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ABSTRACT: The ionic conductivity of “polymer-in-ceramic” electrolytes is highly 

dependent on the long-range Li+ migration pathways, which are determined by the structure 

and chemistry of the electrolytes. Besides, Li dendrite growth may be promoted in the soft 

polymer region due to the inhomogeneous electric field caused by the commonly low Li+ 

transference number of polymer. Herein, single-ion conducting polymer electrolyte is 

infiltrated into intertwined Li1.3Al0.3Ti1.7(PO4)3 (LATP) nanofibers to fabricate free-standing 

electrolyte membranes. The composite electrolyte possesses a high potential window 

exceeding 5 V (vs. Li/Li+), a high ionic conductivity of 0.31 mS cm-1 at ambient temperature 

and a high Li+ transference number of 0.94. The hybrid electrolyte in Li symmetric cell shows 

stable Li plating/stripping cycling up to 2000 h under 0.1 mA cm-2 without dendrite formation. 
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The Li|hybrid electrolyte|LiFePO4 battery exhibits enhanced rate capability up to 1C and stable 

cycling performance with an initial discharge capacity of 131.8 mAh g-1 and a retention 

capacity of 122.7 mAh g-1 after 500 cycles at 0.5C at ambient temperature. The improved 

electrochemical performance is attributed to the synergistic effects of the LATP nanofibers and 

the single-on conducting polymer. The fibrous fast ion conductors provide continuous ion 

transport channels, and the polymer improves the interfacial contact with the electrodes and 

helped to suppress the Li dendrites.

1. INTRODUCTION

Solid-state Li batteries promise a way to address the safety issue and realize high energy 

density,1 by replacing flammable liquid electrolytes with solid electrolytes and using metallic 

lithium anode (high specific capacity ≈3860 mAh g-1).2,3 However, high interfacial resistance 

caused by the insufficient solid/solid contact, low ionic conductivity of solid electrolyte at 

ambient temperature and Li dendrite growth through electrolyte are the bottlenecks that hinder 

the realization of those promises and scale application of solid-state Li metal batteries.4–6 To 

overcome the above issues, the development of high-performance solid electrolytes is essential 

for the practical application of solid-state Li-metal batteries.

Solid electrolytes can be divided into polymer electrolytes, ceramic electrolytes and hybrid 

electrolytes. Polymer electrolytes contain soft polymer matrix and Li salts, which possess high 

flexibility, excellent scalability, and good interfacial contact with electrodes, while mostly 

suffering from serious disadvantages of low ionic conductivity at room temperature (<10-

4 S cm-1), inferior thermal stability, and unsatisfactory behavior in suppression of Li dendrite 

growth due to low Li+ transference number (<0.5).7–9 On the contrary, the ceramic electrolytes 

show high room temperature ionic conductivity (10-3-10-2 S cm-1) and mechanical strength, but 

difficult manufacturability and interfacial contact with electrodes.10–13 The hybrid electrolytes 

constructed by organic and Li+ conductive inorganic fillers aim to inherit the major advantages 
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of both polymer and ceramic electrolytes such as high ionic conductivity, good flexibility and 

intimate contact with electrodes. Therefore, hybrid electrolytes are considered as one of the 

most promising electrolytes for solid-state Li metal batteries.14,15

The ionic conductivity of hybrid electrolytes is mainly determined by the synergistic effects 

of different ion transfer mechanisms. In the bulk of conductive ceramic, Li+ transfer depends 

mainly on the movement of vacancies or interstitial ions, resulting in rapid ion movement,16,17 

while the Li+ transport in the polymer region is related to the breaks/formations of coordination 

bonds during the local segmental motions of polymer chains, which mainly occurs in the 

amorphous sections.18–20 In addition to the conductive channels in polymer and ceramic phases, 

the ceramic fillers can enhance Li salt dissociation, interface conductivity, and anion attraction, 

or act as a Li+ source that can also improve the overall ionic conductivity.21,22 On the one hand, 

the ceramic electrolyte fillers increase the free volume in the random polymer structure near 

the ceramic region by facilitating the local polymer and ion mobility, and promoting any 

structural adaptation of the polymer chains towards ion transport or interfaces. Hence, the 

segmental motion of the polymer is enhanced and with it the mobility of cations and anions.23,24 

Another important factor regarding the preferential interaction (or adsorption) of the 

polymer/ceramic interface is the electrochemical equilibrium of lithium ions because they are 

mobile in both phases. Therefore, the equilibration of Li+ will lead to the transfer of a small 

entity of cations. The direction of this transfer depends on the relative electrochemical potential 

of Li+ ions of the two contacting phases. If the value is higher in the ceramic, there will be a 

small net transfer of positive charge due to excess Li+ in the polymer near the interface. If the 

electrochemical potential of Li+ is higher in the polymer electrolyte, then the contrary will be 

true. In both cases, there may be a negative or positive surface space charge region which acts 

as an expressway for ion transport in hybrid electrolyte.
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Furthermore, according to Lewis acid–base theory, the acidic groups on the surface of 

ceramics have strong affinity with anions, which enhances the dissociation of Li salts, resulting 

in increased concentration of free Li+ and higher ion mobility in the polymer near the internal 

interfaces to the ceramic electrolyte.25–28 Besides, numerous vacancies and interstitial surface 

sites generally exist along the surfaces regions of ceramic grains which allow Li+ hopping thus 

providing a faster pathway along with the ceramic/polymer interface than in the bulk polymer 

phase.26,29–31 

Although the interface between polymer and ceramic filler undoubtedly creates a region 

with differing defect concentrations and therefore modified Li+ mobility and sometimes leads 

to a fast transport channel for Li+,25,29–32 due to the complex Li+ transportation, the reported 

ionic conductivities of hybrid electrolytes show significant variation even for the same 

combination of materials.32–36 This is mainly due to the tuning-synergy effects on Li+  transport 

paths in polymer, bulk ceramic, and polymer/ceramic interface region (interphase) in hybrid 

electrolytes, since the Li+ transport pathways can be greatly influenced by the composition and 

structure of dispersed solid-state electrolyte particles. Zheng and coworkers36 investigated this 

tuning-synergy effect in garnet LLZO-PEO/LiTFSI composite. With a low proportion of 

LLZO, the Li ions preferentially transport through the polymer phase or the polymer/ceramic 

interface. With increasing filler content, the main migration pathways shifts to the LLZO phase 

as a continuous ceramic phase with higher conductivity is formed. Similar observations were 

reported by other groups with different material combinations.29,34,35 Hence, rational tuning the 

structural ratio between polymer and ceramic to guarantee a sufficient amount of interphase 

and highly conductive long-range Li+ transport pathways could improve the ionic conductivity 

of the hybrid electrolyte.

Similar to polymer electrolytes, hybrid electrolytes undergo Li dendrite growth owing to 

the generally low Li+ transference number of polymer.37–39 To date, two methods have been 
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proposed to suppress Li dendrite growth for solid electrolytes. Chazalviel et al.38,40,41 suggested 

that anion depletion near the Li electrode could lead to large electric fields, which causes 

preferred dendrite growth due to strongly limited local Li+ transport so that high concentration 

gradients (and high overpotentials at the anode) are implied. Hence, electrolytes with low anion 

mobility (i.e., ceramic electrolytes, high Li+ transference number polymers) and high Li+ 

mobility can reduce the local electric field to suppress Li dendrite growth.42–45 Another 

approach proposed by Monroe and Newman is to mechanically block the growth of Li 

dendrites.46 If the shear modulus of the electrolyte is high enough, ideally about twice that of 

metallic lithium, the dendrites can be suppressed.46 Thus, hybrid electrolytes with a high Li+ 

transference number and high shear modulus could effectively suppress Li dendrite growth in 

solid-state Li batteries.28,47

In this work, one of the most ion conductive NASICON compounds, Li1.3Al0.3Ti1.7(PO4)3 

(LATP), was prepared by electrospinning and combined with a conductive polymer of cross-

linked poly[bis(2-(2-methoxyethoxy) ethoxy) phosphazene] (MEEP) and lithium 4-

styrenesulfonyl (trifluoromethanesulfonyl) imide (LiSTFSI) to fabricate a single-ion 

conducting “polymer-in-ceramic” electrolyte. We applied the chemical concept from Meziane 

et al. for the immobilization of anions by integrating a cross-linkable alkene group within the 

anion.44 But instead of PEO as the solvent matrix, MEEP was chosen due to it much lower 

glass transition as compared to the PEO. Nevertheless, two short PEO chains per phosphorous 

along the MEEP backbone build up a polymeric solvent structure closely related to PEO with 

higher ionic conductivity at ambient temperatures. As compared to our previous work with 

MEEP/LiTFSI,15 the use of the salt LiSTFSI instead of LiTFSI with the step to a high lithium 

ion transference number delivered the decisive improvement for the hybrid electrolyte as used 

in this work. The large fraction of 3D intertwined LATP skeleton provides the necessary 

structural reinforcement of the hybrid electrolyte and ensures long-range fast Li+ migration 
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through the nanofibers and the high volume of interphase, leading to an enhanced ionic 

conductivity. Utilization of single-ion conducting polymer realized good compatibility and 

stability of the hybrid electrolyte against Li anode due to the high Li+ transference number 

(0.94) and good wetting ability of the polymer. Through the synergistic enhancement of LATP 

nanofibers and polymer modification, the Li|hybrid electrolyte|LiFePO4 cells show good rate 

performance and cycle stability at room temperature.

2. RESULTS AND DISCUSSION

2.1. Preparation of Hybrid Electrolyte. 

The hybrid electrolytes were fabricated by a simplistic and efficient approach sketched in 

Figure 1. 3D intertwined NASICON-type LATP nanofibers were prepared by electrospinning 

of PEO solution mixed with relevant Li-Al-Ti-P-O salts followed by the calcination of the as-

prepared nanofibers at 900 °C in air for 4 hours. On the drum collector of the electrospinning 

setup, a thin aluminum foil was covered to collect the nanofibers. Separately, the Li salt 

monomer (LiSTFSI) and poly[bis(2-(2-methoxyethoxy) ethoxy) phosphazene] polymer 

(MEEP) were respectively synthesized. The detailed material preparation can be found in the 

experimental section in supplementary information. The LiSTFSI being the product of 

synthesis was confirmed by nuclear magnetic resonance spectroscopy (1H NMR, 13C NMR, 

19F NMR) and attenuated total reflection infrared spectroscopy (ATR-IR), as shown in 

Figure S1-S4. The MEEP was characterized by ATR-IR (Figure S4).

The homogenous precursor solution of LiSTFSI, MEEP, benzophenone and calcined LATP 

nanofibers was placed between two Mylar foils and pressed to the desired thickness. After 

exposure to UV light, polymerization was initiated and a free-standing hybrid electrolyte 

membrane, consisting of the single-ion conducting polymer and the 3D intertwined LATP 

nanofiber skeleton backbone, was obtained. As illustrated in Figure 1, the volume ratio of 
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LATP in the hybrid structure is high, which guarantees a sufficient amount of interface regions 

between ceramic and polymer. The interface regions are considered to be more Li+ conductive 

than the bulk polymer due to the filler effects and therefore improve the overall electrochemical 

performance of the hybrid electrolyte.26,29,32

2.2. Structure and Electrochemical Properties of LATP Nanofibers.

Morphologies of the as-spun and calcined LATP nanofibers were measured by SEM as 

presented in Figure 2a. Before calcination, the as-spun LATP-PEO salt fibers have smooth 

surfaces and an average diameter of 744 nm. After the calcination at 900 °C in air, PEO 

polymer and other intermediate products were combusted, and LATP fabric was prepared. The 

average diameter of the nanofibers is decreased to 389 nm. Moreover, due to high temperature 

treatment, LATP nanofibers were “interwelded” with each other, forming cross-linked 3D 

LATP nanofiber networks. The still large volume of the interspace between nanofibers can 

facilitate Li salt-polymer infiltration to form the hybrid electrolyte.

Thermogravimetric analysis (TGA) was applied to investigate the LATP fabric formation 

during the calcination process. The TGA was carried out under mixed nitrogen and oxygen 

(78:22) flow with a heating rate of 2 °C/min. Figure 2b demonstrations the TGA profile of the 

as-spun fibers containing PEO and LATP precursor. The mass loss in the temperature range up 

to 120 °C is indicating the loss of water. The significant weight loss between 120 and 500 °C 

is mainly due to the loss of ammonia from the LATP precursor and the complete decomposition 

of the polymer. When the temperature was further increased to 900 °C, a loss of only 3 wt.% 

was observed, which can be attributed to the complete removal of the carbon residues. The 

result also indicates that, above 650 °C, the weight became stable, signifying that thermally 

stable Li-Al-Ti-P-O nanofibers were formed. The high thermal stability of LATP ceramic 

skeleton in the hybrid electrolyte brings in advantages regarding safety concerns, because the 
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LATP nanofiber membrane forms a ceramic barrier that physically blocks contact between the 

cathode and anode even after the polymer is lost at high temperatures.48,49

Powder X-ray diffraction (XRD) measurement of calcined LATP nanofibers was carried 

out. As shown in Figure 2c, the main reflexes are assigned to rhombohedral symmetry space 

group R-3c, which points to the standard Li1.3Al0.3Ti1.7(PO4)3 pattern (ICSD No. 427619). A 

small amount of LiPO3 was identified. Nevertheless, the tiny amount of impurity could be 

formed by excess LiCOOCH3 in the precursor which was used to compensate the Li loss at 

elevated calcination temperature.12,50,51

To investigate the ionic conductivity of LATP nanofibers, relatively dense pellets were 

prepared from the spun LATP fibers by a press-sintering method involving uniaxial die 

pressing, densification by isostatic cold pressing at 504 MPa for 30 seconds, and subsequent 

sintering at 900 °C for 4 hours. The thickness and surface roughness of the LATP pellets were 

controlled by polishing with P800 and P1200 sandpapers. The relative density of the produced 

ceramic substrates is about 89% of its theoretical density (2.93 g cm-3). The electrolyte pellet 

was coated with ~300 nm Au layers on the surfaces and sandwiched between stainless steel 

blocking electrodes. The total Li+ conductivity of LATP nanofiber electrolyte was 

characterized by electrochemical impedance spectroscopy (EIS). Figure 2d shows the typical 

Nyquist plots of the ceramic electrolyte in the combined high-frequency range of 3 GHz-10 

MHz and normal-frequency range of 10 MHz-1 Hz at 25 °C. To allow a clear comparison 

between the grain conductivity and the grain boundary conductivity, the enlarged area in the 

high-frequency range, as represented in the insert image in Figure 2d, clearly shows the grain 

semicircle of the ceramic electrolyte. Therefore, the data are fitted using two RC series circuits, 

where the RC circuits at high and medium frequencies correspond to the responses of the grain 

and the grain boundary, respectively. According to Eq. 1 - 3 in the experimental section 

(Supplementary Information), the total, grain and grain boundary conductivities of the LATP 
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nanofiber electrolyte are 0.15 mS cm-1, 3.1 mS cm-1 and 0.85×10-3 mS cm-1, respectively, at 

25 °C. While the slightly lower total ionic conductivity caused by the relatively low density of 

the pellets prepared by LATP fibers (relative density of 89% vs. above 92% in literature12,51–

53), the value of the high grain conductivity of the LATP nanofiber electrolyte agrees well with 

previous reports,12,52. For LATP, the high resistances at the grain boundaries limit its total ionic 

conductivities,53 the same is true for the LATP nanofibers. The reason for that has been 

attributed to the existence of less-conducting amorphous phases or disordered phases at grain 

boundary regions of LATP.54 Hence, the specific grain boundary conductivity of the prepared 

ceramic electrolyte is about 4 orders of magnitude lower than its grain conductivity. Despite 

the low grain boundary conductivity, the total ionic conductivity of the prepared LATP 

nanofiber electrolyte at 25 °C is higher than most of the polymer electrolytes.18,19

Based on the conductivities at temperatures between -20 °C and 60 °C, grain, grain 

boundary and total activation energies (Ea) of the LATP nanofiber electrolyte are calculated 

based on Eq. 5 (Supporting Information). Arrhenius plots for fitting and calculating the Ea are 

shown in Figure 2e. The grain activation energy is 0.28 eV, whereas the grain boundary 

activation energy is 0.41 eV. The higher activation energy at the grain boundaries suggests that, 

as in most NASICON-type Li+ conductors, the largest energy barrier to Li+ motion within the 

polycrystalline structure is at the grain boundaries. The total activation energy is 0.37 eV, 

which is consistent with the previously reported value.12 Overall, the highly conductive and 

well-interconnected LATP nanofibers provide fast continuous Li+ transport channels in hybrid 

electrolyte. Besides, the tough nature of ceramic materials could guarantee the separation of 

the electrodes in all-solid-state Li batteries under severe conditions.55

2.3. Morphology and Electrochemical Performance of Hybrid Electrolyte.

Figure 3a shows the SEM and photographs of the free-standing hybrid electrolyte. As 

illustrated in the SEM image, no signs of pores between the intertwined LATP nanofibers 
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indicate the complete infiltration of polymer electrolyte into the ceramic fiber skeleton 

backbone. Moreover, although it is difficult to clearly determine the size of the ceramic fibers 

because they are embedded in the polymer, the overall length of the ceramic fibers appears to 

be shorter than that of the original LATP fibers, which could be due to the effect of the mixing 

process. While the incorporated 32 wt% of EC:DMC (1:1 vol/vol) plasticizers in the hybrid 

electrolyte, the membrane remains in the solid structure and exhibits good flexibility, as can be 

seen in the photographs in Figure 3a. The foldable hybrid electrolyte can then be used in the 

flexible Li-ion solid-state batteries.

The Li+ transference number of the hybrid electrolyte was determined by a combination of 

chronoamperometry (CA) and EIS measurements. The detailed calculation is presented in the 

experimental section in the supplementary information. CA and EIS before and after the CA 

test at 25 °C are presented in Figure 3b. It can be observed that the current response to the 

applied static potential polarization first drops and then remains constant for the rest of the 

measurement. The resistance increased a little after the CA measurement. The Li+ transference 

number of the hybrid electrolyte is calculated to be 0.94 which is slightly higher than the 

MEEP/LiSTFSI polymer (0.93, shown in Figure S5), close to unity, indicating a single-ion 

conducting behavior of both materials. The significantly high Li+ transference number is 

mainly due to the restricted movement of anions as the part of crosslinking network in the 

MEEP/LiSTFSI polymer and the hybrid electrolyte.43,56,57 Note the additional participation of 

the STFSI- anions in the photoinitiated radical-induced cross-linking via their terminal alkene 

groups which is a prerequisite for the immobilization of anions and the increased lithium ion 

transference number. Besides, the EC:DMC (1:1 vol/vol) plasticizers incorporated in the matrix 

of MEEP/LiSTFSI polymer and hybrid electrolyte contributed to the increase of Li+ 

transference number. The predominant intentions of the plasticizers were a) to facilitate the 

dissociation of Li+ cations, b) to increase the polymer segmental mobility, thus increasing 
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elasticity, c) to enhance the ability of flexible and continuous adhesion to the various interfaces 

(similar to the role of a binder stabilizing the interfaces and contacts of a microstructure) and, 

last not least, d) a facilitated impregnation of porous cathode composite structures (such as LFP 

used in this work).58,59,60

Temperature-dependent ionic conductivities of LATP nanofibers, MEEP/LiSTFSI polymer 

and hybrid electrolyte are presented in Figure 3c. At ambient temperatures (20-30 °C), the 

ionic conductivity of the hybrid electrolyte is in the range of 0.23 to 0.42 mS cm-1, slightly 

lower than that of the MEEP/LiSTFSI polymer. This can be attributed to the considerably lower 

content of EC/DMC plasticizer in the hybrid electrolyte (32 wt% uptake) than in the pure 

polymer membrane (86 wt% uptake). The ionic conductivities of hybrid electrolyte at ambient 

temperatures are almost two times higher than that for 89% dense LATP nanofibers due to the 

high ionic conductivity of polymer electrolyte, the complete infiltration of polymer in the pores 

of LATP fibers, and the “active filler” effect of the ceramic in the hybrid electrolyte.24 Such 

fillers not only possess the characteristics of inert ceramics that enhance the free volume of 

polymer and accelerate segmental dynamics but also provide additional ion-transport channels. 

Also, the LATP active fillers can increase the concentration of mobile Li+, interfacial 

conduction, and anion attraction, thus improving ion transport of the hybrid electrolyte.61 With 

further increasing temperature, the ionic conductivity of the hybrid electrolyte exceeded the 

values of MEEP/LiSTFSI polymer. At 60 °C, the ionic conductivity of hybrid electrolyte 

reached 1.9 mS cm-1, which is comparable with the dense LATP electrolyte reported in 

literature at the same temperature.12,15,50 

As illustrated in Figure 3d, the LSV measurements of MEEP/LiSTFSI polymer and hybrid 

electrolyte were performed at a voltage of 0 to 6 V at 25 °C. The onset decomposition potentials 

of MEEP/LiSTFSI polymer and hybrid electrolyte due to oxidation are up to 4.9 V and 5.4 V 

(vs. Li+/Li), respectively. This suggests that both materials may be suitable for high-voltage Li 
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batteries. The high oxidation potential of MEEP/LiSTFSI polymer can be attributed to the 

suppressed migration of anions and thus limit or block their irreversible oxidation. The 

enhanced electrochemical window of hybrid electrolyte might be favored by the dipole-dipole 

interaction between polymer chains and LATP nanofibers which elevates the oxidation 

decomposition potential of the MEEP/LiSTFSI polymer.61

Li plating/stripping tests in Li symmetric cells were conducted to investigate the interfacial 

stability of the electrolyte and Li electrode. As demonstrated in Figure 4a, the high 

overpotential of the MEEP/LiSTFSI polymer is mainly attributed to the relatively large 

thickness of the membrane. Since the polymer is very soft, the polymer membrane was 

fabricated with a thickness of 500 µm to maintain the structural stability and the separation of 

the electrodes. The cell with the MEEP/LiSTFSI polymer showed stable cycling up to 1118 

hours under a current density of 0.1 mA cm-2. The good cycling stability of the polymer could 

be attributed to the fact that the anions are immobilized in the polymer - Li+ can diffuse more 

easily from the bulk electrolyte onto the Li surface, providing a relatively stable and uniform 

interface for Li+ deposition.57 On the other hand, although it’s known that LATP is unstable 

against metallic Li due to the rapid reduction of Ti4+,15 the time-dependent voltage profile 

exhibits that the cell with the hybrid electrolyte is even more stable compared with the cell with 

the MEEP/LiSTFSI polymer under the same current density. The hybrid electrolyte is stable 

cycled up to 2000 hours with Li electrodes due to its advantages inherited from both 

MEEP/LiSTFSI polymer and LATP ceramic. The single-ion conducting polymer not only 

provides the continuous ion conducting pathway and isolates LATP from electrodes to avoid 

side reactions, but also offers soft contact with electrodes to reduce Li+ transfer resistance cross 

the electrode-electrolyte interface. Meanwhile, the rigid LATP nanofibers offer expressways 

for the migration of Li+ and enhance the mechanical strength of the electrolyte to suppress Li 

dendrites. These effects can be proved by comparing the surface morphologies of pristine Li 
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and Li electrodes being cycled with MEEP/LiSTFSI polymer and hybrid electrolyte, 

respectively, as the SEM images represented in Figure 4b. It is worth emphasizing that for the 

ambient sensitive Li anodes, an airtight K&W transfer module was used to transfer the samples 

from the glovebox directly to the SEM chamber. The module opens under vacuum in the SEM 

chamber hence avoids the exposure of the samples to the ambient atmosphere. As can be seen 

in the SEM images, after cycling in the cell with the polymer electrolyte, the mossy Li on the 

electrode surface is highly porous and rough. Besides, big cracks are formed due to long-term 

cycling. In contrast, the Li electrode cycled with hybrid electrolyte exhibits relatively smooth 

surface morphology except for the pits that formed typically during Li stripping.62 These results 

indicate that the hybrid electrolyte is effective to regulate Li plating/stripping and thus restrain 

Li dendrite growth.

2.4. Battery Performance.

The obtained hybrid electrolytes were sandwiched between Li metal anode and LiFePO4 

cathode to assemble coin cells for battery tests. To ensure sufficient Li+ conduction of the 

cathode, the LiFePO4 cathode layer was coated with MEEP/LiSTFSI polymer and used as the 

substrate for fabricating the hybrid electrolyte.

Figure 5a shows the CV curves of Li|hybrid electrolyte|LiFePO4 at different scan rates over 

the potential range of 2.2-4.2 V. Apart from the redox peaks of LiFePO4, no additional 

oxidation or reduction peak of the cell is observed in the potential range. The potential intervals 

between redox peaks of LiFePO4 are 0.52, 0.79 and 1.23 V at the scan rate of 0.1, 0.2 and 

0.5 mV s-1, respectively. When the scan rate increases, the potential interval becomes broader 

due to polarization. Moreover, the symmetrical redox peaks suggest good kinetics of the 

prepared cells even at the high scan rate of 0.5 mV s-1. The prepared coin cells are able to light 

up LED at room temperature as shown in the photograph in Figure 5a. Hence, the cycling tests 

of the coin cells were performed initially at 25 °C.
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As shown in the charge-discharge profiles obtained in the voltage range of 2.3-4.1 V in 

Figure 5b, apart from the low coulombic efficiency of the initial cycle at a low current rate of 

0.05C, the coulombic efficiencies of the rest cycles are close to 100% despite the increased 

current rate. The specific discharge capacities of the cell are found to be 161, 160, 157, 132, 

113 and 91 mAh g-1 at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 1.5C, in their turns. With increasing the 

current rate, the discharge capacities faded and the overpotential increases, indicating the 

kinetic limitation of Li+ transport in the electrolyte impedes the battery performance. The rate 

capacity at relevant current densities is represented in Figure 5c. As shown in the figure, stable 

discharge capacity can be delivered and high corresponding coulombic efficiency is achieved 

at all the current densities. Although the specific discharge capacity faded to about half of the 

theoretical capacity at 1.5C, the capacity can be recovered to the initial values when the C-rate 

turned back to 0.1C, indicating the good durability of the hybrid electrolyte at high 

overpotentials.

Li|hybrid electrolyte|LiFePO4 cells were further cycled at elevated temperatures at a higher 

current rate of 1C, as the results are shown in Figure 5d. With increasing the temperature from 

25 to 60 °C, the discharge capacity increased from ~68% to ~95% of its theoretical capacity, 

mainly owing to the promoted Li+ transportation in the electrolyte, cathode and at the 

electrolyte/electrode interfaces. The maximum fluctuation of Coulombic efficiency is up to 

3%, the average fluctuation being around 1%. The small fluctuation could be due to the 

overpotential caused by SEI growth at elevated temperatures.

Long-term cycling stability of the Li|hybrid electrolyte|LiFePO4 battery is evaluated at a 

current rate of 0.5C at 25 °C. As shown in Figure 6a, the discharge capacity of the battery after 

500 cycles is 122.7 mAh g-1, corresponding to 93% retention of the initial capacity and 72.2% 

of the theoretical capacity of the LiFePO4 cathode. Moreover, the coulombic efficiency of the 

battery is about 99% on average over all cycles. The good cycling performance of the battery 
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suggests that the established electrode/electrolyte interface can remain stable and compatible 

during the cycling.

According to the models proposed by Chazalviel38,40,41 and Monroe46, the ability to restrain 

Li dendrite growth is mainly due to the high Li+ transference number, as well as the good 

mechanical strength of the hybrid electrolyte with the integrated ceramic nanowires.49,63 As 

illustrated in Figure 6b, the conventional solid polymer electrolytes are merely a polymer 

matrix with a dissolved and dissociated Li-salt meaning independently mobile cations and 

anions, corresponding to “dual-ion based electrolytes”. Applying an electric field will cause a 

migration of Li+ and anions in opposite directions. In the steady-state, the net anion flux 

becomes zero, but at the cost of a salt concentration gradient which compensates any electric 

field-induced anion migration flux by an opposite anion diffusion flux in the concentration 

gradient leaving a mere lithium-ion flux. But the concentration gradient also leads to a lower 

steady-state lithium-ion current. This negative effect can only be considerably diminished by 

increasing the lithium-ion transference number to a value near 1. Hence, the disadvantage of 

independent mobility of cations and anions is compensated in the prepared hybrid electrolyte 

by immobilizing the anions. The resulting high transference number of lithium ions effectively 

prevents the formation of salt concentration gradients and concentrated lithium-ion flux, which 

suppresses the lithium dendrite growth.43 In addition to the efficient suppression of Li dendrite 

growth, the hybrid electrolyte is capable to deal with varied interfacial stresses, assuring close 

contact with the electrodes since the LATP nanofiber skeleton is fully wet and coated with 

MEEP/LiSTFSI polymer. Moreover, the Li+ migration ability in the hybrid electrolyte is 

boosted due to the synergistic transportations of single Li+ conducting polymer and LATP. The 

LATP nanofibers can effectively increase the free volume of the polymer and enhance the 

mobility of chain segments close to the ceramic/polymer interface, beneficial for Li+ 

transportation. On the other hand, the 3D interconnected LATP nanofibers offer long-range 
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fast Li+ conductive pathways in the composite that can further promote Li+ transfer efficiency. 

Overall, these results demonstrated promising applicability of the hybrid electrolyte to safer Li 

metal batteries for flexible electronic device applications.

3. CONCLUSION

In summary, single Li+ conducting free-standing membranes of 3D interconnected NASICON-

type ceramic-polymer composite were prepared for Li batteries. The LATP nanofiber networks 

were synthesized by electrospinning followed by high-temperature calcination, and were 

further used as the skeleton in hybrid electrolytes with a single Li+ conducting polymer of 

MEEP/LiSTFSI. The hybrid electrolyte exhibited high ionic conductivity of 0.31 mS cm-1 at 

room temperature due to the synergistic effects of single Li+ conducting polymer and 3D 

interconnected LATP nanofibers. Benefiting from the high Li+ transference number (0.94), the 

hybrid electrolyte could effectively suppress Li dendrite growth that the symmetric Li|hybrid 

eletrolyte|Li cell runs for 2000 h at a current density of 0.1 mA cm-2 without any short circuit. 

Gain from these merits, the assembled Li|hybrid eletrolyte|LiFePO4 cell demonstrated good 

rate capacity and stable long-term cycle performance. At 25 °C, it can keep a steady specific 

discharge capacity of ~113 mAh g-1 at 1C and maintain a discharge capacity of 122.7 mAh g-1 

at 0.5C after 500 cycles, which is 93% retention of the initial capacity. The facile approach of 

single Li+ conducting polymer-in-ceramic membrane provides one of the most promising 

electrolytes for safe, long-life, and high energy density Li metal batteries. Moreover, the 3D 

framework structure would also be applicable to other ceramic electrolyte systems, showing 

great promise in the applications in high-performance all-solid-state batteries.
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Figure 1 Schematic drawing of the electrospinning process of LATP nanofibers, preparation 

of LiSTFSI and hybrid electrolyte.
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Figure 2 (a) SEM of as-spun and calcined LATP nanofibers. (b) TGA of as-spun LATP 

nanofibers. (c) XRD of LATP nanofibers after calcination at 900 °C in air. (d) Nyquist plot at 

25 °C and (e) Arrhenius plot of LATP nanofiber electrolyte.
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Figure 3 (a) SEM and photographs of free-standing hybrid electrolyte. (b) The evolution of 

current with polarization time under a polarization voltage of 0.01 V and Nyquist plots of the 

impedance of hybrid electrolyte before and after DC polarization at 25 °C. (c) Temperature 

dependent ionic conductivity of LATP nanofibers, MEEP/LiSTFSI polymer and hybrid 

electrolyte. The ionic conductivities of dense LATP were recalculated from Ref.12,15,50. (d) 

Linear sweep voltammetry for MEEP/LiSTFSI polymer and hybrid electrolyte in 

Li|electrolyte|SS cells, respectively, with a scan rate of 1 mV s-1 at 25 °C.
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Figure 4 (a) Li plating/stripping test of MEEP/LiSTFSI polymer and hybrid electrolyte in Li 

symmetric cells, respectively, under a current density of 0.1 mA cm-2 at 25 °C. (b) SEM images 

of pristine Li anode (black border), Li anode cycled in contact with MEEP/LiSTFSI polymer 

(red border), and Li anode cycled in contact with hybrid electrolyte (grey border). A K&W 

transfer module was used to transfer the Li samples from the glovebox directly to the SEM 

chamber without exposing to ambient atmosphere.
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Figure 5 (a) CV curves of Li|hybrid electrolyte|LiFePO4 cell measured in the voltage range of 

2.2 to 4.2 V at different scanning rate of 0.1, 0.2 and 0.5 mV s-1, respectively. The insert in (a) 

is LED lit up by the prepared battery. (b) Charge-discharge profiles in the voltage range of 2.3 

to 4.1 V at C-rates of 0.05, 0.1, 0.2, 0.5, 1 and 1.5, respectively. (c) Rate performance of the 

Li|hybrid electrolyte|LiFePO4 cell. And (d) temperature-dependent cycling performance of 

Li|hybrid electrolyte|LiFePO4 coin cells at 1C at 25, 40, 50 and 60 °C, respectively. The 

measurements in (a-c) were carried out at 25 °C.
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Figure 6 (a) Cycling performance of Li|hybrid electrolyte|LiFePO4 cell with current rate of 

0.5C at 25 °C. (b) Schematic illustration of Li dendrite growth in conventional “dual-ion 

conducting” polymer electrolytes (left) and Li dendrite suppression effect of the “single-ion 

conducting” hybrid electrolyte.
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