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Solid-state lithium batteries have attracted more and more attention due to their higher safety and energ

y density. Solid electrolytes are the key materials of solid-state lithium batteries. Therefore, the develop

ment of solid-state electrolytes with high ionic conductivity is the key to the development of solid-state

 batteries. In this work, a simple method was successfully used to prepare a Polysulfone（PES）-based

 composite solid electrolytes (CSEs) is developed. The prepared CSE PES @Li-10% Li1.3Al0.3Ti1.7(PO4

)3（LATP）has an ionic conductivity of 5.37×10-4 Scm-1 and a wide electrochemical window of 5.21

3 V in a greenhouse. A pair of lithium-ion batteries were assembled to maintain good cycling stability 

at three current densities of 0.05 mAcm-2, 0.1 mAcm-2 and 0.2 mAcm-2. After the Li/PES@Li-10%LA

TP/LiNi0.5Mn1.5O4 cells were assembled and tested at room temperature, the discharge capacity of the c

athode in the first circle was 121.8 mAh/g. After 50 cycles at room temperature, the discharge capacity 

of the cathode remained at 119.51 mAh/g, with a coulombic efficiency of 97 %. At 0.1 C and 0.2 C, 0.

3 C and 0.5 C and 1C ratio in circulation, the cathode discharge capacity of 121.8 mAh/g, respectively 

93.5mAh/g, 72.1 mAh/g, 36.5 mAh/g and 21.6 mAh/g, and multiplying power cycle stability. The rese

arch provides a basis for the development of all-solid-state batteries at room temperature. 
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1. INTRODUCTION 

 

Rechargeable lithium (Li)-metal battery with considerable energy density is one of the most 

promising candidates for next generation energy storage system [1–3]. Although it is widely used in 

various devices, it still plagues traditional lithium batteries due to safety issues such as leakage and 

flammability [4-6].In order to overcome various defects, solid-state batteries with solid electrolytes with 

higher safety and flexibility have been designed in recent years [7-10].In addition, the wide chemical 
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window can not only match the excellent cathode materials, but also improve the total energy density of 

the battery [11-15]. 

All solid-state batteries are generally divided into three types: inorganic solid electrolyte, organic 

polymer solid electrolyte and inorganic-organic composite solid electrolyte [16-19].Inorganic solid 

electrolytes mainly include Li7La3Zr2O12（LLZO）, LATP, LAGP and various derivatives.The ionic 

conductivity of superionic conductors such as LATP, solid electrolyte with NASICON structure, is high 

and can reach more than 10−4 S/cm [20-23].The ionic conductivity of sulfide electrolytes (such as 

Li10GeP2S12) can even reach 10−2 S/cm [24,25], which can be comparable to the conductivity of liquid 

electrolytes, but sulfides are unstable in the air, and will produce toxic gas H2S after absorbing water 

[26].Although the garnet type electrolyte LLZO is stable to lithium metal [27], it is also unstable to air 

[28-30], resulting in other products that affect its ionic conductivity and interface impedance with the 

electrode.The bulk ionic conductivity and total ionic conductivity of the NASICON electrolyte LATP 

can reach 10−3 S/cm, 7×10−4 S/cm [31-33], which can meet the requirements of all-solid-state battery for 

ionic conductivity. Moreover, it is stable to air and water [34,35], and can be used for large-scale 

preparation of materials in air atmosphere, and battery assembly, which reduces processing difficulty 

and production costs.However, large interface impedance and side reactions make them difficult to 

directly apply. In CSEs, PVDF, PEO, PVC and so on are widely used. However, generally, the ionic 

conductivity of CSEs at room temperature (< 10-5 S/cm) and cation migration number are low, and some 

CSEs have poor oxidation resistance [36-38]. A single polymer is usually at room temperature.It exhibits 

low conductivity and poor electrochemical performance, so it is difficult to match with other 

substances.So far, people have focused on adding buffer layer on the surface of solid electrolyte, 

polymerization of various polymers and design of multilayer CSE. Although these methods can 

effectively improve the cycling performance of solid electrolyte, the preparation process is complex and 

the cost is high, which is still a certain gap compared with large-scale use. 

In contrast, the combination of inorganic and organic in a solid electrolyte not only improves the 

conductivity, but also greatly improves the mechanical properties. We use the new polymer PES as the 

substrate, which has excellent mechanical properties and thermoplastic. And has excellent electrical 

properties, insulation stability at 200 ℃. 

In this work, PES polymer was used as the substrate to form a blend CSE with disordered lithium 

salt LiBF4 and inorganic solid electrolyte LATP. The optimum ratio of LATP was determined and the 

CSE PES@Li-10 % LATP was found to have good properties. Electrochemical tests showed that there 

was no short circuit after 300 cycles of lithium stripping experiment at room temperature, and it showed 

good cycling stability. By assembling into LiNi0.5Mn1.5O4/PES@Li-10%LATP/Li, after 50 cycles, it still 

maintains a coulombic efficiency of 97 %.The prepared CSE PES@Li-10%LATP provides a strong 

basis for the development of all solid-state points at room temperature. 

 

2. EXPERIMENTAL SECTION 

2.1. Preparation of LATP powder 

In the solid-phase method, lithium carbonate (Li2CO3), aluminum oxide (Al2O3), titanium 

dioxide (TiO2) and ammonium dihydrogen phosphate (NH3H2PO4) zinc oxide (ZnO) were used as 
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predispositions and weighed according to the stoichiometric ratio of Li1.3Al0.3Ti1.7(PO4)3. The mixture 

was evenly mixed and the ball mill was milled for 8h with ethanol as dispersant and the speed of the mill 

was 280 r/min.After ball milling, the powder was dried in a drying oven at 80℃ for 10h. After ethanol 

volatilization, the powder was ground for 1h and sieved with 160 mesh fine powder sieve. The powder 

was annealed and calcined at 950 ℃ for 4h in an atmosphere furnace to obtain white LATP precursor 

powder. 

 

2.2. Preparation of PES@Li-10％LATPcomposite electrolytes 

Preparation of solid electrolyte membrane PES@Li-10%LATP. First, add 20 mL N,N-

Dimethylformamide（DMF） solution to a 100 mL beaker and stir with electric at 60 °C. Add 4g PES 

until the solution becomes a sol solution, continue to add LiBF4 (PES: LiBF4 = 8:1) until the mixture is 

stirred without bubbles, then add 0.4 g LATP and stir for 12 h.Then pour it into a teflon container and 

dry it at 60 ℃ for 12h in a blowing drying oven. Then cut it to 16mm and put it in a glove box for later 

use. Marked as PES@Li-10 ％LATP. At the same time, the content of solid electrolyte LATP was 

changed, adding 5 % and 15 %LATP. Marked as PES@Li-5％LATP and PES@Li-15%LATP. Compare 

as a control. In Table 1, the abbreviations PVDF, PMMA, PEO used are poly(1,1-difluoroethylene), 

poly(1,1-difluoroethylene) and Poly(ethylene oxide), respectively, compared with the polymers in the 

reference. 

 

2.3. Preparation of solid-state LiNi0.5Mn1.5O4/PES@Li-10％LATP/Li cell 

The CR 2032 button battery is assembled in an argon filled glove box using the above composite 

SSE. Cathode active material were prepared by mixing 80 wt% commercial LiNi0.5Mn1.5O4 (Aales 

Shanghai Co, LTD.), 10 wt% conductive carbon black and 10 wt% PVDF dissolved in NMP solvent. 

After complete mixing, the cathode active material slurry is evenly cast onto the aluminum foil. Then 

the aluminum foil was dried under a vacuum at 110 ℃ and then cut into a circular electrode with a 

diameter of 12mm. The battery is assembled by a positive shell, a positive plate, an electrolyte, a lithium, 

a steel plate, a shrapnel and a negative shell. In addition, a small amount of electrolyte is added on both 

sides of the CSE to improve the interface. The electrochemical performance of all assembled cells in the 

2032 battery test system is characterized by a voltage range of 3.5-5 V. 

 

2.4. Physical characterizations 

By using the phase structure of X-ray diffraction (XRD), test data were collected at 10-90°. The 

surface and structure of inorganic solid electrolyte LATP were observed by field emission scanning 

electron microscopy (SEM, JSM-7001F,Japan). 
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2.5. Electrochemical measurements 

Lithium ion transfer number (tLi
+) is an important parameter for evaluating the performance of 

composite electrolytes. A higher tLi
+ value indicates that more lithium ions are involved in the 

electrochemical cycle. Typically, the test is performed by timing on a lithium symmetric cell (e.g. 

Li/PPLL/Li) at a voltage of 1mV for 4000 s, and the tLi
+ value is calculated by the following 

equation.Combined with the measurement method of CV and constant voltage DC polarization, 

calculated by the publicity. 

𝑡𝐿𝑖+ =
𝐼𝑠(∆𝑉 − 𝐼0𝑅0)

𝐼0(∆𝑉 − 𝐼𝑠𝑅𝑠)
 

The lithium ion migration number of electrolyte at the test temperature can be obtained. 

tLi+ represents the number of lithium ion migration of the electrolyte,I0 and Isare current values after dc 

polarization initiation and stabilization respectively, R0 and Rsare impedance values before and after 

DC polarization respectively, ∆𝑉 is the voltage value acting on both ends of the battery. 

Ionic conductivity test, cell assembly with steel sheet (SS) as a symmetrical cell, together with 

electrochemical impedance test, calculate ionic conductivity. 

𝜎 = 𝐿
(𝑅 × 𝑆)⁄  

The ionic conductivity of the electrolyte at the test temperature can be obtained. Among them, 𝜎 

represents the ionic conductivity, 𝐿 is the thickness of the electrolyte, S represents the contact area 

between the electrolyte and the test electrode (SS), and 𝑅 denotes the bulk impedance value of the battery 

electrolyte measured by EIS. 

The electrochemical window test was carried out by linear sweep voltammetry (LSV) to obtain 

the electrochemical stability window of electrolyte membrane. Lithium sheet was used as counter 

electrode and reference electrode, stainless steel sheet was used as working electrode (SS), and 

electrolyte membrane was in the middle (Li/PIL/SS). The test range was 0 V-6 V, and the sweep speed 

was 0.5 mVs-1. 

Li/PES@Li-10%LATP/Li battery was assembled to conduct lithium stripping experiment. At the 

same time, LiNi0.5Mn1.5O4/PES@Li-10%LATP/Li battery was assembled to test CV and cycle rate. 

 

3. RESULTS AND DISCUSSION 

Firstly, the prepared LATP particles were characterized. Figure 1a shows that the crystal structure 

of the prepared LATP is obvious and the particle size ranges from 1 μm to 5 μm.This is consistent with 

the LATP morphology previously reported. The particle distribution of the sample is relatively uniform, 

the morphology is complete, the degree of agglomeration is low, and the boundary is clear. The ball 

milling process makes the sample structure more compact, good dispersion, smooth sample surface, and 

high density. Figure 1b shows the prepared polymer the topography of the CSE, which is laid flat on the 

PTFE board, shows that the CSE has high film-forming properties, and the prepared CSE is tested. We 

test XRD between different polymers. In Figure 1c, we see the XRD of the two polymers, PES and 

PES@Li. With the addition of lithium salt, we can see that at 24.3°, a LiOH peak is obtained, which 

indicates that our prepared film When tested in air, Li+ in the polymer reacts with air to form LiOH, 
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which shows that the LiBF4 we use can dissolve lithium salts well, and generate free Li+ and anion 

groups in the polymer, which can be very good. Transport Li+. Then we tested the XRD of polymer 

electrolyte membranes with different contents of LATP (Figure 1d), we can clearly see that when 

PES@Li was added with LATP, the peak intensity did not increase significantly, indicating that LATP 

was only mixed into the polymer PES , did not participate in the reaction. 

In order to prove the idea that the solid electrolyte LATP can improve the conductivity of the 

CSE membrane, we further studied the ionic conductivity and electrochemical properties of the PES 

membrane with different contents. Figure 1e shows the ionic conductivity-temperature curves of CSE 

membranes with different LATP contents. It can be seen from the curves that the ionic conductivity does 

increase significantly with the addition of LATP. By comparing the conductivity of LATP electrolyte 

with different contents, it was found that at the test temperature, the ionic conductivity of the sample 

with the optimal LATP content of 10wt%.PES@Li-10%LATP reached 5.37×10-4 Scm-1 at 30 ℃ and 

3.76×10-3 Scm-1 at 70 ℃, while that of the pure PES electrolyte membrane reached 5.37×10-4 Scm-1 

at 70 ℃, PES only reaches 6.87×10-6Scm-1 at 30℃. The amorphous region is formed due to acid-base 

interaction after the addition of lithium salt. When the filler reaches 10% of the mass fraction, the lithium 

ion just forms a suitable enrichment area, providing continuous channels for the shuttle of lithium ions 

in CSE.  

 

 

 

Figure 1.a) SEM image of the fabricated test LATP powder phosphate precursor.b) Topography of CSE. 

c,d) XRD patterns of different polymer. e) Conductivity of CSE at different temperatures. f) 

PES@Li-10％LATP impedance diagram at different temperatures. 

 

However, due to the effective mass theory (EMT), the extra inactive filler will hinder the shuttle 

of lithium ions [39,40]. So our Nyquist curve is shown in the Figure as shown in Figure 1e. Next, in 

order to visually express the effect of temperature on conductivity, we have made the interface 
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impedance at different temperatures as shown in Figure 1f. We can observe CSE membrane PES@Li-

10%LATP interface impedance under different temperatures, as the temperature continues to increase, 

the activity of the polymer segment intensifies, and the molecular motion is violent, resulting in a 

decrease in impedance, so it shows that the conductivity increases with the increase of temperature.  

The number of lithium ion migration is an important indicator to measure the performance of 

CSE.The number of lithium ion migration of PES@Li-10%LATP was calculated by timing current 

method in Figure 2a combined with CV impedance spectroscopy. Figure 2b at the initial stage of 

polarization, the motion of Li+ and BF4
- contributed current, and only lithium ions shuttled through the 

CSE after polarization, and the current gradually stabilizes. In the CSE, according to the calculation 

formula, we get the ion migration number of PES@Li-10%LATP is 0.47. We believe that the high 

migration number of PES@Li-10%LATP can be attributed to the anion binding effect of LATP on CSE.  

 

 
Figure 2.a, b) Chronoamperometry profiles and AC impedance spectra (before and after polarization) 

of PES@Li-10％LATP. c) PES@Li-10％LATP linear voltammetry test. 

 

 

In this experiment, we used the cathode material LiNi0.5Mn1.5O4(4.7 V) with a high voltage 

window. In order to verify whether the prepared PES@Li-10%LATP is suitable for the cathode material, 

linear sweep voltammetry test (LSV) was carried out, as shown in Figure 2c, and it was concluded that 

the prepared PES@Li-10%LATP has 5.213 V high voltage window. We believe that in the inorganic 

solid electrolyte LATP wide electrochemical port and polymer PES can effectively combine to form a 
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high voltage CSE membrane with organic and inorganic combination. Compared with traditional PEO-

based and PVDF-based CSEs, the electrochemical window is significantly improved [41,42]. 

In order to facilitate the understanding of the performance of CSES prepared by different 

polymers, we made Table 1 to understand their performance. From the table, we can see that the 

performance of PEO and PMMA polymer electrolytes is poor at room temperature, and the composite 

performance of PVDF and PVDF materials is greatly improved at room temperature. These are due to 

the different performance of different polymers at room temperature. The electrochemical window of 

the experimentally prepared PES@Li-10%LATP is 5.213 V, which is significantly higher than that of 

PEO@10 % LATP-LiPF6 and PVDF@LATP-LiTFSI, and the conductivity and tLi
+ are also significantly 

improved. This is attributable to the excellent room temperature performance of PES material, which is 

compatible with LiBF4 and LATP materials, showing excellent performance [5-10]. 

 

 

Table 1. Performance comparison between different LATP polymers 

 

Composite solid 

electrolytes 

𝝈/S·cm-1 tLi
+ Electrochemical 

window/V 

PVDF@10PEO-5LATP-

5LiPF6(PPLL) 

5.42x10-4 0.72 5.27 

PEO@10％LATP- LiPF6 7.39x10-5 0.39 5.09 

PVDF@LATP- LiTFSI 3.64 x10-4 0.42 4.9 

PMMA@LATP-LiCl4 6.94 x10-5 0.37 5.12 

 

 

The constant current method was used to test the deposition/extraction curve of lithium ions in a 

symmetrical lithium metal battery (Li/PES@Li-10%LATP/Li), and the stability of the interface between 

the lithium anode and the solid electrolyte was studied. As shown in Figure 3a, the surface topography 

of CSE after 300 h cycling is smooth and smooth, indicating that there is a good contact between 

electrolyte and lithium metal with strong interface stability. Figure 3b the CV impedance spectrum 

before and after 300 h is also proved that the lithium metal and polymer, have a good contact between 

impedance to reduce the total impedance and the interface specification, lithium polymer membrane in 

the reaction and the cathode, completely LATP and PES form between polymer and Li metal completely 

polymerization with the increase of reaction time. At the same time, a certain stability LATP can have 

effectively prevent short circuit problems caused by lithium dendrite. The formed polymer system can 

maintain a high cycle stability and provide support during long-term cycling. Figure 3c and 3d show the 

curves of 100 and 200 cycles. The curves are stable without curve disorder, indicating that the CSE has 

good compatibility with Li metal. The 300 h deposition/exhumation curve in Figure 3e shows that CSE 

has strong cyclic stability and provides effective theoretical support for long cycles.  
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Figure 3. a)PES@Li-10％LATP on the surface after the GCD experiment.b) Impedance diagram of 

PES@Li-10％LATP after GCD experiment. c, d and e) GCD cycling of the PES@Li-10％LATP 

at different current density. 

 

In order to test the electrochemical stability of the electrolyte, we assembled a 

LiNi0.5Mn1.5O4/PES@Li-10%LATP/Li battery and performed a performance test at room temperature. 

The triple CV cycle at 0.2 mV as shown in Figure 4a shows that the stability of the cycle increases with 

the increase of the number of cycles. There is little difference in each cycle, indicating that the CSE has 

a certain cyclic stability in the voltage range of 3.5 V-5 V. Figure 4b shows the first cycle curve at 0.1 

C, 0.2 C, 0.3 C and 0.5 C, which is higher than the value reported in previous literature [43]. Figure 4c 
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shows the five cycle diagrams at different magnifications.It can be seen that the CSE membrane has 

good cycling stability at different multiplication rates. The discharge specific capacity after 50 cycles 

has little difference, which is exactly corresponding to Figure 4d. shows that the coulombic efficiency 

of the battery is 97 % after 50 cycles at 0.1 C at room temperature, which is significantly higher than 

that of other all-solid-state batteries at room temperature [44]. 

 

 
 

Figure 4. a) CV test of PES@Li-10%LATP battery. b, c) PES@Li-10%LATP battery rate test. d) 100 

cycles of PES@Li-10%LATP battery. 

 

 

4. CONCLUSION 

In this work, PES polymer was used as the substrate, and disordered lithium was added to form 

a copolymer substrate with solid electrolyte LATP. The composite CSE (PES@Li-10%LATP) obtained 

at room temperature has high ionic conductivity, migration number and wide electrochemical window. 

The main reason for PES@Li-10%LATP electrolyte is that the PES substrate is very suitable for 

circulation, and it is relatively stable at room temperature. Amorphous zone is formed after adding 

disordered lithium salt. At the same time, the addition of LATP has stabilized the stability of CSE. It 

also provides a channel for continuous transmission of lithium ions. The coulomb efficiency of the 

prepared LiNi0.5Mn1.5O4/PES@Li-10%LATP/Li cell is 97 % after 50 cycles, and the multiplier 

performance is good. These results indicate that PES@Li-10%LATP solid electrolyte membranes have 

a certain potential value in the development of all solid state batteries. 
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