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ABSTRACT 

The quest for high energy storages has driven the growth of high-performance lithium metal 

batteries, but this has also raised serious safety concerns. In response, ionic liquids (ILs) have 

become a popular choice due to their high ionic conductivity, non-flammability, and ability to 

facilitate the formation of stable solid electrolyte interphase (SEI) layer. Understanding the 

challenges faced by lithium metal batteries and the role of ILs in them is vital to improving their 

performance. This study examines how ILs affect key factors such as ionic conductivity, Li+ ion 

transference number, electrochemical stability window, and the lithium metal anode/electrolyte 

interface. It also investigates the use of ILs with different types of cathodes, such as, including 

LiFePO4 (LFP), LiNi0.6Co0.2Mn0.2O2 (NCM622), LiNi0.8Co0.1Mn0.1O2 (NCM811), and LiCoO2 

(LCO). 

A comparative study was made on the development of ionic liquid involved solid-state 

electrolyte to achieve high performance solid-state lithium metal batteries. Three key aspects are 

addressed in this thesis: 

Firstly, an ionic liquid was injected into metal-organic framework (MOF-5) nanomaterials to 

improve the poly(ethylene oxide) (PEO) solid electrolyte and enhance the performance of solid-

state lithium batteries. The results show that the formed nano-wetted interface structure can 

greatly improve the interface stability, reduce the interface impedance, and inhibit the Li dendrite 

growth. The MOF structure accelerates the transport of lithium ions by ion confinement effect 

on anions inn the IL and large-size cations, thereby improving the lithium transference number. 
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As a consequence, the overall performance of solid-state Li metal battery has been improved.  

Secondly, using electrospun polyacrylonitrile (PAN) membranes, the ionic liquid and liquid 

electrolyte monomers are combined and in-situ polymerized to form a polymer electrolyte. In 

this system, the decomposition of the ionic liquid is involved in the formation of the solid 

electrolyte interface (SEI) membrane. Through analysis at different current densities of the Li 

symmetric cell, it was found that the ionic liquid can significantly suppress the formation and 

growth of lithium dendrites. Moreover, due to the increased lithium affinity of the ionic liquid, 

Li-ion transport is accelerated, resulting in a high lithium transference number, which improves 

conductivity and allows the battery performing within a wide temperature range. Additionally, 

LiFePO4/Li batteries can run steadily for 1000 cycles at high rate of 2 C. 

Thirdly, through the combined action of fluorine-containing additives and ionic liquids, the in-

situ formed polymer lithium battery can operate stably at high voltage. Analysis has shown that 

the SEI membrane in this system is rich in LiF, which effectively increases interface stability. 

The ionic liquid enhances the electrochemical window of the polymer electrolyte, allowing this 

system to match high-voltage cathodes. Moreover, IL is beneficial to improve the interfacial 

contact and provide stable components for the interfacial layer. Results show that at room 

temperature, the NCM811/cell can perform at 1C, and the LCO/Li cell has good cycling 

performance at 4.45 V, increasing the battery energy capacity. 

This project contributes to the understanding of the application of ionic liquids in solid-state 

electrolytes, the knowledge of which can be used to design the solid-state electrolyte. The 
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chemical compositions of the SEI layers formed on the surface of Li anode from this 

experimental work also provide valuable data that can be used in the future studies. 
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1.1 Background 

As lithium-ion batteries continue to advance from their use in consumer electronics to electric 

vehicles and industrial energy storage systems, there is an increasing demand for improved 

energy density, power density, cycling life, and safety.[1-3] In particular, the use of organic 

electrolytes in traditional lithium-ion batteries has led to significant safety hazards in new energy 

vehicles, with frequent reports of battery-related fires and explosions due to issues such as 

flatulence, leakage, and thermal runaway.[4-6] Organic electrolytes are prone to decomposition, 

which can cause overheating of the electrolyte due to abnormal events such as overcharging and 

internal short circuits, ultimately resulting in spontaneous combustion or explosion. Therefore, 

the safety issues of lithium-ion batteries must be urgently addressed to promote their practical 

applications in portable devices and larger-scale energy storage systems. The industry's pressing 

need for high battery safety has greatly accelerated the research and development of solid-state 

lithium metal batteries (SSLMB), which have gained increasing attention in recent years. 

In contrast to traditional lithium-ion batteries, SSLMBs do not rely on excess organic electrolytes 

in their preparation process. Instead, SSLMBs mainly use solid-state electrolytes (SSEs), which 

are more stable and do not pose a risk of danger due to overcharging, damage, or overuse as is 

the case with organic electrolytes. The new generation of SSLMBs is also more malleable in 

shape, greatly increasing the flexibility of styling design, making it easier to match product 

requirements and effectively optimize product performance. The use of solid electrolytes in 

lithium batteries can also inhibit the growth of dendrite lithium and avoid issues such as liquid 

leakage by dissolving the plasma.[7-9] By using SSLMB technology, it is possible to create thinner 
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batteries with higher energy density and smaller form factors (below 0.1 mm thick). [10-14]  

ASLMBs have gained increasing attention in both industry and academic research and are seen 

as cutting-edge technology for the next generation of power batteries. They are expected to 

address two major issues currently affecting the power battery industry: safety risks and limited 

energy density.[15-17] Automakers and battery suppliers are leading the way in research, 

development, and testing of solid-state batteries, and are even announcing schedules for mass 

production. Material manufacturers, such as Mitsubishi Gas Chemical, Toray, and Sumitomo 

Chemical, are also optimistic about the market potential of solid-state batteries and are 

accelerating their research and development efforts in related materials. Mitsubishi Gas 

Chemical aims to develop a solid-state electrolyte for solid-state batteries by 2020 and bring the 

next generation of battery materials to market as soon as possible. In 2018, Japan's New Energy 

Industry Technology Development Organization (NEDO) plans to invest 10 billion yen over five 

years to support solid-state battery development projects for Toyota and other companies. 

Overall, solid-state batteries are seen as the next generation of battery technology with broad 

optimism among researchers in both industry and academia field. 

Ionic liquids (ILs) exhibit great potential for use in lithium metal batteries and have versatile 

roles due to their distinct physicochemical properties compared to molecular solvents and 

inorganic salts.[18] They can act as electrolyte solvents, replacing carbonate solvents, to enhance 

battery safety as they are non-volatile and non-flammable.[19] Alternatively, they can be added to 

conventional electrolytes with low viscosity to create composite electrolytes with both high 

conductivity and safety.[20] Furthermore, they can be incorporated into polymer frameworks, 
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ionic gels or porous networks to produce solid electrolytes that possess exceptional electrical 

conductivity and mechanical properties.[21] ILs can also take part in reactions with lithium metal 

electrodes as an electrolyte component, forming a functional solid electrolyte interphase (SEI) 

film containing specific elements like F and N.[22] IL-derived polymers can form a protective 

film on the electrode surface directly to safeguard the lithium metal anode.[23, 24] Lastly, ILs can 

serve as wetting agents to stabilize the interfacial properties between solid-state electrolytes and 

electrodes.[25] 

1.2 Scope and structure of the Thesis 

This thesis is structured into six Chapters. The following is a summary of the topics covered in 

each chapter. 

In the first chapter, the introduction of the thesis and chapter summary is presented summary is 

presented. Chapter 2 presented as the first published journal paper (review) chiefly summarizes 

strategies toward constructing advanced solid-state electrolyte and improving the interfacial 

compatibility of all batteries with the optimizations of every battery component, which are 

related to energy densities as well as rate densities. Secondly, it illuminates strategies toward 

coupling matched electrodes for long cycling; Thirdly, the review concisely some integrated 

strategies for enhancing rate property. Moreover, some possible research directions, useful 

guidance and insights for the development of new strategies have been proposed by in-depth 

discussion and reasonable analysis, which played a crucial guiding role in the future research 

tendency. 
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Chapter 3 presented as the second journal paper (to be submitted to Nano Research) 

comprehensively discuss the role of ionic liquids on wetting the interface contact between 

electrolyte and electrodes of solid-state lithium metal batteries. The research involved creating a 

composite electrolyte (pDOL-py electrolyte) by incorporating anion-immobilized IL@MOF-5 

nanoparticles into a PEO/LiTFSI matrix using a universe blade method. This resulted in an 

electrolyte with a low active energy and conductivity level that was ten times higher than that of 

PEO electrolytes. The pDOL-py electrolyte prevented dendrite formation on Li anodes during 

Li deposition and promoted stable interfacial contact. The anion-immobilized electrolytes also 

formed a stable CEI layer in Li metal cells with LiFePO4 and NCM622 cathodes, exhibiting 

excellent rate and long cycling performances. The findings suggest that anion-immobilized 

electrolytes have great potential for developing high-performance lithium metal batteries. 

Chapter 4 presented as the third journal paper (to be submitted to ChemSusChem) investigate 

the effect of IL (Py13TFSI) on improving the cycling stability of lithium metal batteries. This 

study also investigated the contributions of IL on the SEI layer and the working temperature 

range. 

Chapter 5 presented as the fourth journal paper (to be submitted to Journal of Power Sources), 

studies the application of IL (PP14TFSI) in enhancing the voltage and capacity of lithium metal 

batteries matched with LiCoO2 (4.45 V) and LiNi0.8Co0.1Mn0.1O2 (4.3 V) cathode at room 

temperature.  

Chapter 6 comprises the conclusions of this study, together with recommendations for future 
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directions, based on the research findings. 

References for Chapters 3, 4 and 5 are listed at the end of each chapter. References for Chapter 

2 are listed at the end of the chapter and the attached journal paper. 
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2.1 Introduction 

Resolving the stability issues of the lithium metal anode is crucial for achieving safe and practical 

use of metal lithium batteries. Ionic liquids, which consist of organic cations and 

inorganic/organic anions, exhibit highly desirable properties such as low volatility, high ionic 

conductivity, good thermal stability, low flammability, and electrochemical stability. Poly(ionic 

liquids), ionic gels, and related derivatives also possess similar properties to ionic liquids, 

making them highly promising for protecting the lithium anode and receiving significant 

attention, as shown in Fig. 1. A thorough understanding of the role of ionic liquids in 

safeguarding the lithium anode is essential for expanding the practical applications of ionic 

liquids in lithium metal batteries. This literature review provides practical guidance in this area 

by systematically summarizing the current challenges of lithium metal anodes and the efforts 

made to overcome them using ionic liquids. In addition, an article published in this part displays 

the influence of MOF-based electrolytes, including ionic liquid@MOF- based system, on the 

lithium metal batteries.  
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Figure 1. Schematic representation of ionic liquid (IL)-based electrolytes applications in energy 

storage devices[26] 

2.2 Solid-state electrolyte 

Solid-state electrolytes offer several advantages, including good film formation, stability, 

flexibility, high safety, and low cost. These solid-state electrolytes can be used as a separator 

between the cathode and anode electrodes, as well as an electrolyte for transmitting ions. As a 

result, SSLMBs offer several advantages, including: 

(1) High working voltage, long cycling life, and high energy capacity[27, 28], as shown in Table 1.  
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Table 1 Comparison of SSLB and other batteries 

Battery type 
Output 

voltage (V) 

Energy capacity 

(Wh·kg-1) 

Energy density 

(Wh·L-1) 
Cycling life (h) 

Lead-acid 2.0 35 70 200~250 

Nickel-chrome 1.2 50 80 400~500 

Lithium-ion 3.6 150 240 >1000 

ASSLMB 4.0 200 450 >4000 

(2) Batteries of almost all shapes or sizes can be made and can be directly integrated into circuits 

by different processing methods, such as in-situ preparation and the 3D printing technology that 

has emerged in recent years. [29-32] This technology can process the electrolyte into the desired 

shape, saving raw materials with improved performance. However, the technology is not 

sophisticated yet. 

(3) It can be charged and discharged thousands of times with slow self-discharge rate, accompany 

with no memory effect. 

(4) Stable electrochemical performance feather with high safety. 

(5) Wide operation temperature range, and it can be stable between -40 ~ 150 °C or even wider.[33] 

According to the aforementioned analysis, the stability of the lithium metal anode is significantly 

impacted by the electrolyte used. In particular, the use of carbonate-based liquid electrolytes 

results in thermodynamic instability of the lithium metal anode, which leads to the growth of 
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lithium dendrite, the formation of dead lithium, and the consumption of the electrolyte in an 

irreversible process. These issues can cause serious safety concerns and result in a decrease in 

capacity over time. To mitigate these concerns, solid-state electrolytes have been proposed as an 

alternative to liquid electrolytes due to their reduced risk of leakage and flammability. 

Additionally, high-concentration electrolytes have shown promise in suppressing the growth of 

lithium dendrite and enhancing cycling stability. Another approach to stabilizing the lithium 

metal anode is through the use of electrolyte additives, which can aid in the formation of a stable 

SEI film or affect the behavior of Li+ ion plating and stripping. Additives are widely used and 

considered to be a convenient method for stabilizing lithium metal anodes. 

2.3 Ionic liquids 

Ionic liquids (ILs) are a type of molten salts that remain in liquid state at room temperature, and 

they consist of cations and anions. The first known IL, which was discovered by Walden in 1914, 

was a nitroethylammonium (C2H5NH4NO3) ionic liquid with a low melting point of 12 °C. 

However, this IL was not widely recognized at the time due to its unstable properties.[34] Until to 

the 1980s and 1990s did researchers begin to focus on ILs. In 1992, Wilkes and Zaworotko 

discovered the 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4) ionic liquid, which was 

stable in air and water. This was followed by Bonhote et al.'s introduction of the 

trifluoromethylsulfonimide (TFSI-) anion in 1996, which significantly expanded the selection of 

cations available for ionic liquids.[35, 36] Currently, there are thousands of types of ILs available, 

and research and applications related to their properties are constantly expanding. These include 

separation and purification, polymer dissolution and regeneration, organic catalytic synthesis 
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reactions, and electrochemical electrolytes, among others.[37, 38] 

The diversity of ILs is made possible by the abundance of available anions and cations. Figure 2 

below displays some of the commonly used anions and cations in ILs.[38] Common cations used 

in ILs include ammonium salts (such as imidazole and pyrrolyl groups, as well as saturated 

alkane groups), phosphine salts, and sulfur salts. Anions used in ILs include (RSO2)n
-, CF3SO3

-, 

RSO4
-, (CN)2n, PF6BF4

-, AlCl4
-, CuCl2

-, etc. By adjusting the composition and structure of the 

anions and cations in ILs, their physicochemical properties can be finely tuned to exhibit 

different desirable characteristics. 

 

Figure 2. Some cations and anions of commonly used ionic liquids[38] 

The design flexibility of ILs allows for the creation of "task-specific" or "tailor-made" ILs by 

adjusting the combination of anions and cations, or by grafting appropriate functional groups. 

These ILs have shown promising applications in areas such as separation and purification, 
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nuclear waste recycling, and special optical materials. Additionally, the combination of ILs with 

existing technologies such as supercritical fluids, electrochemistry, and microelectronics has 

expanded their development space and improved their functionalities. Research on ILs has 

rapidly expanded beyond the development of "clean" or "green" chemistry and chemical fields 

to include functional materials such as electro-optical and optoelectronic materials, lubricating 

materials, energy storage such as lithium-ion/metal batteries and beyond, key materials for solar 

cells, and resources and environment-related applications like natural gas purification and lignin 

degradation.[39] In addition, interdisciplinary research at the intersection of life sciences and ILs 

has also emerged as a promising area for the development of science and technology. 

2.4 Applications of ionic liquids in solid-state lithium metal batteries 

The electrochemical properties include electrochemical stabilities, Li plating/stripping, Li+ 

transference number, and interfacial contact between electrolyte and electrodes.[40] It is essential 

to achieve high ionic conductivity and Li+ ion transfer number at room temperature when using 

ionic liquid electrolytes. The ionic conductivity of ionic liquids is a little lower than organic 

liquid electrolytes.[41] In liquid electrolytes, the ionic liquid's high viscosity can be reduced by 

adding an organic solvent, which increases its ionic conductivity. In composite quasi-solid-state 

electrolytes, the interaction between the ionic liquid and inorganic or organic materials enhances 

ion conductivity and migration number. Fig. 3 displays the overall properties of the ionic liquid 

based lithium metal batteries.[42] 
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Fig. 3 Illustration of the progress of the recently developed locally concentrated ionic liquid 

electrolytes (LCILEs), including their physicochemical properties, solution structures, and 

applications in lithium-metal batteries with a variety of high-energy cathode materials.[42]  

To improve the transfer number of Li-ion, various techniques have been explored in electrolyte 

systems. Grafting nanoparticles with ionic liquids has proven to be the most effective 

approach.[43] This creates a unique -like structure that forms a special Li-ion migration channel, 

resulting in a Li-ion transference number approximate to 1.0, much higher than other systems.[44] 

One method involves a composite electrolyte system consisting of PVDF-HFP and an ionic 

liquid.[45] The negatively charged fluorine atoms in PEO interact with the positively charged 

imidazole cations in the ionic liquid, resulting in the formation of a 3D cross-linked network that 

binds TFSI- ions, leading to improved ionization of the lithium salt and facilitating the Li+ ion 
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transport. Infused of the ionic liquid electrolyte into MOF materials further enhances the 

migration of free Li+ by TFSI- interacting with the unsaturated MOF metal atoms. Polymerized 

ionic liquids can also promote Li+ ion transport, the movement of TFSI- is confined due to 

chemical interactions between groups of polymer monomer and TFSI-.[25] 

2.5 Research gaps 

Although the application of ionic liquids in solid-state electrolytes has shown promising results, 

there are still some research gaps that need to be addressed. Here are a few examples: 

1. Further research is needed on the interface reactions between ionic liquids and solid-state 

electrolyte materials. The chemical composition and properties of solid-state electrolyte 

materials may cause unnecessary chemical reactions with ionic liquids, affecting the stability 

and performance of the battery. Therefore, a deeper understanding of the interface reaction 

mechanism between ionic liquids and solid-state electrolyte materials is needed, and 

effective interface engineering strategies should be developed to address electrode interface 

issues. 

2. An important issue facing the application of ionic liquids in solid-state electrolytes is the 

improvement of their thermal stability, chemical stability, and renewability. Under high-

temperature or high-voltage conditions, ionic liquids may decompose or undergo chemical 

reactions, leading to a decline or failure in battery performance. Therefore, it is necessary to 

search for ionic liquids with better thermal and chemical stability, or improve their stability 

by adding stabilizers or other methods. 
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The application of ionic liquids in solid-state electrolytes is a relatively new field, and although 

some progress has been made, there is still some uncertainty about their ion transport 

mechanisms and interactions. Ionic liquids are liquids composed of ions and in solid-state 

electrolytes, they play a role in ion transport, making the study of ion transport mechanisms 

particularly important. 
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2.6 Aims and objectives 

This study aimed to understand the effect of ionic liquids on improving the performance of solid-

state lithium metal batteries, including ionic conductivity, cycling stability, Li+ transfer number 

and so on. The detailed objectives are as the following: 

❖ Objective 1: To identify limitations and research gaps of the stable solid-state electrolyte for 

solid-state lithium metal batteries with high chemical and electrochemical performance. 

❖ Objective 2: To establish fundamental understanding on the effect of ILs in the solid-state 

electrolyte for the lithium metal batteries. 

❖ Objective 3: To conduct suitable IL-based solid-state electrolytes and optimize the electrolyte 

system. 

❖ Objective 4: To evaluate the application of IL in improving the performance of solid-state 

lithium metal batteries in the aspects of interfacial contact, high-voltage, energy capacity and so 

on. 
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2.7 Statement of Authorship 
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2.8 Metal-organic frameworks containing solid-state electrolytes for lithium metal 

batteries and beyond 

This section is presented as a review article as Tianhua Chen, Shimou Chen, Yong Chen, Ming 

Zhao, Dusan Losic and Suojiang Zhang, Metal-organic frameworks containing solid-state 

electrolytes for lithium metal batteries and beyond, Materials Chemistry Frontiers, 2021. 

Reproduced with permission.[46] Copyright (2021) Royal Society of Chemistry. 

 

Figure 4 Graphical abstract of “Metal-organic frameworks containing solid-state electrolytes for 

lithium metal batteries and beyond”. Reproduced with permission.[46] Copyright (2021) Royal 

Society of Chemistry. 
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Abstract 1 

Solid-state batteries (SSBs) are a promising technology for safe energy storage, but they have 2 

been limited by poor Li+ transport kinetics and the growth of lithium dendrites, leading to large 3 

interfacial impedance and low energy density. This is mainly caused by the barrier created by 4 

free anions in solid polymer electrolytes. To address these issues and improve energy density, 5 

this work proposed a nano-wetted IL@MOF based electrolyte PEO-IL@MOF (PIM). The PIM 6 

electrolyte has excellent electrochemical properties, including a high ionic conductivity of 3.0 × 7 

10-4 S cm-1 at 60 °C, an improved Li+ transference number of 0.65, and good compatibility with 8 

both Li metal and cathode electrodes. By taking advantage of the confinement effect of TFSI 9 

anions by the metal atoms present in the MOF, the electrolyte exhibits exceptional 10 

electrochemical characteristics. This enables Li/Li cells to run steadily for over 1000 hours at 11 

60 °C, with minor overpotential changes. In summary, the PIM electrolyte is a promising 12 

solution to improve the energy density and performance of Li metal battery. Its excellent 13 

electrochemical properties, low interfacial resistances, and high compatibility with both Li metal 14 

anode and cathode electrodes make it a promising candidate for future solid-state battery 15 

technology. 16 

Key words: PIM electrolyte, Li+ transference number, Confinement effect, Interfacial 17 

resistances 18 

  19 
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1. Introduction 1 

Solid-state lithium metal batteries are considered the next most promising generation 2 

among various batteries for reaching ever-increasing demands.[1] Compared with liquid 3 

carbonate or ether electrolyte, the solid-state electrolytes (SSEs) show the superiorities in safety, 4 

board working window and enhanced electrochemical stability, attracting the researchers’ pursuit 5 

for higher energy density. Different from the sulfide-based or garnet-based SSE, the solid state 6 

polymer electrolytes i.e., Poly(ethylene oxide) (PEO), has been extensively studied due to its 7 

compatibility and robustness with various lithium salts or metallic Li surface. [2, 3] Despite their 8 

potential benefits, all-solid-state polymer electrolyte/lithium salt complexes are often 9 

constrained by their low ionic conductivity, low Li+ transference number, huge interfacial 10 

resistance and potential formation lithium dendrites, thereby limiting their applicability in high-11 

rate solid-state lithium batteries, thereby limiting their applicability in solid-state lithium 12 

batteries.[4, 5]  13 

To overcome this limitation, numerous efforts have been dedicated to enhancing the ionic 14 

conductivity of PEO-based solid electrolytes. Investigations have indicated that nano-sized 15 

particles endowed with Lewis acidic surface properties or decorating functional groups into the 16 

polymer skeleton hold significant promise in enhancing the ionic conductivity of electrolytes.[6, 17 

7] However, researches related to PEO-based SSE still have insufficient contact with the metallic 18 

Li, which would shorten the lifespan and broaden the overpotentials with low Li ion transfer 19 

kinetics. To address the issue of mobility, ionic liquids (IL) are often introduced into the solid 20 
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polymer electrolyte, enhancing the wettability and ionic conductivity. Actually, in the mixed IL-1 

decorated polymer electrolyte, there are two dual ion promotors and the ionic conductivity is 2 

governed by the free ions and anions. This would form a gradual concentrations of Li ion 3 

distribution and causing uneven dendrite formation. Therefore, it is much urgent to confine the 4 

anion species to uniformize ion diffusion, so that to improve the lithium-ion conductivity. 5 

Metal-organic frameworks (MOFs), as a porous material family, exhibit the merits in 6 

adjustable pore size, abundant coordination ligands, desirable high conductivity, excellent 7 

chemical, and thermal stability. Recently, researchers have found that introducing MOF into the 8 

polymer solution could form a new type SSE and possesses several advantages in providing a 9 

unique pathway for the transport of lithium ions by confining the larger anions.[8, 9] For example, 10 

by integrating the metal sites and transmission channels, Long et al. produced the first MOF-11 

based SSE with high ionic conductivity (3.1 × 10-4 S cm-1).[8] Additionally, the decreasing the 12 

MOF particles into nanosize, the surface tension and area are significantly enhanced, then the 13 

contact between the SSE and electrode interface is more intimate, promoting ion transport 14 

kinetics. In combination with the ILs, Wang prepared a new type of solid state electrolyte in the 15 

with the introduction of nano porous UIO-66, by introducing ionic liquid (IL), realizedachieving 16 

fast lithium ion transportation in the solid-state lithium batteries.[10] By integrating the metal sites 17 

and transmission channels, Long et al. produced the first MOF-based SSE with high ionic 18 

conductivity (3.1 × 10-4 S cm-1).[8] In combination with the ILs, Wang prepared a new type of 19 

solid state electrolyte with the introduction of nanoporous UIO-66, achieving fast lithium ion 20 

transportation in the solid-state lithium batteries.[11] Briefly, all these works demonstrated the 21 
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enhanced ionic transportation kinetics at the interfaces, making MOF-derived nanostructured 1 

electrolyte more promising candidate in solid-state batteries. However, issues and the properties 2 

of MOF-derived nanostructure electrolyte in solid-state batteries, such as chemical and 3 

electrochemical stabilities, electrodes and electrolyte interfacial contact, and their ability to 4 

maintain stable Li deposition have not been adequately studied and lack of deep understanding. 5 

In this study, the ionic liquid decorated MOF-5 nanoparticles is incorporated into a 6 

PEO/lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) matrix, forming a composite 7 

electrolyte (named as PIM electrolyte). In this design, the IL is capable of wetting the Li anode 8 

with the high contact angle from 88.92 to 121.34°, shrinking the interfacial resistance. The MOF 9 

serves as the sieving mesh to filter the large anion species. Benefiting from above merits, the 10 

optimized electrolyte results in ten times higher improvement of conductivity (3.1 × 10−3 S cm-11 

1) than PEO electrolyte at 60 °C. Meanwhile, the TFSI anion group has been confined in the 12 

MOF-5 structure, highly improving Li+ transference number above 0.40 and preventing dendrite 13 

formation on Li anodes for stabilizing 1000 hours. The study suggests that the anion-14 

immobilized electrolytes have great potential to develop lithium metal batteries with high 15 

performance. 16 

2. Experimental section 17 

2.1 Chemical Materials 18 

1-ethyl-3-methylimidazoliumbis(trifluoromethylsulfonyl)imide (EMIMTFSI, 99.99%, 19 

Lanzhou Institute of Chemical Physics, China), Zinc nitrate (Zn(NO3)2·6H2O, 99.9%, Aladdin), 20 
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1,4-benzenedicarboxylate acid (H2BDC, 99%, Aladdin), anhydrous acetonitrile (AN, 99.6%, 1 

Fisher), N,N-dimethylformamide (DMF, 99.9%, Aladdin), triethylamine (TEA, Aladdin), 2 

methylene chloride (CH2Cl2, 99.9%, Aladdin), polyethylene oxide (PEO, 3 

MW=600000~1000000, Sigma-Aldrich), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 4 

99.99%, Sigma-Aldrich). All the regents are used without any purification. 5 

2.2 Synthesis of MOF-5 and IL-decorated MOF 6 

A solvothermal method was used to prepare nano-sized MOF-5 according to the similar 7 

work.[12] Specifically, 1.35 g Zn(NO3)2·6H2O and 0.25 g H2BDC were dissolved in 150 ml DMF 8 

in a 250 ml two-neck flask. The mixture was treated with ultrasound and then the flask was 9 

equipped with a spherical condenser tube and tee coupling. The sealed apparatus was degassed 10 

using argon, and then 1 ml of TEA was injected into the reactor under argon protection without 11 

stirring. The mixture was allowed to react for 7 hours at 25 °C, resulting in a solution containing 12 

white precipitation. The precipitation was soaked in 100 ml DMF for 12 hours with 3 times to 13 

remove unreacted Zn(NO3)2·6H2O, and then soaked in 100 ml of CH2Cl2 for 12 hours. The 14 

sample was dried in an evacuated oven at 150 °C for 12 hours. Then the MOF-5 and ionic liquid 15 

EMIMTFSI were homogenized in a certain molar ratio by grinding in a mortar, followed by 16 

drying at 150°C for 12 hours to facilitate the infiltration of the ionic liquid into the pores of the 17 

MOF. The obtained IL@MOF-5 nanoparticles were prepared. 18 

2.3 Preparation of PEO-MOF-IL (PIM) composite solid electrolytes 19 

Fixed EO:Li+ at molar ratio of 16:1, PEO, LiTFSI, and different mass ratios of IL@MOF-20 

5 nanofillers were dissolved in AN solution and dispersed by ultrasound for 2 h. The contents of 21 
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nano-sized IL@MOF-5 in PEO is 10 wt%. To create a homogenous emulsion, the suspension 1 

was continually swirled for 24 hours. Then resultant emulsion was applied on the PTFE plate. 2 

By vacuum drying at 50 °C for 12 h to remove the remaining solvent, the composite solid-state 3 

electrolytes film with thickness of 80-100 micrometers was eventually produced. Also, PEO, and 4 

PEO-IL@Mof-5 (PEM) electrolytes were also prepared in the same way. 5 

2.4 Characterization 6 

The FT-IR spectra were obtained using a Nicolet Avatar 360 infrared spectrometer with a 7 

thermal detector, in the wavenumber range of 4000-500 cm−1. The surface morphology and 8 

cross-sections of the samples were analyzed using scanning electron microscopy (SEM, Haitich 9 

SU8020, Japan). To examine the changes in the proportion of elements in the samples, an element 10 

distribution diagram (EDS) was employed. The crystallinity of the samples was determined using 11 

a Bruker D8 Focus X-ray diffractometer with Cu-Kα (λ= 0.15406 nm). To investigate the 12 

changes in the surface composition of cycled lithium metal, X-ray photoelectron spectroscopy 13 

(XPS) was performed using the Thermo Fisher Scientific ESCALAB 250 Xi instrument. AFM 14 

was used to assess the Young’s modulus (Bruker Fastscabio). The Zeta potential of the MOF-5 15 

nanoparticle samples in acetonitrile solution was measured using a DelsaNano C instrument, and 16 

the 1H solid-state NMR measurements were conducted on a JNM-ECZ600R with a resonance 17 

frequency of 233MHz. By thermogravimetric (Setaram Labsys), differential scanning 18 

calorimetry (DSC) was performed using a heating rate of 5 °C min-1. 19 

2.5 Electrochemical characterization 20 
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A The samples were placed between two stainless steel disc electrodes and the ionic 1 

conductivity was determined by measuring the electrochemical impedance spectroscopy (EIS) 2 

curves, including a frequency range of 0.01 Hz to 100 kHz, an amplitude of 10 mV, and an 3 

applied DC voltage of 0 V. The electrochemical stability window of the electrolyte was assessed 4 

at 60 °C using linear sweep voltammetry (LSV) with a scanning rate of 0.1 mV/s over a range 5 

of 2.0 V to 6.0 V. The ionic conductivity can be determined using the following equation: 𝜎 =6 

𝐿/(𝐷 ∗ 𝑅), where R (Ω∙cm2) represents the bulk resistance of the electrolyte, L represents the 7 

thickness of the electrolyte, and D represents the effective area. The transference number (𝑡𝐿𝑖+) 8 

of the battery was determined via chronoamperometry using a constant polarization potential of 9 

10 mV at 60 °C. The calculating equation of 𝑡𝐿𝑖+  is: 𝑡𝐿𝑖+ = [𝐼𝑆(∆𝑉 − 𝑅0𝐼0)]/[𝐼0(∆𝑉 − 𝑅𝑆𝐼𝑆)], 10 

where Io and Is correspond to the initial and steady-state currents, Ro and Rs represent the interface 11 

resistances before and after polarization. A symmetrical lithium metal battery with a Li||PIM||Li 12 

configuration was assembled to investigate the compatibility of the electrolyte with a lithium 13 

metal anode at different current densities. Galvanostatic cycling tests were performed at a 14 

temperature of 60°C. The as-prepared LFP and NCM622 active cathode materials had a mass 15 

loading about 3 mg cm-2. The working voltage of LFP||PIM||Li batteries was from 2.5 to 4.0 V, 16 

and the NCM622||PIM||Li batteries was 2.8 to 4.3 V. The electrochemical floating analysis 17 

experiment was conducted by performing constant current and constant voltage tests on the 18 

NCM622||PIM||Li battery to further . The battery was charged with a constant current of 0.05mA 19 

to 4.0 V initially, then charged with 4.0 V for 10 hours, and continuously charged with a constant 20 

current 0.05 mA to 4.1 V and held for 10 hours. This process was repeated until the voltage 21 
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reached to 5.0V. All the Li battery cycles and battery cycling performance were conducted on a 1 

Xinwei or LAND battery cycler.  2 

3. Results and discussion 3 

3.1 Characterization of prepared materials 4 

The simple processing method of PEO-IL@MOF-5 (PIM) is illustrated in the Fig 1(a), 5 

demonstrating the effective dispersion of IL@MOF-5 nanoparticles in the PEO matrix. The SEM 6 

image Fig 1b shows that the average particle size of MOF-5 crystals is 20-30 nm. Fig. S1 depicts 7 

the X-ray diffraction (XRD) pattern of the MOF-5 sample, which demonstrates a remarkable 8 

agreement between its characteristic peaks and the theoretical pattern generated by the lattice 9 

parameters of MOF-5.[13, 14] This congruence provides compelling evidence for the high degree 10 

of crystallinity and structural fidelity of the sample.  Furthermore, a minor bifurcation in the 11 

left shoulder of the 9.7 ° peak can be ascribed to the presence of residual solvents, such as 12 

dimethylformamide (DMF) or water, which may have permeated into the interstices of the 13 

crystal.[15] Such solvent molecules may induce a perturbation in the crystal lattice, resulting in a 14 

localized deviation from perfect symmetry.  Despite subjecting MOF-5 to a drying procedure 15 

at a temperature of 150 °C, which corresponds to the boiling point of DMF, residual amounts of 16 

DMF were still present within the material. Nevertheless, the pronounced adsorption capacity of 17 

MOF-5 towards solvents can be regarded as a beneficial attribute, as it can impede the diffusion 18 

of trace solvents towards the electrode interface, thus promoting the stability of the battery 19 

interphase. The formation of MOF-5 is also confirmed by the following FTIR result. 20 
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 1 

Figure 1 a) Schematic of fabrication PIM film, SEM image of b) MOF-5, and c) PIM film, d) 2 

EMPA images of corresponding Zn, C, N, S elements in PIM film 3 

Fig. 1c and Fig. S2 show the surface of PEO, PEO-MOF(PEM), and PEO-IL@MOF-5 4 

electrolyte (PIM). When the EO/LO ratio was set to 16:1, the electrolyte exhibited the highest 5 

mechanical strength and conductivity. Additionally, MOF-5 nanoparticles were uniformly 6 

distributed throughout the electrolyte. It can be observed that the addition of MOF-5 and 7 

IL@MOF-5 nano-wetted particles significantly decrease the crystallinity and porosity of PEO. 8 

Among them, the distribution of nanoparticles in PIM was more uniform, which can be attributed 9 

to the addition of IL that reduces the electrostatic interactions between MOF-5 particles, thus 10 

improving their dispersibility. Furthermore, the introduction of ionic liquids exerts a diluting 11 

effect on poly(ethylene oxide) (PEO), thereby reducing the intermolecular forces between 12 

polymer chains, diminishing the proclivity for polymer crystallization, and ultimately decreasing 13 
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the degree of crystallinity. It is widely accepted that a decrease in the degree of crystallinity is 1 

beneficial for enhancing the ionic conductivity of polymer matrices. This phenomenon can be 2 

attributed to the promotion of chain segment mobility and increased interfacial contact, which 3 

facilitate the migration of lithium ions. The analysis of the element distribution in PIM using 4 

EMPA indicates that each component is uniformly distributed in PIM, as shown in Fig. 1d. 5 

Furthermore, the element distribution diagram obtained by EDS mapping can also confirms this 6 

point (Fig. 3S). 7 

 8 

Fig. 2. (a-c) FTIR spectra comparison of MOF, IL, IL@MOF, PEO, and PIM, (d) Zeta potential 9 

of MOF-5, IL@MOF-5, and Li+-IL@MOF-5 nanoparticles in acetonitrile suspension, (e) 1H 10 

NMR of MOF, PEM and PIM, (f) Current-time curve following DC polarization curves of the 11 

PIM electrolyte at 60 °C (inset: EIS variation at initial and steady states). 12 

The nanoconfinement effect of MOF-5 and IL@MOF-5 in PIM is characterized by Fourier 13 
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transform infrared (FTIR) spectra, as shown in Fig. 2(a-c). Analysis shows that there are three 1 

distinct vibrational regions in the MOF-5 and IL@MOF spectrum.[16, 17] The first major 2 

vibrational region ranges from 1390 to 1690 cm-1, where four clear infrared absorption peaks 3 

can be observed. According to comparison with standard infrared spectroscopy spectra, the curve 4 

fluctuations in this region are caused by the O-C=O vibrations in the carboxyl functional group. 5 

The more prominent peak at 1585 and 1656 cm-1 is caused by the asymmetric stretching vibration 6 

of the carboxyl O-C=O bond, while the peak at 1393 cm-1 shows the symmetric stretching motion 7 

of the -COO bond. The second distinct vibrational region ranges from 660 to 1200 cm-1, where 8 

the absorption peaks at 748 and 825 cm-1 are caused by different types of C-H bonds in the 9 

benzene ring, indicating the formation of the MOF-5 framework and the presence of 10 

terephthalate. The third region is at 544 cm-1, where the peak corresponds to the Zn-O bond 11 

absorption peak in the Zn4O tetrahedral metal cluster. The absorption peak around 3400 cm-1 is 12 

the stretching vibration absorption peak of the -OH group on the carboxyl group. However, in 13 

PIM, the absorption peak at this position disappears due to the reaction between Li+ and the -OH 14 

group, which causes the hydroxyl peak to disappear almost. The peaks around 1575 and 1410 15 

cm-1 are the asymmetric and symmetric stretching vibration peaks of the monodentate 16 

coordinating carboxyl group(C=O), respectively. The peak at 1510 cm-1 is the stretching 17 

vibration peak of the bidentate chelating carboxyl group. The differences in peak shape in the 18 

range of 1510~1610 cm-1 can also reflect the effect of Li+ coordination on the stretching vibration 19 

of carboxyl groups. The characteristic peaks of the MOF become more pronounced after the 20 

addition of the ionic liquid. Peaks at 1053 and 1180 cm-1, which correspond to the vibrations of 21 
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S-N-S and O=S=O, respectively, of the TFSI-, were observed in the EMIMTFSI. Upon the 1 

incorporating of the IL in the MOF-5 framework, the peaks experienced a slight blue shift, 2 

implying robust interactions between the N and S atoms in the TFSI- and the Zn atoms of the 3 

MOF, which resulted in a reduced coordination environment of the Li ion.[18] The identical of 4 

MOF-5 and IL@MOF-5 displays that the IL are well combined with MOF-5 and didn’t change 5 

its structure. PIM FTIR shows that Li+ coordinated with carboxyl groups, enhancing the potential 6 

of the adsorption site, and improving the interaction between the site and Li+, thereby improving 7 

the transportation of Li-ions. The coordination effect between lithium ions and the O-C=O & -8 

OH groups can disrupt the solvation structure around Li+ leading to the dissociation of solvating 9 

molecules and an increase in the number of migrating lithium ions 𝑡𝐿𝑖+  from 0.14 for PEO and 10 

0.2 for PEM electrolyte (Fig. S4) to 0.65 for PIM shown in Fig.2f. This low value can be 11 

attributed to the following factors. It is suspected that the mobility of EMIM+ (7.9 Å) and TFSI- 12 

(7.6 Å) ions was constrained within the MOF-5 lattice, whereas the smaller size of Li+ ions (0.76 13 

Å) allowed for less impedance to their movement, resulting in a greater 𝑡𝐿𝑖+  value of 0.65 for 14 

PIM electrolyte. We can summarize that the concentration of free ions from EMIMTFSI has a 15 

significant impact on the overall ionic conductivity of PIM electrolyte. As a result, the increase 16 

in ionic conductivity (Fig. 3c) is believed to be due to the interaction between TFSI- and 17 

unsaturated Zn atoms in MOF-5, which leads to an increase in the number of available Li+.[19, 20]  18 

In Figure 2d, the zeta potential of MOF-5, PEO-MOF-5, and PEO-IL@MOF-5 was 19 

measured in acetonitrile solution. The significance of Zeta potential lies in its numerical 20 

association with the stability of colloidal dispersions, serving as a metric for the intensity of inter-21 
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particle repulsion or attraction. A smaller molecule or dispersed particle corresponds to a higher 1 

absolute value (either positive or negative) of Zeta potential, and therefore, a more stable system. 2 

Conversely, a lower Zeta potential (either positive or negative) indicates a higher tendency of 3 

colloidal particles to aggregate or coalesce, reflecting a dominance of attractive forces over 4 

repulsive forces. The observed change in zeta potential from -33.89 mV to 25.77 mV signifies a 5 

shift from negative to positive, implying that IL@MOF-5 particles exhibit a robust adsorption 6 

capacity for lithium ions. This phenomenon is attributed to the promotion of the dissociation of 7 

the solvation structure of lithium ions, which occurs as a result of the strong adsorption affinity 8 

of IL@MOF-5 particles towards the Li-ions. In Fig. 3e, compared with MOF-5, the increase in 9 

hydrogen bonds in the IL@MOF-5 1H NMR indicates that the IL is well integrated into the MOF-10 

5 and can form better hydrogen bonds with PEO, thereby reducing the crystallinity of PEO, as 11 

Fig. S2 shows.  12 

3.2 Electrochemical tests of batteries 13 

The transport mechanism of lithium ions in the MOF nanomaterial is shown in the Fig 3a. 14 

The figure depicts the transport mechanism of lithium ions in nanomaterial MOF-5, which 15 

involves their movement through its pores and transfer between the crystals via framework 16 

interconnectivity. Notably, the smooth transportation of lithium ions is facilitated by the 17 

complexation of TFSI- anions with the MOF's unsaturated [Zn4O] sites.[21] The compact 18 

arrangement of highly porous MOF-5 nanocrystals, characterized by a substantial concentration 19 

of encapsulated lithium ionic liquid (Li-IL), represents a potential pathway towards achieving 20 
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high ionic conductivity.[22] The ionic conductivity of solid-state electrolytes is an important factor 1 

for high performance. Figure 3b illustrates the electrochemical impedance spectroscopy (EIS) 2 

measurements of PIM electrolyte at temperatures ranging from 0 to 80 °C. Figure 3c depicts the 3 

corresponding Arrhenius plot of the ionic conductivity. Remarkably high ionic conductivities of 4 

3.7 × 10−5, 3.3 × 10−4, 3.1 × 10−3, and 2.8 × 10−2 S cm-1 were observed at 0, 25 (room temperature), 5 

60 and 80 °C, respectively, which was much higher than the pure PEO electrolytes. These results 6 

demonstrate that the battery maintains stable electrochemical performance over a wide range of 7 

temperatures. The mechanism of Li-ion transport was analyzed using the traditional Arrhenius 8 

equation, which states that σ (T) = 𝐴 exp (−
Ea

𝑅𝑇
 ), where σ represents conductivity, Ea is the 9 

activation energy, R is the universal gas constant with a value of 8.314 J mol−1, and A is the pre-10 

exponential factor. [23] The lower the activation energy, the faster migration of Li ions. The 11 

activation energy of the conductor was estimated to be about 0.30 eV based on the Arrhenius 12 

equation, which is much lower than that of PEO-based electrolytes (about 1.66 eV), displaying 13 

a solid-state conduction behavior. Acting as a wetting agent, the IL in this system enhanced 14 

interface diffusivity. This is due to the low miscibility of EMIM-TFSI in PEO, which results in 15 

its placement at the phase boundaries.[24] As a result, the IL here acts as a bridge for Li-ion 16 

transport, facilitating the movement of ions between the phases. 17 

The electrochemical window of the PIM electrolyte was determined by linear sweep 18 

voltammetry (LSV) profiles, measured from Li||PEO||SS, Li||PEM||SS, and Li||PIM||SS 19 

asymmetric cell at 60 °C, as illustrated in Figure 3d. The PIM electrolyte demonstrated a stable 20 

electrochemical window between 2 and 4.2 V higher than the PEO and PEM electrolytes. This 21 
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result can be attributed to the stability of the MOF-5 host against Li metal over a wide potential 1 

range, which allows the PIM electrolyte to maintain its electrochemical stability. The 2 

comparation between the electrochemical floating analysis in Figures 3e and 3f indicate that the 3 

highest withstand voltage for PIM electrolyte is 4.5V, and when the voltage exceeds 4.5V, the 4 

leakage current increases significantly. But the highest voltage for PEO is only 4.2V. In practical 5 

environments, however, PIM electrolyte may not necessarily operate at 4.5V due to the influence 6 

of other factors such as the lack of matched positive electrode materials and temperature. 7 

 8 

Figure 3 (a) Schematic illustration of Li+ transportation pathways in the nano-wetted IL@MOF-9 

5 particles, (b) electrochemical impedance spectroscopy plots of SS||PIM||SS batteries ranging 10 

from 0 - 80 °C, (c) corresponding Arrhenius plot of the ionic conductivity, (d) LSV curve of 11 

Li||PEO||SS, Li||PEM||SS, Li||PIM||SS at 60°C. Electrochemical floating analysis of (e) 12 

NCM622||PIM||Li battery, (f) NCM622||PEO||Li battery, (g) voltage profiles for the Li||PIM||Li 13 

symmetric battery at current densities of 0.1 mA cm−2 at 60 °C. 14 
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To evaluate the stability of the interface between the electrolyte and lithium electrodes and 1 

Li+ transportation ability under cycling conditions, Li||Li symmetrical lithium metal batteries 2 

with PEO, PEM, and PIM electrolytes were assembled and tested under 60 °C. The results in 3 

Fig. 3g shows that the Li||PIM||Li symmetrical battery can maintain superior cycling stability for 4 

up to 1000 hours at 0.1 mA cm-2 with an area capacity of 0.1mAh cm-2. The battery showed an 5 

initial overpotential of 140 mV and slowly minored and a remaining at around 38 mV after 200 6 

h. Additionally, the voltage profile exhibited a consistently smooth pattern, indicating a stable 7 

interface between the PIM solid electrolyte and the Li metal throughout 1000 hours of cycling. 8 

When the current density increased to 0.2mA cm-2, the polarization voltage of a symmetrical 9 

lithium battery increased and fluctuated around 60 mV, and can maintain stable cycling for about 10 

840 h. In contrast, the PEO system can only maintain for less than 250 h with a much high 11 

polarization voltage of 160 mV, shown in Fig. S6. Then the overpotential dropped sharply to less 12 

than 0.05mV, which was considered as short circuit. This process corresponds to the growth of 13 

dendritic crystals in the Li||PEO||Li battery, which prevented the Li deposition, eventually the 14 

electrodes at both ends are short-circuited due to lithium dendrites penetrating the PEO 15 

membrane. The stable stripping/plating voltages observed in the Li||PIM||Li cell indicate that the 16 

PIM electrolyte has great potential as a high-performance material for lithium metal batteries. 17 

Figure S7 presents a comparison of the EIS Nyquist plots obtained from the Li||PIM||Li 18 

cell before and after the Li plating/stripping cycling process. The total cell resistance was 19 

measured to be approximately 86 before cycling, and it decreased to 75 Ω after cycling. The 20 

slight increase means the battery possess a steady cycling condition but not ‘fake stable’ 21 
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phenomenon. We hypothesis that the uniform deposition of Li is attributed to the influence of 1 

nano-wetted interfaces and the superior mechanical stability of the PIM electrolyte film. This 2 

suggests that the utilization of stable PIM films and nano-wetted interfaces could potentially 3 

serve as a viable approach to attain uniform Li deposition in a variety of applications. Therefore, 4 

the excellent compatibility between the PIM electrolyte and Li metal, as well as the low 5 

interfacial resistance between them, can be effectively elucidated. The contact angles between 6 

the electrolyte slurry and the positive and negative electrodes can be employed as a tool to probe 7 

the microscopic interfacial phenomena in the battery, as shown in Fig. S8. With the addition of 8 

ionic liquid, the contact angles between the electrolyte with both the positive and negative 9 

electrodes are significantly reduced, indicating that the IL@MOF nanostructure can increase the 10 

interfacial contact area between the electrolyte and electrode materials, promoting multipoint 11 

deposition of lithium, effectively suppressing the formation of lithium dendrites. 12 

 13 

Figure 4 (a) Cycle performance of the LFP||PIM||Li cell at 0.5 C, (b) Galvanostatic 14 
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charge/discharge curve of the LFP||PIM||Li cell at 0.5 C. (c) Evolution of the impedance response 1 

of a LFP||PIM||Li cell before and after cycling, (d) Rate performance of LFP||PIM||Li, 2 

LFP||PEM||Li and LFP||PEO||Li cell, (e) Galvanostatic charge/discharge curve of the 3 

LFP||PIM||Li cell at different rates. All the batteries were tested at 60 °C. 4 

The LFP||PIM||Li (Fig. 4), NCM622||PIM||Li (Fig. 6) cells were packed with 250mm thick 5 

Li foil to evaluate the performance of lithium metal batteries at 60 °C. As depicted, the 6 

LFP||PIM||Li battery had a slight decline of specific discharge capacity from 142 to 138 mAh g-7 

1 after 500 cycles with a rate of 0.8 ‰ cycle-1(Fig. 4a). Fig. 4c shows the overpotential increased 8 

slightly with the cycle and rate growing. In Fig. 4c, the initial resistance was only about 235 Ω 9 

before cycling due to the nano wetted IL@MOF-5 structure in PIM electrolyte, which offers a 10 

capable interfacial contact. Thus, the interfacial contact facilitates Li-ion transport across the 11 

interface of PIM electrolyte and electrodes. Fig. 4b shows the galvanostatic charge/discharge 12 

curve of the LFP||PIM||Li cell at 0.5 C. The total resistance of the LFP||PIM||Li battery increased 13 

more than 300 Ω after 500 cycles. And Fig 4d compared the rate performance of PEO. PEM, and 14 

PIM electrolyte. The high discharge capacity of PIM-based battery confirms the possibility of 15 

this kind of electrolyte for high performance application. Combined the conductivity and the 16 

galvanostatic charge/discharge curve of the LFP||PIM||Li cell at different rates in Fig. 4d, it is 17 

suspected that the battery would performance excellent at other temperatures. Fig S9 displays 18 

the stable cycling performance of LFP||PIM||Li battery at 0.2 C lasting for about 300 cycles with 19 

a subtle decline. 20 
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 1 

Figure 5 (a) Cycling performance of NCM622||PIM||Li cell at 0.1C at 60 °C, (b) Charge and 2 

discharge profiles of NCM622||PIM||Li battery at 0.1 C at different cycles at 60 °C. TEM images 3 

of the NCM622 cathode at 60 °C of (c) PEO electrolyte, (d) PIM electrolyte. (e) Pouch cell of 4 

LFP||PIM||Li battery with electrolyte PIM electrolyte at room temperature. 5 

NCM622||PIM||Li batteries were assembled to evaluate their compatibility (Fig. 5a-b). The 6 

2025-coin cell exhibited a discharge capacity of 150.4 mAh g-1 at a 0.1 C rate within the voltage 7 

range of 2.8 - 4.3V at 60 °C. With a discharge capacity of 127.5 mAh g-1 after 120 cycles, the 8 

battery shows an acceptable stability. This further indicates that the PMI electrolyte has excellent 9 

contact performance with the negative electrode. Moreover, the MOF@IL system can enhance 10 

the voltage tolerance of PEO. The surface of NCM622 cathodes after 20 cycles at were observed 11 

by TEM, as shown in Fig. 5c-d. the NCM622 CEI layer for PEO electrolyte was uneven and has 12 

sharp edges reached to 25 nm maximum, which may cause poor interfacial contact and thereby 13 

has adverse effect on the battery performance. With a uniformly thick film about nanometers, 14 

the CEI layer of NCM622 reflects good interfacial contact between the PIM electrolyte and the 15 
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cathode. LFP||PIM||Li pouch cell was packed and tested in room temperature (Fig. 5e). As can 1 

be seen from the figure, the open circuit voltage of the pouch battery is 3.62V and can illuminate 2 

the LED light after being charged. Moreover, the LED remains lit even after the battery was bent, 3 

indicating that this electrolyte has the potential to be used in practical applications. 4 

3.3 Characterization of electrolyte-electrodes interface 5 

The surface of lithium anode was observed after 50 cycles by SEM and TEM in Fig. 6. For 6 

the battery using PEO, large patches of moss-like lithium dendrites have appeared on the surface, 7 

and severely impacts the lithium deposition. Moreover, the thickness of the lithium deposition 8 

layer reached to 45 μm, which has a negative impact on the long-term cycling performance. For 9 

the PIM, the surface of lithium anode was flat, even and with a thickness of 17 μm, proposing a 10 

consistent interface may be attributed to the even intercalation/deintercalation of Li metal, which 11 

is facilitated by the anion confined effect by MOF-5. The absence of free anions prevents any 12 

interference and enables Li ions to diffuse through the electrolyte membrane rapidly and 13 

uniformly before uniformly depositing on the Li metal surface. By maintaining a consistent 14 

environment throughout the PIM electrolyte and Li metal surface, the formation of a strong 15 

electric field is prevented, resulting in the deposition of dendrite-free Li.[25] 16 

The TEM images compare the CEI layer of LFP cathode after cycling 20 times at 0.5 C 17 

with PEO and PIM, respectively. As depicted in Fig. 6g, the PEO-LFP CEI layer is quite uneven 18 

and with a maximum thickness of 26 nm, superior to that 8 nm for the PIM-LFP. XPS was used 19 

to explain the difference between the above CEI layers (Fig. 6i, j). The CO3
2- on C spectrum 20 
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around 298 eV disappeared, and the peak at 531.8 eV decreased on the O spectrum in Fig. 6j 1 

compared to 6i proved that the formation of unexpected component Li2CO3 in CEI has been 2 

reduced. And the peak at 685 eV represents LiF on the F spectrum. The increased LiF is 3 

beneficial for CEI, indicating that the PIM electrolyte is helpful for the battery stability.[26] 4 

 5 

Figure 6 The surface SEM images of lithium deposition of (a, b) PEO electrolyte, (c, d) PIM 6 

electrolyte. SEM image of cross section of lithium deposition with (e) PEO electrolyte, (f) PIM 7 

electrolyte after 100 cycles. TEM images of LFP cathode after 20 cycling of (g) PEO electrolyte, 8 

(h) PIM electrolyte. (C, O, F) XPS spectra of LFP cathode of (i) PEO electrolyte, (j) PIM 9 

electrolyte. The batteries are LFP||PEO||Li, LFP||PIM||Li, respectively. All the batteries were 10 

cycled at 60 °C. 11 

4. Conclusion 12 

This work demonstrated a nano-wetted solid-state PIM electrolyte composed of an ionic 13 

liquid(IL) infused into metal–organic framework(MOF-5). By chemical bonding, the IL and 14 
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MOF was well incorporated with Li+ in the system. The PIM electrolyte enables a close and 1 

nano-wetted interfacial contact and high ionic conductivity, leading to an improved lithium ion 2 

transference number of 0.65. The PIM electrolyte also has good compatibility with both the 3 

LFP/NCM622 cathode and Li metal anode due to uniform Li deposition and excellent interfacial 4 

contact stability. Additionally, the PIM electrolyte exhibits high electrochemical activity and 5 

good capacity retention over a long cycling in the LFP||PIM||Li cell at different rates. Due to the 6 

anions confined in the MOF host network, the Li metal deposit uniformly and the cathode also 7 

exhibit thick and homogenous CEI layer. This work suggests that the IL@MOF based electrolyte 8 

has significant potential for enabling high-performance Li-based batteries and other energy 9 

storage devices by changing the kind of ionic liquid or host material. 10 
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 4 

Figure S8 Contact angles of three electrolytes on the surface of LFP and Li anode 5 
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Abstract 

Solid-state batteries (SSBs) are a promising technology to meet safe and high-capacity energy 

application. Nevertheless, the utilization of SSBs is still limited due to inadequate ionic 

conductivity and sluggish interfacial transportation at subzero temperatures, which slow their 

widespread application. To address this problem, a stable and highly conductive gel polymer 

electrolyte is developed by infusing ionic liquid into in situ polymerized electrolyte using 

electrospinning polyacrylonitrile (PAN) separator. The electrolyte possesses high conductivity 

(7.08 × 10-3 S cm-1 at room temperature), high Li ion transference number of 0.63, and excellent 

compatibility with the Li metal. LiFePO4||pDOL-py||Li and LiNi0.6Mn0.2Co0.2O2||pDOL-py||Li 

batteries displayed long cycling ability at high rate and widened working temperature range, such 

as 2000 cycles at 2 C at room temperature. The excellent performance of this gel electrolyte is 

credited to its distinctive property which facilitates rapid transportation of Li+ and ensures 

remarkable interfacial stability. Therefore, the newly developed electrolyte can realize practical 

low temperature is a very promising solution for long-term cycling solid-state Li batteries. 

Key words: highly conductive gel polymer electrolyte, low temperature, compatibility, 

long-term cycling 
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1. Introduction 

As the booming demand for consumer electronics, electric vehicles, and grid storage 

continues to increase, there is an urgent requirement for electrochemical storage systems that 

have high energy density.[1] Unfortunately, current battery systems fall short of the necessary 

energy density for many practical uses. Li metal has emerged as a potential solution to this 

problem due to its high theoretical specific capacity of 3860 mAh g-1 and low negative 

electrochemical potential (-3.04 V vs Li+/Li).[2] Despite its potential, rechargeable Li metal 

batteries have not been commonly used commercially due to a number of obstacles, such as low 

Coulombic efficiency, unregulated growth of Li dendrites, and the accumulation of ‘dead Li’ or 

corrosion of the Li metal anode.[3] When exposed to many organic electrolyte solvents and Li 

salts, Li metal naturally creates a solid electrolyte interphase (SEI) layer that is electrically 

insulating but ionically conductive.[4] Nonetheless, the SEI layer is fragile and unable to 

withstand the physical deformation caused by the Li plating and stripping procedures, especially 

at subzero temperature.[5] As a result, the SEI layer breaks and repairs continuously during 

cycling, resulting in the development of Li dendrites in areas where the current density is 

particularly high.[6] 

Efforts have been suggested to address these issues. Recently, the in situ polymerization 

technique has been employed to produce efficient interfacial transportation of Li+ ions in 

polymer electrolytes, which can be directly implemented in battery related fields.[7] Through the 

in situ polymerization, the battery is built with integrated structure that enables the electrolyte to 
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encompass the whole battery, resulting in a stabilized electrochemical reaction interface between 

the electrolyte and electrodes.[8] 

To address this problem in this paper we proposed new concept to convert a typical ether-

based electrolyte, which contained 1 M of lithium bis(tri-fluoromethanesulfonyl)imide (LiTFSI, 

1M) in DOL and 1,2-dimethoxyethane (DME), into gel polymer electrolyte. This was achieved 

by carrying out an in situ cationic ring-opening polymerization process using commercial lithium 

hexafluorophosphate (LiPF6, 1 M) and DOL, incorporating with N-propyl-N-

methylpyrrolidinium bis(trifluoromethanesulfonyl)amide (Py13TFSI) ionic liquid and 

electrospun PAN used as the separator. The addition of Py13TFSI is specifically used to 

significantly improve the reversibility of Li plating/stripping as well as lowering the impedance 

of the battery. The stability of SEI layer is proposed to be improved by the in situ process. In 

addition, the growth of Li dendrites and the corrosion of the Li metal anode can be effectively 

inhibited during the cycling process. The properties of prepared gel-polymer electrolyte are 

evaluated by series structural, chemical and electrochemical characterized methods to confirm 

their structure, composition and proposed performance. 

2. Experimental section 

2.1 Materials 

1-Methyl-1-propylpyrrolidinium bis(trifluoromethylsulfonyl)imide (Py13TFSI, 99.99%, 

Lanzhou Institute of Chemical Physics Co., Ltd.). 1,3-dioxolane (DOL, 99.99%, Sigma-Aldrich), 

N,N-Dimethylformamide (DMF, Aladdin, AR), polyacrylonitrile (PAN, Aladdin, AR), 1,2-
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Dimethoxyethane (DME, 99.99%, Sigma-Aldrich), lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI, 99.99%, Sigma-Aldrich), Lithium hexafluorophosphate (LiPF6, 99.99%, Sigma-

Aldrich), LiNi0.6Co0.2Mn0.2O2 (NCM622) and LiFePO4 (LFP) materials were purchased from 

Guangdong Canrd New Energy Technology Co. Ltd. Super P powder, N-methylpyrrolidone 

(NMP), polyvinylidene fluoride (PVDF, MW = 1,000,000) was provided by Aladdin and used 

as received. All of the chemicals mentioned were purchased commercially and were used as-is 

without any additional purification steps. 

2.2 Materials synthesis 

The PAN electrospinning separator was made by electrospinning technology. To create a 

homogeneous spinning solution, 2.0 g of PAN particles were dissolved in 18 g DMF solution. 

The solution was then magnetically stirred for 8 hours at 60°C to ensure transparency and 

uniform. The above solution was then moved into a 20mL syringe with a stainless-steel spinning 

needle with a No. 16 size, and the aluminum foil as receiver. The electrospinning process was 

conducted with the following specific parameters: a 15 cm gap between the roller and needle, a 

voltage of approximately 20 kV, and a roller speed of 500 revolutions per minute. The solution 

was dispensed at a rate of 1.5 ml/h, with a total volume of 18 ml. After the process was complete, 

the resulting PAN electrospinning membrane had a thickness of 200 μm and was dried in a 

vacuum oven for 24 hours at 80°C. Finally, the electrospinning membrane was pressed into 20 

μm by a sealing machine.  

The polymeric electrolyte was synthesized by mixing and in-situ polymerization of DOL 
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monomer, 1M/L LiTFSI salt, DME solvent, PP separator or PAN separator, and 1M/L LiPF6 

initiator at room temperature. The electrolyte used PE separator without the addition of ionic 

liquids was named polyDOL electrolyte. The electrolyte with the addition of Py13TFSI ionic 

liquids was named pDOL-py electrolyte, and the content of Py13TFSI will be indicated as a 

percentage in front of it. 

To prepare the cathode, a slurry was made by mixing 80 wt% of LFP or NCM622, 10 wt% 

of Super P carbon, and 10 wt% of PVDF. This slurry was then spread onto aluminum foil and 

dried in a vacuum oven at 80 °C for 24 hours. The aluminum foil was then cut into circular discs 

with a diameter of 14 mm, which were used as cathodes. Li metal foils were used as anodes. The 

cathodes were loaded with LFP or NCM622 in the range of 3 mg cm–2 to 5 mg cm–2. The solid-

state lithium metal batteries were assembled by placing the SPE between the cathode and Li 

anode in CR2025 coin cells inside a glove box. 

2.3 Characterizations 

The Fourier transform infrared spectroscopy (FT-IR) spectra were obtained using the 

Nicolet Avatar 360 Spectrometer in the range of 4000-500 cm-1. The surface morphology of the 

samples was examined using the Haitich SU8020 scanning electron microscope (SEM) and 

Transmission electron microscopy (TEM, JEM-2100HR, Japan). To analyze changes in the 

composition of both the surface and underlying structure of the recycled lithium metal and 

cathode, X-ray photoelectron spectroscopy (XPS) was performed using the Thermo Fisher 

Scientific ESCALAB 250 Xi apparatus with Al Ka radiation (hv=1486.6 eV) as the X-ray source. 
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The thermal properties of the samples were measured using differential scanning calorimetry 

(DSC) with a heating rate of 5 °C min-1 and thermogravimetric analysis, 13C and 7Li NMR 

measurements were conducted on a JNM-ECZ600R with a resonance frequency of 233MHz. 

2.4 Electrochemical measurements 

The performance of Li||PPE||LFP/NCM622 half cells was tested using a LAND test system 

(CT2001A, China) with a working voltage range of 2.5 - 4.0 V, and 2.8 - 4.3V. The Li||PPE||LFP 

rate test of charge-discharge current was conducted with current densities from 0.1 C to 10 C, 

without using a constant-voltage mode. Li||PEE||Li symmetric cells were tested with Land setting 

for galvanostatic cycling at current densities of 0.2, 0.5, and 1 mA cm−2. An Li||PPE||stainless 

steel (ss) asymmetrical cell was used for linear scanning voltammetry (LSV) in the Autolab 

(PGSTAT302N) electrochemical workstation at a scanning rate of 1 mV s−1, with the working 

electrode consisting of a stainless-steel sheet as the working electrode and Li foil as the counter 

electrode and reference electrode. Electrochemical impedance spectroscopy (EIS) was carried 

out in the Autolab (PGSTAT302N) with a frequency range of 105 - 10-2 Hz and an amplitude of 

5 mV. Constant current and constant voltage tests were performed on the NCM622||pDOL-py||Li 

battery to conduct the electrochemical floating analysis experiment. The ionic conductivity of 

polymer electrolyte membranes was measured using the formula σ=L/(D*R), where R (Ω∙cm2) 

represents the bulk resistance of the electrolyte, L represents the thickness of the electrolyte, and 

D represents the effective area. The transference number (𝑡𝐿𝑖+) of the battery was calculated 

using chronoamperometry by maintaining a constant polarization potential of 10 mV at ambient 
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temperature. The formula used to calculate the transference number of the battery is 𝑡𝐿𝑖+ =

[𝐼𝑆(∆𝑉 − 𝑅0𝐼0)]/[𝐼0(∆𝑉 − 𝑅𝑆𝐼𝑆)]. Here, Io and Is refer to the initial and steady-state currents, 

respectively, while Ro and Rs denote the interface resistances before and after polarization. 

3. Result and discussion 

3.1 Characterization of in situ polymerization of gel electrolyte  

The critical process in creating an artificial SEI layer is the ring-opening polymerization. 

This process was confirmed through the Fourier transform infrared spectroscopy (FTIR) test and 

is presented in Figure 1a. As shown in the spectrum, the feather peaks of DOL between 900 and 

1100 cm-1 were notably missing after the completion of the polymerization procedure. On the 

contrary, it was noted that there was wide and distinct peak at approximately 833 cm-1 for the 

long chains of O–C–O bond present in polyDOL, which signifies the accomplishment of the 

polymerization process and a negligible retention of DOL monomer.[9] In addition, the long chain 

structure can enhance its ability to withstand high voltage.[10] At 1060 cm-1, relating to the C-O-

C bond, strongly suggests that the components of the SEI layer were determined as reported.[11]  
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Figure 1 (a) ARI-FTIR spectra of Py13TFSI, pDOL electrolyte, and pDOL-py electrolytes with 

different concentration of Py13TFSI, (b) 13C spectra of in-situ polymerization (pDOL, pDOL-py 

electrolytes) samples, (c) 7Li spectra of in-situ polymerization (pDOL, pDOL-py electrolytes) 

samples, (d) DSC curves of pDOL and pDOL-py samples, (e) SEM image of electrospinning 

PAN separator. 

Figure 1b further supports the structure and composition of electrolytes through 13C NMR. 

The peaks of C 1s at 66.7 and 95.3 cm-1 in the electrolyte samples, corresponding to the -C-O-

C- and -O-C-C-O- bond, respectively.[12] These two typical peaks did not shift, implying that 

DOL ring-opening polymerization was the only process taking place without the involvement of 

any other solvents. The 7Li NMR in Fig. 3c displays the shift after the addition of ionic liquid. 



CHAPTER 4 

98 

The left shift represents the enhanced transportation of Li+, while the right shift means the 

weakened mobility of Li ions. This is due to the imidazole groups in Py13TFSI have the ability 

to vie with lithium salts for hydrogen bonding with the carbonyl group from polyDOL. Moreover, 

the TFSI- of Py13TFSI can act in coordination with Li+ and the polymerized carbonyl group.[13] 

These result in the weakened Li+ transfer barrier, which in turn enable the electrolyte to have a 

greater ionic conductivity and enhanced lithium transference number. Within the range of 0 to 

20 wt% of the Py13TFSI content in the pDOL-py electrolyte, as the amount of ionic liquid 

increases, the affinity for lithium continuously increased. However, after exceeding 20 wt%, the 

affinity for lithium sharply decreased. As a consequence, it can be concluded that adding 10 ~ 

20 wt% Py13TFSI to the electrolyte system results in the best lithiophilicity for the electrolyte. 

According to the above FTIR and NMR analyses, there was no evidence of the participation of 

Py13TFSI during the in -situ polymerization process of DOL. In addition to its wetting effect, 

Py13TFSI ionic liquids can also reduce the crystallinity of the polymer, as shown in Fig. 1d of 

the DSC curves, further facilitating the transport of lithium ions and improving the free segments 

for Li+ transport. The SEM image of electrospinning PAN separator in Fig. 1e shows the fibers 

was rough and uniform, providing attachment sites for the electrolyte. 

3.2 Electrochemical properties 

Due to its limited oxidative stability beyond 4.0 V (versus Li+/Li), the use of pure polyDOL 

electrolyte is not widespread in Li metal batteries. Tests using linear sweep voltammetry (LSV) 

were performed to investigate how the oxidation limitation of the in situ-formed electrolytes is 
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influenced by Py13TFSI, illustrated in Figure 2a. There were no notable alterations observed in 

the oxidation current prior to reaching 4.2 V (vs Li+/Li). The results indicate that pDOL-py 

electrolytes exhibit enhanced anti-oxidation potential resistance to oxidation reached to 5.2 V. 

On the other hand, the pure polyDOL electrolyte undergoes oxidative decomposition at 

approximately 4.2 V. Hence, the addition of Py13TFSI ionic liquid process of polymerization has 

been identified as a potentially effective approach to increase the oxidative stability at high 

voltages. To further confirm the practical electrochemical stability of the solid-state electrolyte, 

an electrochemical floating experiment using the LiNi0.6Co0.2Mn0.2O2 (NCM622) battery is 

conducted. The oxidation stability of the electrolyte is assessed by recording the leakage current 

during the constant voltage charging. The results are presented in Fig. 2 b - c. At the voltage 

between 4.0 to 4.5 V, the current in pDOL-py electrolyte decreased slightly, which exhibits 

excellent oxidation stability at 4.5 V, and it decreased sharply at 4.6 V, from 41 to 13 μA. As a 

contrast, the operating window of the battery with polyDOL electrolyte was 4.2 V. The current 

of the pDOL-py battery shows a significant decrease at 4.5V, while the pDOL battery cannot 

maintain stability at 4.3V. In this situation, continuing to charge with an overpotential exceeding 

the operating window leads to dendritic growth and “dead Li” on the anode and collapse of the 

cathode material. 
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Figure 2 (a) Linear sweep voltammetry (LSV) measurements of pDOL and diffent IL 

concerntation of pDOL-py electrolytes, (b) electrochemical floating analysis of NCM622|| 

pDOL-py ||Li battery, (c) electrochemical floating analysis of NCM622||pDOL||Li battery, (d) 

current-time curve following DC polarization curves of the pDOL-py electrolyte at room 

temperature (the insets are the EIS plot before and after polarization), (e) Arrhenius plot of the 

ionic conductivity of polyDOL and pDOL-py electrolyte, (f) Time evolution of the EIS plots of 

a symmetrical Li|| pDOL-py ||Li cell at room temperature. 

The current values of the lithium symmetric batteries assembled by pDOL and pDOL-py 

electrolyte were measured at a constant bias voltage. The Bruce-Vincent-Evans equation was 

used in combination with the impedance values measured before and after polarization to 

calculate the Li+ transference number 𝑡𝐿𝑖+  of the electrolytes. Fig. 2d shows that at a bias 

voltage of 10 mV, the current decreased from 3.85 × 10−4 to 2.81 × 10−4 A, and the impedance 
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value increased from 90 to 115 Ω. By using the previously mentioned calculation, it was 

calculated that the participation of Py13TFSI ionic liquid highly increased the Li+ transference 

number of solid electrolytes to 0.63, compared with the pDOL electrolyte of 0.42.[14] The 

presence of high 𝑡𝐿𝑖+  can effectively minimize the concentration polarization of Li+ ions, 

impede the development of lithium dendrites, and achieve higher charging/discharging rates. 

The ionic conductivity of the electrolytes was measured using electrochemical impedance 

spectroscopy (EIS) at different temperatures, as shown in Figure S1 and the corresponding 

Arrhenius plot of the ionic conductivity in Fig. 2e. As depicted, the ionic conductivity of pDOL-

py electrolyte increased with temperature, and was one order of magnitude higher than that of 

pDOL electrolyte on average. With the Arrhenius equation, the conductivities of pDOL and 

pDOL-py were 0.98 ×  10-3 and 7.08 ×  10-3 S cm-1 at RM, respectively. Moreover, the 

activation energy (Ea) for Li ion transport were 0.0258 and 0.0324 eV, separately. The pDOL-py 

electrolyte showed the lower Li+ migration barrier. The lower Ea value of pDOL-py electrolyte 

was in agreement with the higher ionic conductivity. Thus, the enhanced ionic conductivity, Ea 

and 𝑡𝐿𝑖+  were ascribed to the abundance of free Li+ ions, which was brought about by the 

participation of Py13TFSI and the use of PAN separator. The variation of the impedance of Li 

symmetric cell over statistic time at room temperature can also be used to measure the interface 

stability of the battery. During the first 4 days, the impedance of the battery gradually decreased 

until it reached a stable state, which was due to the gradual polymerization of the electrolyte, 

resulting in a stable interface. 
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3.3 Characterization of electrolyte-Li anode interface 

Li symmetrical cell testing was carried out to examine the performance of interfacial 

stability and deposition behavior of Li+, as shown in Fig. 3 a and Fig. S2. When operating at a 

current density of 1 mA cm-2, the overpotential of Li||polyDOL||Li cell suffered a larger 

fluctuation and increased gradually after 160 h (up to 400 mA at maximum), which was caused 

by the formation of Li dendrites and accumulation of dead Li during cycling process as 

reported.[15] While for the Li||pDOL-py||Li cell, the overpotential remained consistent and lower 

at about 80 mA, which did not show significant increments after 240 h. Furthermore, the 

Li||pDOL-py||Li cell demonstrated a lower polarization at varying current densities, which 

suggests that it has improved compatibility and stability with lithium metal. Therefore, as 

depicted in Fig. S2, the Li||pDOL-py||Li cell operated steadily with an overpotential about 56 

mA for 800 h under 0.1 mA cm-2, indicating outstanding ability of inhibiting the lithium dendrites, 

except for the initial potential increase due to battery activation and SEI formation. 
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Figure 3 (a) Comparison of voltage profiles of of Li||Li symmetric cells at 1 mA cm-2 at room 

temperature. SEM images of the Li metal surface from the cycled Li||Li symmetric cells after 10 

cycles at 0.1 mA cm-2 (0.1 mA h cm-2) with (b) pDOL electrolyte, (c) pDOL-py electrolye, and 

pDOL-py electrolyte at (d) 0.5 mA cm-2, (e) 1 mA cm-2. 
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In order to study lithium dendrites, the surface morphology of the lithium anode after ten 

cycles was examined using SEM. As shown in Fig. 3b, the Li metal anode immersed in polyDOL 

showed dendrite. Therefore, the acceleration of the formation of Li dendrites and “dead Li” will 

be intensified. In contrast, the pDOL-py electrolyte and PAN separator lead to a smooth Li 

surface without any dendrite, as depicted in Figure 3c. A smooth surface on the Li metal anode 

can reduce the likelihood of side reactions between the deposited Li and pDOL-py electrolyte, 

thereby leading to the enhanced reversibility of Li insertion and extraction. In Fig. 3d-e, the 

effectiveness of the pDOL-py electrolyte in suppressing the growth of Li dendrites was assessed 

through different current densities of 0.1, 0.5, 1 mA cm-2, respectively. Even when the current 

density is as high as 0.5 mA cm-2, the Li metal anode still shows a smooth surface, while at the 

current density of 1 mA cm-2, it appears to have a speckled structure, but the dendrite formation 

was still effectively inhibited. The results demonstrate that the pDOL-py electrolyte has strong 

interfacial stability with Li anode and is capable of suppressing the formation of lithium dendrites. 
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Figure 4 XPS spectra (C 1s, F 1s, N 1s) of the Li metal surface from the cycled Li||Li symmetric 

cells after 3 and 50 cycles at 0.2 mA cm-2 (0.2 mA h cm-2) with (a, b, c) pDOL electrolye, and (d, 

e, f) pDOL-py electrolyte at romm temperature. 

Fig. 4 and Fig. S3 displays the application of XPS to investigate the chemical composition 

of the solid electrolyte interphase (SEI) formed on Li metal obtained from Li||Li batteries after 3 

and 50 cycles at 0.2 mA cm-2, respectively. The spectra of the F 1s showed two distinct peaks 
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located at approximately 688.9 and 684.9 eV. These peaks were identified as the C-F bond and 

LiF, separately. The analysis of F 1s spectra indicates a notable increase in LiF content on the 

surface of Li metal anode, along with a sharp decline in the C-F functional group after 50 cycles 

in the Li||pDOL||Li battery. In contrast, the LiF concentration shows a slight increase, and there 

is a slight decrease in the C-F functional group after 50 cycles in the Li||pDOL-py||Li battery. it 

has been reported that an adequate amount of LiF content has the ability to reinforce and make 

the SEI layer more stable, but excessive LiF can cause an increase in battery impedance and 

polarization.[16] The electrochemical reactivity and lithophilicity of the electrolyte are 

significantly enhanced by the semi-ionic bonding features of the C-F bond. 

The N 1s spectra demonstrate a peak at approximately 399.8 eV, which corresponds to 

TFSI- identified in LiTFSI salt or Py13TFSI, as shown in Figure 3c and f. Furthermore, two 

additional peaks are observed at 397.4 and 401.5 eV, respectively, due to the existence of N- in 

Li3N and N+ in Py13
+. When Py13TFSI ionic liquid is used in the pDOL-py electrolyte system, it 

alters the SEI layers on the Li metal surface, resulting in a protective interface that remains stable 

during cycling and reduces undesirable reactions between the electrolyte and Li metal. 

Furthermore, the pDOL-py electrolyte promotes the generation of Li3N while cycling, which 

inhibits the expansion of Li dendrites. Moreover, it is evident that the Py13TFSI ionic liquid has 

the capacity to moisten the boundary, broaden the electrochemical range, and decrease the 

crystallinity of the PDOL in this configuration. In addition, the O1s spectra (shown in Fig. S3) 

revealed the presence of peaks at 531.9 eV for Li2CO3 and LiOH, as well as 533.2 eV for Li2O, 

which resulted from the breakdown of lithium salts. This occurred when Li2O reacted with the 
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surrounding air, resulting in the formation of Li2CO3 and LiOH. In comparison to the PDOL 

sample, the pDOL-py cell exhibited greater Li2O peaks, enhancing Li+ conductivity and SEI 

stability. On the other hand, PDOL battery showed a higher LiOH peak, leading to an unstable 

SEI. 

After analyzing the results, it was found that the main components of the SEI layers are 

LiF, C-C, LiCOOR, COR, LixSOy, and Li2CO3. As the of Li||pDOL||Li battery cycling 

continuously, the amount of side reaction products increased significantly due to the ongoing 

process of breaking and repairing the SEI layers, as well as the continuous growth of Li dendrites. 

With the gradual growth of lithium dendrites, a speckled structure with a high specific surface 

area is formed on the surface of the lithium anode, causing the acceleration of the irreversible 

reaction between the Li anode and the electrolyte. Therefore, because of the uneven Li plating 

and stripping, a certain amount of Li dendrites become electrically isolated or rendered inactive, 

commonly referred to as ‘dead Li’, which can cause significant corrosion of the Li anode and a 

detectable amount of dead Li accumulation. For the pDOL-py electrolyte, Py13TFSI modified 

the SEI layers on the surface of the Li metal, creating a passivation interphase that efficiently 

reduces side reactions between the Li anode and electrolyte and promoted uniform plating and 

stripping of the Li metal. Consequently, this leads to a compact and flat Li metal surface. 

3.4 Long-term cycling and rate performance of the batteries 

The aforementioned results suggest that pDOL-py electrolyte is capable of enduring Li 

metal and can be beneficial for the electrochemical deposition and stripping of Li metal. The 
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study was therefore expanded to LMBs which employed LiFePO4 (LFP) and 

LiNi0.6Co0.2Mn0.2O2 (NCM622) as cathode electrodes, as depicted in Fig. 5, and Fig. S4. The 

impressive electrochemical properties served as a basis for the long cycling and rate performance. 

To gain a deeper comprehension of the performance at a high rate, the testing was conducted at 

2 C and 1 C rate. The LFP||pDOL-py||Li battery displayed long-term reversible charge/discharge 

cycling performance with an average Coulumbic efficiency of 99.96 % at 2 C, as displayed in 

Fig. 5a and Fig. S4. The battery decreased slightly from initial discharge capacity 143.04 mA h 

g-1 to 134.61 mA h g-1 with a capacity retention of 94.1 % after 1000 cycles. The galvanostatic 

charge/discharge curve of 2 C is shown in Fig. 5b, the overpotential increased from 0.19 V to 

0.56 V with the cycle and rate growing. Fig. S4 compares the charge and discharge curves of 

LFP||pDOL-py||Li and LFP||pDOL||Li batteries at 1C. The pDOL-py battery system remained 

stable for 500 cycles with capacity retention above 96.4 % (from 141.6 to 136.6 mA h g-1). By 

contrast, the LFP||pDOL||Li declined sharply at the first 50 cycles. The LFP||pDOL-py||Li battery 

was able to perform well even in temperatures as low as -20 °C due to the exceptional ionic 

conductivity and great compatibility of with the electrodes, as shown in Fig. 5c, the battery 

maintained a high reversible capacity of 86 mA h g-1 at -20 °C (0.1 C). The discharge capacity 

of LFP||pDOL-py||Li battery were 165, 140, 115, 103 mA h g-1 at 20, 10, 0, and -10 °C, 

respectively. Fig. 5d-e illustrate the performance of LFP||pDOL-py||Li battery at different rates 

from 0.1 to 10 C, the polarization gap increased with the increasing of rate, which can be 

attributed to the rise in interfacial resistance when operating at long-term cycling and high rates. 

As shown in Fig. 5e, the NCM622||pDOL-py||Li battery were assembled and tested from 3.0 to 
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4.3 V at room temperature. The capacity fluctuated with the changing temperature, with initial 

capacity of 163.2 mA h g-1. 

 

Figure 5 (a) Cycling performance of the LFP||pDOL-py||Li cell at 2 C at room temperature, 

galvanostatic charge/discharge curve of (b) the LFP||pDOL-py||Li cell at 2 C at room temperature, 

(c) the LFP||pDOL-py||Li cell at 0.1 C at different temperatures, (d) the LFP||pDOL-py||Li cell 

at room temperature, (e) rate performance of the LFP||pDOL-py||Li cell at room temperature, (f) 

charge/discharge performance of NCM622||pDOL-py||Li cell at 0.1 C at room temperature. 

The morphology of the LFP and NCM622 CEI layer was examined using transmission 
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electron microscopy (TEM). It was observed that a much thinner layer of the CEI, 5 nm for LFP 

and 10 nm for NCM622 as shown in Fig. S5a and S6a, was uniformly formed on the cycled LFP 

in the pDOL-py-based batteries compared to the 14 nm and 29 nm in the polyDOL-based 

batteries (Fig. S5b and S6b). The thinner and stronger CEI layer has the ability to suppress 

unwanted side reactions between the electrolyte and cathode, as well as reduce the energy 

required for Li+ surface diffusion. The pDOL-py-based solid-state lithium batteries exhibit 

significant capacities and exceptional retention owing to the electrolyte, which facilitate stable 

Li plating/stripping, rapid lithium-ion transportation within the electrolyte and at the 

electrode/electrolyte interfaces. Notably, the outstanding retention at different rates makes it 

possible to produce safe and durable lithium batteries. 

4. Conclusion 

In summary, a gel electrolyte pDOL-py is successfully developed and demonstrated by in-

situ polymerization infused with the ionic liquid Py13TFSI on the electrospinning PAN separator, 

aiming to enhance high ionic conductivity, improve Li+ transport, an expanded operating 

temperature range, enhance oxidative stability and long-term cycling stability. Presented results 

showed this electrolyte significantly improves the performance of LMBs in several aspects. 

Firstly, the interfacial wettability was high improved by the ionic liquid. Secondly, the electrolyte 

has improved the compatibility with Li anode, inhibiting the Li dendrites and improving the long 

cycling stability with LFP cathode. Thirdly, widened temperature range for application. The 

participation of Py13TFSI improved Li+ transference number significantly, and decreased the 
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interface resistance, which makes it possible to operate the battery at low temperatures and 

improves its ability to transmit Li-ion in the electrolyte. It is shown the electrolyte can be applied 

in a wide temperature range from -20 °C to 20 °C that is significant performance not achievable 

by many other electrolytes. Additionally, the Li symmetrical cells demonstrated stable cycling 

for a duration of more than 800 hours, while only experiencing a slight overpotential of 56 mV 

at a current density of 0.1 mA cm−2. After 1000 cycles at 2 C, the LFP||pDOL-py||Li cell exhibited 

a specific capacity, Coulombic efficiency, and capacity retention of 143.04 mA h g-1, 99.96 %, 

and 94.1 %, respectively. In conclusion this development offers a promising and convenient way 

to provide wide temperature application for solid-state Li batteries that is problem waiting for 

solution. 
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Figure S1 Nyquist plots of the electrochemical impedance spectroscopy (EIS) test of ss||pDOL||ss 

and ss||pDOL-py||ss battery at different temperatures 

 

Figure S2 Comparison of voltage profiles of cycling performance of Li||Li symmetric cells at 0.1 

mA cm-2 at room temperature. 
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Figure S3 XPS spectra (O 1s) of the Li metal surface from the cycled Li||Li symmetric cells after 

3 and 50 cycles at 0.2 mA cm-2 with a) PDOL electrolyte, and b) pDOL-py electrolyte. 
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Figure S4 Cycling performance of (a) LFP||pDOL-py||Li and (b) LFP||pDOL-py||Li batteries at 

1 C and room temperature 
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Figure S5 TEM images of LFP cathode at 0.5 C after 20 cycles at room temperature 

 

Figure S6 TEM images of NCM622 cathode at 0.1 C after 20 cycles at room 

temperature 
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Abstract 1 

The high-voltage performance of solid-state lithium batteries is severely hindered by poor 2 

interfacial contact between solid-state electrolytes and electrodes. To address this problem, a new 3 

liquid electrolyte is proposed by in-situ polymerization, with the addition of the FEC 4 

(Fluoroethylene carbonate) solvent and ionic liquid PP14TFSI(1-butyl-1-methylpiperidinium 5 

bis(trifluoromethylsulfonyl)imide). The incorporation of FEC solvent and PP14TFSI is proposed 6 

to have a synergistic effect, resulting in fast Li ion transportation of lithium ions with a transfer 7 

number of 0.58 and improved electrochemical performance. The presence of FEC serves to 8 

protect current collectors from corroding by LiPF6 salt, and also promotes the formation of a 9 

protective interfacial layer at room temperature. Meanwhile, PP14TFSI has a beneficial effect on 10 

improving interfacial contact and providing stable components for the interfacial layer. As the 11 

electrochemical process takes place, a layer is formed at the interface between the in-situ 12 

polymerization electrolyte and electrodes, which consists of composites of fluorine and nitrogen. 13 

This layer effectively prevents side reactions from occurring at the interface. The 14 

LiCoO2||PPE||Li cell demonstrates strong cycling stability at a high voltage of 4.45 V, 15 

maintaining approximately 80% of its capacity after 200 cycles at room temperature with both 16 

0.2 C and 1 C charging rates, and also exhibits a notable increase in coulombic efficiency. 17 

Additionally, the NCM811||PPE||Li cell also displays exceptional cycling performance. Overall, 18 

the use of in-situ polymerization and coordination of FEC and ionic liquid is a promising 19 

approach enabling the design of solid-state lithium metal batteries with high voltage for practical 20 

application not achievable before. 21 
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1.Introduction 1 

Solid-state lithium metal batteries have been a subject of interest for several years due to 2 

their high energy density and safety. They are considered as the next-generation rechargeable 3 

batteries.[1] By using solid-state electrolytes (SSEs), these batteries can overcome the safety 4 

hazards associated with low thermal stability, leakage, and flammability of organic liquid 5 

electrolytes which is significant problem in commercial lithium-ion batteries.[2] However, the 6 

performance of high-voltage lithium metal batteries is hindered by interfacial issues,[3] low 7 

conductivity at room temperature, and narrow electrochemical windows of the electrolyte.[4]  8 

Interfacial contact is an important factor in evaluating battery performance. One of the 9 

main challenges with lithium metal batteries is the formation of dendrites, which are microscopic, 10 

needle-like or mossy-like structures that can grow from the surface of the lithium metal electrode 11 

and penetrate the separator, causing short circuits and potentially leading to safety issues.[5] There 12 

are several factors that contribute to the formation of dendrites, including the uneven deposition 13 

of lithium metal on the electrode surface during charging, the formation of a solid electrolyte 14 

interphase (SEI) layer on the electrode surface, and the presence of impurities in the electrolyte. 15 

To address these issues, researchers are exploring a variety of strategies, including the use of 16 

electrolytes with additives that can improve the stability of the SEI layer, the development of 17 

new electrode materials that can reduce the formation of dendrites, and the use of advanced 18 

characterization techniques to better understand the fundamental processes that occur at the 19 

lithium metal-electrolyte interface.[6] 20 
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The use of in-situ polymeric electrolytes can result in higher conductivity and a reduction 1 

in interfacial impedance. Additionally, the liquid-state monomer (such as 1,3-dioxolane (DOL)[7] 2 

and vinyl carbonate[8]) used before polymerization has better wetting properties for the electrodes, 3 

improving the contact performance of interfaces and providing efficient pathways for the 4 

transmission of lithium ions.[9] To form high-purity solid-state electrolytes in assembled batteries, 5 

the liquid electrolytes are polymerized. However, the interface between the monomers and high-6 

voltage cathode/high-capacity anode can cause unexpected side reactions, hindering the 7 

matching process.[9] Therefore, further research and improvement are required for the interface 8 

contact and high voltage tolerance in order to realize high specific energy LMBs. To address this, 9 

researchers have proposed incorporating ionic liquids as high-conductive materials and li quid 10 

plasticizers into polymer matrices, which can increase the volume of amorphous regions and 11 

improve the electrochemical performance of LMBs.[10] Therefore, it provides pathways for the 12 

movement of Li+ ions between polymer chains at room temperature. PP14TFSI, an ionic liquid 13 

with a high electrochemical window (5.2V) and high conductivity, has been utilized in 14 

rechargeable magnesium batteries, graphite dual-ion batteries, and Li/S batteries.[11] 15 

Fluoroethylene carbonate (FEC) can be used as an additive in the electrolyte of lithium-ion 16 

batteries. The role of FEC in lithium-ion batteries is to improve the contact between the 17 

electrolyte and electrodes, enhancing battery performance and stability. It can form a protective 18 

layer to reduce the volatilization and oxidation of the electrolyte, thereby reducing capacity loss 19 

and extending the battery life. In addition, FEC can also reduce the formation of SEI film on the 20 

electrode surface, improving battery cycling performance and fast charging capability.[12] 21 
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In this work, in-situ polymerized poly(dol) fabricated with ionic liquid PP14TFSI and FEC 1 

(shorted for PPE electrolyte) has been proposed to improve key performances of Li metal 2 

batteries including high conductivity and Li transfer number of 0.58. To improve the energy 3 

density, an effective approach is to match high-potential difference and high-capacity cathodes, 4 

such as LiCoO2 (LCO), with polymer electrolytes in Li metal batteries (LMBs). To our 5 

knowledge, solid-state lithium metal batteries capable of operating at 4.45 V are rarely seen with 6 

poly-DOL electrolyte system. The participtaion of FEC and ionic liquid enable stable interfacial 7 

layers between PPE electrolyte and electrodes. 8 

2. Experimental section 9 

2.1. Materials 10 

1-butyl-1-methylpiperidinium bis(trifluoromethylsulfonyl)imide (PP14TFSI, 99.99%, 11 

Lanzhou Institute of Chemical Physics Co., Ltd.). 1,3-dioxolane (DOL, 99.99%, Sigma-Aldrich), 12 

1,2-Dimethoxyethane (DME, 99.99%, Sigma-Aldrich), fluoroethylene carbonate (FEC, 99.99%, 13 

Sigma-Aldrich), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.99%, Sigma-Aldrich), 14 

lithium hexafluorophosphate (LiPF6, 99.99%, Sigma-Aldrich). LiCoO2 (LCO, 4.45 V), 15 

LiNi0.8Co0.1Mn0.1O2 (NCM811) and LiFePO4 (LFP) materials were bought from Guangdong 16 

Canrd New Energy Technology Co. Ltd. 17 

2.2 Preparation of electrolyte, cathode, and assembly of battery 18 

The polymeric electrolyte (PPE) was synthesized by mixing and in-situ polymerization of 19 

DOL monomer, 1M/L LiTFSI salt, FEC solvent, DMC solvent, PP14TFSI, PP separator, and 20 
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1M/L LiPF6 initiator at room temperature. The electrolyte without the addition of ionic liquids 1 

and FEC is named PDOL. he electrolyte with the addition of ionic liquids is named PPE 2 

electrolyte, and the content of FEC will be indicated as a percentage in front of it. The LCO or 3 

the LFP electrode was prepared by spreading a slurry of active material, super P, and 4 

polyvinylidene fluoride (PVDF) onto an Al current collector using a blade. The weight ratio of 5 

active material, super P, and PVDF was 8:1:1. The electrodes were then vacuum dried at 100 °C 6 

for 12 hours, cut into 14 mm diameter disks, and dried again at 100 °C in vacuum for 12 hours. 7 

The loading density of active materials on the cathode was 3 ~ 4 mg·cm-2. All the electrolyte 8 

preparation and battery assembly procedures were carried out at room temperature in an Ar-filled 9 

glove box. The cathode, pre-polymerized electrolyte, and Li metal anode were assembled in a 10 

CR 2025 coin cell. 11 

2.3 Characterization 12 

The Nicolet Avatar 360 Spectrometer was used to capture Fourier transform infrared 13 

spectroscopy (FT-IR) spectra within a range of 4000-500 cm-1. The Haitich SU8020 scanning 14 

electron microscope (SEM) and Transmission electron microscopy (TEM, JEM-2100HR, Japan) 15 

was used to examine the surface morphology structure of the samples. In order to examine 16 

alterations in both the surface and underlying composition of recycled lithium metal and cathode, 17 

X-ray photoelectron spectroscopy (XPS) was conducted using the Thermo Fisher Scientific 18 

ESCALAB 250 Xi apparatus with Al Ka radiation (hv=1486.6 eV) as the X-ray source. 7Li NMR 19 

measurements were conducted on a JNM-ECZ600R with a resonance frequency of 233MHz. 20 
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The differential scanning calorimetry (DSC) was performed with a heating rate of 5 °C min-1 to 1 

measure their thermal properties by thermogravimetric (Setaram Labsys). 2 

2.4 Electrochemical measurements 3 

The constant-currents charge and discharge cycling performances of 4 

Li||PPE||LCO/LFP/NCM811 half cells were tested with a LAND test system (CT2001A, China) 5 

with a working voltage of 2.5 - 4.45 V, 2.5 - 4.0 V, 2.8 - 4.3V, separately. The Li||PPE||LCO rate 6 

test of charge-discharge current was set at the ones corresponding to C/5, 1 C, (1 C=178 mA g‒7 

1) without using a constant-voltage mode at both ends of charge and discharge. The Li||PEE||Li 8 

symmetric cells were packed with 16 mm Li metal foil, and the tests were operated by Land 9 

setting for galvanostatic cycling with current densities of 0.2, 0.5, 1 mA cm−2, respectively. An 10 

Li||PPE||stainless steel (ss) asymmetrical cell was employed for linear scanning voltammetry 11 

(LSV), with the working electrode consisting of a stainless-steel sheet as the working electrode, 12 

Li foil as the counter electrode and reference electrode, in the Autolab (PGSTAT302N) 13 

electrochemical workstation at a scanning rate of 1 mV s−1. The LSV were collected in 2.0 - 6.0 14 

V. Electrochemical impedance spectroscopy (EIS) was carried out in the CHI660E under an open 15 

circuit voltage, with a frequency range of 105 - 10-2 Hz and an amplitude of 5 mV. All the above 16 

tests were carried out at 25 °C. The electrochemical floating analysis experiment was conducted 17 

by performing constant current and constant voltage tests on the NCM622||pDOL-py||Li battery. 18 

The battery was charged with a constant current of 0.05mA to 4.0 V initially, then charged with 19 

4.0 V for 10 hours, and continuously charged with a constant current 0.05 mA to 4.1 V and held 20 
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for 10 hours. This process was repeated until the voltage reached to 5.0V. All the Li battery 1 

cycles and battery cycling performance were conducted on a Xinwei or LAND battery cycler. 2 

The EIS was used to measure the ionic conductivity of polymer electrolyte membranes. The 3 

ionic conductivity can be determined using the following equation: 𝜎 = 𝐿/(𝐷 ∗ 𝑅), where R 4 

(Ω∙cm2) represents the bulk resistance of the electrolyte, L represents the thickness of the 5 

electrolyte, and D represents the effective area. The transference number (𝑡𝐿𝑖+) of the battery 6 

was determined via chronoamperometry using a constant polarization potential of 10 mV at room 7 

temperature. The calculating equation of 𝑡𝐿𝑖+  is: 𝑡𝐿𝑖+ = [𝐼𝑆(∆𝑉 − 𝑅0𝐼0)]/[𝐼0(∆𝑉 − 𝑅𝑆𝐼𝑆)] , 8 

where Io and Is correspond to the initial and steady-state currents, Ro and Rs represent the interface 9 

resistances before and after polarization. 10 

3. Results and discussion 11 

3.1 In-situ polymerization 12 

The liquid-state electrolyte can be infused into porous electrodes via in-situ polymerization, 13 

leading to their conversion into solid-state electrolytes (PPE) within porous channels of the 14 

electrode, as depicted in Fig. S1. Therefore, the mass percentage of active materials in the 15 

electrodes produced by in-situ polymerization is similar to that of traditional liquid-state batterie. 16 

The images in Fig. S1a-b display SEM views of the electrode before and after undergoing in-17 

situ polymerization. The images reveal that the LCO electrode was uniformly coated with a layer 18 

of PPE, which was not present in the initial LCO electrode. 19 
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 1 

Fig. 1 (a) FTIR spectra of in-situ polymerization (PDOL, PPE electrolyte) samples at room 2 

temperature, (b) 1H NMR of in-situ polymerization of PPE, (c) 13C NMR of in-situ 3 

polymerization of PPE, (d) 7Li NMR of in-situ polymerization (PDOL, 0 FEC-PPE, and 33% 4 

FEC-PPE electrolyte) samples, all the sample were applied deuterated acetone as solvent, (e) 5 

DSC curves of PDOL and PPE samples. 6 

Fourier transform infrared spectroscopy (FT-IR) was employed to examine the changes in 7 

functional groups of the electrolyte after polymerization, as illustrated in Figure 1a. It seems that 8 

the distinct peaks of the cyclic ether in DOL, which were found at 925 and 1096 cm−1, were 9 

noticeably absent after the polymerization process.[13] Instead, a sudden appearance of a 10 

characteristic peak around 845 cm−1 for the O–C–O long chains in PDOL was observed, 11 

indicating a successful polymerization process with inevitable DOL monomer retention, as 12 

reported.[14] Furthermore, the shifting of the C-O-C vibration at 1010 and 1090 cm-1 and the lack 13 
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of -CH2- vibration between 2800 to 3000 cm-1 signify that long chain is formed through DOL 1 

ring-opening polymerization.[15] The effects of FEC addition on the structure of pDOL segments 2 

were investigated in the study. The feature peaks of FEC between 1750 ~ 1800 cm-1 illustrates 3 

that that there was no chemical reaction between FEC and DOL when undergoing in situ 4 

polymerization.[16] The structure and composition information are also confirmed by the 1H and 5 

13C NMR in Fig. 2b-c. It is notable that the hydrogen peaks exhibit chemical shifts after 6 

polymerization, the peak at 3.78 and 4.76 ppm corresponds to the H on -O-CH2-CH2-O- and -O-7 

CH2-O- group, respectively.[17] The peaks of 13C NMR at 66.69 and 95.16 ppm corresponds to -8 

O-CH2-CH2-O- and -O-CH2-O- bond, separately. These are consistent with the pDOL 9 

structure.[18] Furthermore, the results of FTIR and NMR analyses suggest that there was no 10 

chemical reaction between FEC, IL, and DOL during the in situ polymerization of DOL. The 11 

incorporation of FEC and IL into the poly-DOL chain framework resulted in the formation of an 12 

amorphous region, which led to a reduction in the degree of polymer crystallization. This effect 13 

is clearly noticeable in the DSC findings, shown in Fig. 1e. The 7Li NMR carapares the chemical 14 

shift of PDOL, 0 FEC-PPE, and 33% FEC-PPE electrolyte sample. The left shift of the peaks 15 

represents the increased mobility of Li+, improved the performance of the battery. 16 

3.2 Electrochemical tests of PPE electrolyte 17 

Linear sweep voltammetry (LSV) was applied to examine the electrochemical window of 18 

the electrolyte that were polymerized in situ, the results are shown in Figure 2a. It can be 19 

observed that the PPE has an electrochemical window wider than 5.2 V. It is obviously that he 20 
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addition of FEC and PP14TFSI The Due to the effects of FEC and IL in increasing the operating 1 

voltage window of the electrolyte, the electrochemical window of the PPE electrolyte has been 2 

significantly enhanced. This is also partly due to the ring-opening polymerization of DOL, which 3 

results in the formation of long linear chains.[15] The wider electrochemical window of the PPE 4 

suggests that it can be effectively paired with high-voltage cathodes such as LCO and NCM811. 5 

The result of the electrochemical floating experiment using NCM622||PPE||Li battery shows that 6 

the battery can still operate stably when the voltage reaches 4.6 V (Fig. 2b). When the charge 7 

voltage is higher than 4.6 V, which exceeds the voltage window that the electrolyte can withstand, 8 

will accelerate the electrolyte decomposition process. Overvoltage charging for the Li anode of 9 

the battery means trying to squeeze an excessive number of Li ions into its limited space, 10 

resulting in the inability of the Li ions to embed and depositing on the electrode surface, leading 11 

to the formation of dendritic growth. As for the cathode, too many Li ions are driven to depart 12 

from the cathode lattice structure, affecting the stability of its structure and causing local collapse. 13 
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 1 

Figure 2 (a) LSV measurements of diffent electrolytes, (b) electrochemical floating analysis of 2 

NCM622||PPE||Li battery, (c) current-time curve following DC polarization curves of the PPE 3 

electrolyte at room temperature (inset: EIS variation at initial and steady states). (d) Voltage 4 

profiles of Li||PPE||Li symmetrical cellat 0.2 mA cm-2, and 0.2 mA h cm-2 and room temperature. 5 

The 𝑡𝐿𝑖+ value was calculated and the chronoamperometry curves is shown in Fig. 2c, 6 

which is 0.58 for the PPE electrolyte, much higher than the PDOL. Effectively increased 𝑡𝐿𝑖+ 7 

can result in a reduction of concentration polarization for Li+, prevent the formation of lithium 8 

dendrites, and enable faster charging/discharging rates. The enhancement of 𝑡𝐿𝑖+  can be 9 

attributed to the abundance of free Li ions created by the synergistic effect between the FEC and 10 

PP14
+ groups in IL, as confirmed by FTIR, NMR and the following XPS results. 11 

To assess the reversibility of Li plating/stripping in different electrolytes, Li||Li symmetric 12 
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batteries were tested at room temperature at different current density, as shown in Fig. 2d and 1 

Fig. S2&S3. At a current of 0.2 mA cm-2, the PDOL exhibited a larger initial overpotential about 2 

0.45 V, and underwent a short circuit after 230 h. This implies the unstable interfacial contact, 3 

which is caused by the higher polymerization degree of the PDOL. While for the battery with 4 

PPE electrolyte, the initial overpotential was about 0.3 V, which slowly reduced to 0.15 V after 5 

100 h, and remained stable for 1200 h. The large initial overpotential maybe caused by the small 6 

amount of unpolymerized DOL monomers, which reversed to promote a close interfacial contact, 7 

resulting in a stable cycling performance. When the current density increased to 0.5 and 1 mA 8 

cm-2, the overpotential increased significantly to 0.2 and 0.3V, separately (Fig. S2 and Fig. S3). 9 

The Li||PPE||Li cell demonstrated stable performance at 1 mA cm-2, with no significant increase 10 

in polarization even after 100 hours of cycling (as illustrated in Figure S3). This suggests that 11 

the system has good compatibility and stability with the Li anode, which is capable of effectively 12 

preventing the growth of dendritic lithium. 13 

3.3 Characterization of electrolyte-anode interface 14 

The post-symmetric cells, which contained different electrolytes, underwent 50 cycles at a 15 

rate of 0.2 mA cm-2 for 0.2 mA h cm-2. Afterwards, the cells were taken apart to observe the 16 

surface morphology of the extracted Li metals through SEM, as shown in Fig. 3a-b. It is notable 17 

that there was mossy lithium dendrite on the PDOL Li anode, while the surface of PPE cycled 18 

Li anode was flat and smooth without lithium dendrite. This phenomenon is consistent with the 19 

Li symmetry cycling performance. The chemical composition of the solid electrolyte interphase 20 
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(SEI) on Li anode obtained from cycled Li||PPE||Li cells was investigated via XPS. This analysis 1 

was carried out after subjecting the cells to 100 hours of cycling at a current density of 0.2 mA 2 

cm-2, with PDOL and PPE electrolyte, separately (Fig. 3c-h). The C 1s spectra (shown in Figure 3 

3c) indicate that the SEI layer on Li metal from PDOL battery is responsible for the C-O peak 4 

(286.33 eV) and O=C-O peak (289.44 eV). These peaks correspond to the breakdown of DME 5 

solvent.[19] The peaks of F 1s at 685.2 and 686.7 eV is assigned to LiF and LixPFyOz, respectively, 6 

resulting from the decomposition of LiPF6 salt (Fig. 3e). It has been reported that the SEI layer 7 

from a typical LiPF6 system is unstable to support long stability and the LiPF6 corrodes the 8 

current collector.[20] 9 
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 1 

Fig. 3 SEM images of Li anode amphogy with a) PDOL electrolyte, b) PPE electrolyte, XPS 2 

spectra (C 1s, F 1s, N 1s) of the Li metal surface from the cycled Li||Li symmetric cells after 50 3 

cycles at 0.2 mA cm-2 (c, e, g) PDOL electrolye, and (d, f, h) PPE electrolyte. 4 

FEC has been suggested as a viable electrolyte supplement that boosts the firmness and 5 

flexibility of the solid electrolyte interphase (SEI) in Li metal anodes.[21] It has a good ability to 6 

stabilize lithium metal negative electrode and can form a dense SEI with high LiF content on the 7 

metal lithium negative electrode. Furthermore, adding FEC can alleviate the corrosion of LiPF6 8 
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on the battery and help to form stable SEI on the anode and CEI on the cathode.[22] As illustrated 1 

in Fig. 3d and f, the existence of FEC leads to the formation of LiF (685.2 eV) and C-F (688.8 2 

eV) coating the surface of Li metal. The LiF found in the solid electrolyte interphase (SEI) layer 3 

possesses a high level of mechanical strength and interface energy, which aids in improving the 4 

mechanical resilience of the SEI and prevents the growth of lithium dendrites. While too much 5 

LiF will lead to the increasement of the interfacial impedance and polarization, the C - F bond 6 

has the characteristic of a semi-ionic bond, greatly increasing the electrochemical reactivity and 7 

lipophilicity of the electrolyte. In addition, the decomposition of FEC on the Li metal causes the 8 

emergence of the C-O peak (286.6 eV), C-F/C=O peak (288.7 eV), and O-(C=O)-O peak (289.9 9 

eV) within the SEI layer, as observed in the C 1s spectra.[12] The result suggest that the stability 10 

of the electrode/electrolyte interface in battery with PPE electrolyte was enhanced by the formed 11 

LiF riched SEI film. 12 

In N 1s spectra, the peak at approximately 399.8 eV is linked to imide groups found in 13 

LiTFSI salt or PP14TFSI, as shown in Fig. 3g and h. Meanwhile, the presence of N- in Li3N and 14 

N+ in PP14
+ results in two additional peaks at 397.5 and 401.3 eV, separately.[23] As a result, the 15 

PP14TFSI ionic liquid in the PPE electrolyte system modifies the SEI layers on the Li metal 16 

surface, creating a protective interphase that remains stable during cycling and reduces side 17 

reactions between the electrolyte and Li metal. Moreover, PPE electrolyte system promotes the 18 

production of Li3N during cycling, which helps to prevent the growth of Li dendrites. In addition, 19 

it can be deduced that the role of PP14TFSI ionic liquid, in this system has the ability to wet the 20 

interface, increase the electrochemical window, and reduce the crystallinity of the polymer. The 21 
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interface of the electrolytes and electrodes is an important factor in measuring battery 1 

performance. 2 

There is no signal indicating the decomposition of DOL monomer, and PDOL which 3 

confirms that the SEI rich in LiF resulting from FEC decomposition can effectively prevent the 4 

reaction between the electrolyte and lithium metal, ultimately leading to improved 5 

electrochemical performance. The improved cycling performance of Li||PPE||Li cells, which 6 

have dendrite-free and compact lithium on the lithium metal surface, can be explained by the 7 

presence of a stable LiF riched SEI, excellent interfacial contact, and a reduced Li nucleation 8 

overpotential. These factors coordinated to protect the lithium anode and prevent the growth of 9 

dendritic lithium. 10 

3.4 Cycling performance matched with high-voltage cathodes 11 

With high Li+ transport and remarkable stability towards lithium metal at room temperature, 12 

the PPE electrolyte enable high voltage performance of batteries with different cathodes. 13 

Batteries with a high-voltage and capacity LiCoO2 cathode were assembled and tested from 3 to 14 

4.45 V at room temperature. Fig. 4 show the cycling performance of LCO ||PEE||Li batteries with 15 

PPE at room temperature (25 °C). After being active for 5 cycles at 0.1 C, the initial discharge 16 

specific capacity of LiCoO2||PPE||Li at 0.2 C is 167.5 mAh g-1, higher than that of 17 

LiCoO2||PDOL||Li battery (Fig. S4), showing a better compatibility against high-voltage 18 

cathodes. And the capacity retain is 78.9% after 200 cycles (88.6% after 100th), with a stable 19 

combomlic efficiency. As a contrast, the LiCoO2||PDOL||Li battery decayed sharply and suffered 20 
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unstable comlombic efficiency. The discharge specific capacity of LiCoO2||PPE||Li battery is 1 

174.2, 167.5, 154.2, 140.5, and 107.8 mAh g-1, corresponding to 0.1 C, 0.2 C, 0.5 C, 1 C, and 2 2 

C, respectively. Fig. S5 display the TEM image of LiCoO2 cathode after cycled for 20 cycles at 3 

0.1 C, the CEI layer is uniform and with a thickness of 12 nm. The CEI, which is both thin and 4 

robust, has the dual capability of inhibiting undesirable reactions between the cathode and 5 

electrolyte, as well as lowering the energy barrier for the diffusion of Li ions on the surface. 6 

NCM811 cathode was also applied to test value the PPE electrolyte at room temperature, 7 

as depicted in Fig. 5. NCM811||PPE||Li batteries were assembled and tested from 3.0 to 4.3 V at 8 

room temperature. The discharge specific capacity of NCM811||PPE||Li cell is 181.9, 162.7, 9 

144.7, 143.6, 117.4 mA h g-1, corresponding to 0.1 C, 0.5 C, 1 C, 2 C, 5 C, respectively (Fig. 5b). 10 

With a high and stable Combomlic efficiency, the NCM811||PPE||Li cell exhibits excellent 11 

cycling performance at 1 C, from the initial 139.5 mA h g-1 to 130.2 mA h g-1 after 140 cycles. 12 

The capacity retain is 93.3% with slight decay in each cycle, and the average Combomlic 13 

efficiency is 99.9%, indicating high compatibility of PPE electrolyte and NCM811 cathode. The 14 

TEM image of NCM811 after cycled at 0.1C for 10 cycles demonstrates an even and uniform 15 

CEI layer with a thickness of only 8 nm. 16 

 17 
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 1 

Figure 4 Electrochemical performance of LiCoO2||PPE||Li cells: a) Cycling performance at 0.2 2 

C, b) voltage file, c) galvanostatic charge/discharge curve at different rates, d) cycling 3 

performance of at 0.1 C, e) galvanostatic charge/discharge curve at 0.2 C, f) rate performance of, 4 

g) at 1 C, h) galvanostatic charge/discharge curve at 1 C. All the tests were conducted at room 5 

temperature. 6 
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 1 

Figure 5 Electrochemical performance of NCM811||PPE||Li cells: a) Rate performance, b) 2 

galvanostatic charge/discharge curve at different rates, c) galvanostatic charge/discharge curve 3 

at 1C, d) cycling performance of at 1 C, e) voltage file, f) TEM image of NCM811 after cycled 4 

at 0.1C for 10 cycles. All the tests were conducted at room temperature. 5 

The PPE has played a crucial role in enhancing the cycling performance of the LiCoO2||Li 6 

or NCM811||Li cell by effectively preventing undesirable reactions between the in-situ 7 

polymerization electrolyte and electrodes. It was made possible by the presence of the protective 8 

interfacial layer consisting of nitrogen and fluorine composites offered by FEC solvent and 9 

PP14TFSI. The synergistic effect of FEC and ionic liquid PP14TFSI results in the formation of a 10 

stable interfacial layer in the battery, thereby leading to excellent electrochemical performance. 11 

4. Conclusion 12 

In summary, a new solid-state electrolyte by in-situ polymerization, which involves the 13 
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addition of the FEC solvent and ionic liquid PP14TFSI is developed and demonstrated. The 1 

inclusion of FEC solvent and PP14TFSI was shown serve for a multiple purpose in this system, 2 

leading to rapid propagation of lithium ions and good electrochemical performance. FEC has the 3 

role of impeding current collector corrosion resulting from LiPF6, as well as encouraging the 4 

formation of a passivate interfacial layer at room temperature. In other hand, the PP14TFSI has a 5 

positive effect on enhancing interfacial contact, and offering stable components for the interfacial 6 

layer. During the electrochemical process, an interfacial layer is formed that contains fluorine 7 

and nitrogen composites, effectively inhibiting side reactions at the interface between the in-situ 8 

polymerization electrolyte and electrodes. The LiCoO2||PPE||Li cell exhibits good cycling 9 

performance at a high voltage of 4.45 V, with a capacity retention of around 80% after 200 cycles 10 

at 0.2 C and 1 C room temperature, and a significant improvement in coulombic efficiency. The 11 

NCM811||PPE||Li cell also conducts excellent cycling performance. Overall, the use of in-situ 12 

polymerization and proposed effect of FEC and ionic liquid has the potential to enable the design 13 

of solid-state lithium metal batteries with high voltage for practical application. 14 
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1 

Figure S1 SEM image of surface of (a) blank LiCoO2 electrode, (b) LiCoO2 electrode after in-2 

situ polymerization with PPE electrolyte at room temperature, (c) photograph of electrolyte after 3 

in-situ polymerization at room temperature 4 

5 

Figure S2 Voltage profiles of Li||PPE||Li symmetrical cell at 0.5 mA cm-2, 0.5 mA h cm-2 and 6 

room temperature 7 

 8 
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1 

Figure S3 Voltage profiles of Li||PPE||Li symmetrical cellat 1 mA cm-2, 1 mA h cm-2 and room 2 

temperature 3 

 4 

 5 
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 1 

Figure S4 Comparation of voltage profiles of LCO||PPE||Li and LCO||PDOL||Li cells at 1 C and 2 

room temperature 3 

 4 

Fig. S5 TEM images of LiCoO2 cathode: (a) fresh, (b) cycled for 20cycles at 0.1 C at room 5 

temperature 6 
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6.1 Conclusions 

In this thesis, new perspectives have been presented regarding the utilization of ionic liquids 

in solid-state electrolytes for the purpose of enhancing the efficiency of solid-state lithium metal 

batteries. The primary aim of this comprehensive study is to address issues such as the formation 

and growth of Li dendrite, and to improve the ionic conductivity of polymer electrolytes, as well 

as to enhance the interface stability between the solid-state electrolyte and electrodes. As a result, 

the performance of the battery has been greatly improved: the cycle stability of the battery has 

been significantly enhanced, the operating voltage of the polymer battery has been widened, and 

the capacity of the polymer solid-state lithium battery has been improved. Based on the research 

outcomes discussed in this thesis, main contributions can be summarized: 

1. Advancing of fundamental understanding the influence of ionic liquids on the performance 

of solid electrolytes and the structural design of solid electrolytes. This work provides a 

detailed introduction to the properties of ionic liquids and the problems and challenges faced 

by solid electrolytes for the solid-state Li metal batteries, as well as the application of ionic 

liquids in electrolytes. The paper in chapter 2 partly focuses on the review of recent 

advancements in the utilization of ionic liquids (ILs) and metal-organic frameworks (MOFs) 

in solid-state electrolytes (SSEs) for various metal batteries including lithium, sodium, 

magnesium, aluminum, and zinc.  

2. By infused the ionic liquid into MOF-5 framework, Chapter 3 showcased a solid-state PIM 

electrolyte, resulting in a close and nano-wetted interface that facilitates high ionic 
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conductivity. The IL and MOF were effectively integrated with Li+ through chemical bonding. 

The improved lithium transference number of 0.65 was observed as a result of the PIM 

electrolyte's interfacial contact. The PIM electrolyte proved to be compatible with both the 

LFP/NCM622 cathode and Li metal anode, displaying uniform Li deposition and stable 

interfacial contact. The PIM electrolyte also demonstrated high electrochemical activity and 

capacity retention over long cycling in the LFP||PIM||Li cell at varying rates. The uniform Li 

deposition was due to the confinement of anions in the MOF host network, which resulted in 

a thick and uniform CEI layer on the cathode. The study suggests that IL@MOF-based 

electrolytes have the potential to enhance the performance of Li-based batteries and other 

energy storage devices by modifying the type of ionic liquid or host material used. 

3. A gel electrolyte including an ionic liquid has been developed by in-situ polymerizing on the 

electrospinning PAN separator. This presented in Chapter 4 results in improved Li+ transport, 

high ionic conductivity, enhanced oxidative stability, and an extended operating temperature 

range, leading to a significant improvement in high cycling performance. The interfacial 

wettability is also increased by the ionic liquid infusion. The compatibility of the gel 

electrolyte with Li anode was improved, inhibiting dendrite formation and enhancing long-

term cycling stability with LFP cathode. Consequently, the electrolyte can be used in a 

temperature range of -20 °C to 20 °C. In addition, Li symmetrical cells exhibited stable 

cycling at different current densities. After 1000 cycles at 2 C, the LFP||pDOL-py||Li cell 

demonstrated high specific capacity, Coulombic efficiency, and capacity retention. This 

study presents a convenient approach for achieving wide-temperature applications in solid-
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state Li batteries. 

4. The application of solid electrolytes in high-voltage batteries such as LiCoO2/Li (4.45 V) and 

NCM811/Li (4.3 V) presented in Chapter 5 was studied by adding an ionic liquid and FEC. 

A detailed analysis was conducted on the anode and cathode electrodes of the lithium metal 

batteries after cycling. The results showed that the electrolyte effectively suppressed the 

growth of lithium dendrites. Electrochemical test results showed that the battery could cycle 

stably at high voltage (4.45 V) and could operate at 1 C rate at 4.3 V, due to the excellent 

ionic conductivity and LiF-riched SEI layer in in this battery system, which is more 

conducive to the specific capacity of LiCoO2 and NCM811.  

5. Ionic liquid in this thesis presented multiple function. Ionic liquids are used as solid-state 

electrolyte materials to wet the interface, contribute to the SEI film components, and enhance 

the intension of hydrogen bonding. In addition, by using different types of ionic liquids, the 

electrochemical window of the battery has been improved to varying degrees, resulting in 

improved performance and increased Li ion transport and ion conductivity. 

6.2 Recommendations for Future Work 

The results presented in this thesis have advanced our understanding of the application of ionic 

liquid participating in solid-state electrolyte in the solid-state Li metal batteries. More research 

is needed to deep understand the role of ionic liquids on solid-state lithium batteries. 

1. Studying the solubility and diffusion coefficient of ionic liquids can optimize the 

performance of solid-state lithium batteries. The diffusion coefficient refers to the diffusion 
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rate of ionic liquids in the solid-state electrolyte and is also one of the important parameters 

of the performance of solid-state lithium batteries. The diffusion coefficient can be obtained 

through experimental and computational simulation methods. By studying the diffusion 

coefficient of ionic liquids, we can better understand the transport performance of ionic 

liquids in solid-state electrolytes and further optimize the performance of solid-state lithium 

batteries. 

2. Establishing a reaction kinetics model between ionic liquids and solid-state lithium battery 

electrolytes can predict the performance and lifespan of the battery. The reaction between 

ionic liquids and solid-state lithium battery electrolytes can cause changes in battery 

performance and lifespan. Therefore, understanding and establishing this reaction kinetics 

model can predict the performance and lifespan of the battery that is suggested in further 

studies. 

3. By changing the molecular structure and functionalizing of ionic liquids, their performance 

and application range in solid-state electrolytes can be improved. The properties and 

performance of ionic liquids depend on their molecular structure and chemical composition, 

and by changing these factors, their properties and performance can be controlled and 

improved. Furthermore, by combining them with different solid-state electrolytes, a wider 

range of applications can be achieved. 

4. Developing higher performance ionic liquids is the key to achieving higher performance 

solid-state batteries. Here are some methods to find ionic liquids with higher ion conductivity, 
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lower viscosity, and better compatibility with solid-state electrolyte materials: 

a. Structural optimization: By designing the structure of ionic liquid molecules, their ion 

conductivity can be improved. For example, increasing the number of ions in the ionic 

liquid, changing the size and shape of the ions, etc., can improve the ion conductivity of 

the ionic liquid. 

b. Additives: Adding additives to the ionic liquid, such as small molecule compounds or 

polymers, can improve its physical and electrochemical properties. Adding additives can 

reduce the viscosity of the ionic liquid and improve its ion conductivity. 

c. Compatibility between ionic liquids and solid-state electrolytes: By selecting appropriate 

ionic liquids, better compatibility with solid-state electrolyte materials can be achieved. 

For example, selecting ionic liquids and solid-state electrolyte materials with similar 

chemical structures can reduce the interactions between the two, thereby improving the 

ion transport rate. 

d. Molecular simulation: Molecular simulation techniques can simulate the interactions 

between ionic liquid molecules and solid-state electrolyte molecules, predict the 

properties of ionic liquids, and design higher performance ionic liquids. 

e. Discovery of new ionic liquids: High-throughput experimental techniques, such as high-

throughput synthesis, screening, and testing techniques, can quickly discover new ionic 

liquids and accelerate the development of new ionic liquids. 

5. Although ionic liquids have great potential in solid-state electrolytes, their production cost is 
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still relatively high, which limits their commercialization in large-scale production. To 

overcome this problem, researchers have been looking for low-cost and high-performance 

ionic liquids. 

a. There are several methods to reduce the cost of ionic liquids. For example, renewable 

resources such as lignin, cellulose, and other biomass can be used to prepare ionic liquids. 

Alternatively, low-cost raw materials such as waste and inexpensive carbon sources can 

be used to prepare ionic liquids. In addition, developing more efficient synthetic methods 

and improving the production process of ionic liquids can also reduce their cost. 

b. Another way to address the cost issue is to use ionic liquid mixtures. Mixtures are 

composed of two or more ionic liquids and have lower cost and better performance. In 

addition, ionic liquid mixtures can change their properties by adjusting the composition 

ratio, thereby achieving better performance control. 




