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A B S T R A C T   

Using solid-state electrolytes (SSEs) with excellent thermal and electrical stability to replace 
liquid electrolytes, and assembling solid-state lithium-ion batteries (SSLIBs) is considered the best 
solution to these safety issues. However, it is difficult for a single electrolyte to have the char-
acteristics of high ionic conductivity, low interface resistance, and high stability of the counter 
electrode at the same time. In this work, the composite polymer electrolyte membrane (CPE) of 
inorganic Li1.3Al0.3Ti1.7(PO4)3 (LATP) and organic poly(vinylidene fluoride-hexafluoropropylene) 
(PVDF-HFP) polymer was successfully prepared by traditional casting method. The addition of 
LATP (10 wt %) ceramic powder makes CPE membrane (CPE-10) exhibit excellent electro-
chemical performance: the lithium-ion transference number and electrochemical window are as 
high as 0.60 and 4.94 V, respectively. Moreover, the CPE-10 showed excellent Li-metal stability, 
thereby enabling the Li–Li symmetric cells to stably run for over 300 h at 0.1 mA/cm2 with 
effective lithium dendrite inhibition. When paired with a high-voltage LiNi0.6Co0.2Mn0.2O2 
(NCM622) cathode, the Li/CPE-10/NCM622 cell exhibited excellent electrochemical perfor-
mance: the highest specific discharge capacity of 152 mAh/g could be conducted at 0.2C after 50 
cycles corresponding to 100% Coulombic efficiencies. The prepared CPE-10 demonstrates 
excellent electrochemical performance, providing an effective design strategy for SSLMBs.   

1. Introduction 

Developing clean and efficient energy storage equipment is an effective strategy to solve the increasingly serious energy crisis and 
environmental pollution problems. Among various energy storage devices, lithium-ion batteries have become one of the most popular 
ones due to their large size and high energy density [1–3]. At present, the energy density of lithium-ion batteries based on intercalated 
materials is not only difficult to meet the requirements of long-distance transportation, but flammable liquid electrolytes also pose 
potential safety issues for batteries, especially in the application of large batteries in electric vehicles and power grids [4,5]. Solid-state 
lithium batteries using solid-state electrolytes have advantages such as higher energy density, longer cycle life, and better safety, 
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making them an important research direction in the field of next-generation batteries [6–8]. 
Solid polymer electrolytes (SPEs), as a high-performance solid-state electrolyte system, have attracted widespread attention due to 

their excellent flexibility, wide operating temperature range, and excellent cycle life [8–11]. Meanwhile, SPEs can effectively inhibit 
the growth of lithium dendrites, thereby avoiding the occurrence of battery short circuits. With the continuous research and devel-
opment of polymer electrolytes, various polymers have been widely studied, including polyethylene oxide (PEO) [12], polyvinylidene 
fluoride (PVDF) [9,13], PVDF-HFP [14–17], polyacrylonitrile (PAN) [18], polymethyl methacrylate (PMMA) [19], etc. As one of these 
candidates, PVDF-HFP has gained considerable interest as an electrolyte for energy storage devices due to properties like low crys-
tallinity, high polarity, low crystallinity, high dielectric constant, affinity to the electrolyte, wide voltage window, significant adhesion 
to the electrode and presence of polar group (-C-F-) [14,20]. Nevertheless, the extensive application still impedes the solid polymer 
electrolyte applications are low ionic conductivity at ambient temperature and low transference number. To solve this problem, 
ceramic particles such as inert materials (TiO2 [21]、SiO2 [22]) or active materials (LLZO [23]、LATP [24,25]) are dispersed or 
embedded into the polymer matrix to construct organic-inorganic composite polymer electrolytes (CPEs), which can not only improve 
mechanical strength, but also reduce polymer crystallization, thereby enhancing ion migration [26,27]. Among the explored additives, 
NASICON type Li1.3Al0.3Ti1.7(PO4)3 (LATP) ceramic electrolytes showed excellent thermal performance, air stability, and a remarkable 
enhancement of conductivity (>10− 4 S/cm) in comparison to compounds with similar crystal framework [28–30]. Y. J. Wang et al. 
demonstrated that the advantage of LATP as a filler is not only by generating an intense reduction of crystallinity and more flexible 
local chains in the amorphous phase, but also by possible dissolution and complexation with PEO [31]. 

Based on this, we report a composite solid electrolyte (CPE-10) based on PVDF-HFP polymer and LATP ceramic powder. The 
composite polymer electrolyte has advantages such as high ion conductivity, wide electrochemical window, high ion migration 
number, and high thermal stability. In addition, the NCM622 or LiFePO4/CPE-10/Li solid-state lithium metal battery system were 
successfully assembled by matching it with the NCM622 and LiFePO4 positive electrode, demonstrating excellent electrochemical 
performance. 

2. Experimental 

2.1. Materials synthesis 

LATP power was synthesized by a modified co-precipitation method, described in detail in our previous work [32]. The 
LATP-modified PVDF-HFP composite electrolyte film (PVDF-HFP-x wt% LATP, abbreviated as CPE-x) was prepared by tape-casting 
method, where x represents the mass percentage of LATP ceramic powder in the composite polymer electrolyte. The specific prepa-
ration process is shown in Fig. 1. LATP particles and LiTFSI (99.95%, Macklin) with different weight percentages (0–35 wt %) were 
added to PVDF-HFP (Arkema, France, Kynar Flex 2801), and were continuously magnetically stirred in N, N-dimethylformamide 
(DMF) solution for 24 h. Then the formed uniform slurry is spread on the glass plate with a scraper and dried in a 60 ◦C vacuum oven to 
form a uniform polymer film. 

2.2. Structural characterization 

The phase structure of samples was collected on X-ray diffraction (XRD, Bruker D8) using Cu Kα radiation (λ = 1.5406 Å). Scanning 
electron microscopy (SEM, Hitachi S-4800, Japan) was applied to investigate the surface and cross-section morphologies of the 
polymer electrolytes and Li anode. The thin film electrolyte was quenched with liquid nitrogen to observe the characteristics of the 
electrolyte section. Fourier transforms infrared spectroscopy (FTIR, Nicollet NEXUS670, America) was recorded to determine the 
possible chemical reaction between the LATP phase and the polymer matrix. The test range was 4000~650 cm− 1. Simultaneous 
thermal analysis (TG-DSC, STA449F5 Jupiter, Netzsch, Germany) was used to analyze the sintering shrinkages of the film samples with 
temperature change at 5 ◦C/min in an N2 environment. 

2.3. Electrochemical tests 

Electrochemical impedance spectroscopy (EIS) was carried out to test the ionic conductivity (σ) of the electrolyte from 10− 1 

Fig. 1. Schematic of the fabrication process of CPE-10.  
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Hz–106 Hz. The σ was measured by EIS using a CHI660E electrochemical workstation and calculated by the formula: σ = L/R × S, 
where S, L, and R, are the area of the composite electrolyte, membrane thickness and resistance measured by EIS, respectively. The 
ionic conductivity values corresponding to different temperatures are obtained, and the activation energy (Ea) values are calculated 
from this. The specific calculation formula involved in representing the relationship between Ea and the total impedance σt is 
(Arrhenius): σt = Aexp(-Ea/kBT), where kB is the Boltzmann constant, A and T are the given parameters and the ambient temperature, 
respectively. 

The lithium transference number (tLi+) was calculated by the following equation: tLi+ = Iss(ΔV − R0I0)/I0(ΔV − RssIss), where ΔV is 
10 mV DC polarization potential, I0 and Iss are initial and steady-state current respectively, R0 and Rs are initial and steady-state 
resistance before and after AC polarization. Linear Sweep Voltammetry (LSV) is used to investigate the electrochemical window for 
the polymer electrolyte with SS/CPE/Li cells. The scanning rate is 10 mV/s and the electrochemical window is detected in the range of 
1–6.0 V (vs Li+/Li) using an electrochemical workstation (CHI660E, Shanghai Chenhua Instrument Co., Ltd.) 

It uses commercial 2032-type coin cells and consists of a composite positive electrode of 80 wt% LiFePO4/NCM622 positive 
powder, 10 wt% PVDF–LiTFSI adhesive and 10 wt% Super-P. Subsequently, the composite positive electrode is added to N-methyl-
pyrrolidone (NMP) solvent to obtain a thick paste, which is then coated on Al foil and dried overnight under a vacuum of 80 ◦C. The 
active material load was controlled to 2–3 mg/cm2. The entire battery assembly process is carried out in an AR-filled glove box. In 
addition, to reduce the interface contact between the electrolyte and the positive electrode, the composite electrolyte membrane needs 
to be soaked in a commercial liquid electrolyte (1.0 M LiPF6, EC/DEC (1:1 vol/vol)) for 12 h before use to activate the membrane. The 
surface electrolyte is then wiped dry with filter paper before the battery is assembled and tested (electrochemical window, ion 
migration number, and lithium stability experiments are also tested with activated electrolytes). Galvanostatic charge− discharge 
properties were tested within 2.5–3.9 V for LFP and 2.5− 4.2 V for NCM622 using a battery test system (CT2001A, LAND, China). 

3. Results and discussion 

Fig. 2a shows the surface morphological observation when LATP filling is 10 wt% (CPE-10). As can be seen from the figure, the 
surface structure of the CPE-10 electrolyte film is compact and smooth, and there is no obvious residue of LATP particles, indicating 
that LATP particles are well dispersed in the polymer matrix and no aggregation occurs. In addition, it can be seen from the electrolyte 
optical photos (illustrations in Fig. 2) that CPE-10 is a flexible film with certain transparency, and the section topography of CPE-10 

Fig. 2. Microstructure and phase analysis of CPE-10 electrolyte film. SEM images of (a) surface and (b) cross-section of the CPE-10 electrolyte 
membrane, illustrated as optical photographs of the electrolyte membrane; (c) XRD and (d) FTIR spectra of polyelectrolyte films. 
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(Fig. 2b) shows that its thickness is about 40 μm, which is in line with the thickness range of polymer electrolyte [33]. The flexibility of 
the composite electrolyte can effectively alleviate the rigid contact between the electrolyte and the electrode interface and reduce the 
interface impedance. In addition, the combination of LATP powder and PVDF-HFP polymer avoids direct contact between LATP and 
lithium-metal, and alleviates the occurrence of interface side reactions to a certain extent. 

In addition, to identify the composite phase structural changes of PVDF-HFP, LATP, and CPE-10 films, the XRD diffraction patterns 
of the three materials are shown in Fig. 2c. Among them, due to the blending with PVDF-HFP, the diffraction peak of LATP on the CPE- 
10 membrane is relatively weak, indicating that some LATP particles are exposed on the surface of the membrane. In addition, 
compared with pure PVDF-HFP (CPE-0) electrolyte, the 19–21◦ diffraction peaks of CPE-10 samples tended to widen, indicating that 
the addition of LATP particles expanded the amorphous region and reduced the crystallinity of the polymer, thereby improving the 
electrochemical performance of the polymer electrolyte [34]. Furthermore, the FTIR spectra of the electrolyte membrane was pre-
sented in Fig. 2d. The observed peaks at 1668 cm− 1, corresponded to the stretching vibration peaks of LiTFSI. The characteristic peaks 
at 1402 cm− 1 are assigned to α-phase crystal of PVDF-HFP, while the bands at 880 and 835 cm− 1 are the amorphous phase. The vi-
brations bands at 1063, 1174 cm− 1 corresponded to symmetrical stretching of CF2, which are shifted after LiTFSI mixing, implying the 
interaction between PVDF-HFP matrix and LiTFSI [17,35,36]. Before and after the addition of LATP ceramic particles, the FTIR 

Fig. 3. Analysis of CPE-x electrolyte membrane impedance and ionic conductivity. (a) Impedance test battery model, impedance diagram of CPE-x 
electrolyte film at (b) 30 ◦C and (c) 60 ◦C, (d) curve diagram of ionic conductivity with temperature and filling amount, (e) Curve diagram of CPE-10 
electrolyte film with temperature and (f) Curve diagram of total ionic conductivity with temperature. 
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absorption peaks of the electrolyte membrane were similar, and the characteristic peaks did not appear or disappear, indicating that 
the combination of polymer matrix and LATP ceramic particles was only a physical mixture without any chemical reaction. 

Fig. 3a shows the general structure of the battery for testing the impedance performance of the polymer electrolyte. The stainless- 
steel sheet (SS) serves as the blocking electrode and is clamped on the upper and lower surfaces of the electrolyte to form a “sandwich" 
structure. Fig. 3b shows the impedance diagram of the modified PVDF-HFP electrolyte at 30 ◦C with different LATP ceramic filling 
amounts (0–35 wt%). As can be seen from the figure, all electrolyte samples have a typical electrolyte impedance curve (semi-arc in the 
high-frequency region and slant in the low-frequency region), and the impedance value (semi-arc diameter) decreases first and then 
increases as the filling amount increases. When the filling amount is 10 wt% (CPE-10), the minimum impedance value (68 Ω) is 
obtained. This not only shows that the addition of LATP ceramic powder has a significant effect on the impedance performance, but 
also shows that the appropriate amount of powder addition is the key to improving the performance. 

Fig. 3c shows the corresponding impedance spectra of each group of samples at 60 ◦C. It can be seen from the figure that the 
impedance of each component is significantly reduced, and the changing trend of the impedance value with the LATP filling is the same 
as that at 30 ◦C. When the filling amount is 10 wt%, the minimum impedance value (25 Ω) is obtained. According to the calculation 
formula of ionic conductivity, CPE-10 samples can obtain the highest ionic conductivity (3.1 × 10− 5 S/cm and 1.06 × 10− 4 S/cm) at 30 
and 60 ◦C respectively (Fig. 3d), indicating that when the LATP filling amount is 10 wt%, it is most conducive to the transport of 
lithium ions in PVDF-HFP polymer electrolyte, to obtain the best performance. The addition of too little powder could not effectively 
promote the movement of the polymer chain, and lithium ions are mainly transmitted along the polymer matrix, so the impedance 
performance is not significantly improved. When the powder filling amount is moderate, there are a variety of transmission routes in 
the composite electrolyte, including polymer matrix, ceramic powder, and interface transmission between powder and polymer, and 
the transmission routes are interrelated, to ensure the smooth transmission of lithium ions, reduce the transmission impedance and 
improve the ionic conductivity [37]. When the LATP powder is added in excess, the powder cannot be completely dispersed in the 
polymer matrix, and even causes a very serious agglomeration phenomenon, which not only may hinder the normal transmission of 
lithium ions in the powder and the interface, but also may destroy the long chain transmission of lithium ions in the polymer matrix, 
thereby improving the transmission impedance and reducing the ionic conductivity [38]. Therefore, the content of this chapter mainly 
focuses on the research of CPE-10 electrolytes, and further explores the transport mechanism of lithium ions in organic-inorganic 

Fig. 4. Analysis of temperature and ion mobility of CPE-x thin film electrolyte. (a) TG, (b) DSC, (c) LSV curve and (d) i-t curve of CPE-10 elec-
trolyte membrane. 
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composite electrolytes. 
Fig. 3e shows the impedance diagram of the CPE-10 electrolyte film as a function of temperature. As the temperature continues to 

increase, the impedance value gradually decreases, which indicates that increasing the temperature is conducive to promoting the 
transmission of lithium ions in the electrolyte, and thus improving the ionic conductivity. This is mainly because the polymer chain is 
more likely to move at high temperatures, thus promoting the transfer and transfer of lithium ions, which is also a common phe-
nomenon in solid electrolytes [39]. In addition, according to the total ionic conductivity (σt) of the CPE-10 film sample with tem-
perature (Fig. 3f), the activation energy (Ea) of the sample within the test temperature range can be calculated to determine the ease of 
transport of lithium ions in the electrolyte. As shown in Fig. 3f and calculated by the Arrhenius formula, it can be seen that the 
activation energy value of the CPE-10 composite electrolyte film is only 0.22eV, which is much smaller than that of many reported 
polymer electrolytes [39], indicating that lithium ions are easier to move and transfer in the CPE-10 sample. It is also beneficial for the 
solid electrolyte to maintain high performance over a wide temperature range [40]. 

Fig. 4a shows the mass of CPE-0 and CPE-10 electrolyte films as a function of temperature. As can be seen from the figure, the 
thermal degradation of pure PVDF-HFP is about 500 ◦C. With the addition of LATP powder, the thermal stability of the polymer 
decreases (410 ◦C). Compared with CPE-0, CPE-10 film has a larger weight loss before 310 ◦C, which mainly corresponds to the melting 
and gradual degradation of the polymer. Among them, the interaction of LATP and polymer matrix increases the amorphous region in 
the polymer electrolyte, resulting in greater weight loss of the CPE-10 electrolyte before 300 ◦C [41]. In addition, the CPE-10 film only 
begins to fully decompose at 310 ◦C, indicating that it has sufficiently thermal stability to be applied to the research of lithium bat-
teries. Finally, as the test temperature continues to rise, the quality of the two electrolyte membranes tends to remain unchanged. 
Compared with CPE-0, the CPE-10 membrane has a higher residual mass (corresponding to the residue of LATP powder), which also 
explains the successful composite of LATP powder and polymer matrix to a certain extent. Fig. 4b shows the DSC curve of the CPE 
electrolyte film. From the sharp endothermic peaks in the figure, the melting temperature of the electrolyte is reduced after the 
addition of LATP particles in the PVDF-HFP copolymer. PVDF-HFP (CPE-0) showed a melting peak at 165.8 ◦C, while LATP 
nanoparticle-filled polymer (CPE-10) showed a melting peak at 159.5 ◦C. This is mainly due to the plasticization of LATP particles 
reducing the crystallinity of PVDF-HFP, and thus reducing the melting point of the polymer. 

As shown in Fig. 4c, for the Li/CPE-10/SS battery, the linear sweep voltammetry (LSV) curve is smooth and stable when the test 
voltage is below 4.94 V. When the voltage is higher than 4.94 V, the curve shows an upward trend, indicating that the electrolyte has an 
oxidation side reaction, indicating the electrolyte can be used stably under 4.94 V. In contrast, Li/CPE-0/SS batteries undergo a 
decomposition reaction at 4.47 V, and there is an obvious current fluctuation peak near 2 V, indicating that there is a side reaction 
between electrolyte and electrode (electrochemical oxidative decomposition of electrolyte). A similar phenomenon has been reported 
in other polymer electrolytes [42]. However, the specific cause of this phenomenon is not clear, and further structural and mechanism 
analysis is needed. In conclusion, the above results show that the addition of an appropriate amount of LATP powder can effectively 
improve the electrochemical window of the polymer electrolyte, which can not only match conventional positive electrodes such as 
V2O5 and LiFePO4, but also improve the use safety of high-voltage positive electrodes (LiCoO2 and NCM ternary, etc.) [15,43]. 

As shown in Fig. 4d, the lithium-ion migration number (tLi+) of the electrolyte was tested and calculated using the lithium battery 
structure (Li/CEPE/Li). By polarization, the interface resistance of CPE-10 is increased from 150 Ω to 165 Ω. From the change of 
current with polarization time, the initial current before polarization is 59 μA, and the current is stable at 38 μA. Therefore, the tLi +
value of CPE-10 can be easily calculated as 0.60 according to the Bruce Vincent equation, which is much higher than 0.2 for liquid 
electrolytes [44] and other PVDF-HFP based polymer electrolytes [2,14,16,17,27,35,45–48] (Table 1). This phenomenon could be 
related to the interaction between LATP ceramic filler and polymer chain, which relaxed the local chain of polymer and promoted the 
movement of chain segments [49]. 

As can be seen from Fig. 5a, the Li/CPE-10/Li battery has a low overpotential (9 mV), while the Li/CPE-0/Li battery exhibited a 

Table 1 
Performance comparison of the PVDF-HFP based polymer electrolytes.  

SPEs Electrode Ionic conductivity 
σ (S/cm) 

Li + transference number 
(tLi+) 

Electrochemical 
window 
（V） 

Ref. 

ATLLZO/PVDF-HFP LiFePO4 (2.6–4.2 V) 5.35 × 10− 4 (60 ◦C) 0.37 0.475 [2] 
LLZT/PVDF-HFP/IL LiFePO4 (3.0–3.8 V) 7.63 × 10− 4 

(100 ◦C) 
0.61 5.3 [14] 

LATP/PVDF-HFP LiFePO4 (2.5–4.0 V) 2.3 × 10− 4 (60 ◦C) – – [16] 
LATP/PEG PVDF-HFP LiFePO4 (2.5–3.6 V) 8.13 × 10− 4 (40 ◦C) 0.58 – [17] 
LLSZO/PVDF-HFP/LiPF6 – 2.94 × 10− 3 (35 ◦C) 4.5 – [27] 
NMP-LE/PVDF-HFP LiFePO4 (2.5–3.8 V) 7.24 × 10− 4 (70 ◦C) 0.57 5.2 [35] 
LLZO/PVDF-HFP LiFePO4 (2.4–4.0) 3.71 × 10− 4 (30 ◦C) 0.58 4.65 [45] 
Lithium magnesium silicate/PVDF- 

HFP 
NCM622 (2.8–4.3 
V) 

2.56 × 10− 4 (25 ◦C) 0.41 4.8 [46] 

LLZTO/PVDF-HFP LiFePO4 (2.6–3.6 V) 1.04 × 10− 4 (45 ◦C) 0.26 4.7 [47] 
g-C3N4/PVDF-HFP /NCM622 (2.8–4.3 

V) 
1.67 × 10− 4 (30 ◦C) 0.30 4.7 [48] 

LATP/PVDF-HFP NCM622 (2.5–4.2 
V) 

1.06 × 10¡4 

(60 ◦C) 
0.60 4.94V Present 

work  

Z. Yao et al.                                                                                                                                                                                                             



Heliyon 10 (2024) e28097

7

higher overpotential (18 mV) at 0.05 mA/cm2. When the current density increases to 0.1 and 0.2 mA/cm2, the Li/CPE-0/Li battery has 
a high overpotential, and becomes very unstable at each voltage platform, indicating that the CPE-0 electrolyte reacts with lithium 
metal. The introduction of LATP ceramic particles into the PVDF-HFP matrix improves the ion migration number of the electrolyte, so 
the Li/CPE-10/Li battery has a low overpotential and no obvious voltage fluctuation at 0.1 and 0.2 mA/cm2. Fig. 5b–d respectively 
shows the micro-topography of lithium metal surface after Li–Li symmetric test. As can be seen from the figure, the surface of the 
lithium metal corresponding to the CPE-0 sample produced more granular lithium dendrite particles (Fig. 5b) compared to the surface 
of the initial lithium metal (Fig. 5c). This is due to the uneven deposition of lithium caused by low CPE-0 lithium ion migration [42]. 
Compared with CPE-0, the lithium metal surface corresponding to the CPE-10 sample has good smoothness and flatness, and there is no 
obvious appearance of lithium dendrites (Fig. 5d). Additionally, Fig. 5e shows the galvanostatic cycling tests of CPE-10 thin film 
cycling for 300 h at current densities of 0.1 mA/cm2. The cell maintains a low and stable voltage polarization value, indicating that the 
CPE-10 electrolyte can guarantee the stable reversibility of lithium-ion deportation. 

The cyclic performance of the LiFePO4/CPE-10/Li battery at room temperature was tested at a current density of 0.2 C (Fig. 6a). 
With the increase in the number of cycles, the battery capacity did not decrease significantly, and the charge and discharge curve was 
relatively smooth in the potential voltage range of 2.5–3.9 V (Fig. 6b), indicating the components in the battery are relatively stable 
and no side reactions occur [50,51]. After 150 cycles, the coulomb efficiency of the battery reached almost 100%, indicating that the 
CPE-10 electrolyte membrane could maintain a stable cycle of the battery. Fig. 6c shows the rate performance of the LiFe-
PO4/CPE-10/Li battery. The discharge capacity decreases with the increase of current density, indicating that the capacity loss is 
limited by the diffusion of lithium ions. The reversible discharge capacity of the battery at 0.1 C is 156 mAh/g, the reversible discharge 

Fig. 5. Performance analysis of CPE-x electrolyte on lithium at 60 ◦C. (a) Lithium stability test of CPE-0 and CPE-10 electrolytes at different current 
densities; SEM images of the Li electrode surfaces of CPE-0 (b), initial lithium-metal (c), CPE-10 (d) after test at different current densities; and (e) 
lithium cycling of CPE-10 at 0.1 mA/cm2 current densities. 
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capacity at 0.5 C is 125 mAh/g, and even at 1 C, the capacity of the battery still reaches 100 mAh/g. When the current density is 
restored to 0.1C, the battery discharge capacity is restored to 150 mAh/g, showing excellent discharge performance. As shown in 
Fig. 6d, the LiFePO4/CPE-10/Li battery also has smooth initial charge–discharge curves at different rates within the voltage range. 

Basis of the excellent electrochemical performance, high-voltage Li/CPE-10/NCM622 cells were further assembled. Fig. 6e shows 
the cycle performance of the battery at 0.2 C. The rapid initial lithium-ion homogenization process and construction of lithium-ion 
transport path provide an initial specific discharge capacity of 171 mAh/g and a first Coulomb efficiency of 96% for Li/CPE-10/ 
NCM622 cells. After 50 charge–discharge cycles, the Li/CPE-10/NCM622 battery shows the highest specific discharge capacity of 152 
mAh/g and Coulomb efficiency of nearly 100% with smooth charge–discharge curves (Fig. 6f), indicating that CPE-10 can achieve 
highly reversible lithium-ion disembedding behavior in the potential voltage range of 3.0–4.2 V. 

Fig. 6. Analysis of electrochemical performance of the solid-state batteries. Cycling performance (a) and charge and discharge curves (b) under 0.2 
C of Li/CPE-10/LiFePO4; Rate performance (c) and initial charge and discharge curves (d) of the Li/CPE-10/LiFePO4 at various current densities at 
60 ◦C. Cycling performance (e) and charge and discharge curves (f) under 0.2 C of Li/CPE-10/NCM622 at 60 ◦C and 0.2 C. 
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4. Conclusion 

In summary, we have prepared a composite electrolyte film (CPE-10) with a uniform distribution of inorganic LATP and PVDF-HFP 
polymers by tape-casting method, and assembled Li/CPE-10/LiFePO4 and Li/CPE-10/NCM622 solid-state lithium batteries. The CPE- 
10 composite electrolyte membrane has higher ionic conductivity (1.06 × 10-4 S/cm) and higher Li+ transference number (0.60). The 
addition of rigid LATP ceramic particles effectively improves the electrochemical window of the electrolyte (4.94 V), which is expected 
to solve the safety problem of high-voltage lithium metal batteries. In addition, the CPE-10 electrolyte not only has good temperature 
stability, but also has excellent stability against lithium: at 0.1 mA/cm2 current density, it can be stably cycled for 300 h with effective 
lithium dendrite inhibition. Li/CPE-10/LiFePO4 batteries also obtain excellent cycle performance: at 0.2C current density, the 
discharge capacity remains at 150 mAh/g after 150 cycles. Moreover, the high-voltage Li/CPE-10/NCM622 cells showed the highest 
specific discharge capacity of 152 mAh/g and Coulomb efficiency of nearly 100% after 50 cycles. In short, the composite design of the 
CPE-10 membrane could have great application potential in the field of lithium metal batteries. 
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