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ABSTRACT: The simultaneous boosting of the ionic conductivity and the mechanical strength 

of an ionogel electrolyte is hindered by its entrapped electrolyte. Herein, we report a promising 

strategy to boost the mechanical strength of an ionogel by coating it with an ultrathin layer of 

polyanions and polycations via layer-by-layer (LbL) assembly. The essence of our strategy is to 

make use of the intrinsic ionic structure of an ionogel membrane for facile LbL construction of a 

membrane electrolyte interface.  The resulting ultrathin LbL coating enhanced the mechanical 

strength of the electrolyte five-fold while maintaining its high ionic conductivity (~10-4 S cm-1 at 

10 °C). The preliminary Li||LbL-Li-Naf||LFP cell experiments exhibit promising electrochemical 

performance. This result is a significant development that will lead to the fabrication of robust 

membranes with liquid-like conductivity for lithium metal batteries. 
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Lithium-ion batteries (LIBs) dominate the current market for energy storage devices.1-2 

To help satisfy ever-growing energy demands, extensive research has been carried out to 

optimize the performances of each LIB component.3-5 Unfortunately, the current state of the art 

cannot solve the safety problems of LIBs; and the demand for high energy density necessitates 

the use of metallic lithium anodes, which further undermine safety.6 The major issue for lithium 

anodes is the formation of lithium dendrites during cell operation, which leads to a short-

circuiting, explosion, and other problems. 

The development of safer batteries with high energy density requires replacing 

flammable liquid electrolytes with solid electrolytes. Thus, it is necessary to develop solid 

electrolytes that are high in ionic conductivity, mechanically robust, electrochemically stable, 

and electrode-compatible so that they can be used to replace liquid electrolytes.7-9 Glass/ceramic 

electrolytes,10 solid polymer electrolytes (SPEs),11 and composite electrolytes9 have been 

investigated for potential use. Although the ionic conductivity of ceramic electrolytes is 

adequate, their significantly considerable interfacial resistance and brittle nature hinder their 

practical application.12 On the other hand, SPEs attract attention because they are flexible and 

cost-effective and could be easily scaled up by industry. However, their mediocre mechanical 

properties and lower ionic conductivity have hindered their practical use. A hybrid of a ceramic 

and SPE called “composite electrolytes” can enhance the ionic conductivity while maintaining 

flexibility and mechanical strength.13 However, none of these efforts has been fruitful in 

achieving ionic conductivity comparable to that of liquid electrolytes. High ion conduction has 

been possible in gel electrolytes only at the expense of mechanical strength, as ionic conductivity 

and mechanical strength are inversely coupled.  
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Organic solvents; room-temperature ionic liquids; inorganic particles such as alumina, 

silica, hollow silica nanospheres, and metal-organic frameworks have been doped into the 

polymer matrices to increase the ionic conductivity of polymer gel electrolyte / ionogel.14-16 The 

incorporation of inorganic particles does improve the mechanical properties of polymer 

electrolytes. However, it requires that more electrolytes be doped into the polymer membrane, 

which decreases the mechanical strength even in the presence of inorganic particles. Among the 

different strategies proposed, confining ionic liquids into the nanocavities of hollow silica 

nanospheres has shown promising mechanical strength enhancement along with high ionic 

conductivity17, but the mechanical rigidity of the membrane has remained insufficient to 

suppress the formation of lithium dendrites. Therefore, it is essential to develop a strategy that 

simultaneously boosts the ionic conductivity and mechanical rigidity of the polymer gel 

electrolyte. If suitable polymer gel / ionogel electrolytes could be fabricated, they would increase 

the energy density and safety of lithium metal batteries (LMBs). G. Decher18 first described the 

fabrication of multilayer polyelectrolytes by the sequential adsorption of polyanions and 

polycations, called LbL assembly. Subsequently, the LbL approach was applied to fabricating 

composite membranes for use in device production, sensors, biomedicine,19 separations,20 

conducting films,21 osmosis and nanofilters for water desalination,22 and fuel cells.23 The strong 

electrostatic attractive force between polyanions and polycations makes the membrane 

fabrication process simple and straightforward and results in mechanically robust membranes. 

The fabrication of the LbL membrane was only carried out on the charged substrate to 

date.  Herein, for the first time, we propose a promising strategy to enhance the mechanical 

strength of an ionogel electrolyte while maintaining high ionic conductivity by coating the 

membrane with ultrathin layers of polyanions and polycations via LbL assembly on the neutral 
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polymer matrix (Scheme 1). The strong electrostatic interaction between polyanions and 

polycations increased the mechanical strength without affecting the ionic conductivity. A 

pseudo-solid polymer membrane electrolyte was fabricated beginning with an ionogel made by 

blending the ionic liquid 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonimide) 

(BMPy-TFSI) with a lithium bis(trifluoromethanesulfonimide) salt (LiTFSI) in a matrix of 

poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-co-HFP). The mechanical strength of 

that membrane was then enhanced by an ultrathin coating of polyanions (lithiated Nafion [Li-

Naf], lithiated polystyrene sulfonate [Li-PSS]) and a polycation (poly diallyldimethylammonium 

chloride) laid down alternately in an LbL approach. 

 

Scheme 1. Schematic representation of reinforcing the mechanical strength of ionogel 

electrolytes by coating ultrathin layers of polyanions and polycations in both directions linearly 

via LbL assembly. 

Figure 1a is a scanning electron microscopy (SEM) image of the surface morphology of 

the original ionogel membrane showing the porous structure that facilitated lithium-ion 

conduction. The formation of the porous structure may have been due to the phase separation 

caused by the moisture present in the surface during the evaporation of the solvent at ambient 
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conditions. Figures 1b and 1c show the morphology of LbL-LiPSS and LbL-LiNaf, which also 

preserve the porous structure of the ionogel. SEM images show the polyanion–polycation layer 

coated on the surface, which was verified by morphological change and mechanical strength 

testing. An FT-IR spectroscopy study reveals that the LbL coated membrane becomes 

hydrophobic (absence of OH stretching band ~3600-3400 cm-1) due to electrostatic interaction 

between polyanions and polycations (Figure S1). The absence of absorption band at 1640 cm-1 

due to interaction between LiTFSI and polyvinylidene-co-hexafluoropropylene (PVDF-co-HFP) 

indicates the electrostatic interaction between polyanions, polycations, LiTFSI, BMPy-TFSI 

(IL). The drop in intensity of the peak at ~1400 cm-1 (scissoring vibration of vinylidene group), 

870 cm-1 (combined -C-C- and CF2 symmetric stretching vibration), and 830 cm-1 (mixed CH2 

rocking mode) indicate the electrostatic interaction between polyanion, polycation, PVDF-co-

HFP backbone, ILs, and LiTFSI. 

 

 

 

Figure 1. Scanning electron microscope images of (a) Ionogel membrane, (b) LbL-LiPSS, and 

(c) LbL-LiNaf. 

Mechanical strength is the most crucial factor in suppressing lithium dendrite formation 

in lithium metal anodes. Because a large amount of plasticizer (ionic liquid) was present in the 

original ionogel electrolyte, it exhibited low mechanical strength, making it unsuitable for 

application in LMBs. Figure 2 shows that the tensile strength of the LbL analogs was higher 

than that of the original electrolyte, even with a nanometer range coating on the gel electrolyte 

a b c 
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surface. The increase in the mechanical strength was expected and may be attributed to the 

strong electrostatic interaction between the layers of the oppositely charged polymer ions. As a 

result of the strong electrostatic interaction between the polyanions and polycations, the coated 

ionogel membrane behaved like a self-standing solid membrane, as was verified by enhanced 

tensile strength measurement. Changing the polyanion from LiPSS to LiNaf further improved the 

mechanical strength, possibly because Nafion has a more robust structure. Surprisingly, LbL 

coating increases the elastic behavior of the electrolyte membrane with increased tensile 

strength. This may be the reason for the observed ionic conductivity of the LbL reinforced 

ionogel comparing with starting ionogel. The elastic behavior of the membrane is beneficial for 

the smooth operation of the battery during extreme external force acting on it as the elastic nature 

of the membrane help make contact between the electrodes when force is released. 

 

Figure 2. Tensile strength measurements of polymer gel, LbL-LiPSS, and LbL-LiNaf on a TA 

Q800 DMA analyzer using the controlled force method with a force ramp rate of 0.1 N/min. 
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The temperature dependencies of the ionic conductivities of the starting ionogel, the LbL-

LiPSS, and LbL-LiNaf membranes were measured by broadband dielectric spectroscopy (see 

Supplementary materials) and are presented in Figure 3 (a). 

 

Figure 3. (a) Temperature dependencies of ionic conductivity of an ionogel, LbL-LiPSS, and 

LbL-LiNaf (square symbols) and corresponding VFT fitting curves (solid lines); (b) Linear 

sweep voltammetry of Li || LbL-ionogel || Pt cell at a scan rate of 10.0 mV/s. 

The ionic conductivities of the membranes treated with the LbL coating exhibited Vogel-

Fulcher-Tammann (VFT) behavior 𝜎𝜎 = 𝜎𝜎0exp (−𝐵𝐵/(𝑇𝑇 − 𝑇𝑇0)); their fitting parameters are given 

in Table S1. The LbL coating not only enhanced the mechanical strength but also trapped the 

plasticizer (ionic liquids) of the ionogel and prevents it from leaking (~5 weight % loss of ILs 

during LbL assembly formation) and maintains the high ionic conductivity of the gel membrane. 

The enhancement of the mechanical strength by the LbL coating had a small effect on the ionic 

conductivity of the ionogel electrolyte, probably because of enhanced elasticity of the membrane 

indicating the better segmental motion of the polymer matrix. At 10 °C, the ionogel exhibited 

1.49 × 10−4 S cm−1 ionic conductivity, whereas the mechanically robust membrane coated with 



 9 

LbL-LiPSS and LbL-LiNaf, exhibited ionic conductivities of 1.45×10−4 S cm−1 and 1.35× 10−4 S 

cm−1, respectively, which are slightly smaller than that of the uncoated gel membrane. The 

temperature dependencies of ionogel and 0.5 m LiTFSI/BMPy-TFSI electrolytes were plotted in 

Figure S2, which shows the lower ionic conductivity of 0.5 m LiTFSI/BMPy-TFSI electrolytes is 

due to the crystallization at a lower temperature. The Fitting of the temperature-dependent ionic 

conductivity by the VFT equation shows the lower activation energy correlated with higher ionic 

conductivity24(see Table S1). This result demonstrates that the LbL coating is a promising 

approach for enhancing the mechanical strength without affecting the liquid-like conductivity of 

polymer gel electrolytes. 

Lithium-ion transference number (tLi+) was measured by using DC polarization and AC 

impedance spectroscopy. Figs. S3 & S4 show the polarization curves and the impedance spectra 

of the initial and steady-state of LbL-LiNaf and ionogel, respectively. The tLi+ is calculated to be 

~0.12 and ~ 0.04 for LbL-LiNaf and ionogel, respectively. The tLi+ value of ionogel is similar to 

those measured by using a pulsed-field gradient NMR method for 0.5M LiTFSI solutions in 

different imidazolium ionic liquids.25 The higher tLi+ value of LbL-LiNaf than that of ionogel 

indicates that electrostatic interaction between polyanions and polycations might play a role in 

decoupling Li cation from its counter anion as well as limiting the migration of the latter. 26 

The LbL coating not only enhanced the mechanical rigidity of the gel electrolyte 

membrane but also significantly improved its electrochemical stability window. Figure 3b 

shows the linear sweep voltammograms of the ionogel before and after its mechanical strength 

was reinforced via the LbL coating. The uncoated electrolyte exhibited a much higher current 

when the voltage was higher than 4.5 V, whereas the membrane coated with both LbL-LiPSS 

and LbL-LiNaf showed oxidation after 5.5 V. The instability of the electrolytes at high potentials 
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is due to the anodic decomposition of the anions27-28. Therefore, extended electrochemical 

stability of the LbL membrane can be attributed to the unavailability of the anions as they were 

trapped by mechanically robust electrostatic interaction between polycations and polyanions. 

This result clearly suggests that the LbL coating enhanced the electrochemical stability of the 

electrolyte and that such a mechanically reinforced electrolyte membrane is useful for high-

voltage battery operation. 

Li||LbL-LiNaf||Li symmetrical cells were periodically charged and discharged at constant 

current density (0.1 mA/cm−2) at 60 °C and 30 °C to investigate the interfacial compatibility and 

mechanical stability of the LbL membranes against lithium dendrites. Figure 4 shows the stable 

voltage profile with no voltage drop after 590 h, suggesting that the LbL-coated membranes 

exhibit excellent interfacial and mechanical stability toward lithium metal, which is the critical 

factor for long term-operation without short-circuiting. A similar trend was observed with a 

higher voltage profile (Figure S5 at 30 °C) that may be due to lower conductivity at that 

temperature.  

 

Figure 4. Cyclic performance of Li||LbL-LiNaf||Li cells at a current density of 0.1 mA cm-2 at 60 

°C. 
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The cyclic voltammetry of  Li||LbL-LiNaf||Al at 0.1 mV s-1  scan rate exhibits that the 

LbL-LiNaf|Al interface becomes stable after the first scan because of the formation of a 

passivating layer of AlF3 via oxidation of Al (Figure S6a), indicating no significant reaction 

between LbL-LiNaf and Al.  The cyclic voltammetry of Li||LbL-LiNaf||LFP at 0.04 mV s-1 scan 

rate (Figure S6b) exhibits the oxidation/reduction peaks at 3.63/3.34 V vs. Li/Li+, indicating the 

typical LFP cathode chemistry. 

Finally, we tested Li ||LbL-LiNaf||LFP as an all-solid-state cell configuration with lithium 

metal as the anode, LbL-coated membrane, as a solid-state electrolyte, and lithium iron 

phosphate (LFP) as the cathode. Figure S7a and S7b show the cycling performances of the cells 

at a 0.1 C scan rate at 60 °C and the charge-discharge profiles for the 1st, 2nd, 10th, and 80th 

cycle. In the voltage profiles, clear plateaus are observed at around 3.48 V, indicating the typical 

LFP cathode voltage profiles. The Li||LbL-LiNaf||LFP cell exhibits overpotentials of slightly 

higher than 120 mV during the first cycle, and overpotentials drop to 100 mV for the subsequent 

cycles at a 0.1 C scan rate, indicating the fast lithium kinetics within the LFP cathode facilitated 

by the high ionic conductivity of the LbL membranes. The capacity and coulombic efficiency 

initially increases and becomes stable with cycling, a characteristic property of polymer 

electrolytes due to activation of the cathode materials and formation of solid electrolyte 

interphase.29-30 After 85 cycles, the Li||LbL-LiNaf||LFP cell delivered a reversible capacity of 

150 mAh g−1 with 99.9 % coulombic efficiency. This preliminary testing in a solid-state cell 

configuration for LMBs indicates that this novel approach of reinforcing the mechanical strength 

of the gel electrolytes using the LbL approach can improve the electrochemical performances of 

LMBs. The properties of the membranes can be enhanced by tuning the coating layers, selecting 

different polyanions and polycations, and modifying the composition (e.g., using different 
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polymer matrices, varying the types and amounts of ionic liquids) of the gel electrolyte, which 

optimizes the membrane properties and could pave the path for the commercialization of LMBs.  

Electrochemical impedance spectroscopy (EIS) analysis shows that Li||LbL-LiNaf||Li 

exhibited excellent electrode compatibility, as shown in Figure S8a. Impedance spectra 

exhibited that interfacial resistance decreased over the cycling time. EIS spectra of Li||LbL-

LiNaf||LFP (Figure S8b) show the lower and stable interfacial resistance indicating the excellent 

electrode compatibility of the LbL-LiNaf. These results clearly indicate that LbL-LiNaf is 

mechanically robust and electrode-compatible to stabilize the cell, preventing from short-

circuiting in long term battery cycling. 

After cycling Li||LbL-LiNaf||Li at 0.1 mA cm-2 at 60 °C for 500 hrs, the cells were 

disassembled inside an argon-filled glovebox, and the cell components (lithium, SCPEs, LbL-

LiNaf) were investigated by SEM (Fig. S9). Figures S (a, b, and c) exhibit no noticeable surface 

defects and very smooth LbL-LiNaf before and after the cycling indicating that LbL-LiNaf is 

mechanically robust. This result was supported by the morphology of the used lithium (Figure 

S9 (e and f)), which does not exhibit the dendrite growth.  Figure S9f exhibits a suppressed 

lithium protuberance (inside red circle) distributed in a larger area suggesting the homogeneous 

lithium plating/striping during cycling as a result of highly conducting mechanically robust 

membranes. Furthermore, a comparison of LFP cathode before and after cycling reveals no 

apparent morphological changes that are the indication of the stable LbL-LiNaf/ LFP interface. 

In conclusion, we propose a promising strategy to boost the mechanical strength of 

polymer gel / ionogel electrolytes without affecting ionic conductivities via LbL membrane 

fabrication. Coating ultrathin layers of polyelectrolytes on the surface of a gel electrolyte 
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enhanced its rigidity by approximately five times through a robust electrostatic interaction 

permitting fast lithium-ion conduction. The mechanically reinforced ionogel exhibited ionic 

conductivities of 1.45×10−4 (LbL-LiPSS) and 1.35× 10−4 S cm−1 (LbL-LiNaf) at 10 °C, which are 

slightly smaller than that of the uncoated ionogel ( 1.49 × 10−4 S cm−1) at the same temperature. 

The LbL coating not only enhanced the mechanical rigidity but also significantly increased the 

electrochemical stability window (5.5 V), making it suitable for high-voltage battery operation. 

The Li||Li symmetric cell experiment demonstrated the excellent interfacial and mechanical 

stability toward lithium metal without short-circuiting after 590 h. As well, the Li||LbL-

LiNaf||LFP cell performance demonstrated that mechanically reinforced ionogel membrane via 

LbL coating could be a better alternative to replacing liquid electrolytes for the 

commercialization of LMBs. 
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