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ABSTRACT:  Developing solid polymer electrolytes (SPEs) is a promising approach to realize 

practical dendrite-free lithium metal batteries (LMBs). Tuning the nanoscale polymer network 

chemsitry is of critical importance for SPE design. In this work, we take lessons from the rubber 

chemistry and develop a series of comb-chain crosslinker-based SPEs (ConSPEs) using a 

preformed polymer as the multifunctional crosslinker. The high-functionality cross-linker 
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increases the connectivity of nanosized cross-linked domains, which leads to a robust network with 

dramatically improved toughness and superior lithium dendrite resistance even at a current density 

of 2 mA cm-2. The uniform and flexile network also dramatically improves the anodic stability to 

over 5.3 V vs. Li/Li+. Additive-free, all-solid-state LMBs with the ConSPE show high discharge 

capacity and stable cycling up to 10 C rate, and can be stably cycled at 25 °C. Our results show 

that ConSPEs are promising for high-performance and dendrite-free LMBs. 

 

Lithium metal batteries (LMBs) with lithium metal as the anode are regarded as the next-

generation energy storage system due to their high energy density, while the practical application 

is hindered by the active lithium metal/electrolytes reaction and the associated morphology 

including lithium dendrites and orphaned lithium metal at the electrode/electrolytes interface 

during long cycling.1-6 Utilizing solid polymer electrolytes (SPEs) to replace the commonly used 

liquid electrolytes has been proved to be an effective way to suppress the lithium dendrite growth.2, 

7, 8 Compared with liquid electrolytes, some of the crucial advantages of SPEs include leak-free, 

high thermal stability, flexibility, and good processability.2, 7-11 Tremendous efforts have been 

devoted to developing numerous advanced SPE systems while their lithium dendrite resistance at 

high current densities still needs to be further improved to render SPEs a practical choice for future 

LMBs.  

Based on their chain architecture, reported SPEs can be divided into five categories, i.e. main-

chain, side-chain, block copolymer, multiblock copolymer, and network SPEs.12-22 Studies have 

shown that all these architectures can be used to tune mechanical properties and ionic conductivity 

of the SPEs. However, symmetrical lithium cell cycling tests demonstrated that the classical main-
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chain, side-chain, and block copolymer SPEs suffer from poor lithium dendrite resistance, which 

can be attributed to their limited physical chain entanglements and that these SPEs are susceptible 

to plastically deform at large strain. On the other hand, network SPEs, although with a moderate 

shear modulus, perform the best in reported device tests,2, 7, 23-25 which suggests that the permanent 

chemical crosslinking in the network SPEs mitigates potential chain disentanglement induced by 

the large volume change of the electrodes during cycling and creeping, leading to enhanced device 

performance. 

Multi-functional monomers (functionality f ≥3) are typically introduced to a reaction system to 

form a chemically crosslinked network following either an addition chain polymerization or a step-

growth polymerization mechanism.26, 27 For additional chain polymerization, polyethylene-poly 

(ethylene oxide) (PEO)-based SPEs were synthesized using ring-opening metathesis 

polymerization followed by hydrogenation.24 Photopolymerization of acrylate-terminated PEO to 

form solid or gel SPEs have been reported.7, 25, 28 For step-growth polymerization, epoxide-bearing 

polyhedral oligomeric silsesquioxane (POSS) crosslinkers have been used to crosslink diamine 

poly(ethylene glycol) (PEG) using a one-pot, single step polymerization procedure.18, 29-32 In all 

these SPEs, small crosslinked domains firstly grow and then connect to form the network. 

Inevitably there can be heterogeneity as the isolated cross-linked domains grow and merge into a 

macroscopic network (Scheme 1a). The typically small molecular mesh size associated with this 

method also leads to a relatively rigid network system. Designing an SPE to accommodate large 

volume change, therefore, calls for a highly deformable and elastic polymer system. 

Another method to form network structure is crosslinking pre-formed polymers, such as sulfur 

vulcanization of natural rubber.26, 27 The preformed polymer ensures controlled viscosity and a 

uniform network structure with a large design space to tune the mesh size, elasticity, and toughness 
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of the material as demonstrated in highly elastic and deformable polymer rubbers. In this work, 

following the strategy of rubber chemistry, we introduce a macromolecular crosslinker, poly 

(glycidyl methacrylate) (PGMA), with epoxy side groups to form a series of comb-chain 

crosslinker-based network SPEs (ConSPEs). As shown in Scheme 1b, because of the comb-chain 

architecture, each polymer has many epoxide functional groups for the crosslinking reaction — 

for a molar mass of 15,000 g mol-1 PGMA, 106 epoxide groups are available for further 

crosslinking/functionalization! These groups can easily react with the amine chain ends from PEG. 

Due to the large number of functional groups, gelation occurs much earlier in ConSPEs compared 

with previous reported network SPEs. According to the gelation theory, the critical branching 

coefficient 𝛼𝑐 =
1

𝑓−1
, where f is the functionality, 8 for the previously reported POSS network 

SPE and 106 for the PGMA comb-chain crosslinker.18 𝛼𝑐 for these two networks are therefore 

0.14 and 0.0095, respectively. This dramatic 𝛼𝑐 difference suggests that it is much easier to gel 

in a ConSPE, leading to a fixed homogeneous morphology. Furthermore, the enhanced initial 

viscosity and retarded diffusion kinetics associated with the large molar mass of comb-chain 

crosslinker delay phase separation and a homogeneous phase will be more readily obtained in the 

ConSPEs. Meanwhile, the flexibility of the PGMA chains further enhances the toughness of the 

ConSPE membranes.  

In this work, PGMA-based ConSPEs are synthesized using a facile one-pot method. The 

chemical, thermal, mechanical, and electrochemical properties of the ConSPEs are carefully 

characterized. The correlation between the network structure and ConSPE performance is 

thoroughly researched by preparing a series of ConSPEs with different crosslinking densities and 

network mesh sizes through changing the PGMA monomer/PEG molar ratio and PEG molar mass, 

respectively. The prepared PGMA-PEG ConSPEs exhibit superior overall properties and 
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improved LMB device performance compared with the state-of-the-art SPEs with an ionic 

conductivity of 1.31×10-4 S cm-1 at 40 °C, high electrochemical stability over 5.3 V vs. Li/Li+, 

excellent toughness, excellent lithium dendrite resistance up to 2 mA cm-2, and superior battery 

performance at a wide temperature range from 25 °C to 90 °C.  

 
Scheme 1. Schematics of network formation. (a) Network formed from small molar mass 

crosslinker (gray dots); (b) Network formed by a comb-chain crosslinker. 

 

As shown in Scheme 1, the homogeneously crosslinked network of PGMA-PEG ConSPEs 

(denoted as xPGMA-PEGn, in which x denotes the molar ratio of PGMA monomer/PEG, and n is 

the PEG molar mass, as shown in Table 1) was formed by the reaction between epoxy groups 

from PGMA and amine groups from amine-terminated PEG. Lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) (molar ratio of EO/Li+ = 16) with high ionic 

conductivity and thermal stability9 was employed as the lithium salt. The obtained ConSPE 

membranes are transparent and flexible, with a smooth surface as observed from photographs and 

scanning electron microscopy (SEM) image in Figure S1. Fourier transform infrared (FTIR) 
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spectra (Figure S2) indicate that all the ConSPE samples are highly crosslinked since the majority 

of epoxy groups have reacted after crosslinking.  

Thermal properties of the as-prepared PGMA-PEG ConSPEs were evaluated using differential 

scanning calorimetry (DSC) and thermal gravimetric analysis (TGA), and the results are shown in 

Figure 1a and Figure S3, respectively. The glass transition temperature, Tg, and the degree of 

crystallinity, Χc, of the ConSPE samples are listed in Table 1. Tg of PGMA homopolymer is 62 

°C. For ConSPEs, due to the large PEG content, PEG dominates the system. The ConSPE Tgs 

range from -47.2 to -39.1 °C and it decreases with the EO content in the network. There is no PEG 

crystallization peak for the two ConSPE samples with PEG2k, indicating that the PEG 

crystallization was completely suppressed after crosslinking. For ConSPEs with PEG6k, DSC 

heating curves show a recrystallization exothermic peak before crystal melting. The endothermic 

melting peaks are located between 32 °C and 33 °C, which are much lower than the melting 

temperatures of PEG2k and PEG6k homopolymers, suggesting poor crystalline structure in the 

ConSPEs. The degree of crystallinity Χc of ConSPE samples can be calculated from the equation 

𝛸𝑐 = (Δ𝐻𝑚 − Δ𝐻𝑐)/(Δ𝐻𝑚,0 × 𝑤))       (1) 

in which ΔHm, ΔHc, ΔHm,0 and w denote the ConSPE melting enthalpy, enthalpy of 

recrystallization, the melting enthalpy of a 100% crystalline form of PEO (196.6 J g-1),33 and the 

PEG weight percentage in the ConSPE, respectively. Relatively low 𝛸cs of 14.5% and 15.6% are 

found for these two ConSPEs as shown in Table 1, suggesting that a small portion of the PEG is 

crystallized in the sample. From the TGA curves shown in Figure S3, it can be seen that thermal 

decomposition temperatures T5% (temperature when 5% weight loss occurs) for the PGMA-PEG 

ConSPEs are between 325 °C and 351 °C, confirming its high thermal stability, which is crucial 
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for high temperature applications as well as mitigating the safety hazard triggered by thermal 

runaway.34 

 

 
Figure 1. Thermal and electrochemical properties of PGMA-PEG ConSPEs: (a) DSC second 

heating thermograms; (b) temperature dependence of ionic conductivities (ionic conductivities of 

POSS-4PEG2k and MPEG2000 are from Ref. 30 and 35, respectively); (c) comparison of ionic 

conductivities at 25 °C, 40 °C and 90 °C, and EO weight ratio in the network; and (d) LSV curves 

(LSV curve of POSS-4PEG2k is from Ref. 30). 
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Table 1. Characteristics of PGMA-PEG ConSPEs. 

ConSPE 
EO wt/% in 

network 

EO wt/% in 

ConSPE 
Tg [°C] Χc [%] 

Ionic conductivity [mS cm-1] Oxidation 

potential 

[V] 

tLi+ 

25 °C 40 °C 90 °C 

2PGMA-PEG2k 87.2 64.3 -42.9 – 0.021 0.066 0.854 5.3 0.188 

4PGMA-PEG2k 77.3 58.6 -39.1 – 0.003 0.012 0.203 5.5 0.150 

2PGMA-PEG6k 95.5 68.7 -47.2 15.6 0.033 0.131 1.22 5.5 0.234 

4PGMA-PEG6k 91.3 66.6 -46.0 14.5 0.025 0.092 1.02 5.7 0.172 

 

 

Ionic conductivities of PGMA-PEG ConSPEs were measured using AC impedance 

spectroscopy. Figure 1b and Table 1 show that the ionic conductivities increase with temperature, 

and the curves can be fitted with the Vogel−Tammann−Fulcher (VTF) equation (Figure S4, Table 

S1), demonstrating that the ion transport in PGMA-PEG ConSPEs is facilitated by polymer chain 

reptation.36 EO weight ratio in the network and ionic conductivities at 25 °C, 40 °C and 90 °C for 

the ConSPEs are listed and plotted in Table 1 and Figure 1c. For all the ConSPE samples, with 

the increase of EO weight ratio in the network, the ionic conductivity increases and the activation 

energy decreases, which is because PEG acts as the lithium ion solvating medium, and increasing 

the PEG content could decrease Tg and also increase the number of dissociated ions since the EO/Li 

molar ratio remains constant. Among all the ConSPEs, 2PGMA-PEG6k shows the highest ionic 

conductivity of 1.31×10-4 S cm-1 at 40 °C and 1.22×10-3 S cm-1 at 90 °C, which are comparable to 

the state-of-the-art all-solid-state SPEs,18, 24 composite37, 38 and plasticized25, 39 polymer 

electrolytes. Compared with poly(ethylene glycol) methyl ether (MPEG, Mn = 2k)-LiTFSI SPE,35 
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PGMA-PEG ConSPEs show similar ionic conductivities at high temperature (≥ 50 °C) and one 

order of magnitude higher below 40 °C, which is due to the suppression of PEG crystallization as 

confirmed by DSC results. Moreover, ionic conductivities of the previously reported POSS-

4PEG2k SPE18, 30 are plotted in Figures 1b,c for comparison. The 2PGMA-PEG2k ConSPE with 

the same epoxy/amine ratio and PEG molar mass exhibits 1.3-1.8 times higher ionic conductivities 

than POSS-4PEG2k, which can be attributed to the higher EO weight ratio in the network (87.2% 

vs. 80.0% for POSS-4PEG2k).  

The electrochemical stability is evaluated by linear sweep voltammetry (LSV). As shown in 

Figure 1d and Table 1, compared with linear PEO-based SPEs and POSS-4PEG2k SPE (4-4.5 

V),30, 40 the anodic stability of the ConSPEs dramatically enhances to over 5.3 V vs. Li/Li+, and 

increases with the increase of PGMA content, which could be attributed to the robust cross-linking 

network structure and the ester groups in PGMA that act as a protective layer for EO groups.41 The 

higher anodic stability of ConSPEs with PEG6k compared to those with PEG2k is likely due to 

less terminal groups that are unstable at high voltage.42 The remarkable electrochemical stability 

enables the combination of ConSPEs with high-voltage cathodes (LiNixMnyCo1-x-yO2, LiCoO2, et 

al.) for high-energy-density LMBs. The lithium ion transference numbers tLi+ of PGMA-PEG 

ConSPEs are between 0.150 and 0.234 (Figure S5, Table 1), which are typical for PEO-based 

SPEs.8, 18, 43 

Sufficient mechanical strength is essential for successful battery applications and lithium 

dendrite growth resistance44 during repeated cycling in LMBs. The mechanical properties of 

PGMA-PEG ConSPEs were investigated by tensile tests at both 25 °C and 90 °C, and the results 

are shown in Figure 2 and Table S2. For ConSPEs with PEG2k, there is no significant change 

from 25 °C to 90 °C since PEG crystallization is completely suppressed. While for ConSPEs with 
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PEG6k, due to partial crystallization of PEG, the modulus and toughness decrease when the 

temperature rises to 90 °C. When increasing the PEG molar mass from 2k to 6k g mol-1, ConSPE 

modulus decreases while its elongation-at-break and toughness significantly increase. 4PGMA-

PEG6k ConSPE shows the highest toughness at both 25 °C and 90 °C. The mechanical properties 

of the POSS-PEG SPE are also listed in Table S2 for comparison. The toughness of 2PGMA-

PEG2k ConSPE is 5.6 times that of the POSS-4PEG2k SPE with the same epoxy/amine ratio and 

PEG molar mass, which confirms our strategy that employing high-functionality PGMA as the 

cross-linker would generate a more robust network. 

 
Figure 2. Stress-strain curves for (a) 4PGMA-PEG2k, (b) 2PGMA-PEG2k, (c) 4PGMA-PEG6k, 

and (d) 2PGMA-PEG6k at 25 °C and 90 °C. 

 

Lithium plating-stripping tests were employed to evaluate the lithium deposition stability and 

the lithium dendrite resistance of the PGMA-PEG ConSPEs. As shown in Figure 3, symmetrical 



 11 

lithium cells with the 4PGMA-PEG6k ConSPE exhibits a short circuit time tsc of 580 h when 

cycled at 90 °C under the current density of 1 mA cm-2 with an areal capacity of 3 mAh cm-2, and 

266 h under 2 mA cm-2 with 2 mAh cm-2. Even at 25 °C, the cell is able to deliver stable cycling 

under the current density of 0.05 mA cm-2 with the areal capacity of 0.05 mAh cm-2 for over 6000 

h, indicating high stability with lithium and excellent lithium dendrite resistance of the ConSPE. 

Figure S6 shows the time-voltage profiles for the other three ConSPEs. All samples exhibit stable 

lithium plating-stripping behavior over 100 h at 90 °C under 1 mA cm-2 with the areal capacity of 

up to 3 mAh cm-2. In the previous study, tsc is proved to be proportional to the SPE thickness.45 

Therefore, the tsc values from previous literatures and in this work are normalized using a thickness 

of 100 μm as the benchmark. While plotting normalized tsc versus ConSPE modulus, a bell-shaped 

curve is seen in Figure 3d, indicating an optimum modulus for cell cycling, which is consistent 

with our previous report.46 The plotting of normalized tsc versus ConSPE toughness (Figure 3d) 

indicates that the normalized tsc monotonically increases from 208 h to 315 h as the ConSPE 

toughness changed from 0.03 to 1.08 MJ m-3. This confirms our hypothesis that rather than 

modulus, toughness which reflects both strength and extensibility39 plays an important role in 

lithium dendrite resistance. 

The short circuit time tsc of ConSPEs is compared with the previously reported SPEs with 

different molecular architectures, as shown in Figure 3e. The 4PGMA-PEG6k ConSPE shows 

better performance than linear PEO SPEs,47 copolymer SPEs20, 48 and other cross-linked SPEs.18, 

24, 30, 32, 49 In particular, it demonstrates impressive performance at a high current density, which is 

desired for future LMB applications.  
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Figure 3. Time-voltage profiles of symmetrical lithium cells with the 4PGMA-PEG6k ConSPE 

(a) at 90 °C and 1 mA cm-2 with an areal capacity of 3 mAh cm-2, (b) at 90 °C and 2 mA cm-2 with 

an areal capacity of 2 mAh cm-2, and (c) at 25 °C and 0.05 mA cm-2 with an areal capacity of 0.05 

mAh cm-2. (d) Correlation of normalized short-circuit time tsc for Li/ConSPE/Li cells (1 mA cm-2, 

3 mAh cm-2, at least two cells were tested for each ConSPE and the average values were used) 

with ConSPE toughness and modulus. (e) Comparison of normalized short-circuit time tsc for 

4PGMA-PEG6k ConSPE developed in this work with the state-of-the-art SPEs. 

 

The surface chemistry of lithium in the symmetrical Li/4PGMA-PEG6k/Li cell after cycling was 

examined by X-ray photoelectron spectroscopy (XPS), and the spectra for C 1s, O 1s, and F 1s are 

shown in Figure S7. The signals for N 1s and S 2p are too weak to be analyzed. The lithium 
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surface contains similar components (C-C, C-OR, LiF, Li-OR, Li2CO3) to Li/PEO-LiTFSI SPE 

surface50 with strong LiF and Li2CO3 signals and less salt degradation products (Li2S, Li2S2, 

Li2SO3, Li3N) compared to Li/POSS-PEG SPE surface,46 which is attributed to the more integrated 

and robust PGMA-PEG network. Compared with the spectra before etching, the spectra after 

etching with Ar ion gun (1 kV for 1 min), which correspond to the inner SEI composition, show 

higher content of inorganic species LiF, LiOH and Li2CO3, and lower content of aliphatic carbon 

(C-C) and ether carbon (C-OR) from the polymer, exhibiting a construction similar to the mosaic-

type SEI model.51 COOR mainly derived from the decomposition of the ester group in PGMA also 

increases after etching, which may form a protective layer together with the inorganic species to 

protect the lithium anode and prevent the further decomposition of the lithium salts. 

Since the 4PGMA-PEG6k ConSPE sample shows high ionic conductivity, good electrochemical 

stability, and outstanding mechanical strength, it was chosen for further LMB performance study. 

Because of the excellent mechanical toughness of the 4PGMA-PEG6k sample, an ultra-thin self-

standing membrane with a thickness of about 20-30 μm was obtained. Thin SPEs are desired to 

improve the energy and power density of LMBs.52 Since there is limited room for SPE conductivity 

improvement due to the chain reptation nature, thinner SPE membranes with lower SPE resistance 

can compensate for the relatively low SPE conductivity. Current ultrathin SPE membranes are 

obtained using a porous fiber scaffold infiltrated with polymer electrolytes.52 In our ConSPE, the 

increased initial viscosity and chain entanglement before crosslinking significantly improve the 

processability of the SPE, which enables ~20 µm SPE fabrication. 
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Figure 4. Full battery performance of ConSPE-based full cells. (a-g) Li/LiFePO4 battery 

performance for the 4PGMA-PEG6k ConSPE: (a) discharge capacity and CE, and (b) charge-

discharge curves under different current rates at 90 °C; (c) discharge capacity and CE at 90 °C 

under a 1 C rate; (d) discharge capacity and CE at 25 °C under a 0.1 C rate; SEM images of lithium 

anode surface (e) before and (f-g) after rate tests at 90 °C. (h-i) Li/LiNi0.6Mn0.2Co0.2O2 battery 

performance of 4PGMA-PEG6k ConSPE at 90 °C under a current density of 20 mA g-1: (h) 

discharge capacity and CE, (i) charge-discharge curves for the 1st and 50th cycles. 
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Li/LiFePO4 batteries were assembled using the ultra-thin 4PGMA-PEG6k ConSPE sample and 

cycled at different temperatures. Figures 4a,b show the battery performance at 90 °C under 

different current rates. The battery can deliver successful cycling even when the current rate 

reaches up to 10 C, and the discharge capacity reaches about 157, 152, 139, 129, 108 and 59 mAh 

g-1 under the current rates of 0.2 C, 0.5 C, 1 C, 2 C, 5 C, and 10 C, respectively, with stable cycling 

for each current rate. The discharge voltage plateau located at 3.4, 3.4, 3.38, 3.37, 3.3, and 3.18 V 

vs. Li/Li+, exhibiting typical characteristics of Li/LiFePO4 battery.32, 53, 54 When cycled under a 1 

C rate, the battery delivers stable discharge capacity with a capacity retention of 86.4% after 200 

cycles (Figure 4c), and the average Coulombic efficiency (CE) is 99.5%, revealing remarkable 

stability of the battery system. The discharge capacities for the battery at 50 °C are 138, 119, and 

108 mAh g-1 under 0.2 C, 0.5 C, and 1 C (Figure S8), and remain stable in the continuous cycling. 

Moreover, the ultra-thin ConSPE membrane enables successful cycling at a low temperature of 25 

°C, with a discharge capacity of about 120 mAh g-1 at 0.1 C rate, and capacity retention of 92.2% 

after 140 cycles. SEM images of lithium anode surface after cycling at 90 °C (Figures 4e-g) show 

a compact nodular morphology without the presence of lithium dendrites, confirming the excellent 

lithium dendrite resistance of ConSPEs. Compared with previously reported SPEs,18, 30, 46, 55-57 the 

ConSPE developed in this work delivers comparable or better performance at 90 °C, and the 

discharge capacity for the ConSPE at 50 °C is even higher than the reported data obtained at 60 

°C.  

Owing to the excellent anodic stability of 5.3 V vs. Li/Li+, the PGMA-PEG ConSPE can also 

achieve stable cycling for LMBs using high-voltage LiNi0.6Mn0.2Co0.2O2 cathode58-60 (Figures 4h-

i). The Li/LiNi0.6Mn0.2Co0.2O2 battery with the 4PGMA-PEG6k ConSPE exhibits an initial 
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discharge capacity of about 160 mAh g-1 at 90 °C under the current density of 20 mA g-1, with a 

capacity retention close to 80% after 50 cycles, showing that the prepared PGMA-PEG ConSPEs 

have great potential for high-energy-density LMBs.  

In summary, in this work, a series of solid polymer electrolytes were prepared using comb-chain 

PGMA as the cross-linker. The novel nanoscale network structure dramatically improves the 

network mechanical properties, which is demonstrated to be critical to lithium dendrite resistance. 

The ConSPEs show an impressively high ionic conductivity of 1.31×10-4 S cm-1 at 40 °C with 

excellent thermal stability and anodic stability. Li/LiFePO4 batteries with the ConSPE deliver high 

discharge capacity and good cycling performance up to 10 C rate. The battery also allows stable 

cycling at 25 °C. In addition, stable cycling could be achieved for Li/LiNi0.6Mn0.2Co0.2O2 batteries 

with the ConSPE, exhibiting the great potential for the ConSPE in high-energy-density LMBs. 

These remarkable results reveal that the newly developed PGMA-PEG ConSPE is a promising 

electrolyte system for high-performance and dendrite-free LMBs. 
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