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Abstract 

 Although one of the most mature battery technologies, lithium-ion batteries still have 

many aspects that have not reached the desired requirements, such as energy density, 

current density, safety, environmental compatibility, and cost-effectiveness. To solve 

these problems, all-solid-state lithium batteries (ASSLB) based on lithium metal anodes 

with high energy density and safety have been proposed and become a research hotspot 

in recent years. Due to the advanced electrochemical properties of two-dimensional 

materials (2DM), they have been applied to mitigate some of the current problems of 

ASSLBs, such as high interfacial impedance and low electrolyte ionic conductivity. In 

this work, the background and fabrication method of 2DMs are reviewed initially. The 

improvement strategies of 2DMs are categorized based on their application in the three 

main components of ASSLBs: The anode, cathode, and electrolyte. Finally, to elucidate 

the mechanisms of 2DMs in ASSLBs, the role of in-situ characterization, synchrotron X-

ray techniques and other advanced characterization are discussed. 
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Chapter 1 

1. Introduction 

1.1 Introduction of all-solid-state lithium battery 

The lithium battery is one of the most important energy storage technologies, which 

has been widely studied and applied in electric vehicles (EVs), portable electronic devices, 

and other energy storage products due to their unique advantages including light weight, 

high specific energy density, and long cycle life.1–3 However, further development of 

traditional liquid electrolyte-based lithium batteries is limited due to some shortcomings. 

The typical organic electrolyte material used in current commercial lithium batteries is 

flammable and prone to explosion.4,5 Once a lithium battery generates heat due to long-

term operation or damage to its internal structure, organic electrolysis can lead to 

combustion and explosion.6 Besides, due to the characteristics of the electrolyte liquid 

state, the growth of lithium dendrites is likely to occur, resulting in the explosion of 

lithium batteries due to short circuits.7–9 Moreover, the electrolyte solution can generate 

side reactions and affect the reversible capacity and stability of the battery.10 

In order to relieve or even completely solve these problems, solid state electrolytes 

(SSEs) without any liquid composition in the electrolyte have been proposed and 

implemented in lithium batteries, which are called all-solid-state lithium batteries 

(ASSLBs).11 Compared with the liquid electrolyte based batteries, ASSLBs have some 

unique advantages, including inherently non-flammable, sufficient mechanical strength 

to well suppress lithium dendrites, and good chemical stability to effectively reduce side 

reactions.12–14 Besides, the long-term electrochemical and thermal stabilities, as well as 
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the energy density can be further improved by using lithium metal anode in an ASSLB 

system.15 Nevertheless, despite the merits of solid-state batteries, there are still some 

challenges or some key points need to be considered to widely extend the practical 

application of ASSLBs.16–19 

To be specific, with the application of the lithium metal anode, the side reactions 

between the SSEs and lithium metal anode cannot be ignored, which will result in failure 

of the lithium anode. Moreover, lithium dendrite protrusions from the anode can cause a 

short circuit thus should be suppressed. Moreover, the high interfacial resistance between 

the anode and SSE should be addressed.20–23 In the cathode side, the low lithium ionic 

conductivity, poor electronic conductivity, and high interfacial resistance between 

electrolyte and cathode will limit the specific capacity of active materials during charge 

and discharge process. Second, the volume change of active materials during operation 

process will reduce the solid-solid interface contract.24–26  

In the electrolyte, low ionic conductivity in SSEs is one of the limitations of ASSLBs 

especially for polymer-based SSEs such as polyethylene oxide (PEO). Meanwhile the 

mechanical strength of SSEs is one of the key parameters to suppress the growth of 

lithium dendrites.27–29 The last serious problem is the mechanical stability of the entire 

solid-state lithium battery. During the charging and discharging process, the cathode and 

anode material of the lithium battery’s volume will change. Because it is a solid material, 

it produces irreversible deformation, resulting in poor contact between the electrode and 

the electrolyte.30–33 

1.2 The application of two-dimensional materials for all-solid-state lithium battery 

To solve the above-mentioned issues and further improve the electrochemical 
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performance of ASSLBs, various advanced materials and structures have been developed 

in recent years. Among those advanced materials, two-dimensional materials (2DMs) 

comprised of a single layer of atoms have become a prominent research topic due to their 

outstanding electrical, electrochemical, thermal, and mechanical properties.34–36 

To be specific, in the anode side, due to the high chemical stability of 2DMs, 2DMs 

are applied to alleviate side reactions between the lithium metal anode and electrolyte. In 

order to deal with the poor interface contract between the anode and electrolyte, 2DMs 

with high lithium ionic conductivity can be used to form a solid electrolyte interface to 

reduce the interface resistance and suppress the growth of lithium dendrites.37,38 In the 

cathode side, the high specific surface area of 2DMs will enhance the cathode active 

material loading mass and energy density of ASSLBs.39 The defect engineering in 2DMs 

will provide various catalytic active site for active material transformation during 

charging/discharging process, which is especially necessary for all-solid-state Li-S 

battery solid phase catalysis.40 The remarkable electron conductivity of 2DMs can 

enhance the poor electron conductivity of some active materials to fully utilize the 

theoretical capacity.41,42 As for the electrolyte, the high mechanical properties of 2DMs 

will enhance the mechanical strength of SSEs, especially polymer-based SSEs to suppress 

the growth of lithium dendrites and extend the cycle life of ASSLBs. Due unique 

properties of 2DMs, it will provide or enhance the lithium ionic conductivity of SSEs. On 

the one hand, high specific surface area can provide extra lithium ionic conductivity 

channel to enhance the lithium transport. On the other hand, for the polymer-based 

electrolyte, the addition of the 2DMs can reduce the crystallinity of the polymer 

electrolyte itself to reduce the grain boundary resistance to promote lithium ion 

transport.43–45 
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Since the discovery of graphene in 2004, various 2DMs have been developed and 

applied to lithium battery technology, used in electrode materials and electrolytes. In 

recent years, 2DMs have been continuously applied to ASSLBs and gradually become a 

research hotspot, however, to the best of our knowledge, there is still no comprehensive 

summary for 2DMs in ASSLBs. As shown in Figure 1, the fundamentals of 2DMs used 

in ASSLBs including the material classification and synthetic strategies will be first 

discussed in detail.46 Then, the latest research progress of 2DMs in material design of 

ASSLBs will be reviewed systematically, which involves the electrodes, electrolyte, and 

their interfacial regions. Additionally, a few emerging advanced characterization 

technologies will be discussed that deepen the understanding of the structure-function 

relationship in 2DMs for ASSLBs.47–49 Finally, future research directions are proposed to 

accelerate the technology developments, from the fundamental understanding of 

mechanisms to the improvement of materials and applications. 
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Figure 1. The application of 2DMs in ASSLBs 
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Chapter 2 

2. Fundamentals of 2DMs for ASSLBs 

2.1. Classification of 2DMs used in ASSLBs 

Different element compositions will have different effects on the properties and 

structure of 2DMs. Accordingly, 2DMs are divided into the following categories: carbon-

based materials, metallic material, and other 2DMs (Figure. 2). In this section, the 

characteristics, and properties of different kinds of 2DMs will be explained. 

 

Figure 2. Classification of 2DMs in ASSLBs (a) graphene. Reproduced by permission.50 

Copyright 2012, Wiley-VCH. (b) graphene oxide. Reproduced by permission.51 

Copyright 1998, American Chemical Society. (c) reduced graphene oxide. Reproduced 

by permission.52 Copyright 2011, Royal Society of Chemistry. (d) metal oxide. 

Reproduced by permission.53 Copyright 2021, Elsevier. (e) transition metal chalcogenides. 



7 

 

Reproduced by permission.54 Copyright 2018, Wiley-VCH. (f) MXene. Reproduced by 

permission.55 Copyright 2020, Elsevier. (g) boron nitride. Reproduced by permission.56 

Copyright 2014, Royal Society of Chemistry. (h) covalent organic framework. 

Reproduced by permission.57 Copyright 2015, American Chemical Society. (i) metal 

organic framework. Reproduced by permission.58 Copyright 2020, American Chemical 

Society. 

 

2.1.1 Carbon materials 

2D carbon materials especially graphene, GO, rGO, et al. have attracted significant 

interest due to their large specific surface area, low cost, rich resource, high electrical 

conductivity, and great biocompatibility. These new carbon materials have many 

excellent physical and chemical properties and are widely used in many fields, especially 

in the electrochemical field showing their unique advantages.59 Especially for the 

application of electrode materials, two-dimensional carbon materials have more unique 

applications. For specific, the large surface area, and high electrical conductivity can 

enhance the uniform electron distribution in the electrode structure. Low cost and rich 

resource can extend the field of the usage of the 2DMs. Biocompatibility can deal with 

the high interface resistant between electrolyte and electrode. 

Graphene was the first discovered and developed 2DM, which is a single layer of 

graphite comprised of sp2-hybridized carbon atoms arranged in a hexagonal lattice.60–62 

Based on its special structure, graphene has desirable electrochemical properties like high 

electrical conductivity, high specific surface area, broad electrochemical window, and 

high reversible Li storage capacity.63 In ASSLBs, graphene is used as an artificial SEI or 
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cathode-electrolyte interface (CEI) for greater interface contract, and as a conductive 

material for the anode and cathode.64 Graphene oxide (GO) and reduced graphene oxide 

(rGO) are the relevant materials for graphene, which has similar properties. In ASSLBs, 

it is applied to provide extra electronic and ionic transport channel, and deal with the 

interface problem as CEI.65–67 

 

2.1.2 Metal compounds 

Metal compounds are a major portion of inorganic materials applied in ASSLBs that 

can be divided into three main parts. Metal oxides are often used as cathode materials 

with high specific capacity and are widely studied. Therefore, the research of metal oxides 

in the electrochemistry has always been one of the major directions. For 2D metal oxides, 

such as MnO2, Co3O4, V2O5, LixMnO4, each atom within a layer is connected by covalent 

bonds, while each layer is connected by van der Waals forces.68 The composition of each 

layer is metal-oxygen clusters and by sharing corners, edges and few faces to carry out 

expansion structure assembly.69 The covalent bonds and atomic thickness provide the 2D 

metal oxides some unique properties such as excellent mechanical strength, high active 

surface, optical transparency, and flexibility.70,71 Moreover, when 2D metal oxides are 

arranged in 3D structure, 2D metal oxides strengthen the materials’ ability to contain large 

ions like Li+.72,73 In the cathode, metal oxides are used as active material to provide high 

theoretical capacity and greater interface contract. In the electrolyte, they provide higher 

mechanical strength and ionic conductivity as the one of electrolyte components. 

With the development of the Li-S battery, research in transition metal chalcogenides 

(TMCs) has gradually become one of the hotpots, as a result, TMC has been studied and 
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applied in ASSLBs. TMCs such as MoS2, FeS, TiS2, Fe3S4, VS2, VS, are a chemical 

species obtained by the combination of chalcogenide anions with metals.74 Due to its 

tunable stoichiometric compositions, unique crystal, rich redox sites, and high electrical 

conductivity, TMCs attract interest as potential materials for energy storage devices and 

electrode materials.75,76 Because of the more lithium insertion/deinsertion site with the 

high specific surface area, TMCs have higher theoretical special capacity compared with 

graphite.77,78 In addition, 2D TMCs are used as the active material in cathode to provide 

high theory capacity, suppress the side reaction between electrode and electrolyte 

(especially sulfide-based and oxide-based electrolyte), reduce the percent of crystal 

region and provide extra lithium transport channel to enhance ionic conductivity. 

Moreover, when TMCs are used in sulfur-cathode ASSLBs, the "shuttle effect" will be 

suppressed because the nano-structured TMCs as a polar host can provide stronger 

affinity with soluble polysulfides, which is because of the polar sulfiphilic surface of 

TMCs, so that ASSLBs have higher sulfur utilization rate and long cycle life.79,80 

MXene is one of the newer kinds of 2D transition metal carbides/nitrides. Due to 

their terminal groups, MXenes are hydrophilic, which is different from most 2DMs. For 

ASSLBs, with the application of MXene, the terminal group can enhance the interaction 

between polymer chains and MXene to improve the ionic conductivity of electrolyte.69 

 

2.1.3 Other 2DMs 

h-boron nitride (BN), one of the forms of BN, is a two-dimensional material with the 

same structure as graphene, where the carbon position in the graphene is alternatingly 

replaced by an equal number of B and N atoms.81,82 In recent work, h-BN is widely 
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focused on due to its unique properties. First, compared with the graphene, h-BN shows 

excellent stability in high temperature without the decrease of the layer thick.83 Second, 

due to the perfect single atomic layer structure of h-BN, it has excellent high mechanical 

strength to suppress the growth of the lithium dendrites.84 Third, h-BN has larger thermal 

conductivity compared with the bulk h-BN, because when the thickness of the material is 

scaled down, the phonon-phonon scattering decreases.85 Moreover, it has chemical 

inertness, which can help keep it stable against chemicals like Li metal and oxygen.84,86 

Based on its unique properties for SEs, h-BN is used as an additive in PEO to provide 

extra lithium-ionic transport channels, reduce the crystallinity, and enhance mechanical 

strength. It also used to suppress side reactions, improving the interfacial contact between 

the electrode and electrolyte.87–89 

As the core of energy materials, porous materials are under constant development, 

where covalent organic framework (COF) has been designed as one of the new porous 

materials. 2D COF is one kind of porous polymer nanosheets which have highly 

crystalline structures, tunable function, and high charge-carrier transfer ability.90 Two-

dimensional sheets are held together by covalent bonds that constitute the structure of 2D 

COFs, which are stacked together by non-covalent forces.91–93 By regulating the types of 

functional groups, COFs are used individually or as one of the part of electrolyte to 

transport lithium ions in ASSLBs.94 

Similar with COFs, as a new generation of materials, 2D MOFs are receiving 

increasing attention due to their high surface area, structural diversity and high adsorption 

site density.95 The metal sites and organic linking groups in MOFs have high chemical 

bonding and high activity with LiPSs.96 Through the metal-ligand coordination covalent 

bond, the active organic substance can be immobilized.97 In fact, many MOFs can 
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significantly increase the battery capacity retention capacity of lithium batteries. The ion 

and electron transport in the framework are significantly improved due to application of 

the porous structure and electrical conductivity of MOFs in solid electrolytes.98,99 

 

2.2 Effective synthesis strategies of 2DMs 

The discovery of graphene immediately made the research of 2DMs the center of 

materials research. The research on 2DMs with excellent electrochemical properties has 

gradually become a potential material for the next generation of high-performance 

ASSLBs.100 The approaches to prepare various 2DMs can be divided into three parts: (1) 

exfoliation method (2) chemical vapor deposition (3) wet chemical synthesis 

method.101,102 

 

2.2.1 Exfoliation methods 

Exfoliation method is one of the major methods to fabricate the 2DMs. The 

mechanism of exfoliation method is to weaken the interaction between nanosheets’ layers. 

Based on the mechanism, the exfoliation can be divided into some parts, such as 

interaction-assisted expansion and exfoliation, mechanical force-assisted exfoliation and 

exfoliation of layered materials containing ions or molecules between the layers, etc.103,104 

Intercalation-assisted expansion is one of the methods to weaken the interaction 

between layers using various intercalation agents (Figure. 3a). Oxidation-based 

intercalation and reduction-based intercalation method are two major methods to achieve 

intercalation. Oxidation-based intercalation and exfoliation method involves using strong 
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oxidative agents to intercalate the host gallery of layered materials, which can expand the 

interlayer spacing of the material to prepare 2DMs such as GO, graphene, h-BN etc. The 

main exfoliation conditions can be divided into two kinds with different advantages. One 

is that by the usage of normal oxidation agents such as KMnO4, KNO3, and concentrated 

H2SO4, where production in this condition will be scalable and rich with functional groups. 

Another one is in the gas phase intercalation using other oxidation agents such as halogen 

intercalants, metal halides, halides, and super strong oxidizers. The production in this 

condition will well preserve the in-plate structure and control the intercalation stage. 

Reduction-based intercalation and exfoliation method involves the assistance of reduction 

reactions to prepare 2DMs such as metal chalcogenides, graphene, h-BN. The main 

exfoliation conditions can be divided into four types and each one has its own advantages. 

105 First, the fabrication process in the vacuum condition by gas intercalation of pure alkali 

metals can prepare TMCs with good conductivity and high percentage of metallic phase 

with high monolayer yield. Second, the fabrication process is in the liquid phase condition 

such as n-BuLi, hexane solution, or naphthalide, which can produce TMCs with tunable 

percentage of metallic phase, semi-conductivity, and high monolayer yield. Third, 2DMs 

can be fabricated by electrochemical intercalation of lithium ions. Reduction-based 

intercalation and exfoliation based on this condition is safe and suitable for most 2DMs 

fabrication process. Fourth, in polar aprotic organic solvents conditions, alkali metal 

atoms are applied to weaken the interaction between layers to produce 2DMs, which is 

widely applicable for most 2DMs, and easy for assembly without the help of external 

forces.106,107 

Mechanical force-assisted exfoliation is one of the fabrication methods to produce 

2DMs, which uses external forces to break the internal interaction force between layers. 
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It can be divided into several approaches, such as sonication assisted-exfoliation and shear 

force-assisted liquid phase exfoliation (Figure. 3b), ball milling-assisted exfoliation 

(Figure. 3c), ion exchange-assisted exfoliation, etching and intercalation-assisted 

exfoliation, etc. The mechanism of sonication assisted-exfoliation and shear force-

assisted liquid phase exfoliation is to match the surface energy between the layers to 

separate it, higher energy to increase the yield and produce 2DMs with well persevered 

structure and scalable size, such as graphene, h-BN, MoS2, metal oxide, MOFs, etc. To 

prepare large quantities 2DMs, ball milling is used to exfoliate layer materials, in which 

the mechanism is based on a shear force parallel to the layers to weaken the interaction 

between layered materials. It is also used to produce scalable materials with low cost and 

large quantities, such as graphene, h-BN, MoS2.108,109 

With the assistant of ions and molecules to weaken the interlayer interaction between 

materials, some special 2DMs can be prepared. It can be divided into two parts, one is ion 

exchange-assisted exfoliation, another one is etching and intercalation-assisted 

exfoliation. To deal with produce 2DMs that are difficult to exfoliate by the application 

of oxidation or reduction agents, ion exchange-induced intercalation is applied. To mute 

the electronic interaction between layers with protons, anionic ions is exchanged with 

proton to produce 2DMs which are monolayers, with high yield and intrinsically charged 

sheets, such as layered double hydroxides (LDH). Based on the similar mechanism, the 

2DMs which has strong bond between layers such as MXene should be prepared by 

etching with HF or other organic bases. The production of this method is water soluble 

and this method is suitable to many materials.110,111  
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2.2.2 Chemical vapor deposition 

Chemical vapor deposition (CVD) is a technology with a long history and one of the 

most common technologies to produce 2DMs, which is traditionally used for the 

preparation of high-quality thin films, such as W, Ti, Ta, Zr, and Si on substrates (Figure. 

3d).112 Here, the researchers use CVD to produce single crystal graphene as an example 

to briefly introduce this technology. The key point in this regard is the need to anneal 

under relatively high temperature hydrogen, so that the grains are quickly deposited on 

the substrate and inhibit normal CVD growth. The specific production conditions are 

hydrogen, methane and argon as gas conditions, copper foil as a substrate and catalyst, 

and hydrogen as a cocatalyst, and then single crystal graphene is produced by the CVD 

process.113–116 In recent years, 2DMs such as silicene, borophenes, h-BN nanosheets, are 

always produced by CVD. In addition, compared with other methods, CVD method can 

fabricate 2D heterostructures. CVD procedures have been used to fabricate both vertical 

and lateral heterostructures.117 Vertical heterostructures are mainly synthesized by the 

following techniques: two-dimensional crystal growth, vapor-solid reactions, and van der 

Waals epitaxy. Based on its controllable thickness of 2DMs, some micro-ASSLBs have 

been fabricated by this method.118,119 
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Figure 3. (a) solvothermal-assisted liquid-phase exfoliation; (b) ultrasound induced 

liquid-phase exfoliation; (c) ball-milling. Reproduced by permission.120 Copyright 2019, 

Wiley-VCH. (d) chemical vapor deposition for 2DMs. Reproduced by permission.121 

Copyright 2018, Wiley-VCH. 

 

2.2.3 Wet chemical synthesis method 

Wet chemical synthesis is a low-cost method that can effectively synthesize several 

types of carbonaceous and non-carbonaceous 2DMs. The chemical synthesis process is a 

bottom-up approach in which atoms/molecules are deposited on the substrate and a two-

dimensional layered structure is formed through a step-by-step deposition process. 

Although solvent stripping has been well optimized and is commonly used to synthesize 

two-dimensional nanostructures, chemical synthesis methods are still under active 

investigation for further optimization. Basically, these are wet chemistry methods, which 

react chemically and deposit onto substrates to produce two-dimensional 
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nanostructures.102,107 
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Chapter 3 

3 Research progress of 2DMs used in ASSLBs 

3.1 2DMs in electrodes design for ASSLBs  

In order to meet the performance requirements of materials used in ASSLBs, 2DMs 

have been introduced into various components of ASSLBs, which includes electrodes, 

electrolyte, and their interfacial regions. The latest research progress of 2DMs in electrode 

design of ASSLBs is summarized systematically in this section.  

 

3.1.1 Anode  

The anode is one of the key compositions of ASSLBs. Compared with conventional Li 

ion batteries, requirement of the anode in ASSLBs is higher and more complex. Beside 

excellent porosity, great chemical stability with electrolytes, light weight, good durability, 

low cost, voltage match with preferred cathode, good conductivity, high theoretical 

capacity and high irreversible capacity, the interface resistance between anode and 

different type of electrolytes also needs to be considered. Since lithium metal itself has 

high activity, it will inevitably produce side reactions with the electrolyte, which will 

increase the interface resistance. In addition, suppressing the growth of lithium dendrites 

is another serious problem. For Li metal batteries, the uniform deposition of lithium not 

only improve the coulombic efficiency but also deal with interface contract problem.122 

In this article, the method to develop the anode is to modify the surface of anode or 

composite electrode by using 2DMs. 
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3.1.1.1 Graphene 

Graphene is a promising electrode material in lithium-ion batteries due to its high 

conductivity (~106 S cm-1), high specific surface area (~2630 m2 g-1) and high lithium 

capacity.66,123 In general, the research of graphene in ASSLBs anode can be divided into 

two main categories: 1. Anode active material 2. Current collector. According to its 

feature and function, graphene can be used as high-performance anode for high energy 

density ASSLBs due to its stratified structure, low mass, and superior electronic 

conductivity by methods like magnetron sputtering CVD. In this regard, Jie Lin et al. 

deigned a micro ASSLBs based on pure graphene anode where the electrolyte is LiPON 

and the cathode is LiCoO2. A thin graphene anode layer was grown via CVD and 

subsequently sputtered with the electrolyte and cathode layers to obtain a 600 nm thick 

ASSLB with high energy density.124 Di Wei et al. also use CVD method to grow a 

monolayer graphene onto the surface of Cu to fabricate ASSLBs, in which its energy and 

power density reaches 10 W h L-1 and 300 W L-1 respectively.66  

On the other hand, due to its high affinity with lithium metal, graphene can be used 

to modify the surface of Cu to improve the uniform deposition of lithium metal in the 

anode and the interfacial contact between the anode and electrolyte. For instance, Shaobo 

Huang et al. applied vertical graphene on 3D commercial copper mesh to improve the 

uniformity of lithium deposition, which is due to the dual 3D structure and defects in the 

vertical structure (Figure. 4a). Uniform lithium deposition and nuclear growth can be 

verified by XPS and EDS methods. As a result, the assembled ASSLBs with 3D 

Cu/graphene structure anode shows better cycle stability and lower polarization.125 
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3.1.1.2 BN 

Boron nitride (BN) has similar properties with graphite. It has high chemical and 

mechanical stability and low electronic conductivity. As a result, the major applications 

of BN in ASSLBs can be divided into two parts.126,127 One is to improve the interface 

contract between the anode and electrolyte due to its high ionic conductivity and low 

electronic conductivity, where the low electronic conductivity can suppress the growth of 

lithium. Jiayun Wen et al. applied 2D boron nitride nanosheets (BNNS) with Li metal to 

make a composite anode to improve the interface contact between Li metal anode and 

solid electrolytes (Figure. 4b). Only 5 wt% BNNS can significantly improve the 

mechanical contact between Li metal and garnet-type SSE. As a result, the interfacial 

resistance is only 9 Ω cm-2 which is much lower than without BNNS (560 Ω cm-2). In 

addition, by using BNNS, the electrochemical plating and striping process is stable for 

380 hours and shows a high critical current density of 1.5 mA/cm2.126 Another approach 

is to use BN as anode protection layer to suppress side reactions between the electrolyte 

and lithium anode due to its high mechanical and chemical stability. For example, Qian 

Cheng et al. coated the BN on the anode surface to protect the Li1.3Al0.3Ti1.7(PO4)3 (LATP) 

solid electrolyte from reaction with lithium metal by CVD (Figure. 4c). In addition, Li|Li 

symmetrical cell with 1-2 mm of PEO polymer electrolyte at the Li/BN interface shows 

500 hours of cycle life at 0.3 mA cm-2. The solid-state batteries fabricated with 

Li|LATP/BN/PEO|LiFePO4 retains 96.6% capacity after 500 cycles (Figure. 4d). By the 

application of in-situ TEM and cross-sectional SEM, during the charge and discharge 

process, there is no structural change with the LATP/BN particle, which indicates no side 

reaction between the LATP and Li anode.127  
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3.1.1.3 2D MoS2 

MoS2 has low electronic conductivity, high ionic conductivity, and high selective ion 

transport, which is suitable to be used as the protection interface on the surface of lithium 

anode to prevent the direct contact between the anode and cathode. For example, 

Abdulkadir Kızılaslan et al. applied 2D MoS2 as the protective interface to replace the 

bilayer solid electrolyte design in ASSLBs. By the application of MoS2, the ASSLBs 

exhibits 675.8 mA h g−1 initial capacity and 584.1 mA h g−1 final capacity at 0.4 mA cm−2, 

and after 200 cycles, MoS2 ASSLBs fade by 13.58% while ASSLBs without MoS2 fade 

27.3% (Figure. 4e).128,129 

 

 

Figure 4. (a) 3D Cu/Graphene 3D current collector. Reproduced by permission.125 

Copyright 2019, Wiley-VCH. (b) BNNS/Lithium metal composition anode. Reproduced 
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by permission.126 Copyright 2019, American Chemical Society. (c) BN-based anode 

protection SEI; (d) cycling performance of Li|PEO/LATP|LFP cells with and without BN 

coating. Reproduced by permission.127 Copyright 2019, Elsevier. (e) Cycling 

performance of Li|MoS2/Li7P3S11|S cell. Reproduced by permission.128 Copyright 2019, 

Wiley-VCH. 

 

3.1.2 Cathode  

The cathode is a key component of ASSLBs and the interfacial contact between the 

cathode and electrolyte is also an essential challenge in ASSLBs. Ionic diffusion is 

influenced by the poor interface contract between the electrode and electrolyte. Due to 

the volume change of active materials during the lithiation and delithiation process, 

physical degradation occurs which will cause increased interface resistance, 

heterogeneous ion transport, and poor mechanical contact. In order to deal with these 

problems, 2DMs are used in ASSLBs.130 

 

3.1.2.1 Graphene relevant 

(1) Graphene 

Due to the excellent electrochemical properties and the layered structure of graphene, 

it is one of the most promising materials for the cathode of ASSLBs. The major effects of 

graphene can be divided into three parts.  

First, due to the high specific surface area and flexibility of graphene, it is used to 

modify the surface of cathode to improve the surface contract with solid electrolytes. For 
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instance, Yingxiang Li et al. use electrochemical pre-lithiation to construct a 

LiF/graphene inorganic composite interface on the interface between cathode and garnet 

electrolyte, which is in-situ converted from fluorinated graphene (GF) and the cathode 

materials (Figure. 5a). Graphene is used to improve the surface mechanical contact 

between LiF and the garnet electrolyte. The effect of LiF is to enhance the transport of 

Li-ions in the cathode side due to its high chemical/thermal stability and low surface 

diffusion. Li|garnet/ICI|LiFePO4 ASSLBs were tested at 0.05 C at 60 ◦C, which retains 

90% capacity after 60 cycles, indicating that the LiF/graphene inorganic composite 

interface can improve interface issues between the cathode and garnet.131 

Second, because graphene has high electronic conductivity, graphene is used to 

enhance the electronic conductivity, which is similar to the application of graphene in the 

anode of ASSLBs. Liangting Cai et al. used CuCo2S4/graphene/10%Li7P3S11 as the 

cathode for high performance ASSLBs (Figure. 5b). Li7P3S11 is coated to deal with the 

contact problem between the cathode and electrolyte, while graphene is used to improve 

the electronic conductivity. The combination of CuCo2S4 and graphene is to balance the 

electronic and ionic conductivities. The ASSLBs with composite cathode yields 556.41 

mA h g−1 reversible capacity at 500 mA g-1 after 100 cycles, which shows great cycling 

stability and high performance.132 In order to fully present the ability of graphene to 

construct a 3D ionic and electronic network, Hongli Wan et al. designed 

Cu2SnS3/graphene/Li7P3S11 nanocomposite cathodes, where Cu2SnS3 nanoparticles are 

evenly distributed in graphene nanosheets (Figure. 5c). The major effect of graphene is 

to ensure the high electronic conduction of cathode. The nanoparticles and nanosheets 

contribute to the high electron and ionic conductivities which enable high energy density 

in ASSLBs and reduce the volume change to extend the cycle life of ASSLBs. At 100 mA 
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g−1, the ASSLBs with Cu2SnS3/graphene/Li7P3S11 nanocomposite cathodes show high 

reversible discharge specific capacity of 813.2 mA h g−1 and after 60 cycles, it retains 

732.0 mA h g−1. At 500 mA g−1 after 200 cycles, it retains 363.5 mA h g−1.133 

Third, aside from being an additive material to enhance the electronic conductivity and 

surface contact between the cathode and electrolyte, graphene can also be used as a 

promoter to inhibit material aggregation and improve material contact. For instance, 

Hongli Wan et al. applied graphene into Cu2ZnSnS4 (CZTS) to fabricate the composite 

anode with enhanced electrochemical performance and stability. To be specific, compared 

with pure CZTS, the addition of graphene can provide electronic conductivity pathways, 

mitigate anode active material degradation caused by the volume changes, inhibit the 

aggregation of active materials, and improve the contract between the electrolyte and 

active materials. As a result, good electrochemical performance has been achieved, the 

capacity of the CZTS/graphene is 760.4 mA h g-1, which is higher than that of pure CZTS 

(632.3 mA h g-1), and the ASSLB shows a discharge capacity of 645.4 mA h g-1 after 50 

cycles and an energy density of 346.2 W h kg-1 (Figure. 5d).134 

 

(2) GO 

GO is the oxidized derivative of graphene. It has similar structure with graphene which 

can provide extra ionic channel. As a result, it has potential to be used in the ASSLBs. 

The major application of GO can be divided into two parts.  

Due to its layered structure, the GO provides extra ionic transport channels. Cheng 

Zhang et al. designed a carbon matrix (GO-PEG) with lithium-ion conductor (PEG) as 

the cathode to load sulfur for all-solid-state lithium–sulfur batteries. The surface of the 

GO-PEG contains evenly distributed sulfide GO–PEG@C/S cathode through a one-pot 
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reaction. In addition, by the application of GO, it enables the uniform distribution of super 

P to improve the electronic conductivity. At 0.2 C and 80 ◦C, the ASSLBs with GO–

PEG@C/S cathode shows an initial capacity of 1225 mA h g-1. At 2C and 80 ◦C, this 

ASSLB retains 86.6% capacity after 100 cycles.135  

On the other hand, GO has high ionic conductivity to be used at the surface interface, 

which will not influence the electrochemical performance of ASSLBs. GO can prevent 

the direct contact between cathode and electrolyte to suppress side reactions. For example, 

Zilong Zhuang et al. applied graphene oxide at the interface to suppress side reactions. 

They studied the reaction between the cathode-LiNi0.5Co0.2Mn0.3O2 and polymer 

electrolyte-PPE, where the oxidized products Ni3+ and Co4+ will cause the decomposition 

of PPE. In order to avoid the side reaction, graphene oxide was used to coat the 

LiNi0.5Co0.2Mn0.3O2 cathode, as a result, the ASSLB shows higher initial capacity, cycle 

life and interface contract. After 300 cycles, it retains 69.2% capacity at 0.3 C.136 

 

(3) rGO 

rGO has a structure that is highly similar to graphene, therefore it has similar 

properties to graphene, with high electronic conductivity, large surface area, excellent 

mechanical strength, and excellent flexibility. High surface area, excellent flexibility and 

great mechanical strength can buffer the volume changes in the cathode, which can 

significantly improve the interfacial contact and cycle life of the ASSLBs. As a result, 

The main effects of rGO in the cathode can be divided into two parts.137 

Based on the similar structure with graphene, rGO can be used to modify the surface 

of cathode to improve the interfacial contact between the cathode and electrolyte. For 

instance, Xiayin Yao et al. coated 2nm of sulfur on the surface of rGO to reduce the 
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interface resistance, strain and stress between the sulfur cathode and SSEs in ASSLBs, 

where the sulfur is uniformly distributed on the surface of rGO (Figure. 5e). Compared 

with the Li-sulfur battery that utilizes liquid electrolyte, rGO@S-Li10GeP2S12-acetylene 

black composite cathode shows similar electrochemical performance in ASSLBs. At 0.1, 

0.5, 1.0, 2.0 and 5.0 C it respectively achieves 1384.5, 1336.3, 903.2, 502.6 and 204.7 

mA h g-1 capacity. After 50 cycles at 1.0 C, a capacity of 830 mA h g-1 was retained. By 

the application of rGO, the volume change process during lithiation and delithiation 

becomes uniforms, which extends the cycle life of ASSLBs because of reduced stress and 

strain.138 

In addition, the layered structure of rGO can provide extra electronic and ionic 

channels to enhance electronic performance. In preliminary work, Zhang Yue et al. simply 

combined rGO with V2O5 nanowires to fabricate an rGO composite paper cathode to 

increase the electronic conductivity of ASSLBs, where uniform distribution of the V2O5 

nanowires was observed by SEM. PEO-MIL-53(Al)-LiTFSI lithium−vanadium batteries 

whose cathode is V2O5 nanowire−rGO composite paper were produced, which can work 

at high temperature and has high safety. Under the condition of 17 mA g-1, the average 

capacity of the lithium battery can reach 329.2 mA h g-1, and the capacity remains stable 

after 40 cycles. In addition, the lithium ion storge performance is fast and stable at 80 oC 

with a voltage window of 1.0-4.0 V.139 To further improve the combination of rGO and 

active materials, Qiang Zhang et al. designed a new 10% rGO-VS4@Li7P3S11 

nanocomposite as the cathode of ASSLBs, where the VS4 grows smoothly on the surface 

of rGO nanosheets. At 0.1 A g−1, Li|75%Li2S-24%P2S5-1%P2O5|Li10GeP2S12/ 10%rGO-

VS4@Li7P3S11 ASSLBs show a high reversible capacity of 611 mA h g−1 after 100 

cycles.140 In addition, in order to systematically evaluate the effect of rGO in cathode, 
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Qiang Zhang et al. also applied MoS3 nanoparticles onto the surface of the rGO as the 

cathode by the replacement of VS4. By the application of nanoparticle and 2DMs, the 

volume change becomes smaller, and electronic conductivity is improved due the addition 

of 2DMs. At 0.1 A g-1, after 100 cycles, the Li|75%Li2S–24%P2S5–

1%P2O5|Li10GeP2S12/rGO-MoS3 ASSLBs show 553.4 mA h g-1 reversible capacity. The 

improvement is more significantly at high currents, at 1.0 A g-1, after 500 cycles, it retains 

414.1 mA h g-1 (Figure. 5f).141 

 

 

Figure 5. (a) LiF/graphene inorganic composite interlayer. Reproduced by permission.131 

Copyright 2020, Royal Society of Chemistry. (b) CuCo2S4/Graphene@Li7P3S11 

nanocomposite. Reproduced by permission.132 Copyright 2020, American Chemical 

Society. (c) Cu2SnS3@graphene-Li7P3S11 nanocomposite. Reproduced by permission.133 

Copyright 2019, Wiley-VCH. (d) cyclic performances for CZTS and CZTS/graphene-21. 

Reproduced by permission.134 Copyright 2016, Elsevier. (e) rGO@S-Li10GeP2S12-

acetylene black (AB) composite cathode. Reproduced by permission.138 Copyright 2017, 
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Wiley-VCH. f) 10%rGO-VS4@Li7P3S11 cathodes between 1.5 and 3.0 V at 0.5 A g−1. 

Reproduced by permission.141 Copyright 2019, Elsevier. 

 

3.1.2.2 2D transition metal chalcogenides (TMC) 

2D TMC is another potential material used in ASSLBs. Compared with traditional 

cathode materials, the application of transition metal sulfides will significantly decrease 

the interface resistance between cathode and electrolyte. Besides, TMCs can be used as 

active material to provide the high reversible capacity density and moderate operating 

voltage of ASSLBs. Moreover, based on its 2D structure, 2D TMCs can provide extra 

lithium-ion transport compared with bulk transition metal sulfide. The major feature of 

different TMCs can be divided into three kinds.  

Initially, some kinds of 2D TMCs are used to provide high ionic conductivity and great 

interface compatibility, which is essential to deal with the low conductivity and high 

resistance problem. Santhosha, A. L. et al. compared bulk MoS2 with 2D layered MoS2 

to show the superiority of 2DMs in ASSLBs (Figure. 6a). 2D MoS2 is excellent and 

suitable for ASSLBs, which has 670 mA h g−1 theoretical capacity, 1.54 V theoretical 

redox potential, and 10-4 Ω cm-1 electronic conductivity. Moreover, 2D MoS2 has small 

volume change compared with typical cathode materials, which is essential for ASSLBs 

to deal with the loss of contact resulting in high resistance.142,143 In theory, based on the 

nanostructure of 2D layered MoS2, MoS2 will have high specific surface area,  which 

can lower the contact resistance with the electrolyte . 2D layered MoS2 also enables 2D 

diffusion because of its 2D structure for the intercalation process of Li. MoS2 was used to 

prepare the composite cathode. The cathode uses 3 tons and contain 60 wt% MoS2, 30 
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wt% β-Li3PS4 solid electrolyte, and 10 wt % carbon blacks by cold-pressing. The SE use 

β-Li3PS4 while the anode uses Li-In alloy. The initial specific capacity is 439 mA h g-1 in 

67 mA g-1 in the 0.01-3.0 V range. After 500 cycles, it retains a battery capacity of 312 

mA h g-1. By substituting the 2D layer MoS2 with bulk MoS2, the initial discharge capacity 

is only 259 mA h g−1.143  

Other kinds of transition metal sulfide are desirable due to their affordable cost, 

environmentally benignity, and abundant resources. As the representative transition metal, 

Fe has been extensively explored. Qiang Zhang et al. designed an FeS based cathode 

which has high theoretical specific capacity of about 609 mA h g-1 and stable reversible 

capacity.144 FeS nanoparticles were synthesized by a polyvinyl alcohol precipitation 

method. Based on SEM observations, the morphology comprised a flower-like structure 

which is about 300 nm and with some sheet-like subunits. This special structure provides 

some void space, which can buffer the electrode’s volume change in the charge and 

discharge process that can cause losses of mechanical contract.145,146 With the application 

of thin FeS nanosheets, the Li ion pathway will become shorter, and the Li ion insertion 

and extraction kinetics will be improved. By using nitrogen adsorption-desorption 

measurements, the specific surface area of FeS nanosheets is 60.31 m2 g−1. The large 

specific surface generates more reaction sites for the Li ion insertion and extraction 

process. The obtained all-solid-state lithium battery displays a reversible discharge 

capacity of 550 mA h g-1 after 50 cycles at 0.1 A g-1. Even if the current density is 

increased to 1.0 A g-1, the specific discharge capacity is 403 mA h g-1. To improve the 

interface contact between the electrolyte and cathode, Fe3S4 was also explored. As Fe3S4 

has a combination of +2 and +3 valence of Fe, it shows excellent electrochemical 

performance compared to FeS. Qiang Zhang applied Fe3S4 ultrathin nanosheets, which 
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also serves as the cathode active material, onto Li7P3S11 for ASSLBs by an in-situ 

approach. The interface contact of Fe3S4@Li7P3S11 nanocomposites is better than pristine 

Fe3S4 nanosheets, which shows 1001 mA h g-1capacity after 200 cycles.144 Besides Fe, V-

based cathode materials such as V2O5 have also been applied . As a 2D sulfide, a high-

crystallinity VS2 sheet with a thickness of 50 nm has been used as a new 2DMs to improve 

the performance of ASSLBs’ cathodes (Figure. 6b). VS2 has a hexagonal transition metal 

hydrogen disulfide structure, so VS2 has high electronic conductivity and high specific 

surface area. Liangting Cai et al. applied hc-VS2 as cathode materials, which demonstrates 

great interface compatibility with P2S5 sulfide electrolyte. The experimental results show 

that under the condition of 50 mA g-1, the high crystallinity VS2 sheet has high 

reversibility, and the capacity after 30 cycles is 532.2 mA h g-1.147,148 After 100 cycles, at 

100 and 500 mA g-1, the stable discharge capacity of the all-solid-state lithium battery is 

maintained at 436.8 and 270.4 mA h g-1 respectively.149 

Furthermore, compared with bulk TMCs, 2D TMCs have high mechanical strength, 

which not only can used as host material for active material-sulfur, but also can deliver 

high reversible specific capacity for ASSLBs. Shiqi Xu et al. designed a new type of 

intercalation-conversion hybrid cathode with VS2 nanosheets which was used in ASSLBs 

(Figure. 6c). In this design cathode, on the one hand, VS2 not only provides electron 

transport channel like most 2DMs, but also contributes the extra capacity. One the other 

hand, lithiated VS2 (LixVS2) can provide extra Li transport channels. The sulfur utilization 

of Li|Li3PS4|S/VS2/Li3PS4 ASSLBs is 85% and the coulombic efficiency is close to 100%. 

Moreover, the active material loading and an areal capacity of this kind of ASSLB reaches 

the practical requirement of Li-S batteries, which is 15.5 mg cm-2 and 7.8 mA h cm-2, 

relatively.149 
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3.1.2.3 Other types of 2DMs  

Other materials include organic, metal oxide, and carbon materials. The major 

application of these materials can be divided into two parts. One of major application of 

these kinds of 2DMs is to enhance the ionic conductivity of active materials as the 

additives. Organic materials are one kind active material which has high theoretical 

capacity. However, one the main disadvantage of organic cathodes is the low ionic 

conductivity which limits the performance of the lithium battery. In order to deal with this 

problem, Yuta Fujii et al. applied 2D HHP ((CH3(CH2)2NH3)2-(CH3NH3)2Pb3Br10) in 

ASSLBs with sulfide solid electrolyte. The recent report shows the mechanism of the 

insertion and extraction of lithium, which implies the potential of this material applied in 

the ASSLBs. 2D HHP inherently has Li-ion conductivity, which can reach to about 10-3 

S cm-1. At 100 °C, the resistance between the electrode and solid electrolyte is only 13 Ω. 

The ASSLB retains 242 mA h g−1 after 30 cycles at 0.13 mA cm−2.150 Jiamin Shi et al. 

applied 2D Co3S4 hexagonal nanosheets as cathodes to improve the interface contact and 

Li-ion conductivity of ASSLBs. 2D Co3S4 hexagonal nanosheets were used in a liquid-

phase method to coat the surface of Li7P3S11 (Figure. 6d). This structure provides shorter 

Li-ion transport channels and excellent machine contact due to the large surface area of 

2DMs. At 0.5 A, after 50 cycles, the ASSLBs with Co3S4@Li7P3S11 composite cathode 

exhibits 685.9 mA h g−1 reversible capacity. At 1 A, after 100 cycles, it retains 457.3 mA 

h g−1.151  

Metal oxides are the conventional cathode material for lithium-ion batteries. In order 

to improve the ionic conductivity and energy density, Qiuying Xia et al. designed 
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LixMnO2 nanosheets to fabricate a 3D-structured cathode for ASSLBs. This cathode 

design showed a high electrochemical tunnel intergrowth structure, which provides 

alternating 1 × 3 and 1 × 2 tunnels. In addition, this 3D structure provides shorter Li-ion 

transport length, better interface contract, and great mechanical strength. At 50 mA g-1, 

the LixMnO2/LiPON/Li ASSLB yields 185 mA h g−1 and retains 81.3% after 1000 

cycles.152 

Carbon nanosheets are used as the electronic conductive material to improve the 

interface contact in ASSLBs. V2O5 is one of the new lithium-free cathode materials. 

However, its high-volume change and poor contact with the electrolyte are challenges for 

implementation in ASSLBs. The nanomodification of V2O5 is insufficient to solve these 

problems. Thus, Liwei Su et al. coupled carbon nanosheets with the V2O5 cathode. Sub‐

10 nm V2O5/C nanosheets were used as the cathode, which shows excellent contact 

between the electrode and electrolyte and great interface stability. In addition, by the 

application of carbon nanostructure, the volume change of V2O5 is suppressed, which 

avoids cracking and pulverization of the surface and improves the electronic conductivity. 

The ASSLBs with V2O5/carbon nanosheet cathode is 228 mA h g−1 at 0.1 C and ~110 mA 

h g−1 at 2.0 C after 50 cycles.153,154 
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Figure 6. (a) exfoliated MoS2 nanosheets. Reproduced by permission.143 Copyright 2019, 

American Chemical Society. (b) highly crystalline layered VS2 (hc-VS2) nanosheets. 

Reproduced by permission.147 Copyright 2018, American Chemical Society. (c) proposed 

microstructure and discharge mechanism for the solid-state hybrid Li-S/VS2 battery. 

Reproduced by permission.149 Copyright 2020, Wiley-VCH. (d) monodispersed 2D Co3S4 

hexagonal platelets. Reproduced by permission.151 Copyright 2020, American Chemical 

Society. 

 

3.2 2DMs in electrolyte design of ASSLBs  

The electrolyte in ASSLBs mainly includes three types of materials: polymers, oxides 

and sulfides. Due to different physical, chemical and electrochemical properties, these 

three kinds of SEs encounter different problems in ASSLBs. High-performance SEs 

require certain properties, such as high ionic conductivity in room temperature, high 

thermal stability, great chemical stability, good contract with electron in both physics and 
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chemistry. In this section we discuss how to use different 2DMs to solve the problems 

encountered by different solid electrolytes.155 

3.2.1 Solid polymer electrolytes (SPE) 

SPEs used in the ASSLBs such as polyethylene oxide (PEO), poly(acrylonitrile) (PAN), 

poly (vinylidene fluoride) (PVDF), have similar problems in ionic conductivity, low 

mechanical strength, and limited lithium ionic transport channels. Segmental motion is 

the main mechanism for the Li ions transport in the polymer-based electrolyte. Compared 

with the ion conduction in the liquid, this conduction mechanism is more dependent on 

temperature to reduce the grain boundary resistance of the polymer electrolyte. Therefore, 

at room temperature, the ionic conductivity of the polymer solid electrolyte is extremely 

low. In conclusion, high ionic conductivity, high chemical and thermal stability and great 

interface contract should be achieved in SPEs. This part will introduce the application of 

2DMs to deal with these limitations.130  

 

3.2.1.1 PEO based solid polymer electrolytes 

PEO is a widely used polymer electrolyte which has high performance. Li ions can 

move in PEO through chain segmental motions.127 Based on the mechanism of lithium-

ion transport in PEO, the conductivity of Li ion is influenced by the motion of the 

amorphous phase of PEO. Due to the highly crystalline structure of PEO, the Li-ion 

conductivity of PEO is only 10−6–10−8 S cm−1 at room temperature. At higher 

temperatures, PEO’s Li-ion conductivity will be significantly enhanced, although high 

temperature will reduce the mechanical strength and chemical stability. In order to deal 
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these problems, 2DMs are used to improve the electrochemical performance by its unique 

structure. The effect of 2DMs in PEO can be divided into three parts. 

 

 

Figure 7. (a) MXene/PEO composition polymer electrolytes (CPEs). Reproduced by 

permission.156 Copyright 2020, American Chemical Society. (b) the lithium ions transfer 

mechanism in Vr/PEO-LCSE. Reproduced by permission.157 Copyright 2020, Royal 

Society of Chemistry. (c) mechanism for VS enhanced ionic conductivity in SPE. 

Reproduced by permission.158 Copyright 2019, American Chemical Society. (d) 

composition of a PEO/LiTFSI/MnO2 solid polymer electrolyte membrane. Reproduced 

by permission.159 Copyright 2020, Royal Society of Chemistry. 

 

First, 2DMs can reduce the crystallinity of PEO to enhance the ionic conductivity of 

PEO. There are two ways to incorporate 2DMs in PEO. One is due to the hydrophilic 

surface in materials to interact with oxygen through hydrogen bonds with PEO. In the 

first way, three main kinds of materials are listed here. The first material is MXene, where 

Qiwei Pan et al. added hydrophilic Ti3C2Tx into PEO20-LiTFSI to reduce the crystallinity 

of PEO and enhance the ionic conductivity (Figure. 7a). The PEO with 3.6 wt% MXene 



35 

 

shows great ionic conductivity which is 2.2 × 10−5 S m-1 at 28 °C. The LiFePO4/PEO20-

LiTFSI/Li with 1.5 wt% MXene has been tested in here, it shows stable capacity (140 

mA h g-1) at 60°C after 50 cycles.156 The second way is using carbon materials. Masoud 

Esfandeh et al. produced SSEs based on polyethylene oxide (PEO) which contains 

pristine graphene (GnP) or polyethylene glycol grafted graphene (FGnP)160 The 

synthesized SSE was characterized using SEM, DSC, XRD and polarization state optical 

microscope (POM), which verifies that the crystallinity of the nanocomposite electrolyte 

was reduced.161 The specific anti-nucleation effects of GnP and FGnP can be obtained 

through the image of POM. The specific properties of FGnP can be attributed to the fact 

that PEO molecules grafted on FGnP can interact with oxygen through hydrogen bonds 

and limit crystallization.160 As a result, at room temperature, the ionic conductivity of 

SPE/FGnP (0.5%) is significantly improved (2.53 × 10−5 S cm−1), and the mechanical 

stability is also improved.160 The third material is MOF. Qingyue Han et al. incorporated 

nickel-based ultrathin metal−organic framework (MOF) nanosheets (NMS) into PEO. 

Due to the high aspect ratio of NMS, the application of NMS significantly reduces the 

crystallinity of the PEO, which enhances the ionic conductivity. Moreover, the 

dissociation of lithium salt can be enhanced by the Lewis acid-base interactions between 

Ni atoms in NMS and anions in the lithium salt, which can increase the concentration of 

Li-ion in PEO. The Li-ion transference value reaches to 0.378 and the ionic conductivity 

reaches 1.66 × 10−5 S cm−1 at 25 °C. Similar with other 2DMs, NMS can enhance the 

mechanical strength of the PEO. At 0.1 C at 30 °C after 50 cycles, the all-solid-state 

Li/LiFePO4 battery with NMS/PEO shows a high reversible capacity of 130 mA h g−1.156 

Second, with the application of 2DMs, the mechanical strength of PEO can be 

enhanced significantly. 2D BN can be also used in polymer solid electrolyte due to its 
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excellent electrochemical properties. Based on the conventional properties of 2D BN, 

Zhenyu Zhang et al. designed a new ASSLB based on boron nitride enhanced 

polymer/salt (PVDF-HFP/LiTFSI) composite electrolytes. By the application of the 2D 

BN, the mechanical strength, ionic conductivity, and interface contact of the composite 

electrolyte was enhanced. The ionic conductivity of 1% BN composite electrolyte is 1.82 

× 10-3 S/cm at room temperature. In order to test the mechanical strength of composite 

electrolyte, the hardness and Young’s modulus were tested, which is 4.99 MPa and 0.133 

GPa, relatively, which can significantly suppress the growth of lithium dendrites. 162 

Furthermore, Xuedong Yin et al. proposed the importance of thermal uniformity for SSEs. 

After the addition of 2D BN, BN‐PEO‐PVDF’s ionic conductivity and mechanical 

strength were improved significantly. Specially, 2D BN enables fast conduction and 

uniform distribution of heat in PEO. As a result, homogenous ionic conductivity is 

achieved in PEO, because the ionic conductivity of PEO depends on temperature. Finally, 

The deposition and extraction of lithium become more uniform, and thus the ASSLBs 

show long cycle life and high performance.163 In order to significantly improve the 

mechanical properties of PEO, Pengfei Zhai et al. applied vermiculite nanosheets into 

PEO to fabricate Vr/PEO-LCSE. At 25 °C, the Vr/PEO-LCSE shows a high ionic 

conductivity of 1.22 ×10-5 S cm-1 (Figure. 7b). The specific resistance of Vr/PEO-LCSE 

is much lower than pure PEO which is 66 Ω cm-2 at 30 °C. In addition, the excellent 

compressive strength of Vr/PEO-LCSE is 131 MPa which is much higher than pure PEO 

and compared with other 2DM additives. As result, the high-rate performance of ASSLBs 

is improved, which has low capacity fading from 0.05C to 0.2C.157 

Third, 2DMs such as 2D VS, lepidolite can provide extra ionic transport channels to 

enhance the ionic conductivity. Due to the high specific properties, most 2DMs can make 
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fast lithium-ion transport on the surface. To be specific, the properties of VS are similar 

with inactive ceramic fillers, VS has high chemical, thermal, machinal stability. 

Furthermore, the negative charge surface of the VS can be used to transport Li-ions. In 

order to study the effect of two-dimensional material arrangement on lithium-ion 

transmission, Wenjing Tang et al. first fabricated a PEO/LiTFSI/10% 2D VS layered 

composition electrolyte to improve the electrochemical performance of ASSLBs with 

disorderly arrangement (Figure. 7c). The Negatively charged surface of 2D VS layers 

provide more channels for lithium-ion transport. Thus, the lithium-ion conductivity is 

much higher than normal PEO. At 25, 60, and 100 °C, the ionic conductivity is 2.9 × 10−5, 

1.2 × 10−3 and 3.1 × 10−3 S cm−1, respectively. In addition, at current density of 50 μA 

cm−2, the Li/VS composition PEO/Li symmetrical cells work with stable voltage profiles 

over two months. The Li/LiFePO4 cell is tested in this time, at 0.1 and 0.5 C, the capacity 

of this battery is 159.9 and 152.0 mA h g-1, respectively.164 In addition, Wenjing Tang 

designed another ASSLB using 2D VS layers. In this time, 2D VS is arranged in PEO in 

a vertical direction, which can generate continuous channels and larger surface area. As a 

result, Li+ transference number close to 0.5 reaches an ionic conductivity as high as 1.89 

× 10−4 S cm−1 at 25 °C.165,166 A lithium symmetric battery using vertically aligned VS-

based PEO composite electrolyte was tested over 1300 hours, which is stable with low 

overpotential. 167 The full battery test was also tested here to verify the performance of 

this electrolyte, at 0.1 C, 35 °C, the ASSLBs based LiFePO4 showed a capacity of 167 

mA h g−1 with the application VAVS–CSPE and retains 82% capacity after 200 cycles at 

0.5 C.165,168 PEO has shown improved thermal stability, high mechanical strength, ionic 

conductivity and electrochemical stability after the addition of 2D VS layers, and 

decreased flammability and interface resistance.158  
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Covalent nitrides with high thermal and chemical stability are always applied to 

stabilize the interface between the PEO-based electrolyte and lithium metal anode. By the 

application of nitrides in PEO, the highly electronegative N atoms will interact with TFSI- 

to enhance the and selectivity of ion transport and dissociation of LiTFSI in PEO. First 

example is for selectivity of ion transport. Yuhan Li et al. applied 2D hexagonal boron 

nitride (h-BN) in PEO. The stronger binding effect between TFSI- and BN than between 

Li-ion and BN is simulated by the DFT calculation, which indicates that the Li-ion 

conductivity of PEO/LiTFSI/BN is lower than without BN. However, the transport of 

TFSI- is reduced significantly. As a result, with the application of h-BN, the selectivity of 

Li-ion transport is higher. The Li/Li symmetric battery with PEO/LiTFSI/h-BN lasts 430 

h at 0.2 mA cm-2. For the full battery with Li metal anode and LiFeO4 cathode, the 

PEO/LiTFSI/h-BN composite electrolyte shows great cycle life for 140 cycles, compared 

to 39 cycles for SSEs without the addition of h-BN. 169 Second example is for enhancing 

the dissociation of LiTFSI. g-C3N4 nanosheets have some defects on the surface which is 

different with other defects in the other 2DMs, as it can provide extra lithium transport 

channels. In order to improve the performance of PEO, Zongjie Sun et al. added g-C3N4 

nanosheets into the PEO to improve the ionic conductivity, working temperature and 

mechanical strength. The ionic conductivity reaches 1.7 × 10-5 S cm-1 at 30 °C. Moreover, 

lithium salt can interact with the N atoms on the surface of g-C3N4 nanosheets to improve 

the dissociation of the lithium salt. After 100 cycles, at 60 °C, the ASSLBs with PEO/g-

C3N4 nanosheets show 155 mA h g-1.170  

Naturally derived 2DMs have also been explored as a PEO additive. Chengliang Wang 

et al. reported one kind of 2D natural layered silicate material, lepidolite. They designed 

a composite electrolyte with lepidolite, PEO and LiClO4. The pure lepidolite is tested first, 
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it has an ionic conductivity at 100 °C of 1.5 × 10−5 S cm−1. The composition with PEO 

and lepidolite without Li salt was tested next, it shows an increased Li-ion transference 

number with larger content of lepidolite in the composites. In order to increase the 

interface contact and ionic conductivity, PEO and LiClO4 were added into the lepidolite 

to form the composite electrolytes, and the ionic conductivity at 60 °C can be increased 

to 1.6 × 10−4 S cm−1. The obtained CPEs show improved ionic conductivity, greater Li+ 

transfer, higher thermal stability and better mechanical characteristics than traditional 

polymer electrolytes.158 Compared to other 2DMs, the combination between PEO and 

MnO2 can provide long-range migration for lithium ions. Yuhan Li et al. applied MnO2 

into PEO to produce PEO/MnO2 electrolyte, which exhibits better ionic conductivity, 

lithium transference number and mechanical strength (Figure. 7d). By density functional 

theory calculations, the PEO/Li complex and MnO2 binding energy is small, which is 

beneficial for lithium ion to transfer in the interface between PEO and MnO2. After 300 

cycles, the ASSLB with PEO/MnO2 electrolyte exhibits 143.5 mA h g-1.159 

Finally, the application of 2DMs is used to improve the thermal uniformity of PEO-

based polymer electrolytes to stabilize the ASSLBs at high temperature. Xuesong Yin et 

al. applied 2D BN nanoflakes to deal with high operating temperature, poor thermal 

conductors, and lithium deposition problems in ASSLBs. After the addition of 2D BN, 

BN‐PEO‐PVDF’s ionic conductivity, mechanical strength, and heat transport ability was 

improved significantly. Specially, 2D BN enables fast conduction and uniform 

distribution of heat in PEO. Finally, The deposition and extraction of lithium become 

more uniform, and thus the ASSLBs shows long cycle life, and high electrochemical 

performance.163 
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Table 1. The contribution of 2DMs to ionic conductivity of PEO based electrolyte. 

Materials* Ionic conductivity 

(S/cm) 

Temperature 

(℃) 

Polyethylene oxide 10-6-10-8  25 

MXene 2.2×10-5 28 

polyethylene glycol-grafted graphene 2.53×10-5 30 

Vermiculite sheets  2.9×10-5 25 

 1.2×10-5 60 

 3.1×10-5 100 

Vertically aligned vermiculite sheets  1.89×10-4 25 

Lepidolite 1.6×10-4 60 

Nickel-based ultrathin MOF nanosheets  1.66×10-5 25 

Boron nitride 1.82×10-3 25 

g-C3N4 nanosheets 1.7×10-5 30 

Vermiculite nanosheets 1.22×10-5 25 

 

3.2.2 Other solid polymer electrolytes 

Besides PEO, other polymers such as PAN, PVDF etc. have also been used as the solid 

electrolyte. 2D single-layer GO is one of the potential materials for application in 

ASSLBs. It has a large specific surface area and many oxygen-containing functional 

groups. It has been reported that the application of GO can enhance the transport of Li-

ions and the chemical stability of the electrolyte, which is due to the oxygen-containing 

functional groups and the 2D structure of GO. Weishang Jia et al. reported a new design 

of LiClO4-polyacrylonitrile (PAN) SPEs with the application of GO. This GO is modified 

by -OH, -COOH, -COC and other oxygen-containing functional groups. At 30 °C, the 



41 

 

ionic conductivity of composite PAN electrolyte with 1 wt% GO reached 4.0 ×10−4 S cm−1, 

which is higher than pure PAN (2.2 × 10−5 S cm−1). In addition, the application of GO 

reduces the activation energy from 2.31 to 1.03 eV and increase the tensile modulus from 

37 to 80 MPa. Moreover, GO makes the polymer less crystalline to have better contact 

with the electrode. In terms of electrochemical performance, the LiFePO4 (LFP) battery 

with 1.0 wt% GO-SPE as the electrolyte has an average discharge capacity of 166 mA h 

g-1 when maintained at 0.2C for 50 cycles, and the electrochemical polarization is 

relatively small at 38 mV.171 

 

3.2.3 Sulfide electrolytes 

Compared with SPEs, solid sulfide electrolytes (SSEs) can potentially combine the 

advantages of polymer electrolytes and oxygen-containing electrolytes. They have 

medium mechanical strength, which is favorable for both the interface contact and 

structural stability. However, SSEs are not chemically stable, as side reactions low 

coulombic efficiency. In this section, some improvement strategies will be introduced by 

the application of 2DMs. It can be divided into two parts.  

One is mitigating the side reactions. Xiaoyan Xu et al. designed a strong Li7P3S11 

electrolyte with BN doping for an all-solid-state lithium sulfur battery (Figure. 8a). The 

BN nanosheets is able to partially separate the Li7P3S11 solid electrolyte and lithium metal, 

thereby enhancing the electrode and electrolyte interfacial performance and prevent 

Li7P3S11 from reacting with Li metal. By the application of boron nitride doped Li7P3S11 

solid electrolyte, this ASSLB shows improved electrochemical performance with better 

cycling stability and higher coulombic efficiency.172,173 



42 

 

Another one is providing extra lithium-ion transport channels. TiS2 is one kind of 

TMDs. To deal with the poor ionic contacts between the active material and sulfide solid 

electrolyte, Dae Yang Oh et al. applied TiS2 nanosheets which is prepared by the scalable 

mechanochemical lithiation to prepare TiS2, followed by exfoliation by ultrasonication to 

prepare the nanosheets (Figure. 8b). With the addition of TiS2, ASSLBs shows excellent 

reversible capacity due to the favorable contact with TiS2 nanosheets and short lithium-

ion transport channel. Compared with bulk TiS2, TiS2 nanosheets show shorter Li-ion 

transport channels and high electronic conductivity.174 

 

3.2.4 Other type of solid-state electrolytes  

Besides the solid polymer electrolyte, sulfide solid electrolyte, and solid oxide 

electrolyte, there are also many novel materials used as solid electrolytes. In this section, 

the application of 2DMs can be divided into two parts. 

As usual, 2DMs provide extra lithium ionic transport channel to enhance the ionic 

conductivity of the electrolyte. Due to its porous structure and functionalization, 

perovskite and COF can be used as the electrolyte to promote the lithium-ion transport. 

Jiafeng Wu et al. use two kinds of perovskites: 3D-PVSK (CH3NH3PbI) and 2D-PVSK 

(BA2MA3Pb4I13) to modify the surface of the Li6.75La3Zr1.75Ta0.25O12 (LLZTO) (Figure. 

8c). With the modification of 3D-PVSK and 2D-PVSK, 2D PVSK provides extra 

transport channels for Li-ions compared with other modification methods. ASSLBs use 

lithium as the anode and LiFeO4 as the cathode to test the application of 2D PVSK. The 

results show that ASSLBs have higher specific capacities of 153 mA h g-1 and 149 mA h 

g-1 with 3D-PVSK and 2D-PVSK respectively compared with no-PVSK ASSLBs, after 
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50 cycles at 0.2 C. To sum up, with the modification of 3D-PVSK and 2D-PVSK, it will 

provide more lithium storage of ASSLBs.175 Zhen Li et al. designed a new COF with TFSI 

functional group (dCOF-ImTFSI-60). By the post-functionalization of TFSI-, the ionic 

conductivity of dCOF-ImTFSI-60 is 7.05 × 10−3 S cm−1 at 423 K with the extra 1D pores 

for lithium ionic transport by the extra TFSI-. Li/dCOF-ImTFSI-60@Li/LiFePO4 ASSLB 

shows an initial capacity is 143.7 mA h g−1 under 353 K and retains 98.3% capacity after 

40 cycles with 97.5% coulombic efficiency.176  

In addition, dCOF will have a wide range working temperature range from 303 to 423K. 

176 In the other work, Zhen Li et al. designed another type of 2D COF (Im-COF-Br) which 

was synthesized by Schiff base reaction, and the building block is imidazolium-based 

monomers. This new COF has some characteristics, such as positive charge in the COF 

skeletons, tunable counter-anions, and 5.57 nm pore sizes. In order to increase the 

transport of Li-ion, the Br- is replaced with TFSI. The Im-COF-TFSI was tested at 353 

and 423 K, which shows ionic conductivities of 4.64 ×10-4 and 4.04 × 10-3 S cm-1, 

respectively.177 Gen Zheng et al. designed a new combination between COF and PEO to 

fabricate a new type of electrolyte, which flexible and ethylene oxide PEO in the rigid 

two-dimensional COF architectures is used as lithium ionic transport channel to enhance 

the Li-ion conductivity. It is verified by powder X-ray diffraction and thermogravimetric 

analysis that the periodic structure is stable even over 300 °C, and the dynamic glassy 

structure of PEO is verified by differential scanning calorimetry and NMR. The Li-ion 

conductivity reaches 1.33 × 10-3 S cm-1 at 200 °C with LiTFSI doping.178 

On the other hand, 2DMs are also applied as the electrolyte to transport lithium ions 

individually. Xing Li et al. applied 2D lithiated hydrazone-based COF with phenol group 

(2D LiCON) nanosheets into ASSLBs (Figure. 8d). First, at 40 °C, the ionic conductivity 
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of COF without Li salt reaches 10−5 S cm−1. Second, it prevents the dissolution of organic 

redox species in the cathode. When the 2D LiCON is applied in the ASSLB, it is stable 

for 500 cycles at 500 mA g-1 at 20 °C.179 In addition, with the unique properties of 2D 

COF, Wenlu Sun et al. fabricated ultra-thin SSEs with a thickness of 7.1 μm, which 

contributes to the high energy density of the battery.180  

 

 

Figure 8. (a) fabrication process of LPS-BN solid electrolyte. Reproduced by 

permission.172 Copyright 2019, Springer Nature. (b) preparation of TiS2 nanosheets (TiS2-

NSs) and their application in bulk-type ASSLBs using sulphide SEs. Reproduced by 

permission.174 Copyright 2016, Royal Society of Chemistry. (c) crystal structure of the 

3D-PVSK and 2D-PVSK. Reproduced by permission.176 Copyright 2020, Wiley-VCH. 

(d) 2D COF solid state electrolyte. Reproduced by permission.179 Copyright 2020, 
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American Chemical Society. 
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Chapter 4 

4. Emerging advanced characterizations for 2DMs used in ASSLBs  

Considering the specific two-dimensional structure and physicochemical properties of 

2DMs, only a few emerging advanced characterization technologies will be focused on 

this section to deeper the understanding of the structure-function relationship in 2DMs 

for ASSLBs. The advanced characterizations including synchrotron X-ray techniques and 

in-situ/operando characterization are summarized below. 

Synchrotron radiation is one of most powerful technologies to study the structure and 

mechanism of battery materials. Compared with traditional characterization technologies, 

with the assistant of the high flux and brilliant X-ray beam, there are some advantages. 

First, it can get high structural resolution and 2D/3D morphology of 2DMs in ASSLBs 

due to the low presence of 2DMs in ASSLBs. Second, it has high temporal resolution, it 

can significantly shorten the time required for signal acquisition to get the dynamic 

information of 2DMs with combination with in-situ/operando technology. Third, direct 

visualization and 3D reconstruction of 2DMs can be acquired at the same time. In 

conclusion, in order to gain an in-depth understanding of the effect of 2DMs in the 

electrolyte, electrode and interface of ASSLBs, the synchrotron X-ray technique plays a 

critical role, which can be divided into four parts: X-ray diffraction (XRD), X-ray 

absorption fine structure (XAFS), X-ray photoelectron, and X-ray microscopy. In order 

to investigate the state of ASSLBs in the dimensions of time and space during operation, 

in-situ/operando technologies are applied as one of the most necessary technology to 

monitor energy-storge mechanisms with ASSLBs.181,182  

In-situ characterization is applied to obtain the structure and composition information 
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of the sample most truthfully. With the application of the in-situ characterizations, the 

influence on the sample during the sample preparation process is avoided. After by 

optimizing the in-situ cell, operando technology is applied to achieve real-time 

observation of changes in ASSLBs. As a results, in-situ/operando technology is one of 

the most important characterization technologies for study of 2DMs in the ASSLBs. 

In this section, spectroscopy material composition analysis and morphology and 

structure characterization will be introduced. 

 

4.1 Spectroscopy material composition analysis  

With the assistant of X-ray technology, in the structural investigations of SSEs, 

synchrotron XRD is one of the most attractive methods to obtain the structure and 

chemical information of SSEs. In contrast to laboratory X-ray sources, the measurement 

of scattering from dilute phases or the analysis of residual stress can be obtained by the 

assistance of the high resolution and intensity of the synchrotron.183,184 In addition, 

synchrotron radiation has the unique advantages of enhancing the signal strength and 

reducing test time, which enables the development of time-resolved XRD and in-

situ/operando XRD in synchrotron beamlines. Thus the crystallographic information of 

2DMs, including lattice parameters of different phases, site occupancy, strain/stress, and 

microstructural information, can be further detected by the diffraction techniques.185–187 

As mentioned above, the interface stability of interface between the electrolyte and 

electrode is one of the essential problems that should be resolved, especially for high-

voltage cathode materials such as LiCoO2. To detect the side reactions during operation, 

in-situ XRD is applied in here. For instance, Vardar et al. applied LiCoO2 electrode and 
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LLZO electrolyte as a model system. The side reaction products are easily detected by 

the application of synchrotron source, new peaks were detected which is attributed to the 

composition of Li2CO3, La2Zr2O7, and LaCoO3 (Figure. 9a). The side production layer 

will suppress the lithium-ion transport in the interface.188 With the assistance of 2DMs at 

the cathode electrolyte, the side reactions between electrolyte and high-voltage cathode 

has been significantly suppressed. Through synchrotron radiation in-situ XRD monitoring, 

any side-products produced by the electrode and electrolyte in the operation process can 

be immediately observed to analyze the failure mechanism of ASSLBs. 

XAFS is one of the most powerful technical tools for analyzing 2DMs. It describes X-

ray absorption near or above the absorption edge. Due to the different energy ranges, 

XAFS can be divided into two parts. X-ray near-edge absorption structure (XANES) 

refers to the spectral region from the absorption edge to the energy range of 30-50 eV 

beyond the absorption edge. Extended X-ray absorption fine structure (EXAFS) is a type 

of extended X-ray absorption fine structure. XANES can distinguish between electronic 

states and three-dimensional coordination geometry. Differently, EXAFS is sensitive to 

the distance, coordination number, and type of atoms around the adsorbed atoms.189 

To distinguish the difference of the local atomic geometry and the chemical state of the 

atoms for 2DMs with their 3D bulk counterparts, XAFS is applied to analyze the specific 

element. For example, for the atom of a specific element, the coordination number is 

significantly reduced, and bond lengths are elongated in 2DMs compared with the bulk 

materials.190 For the ASSLBs, the presence of 2DMs in electrode and electrolyte are 

minimal. To detect the 2DMs, with the application of synchrotron radiation, the X-ray 

absorption energy near or above the absorption edge can be detected. In addition, 

compared with the EXAFS, the signal of XANES is clearer, the time required to collect 
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the signal is shorter, and it is more sensitive to the element valence and charge transfer.  

Therefore, the in-situ XANES based on the synchronous light source has a time 

resolution that can be used to study the electronic states and three-dimensional 

coordination geometry of specific elements for 2DMs in ASSLBs. 191 To analyze the 

failure mechanism of the SSEs, Weihan Li et al. applied in-situ XANES to observe the 

nanoscale molecular level and local chemical environment in real time during the 

operation state of SSE-Li3InCl6 (Figure. 9b). As a result, the degradation reaction can be 

observed between H2O and Li3InCl6, which will produce In2O3 and LiCl to reduce the 

ionic conductivity of SSE.192  

In summary, by the application of in-situ characteristics technology and synchrotron 

radiation technology of XAFS, changes in the coordination environment of any element 

can be observed under operating conditions of ASSLBs, which is of great significance for 

the more detailed interpretation of the application of characteristic elements in 2DMs in 

ASSLBs.193 

Lithium metal is prone to irreversible side reactions with solid electrolytes due to its 

high reactivity, leading to battery failure. Therefore, it is of great significance to construct 

an interface layer with high ionic conductivity. In-situ XPS is one technique to delineate 

the composition change of the SEI during the charge and discharge process. Jürgen Janek 

et al. used in-situ XPS to characterize the electrochemical deposition process of lithium 

metal on the surface of a typical sulfide solid electrolyte Li10GeP2S12 (LGPS) to study the 

interface stability of the LGPS and lithium metal. According to the known position and 

intensity of the peaks of the relevant components, by fitting the in-situ XPS peaks, it is 

possible to compare and observe the changes of each component during the charging and 

discharging process.194 Wenjia Yan et al. applied the BN nanosheet as SEI to suppress the 
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side-reaction between electrolyte and lithium metal. In-situ XPS can be used in here to 

detect the SEI composition in the operation process, the content change of Li3N during 

lithium deposition can be detected.126 

 

4.2 Morphology and structure characterization 

The mechanism of in-situ TEM is that the electron beam with a very short wavelength 

penetrates the sample and uses an electromagnetic mirror to control the focus of the 

electron beam to measure it. In-situ TEM improves the time-based resolution to detect 

the microscopic morphology, crystal structure and phase, which is one of the powerful 

analytical methods for systematically studying the electrochemical reaction mechanism 

and failure mechanism of the solid-state battery charge and discharge process. Nomura et 

al. used the EELS of the TEM to use sparse coding and structure technology to dynamic 

change of the lithium ions concentration distribution in SSE. Dynamic observation found 

that during the electrochemical reaction, lithium ions not only move in the vertical 

direction to the SEI, but also move in parallel directions, resulting in spatial changes in 

the concentration of lithium ions on the nanometer scale. With the addition of 2DMs in 

the SSE, the lithium ions concentration distribution in the interface between SSE and 

2DMs will represent the unique lithium ions transport way by the observation of in-situ 

TEM.195 

In-situ SEM technology is based on the secondary electrons and scattered electrons 

when electron beam scans the surface of the sample to obtain the real-time imaging. In 

addition, with the assistant of EDS, the element changes during the charge and discharge 

process. In ASSLBs, the growth of lithium dendrites in the lithium metal anode is one of 
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the most serious problems. The application of 2DMs such as MXene, BN, VS, etc. in the 

interface between the anode and electrolyte is used to suppress the growth of lithium 

dendrites, as it changes the mechanism of the growth of lithium metal. 196 As a result, the 

application of in-situ SEM is important to observe the whole process of growth of lithium 

dendrites. Sagane et al. applied LiPON (Li3.3PO3.8N0.22) as the SSE and performed in-situ 

SEM to observe the process of extraction and deposition of lithium metal on the surface 

of the negative electrode (Figure. 9c). With the application of 2DMs such as MXene, BN, 

VS, in the interface between anode and electrolyte to suppress the growth of lithium 

dendrites, the mechanism of the growth of lithium metal is different.197  

In-situ X-ray tomography can track the dynamic changes of the morphology, crystal 

structure and chemical components of the components in the battery in real time during 

battery operation, which is of great significance for the study of solid-state battery 

interface properties, interface changes and battery failure mechanism. Gewirth et al. 

constructed Li|LGPS|Li symmetrical battery and used in-situ X-ray tomography to 

monitor the real-time three-dimensional morphology of the LGPS solid electrolyte, 

especially the interface between the LGPS and lithium metal during the battery cycle 

(Figure. 9d). Compared with polymer-based solid electrolyte, in-situ X-ray tomography 

is more important for oxygen-based and sulfur-based electrolytes, the arrangement mode 

of the particles will have a huge impact on the conduction of lithium ions.198  

Aside from summarized technologies, some other advanced characterizations are also 

applied in the 2DMs used in ASSLBs, such as cryo-electron microscopy, spherical 

aberration electron microscopy, et al. 
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Figure 9. Advanced synchrotron/in-situ characterization (a) in-situ XRD to detect side-

production in the interface between LiCoO2 electrode and LLZO electrolyte. Reproduced 

by permission.188 Copyright 2018, American Chemical Society. (b) in-situ XANES to 

detect degradation reaction of Li3InCl6. Reproduced by permission.192 Copyright 2020, 

American Chemical Society. (c) in-situ SEM to characterize growth of lithium metal 

dendrites. Reproduced by permission.197 Copyright 2013, Elsevier. (d) in-situ X-ray 

tomography to monitor the real-time three-dimensional morphology of the LGPS solid 

electrolyte. Reproduced by permission.198 Copyright 2020, Wiley-VCH.  
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Chapter 5 

5. Summary, challenges, and perspectives 

5.1 Summary 

Although one of the most mature battery technologies, lithium batteries still have 

many aspects that have not reached the desired requirements, such as energy density, 

current density, safety, environmental compatibility, and price. Through the combination 

of characterization technology, 2DMs, and advanced fabrication method, ASSLBs have 

gradually approached liquid lithium batteries in terms of electrochemical performance. 

Overall, advanced characterization technology has continuously deepened the 

understanding of 2DMs, and the application of 2DMs in ASSBLBs has also become 

diversified, playing different roles in different components. 

 

 

5.2 Challenges and perspectives 

Despite the advanced and increasing research work of 2DMs in ASSLBs summarized 

in this review, the application of 2DMs in ASSLBs is still in the initial state. There are 

still many serious problems in the practical application of ASSLBs, such as lithium-ion 

transport, high interface resistance, and side production. In order to maximize the role of 

2DMs in ASSLBs, some proposed directions are discussed below.  

(1) Modification of 2DMs 
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2DMs can be modified by multiple methods such etching and surface functionalization 

to further improve the electrochemical performance. In the research mentioned in the 

review, most 2DMs are applied directly in the ASSLBs. As a result, in order to maximize 

the role of 2DMs in ASSLBs, it is necessary to investigate the relationship between 

modification and electrochemical performance. For ASSLBs, it is mostly considered for 

improvement for the lithium metal battery which has highest energy density in lithium 

battery. For the anode side, it is necessary to enhance the chemical stability, mechanical 

strength of 2DMs to suppress the side-reaction between lithium metal anode and growth 

of the lithium dendrites. For the cathode side, it is little study on the high-voltage cathode 

material such like: LiNi0.8Co0.1Mn0.1O2, LiCoO2, et al. on the ASSLBs. It is important to 

modify the 2DMs to deal with side-reaction between high-voltage cathode material and 

electrolyte. After solving this problem, it can further improve the energy density of 

ASSLBs. For electrolyte, modified 2DMs can provide a comprehensive solution to the 

low ion conductivity of ASSLBs at room temperature, especially polymer-based solid 

electrolytes. 

(2) In-situ/operando characterization of the lithium-ion transport of 2DMs in SSEs 

In situ/operando characterization technology can enhance scientists' understanding of 

the nature of some phenomena in ASSLBs. For electrolyte, since the introduction of solid 

lithium-ion conductors, the current mechanism of lithium-ion transport based on pure 

SSEs has been interpreted by various models. However, with addition of 2DMs, the 

mechanism of lithium-ion transport in the SSEs has been adjusted, which is necessary to 

understand the difference of the mechanism of lithium-ion transport in the SSEs 

with/without the addition of 2DMs. To achieve this goal, advanced methods such as in-

situ/operando NDP, XTM, and simulation methods such as DFT and AIMD could analyze 
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the composite material systems, which should be applied here to analyze the mechanism 

of lithium-ion transport. For the interface problem between electrolyte and anode, in-

situ/operando characterization can be applied to reveal the change of the interface 

component morphology during the battery operation, to take corresponding measures to 

improve the interface dynamics of the ASSLBs.  

(3) Development of novel 2DMs  

Although current 2DMs play an important role in ASSLBs, the novel 2DMs with 

excellent electrochemical activity should be continually developed. For instance, in the 

anode side, 2DMs with higher ionic conductivity and higher mechanical strength should 

be discovered. In the cathode side, novel 2DMs should have higher electronic 

conductivity and theoretical capacity. In the electrolyte, 2DMs require higher ionic 

conductivity, higher mechanical strength, etc. Based on the different requirements for 

different components of ASSLBs, machine learning and artificial intelligence can be very 

effective means to predict the application of new 2DMs for ASSLBs. These two 

technologies can greatly reduce the time required for people to screen materials in the 

early stage, which continues to promote the application of new 2DMs. 

In conclusion, the application of 2DMs in ASSLBs is still preliminary. To promote the 

practical development of ASSLBs, more kinds of 2DMs and characterization methods for 

different aspects need to be further developed. With the assistance of new 2DMs and 

novel material fabrication method for ASSLBs, the application of 2DMs for the practical 

application of ASSLBs will be extended. The development of advanced characterization 

further reveals the failure mechanism of ASSLBs, which provides targeted guidance and 

ideas for 2DMs to solve the current problems encountered by ASSLBs. In short, the 

combination of 2DMs and ASSLBs is a hotspot for research and practical applications. 
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This work will promote the rapid development of next-generation lithium batteries-

ASSLBs to replace the current technology dominated by liquid batteries.  
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Chapter 6 

6. COF-F based all-solid-state lithium metal battery 

Although the research on traditional PEO electrolytes has been developed for many 

years, there are still unsolved problems. The design of composite electrolytes has always 

been a research hotspot due to its high practical significance and wide application range. 

However, the traditional design of composite electrolytes mainly focuses on increasing 

the mechanical strength of the electrolyte to suppress the growth of lithium dendrites and 

has rarely considered the interface problem. With the continuous development of new 

materials, scientists have more ideas for the direction of electrolyte modification and are 

no longer limited to some initial views. 

As the one of the new 2DMs which is mentioned in the above section, COF is suitable 

to stabilize the lithium anode to promote the electrochemical performance of the ASSLBs. 

Compared with other 2DMs, COF has the core structure which allows the transport of the 

lithium-ion and et al. Therefore, I conducted a series of designs and experiments on COF 

composite electrolytes. 

6.1 Introduction 

Although LIBs are the promising energy storge device for the electric vehicles, 

portable electronics, there are still serval problems should be solved including the safety 

and energy density problems. For the safety problem, due to the flammable organic liquid 

electrolyte, the short-circuit of the battery can easily lead to the electrolyte burning and 

even explosion. For the energy density, the unnecessary mass provided by the separator 
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and excess electrolyte composition limits the rise in the overall energy density of the 

battery. However, solid-state electrolytes can deal with those issues perfectly. Thus, by 

pairing with Li metal as anodes, the obtained ASSLBs are considered as the most ideal 

candidates for next-generation high-energy-density energy storage systems. First, 

inflammable solid-state electrolytes can guarantee safety issues with lees flammable 

composition. Second, solid-state electrolytes have wide electrochemical window 

compared with organic liquid electrolyte, which can be compatible with high voltage 

cathode material. 

However, there are several challenges is faced by PEO-based solid-state electrolyte. 

First, the low ionic conductivity (10-6–10-8 S cm-1 at room temperature) limits the fast 

charge and discharge capability of the battery. Second, the growth of lithium dendrites 

will cause the short circuit of the battery due to the low mechanical strength of PEO, 

Third, the incompatibility between solid-solid interfaces leads to huge interface 

impedance. Although many studies are currently addressing these issues, they are still not 

well resolved. Therefore, it is urgent to find ways to solve these problems. 

Covalent organic framework (COF) as one of the rapidly developing porous materials 

and organic materials with high specific surface area, tunable chemical structure etc. Their 

rigid structures and periodic channels make them attractive as ion transport channel for 

dissociation of lithium ions. Due to the controllability of the pore structure of COF, it can 

be easily realized by adjusting the pore size, and the sieving effect of anions and lithium 

ions can be easily realized. There are also many reports showing that COF alone can act 

as a Li-ion conducting medium as a solid-state electrolyte. However, the number of 

studies based on this point is very small at present, and it has no practical significance 

due to the extremely poor contact between the COF electrolyte and the electrode interface. 
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Therefore, the composite solid electrolyte constructed with PEO and COF is one of the 

directions for the application of COF materials in all solid electrolytes in the future. 

In order to deal with these challenges, our group applied covalent fluorinated organic 

framework (F-COF) as the skeleton in the PEO electrolyte to construct PEO/F-COF 

composite electrolyte. First, by the addition of COF, the mechanical strength of PEO/F-

COF composite electrolyte is greatly enhanced. Second, The C-F bond with extremely 

low coordination ability with lithium ions can maximize the ability to sieve anions/cations 

without affecting the transport ability of lithium ions. Third, due to the high activity of Li 

metal, the cleavage of C-F bonds facilitates the construction of LiF-rich SEI layers, 

promotes the stability of Li metal anodes, and improves the most serious interfacial 

problems of solid-state batteries. 

6.2 Discussion and results 

Synthesis. The COF-F was initially synthesized through a solvothermal synthesis method. 

In detail, 1,3,5-triformylphloroglucinol (0.5 m mol, 105 mg) and 2,2'-

bis(trifluoromethyl)-[1,1'-biphenyl]-4,4'-diamine(TFDB) (0.5 m mol, 163 mg), 5 ml of 

1,4-doxane, 5 ml of mesitylene, and 2.5 ml acetic acid (3 M) were added into a Pyrex 

tube followed by 30 min. Wherein, acetic acid is used as a catalyst to catalyze the reaction. 

Since the reactants are easily oxidized in a high temperature environment, liquid nitrogen 

is used to quickly freeze the products after the ultrasonication is completed. Then use a 

vacuum pump for 5 min to ensure the vacuum environment in the Pyrex tube. Repeat this 

process three times. The tube was degassed and then heated at 120 ℃ for 72 h. The light-

yellow precipitates were obtained and washed by acetone. 

It was added to PEO at a mass ratio of 1%, and acetonitrile was added as a solvent to 



60 

 

dissolve into a uniformly distributed liquid. After the solid mass was calculated, the liquid 

was poured into a Teflon watch glass, and a film was formed after solvent evaporation 

using the casting method.  

Characterization. Successful condensation and formation of β-ketoenamine bonds were 

confirmed by fourier transform infrared spectroscopy (FTIR). The FTIR spectrum of the 

obtained powder sample shows a new C-N stretch at 1298 cm-1, corresponding to the β-

ketoenamine C=C moiety, and the disappearance of the aldehyde peak around 1602 cm-1, 

supporting the successful condensation of TP and TFDB (Fig. 10 c).199 As shown in the 

Fig. 10, the prepared solid electrolyte membrane has excellent flexibility and ductility. 

Constant tumbling won't have much of an effect on the battery. The pouch cell made of 

COF-F composite electrolyte will also have good bending resistance. 

 

Figure 10. (a) synthesis process of the F-COF; (b) FTIR of the reactor and production; 

(c) flexibility ability test of the electrolyte. 

Uniform deposition of Li+. Compared with the lithium-ion transport in the conventional 
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PEO electrolyte, due to the addition of COF-F materials, the coordination environment 

during the lithium-ion transport process has changed. The solid-state 7Li nuclear magnetic 

resonance (NMR) spectroscopy was recorded to probe into the effect of COF-F on Li+ 

environments (Fig. 11 b). Results show that a slightly broad single at -0.86 ppm is 

observed in the spectrum of PEO and then shifts to -0.79 ppm due to the existence of 

COF-F in PEO composite electrolyte, demonstrating that F in the core environment 

affects the Li+ coordination environment. The special lithium-ion coordination 

environment leads to more uniform deposition of lithium ions on the anode, which can 

be contributed to the great dissociation of anions and cations.  

The improvement of the electrolyte-electrode interface by COF-F is the most 

fundamental reason to promote the uniform deposition of lithium metal. Compared with 

the PEO electrolyte, with the application of the COF-F, the uniform distribution of the 

COF-F can make the uniform distribution of the Li-flux in the lithium anode surface, 

which can significantly suppress the growth of the Lithium dendrites.  

In order to observed the deposition of Li metal on the anode, SEM is applied to investigate 

the morphology of lithium anode after cycled 50th at 0.1 mA cm-2. It is clear that the 

cycled Li with COF-F/PEO composite electrolyte shows a relatively smooth surface 

while the cycled Li with PEO electrolyte exhibits a rough surface along with dendritic-

like Li metal formation, confirming that COF-F/PEO composite electrolyte can 

effectively induce uniform lithium deposition.  
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Figure 11. (a) the fabrication of the Li|LFP coin/pouch cell; (b) 7Li solid-state NMR; 

SEM images of the cycled Lithium anode with (c) PEO electrolyte; (d) PEO/F-COF 

composite electrolyte. 

The SEI composition. SEI is also one of the important components to contribute to the 

uniform lithium deposition. Owing to the high activity of lithium metal, in the process of 

charging and discharging, the solid electrolyte will spontaneously react with lithium metal 

to form a passivation layer, which is called SEI. A good SEI composition can enhance the 

uniform deposition of lithium metal. At present, most of the exploration of SEI 

components uses the ex-situ XPS technology. In order to explore the components as much 

as possible, here we use the in-situ technology to detect the components.  

Since the base of the XPS has a thermocouple to control the temperature, the all-

solid-state lithium metal battery can be operated in the cavity. However, due to the high 

vacuum environment of the conventional XPS, the melted PEO will be extracted, which 
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will affect the operation of the battery. As a result, near-atmosphere XPS (NAP-XPS) is 

applied to operate the in-situ device. NAP-XPS represents a revolution in the field, 

allowing for XPS characterization of a sample in a gaseous environment. This is achieved 

by containing the sample in a high-pressure cell that is only open to the analyses via a 

small aperture. A series of pumping stages after this aperture quickly reduce the pressure 

back down to high vacuum and limits the distance the electrons have to travel through a 

high pressure of gas. By placing the surface of the sample very close to this aperture, the 

area under analysis can be in a high pressure of gas while also allowing a usable fraction 

of the emitted photoelectrons to escape and reach the detector (Fig. 12a).  

 

Fig. 12 (a) NAP-XPS equipment diagram; (b) in-situ cell design. 

With addition of COF-F, the SEI which contains LiF, Li3N-rich SEI has been 

constructed, promoting highly stable lithium metal anode. With the analysis of the XPS 

results, from C 1s data, the ratio of Li2CO3 is significantly higher in the PEO electrolyte, 

which can be attributed to the decompose of the PEO (Fig. 13a, b). Li2CO3 is one of the 

high machinal strength components in the SEI, which withstands huge volume changes 

to inhibit dendrite growth. However, it can be clearly seen that with the addition of the 

COF, the side-reaction of the PEO with lithium anode is significantly suppressed.200 LiF 

is regarded as one of the great components of the SEI. LiF has extremely high ionic 

conductivity and electrochemical inertness and is very suitable as one of the stable SEI 
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components to ensure the transport of lithium ions while stabilizing the lithium metal 

anode. By the data from F 1s, it can be clearly seen that in the surface of the lithium anode 

after cycles, TFSI- and COF-F react on the highly reactive Li metal surface to form LiF 

with Li metal (Fig. 13c, d). The COF-F as an additional F element donor promotes the 

cycled lithium metal surface of the COF-F composite electrolyte to have a higher LiF 

composition. LiN3 acts as a medium for conducting lithium in the SEI composition, which 

can guarantee the fast transport of lithium ions in the SEI, so it is also one of the important 

components in the composition of the SEI. In the Fig.13e, f, g, h, with the addition of 

COF-F, the content of LiN3 is higher, combined with the phenomenon that the content of 

LiF in the SEI becomes higher, which indicate that the presence of COF-F promotes the 

decomposition of anions (TFSI-). 
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Figure 13. XPS for conventional PEO electrolyte for (a) C 1s; (c) F 1s; (e) N 1s; (g) Li 

1s; of COF-F composite electrolyte for (b) C 1s; (d) F 1s; (f) N 1s; (h) Li 1s  

In order to more intuitively observe the situation of SEI on the surface of Li metal 

anode，ToF-SMIS is applied to detect the SEI of two samples. From the Fig. 14a and Fig. 

14b, it can be clearly seen that with the addition of COF-F, the density of SEI is higher, 

especially the content of LiF has obvious higher in the COF-F composite electrolyte, 

which is consistent with the results from XPS.  
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Fig. 14. ToF-SMIS for the distribution of lithium anode cycled in (a) conventional 

electrolyte and (b) COF-F composite electrolyte. 

In order to test the stability of the lithium metal anode, the Li|Li symmetry cell is 

cycled at current density of 0.2 mA cm-2 (with areal capacity of 0.2 mAh cm-2)  for 1000 

hours, which indicates the high reversibility for the lithium anode with COF-F composite 

electrolyte under 60 ℃. For Li|LFP battery, it exhibits stable charge/discharge over 400 

cycles with 80% capacity retention. The pouch cell is also fabricated to test the practical 

meaning, which can power electronic clocks at room temperature (25 ℃). In addition, 

through the puncture test of the steel nail, the battery can still supply power normally. 

Compared with the liquid-electrolyte lithium metal battery, solid-state lithium metal 

demonstrates greater stability and security. 
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Fig. 15. (a) Li|Li symmetry cell battery; (b) Li|LFP coin cell; (c) practical demonstration 

of pouch cell; (d) the abuse experiment of Li|COF-F/PEO|LFP pouch cell. 

6.3 Conclusion. 

In summary, this project of the new design of the all-solid-state composite electrolyte 

provides new strategy to stabilize the lithium metal anode. On the one hand, as the donor 

of F element, COF is decomposed electrochemically on the surface of the lithium metal 

anode, and a LiF-rich SEI layer is constructed. On the other hand, the uniformity and pore 

distribution of the COF material itself can promote the uneven distribution of lithium ions 

to form uniform distribution on the surface of the lithium metal anode and promote the 

uniform deposition of lithium metal. As a result, the symmetric cell with COF-F 

composite electrolyte exhibits stable stripping/plating behaviour and the as-developed 

ASSLBs presents superior cycling stability with a capacity retention of 80% after 400 

cycles at 0.5 C.   
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Chapter 7 

7. Heterogeneous nanodomains electrolytes for ultra-long-life all-solid-state lithium-

metal batteries 

In the chapter 6, the novelty is the application of COF in the traditional PEO-based 

electrolyte. This physical mixing has very good practical significance for the design of 

electrolytes. However, from a chemical point of view, it is also very meaningful to 

redesign PEO-based electrolytes, which can more intuitively observe the effects of 

different functional groups on the stability of lithium metal anodes. At the chemical level, 

it is of great significance for lithium metal anodes to redesign and modify the segments 

of PEO. 

7.1 Introduction 

The inherent flammability, volatility, and thermal instability of liquid electrolytes are 

considered major causes of battery safety concerns, especially in the pursuit of high-

energy-density lithium-ion (Li-ion) batteries.29,201–203 Solid-state electrolytes (SSEs), 

benefiting from their high thermal stability, low manufacturing cost, and high safety, have 

attracted extensive attention. Thus, by pairing with Li metal as anodes, the obtained all-

solid-state lithium-metal batteries (ASSLBs) are considered as the most ideal candidates 

for next-generation high-energy-density energy storage systems.204–208 Among the 

various SSEs, solid polymer electrolytes (SPEs), especially poly(ethylene oxide) (PEO)-

based SSEs, show a promising prospect in terms of their facile processability and good 

electrode/electrolyte interfacial compatibility.209–211 However, the PEO-based SSEs 
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suffer insufficient Li+ conductivity (10-6 S cm-1 at room temperature) and mechanical 

strength.212,213 To well-address this defect, multiple design strategies have been applied, 

including heterogeneous SPE strategies to construct multiblock copolymers by coupling 

rigid polymer chains with flexible PEO chains, to enhance the Li+ conductivity and 

maintain the mechanical strength.214,215  

The multiblock copolymers possess the characteristic of phase separation, during 

which the flexible polyether chains can form nano-scale domain structures with a feature 

of ultra-low crystallinity and fast thermal movement.216,217 Specifically, the Li+ transport 

in traditional PEO-based SSEs is based on the hopping of Li+ between ether oxygens (EO) 

sites, where the rate of hopping closely associates with the thermal movement of PEO 

chains.218–220 For heterogeneous SPEs, the modified PEO nanodomains with fast chain 

kinetics can release more EO sites for ionic conduction segregated at the interface of 

conductive and non-conductive nanodomains, leading to a faster diffusion rate.221 

Recently, heterogeneous SPE strategy based on polystyrene (PS)-PEO has been reported 

to exhibit acceptable toughness and high ionic conductivity, but they still suffer from 

uncontrollable dendrite growth, weak mechanical strength, and discontinuous Li+ 

diffusion channels due to the use of plasticizers.214,222,223 It is critical to create plasticizers-

free heterogeneous SPEs for regulating the size and order of nanodomains to achieve both 

decent channel consecutiveness and ion conduction. As brand-new commercial 

multiblock copolymers, poly(ether-block-amide) (Pebax) materials are made up of rigid 

polyamide blocks and flexible polyether blocks, without the need for plasticizers. The 

toughness of polyamides and the flexibility of polyethers are well maintained, and they 

also can be compounded with polymer salt to lower the surface resistivity. 
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Herein, we report a straightforward process to prepare the heterogeneous nanodomains 

electrolytes (HNEs) for ASSLBs via Pebax based multiblock copolymers made of rigid 

polyamide (PA) chains and flexible PEO chains, which possess a high ionic conductivity 

(410-4 S cm-1) and suitable mechanical strength. After the solvent evaporation-induced 

phase separation and dynamic optimization by the LiTFSI salts, the formed PEO 

nanodomains contribute to ordered transport channels and PA chains facilely immobilize 

the anions of LiTFSI, which eventually facilitate fast Li-ion conduction and regulate the 

uniform deposition behavior. Furthermore, the obtained thin and dense organic-inorganic 

hybrid solid electrolyte interface (SEI) layer, as well as potent mechanical strength of 

Pebax HNEs, can synergistically suppress the dendrite growth, triggering dendrite-free 

Li metal anode. Attributed to these structural features, the all-solid-state Li/LiFePO4 

(LFP) and Li/LiNi0.8Mn0.1Co0.1O2 (NMC 811) batteries present excellent cycling stability. 

Our intriguing findings may stimulate the design of SSEs with novel conduction 

structures for next-generation ASSLBs. 

7.2 Physicochemical properties of Pebax HNEs  

The chemical structure and Li+ conduction mechanism of Pebax HNEs are shown in 

Fig. 16a. The electrolyte membranes were obtained by incorporating LiTFSI into Pebax 

through a facile solution casting method, which is donated as Pebax HNE (x) (x = 18, 16, 

14, 12, 10, and 8, representing the ratio of EO: Li). The as-prepared electrolytes present 

a flexible and dense structure with a thickness as thin as about 48 µm (Fig. 16b and 

Supplementary Figs. 2-3). EDS mapping results reveal that LiTFSI is homogeneously 

distributed in Pebax HNEs. To probe into the phase-separated structure of the electrolyte 

membranes, a small-angle X-ray scattering (SAXS) measurement was performed (Fig. 
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16c). The Pebax without LiTFSI (noted as Pebax (no Li)) exhibits an obvious scattering 

peak, confirming the formation of PEO nanodomains via solvent evaporation-induced 

phase separation, while the homopolymer PEO without LiTFSI (noted as PEO (no Li)) 

presents no such structure. Then, the crystallinity of electrolytes is observed with XRD 

measurement (Supplementary Fig. 4). In contrast to PEO (no Li), Pebax (no Li) displays 

extremely lower crystallinity, which further decreases with the addition of LiTFSI. It’s 

worth noting that the crystallization peak of PEO nanodomains in Pebax HNE (12) is 

almost unobservable. Besides, the crystallinity of Pebax with varying LiTFSI content was 

also explored. As the LiTFSI content increases, the crystalline region of the PA chain 

(15°-28°) is destroyed224, and when EO: Li reaches 8:1, the crystallization peak of LiTFSI 

appears, indicating the over-saturation and precipitation of LiTFSI in Pebax HNEs. The 

relevant phase transition behavior and chain motion of electrolytes were detected by DSC 

in the temperature range of -80 to 250 ℃. While in the low-temperature zone (-80-0 ℃), 

the Pebax (no Li) displays a glass transition temperature (Tg) of -52.4 ℃ (Supplementary 

Fig. 5), which is slightly higher in comparison to that of PEO (no Li) (-54.1 ℃). Upon 

the addition of LiTFSI, the Tg of electrolytes is remarkably elevated to -29.4 ℃ (Pebax 

HNE (12)) and -39.5 ℃ (PEO) respectively, manifesting that the involvement of LiTFSI 

facilitates the mobility of chains. Notably, the Pebax chains experience higher mobility 

than that of PEO. In the high-temperature zone (0-250 ℃) (Fig. 16d), the Pebax (no Li) 

exhibits two melting temperatures (Tm), which belong to PEO chains (16.6 ℃) and PA 

chains (206.5 ℃), respectively. In addition, the Tm of PEO chains in Pebax HNE (12) 

disappears, indicating that the crystalline PEO is completely transformed into an 

amorphous phase (Supplementary Table 2). More specifically, the participation of LiTFSI 

inhibits the crystallization of polymer chains, which is precisely consistent with the result 
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of XRD patterns. Compared with PEO (52.3 ℃), the PA chains in Pebax HNE (12) are 

demonstrated with a higher Tm of 123.8 ℃, indicating its excellent thermal stability and 

is capable of maintaining its solid-state in a wider temperature range. Furthermore, the 

tensile test of as-prepared electrolytes was performed to explore the mechanical 

properties of Pebax HNEs. As shown in Supplementary Fig. 6, with continuous addition 

of LiTFSI, the mechanical performance of Pebax HNEs slightly degrades, but still 

displays an overwhelming advantage over PEO. Pebax HNE (12) shows the stress of 6 

Mpa, about 3 times higher than that of PEO. The involvement of LiTFSI interferes with 

the crystallization of the PA chains in Pebax HNEs , directly leading to a decline of 

mechanical strength. Hence, the varying trend of the mechanical properties of Pebax 

HNEs is consistent with its crystallinity. 



73 

 

 

Fig. 16 Physicochemical properties of Pebax HNEs. (a) Chemical structure and Li+ 

conduction mechanism, (b) photographs of Pebax HNEs, (c) SAXS and (d) DSC curves 

of Pebax and PEO membranes (with and without LiTFSI).  

7.3 Electrochemical/kinetic behavior of Pebax HNEs 

The segregated PA and PEO chains in Pebax HNEs play a crucial part in altering the 

size and order of nanodomains, thereby regulating the Li+ conductivity and improving the 

electrochemical performance of SSEs.225,226 To explore the tunability of conductive 

nanodomains, Pebax HNEs with different LiTFSI contents were prepared and 

characterized by SAXS (Fig. 17a, Supplementary Fig. 7, and Supplementary Table 3). 
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When the ratio of EO:Li increases to 12, the intensity of Pebax HNEs gradually increases, 

corresponding to the formation of more ordered nanodomains227, whereas Pebax HNE 

(10) is not observed due to its weak mechanical strength. The regulation of nanodomains 

for conductivity enhancement is further revealed by EIS analysis. Fig. 17b shows the EIS 

spectra of Pebax HNEs with different LiTFSI contents at a temperature range between 30 

and 90 ℃. All electrolytes display enhanced ionic conductivities when the temperature is 

elevated. Among them, Pebax HNE (12) shows the highest Li+ conductivity of 410-4 S 

cm-1 at 60 ℃, which is higher than that of PEO. The decent ion conductivity can be 

ascribed to the Li+ rapid conduction channel formed by the amorphous conductive 

nanodomains of PEO. Thus, the Pebax HNE (12) is set as the invariant in the subsequent 

investigation. However, the Li+ conductivity undergoes an obvious decline when the ratio 

of EO:Li exceeds 12, attributing to the over-saturation of LiTFSI that hinders the Li+ 

conduction. In addition, the Li+ migration ability in Pebax HNEs was also estimated by 

activation energy (Ea) via Vogel–Tamman–Fulcher (VTF) model (Supplementary Fig. 8). 

With the increase of LiTFSI contents, the Ea gradually decreases to as low as 0.126 eV 

(Supplementary Table 4), which indicates the lowest energy barrier for Li+ transfer in 

Pebax HNE (12). Interestingly, the Ea of Pebax HNEs turns out lower than that of PEO, 

demonstrating that the Li+ migration ability in PEO nanodomains is superior to that in 

PEO. Besides, the ion-conductive channel in Pebax HNE (12) is benefit to Li+ rapid 

conduction, which is consistent with the EIS results. The electrochemical stability 

window of the electrolyte is a critical parameter for implementing high-energy-density 

batteries, thus, the linear sweep voltammetry (LSV) measurements at 60 ℃ were provided 

to evaluate the electrochemical stability of SSEs. As reported in Fig. 17c, the oxidative 

stability of Pebax HNE (12) is over 4.38 V, obviously higher than PEO (around 3.8 V). 
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The increased voltage is attributed to the reduced contents of terminal hydroxyl groups 

in PEO chains blocked by PA chains, which contributes to the satisfactory 

electrode/electrolyte interfacial compatibility of Pebax HNEs.  

To analyze the chemical interactions between Pebax and LiTFSI, the coordination 

environment of Li+ was measured by Fourier-transform infrared spectroscopy (FT-IR). 

As illustrated in Fig. 17d, the characteristic bands of N-H and C=O present red-shifts, 

which are probably initiated by the interactions between LiTFSI and PA chains in Pebax 

HNEs and are further verified by the control experiments. Considering the chemical 

structure of PA and LiTFSI, it can be reasonably deduced that these interactions are 

contributed by the hydrogen bonding between -NH and TFSI−, as well as the coordination 

between Li+ and -C=O.228,229 In addition, the C-O-C band at 1106 cm-1 weakens and shifts 

to lower wavenumbers with the addition of LiTFSI, which is attributed to the coordination 

between Li+ and C-O-C (Supplementary Fig. 10).230,231 Therefore, conclusions could be 

drawn that PA chains in Pebax HNEs can facilely coordinate with TFSI-, regulating Li+ 

coordination environments and facilitating the dissociation of Li+−TFSI− ion pairs. The 

solid-state 7Li nuclear magnetic resonance (NMR) spectroscopy was recorded to probe 

into the effect of PA chains on Li+ environments (Fig. 17e). Results show that a slightly 

broad single at ~3.39 ppm is observed in the spectrum of PEO and then shifts to ~3.16 

ppm due to the existence of PA chains in Pebax HNE (12), demonstrating that PA chains 

affect the Li+ coordination environment. Moreover, the saturation recovery study reveals 

a faster Li+ dynamics in Pebax HNEs with a T1 relaxation time179,232 of 0.3406 s for Pebax 

HNE (12) and 0.4156 s for PEO (Fig. 17f), further indicating that PA chains coordinate 

with TFSI- and consequently increase the concentration of mobile Li+ in Pebax HNEs.  
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Fig. 17 Electrochemical features of Pebax HNEs. (a) SAXS of Pebax HNEs. Arrhenius 

plots (b) and LSV curves (c) of PEO and Pebax electrolytes. (d) FT-IR spectra of Pebax 

HNEs. 7Li NMR spectrum (e) and corresponding saturation recovery plots (f) of PEO and 

Pebax electrolytes. 

To further explore the structure of nanodomains, the interactions between polymer 

and LiTFSI, and the kinetic properties of Li+ transfer in electrolytes, the molecular 

dynamics (MD) simulation were conducted. Results show that the agglomeration 

morphology of PEO nanodomains (represented by green cycle in Fig. 3b) is formed in 

Pebax HNE (12) and shows an interconnected structure (Fig. 18a, b), which is contributed 

to the formation of rapid and coherent Li+ transport pathways. However, no such structure 

is seen in PEO SSEs (Fig. 18c), which is in agreement with the SAXS results. 

Furthermore, the Li+ coordination environment in electrolytes is simulated and shown in 

the type of radial distribution functions (RDF) and total interactions energy. As shown in 

Fig. 18d, the RDF of Li-(C=O) exhibits a sharp peak and close to Li-(C-O-C) with the 

position (about 2.3 Å) lower than that of Li-TFSI (about 3.5 Å), suggesting that Li+ in 
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Pebax HNE (12) are solvated and wrapped by the PEO nanodomains and the C=O in PA 

chains. In addition, the g(r) value of Li-(C-O-C) and Li-(C=O) in Pebax HNE (12) is 

slightly higher than that Li-(C-O-C) in PEO (Fig. 18e), indicating that the existence of 

PA chains contributes to the dissociation of LiTFSI. The total interaction energy 

(Supplementary Fig. 13 and Supplementary Table 5) also verifies that the interaction 

between -NH and TFSI- endows PA chains with potent immobilization of TFSI-, 

contributing to the dissociation of LiTFSI and providing more free Li+ in Pebax HNE 

(12). Furthermore, the interaction between Li+ and C-O-C/C=O in Pebax HNE (12) is 

stronger than that of Li+ with C-O-C in PEO, suggesting the unstable coordination 

structure of Li+ with C-O-C/C=O, which is conducive to the faster diffusion of Li+. 

Meanwhile, a quantitative characterization of Li+ mobility in the transport process via the 

mean square displacement (MSD) is simulated (Fig. 18f and Supplementary Fig. 14). The 

MSD results report that Li+ in Pebax HNE (12) significantly exceeds that in PEO, strongly 

indicating a higher diffusivity of Li+ in Pebax HNE (12), which should be related to the 

fast thermal movement of amorphous nanodomains of PEO in Pebax HNE (12). This is 

consistent with above EIS and NMR results and further verifies the fast Li+ conductive 

dynamics in Pebax HNE (12). The simulations snapshots (Fig. 18g, h) of Li+ conductivity 

in electrolytes show that the diffusion of Li+ in the interconnected PEO nanodomains in 

Pebax HNE (12) is remarkably faster than that in homopolymer PEO. Both MD 

simulations and experiments show that the interconnected PEO nanodomains in Pebax 

HNEs with fast chain thermal movement are conducive to achieving rapid Li+ conduction.  
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Fig. 18 MD simulations of the Pebax HNE (12) and PEO. (a) The agglomeration structure 

(a), and the corresponding PEO nanodomains in Pebax HNE (12) (b) and PEO (c), where 

PEO chains, PA chains are highlighted by red and blue, respectively. RDF of Li to C-O-

C/C=O/N(TFSI) in Pebax HNE (12) (d) and Li to C-O-C/N(TFSI) in PEO (e). f, MSD of 

Li+ and F atoms in Pebax HNE (12) and PEO. Simulation snapshots at 0, 5, and 10 ns for 

sets of Pebax HNE (12) (g) and PEO (h) simulation box present the Li+ transfer process. 
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7.4 Evaluation of Li stripping/plating behavior 

The impact of PEO conductive nanodomains in Pebax HNEs on Li+ deposition and 

dissolution process were further identified. As such, symmetric cells were assembled and 

cycled at 0.1 mA cm-2 (with areal capacity of 0.1 mAh cm−2) under 60 ℃ to investigate 

the ability of as-prepared electrolytes to restrain the nucleation and growth of Li dendrite 

(Fig. 19a). The PEO symmetrical cell is short-circuited around 170 h cycling while the 

Pebax HNE (12) symmetrical cell can stably cycle over 3200 h and still maintains the 

similar polarization voltage, indicating its stable stripping/plating behaviour. The 

Galvanostatic nucleation overpotential voltage profiles were performed by asymmetric 

cells composed of Li/Pebax HNE (12)/Cu and Li/PEO/Cu at a current density of 0.1 mA 

cm−2 (Fig. 10b). The cells exhibit similar nucleation overpotentials, proving that the 

presence of PA chains in Pebax HNE (12) does not significantly increase its nucleation 

energy barriers. At the initial stage of Li deposition, Li+ at the interface between Pebax 

HNE (12) and Cu preferentially nucleates with a consumption of Li below areal capacity 

of 0.01 mAh cm−2, indicating the decent compatibility of Pebax HNEs. By contrast, the 

consumption of Li with areal capacity of 0.04 mAh cm−2 at the interface between PEO 

and Cu implies a severe side reaction existing between PEO and Li.233 The morphology 

comparison of SSEs membrane obtained from symmetrical cells after 50 cycles was 

further explored by both optical and SEM observations, as shown in Fig. 19c, d. The 

Pebax HNE (12) after cycling is still intact and transparent with a smooth surface 

containing only a small amount of Li residue. However, a large amount of “dead” Li can 

be observed on the surface of the cycled PEO. What’s worse, poor mechanical strength 

of PEO makes it easily penetrated by Li dendrite, resulting in an uneven surface. 
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Furthermore, the ex-situ analysis of the Li metal electrodes in asymmetric cells was 

utilized to explore the dendrite inhibition capability of electrolyte membranes. The non-

destructive synchrotron X-ray tomography were adopted to investigate the morphology 

of the Li surface after stripping/plating process. Two symmetric cells with Pebax HNE 

(12) and PEO were cycled 100 h at 0.1 mA cm-2 (with areal capacity of 0.1 mAh cm−2). 

3D reconstructed tomograms of the Li/Pebax HNE (12)/Li and Li/PEO/Li cells further 

reveal the interface morphological evolution of the cycled Li metal electrodes (Fig. 4e, f) 

with the gold volume elements representing the cycled Li electrodes. As shown in Fig. 

19e, the 3D tomogram of the Li/Pebax HNE (12)/Li cell displays no dendrite growth on 

either side, indicating a homogeneous Li stripping/plating process. This should be related 

to the formation of uniform and fast PEO conductive nanodomains in Pebax HNE (12). 

Nevertheless, the Li/PEO/Li cell shows an evident dendrite growth and mossy Li 

formation in Fig. 19f. The heterogeneous stripping/plating of Li metal at the Li/PEO 

interface initiates a rapid growth of Li dendrites, which gradually penetrates the PEO 

membrane and eventually leads to a short-circuit. The above results demonstrate that 

Pebax HNE (12) can effectively suppress the growth of Li dendrite in comparison to PEO. 

The uniform and coherent conductive nanodomains in Pebax HNEs are conducive to 

the uniform Li+ deposition and interface stability between HNEs and Li metal. The 

surface morphology and chemical composition of Li metal electrodes were characterized 

by SEM and X-ray photoelectron spectroscopy (XPS) to probe into the deposition 

morphology and SEI component. Li metal electrode was evaluated after the 50th 

stripping/plating process under the current density of 0.1 mA cm−2 and areal capacity of 

0.1 mAh cm−2, using Pebax HNE (12) and PEO as electrolytes (noted as Li@Pebax HNE 

(12) and Li@PEO, respectively). As shown in Supplementary Fig. 15, Li@Pebax HNE 
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(12) shows a smooth surface while Li@PEO exhibits a rough surface along with 

dendritic-like Li metal formation, confirming that Pebax HNE (12) can effectively inhibit 

the Li dendrite growth. According to the F 1s, S 2p, N 1s, and Li 1s XPS spectra, the 

typical LiF, Li3N, and Li2S peaks were observed (Supplementary Fig. 16), which have 

long been recognized as the core components for stable Li+ deposition and SEI in Li metal 

anode.129,234 The N 1s spectra confirms the existence of -N-C=O on Li@ Pebax HNE (12), 

which is related to the decomposition of PA chains. The depth-dependent XPS analysis 

was also conducted to explore the composition distribution of SEI. As the depth deepens, 

the peak intensity of inorganic components (LiF, Li3N, and Li2S) increases while the peak 

of LiTFSI disappears, indicating the formation of SEI layer with the organic-inorganic 

feature. To further elucidate the structure and composition of SEI, time-of-flight 

secondary ion mass spectroscopy (TOF-SIMS) analysis was employed. Supplementary 

Figs. 17-18 and Fig. 19g, h display the depth profiles, overlays, and their corresponding 

3D rendering of two chosen species, LiF2
- and LiS-, which are representatives of LiF and 

Li2S, respectively. The high intensity of LiF fragments in the TOF-SIMS spectra confirms 

it as the leading component on the Li metal surface of SEI. Besides, Supplementary Fig. 

17 reveals a higher LiF2
- signal intensity in Li@Pebax HNE (12) than that in Li@PEO 

with the former firstly achieves a balance during the sputtering time, confirming the 

formation of a thinner SEI layer on Li@Pebax HNE (12). According to the 3D 

reconstruction of the sputtered volume for two species of interest, the SEI layer of 

Li@Pebax HNE (12) possesses distinct advantages of thin, dense, and uniform over 

Li@PEO. In one aspect, it verifies that HNEs with PEO conductive nanodomains benefit 

for homogenized Li+ deposition and an eventual ultrathin and dense SEI. In another aspect, 
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the SEI layer is beneficial to decrease the resistance for Li+ transfer across the interface 

and suppress Li dendrite formation during repeated stripping/plating process.235  

From these findings above, three arresting conclusions can be drawn; firstly, the 

amorphous PEO nanodomains, formed by solvent evaporation-induced phase separation 

in Pebax HNEs, exhibit interconnected and highly ionic conductive features. The PA 

chains can facilitate the mobility of Li+ by facilely coordinating with the anions of LiTFSI, 

which eventually permit the fast conduction and uniform deposition of Li+. Secondly, 

Pebax HNEs, equipped with favorable mechanical strength, effectively inhibit the Li 

dendrite growth. Thirdly, the thin and dense organic-inorganic hybrid SEI and Pebax 

HNEs with suitable mechanical strength synergistically suppress the nucleation and 

growth of Li dendrite. 

 

Fig. 19 Pebax HNE (12) and PEO in symmetric Li and asymmetric Li||Cu cells. (a) 
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The long-term cycling performance of symmetric cells. (b) Voltage profiles of the Li/Cu 

deposition process. The morphologies of electrolytes after cycled for Li/Pebax HNE 

(12)/Li (c) and Li/PEO/Li (d) cells, respectively. Cross-sectional synchrotron X-ray 

tomography 3D reconstructive tomograms of Li/Pebax HNE (12)/Li (e) and Li/PEO/Li 

(f) cells after cycling. TOF-SIMS 3D reconstruction of the representative species of SEI 

formed at the Li@Pebax HNE (12) (g) and Li@PEO (h). All the electrodes were prepared 

after 50th stripping/plating process. 

7.5 ASSLBs performances 

To evaluate the electrochemical performance of Pebax HNEs in practical application, 

ASSLBs with a commercial cathode of LiFePO4 (LFP) were assembled and cycled at 

60 °C. The Li/Pebax HNE (12)/LFP cell exhibits a discharge capacity of 153.6, 146.7, 

133.9, 119.5, and 82.2 mAh g-1 under the current density of 0.1, 0.2, 0.5, 1 and 2 C, 

respectively (Fig. 19a). After switching back to 0.1 C, a high discharge capacity of 154.3 

mAh g-1 can be recovered, implying the excellent capacity reversibility of Pebax HNE 

(12) (Supplementary Fig. 19). Remarkably, the ASSLBs exhibits excellent long-term 

cycle stability at 0.5 C and 60 °C. The Li/Pebax HNE (12)/LFP cell presents a discharge 

capacity retention of 80% after 1560 cycles with high Coulombic efficiency (CE) close 

to 100%, which is superior to previously reported PEO-based ASSLBs (Fig. 19b). 

Moreover, the stable charge-discharge curves reveal no obvious increase of overpotential, 

indicating the hyperstatic cycling property of Pebax HNE (12) (Fig. 19c). Conversely, the 

capacity of Li/PEO/LFP cell decays rapidly to 100 mAh g−1 after 300 cycles with a low 

CE, especially in the first 50 cycles, indicating the instability and incompatibility of PEO 

SSE. In addition, the rate and long-term performance of control cells of LFP/Pebax HNE 
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(14/10)/Li were shown in Supplementary Fig. 20 proving that ordered nanodomains 

enable fast Li+ conduction and stable cycling of ASSLBs. Furthermore, the Li/Pebax 

HNE (12)/LFP cell cycled over 1000 cycles at 1 C and 60 °C with a discharge capacity 

retention close to 92%, which indicates the fascinating electrochemical stability and 

dendrite inhibition of Pebax HNE (12) (Supplementary Figs. 21-22).  

In order to broaden the temperature range of Pebax HNEs in applications, the 

galvanostatic cycling performance of Li/Pebax HNE (12)/LFP cell at elevated 

temperature (70-90 °C) was also investigated. The cell reveals a higher discharge capacity 

of 151.3, 157, and 161 mAh g-1 at temperatures of 70, 80, and 90 °C, respectively 

(Supplementary Fig. 23). Even after long-term cycling at 1 C and 90 °C (Fig. 19d, e) an 

excellent discharge capacity retention of 74.2% after 800 cycles can still be achieved, 

which confirms the remarkable mechanical properties and electrochemical stability of 

Pebax HNE (12) at high temperature. Furthermore, the rate performance of Li/Pebax 

HNE (12)/LFP cell at 90 °C was also explored and eventually exhibit striking discharge 

capacities of 160.2, 154.6, 145.6, and 85.5 mAh g-1 at the rates of 0.2, 0.5, 1, and 2 C, 

respectively (Supplementary Fig. 24). In order to demonstrate the feasibility of Pebax 

HNEs to operate at higher voltage, the commercially cathode of LiNi0.8Mn0.1Co0.1O2 

(NCM 811) was assembled and cycled at 60 °C. The Li/Pebax HNE (12)/NCM811 cell 

delivers a high discharge capacity of 155.4 mAh g-1 at 0.1 C and obtains a specific 

capacity of 124.3 mAh g−1 after 70 cycles with a high CE above 99.36% (Fig. 19f), 

verifying the decent compatibility of Pebax HNEs with NCM 811 and Li metal electrodes. 

In addition, the charge-discharge curve (Fig. 19g) witnesses a limited capacity decay 

during cycling, indicating that Pebax HNEs are well-compatible with high-voltage 

cathode materials. A comparison with the reported typical PEO-based SSEs in terms of 
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their cycling performance is illustrated in Supplementary Fig. 25 and Supplementary 

Table 6. The significant electrochemical performances, including long-lifespan, high-rate 

performance, etc., verify the enormous potential of Pebax HNEs for the application of 

ASSLBs.  

 

Fig. 20 The performances of ASSLBs. (a) Charge/discharge curves of Li/Pebax HNE 

(12)/LFP cell at different rates, cycled at 60 °C. Discharge specific capacity and CE (b) 

as well as Charge/discharge curves (c) of the Li/Pebax HNE (12)/LFP and Li/PEO/LFP 

cells at 0.5 C and 60 °C. Discharge specific capacity and CE (d) as well as 

charge/discharge curves (e) of the Li/Pebax HNE (12)/LFP cell at 1 C, under 90 °C. 

Discharge specific capacity and CE (f) as well as charge/discharge curves (g) of the 

Li/Pebax HNE (12)/NCM 811 cells at 0.1 C and 60 °C. (h) The abuse experiment of 

Li/Pebax/LFP pouch cell. 

The practical application of ASSLBs cannot ignore the safety concern evaluation 

under pouch cell level. To evaluate the safety of ASSLBs, a pouch cell was assembled 
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and subjected to abuse testing. As shown in Fig. 19h, the all-solid-state pouch cell was 

connected to an electronic watch. After folding and unfolding, the electronic watch 

remains available, demonstrating the good flexibility of the pouch cell. Moreover, abuse 

tests including nail tests and cutting tests were also conducted. Notably, the treated pouch 

cell still supports the electronic watch to work even after being nailed 6 times and cut, 

which well indicates the reliability and safety of the pouch cell.  

7.6 Conclusion 

In summary, we introduce poly(ether-block-amide) (Pebax) strategies to construct 

heterogeneous nanodomains electrolytes (HNEs) for ultra-long-life ASSLBs. The PEO 

conductive nanodomains in Pebax HNEs, formed by the solvent evaporation-induced 

phase separation, exhibit interconnected as well as highly ionic conductive features. Then, 

PEO nanodomains construct ordered transport channels and PA chains facilely coordinate 

with the anions of Li salts, facilitating the fast Li+ conduction and uniform Li+ deposition. 

Additionally, a thin and dense organic–inorganic hybrid SEI is obtained via the reaction 

initiated between Pebax HNEs and Li metal, which decreases the Li+ transfer resistance 

across the interface. The suitable mechanical strength of Pebax HNEs and hybrid SEI 

synergistically suppress the Li dendrite formation during repeated cycling. As a result, 

the symmetric cell with Pebax HNEs exhibites stable stripping/plating behaviour and the 

as-developed ASSLBs presents superior cycling stability with a capacity retention of 80% 

after 1560 cycles at 0.5 C. Our findings propose a brand-new insight to construct 

conductive nanodomains in SSEs for high-performance ASSLBs.  
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7.7 Methods 

Materials and Fabrication. The Pebax heterogeneous nanodomains electrolytes (HNEs) were 

fabricated by first dissolving Pebax (Arkema) and Lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) (Aladdin 99%) in mixed solvents of ethanol and water at 80 ℃. After that, the obtained 

solution was cast onto a PTFE dish and dried at room temperature for 24 h, followed by vacuum drying 

at 60 °C (24 h), 90 °C (24 h), and 120 °C (24 h) to evaporate the solvent. The Pebax HNEs with 

different LiTFSI contents (EO: Li=18:1/16:1/14:1/12:1/10:1/8:1) were prepared and donated as Pebax 

HNE (X), where X represents 18, 16, 14, 12, 10, and 8 respectively. 

The polyethylene oxide (PEO, Mw=600000, Aladdin) electrolyte membrane was prepared by 

dissolving PEO and LiTFSI (EO: Li = 12:1) in anhydrous acetonitrile. The resultant solution was then 

cast onto a PTFE dish in an argon filled glove box. The PEO electrolyte membrane was dried at 30 °C 

for 24 h and followed by vacuum drying at 50 °C.  

To prepare the LiFePO4 (LFP) and LiNi0.8Mn0.1Co0.1O2 (NCM 811) electrodes: LFP or NCM 811, 

polyvinylidene fluoride (PVDF), and carbon black with a weight ratio of 80:10:10 were mixed in N-

methyl-2-pyrrolidone (NMP) to form a homogeneous slurry. The slurry was mechanically stirred for 

1 h and then cast on the carbon–coated aluminum foil. The cathode was further dried at 80 °C for 24 

h under vacuum. The loading of electrodes active material is (2–4) mg cm-2. 

Structure and morphology characterization. The microphase separation structure of electrolyte 

membranes were characterized by small-angle X-ray scattering (SAXS) (Xenocs Xeuss 3.0) with a 

scan range of 0.07–3.8 nm-1. The Pebax HNEs nanodomains spacing, L0, is calculated by as 2π/q, 

where q represents the scattering peaks. X-ray diffraction (XRD) was recorded by Brucker AXS D8 

at a range of 5°~50° with Cu Kα radiation (λ=1.5406 Å). Differential scanning calorimetry (DSC) was 

collected by NETZSCH DSC 200F3 at 10 °C /min from -80~250 °C with N2 atmosphere.  

Mechanical testing was carried out on an Instron electroplus 1000 testing stain with a strain rate of 2 

mm/min. The morphology and microstructure of electrolyte membranes were characterized by 

scanning electron microscope (SEM) (JEOL 7001F) equipped with an energy-dispersive microscopy 
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EDX spectrometer. Flourier transform infrared spectra (FT-IR) were recorded from 500-4000 cm-1 via 

a Thermo Scientific Nicolet iS50 instrument. Solid-state nuclear magnetic resonance (NMR) 

experiments were conducted using an JNM-ECZ 600 MHz NMR spectrometer at room temperature. 

Spin–lattice relaxation time (T1) was measured employing a saturation recovery pulse sequence with 

15 saturation pulses at recovery times varying from 0 to 20.0 s.  

The cells were imaged using the non–destructive synchrotron X–ray tomography technique conducted 

at the tomography station at BMIT-BM line end station at BESSY II, Helmholtz–Zentrum Berlin, 

Canadian Light Sources, which makes it possible to directly visualize the three-dimensional electrode. 

Monochromatic hard X–rays with an energy of 20 keV (ΔE/E = 1.5%) were directed onto the sample. 

The transmitted X–rays were converted into the visible light by a scintillator (CdWO 4, 60 μm in 

thickness), which were then magnified by a set of microscope optics before projected on a CCD sensor 

(PCO4000 camera, 4008 × 2672 pixel). A (4.4 × 2.9) mm2 field of view was used with a pixel size of 

0.72 μm. During a rotation of 180°, 2200 projections and 230 flatfields with an exposure time of 1.6 s 

for each projection/flat field were collected. The 3D image reconstruction followed the same 

procedure as our previous report. Image segmentation was conducted using Image J/Weka followed 

by the visualization via VGSTUDIO MAX 3.1. All the symmetrical Li/polymer/Li cells were 

galvanostatic discharged (stripping) and charged (plating) using a Neware BTS400 multichannel 

battery testing system. After cycling, the cells were transferred to the beamline to conduct tomography 

without cell disassembly. 

X–ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB Xi+) was acquired by utilizing 

an Al Kα (λ = 0.83 nm, hν = 1,486.7 eV) X–ray source operated at 2 kV and 20 mA. The C 1s main 

peak at 284.6 eV was treated as the reference to calibrate peak shifts caused by the surface–charging 

effects. Time–of–flight secondary ion mass spectrometry (TOF–SIMS5-100) was employed to study 

the surface chemical composition of Li anode. For depth profiling, a Cs+ ion beam (1KeV ion energy, 

~40 nA measured sample current) was used to sputter 80×80 µm2 areas centered around the analyzed 

areas. All depth profiles were acquired in noninterlaced mode, namely sequential sputtering, and then 

analyzed. 
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Electrochemical measurements. All electrochemical measurements were carried out using a Bio-

Logic electrochemical station. Electrochemical impedance spectroscopy (EIS) measurements were 

tested in a sandwiched Li ion blocking stainless steel electrodes in the frequency range of 1 MHz to 

0.1 Hz with an AC amplitude of 10 mV under the temperature range from 30 °C to 90 °C. The linear 

sweep voltammetry was determined employing a Li |solid electrolyte| stainless steel model from 2.5 

to 6 V at a scan rate of 1 mV/s.  

All the cells were sealed in a 2032-coin cell for testing. A symmetric cell of Li |solid electrolyte| Li 

was employed for both interfacial resistance and interface stability of the composite polymer 

electrolyte against lithium electrode. The galvanostatic cycling was conducted at a current density of 

0.1 mA/ cm-2 with charging and discharging for 1 h, respectively. A cell of Li |solid electrolyte| Cu, 

employed for monitoring the nucleation of Li, was conducted at a current density of 0.1 mA/ cm-2 with 

charging and discharging for 1 h, respectively. 

The cycling and rate performance of all-solid–state batteries were determined on a Neware BTS400 

instrument with 2.5-3.95 V (LFP) and 2.8-4.2 V (NCM 811). 

Details of Molecular Dynamics Simulations 

Classic molecular dynamics simulations were carried out to give an atom-level insight of the 

microstructure of the Pebax HNE (12) and PEO systems. The diffusion behavior of Li+ in two systems 

was also studied. The molecular/polymer structures of LiTFSI, Pebax, and PEO are shown in the 

Supplementary Fig. 1. The simplified Pebax chain features 24 ethylene oxide units followed by 6 

polyamide units while the simplified PEO chain contains 24 ethylene oxide units. The component and 

amount of the simulation system are listed in Supplementary Table 1. Both the initial configurations 

of mixture systems were constructed through the software of PACKMOL, all the molecules were 

randomly inserted in a cubic simulation box. The GROMOS54a7 force field was employed to describe 

the behavior of the molecules. The molecular force field consists of nonbonded and bonded interaction. 

The nonbonded interaction contains van deer Waals (vdW) and electrostatic interaction, which are 

described by the Equation 1 and Equation 2, respectively. 



90 

 

                            (1) 
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For different kinds of atoms, the Lorentz-Berthelot mix rules were adopted for vdW interactions, 

which follows the Equation 3. The cut-off distance of vdW and electronic interactions was set to 1.2 

nm, and the particle mesh Ewald (PME) method was employed to calculate long-range electrostatic 

interactions. 
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Appendix 

Supporting Information 

Experimental Section  

Materials and Fabrication 

The Pebax heterogeneous nanodomain electrolytes (HNEs) were fabricated by first 

dissolving Pebax (Arkema) and Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 

(Aladdin 99%) in mixed solvents of ethanol and water at 80 ℃. After that, the obtained 

solution was cast onto a PTFE dish and dried at room temperature for 24 h, followed by 

vacuum drying at 60 °C (24 h), 90 °C (24 h), and 120 °C (24 h) to evaporate the solvent. 

The Pebax HNEs with different LiTFSI contents (EO: Li=18:1/16:1/14:1/12:1/10:1/8:1) 

were prepared and donated as Pebax HNE (X), where X represents 18, 16, 14, 12, 10, and 

8 respectively. 

The polyethylene oxide (PEO, Mw=600000, Aladdin) electrolyte membrane was prepared 

by dissolving PEO and LiTFSI (EO: Li = 12:1) in anhydrous acetonitrile. The resultant 

solution was then cast onto a PTFE dish in an argon filled glove box. The PEO electrolyte 

membrane was dried at 30 °C for 24 h and followed by vacuum drying at 50 °C.  

Lithium metal was purchased from China Energy Lithium Co., Ltd. with a diameter of 16 

mm and thickness of 500 um, which was used without further pretreatment. 

To prepare the LiFePO4 (LFP) and LiNi0.8Mn0.1Co0.1O2 (NCM 811) electrodes: LFP or 

NCM 811, polyvinylidene fluoride (PVDF), and carbon black with a weight ratio of 

80:10:10 were mixed in N-methyl-2-pyrrolidone (NMP) to form a homogeneous slurry. 

The slurry was mechanically stirred for 1 h and then cast on the carbon–coated aluminum 

foil. The cathode was further dried at 80 °C for 24 h under vacuum. The loading of 

electrodes active material is (3-7.1) mg cm-2, where the low loading is (3-4) mg cm-2 and 

the high loading is 7.1 mg cm-2. 



124 

 

The as-prepared electrolyte membranes and electrodes were further stored in an argon 

filled glove box (H2O < 1 ppm and O2 < 1 ppm) to eliminate the adverse influence of 

water or solvent completely before use. 

Structure and morphology characterization 

The microphase separation structure of electrolyte membranes were characterized by 

small-angle X-ray scattering (SAXS) (Xenocs Xeuss 3.0) with a scan range of 0.07–3.8 

nm-1. The Pebax HNEs nanodomains spacing, L0, is calculated by as 2π/q, where q 

represents the scattering peaks. X-ray diffraction (XRD) was recorded by Brucker AXS 

D8 at a range of 5°~50° with Cu Kα radiation (λ=1.5406 Å). Differential scanning 

calorimetry (DSC) was collected by NETZSCH DSC 200F3 at 10 °C/min from -

80~250 °C with N2 atmosphere.  

Mechanical testing was carried out on an Instron electroplus 1000 testing stain with a 

strain rate of 2 mm/min. The morphology and microstructure of electrolyte membranes 

were characterized by scanning electron microscope (SEM) (JEOL 7001F) equipped with 

an energy-dispersive microscopy EDX spectrometer. Flourier transform infrared spectra 

(FT-IR) were recorded from 500-4000 cm-1 via a Thermo Scientific Nicolet iS50 

instrument. Solid-state nuclear magnetic resonance (NMR) experiments were conducted 

using an JNM-ECZ 600 MHz NMR spectrometer at room temperature. Spin–lattice 

relaxation time (T1) was measured employing a saturation recovery pulse sequence with 

15 saturation pulses at recovery times varying from 0 to 20.0 s.  

The cells were imaged using the non–destructive synchrotron X–ray tomography 

technique conducted at the tomography station at BMIT-BM line end station at BESSY 

II, Helmholtz–Zentrum Berlin, Canadian Light Sources, which makes it possible to 

directly visualize the three-dimensional electrode. Monochromatic hard X–rays with an 

energy of 20 keV (ΔE/E = 1.5%) were directed onto the sample. The transmitted X–rays 

were converted into the visible light by a scintillator (CdWO 4, 60 μm in thickness), 

which were then magnified by a set of microscope optics before projected on a CCD 

sensor (PCO4000 camera, 4008 × 2672 pixel). A (4.4 × 2.9) mm2 field of view was used 

with a pixel size of 0.72 μm. During a rotation of 180°, 2200 projections and 230 flatfields 

with an exposure time of 1.6 s for each projection/flat field were collected. The 3D image 

reconstruction followed the same procedure as our previous report. Image segmentation 
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was conducted using Image J/Weka followed by the visualization via VGSTUDIO MAX 

3.1. All the symmetrical Li/polymer/Li cells were galvanostatic discharged (stripping) 

and charged (plating) using a Neware BTS400 multichannel battery testing system. After 

cycling, the cells were transferred to the beamline to conduct tomography without cell 

disassembly. 

X–ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB Xi+) was 

acquired by utilizing an Al K α (λ = 0.83 nm, hν = 1,486.7 eV) X–ray source operated at 

2 kV and 20 mA (Note: The cycled Li metal was first washed by Propylene carbonate 

and then measured to obtain the surface information). The C 1s main peak at 284.6 eV 

was treated as the reference to calibrate peak shifts caused by the surface–charging effects. 

Time–of–flight secondary ion mass spectrometry (TOF–SIMS5-100) was employed to 

study the surface chemical composition of Li anode. For depth profiling, a Cs+ ion beam 

(1KeV ion energy, ~40 nA measured sample current) was used to sputter 50×80 µm2 

areas centered around the analyzed areas. All depth profiles were acquired in 

noninterlaced mode, namely sequential sputtering, and analyzed. 

Electrochemical measurements 

All electrochemical measurements were carried out using a Bio-Logic electrochemical 

station. Electrochemical impedance spectroscopy (EIS) measurements were tested in a 

sandwiched Li ion blocking stainless steel electrodes in the frequency range of 1 MHz to 

0.1 Hz with an AC amplitude of 10 mV under the temperature range from 30 °C to 90 °C. 

The linear sweep voltammetry was determined employing a Li |solid electrolyte| stainless 

steel model from 2.5 to 6 V at a scan rate of 1 mV/s.  

All the cells were sealed in a 2032-coin cell for testing. A symmetric cell of Li |solid 

electrolyte| Li was employed for both interfacial resistance and interface stability of the 

composite polymer electrolyte against lithium electrode. The galvanostatic cycling was 

conducted at a current density of 0.1 mA cm-2 with charging and discharging for 1 h, 

respectively. A cell of Li|solid electrolyte|Cu, employed for monitoring the nucleation of 

Li, was conducted at a current density of 0.1 mA cm-2 with charging and discharging for 

1 h, respectively. 

The cycling and rate performance of all-solid–state batteries were determined on a 

Neware BTS400 instrument with 2.5-3.95 V (LFP) and 2.8-4.2 V (NCM 811). 
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Details of Molecular Dynamics Simulations 

Classic molecular dynamics simulations were carried out to give an atom-level 

insight of the microstructure of the Pebax HNE (12) and PEO systems. The diffusion 

behavior of Li+ in two systems was also studied. The molecular/polymer structures of 

LiTFSI, Pebax, and PEO are shown in the Supplementary Fig. 1. The simplified Pebax 

chain features 24 ethylene oxide units followed by 6 polyamide units while the simplified 

PEO chain contains 24 ethylene oxide units. The component and amount of the simulation 

system are listed in Supplementary Table 1. Both the initial configurations of mixture 

systems were constructed through the software of PACKMOL,[1] all the molecules were 

randomly inserted in a cubic simulation box. The GROMOS54a7 force field[2] was 

employed to describe the behavior of the molecules. The molecular force field consists 

of nonbonded and bonded interaction. The nonbonded interaction contains van deer 

Waals (vdW) and electrostatic interaction, which are described by the Equation 1 and 

Equation 2, respectively. 

                            (1) 

                                       (2) 

For different kinds of atoms, the Lorentz-Berthelot mix rules were adopted for vdW 

interactions, which follows the Equation 3. The cut-off distance of vdW and electronic 

interactions was set to 1.2 nm, and the particle mesh Ewald (PME) method was employed 

to calculate long-range electrostatic interactions. 

                        (3)
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Results and Discussion 

 
Figure S1. The molecular structure of a) LiTFSI, b) Pebax, and c) PEO.
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Table S1. The initial configuration setup for the simulation system. 

System Type Number 

PEO 

Li+ 50 

TFSI- 50 

PEO 25 

Pebax HNE (12)  

Li+ 50 

TFSI- 50 

Pebax  25 

An energy minimization was firstly employed to relax the simulation box. Then, an 

isothermal-isobaric (NPT) ensemble with a 1.0 fs time step was employed to optimize the 

simulation box. The pressure of both systems was set to 1.0 atm, which was kept via the 

Parrinello-Rahman barostat. The temperature was set to 298.15 K, which was kept via the 

Nose-Hoover thermostat barostat. The NPT optimization time was set to 20.0 ns, which 

is long enough to obtain a stable box size. Following the NPT simulation, a canonical 

(NVT) ensemble with 20.0 ns was performed to further optimize the simulation box, the 

time step was set to 2.0 fs. At last, another 10.0 ns NVT simulation was performed to 

collect the trajectory coordinates of molecules with a storage frequency of 100 steps. The 

time step of NVT simulation was set to 1.0 fs. For all the MD simulations, the motion of 

atoms was described by classical Newton’s equation, which was solved using the 

Velocity-Verlet algorithm. Diffusion coefficients of Li+ and TFSI– ions were calculated 

based on the mean–squared displacement (MSD). All simulations were performed using 

the GROMACS 2019.5 package.[3] 
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Figure S2. Surface SEM images of Pebax HNEs.
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Figure S3. Cross-section image and corresponding EDX mapping of Pebax HNEs.
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Figure S4. XRD patterns of a) PEO and Pebax membranes as well as b) Pebax HNEs 

with different EO: Li ratio.
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Figure S5. DSC curves of PEO and Pebax membranes at low-temperature zone (-80-

0 °C).
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Table S2. The physiochemical data for the phase behavior of PEO and Pebax 

membranes. 

Sample PEO PA 

 Tg(℃) Tm(℃) Xc(%) Tm(℃) Xc(%) 

PEO (no Li) -54.1 65.7 98.7 - - 

PEO  -39.5 52.3 62.3 - - 

Pebax (no Li) -52.4 16.6 49.4 206.5 65.1 

Pebax HNE 

(12) 
-29.4 - - 123.8 34.3 
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Figure S6. Mechanical properties of Pebax HNEs with different contents of LiTFSI.
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Figure S7. 2D-SAXS patterns of Pebax HNEs.
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Table S3. Nanodomain of Pebax HNEs was measured and calculated by SAXS. 

Smaple q (nm-1) Lo (nm) 

Pebax HNE (16) 0.477 13.17  

Pebax HNE (14) 0.511 12.29  

Pebax HNE (12) 0.485 12.95  

Pebax HNE (10) 0.499 12.59  
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Figure S8. a) Arrhenius plots of PEO and Pebax HNEs and b) EIS spectra of Pebax 

HNE (12) at different temperature. c) Vogel-Tammann-Fulcher (VTF) plots of PEO and 

Pebax HNEs.
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Figure S9. DSC curves of Pebax HNEs at low-temperature zone (-80-0 °C).
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Table S4. Activation energies calculated by different models for PEO and Pebax HNEs. 

Sample Model Ea/eV Model Ea/eV 

PEO 

VTF 

0.279 

Arrhenius 

3.01 

Pebax HNE 

(18) 
0.196 2.14 

Pebax HNE 

(16) 
0.184 2.06 

Pebax HNE 

(14) 
0.182 2.11 

Pebax HNE 

(12) 
0.126 1.48 

Pebax HNE 

(10) 
0.133 1.86 

The Arrhenius model (σ(T) = A exp(-Ea/RT)) mainly reflects the mechanism of cation 

jumping nearest vacant sites in crystals, which is not apply to polymer electrolytes.[4] 

Considering that Li+ in polymer electrolytes rely on the segmental movements of polymer 

chains, the Vogel-Tammann-Fulcher (VTF) model is more suitable for this study than 

Arrhenius model. The VTF equation is σ(T) = AT-1/2 exp(-Ea/R(T-T0).[5] Where A, Ea and 

T0 are the conductivity pre-exponential factor, activation energy and glass transition 

temperature, respectively. In order to compare the ion transport ability in all the 

electrolytes, the activation energies of these samples calculated via two different models 

are listed in Table S4. 
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Figure S10. LSV curves of PEO and Pebax HNE (12).
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Figure S11. FT-IR spectra of Pebax HNEs, PA (no Li) and PA.
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Figure S12. The agglomeration structure in Pebax HNE (12), where PEO chains, PA 

chains are highlighted by red and blue, respectively.
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Figure S13. RDF of Li to C-O-C/N(TFSI) in a) PEO and b) Li to C-O-C/C=O/N(TFSI) 

in Pebax HNE (12).
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Figure S14. Schematic diagram of the interaction between the various components in 

PEO electrolyte.
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Figure S15. Schematic diagram of the interaction between the various components in 

Pebax HNEs.
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Figure S16. The total interaction energy in a) PEO and b) Pebax HNE (12).
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Table S5. Results of the interaction energy between the various components in PEO and 

Pebax HNE (12). 

System Components 
Evdw 

(kJ/mol) 

Eele 

(kJ/mol) 

Etotal 

(kJ/mol) 

PEO  Li+ 

C-O-C 439.6 138.95 578.55 

N 

(TFSI-) 
-16.17 -12933.48 -12949.65   

Pebax HNE 

(12) 

Li+ 

C-O-C 448.45 499.46 947.91 

C=O 172.82 1872.98 2045.8 

N(TFSI-) -6.43 -11662.38 -11668.81 

N(TFSI-) NH -19.86 -4276.85 -4296.71 
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Figure S17. The diffusion coefficients of Li+ in PEO and Pebax HNE (12).
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Figure. S18. The galvanostatic cycling profile of the Li/PEO/Li and Li/Pebax HNE 

(12)/Li cells at various current densities measured at 60 °C. The cells were charged and 

discharged for 1 h at each current density. 
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Figure. S19. The long-term cycling performance of symmetric cells at 60 °C. 
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Figure S20. The schematic of Li+ deposition on Li anode during cycle with the 

electrolytes of a) PEO and b) Pebax HNE (12). 
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Figure S21. TOF-SIMS depth profiles of the representative species of SEI 

formed at the Li@PEO and Li@Pebax HNE (12).
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Figure S22. The TOF-SIMS overlays of LiF2− and LiS- at the a) Li@PEO and b) 

Li@Pebax HNE (12) surface.
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Figure S23. Charge–discharge curves of the Li/Pebax HNE (12)/LFP cell at different 

rates, cycled at 60 °C.

0 30 60 90 120 150

2.5

3.0

3.5

4.0

V
ol

ta
ge

 (V
)

Specific capacity (mAh·g-1)

0.10.20.512 C60 °C

Pebax HNE (12)



155 

 

 

Figure S24. The control cells (Li/Pebax HNE (14/10)/LFP) performance of a) rate and 

b) long-term cycling, at 0.5 C and 60 °C.
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Figure S25. Discharge specific capacity and CE of the Li/Pebax HNE (12)/LFP cell at 1 

C, under 60 °C.
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Figure S26. Charge-discharge curves of the Li/Pebax HNE (12)/LFP cell at 1 C, under 

60 °C.
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Figure S27. a) Discharge specific capacity and CE as well as b) charge-discharge 

curves of the Li/Pebax HNE (12)/LFP cell at different temperature.
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Figure S28. a) Rate performance and b) corresponding charge-discharge curves of the 

Li/Pebax HNE (12)/LFP cell at 90 ℃.
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Figure S29. Charge-discharge curves of the Li/Pebax HNE (12)/LFP cell at 1 C, under 

90 °C. 
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Figure S30. Charge-discharge curves of the Li/Pebax HNE (12)/LFP cell at 0.2 C, 

under 60 °C. 
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Figure S31. Discharge specific capacity and CE of the Li/Pebax HNE (12)/NCM 811 

cells at 0.1 C, under 60 °C. 
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Type Component 
Cathod/loading 

(mg·cm-2) 

Capacity 

(Ah·cm-

2) 

Cycle 

number 

Rate and 

capacity 

retention 

(%) 

References  

Polymer PEO/PFSILi  LFP/- - 100  0.2C, 82% [6] 

Polymer 
P(MPEGA-

AMPSLi)/PVDF-HFP 
LFP/- - 100  

0.5C, 86.4% 
[7] 

Polymer 
PEO/EG-P[SSPSILi-

alt-MA]  
LFP/~2.5 0.31 100  

0.1C, 97% 
[8] 

Polymer  PLSSCQD/PEO LFP/- - 100  
 

0.2C,94.3% 
[9] 

Polymer-

inorgainc 
PEO/LLZTO/LiTFSI  LFP/~4.7  0.71  100  0.1C, 87% [10] 

Polymer-

inorgainc 

PEO/LLZO 

nanowire/ LiTFSI  
LFP/~1.68 0.27  120  0.1C, 91.7% [11] 

Polymer-

organic 

DMA@LiTFSI 

mediated COF 

LFP/~2.5 0.3 130  
0.1C, 90.2% 

[12] 

Polymer-

inorgainc 
PEO/h-BN/LiTFSI  LFP/~1.25  0.18 140  0.2C, 93% [13] 

Polymer-

inorgainc 

PEO-

PEG/LGPS/LiTFSI 
LFP/- - 150   0.5C, 91% [14] 

Polymer-

inorgainc 
PEO/LAGP/LiTFSI  LFP/- 0.92  150  0.3C, 93.3% [15] 

Polymer-

inorgainc 

PEO/LLZTO-

HT/LiTFSI  
LFP/~6  0.75  200  

 0.1C, 

86.1% 
[16] 

Polymer-

inorgainc 
PEO/VAVS/LiTFSI  LFP/~0.8 0.13  200   0.5C, 82% [17] 

Polymer-

inorgainc 

PEO/Ca–

CeO2/LiTFSI  
LFP/- - 200  1C, 76.9% [18] 

Polymer- PEO/MnO2- LFP/~1.3 0.19  300   0.5C, [19] 

mailto:DMA@LiTFSI%20mediated%20COF
mailto:DMA@LiTFSI%20mediated%20COF
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inorgainc nanosheet /LiTFSI  86.7% 

Polymer-

inorgainc 

PEO/LAGP-

nanosheet/LiTFSI  
LFP/~4 0.56  300   0.5C, 92% [20] 

Polymer-

inorgainc 
PEO/LLTO/LiTFSI  LFP/~2 0.23  300   2C, 79% [21] 

Polymer-

inorgainc 
PEO/LLZO/LiTFSI  LFP/- - 450   0.2C, 84% [22] 

Polymer-

inorgainc 
PEO/Li2S6/LiTFSI LFP/- 0.11  700  

 0.18C, 

89.2% 
[23] 

Polymer PEGMEA/PE/LiTDSI LFP/- - 1000  1C, 76.4 [24] 

Polymer Pebax/LiTFSI 

LFP/~7.1 1.00  200  0.2C, 93% 

This work LFP/~3 0.42  800  1C, 74.2% 

LFP/~3.6 0.52  1560  0.5C 80% 

LFP, LiFePO4 

Table S6. Comparison of electrochemical performance of the PEO-based all solid-state 

electrolytes reported in recent publications. 
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