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ABSTRACT 

Intermittent electricity generation from renewable energy sources, such as wind energy, ocean 

energy, and solar energy, has significantly intensified the demand for high-energy-density, 

high-power, and low-cost energy storage devices. In this regard, tremendous efforts have been 

devoted to the development of electrode materials, electrolytes, and separators of energy-

storage devices to address the fundamental needs of emerging technologies such as electric 

vehicles, artificial intelligence, and virtual reality. Polymer materials are ubiquitous in 

fabricating these energy storage devices and are widely used as binders, electrolytes, 

separators, and other components. However, binders, as an important component in energy-

storage devices, are yet to receive sufficient attention. Polyvinylidene fluoride (PVDF) has 

been the dominant binder in the battery industry for decades despite several well-recognized 

drawbacks, i.e., limited binding strength due to the lack of chemical bonds with electroactive 

materials, insufficient mechanical properties, and low electronic and lithium-ion 

conductivities. The limited binding function cannot meet the inherent demands of emerging 

electrode materials with high capacities such as silicon anodes and sulfur cathodes. Polymers 

are also used as electrolyte matrices because they offer the advantages of low cost, lightweight, 

easy processability, excellent mechanical deformation, and better interfacial contact and 

compatibility with electrodes. However, the practical implementation of solid polymer 

electrolytes has been hindered by several challenging issues including low ionic conductivity, 

low ion transfer number, high-voltage instability, and lithium dendrite growth. Because of the 

increasingly growing demand for higher performance of energy storage devices, it is necessary 

to develop novel polymeric binders and solid electrolytes with advanced functionalities to help 

improve the operation of the currently existing energy storage systems. 
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In the first study, we synthesized a novel self-healing poly(ether-thioureas) (SHPET) polymer 

with balanced rigidity and softness for the silicon anode. The as-prepared silicon anode with 

the self-healing binder exhibits excellent structural stability and superior electrochemical 

performance, delivering a high discharge capacity of 3744 mAh g−1 at a current density of 

420 mA g−1, and achieving a stable cycle life with a high capacity retention of 85.6% after 250 

cycles at a high current rate of 4200 mA g−1. The success of this work suggests that the 

proposed SHPET binder facilitates fast self-healing, buffers the drastic volume changes and 

overcomes the mechanical strain in the course of the charge/discharge process, and could 

subsequently accelerate the commercialization of the silicon anode. 

Binders could play crucial or even decisive roles in the fabrication of low-cost, stable, and 

high-capacity electrodes. This is especially the case for the silicon (Si) anodes and sulfur (S) 

cathodes that undergo large volume change and active material loss in lithium-ion batteries 

during prolonged cycles. In the second study, a hydrophilic polymer poly(methyl vinyl ether-

alt-maleic acid) (PMVEMA) was explored as a dual-functional aqueous binder for the 

preparation of high-performance silicon anodes and sulfur cathodes. Benefiting from the dual 

functions of PMVEMA, i.e., the excellent dispersion ability and strong binding forces, the as-

prepared electrodes exhibit improved capacity, rate capability, and long-term cycling 

performance. In particular, the as-prepared Si electrode delivers a high initial discharge 

capacity of 1346.5 mAh g-1 at a high rate of 8.4 A g-1 and maintains 834.5 mAh g-1 after 300 

cycles at 4.2 A g-1, while the as-prepared S cathode exhibits enhanced cycling performance 

with high remaining discharge capacities of 711.44 mAh g-1 after 60 cycles at 0.2 C and 487.07 

mAh g-1 after 300 cycles at 1 C, respectively. These encouraging results suggest that 

PMVEMA could be a universal binder to facilitate the green manufacture of both anodes and 

cathodes for high-capacity energy storage systems. 
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Stable and seamless interfaces among solid components in all‐solid‐state batteries (ASSBs) are 

crucial for high ionic conductivity and high rate performance. This can be achieved by the 

combination of functional inorganic material and flexible polymer solid electrolytes. In the 

third study, a flexible all‐solid‐state composite electrolyte is synthesized based on oxygen‐

vacancy‐rich Ca‐doped CeO2 (Ca-CeO2) nanotube, lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI), and poly(ethylene oxide) (PEO), namely Ca-CeO2/LiTFSI/PEO. Ca-CeO2 nanotubes 

play a key role in enhancing ionic conductivity and mechanical strength while the PEO offers 

flexibility and assures the stable seamless contact between the solid electrolyte and the 

electrodes in ASSBs. The as‐prepared electrolyte exhibits high ionic conductivity of 1.3 × 

10−4 S cm−1 at 60 °C, a high lithium ion transference number of 0.453, and high‐voltage 

stability. More importantly, various electrochemical characterizations and density functional 

theory (DFT) calculations reveal that Ca-CeO2 helps dissociate LiTFSI, produces free Li-ions, 

and therefore enhances ionic conductivity. The ASSBs based on the as‐prepared Ca-

CeO2/LiTFSI/PEO composite electrolyte deliver high‐rate capability and high‐voltage stability. 

Offering high energy density and high safety, all-solid-state lithium-sulfur batteries (ASSLSBs) 

have emerged as one of the most promising next-generation energy storage systems. However, 

there are a series of barriers to their practical applications, including insufficient sulfur 

utilization, low ionic conductivity and unstable interfaces. In the fourth study, we adopt 

acetamide to construct a deep eutectic system to suppress electrode passivation, and therefore 

address the issues of sulfur utilization, and improve the ionic conductivity of the solid polymer 

electrolytes. Furthermore, we establish a lithium bis(trifluoromethanesulfonyl)imide - lithium 

oxalyldifluoroborate (LiTFSI-LiDFOB) dual-salt system to facilitate the establishment of a 

stable and uniform passivation layer, a favorable interface on lithium anode, to prevent lithium 

dendrite formation and the polysulfide shuttling. Consequently, the as-prepared ASSLSBs 
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deliver a high initial discharge specific capacity of 1012 mAh g-1 at 0.05 C and a stable capacity 

of 234.84 mAh g-1 after 1000 cycles at 0.1 C. This work suggests that the simultaneous adoption 

of the deep eutectic system and dual-salt electrolyte could accelerate the practical applications 

of ASSLSBs. 

In summary, the high performance of the as-prepared silicon anodes demonstrates potential for 

addressing the challenges for next-generation anodes by designing self-healing polymers and 

aqueous hydrophilic polymers. Moreover, the success of the aqueous hydrophilic polymer in 

lithium-sulfur batteries suggests that such a binder system can be extended to other high-

capacity energy storage materials that suffer from severe volume changes. As for the polymer 

electrolytes, the design of functional inorganic/polymeric composite electrolyte presents a 

promising strategy to resolve the stubborn barriers (i.e., insufficient contact at the interfaces 

and ionic conductivity) of ASSBs. Additionally, combining the merits of the deep eutectic 

system and the dual-salt system, long-term cycling stability and high capacity retention of 

ASSLSBs can be achieved. These polymeric binders and electrolytes can be further optimized 

to realize high performance for various energy storage systems. 
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CHAPTER 1 

INTRODUCTION 
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1.1. SIGNIFICANCE OF THE PROJECT 

Lithium-ion batteries (LIBs), as renewable energy storage systems, have played a crucial role 

in supplying constant power to homes and industries.1,2 The next-generation high-energy-

density energy storage systems mainly focus on high-voltage cathodes, and alloying and 

conversion-type materials.3 Polymer materials play important roles in developing these high-

performance materials as binders or solid electrolytes. For example, though their extremely 

high theoretical capacities (4200 mAh g–1 for silicon anode and 1675 mAh g-1 for the sulfur 

cathode, respectively), both silicon anodes and sulfur cathodes need to overcome substantial 

technical barriers before large-scale practical application, including large volume change, the 

low electric conductivity of active materials and lithium dendrite growth.4 Binders could play 

crucial roles in electrode fabrication procedures and the electrochemical performance and 

stability of the electrode. Subsequently, extensive efforts have been devoted to functional 

binders for silicon anodes and sulfur cathodes.5 Two types of polymer binders, a self-healing 

polymer poly(ether-thioureas) (SHPET) and a hydrophilic polymer poly(methyl vinyl ether-

alt-maleic acid) (PMVEMA), are explored for high-energy-density silicon anodes and sulfur 

cathodes. Throughout a series of electrochemical and mechanical tests, the explored polymers 

show potential to solve the critical issues of future high-capacity energy storage materials. 

Solid-state electrolytes (SSEs) have been regarded as next-generation technology to 

significantly promote the energy density and safety of energy storage systems.6 In particular, 

replacing the liquid electrolytes with SSEs could increase energy density, address safety issues, 

lower cost, prevent leakage accidents and avoid the penetration of lithium dendrites.7 To solve 

the drawbacks of low ionic conductivity and interfacial instability of polymer electrolytes, we 

successfully design a Ca-CeO2/LiTFSI/PEO composite electrolyte, which delivers high‐rate 

capability and high‐voltage stability. Moreover, to increase sulfur utilization and improve the 



3 

 

ionic conductivity of polymer electrolytes, we adopt acetamide to construct a deep eutectic 

system to suppress electrode passivation and therefore address the issues. Furthermore, we 

establish a lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)-lithium oxalyldifluoroborate 

(LiDFOB) dual-salt system to facilitate the building-up of a stable and uniform passivation 

layer, a favorable interface on lithium anodes to prevent dendrite formation and polysulfide 

shuttling. These works suggest that the design of advanced polymer solid electrolytes presents 

a  promising strategy to improve the electrochemical performance of existing energy storage 

systems. 
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1.2. RESEARCH OBJECTIVES 

The central focus of this thesis is to explore functional polymer-based materials as binders or 

solid electrolytes for solving the concerns of high-capacity energy storage systems including 

silicon anodes, sulfur cathodes, and high-voltage cathodes. More specifically, the objectives 

are: 

 To explore functional polymer binders, including self-healing polymers and 

hydrophilic polymers, to buffer the volume changes of silicon anodes and maintain 

electrode integrity.  

 To investigate hydrophilic polymers as binders to address the critical issues of large 

volume change and shuttling effects in lithium-sulfur batteries. 

 To develop a polymer-based electrolyte by combining functional inorganic material 

and flexible polymer to realize high‐rate capability and high‐voltage stability. 

 To synthesize a high-performance polymer-based electrolyte with deep eutectic system 

and dual-salt electrolyte to achieve excellent electrochemical performance of all-solid-

state lithium-sulfur batteries. 
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1.3. THESIS OUTLINE 

The initial goal of this project is to explore polymer-based materials as binders and solid 

electrolytes to resolve the critical issues that next-generation rechargeable lithium-based 

batteries are facing, i.e., capacity fading, lithium dendrite growth, low utilization of active 

materials, interfacial instability, and safety issues. The main aims are to evaluate the 

electrochemical performance of the as-prepared polymer-based binders and solid electrolytes 

in the batteries. The outline of the thesis and the aims for each chapter are as follows: 

1) Highlight the significance of the projects, summarize the research objectives and 

contributions to the research of next-generation lithium-ion batteries (Chapter 1). 

2) Provide (i) a review of polymer binders that have been explored to solve the various 

challenges of next-generation high-capacity lithium-ion batteries, and (ii) a review of 

functional additives to achieve high-performance solid polymer electrolytes (Chapter 2). 

3) Use a mechanically robust self-healing binder to realize excellent rate capability and 

improved cycling stability for silicon anode (Chapter 3). 

4) Explore a hydrophilic poly(methyl vinyl ether-alt-maleic acid) polymer as a green, 

universal, and dual-functional binder for high-performance silicon anode and sulfur 

cathode (Chapter 4). 

5) Design a flexible all‐solid‐state composite electrolyte Ca-CeO2/LiTFSI/PEO to achieve 

high‐rate capability and high‐voltage stability (Chapter 5). 

6) Develop a deep eutectic system and dual-salt electrolyte to achieve high-capacity and 

ultra-stable all-solid-state lithium-sulfur batteries (Chapter 6). 

7) Summarize the general findings and put forward some prospects for future research 

(Chapter 7).  
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CHAPTER 2 

LITERATURE REVIEW 
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2.1. INTRODUCTORY REMARKS 

This chapter includes two first-author review articles, one of which was published in Chemical 

Reviews, 2018, 118 (18), 8936-8982, and another to be summited to Carbon Energy. 

In review article 1, I present a comprehensive and insightful overview of the state-of-the-art 

advances in polymeric binders for advanced energy storage devices. I divide the binding 

between active materials and binders into two major mechanisms: mechanical interlocking and 

interfacial binding forces. I review existing and emerging binders, binding technology used in 

energy-storage devices (including lithium-ion batteries, lithium-sulfur batteries, sodium-ion 

batteries, and supercapacitors), and state-of-the-art mechanical characterization and 

computational methods for binder research. Finally, I propose prospective next-generation 

binders for energy-storage devices from the molecular level to the macro level. Functional 

binders will play crucial roles in future high-performance energy-storage devices. 

In review article 2, in order to solve the dilemmas in SPEs, I review the roles of additives in 

SPEs, highlighting the working mechanisms and functionality of the additives. The additives 

could afford a significant advantage in boosting ionic conductivity, increasing ion transference 

number, improving high-voltage stability, enhancing mechanical strength, inhibiting lithium 

dendrite as well as reducing flammability in high-voltage cathodes, lithium-sulfur batteries, 

and flexible lithium-ion batteries. Finally, future research perspectives are proposed to 

overcome the unresolved technical hurdles and critical issues in additives of SPEs, such as 

facile fabrication process, interfacial compatibility, working mechanism investigation, and 

special functionalities.  
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Keywords: solid polymer electrolyte, functional additive, lithium-ion batteries, ionic 

conductivity, high-voltage 

Abstract: Solid polymer electrolytes (SPEs) have become increasingly attractive in solid-state 

lithium-ion batteries (SSLIBs) in recent years because of their inherent properties of flexibility, 

processability, and interfacial compatibility. However, the commercialization of SPEs remains 

challenging for fliexible and high-energy-density LIBs. Incorporating functional additives into 

SPEs could significantly promote the electrochemical and mechanical properties of SPEs 

simultaneously. In this work, in order to solve the dilemmas in SPEs, we review the roles of 

additives in SPEs, highlighting the working mechanisms and functionality of the additives. The 

additives could afford a significant advantage in boosting ionic conductivity, increasing ion 

transference number, improving high-voltage stability, enhancing mechanical strength, 

inhibiting lithium dendrite as well as reducing flammability in high-voltage cathodes, lithium-

sulfur batteries, and flexible lithium-ion batteries. Finally, future research perspectives are 

proposed to overcome the unresolved technical hurdles and critical issues in additives of SPEs, 

such as facile fabrication process, interfacial compatibility, working mechanism investigation, 

and special functionalities.  
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1. Introduction 

The state-of-the-art lithium-ion batteries (LIBs) offer volumetric and gravimetric energy 

densities up to 770 Wh/L and 260 Wh/kg, respectively, and are approaching their limits.1,2 On 

the other hand, the demand for LIBs with higher energy density as well as higher power density 

has dramatically increased.3 Over the past decades, solid-state electrolytes (SSEs) have re-

emerged as advanced technology to outperform current LIBs to exceed the practical ceiling 

imposed on the currently available cathode and anode chemistries.4 This interest in SSEs was 

initially motivated by several contributions, targeting to increase energy density, address safety 

issues, and lower cost.5,6 In particular, replacing the liquid electrolytes with SSEs can prevent 

leakage accidents and avoid the penetration of lithium dendrites. So far, solid-state lithium-ion 

batteries (SSLIBs) have attracted great interest as next-generation safe and stable high-energy 

storage systems. 

SSEs can be roughly divided into two main groups: solid inorganic electrolyte and solid 

polymer electrolyte (SPE). Solid inorganic electrolytes now achieve high ionic conductivities 

at room temperature (the highest record of 25 mS cm-1 at room temperature) which are 

comparable to those of conventional liquid electrolytes.7,8 Notably, solid inorganic electrolytes 

are intrinsically single-ion conductors, resulting in high ion transfer numbers.9 Besides, solid 

inorganic electrolytes possess transformative advances in increasing LIB lifetime and safety 

due to their wide electrochemical voltage window, enhanced thermal stability, and diminished 

flammability.10-12 Compared with solid inorganic electrolytes, SPEs offer the advantages of 

low cost, lightweight, easy processability, excellent mechanical deformation, and better 

interfacial contact and compatibility with electrodes.13,14 More importantly, the polymer has 

excellent elastic and plastic deformation naturally, endowing SPEs unique superiority in some 

flexible and wearable energy storage devices. Owing to these distinctive merits of SPEs, in the 
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last decades, intensive studies have been conducted to explore the fundamental understanding 

of working mechanisms and new polymer systems of SPEs. 

Generally, an ideal SPE should simultaneously possess some desired properties including high 

ionic conductivity along with high ion transference number, low interfacial resistance, 

excellent thermal, mechanical, and electrochemical stability, etc.14 Some strategies have been 

proposed to achieve high-performance SPEs, including molecular structure design15-19, anion 

chemistry,20-23 interfacial engineering,24-26 etc. Among these methods, the incorporation of 

functional additives into polymeric matrices is a facile but effective route to improve the 

comprehensive performance of SPEs and has created some historical milestones in boosting 

the development of SPEs. For example, over 40 years ago, Feuillade et al. introduced organic 

plasticizers into the SPEs to form quasi-sold-state gel electrolytes which worked well for 

commercial manufacturing technology.27 Afterward, in 1988, Skaarup et al. constructed a 

mixed-phase electrolyte by adding lithium nitride (Li3N) into poly(ethylene oxide) (PEO)-

lithium trifluoromethanesulfonate (LiCF3SO3) electrolyte, and achieved an ionic conductivity 

and activation energy almost equal to that of the crystalline component.28 Another pioneering 

work, which was conducted by Wieczorek et al. in 1989, creatively introduced ceramic 

additives into PEO polymer electrolytes, thus improving the ionic conductivity at least one 

order of magnitude in comparison to pure PEO electrolytes.29 As diverse functions are required, 

more advanced additives have been explored to realize some special properties, such as flame-

retardant30-32, high-voltage stability33,34, self-healing ability35,36, thermoresponsive ability37, etc. 

Moreover, the addition of ceramic electrolytes into polymer electrolytes to form 

ceramic/polymer composite has attracted great attention as the composite electrolytes combine 

the advantages of both electrolytes, showing greatly promising to dominate the market of 

SSLIBs. Therefore, integrating functional additives in a polymer electrolyte is still a cutting-

edge technology to realize high-performance SPEs. 
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In this review, we focus on recent advances of functional additives in polymer electrolytes from 

the perspective of ion transport mechanisms, additive types, functionalities and applications of 

additives in SSLIBs. We also provide a perspective on the unresolved challenges and future 

research in additive design for SSLIBs.  

 2. Ion transport mechanisms in SPEs 

The basic problem of polymer electrolytes is their unsatisfactory lithium-ion (Li-ion) 

conductivity at room temperature. In this respect, it is crucial to understand the transport 

mechanisms of Li-ion in SPEs. Generally, there are two types of mechanisms of Li-ion 

transport in SPEs: 1) one is delivering the Li-ion through segment motion of the amorphous 

parts in the polymer; 2) another is that the polymer acts as a skeleton to absorb a large amount 

of liquid electrolyte to form a gel, and Li-ion transport relies on the internal liquid electrolyte. 

The addition of ceramic materials makes the Li-ion transport environment more complicated 

in SPEs, and the Li-ion transport mechanisms in the polymer/ceramic composite SSEs are still 

uncertain. Therefore, in this section, the current mainstream mechanisms in the composite 

electrolytes will be introduced using their functions as clues. 

2.1. Ion transport in SPEs  

Polymers containing electron-donating groups such as ether groups or carbonyl groups can 

coordinate with Li-ions, and then transfer Li-ions relying on the mobility of the chain segment. 

Taking PEO as an example, PEO is a polymer in which crystalline and amorphous phases 

coexist.38 Normally, only the amorphous phase can conduct Li-ions. As shown in Figure 1a, 

Li-ions can coordinate with ether oxygen atoms on the backbone, and move along the 

movement of highly flexible chain segments. In addition, under high temperature, the increased 

free volume in PEO enables Li-ions to hop between two main chains, thereby achieving ion 

transport.39 However, when liquid solvents are added to form gel electrolytes, the mechanism 
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of Li-ion transport in gel electrolytes is similar to liquid electrolytes. The mechanism 

determines that the gel electrolytes have a relatively higher Li-ion conductivity than pure 

polymer electrolytes like PEO. However, the exudation of the liquid electrolyte during long-

term storage may greatly affect the performance of the gel electrolytes. 

 

Figure 1. (a) Mechanism of ion transport in amorphous PEO. Reproduced with permission: 

Copyright 2015, The Royal Society of Chemistry.38 (b) The structure of the polymer electrolyte 

PEO6:LiAsF6. Left, view of the structure along the chain axis showing rows of Li-ions 

perpendicular to the page. Right, view of the structure showing the relative position of the 

chains and their conformation (hydrogens not shown). Reproduced with permission: Copyright 

2001, Nature Publishing Group.39 
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In addition, crystalline PEO composite delivers Li-ions in a different way. As demonstrated by 

Graham et al., the crystalline PEO forms the tunnel-shape pathway in the composite 

PEO6:LiAsF6.
39 As shown in Figure 1b, Li-ions locate inside the tunnel and move by 

coordinating with the ether group on the tunnel wall. Furthermore, The AsF6
− anion is located 

between multiple PEO tunnels. Because the crystalline PEO tunnels are in close contact, the 

activity of the anion is restricted, which is beneficial to increasing the ion transfer number. 

2.2. Ion transport in ceramic/polymer composite electrolyte 

Ordinarily, the ceramic/polymer composite electrolyte can be divided into three parts: ceramic 

region, polymer region, and an interfacial region between polymer and ceramic phases. 

Accordingly, three pathways of Li-ion transport exist in the composite electrolytes: bulk 

ceramic electrolyte, bulk polymer electrolyte, and interfacial area. For example, according to 

Li’s report, after adding 16 vol % Li6.25Ga0 25La3Zr2O12 (Ga-LLZO) nanoparticles into PEO, 

the Li-ion conductivity increased about 4 orders of magnitude and reached 7.2 × 10−5 S cm−1 

compared with that of pure PEO-based electrolytes at 30 °C.40 The significant enhancement 

was attributed to the formation of the interfacial area between the Ga-LLZO and PEO phases. 

The presence of surfaces/interfaces would cause the Li-ion transfer from the internal lattice of 

LLZO to its surface, leaving negative charge vacancies inside and forming positive charge 

vacancies on the surface. Furthermore, the stable PEO phase on the interface could maintain 

continuous delivery of the Li-ions to the surface. Therefore, the conductivity of Li-ions in the 

interface area was significantly improved due to the presence of charge defects in the interfaces 

(Figure 2a). However, the dispersed Ga-LLZO particles could not considerably contribute to 

boosting the Li-ion conductivity of the hybrid electrolyte only when the interface regions were 

connected to form a high-speed pathway for Li-ion transmission. 

While in Zagórski’s work, bare PEO/lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 

exhibited the highest ionic conductivity compared with Li6.55Ga0.15La3Zr2O12 
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(LLZO)/PEO/LiTFSI composite electrolytes.41 Though the spontaneous Li-ion exchange 

between the ceramic phase and the polymer phase existed, this kind of ion exchange could 

provide higher Li-ion conductivity than the single-phase electrolyte only if this exchange 

occurred on a large length scale. The hypothesis was evidenced by the results of the ionic 

conductivity test, as shown in Figure 2b. When the proportion of LLZO increased to 40 vol.%, 

the ionic conductivity of composite electrolytes gradually decreased compared with that of the 

LLZO-free PEO, which indicated that little interfacial polymer phase could be connected to 

the electrode, and the ceramic phase did not contribute to the long-range transport of Li-ions. 

While the Li-ion conductivity of the composite electrolyte with LLZO content higher than 40% 

exhibited a sharper drop, which is similar to the conductivity of the compacted ceramic 

electrolyte powder. This result suggested that Li-ions were conducted through the ceramic 

phase. Meanwhile, the movement of the chain segments in the polymer phase was severely 

restricted, and the high interfacial resistance between PEO and LLZO further reduced the ionic 

conductivity. Conversely, the opposite results were reported by Zheng et al.42 According to 

nuclear magnetic resonance tests, Li-ions mainly passed through the PEO matrix in the sample 

with 5 wt.% or even 20 wt.% LLZO. While in this case of 20 wt.% LLZO, part of the Li-ions 

came from the LiTFSI and the other part from the decomposed LLZO. LLZO ceramic particles 

could not form a percolative pathway, but the decomposed LLZO provided an additional 

lithium source. Furthermore, when the LLZO content reached 50 wt.%, most of the Li-ions 

would move in the Li-ion pathway formed by the ceramic phase, and a small part still moved 

in the PEO (Figure 2c). Similar results were also reported by Zagórski et al.43 Currently, the 

Li-ion transport in composite electrolytes is mainly attributed to Li-ions migrate in two phases 

according to whether the content of ceramic electrolyte is beyond the percolation threshold. 

The exact value of the threshold is yet fixed and greatly affected by many factors, such as 

ceramic particle size, morphology, and mixing degree. 
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Figure 2. (a) Illustration of space charge region formed at the interface between the PEO matrix 

and the Ga-LLZO nanoparticles. Reproduced with permission: Copyright 2019, American 

Chemical Society.40 (b) Total ion conductivities of composite electrolytes with different 

volume fractions of LLZO garnet fillers at 70 °C. Reproduced with permission: Copyright 2019, 

American Chemical Society.41 (c) Schematic of Li-ion pathways within LLZO-PEO-LiTFSI 

and LLZO-PEO-LiTFSI-TEGDME composite electrolytes. Reproduced with permission: 

Copyright 2018, American Chemical Society.42 

3. Classification of additives in SPEs 

Generally, a typical SPE consists of polymer matrices and Li salts, which is normally prepared 

by solvent-casting, hot moulding, or extrusion techniques.44 Besides polymer hosts and lithium 

salts, various types of additives have been explored in SPEs. These additives can be typically 

divided into two main types: liquid additives and solid additives. Accordingly, SPEs can be 

categorized into two groups: gel polymer electrolytes (GPEs), and solvent-free polymer 
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electrolytes. In this section, we will summarize the different types of additives in the SPEs, and 

also compare their advantages and disadvantages (Figure 3).  

 

Figure 3. Overview of various types and functionalities of additives in SPEs 

3.1 Liquid additives 

To combine the advantages of solid electrolytes and liquid electrolytes, liquid additives are 

normally added to the SPEs to form gel-state electrolytes, namely GPEs. Due to the flexibility 

and elasticity of the GPEs, they render the devices with adjustable shapes and high flexibility, 

showing great potentials for burgeoning portable and wearable electronics.45 Meanwhile, due 

to the combined merits of the liquid additive and SPEs, GPEs show obvious advantages 

compared to the liquid electrolytes: 1) the GPEs possess high ionic conductivity and superior 

interfacial wetting ability as liquid electrolytes; 2) the GPEs exhibit excellent mechanical 

strength and flexibility; 3) the GPEs can greatly enhance the safety of LIBs. There are two 

main types of liquid additives, including organic solvents and ionic liquids. 
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3.1.1. Organic solvents 

Organic solvents are introduced to provide the medium for ion transport, and a good solvent is 

expected to have a high dielectric constant (ɛ > 15), donor number for more dissociation of ion 

and chemical and electrochemical stability simultaneously. Common liquid additives 

preferentially include propylene carbonate (PC), ethylene carbonate (EC), dimethyl carbonate 

(DMC), and diethyl carbonate (DEC), tetramethylene glycol dimethyl ether (TEGDME), 1,2-

dioxolane (DOL) and dimethoxymethane (DME), etc.46 Due to the presence of these liquid 

additives, the Li-ions mainly transport in the liquid plasticizers, while the polymer matrices 

provide sufficient mechanical strength and maintain the GPEs in a quasi-solid state, thereby 

avoiding electrolyte leakage. However, the organic solvents also bring safety issues due to their 

flammability, volatility, corrosion, poor thermal stability as well as safety hazards such as fire 

and explosion during thermal runaway. 

3.1.2. Ionic liquids  

Ionic liquids (ILs) are molten salts that remain in the liquid state, consisting of positive (cation) 

and negative (anion) charges bounding together by electrostatic interactions. ILs have attracted 

much attention as promising alternative additives, and are expressly highlighted by their high 

ionic conductivity, non-flammability, wide electrochemical window, negligible volatility, 

broad temperature ranges of liquidity, low vapor pressure, and so on.47 According to the nature 

of cation, ILs can be divided into protic and aprotic groups, which are critical in determining 

their liquid character. The commonly used cation groups are imidazolium, pyridinium, 

alkylammonium, alkylphosphonium, pyrrolidinium, guanidinium, etc., which can combine 

with inorganic anions such as halides (Clˉ, Brˉ, Iˉ), polyatomic inorganics (PF6ˉ, BF4ˉ) and 

polyoxometallates or organic anions such as nitrate (NO3
ˉ), trifluoromethylsulfonylimide 

(TFSIˉ), and trifluoromethane sulfonate (Tfˉ) to form a huge number of ILs.47,48 The IL-based 

SPEs have key advantages in terms of safety because of their non-toxicity, inflammability, and 
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environmentally friendly nature. However, high cost and relatively poor mechanical strength 

are still key barriers to the application of IL-based SPEs. 

3.2 Solid additives 

To eliminate the drawbacks of liquid additives, solid additives have been widely investigated. 

Generally, these solid additives can be further sub-divided into inert additives and ionically 

conductive additives (normally ceramic electrolytes). The solid additives in SPEs can reduce 

the crystallinity of polymer matrices and/or promote the dissociation of Li salts in polymer 

matrices, facilitating Li-ion transport. Meanwhile, solid fillers can improve the mechanical 

properties and thermal stability of SPEs.49 

3.2.1 Inert additives 

Many inert additives have been used to increase the ionic conductivity of SPEs, including 

Al2O3, SiO2, BaTiO3, PbTiO3, LiNbO3, SrBi4Ti4O15, CeO2, ZrO2, carbon nanotubes (CNTs), 

etc.33,50-55 The incorporation of inert additives into the SPEs can simultaneously achieve high 

ionic conductivity and enhanced mechanical strength. The improved ionic conductivity by inert 

additives is mainly attributed to the reduced crystallinity degree of polymer host and strong 

interactions between inert additives and Li salts.34,54 More specifically, the oxide ceramics with 

rich Lewis acid sites can interact with the Li salt and polymer chains to enhance the 

electrochemical properties. As for the ferroelectric ceramic fillers, their permanent dipole can 

help to reduce the interfacial impedance between the electrolyte and Li‐metal anode.52 

Meanwhile, due to the high aspect ratio, clay-based inert additives are also beneficial to 

improve the solubility of Li salts and can participate in ionic intercalation.56 

3.2.2 Ceramic electrolytes 

Ceramic electrolytes are fast ionic conductors and have been incorporated into the SPEs to 

synergistically combine the beneficial properties of both inorganic solid electrolytes (high ionic 
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conductivity and strength) and SPEs (good interfacial properties and flexibility).57 Various 

ceramic electrolytes have been investigated as additives in SPEs, such as garnet-type (e.g., 

Li7La3Zr2O12 (LLZO)), NASICON-type (e.g., Li1.5Al0.5Ge1.5(PO4)3), and sulfides (e.g., 

Li10GeP2S12).
58,59 The addition of inorganic ceramic electrolyte has five main effects: 1) 

reducing the crystallinity, 2) improving the electrochemical and thermal stability, 3) increasing 

the concentration and mobility of lithium ions, 4) preventing lithium dendrites, 5) providing 

new continuous, long-distance lithium-ion pathway. 

Despite the enhanced electrochemical and mechanical performance by solid additives, it is 

undeniable that the agglomeration of such additives in the SPEs is still one of the obstacles for 

practical application.60 

4. Functionalities of additives in SPEs 

SPEs have undergone rapid progress since many previous works successfully achieved fast 

ionic conductivity in SPEs.27-29 The development of functional additives in SPEs plays a 

significant role in this progress. Normally, these functional additives are expected to address 

these challenging issues existing in the SPEs, including 1) SPEs generally present 

comparatively low ionic conductivities with an order of 10-8~10-7 S cm-1 at ambient 

temperature;61 2) Mobile anions move to the opposite electrode and create concentration 

gradients in polymer hosts (except single-ion conductors), leading to poor cation transference 

number, high polarization and large internal impedance;62 3) Most widely studied polymer 

electrolytes have limited oxidative stability, and are not compatible with state-of-the-art high-

voltage cathodes;63 4) Lithium dendrite can form and cause failure when the modulus of 

polymer host drops at high temperature.64 Therefore, functional additives have been 

investigated to address the aforementioned issues in SPEs. In this section, we summarize the 

working mechanisms and functions of additives in SPEs. 
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4.1 Working mechanisms of additives in SPEs 

Polymer properties, including glass transfer temperature (Tg) and crystallinity degree, are vital 

in determining the ionic conductivity of SPEs. When an additive is introduced into a polymer 

host, the surfaces of the additive will be wetted by the polymer, or an interface between the 

additive and the polymer host will be formed, resulting in continuous phase boundaries.65 The 

presence of a second phase can modify the structure and morphology of the polymer matrix, 

and also many properties of the polymer will be changed, including glass transfer temperature 

(Tg) and crystallinity degree (Figure 4a). Tg is a temperature at which an amorphous polymer 

ceases to be brittle and glassy in characters and becomes less rigid and more rubbery.66 At a 

temperature above Tg, relatively more freedom will be created for molecular motion, leading 

to a relatively fast ion transport. After the addition of the additives, usually liquid solvents or 

solid plasticizers, they interact with polymer molecules and act as spacers at the molecular level. 

Hence, less energy is required to free the molecules sufficiently to allow substantial rotation 

about the C-C bonds; thus Tg is lowered.66 This was evidenced by a succinonitrile (SCN) 

additive. As shown in Figure 4b, Tg decreased from 14 °C at 0 wt % to -83 °C at 40 wt % with 

increasing SCN concentration in the SPE.67 

Crystallinity can also restrict the molecular movement of the polymer chains. The higher the 

crystallinity, the more rigid the polymer.68 Many polymers show partial crystallinity, and the 

co-existence of crystalline and amorphous regions is typical of the behavior of crystalline 

polymers. It is widely accepted that ion conduction in polymers occurs in the amorphous 

regions except for in specific cases.39,69 Thus, decreasing the crystallinity of the polymer can 

effectively improve the ionic conductivity of SPEs.70 Functional additives have traditionally 

been used as a straightforward method to decrease the crystallinity of polymers. Among these 

additives, organic liquid plasticizers with high dielectric constant and plastic crystal materials 

can greatly increase the amorphousness of the SPEs.71-74 In terms of ceramic additives, they 
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can inhibit polymer crystallization and promote the formation of grain boundaries and 

amorphous regions.33,75,76 As shown in Figure 4c, the intensity of PEO diffraction peaks 

decreased when Al2O3 was added to the PEO-LiTFSI. Thus, the introduction of 

Al2O3 nanoparticles increased amorphous phases in polymer electrolytes by changing the 

ordered form of PEO to disordered form, in which ion transport occurred.76  However, in some 

cases, the ceramic particles act as nucleation centres in the polymer matrix, enhancing 

crystallinity degree. In this case, the so-called polymer-ceramic grain boundaries don’t 

contribute to ionic conduction.77 Therefore, there is considerable interest in controlling the 

polymer crystallinity degree in the presence of additives via designing the appropriate size, 

shape, and volume fraction. 

In polymer/lithium salt complexes, the dissociation of lithium salts is driven by the ion-dipole 

interaction between ions and polymer matrix, leading to free Li-ion and then high ionic 

conductivity of SPEs. For example, in conventional PEO-based electrolytes, the EO-Li+ 

interaction between PEO host and lithium salt is an important factor affecting the ionic 

conductivity of PEO-based SPEs.78-80 Therefore, the ion solvation in an SPE should be neither 

too strong, in which case the ion is strongly coordinated with the polymer backbone and thus 

immobile, nor too weak, in which case the lithium salt does not dissociate.13 The additives can 

be added into the polymer electrolytes to change the local Li-ion environments, and activate 

more Li-ions that are mobile. First, the additive provides strong interactions with anions and 

dissociates the lithium salts. For example, the surface engineering of inorganic fillers could 

provide strong interactions with anions of lithium salts, leading to increased mobile Li-ions 

and enhanced ionic conductivity.33,34,55 Along this direction, the liquid solvents are the most 

effective additives to dissociate the lithium salt, providing high ionic conductivity for the gel 

polymer electrolytes.81 Second, organic additives can form strong hydrogen bonds with polar 

groups of polymer host, which reduces the strength of the interactions between the polar groups 
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and Li-ions, and in turn, increases the free Li-ion concentration.82 Additionally, the hydrogen 

bonds and π–π stacking interactions can establish special transport channels for Li-ion via 

supramolecular assemble.83,84  

 

Figure 4. (a) Illustration of three main routes towards highly conducting SPEs: decreasing the 

crystallinity, glass-transition temperature (Tg) and increasing ion-pair dissociation. 

Reproduced with permission: Copyright 2020, Nature Publishing Group.70 (b) DSC-Tg of 

various plasticized PEM systems (PEGDA/LiTFSI weight ratios are fixed at 3:1, 1:1, and 1:2) 

and the plasticized neat PEGDA network as a function of SCN concentration. Reproduced with 

permission: Copyright 2016, American Chemical Society.67 (c) XRD patterns for PEO-

LiTFSI-x wt. % Al2O3 polymer electrolytes. Reproduced with permission: Copyright 2015, 

AIP Publishing.76 (d) Schematic illustration of mechanisms for enhanced Li-ion transport in 

PEO‐based electrolyte by Ca–CeO2 nanotubes. Reproduced with permission: Copyright 2020, 

Wiley.33 
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Ion transfer number (t+) is defined as the fraction of ionic conductivity imparted by the Li-ion 

rather than its counterion.85 In typical polymer/lithium salt complexes, both the anion and 

cation can be freely migrated under the effect of potential difference, causing low t+. The t+ 

value results in the formation of strong concentration gradients during battery operation with 

deleterious effects on the lithium dendrite growth and limited power delivery.86 Strategies 

toward increasing t+ typically focus on the immobilization of anions via single-ion conducting 

solid polymer15,87 or ceramic solid electrolyte7,8,88. In terms of increasing t+ in existing SPEs, 

additives are usually introduced to immobilize the anions via surface engineering. For example, 

Chen et al. reported oxygen-vacancy-rich calcium-doped CeO2 (Ca-CeO2) nanotubes as fillers 

to improve the electrochemical performance of PEO-based electrolytes. Results suggested that 

the –SO2 and –CF3 groups of LiTFSI salt could strongly interact with Ca-CeO2 nanotube, 

resulting in more free Li-ion and increased t+ value (Figure 4d).33 A similar working 

mechanism was reported in PEO/Li3/8Sr7/16Ta3/4Zr1/4O3 composite electrolytes, in which the 

strong interaction between the F− of TFSI− and the surface Ta5+ of the perovskite contributed 

to increasing ionic conductivity.89 More importantly, the inhibition of the anion groups plays 

an important role in uniform lithium deposition and high-voltage stability.90 

4.2 Functionalities of additives in SPEs 

4.2.1. Enhancing ionic conductivity 

Organic liquid additives with high dielectric constant including ethylene carbonate (EC),71 

propylene carbonate (PC),72 and dimethyl carbonate (DMC),72 and ionic liquids have been 

commonly used to increase the amorphousness of the SPEs and enhance ion-pair dissociation. 

Taking ionic liquids as examples, the incorporation of ILs into the polymer/lithium salt system 

to overcome the inherent limitation to the ionic conductivity of dry-SPEs has been proposed. 

For example, 1-methyl-1-propylpyrrolidinium bis(trifluoromethanesulfonyl) imide 

(PMPyrrTFSI) was introduced into a poly(vinylidene fluoride)‐co‐hexafluoropropylene 
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(PVdF-HFP)-based GPE system, and with optimized composition, this GPE delivered an ionic 

conductivity of 6.93×10-4 S cm-1 at room temperature (Figure 5a).91 The synergetic effects of 

ILs and organic solvents in enhancing ionic conductivity have been well exemplified. For 

instance, GPEs based on trimethylolpropane trimethylacrylate (TMPTMA) were in-situ 

polymerized using lithium bis(trifluoromethane)sulfonamide (LiTFSI), dimethyl carbonate 

(DMC), and tributylmethylammonium bis(trifluoromethanesulfonyl)imide [N1444][TFSI] 

(Figure 5b).92 The [N1444][TFSI] effectively dissociated the lithium salts to boost the ionic 

transport, and thus delivered a high ionic conductivity of 6.15×10−3 S cm−1 at 25 °C. Similar to 

liquid additives, some low-molar-mass organics can also serve as a plasticizer in preparing 

GPEs, such as polyethylene glycol (PEG),93 PEGDME (Mw 400),94 and 

PEMDME/polyethylene glycol dilaurate dual-plasticizer.95 

The fast ionic transportation in SPEs is suppressed by the absence of a long-range-ordered 

pathway for Li-ion transport and robust Li-O coordination. When organic solid additives are 

added to the SPEs, both the electrochemical and mechanical properties will be improved. For 

example, Fu et al. designed a small-molecule β-cyclodextrins (CDs)-based SPE by altering the 

molecular weight of PEO and achieved a 1000 times enhancement of the ionic conductivity 

compared with those electrolytes synthesized by high-molecular-weight polymers. As shown 

in Figure 5c, the fast segmental motion of PEO chains in small-molecule SPE observably 

inhibited the coordination between PEO chains and Li-ions, resulting in high mobility of Li-

ions. Additionally, the number of hydroxyl end groups in PEO would increase when the 

molecular weight of PEO was decreased in samples with Mw < 1000, which would have a 

relatively strong constraining effect on Li-ions.96 



                                                                                        

30 
 

 

Figure 5. (a) Schematic illustration of PVdF-HFP/LiTFSI/PMPyrrTFSI hybrid gel polymer 

electrolyte. Reproduced with permission: Copyright 2021, Elsevier.91 (b) Schematic illustration 

of TMPTMA-based cross-linked gel polymer electrolytes. Reproduced with permission: 

Copyright 2021, Elsevier.92 (c) Illustration of low-molecular-weight poly(ethylene oxides) 

(PEOs) in cyclodextrin (CD)-based solid polymer electrolytes to reduce the coordination 

strength between the Li-ions and the ligands and facilitate Li-ion transport. Reproduced with 

permission: Copyright 2020, American Chemical Society.96 (d) The ionic conductivity (at 

20 ℃) of SPE on the ternary phase diagram. Reproduced with permission: Copyright 2018, 

Elsevier.74 

Plastic crystals have been attracting increasing attention as additives in SSEs.97 Due to their 

high diffusivity and plasticity, the plastic crystals can greatly facilitate ionic conductivity.14 As 

one of the most widely used plastic crystals, succinonitrile (SN) exhibits high polarity, which 

enables the dissolution of lithium salts, leading to the high ionic conductivity of SPEs. 

Additionally, because of the high melting point (Tm), SN as a plasticizer can maintain its shape 

at high temperatures.98 For example, Li et al. applied a rational ternary phase diagram approach 

to avoid Edisonian trial-and-error investigations in searching for ionic conductive polymer 

composites with different concentrations of poly(ethylene glycol) diacrylate (PEGDA), 
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glutaronitrile (GN), and a lithium salt. With the presence of the GN plastic crystal, an isotropic 

phase was obtained, and a highly optimized ionic conductivity over 1.0 mS/cm at 30 °C was 

achieved in the isotropic phase (Figure 5d).74  

 

Figure 6. (a) Illustration of interaction of unsaturated metal sites on the surface of MOF-5 with 

lithium salt (①) and PEO chains (②) and ionic transport in the pore canals of MOF-5 which 

is isotropic open through three-dimensional direction (③). Reproduced with permission: 

Copyright 2013, Elsevier.99 (b) Synthetic route of the hybrid covalently linked MOF-PEGDA-

based all-solid-state electrolyte. Reproduced with permission: Copyright 2018, Royal Society 

of Chemistry.100 (c) Arrhenius plots of the composite electrolytes with LLTO nanowire or 

LLTO nanoparticle. Reproduced with permission: Copyright 2015, American Chemical 

Society.57 

Besides, organic-matter-based additives have attracted extensive attention and held great 

potential to improve the electrochemical performance of SPEs.60 Among these organic-matter-

based compounds, metal-organic frameworks (MOFs) consist of metal ions or clusters 
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coordinated to organic ligands to form periodic network structures with open crystalline 

structures, large surface areas, and pore volumes. Yuan et al. for the first time introduced MOF-

5 (Zn4O(BDC)3, BDC stands for 1,4-benzene dicarboxylate) as a filler for PEO-based 

electrolytes. As shown in Figure 6a, the Lewis-acidic sites on MOF-5 could interact with PEO-

chain and lithium salt, which could hinder the crystallization of PEO, and facilitate the Li-ion 

transport on the surface of the filler. Additionally, the interaction between MOF-5 and lithium 

salt increased the dissociation of lithium salt.99 Similarly, Wang et al. incorporated vinyl 

functionalized MOF (M-UiO-66-NH2) nanoparticles (Figure 6b) into polymer electrolytes, 

and achieved a high ionic conductivity of 4.31 × 10−5 S cm−1 at 30 °C and much better 

interfacial contact with Li electrodes.100 Recently, more and more organic-matter-based 

additives have been explored, such as UIO-66,101 UIO-67,102 a mesoporous organic polymer 

(MOP),103 lithiophilic polyacenequinone (PQ),104 etc. Though the success of these organic-

matter-based additives in SPEs, more exploration needs to be conducted to better understand 

the working mechanisms of these additives due to the complexity of their structures. 

Inorganic additives are still the most widely used ones in SPEs because they can reduce the 

crystallinity of the polymer, and the glass transition temperature (Tg). 
50,105,106 Moreover, the 

enhanced ionic conductivity is due to the reduced glass transition temperature and the increased 

amorphous area of the polymer. 43
.
50,106,107 The enhancement in ionic conductivity by inorganic 

additives has been comprehensively reviewed in previous papers49,108, which will not be 

discussed here again. However, it should be noted that the structure design of solid additives 

could greatly enhance the ionic conductivity of SPEs. For example, Liu et al. employed LLTO 

nanowires to construct continuous pathways for Li-ion transport in PAN-based electrolytes. As 

a result, the electrolyte of PAN-LiClO4 with 15 wt.% LLTO nanowires could deliver a high 

conductivity of 2.4 × 10-4 S cm-1 at room temperature, which is more than three orders of 

magnitude than the ceramic particle sample (Figure 6c).57  
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4.2.2. Increasing ion transference number 

To increase the ion transfer number, functional additives have been designed to immobilize the 

anions in SPEs. Without any modification or additive, the Li-ion migration number of PEO is 

0.43, which means that most of the ionic conductivity of PEO comes from the migration of 

anions. The closer the migration number t+ is to 1, the higher the proportion of Li-ion migrated 

in the electrolyte and the higher efficiency of charge transfer between the positive and negative 

electrodes of the electrolyte.  

Considering the low Li-ion transference number originated from the dual-ion-conductor 

characteristics, design an IL that participates in the Li-ion transport has been proposed to 

increase the ion transference number. For example, an N-methyl-N-oligo(ethylene oxide) 

pyrrolidinium TFSI with a median oligo(ethylene oxide) chain length of seven repeating units 

was designed to facilitate fast Li-ion transport by accelerating the PEO segmental mobility and 

the solvation of Li-ion by a single IL cation (Figure 7a).109 Such a strategy can be further 

applied to design other types of ILs. 

The ceramic filler added to the polymer electrolyte can be regarded as a Lewis base, which 

promotes the dissolution of lithium salt by Lewis acid-base interaction, resulting in a higher 

free Li-ion concentration. Simultaneously, the ceramic fillers soften the polymer chain segment 

and weaken the interactions between the polymer host and Li-ions, thereby increasing the Li-

ion migration number.110-112 For example, when ceramic powder LLZTO was added to the 

PVDF-HFP polymer electrolyte, the t+ of the composite solid electrolyte was determined to be 

0.47, which was higher than those of a liquid electrolyte. Moreover, the segment motion was 

promoted under the interaction of inorganic fillers and polymer chains, accelerating dynamic 

processes between the segments (Figure 7b). 110 
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Figure 7. (a) Scheme of the correlated motion of a Li+-Pyr1,(2O)8
+ complex. Reproduced with 

permission: Copyright 2021, Wiley.109(b) Schematic illustration of a possible ionic conduction 

mechanism of HSE. Reproduced with permission: Copyright 2019, Elsevier.110 

4.2.3. Inhibiting lithium dendrite 

Due to the low ionic conductivity of SPEs at room temperature, the cells with SPEs normally 

require to be operated at elevated temperatures. However, needle-like dendrites can easily grow 

resulting in a short circuit because the elastic stiffness of the polymers decreases significantly 

at a higher temperature.113 In this regard, functional additives have been designed to suppress 

the growth of dendritic protrusions. 

Despite the high ionic conductivity, GPEs with superior mechanical strength and flexibility are 

undoubtedly a promising way to homogenize the Li concentration, leading to the alleviated 

growth of Li dendrite. The mechanical restriction is of great significance to physically hinder 

the growth of Li dendrite. The addition of liquid additives, however, inevitably leads to poor 

mechanical strength. In relation, the mechanical strength of GPEs is normally enhanced by 

incorporating inorganic nanoparticles, which shows a similar working mechanism to solid 

additives. 
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Figure 8. (a and b) Voltage profiles of the symmetrical Li//Li batteries cycling with NPH-GPE 

at different current densities (a), and surface morphology of Li anode after 100 cycles at 0.5 C 

(b). Reproduced with permission: Copyright 2020, Elsevier.114 (c) Schematic of the 

immobilized anions tethered to polymer chains and LLZTO ceramic particles. Reproduced 

with permission: Copyright 2017, the National Academy of Sciences.59 (d) Schematic 

illustration of the ionic transport mechanism and the factors affecting the improvement of ionic 

conductivity. Reproduced with permission: Copyright 2020, Wiley.115 

Another effective strategy for dendrite-free applications through adding liquid additives is the 

anion mobilization. The immobilized anions will lead to an increased ion transference number, 

which simultaneously reduces the polarization from the concentration gradient and render the 

Li deposition and dissolution homogeneously. Such a hypothesis has been confirmed by several 

works. For example, N-methyl-2-pyrrolidone (NPH) was introduced into the PVDF-HFP 

polymer matrix for anion immobilization, originating from the strong interaction of the anion 

with the polymer matrix. The resultant GPE demonstrated a stable Li plating/stripping even at 
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70 oC (Figure 8a and b).114 Such a strategy can be readily adapted to modify other polymer 

matrices.  

Due to the robustness nature of the inorganic additives and the seamless surface contact 

achieved by the polymer matrix, the inorganic/polymer composite electrolytes are expected to 

be effective to resist the lithium dendrite growth. Besides the enhanced mechanical strength, 

the lowered interfacial polarization and regulated growth direction of lithium dendrite also 

contribute to the suppressed lithium dendrite. Specifically, under the driving forces from an 

applied electric field, a large number of anions gather near the electrode and cause great 

resistance to the transmission of Li-ions. The resulting space charge will cause a gradient 

distribution of Li-ions, leading to a dendritic Li deposition. As mentioned previously, the 

addition of solid additives is conducive in fixing anions and increasing the t+. Therefore, the 

formation of the space charge layer is blocked from the source, and a uniform deposition can 

be achieved (Figure 8c).59 In addition, composite electrolytes with nanoparticles, nanowires, 

nanosheets, and 3D framework were investigated in terms of the ability of lithium dendrite 

suppression. For example, Jeon et al. fabricated a UV‐crosslinked composite polymer‐clay 

electrolyte (U‐CPCE) using 2D ultrathin clay nanosheets (Figure 8d). As a result, the batteries 

showed excellent cycling performance due to a significantly enhanced Li-ion transference 

number (tLi+ = 0.78) and inhibition of lithium dendrite formation on the lithium metal 

surface.115 The results showed that the composite electrolyte with 3D structure ceramic filler 

had a more stable polarization voltage, which resulted from the continuous pathways for 

uniform deposition of Li-ions.116  

4.2.4. Improving high-voltage stability 

High-voltage stability is one of the main challenging issues in the SPEs. The high-voltage 

stability of SPEs requires that the electrolyte components must simultaneously have a lower 

energy level of the highest occupied molecular orbital (HOMO) than cathode potential (μc) 



                                                                                        

37 
 

(Figure 9a).80,117 However, in practical application, the μc could shift down to a lower state 

than the HOMO of SPEs, resulting in an interfacial parasitic reaction. Thus, strategies have 

been proposed to regulate the frontier orbital energy level of SPEs, lowering the HOMO of 

SPEs and increasing high-voltage stability, including molecular design,118,119 highly 

concentrated electrolytes,120 etc.  

Additives can be incorporated into SPEs to change the chemical environment via 

intermolecular interactions or Lewis acid-base interactions, resulting in a tunable HOMO 

thermodynamically and then high-voltage stability.80 First, additives can prevent the anion 

group transfer from SPE to the surface of the electrode, avoiding the degradation of lithium 

salt.15,121 Second, additives with low HOMO energy show instinct high oxidation stability, 

contributing to building up wide electrochemical windows for SPEs. For example, the plastic 

crystal succinonitrile (SN) is an effective additive to develop high-voltage SSLIBs.122,123 Third, 

additives can suppress the oxidation of polymer host, such as ceramic filler LLZTO,124
 

ferroelectric SrBi4Ti4O15,
125 and oxygen-vacancy-rich CeO2

33. This enhancement of high-

voltage stability may be due to the strong interactions between additives and polymer hosts.80 

Succinonitrile and sulfolane are well-known high-voltage electrolyte additives with high 

dielectric constant and high oxidation potential.73,126 Wang et al. prepared a sulfolane 

plasticized GPE via in-situ photocuring (Figure 9b and c) and tested the electrochemical 

window (Figure 9d) of GPE with different amounts of sulfolane additives. The results showed 

that the oxidation potentials of GPE-40, GPE-60, and GPE-80 were 6.01, 5.96, and 5.86 V, 

respectively, showing great chances to be used on high-voltage cathode materials.127 
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Figure 9. (a) Schematic energy diagram of a polymer electrolyte. Eg is the energy separation 

of HOMO and LUMO of polymer electrolyte. Reproduced with permission: Copyright 2019, 

Wiley.80 (b-d) Chemical structure of major chemicals (b), reaction mechanism and possible gel 

structure of the gel polymer electrolyte (GPE) (c), and electrochemical window test results of 

GPE at 5.0-6.2 V (d). Reproduced with permission: Copyright 2019, MDPI.127 (e) linear sweep 

voltammetry profiles of the PEO-LATP composite polymer electrolyte films. Reproduced with 

permission: Copyright 2019, Elsevier.105  

The ceramic additives show a great capability to improve the electrochemical stability or 

thermal stability of SPEs. Normally, the bare PEO film is electrochemically oxidized at around 

4.0 V (vs. Li/Li+) at 30 °C, and exhibits a narrow electrochemical window of below 4.5 V. 

However, with 5 wt.% Li1.4Al0.4Ti1.6(PO4)3 (LATP) added into PEO polymer, the 

electrochemical window can be promoted to 4.8 V, which attributed to the wide 

electrochemical window of LATP (Figure 9e).105 Similarly, Zhang et al. reported an LLZO-

reinforced PVDF-HFP electrolyte that could maintain electrochemical stability at about 5.3 V 



                                                                                        

39 
 

(vs. Li+/Li).128 Generally, the enhanced high-voltage stability is due to the higher 

electrochemical stability of ceramic materials than polymers.129 

4.2.5. Other special functions (self-healing, fire-retardant, and thermal stability) 

Self-healing GPEs hold the promise in realizing the practical application of LIBs in flexible 

and wearable devices with a prolonged lifetime and suppressed dendrite growth. ILs have been 

proposed as a suitable plasticizer to prepare self-healing GPEs owing to their ability to be 

incorporated into the covalently self-healing cross-linked polymer matrix. For example, the ILs 

of 1, 2-dimethyl-3-ethoxy ethyl imidazolium bis(trifluoromethanesulfonyl) imide (DE-

IM/TFSI) was incorporated into a hydrogen-bonded framework of ureido-pyrimidinone (UPy). 

The resultant GPE (denoted as PIL-UPy) was capable of healing the damage because of the 

reversible nature of the supramolecular interactions between the compositions and exhibited 

excellent fire-retardant property (Figure 10a and b).130 Similarly, 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)-imide (EMI-TFSI) has been incorporated into 

the fluorinated copolymers, namely P(VDF-HFP), in which the ion-dipole interaction between 

C3H5N2
+ and F- formed a cross-linked network with tethered TFSI anion and self-healing 

capability (Figure 10c and d). Additionally, the LiTFSI-IL-P(VDF-HFP) gel electrolyte with 

tethered TFSI anions could regulate the Li+ flux near the lithium anode to restrain Li dendrite 

growth during Li plating (Figure 10e).131 

The ongoing concerns in the safety issues surge the development of GPEs with high thermal 

stability. The incorporating of ILs into the polymer matrix is deemed as an effective manner 

owing to their robust thermal stability and fire retardancy. The excellent non-flammability of 

ILs-immobilized GPEs has been widely verified, for example, as illustrated in Figure 10b. 

Another emerging liquid additive for GPEs with high thermal stability is deep eutectic solvent 

(DES). DES has been claimed as a green solvent capable of selectively dissolving valuable 

metal elements. Recently, the role of DES in preparing GPEs has been actively investigated. A 
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DES comprising of N-methylacetamide (NMA) and lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) was added to UV-cured acrylate polymers 

consisting of 2-hydroxyethyl acrylate (HEA) and polyethylene glycol methyl ether acrylate 

(MPEGA) to prepare eutectic gel polymer electrolytes (EGPEs) (Figure 11a and b).132 The 

self-extinguishing time (SET) measurement on the conventional organic electrolyte (1 M LiPF6 

in EC/DMC), liquid DES, and the two best performing EGPEs confirms the excellent non-

flammability of EGPEs (Figure 11c).  

 

Figure 10. (a and b) Schematic illustration of the preparative process of the ionogel membranes 

(a) and photographs showing an Ionogel-3.5 membrane (b) that are exposed to the flame. 

Reproduced with permission: Copyright 2019, American Chemical Society.130 (c-e) Optical 

microscopic observations of the self-healing capability of scratched (c) pristine P(VDF-HFP) 

and (d) IL-P(VDF-HFP) membranes, and Schematic illustration of the 

electrochemical deposition behavior of lithium metal anodes with LiTFSI-IL-P(VDF-HFP) gel 

electrolyte (e). Reproduced with permission: Copyright 2018, Elsevier.131 
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The nonflammability of future GPEs can be further improved by replacing organic solvents 

with water. Follow this logic, numerous efforts have been committed to exploring “water-in-

salt” electrolytes, which hold the promise in extended electrochemical stability window and 

superior flame-retardancy. For instance, a “water-in-bisalt” GPE consists of lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium trifluoromethanesulfonate (LiOTf) in 

water was proposed.133 Such a “water-in-bisalt” electrolyte was immobilized in PVA-based 

GPEs (Figure 11d). Great thermal stability was observed in the resultant GPE, on the account 

of the reduced water as well as improved retention of free water. Considering the future 

applications of LIBs, such GPEs with high safety are much preferred and deserve more 

attention. 

 

Figure 11. (a-c) Schematic representation of the synthetic process for  UV-cured EGPE (a and 

b), and self-extinguishing time for the liquid DES, a standard organic electrolyte control, and 

two EGPEs (c). Reproduced with permission: Copyright 2020, Royal Society of Chemistry.132 

(d) Schematic of the UV-cured acrylic polymers-based GPE. Reproduced with permission: 

Copyright 2019, Royal Society of Chemistry.133 
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5. Applications of additives in solid-state lithium-ion batteries 

5.1. High-voltage lithium-ion batteries 

The next-generation LIBs require advanced cathode materials with higher energy and power 

density, longer cycle life, and better safety than now available.134 To date, many high-energy-

density cathodes have been developed, including layered oxides,135 lithium-rich layered 

oxides,136,137 spinel oxides,138 and polyanionic compounds,139 among which 

LiNixMnyCo1−x−yO2 (NMC) and LiNixCoyAl1−x−yO2 (NCA) have already been commercially 

applied in electric vehicles. However, high-voltage stability and high-rate cycling often trigger 

accelerated degradation, premature failure, and safety issues.140 Considering the internal 

drawbacks of liquid electrolytes for high-voltage cathodes including safety hazards,141 parasitic 

side reactions,142 lithium dendrite growth,143 metal ion dissolution,144 etc., SPEs exhibit 

obvious advantages in addressing these issues in high-voltage cathodes. However, the 

commonly used PEO-based polymer electrolytes have limited oxidative stability at state-of-

the-art high-voltage cathodes, which limits their utility.63 Recently, SPEs containing functional 

additives have been reported to exhibit both high-ionic conductivity and high-voltage 

stability.74 

Plastic crystal succinonitrile (SN) can effectively improve the high-voltage stability of SPEs 

because of the low HOMO energy of SN. Ha et al. prepared a self-standing, UV-cured polymer 

network-reinforced plastic crystal composite electrolyte for LIBs. Both the plastic crystal 

composite electrolytes (F-PCCE and X-PCCE) could maintain electrochemical stability up to 

4V. After further reinforced by UV-curved ethoxylated trimethylolpropane triacrylate (ETPTA) 

networks, the X-PCCE showed improved anodic stability and no decomposition of any 

components occurred below 5.0 V vs. Li+/Li.122 In terms of working mechanisms of SN in 

SPEs, Zhou et al. proposed a hypothesis that the interactions between the C≡N group of SN 
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and lithium salt could be attributed to the voltage stability of SPEs.80 Similar to SN, 

glutaronitrile (GN) was employed as a plasticizer by Li et al. in SPEs. As illustrated in linear 

sweep voltammetry (LSV) tests (Figure 12a and b), either SPE with single salt or dual-salt 

exhibited a stable voltage window up to around 4.3 V. Notably, the dual-salt electrolyte 

remained flat and stable up to 4.5 V.74 These results suggested that nitrile-based additives could 

be promising candidates to increase ionic conductivity and widen the voltage window of SPEs 

simultaneously. 

 

Figure 12. (a and b) LSV of the single-salt (LiTFSI) SPE (a) and LSV of the dual-salt 

(LiTFSI/LiBOB) SPE (b). Reproduced with permission: Copyright 2018, Elsevier.74 (c) 

Illustration of Lewis acid-base interaction between inorganic additive and polymer electrolyte. 

Reproduced with permission: Copyright 2019, Wiley.80 (d) Pictorial model of the surface 

interaction between three forms (activated acidic, activated neutral, and activated basic) of 

Al2O3 inorganic filler and PEO–LiClO4 electrolyte complex. Reproduced with permission: 

Copyright 2003, Elsevier.145 



                                                                                        

44 
 

Inorganic additives have been widely used to enhance the electrochemical stability of SPEs via 

Lewis acid-based interactions including hydrogen-bond interaction, positive vacancy-salt 

interaction, and dipole-dipole interaction (Figure 12c), which can reduce interfacial impedance 

and remove interfacial impurities.124,145-147 The pioneering work was conducted by Park et al. 

who first proposed the positive effect of hydrogen-bond interaction between Al2O3 and ClO4
- 

anion on enhancing the electrochemical stability of PEO-based electrolytes.145 As illustrated in 

Figure 12d, the electrochemical stability of PEO-based electrolytes was highly affected by the 

states of Al2O3 additives among which the SPE with acidic Al2O3 or neutral Al2O3 exhibited 

higher electrochemical stability than that prepared with basic Al2O3. This result suggested that 

the OH group on the inorganic filler's surface could reinforce the interactions (via hydrogen 

bonding) with ClO4
− ion. Following this direction, more functional inorganic additives have 

been explored, including Y2O3-doped ZrO2 nanowires,55 Mg2B2O5,
32

 Ca-CeO2 nanotubes,33 Al-

doped Li6.75La3Zr1.75Ta0 25O12 (LLZTO) ceramic particles,59 etc. Meanwhile, the battery 

performance of high-voltage cathodes has been investigated. For example, Wu et al. used Li-

ion‐insulating oxides fluorite Gd0.1Ce0.9O1.95 (GDC) and perovskite La0.8Sr0.2Ga0.8Mg0.2O2.55 

(LSGM) with a high concentration of oxygen vacancies to demonstrate two oxide/PEO‐based 

composite electrolytes. As shown in Figure 13a, the accumulation of the electrons between the 

O atom of TFSI− anion and the surface of the crystal indicated the formation of a bond between 

the TFSI− anion and the surface of the inorganic filler. When paired with high-voltage 

LiNi0.8Mn0.1Co0.1O2 (NMC) cathode material, the all‐solid‐state Li/NMC cell cycled from 2.8 

to 4.3 V delivered a discharge capacity of 156, 135, and 108 mAh g−1 at 50, 100, and 150 

μA cm−2, respectively (Figure 13b), and the Coulombic efficiency of the cell remained above 

99 % over 100 charge/discharge cycles while retaining a capacity of 100 mAh g−1 (Figure 

13c).34 In most cases, the enhanced electrochemical stability of SPEs can be attributed to the 

improved stability of lithium salts by inorganic additives. However, the inorganic additives 
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have also been reported to interact with polymer hosts, resulting in suppressed oxidative 

decomposition of polymer hosts.124 This mechanism is derived from a fact that most lithium 

salts have much better antioxidant ability than PEO-based polymer.148 In this regard, the 

electrochemical stability of both lithium salts and polymer hosts is crucial in determining the 

high-voltage stability of SPEs. 

 

Figure 13. (a) Calculated differential electron density distribution on the surface of GDC and 

LSGM. (b and c) charge/discharge voltage profiles (b) and capacity retention and cycling 

efficiency (c) of all‐solid‐state Li/NMC cell cycled at 35 °C. Reproduced with permission: 

Copyright 2019, Wiley.34 

Besides the structure design of polymer host and a lithium salt,149 the design of functional 

additives has been demonstrated to be an effective strategy to enhance the high-voltage stability 

of SPEs and achieve high ionic conductivity. In terms of mechanism study, creating the tuning 

ion-dipole and Lewis acid-base interactions by additives is still the mainstream explanation. 
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However, considering the complexity of these interactions existing among the additive, lithium 

salt, and polymer host, it is still challenging to figure out these working mechanisms of 

additives. Therefore, future work should be conducted to further unveil the working 

mechanisms and build up fundamental guidelines to design high-voltage SPEs.80 

5.2. Lithium-sulfur batteries 

Lithium-sulfur (Li-S) batteries can deliver a high theoretical gravimetric energy density of 

2,600 Wh·kg-1 and a high theoretical specific capacity of 1,675 mAh·g-1.150,151 However, some 

key drawbacks of Li-S batteries hinder their practical application, including shuttle effect, great 

volume change, low electronic conductivity of S and Li2S, and uncontrollable lithium dendrite 

growth.152 Deploying SPEs into Li-S batteries is an effective strategy to solve the 

aforementioned issues because SPEs can provide the following advantages22,152: 1) SPEs can 

suppress the shuttle effect as the dissolution of polysulfides are reduced, and the migration of 

polysulfides to the anode becomes more difficult when the electrolyte is not fully in the liquid 

state; 2) SPEs act as not only the electrolyte but also the separator, and the superior mechanical 

properties can withstand both the lithium dendrite penetration and the volume expansion of S 

during lithiation/delithiation. Moreover, the high Young’s modulus of SPEs can stabilize the 

SEI layer during cycling; and 3) the safety concerns can also be eliminated as there is no 

leakage in SPEs. As the major challenge for SPEs is ionic conductivity, great efforts have 

continuously been conducted on solving this issue. Apart from exchanging the polymer hosts 

and lithium salts, adding functional additives into the base matrix seems a promising route. As 

some great reviews are focusing on this topic,153,154 herein, we only just review some of the 

inspiring examples from the perspective of liquid additives and inert filler additives. 

The major advantage of adding organic solvents or ionic liquid additives into the SPEs is to 

increase the ion conductivity at room temperature, and such composites are classified as GPEs. 

As mentioned in the previous sections, adding ionic liquid as additives can improve the 
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performance of GPEs. For instance, Wu et al. demonstrated an interesting concept by designing 

a semicrystalline PVDF-HFP GPE with a desire ionic conductivity and mechanical strength.155 

Furthermore, this GPE was soaked with a room-temperature ionic liquid, N-methyl-N-

butylpyrrolidinium bis(trifluoromethanesulfonyl)imide (P14TFSI) with LiTFSI solution. When 

paired with S cathode and lithium anode, the solid-state Li-S batteries (SSLSBs) retained a 

high capacity of 818 mAh·g-1 after 20 cycles at a current density of 50 mA g-1. 

To minimize the safety concerns of the liquid components, solid additives with high ionic 

conductivity and polysulfide adsorbing ability have been explored to achieve high-performance 

SSLSBs. These additives can enhance the overall mechanical properties of the composite and 

suppress the lithium dendrite growth as well as the shuttle effect and the electrode swelling 

during charge and discharge.152 These solid additives include inert fillers such as Al2O3,
156 

TiO2,
157 ZrO2,

158 and SiO2,
107 and ceramic electrolytes. Taking ceramic electrolytes as examples, 

Thangadurai et al. prepared a flexible LiF-modified PVDF-based electrolyte with 2 wt% of 

Li6.5La2.5Ba0.5ZrTaO12 (LLBZTO) and assembled it with the sulfur cathode (Figure 14a). The 

as-prepared SSLSBs could maintain a high specific capacity of 610 mAh g−1
 after 80 cycles 

(Figure 14b).159  

Another function of additives in SSLSBs is to stabilize the lithium metal. For example, Armand 

et al. developed a novel PEO-based electrolyte by adding LiN3 additive, and created a 

conductive passivated layer of lithium azide (Li3N), a superior SEI, on the lithium metal anode 

after cycling (Figure 14c).160 With just a tiny fraction of LiN3 (2 wt%), the shuttle effect was 

mitigated, and the cycling performance was greatly improved. Similarly, Zhang et al. proposed 

a sacrificial electrolyte additive, phosphorus pentasulfide (P2S5), in a PEO-LiTFSI-based SPE 

for SSLSBs. Results suggested that the sample with 5 wt% P2S5 exhibited a stable cycling 

performance for 200 hours, and high capacity retention of 897 mAh g-1 over 350 cycles (Figure 

14d and e).161 



                                                                                        

48 
 

 

Figure 14. (a and b) Electrochemical behaviour of the LiF-modified CPE in a symmetric 

Li/CPE/Li cell (a), and specific capacity and Coulombic efficiency as a function of cycle 

number of the as-prepared all-solid-state Li-S batteries (b). Reproduced with permission: 

Copyright 2020, Elsevier.159 (c) Schematic illustration of the reaction mechanisms for the 

electrolytes containing LiN3 additive. Reproduced with permission: Copyright 2017, 

Wiley.160(d and e) Schematic illustration (d) and cycling performance (e) of the solid-state Li-

S batteries with P2S5 additive. Reproduced with permission: Copyright 2021, Elsevier.161 

SPEs are expected to suppress the shuttle effects in Li-S batteries. However, the long-

chain polysulfides are still dissolved into the PEO-based electrolytes, causing the expansion of 

the SPEs and the corrosion of the lithium metal anode.162 Therefore, more efforts should be 

made to develop novel additives that exhibit a strong ability to alleviate the polysulfides shuttle. 
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Additionally, catalytic additives should be explored to accelerate the sulfur species transfer 

because the reaction kinetics in SSLSBs become sluggish. 

5.3. Flexible lithium-ion batteries 

With the rapid development of portable and flexible smart electronics, the flexible LIBs have 

brought great convenience to daily life and have become the dominant tendency toward 

wearable integrated configurations with multifunction properties. Polymer electrolytes are 

significantly preferable in flexible LIBs because of their structure flexibility as well as easier 

lamination stacking and hermetic sealing processes.163 Meanwhile, the incorporation of SPEs 

into flexible LIBs can only minimize the safety issues and performance deterioration caused 

by the leakage of flammable organic solvents.164 Thus, it is highly desirable to develop SPEs 

with good safety and flexibility, stable output voltage, and, ideally, good air-atmosphere 

manufacturability for powering wearable smart electronics. 

To achieve a wavy composite with combined functions, Wang et al. reported a novel arched 

structure enabled by a carbon nanotube (CNT)/LiMn2O4 (LMO)-CNT cathode, CNT/Li4Ti5O12 

(LTO)-CNT anode, and a GPE composed of PEO and LiTFSI in SN (Figure 14a and b). 

Notably, the resulting arched electrodes could bear a 400% strain and exhibited stable 

electrochemical performance after undergoing 500 stretching cycles.165 

To overcome interfacial challenges in flexible SSLIBs, Yu et al. fabricated a flexible, scalable, 

and ambient atmosphere manufacturable SSLIB combining CNT enhanced electrodes of 

LiTi2(PO4)3 (LTP/CNT) and Li3V2(PO4)3 (LVP/CNT) with a solid polymer electrolyte that was 

made of highly ionic conductive, highly flexible poly[bis(2-(2-

methoxyethoxy)ethoxy)phosphazene] (MEEP) and mechanically stable PVDF-HFP (Figure 

14c).166 The components were chosen based on their low toxicity, systematic manufacturability, 

and (electro-) chemical matching to ensure ambient atmosphere battery assembly and to reach 
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high flexibility, good safety, effective interfacial contacts, and high chemical and mechanical 

stability for the battery while in operation. As a result, the electrodes showed outstanding 

performance individually in half-cells with liquid and polymer electrolyte, respectively. 

 

Figure 14. (a and b) Schematic illustration of a super‐stretchy battery (a) and its multilayered 

structure (b). Reproduced with permission: Copyright 2015, Wiley.165 (c) Schematic 

illustration of MEEP/PVDF-HFP/LiBOB solid polymer electrolyte, LiTi2(PO4)3/CNT, and 

Li3V2(PO4)3/CNT. Reproduced with permission: Copyright 2020, American Chemical 

Society.166 (d) Schematic illustration of hybrid solid-state electrolyte (HSSE) comprising a 

layered stack of a flexible single-particle-thick membrane (SPTM) and ion-conducting 

polymeric interposers. Reproduced with permission: Copyright 2020, American Chemical 

Society.167 (e) Schematic of the flexible/shape-versatile bipolar cells prepared via the UV-

assisted multistage printing process. Reproduced with permission: Copyright 2017, Royal 

Society of Chemistry.168 
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To apply the single-particle thick membrane (SPTM) for the all-solid-state battery 

configuration, Pandian et al. designed a hybrid SE comprising a layered stack of a flexible 

single-particle-thick membrane (SPTM) and ion-conducting polymeric interposers.167 The 

flexible SPTM, made of a monolayer of ion-conducting ceramic particles laterally 

interconnected by a soft insulating polymer, rendered controlled lithium-ion transfer through 

hard ceramic particles enabling efficient dendrite suppression (Figure 14d). Consequently, the 

synergistic effect of the components in the hybrid electrolyte facilitated a stable cycling 

behavior of the Li//Li cell for more than 1000 h at 0.2 mA cm–2, and the system could withstand 

even higher current densities (∼0.7 mA cm–2) at room temperature where polymer electrolytes 

are often subjected to a short-circuit. 

The continuous fabrication process of flexible SPEs is still a big challenge for their facile 

commercialization. Accordingly, Kim et al. reported a new class of flexible/shape-versatile 

bipolar SSLIBs via the UV-assisted multistage printing process as shown in Figure 14e.168 In 

this bipolar SSLIBs, a new flexible/nonflammable gel electrolyte (i.e., sebaconitrile (SBN)-

based electrolyte and a semi-interpenetrating polymer network (semi-IPN) skeleton) was 

designed. Because of the process novelties, the printed bipolar LIBs showed exceptional 

flexibility, form factors, charge/discharge behaviour, and abuse tolerance (nonflammability). 

The development of flexible SSLIBs is still at the early stage of lab scale, and many challenging 

issues need to be addressed in terms of the fabrication of high-performance flexible electrode 

and electrolyte materials and the crucial interface issues between the components in the battery. 

6. Conclusion and perspective 

SSEs have been regarded as next-generation technologies to significantly promote the energy 

density and safety of energy storage systems. Among these SSEs, SPEs stand out because of 

their superior mechanical properties, such as flexibility and processability, excellent 
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mechanical deformation, and better interfacial contact and compatibility with electrodes. 

Though tremendous efforts to explore advanced SPE systems, the PEO-based SPEs are still the 

mainstream systems and show the most promising to dominate the future markets, resulting 

from their good chain flexibility, superior electrochemical stability to lithium metal, low glass 

transition temperature (Tg), and excellent solubility with conductive lithium salts. However, 

the practical application of these existing SPEs is still hindered by some key drawbacks 

including low room-temperature ionic conductivity, interfacial stability, and electrochemical 

stability. Among those proposed strategies, incorporation of the functional additives into SPEs 

has been considered an effective strategy to address these drawbacks. In this review, we 

focused on the research advances of functional additives in SPEs. First, we summarized the 

mechanisms of ion transport in polymer-based SSEs, including the mobility of the chain 

segment in amorphous polymer, transfer inside tunnel-shape pathway in crystalline polymer, 

and mixed conductor pathways in ceramic/polymer electrolyte. Then, various types of additives 

have been summarized, including liquid solvents and solid additives. We also discussed the 

working mechanisms and functionalities of the functional additives in SPEs. Finally, the 

application of additive-reinforced SPEs in SSLIBs was discussed, such as high-voltage 

cathodes, lithium-sulfur batteries and flexible LIBs.  

Despite many achievements, the research about functional additives in SPEs is still in the infant 

stage. Most current works mainly focus on the development of emerging additives to achieve 

high ionic conductivity, high-voltage stability, or other special properties, whereas the 

fundamental understanding of the working mechanisms is yet insufficient. To pave the way 

from the random attempt to the rational design of advanced additives, future works need to be 

carried out to further improve the efficiency, and enhance the practicability of SPEs in energy 

storage systems: 
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1) The inhomogeneous dispersion of additives, especially solid ones, into the polymer 

hosts has posed significant challenges in preparing high-performance additive-

reinforced SPEs. It is quite necessary to develop effective physical or chemical methods 

to evenly disperse the solid additives into SPEs, thereby facilitating the construction of 

continuous and uniform transport channels for Li-ion migration. 

2) The high ionic conductivity (10-3-10-2 S cm-1 at room temperature) is still the top-

priority task for SPEs. More additives with superionic conductivity should be designed 

to further dissociate the lithium salt, suppress the crystallinity of the polymer matrix, 

and immobilize the anions, as well as improve the electrochemical stability. 

3) Interfacial issues between SPE and electrodes are still crucial in achieving high-

performance SSLIBs, especially high-voltage stability (up to 4 V or higher) between 

SPE and cathode, and lithium dendrite growth between SPE and a lithium anode. In 

particular, novel additives could be designed to promote the mechanical strength of 

SPEs and regulate the lithium growth, inhibiting the penetration of lithium dendrites. 

4) The working mechanisms of additives in SPEs should be further explored, and the 

advanced characterizations, such as in-situ X-ray microscopy/transmission electron 

microscopy (TEM)/X-ray photoelectron spectroscopy (XPS)/Fourier transform 

infrared spectroscopy (FTIR), etc., as well as theoretical simulations can be applied to 

investigate the structure and morphology change of additives during prolonged cycles. 

5) It is necessary to design novel additives with other smart functionalities, such as fire-

retardant, self-healing, thermally responsive, colour-change, and biocompatible, to 

further expand the application of SPEs in energy storage systems. 
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 The additives, including liquid additves and solid additives, could afford a significant 

advantage in boosting ionic conductivity, increasing ion transference number, improving 

high-voltage stability, enhancing mechanical strength, inhibiting lithium dendrite as well as 

reducing flammability in high-voltage lithium-ion batteries, lithium-sulfur batteries, and 

flexible lithium-ion batteries. 
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3.1. INTRODUCTORY REMARKS 

The findings in this chapter were published in an article in Nano Energy, 2021, 81, 

105654.  

In this work, we synthesized a novel self-healing poly(ether-thioureas) (SHPET) polymer with 

balanced rigidity and softness for the silicon anode. The as-prepared silicon anode with the 

self-healing binder exhibits excellent structural stability and superior electrochemical 

performance, delivering a high discharge capacity of 3744 mAh g−1 at a current density of 

420 mA g−1, and achieving a stable cycle life with a high capacity retention of 85.6% after 250 

cycles at a high current rate of 4200 mA g−1. The success of this work suggests that the 

proposed SHPET binder facilitates fast self-healing, buffers the drastic volume changes and 

overcomes the mechanical strain in the course of the charge/discharge process, and could 

subsequently accelerate the commercialization of the silicon anode. 
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4.1. INTRODUCTORY REMARKS 

The findings in this chapter were published in an article in the Journal of Energy Chemistry, 

2021. In Press.  

https://doi.org/10.1016/j.jechem.2021.03.015 

In this work, a hydrophilic polymer poly(methyl vinyl ether-alt-maleic acid) (PMVEMA) was 

explored as a dual-functional aqueous binder for the preparation of high-performance silicon 

anodes and sulfur cathodes. Benefiting from the dual functions of PMVEMA, i.e., the excellent 

dispersion ability and strong binding forces, the as-prepared electrodes exhibit improved 

capacity, rate capability, and long-term cycling performance. In particular, the as-prepared Si 

electrode delivers a high initial discharge capacity of 1346.5 mAh g-1 at a high rate of 8.4 A g-

1 and maintains 834.5 mAh g-1 after 300 cycles at 4.2 A g-1, while the as-prepared S cathode 

exhibits enhanced cycling performance with high remaining discharge capacities of 711.44 

mAh g-1 after 60 cycles at 0.2 C and 487.07 mAh g-1 after 300 cycles at 1 C, respectively. These 

encouraging results suggest that PMVEMA could be a universal binder to facilitate the green 

manufacture of both anodes and cathodes for high-capacity energy storage systems. 
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5.1. INTRODUCTORY REMARKS 

The findings and development in his chapter were published in an article in Advanced Energy 

Materials, 2020, 10 (21), 2000049. 

In this work, a flexible all‐solid‐state composite electrolyte is synthesized based on oxygen‐

vacancy‐rich Ca‐doped CeO2 (Ca-CeO2) nanotube, lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI), and poly(ethylene oxide) (PEO), namely Ca-CeO2/LiTFSI/PEO. Ca-CeO2 nanotubes 

play a key role in enhancing the ionic conductivity and mechanical strength while the PEO 

offers flexibility and assures the stable seamless contact between the solid electrolyte and the 

electrodes in ASSBs. The as‐prepared electrolyte exhibits high ionic conductivity of 1.3 × 10-

4 S cm-1 at 60 °C, a high lithium ion transference number of 0.453, and high‐voltage stability. 

More importantly, various electrochemical characterizations and density functional theory 

(DFT) calculations reveal that Ca-CeO2 helps dissociate LiTFSI, produce free Li-ions, and 

therefore enhance ionic conductivity. The ASSBs based on the as‐prepared Ca-

CeO2/LiTFSI/PEO composite electrolyte deliver high‐rate capability and high‐voltage stability. 
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6.1. INTRODUCTORY REMARKS 

The findings in this chapter are summarized in article form for submission to Advanced 

Materials. 

Offering high energy density and high safety, all-solid-state lithium-sulfur batteries (ASSLSBs) 

have emerged as one of the most promising next-generation energy storage systems. However, 

there are a series of barriers to their practical applications, including insufficient sulfur 

utilization, low ionic conductivity and unstable interfaces. Herein, we adopt acetamide to 

construct a deep eutectic system to suppress electrode passivation, and therefore address the 

issues of sulfur utilization, and improve the ionic conductivity of the solid polymer electrolytes. 

Furthermore, we establish a bis(trifluoromethanesulfonyl)imide - lithium oxalyldifluoroborate 

(LiTFSI-LiDFOB) dual-salt system to facilitate the establishment of a stable and uniform 

passivation layer, a favorable interface on lithium anode, to prevent lithium dendrite formation 

and the polysulfide shuttling. Consequently, the as-prepared ASSLSBs deliver a high initial 

discharge specific capacity of 1012 mAh g-1 at 0.05 C and a stable capacity of 234.84 mAh g-

1 after 1000 cycles at 0.1 C. This work suggests that the simultaneous adoption of the deep 

eutectic system and dual-salt electrolyte could accelerate the practical applications of 

ASSLSBs. 
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Experimental Details 

Materials: Sulfur (S, 50 nm, Shanghai Shuitian), Carbon black (C, 99.95%, Sigma-Aldrich), Polyethylene oxide (PEO, Mw=4x105, 

Sigma-Aldrich), Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.5%, Sigma-Aldrich), Lithium difluoro(oxalate)borate (LiDFOB, 

Sigma-Aldrich), Acetamide (99%, Sigma-Aldrich), La7La3Zr1.4Ta0 6O12 (LLZTO,  MTI), 1,2-Dimethoxyethane (DME, 99.5%, Sigma-

Aldrich), Lithium sulfide (Li2S, 99.98%, Sigma-Aldrich) 

Preparation of solid-state electrolytes (SSEs): Solid polymer electrolytes (SPEs) were prepared by conventional solvent casting 

method. Briefly, PEO, lithium salts (LiTFSI or LiDFOB) and additives (Acetamide or LLZTO when applicable) were dissolved into the 

anhydrous acetonitrile (99.8%, Sigma-Aldrich), and mechanically stirred for 24 h to form a homogenous solution. The weight ratio of 

PEO and LiTFSI is 5:2. The solution was cast with a doctor blade on a polytetrafluoroethylene (PTFE) plate and dried in a high-

vacuum oven at 60 ℃ for at least 48 h. The acetamide-added solid polymer electrolytes without (marked as SPE-0) and with different 

amounts of acetamide (LiTFSI/acetamide ratio of 2:1, 1:1 and 1:2 w/w%, marked as SPE-0.5, SPE-1 and SPE-2, respectively) were 

prepared via the same procedure as above. The dual-salt electrolyte was prepared by adding 10 wt% (to LiTFSI) of LiDFOB into the PEO-

LiTFSI electrolyte. For battery test, the electrolyte film was coated on a modified bacterial cellulose to make a rigid-flexible structure 

with thickness of about 20 μm as reported previously.[1] Similarly, the polymeric composite electrolytes (PCEs) were prepared by 

adding 10 wt% (to PEO) of LLZTO into the PEO host. The pure PCE and the one with acetamide (LiTFSI/acetamide ratio: 1:1 w/w%) 

and LiDFOB (10 wt% of LiTFSI) were marked as p-PCE and m-PCE, respectively. Finally, all the electrolyte membranes were stored 

in an argon-filled glove box.  

Preparation of Sulfur cathode (S cathode): Firstly, the S/C composite was prepared in a sealed Teflon container by simply heating 

the sulfur powder and carbon black at a weight ratio of 2:1 for 16 h at 155 ℃. Then, the as-prepared S/C composite was mixed with 

carbon black as electrically conductive additive and PE1 electrolyte as ionically conductive additive and binder. The weight ration of 

S/C composite, carbon black and PE1 binder is 4:1:1. Subsequently, the anhydrous acetonitrile solvent was added into the mixture to 

form a homogenous slurry. The slurry was coated onto an aluminum current collector via a doctor-blade coating method. After drying 

in a vacuum oven at 60 ℃ for 48 h, the as-prepared electrode was punched into dish foil and stored in a glove box. The S loading is 

from 0.7-0.9 mg cm-2.  

Preparation of the all-solid-state Li-S batteries (ASSLSBs): The ASSLSBs were assembled in 2032-type coin cells by contacting 

a lithium metal anode, the as-prepared SPEs and a S cathode. The batteries were sealed in an argon-filler glove box and then 

housed at 60 ℃ for 48 h to reduce the interfacial impedance between electrode and electrolyte. 

Preparation of liquid Li-S batteries: The liquid Li-S batteries were assembled in 2032-type coin cells by contacting a lithium metal 

anode, the as-prepared liquid electrolyte (0.5 M LiTFSI in DME or a mixture of 0.5M LiTFSI and 0.5M acetamide in DME) and a S 

cathode. The cathode was composed of 60 wt% S/C composite, 30 wt% carbon black and 10 wt% polyvinylidenefluoride (PVDF, 

HSV900) binder. The S loading is about 1.7 mg cm-2. 

Material Characterization: X-ray diffraction (XRD) analysis (Shimadzu XRD-6000) was used to the investigate the crystalline 

structure of PEO, acetamide and SPEs by scanning the angular range 10° ≤2θ ≤ 80 ° using Cu Kα radiation (λ = 1.5418 Å). The 

morphology of SPEs and lithium anode deposited on Cu substrate was revealed by scanning electron microscopy (Hitachi S7100). 

Elemental mapping was conducted on an energy-dispersive X-ray spectroscopy (EDS). Fourier transform infrared spectra (FTIR) 

were obtained on Bruker Vector-22 FTIR spectrometer in the range of 4000-400 cm-1. Thermogravimetric analysis (TGA) was carried 

out on a NETZSCHSTA-449 TG analyser in N2 gas in the temperature range of 25-1000 ℃ at a heating rate of 10 ℃ min-1. The X-ray 

photoelectron spectroscopy (XPS) analysis was performed with a Kratos Axis ULTRA system.  

Dissolution test of Li2S: An excess of Li2S was added into a solution of pure DME or 0.5 M acetamide in DME. The vials were then 

sealed and housed for one month. The Uv-vis measurements were carried out, without dilution, on a Cary UV-vis-NIR 

spectrophotometer (Varian). 

Nuclear magnetic resonance (NMR). All samples were dissolved by deuterated dimethyl sulfoxide (DMSO, Sigma-Aldrich) first. 1H 

and 7Li NMR spectra were obtained using single pulse excitation on a 400 MHz NMR spectrometer (Bruker). 

Raman spectroscopy. Raman peaks were obtained using Raman spectrometer (Renishaw 1000B) with 520 nm laser excitation. 

The mixture of Li2S/acetamide was prepared by mixing them together in a molar ratio of 1:1, and then heated for 2h at 90 ℃. The 

acetamide will be molten and mixed with Li2S evenly. 

Cyclic voltammetry (CV) and in-situ Raman spectroscopy measurements: CV and Raman spectroscopy experiments were 

performed in a split test cell with Quartz window. The working electrode is S cathode using PVDF binder on an Al mesh. Li metal was 

used as the reference and counter electrode. The assembled cell was filled with 10 μL liquid electrolyte (0.5 M LiTFSI in DME or 

0.5M LiTFSI and 0.5M acetamide in DME) in an Argon-filled glove box. CV was carried out from 2.8 to 1 V (vs Li/Li+) using CHI660d 

electrochemical workstation (CHI Instrument, Shanghai, China) at a scan rate of 0.1 mV s-1. The acquisition time of the in-situ Raman 

test was 200s per spectrum. 

Surface morphology and composition of the cycled Li anode: The Li deposits were obtained by the galvanostatic deposition of Li 

on Cu substrates using Li/liquid electrolyte/Cu cells at a current density of 0.1 mA cm-2 for 48 h. The liquid electrolytes were prepared 

by dissolving LiTFSI or LiTFSI/LiDFOB (weight ratio of 10:1) into DME solvent. The concentration of LiTFSI salt in DME is 0.5 M. The 

samples were gently rinsed with DME and dried thoroughly in the glove box before test. 

Electrochemical characterization: The lithium transference number (t+) for the SSE films was measured by chronoamperometry and 

AC- impedance spectra using two lithium metal foils as the non-blocking electrodes. 10 mV was the potential applied across the cells, 

and EIS spectra of the cell before and after polarization were obtained from 0.01-106 Hz. The t+ values for SSE films were measured 

and calculated according to the equation.[2] 
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𝑡+ = (𝐼𝑠𝑠 (∆𝑉 − 𝐼0𝑅0))/(𝐼0(∆𝑉 − 𝐼𝑠𝑠  𝑅𝑠𝑠))     (1) 

Where I0 and ISS are the initial and steady-state currents, ΔV is the polarization potential at 10 mV, and R0 and RSS are the initial and 

steady-state resistance. The ionic conductivities of SSE films were evaluated by the electrochemical impedance spectroscopy (EIS) 

with the frequency range of 0.01-106 Hz. between 30 ℃ and 90 ℃. The SSE films were sandwiched by two stainless steel (SS) disks. 

The equation for calculating the ionic conductivity is  

𝛿 = 𝑙/(𝑆𝑅𝑏 )    (2) 

Where l is the thickness of the electrolyte, Rb is the bulk resistance of the electrolyte and the intercept of the x-axis of the straight line, 

and S is the area of the blocking stainless steel electrodes. Linear sweep voltammetry (LSV) was tested on Li/SSE/SS cells from 2.0-

5.0 V. The galvanostatic intermittent titration technique (GITT) test consists of a series of current pulses at 0.1C for 600 s, followed by 

a 1 h relaxation between 1-3 V. The CV tests of the ASSLSBs were conducted at a scan rate of 0.1 mV/s and 60 ℃ between 1-3 V. 

Battery test: The Li-S batteries using liquid electrolytes were tested at room temperature using Neware battery cycler (China) 

between 1.6 and 2.8 V at 0.05 C (1C=1675 mAh g-1). The stripping/plating behavior of SPEs was measured using Li/SSE/Li 

symmetric cells at a current density of 0.05, 0.1, 0.2, 0.3 and 0.4 mA cm-2. The long-term stripping/plating performance was tested at 

0.1 mA cm-2. For cell performance with the ASSLSBs, the rate capability was measured at 0.05, 0.1, 0.2, 0.3, 0.5 and 1 C. The 

cycling test was conducted at 0.1 C for 1300 cycles. All the batteries were tested between 1-3 V at 60 ℃. All the electrochemical tests 

were carried out using a BioLogic VSP-300 electrochemical workstation and Neware multichannel battery station. 

Density functional theory (DFT) calculation: All DFT calculations were carried out using the Vienna Ab initio Simulation Package 

(VASP).[3] The Perdew–Burke–Ernzerhof generalized gradient approximation was utilized for atomic configurations and binding 

energies.[4] The van der Waals interactions were added to the standard DFT description by Grimme's scheme.[5] The DFT-D3 method 

with Becke–Johnson damping was added as an empirical dispersion correction technique to overcome interactions that may be 

missed.[6] For all of the VASP calculations, the projector augmented wave basis set was used with pseudopotentials. [7] The K-point 

mesh for the basis sets was based on each specific model so that an accurate result can be achieved. For most of the calculations, a 

5 × 5 × 1 grids in k-point was used for the Brillouin zone integration. The projector augmented wave method was employed to 

describe the interaction between ion core and valence electrons and a plane-wave energy cutoff of 500 eV was used. All atoms were 

fully relaxed until the residual force on constituent atoms was less than 0.01 eV Å−1. The molecular structures of acetamide and 

dimethyl ether (DME) were used to study the interaction between the lithium polysulfide (Li2S). 
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Figure S1. DFT calculation of DME-Li2S (a), acetamide-Li2S (b) and acetamide-Li2S-acetamide (c) systems 
shows the strong interactions between Li+ and oxygen atom, and also between S2- and amide hydrogen (N-H). 
These strong interactions lead to longer Li-S distance, which proves that the acetamide additive can facilitate 
dissolution of Li2S in DME solution. 
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 Figure S2. (a) The GITT voltage profiles of ASSLSBs with SPE-0 electrolyte, (b) The GITT voltage profiles of 
ASSLSBs with SPE-1 electrolyte. The conventional SPE-0 solid electrolyte can only deliver limited capacity of 
436 mAh g-1 (26% of sulfur utilization) due to the absence of the lower discharge plateau. With acetamide 
additive, the sulfur utilization increases to 60%. More importantly, the electrolyte with acetamide additive exhibits 
smaller voltage polarization during the precipitation of Li2S when comparing the equilibrium voltage. 
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Figure S3. CV curves of DME-LiTFSI (a) and DME-LiTFSI-acetamide (b) at a scan rate of 0.5 mV/s.  
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Figure S4. The deep eutectic system of acetamide and LiTFSI (1:1 w/w %). After 24 hours, the mixture of 
acetamide and LiTFSI will form a liquid electrolyte. 
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Figure S5. Optical and SEM images of SPEs with different amounts of acetamide: (a)-(c) SPE-0; (d)-(f) SPE-0.5; 
(g)-(i) SPE-1; (j)-(l) SPE-2. 
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Figure S6. X-ray diffraction (XRD)  pattern of pure PEO, acetamide, SPE-0, SPE-0.5, SPE-1 and SPE-2 
samples. With the addition of acetamide in PEO host, some crystalline peaks will disappear, indicating that the 
crystalline degree of PEO polymer is reduced by acetamide. 
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 Figure S7. FTIR spectra of pure acetamide, LiTFSI and PEO at 400-4000 cm-1 (a) and 1150-1400 cm-1.  
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Figure S8. FTIR spectra of the SPE-0, SPE-0.5, SPE-1 and SPE-2 at 400-4000 cm-1. 
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Figure S9. (a) Cycling performance of the ASSLSBs using SPE-1 electrolyte at 0.1 C and 60 ℃. (b) 
Discharge/charge curves of the ASSLSBs using SPE-1 electrolyte at selected cycles. 
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Figure S10. XPS survey spectra for the Li metal deposited on Cu substrate from the LiTFSI/DME (a) and 
LiTFSI/LiDFOB/DME (b) liquid electrolytes.  
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Figure S11. Voltage profiles of Li/SPE-0/Li (a) and Li/(SPE-0/LiDFOB)/Li (b) cells at current densities of 0.05, 
0.1, 0.2, 0.3 and 0.4 mA/cm2, respectively. 
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Figure S12. Impedance spectroscopy (a) and Arrheius plot of ionic conductivity (b) for the dual-salt electrolyte at 
different temperatures 
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Figure S13. Optical and SEM images of p-PCE and m-PCE electrolytes. The LLZTO particles can be clearly 
observed in both p-PCE and m-PCE electrolytes. Moreover, both electrolytes could be easily fabricated into fillms 
with a thickness of 20 μm when modified bacterial cellulose was empolyed as a supporting material. 
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Figure S14. Time-dependent response of dc polarization (10mV) in a symmetric Li/p-PCE/Li cell (a) and Li/m-
PCE/Li cell (b). The inset figures show the impedance spectra before and after polarization. Results show that 
the ion transference number increases from 0.140 (p-PCE) to 0.327 (m-PCE) after combining the deep eutectic 
system and the dual-salt system.  
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Figure S15. (a) The impedance spectra of the m-PCE electrolyte measured at various temperatures. (b) 
Arrhenius plot of the m-PCE electrolyte. 
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Figure S16. Linear sweep voltammetry (LSV) curve of SS/p-PCE/Li and SS/m-PCE/Li cells. The scan rate is 0.1 
mV/s 
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Figure S17. TGA curves of p-PCE and m-PCE membranes. The obvious mass loss for p-PCE and m-PCE starts 
at about 280 ℃, illustrating the composite electrolytes have highly thermal stability. 
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Figure S18. CV curves of the ASSLSBs using p-PCE (a) and m-PCE (b) electrolytes at a scan rate of 0.1 mV/s 
and 60 ℃. 
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Figure S19. The initial discharge and charge curves of the ASSLSBs using p-PCE electrolyte at various C-rates 
of 0.1C, 0.2C, 0.3C, 0.5C and 1C.  
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Figure S20. Discharge and charge profiles of the ASSLSBs using p-PCE (a) and m-PCE (b) electrolyte at 
selected cycle numbers. Discharge and charge rate :0.1C/0.1C.  
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Figure S21. Optical and SEM images of the ASSLSBs using p-PCE (a and b) and m-PCE (d and e) after 300 
cycles. (c) and (f):The corresponding EDS images of S elemment  
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Table S1. FTIR peaks and assignments of LiTFSI in SPE-0, SPE-0.5, SPE-1 and SPE-2 

Peak assignment SPE-0 SPE-0.5 SPE-1 SPE-2 

Asymmetric 
stretching of -SO2- 

1341.09 1335.58 1333.3 1330.41 

Symmetric 
stretching of -CF3 

1250.47 1251.06 1248.47 1250.51 

 1230.19 1229.69 1229.51 1230.7 

Asymmetric 
stretching of -CF3 

1193.4 1194.32 1194.72 1195.72 

 1179.81 1180.78 1181.24 1182.41 
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CHAPTER 7  

CONCLUSIONS AND FUTURE WORK 
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7.1. GENERAL CONCLUSIONS 

We successfully fabricated a series of polymer-based materials as binders and solid electrolytes 

for high-performance energy storage devices. My research demonstrated that these polymer-

based materials are capable of solving the key issues of next-generation energy storage 

materials. The major findings from the work in this thesis are as follows: 

1. A novel polymer SHPET was synthesized via a facile copolymerization reaction and 

employed as the binder for the fabrication of the silicon anode. Because of abundant 

hydrogen bonds and the induced patching function, the SHPET polymer offers self-healing 

ability and excellent mechanical rigidity. The SHPET binder enables the silicon anode with 

appropriate mechanical strength and strong adhesion force, providing excellent mechanical 

strength to maintain electrode integrity during volume contraction. The Si@SHPET 

electrode exhibits superior rate capability with a high discharge capacity of 3744, 3469, 

2867, and 1917 mAh g-1 at current densities of 420, 840, 2100, and 4200 mA g-1, 

respectively. The Si@SHPET electrode also shows a high reversible capacity of 870 mAh g-

1 after 250 cycles at a high current density of 4200 mA g-1, corresponding to a high capacity 

retention of 85.6%. The morphological and electrochemical analyses of post-cycle cells 

reveal that the SHPET binder enables the silicon electrode to recover the cracks caused by 

large volume changes and further maintain electrode integrity after long-term cycles, 

leading to a stable electron transport pathway and low electrochemical resistance. The 

concept of combining self-healing ability and excellent mechanical strength in binder design 

provides a new perspective to achieve high-power and high-capacity LIBs. 

2. A hydrophilic PMVEMA polymer was successfully employed as an aqueous binder 

and dispersing agent for high-capacity silicon anodes and sulfur cathodes. The hydrophilic 

property of the PMVEMA binder enables green fabrication processes of these electrodes. 
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Additionally, dual functions were achieved for these electrodes: high homogeneity of the 

electrode components and strong interaction between electrode components and the 

PMVEMA binder. The uniform distribution of electrode components contributes to fast 

charge transfer and improved rate capability, while the strong interaction as well as excellent 

mechanical properties afford electrodes a robust framework to ensure structural integrity 

and extend the cycling lifespan. Moreover, abundant functional groups and working sites in 

the PMVEMA binder provide a strong affinity to trap the soluble polysulfide intermediates, 

resulting in suppressed shuttling effect and improved cycling stability of the sulfur cathode. 

As a result, superior rate capability and long-term cycling stability were demonstrated in 

both high-capacity silicon anodes and sulfur cathodes via the use of the proposed PMVEMA 

binder. The universality of the PMVEMA binder suggests that such a binder system can be 

extended to other high-capacity energy storage materials that suffer from severe volume 

changes, e.g., Fe2O3 and SnO2. 

3. Ca-CeO2 nanotubes with abundant oxygen vacancies were successfully synthesized via 

electrospinning and heat treatment. When these Ca-CeO2 nanotubes and LiTFSI are 

incorporated into PEO‐based electrolyte, the resultant Ca-CeO2/LiTFSI/PEO composite 

electrolyte exhibited enhanced ionic conductivity and a wider electrochemical window than 

the LiTFSI/PEO electrolyte. A systematic study demonstrated that the improved 

electrochemical and mechanical performance of PEO‐based electrolytes could be attributed 

to the interactions between LiTFSI and Ca-CeO2 nanotubes. With excellent mechanical and 

electrochemical properties, the all‐solid‐state LiFePO4 batteries with Ca-CeO2/LiTFSI/PEO 

electrolyte exhibited stable cycling performance with high specific capacities. It was also 

demonstrated that the Ca-CeO2/LiTFSI/PEO electrolyte could work properly with high‐

voltage LiCoO2 cathodes. The working mechanisms were verified by various 

characterizations and computational calculations. This work suggests that the design of 
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functional inorganic/polymeric composite electrolyte presents a promising strategy to 

resolve the stubborn barriers (i.e., insufficient contact at the interfaces and ionic 

conductivity) of ASSBs. 

4. The deep eutectic system and dual-salt electrolyte were employed for the first time as 

an additive for ASSLSBs. The deep eutectic system of acetamide-LiTFSI could bring in 

high sulfur utilization and ionic conductivity. Furthermore, the LiTFSI-LiDFOB dual-salt 

system helps form stable LiF-rich SEI layer on the lithium anode, leading to significant 

enhancement in cyclability. Combining the merits of the deep eutectic system and the dual-

salt system, the long-term cycling stability and high capacity retention of ASSLSBs was 

achieved. We believe this finding will inspire researchers to develop more novel polymer 

electrolytes for practical ASSLSBs in the future. 
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7.2. FUTURE WORK 

The success of the as-prepared polymer-based binders and solid electrolytes demonstrate their 

potential in achieving high energy density and addressing the safety issues for energy storage 

devices. However, the commercialization of these materials faces significant challenges as 

most of the experiments are conducted at the laboratory scale. Therefore, it is quite necessary 

to conduct further research on a larger scale for practical application or industrialization. The 

details are as follows: 

1. The electrodes employed in this thesis were normally fabricated by the use of a low 

mass loading, flooded electrolytes, and excessive lithium anode, which would dramatically 

limit the specific energy density of the whole device. Therefore, the electrochemical 

performance of batteries based on high mass loading and controlled electrolyte amount 

should be examined to further demonstrate the practical application potential. For example, 

the lithium-sulfur batteries should meet several critical requirements including high sulfur 

loading (≥ 70 wt%), high areal sulfur loading (≥ 5 mg cm-2), low ratio of electrolyte to sulfur 

(E/S≤ 4 μl mg-1), and large electrode size (≥1 cm2/cell). 

2. All the electrochemical performances were evaluated in coin-cell configurations with 

ideal experimental conditions, whereas tests in practical pouch cells were not conducted. It 

is widely accepted that a significant gap exists between scientific findings from lab-scale 

experiments and actual improvements at product level due to systematic deviations between 

mAh lab cells and actual prototypes with capacities in the Ah range. To highlight the 

significance of these projects, the fabrication and analysis of pouch cells should be carried 

out in the future. These findings in this thesis also need rapid transfer to high-energy 

prototype cells.  
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3. The energy storage devices are closed systems with complicated internal structures. It 

is necessary to use advanced characterization techniques to better understand the working 

mechanisms of these polymer-based binders and solid electrolytes during charge/discharge 

processes. For example, the state-of-the-art electron microscopy imaging techniques, X-ray 

imaging techniques, magnetic resonance imaging techniques, and optics and spectroscopy 

imaging techniques could be employed to investigate the solid-electrolyte interface (SEI) 

growth and micro-scale electrode particle pulverization of silicon anodes using functional 

binders, the interactions between polymer matrix and functional additives, and the structure 

evolution of solid polymer-based electrolytes during charge/discharge cycles. 

4. The application of these polymer-based materials can be extended to other high-energy-

density materials. For example, the as-prepared polymer binders can be further explored for 

other metal oxide anodes with high mass loadings, e.g., Fe2O3 and SnO2. Moreover, these 

high-performance polymer-based solid electrolytes can be investigated for other high-

capacity anodes and high-voltage cathode materials, such as nickel-rich cathode, lithium-

rich cathode, and solid-state silicon anode. The universal success of these polymer-based 

materials would greatly accelerate their practical realization in next-generation energy 

storage devices. 

5. The widespread adoption of these polymer-based materials also requires cost-effective 

processing. The synthesis of the polymer-based materials can be further optimized to 

explore new, low-cost, and greener methods. For example, these polymer binders can be 

further functionalized to improve their electric conductivity via in-situ polymerization 

methods. As for the polymer-based solid electrolytes, transitioning to polymer electrolyte 

films with thicknesses close to the range for lithium-ion battery separators and also excellent 

mechanical strength could provide ample opportunities for potential cost reduction. 




