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ABSTRACT : Lithium-ion batteries (LIBs) with liquid electrolytes have problems such 

as electrolyte leakage, low safety profiles, and low energy density, which limit their 

further development. However, LIBs with solid electrolytes are safer with better energy 

and high-temperature performance. Thus, solid electrolytes system batteries have 



attracted widespread attention. However, due to the inherent rigidity of the LATP solid 

electrolyte, there is a high interface impedance at LATP/electrode. In addition, the Ti 

element in LATP easily reacts with Li metal. Here, we dripped a liquid electrolyte at 

the LATP/electrode interface (solid-liquid hybrid electrolytes) to reduce its interface 

impedance. A composite polymer electrolyte (CPE) protective film (containing PVDF, 

SN and LiTFSI) was then cured in situ at the LATP/Li interface to avoid side reactions 

of LATP. The discharge specific capacity of the LiFePO4/LATP-12% LE-CPE/Li 

system is up to 150 mAhg-1, and the capacity retention rate is still 96% after 250 cycles. 

In addition, the NCM622/PVDF-LATP-12% LE/Li system has an initial reversible 

capacity of 170 mAhg-1. This study can protect solid electrolytes from lithium metal 

instability.

KEYWORDS: Li1.3Al0.3Ti1.7(PO4)3, Solid-liquid hybrid electrolytes, In situ curing, Li 

anode, Interface

1. INTRODUCTION 

Efficient and clean green energy is urgently needed. LIBs have received 

widespread attention because of their light weight, high energy density, and 

environmental friendliness. They are critical to the energy industry [1-4]. The 

application of LIBs is continuously expanding, and their performance continues to 

improve. Mature commercial LIBs use organic liquid electrolytes (LE). Although they 

have high ionic conductivity, they are prone to interface side reactions with electrodes 

during battery charging and discharging, especially at high temperatures, leading to 



continuous growth of the passivation film [5-7]. However, at low temperatures or under 

high current charging, lithium can precipitate on the surface of the negative electrode 

to produce lithium dendrites, which will affect the battery life. At the same time, the 

low flash point and other defects may cause the battery to burn and explode due to the 

low thermal stability of the LE. These are key safety issues [8, 9].

Inorganic solid electrolytes have received widespread attention due to their unique 

characteristics. They are leakproof with low flammability, excellent processing 

performance, a wide range of electrochemical stability, high safety, high energy density, 

and excellent thermal stability [10-12]. Among the inorganic electrolytes, sulfide 

electrolytes, such as Li10GeP2S12 and Li9.54Si1.74P1.44S11.7Cl3 exhibit extremely high 

ionic conductivity (>10-3S·cm-1 at room temperature). However, sulfide is very 

sensitive to O2 and H2O, which limits its application [13-14]. The garnet-type solid 

electrolyte (lithium ion conductor Li5La3M2O12 (M = Nb, Ta) possess high ionic 

conductivity and excellent mechanical properties, but it easily reacts with H2O and CO2 

to form Li2CO3 on the surface when exposed to the atmosphere causing a significant 

reduction in electrical conductivity, it also suffers from interface impedances with 

electrodes [15-16]. LATP solid electrolytes have become critical areas in lithium 

battery materials in recent years due to their high ion conductivity at room temperature, 

a wide electrochemical window, easy preparation, and excellent stability [17-20]. 

However, the LATP solid electrolyte is difficult to use in commercial lithium batteries 

because of its inherent rigidity, which leads to a very high interfacial resistance at 

LATP/electrode. There is also unstable contacts between LATP and the Li metal (Ti 



will be reduced) [21-23]. The solid–liquid hybrid electrolyte is considered to have the 

best potential to solve the above mentioned challenges. The LE can wet the interface to 

minimize solid electrolyte/electrode interface impedances and form a solid–liquid 

electrolyte interface (SLEI) at the solid electrolyte/Li interface. This in turn prevents 

the solid electrolyte from being reduced by Li metal [1, 16, 24, 25]. For instance, a 

solid–liquid hybrid electrolyte was used Li-S and Li-air to suppress the side reaction 

shuttling effect [26-28]. Xu et al. reduced the interface impedance by adding LE 

between LLZT and Li metal so that the battery can operate normally [7]. Liu et al. 

focused on the influence of the LE added on the surface of the LLZTO in terms of 

interface impedance. In addition, simply adding LE at the cathode/solid 

electrolyte/anode interface causes the solid electrolyte to will still be reduced by Li 

metal [16].

In this study, we dripped a dash of functional LE between the LATP and the 

electrode to reduce its interface impedance. The polymer protective layer is cured in 

situ at the LATP/Li interface. The composite polymer electrolyte (CPE) protective layer 

includes polyvinylidene fluoride (PVDF), bistrifluoromethanesulfonimide lithium salt 

(LiTFSI), and succinonitrile (SN). The role of PVDF is to stabilize lithium metal, and 

the addition of SN can improve the ionic conductivity and flexibility of PVDF [29-30]. 

The CPE can effectively protect LATP from the reduction of Li metal. In addition, the 

LE will also form a SLEI layer between the LATP and Li interface, which can also 

protect LATP from the reduction of Li metal. Therefore, the resulting double protective 

layer allows the solid electrolyte to have excellent cycle stability. Figure 1 shows the 



Figure 1. The preparation of CPE and the in situ curing process of CPE on the LATP 

side and the mechanism of SLEI formation.

preparation of CPE and the process of in situ curing of CPE on the LATP side and the 

mechanism of SLEI formation.

2. Experimental section

2.1 Preparation of LATP and CPE 

LATP were prepared by the previously reported method [31]. The LATP powder 

was first compressed into pellets. Next, the sheet was placed in a tube furnace for 

calcination at 900℃ for 6 h. The average thickness of LATP was 0.4 mm.

PVDF (0.45 g), SN (0.5135 g), and LiTFSI (0.135 g) were dissolved in an 

appropriate amount of N-methylpyrrolidone (NMP) to form a uniform solution 

(forming CPE). The solution was dripped on LATP and dried in a vacuum drying oven 

at 90°C for 24 h to achieve in situ curing. 

2.2 Characterization of LATP

The morphologies of LATP and positive electrode were evaluated by scanning 



electron microscopy (SEM, S-4800) and high resolution tunneling electron microscope 

(HRTEM). The chemical states of the LATP were characterized by X-ray photoelectron 

spectroscopy (XPS, PHI 5000&PHI 5300). The structures of LATP were analyzed by 

X-ray diffractometry (XRD, SMART APEX II, BRUKER) and selected area electron 

diffraction (SAED). In addition, the CPE cured in situ on one side of LATP was 

removed when characterizing the LATP after cycling. 

2.3 Cell Assembly

The LiFePO4 (LFP) and LiNi0.6Mn0.2Co0.2O2 (NCM) cathode were prepared by 

mixing LFP/NCM (80 wt%), super P (10 wt%)and PVDF (10 wt%) in NMP and cast 

on Al foil, This was then dried at 80℃ under vacuum for 12 h. The mass loading of 

LFP/NCM622 is 2 mg/cm2. The LE contained 0.575M LiTFSI and 0.575M LiPF6 were 

dissolved in ethylene carbonate (EC), dimethyl carbonate (DMC), and ethyl methyl 

carbonate (EMC) ( in 1:1:1vol%) with 5 vol% trimethyl phosphate (TMP), 5 vol% 

fluoroethylene carbonate (FEC), and 1 vol% 1,3-propane sultone (PS). The LE was 

added to the positive electrode/LATP-CPE/Li interface, where the amount of LE 

dripped was the volume ratio of LE to LATP of 8%, 12%, and 15%, and marked as 

LATP- 8% LE-CPE (LE-6 μL), LATP-12% LE-CPE (LE-9.1 μL), and LATP-15% LE-

CPE (LE- 11.3 μL), respectively.

2.4 Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) of solid–liquid hybrid electrolyte 

cells tests was conducted between 1 MHz and 0.1 Hz on a Autolab. Linear sweep 



voltammetry (LSV) was performed from 0 V to 6 V at 0.1 mV s-1. Electrochemical 
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Figure 2. XRD patterns (a) and the Rietveld refinements of pristine LATP and LATP-

x% LE-CPE materials after 100 cycles, (b) pristine LATP, (c) x = 8, and (d) x = 12.

analysis used a Wuhan Land battery (at 25℃).

3. Results and discussion

3.1 Structure and Morphology characteristics 

We used XRD to detect the structural changes of the original LATP, LATP-8% 

LE-CPE and LATP-12% LE-CPE after 100 cycles. Figure 2 shows the LATP sample 

structure indicating a typical NASICON-type structure [32-33]. In both LFP and 



NCM622 cathode material systems, the LATP in LATP-8% LE-CPE and LATP-12%-

CPE still maintains its original structure after 250 cycles. We next refined the XRD of 
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Figure 3. Cross-section SEM images of (a) pristine LATP and (b) LATP-8% LE-CPE, 

and (c) LATP-12% LE-CPE materials after 100 cycles; SEM images of d) pristine 

LATP and (e) LATP-8% LE-CPE, and (f) LATP-12% LE-CPE materials after 100 

cycles (top view). 

the LATP to further confirm whether the second phase (the phase in which LATP is 

reduced by Li) appears in the two cathode material systems. The refined results are 

shown in Table S1 and S2. No second phase has been produced, and the results of 

various parameters show that it still maintains the NASICON-type structure [31]. The 

results above show that LATP is protected by a SLEI and CPE double protection layer, 

and thus LATP is not reduced.

Figure 3 presents the SEM images of pristine LATP, LATP-8% LE-CPE, and 

LATP-12% LE-CPE sample after 100 cycles. The pristine LATP clearly shows uniform 

particles (Figure 3a). However, LATP-8%LE-CPE and LATP-12%LE-CPE form a 



layer similar to SLEI on the surface that can protect LATP from being reduced by Li 

metal. In addition, the LE is exhausted after LATP-8%LE-CPE is circulated for 80 

Figure 4. HRTEM images of (a) pristine LATP and (c) LATP-12% LE-CPE materials 

after 100 cycles, and corresponding SAED (b) of pristine LATP and (d) LATP-12% 

LE-CPE materials after 100 cycles.

cycles. However, there is no crack in LATP (Figure 3b and e) indicating that LATP 

has not been reduced. This is because that although the electrolyte has been consumed, 

the SLEI protective layer can no longer be generated. However, there is still a CPE 



protective layer in place LATP/Li interface. Consequently, no reduction products enter 

the interior of the LATP particles, and there will be no drastic changes in internal stress. 

Accordingly, the LATP will not crack even if the LE of the LATP-8% LE-CPE sample 

is consumed. This result is different from what we previously reported [31].

The crystal structure information of pristine LATP, LATP-8% LE-CPE, and 

LATP-12% LE-CPE after 100 cycles were further tested by HRTEM and SAED. 

Figure 4a displays a typical HRTEM image of the pristine LATP lattice. The lattice 

spacing of region 1 and region 2 are 0.6 nm and 0.43 nm, which corresponds to the 

(012) and (104) crystal planes. These data suggest that the pristine LATP has a 

NASICON-type structure. The (125), (104), and (113) planes in SAED also prove this. 

Figure S1a and b shows the crystal structure of the LATP-8% LE-CPE sample, The 

LATP-8% LE-CPE sample shows a lattice fringe distance of 0.35 nm, which 

corresponds to the (202) plane of SAED. This phenomenon is in contrast to the 

literature (LATP is reduced to amorphous phase after the electrolyte is consumed) [10, 

31], However, the generation of SLEI was still detected (perhaps the SLEI generated 

before the liquid electrolyte was completely consumed). The results suggest that CPE 

cured in situ between LATP and Li metal can effectively avoid side reactions of LATP 

(even if there is no LE to form SLEI at the LATP/Li interface). The internal surface 

structure of the LATP-12%LE-CPE sample is consistent with that of pristine LATP and 

LATP-8%LE-CPE. However, a similar SLEI layer was detected on the outer surface 

and may contain LiF and Li2CO3 (Figure 4c and d) [7, 10].

3.2 XPS analysis



The XPS of pristine LATP, LATP-8% LE-CPE and LATP-12% LE-CPE after 100 

cycles was used to identify the chemical state and components of LATP solid 
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Figure 5. LFP system: XPS spectra of (a) fluorine, (b), carbon (c) phosphorus and (d) 

titanium in the pristine LATP and LATP-x% LE-CPE after 100 cycles (x = 8, 12).

electrolyte interface (Figure 5). In the LFP system, an F1s spectrum of the pristine 

LATP shows that no F peak is detected. However, there are three peaks for the LE 

addition 8% and 12% after 100 cycles. Three peaks located around 684.4, 685.8, 287.9, 

and 688.6/687.4 eV could belong to LiF, LiPxFy and CF2/LiPxFyO2, respectively. The 

component LiF of SLEI is produced due to the decomposition of FEC and LiPF6 in LE. 

The residual LiPxFyO2 on the LATP is caused by the decomposition of LiPF6. In Figure 

5b, unlike the pristine LATP solid electrolyte, three peaks appear in LATP-8% LE-CPE 



and LATP-12% LE-CPE, which are attributed to super P (around 283.5 eV), C-C 

(around 284.75 eV), C-O-C (around 286.51 eV), -CO2 (around 289.1 eV), Li2CO3 

Figure 6. FT-IR spectra images of CPE before and after 250 cycles.

(around 289.7 eV), CF2/-CHF- (around 291.9 eV), and –CF3 (around 293 eV). Figure 

5c shows two peaks at 133.2 and 133.9 eV associated with PO4
3-. The peak at 134.6 eV 

is associated with POx
3-, and the binding energies of 137.1 eV are assigned to PF6

-, 

which may be because the LiPF6 salt is not entirely removed by DMC washing [37]. 

Figure 5d demonstrates that all Ti 2p are located near 459.7 and 465.6 eV, suggesting 

that the Ti-ion exists at +4, which means that the protective layer of SLEI and PVDF 

effectively prevent the reduction of LATP by Li metal, thus improving the 

electrochemical performance of the battery [38]. Figure S2 shows the state and 



composition of carbon, fluorine, phosphorus and titanium of PVDF-LATP-8% LE in 

the NCM622 system. The state and composition are very similar to those of LFP system. 

A SLEI protective layer containing LiF and Li2CO3 is also produced on the surface of 

the solid electrolyte. Consequently, the PVDF and SLEI layers double-protect the 

LATP, which further improves the battery’s electrochemical performance.

3.3 FTIR analysis

The changes of functional group peaks before and after the CPE sample cycle were 

recorded by FTIR spectroscopy (Figure 6). We assigned the vibrational absorption 

peaks at 838 and 878 cm-1 to the PVDF polymer. The peaks at 1174 and 1406 cm-1 are 

characteristic signatures of CF3 and CF, respectively. Peaks at 1056 and 1348 cm-1 are 

attributed to the S–N–S of SN and C–SO2–N wagging and stretching, respectively. The 

sharp peaks at 1648 cm-1 represent the C=O stretching mode. This phenomenon is due 

to the interaction between the PVDF framework and LiTFSI [17, 35]. The appearance 

of the peaks above suggests that the film has a PVDF-LiTFSI-SN structure. The 

analysis results indicate that the structure of CPE remains stable before and after the 

cycle.

3.4 Battery electrochemical performance

The interfacial stability window of the LATP is related to whether it nicely 

matches the positive and negative electrode materials. Therefore, we used linear 

scanning to detect the electrochemical stability window of LATP-12% LE-CPE 

electrolyte (Figure S3). Here, Li metal represents the counter electrode and the 



reference electrode, and SS is the working electrode. The solid electrolyte has no 

oxidation current in the voltage range of 0–6 V, indicating that it is stable from 0 to 6 

V to meet the application 

(a) (b)

Figure 7. Galvanostatic cycling curves of (a) Li/LATP/Li and (b) Li/LATP-12% LE-

CPE/Li cells.

requirements of LIBs [34].

The influence of the LE and CPE protective layer on the electrochemical 

performance of the LATP was tested by cycling at 0.2 mA cm-1 and 0.5 mA cm-1. The 

initial voltage polarization of Li/LATP/Li is very high (Figure 7a), and it increases 

rapidly as the cycle progresses, which reflects the deteriorating interface. In sharp 

contrast, the addition of LE and the LATP (cured in situ) of the CPE protective layer 

endows the Li/Li symmetric battery stable cycling for 95 h. The test of the lithium 

symmetric battery at a higher current density (0.5 mA cm-2) further proved the stability 

of the interface between LATP and Li. Figure 7b shows that the overpotential does not 

increase significantly after 95 h. The addition of LE and the in-situ curing of the CPE 

protective layer also played an important role in the stability of the Li/LATP interface.



To confirm the influence of LE and the CPE protective layer on LATP impedance, 

EIS tests of Li/LATP-12% LE-CPE/Li, and Li/LATP/Li cells were performed. The 

Nyquist plots of Li/Li symmetric cells are given in Figure 8. The EIS plots can be fitted 

into two well-separated semicircles. The high–frequency region is the bulk resistance 

(a) (b)
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Figure 8. EIS of (a) Li/LATP-12% LE-CPE/Li and (b) Li/LATP/Li symmetric cells, 

(c) the equivalent circuit.

(c)



of the solid electrolyte. The mid–high frequency region corresponds to the grain 

boundary resistance of the solid electrolyte. The resistance in the low frequency region 

is attributed to the charge transfer resistance, and the parallel constant phase element 

(C) corresponds to the interface capacitance at LATP-CPE/Li [1, 36]. Compared to the 

pristine LATP, LATP with a LE and CPE protective layer has little change in overall 

impedance over time (increased from 125 Ω to 275 Ω). However, Li/LATP/Li system 

battery has an initial overall impedance that is very high (about 1000 Ω), and its 

impedance increases to 7000 Ω after 28 h 10 min. We disassembled Li/LATP-12% LE-

CPE/Li, and Li/LATP/Li symmetric cells, respectively (Figure S4). The samples with 

LE and the in 

(a) (b)
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Figure 9. (a) Cycle performances and (b) rate capabilities for LFP/LATP-12% LE-

CPE/Li. (c) Cycle performances for NCM622/LATP-12% LE-CPE/Li.

situ cured CPE layer of LATP hardly reduced, but the pristine LATP reduced 

dramatically (becoming almost brittle), which is consistent with our previous report 

[31].

The long-term cycling performances of LFP/LATP-x% LE-CPE/Li (x =8, 12, 15) 

were evaluated at 0.1 C from 2.5–4.0 V. (Figure 9a). The initial reversible capacity of 

the LFP system battery is 150 mAh g-1 when 8% LE is added to LATP-CPE, but the 

battery starts to fail after 80 cycles of cycling. This is because LE is almost consumed 

during the cycle, which causes the LATP-CPE/electrode interface impedance to 

continue to increase, eventually, the battery fails. However, the LFP battery assembled 

with LATP-12% LE-CPE and LATP-15% LE-CPE samples show excellent initial 

discharge specific capacity (150 mAh g-1) and cycle performance. Their capacity after 

250 cycles is still over 96%. Both the discharge capacity and the capacity retention rate 

are better than those previously reported in the literature [16, 32, 38], because the LE 

generates SLEI at the side of LATP relative to Li, thereby protecting LATP from being 

reduced. Additionally, the CPE protective layer is cured in situ on LATP giving LATP 

double protection, Finally, there is always a LE in the battery to connect the interface 

at cathode/solid electrolyte/anode (the interface impedance is small), accordingly, the 

lithium ion has a continuous transmission channel. Figure 9b shows the rate 

capabilities of LFP/LATP-12% LE-CPE/Li as the current density increases from 0.1 C 



to 4 C and returns to 0.1 C. The LFP/LATP-12% LE-CPE/Li delivers a mean discharge 

capacity of 103.94, 71.24, 52.79, 35.32 and 13.55 mA h g-1 at 0.1 C, 0.5 C, 1 C, 2 C 

and 4 C, respectively. When this rate returns to 0.1 C, the discharge capacity of the 

LFP/LATP-12% LE-CPE/Li can recover to 150 mAh g-1. The low discharge specific 

capacity of the LFP/LATP-12% LE-CPE/Li battery at a high rate may be due to the 

relatively high interfacial impedance. The NCM622/LATP-12% LE-CPE/Li system 

battery was next assembled to increase the energy density of the battery, The initial 

discharge specific capacity is 170 mA h g-1 (Figure 9c), and the capacity retention rate 

is 80% after 50 cycles. The reason for the rapid capacity decay will be explained below.

Next, to understand the capacity decay of NCM622 system batteries, 

NCM622/LATP-12% LE-CPE/Li half-cells were prepared and the EIS were tested.

Figure. 10. EIS of NCM622/LATP-12% LE-CPE/Li system cell at different cycles.

Figure 10 shows the EIS of the half-cell after the 1st, 10th, 20th, 30th, and 40th cycles. 



The high-frequency region is related to the volume resistance, the frequency region of 

1.23 kHz–2.85 Hz can be assigned to the grain boundary resistance, and the low-

frequency region corresponds to the interface resistance of solid electrolyte/NCM622 

and solid electrolyte/Li [39, 40]. Each impedance increases as the cycle progresses, and 

the LATP-12% LE-CPE/NCM622 interface impedance increases more obviously. The 

increase in the solid electrolyte/positive electrode interface impedance is the main 

reason for the capacity decline of NCM622 positive electrode material system. 

Obviously, long-term cycling performance can be achieved in solid-state batteries when 

LATP-12% LE-CPE is employed with NCM622 cathode material, if the interface is 

stable during cycling.

4. CONCLUSIONS 

A protective layer containing PVDF, SN, and LiTFSI was successfully cured in 

situ on LATP. The interface impedance is significantly reduced after dripping the LE 

at the LATP/electrode interface. A SLEI protective layer is generated at interface of 

LATP/Li. Therefore, there is a double protective layer at the LATP/Li interface to avoid 

side reactions of LATP. The test results of EIS show that the interface resistance of the 

Li/LATP-12%LE-CPE/Li symmetric battery is much lower than that of the Li/LATP/Li. 

Moreover, the interface resistance of the Li/LATP-12% LE-CPE/Li battery increases 

only slightly after 28 h 10 min of cycling. However, the Li/LATP/Li system cell 

increased from 1000 Ω to 7000 Ω. The XPS results show that Ti4+ is not reduced to Ti3+ 

after a SLEI and CPE protective film is cured in situ on the surface of LATP. The 

discharge specific capacity of the LFP/LATP-12% LE-CPE/Li system battery is as high 



as 150 mAh g-1, and its capacity retention rate is 96% after 250 cycles. This system 

battery has an excellent discharge specific capacity and capacity retention rate due to 

the double protective layer of SLEI and CPE. In addition, the initial reversible capacity 

of the NCM622/LATP-12% LE-CPE/Li system battery is 170 mAh g-1, but the capacity 

retention rate is relatively low (the capacity retention rate is 80% after 50 cycles). This 

approach can be can be used in other oxide solid electrolytes, to reduce the interface 

impedance and protect the solid electrolyte from being reduced by Li metal.
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