CSE-12 has the highest amorphous regions and thus provides a 

favorable environment for lithium ion transport due to increased segmental motion of polymer 

chains. However, SEM analysis revealed that CSE-12 exhibited a rough and porous surface 

morphology, resulting from phase separation and microstructural instability due to the excessive 

PAN content. Such structural irregularities can interrupt continuous ion transport pathways and 

reduce the mechanical strength and electrochemical stability of the electrolyte. While the addition 

of PAN effectively suppresses crystallinity and positively influences ionic conductivity, an excessive 

amount adversely affects the overall performance of the electrolyte. In conclusion, CSE-12 is 

advantageous in terms of crystallinity suppression, but exhibits drawbacks in microstructural stability. 

Considering these factors, CSE-15 and CSE-110 are expected to offer a more optimal balance 

between crystallinity and structural stability, resulting in superior electrolyte performance.

In addition to the crystallinity of the polymer, the dissociation of the LiTFSI lithium salt within the 

electrolyte is a critical factor in achieving high ionic conductivity. This dissociation strongly depends 

on the interactions among the components of the composite solid electrolyte, namely PEO, PAN, 

SiO₂, and LiTFSI. Functional groups such as the ether oxygen (C-O-C) in PEO, the nitrile group (C≡N) 
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in PAN, and the surface hydroxyl groups (O-H) in SiO₂ interact with Li⁺ ions, facilitating ion pair 

dissociation and the formation of efficient Li+ conduction paths.
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Figure 4. FT-IR spectra of (a) CSE membranes, (b)-(d) enlarged view in specific wavenumber ranges.

FT-IR spectroscopy was used to investigate the molecular structure and composition of the materials, 

as well as to evaluate the intermolecular interactions within the composite solid electrolyte. It also 

provides indirect evidence of lithium salt dissociation. This trend was highly reproducible and 

consistently observed in multiple independent samples. As shown in Figure 4, the PEO matrix 

displays strong absorption peaks around 1100-1050 cm⁻¹, corresponding to the C-O-C ether bond, 

which plays a crucial role as a conduction site for Li⁺ transport along the polymer backbone. In 

samples containing PAN, a characteristic stretching vibration of the nitrile group (C≡N) appears 

near 2240 cm⁻¹, confirming the incorporation of PAN polymer into the electrolyte (Figure 4b). A 

distinct Si-O-Si stretching vibration peak for in-situ SiO₂ formed via a sol-gel process is observed 

in the ranges 1050–1070 cm⁻¹ and 500-600 cm-1, indicating the presence of inorganic nanofillers 

and their dispersion within the polymer matrix. The formed SiO₂ is also confirmed by the peak 

around 3480 cm⁻¹, corresponding to the hydroxyl groups (O-H) on its surface, which interact with 

Li+ ions for conduction paths (Figure 4c). The obvious appearance of this peak suggests a strong 

interaction between the polymer and the inorganic component, as well as structural integration 

within the composite. When LiTFSI is incorporated into the polymer matrix, several characteristic 
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peaks appear in the FT-IR spectra. The symmetric and asymmetric stretching of S=O are observed 

near 1340 and 1140 cm ⁻ ¹ , respectively, while the vibrations of CF₃ groups are evident at 

approximately 1190 cm⁻¹. The variations in the position and intensity of these peaks with respect 

to the different PEO/PAN blending ratios reflect differences in the extent of lithium salt dissociation 

and ion pair formation.

These spectral shifts serve as indicators of the interaction strength between LiTFSI and the 

surrounding polymer or inorganic environment, which influence the ionic conductivity of the solid 

electrolyte. The wavenumber range of 740-790 cm⁻¹ in the FT-IR spectrum particularly indicates the 

dissociation of LiTFSI. The characteristic peak of ion-paired LiTFSI appears near 760 cm⁻¹ due to 

S=O and S-N stretching vibrations, whereas the free anionic form of TFSI⁻ exhibits a distinct peaks 

in 740 and 780 cm⁻¹. According to Figure 4d, the distinct peak of the free anion, compared to the 

ion-pair peak in the CSE samples, says a high degree of lithium salt dissociation. This higher salt 

dissociation stems from the effective dispersion of SiO₂ within the polymer matrix, achieved through 

in-situ hydrolysis process. The surface functional groups of the uniform size and widespread SiO₂ 

particles strongly interact with LiTFSI, promoting salt dissociation. The silanol (Si-OH) groups and 

oxygen atoms on the SiO₂ surface provide abundant electron pairs and act as Lewis bases, 

strengthening Lewis acid-base interactions with Li⁺ ions. This interaction promotes the dissociation 

of LiTFSI and a more uniform distribution of free lithium ions within the polymer matrix, thereby 

enhancing the availability of active hopping sites for Li⁺ transport and contributing to improved 

ionic conductivity. The blending of PAN and PEO increases the amorphous content in the polymer 

matrix by suppressing PEO crystallinity. This leads to enhanced chain mobility, which allows for 

easier complexation of Li⁺ ions with the ether oxygen (C-O-C) groups in the PEO chains. These 

effects facilitate the separation of LiTFSI into free ions and increase the number of effective ionic 

conduction paths in the composite electrolyte. The FT-IR results thus confirm that strong interactions 

between the functional groups of PEO, PAN, SiO₂, and LiTFSI induce the dissociation of LiTFSI and 

increase the mobility of free Li ⁺  ions. This is closely related to the ionic conductivity of the 

electrolyte, as lithium salt dissociation increases the concentration of mobile lithium ions. In 

conclusion, the prepared CSE demonstrates potential for high ionic conductivity due to a 

combination of factors: increased amorphous regions in the polymer matrix, enhanced polymer 

chain mobility, and effective interactions between lithium ions and fillers. The proposed mechanism 

is illustrated schematically in Figure 5. The figure visualizes in molecular level how the additives 

promote polymer amorphous structure and LiTFSI dissociation via Lewis acid-base interactions, 

contributing to improved ionic transport within the composite solid electrolyte.

Ionic conductivity is a key parameter in evaluating the performance of electrolytes. To investigate 
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the effect of polymer blending and in-situ incorporated SiO₂ on ionic conductivity, symmetric 

stainless steel cells (SS/CSE/SS) were assembled and analyzed using electrochemical impedance 

spectroscopy (EIS). Measurements were conducted at two different operating temperatures, 25 °C 

and 60 °C, to assess the impact of additive incorporation on the formation of electrolytes with fast 

ion transport characteristics. The resulting Nyquist plots display the real impedance (Z') on the x-

axis and the imaginary impedance (Z") on the y-axis (Figure 6). The intersection point of the plot 

with the x-axis in the high-frequency region is considered to represent the electrolyte resistance 

(Rs), which was used to calculate the ionic conductivity (σ) using Equation (1). The ionic conductivities 

of CSE-01, CSE-110, CSE-15, and CSE-12 at room temperature were 2.52 × 10⁻⁵ S·cm⁻¹, 6.12 × 

10⁻⁵ S·cm⁻¹, 8.39 × 10⁻⁵ S·cm⁻¹, and 5.47 × 10⁻⁵ S·cm⁻¹, respectively.

Figure 5. Schematic illustration of the ion transfer mechanism in the CSE membrane.

In general, the ionic conductivity increases with temperature due to enhanced polymer chain 

mobility and weakened interactions between lithium ions and the polymer matrix, causing Li⁺ ion 

transport. All samples exhibited increased ionic conductivity at high temperature. The ionic 

conductivities of CSE-01, CSE-110, CSE-15, and CSE-12 at 60 °C increased to 7.54 × 10⁻⁵ S·cm⁻¹, 
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2.56 × 10⁻⁴ S·cm⁻¹, 3.81 × 10⁻⁴ S·cm⁻¹, and 1.96 × 10⁻⁴ S·cm⁻¹, respectively. Among the samples, 

CSE-01 prepared without PAN consistently exhibited the lowest ionic conductivity at both 

temperatures. Conversely, samples containing PAN showed enhanced ionic conductivity because of 

improved polymer segmental mobility, which arises from suppressed polymer crystallinity and 

increased amorphous phase. A higher degree of amorphous content gives rise to greater chain 

flexibility, enabling Li⁺  ions to hop more efficiently between active sites and thus significantly 

improving ionic conductivity. In the case of CSE-12 containing the highest PAN content, although 

the conductivity was improved compared to CSE-01, the enhancement was limited. This limitation 

is due to structural defects such as phase separation, heterogeneous microstructure, and micropores 

caused by excessive PAN addition. As a result, the relative order of ionic conductivity among the 

samples was as follows: CSE-01 < CSE-12 < CSE-110 < CSE-15. These results indicate that optimizing 

the blending ratio of PAN and PEO is crucial for enhancing electrolyte performance. Furthermore, 

the ionic conductivity of the electrolyte is not only influenced by the polymer matrix structure, but 

also by interactions with inorganic nanoparticles. In particular, SiO₂ introduced via an in-situ 

approach provides additional benefits. The incorporation of uniformly dispersed nanoscale SiO₂ 

particles suppresses the crystallinity of the polymer electrolyte and enhances its mechanical strength, 

as well as promoting the formation of effective ion transport pathways at multiple interfaces 

between the polymer and inorganic components. This structural modification leads to an increase 

in ionic active sites and a more continuous ion conduction network. In conclusion, the incorporation 

and uniform dispersion of SiO₂ via the in-situ method contribute to enhanced mechanical stability 

and a more homogeneous electrolyte structure, which are beneficial for maintaining electrochemical 

performance.

0 200 400 600 800
0

200

400

600

800
 CSE-12
 CSE-15
 CSE-110
 CSE-01

-Z
" (


)

Z' ()

(a)

 

0 200 400 600 800
0

200

400

600

800
 CSE-12
 CSE-15
 CSE-110
 CSE-01

-Z
" (


)

Z' ()

(b)

Page 22 of 35Energy Advances

E
ne

rg
y

A
dv

an
ce

s
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 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

5:
46

:1
1 

PM
. 

 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/D6YA00033A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ya00033a


23

0 500 1000 1500 2000 2500 3000 3500
14

16

18

20

22

24

26

C
ur

re
nt

 (
A

)

Time (s)

(c)

  

0 500 1000 1500 2000 2500 3000 3500
12

14

16

18

20

22

24

26

C
ur

re
nt

 (
A

)

Time (s)

(d)

Figure 6. Nyquist plots of CSE membranes: (a) at 25 °C and (b) at 60 °C. Insets show magnified 

regions at high frequencies. Chronoamperometry curves of (c) CSE-01 and (d) CSE-15. Insets are AC 

impedance spectra before and after polarization.

The lithium-ion transference number (tLi+) plays a crucial role in evaluating both the ionic 

conductivity and ion selectivity of an electrolyte. A high lithium-ion transference number indicates 

superior electrolyte performance and is important for enhancing the efficiency of lithium-ion 

batteries. Symmetric Li/CSE/Li cells were assembled to investigate the intrinsic Li⁺ mobility, and a 

constant polarization voltage was applied until a steady-state current was reached. Figure 6c-6d 

presents the current versus time polarization profiles, with the inset displaying AC impedance 

spectra obtained before and after polarization. The chronoamperometry curve in Figure 6d exhibits 

minor current oscillations during the polarization process. These slight signal irregularities are 

interpreted as a temporary effect during the initial polarization phase, rather than a sign of 

electrochemical instability. This behavior is likely due to minor interfacial adjustments at the 

electrode-electrolyte interface during Li ⁺  transport, such as transient polarization, interfacial 

resistance changes, or micro-scale inhomogeneities in the electrolyte. Significantly, these oscillations 

do not indicate the onset of lithium dendrite nucleation as the signal progressively stabilizes upon 

reaching the steady-state current. This suggests that the observed behavior represents a transient 

adjustment of the rigid solid-state interface, a conclusion further supported by the stable long-term 

cycling performance where no evidence of short circuit was observed. In the case of CSE-15, the 

addition of PAN slightly reduces the electrolyte viscosity while introducing a minor increase in 

mechanical rigidity, which may slightly induce local inhomogeneities at the electrode-electrolyte 

interface and result in the observed fluctuations. The tLi+ values were calculated using Equation (2), 

resulting in values of 0.36 for CSE-15 and 0.24 for CSE-01. This result suggests that lithium ions 

migrate more efficiently in the CSE-15 sample compared to CSE-01, causing a higher lithium-ion 
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transference number. It provides insight into the sequential enhancement mechanism: in situ SiO₂ 

nanoparticles first improve Li⁺ transport by creating stable ion-conduction pathways within the PEO 

matrix, partially increasing the transference number, and the subsequent incorporation of PAN 

further promotes Li⁺ mobility by reducing polymer crystallinity and enhancing segmental motion. 

As a result, lithium-ion transport becomes more efficient. This finding is consistent with the 

previously discussed ionic conductivity results, wherein increased conductivity alleviates the 

polarization at the electrode-electrolyte interface and facilitates more effective lithium-ion migration. 

Additionally, the uniformly dispersed nanoscale SiO₂ structures within the polymer matrix reinforce 

the structural durability of the electrolyte and assist in developing interconnected ion pathways. 

Overall, this stepwise combination of SiO2 and PAN allows for progressively optimized lithium-ion 

movement throughout the electrolyte.

It is required to maintain good interfacial contact with the electrodes and ensure interfacial stability 

for the effective performance of electrolytes in lithium batteries. The interfacial stability prevents 

electrode corrosion and decomposition, thereby avoiding degradation in battery performance. 

Moreover, a wide and stable electrochemical window is essential for operation under high voltage 

conditions, as it is helpful in ensuring battery safety and long-term cycling performance. The 

oxidative stability of the electrolyte was investigated by using LSV in asymmetric SS/electrolyte/Li 

cells. In the LSV test, the voltage was linearly increased while the corresponding current was 

recorded, and the point at which the current sharply rises indicates the oxidative decomposition 

voltage of the electrolyte. At this point, the electrolyte begins to oxidize, followed by chemical 

degradation and performance deterioration. In Figure 7a, the oxidative decomposition voltages of 

cells based on PEO and CSE-01 are approximately 3.4 V and 4.0 V (vs. Li/Li⁺ ), respectively. By 

comparison, the cell incorporating CSE-15 exhibited a higher decomposition voltage of 4.5 V (vs. 

Li/Li ⁺ ). This enhancement in oxidative stability is ascribed to the synergistic effects of in-situ 

generated SiO₂ and PAN within the composite solid electrolyte. The in-situ formed SiO₂ improves 

interfacial stability with the polymer matrix and reinforces mechanical strength by establishing 

strong interactions. In addition, the incorporation of PAN reduces the crystallinity of the polymer, 

increasing chain mobility and ionic conductivity. These combined effects delay the onset of oxidative 

reactions, maintaining electrochemical stability under high-voltage conditions. Consequently, the 

composite solid electrolyte manifests superior oxidative resistance and is well-suited for application 

under high voltage condition.
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Figure 7. (a) LSV curves of different membranes. (b) Critical current density measurements of Li 

symmetric cells. (c) Li plating/stripping reversibility of Li symmetric cells at a current density of 

0.1 mA cm⁻². 

The cycling performance and the interfacial stability between the electrolyte and lithium metal are 

critical indicators of long-term cycle life and reliable operation in all-solid-state batteries. Symmetric 

Li/CSE/Li cells were assembled and tested under galvanostatic charge-discharge conditions at 

various current densities to investigate the lithium plating and stripping behavior. As presented in 

Figure 7b, a remarkable difference in critical current density was observed depending on the 

presence of PAN. The Li/CSE-01/Li cell exhibited significant polarization from the initial cycles, which 

is related to irregular voltage fluctuations during lithium plating and stripping processes. On the 

other hand, the CSE-15 cell containing PAN and in-situ SiO₂ provided stable cycling behavior up to 

a current density of 0.4 mA cm⁻². The cell using CSE-01 without PAN experienced a sharp voltage 

drop and short-circuit failure at a current density of 0.3 mA cm⁻². This sudden voltage drop results 

from internal short circuit caused by the formation of lithium dendrites and penetration through 

the solid electrolyte in the cell. Poor interfacial contact between the lithium metal and the electrolyte 
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induces uneven lithium deposition and irregular dendritic growth, ultimately leading to chemical 

instability. However, the presence of PAN in the electrolyte contributes to enhanced ionic 

conductivity, and the incorporation of SiO₂ improves mechanical strength and chemical stability. 

These effects improve interfacial stability and result in stable lithium plating and stripping behavior. 

The stable interfacial behavior observed in the CSE-15 electrolyte means effective inhibition of 

lithium dendrite formation and confirms the superior mechanical and electrochemical properties. 

As illustrated in Figure 7c, the CSE-15 based cell maintained stable operation for over 100 h at a 

current density of 0.1 mA cm⁻² without significant polarization or short circuit. The consistency of 

this prolonged cycling was confirmed, with all CSE-15 samples consistently outperformed the others. 

In contrast, the cell using CSE-01 showed large polarization after 80 h, followed by a voltage drop. 

These results clearly demonstrate that the addition of PAN and in-situ SiO₂ is positively helpful in 

lithium-ion transport and lithium deposition behavior. Therefore, it suppresses dendrite formation 

and promotes long-term interfacial stability in solid-state lithium batteries.
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Figure 8. (a) Cycling performance and Coulombic efficiency of membranes at 0.5C and 60 °C. (b) 

Rate performance of CSE-15 at various current rates.

In order to evaluate the electrochemical performance of the composite solid electrolyte in a practical 

battery configuration, full cells were assembled with LiFePO₄ (LFP) as the cathode and lithium metal 

as the anode, and tested at 60 °C. The cycling and rate performance were evaluated at 60 °C to 

ensure sufficient ionic conductivity, providing clear insights into the intrinsic behavior of CSE-15 and 

its response to PAN and in-situ SiO ₂  incorporation. To ensure the reliability of the long-term 

evaluation, multiple cells were fabricated for each composition, and preliminary tests confirmed 

highly consistent electrochemical trends across different batches. The following results represent 
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the performance of optimized, representative cells. According to Figure 8a, the cell with CSE-15 

electrolyte exhibits prolonged and highly stable cycling performance over 150 cycles at a current 

rate of 0.5C. During charge-discharge process, the cell delivers a high specific discharge capacity of 

151.4 mAh·g⁻¹ and an excellent Coulombic efficiency of 99.8%. These findings confirm the cell 

outstanding electrochemical reversibility and long-term cycling stability. On the other hand, the cell 

using CSE-01 without PAN displays an initial discharge capacity of approximately 130 mAh·g⁻¹, but 

this capacity begins to significantly decline after about 60 cycles, along with instability in Coulombic 

efficiency. The cell using pure PEO also shows rapid capacity fading from the early cycles and 

unstable Coulombic efficiency, dropping below 80%. Despite identical electrode configurations, the 

observed performance differences arise from the properties of the electrolytes. The poor mechanical 

strength and chemical instability of the PEO and CSE-01 electrolytes failed to effectively suppress 

lithium dendrite formation and caused unstable interfacial contact with the electrodes. However, 

the CSE-15 electrolyte provided remarkably improved cycling stability, which is ascribed to the 

synergistic effects of in-situ dispersed SiO₂ nanoparticles and PAN incorporation. The presence of 

these components gives rise to the enhancement of the mechanical integrity and high ionic 

conductivity of the electrolyte, increasing the stability of the cell. The rate capability of the cells was 

also evaluated at various current rates. The battery based CSE-15 delivered discharge capacities of 

165.9, 160.4, 152.3, 143.3, and 130.4 mAh ·g⁻ ¹  at 0.1C, 0.2C, 0.5C, 1C, and 2C, respectively, as 

presented in Figure 8b. When the current rate was returned to 0.1C, the cell recovered approximately 

98% of its initial discharge capacity. It confirms the cell excellent cycling stability and high 

reversibility. These results demonstrate that the CSE-15 electrolyte maintains electrochemical 

stability without significant degradation across a wide range of current densities. This is attributed 

to the excellent mechanical strength and chemical stability of the CSE-15 electrolyte, which help 

maintaining interfacial stability with the electrodes and support efficient lithium-ion conduction and 

uniform lithium plating.

4. Conclusion

In this study, a high performance composite solid polymer electrolyte was developed by blending 

PEO with PAN and incorporating SiO₂ nanoparticles via in-situ sol-gel method. This combination 

synergistically enhanced both electrochemical and mechanical properties, overcoming critical 

limitations of conventional polymer electrolytes in all-solid-state lithium batteries. Optimized PAN 

content suppressed PEO crystallinity, thereby increasing amorphous regions and segmental chain 

mobility without causing phase separation or microstructural defects. The optimized composition 
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(CSE-15) successfully achieved a balance between ionic conductivity and structural integrity. The in-

situ SiO₂ formed through hydrolysis of TEOS was uniformly dispersed, expanding amorphous 

regions, reinforcing the polymer network, and facilitating interconnected ion transport pathways. 

Furthermore, the strong Lewis base sites on SiO₂ promoted lithium salt dissociation, resulting in a 

high lithium ion transference number of 0.36. Electrochemical characterization confirmed that the 

optimized composite electrolyte (CSE-15) delivered outstanding performance. It exhibited a high 

ionic conductivity of 3.81 × 10⁻⁴ S·cm⁻¹ at 60 °C, along with excellent interfacial compatibility and 

mechanical durability. The cell displayed stable lithium plating/stripping behavior for over 100 h 

without dendrite formation or short-circuit failure. In full cell configurations with LiFePO₄ and lithium 

metal, the cell maintained a high discharge capacity of 151.4 mAh·g⁻¹ and a Coulombic efficiency 

of 99.8% over 150 cycles at 0.5 C. The electrolyte also showed excellent rate capability and capacity 

recovery, indicating its robustness across varying current densities. 

In summary, a composite solid electrolyte membrane composed of in-situ generated SiO₂, PEO, and 

PAN was successfully prepared and comprehensively analyzed. The dual incorporation of PAN and 

SiO₂ into the PEO matrix proved highly effective in enhancing ionic conductivity, mechanical 

property, and electrochemical stability. This work demonstrates that the rational design of composite 

electrolytes using polymer blending and in-situ filler integration offers a promising strategy for 

overcoming the limitations of conventional polymer electrolytes. Moreover, the wide electrochemical 

stability window of CSE-15 suggests strong potential for future integration with high-voltage 

cathode materials, expanding its applicability beyond the scope of this study. Therefore, the 

developed CSE represents a viable and scalable solution for all-solid-state lithium batteries requiring 

high performance, safety, and long-term cycling stability.
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