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ABSTRACT

The low room-temperature ionic conductivity, narrow voltage window, and poor thermal stability of 

solid polymer electrolyte hinder the application of high energy density, safer solid-state lithium batteries 

(SLBs). Hence, we developed a novel composite solid polymer electrolyte (CSPE) with high room-

temperature ionic conductivity (2.4×10-4 S cm-1), wide voltage window (~ 4.8 V), and excellent thermal 

stability (~ 330 °C) by combining Li6.4La3Zr1.4Ta0.6O12 ceramic filler with poly(vinylidene fluoride) (PVDF) 

polymer and bis(trifluoromethane)sulfonimide lithium (LiTFSI) salt. Free-standing, scalable, and 

mechanically robust CSPE separately coupled with LiFePO4 and high-voltage LiNi1/3Co1/3Mn1/3O2 

cathodes vs lithium anode demonstrated stable cycling. More importantly, we in-situ measured the thermal 

stable window (177 °C) with a small heat release (189 J g-1) during the thermal runaway of the entire CSPE 

coin cell. In contrast, the liquid electrolyte cell delivered a depressing thermal stable window (157 °C) and 

release a significant amount of heat (812 J g-1). The superior thermal safety of CSPE cell can be ascribed 

to the solid-state property and outstanding thermal stability of the CSPE. Most notably, this work not only 

proposes a promising CSPE but also highlights a reference for in-situ quantitative study on the thermal 

safety of entire SLBs.
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1. Introduction

With frequent occurrence of thermal runaway accidents in portable electronics and electric vehicles, 

there is an urgent demand for safer lithium-ion batteries (LIBs) [1]. Introducing solid-state electrolytes in 

lithium (Li) metal batteries to replace flammable liquid electrolytes is an effective way to address thermal 

safety issues and achieve high energy densities. The solid electrolyte is considered to be an important factor 

in achieving high-performance solid-state Li batteries (SLBs) [2], [3], [4]. In general, solid electrolytes are 

divided into two categories: ceramic (sulfide and oxide) electrolytes and polymer electrolytes. Ceramic 

electrolytes exhibit high room-temperature ionic conductivity (10-4 to 10-2 S cm-1) and wide electrochemical 

stability window [5], [6]. However, they suffer from large interfacial impedance and poor Li dendrite 

inhibition [7]. [8], [9], [10]. Therefore, solid polymer electrolytes (SPEs) have attracted great attention due 

to its remarkable interfacial compatibility, flexibility, and ease of processing [11], [12]. So far, various 

polymer matrix, such as polyethylene oxide (PEO), tri(propylene glycol) diacrylate (TPGDA), 

polyacrylonitrile (PAN) and poly(propylene carbonate) (PPC) have been investigated [13], [14], [15], [16], 

[17]. Among them, PEO was widely studied because of its low cost and high compatibility with various Li 

salts [8], [18]. Unfortunately, the low room-temperature ionic conductivity (~ 10-6 S cm-1), poor mechanical 

property and narrow electrochemical window (under 3.8 V vs. Li/Li+) hinder its further application.

The introduction of inorganic fillers into the PEO matrix has been widely employed to address these 

limitations. Previous works have demonstrated the enhanced ionic conductivity of PEO-based composite 

solid polymer electrolytes (CSPEs) by introducing inert fillers (such as Al2O3, TiO2 and SiO2) in the PEO 

matrix [19], [20], [21]. In addition, the active fillers with high ionic conductivity, such as garnet-type 

Li6.4La3Zr2Al0.2O12 (LLZO), NaSICON-type Li1+xAlxTi2-x(PO4)3 (LATP), Li3PS4 or perovskite-type 

Li0.34La0.51TiO3 (LLTO), have been employed to create fast ionic conductive channels in the PEO-based 

CSPEs [22], [23], [24], [25], [26]. However, PEO-based CSPE with high room-temperature ionic 

conductivity, superior mechanical property and thermal stability are rarely achieved via the above strategies. 

Recently, poly(vinylidene fluoride) (PVDF) is reported to be a suitable polymer matrix with high ionic 
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conductivity at room temperature [27]. In addition, the ionic conductivity, mechanical property and thermal 

stability of the PVDF-based solid electrolytes can be further improved by introducing inorganic fillers [28], 

[29]. 

It is well known that state-of-the-art SLBs using solid electrolytes perform superior thermal safety 

compared to traditional liquid electrolyte batteries. Previously, flammability tests were performed to 

estimate the thermal safety of solid electrolyte and liquid electrolyte, which demonstrate the flammability 

of liquid electrolytes, while the solid electrolytes are noncombustible [30], [31]. Thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC) have also been used to investigate the thermal 

safety differences between solid electrolytes and liquid electrolytes [32], [33]. However, these methods can 

only study independent electrolytes, not the entire battery. It is lacking a method to quantitatively 

investigate the thermal safety of entire SLBs and traditional liquid electrolyte batteries.

Herein, we developed a novel CSPE by combining a garnet-type Li6.4La3Zr1.4Ta0.6O12 (LLZTO) 

ceramic filler with PVDF polymer electrolyte. The interaction between LLZTO, lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) salt, and PVDF matrix facilitates the dissociation of Li salt 

and forms a rapid Li+ conductive path at the ceramic-polymer interface, thereby enhancing the ionic 

conductivity. The interaction between stiff ceramic and PVDF host leads to higher crystallinity of the PVDF 

electrolyte, which improved the mechanical properties and thermal stability of the obtained CSPE [34], 

[35]. In addition, immobilized TFSI- anion on the surface of ceramic filler renders inhibited space charge 

generation and uniform ion distribution, thus suppresses the Li dendrite growth [36], [37]. Therefore, the 

obtained PVDF-based CSPE simultaneously achieved enhanced room-temperature ionic conductivity 

(2.4×10-4 S cm-1), enlarged voltage window (~ 4.8 V), improved mechanical strength (381.7 MPa in 

modulus and 9.2 MPa in hardness), outstanding dendrite suppression (dendrite free after 1000 cycles), and 

remarkable thermal stability (~ 330 °C). Furthermore, solid LiFePO4|CSPE|Li (LFP|CSPE|Li) full cell 

delivered a specific discharge capacity of 142 mA h g-1 at 0.1C with outstanding cycling stability and rate 

performance at room temperature. The solid LiNi1/3Co1/3Mn1/3O2|CSPE|Li (NCM|CSPE|Li) cell was also 



5

fabricated and tested at a high cutoff voltage (4.4V), showing comparable capacity and cycling performance. 

Most importantly, the thermal safety of entire solid NCM|CSPE|Li cell was in-situ investigated by multiple 

module calorimeter (MMC) and compared with the analogous cell with liquid electrolyte. To the best of 

our knowledge, this is the first in-situ quantitative study on the thermal safety of the entire solid-state Li 

battery. The cell using CSPE exhibited enhanced thermal stable window (177 °C) and less heat generation 

(189 J g-1) during the thermal runaway compared to conventional liquid electrolyte cell (157 °C and 812 J 

g-1), demonstrating superior thermal safety of the solid-state batteries.

2. Experimental section

2.1 Materials

The Kynar® HSV 900 PVDF was supplied by Arkema Inc. N,N-Dimethylformamide (DMF, 99.8%) 

and LiTFSI (99.5%) were purchased from Sigma-Aldrich. Li6.4La3Zr1.4Ta0.6O12 (LLZTO), LiFePO4 (LFP) 

and LiNi1/3Co1/3Mn1/3O2 (NCM) were obtained from MSE Supplies LLC (Tucson, AZ, USA) and used 

without any further purification.

2.2. Synthesis of CSPE

In a typical synthetic procedure, PVDF and LiTFSI (4:1 molar ratio) were first dissolved in DMF 

solvent and stirred to obtain a homogeneous solution. Next, the LLZTO powder was added into the obtained 

solution in which the weight ratios of LLZTO were 0, 2.5, 5, 7.5 and 10% of the total amount of PVDF and 

LiTFSI. The resulting suspension was stirred for another 12 hours. Since the PVDF-based solid electrolyte 

is insensitive to air and moisture, the mixture was cast with a doctor blade on a clean glass plate in the air 

atmosphere. Finally, the composite solid polymer electrolyte membranes were obtained by drying in a 

vacuum oven at 80°C for 24 h to remove the DMF solvent. The weight percentage of LLZTO for CSPE-0, 

CSPE-2.5, CSPE-5, CSPE-7.5, CSPE-10 samples were 0, 2.5, 5, 7.5 and 10%, respectively.
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2.3. Material characterization

Scanning electron microscope (SEM) and energy dispersive X-ray (EDX) spectra mapping images 

were obtained with a JEOL JCM-6000Plus Benchtop SEM. X-ray diffraction (XRD) measurements were 

carried out with a Rigaku SmartLab XRD to characterize the crystalline structure of ingredients and 

synthesized electrolytes. Fourier transform infrared (FT-IR) spectral measurements were performed on a 

Cary 630 FTIR (Agilent Technologies, USA). Differential scanning calorimeter (DSC) curves were 

collected by a TA DSC Q20. TGA were conducted using TGA i1000 Thermogravimetric Analyzer 

(Instrument Specialists Incorporated). The mechanical properties of the obtained membranes were 

characterized by nanoindentation measurement (G200, Keysight Technologies).

2.4. Electrochemical characterization of the CSPE membrane

The ionic conductivity of CSPE was determined by using alternating current (AC) impedance analysis 

(Gamry Reference 600 Electrochemical Workstation) at the temperature range from 20 to 70 °C and a 

frequency range between 100 kHz and 1 Hz. The CSPEs were sandwiched between two stainless steel (SS) 

plates and assembled in coin cells to measure the ionic conductivity. The ionic conductivity ( σ ) was 

calculated by the equation (1):

                                  (1)L
RS

 

where L is the thickness of CSPE membrane, S is the effective electrode area, and R is the bulk resistance. 

The activation energy was calculated by the equation (2):

                               (2)- exp    
 

aEA
RT

where σ is the ionic conductivity, A is the pre-exponential factor, R is the ideal gas constant, T is the absolute 

temperature. To evaluate the electrochemical window of CSPE, the CR2032 type coin cells were assembled 

as SS|CSPE|Li to conduct linear sweep voltammetry (LSV, from 2 V to 5.5 V) and cyclic voltammetry 

(CV, between −0.5 V and 2 V). The Li transference number (t+) was measured by AC impedance and direct 
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current (DC) polarization in a Li|CSPE|Li coin cell, and calculated according to the equation (3): 

                             (3) 
 

SS O O

O SS SS
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where IO and ISS are the initial and steady-state currents, ΔV is the DC voltage (10 mV), and RO and RSS are 

the initial and steady-state interfacial resistance, respectively. The interfacial stabilities of CSPEs against 

Li metal were determined by galvanostatic cycling of Li|CSPE|Li symmetric cell with charging for 0.5 h 

and discharging for 0.5 h at different current densities.

2.5. Battery assembly and electrochemical characterization

The cathode electrode was prepared by mixed LFP or NCM (70 wt%), Super-P (10 wt%) and CSPE 

(20 wt%, as binder) in 1-Methyl-2-pyrrolidinone solvent to form a homogeneous slurry. The slurry was 

cast onto a carbon-coated Aluminum foil, then dried in a vacuum oven at 80 °C overnight. The mass 

loading of LFP and NCM is around 1.8 and 1.0 mg cm-2, respectively. CR2032-type coin cell was assembled 

by using the LFP or NCM electrode as cathode, CSPEs as electrolyte and separator, and Li metal as anode 

without the addition of any liquid electrolyte. The electrochemical performance of assembled cells was 

examined with a Land CT2001A testing system (Wuhan Jinnuo Electronics, Ltd.). 1C-rate was assumed to 

be 170 and 160 mA g-1 for LFP and NCM, respectively. Unless otherwise noted, all the cells were tested at 

ambient temperature (~ 24 °C).

2.6 In-situ thermal safety study

The solid-state NCM|CSPE-5|Li coin cell was assembled and tested by a Multiple Module Calorimeter 

(MMC 274 Nexus®, Netzsch) to study the thermal safety. Different from differential scanning calorimetry 

(DSC), the MMC can investigate the thermal behavior of an entire coin cell instead of individual 

components. The Land battery tester was connected to MMC to in-situ record the open-circuit voltage 

(OCV) of the sample cell. The heat flux in this experiment is calculated based on the total mass of active 

components (cathode, electrolyte, and Li metal anode). As a control, the NCM|liquid electrolyte|Li coin 
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cell using liquid electrolyte of 1M LiPF6 in EC/DEC (1:1 vol.%) was assembled and tested.

3. Results and Discussion

Fig. 1. (a) Schematic illustration of the preparation process of CSPEs, and illustration of the solid Li battery. 

Digital photos of (b) CSPE-0 electrolyte and membrane, (c) CSPE-5 electrolyte and membrane, and (d) 

crooked and folded (insert) CSPE-5 membrane. The surface morphologies of (e) CSPE-0 and (f) CSPE-5 

membrane. (g) Low-resolution SEM image of CSPE-5 and corresponding EDX spectra maps of C, S and 

Zr.

The typical synthetic procedure of CSPEs is shown in Fig. 1a. Firstly, PVDF and LiTFSI salt were 

dissolved in DMF to obtain a homogeneous transparent solution. After adding LLZTO, the color of CSPE 

changed to dark khaki. The digital photos in Fig. 1b reveal the transparent property of CSPE-0 membrane 

and slurry, which changed to dark khaki color for CSPE-5 (Fig. 1c). The color change after introducing 

LLZTO is due to the partial dehydrofluorination of PVDF, resulting from a complex interaction among 

PVDF, LLZTO, and DMF solvent [38], [39]. Fig. 1d displays the crooked and folded CSPE-5 membrane, 

demonstrating its flexibility and durability. It should be noted that due to the inertness of the PVDF-based 
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solid electrolyte, CSPEs can be prepared via a low-cost solution casting method, which is facile to produce 

large size, free-standing CSPE membrane (Fig. S1a). As revealed by the illustration of the solid Li battery 

in Fig. 1a, the CSPE is used as binder for fabricating the cathode to reduce the cathode-electrolyte interfacial 

resistance and increase the ionic conductivity of cathode [37], [40]. The surface morphologies of CSPE-0 

and CSPE-5 membranes are presented in Fig. 1e and 1f, respectively. Compared to the smooth and dense 

surface of CSPE-0, the introduction of 5% LLZTO filler rendered a rough but compact surface. From the 

low-resolution SEM image (Fig. 1g), no cracks can be observed on the surface of CSPE-5, which is 

beneficial to the contact between electrodes and CSPEs [41]. The corresponding EDX spectra mapping 

images demonstrate the uniform distribution of LiTFSI and LLZTO on the surface of CSPE-5. Moreover, 

the SEM image together with the EDX mapping of La (Fig. S1b) show the thickness (~ 40 μm) of the 

CSPE-5 membrane and the uniform dispersion of LLZTO across the section.

Fig. 2. (a) XRD patterns of PVDF powder, PVDF film, CSPE-0 and CSPE-5. (b) FT-IR spectra and (c) 

DSC heating profiles of PVDF film, CSPE-0 and CSPE-5. (d) TGA curves of CSPE-0 and CSPE-5. Elastic 

Modulus and hardness of (e) CSPE-5 and (f) CSPE-0 obtained by nanoindentation test.

As presented in Fig. S2, the XRD pattern of LLZTO powder shows good agreement with the cubic-
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phase garnet-type Li6.5La3Zr1.45Ta0.55O12, which has been demonstrated to have a high ionic conductivity 

[42]. The crystal structure of PVDF powder, PVDF film, and as-prepared CSPEs was determined by XRD 

(Fig. 2a). Three peaks at 18.3°, 19.9° and 26.4° displayed in the pattern of PVDF powder can be assigned 

to the (020), (110), and (021) planes of α-phase PVDF [43]. Interestingly, significant peaks appeared at 

20.2° and 39.4° in PVDF film diffraction pattern, indicating that the structure has been converted to β-phase 

and γ-phase [38], [43]. No peak emerged from CSPE-0 after adding LiTFSI, suggesting that the LiTFSI is 

completely dissolved in the PVDF matrix. In addition, the peak intensity at 20.2° decreased and the peak 

at 39.4° disappeared, indicating the reduced crystallinity and improved amorphous region for Li ions 

transfer [44]. Compared with CSPE-0, multiple characteristic peaks in CSPE-5 are consistent with the 

standard XRD pattern of Li6.5La3Zr1.45Ta0.55O12 (ICSD#183686), which demonstrated that there is no 

structural change of LLZTO after compounding with CSPE-0. To clarify the molecular and structural 

changes in the CSPE system, the FT-IR (Fig. 2b) of pure PVDF film and CSPEs were collected. For pure 

PVDF film, the absorption peaks located at 1070 cm-1, 1167 cm-1, and 1402 cm-1 are associated with the β-

phase PVDF, while peaks at 833 cm-1, 876 cm-1, and 1230 cm-1 are typical bands for γ-phase PVDF [45], 

[46], [47]. The results demonstrated a mixture of β-phase and γ-phase in pure PVDF film, which is 

consistent with that observed in XRD. The FT-IR spectra of CSPE-0 and CSPE-5 both show characteristic 

vibration peaks associated with β-phase and γ-phase PVDF along with LiTFSI.(Table. S1).

DSC was employed to probe the effect of adding LiTFSI salt and LLZTO ceramic powder on the 

crystallinity of the PVDF matrix. As shown in Fig. 2c, an endothermic peak was observed at 162 °C in the 

curve of PVDF film, which corresponds to its melting temperature (Tm). After adding LiTFSI salt, the Tm 

of CSPE-0 decreased to 142 °C, which is due to the reduction in the crystallinity of the PVDF matrix [19]. 

Interestingly, after adding 5% LLZTO powder, the Tm increased to 151 °C for CSPE-5, indicating that the 

crystallinity enhanced to some degree. To further evaluate the relative crystallization percentage of the 

polymer electrolyte, the crystallinity (χc) parameter is introduced, which can be calculated by equation (4):
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                          (4)100%m
c

PVDF PVDF

H
H f

 
 



where ∆Hm is the melting enthalpy of composite electrolyte, ∆HPVDF is the melting enthalpy value for a 

fully crystallized PVDF (104.5 J g-1), and fPVDF is the PVDF mass percentage in the composite electrolyte 

[48], [49]. The χc is calculated to be 60%, 36%, and 43% for pristine PVDF film, CSPE-0, and CSPE-5, 

respectively. The decreased χc of CSPE-0 indicated an increase in the amorphousness of the PVDF matrix 

after adding LiTFSI. The results correspond to the changes in Tm and XRD patterns. It is worth noting that 

the crystallinity of the CSPE-5 increased after adding LLZTO ceramic powder, which is contrary to the 

common effect of the ceramic filler on reducing the crystallinity of the PEO polymer matrix [37], [50]. 

Previously, enhancing crystallinity of polymer composites with ceramic fillers has been reported, although 

these composites are not used for electrolytes [51], [52]. We surmise that the effect of ceramic fillers on 

the crystallinity of composites depends on the type of ceramic and polymer. However, the mechanism is 

still unclear and ought to be reported in more detail in the future.

TGA was carried out from room temperature to 500 °C under argon flow to determine the thermal 

stability of PVDF powder, PVDF film, and as-prepared CSPEs. As described in Fig. S3a, PVDF powder 

remained stable up to 425 °C. The large weight loss around 470 °C is attributed to the degradation of 

PVDF [53]. The weight loss of PVDF film (Fig. S3b) from 100 °C to 120 °C is due to the evaporation of 

absorbed DMF solvent and water molecules. Thereafter, the PVDF film exhibited similar thermal stability 

as the PVDF powder. As shown in Fig. 2d, it can be seen that the degradation temperature of CSPE-0 

decreased to 310 ° C after adding LiTFSI salt. The decreased thermal stability is due to the reduced 

crystallinity of the polymer matrix after adding LiTFSI salt, which shows good agreement with the results 

of XRD and DSC. In addition, it can be observed that the degradation temperature of CSPE-5 is 20 °C 

higher than that of CSPE-0, indicating its higher thermal stability. The enhanced thermal stability is 

attributed to the increase of crystallinity and uniformly distributed thermally inert LLZTO ceramic particles 
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[41], [54]. However, the degradation temperatures of both CSPE-0 and CSPE-5 are much higher than the 

operating temperature of SLBs, indicating that CSPEs can act as thermally safe electrolytes for SLBs.

Instrumented nanoindentation is an advanced technology to characterize the mechanical properties of 

solid electrolytes, which is able to simulate the puncture process of Li dendrite through the electrolyte 

membrane [55]. We applied targeted nanoindentation tests by using Berkovich indenter and applying 

continuous stiffness measurement to evaluate the elastic modulus and hardness of the obtained CSPEs. The 

relationship of elastic modulus and hardness versus displacement into the surface of CSPE-5 and CSPE-0 

are presented in Fig. S4. The modulus and hardness of CSPE-5 are calculated to be 381.7 ± 57.0 MPa and 

9.2 ± 2.8 MPa, respectively (Fig. 2e). However, as illustrated in Fig. 2f, CSPE-0 performed a lower modulus 

(263 ± 13.8 MPa) and hardness (5.3 ± 0.5 MPa) compared to CSPE-5. The improved mechanical strengths 

of CSPE-5 can be attributed to the interaction of rigid LLZTO filler with the PVDF matrix [55], [56]. 

Furthermore, the modulus of CSPE-5 is much higher than other CSPEs in previous reports, in which the 

values are in the range of 0.1 MPa to 96 MPa. The enhanced mechanical property of CSPE-5 can effectively 

delay the nucleation of Li dendrite and supress the its free growth [23], [55].
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Fig. 3. (a) CV and (b) LSV curves of various CSPEs. (c) The ionic conductivity of CSPEs with different 

ratios LLZTO at room temperature. (d) Arrhenius plots of CSPE-0, CSPE-5 and CSPE-10. (e) DC 

polarization of Li|CSPE-5|Li cell and AC impedance spectra before and after polarization (Inset). (f) 

Electrochemical impedance spectra of Li|CEPS-5|Li cell measured after storage at different times.

To illustrate the electrochemical stability of CSPEs, CV (Fig. 3a) was conducted. The cathodic peaks 

at around −0.5 V(vs. Li/Li+) and the corresponding anodic peaks represent the Li plating and striping, 

respectively. It is clearly observed from the cathode scan that all CSPEs exhibit cathodic stability at voltage 

up to 0 V (vs. Li/Li+), indicating their good compatibility with Li and stable electrochemical interface. In 

addition, LSV was performed to study the stability of CSPEs at the high voltage range (Fig. 3b). There is 

no obvious current increase up to 4.58 V for CSPE-0, indicating that the electrochemical window of CSPE-0 

is close to that of traditional liquid electrolyte (4.5 vs. Li/Li+) [57]. The voltage window was enlarged to 

4.82 V after adding the LLZTO filler, which demonstrates its potential compatibility with high-voltage 

cathodes [58]. 

AC impedance of the SS|CSPE|SS cell was conducted to characterize the ionic conductivities of 

CSPEs membranes. Fig. 3c presents the ionic conductivity values of CSPEs with different ratios of LLZTO 

ceramic filler at room temperature. Compared with CSPE-0, the ionic conductivities were significantly 

improved after adding LLZTO. Among them, CSPE-5 delivered the highest ionic conductivity value of 2.4

×10-4 S cm-1, which is 2.7 times higher than that of CSPE-0 (0.9×10-4 S cm-1). In previous reports, one 

predominant reason for the improvement in ionic conductivity was the reduced crystallinity of the polymer 

matrix and its enhanced segmental motion of chains after adding ceramic particles [20], [57]. However, 

introducing LLZTO ceramic filler could not reduce the crystallinity of the CSPE-0 in this study, as verified 

by the DSC results. This phenomenon has also been observed in the report of combining LLZTO nanowires 

with PAN matrix [35]. Therefore, the decrease in PVDF crystallinity is not the reason for the conductivity 

enhancement in this work. While it can be attributed to the following three aspects. Firstly, LLZTO ceramic 
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filler promotes the dissociation of LiTFSI salt to release more free ions, which can be confirmed by the 

FTIR spectra in Fig. S5 [44]. The dissociation ratio of LiTFSI in the electrolytes is calculated to be 83.5% 

and 91.7% for CSPE-0 and CSPE-5, respectively. Secondly, based on the Lewis acid-base theory, the TFSI- 

anions (Lewis base) were immobilized on the surface of LLZTO ceramic (Lewis acid), resulting in higher 

free Li+ concentration and rapid Li+ conductance path at the ceramic-polymer interface [11], [23]. 

Furthermore, fixed TFSI- anions suppress the formation of space charge, thereby facilitating Li+ diffusion 

from bulk electrolyte to the electrode surface [36]. However, the ionic conductivity decreased with the 

further addition of LLZTO, exhibiting a percolation behavior [35]. This suggests that excess LLZTO filler 

may cause particle agglomeration, poor surface contact with PVDF matrix, and inhibited ionic migration 

[38]. The high ionic conductivity of CSPE-5 demonstrates its potential application in the room-temperature 

SLBs. The Arrhenius plots (Fig. 3d) of the ionic conductivities of CSPE-0, CSPE-5 and CSPE-10 were 

measured over a temperature range of 20 to 70 °C. The CSPE-5 membrane exhibited the highest ionic 

conductivity over the temperature range, and performed the lowest activation energy (12 kJ mol-1), 

indicating a lower energy barrier for Li + migration [37], [38]. 

Fig. 3e shows the DC polarization of Li|CSPE-5|Li battery at a potential step of 10 mV and the inset 

presents the corresponding AC impedance spectra before and after polarization. The calculated Li+ 

transference number (t+) of CSPE-5 (0.56) is much higher than that of CSPE-0 (0.33) (Fig. S6). The high 

t+ value of CSPE-5 reflects the effective transportation of Li ions, which facilitates the uniform distribution 

of space charge near the anode, thereby preventing the deposition of dendritic Li [36], [37]. The interfacial 

resistance of a Li|CSPE-5|Li cell after storage for different times is shown in Fig. 3f. The interfacial 

resistance increased from 258 (fresh) to 283 Ω (after 48 h), then remained nearly unchanged (285 Ω after 

96 h). This phenomenon indicated that a stable and thin passivation layer was produced on the surface of 

Li metal and further suppressed the enhancement of the interfacial resistance [56].

As shown in Fig. 4a, the Li|CSPE-5|Li symmetric cell was cycled under increasing current densities 

from 0.025 to 0.3 mA cm-2. The voltage profile shows flat platforms that increase with current density. 
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However, the battery failed with a dramatic overpotential increase at 0.3 mA cm-2, which is owing to the 

formation of an unstable solid electrolyte interface (SEI) layer at high current density, and thus resulting in 

a large polarization [59]. In order to evaluate the compatibility of CSPEs with Li metal electrode, 

galvanostatic charge/discharge measurements of Li|CSPE-0|Li and Li|CSPE-5|Li symmetric cells were 

performed at a current density of 0.05 mA cm-2. As shown in Fig. 4b, the Li|CSPE-0|Li cell displayed a 

fluctuant voltage profile with an overpotential of approximately 105 mV. In contrast, the symmetric cell 

using CSPE-5 exhibited a much smaller overpotential (around 40 mV), which arises from the increased 

ionic conductivity of CSPE-5 by the addition of LLZTO ceramic filler [44]. Moreover, a stable voltage 

curve was obtained from Li|CSPE-5|Li cell, indicating that a stable interface was formed between Li and 

CSPE-5 at the current density of 0.05 mA cm-2 [56]. Fig. 4c displays the long-term cycling performance of 

Li|CSPE-5|Li cell, which exhibited a low overpotential and stable voltage profile with no sign of short 

circuit even after 1000 h. The detailed voltage curve is presented in Fig. 4d, showing flat platforms with a 

low overpotential of 40 mV. In order to explore the origin of the outstanding electrochemical cycling 

performance, EIS spectroscopy was carried out to understand the interfacial compatibility between CSPE-

5 and Li electrode. As illustrated in Fig. 4e, the EIS spectra of the fresh and cycled Li|CSPE-5|Li symmetric 

cell show two arcs, arising from the bulk resistance (Rb) (high-frequency range) and charge-transfer 

resistance (Rct) (intermediate-frequency range) between electrode and electrolyte interface, respectively 

[60]. The value of Rct decrease from 672 Ω (fresh) to 348 Ω after 200 cycles, relating to the electrochemical 

activation process. A minor increase in Rct can be observed after 500 cycles, indicating that a stable interface 

was produced between CSPE-5 and Li electrode.
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Fig. 4. (a) Galvanostatic charge/discharge profiles of Li|CSPE-5|Li cell with increasing current densities. 

(b) Voltage profiles of Li|Li symmetric cells with CSPE-0 and CSPE-5. (c) Long-term cycling performance 

of the Li|CSPE-5|Li cell at the current density of 0.05 mA cm-2. (d) Detailed voltage profiles after 900 

cycles. (e) Impedance curves of Li|CSPE-5|Li cell before and after different cycles. The SEM images and 

digital photos (inset) of cycled Li anode disassembled from (f) Li|CSPE-5|Li and (g) Li|liquid electrolyte|Li 

cells after 1000 cycles.

Furthermore, to investigate the stability of CSPE-5 and its inhibition to the Li dendrite growth, 

Li|CSPE-5|Li cell was disassembled after 1000 cycles. The SEM image and its corresponding EDX 

mapping (Fig. S7) of the cycled CSPE-5 membrane demonstrated that the uniform and compact surface 

morphology can be maintained even after long-term cycling. As described in Fig. S8, there is no significant 

difference in the FT-IR spectra of pristine and cycled CSPE-5 membrane, indicating its superior stability 

during the Li plating/stripping process. Moreover, the SEM image in Fig. 4f displays the surface 

morphology of the cycled Li electrode of Li|CSPE-5|Li cell, showing a compact, dendrite-free surface 

feature. In sharp contrast, the rough and dendritic surface was observed for the Li electrode depicted from 
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a control tested Li|liquid electrolyte|Li cell (Fig. 4g). The inset photo in Fig. 4f shows that the Li anode 

retains its metallic luster after cycling, while the Li metal turns to black (inset of Fig. 4g) in liquid electrolyte 

cell. The differences in color and surface morphology of cycled Li anode indicate that the CSPE-5 

membrane exhibited a remarkable inhibitory effect on the free growth of lithium dendrites [17], [55]. The 

excellent dendrite suppression originates from the enhanced mechanical strength of CSPE-5 membrane and 

uniform Li deposition. In summary, the excellent long-term cycling stability of Li|CSPE-5|Li cell is 

attributed to the synergistic effect of excellent interface compatibility between CSPE-5 and Li electrode, 

superior stability of CSPE-5 and its outstanding Li dendrite inhibition.

Fig. 5. (a) Typical charge-discharge curves of LFP|CSPE-5|Li cell at different current densities. (b) Rate 

performance and (c) long-term cycling stability of the LFP|Li cell using CSPE-0 and CSPE-5. (d) Voltage 

profiles and (e) cycling performance of NCM|CSPE-5|Li cell.

In order to evaluate the compatibility of CSPE-5 in full battery, the solid-state LFP|CSPE-5|Li cell 

was assembled. Fig. 5a presents the typical charge-discharge curves of the LFP|CSPE-5|Li cell at various 

current densities. Flat potential platforms can be clearly observed in both charge and discharge curves at 

all current densities. The voltage gap between charge and discharge plateaus was limited to 0.09 V at 0.1 

C, which enlarged to 0.15, 0.3, and 0.47 V at 0.2, 0.5, and 1 C, respectively. It suggests that the polarization 

increases as a function of current density. As shown in Fig. 5b, the specific discharge capacities of the 
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CSPE-5 cell at current rates of 0.1, 0.2, 0.5, and 1 C were 142, 131, 110, and 98 mA h g-1, respectively. 

When the current rate returned to 0.1 C, the discharge capacity can be restored to 133 mA h g-1, showing 

remarkable rate performance. In contrast, the CSPE-0 delivers much lower discharge capacities at various 

current rates. Fig. 5c displays the long-term cycling performance of the LFP|Li cells using CSPE-0 and 

CSPE-5 at 1 C. After two activation cycles at 0.1 C, the initial discharge capacity of the CSPE-0 cell is 78 

mA h g-1, and then decay to 53 mA h g-1 after 200 cycles, corresponding to a poor capacity retention rate 

of 68%. Conversely, the CSPE-5 cell delivers an enhanced initial discharge capacity of 98 mA h g-1 with a 

capacity retention of ~88%, and the coulombic efficiency is stable and close to 100%. The improved 

electrochemical performance of CSPE-5 cell is attributed to the high ionic conductivity and excellent 

electrochemical stability of CSPE5, as well as good compatibility between CSPE-5 with both LFP cathode 

and Li metal anode.

To further investigate the compatibility of CSPE-5 with the high-voltage cathode, solid-state 

NCM|CSPE-5|Li cell was assembled and tested at a high charge cut-off voltage of 4.4 V. The overlapping 

charge/discharge curves in Fig. 5d indicate that CSPE-5 exhibite good compatibility with this high-voltage 

cathode. As shown in Fig. 5e, the NCM|CSPE-5|Li cell displayed slowly degraded discharge capacity while 

maintaining stable coulombic efficiency close to 100%. The decrease in capacity is due to kinetic or non-

kinetic factors, which is also been observed in liquid electrolyte NCM batteries [61], [62]. However, a 

comparable discharge capacity of 92 mA h g-1 was maintained after 50 cycles at 1 C. The results 

demonstrate that the CSPE-5 is a promising solid electrolyte candidate for room-temperature, high-voltage 

SLBs.
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Fig. 6. (a) Digital photos of polypropylene separator and CSPE-5 membrane before and after heating at 300 

°C. (b) Schematic illustration of the multiple mode calorimetry instrument. Heat flow profiles and the 

corresponding open-circuit voltage curves of (c) NCM|CSPE-5|Li and (d) NCM|liquid electrolyte|Li cell.

To compare the thermal stability between CSPE-5 membrane and commercial polypropylene (PP) 

separator, two empty coin cells were assembled only using CSPE-5 and PP separator, respectively. Fig. 6a 

shows the digital photo of PP separator and CSPE-5 membrane before and after heating at 300 °C for 1h. 

After the heating treatment, PP separator melted and shrank into a small piece. In contrast, the CSPE-5 

membrane maintained its original structure, which can prevent direct contact between the cathode and 

anode under abused condition or elevated temperature [63]. This high thermal stability of CSPE-5 could 

reduce the possibility of short-circuit caused by the melting of the separator, thus significantly improving 

the thermal safety of the cell.

Furthermore, the multiple module calorimeter (MMC) was used to in-situ investigate the thermal 

stability and thermal runaway of the SLBs. As presented in Fig. 6b, the MMC instrument consists of a 

temperature sensor and two heat flow sensors, which operate in a thermostatic chamber. The heat flow 

sensors are used to detect the heat flow of the sample cell and the reference cell. The temperature in the 
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thermostatic chamber was measured by the temperature sensor. The solid-state NCM|CSPE-5|Li cell was 

assembled and tested using MMC with a heating rate of 0.2 °C/min at the temperature range of 40 to 300 °C. 

During the heating process, the open-circuit voltage (OCV) of the sample cell was recorded by a Land 

battery tester. Fig. 6c shows the heat flow profile and the corresponding OCV curve of the solid 

NCM|CSPE-5|Li cell. It can be observed clearly that the OCV curve exhibits a slight undulation with the 

temperature increases. Interestingly, the OCV dropped dramatically to 0 V at 177 °C, which is very close 

to the melting point of Li metal (180 °C) [64]. This result indicates that the solid NCM|CSPE-5|Li cell was 

short circuited owing to the contact of the molten Li metal electrode with the cell case. In a control 

experiment, the NCM|liquid electrolyte|Li cell using a PP separator and liquid electrolyte showed a 

significant fluctuation in voltage curve when the temperature reached 157 °C (Fig. 6d). This is related to 

the melting of the PP separator (160 °C), resulting in a potential internal shorting and thermal runaway [65]. 

Moreover, the exothermic peaks marked in red color were attributed to the interaction of the cathode, 

electrolyte and melted Li metal electrode after the short circuit of cells [66]. The generated heat during the 

thermal runaway was determined by calculating the integrals of these peaks. The heat release of the solid 

NCM|CSPE-5|Li cell is calculated to be 189 J g-1, which is only 23% of the value for the cell using liquid 

electrolyte (812 J g-1). The less heat dissipation demonstrates that the solid NCM|CSPE-5|Li cell is safer 

than the liquid electrolyte cell even in the event of short circuit. The superior thermal safety of NCM|CSPE-

5|Li cell is attributed to the solid-state property and outstanding thermal stability of the CSPE-5 membrane. 

In a consequence, the solid-state NCM|CSPE-5|Li cell exhibits higher thermally stable window and 

generates less heat compared to the liquid electrolyte cell, indicating that the CSPE-5 is a promising 

thermally safe electrolyte for the applied of Li metal batteries.

4. Conclusions

In summary, by dispersing the LLZTO ceramic filler into the PVDF polymer electrolyte, we 

successfully prepared a novel composite solid polymer electrolyte that showed simultaneous improvements 
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in room-temperature ionic conductivity (2.4×10-4 S cm-1), electrochemical window (~ 4.8 V), mechanical 

properties (381.7 MPa in modulus and 9.2 MPa in hardness), dendrite suppression (dendrite free after 1000 

cycles), and thermal stability (~ 330 °C). In addition, the room-temperature solid-state LiFePO4|CSPE|Li 

full cell exhibited outstanding rate performance and excellent long-term cycling stability (0.06% capacity 

loss per cycle). Furthermore, the solid-state LiNi1/3Co1/3Mn1/3O2|CSPE|Li full cell was fabricated and tested 

at a high cut-off voltage of 4.4 V. Comparable electrochemical performance can be obtained at ambient 

temperature. More importantly, the solid-state LiNi1/3Co1/3Mn1/3O2|CSPE|Li cell showed an enhanced 

thermally stable window (177 ° C) with less heat generation (189 J g-1) during the thermal runaway 

compared to conventional liquid electrolyte cell (157 °C and 812 J g-1). Most notably, this work not only 

furthers the research of room-temperature high-voltage solid-state Li batteries but also highlights a 

reference for in-situ quantitative study on the thermal safety of entire solid-state Li batteries.
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 Free-standing, flexible composite solid electrolytes are successfully prepared
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properties

 Solid LiFePO4|Li cell exhibits excellent cycling stability and rate performance

 Thermal safety of an entire solid Li battery was in-situ quantitative studied
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