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Abstract:  

One of the significant challenges in advancing safe and high-energy-density solid-state lithium 

metal batteries is achieving high ionic conductivities and ensuring good interfacial compatibility 

between the solid electrolyte and the electrodes. To address these challenges, the study proposes a 

composite electrolyte that is made through a solution casting method, utilizing polyvinylidene 

fluoride hexafluorophosphate (PVDF-HFP) and polyvinylpyrrolidone (PVP) in conjunction with 

lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt and mid-entropy inorganic filler 

Li1.5Sn1.0Al0.5Zr0.5(PO4)3. The polymer blend with an optimized ceramic filler exhibits an 

exceptional room-temperature ionic conductivity 1.48 × 10-4 S cm-1, a significantly high Li-ion 

transference number of 0.74, and shows electrochemical stability up to 4.58 V. The symmetric 

Li||Li cell fabricated with the composite electrolyte exhibits uniform Li+ deposition/stripping for 

over >500 h at 2 mA cm-2. Further, a full cell with LiFePO4 cathode and lithium anode is fabricated 

and shows excellent electrochemical performance with 78% capacity retention after 1000 cycles 

at 2C. The findings from this study advance the development of practical inorganic polymer 

electrolytes for fast-charging lithium batteries. 

Keywords: Inorganic Polymer Electrolytes, Fast-charging Lithium Metal Batteries, Ionic 

Conductivity, Lithium-ion Transference Number, GCD. 

 

  

 

 

 



1. Introduction 

The global shift toward carbon-neutral initiatives has accelerated the demand for advanced energy 

storage solutions, driving innovations in battery technology [1, 2]. Conventional lithium batteries, 

the present workhorse in the energy sector, while ubiquitous, are increasingly constrained in their 

ability to meet the heightened requirements for energy density, rapid charging, and safety in 

emerging markets [3, 4]. Lithium-metal batteries (LMBs) featuring lithium-metal anodes have 

emerged as a compelling substitute due to their exceptional theoretical specific capacity (3860 

mAh g-¹), low redox potential (-3.04 V vs. SHE), and lightweight characteristics [5-7]. However, 

LMBs confront considerable hurdles, notably with traditional carbonate-based liquid electrolytes, 

which have incompatibility with Li, poor Coulombic efficiency, combustibility, and a propensity 

for dendrite formation at high current densities [8-10]. These limitations highlight the pressing 

need for alternative electrolytes capable of delivering ultra-fast charging, enhanced safety, and 

stable cycling performance [11]. 

Composite electrolytes (CEs) have garnered significant attention as a promising solution, offering 

the advantages of high ionic conductivity, non-flammability, and superior thermal and 

electrochemical stability [12-15]. By combining the favorable characteristics of inorganic 

electrolytes with the flexibility and processability of polymer matrices, CEs address the challenges 

traditional electrolytes face in LMBs [16-20]. Recent developments in CEs have explored various 

material systems, including lithium salts and additives such as succinonitrile, demonstrating 

improved cycling performance and thermal stability [21-23]. However, these systems often suffer 

from limitations such as high viscosity, low conductivity, and substantial polarization, which 

hinder their application in ultra-fast charging scenarios [22, 24, 25]. Fast-charging battery 



technology aims to replenish up to 80% of fully discharged LMBs within 6-10 minutes, delivering 

a charging speed 5-7 times faster than conventional Li-ion batteries [26, 27].  

Polyvinylpyrrolidone (PVP) has been utilized in lithium-metal batteries due to its unique 

molecular structural properties, moderate conductivity, good environmental stability, and 

favorable charge-transport behavior [28, 29]. The rigid pyrrolidone group in amorphous PVP 

enhances lithium-ion mobility. In contrast, the carbonyl group (CO) in its side chains forms 

complexes with various inorganic salts, contributing to stabilizing both electrodes at high voltages 

[30-32]. This feature helps batteries operate better over long-term cycling. Nevertheless, no earlier 

investigations have reported the employment of PVP and PVDF-HFP as polymer electrolytes (PE) 

in conjunction with lithium bis(trifluoromethane sulfonyl)imide (LiTFSI). In the current study, we 

discuss an exceptional composite electrolyte, referred to as IPE, composed of PE and mid-entropy 

Li1.5Sn1.0Al0.5Zr0.5(PO4)3 (LSAZP) inorganic filler in various weight fractions. This formulation 

leverages the combined strengths of its constituents: the polymer electrolyte provides flexibility 

and ion solvation, while the inorganic filler promotes Li+ diffusion and stabilizes the electrode-

electrolyte interface [33-36]. The enhanced ionic mobility and interface stability provided by this 

electrolyte system address the critical challenges associated with the fast charging of lithium-metal 

batteries [37-40]. These synergistic fusion yields improved Coulombic efficiency, enhanced safety 

due to low flammability, and an extended electrochemical stability range. From symmetric cell 

performance, it is clear that there is a stable interface between the electrolyte and Li metal. This 

work demonstrates the potential of the proposed inorganic polymer electrolyte as a pathway toward 

safer, more efficient, and higher-performance batteries for next-generation energy storage 

applications.  

2. Results and Discussion:  



The X-ray diffraction results for the PVP/PVDF-HFP/LiTFSI (PE) blend & inorganic filler 

LSAZP and IPEx (where x = 5, 10, 15, and 20 as the wt.% of filler) are shown in Figs. S1 and 1, 

respectively. Diffraction peaks at ~20° and 40° were noted for the polymer electrolyte [41]. 

Additionally, the introduction of LSAZP in the PE matrix results in the diffraction peaks (Figure 

1) corresponding to the rhombohedral phase (R3̅c space group), matching the peaks of 

Li1.5Sn1.0Al0.5Zr0.5(PO4)3 [42]. The rhombohedral phase of LSAZP is more favorable for lithium-

ion conduction compared to the amorphous phase of polymer, contributing to the stability of the 

composite material [43, 44]. Incorporating ceramic fillers decreases the relative intensity of the 

XRD peaks associated with PE, indicating reduced crystallinity in the polymer component of the 

electrolyte [12]. The diffraction peaks corresponding to the PE are discernable only in XRD 

patterns of IPE05 and IPE10. The increased LSAZP content intensifies the characteristic 

diffraction peaks associated with the inorganic filler. The IPE20 and LSAZP display very similar 

XRD patterns, indicating that even a 20 wt.% ceramic filler dominates the XRD pattern due to 

higher diffraction from the ceramic filler. 



Fig. 1. XRD patterns of IPE05, IPE10, IPE15, and IPE20. 

Fourier transform infrared (FTIR) spectroscopy was conducted to analyze the interactions in the 

electrolyte membranes. The FTIR spectra of the PE, LSAZP, and IPEx electrolyte films are shown 

in Figure S2.  The peak at 625 cm-1 in the LSAZP ceramic's FTIR spectrum corresponds to the 

(Sn/Zr/Al-O6) octahedra's M-O bonds. The additional peaks in the spectrum are attributed to the 

P–O stretching vibration modes positioned at 560 and 943 cm-1. The FTIR spectra of the PE and 

IPEx exhibit a broad band at 1655 cm-1, which is associated with weak interactions such as H-

bonding or electrostatic forces between polymer/polymer or polymer/ceramic entities [45]. A peak 

at 1353 cm-1 implies CH2 wagging in the electrolyte [41].  

The microstructures of composite electrolyte films are shown in Figs. 2 and S3. The random 

spheroid particles in the IPE15 film are LSAZP, and the surface of the PE sample (without LSAZP 



filler) is smooth (Figs. S4(a) and S4(b)), and a similar structure was observed for the IPE05 (Figure 

S3(a)). Figure 2(b) presents the cross-sectional architecture of the IPE15 film, revealing a uniform 

thickness of ~60 µm, as further corroborated by Figure S5(i). Figs. S5(a-h) shows the element 

distribution mapping of Al, Zr, Sn, P, O, F, N, S, and C in the membrane. All elements are evenly 

distributed. In addition, Figure S6 shows a picture of a self-standing film.  

Fig. 2. SEM micrographs of (a) top surface and (b) cross-section of IPE15 film. 

In composite electrolyte films, where both polymer and ceramics fillers serve as lithium-ion 

conducting media, the ion transport mechanism is highly complex due to the interplay between 

organic and inorganic lithium conductors. The lithium-ion conduction in the IPEx was evaluated 

through impedance spectroscopy with SS||IPEx||SS cell configuration. The resulting Nyquist plots 

exhibited semicircles in the high-frequency region, corresponding to the electrolyte resistance, 

along with an inclined tail in the low-frequency region, attributed to lithium-ion blocking effects 

(Figure 3(a)-(d)). Figure S7 displays the RT Nyquist plots of LSAZP and PE. The impedance data 

were deconvoluted with an equivalent circuit (R1||Q1) + (Q2) (Q stands for a constant-phase 

element, and R is a resistor). As the content of the inorganic filler increased, the intercept on the 

real axis progressively decreased, indicating a reduction in resistance up to the IPE15 membrane 

but rose again for IPE20. Table 1 shows the total ionic conductivity of all electrolyte membranes 

from the fitting process. The IPE15 has the highest σRT = 1.48 × 10-4 S cm-1. However, further 



increasing the inorganic filler in IPE20 leads to a decline in ionic conductivity, as the elevated 

LSAZP content basically hindered the passage of Li-ion [46]. The noticeable decrease was 

attributed to the agglomeration of these inorganic lithium-ion conductors particles, as the 

formation of agglomerated clusters decreased the volume ratio of the interface, thereby lessening 

the percolated network in the composite solid electrolyte [47]. Consequently, a significant portion 

of the bulk polymer phase cannot transform into a highly conductive interfacial phase, leading to 

a notable reduction in ionic conductivity at higher concentrations of LSAZP particles [48, 49]. 

Thus, it is anticipated that the ion transport mechanism in composite solid electrolytes is closely 

associated with the interfacial regions, where the polymer chains are influenced by the presence 

of inorganic fillers [50]. Figure S8 displays the ln  vs. 1000/T plot for the CE15 film. The 

calculated activation energy (Ea) for Li+ conduction was confirmed to ~ 0.33 eV using the linear 

fitting of the Arrhenius equation (σ = σ0 exp (-Ea/kBT); kB is Boltzmann constant and σ0 is pre-

exponential factor). The low activation energy implies enhanced Li⁺ ion mobility, indicating 

efficient ion transport pathways within the electrolyte membrane.  



 

Fig. 3. RT Nyquist plots of (a) IPE05, (b) IPE10, (c) IPE15, and (d) IPE20. The impedance data 

is fitted with the equivalent circuit (R1||CPE1) + (CPE2). 

Table 1. Total RT conductivity (σRT) of LSAZP, PE, and IPEx samples. 

Sample σRT (S cm-1) 

LSAZP  2.95 × 10-4 

PE 2.84 × 10-5 

IPE05 6.47 × 10-5 

IPE10 8.23 × 10-5 

IPE15 1.48 × 10-4 



 

 

 

 

 

 

Thermal analysis plays a vital role in assessing the thermal stability of IPE15 under operational 

conditions. During cell operation, heat generation may lead to the degradation or melting of the 

solid electrolyte, potentially resulting in an internal short circuit. Therefore, ensuring the thermal 

stability of IPE15 is essential for the safe and reliable performance of the cell. The TGA curve of 

the IPE15 film, shown in Figure 4(a), the initial weight loss observed below 100 °C is likely due 

to the evaporation of residual or surface moisture [51]. The second weight loss stage, occurring 

between 345 °C and 485 °C, is attributed to the thermal degradation of the polymer backbone. The 

analysis shows that IPE15 remains thermally stable up to 345 °C, with only a 5 wt.% weight loss. 

This minor reduction suggests that the IPE films demonstrate good thermal stability. The free-

standing polymer film exhibited excellent mechanical properties, as shown in Figure 4(b), where 

the mechanical performance was evaluated from 30 to 130 °C. At 30 °C, a high storage modulus 

>0.7 GPa was observed. When the temperature reached ~70 °C, a notable change in the storage 

modulus (E') was observed, attributed to the melting of the polymer's semicrystalline portion. 

IPE20 9.24 × 10-5 



 

Fig. 4. (a) TGA plot and (b) DMA curve of IPE15. 

One of the main challenges in achieving fast charging-discharging in LMBs is the development of 

a salt concentration gradient during operation. This occurs because the anion flux resulting from 

migration must be balanced by diffusion under steady-state conditions [52, 53]. To mitigate this, 

electrolytes with a higher fraction of cations available for migration, referred to as the cation 

transference number, are preferable [54]. The electrochemical performance of IPE15 was analyzed 

through chronoamperometry and Nyquist plots obtained before and after DC polarization (Figure 

5(a)). These results revealed a stable Li+ current of 34 µA after an initial decrease from 44 µA, 

demonstrating excellent Li+ conductivity. Using the Bruce-Vincent method, the Li-ion  

transference number (tLi+) was determined to be 0.74 at room temperature, significantly 

outperforming the lithium-ion transport properties of PVDF-HFP and PVP [28, 55-57]. Studies 

suggest that high cation transference numbers in composite electrolytes with relatively low 

inorganic filler content can be attributed to these interfacial regions, which play a crucial role in 

facilitating efficient ion transport [58, 59]. 

Given the potential hazards posed by lithium dendrite growth, ensuring electrolyte non-

flammability is critical for lithium metal batteries (LMBs) safety. As shown in Figure S9, IPE15 

did not ignite even after 7 s, whereas PE ignited within 5 seconds and continued burning for the 



same duration, and IPE15 was stable up to 15 s. This lower flammability nature of IPE15 plays a 

key role in enhancing the safety of LMBs. Moreover, IPE15 exhibits broad electrochemical 

stability up to ~4.58 V, as depicted in Figure 5(b). This stability limit was determined from the 

onset of a pronounced increase in oxidation current, corresponding to a threshold current density 

of 10 nA cm-2 (I = 25 nA and a = 2.54 cm2). To further examine the electrochemical stability of 

IPE15 at high voltage, FTIR spectra of the electrolyte before and after LSV scanning were 

recorded. The corresponding spectra and detailed peak assignments are provided in the 

Supplementary Information (Figure S10 and Table S1). A wider electrochemical window enhances 

safety and stability by providing greater tolerance to overcharging or discharging, thereby 

minimizing the likelihood of thermal runaway and cell failure. 

 

Fig. 5. (a) Chronoamperometry profile and (b) LSV curve of IPE15. Inset (a) shows RT Nyquist 

plots before and after DC polarization. 

To evaluate the compatibility with lithium metal, symmetric Li||Li cells were tested for the 

stripping/plating process under varying current densities from 0.5 mA cm-2 to 5 mA cm-2. As 

illustrated in Figure 6, the cell demonstrated cycling without short-circuiting at 5 mA cm-2 using 

capacity control techniques (0.25 mAh cm-2). The Li|IPE15|Li cell exhibited stable cycling for 

over 150 h at 0.5 mA cm-2 with low polarization voltage. Additionally, it could operate at 1 and 2 



mA cm-2 for more than 500 hours, as shown in Figure 6. The Nyquist plot after 500 h of cycling 

at a current density of 1 mA cm-2 is presented in Figure S11. To further investigate SEI stability 

and its effect on lithium deposition morphology, Li||Cu cells were assembled. As shown in Figure 

S12, the Li|IPE15|Cu cell achieved 30 cycles with an average Coulombic efficiency of 97.33%. 

After depositing 0.2 mAh cm-2 of lithium on the copper foil, dense and interconnected lithium 

particles were observed (Figure S13). Additional compatibility testing involved immersing lithium 

metal in the electrolyte and monitoring surface and electrolyte changes (Figure S14). Even after 

50 days, the lithium surface remained unchanged in IPE15, showing no visible surface 



degradation. This indicates improved electrolyte compatibility with lithium metal, likely attributed 

to the development of a durable SEI layer during cycling.  

Fig. 6. Galvanostatic cycling profiles of Li∣IPE15∣Li cell at different current densities at RT. 

To further evaluate the effect of the improved interfacial ion transport kinetics on electrochemical 

performance, Li||LFP full cells were tested under varying operating conditions. The rate capability 

and corresponding galvanostatic charge/discharge profiles at C-rates ranging from 0.25C to 6C are 

shown in Figure 7(a-e). A progressive decline in discharge-specific capacity was observed with 

increasing C-rate, attributable to kinetic limitations in Li-ion diffusion at elevated current densities. 

Notably, reducing the discharge rate back to 0.25C results in capacity recovery of ~95%. The 



dQ/dV vs. V plots represent the differential capacity of the Li/LFP cell as a function of voltage, 

highlighting the key redox reactions associated with lithium insertion and extraction in the LFP 

material (Figure 7(c)) [60]. At C/2, the cell delivers a discharge capacity of 142 mAh g-¹ with 

capacity retention of 96% after 200 cycles. Remarkably, IPE15 demonstrates excellent rate 

performance even under high current densities of 4C and 6C, yielding discharge capacities of 77 

mAh g-1 and 50 mAh g-1, respectively (Fig. 7(b)). IPE15 maintains a capacity retention of 90% 

after 200 cycles, with an exceptionally stable average Coulombic efficiency of 99.99% at 4C (Fig. 

7(d)). While charging at 2C, the LFP‖Li cell with IPE15 retains 78% capacity after 1000 cycles, 

achieving a high Coulombic efficiency of 99.99% (Fig. 7(e)). Figure S16 displays scanning 

electron microscopy (SEM) images and X-ray diffraction (XRD) patterns of the LFP cathode 

surface after 1000 cycles at a 2C rate. The SEM images reveal that the LFP cathode remains free 

of cracks, while the XRD patterns indicate no signs of by-product.  



 



Fig. 7. Electrochemical performance of the Li∣IPE15∣LiFePO4 cell: (a) rate performance, (b) RT 

charge/discharge curves at different C-rates, (c) dQ/dV vs. V plots, and cyclability at (d) 4C and 

(e) 2C. 

As a further step, the performance of the IPE15 electrolyte under high cutoff voltage and at higher 

temperatures was evaluated. With a higher cutoff voltage of 4.2 V, the Li|IPE15|LFP can still cycle 

more than 280 times with a capacity retention of ~90.3% at 4C (Figure S17). As shown in Figure 

S18 at 20 °C, the Li|IPE15|LFP cell discharge capacity of 72.63 mAh g-1 can be observed at rates 

of 2C. Additionally, cycling performance at a high temperature of 80 °C in a cell reveals superior 

cycling performance with a capacity retention of 93.8% with much lesser polarization (~ 0.12 V) 

after 20 cycles at 2C (Figure 8). This is attributed to the reduced cell polarization owing to the 

electrolyte’s high thermal stability and increased conductivity at elevated temperatures.  

 

Fig 8. Electrochemical performance of the cell at 80 °C. (a) charge/discharge curve of the 

Li|IPE15|LFP cell, (b) dQ/dV plot, and (c) cycling stability of the Li||LFP cell at 2C.  



3. Conclusions 

In this study, a 60 µm thin P(VDF-HFP)-based inorganic polymer electrolyte (IPE) membrane was 

developed that demonstrated exceptional ion transport capabilities and interfacial stability, making 

it suitable for practical solid-state lithium metal batteries. By incorporating 15 wt.% inorganic filler 

(Li1.5Sn1.0Al0.5Zr0.5(PO4)3) into the polymer blend of poly(vinylidene fluoride 

hexafluorophosphate) (PVDF-HFP) and polyvinylpyrrolidone (PVP), a room temperature ionic 

conductivity of 1.48 × 10-4 S cm-1, a Li+ transference number of 0.74, and electrochemical stability 

up to 4.58 V was achieved. The symmetric Li|IPE15|Li cell showed stable lithium 

deposition/stripping over 500 h at 2 mA cm-1, and a full cell with LiFePO4 as the cathode 

demonstrated over 1000 cycles at 2C. The findings provide an encouraging strategy for developing 

safe, fast-charging lithium batteries with improved energy density and stability, paving the way 

for their widespread use in next-generation energy storage technologies.  
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Experimental Section 

LiTFSI, PVP, PVDF-HFP, and DMF were utilized in their as-received state. The 1:3 molar ratio 

of LiTFSI to PVP/PVDF-HFP (PE) was chosen as it provides the optimal ionic conductivity [1]. 

The fabrication process of the mid-entropy filler Li1.5Sn1.0Al0.5Zr0.5(PO4)3 is detailed in our 

publication [2]. Careful experimental measurements of various PE/Li1.5Sn1.0Al0.5Zr0.5(PO4)3 

weight ratios, ranging from 5 wt.% to 20 wt.%, identified 15 wt.% as the optimal ratio to achieve 

the optimum conductivity. Fine adjustment of the ratio is crucial for tailoring the electrolyte 

characteristics. 

The cathode slurry was prepared by suspending LiFeO4, Super P, and polyvinylidene fluoride 

(8:1:1) in N-methylpyrrolidone. This slurry was uniformly cast onto aluminum foil using an 

automated coating system, followed by drying at 80 °C for 3 h. The resulting electrode sheet was 

then punched into 13 mm discs. 

Materials characterizations 

The crystalline structure of the IPEx films was examined by X-ray diffraction (XRD) using a 

Malvern Panalytical Empyrean diffractometer. Data were recorded over a 2θ range of 10-60° with 

a step size of 0.02°. Fourier-transform infrared (FTIR) spectra of the solid polymer membranes 

were collected using a PerkinElmer Spectrum Two instrument over the range 4000-400 cm-1. The 

surface morphology of the electrolyte films was evaluated via field-emission scanning electron 

microscopy (FE-SEM, JEOL-7610+). Elemental distribution within the synthesized samples was 

further analyzed through energy-dispersive X-ray spectroscopy (EDS).  

The ionic conductivity of the electrolyte was determined using complex impedance spectroscopy 

(CIS) with an impedance analyzer (BioLogic SP-50e). Impedance data were measured out across 
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a frequency range of 1 MHz to 1 Hz. The conductivity (σ) was calculated using the following 

equation: 

σ = 
1

𝑅
×

𝑑

𝐴
       (1) 

Where d is the membrane thickness, R is the resistance value obtained from fitting of the 

impedance data, and A is the membrane area. The total ionic conductivity (σ) of the PE 

incorporating 15 wt% inorganic filler was evaluated as a function of temperature, and the resulting 

data were fitted using the Arrhenius model. 

The thermal behavior of the SPE films was examined through thermogravimetric analysis (TGA) 

using an STA 8000 instrument. The samples were heated from ambient temperature up to 700 °C 

under a nitrogen flow to assess their thermal stability. The electrolyte membrane's temperature-

dependent storage modulus (E') was evaluated using a DMA 8000 (PerkinElmer) instrument. The 

sample was initially stabilized at 30 °C, then heated to 130 °C at a 2 °C per min rate. 

Using the Keithley Source Meter Unit (model 2450-EC), the electrochemical stability window and 

the Li+ transference number were calculated. The Bruce-Vincent method was employed to 

calculate the transference number of lithium ions (tLi+) in a Li||Li cell configuration. A constant 

voltage of 0.5 mV was imposed on the cell, and the decay in current was recorded over time until 

a steady state was achieved (~2 h in this study). Electrochemical impedance spectroscopy (EIS) 

was conducted before and after polarization to determine the interfacial resistance. The Li+ 

transference number (tLi+) was then estimated using the following equation: 

𝑡𝐿𝑖+ =
𝐼𝑠𝑠(∆𝑉−𝐼𝑜𝑅𝑜)

𝐼𝑜(∆𝑉−𝐼𝑠𝑠𝑅𝑠𝑠)
                      (2) 

Here, I₀ refers to the initial current, while Iₛₛ corresponds to the steady-state current, while ΔV is 

the constant applied voltage. The interfacial resistances R0 and RSS were determined from 
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impedance data recorded before and after polarization, respectively. The electrolyte’s 

electrochemical stability was probed using LSV with a Li||stainless steel (2032) coin cell at a scan 

rate of 0.1 mV s-1.  

Galvanostatic cycling data was measured using a Neware system. The current density for lithium 

plating and stripping ranged from 0.5 - 5 mA cm⁻² with a 0.25 mAh cm-² capacity. Li||Cu cells 

were fabricated, and the morphology of the lithium deposition was analyzed after the cell was 

decrimped following cycling. LFP||Li coin cells were fabricated in a controlled environment using 

the CR2032 configuration. Lithium metal foils, with a diameter of 16 mm, were used as received. 

Galvanostatic cycling tests were carried out for the LFP electrodes in lithium metal batteries 

(LMBs) at room temperature (30 °C), 20 °C, and 80 °C. 
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Fig. S1. XRD patterns of polymer blend/salt complex and LSAZP ceramic powder with vertical 

olive bars indicating the Bragg positions for the rhombohedral space group R3̅c. 
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Fig. S2. FT-IR spectra of LSAZP, PE, IPE05, IPE10, IPE15, and IPE20. The light violet regions 

of the plot highlight H-bonding/dipole-dipole interactions between the ceramic-polymer 

moieties. 
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Fig. S3. SEM images of (a) IPE05, (b) IPE10, and (c) IPE20 membranes. 

 

Fig. S4. SEM images of (a) LSAZP and (b) PE samples. 
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Fig. S5. EDS elemental mappings (a-h) and thickness measurement (i) of IPE15 membrane. 

 

 

Fig. S6. Foldability test: photographs of IPE15 electrolyte. 
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Fig. S7. RT Nyquist plots of (a) LSAZP and (b) PE samples. The experimental data is fitted with 

the equivalent circuit (R1||CPE1) + (CPE2). 

 

Fig. S8. ln σ vs. 1000/T plot of the IPE15 film. 
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Fig. S9. Images of ignition test for (a) PE and (b) IPE15 electrolytes at various intervals. 

 

 

Fig. S10. FTIR spectra of the IPE15 electrolyte before and after LSV scanning; corresponding 

peak assignments are provided in Table S1. 



S11 

 

 

Fig. S11 Nyquist plots of the Li‖IPE15‖Li cell at room temperature before and after 500 h cycling 

at 1 mA cm-2. 
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Fig. S12. Li metal compatibility tests of Li||Cu cells using the IPE15 electrolyte. (a) Li 

deposition-stripping curve, (b) dQ/dV curve, and (c) the corresponding Coulombic efficiency 

(Eff.) with cycle index. 
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Fig. S13. SEM image of the Li on Cu substrate at 0.15 mA cm-2 in Li||Cu cells using IPE15 

electrolyte. 

 

 

Fig. S14. Image of Li metal before (left) and after (right) contact with IPE15. 
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Fig. S15. Long-term cycling stability of IPE15 electrolyte Li||LFP cell at C/2, RT. 
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Fig. S16. SEM images of (a) fresh and (b) cycled LFP cathodes, and (c) XRD patterns of LFP 

after cycling. 
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Fig. S17. Room temperature electrochemical performance of the Li|IPE15|LFP cell with an upper 

cut-off voltage of 4.2 V. (a) charge/discharge curve at 4C, (b) corresponding dQ/dV vs. V plot, 

and (c) cycling stability. 
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Fig. S18. Electrochemical performance of the cell at 20 °C with upper cut-off voltage 4 V. (a) 

charge/discharge curve of the Li|IPE15|LFP cell, (b) dQ/dV plot, and (c) cycling stability of the 

Li||LFP cell at 2C.  
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Table S1: FTIR spectral changes of IPE15 electrolyte before and after LSV scanning. 

Spectral 

region 

(cm-1) 

Observation 

after LSV Assignment 

Scientific interpretation Ref. 

772 → 777 

Peak shifts to 

higher 

wavenumber 

S-N-S bending / 

CF3 deformation 

of TFSI- 

Change in Li+-TFSI- coordination 

environment under high-voltage 

polarization 

[3] 

544-580 Peak splitting 
SO2 bending 

modes of TFSI- 

Conformational rearrangement of 

TFSI- anions due to altered ion-

polymer interactions 

[4] 

706-756 Peak splitting 

CF3 bending / S-

N stretching of 

TFSI- 

Local coordination heterogeneity 

without structural breakdown of 

the anion 

[5, 6] 

1036-1091 Peak splitting 

SO2 asymmetric 

stretching of 

TFSI- 

Altered dipole interactions under 

anodic polarization 

[4] 

1745-1825 

New peaks 

appear (absent 

in fresh 

electrolyte) 

Carbonyl-like 

vibrations / 

interfacial 

oxidation species 

Formation of electrochemically 

induced interfacial oxidation 

products at high voltage; no 

evidence of cleavage of the TFSI- 

anion framework 

[7] 
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