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ABSTRACT: Assembling polymer electrolytes (PEs) with lithium metal anodes is a promising 

strategy to address safety and specific capacity concerns. Molecular design on conductive 

polymer matrices avoids inherent high crystallinity, poor ion transport and combustion 

drawbacks by adjusting the chain structure and functional groups. However, conventional 

structural modulation methods are difficult to be conducted via in-situ polymerization and cell 

assembly, thus hampering the further performance-enhancement of PEs in lithium batteries. 

Herein, we report a simple aza-Michael addition method induced by lithium salts for designing 

and fabricating high-performance PEs. This method fulfils the in-situ structure modulation of 

polyether-based PEs without any introduction of non-electrolytic components. The obtained 

polyether electrolytes exhibit a more amorphous crosslinked structure, leading to a favorable 

medium for ion migration and excellent flexibility. In addition, the introduction of C-N bonds 

imparts excellent non-flammability to the material, as well as the ability to interact with 

sulfolane. Hence, the in-situ constructed gel polymer electrolyte (GPE) is characterized by high 

ionic conductivity (1.76 × 10-4 S cm-1 at 30 oC) and excellent interface stability with the 

electrodes. The assembled Li/LiFePO4 (LFP) battery based on this newly designed GPE exhibits 

a high initial specific discharge capacity and a good rate performance (112.7 mAh g-1 at 5 C). 

Long-term stability was also demonstrated, with a capacity retention of 86.8% after 500 cycles at 

1C. 

INTRODUCTION 

Lithium metal batteries (LMBs) have great potential for providing high energy density and 

long lifespan to numerous energy-storage devices.1-4 Solid electrolytes, especially polymer 

electrolytes (PEs), have been identified as promising candidates to escape from the safety 

hazards and highly active interface reaction caused by conventional liquid electrolytes.5-8 
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However, the most used polyether-based electrolyte system is limited by the upper cut-off 

voltage and slack Li+ migration due to its high crystallinity, 9, 10 tight lithium ion (Li+) affinity11-13 

and poor interface characteristics,7, 14 thus hampering its practical application in powering 

consumer electronics. In addition to the segment mobility and stability, bulk polyether is easy 

ignitable, and the conventional flame-retardant strategy through addition of small-molecule 

flame retardants yields poor compatibility with the electrodes, deteriorating the battery 

performance.15-17 Inserting multiple functional groups in, or modulating the structure of the 

polymer matrix is an effective strategy to attenuate some inherent limitations of the polyether 

chains.18, 19 However, the poor ion-conduction ability of the solid polymer electrolytes and 

interfacial issues with the electrodes still require the help of liquid components and in-situ 

polymerization methods.2, 7, 20 

Gel polymer electrolytes (GPEs) prepared through in-situ polymerization methods can 

circumvent the issues of low ionic conductivity, poor electrolyte-electrode infiltration and 

contact, and high interfacial impedance.5, 21-23 More importantly, the liquid phase can be carefully 

chosen and designed according to the structure and components of the polymer skeleton. For 

instance, the use of deep eutectic solvent (DES) as the plasticizer can simultaneously improve 

the ionic conductivity and nonflammability of the polymer electrolyte,24-27 and its unique 

advantages of low-cost, simple preparation and flexible designability provide great possibility for 

enhancing the performance of GPEs.28-30 Moreover, unwanted parasitic electrochemical reactions 

between the liquid plasticizer and the electrode are eliminated via the deliberate installation of 

intermolecular interactions between the polymer segments and polar liquid molecules. However, 

the precise GPE structural design relying on in-situ polymerization is unrealistic because of the 

difficult-to-modulate polymerization process in an enclosed battery. In addition, the conventional 
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initiations used in in-situ LMBs polymerizations are often stimulus-responsive (heating, 

irradiation, etc.), and the introduction of side reactions and non-electrolytic components may 

exert an adverse influence on the battery performance.31-33 Hence, designing an efficient 

structure-modulation strategy for in-situ fabrication of gel polymer electrolytes is significantly 

necessary for high-performance LMBs.  

The Michael addition is one of the most attractive click reactions due to its atom economy, 

mild reaction conditions and available raw materials, all of which conform to the principles of 

green chemistry.34, 35 The main participants include a proton-bearing nucleophilic groups such as 

a thiol, an alcohol, or an amine, and an electrophilic alkene. Thereinto, the inherent basicity of 

amines triggers the addition process without the need of a catalyst,35-37 which makes this reaction 

possible for the in-situ construction of crosslinked polymer electrolytes via utilizing bis(primary 

amine) and crosslinking monomer. Moreover, the reaction rate can be easily regulated by lithium 

salt,38-40 which is the inherent component of electrolyte. Meanwhile, the properties of the 

crosslinked matrix can be modulated by the variety of diamine and the diamine/diacrylate molar 

ratio,41-43 forming in-situ a favorable electrolyte network for ion-conduction. In addition, this 

reaction introduces a large fraction of C-N bonds into the polymer chains, which endows the 

corresponding electrolyte with unique physical and flame-retardant properties and provides 

abundant coordination points to interact with the plasticizer.24, 44    

Here, we introduce a structural modulation of in-situ polyether-based electrolytes via a 

simple and mild double aza-Michael addition reaction (Figure 1). In comparison with 

crosslinked polymer (PPEGDA) formed via the conventional radical-initiated polymerization of 

a PEO-based diacrylate monomer (PEGDA), the aza-Michael process is more favorable without 

any introduction of non-electrolytic components and side reactions, and the obtained polymer 
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network with the introduction of abundant C-N bonds is more amorphous and nonflammable. In 

addition, the polar groups (C-N and C=O) in this polymer skeleton can interact with DES to 

fabricate an advanced GPE with good ionic conduction ability, a wide electrochemical window 

(5.5 V vs Li/Li+, 60 oC) and stable interfacial characteristics. As a result, the assembled Li/LFP 

batteries exhibit obviously improved rate performance and cycling stability with respect to the 

pure polyether and DES systems, and the optimized lithium symmetric cell based on this GPE 

can steadily work at higher current density (0.5 mA cm-2) without obvious dendrite-growth. The 

present contribution provides a simple and novel avenue for the in-situ regulation of the 

electrolyte structure and electrochemical performance of advanced and safe LMBs.   

 

Figure 1. C-N bond-containing non-flammable polymer electrolytes via lithium salt-catalyzed 

aza-Michael addition. 

EXPERIMENTAL SECTION 

Materials. Poly(ethylene glycol) diacrylate (PEGDA, Mn = 600, Aladdin), 1,4-

butanedioldiacrylate (BDA, 90%, Innochem) and methyl acrylate (MA, 90% , Innochem) were 

purified by the columns of neutral aluminium oxide (Al2O3) to remove residual polymer 
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inhibitors and then stored in a refrigerator. Propylamine (1-AP, 99%, Aladdin), 1,3-

diaminopropane (DAP, 98%, Innochem), diethylene glycol bis(3-aminopropyl) ether (DGBE, 

98%, Aladdin), poly(propylene glycol) bis(2-aminopropyl ether) (PPGBAE, Mn = 400, Aladdin), 

and sulfolane (SL, 98%, Innochem) were used directly without any purification. Before in-situ 

polymerization, above corresponding reagents required three freeze-pump-thaw cycles under 

argon flow. Bis(trifluoromethane)sulfonimide lithium (LiTFSI, 99%, Aladdin), lithium 

difluoro(oxalato)borate (LiDFOB, 99.9%, Innochem), lithium perchlorate (LiClO4, 99%, 

Innochem), lithium hexafluorophosphate (LiPF6, 99%, Innochem) and lithium tetrafluoroborate 

(LiBF4, 99%, Innochem) were dried in a vacuum oven and then transferred to glovebox for 

storage. The used cellulose separator (TF4840) has a thickness of 40 μm, a diameter of 16 mm 

and an areal density of 48 g m-2. The thickness of the in situ obtained electrolyte film is around 

80 μm to 100 μm. Lithium iron phosphate (LiFePO4), lithium polyacrylate (PAALi, Mn = 

450000, Aladdin) and acetylene black (AB) were used for the preparation of anode material. 

Simulation Experiment of Lithium Salt-Catalyzed Aza-Michael Addition Reaction. 

Different lithium salts (0.23 mmol, including LiClO4, LiTFSI, LiDFOB, LiBF4 and LiPF6) were 

dissolved separately in MA (4.65 mmol), and then mesitylene (1 wt%) was dripped into the 

solution as a reference reagent. 1-AP (2.32 mmol) was added quickly to the bottle, and the mixed 

solution was stirred at room temperature. The aliquots were taken from the reaction mixture at 

different time and then dissolved in CDCl3 for NMR test. The control group is without lithium 

salt, and other operation are same to the above process. (MA, δA = 6.41, 6.12, 5.84 ppm; Momo-

Adduct, δB1 = 2.88 ppm, δC1 = 2.58 ppm, δD1 = 2.54 ppm, δE1 = 3.76 ppm, δF1 = 1.52 ppm, δG1 = 

0.91 ppm; Bi-Adduct, δB2 = 2.76 ppm, δC2 = 2.45 ppm, δD1 = 2.37 ppm, δE2 = 3.68 ppm, δF2 = 

1.43 ppm, δG2 = 0.85 ppm). 



 7 

LiClO4 was be selected for the qualitative research of linear polymerization by aza-Michael 

addition. Firstly, LiClO4 (0.05 mmol) and BDA (1 mmol) were uniform mixing, then 1-AP (1 

mmol) was dripped into the bottle to proceed the aza-Michael addition. The solution was 

monitored by 1H NMR spectrum after 0.6 h, 6 h and 18 h of reaction, respectively. The only 

difference of control group is that no lithium salt was added, and other operations are same to the 

above process. The control group did not add LiClO4, but other process was the same. (BDA, δa 

= 6.41, 6.12, 5.84 ppm; Momo-Adduct, δb1 = 1.52 ppm, δc1 = 2.59 ppm, δd1 = 2.53 ppm, δe1 = 

2.89 ppm, δf1 = 1.75 ppm, δg1 = 4.19 ppm, δh1 = 0.91 ppm; Linear Polymer, δb2 = 1.42 ppm, δc2 = 

2.44 ppm, δd1 = 2.37 ppm, δe2 = 2.77 ppm, δf2 = 1.71 ppm, δg2 = 4.09 ppm, δh1 = 0.85 ppm). 

Preparation of Solid Polymer Electrolytes. Preparation of DGBE-PEGDA600 and DAP-

PEGDA600: Equimolar DAP or DGBE and PEGDA600 were mixed with LiTFSI:LiDFOB 

(2:1), and the EO/Li = 20:1, to form a precursor solution. The precursor was then reserved in a 

vacuum oven at 60 °C for 12 h. Preparation of PPEGDA600: PEGDA600 was mixed with 

LiTFSI:LiDFOB (2:1), and the EO/Li = 20:1, to form a precursor solution. 0.5 wt% AIBN was 

then added and heated in a vacuum oven at 60 °C for 12 h. 

Fabrication of Gel Polymer Electrolytes. LiTFSI (2 mmol), LiDFOB (1 mmol), and SL (15 

mmol) were mixed and stirred vigorously at room temperature to form the liquid-state DES. 

Then, a certain mass of DES was mixed with PEGDA600 (1 mmol) and amine monomers 

(1mmol, including DAP and DGBE) to prepare the reaction precursor. During the battery 

assembly process, a drop of the precursor liquid was added to the cellulose membrane of the 

battery. Finally, the battery was assembled in-situ, reserved in a vacuum oven at 60 °C for 12 

hours to make the reaction complete. Finally, the in-situ GPE membrane is named as X-
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PEGDA600-DES Y (X, the abbreviation of amine monomer; Y, the mass-percentage value of DES 

relative to overall mass). 

Calculation of Crosslinking Density. Dynamic mechanical properties were characterized by the 

Diamond DMA. Standard samples with diameter of 1cm and thickness of 1 mm were tested in 

compression mode, while the tested temperature ranges from -80 to 80 °C and the frequency is 1 

Hz. The temperature corresponding to the maximum loss modulus was recorded as Tg. The 

formula for calculating the crosslinking density (ρ) is as follow: ρ = E'/ϕRT. Thereinto, E′ is the 

storage modulus at Tg + 30 °C, ϕ is the front factor which can be approximated to 1 in the Flory 

theory, R is the gas constant at Tg + 30 °C, and T is the absolute temperature at Tg + 30 °C. 

Fabrication of Li/LFP Cells. The LiFePO4 cathode was prepared by casting a slurry of LFP, 

PAALi, and AB in deionized water on Al foil, and the weight ratio of LFP, PAALi, and AB is 

80:10:10. The casted cathode film was dried at 80 °C for 12 h and punched into small plates with 

a diameter of 16 mm. The mass loading of the active material was ~1.5 mg cm−2. CR2032 coin 

cells were assembled in the glove box (O2 < 0.1 ppm; H2O < 0.1 ppm) under an Ar atmosphere 

with TF080 as the separator and lithium plates as the anode. The corresponding precursor was 

injected into the cell, and the cell was then assembled and heated for testing. The cycling 

performance of the cell was tested at the voltage range from 2.5 V to 4.0 V vs. Li/Li+ on the 

LAND CT2001A test system (Wuhan Land Electronics Co. Ltd., China) at 60 oC. 

Characterization. The thermostability of the solid and gel polymer electrolytes were tested from 

30 °C to 800 °C with a heating rate of 10 °C/min through a thermogravimetric analyzer (TGA, 

PerkinElmer 4000), and the whole process is under a nitrogen (N2) atmosphere. Their glass 

transition temperature (Tg) was measured by a differential scanning calorimetry (DSC, Q2000) 

with a heating rate of 10 °C/min from -90 °C to 100 °C under a N2 atmosphere.  
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Electrochemical Performance.  

The ionic conductivities (σ) of the polymer electrolytes were evaluated using an electrochemical 

workstation (Autolab PGSTAT302N, Netherlands), and the tested temperature ranges from 30 to 

80 °C. σ can be calculated from the following equation: σ𝑖 =
𝐿

𝑅𝑖×𝑆
 . Thereinto, the film thickness 

(D) and area (S) were measured after the end of the EIS measurement, and Ri represents the 

impedance value at different temperature.  

The electrolyte membranes were sandwiched between the lithium and steel sheets to in-situ 

form the batteries, and their electrochemical stability windows were conducted on a test (60°C) 

of linear sweep voltammetry (LSV) under a potential from 0 to 7 V. The Li|SPE or GPE|Li cell 

was assembled to reflect the condition of lithium-ion migration under a polarization voltage (ΔV) 

of 10 mV. The current (I0), interfacial resistance (R0) at the outset, and current (Is), interfacial 

resistance (Rs) under the stable condition were all recorded to measure the lithium-ion 

transference number (tLi
+), which can be calculated by equation: 𝑡𝐿𝑖+ =

𝐼𝑠(𝛥𝑉−𝐼0𝑅0)

𝐼0(𝛥𝑉−𝐼𝑠𝑅𝑠)
 .  

Surface Properties of Lithium Anode.  

The lithium symmetric cells assembled with corresponding electrolytes were used for the 

analysis of interfacial performance after the lithium-deposition cycling (60°C). The surface 

morphology of the lithium anode was detected by a scanning electron microscopy (SEM, Nova 

NanoSEM 450). X-ray photoelectron spectroscopy (XPS, AXIS-ULTRA DLD-600W) was 

applied to analyze the element composition of lithium anodes after the longtime charge-

discharge cycling. 
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RESULTS AND DISCUSSION 

Effect of Lithium Salts on the Aza-Michael Addition. In order to ensure a satisfying 

crosslinked rate for the subsequent construction of polymer electrolytes, the effect of various 

lithium salts (LiTFSI, LiClO4, LiDFOB, LiBF4 and LiPF6) on the reaction rate was first studied 

based on monofunctional propylamine (1-AP) and methyl acrylate (MA), in a 1:2 molar ratio, 

and the detailed calculation process (equation S1 in Supporting Information) and resulting 

conversion values by 1H NMR spectra are listed in Tables S1-S6 (Supporting Information), 

Figures S1-S5 (Supporting Information) and Figure 2a. In the early stages (< 1 h), the reaction 

was fast no matter whether salt was present or not, which is consistent with a fast addition of the 

primary amine to consume one MA equivalent and generate the intermediate secondary amine. 

The consumption of the second MA equivalent to yield the final tertiary amine product, on the 

other hand, was much slower, proceeding to less than 10% after 5 h in the absence of lithium 

salt. A dramatic drop of reactivity on going from a primary to a secondary amine in aza-Michael 

additions is well established,45, 46 hence the lithium salts mainly play an accelerated role in the 

second addition step (Figure S6), which can be also confirmed by the quantification of the 

secondary amine and tertiary amine according to equations S2 and S3. This proposition of 

lithium salt-catalyzed aza-Michael bis-addition was further clarified by density functional theory 

(DFT), and the calculation results indicate that the acceleration effect of lithium salts on amine 

addition not only results from the decrease in activation barrier via the coordination between Li+ 

and C=O group, but also contributes to the stabilization of transition state and intermediate. The 

computational method and results are detailed in the Supporting Information (Figures S7-S10).  
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Figure 2. (a) Time evolution of the vinyl conversion for the aza-Michael addition of 1-AP to 

MA catalyzed by different lithium salts (10%, room temperature). (b) Digital images of the 

reaction between different diamines and PEGDA accelerated by LiTFSI. (c) Storage and loss 

modulus of DAP-PEGDA600 system without addition of LiTFSI at different time. Storage and 

loss modulus of DAP-PEGDA600 and DGBE-PEGDA600 system with addition of LiTFSI at 

different time. 

According to above results, LiTFSI was chosen as the salt, and three different diamines, 

including 1,3-diaminopropane (DAP), diethylene glycol bis(3-aminopropyl ether) (DGBE) and 

poly(propylene glycol) bis(2-aminopropyl ether) (PPGBAE) were used to react with PEGDA for 

preparing crosslinking polymer electrolyte (Figure 1). As shown in Figure 2b and Figure S11, 

the addition of LiTFSI significantly shortens the solidification time, while the crosslinked rate 

was also found to depend on the length of the diamine ether due to the decreased concentration 

of reactive groups in the reaction mixture. For the shortest-chain DAP, the solidification was 

efficient after only 5 min at room temperature, while the longer the amino chain (DGBE and 

PPGBAE), the slower the reaction, thus a heating stimulus was needed for the curing process. 
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The gelation time was quantified by the crossover between the storage and loss modulus, as 

shown in Figure 2c-2e, the gelation times of DAP/PEGDA600 systems with and without LiTFSI 

addition are 83.7 min and 9.5 min at 30 oC, respectively, while longer time about 40 min was 

observed in DGBE/PEGDA600 system under 60 oC heating, which is consistent with above vial 

experiments. The FT-IR spectra shown in Figure S12 confirms the complete crosslinking in 

DGBE/PEGDA600 system after 1.5 h heating, and there is almost no residual C=C stretching 

vibration in the LiTFSI-added system, while a peak is clearly observed for the non-catalyzed 

one. Most noteworthy is that the obtained crosslinked products are directly usable as lithium-

doped solid polymer electrolytes. Therefore, this facile method paves the way to directly obtain 

polymer electrolytes for LMBs without the need to introduce any non-electrolytic additives. 
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Figure 3. (a) Photographs of PPEGDA600, DAP-PEGDA600 and DGBE-PEGDA600 before and 

after folding. (b) DSC curves of PPEGDA600 and DGBE-PEGDA600. (c) Temperature-dependent 

ionic conductivities of PPEGDA and DGBE-PEGDA600. (d) Cycling performance of DGBE-

PEGDA600 with a rate of 0.1 C at 60 oC. (e) Voltage profile for plating/stripping experiments in 

Li symmetric cell cycled at the current density of 0.05 mA cm-2 at 60 oC. (f) TGA curves of 

PPEGDA and DGBE-PEGDA600. (g) Combustion experiments of PPEGDA and DGBE-

PEGDA600. 

Performance Evaluation of Solid PEs Obtained from Aza-Michael Reaction. The 

physicochemical properties and conducting power of the obtained polymer electrolytes were 

evaluated to reveal the superiority of the aza-Michael reaction in the structural design and 

construction of polyether-based LMBs. In comparation, the PPEGDA600 was also prepared via 

conventional AIBN-initiated radical polymerization. As shown in Figure 3a, the flexibility of 

the obtained membranes was examined by a folding test. The PPEGDA600 film fractures upon 

bending, while the crosslinked membranes obtained via the aza-Michael reaction is softer, being 

freely bent without damage. This feature is due to the lower crosslinking density (ρ) in DAP-

PEGDA600 and DGBE-PEGDA600 membranes relative to PPEGDA600 (Figure S13), which can 

be calculated according to the rubber elasticity theory (Table S8).47, 48 In view of the gelation 

rate for in-situ battery preparation and the content of ethyl oxide (EO) group, DGBE-PPEGDA600 

system was chosen for further study. The inherent crystallinity of the polyether electrolyte is 

interrupted by the crosslinking structure and the introduction of C-N bonds, thus the adduct of 

aza-Michael reaction exhibits a lower glass transition temperature (Tg) relative to the C-C 

crosslinking in PPEGDA600, lowering the Tg value to -45.3 oC (Figure 3b). The increase of the 

segment mobility is also reflected in the ion conduction (Figure 3c) and mechanical properties 

(Figure S14). The ionic conductivity of DGBE-PPEGDA600 is higher than that of PPEGDA600, 

and the elongation of DGBE-PEGDA600 (79.9%) is higher than that of PPEGDA600 (33.1%), 

which is consistent with the above crosslinking density and folding results. In addition, the 
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insertion of C-N bonds leads to improved redox stability, with a high oxidation voltage of 4.9 V 

and tLi+ (Figures S15 and S16).  

The advantages of the DGBE-PPEGDA600 electrolyte also reflect in the in-situ prepared 

lithium metal batteries. As shown in Figure 3d, the as-assembled Li/LFP cell can steadily work 

at 0.1 C (60 oC) for 100 cycles with a high-capacity retention of 95.1%, while PPEGDA600 

retains only an 82.1% capacity after 75 cycles under the same operating conditions, indicating 

that the formed interface between the DGBE-PPEGDA600 electrolyte and the electrode is stable. 

The relatively higher voltage of PPEGDA600 in lithium plating-stripping tests carried out for 600 

h with a current density of 0.05 mA cm-2 also confirms that the C-N inserted polyether is a better 

Li+ carrier than the conventional one (Figure 3e). More interestingly, the introduction of N atom 

endows the polyether-based electrolyte with an excellent fire-retardant ability. As shown in 

Figure 3f, the decomposition temperature of DGBE-PPEGDA600 with 50% remaining (Td, 50%) is 

higher than PPEGDA600, and the PPEGDA600 film immediately catches fire, whereas the 

DGBE-PPEGDA600 material cannot be ignited after several seconds (Figure 3g and Movie S1 in 

Supporting Information). This is because the inserted N atoms generate inert gases (e.g. NH3),
8 

which cover the polymer surface, thus restraining the propagation of oxygen radicals. This non-

flammability property paves a simple way for the fabrication of high safety polymer electrolytes 

via structural design. 

Performance Optimization via C-N Bonding with Deep Eutectic Solvent. In addition to the 

flexibility and fire retardancy properties, the structural design with the insertion of C-N bonds 

also endows the material with the ability to interact with a liquid plasticizer, thus constructing a 

gel polymer electrolyte for better ion migration. As a common additive in liquid electrolyte, 

sulfonyl-containing compounds can improve the rate performance of corresponding batteries, 
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and the interface stability between the electrode and the electrolyte is significantly enhanced via 

their reductive decomposition. Moreover, the interaction between this compound and lithium salt 

forms deep eutectic solvent (DES), which can decrease the total viscosity of the precursor and 

improve the electrode infiltration, which are both beneficial for in-situ batteries construction. 

Hence, sulfolane was chosen to premix with LiTFSI and LiDFOB (SL:LiTFSI:LiDFOB = 

5:1:0.5), and the formed DES was used in aza-Michael system for preparing gel polymer 

electrolyte. LiDFOB is added for further interface-reinforcement due to its easy generation of F- 

and B-containing solid electrolyte interface.49 Indeed, gels with improved electrochemical 

performance could be obtained by adding different content of DES, the obtained gel electrolytes 

are named PPEGDA-DESx and DGBE-PEGDA600-DESx, respectively, where x represents the 

weight fraction of DES. As shown in Figure S17, the introduction of the DES yields a marked 

increase of the ionic conductivity and of the electrochemical stability window (around 5.5 V), 

and the ion-migration ability increases with the DES content. Although the observed 

decomposition temperature of the gel electrolytes is lower than the solid ones, it is sufficiently 

high to allow battery processing.  
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Figure 4. (a) Galvanostatic cycling curves of lithium symmetric cells based on PPEGDA600-

DES60 and DGBE-PEGDA600-DES60 at different current densities. (b) Rate performance of 

Li|DGBE-PEGDA600-DES60|LFP and Li|PPEGDA600-DES60|LFP cells. (c) Rate performance of 

Li|DGBE-PEGDA600-DES80|LFP. (d) Charge-discharge curves of Li|DGBE-PEGDA600-

DES80|LFP cell at different rates. (e) CCD of Li|DGBE-PEGDA600-DES80|Li cell. (f) 

Galvanostatic cycling profiles of the Li|DGBE-PEGDA600-DES80|Li symmetrical cell at the 

current density of 0.5 mA cm-2. (g) Long cycling profiles of the Li|DGBE-PEGDA600-

DES80|LFP cell at 0.5 C and corresponding charge-discharge curves. All tests were carried out 

at 60 °C. (h) Photographs of the lamps lightened by the flat and folded Li|DGBE-PEGDA600-

DES80|LFP pouch cell. 

Relative to PPEGDA-DES, the gel electrolyte obtained by the combination of DES and 

DGBE-PEGDA600 matrix exhibits greater advantage. For example, the critical current density 

(CCD) of the lithium symmetric batteries based on DGBE-PEGDA600-DES60 (1.08 mA cm-2) is 

higher than that of PPEGDA-DES60 (0.75 mA cm-2) (Figure S18), and the high crosslinking 

density Li|PPEGDA-DES60|Li and Li|DES|Li cells short-circuit at the current density of 0.5 and 

0.3 mA cm-2 (Figure S18), respectively, whereas the lithium symmetric cells based on DGBE-
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PEGDA600-DES60 can steadily work at different current densities, and the more conductive 

DGBE-PEGDA600-DES60 exhibits a lower overpotential (Figure 4a). Similar tendency was also 

observed in the rate performance of Li/LFP batteries, as shown in Figure 4b, the Li|DGBE-

PEGDA-DES60|LFP cell delivers better cycling stability and higher specific capacities than that 

in Li|PPEGDA-DES60|LFP cell. Above results are ascribed to the C-N bonds and polar carbonyl 

groups in DGBE-PEGDA600 matrix, which can interact with the SL molecules and with the 

lithium salts, thus decreasing the drastic reactions and stabilizing the electrode-electrolyte 

interface.  

When DES weight fraction reaches 80 wt%, a high ionic conductivity value of 1.76 × 10-4 S 

cm-1 was obtained at 30 oC. The charge-discharge process of the resulting Li|DGBE-PEGDA-

DES80|LFP cell was significantly enhanced with a slight capacity decay as the current increases. 

High specific discharge capacities of 112 mAh g-1 and 79 mAh g-1 were obtained at 5 C and 10 

C, respectively (Figure 4c). The narrow voltage platform at different rates also reflects the 

excellent charge-discharge reversibility of the Li|DGBE-PEGDA600-DES80|LFP battery 

(Figure 4d). Further increased current-tolerance is obtained in the Li|DGBE-PEGDA600-

DES80|Li cell with the critical current density of 1.08 mA cm-2 (Figure 4e), and long-term 

cycling stability is shown under the relatively high current density of 0.5 mA cm-2 for 300 h 

(Figure 4f). The Li|DGBE-PEGDA600-DES80|Li battery can also steadily cycle for 600 h (0.1 

mA cm-2) without any short-circuit (Figure S19). In addition, the full battery assembled with in-

situ formed DGBE-PEGDA600-DES80 has a high initial discharge capacity of 145.2 mAh g-1 at 

0.5 C and can cycle for 500 cycles with the capacity retention rate of 86.8% (Figure 4g), without 

showing any obvious deteriorating of the voltage platform even after 500 cycles (Figure S20). 

This indicates a good compatibility of this electrolyte with the lithium anode and LFP cathode. 



 18 

Therefore, the flexibility of the branched DGBE-PEGDA600 skeleton permits the assembly of 

pouch cells for practical application. As shown in Figure 4h, the Li|DGBE-PEGDA600-

DES80|LFP pouch cell was assembled and tested. The initial open-circuit voltage delivered by 

the cell, after being charged to the upper cutoff voltage of 4.2 V, was 3.24 V. Abuse experiments 

were then conducted. There was no internal short circuit or failing after a 90o bend, 

demonstrating a satisfactory flexibility and safety of the DGBE-PEGDA600-DES80 electrolyte 

for advanced lithium metal batteries. 

Interfacial Characterization. To gather additional information on the electrolyte-electrode 

interface of the Li|DGBE-PEGDA600-DES80|Li cell, the lithium anode was analyzed by X-ray 

photoelectron spectroscopy (XPS). For comparison, the lithium symmetric battery assembled 

with pure DES was also studied. Both cells were cycled for 100 hours at a current density of 0.1 

mA cm−2. As shown in Figures 5a and 5d, signals attributable to C-F bonds (C 1s, 293.8 eV; F 

1s, 689.0 eV) were clearly observed on the lithium surface of the GPE system, whereas these 

signals were barely visible for the DES system.50 Instead, a strong LiF peak (F 1s) appears at 

685. 0 eV. This phenomenon indicates that there is extensive reduction of the TFSI- and DFOB- 

anions in the DES system to generate LiF. The effect of the DGBE-PEGDA600 matrix to fix the 

anions through interacting with the C-N bonds and the polar carbonyl groups inhibits this 

reduction reaction. Moreover, the introduction of polymer skeleton leads to the formation of 

ROCO2Li in the solid electrolyte interface (SEI) layer by reacting with the lithium anode, which 

is suggested by the observation of a peak (O 1s spectrum) (Figure 5b). The presence of this 

organic component in the SEI layer was further supported by the N 1s spectrum. As shown in 

Figure 5c, the N-containing components in the DES system are mainly derived from the 

decomposition of TFSI- and an extra signal attributable to LixNOy (403.12 eV, N 1s) was 
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detected for the GPE system.  In addition, the higher content of Li2SO3, LiS and S-S derivatives 

in the GPE system than that in DES is attributed to the decomposition of the dissociated SL 

molecules (Figure 5e),51, 52 which are beneficial for stabilizing the electrolyte-electrode 

interface.53, 54 In addition, the use of LiDFOB provides a robust B-containing SEI composition 

(Figure 5f).55 According to the above results, we can clarify that the in-situ fabrication of the N-

containing crosslinked polymer electrolyte not only decreases the drastic reaction between the 

active lithium metal and anions, but also provides helpful organic SEI components. The organic-

inorganic composite SEI layer of GPE exhibits higher stability than the cell interface assembled 

with DES, thus providing excellent long-cycle stability and good interfacial compatibility for 

LMBs.  

 

Figure 5. (a) Substance analysis of the SEI layer of the lithium metal anode in the Li|DGBE-

PEGDA600-DES80|Li cell by (a) C 1s, (b) O 1s, (c) N 1s, (d) F 2p, (e) S 2p and (f) B 1s XPS. 

SEM images of the micromorphology of lithium metal anodes based on (g) DGBE-PEGDA600-

DES80, (h) pure DES and (i) DES without LiDFOB under 100 and 20 μm scales. All the lithium 

anodes were tested after 100 h cycling at the current density of 0.1 mA cm-2. 
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Scanning electron microscopy (SEM) was then used to explore the anode surface 

morphology. As shown in Figures 5g-5i, after the same time of charging and discharging, the 

lithium assembled with GPE shows a smooth and flat surface without any evident dendrite 

growth (Figure 5g), while the lithium anode in liquid DES system exhibits tiny cracks and 

irregularities (Figure 5h). These results further confirm the polymer matrix effect on dendrite 

suppression. When using a DES electrolyte devoid of LiDFOB, evident and uneven protrusions 

appear on the lithium metal surface (Figure 5i), indicating the need of a small amount of 

LiDFOB in the design of the DES component. The results of both XPS and SEM confirm the 

positive effect of the C-N bond-containing polymer on the dendrite suppression and cell stability. 

CONCLUSIONS 

In summary, we have developed a simple and efficient aza-Michael double addition reaction 

catalyzed by lithium salts. The obtained network structure exhibits relatively low crosslinking 

density and Tg. Moreover, the insertion of C-N bonds endows the polyether-based polymer 

electrolyte with additional favorable properties relative to the conventional electrolyte, including 

excellent flame-retardancy, facile ion transport and better compatibility with a polar SL-

containing DES. Hence, a novel and advanced gel polymer electrolyte was prepared by in-situ 

incorporation of the DES into the reaction system. The liquid DES further improves the Li+ 

mobility, and its strong interaction with the nitrogen-containing polymer network enhances the 

interfacial stability. The assembled lithium symmetric battery can withstand a high current 

density (critical current density of 1.08 mA cm-2) and steadily works for 300 h at the current 

density of 0.5 mA cm-2. XPS and SEM were used to determine the constitution and morphology 

of the lithium anode after cycling. In addition, the as-assembled Li/LFP cell could be cycled for 
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500 cycles at 0.5 C with a capacity retention rate of 86.4%, and the resulting flexible pouch cell 

was able to lighten up the bulb even after bending. This study provides an extremely promising 

guide for the structural design of in-situ polymer electrolytes and for the preparation of high-

performance and safe gel PE systems for LMBs. 
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