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ABSTRACT 

Flexible and stretchable solid electrolyte-based lithium-ion batteries (LIBs) can 

potentially revolutionize our lives. They have wide range of applications, including 

flexible screen displays, wearable sensors, stretchable electronics, among others. Solid 

polymer electrolytes (SPEs) offer many advantages such as thermal and chemical 

stability, appropriate mechanical behavior, wide electrochemical window, safety, 

flexibility and low cost. However, SPE development faces several challenges, mainly, 

low ionic conductivity and problems pertaining to the interface between the electrodes 

and solid electrolytes. A stable and highly (ion) conductive interfacial layer is of utmost 

importance in LIB charge/discharge, rate capability, cyclability, and safety. This 

dissertation investigates the interface between SPE and electrodes in flexible and 

stretchable batteries. Several techniques to enhance the interfaces are explored including 

additives, specifically, tryptic soy broth (TSB) biomaterial and fluoroethylene carbonate 

(FEC), and enhanced SPE fabrication strategies (multi-layer fabrication method and hot-

pressing). SPE-based LIB capacity improved significantly using 0.5 wt% TSB 

biomaterial due to the enhanced electrode-electrolyte interface. Furthermore, due to 

improved stable interfacial layer formation, flexible LIBs capacity more than doubled 

by using the FEC additives. Our flexible LIBs were shown to power light-emitting diode 

(LED) under 180 degree bending angles. Furthermore, spiral stretchable LIBs were 

demonstrated to work under 6000% out-of-plane stretching deformation. The 

investigation of interfacial phenomena and solid electrolytes in LIBs can provide deeper 

understanding of engineering strategies to improve LIBs properties and performance. The 
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developed SPE-based flexible and stretchable LIBs can be promising for high safety and 

high-capacity energy applications. 
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CHAPTER I. INTRODUCTION 

1.1 Motivation 

Over the estimated 14 billion years of our universe, energy storage has played an 

essential role in all existing things. In recent years, we have become more dependent on 

reliable and stable electrical energy storage methods. The high demand for electrical 

energy storage is ubiquitous with the increasing population. However, our current energy 

source from fossil fuels faces problems pertaining to the increasing environmental risks, 

global warming, limited availability and future depletion (Zito et al. 2019). Electricity 

can be generated through various sources and methods including fossil fuels, natural gas, 

nuclear reaction, solar energy, and wind turbines (Li et al., 2018) (U.S. Department of 

Energy, 2019) (Figure 1). In 2021, Texas suffered from a power outage problem due to 

the winter ice storm and inefficient electricity storage. Therefore, developing stable and 

high energy density electrochemical energy storage devices is necessary. Among various 

types of energy storages methods, lithium-ion batteries (LIBs) are highly popular and 

used in our everyday life, including laptops, phones, and electric cars because of their 

high energy density, and efficiency (Li et al., 2018). Although LIBs, have reached a 

relatively high level of development, there is still a need for a deep understanding of LIBs 

capacity loss, cycling stability, materials degradation, and side reactions to enhance 

battery life and cycling performance (Tarascon & Armand, 2001).  
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Figure 1 (a) Electricity Source and (b) Energy Storage Deployed Type (Excluding Pumped Storage Hydropower) (U.S.        
               Department of Energy, 2019). 
 

In addition, flexible and stretchable LIBs have been driven by a recent developing 

market for thin, flexible, stretchable and deformable electronics, such as flexible screen 

display, smart cards, wearable sensors, etc. (Nag et al., 2017) (Stoppa & Chiolerio, 2014). 

Conventional LIBs use liquid electrolytes, which have safety issues including electrolyte 

leakage, poor mechanical property, high flammability and thermal runaway. Replacing 

liquid electrolytes with solid materials could enhance LIBs safety (Stephan, 2006). This 

thesis work replaces the conventional liquid electrolyte with solid polymer electrolyte 

(SPE) due to its safety, flexibility and easy processing properties (Manuel Stephan, 

2005). However, the low SPE ionic conductivity and poor interface between SPE and 

electrodes would reduce LIBs electrochemical performance (Ngai et al., 2016). 

Therefore, in this work, we specifically investigated and enhanced the interface of solid 

polymer-based lithium-ion batteries, including flexible and spiral stretchable LIBs. The 

formation of the solid electrolyte interface (SEI) layer (between anode and electrolyte) 

and cathode electrolyte interface (CEI) layer (between cathode and electrolyte) are 

related to electrolyte decomposition and reduction (Bard et al., 1993). The interfacial 
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layers play a crucial role in charge transfer, charging/discharging, capacity loss and 

cycling stability (Wang et al., 2020) (X. B. Cheng et al., 2015). To enhance the interface 

between electrodes and SPE, we focus on modifying electrolyte compositions using 

different LIBs additives, including tryptic soy broth (TSB) biomaterial and 

fluoroethylene carbonate (FEC). We also use different SPE fabrication strategies to 

enhance the interface between electrodes and SPE. We investigate LIBs electrochemical 

performance while the batteries are under bending, stretching and different temperature 

conditions. Our flexible and stretchable LIBs show an excellent reversible capacity and 

high mechanical properties. 

1.2 Materials and working principle of lithium ion batteries 

 
Figure 2(a): Common materials used for enhancing polymer electrolyte ionic conductivity; (b) Some LIBs properties;    
              (c) Parameters or factors for LIBs high performance; (d) Theory for explaining high LIBs performance. 
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Lithium-ion batteries (LIBs) have achieved accelerated development since their 

early conception in the 1990s. Compared to the previous generations' batteries such as 

lead-acid and nickel cadmium batteries, LIBs offer higher power and energy densities. 

LIBs could be classified into different groups based on their electrode materials and 

designs. For example, C anode-lithium metal oxide cathode LIB can provide up to 275 

Wh/Kg energy density, Li-O2 shows 3505 Wh/kg energy density, and Li-S shows 2600 

Wh/Kg energy densities (Yoshio et al., 2009) (X.-B. Cheng et al., 2017). Although 

different LIBs have varied materials and associated energy densities, LIBs are generally 

structured similarly. A liquid electrolyte-based LIB consists of anode, cathode, separator, 

electrolyte and current collectors. In solid polymer electrolyte (SPE)-based LIBs, 

separators and liquid electrolytes is replaced by solid ion conductive polymers (mixed 

with lithium salt and/or other additives). There are several polymer electrolytes, including 

poly (ethylene oxide) (PEO), poly (acrylonitrile) (PAN), poly (methyl methacrylate) 

(PMMA), Poly-vinyl chloride (PVC) and poly (vinylidene fluoride) (PVdF), etc. (Manuel 

Stephan, 2005). Polymer electrolytes can be mixed with different inorganic materials, 

lithium salts, ionic liquids, and plasticizers. The electrolyte mixtures can have different 

chemical compositions, which significantly influence SPE ionic conductivity and final 

LIBs electrochemical performance. Figure 2 summarizes various methods of enhancing 

SPE ionic conductivities and consequent LIBs performances. Chapter II presents a more 

in-depth discussion of previous works and methods of enhancement in lithium-ion 

batteries.  

The selection of the electrode materials in flexible and solid polymer-based LIBs 

is also a critical part of the design of batteries. Common cathode materials are lithium 
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metal oxide, including LiCoO2 (LCO), LiMnxFe1-xPO4 (LFP), LiNixCoyMnzO2 (NCM), 

Li(NixCoyAlz)O2 (NCA), etc. Typical anode materials are graphite, Li metal, Si, etc. (Li 

et al., 2018). A more in-depth summary of the electrode materials and applications is 

presented in Chapter II. In this thesis, we chose LCO and graphite as our LIB electrodes 

owing to their high electrochemical window, high energy density, and good cycle 

stability compared with other electrodes materials.  

              

 
 
Figure 3(a) Energy diagram of a full battery. The mismatch of HOMO/LUMO will results in the degradation of the  
                electrode and electrolyte; (b) Illustration of the working mechanism of batteries 

(a) 

(b) 
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 SPE-based lithium-ion battery consists of an anode, cathode, solid polymer 

electrolyte (SPE), and two current collectors. This electrochemical cell converts electrical 

energy into electrochemical energy inside electrodes during the charging process and vice 

versa. Both electrodes store Li+ by electrochemical reaction. During the discharging, Li+ 

moves from anode to cathode through the SPE. Electrons move from the anode to 

cathode, too. Then electrical current flows from a positive current collector (connected to 

the cathode) to a negative current collector (connected to the anode) (Yoshio et al., 2009). 

During charging/discharging process, there is no electron flow inside the battery owing to 

electrolyte and separator blocking. The external current from the stored electrochemical 

energy can power various applications such as our cell phones and other electronics. 

During the charging process, the cathode is oxidized, and Li+ ions transfer toward the 

anode. The reduction reaction will happen at the anode for the charging process (Pistoia 

et al., 2013). However, the cathode typically has a phase transition during the charging 

process, which will involve Li+ extraction from metal oxide lattice and electrons dragging 

from transition metal ion d orbitals (if Li metal oxide is used as a cathode). So, Li+ will 

enter the interstitial lattice back for discharging process. Electrons also go back to d 

orbitals during the discharging process, accompanying phase stabilization and electric 

potential energy decrease. In summary, there are several processes during 

charging/discharging, including electrochemical reactions at electrodes, electron and ion 

transport in electrodes, ionic transport in electrolytes, and ionic transfer on the interface 

between the electrodes and SPE (Kazemiabnavi et al., 2018).  In order to fully understand 

LIB’s working mechanisms, we can study the LIB energy diagram (Figure 3a) and LIB 

discharging process simulation diagram (Figure 3b). If cathode potential is higher than 
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the potential of electrolyte oxidation at a positive potential, it will oxidize the electrolyte. 

If anode potential is lower than the potential of electrolyte reduction at a negative 

potential, then the electrolyte will reduce. Because the intercalation potential of Li+ into 

graphite is around 0-0.25V, the graphite potential is below the electrolyte stability 

window. Thus, the electrolyte will decompose at the graphite surface and form the SEI 

layer (Peljo & Girault, 2018) (An et al., 2016) (Xue et al., 2015).  

At the electrode and electrolyte interface, electrolyte decomposition is strongly 

related to oxidation reactions at high potentials (Bard et al., 1993). Therefore, oxidized 

electrolytes (including the lithium salt, LIB additives, etc.) will have irreversible 

electrochemical reactions and form a surface layer on top of the electrode. We can obtain 

this irreversible electrochemical reaction information by doing surface product elements 

analysis. Some fundamental investigations about the interface compositional analysis 

were reported (Zhang et al., 2018) (Wang et al., 2020). However, a comprehensive 

understanding of this irreversible reaction process is still missing. This thesis will 

investigate the LIB interfacial layer impedance and LIB electrochemical performance 

under stretching, bending, and others to understand how interfacial layer influences our 

LIB performance.  

1.3 Applications 

Flexible LIBs can satisfy the portable and flexible electronic application 

requirements and standards (Figure 4). Alongside the advancement in miniaturized and 

lightweight electronics, wearable LIBs that can track biomedical information such as s 

blood pressure, sleep patterns, heart rate, sweat, will be very promising and popular in 

near future (Nag et al., 2017). Therefore, compatible LIBs need to be flexible, safe, high 
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capacity, stable, and reliable with a wide operating temperature range. Flexible LIBs are 

applied for a variety of flexible electronics like foldable phones, watches, smart cards, 

wearable devices, etc. Recently, Microsoft Arc Mouse, Samsung Galaxy Fold, Huawei 

Mate X have attracted attention (Hager et al., 2020). Flexible healthcare heart rate 

monitor is another application in the medical area which could measure/display heart rate 

in real-time. In addition, surface-mounted devices have been used in biomedical areas 

like attached to the skin (Xiang et al., 2021). Other applications include keyboards, smart 

homes, building management systems, wearable healthcare electronics, which connect to 

each other for elaborate tasks (Mohanta et al., 2020).  

However, flexible LIBs made with liquid electrolytes can suffer from liquid 

electrolyte leakage, delamination under mechanical deformation, LIB energy density 

fading or deterioration, and even internal short circuits under bending (J. Wen et al., 

2012). To solve these flexible LIB problems, LIBs structural design and materials 

engineering will be necessary and practical to apply. For example, the liquid electrolyte 

must be replaced with a solid electrolyte. In this thesis work, our flexible LIBs based on 

the solid polymer electrolyte show relatively high thermal, mechanical and 

electrochemical performance, which is promising for the above-mentioned applications 

like wearable electronics, flexible smartphones, and flexible heat rate tracking monitors.  
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Figure 4 Flexible Lithium-ion batteries applications 
 
1.4 Challenges 

The investigation of LIBs interfacial layers is very challenging, because there are 

many factors such as electrodes materials particles sizes, electrodes crystal structures, 

electrodes phase transformations, electrodes electronic and ionic conductivity, electrolyte 

ionic conductivity, Li+ transference number, electrochemical windows, solid polymer 

electrolyte thermal melting points, electrolyte mechanical modulus, electrolyte and 

electrodes materials affinity, etc. (Kasnatscheew et al., 2018)(Etacheri et al., 2011). 

Typically, many techniques are used to control the solid electrolyte’s thickness and its 

compatibility with electrodes. Because Li+ will go through the interfacial layer during 

charge/discharge, forming a stable interfacial layer between electrodes and electrolytes 

are quite crucial (Nair et al., 2019).  Consequently, people have done a lot of work to 

improve interface stability. But processing is complex, and some processes need a high 

vacuum to deposit a thin film on top of electrodes (Tian et al., 2020). The ideal interfacial 

layer should have a high electrochemical window, high cycle stability, high ionic 
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conductivity, but lower electronic conductivity, high modulus, etc. Interfacial layers also 

should avoid short circuits, thermal runaway, side reactions, etc.  (K. Wen et al., 2020).  

Therefore, investigating the effects of different LIBs additives on interfacial 

layers will help us understand the reasons and mechanisms to enhance LIBs capacity 

(Yoshio et al., 2009). Here, we choose a simple blending method and combine different 

material advantages in one polymer composite material at room temperature. There is no 

vacuum needed for surface layer processing, which significantly enhances LIBs 

fabrication efficiency and LIBs performance. 

1.5 Thesis overview 

Chapter I covers motivations, typical electrolytes, and electrodes materials, LIBs 

working principles, challenges, and thesis overview. Chapter II provides a comprehensive 

review of relevant literature, including solid electrolytes, electrodes, and their 

modifications for higher performances, interfacial layers formations mechanism, and 

LIBs electrochemical performance results. Common electrodes and electrolyte materials 

will be also discussed. In Chapter III, polymer electrolyte-based LIBs are fabricated using 

TSB biomaterial additive, and TSB’s influence on LIBs interface is investigated. High 

LIBs electrochemical performance observed could be attributed to an enhanced 

interfacial layer formed. By characterizing LIBs different electrochemical and 

mechanical properties, we explain the potential reasons for LIBs capacity enhancement. 

In Chapter IV flexible polymer LIBs are fabricated. Firstly, we compare two different 

lithium salts and their influences on flexible LIB capacity and interfaces. Then, we 

characterize flexible LIB electrochemical performance under varied bending states, 

charging rates and temperatures. Finally, we investigate LIB interface impedance changes 
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during the LIBs varied bending states. In Chapter V, we use new polymer electrolyte 

composition to prepare stretchable LIBs. Stretchable batteries differ from flexible LIBs 

because of the significant shape deformation. Our spiral stretchable batteries could work 

at 6000% out of plane strain deformation. We will analyze spiral LIBs capacity 

performance and interface impedance at different stretching deformations. In Chapter VI, 

we use new LIBs additive fluoroethylene carbonate (FEC) modified polymer electrolyte 

to fabricate high-performance flexible LIBs. The electrodes and electrolyte interfaces 

have enhanced and resulted in high LIBs capacity. This chapter also will cover electrolyte 

ionic conductivity test, flexible LIBs bending test, LIBs thermal test, LIBs rate capability 

test, interfacial layer impedance investigation, etc. In Chapter VII, a summary of all work 

in this thesis is presented. Based on previous and current work on LIBs, future work is 

discussed. 
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CHAPTER II. REVIEW OF MATERIALS FOR LITHIUM ION BATTEIES 

2.1 Background  

Lithium-ion batteries (LIBs) are widely used in our daily lives due to their 

relatively high energy densities and efficiencies. LIBs power our portable electronics, 

mobile phones, computer laptops, electric vehicles (EVs), etc. Compared to the gasoline 

vehicles as reported by the Department of Energy, EVs could reduce 70-80% CO2 

emission per year (U.S. Department of Energy, 2019). In addition, LIBs occupy 63% of 

worldwide sales with the estimated marked 116.6 billion dollars by 2030 (U.S. 

Department of Energy, 2019).  

A conventional lithium-ion battery consists of an anode, cathode, liquid 

electrolyte, separator, and current collectors. In solid electrolyte-based LIB, the liquid 

electrolyte and separator are replaced with a solid electrolyte. Solid electrolytes can be 

divided into organic (polymers) and inorganic (ceramic, glass). The key requirements and 

features of a battery electrolyte consist of high ionic conductivity, wide electrochemical 

window, suitable working temperature range, safety, stability, etc. Li+ ion must transport 

between the cathode and anode through the solid electrolyte. An in-depth discussion of 

the electrochemical mechanisms of lithium-ion batteries was presented in Chapter I.  

In this chapter, a comprehensive review of LIB materials and related research 

studies is provided. Current flexible commercial batteries will also be discussed. This 

chapter review aims to provide a deep insight into the past and current developments in 

LIBs and their evaluation standards with respect to lithium-ion battery designs, materials, 

mechanical flexibility, stretchability, and stability.  
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2.2 Solid polymer electrolytes used in flexible lithium-ion batteries 

Polymer electrolytes can be classified into the following three categories 

according to their chemical composition: dry solid polymer electrolyte (no liquid 

additives), plasticized polymer electrolyte (mixed with plasticizers), gel polymer 

electrolyte (crosslinked polymer swollen with liquid additives), and composite solid 

electrolytes (mixed with inorganic solid) (Ngai et al., 2016). Although they have different 

ionic conductivity, thermal stability, and mechanical properties, some can offer 

mechanical flexibility, relatively easy processing, wide electrochemical window, and 

other suitable electrochemical properties (Ngai et al., 2016). Additionally, solid polymer 

electrolytes can prevent or suppress several safety issues (such as leakage, short circuit, 

dendrite growth) compared with liquid electrolytes. Here, we compare different polymer-

based electrolytes in the following content (Bresser et al., 2013) (Kucinskis et al., 2013). 

Decreasing SPE crystallization is necessary to achieve high SPE chain mobility 

(normally related to high ionic conductivity). As we all know, crystallization is related to 

polymer structures. Symmetrical, ordered and non-flexible chains structures would 

crystallize easily (Bresser et al., 2013) (Gedde, 1995). In order to solve the crystallization 

problem for high ionic conductivity, people used physical crosslinking, chemical 

crosslinking, copolymer, comb polymer, filler blending, polymer alloying methods. In 

addition, increasing charge carrier density and ionic conductivity could be obtained by 

introducing single ion (carboxylate, phosphate, methide, aluminate, sulfonate etc.), salt 

(imide, methide), and polymer in salt (molten onium salt) (Murata et al., 2000). However, 

SPE mechanical properties would change after introducing new chemicals. To enhance 

SPE mechanical strength, we can increase polar groups, hydrogen bonds, phenyl groups 



 14 

density, crosslinking, crystallization, homogeneity, copolymerization, etc. (Gedde, 1995) 

(Kucinskis et al., 2013). Here, we compare some common polymers used as shown in 

Table 1, including polyethylene oxide (PEO), polyacrylonitrile (PAN), poly (methyl 

methacrylate) (PMMA), polyvinylidene fluoride (PVDF), polypropylene carbonate 

(PPC).  

Table 1. Different polymer electrolytes material properties 
Polymer Tg℃ Tm ℃ Electrochemical 

Window (V) 
Tensile 
Strength 

Ref 

PEO -67 65 4.0 1.5 Mpa (X. Yang et al., 2020)(Kelly 
et al., 2016) 

PAN 95 300 4.5 6.5 Mpa 
 

(Jian Yao et al., 2014) 

PMMA 105 160 4.7 5.7 Mpa 
 

(Gonçalves et al., 2010) 

PVDF -35 177 5.0 3.1 Mpa 
 

(Agyemang et al., 2016) 

PPC 37  - 4.6 25.0 Mpa (Jianjun Zhang et al., 
2017)(Han et al., 2018) 

 

2.2.1 Poly-ethylene oxide (PEO) and its composite 

Since 1973, Wright et al. reported PEO semi-crystalline structure and alkali salts 

(Wright et al., 1973). Later, large research efforts were devoted to PEO-based electrolyte 

systems. According to the initial study, PEO-based systems show very low ambient 

temperature ion conductivities owing to low ion mobility, low mobile ions concentration, 

etc. The correlation between ionic conductivity with the amorphous region is also 

highlighted (H. Zhang et al., 2017). Polymers conductivity is related to PEO chains 

movement. Young’s modulus could be 0.31GPa for 85 – 124 K Mw PEO (Y.-C. Cao et 

al., 2011). However, PEO-based LIBs cycling performance could be as low as 200~300 

cycles because of poor electrolytes ionic conductivity. It was found that the Li+ might 

transfer in the crystallization region because of aligned chains. Li+ ion transfer occurs in 

the tunnels formed between PEO chains. Local crosslinking also promotes cation transfer 
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owing to the pairing chains (MacGlashan et al., 1999). The theoretical model based on 

Arrhenius (Crystalline phase) and Vogel-Tammann-Fulcher (Amorphous phase) model 

(Ratner et al., 2000) were reported. The ions combination and ions Lewis complexation 

with oxygen would result in fewer mobile cations. Here, we discuss the methods to 

enhance PEO ionic conductivity property. 

Ionic liquid has high electrochemical stability, low volatility/flammability, low 

vapor pressure, and high ionic conductivity properties (Menne et al., 2014). Normally, it 

is composed of asymmetric organic cations and weakly coordinating inorganic/organic 

anions. The presence of free protons in cations will divide them into aprotic ILs and 

protic ILs. Protic ILs have lower lithium coordination numbers due to the interactions 

between cations and anions confirmed by Raman spectroscopy. So more free Li+ will 

move and reduce charge transfer resistance (Vogl et al., 2014). Here is an example: 

Cyclic pyrrolidinium and piperidinium ILs are less viscous and cathodic stable than 

aliphatic cations. Using the aprotic ionic liquid 1-ethyl-3-methyllimidazolium 

bis(trifluoromethyl sulfonyl) imide (EMIMTFSI) in PEO – Lithium difluoro (oxalato) 

borate (LiDFOB) electrolyte could get the maximum ionic conductivity 1.85 * 10-4 S/cm 

at 30°𝐶𝐶 because of ionic liquid high ionic conductivity, low viscosity, and wide 

electrochemical window (Macfarlane et al., 2014). Interaction among Li+, EMIM+ and 

PEO oxygen atoms, electrolyte crystallinity decreased which were confirmed by XRD, 

FTIR (Polu & Rhee, 2017) (Y.-S. Ye et al., 2013) (MacFarlane et al., 2014). The smaller 

bis(fluorosulfonyl)imide anion (FSI-) promoted the transport rates and formed an 

interfacial layer with graphitic carbon electrode compared with TFSI-. The viscosity 

decreased owing to smaller anions. Reversibility also has been enhanced (Matsumoto et 
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al., 2006).  However, the presence of TFSI- or FSI- would cause anodic dissolution and 

Al current collectors pitting when potentials exceed 4.0V vs Li/Li+. Higher viscosity and 

decreased lithium diffusivity are the main reason for LIBs poor performance at a high C-

rate. Commonly used salt LiPF6 could hydrolyze and release HF, which could degrade 

cathode materials. Al could be protected under fluorinated carbonate electrolyte owing to 

a chemical surface layer formation. Cations and anions effects need to be considered for 

future use (Shkrob et al., 2016) (Xianming Wang et al., 2000) (Balducci, 2017). 

Using some nonionic conductive filler to ensure good mechanical property and 

ionic conductivity is also investigated. Inorganic fillers perform as the crosslinking 

centers to reduce polymer crystallinity (CEPAL, 1975) (Lin et al., 2015). In 1998, Croce 

et al. introduced TiO2 and Al2O3 nanofillers into the electrolyte (F Croce et al., 1998). 

The enhancement by using Al2O3 and TiO2 ceramic filler materials is related to 

maximizing amorphous region and promoting Li+ transfer at ceramic particles interface 

boundaries (Angulakshmi et al., 2012a). It was mentioned that nanometer-sized ceramic 

powders can perform as solid plasticizers for PEO instead of liquid plasticizers, which 

was the most common way to lower ambient region operation temperature of PEO–LiX 

polymer electrolytes (Angulakshmi et al., 2012a). 

Nonionic fillers acting as solid plasticizers can effectively avoid liquid 

plasticizers’ limited processability and high reactivity. All these materials and methods 

can help to reach the goal of obtaining a new class of solid polymer electrolyte with low-

temperature ion conductivity, improved mechanical stability, and good compatibility with 

lithium electrode (Angulakshmi et al., 2012b). In 2001, Croce et al. used ceramic filler on 

P(EO)20LiSO3CF3 electrolyte (F Croce et al., 2001). PEO chains crystallization and 



 17 

surface groups interactions account for LIBs high performance (F Croce et al., 2001). 

Besides, nanofillers might act as anionic receptors according to Lewis- acid theory and 

help lithium salt dissociation (W. Wieczorek et al., 1996). The relatively high dielectric 

constant nano-oxide materials promote lithium salt dissociation, too (Varaprasad et al., 

1979). Cui’s group used SiO2 nanospheres in PEO to suppress crystallization and 

facilitate polymers segmental motion for high ionic conductivity (Lin et al., 2016). A 4.4 

* 10-5 S/cm at 30°𝐶𝐶 was obtained (Lin et al., 2016). Mesoporous SiO2 mixed with PEO 

achieved ~10-3 S/cm at room temperature (Y. Kim et al., 2017).  

Our group used a hybrid clay-carbon nanotube hybrid nanofiller to enhance PEO 

electrolyte ionic conductivity (Tang et al., 2012). Fillers could facilitate lithium salt 

dissociation by weakening contact ion pairs force. Positive Li+ would interact with 

electrons cloud on the CNTs outer surface and negative oxygen atoms, resulting in 

contact ion pairs separation. Subsequent enhancement of charge carriers would improve 

ionic conductivity. Nanoscale fillers also expanded PEO chains free volume and 

decreased PEO crystallization. Nanofillers also improved the interface area between 

fillers and electrolyte owing to the large aspect ratio, leading to higher tensile strength 

(Tang et al., 2012). We also modeled the fillers enhancement mechanism based on free 

volume theory. Salt dissociation, free volume expansion and distribution, diffusion 

blocking, filler aggregation, ion trapping, and chain confinement have been considered 

(Q. Li et al., 2013) (Kammoun et al., 2015). Qin et al. also used molecular dynamics 

simulation to provide insights at the molecular level to study nanofillers shape and size 

effects on the static and dynamic properties (Q. Li & Ardebili, 2014). These nanofillers 

with Lewis acidic surface properties and porous large surface-volume fillers could 
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enhance miscibility, which was helpful for stabilizing the electrolyte/Li interface and 

other properties (F Croce et al., 2001) (Xi, Qiu, Cui, et al., 2006) (Y.-X. Jiang et al., 

2008).  

Nanostructured conductive materials mixed with PEO also have been 

investigated. Yu’s group designed a 3-D nanostructured conductive Li0.35La0.55TiO3 

(LLTO) hydrogel framework combined with PEO (Bae et al., 2018) . The improved ionic 

conductivity 8.8* 10-5 S/cm at room temperature was obtained. Continuous interphase 

served as Li+ pathway. Continuous Li+ hopping sites at the surface is another reason for 

the ionic conductivity enhancement (Bae et al., 2018). Zhang et al. prepared polymer 

electrolyte by mixing Li6.4La3Zr1.4Ta0.6O12 (LLZTO) with PEO and obtained ionic 

conductivity 2.1*10-4 S/cm at 30°𝐶𝐶 (Jingxian Zhang et al., 2016b). The LIBs showed 

345Wh/kg by using LiFePO4/Li electrodes. The reason for this enhancement may be due 

to the percolation effect where Li+ can transfer from LLZTO to PEO, which increases 

PEO vacancies (Jingxian Zhang et al., 2016b). However, nanostructured conductive 

materials face a disorder problem inside SPE. Zhai et al. used the ice templating process 

to align the ceramic particles for helping ions transfer (H. Zhai et al., 2017). High ionic 

conductivity 5.2 *10-5 S/cm could be reached (H. Zhai et al., 2017). Pan’s group also 

used the inorganic particles Li1.3Al0.3Ti1.7(PO4)3 to enhance PEO mechanical properties 

and barricaded dendrite growth (L. Yang et al., 2017). By combining small molecular 

boronized polyethylene glycol (BPEG) to disorganize PEO domain crystallinity and 

facilitate interface contact, LIBs performance showed 158mAh/g at 60 ℃, 0.1 C charging 

rate (L. Yang et al., 2017). In 2013, metal-organic framework (MOF) nanoparticles were 

used to prepare PEO electrolyte, where 3.16 *10-5 S/cm at 25°𝐶𝐶 was obtained (C. Yuan et 
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al., 2013). The high surface area, ordered micro-porous structure and thermal stability 

from MOF changed the crystallization and electrolyte ionic transportation (C. Yuan et al., 

2013). 

Blending with other polymers is another effective way to achieve a balanced 

property among mechanical properties, ionic conductivity, electrochemical stability, and 

electrochemical window for high-performance LIBs. It is a synthesis process 

simplification to control the mechanical property. In 1983, Tsuchida et al. blended PEO 

with PMMA to obtain hydrogen bonding type inter-macromolecular complex matrix with 

LiClO4 salt (Tsuchida et al., 1983). A high conductivity 1.3*10-5 S/cm at 60℃ was 

achieved (Tsuchida et al., 1983). Jinisha et al. used poly(vinylpyrrolidone) (PVP), PEO 

and LiNO3 (Jinisha et al., 2017). They obtained 1.13*10-3 S/cm at room temperature. The 

presence of rigid pyrrolidone groups would enhance ionic conductivity. Carbonyl group(-

C=O) attached to PVP helped complexes formation with inorganic salts confirmed by 

XRD (Jinisha et al., 2017). Li et al. used the blending method to mix PEO, polyurethane 

(TPU) and lithium bis (trifluoromethane sulfonimide) (LiTFSI) (Y. J. Li et al., 2018). The 

hydrogen bond interaction between C-O-C of PEO and -NH from TPU increased the 

mechanical property and reduced the crystallinity. A 5.3 *10-4 S/cm at 60℃ ionic 

conductivity was achieved. Semi-interpenetrated network structure formed between PEO 

and TPU would restrict segments movement and result in low electrical conductivity. The 

assembled LIB by using LiFePO4/SPE/Li cell showed 140 mAh/g at 0.2C under 60℃ (Y. 

J. Li et al., 2018). 

Ji et al. synthesized a copolymer with Si and PEG. Ion conductivity was 3.2 *10-5 

S/cm at 10℃ (Xiaoxiao Ji et al., 2017). Assembled LiFePO4/Li LIBs showed 84 mAh/g 
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at 10℃, 0.5C rate. High performance might be related to the separation of anions and 

cations movement inside Si-doped polymer (Xiaoxiao Ji et al., 2017). In addition, Kuo’s 

group used PVDF-PAN copolymer blended with PEO to enhance ionic conductivity, 

thermal stability, and electrochemical stability (C. Y. Hsu et al., 2016). 

Plasticizers are additives to enhance plasticity and improve ionic conductivity in 

polymers that dates to the 1970s (Wrightler et al. 1973). Plasticizers can include dimethyl 

carbonate (DMC), diocthyl adipate (DOA), dibutyl phthalate (DBP), diethylcarbamazine 

(DEC), propylene carbonate (PC), ethylene carbonate (EC), dimethyl formamide (DMF), 

diethyl phthalate (DEP), g-butyrolactone (BL), glycol sulfite (GS) and methylethyl 

carbonate. These plasticizers showed low flash points, high vapor pressure, and narrow 

electrochemical window. Some showed polar plasticizers reaction with Li metal electrode 

(Ngai et al., 2016). 

Crosslinking PEO is another way to obtain stable electrolyte film (Choudhury, 

2019). Passerini’s group used benzophenone (Bp) as the crosslinking agent to crosslink 

PEO under UV light at different times (G.-T. Kim et al., 2010). The crosslinking point 

happened at that hydrogen which attaches to PEO chain. Bp would be abstracted to 

excited triplet state. Then, two PEO chains connected (G.-T. Kim et al., 2010). Rupp et 

al. used benzophenone as photoinitiator to UV crosslink PEO chains and mixed with 

ionic liquid, lithium salt Li-TFSI (Rupp et al., 2008). They achieved 4 * 10-4 S/cm at 

30℃ in 2008 (Rupp et al., 2008). Killis et al. obtained 5 * 10-5 S/cm at 25℃ by 

crosslinking EO and PO block co-polymers (Killis et al., 1984). Hall et al. achieved 2 * 

10-4 S/cm at 25℃ by connecting PEO chains with polysyloxane chains in 1986 (Hall et 

al., 1986). Zhu et al. prepared 3D cross linking network by using SiO2 as cross linking 
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agent and achieved 4.65* 10-3 S/cm at 25℃ for PEO-based SPE (Yinghua Zhu et al., 

2019). By blending with ionic liquid N-alkyl-N-methyl pyrrolidinium TFSI and LiTFSI, 

~10-4 S/cm could be reached at room temperature. The crosslinking will not influence 

conductivity significantly. Higher performance attributed to ionic liquid and lithium salt 

addition (G.-T. Kim et al., 2010). Matsui et al. used cross-linked Poly(ethylene oxide – co 

-2 – (2-meth-oxyethoxy) ethyl glycidyl ether-co-allyl glycidyl ether) P(EO-MEEGE-

AGE) as electrolyte in Li/LiCoO2 LIBs and obtained 134 mAh/g at 60℃ (Matsui et al., 

2001). Kuratomi et al. also reported ethylene oxide and propylene oxide crosslinking PE 

(Kuratomi et al., 2001). In 2014, Lin et al. reported a crosslinked PE/PEO based PE. 

Ionic conductivity 1.6*10-4 S/cm at 25℃ was achieved (Lin et al., 2016). Lehmann et al. 

crosslinked poly ethyleneimine (PEI) with PEO and obtained 1.2 * 10-3 S/cm at 80℃ 

after mixing with plasticizer and lithium salt in 2020 (Lehmann et al., 2020). 

In summary, crosslinked PEO polymer electrolyte could be promising for cyclic 

stability. Higher mechanical property and higher ionic conductivity could be achieved by 

decreasing crystallization. Ionic liquid, nonconductive inorganic fillers, plasticizer, and 

conductive inorganic electrolyte are common ways to achieve higher ionic conductivity. 

Combining facile crosslinking and blending with higher conductive fillers could be the 

future direction. In this thesis, plasticizer and LIB additives are selected and investigated 

owing to their facile processing and high performance. 

Table 2 Current research on PEO based electrolyte 
Polymer Salt 

and 
solvent 

Filler Ionic 
conductivity 
(S/cm) 

Electrical 
window 

Tensile 
strength 
Mpa 

Battery 
Performance 

Ref 

PEO- 
EMImTF
SI 

LiBOB  1.85*10^-4 
S/cm @ 30°𝐶𝐶 

  Li/LiFePO4 
155mAh/g@0.1
C&RT 

(Polu & 
Rhee, 
2017) 

PEO LiClO4 SiO2 4.4*10^-5 
S/cm @ 30°𝐶𝐶 

5.5V  Li/LiFePO4 

∼120mAh/g@1
C&90℃ 

(Lin et al., 
2016) 
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Table 2 (Continued) 

PEO  LLTO 8.8* 10-5 
S/cm @RT 

   (Bae et al., 
2018) 

PEO LiClO4 LLZT
O 

2.1*10-4 S/cm 
@ 30°𝐶𝐶 

4.75V  Li/LiFePO4 

∼153.3mAh/g@
0.05C&60℃ 

(Jingxian 
Zhang et 
al., 2016b) 

PEO/BP
EG 

LiTFSI LATP 2.5*10-4 S/cm 
@ 60°𝐶𝐶 

  Li/LiFePO4 

∼158.2mAh/g@
0.1C&60℃ 

(L. Yang et 
al., 2017) 

PEO/PE
G 

LiClO4 LATP 5.2*10-5 
S/cm@ RT 

 3.6Mpa  (H. Zhai et 
al., 2017) 

PEO/PV
P 

LiNO3  1.13*10-3 
S/cm@ RT 

  0.332 Li 
transference 
number 

(Jinisha et 
al., 2017) 

PEO/TP
U 

LiTFSI  5.3*10-4 S/cm 
@ 60°𝐶𝐶 

  140 mAh/g at 
0.2C&60℃ 

(Y. J. Li et 
al., 2018) 

PEO/pyrr
olidinium 
TFSI 

LiTFSI  10-3 S/cm @ 
40°𝐶𝐶 

5.0V  Li/SPE/LiFeO4 
150mAh/g 
@0.05C, 30℃ 

(G.-T. Kim 
et al., 
2010) 

 

2.2.2 Poly-acrylonitrile (PAN) 

Among the polymer hosts studied, poly-acrylonitrile (PAN) based electrolytes 

offer one type of homogenous electrolyte film in which salt and plasticizers are dispersed 

molecularly (J. Y. Song et al., 1999a). They show higher thermal stability, high ionic 

conductivity, and good compatibility owing to their polar groups. Good processability, 

flame resistance, resistance to oxidative degradation, and electrochemical stability make 

PAN a good candidate for the electrolyte. Using PAN to minimize dendrite growth is also 

reported (Tsutsumi et al., 2000) (Raghavan et al., 2011). The highest ionic conductivity 

10-3 S/cm was obtained (Chen-Yang et al., 2009). PAN oxidation stability window could 

be 4.5V vs Li+/Li (Giovanni Battista Appetecchi et al., 1999). PAN fiber Young’s 

modulus was around 80 MPa (L. Huang et al., 2014) (Tian et al., 2019). 

The -C≡N group would result in higher crystallization. Large crystallization 

phase will block ions transfer, so incorporating inorganic nanoparticles will be one way 

to solve this problem, such as SiO2 (Wetjen et al., 2013), TiO2 (Plylahan et al., 2014), and 
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Al2O3 (Y. Wen et al., 2014) or with other metal oxides (Xiong et al., 2005) (Panero et al., 

2007). But -C≡N groups also could interact with Li+ and increase the diffusion 

coefficients. PAN application is also limited by the low ionic conductivity (Fausto Croce 

et al., 1993). The addition of graphene oxide 2D material could alleviate the ion 

conductivity issue. Ion conductivity of 4*10-4 S/cm at 30℃ was obtained, which can be 

attributed to the functional groups (-OH, -COOH, -C=O, -COC) alleviation with the 

polarity of -C≡N group. A high discharge capacity 166 mAh/g at 0.2C was measured for 

Li/LiFePO4 LIBs (Jia et al., 2018).  

Watanabe et al. concluded that PAN host is inactive for ionic transport but acts as 

a matrix for structural stability (Watanabe et al., 1982). With PAN as host, some 

combinations of plasticizers, such as EC and DMC, have been used as salts to help 

produce membranes with high ionic conductivity and high stability. These unique 

characteristics make membranes more suitable for lithium battery applications than 

before (Watanabe et al., 1982) (Min et al., 2003). Wang’s group used PAN fiber as a 

matrix. Dendrite growth has been hindered. High degree flexibility and thermal stability 

are exhibited (D. Zhang et al., 2017) (Xiuling Zhang et al., 2019). Wang et al. used PAN 

as the matrix for triethylene glycol diacetate-2-propenoic acid butyl ester (TEGDA-BA) 

electrolyte (Q. Wang et al., 2015). Gel polymer by using this 5wt% PAN showed 5.9*10-

3 S/cm at 25℃. The LIBs by using LiFePO4/ Li4Ti5O12 electrodes exhibited discharge 

capacity 125.2 mAh/g with high columbic efficiency greater than 98% after 100 cycles. 

Film Young’s modulus was 0.9Mpa (Q. Wang et al., 2015).  



 24 

 
 
Figure 5 PAN polymer chain model and methods for improving ionic conductivity. 
 

Nicotera’s group used organo-clay blended with PAN and PEO (Simari et al., 

2018). A higher transference number was achieved, which could be explained by the 

plasticizing effect, improving chains flexibility, and electrostatic interactions (between 

filler surface and lithium), creating the pathways for ions conduction (Simari et al., 

2018). Mixing with PMMA and PVDF polymers improved PAN mechanical stability 

(Nicotera et al., 2006). Outstanding thermal stability up to 230°C was also achieved 

(Flora, Ulaganathan, Babu, et al., 2012). 

Cui’s group used ceramic nanowire Li0.33La0.557TiO3 (LLTO), PAN, and LiClO4 

materials to fabricate composites (W. Liu et al., 2015b). High ionic conductivity 2.4*10-4 

S/cm at room temperature was achieved. The reason was not from crystallization 

decrease but the fast Li+ pathway on deficient perovskite structure sites. Nanowires 

surface area provides fast pathway for Li+ diffusion. Li+ replacing nearby vacancies in 

LLTO filled composite would reduce the activation energy (W. Liu et al., 2015b). Lewis 

acid-base theory proposed by Wieczorek et al. can explain the ionic conductivity 

enhancement using inorganic nanoparticles inside polymers electrolytes (Władysław 

Wieczorek et al., 1995). Duan et al. used the poly(acrylonitrile) (PAN), PEGDA as multi-

layer electrolyte to hinder the dendrite formation and obtain a compact interface (Duan et 
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al., 2019). PAN was in contact with the cathode, PEGDA was contacted with Li metal 

anode, and PAN with Li1.4Al0.4Ge1.6(PO4)3 (LAGP) composite as the middle layer. 

Stabilized discharge capacity around 170 mAh/g over 100 cycles has been obtained based 

on Li/NCM LIBs (Duan et al., 2019).  The multilayered LIB also has been fabricated by 

using PAN&Li1.3Al0.3Ti1.7(PO4)3 (LATP) and PEO&PAN&LATP (Xiuli Wang et al., 

2019). PAN passivation effect has been hindered on the Li anode side by combining with 

PEO because of the intermolecular hydrogen bonds formed by hydroxyl and CN groups 

(Xiuli Wang et al., 2019).  

Slane et al. used zeolite mixed with PAN and LiPF6 liquid electrolyte (Slane & 

Salomon, 1995). Electrolyte solvent addition would form a ternary solvent mixture which 

would help ionic transfer (Slane & Salomon, 1995). The addition of zeolite would also 

improve surface stability which blocked the corrosive solvent flow (Watanabe et al., 

1983) (Slane & Salomon, 1995). However, despite several PAN electrolyte advantages, 

its poor compatibility with lithium metal anode hinders practical applications (D. Y. Zhou 

et al., 2008). Besides, solvent exudation upon the long storage may happen for the gelled 

electrolyte. The high viscosity would decrease the ionic conductivity dramatically. Some 

studies even clearly revealed that the lithium electrode undergoes serious passivation 

when in contact with PAN-based electrolyte, leading to safety problems (Kucinskis et al., 

2013). A polymer matrix of poly (acrylonitrile-polyhedral oligomeric silsesquioxane) 

(P(AN-POSS) combining with liquid electrolyte showed 6.06*10-3 S/cm ionic 

conductivity at ambient temperature (Bo Liu et al., 2018). High transference number 0.59 

and electrochemical stability potential 5.7 V were reported. Also, 148 mAh/g discharge 

capacity and 93.7% retention after 80 cycles were achieved in the LIB. The reasons for 
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enhancement were attributed to the crystallization decrease and stable interface 

compatibility (Bo Liu et al., 2018).  

High Tg and low liquid electrolyte uptake would restrict chains movement and 

result in low ionic conductivity. Kuo et al. crosslinked PAN & PEO and obtained 5 *10-3 

S/cm at 25℃ after uptaking liquid electrolyte in 2014 (Kuo et al., 2014). Kuo et al. 

chemical crosslinked polyacrylonitrile-glycidyl methacrylate (P(AN-GMA)) and 

achieved 8.23*10-3 S/cm at 25℃ after immersing inside liquid electrolyte (Kuo et al., 

2014). In 2019, Verdier et al. achieved 2.1*10-3 S/cm at 25℃ by crosslinking PAN with 

nitrile butadiene rubber (NBR) (Verdier et al., 2019). High conductivity was attributed to 

the interaction between nitrile group with Li+ (Verdier et al., 2019). Copolymers PAN 

and PMMA were also reported 2.5*10-3 S/cm and 3.5*10-3 S/cm with and without vinyl 

acetate added inside polymer electrolyte (Pu et al., 2006) (Y. H. Liao et al., 2009). The 

reason was related to the porous structures and amorphous region enhancement (Y. H. 

Liao et al., 2009). 

In summary, PAN’s thermal stability, mechanical strength can potentially help 

solve the dendrite growth problem. Ionic conductivity and crystallization could be 

achieved by crosslinking, copolymerization, and blending with different conductive or 

non-conductive fillers like PEO. The nitrile group concentration should be considered 

owing to the interaction with Li+ and molecular reactions.  

2.2.3 Poly-methyl methacrylate (PMMA) 

In 1985, Iijima and Toyoguchi, two Japanese scientists, found that PMMA could 

be used as a gelatin agent (Iijima et al., 1985). Ionic conductivity of 10-3 S/cm was 

achieved at 25℃ for 15wt.% PMMA mixed with LE. Young’s modulus is 13.7 MPa for 
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PMMA, illustrating great mechanical property (Gonçalves et al., 2010) (Iijima et al., 

1985). A few years later, Killis et al. focused on gel PMMA electrolytes with different 

plasticizers and found that the electrochemical stability depends on the polymer host and 

lithium salt complex (Killis et al., 1984). Although PMMA shows better scalability 

comparing with PAN, the LIBs efficiency tests revealed a consistent fraction lithium loss 

during charging/discharging. Thus a large amount of lithium would be required to assure 

an acceptable battery life eventually (G. B. Appetecchi et al., 1995) (J. Y. Song et al., 

1999b). PMMA has good compatibility with Li metal anode, but the mechanical strength 

can be influenced by the PMMA porosity (C. Huang & Zhang, 2004) (N. Wu et al., 2011) 

(T. Ma et al., 2013). The ester groups can make a contribution to fast Li+ transfer because 

of their strong interaction with the oxygen group and liquid electrolyte uptaking (Flora, 

Ulaganathan, & Rajendran, 2012). 

Table 3 Research summary on PMMA based electrolyte 
Polymer Salt and solvent Ionic 

conductivity 
(S/cm) 

Electrical 
window 

Tensile 
strength 
(Mpa) 

Battery 
Performance 

Ref 

PMMA CH3COOLi 8.21 *10-5 at 
30℃ 

   (Kurapati et 
al., 2019) 

P(MMA-
AN) 

LiPF6 in 
DMC/EC=1:1 
 

2.06*10-3 at 
RT 

5.5V   (M. M. Rao 
et al., 2008) 

PVP-co-
PMMA 

LiClO4 10-8 at RT    (Chiu et al., 
2007) 

P(MMA-
Vac) 

 1.85*10-3 at 
RT 

   (L. Lu et al., 
2007) 

P(MMA-
AN-Vac) 

LiPF6 in 
EC/DMC/DEC=
1:1:1  

3.48*10-3 at 
RT 

5.6V   (Y. H. Liao et 
al., 2009) 

P(AN-
MMA-St 

LiPF6 in 
EC/DMC/DEC=
1:1:1 

2.15*10-3 at 
RT 

5V   (D. Kim & 
Sun, 
1998)(CHEN 
et al., 2011) 

P(MMA-
Vac)-
PEGDA 

LiPF6 in 
EC/DMC/DEC=
1:1:1 

3.4*10-3 at 
RT 

5V   (Y. H. Liao et 
al., 2011) 

PMMA-
IL-TFSI 

-- 5.12 *10-4 at 
30℃ 

5.1V 1.83 Li/SPE/Li4Ti5
O12 
120mAh/g at 
1C &RT 

(Yang Li et 
al., 2017) 
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Table 3 (Continued) 

HBPS-
(PMMA-
b-
PPEGM
A)x 
 

LiTFSI 8.3 *10-5 at 
30℃ 

4.7V   (A. Wang et 
al., 2016) 

PMMA-
PC-TiO2 

LiClO4 3 *10-4 at 
30℃ 

  Graphite/SPE
/LiCoO2 
30 mAh/g 
@RT & C/16 

(Pal & 
Ghosh, 2018) 

PEO/PM
MA/P(V
DF-HFP) 

LiPF6 in 
DMC/EC=1:1 

8.1 *10-4 at 
25℃ 

5.0V  Li/GPE/LiCo
O2 
152.7 mAh/g 
@0.1mA/cm2 
and 25℃ 
 

(Shi et al., 
2018) 

POSS-
PMMA 

LiClO4, PC 1.3*10-3 at 
RT 

5.25V   (Y. Huang et 
al., 2015) 

 

Zhang’s group synthesized the multi-arm star polymers (A. Wang et al., 2016). 

The hyperbranched polystyrene (HBPS) is the core. PMMA block poly (ethylene glycol) 

methyl ether methacrylate (PEGMA) are the arms. Its ionic conductivity 8.3 *10-5 S/cm 

at 30℃ was achieved after blending with LiTFSI, because CH2CH2O- segments from 

PEGMA and lower molecular weight polymer would increase the ionic conductivity 

significantly. Besides, the electrolyte electrochemical window could be 4.7V. (A. Wang 

et al., 2016). Free-volume transport theory suggests that polymer chain motion can be 

beneficial for free ions migration. A lower polymer Tg value contributed to higher ion 

conduction (Cohen & Turnbull, 1959) (Mindemark et al., 2015). 
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Figure 6 PMMA based electrolyte 

 

Copolymerization can be a good solution to solve the polymer stability issue. Bi-

polymers of poly (methyl methacrylate-acrylonitrile) (P(MMA-AN)) were synthesized. 

Acrylonitrile groups contributed to chemical stability and methyl methacrylate provided a 

high affinity with polar solvents. The high dielectric constant polymer could promise 

solvent retention (M. M. Rao et al., 2008). AN could also provide good processability (G. 

Wu et al., 2007). Electrochemical and thermal stability reduced polymer composite 

brittleness (K.-H. Lee et al., 2000) (S S Zhang et al., 2003) (S S Zhang & Jow, 2002). 

MMA could provide strong adhesion to electrodes and excellent mechanical stability 

(Baskaran et al., 2007). In addition, PEGDA and PEGDMA have two functional groups 

that react with other molecules to form three-dimensional network polymers which could 

absorb liquid electrolytes effectively (F.-M. Wang et al., 2009) (C. L. Cheng et al., 

2004a) (Uchiyama et al., 2009). Sidechain carbonyl group (-COO-) from MMA would 

have strong interaction between MMA units. The aprotic solvent’s strong interaction 
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made plasticizer difficult to phase separate from matrix polymer. This resulted in 

crystallization retardation (D. Kim & Sun, 1998).  

Poly(methyl methacrylate-vinyl acetate) (P(MMA-Vac)) (L. Lu et al., 2007) and 

terpolymers of poly(methyl methacrylate acrylonitrile-vinyl acetate) (P(MMA-AN-Vac)) 

(Y. H. Liao et al., 2009), Poly (acrylonitrile -methyl methacrylate-styrene) (P(AN-MMA-

St)) (CHEN et al., 2011), Poly(methyl methacrylate-vinyl acetate)-co-poly(ethylene 

glycol) diacrylate (P(MMA-Vac)-PEGDA) (Y. H. Liao et al., 2011) were also prepared. 

A higher concentration plasticizer would result in poor mechanical property. The weaker 

interaction between Li+ and PMMA made it less able to dissociate lithium salt, which 

reduced ionic conductivity. A copolymer of PVP-PMMA was fabricated because strong 

PVP polar units helped lithium-ion dissolution (Chiu et al., 2007). Li et al. used poly 

(methyl methacrylate-acrylonitrile-ethyl acrylate) (P(MMA-AN-EA)) terpolymer as the 

host for GPE (P. Sun et al., 2014). The highest 3.82*10-3 S/cm conductivity was 

achieved. Soft EA chains would make crosslinking network soft. The electrochemical 

window voltage could be up to 5.2 V vs Li/Li+ (P. Sun et al., 2014).  

Anhydrides would oxidize during charging between cathode and electrolyte, 

forming a passivation layer that suppressed electrolyte decomposition, transition metal 

dissolution, and cathode erosion. Acrylate groups are helpful for higher ionic 

conductivity owing to the ester group. In 2017, Chen’s group synthesized poly(acrylic 

anhydride-2- methyl-acrylic acid-2-oxirane-ethyl ester-methyl methacrylate) crosslinked 

polymer and achieved 6.79 *10-4 S/cm ionic conductivity at 25℃, 27.5Mpa strength (Y. 

Ma et al., 2017). It was reported that copolymerized poly (methyl methacrylate-co-butyl 

acrylate-co-vinyl benzyl chloride) crosslinked polymer had the highest conductivity 2.5 
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*10-2 S/cm at 80℃ after soaking in the liquid electrolyte (Flora, Ulaganathan, & 

Rajendran, 2012). In addition, Bergman et al. prepared PMMA grafted poly (ethylene 

glycol) methyl ether methacrylate (PEGMA) polymer with LiTFSI salt (Bergman et al., 

2015). Over 10-3 S/cm at 110℃ was achieved owing to the arranged and continuous ion 

transport ways provided by polar polyether groups (Bergman et al., 2015). 

Furthermore, inactive nanofillers such as SiO2, Al2O3, SnO2 TiO2, etc. will 

enhance the Lewis acid-base interaction between polar surface groups of fillers and 

charge carriers. These fillers create additional channels for ions movement and help salts 

dissociation, enhancing the ionic conductivity (Nan et al., 2003) (Chandra et al., 2014) 

(Cui et al., 2013). The capillary action produced by nanoparticles could capture the 

plasticizer and increase ionic conductivity (Y. Liao et al., 2013). The large surface area of 

nanoparticles could improve the mechanical property (Xie et al., 2014). Rajendran et al. 

used CeO2 as filler to enhance ionic conductivity to 8.32 *10-3 S/cm at 75℃, where the 

enhancement was from the ionic interaction and ionic carriers enhancement (Rajendran et 

al., 2002).  

Li’s group synthesized polyhedral oligomeric silsesquioxane (POSS) based on 

PMMA matrix (Y. Huang et al., 2015). It had both organic and inorganic materials 

properties. Organic substitutes make it hydrophobic (Y. Huang et al., 2015). 

POSS/(PMMA46)8/PVDF electrolyte prepared by electrospinning on polypropylene (PP) 

substrate also has been investigated by Zhang et al. (M. Zhang et al., 2019). Enhanced 

mechanical property owing to the affinity between POSS/(PMMA46)8 with PVDF has 

been confirmed. The strong interaction between the star arm PMMA ester group and the 

carbonates oxygen group in LE may contribute to electrochemical property. 
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1.57 × 10−3 S/cm has been obtained at room temperature (M. Zhang et al., 2019). Another 

PMMA-Propylene carbonate (PC)-TiO2-LiClO4 electrolyte also was prepared (Pal & 

Ghosh, 2018). 

PMMA has good compatibility with carbonate-based liquid electrolyte and high 

thermal stability (H. P. Zhang et al., 2007). It also has good liquid retention property (M. 

Rao et al., 2012) (J. Zhao et al., 2016). Li et al. used the PMMA in liquid electrolyte to 

assist Li deposition and dendrite-free anode preparation (Yang Li et al., 2017). Upon 

discharging, Li+ reacted with PMMA and became immobilized. Then pre-trapped Li+ is 

reduced into initial Li seeds to guide sequential Li deposition (Guo et al., 2019). Kurapati 

et al. used PMMA and CH3COOLi to prepare solid electrolytes (Kurapati et al., 2019). 

Appetecchi et al. mixed PMMA electrolyte with PC/EC-LiClO4. High ionic conductivity 

property 5*10-4 S/cm GPE at 25℃ was achieved (G B Appetecchi et al., 1995). The 

anodic stability higher than 4.5 V vs Li/Li+ was also obtained (G B Appetecchi et al., 

1995). Arof’s group used the PMMA as host polymer mixing with EC/PC and LiBOB. 

3.58*10-3 S/cm at 75℃ was achieved. The gel polymer electrolyte showed 4.7V versus 

Li/Li+. The 130 mAh/g discharge capacity was obtained from Li/GPE/LiCoO2 cell 

(Kufian et al., 2012).  

Kufian et al. used PMMA and EPGDMA as electrolyte and found conductivity 

was over 10-3 S/cm at sub-ambient temperature (Kufian et al., 2012). The donor numbers 

explained high ionic conductivity from ethylene oxide unit on PEGDMA. The PMMA 

addition would increase composite viscosity, which would influence molecular motion 

(Kufian et al., 2012). It was reported that montmorillonite (MMT) clay and PMMA based 

gel polymer electrolyte showed 1.3*10-3 S/cm at room temperature. Higher clay surface 
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area could help sustain mechanical properties and lithium salts solubility. High liquid 

electrolyte uptaking and increasing composite dielectric constant improved ionic 

conductivity (J. Y. Song et al., 1999b) (Hayamizu et al., 1999). The presence of 

electronegative silicate platelets would increase the dielectric constant and dissolve more 

lithium salt, which resulted in higher ionic conductivity (Madhuryya Deka & Kumar, 

2010). 

Ng’s group prepared surface-functionalized PMMA by using ionic liquid entity1-

methyl-3-propylimidazolium bis(trifluoromethyl sulfonyl)imide (IL-TFSI) (Yang Li et 

al., 2017). Additional IL based additive as the plasticizer was added. PMMA could hinder 

dendrite growth and enhance membrane strength. 5.12 *10-4 S/cm at 30℃ was achieved. 

Brush-like IL-TFSI matrix on the surface would intersect with each other and provide 

open and continuous channels for ion transport (Yang Li, Wong, & Ng, 2016) (Sato et al., 

2011). The immobilized TFSI- groups had weak interactions with Li+, enhancing ion 

mobility (Yang Li, Wong, Dou, et al., 2016) (Yingying Lu et al., 2012). The microscopic 

fluidic environment was also provided to help ions movement (W. Zhai et al., 2014) (P. 

Yang et al., 2014). 

In summary, PMMA has higher modulus and lower ionic conductivity, higher 

thermal, and electrochemical stability, good affinity with polar solvent-based liquid 

electrolyte, strong interaction with Li+ from ester group, no crystallization, and strong 

mechanical properties. The chains mobility restricts its application for higher 

performance electrolyte. But blending with plasticizer and copolymerization with other 

polymer electrolytes could solve this problem. The appropriate PMMA can act as high 

mechanical strength host and improve SPE performance in the future. 
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2.2.4 Poly-vinyl chloride (PVC) 

 After polyethylene and polypropylene, amorphous poly-vinyl chloride (PVC) is 

the world’s third-most widely produced synthetic plastic polymer (Alamgir & Abraham, 

1995). PVC has two basic forms: rigid and flexible. It would be softer and more flexible 

after plasticizers addition. It’s inexpensive and compatible with a large amount of 

plasticizers. PVC electrolyte-based LIBs cycling behavior were demonstrated by Alamgir 

and Abraham in 1995 (Alamgir & Abraham, 1995). PVC showed the ionic conductivity 

temperature dependence property. PVC membrane Young’s modulus is reported to be 

around 4800 MPa (Hasan & Lee, 2014) (Stephan et al., 2000). The problem of poor 

PMMA mechanical strength was solved by blending with PVC (Alamgir & Abraham, 

1995). But according to Stephan et al.’s investigation, the increased mechanical strength 

led to poor interfacial and poor cycling properties. So there still remained some 

difficulties to obtain a performance balanced solid material via using PVC as the host 

polymer electrolytes (Stephan et al., 1999).  Shriver’s group found that ion conduction 

depended on polymer chains segmental motion and PVC amorphous structure (Wei & 

Shriver, 1998).  

Bhattacharya reported radiation crosslinked PVC with PE to enhance mechanical 

strength and thermal stability. It did not impart the matrix ionic conductivity 

(Bhattacharya, 2000). Yamakawa et al. grafted PVC with MMA and styrene. The thermal 

stability has been enhanced (Yamakawa & Stannett, 1974). Omichi et al. increased PVC 

mechanical property 8% after radiation-induced graft polymerization (Omichi et al., 

1978).  
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Figure 7 Ranking of PVC polymer properties. 
 

Some PVC electrolyte-based research studies have been reported. Addition of 

PVC could suppress PEO crystallization (Castro et al., 2003) (Marco et al., 1993). PVDF 

blending with PVC could solve the phase separation problem because of immiscibility 

between PVC and plasticizer. PVC maintains the mechanical property. PVDF is absorbed 

by the electrolyte solution. PVDF has high anodic stability due to presence of strong 

electron-withdrawing C-F group and higher dielectric constant to help salt dissociation 

(Aravindan & Vickraman, 2007) (Vickraman et al., 2009) (Muniyandi et al., 2001) 

(Vickraman et al., 2007). Ramesh et al. blended PMMA with PVC and mixed it with 

LiTFSI salt (Ramesh et al., 2010). The increased segmental polymer chains and free 

voids decreased activation energy to 0.12eV. Sukeshini reported 10-4 S/cm ionic 

conductivity after mixing with plasticizer and Li+ salt (Sukeshini et al., 1996). 

Sivakumar’s group recently proposed a composite: PVC with poly ethyl 

methacrylate (PEMA) as host material because PEMA had transparency, elasticity, and 
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good adhesion properties (Reiter et al., 2009) (Sim et al., 2012). PVC would enhance the 

LIB mechanical property. Also, its phase separation with plasticizer will help lithium ions 

transfer (Rhoo et al., 1997) (Jagadeesan et al., 2019). Pistoia reported 5*10-4 and 2*10-3 

S/cm at room temperature for PAN and PVC matrices gel polymer electrolyte with 

LIClO4 liquid electrolyte (Pistoia et al., 1996). 

Table 4 Research summary on PVC based electrolyte 
Polymer Salt and 

plasticizer 
Filler Ionic 

conductivity(S/cm) 
Battery 
Performance 

Ref 

PVDF/PVC LiBOB, 
EC&DEC 

TiO2 4.38*10-4 @RT  (Aravindan & 
Vickraman, 2007) 

PVDF/PVC LiCF3SO3, 
EC&DEC 

 1.47*10-5 @RT  (Vickraman et al., 
2009) 

PVDF/PVC LiClO4, 
EC&DEC 

 1.74*10-3@RT  (Vickraman et al., 
2007) 

PVC/LiCF3S
O3 

  1.0*10-4@25℃  (Wei & Shriver, 
1998) 

PVC/ 
LiDFOB 

  2.23*10-5@25℃ LiCoO2/Li 
73mAh/g 
@0.5C&25℃ 

(Chai et al., 2017) 

PVC/PEMA LiClO4, 
EC&DEC 

BaTiO3 
 

6.17*10-3@30℃  (Jagadeesan et al., 
2019) 

 

In summary, PVC-based electrolyte shows high electrochemical window and 

mechanical properties. The low price and easy processing properties make it compatible 

with many other polymer electrolytes. But the lower dielectric constant (~4) and poor 

solvating power for Li+ limit its application as host electrolyte.  

2.2.5 Poly-vinylidene fluoride (PVDF) 

According to recent research studies, PVDF-based polymer electrolytes are highly 

stable, especially on the anode surface. This is because of the existence of a strong 

electron-withdrawing functional group and high dielectric constant, which are helpful for 

better dissolution. In 1997, it was reported that the PVDF-based electrolytes offer 

excellent electrochemical properties (Z. Jiang et al., 1997). Cyclic voltammetry showed 

that PVDF was more suitable for primary than secondary batteries when lithium metal is 

mailto:1.74*10-3@RT
mailto:1.0*10-4@25%E2%84%83
mailto:1.0*10-4@25%E2%84%83
mailto:2.23*10-5@25%E2%84%83
mailto:2.23*10-5@25%E2%84%83
mailto:6.17*10-3@30%E2%84%83
mailto:6.17*10-3@30%E2%84%83
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used as anode (Z. Jiang et al., 1997). Tarascona et al. investigated PVDF and 

hexafluoropropylene (HFP) as polymer matrix electrolyte (Tarascona et al. year). PVDF 

crystalline parts would provide mechanical support. Amorphous PHFP trapped liquid 

electrolyte owing to the higher dielectric constant. The low volatility plasticizer was 

dimethyl-phthalate (DMP). After removing the plasticizer, a high ionic conductivity 0.2 

mS/cm was achieved (Tarascona, 1996). In addition, PVDF fiber prepared by 

electrospinning demonstrated Young’s modulus of 14.3 MPa (Agyemang et al., 2016).  

Cheng et al. developed PVDF-HFP copolymer crosslinked with polyethylene 

glycol (PEG) and PEGDMA gel polymer electrolyte (C. L. Cheng et al., 2004b). It 

possessed higher thermal stability and tensile modulus (52MPa) as well as higher ionic 

conductivity around 10-3 S/cm (C. L. Cheng et al., 2004b). Yang et al. prepared PVDF-

HFP/tetraethylammonium tetrafluoroborate-acetonitrile crosslinked electrolyte which had 

porous structures. 1.44 * 10-2 S/cm ionic conductivity was achieved. The tensile strength 

was 1.8Mpa (Chongyang Yang et al., 2015). In 2020, Zhou et al. crosslinked PVDF with 

crosslinker and LiPF6 liquid electrolyte. They obtained 1.35*10-3 S/cm and higher cycle 

stability for 200 cycles (92% retention of initial capacity) (F. Zhou et al., 2020). 

Wen et al. have investigated different diisocyanate-based waterborne 

polyurethanes (T. C. Wen et al., 2000). They are synthesized by using poly (propylene 

glycol) (PPG), dimethylol propionic acid (DMPA) and various diisocyanates. Lithium-

ion transport would vary when the hard segments change. H-bonding in TPU played a 

role in the varied ionic conductivity (T. C. Wen et al., 2000). Liu et al. used 

PVDF/TPU/PAN gel electrolyte by electrospinning technique. The film showed 10.3Mpa 

tensile strength (Yuewen Liu et al., 2017).  
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Yang’s group proposed a sandwich structure inspired by J. B. Goodenough 

group’s idea to solve LLTO against lithium problem. Li3xLa2/3−xTiO3  high ionic 

conductivity (LLTO) was around 10-3 S/cm. It was simple and low-cost preparation (W. 

Liu et al., 2015a) (H. Li et al., 2018). PVDF/LLZTO Garnet type electrolyte is a 

promising candidate due to high ionic conductivity and excellent stability with Li metal 

(Jingxian Zhang et al., 2016a) (Xue Zhang et al., 2017). LLZTO addition is likely to 

create an alkaline-like condition and help PVDF dehydrofluorinate confirmed by Raman 

spectra (S. Zhang et al., 2006) (Bottino et al., 2000) (Hashim et al., 2011) (Sinirlioglu et 

al., 2014). The partial dehydrofluorinated PVDF with active region C=C could facilitate 

the interaction between PVDF, LiClO4, LLZTO, and other electrolyte materials 

(Wegener et al., 2006) (S. E. Hong et al., 2007). Fan’s group used polyimide as the host 

with Li6.75La3Zr1.75Ta0.25O12 (LLZO), PVDF, and Li-TFSI as electrolytes. The tensile 

strength was 11.5MPa (Hu et al., 2020). 

Filler addition would introduce Lewis acid-base interaction between inorganic 

filler polar group and electrolyte ionic species. Ions migration will be achieved in those 

additional sites. It also minimized the cation and anion pairs formation, enhancing the 

ionic movement (Riley et al., 2002) (Prasanth et al., 2013) (Xiaosong Huang, 2013) (M 

Deka & Kumar, 2011). Electrospinning prepared PVDF membrane has been investigated 

(Cuiru Yang et al., 2009). Blending with cellulose acetate nanofiber increased the 

mechanical property (Kang et al., 2016). Polypropylene carbonate (PPC) /PVDF-based 

electrolyte showed high performance. The ester group from PPC was beneficial for ionic 

conduction by trapping and storing LE. The chains segmental motion was favorable for 

ions conduction (Xueyan Huang, Zeng, et al., 2015).  
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Some groups incorporated SiO2-PAALi on the electrospinning prepared PVDF 

fibers because nanoparticles had influence an on ionic conductivity, electrochemical 

stability, and mechanical strength (Y. Liao et al., 2013) (Angulakshmi et al., 2013) 

(Prasanth et al., 2013). The inorganic compound could improve heat resistance. Lewis-

base interaction between SiO2 and polymer could weaken F atom and Li+ interaction, 

enhancing free Li+ movement (Xiao et al., 2012). Because of the solvation effect, more 

charge carriers could be provided by SiO2-PAALi. When film was attacked by an 

external force, nanoparticles will lead to a crazing effect and enhance the strength (W. Li 

et al., 2015) (Yusong Zhu et al., 2013). 

Blending with other polymer electrolyte is an easy way to enhance electrolytes 

performance (Nunes-Pereira et al., 2015) (Z. Li et al., 2008) (Gopalan et al., 2008). The 

high ionic conductivity, high thermal stability, high cycling capacity, good interface, and 

low SPE crystallinity can be achieved (Y. M. Lee et al., 2005) (Xi, Qiu, Li, et al., 2006) 

(Prasanth et al., 2014) (Rajendran & Sivakumar, 2008). Hydroxyethyl cellulose (HEC) is 

water soluble polymer that has thickening binding, emulsifying, suspending, dispersing, 

and stabilizing properties. Its excellent mechanical property could avoid short circuit and 

promise good thermal stability (M. Y. Zhang et al., 2017). Wang’s group incorporated a 

reversible silicone-capped electroactive polyfluorene into PVDF electrolyte to offer 

overcharge protection for high voltage cathodes (operating above 4 V). Because it has 

photoactive and electroactive property (Leclerc, 2006) (B. Wang et al., 2013) (G. Chen & 

Richardson, 2010). Electroactive polymers switched the conductive and insulating states 

by oxidation/reduction owing to overcharge protection agents in LIBs (G. Chen & 

Richardson, 2004) (Ni et al., 2016). 
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Table 5 Research summary on PVDF based electrolyte 
Polymer Salt and 

plasticiz
er 

Filler Ionic 
conducti-
vity(S/cm) 

Electric
al 
window 

Tensile  
Strength 

Battery 
Performance 

Ref 

PVDF/PV
DF-
LLTO/PVD
F 

 LLTO 3.01*10-3 

@RT 
5.0V  LiCoO2/Li 

110mAh/g 
@2C & RT 

(H. Li et 
al., 2018) 

PVDF LiClO4 LLZTO 5*10-4 

@25℃ 
  LiCoO2/Li 

136mAh/g 
@2C & 25℃ 

(Xue 
Zhang et 
al., 2017) 

PVDF/HE
C/PVDF 

LiPF6 
EC/DMC
/EMC 

 8.8*10-4 

@RT 
  LiFePO4/Li 

140mAh/g 
@0.2C & 25℃ 

(M. Y. 
Zhang et 
al., 2017) 

PVDF/PM
MA/PVDF 

LiPF6 
EC/DMC
/EMC 

    LiCoO2/Li 
140mAh/g 
@0.2C & 25℃ 

(H. P. 
Zhang et 
al., 2007) 

PFO-
PSQ/P3BT
-
impregnate
d PVDF 

LiPF6 
EC/DMC 

  4.4V  LiCoO2/Li 
125mAh/g 
@0.5C & 25℃ 

(Ni et al., 
2016) 

PVDF LiPF6 in 
EC:DMC
:EMC 

SiO2-
PAALi 

3.5*10-3 
@25℃ 

5.05V 48.8Mpa 
25.6% 

LiCoO2/Li 
152mAh/g 
@0.1C & 25℃ 

(W. Li et 
al., 2015) 

PVDF LiPF6 in 
EC:DMC
:EMC 

SiO2 1.13*10-3 
@25℃ 

  LiFePO4/Li 
118.7mAh/g 
@0.1C & 25℃ 

(Yusong 
Zhu et al., 
2013) 

PVDF LiPF6 
EC/DMC 

montmo
rillonite 
 

3.08*10-3 

@RT 
  LiMn2O4/Li 

118mAh/g 
@0.1C & 25℃ 

(Prasanth 
et al., 
2013) 

PVDF LiClO4 

PC/DEC 
montmo
rillonite 
 

2.3*10-3 

@RT 
4.6V   (M Deka 

& Kumar, 
2011) 

PVDF LiPF6 
EC/DMC 

silica 1.27*10-3 

@RT 
 7 MPa 

for yield 
strength 

LiNi1/3Co1/3O2/
Graphite 
∼115mAh/g 
@0.1C & 25℃ 

(Xiaosong 
Huang, 
2013) 

PVDF+PM
MA 

LiPF6 
EC/DMC 

 7.9*10-3 
@25℃ 

  LiCoO2/Carbo
n 
116.5 mAh/g 
@0.1C & 25℃ 

(Z. Li et 
al., 2008) 

PVDF+PA
N 

LiClO4 
PC 

 7.8*10-3 
@25℃ 

5.1V  LiCoO2/Li 
120.4 mAh/g 
@0.1C & 25℃ 

(Gopalan 
et al., 
2008) 

PVDF+PE LiPF6 in 
EC:DMC
:EMC 

 8.9*10-4 
@25℃ 

4.5V 271  
Kgf/cm2 
 

LiCoO2/Carbo
n 
2.5 mA/cm2 
@1C & 25℃ 

(Y. M. Lee 
et al., 
2005) 

PVDF+PE
O 

LiClO4 
PC 

 2.0*10-3 
@25℃ 

 30Mpa  (Xi, Qiu, 
Li, et al., 
2006) 
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Table 5 (Continued) 

PVDF+P
EO 

LiTFSI 
EC/DEC 

 4.0*10-3 
@20℃ 

  LiFePO4/Li 
168mAh/g 
@0.1C & 25℃ 

(Prasanth 
et al., 
2014) 

PVDF+P
VC 

LiClO4 
EC/PC 

 3.7*10-3 
@25℃ 

   (Rajendra
n & 
Sivakumar
, 2008) 

 

In order to reduce PVDF crystallinity and enhance electrolyte mechanical 

property, HFP segments have been induced. The amorphous HFP groups could reduce 

PVDF crystallinity and porosity, enhancing electrolyte mechanical property. Fluorine 

content increasing would enhance the hydrophobicity, which resulted in higher roughness 

and more pores. The long bond of C-F compared with C-H would give chains more free 

space to reduce electrolyte crystallinity  (Xinya Wang et al., 2018) (Abbrent et al., 2001) 

(I. Kim et al., 2018).  

In summary, PVDF possesses high electrochemical stability, low dissipation 

factor and high dielectric constant (~8) (Du Pasquier et al., 2000). The PVDF 

crystallization reduces ionic conductivity. HFP segments could solve this crystallization 

problem. Crosslinking and copolymerization are good ways to enhance the mechanical 

strength and liquid electrolyte uptaking. Because of the higher conductivity and 

comparable high mechanical strength, PVDF-HFP based gel polymer electrolyte would 

play an important role in future LIBs. 

2.2.6 Poly propylene carbonate (PPC) 

PPC is a copolymer of propylene carbonate and carbon dioxide. Ester group from 

PPC is conductive and could store liquid electrolytes. The PPC chains motion also 

contributes to ion transport. But the PPC mechanical strength degraded after mixing with 

liquid electrolyte. Bohnke et al. used the LiClO4- propylene carbonate (PC) mono-
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PMMA to fabricate polymer electrolyte (Bohnke et al., 1992). The high ionic 

conductivity 2.3*10-3 S/cm was achieved at 25℃. Fast ion movement was achieved with 

PC molecules. Besides, PMMA acted as stiffener because of high mechanical property. 

Ionic conductivity ranged from 5*10-3 S/cm to 2.3*10-5 S/cm when changing the amount 

of liquid electrolyte (Bohnke et al., 1992) (Bohnke et al., 1993a) (Bohnke et al., 1993b). 

Additionally, Nithya et al. used PPC as the plasticizer in PEO-based electrolyte systems 

(Nithya et al., 2012). 

 

Figure 8 PPC crosslinking process 

PPC copolymer of propylene oxide and carbon dioxide was also investigated. 

Amorphous aliphatic polycarbonate had local relaxation and segmental motion (Jianjun 

Zhang et al., 2015) (Jianjun Zhang et al., 2017) (Xiao‐Yuan Yu et al., 2010). Zhou et al. 

used PPC as host, LiClO4 salt, and 1- butyl-3-methylimidazolium tetrafluoroborate 

(BMIM+BF4
−) ionic liquid to prepare gel electrolyte (D. Zhou et al., 2013). 1.5 mS/cm 

electrolyte ionic conductivity was obtained. ILs based electrolytes could be helpful for 

solvent-free, nonvolatile, and high conductive GPE. The nonflammability, wide 

electrochemical window, safety and rate capability, cycle stability were displayed (J. 

Zhao et al., 2016) (D. Zhou et al., 2013) (Xiaoyuan Yu et al., 2010) (Xueyan Huang, 

Zeng, et al., 2015) (Jianjun Zhang et al., 2018). 
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Table 6 Work summary for PPC based electrolyte 
Polymer Salt and 

plasticizer 
Filler or 
ceramic 
electrolyte 

Ionic 
conductivity 
(S/cm) 

Electroche
mical 
window 

Battery Performance Ref 

PPC LiTFSI cellulose 4.2*10-4 
@25℃ 

4.6V LiFePO4/Li 
75mAh/g @ 5C 

(Jianjun 
Zhang et al., 
2015) 

PPC LiTFSI LLZTO 5.2*10-4 
@25℃ 

4.6V LiFePO4/Li 
90mAh/g @ 5C 

(Jianjun 
Zhang et al.,  
2017) 

PPC/PE
O 

LiClO4 
 

 6.83*10-5 
@25℃ 

4.5V  (Xiao-Yuan 
Yu et al., 
2010) 

PPC LiClO4 
 

Ionic liquid 1.5*10-3 
@25℃ 

  (D. Zhou et 
al., 2013)   

PPC LiODFB in 
PC 

 1.14*10-3 
@25℃ 

5.0V LiNi0.5Mn1.5O4/
Li  
66.5mAh/g 
@5C 
 

(J. Zhao et al., 
2016) 

PPC LiClO4 in 
EC:DMC 

 8.43*10-3 
@25℃ 

4.2V LiNi1/3Co1/3Mn1

/3O2/Li 
115mAh/g 
@0.1C 

(Xiaoyuan Yu 
et al., 2010) 

PPC/PV
DF 

LiPF6 in 
EC:DMC 

 4.05*10-3 
@25℃ 

5.2V LiFePO4/Li 
102mAh/g @ 
2C 

(Xueyan 
Huang, Zeng, 
et al., 2015) 

 

Tu’s group reported PPC into poly (vinylidene fluoride-hexafluoropropylene) 

(PVDF-HFP) as polymer host and swollen with LiPF6 in EC/DEC (Liang et al., 2019). It 

showed 1.18 mS/cm for ionic conductivity, 4.8 V for electrochemical windows (Liang et 

al., 2019). The pristine PPC showed 3.8MPa reported by Zhang et al. Their LIBs also 

showed 140mAh/g at 1C and 120℃ (Jianjun Zhang et al., 2015). 

Huang et al. crosslinked polybutadiene, PPC, and PEG by using benzoyl peroxide 

(Xueyan Huang, Huang, et al., 2015). The mechanical strength has enhanced by 

crosslinking. BR acted as the binder and enhanced the contact between the electrodes and 

electrolyte, reducing the electrolyte cost. 1.25*10-3 S/cm ionic conductivity at room 

temperature was obtained (Xueyan Huang, Huang, et al., 2015). Song et al. produced 

cross-linkable PPC with 37.5 MPa tensile strength. Introducing cross-linkable moiety is a 
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facile way to enhance thermal stability and molecular weight (Pengfei Song et al., 2019) 

(Peng-fei Song et al., 2009). Miranda reported PPO-PEO-PPO block copolymer with 

cross-linkable ending groups achieved 6.4*10-4 S/cm at 25℃ and storage modulus around 

400 Kpa (Miranda et al., 2013). 

In summary, PPC is a good electrolyte but has lower mechanical properties 

because it absorbs liquid electrolytes or ionic liquids. However, PPC’s good 

compatibility with lithium salts offers a good interface with electrodes. PPC easily 

transfer to rubber state after adding ILs. The higher modulus could be achieved by 

crosslinking with other polymers, blending fillers, etc. PPC can be a promising 

electrolyte for the future owing to its high ionic conductivity. 

2.2.7 Other polymer electrolyte and methods 

Goodenough’s group has used the double layer polymer electrolyte (PEO contact 

with the anode, PMMA contact with cathode) because of the limited electrical window 

for single polymer (W. Zhou et al., 2019). It avoided PEO oxidation at the cathode side 

when voltage is over 3.9V. In addition, it promised high alkali cation mobility on the 

anode surface. Malonic amide units could provide a main linear chain to facilitate the salt 

dissociation, Li+ solvation and Li+ transport (W. Zhou et al., 2019). Hersam’s group used 

hexagonal boron nitride, ethyl cellulose as stabilizers and lithium ionic liquid gel 

electrolytes, achieving ~5 MP storage modulus (Hyun et al., 2019). Its ionic conductivity 

over 1mS/cm and over 5V electrochemical window were achieved (Hyun et al., 2019). 

Cui’s group recently combined the nanoporous polyimide (PI) filled with the 

PEO/LiTFSI as electrolyte and obtained 125 mAh/g under 1C charge condition (Wan et 

al. 2019). PI will provide an ultrathin, flexible, mechanically strong, non-flammable and 



 45 

porous host for electrolyte film (Wan et al. 2019). Chen’s group used the poly (ethylene 

glycol ether acrylate) PEGPEA gel polymer mixing with nano fumed silica-SiO2 and 

LITFSI for flexible battery preparation (Niu et al., 2019). High ion conductivity 2.16*10-5 

S/cm was obtained at room temperature (Niu et al., 2019). Meyer proposed that the 

polymer electrolyte should develop in two main directions: the higher conductive 

materials via crosslinking for gel electrolyte, the construction of SPEs with 

supramolecular architectures (Meyer, 1998). In 2020, Yu et al. used PVDF-PVAC-

LLZTO and TMS as electrolyte to prepare flexible lithium-ion batteries. LIBs charged 

and discharged between 3.0 - 4.5V for 200 cycles at room temperature (Xinrun Yu et al., 

2020). 

Cui’s group designed the easy in situ preparation method for poly vinylene 

carbonate (PVC) based material. Liquid VC would be polymerized by initiator at 60℃ 

(Chai et al., 2017).. The superior interfacial stability and integrated interface were the 

main reason for higher performance (Chai et al., 2017). Wang et al. used the UV curving 

crystal electrolyte called ethoxylated trimethylolpropane triacrylate (ETPTA) monomer 

to form crosslinked electrolyte. The polymer electrochemical voltage window could be 

4.78 V. Discharge capacity was 147.1 mAh/g at 0.5 C (room temperature) by assembling 

with LiFePO4 and Li electrode (Yang Lu et al., 2019). Grewal et al. used the bifunctional 

PEGDGE and PEGDA based polymers as the crosslinked network electrolyte (Grewal et 

al., 2019). A small crosslinker would facilitate lithium ions movement and avoid ions 

paring or salt precipitation. The conductivity could be 1.1*10-6 S/cm at room 

temperature. In addition, the SPE transference number was 0.56 (Grewal et al., 2019).   
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Cui’s group has reviewed the research about the Li+ motion and frontier orbital 

energy levels of SPEs, including ion-dipole (salts with polymer), hydrogen bonds, 𝜋𝜋 − 𝜋𝜋 

stacking, and Lewis acid-base interaction (Q. Zhou et al., 2019). Due to the high potential 

𝜇𝜇𝑐𝑐 for deintercalation in the cathode, a low HOMO of SPEs is needed. High PEO HOMO 

is lower than most lithium salts which may also decompose at higher potential applied 

(Q. Zhou et al., 2019). Salts decomposition in electrolytes can depend on ionic or 

covalent bonds energy, bond length, electron affinities, atoms sizes and overall molecule 

structures, which can be an overall complex process. 

Plastic crystals could weaken the interaction strength between Li+ and polymer, 

ionizing lithium salts owing to high polarity and entropy, resulting in high 𝜎𝜎. Patel et al. 

proposed that the competitive interaction decreased the energy barrier for gauche-trans 

transformation and increased trans concentration, which could explain the high ionic 

conductivity 10-3 S/cm for PAN/PEO/SN/LiTFSI system (Patel et al., 2008) (Patel & 

Bhattacharyya, 2008). Polar group carbonyl on PEO derivative side chain increased 𝜎𝜎. 

The reason attributes to Li+ and flexible ether side group C-O-C (Tominaga, 2017). 

Introducing anion acceptor is another way to improve transference numbers. However, 

electrolyte ionic conductivity normally decreased owing to the acceptor agglomeration 

(Błażejczyk et al., 2004) (Mehta & Fujinami, 1997) (Hekselman et al., 2010) (Stephan et 

al., 2011). The interaction between the polar group and hydrogen bond could enhance Li+ 

transfer. A new class polymer urea-cytosine end-capped polypropylene glycol (UrCy-

PPG) had ordered phase separation and 10-4 S/cm to 10-6 S/cm  ionic conductivity (H. 

Chen et al., 2004) (C.-C. Cheng & Lee, 2016). The 𝜋𝜋 − 𝜋𝜋 stacking interaction in the 
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liquid crystal can also form lithium ion channels through phase segregation (Q. Zhou et 

al., 2019).  

2.2.8 Summary 

In conclusion, we compare different polymer electrolytes electrochemical 

performance and methods like blending with other polymers, ionic liquids, plasticizers, 

inorganic fillers, ceramic electrolytes, crosslinking, forming copolymers, etc. We 

elucidate ion conductivity enhancement mechanisms in polymer composite electrolytes. 

The ionic conductivity of all the polymer hosts mentioned above increases when they are 

plasticized. There is still a challenge to obtain the SPE high electrochemical performance 

and high mechanical property simultaneously. In addition, some problems can be solved 

by combining several hosts together.  

In the present study, people are still looking for polymer electrolytes that possess 

advantages such as no internal shorting, electrolytes leakage, and non-combustible 

reaction to substitute commercial liquid electrolytes (Venkataraman Thangadurai et al., 

2014) (Design et al., 2000). In this thesis, PEO is chosen as the polymer electrolyte 

because of its chemical stability, ionic conductivity, electrochemical window, etc. In 

addition, the future direction should focus on the new polymers’ developments by 

chemical synthesis and physical process. Atomistic investigation of the nanoparticle size 

and shape effects on solid polymer electrolytes ionic conductivity also could be 

considered. 

2.3 Inorganic electrolytes 

Compared to liquid electrolyte and gel electrolyte, the inorganic solid electrolyte 

has the following advantages: 1) non-volatile; 2) working in a wide temperature range, 
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especially under high temperature; 3) wide electrochemical window; 4) high strength and 

hardness, which can effectively prevent lithium dendrite growth and improve battery 

safety, 5) generally not flammable (C. Cao et al., 2014). Inorganic solid electrolyte is 

divided into oxide solid electrolyte, sulfide solid electrolyte and polyanion solid 

electrolyte. In recent years, the conductivity of sulfide and garnet oxide solid electrolyte 

have made significant progress. Their room-temperature ionic conductivity has reached 

10-3 ~ 10-2 S/cm-1, which can meet the commercial battery electrolyte conductivity 

requirements (Aricò et al., 2005). 

 
Figure 9 Inorganic electrolyte properties 
 

High-performance inorganic electrolytes require high ionic conductivity and good 

electrochemical stability. The inorganic electrolytes that can meet the above requirements 

mainly include the two major systems: oxide system and sulfide system (Bresser et al., 

2013). The sulfide system has high ionic conductivity advantages, a simple preparation 

method, and so on. Here is a brief review summary of these materials (Oh et al., 2015). 
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2.3.1 Li2S based sulfides 

Sulfide electrolytes mainly include two systems of Li2S-SiS2 and Li2S-P2S5 

(Hayashi et al., 2014). The Li2S-SiS2 electrolyte conductivity is relatively low (~10-4 

S/cm). So, the Li2S-SiS2 system conductivity development has become the focus of 

sulfide electrolyte research. At present, the development is mainly carried out to improve 

sulfide electrolyte ionic conductivity (Kudu et al., 2018). The traditional method to 

improve sulfide electrolytes conductivity is elements substitution in electrolyte lattice. 

Li2S electrochemical window is stable in the range of 0 - 2.1 V, which means that its 

oxidation onset at lower voltage 2V (Sakuda et al., 2018). LGPS and Li3PS4 also have 

limited electrochemical windows because high potential will decompose SE. In addition, 

Li2S-SiS2 have a poor interface with LiCoO2 electrode, leading to high interfacial 

resistance, degradation, and poor cycling (Yizhou Zhu et al., 2016).  

Kudu et al. reviewed the relationship between structural properties and synthesis 

methods for Li2S-P2S5 system (Kudu et al., 2018). It is found that using P2S3 and P2O3 

partially replacing P2S5 can not only improve Li2S-P2S5 electrolyte electrochemical 

stability but also improve the electrolyte conductivity. The sample [70Li2S· (30-x) 

P2S5 ·xP2S3] containing 1% P2S3 had the highest ionic conductivity, reaching to 5.4*10-3 

S/cm. The battery exhibited excellent charge and discharge performance. When LIBs 

cycles number was more than 700 times, the battery capacity was still stable (Kudu et al., 

2018). The superionic Li7P3S11 was obtained by heating 70Li2S· 30P2S5 system and 

showed 3.2*10-3 S/cm at RT (Hayashi et al., 2010). It was found that preparation methods 

like ball mill apparatus would influence ionic conductivity significantly (Minami et al., 

2011). 
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Doping with halide is also helpful for ionic conductivity enhancement (Bresser et 

al., 2013). Halides are good additives which is widely used in Li2S-P2S5 solid electrolyte 

system. Melt quenching prepared Li2S-P2S5 is pretty common (Mercier et al., 1981). The 

greater the halogen ions radius, the more obvious conductivity increase. For glass-

ceramic electrolytes, LiX phase effect on electrolyte conductivity is not clear. Li2S-P2S5 

electrolyte doped with LiBr phase conductivity is the highest, which could be 6.5 x 10-3 

S/cm. Mixing Li2S-P2S5 electrolytes with LiBH4 crystals could produce glass state 

electrolyte Li2S-P2S5-LiBH4. When the LiBH4 reached 50%(mol%), the conductivity 

reached the maximum point of 1.8 x 10-3 S/cm (Sakuda et al., 2018). 

However, some sulfide electrolytes materials limitations are also being discussed 

(Bresser et al., 2013). Sulfide electrolytes have high lithium-ion conductivity and good 

process-ability, but their chemical stability is low in the air. The hygroscopic nature 

needs to be treated in the inert gas atmosphere to prevent hydrolysis in the air. It is easy 

to react with H2O from air to produce harmful H2S gas. So, the process must be treated in 

an inert atmosphere (or dry air) (Manuel Stephan, 2005). Hayashi et al. from 

Tatsumisago’s group substituted P2O5 for P2S5 partially and decreased H2S generation 

rate (Hayashi et al., 2014). Tatsumisago’s group also reported ball-milled mixtures of 

sulfide glass with metal oxides like Fe2O3, ZnO, and Bi2O3, which would suppress H2S 

generation effectively due to the chemical reaction between metal oxide and H2S 

(Equation -1) (Hayashi et al., 2013). It requires the metal oxide must have a large 

negative Gibbs energy difference (∆𝐺𝐺) for this reaction. ZnO has -78.0 KJ/mol (Carnes & 

Klabunde, 2002). It is not clear how the H2O product influences the LIB performance and 

should be addressed in the future work.  



 51 

The reaction between metal oxides MxOy and H2S is following (Hayashi et al., 

2013) :  

𝑀𝑀𝑥𝑥𝑂𝑂𝑦𝑦 + 𝑦𝑦𝐻𝐻2𝑆𝑆 → 𝑀𝑀𝑥𝑥𝑆𝑆𝑦𝑦 + 𝑦𝑦𝐻𝐻2𝑂𝑂 .                            (1) 

It is generally believed that the solid sulfide electrolyte cannot solve short circuit 

problems caused by lithium dendrite growth (Bresser et al., 2013). This is due to the 

preference for metal lithium to deposit in solid electrolytes gap and grain boundary 

during the Li deposition process (Sheng S Zhang & Tran, 2013). This phenomenon is 

particularly serious at large current density. Secondly, the solid sulfide electrolyte is 

unstable to the lithium metal, and it will be reduced after contact with Li metal, and the 

reduction product forms the interface layer on the contact surface. The interface layer 

electrochemical properties have an important effect on the solid-state LIB comprehensive 

performance. Lithium polysulfide are strong nucleophilic agents and react with many 

salts, electrolyte solvents, and polymer electrolytes (Sheng S Zhang & Tran, 2013) 

(Urbonaite et al., 2015).  Therefore, limiting lithium dendrite growth along the solid 

electrolyte is the focus to achieve LIBs long-term cycles. 

2.3.2 Nasicon type - LAGP  

Lee et al. used Li1.4Al0.4Ge1.6(PO4)3 (LAGP) particles as electrolytes (J. Lee et al., 

2019). Because ceramic material LAGP has high ionic conductivity (10-4 S/cm) at room 

temperature, good stability and safety could help improve PEO-based LIBs 

electrochemical performance. High ceramic content will alleviate segmental motions. 

There is no strong interaction between PEO chains and LAGP fillers (J. Lee et al., 2019). 

It was reported that NASICON- type structured Li1.5Al0.5Ge1.5(PO4)3 (LAGP) glass melt 

could fabricate glass-ceramic fibers electrolyte by a combination of melt spun and 
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annealing method. The diameter will be controlled by the drawing rate. The fibers ion 

conductivity depended on the crystal structure and tunnel size. High crystalline hexagonal 

structures exhibit the highest ionic conductivity performance (He et al., 2019).  

Wang et al. used LAGP mixed with PEO to prepare uniform electrolytes owing to 

the difficulty of prepare dense electrolytes by raw LAGP material and the poor interface 

with an electrode (Chunhua Wang et al., 2017). Assembled LIBs showed 160.8mAh/g at 

50℃ (Chunhua Wang et al., 2017). Liu et al. tried to use sputtering Ge on top of Li metal 

and improved interface problem owing to Ge4+ to Ge2+, Ge0 reductions (Yijie Liu et al., 

2018). Using LAGP electrolytes still has a long way to go because of the processing 

method and interface problem. Another Nasicon type electrolyte is LATP. Kosova et al. 

also investigated Li1.3Al0.3Ti1.7(PO4)3 (LATP) electrolyte which showed 1mS/cm (Kosova 

et al., 2008). The LATP electrolyte is stable with Li metal. Kou et al. prepared 

Li1.3Al0.3Ti1.7(PO4)3 (LATP) under varied pH (Kou et al., 2020). The assembled batteries 

LCO/LATP/Li showed 150 mAh/g at 0.1C and had 94.28% capacity retention after 300 

cycles (Kou et al., 2020).  

In summary, although LAGP shows high ionic conductivity, it has many intrinsic 

shortcomings like grain boundary resistance, electrochemical compatibility with 

electrodes, cycling stability, high cost, reaction with air, and high processing temperature. 

There is still a long way to achieve commercial applications.  

2.3.3 Garnet type Li7La3Zr2O12 (LLZO)  

It was found that garnet LLZO showed the lowest reduction potential 0.05V and 

least favorable decomposition energy -0.02eV per atom at 0V, which could be stabilized 

against Li metal (Bresser et al., 2013). These garnet materials show 1mS/cm ionic 
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conductivity and 0-6V electrochemical windows. Stoichiometric LLZO showed a 

tetragonal crystal structure (Bresser et al., 2013).  

Linear elasticity analyses performed by Monroe and Newman, suggested that the 

shear modulus should be two times higher than the Li metal modulus for preventing 

dendrite growth (Monroe & Newman, 2005). Siegel’s group calculated the LLZO 

Young’s modulus around 147-154 Gpa. The shear moduli for Al/Ta doped LLZO showed 

60 Gpa which was one order magnitude higher than the Li (S. Yu et al., 2016). Wen’s 

group prepared Ta doped LLZO-MgO ceramics and reached 5.17*10-4 S/cm at 25℃ (J. 

Lee et al., 2019). Fracture strength was 150Mpa. There were also some works have been 

done by doping with Al, Ga, Y, Si, Ge, Nb, Ta, and W for stabilizing LLZO structure 

(Xiao Huang et al., 2019).  

Hu’s group used garnet type Li6.4La3Zr2Al0.2O12 (LLZO) lithium conductor 

material mixing with PEO as electrolyte (Kelvin et al., 2016). The polymer matrix 

showed 2.4*10-4 S/cm conductivity at room temperature (Kelvin et al., 2016). Lithium 

lanthanum titanate perovskite Li0.33La0.56TiO3 (LLTO) also showed high ionic 

conductivity around 1mS/cm (Stramare et al., 2003).  

However, the chemical stability with Li metal, low decomposition voltage, and 

sensitivity to moisture limited the application of LLTO, Li-β-alumina, Li3N and Li4SiO4 

based perovskite electrolytes (Robertson et al., 1997) (Adachi et al., 1996) (V 

Thangadurai & Weppner, 2006) (Stramare et al., 2003).  

In summary, LLZO shows high potential owing to the high conductivity. 

However, the high processing temperature, crack propagation, grain boundaries, and 

stability still need to be overcome. 
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2.3.4 LiPON  

LiPON had the chemical formula LixPOyNz (x=2y+3z-5) and showed high ionic 

conductivity (Cherkashinin et al., 2020). The electrochemical window was reported 

between 0-5V versus Li/Li+. For SE materials, significant overpotential is expected for 

the oxidation reactions because of poor diffusion kinetics and gas evolution process. Yu 

et al. found bubbles formation in LiPON electrolyte (Xiaohua Yu et al., 1997). The gaps 

between the oxygen chemical potential and sulfur chemical potential suggested that the 

interface between sulfide SE and LCO was not stable (Venkataraman Thangadurai et al., 

2014). An interfacial layer was needed. Both perovskite and garnet structure showed 

isotropic Li+ conduction. The crystal structure played an important role in the Li+ 

conduction. However, higher preparation temperature and special equipment limited 

ceramic electrolyte application. Its poor flexibility is another limitation factor 

(Venkataraman Thangadurai et al., 2014). Jaegermann’s group demonstrated interfacial 

stability controlled by band bending direction (Cherkashinin et al., 2020). 

LiCoPO4/LiPON interface was more stable owing to the large ionization potential 

difference which implied that a small amount of electron charges transfers at interface 

even in high voltage. LiNiPO4 Femi level upshift would provide more probability for 

electron transfer when in contact with LiPON. A sufficient energy gap between electrode 

and electrolyte was necessary for a stable interface (Cherkashinin et al., 2020). The 

processing method for LiPON would still be a limit for a large application. Dudney’s 

group used the sputtering method to solve the interfacial problems and obtained high 

LIBs cycle stability results (Juchuan Li et al., 2015).  

 

 



 55 

Table 7  Electrochemical window of electrolyte, upper plot referred from Chemistry of Materials 2015 (Richards et al.,   
              2016)  
 

 

 
Figure 10 Ionic conductivity summary for inorganic material 
 

In summary, although inorganic electrolytes show high ionic conductivity, some 

inorganic solid electrolyte suffers from instability with Li metal. As mentioned before, 

the interfacial problem between solid electrolyte and electrode, electrolyte preparing 

method, processing temperature still need more investigation.  
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2.4 Electrodes  

Electrode materials theoretical capacity can be expressed by (Torabi & Ahmadi, 

2020): 

𝐶𝐶𝑡𝑡 = 𝑛𝑛𝑛𝑛
3.6𝑀𝑀

 ,                                                     (2) 

where n is the number of reactive electrons per formula unit, F is the Faraday constant, M 

is electrode material molar weight.  

We can calculate high-capacity electrode materials from above equation by using 

small molar weight and accommodating more electrons per formula. For example, Li 

metal shows 3850mAh/g. Pure Si shows 4200mAh/g if the alloying compound is Li22Si4 

but high dealloying potential >0.4V, high volume expansion (>300%), low electrical 

conductivity (<10-5 S/cm at RT), and instable SEI related to electrode volume change 

(Peng et al., 2017). Other anode materials like germanium (Ge), tin (Sn), phosphorous 

(P), Aluminum (Al), Zinc (Zn), Sodium (Na), and Potassium (K). Multivalent metal 

anodes showed 800-3000mAh/g but offset by higher redox potential (0.7-2.2V) (Peng et 

al., 2017). Graphite (redox potential 0.05V vs Li/Li+, 372mAh/g by forming LiC6) has 

lithium deposition safety concern for overcharge. Here, we mainly talk about carbon, Si, 

and metal oxides anodes. 

For cathode materials, LiCoO2 shows 273mAh/g theoretically, but 140mAh/g 

practically obtained due to reaction reversibility and host lattice structure stability (Nitta 

et al., 2015). V2O5 shows 443mAh/g (Prosini et al., 1998). Other cathodes like halogens 

Bromine (Br2), Iodine (I2) have redox potential >3.0V and 200-350 mAh/g energy density 

(Nitta et al., 2015). However, the limitations are their volatile and hazardous properties. 

Oxygen (O2) shows 1675mAh/g capacity but tradeoff by short cycling life, poor cycle 
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stability, and atmospheric contamination such as CO2 and N2 (Aurbach et al., 2016). 

There are also some other chalcogen electrodes,  like Sulfur (S) (Bruce et al., 2012), 

tellurium (Te) (Goodenough & Kim, 2010) (Nitta et al., 2015) (Choi & Aurbach, 2016). 

We compared lithium metal oxide and sulfur cathodes materials after considering the 

cost, specific capacity, preparation techniques, chemistry, safety, environmental issues. 

Electronegativity is an essential factor in determining electrode electrochemical 

potential, which determines bond types between transition metal and anions or anion 

ligands (Nitta et al., 2015). The big electronegativity difference will form more ionic 

bonds, which have dense structure. This will influence the crystal stability, phase stability 

and Li+ site energy. The small differences will form covalent bonds and result in a loose 

packed system. The Gibbs free energy change and electrochemical potential depend on 

the valence state, ionic radius, electronegativity, and cations local environment for 

cathode materials.  

Gibbs free energy change calculation is (C. Liu et al., 2016): 

∆𝐺𝐺 = −𝑛𝑛𝑛𝑛𝑛𝑛 ,                                               (3) 

where ∆𝐺𝐺 denotes the internal energy difference during a reaction, n is the number of 

electrons involved, F is Faraday constant, E denotes the electrochemical potential (C. Liu 

et al., 2016). 
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Figure 11. Potential of electrodes materials (red) common cathodes, (blue) common anodes. Referred from Materials    
                 Today 2016 (C. Liu et al., 2016) 

 

2.4.1 Anode 

2.4.1.1 Carbon nanotubes and graphite 

In 1996, Thio’s group reported nanotube electrical resistivity relationship with 

temperature and electrode particle size (Ebbesen et al., 1996). The resistivity ranged from 

1.2*10-4 to 5.8 Ω ∗ cm at room temperature. Nanotube electrical conductivity was around 

0.17 to 8.3* 103 S/cm. Its reported crystalline graphite is 3.8*10-5Ω ∗ cm (2.6*104 S/cm) 

(Ebbesen et al., 1996). Copper current collector is around 5.96 *105 S/cm (Matula, 1979). 

In addition, it was found that graphene and nanotubes had high electrical conductivity, 

comparable structural stability, tunable surface functionality, and good mechanical 

properties (Article, 2015). The reason could be divided into two parts (Landi, 2009). 

Firstly, their high capacities normally happened during the first several cycles. Rapid 

performance degradation (30% - 50% charge consumption) could attribute to the 

irreversible lithiation and delithiation process, because strong Van der Waals forces 
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among layers will make the layer re-stacking and lithium consumption. The lithium 

storage mechanism is an adsorption mechanism, both in internal surfaces and empty 

nanopores. The second reason is related to graphene discharging at around 1-3 V. 

Graphene has large voltage hysteresis in the charge/discharge curve (Z. Wu et al., 2012). 

Nowadays, carbon nanotubes and graphene have improved electrodes’ electrical 

conductivity (Fang et al., 2019). However, they are not the active lithium storage 

materials but the support material for the lithium-ion transfer (Fang et al., 2019).  

Graphite shows 372 mAh/g reversible capacity and LiC6 formed after 

intercalation (Seino et al., 2005). Zhang et al. investigated low-temperature performance 

graphite and found that Li+ diffusivity decreased significantly below 0 ℃ (S S Zhang et 

al., 2002). 10-9 -10-10 cm2/s at 20℃ was observed (S S Zhang et al., 2002). Blyth et al. 

used XPS to study graphite surface after pretreatment (Blyth et al., 2000). They found 

that chemical modification occurred at prismatic planes. Various C-O bonds existed on 

the graphite (Blyth et al., 2000). Buqa et al. investigated LIBs high current rate 

performance by using different porosities (30-40%) graphite electrodes (Buqa et al., 

2005). 20C rate could be achieved for low electrode loading (1.5mg/cm2) LIBs. The key 

parameters influencing the current rate are the electrode materials loading, electrode 

thickness, and electrode porosity (Buqa et al., 2005). 

In summary, graphite shows high stable cycle stability and electrochemical 

performance. In this thesis, we will use graphite anode in our LIBs. We will investigate 

the interface layer between graphite and SPE in Chapter VI.  
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2.4.1.2 Silicon anode 

Silicon (Si) is a popular anode because of high theoretical capacity around 4200 

mAh/g, almost ten times higher than conventional carbon anode (Cocke et al., 2003). 

However, Si volume change during the charge and discharge process could be up to 

400% (Cocke et al., 2003). Wu et al. from Cui’s group have proposed a double-walled 

silicon nanotube as the anode (H. Wu et al., 2012). The steady SEI layer formed. The 

mechanism was covering a clamping layer on top of the silicon hollow nanotube. This 

layer is composed of silicon oxide, which does not react with lithium. Lithium would 

penetrate inside and has the lithiation. In addition, electrode volume change toward 

hollow inside direction rather than outside direction. The Si volume change during the 

charge/discharge problem was solved. Besides, the high temperature around 500 degrees 

would oxidize outside silicon and exclude internal carbons, resulting in a hollow 

structure. After 6000 times cycle, the battery still retained 85% capacity (H. Wu et al., 

2012).  

Fu et al. used the chemical vapor deposition method (CVD) to prepare silicon-

based anode on the carbon nanotubes (CNTs) (Fu et al., 2013). The flexibility is from 

self-sustained CNT. The wave-like deformation would help the electrode mitigate the 

stress formation during the lithiation and delithiation. The amorphous silicon has a very 

strong bonding on carbon nanofibers (C. M. Wang et al., 2012). The volume changed on 

radial direction rather than on the axis direction (Fu et al., 2013) (C. M. Wang et al., 

2012). Bradford’s group used electrospinning PMMA-Si nanofibers onto aligned CVD 

method prepared pyrolytic CNT sheets (Yildiz et al., 2019). Decomposing PMMA under 

the elevated temperature would form a uniform Si film. They obtained excellent cycle 
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capacity 1470 mAh/g and good capacity retention 88% after 150 cycles under 100 mA/g 

charging current (Yildiz et al., 2019). 

In summary, although SiO2 and SEI formation may cause capacity loss, Si still 

has a high theoretical capacity and would be promising for future LIBs. The electrode 

volume change during charge/discharge could be solved by engineering anode structure 

and combining it with other anode materials. 

2.4.1.3 Mn3O4, Co3O4, SnO2, FeOx, NiO anode materials 

Wang et al. synthesized Mn3O4-Graphene hybrid material as an anode  (Hailiang 

Wang et al., 2010). The reason was related to Mn abundance, low cost, and 

environmental benignity. The poor electrical conductivity (around 10-7-10-8 S/cm) limited 

its application. By wiring up Mn3O4 nanoparticles to the conductive graphene substrate, 

900mAh/g capacity (theoretical 936mAh/g) LIBs were fabricated (Hailiang Wang et al., 

2010) (Poizot et al., 2000b).  

Tae et al. synthesized virus-based Co3O4 nanowires anode because of high 

reversible capacity (Tae et al., 2002). The virus would help Co3O4 form a dense and 

integrality structure which resulted in the high electrochemical properties. The self-

assemble property was achieved by virus-virus interaction. By controlling surface charge 

and fluidic force, free-standing, lightweight and flexibility properties were achieved (Tae 

et al., 2002). Lou et al. overcame poor LIBs capacity retention and rate capability barriers 

by building needlelike Co3O4 nanotubes (Lou et al., 2008). Finally, 918 mAh/g was 

retained after 30 cycles for Co3O4/Li half cells (Lou et al., 2008). Li et al. synthesized 

Co3O4 nanowires on Ti substrate and obtained around 700 mAh/g after 20 cycles under 
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1C charge rate (Yanguang Li et al., 2008). This template-free method would eliminate 

ancillary materials use (Yanguang Li et al., 2008). 

Meduri et al. presented SnO2 nanowires covered with Sn nanoclusters, exhibiting 

an exceptional 800 mAh/g capacity (Meduri et al., 2009). The reason was related to Sn 

nanoclusters which had less volume change, high surface area for Li alloying and 

dealloying. In addition, there were two phases formed by Sn and SnO (Meduri et al., 

2009). Ye et al. prepared SnO2 nanotubes by using the sacrificial silica mesostructured 

template method (J. Ye et al., 2010). LIBs showed 468mAh/g after 30 cycles at a current 

density of 100mAh/g (J. Ye et al., 2010). Xia et al. have used electrospinning method to 

prepare SnO2/Carbon film and obtained 754 mAh/g reversible capacity at 300 cycles 

under 1A/g charge rate (Xia et al., 2016). 

Additionally, Ban et al. used single-walled carbon nanotubes and FeOOH 

nanorods to prepare Fe3O4 anode without the binder (Ban et al., 2010). 1000 mAh/g 

capacity was achieved after 50 cycles at 1C (Ban et al., 2010). Zhong et al. made the 

hollow core-shell η-Fe2O3 microspheres by using PVP soft template (Zhong et al., 2010). 

The high discharge capacity 899.2mAh/g was achieved after 100 cycles under 150mA/g 

charge rate (Zhong et al., 2010). Xu’s group has prepared a new anode using 3D 

graphene and Fe2O3 framework (T. Jiang et al., 2017). Ultrahigh capacity 1129 mAh/g at 

0.2 A/g after 130 cycles was achieved (T. Jiang et al., 2017). The electrode structural 

strain could be alleviated (T. Jiang et al., 2017). Furthermore, Zhou et al. synthesized 

graphene-wrapped Fe3O4 anode material which showed high cyclic stability and rate 

capability (G. Zhou et al., 2010). Graphene nanosheets would provide electron-
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conducting channels and confine Fe3O4 volume change. A high capacity 1026 mAh/g 

after 30 cycles at 35mA/g was obtained (G. Zhou et al., 2010). 

Liu et al. also used the nanocasting method to prepare mesoporous NiO anode, 

which could retain 680mAh/g after running 50 cycles (H. Liu et al., 2011). The high 

performance was mainly from low activation energy (H. Liu et al., 2011). Then Kim et al. 

used Ag nanoparticles decorated SnO2/NiO nanotubes as the anode by electrospinning 

process (C. Kim et al., 2016). One dimensional porous hollow structure solved the 

volume change problem. Finally, they obtained 826mAh/g capacity for 500 cycles at a 

high current density 1000 mA/g (C. Kim et al., 2016). 

Poizot et al. also has already investigated transition metal oxide: CoO, FeO, and 

NiO with Li anode (Poizot et al., 2000a). The metal oxide particle size had a big 

influence on LIBs capacity. The capacity of MoO based lithium-ion batteries had 

doubled, compared with CoO2/C based LIBs (Poizot et al., 2000a). 

In summary, oxide-based anodes still have cycle stability, volume change 

problems during cycling. Electrical conductivity needs to be enhanced for future work. 

Combing different anode materials to form the composites anodes could be the future 

research direction. 

2.4.1.4 Others 

Deng et al. used MoS2 and C hybrid 3D microporous structure to avoid MoS2 

stacking/restacking and volume expansion during the charge and discharge process (Deng 

et al., 2017). The high discharge capacity of 3.428 mAh/cm2 at 0.1 mA/cm2 and good 

cycling stability (93% capacity retention after 100 cycles) were achieved (Deng et al., 

2017). 
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Chen et al. used the clean exfoliation method to prepare clean black phosphorus 

(BP) nanosheets (L. Chen et al., 2016). After combining BP with graphene, they obtained 

a high capacity 920 mAh/g at a current density 100 mA/g. Comparable stability (80.2% 

retention after 500 cycles at 500mAh/g) was achieved (L. Chen et al., 2016). 

Liu et al. synthesized ZnCo2O4 nanowire arrays/carbon cloth anodes for flexible 

LIBs (Bin Liu et al., 2012). The final LIBs by using ZnCo2O4/liquid electrolyte/LiCoO2 

showed 1300mAh/g and kept 96% initial capacity after 40 cycles (Bin Liu et al., 2012). 

In summary, some anode materials are still limited by volume change during the 

charge and discharge process, such as Si, oxides anode materials. However, nanosized 

materials will open a door for solving the volume change problem. 

 
Figure 12 Typical anodes materials structure analysis 
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2.4.2 Cathode 

Manthiram talked about the cathode chemistry about spinel, layered and 

polyanion cathodes materials in 2020 (Manthiram, 2020). LiMO2 where M = V, Mn and 

Fe, suffering from the structural transition from layered to spinel during the charging and 

discharging process due to the lower octahedral site stabilization energies. For NMC 

cathode, Mn3+/4+ band energy lies above Ni2+/3+ band energy and oxidizes easily. Mn does 

not suffer from any chemical stability issues due to band energy difference but has 

structural stability issues. LiMn2O4 spinel cathode suffered from Mn2+ dissolution when 

H+ concentration is higher. Substituting a small portion Mn with Li would solve this 

problem (Manthiram, 2020).  

Polyanion cathode suffers from poor electrical conductivity, which requires the 

addition of carbon during the synthesis process (Manthiram, 2020). Al3+ could increase 

the electron localization by perturbing the metal-metal interaction and reducing long-

range metal-oxygen bond covalence. The cathode thermal stability and air stability have 

been improved (Manthiram, 2020).  

 
Figure 13 Structure for common cathode materials 
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2.4.2.1 Transition metal oxide cathode 

Because of the high cobalt metal cost, LiMn2O4 is a good alternative for cathode 

material (Kannan & Manthiram, 2002). Tarascon et al. investigated LiMn2O4 cathode 

material which has 5-10% lower capacity than LiCoO2 (G. Amatucci & Tarascon, 2002). 

LiMn2O4 was recommended as the promising cathode material to replace LiCoO2. The 

delithiation from LiMn2O4 happens at 4.1 V vs Li/Li+ and inserts at 3 V for 𝜆𝜆-MnO2. The 

high potential 4.1 V was needed for extracting Li. In contrast to LiCoO2 layered structure, 

LiMn2O4 was 3D structure. The cubic, tetragonal, orthorhombic structures would be 

obtained because of cation twisting and nonstoichiometric properties. Temperature and 

voltage were two major factors resulting in phases transition (G. Amatucci & Tarascon, 

2002).  

Li+ inserted into LiMnO4, which is different from LiMn2O4 (Thackeray et al., 

1983). Li+ would move from 8a to 16c sites in both Fe3O4 and Mn3O4 because of the 

strong electrostatic repulsive field among Fe3+, Mn2+, and Li+. The interaction between 

Li+ and neighboring cations would decrease LIBs open circuit voltage. Li+ mobilities in 

Li1-xMn2O4 would be low because Li+ occupied 8a sites (Thackeray et al., 1983). 

LiMn2O4 suffers from Jahn-Teller distortion near room temperature, reducing 

capacity significantly (G. G. Amatucci et al., 2002). The LIBs capacity fade in 3V region 

is related to Jahn-Teller distortion in the spinel structure. Spinel also plays a role as the 

catalytic agent for electrolyte decomposition at the elevated temperature and elevated 

charge state (G. G. Amatucci et al., 2002). Fluorine-based salts LiPF6 contained a small 

amount of HF, increasing manganese cations dissolution (Kannan & Manthiram, 2002). 

In order to enhance spinel electrode surface area, electrode surface treatment was needed 
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(Gao et al., 2002). One is lithium boron oxide (LBO) glass compositions. It was stable 

against high oxidation potential and had good wetting properties. Acetylacetone also 

would remove the active sites on the spinel manganese cations surface, which have 

catalytic properties (Gao et al., 2002).  

It was found LiMn2O4 failure mechanism was related to LiAlxMn2-xO4-zFz (G. G. 

Amatucci et al., 2002) (X et al., 2002). The failure mechanism should be from two sides. 

One was Jahn-Teller distortion that cation had high-spin d4 configuration which would 

result in energy levels differentiation. Crystal structure would change from cubic to 

tetragonal when trivalent manganese exceeds 50%. Another was manganese 

dissolution/proton exchange at elevated temperature. However, Aluminum (Al) had small 

ionic size and reduced crystal size. The LiMn2O4 bonding covalency and framework 

strength would be enhanced by Al doping (G. G. Amatucci et al., 2002) (X et al., 2002). 

Anodic substitution by F would also enhance LiMn2O4 capacity because it could reduce 

Mn oxidation state and improve cycle life (G. Amatucci & Tarascon, 2002). The 

substitution Mn by Al would enhance the LiAlxMn2-xO4-zFz thermodynamic stability. 

Small radius Al would perturb Mn atoms’ mobility. The strong Mn-O bond will hinder 

Mn ions movement because Mn-O bond shrinkage would result in bond strength 

increase. 3D channels also helped Li+ transfer and electron transfer for LiMn2O4 

compared with LiFePO4 (G. Amatucci & Tarascon, 2002). 

Manthiram et al. used LixCoO2, LiNi0.5Co0.5O2, Al2O3, and MgO materials to 

modify LiMn2O4 because of fading (Kannan & Manthiram, 2002). LiNi0.5Co0.5O2 

modified LIBs showed 110mAh/g capacity and 2.8% fade after 100 cycles at 60°C. 

Al2O3 modified LIBs showed 130mAh/g and 16% fade after 100 cycles at 60°C. 
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Li0.75CoO2 modified LIBs showed 124mAh/g and 8% fade in 100 cycles at 60°C. The 

LiMn2O4 fading reason was related to manganese dissolution, oxygen deficiency 

formation, electrolyte decomposition, Jahn-Teller distortion, cation mixing and 

crystallization loss. If  acidic species attacking from electrolyte decreased and  Jahn-

Teller distortion on the electrode surface was hindered,  the final LIBs cycling stability 

will be enhanced (Kannan & Manthiram, 2002).  

It was also found that 1.5wt% ZnO coated LiNi0.5Mn1.5O4 electrode could deliver 

137mAh/g capacity (Y. K. Sun et al., 2002). The 5V plateau originated from substituted 

transition metals(M) oxidation, while 4 V plateau was related with Mn3+ to Mn4+ 

transition during charge/discharge. At the same time, HF presence in electrolyte would 

deteriorate MnO dissolution where MnO from Li2Mn2O4 and Li2MnO3 (Y. K. Sun et al., 

2002).  

In summary, LiMn2O4 has many advantages, such as being less toxic and much 

cheaper compared with LiCoO2. However, Jahn-Teller distortion near room temperature 

would reduce the LiMn2O4 capacity significantly. Enhancing the crystals bonding and 

improving LiMn2O4 based LIBs cycle stability need to be explored.  

2.4.2.2 Layered LiCoO2 (LCO) 

LiCoO2 has theoretical high capacity 274 mAh/g theoretically and a high 

operation temperature (>130℃) (Venkatraman et al., 2000). The reversible capacity is 

around 140mAh/g when charged to 4.2V(x=0.5). However, the oxygen would release 

because of LiCoO2 decomposition at elevated temperature. At the same time, the 

following irreversible chemical reaction between electrode and the organic electrolyte is 

an exothermic reaction, causing safety concern and capacity loss (Zou et al., 2003) 
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(Doughty, 2012). There are many works to enhance LiCoO2 capacity and cycle stability. 

Nam et al. used the virus to synthesize electrodes (Nam et al., 2006). By incorporating 

gold-binding peptides into the electrode, gold-cobalt bonds would form. This would 

improve LIBs capacity (Nam et al., 2006). Park’s group used Al2O3 coating for LCO 

electrodes to enhance LCO structural stability (Cho et al., 2000). The anisotropic 

expansion and contraction would lead to electrode microcracks formation and electrode 

structural degradation. The structural transition from a hexagonal to monoclinic phase 

happened at x~0.5 when voltage is 4.1 - 4.2 V vs Li metal, accompanying 1.2% extension 

along c axis, which is higher than tolerance 0.1% for oxide elastic strain. The LiCo1-

yAlyO2 formation would result in contraction along c axis (Cho et al., 2000).  

The LCO capacity retention was dependent on cut-off voltage because the high 

voltage will result in phase transformation and Co dissolution (Y.-K. Sun et al., 2006). 

There are several methods to improve the LCO stability at high voltage. Coating with 

ZrO2. MgO. SnO2, TiO2 and SiO2 had also been investigated (Y.-K. Sun et al., 2006). HF 

content would result in metal ion dissolution. Using varied coating layers could act as HF 

scavengers to reduce HF formation and reduce cathode decomposition (Y. K. Sun et al., 

2002). The LCO electrode still would be a good choice for future application (Z. Chen & 

Dahn, 2004) (Y. K. Sun et al., 2002). 

In Summary, LCO has comparable high potential, stable crystal structures at room 

temperature and high-capacity properties. We will use commercial LCO as our cathode 

materials due to its high capacity and cycle stability.  
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2.4.2.3 Layered LiNixCoyMnzO2(NCM)  

Layered NCM cathode has been widely used owing to its excellent capacity (Noh 

et al., 2013). LiNi0.6Co0.2Mn0.2O2 (NCM622) delivers a specific capacity of more than 

170 mAh/g when the voltage from 3.0V to 4.3V vs Li metal. Increasing Ni content 

effectively improves cathode specific capacity but decreases electrode structural and 

thermal stability (Noh et al., 2013). The reason for rich Ni NCM cathode high capacity is 

related to Ni2+/Ni3+ and Ni3+/Ni4+ transition, which had two electrons transfer (De Biasi et 

al., 2019). However, Ni4+ would react with electrolyte solvent, leading to CO2 and SEI 

formation. Besides, NCM lattice change would result in electrode degradation. Lattice 

change could result in volume contractions (Berkes et al., 2015). In addition, the 

mechanical stress at NCM and electrolyte interface would result in intergranular fracture 

(Kondrakov et al., 2017). There are many works to solve NCM cathode issues. It was 

reported that Li rich Mn-based cathode display hysteresis at around 2.5/3.3V, resulting in 

an irreversible phase transformation (Sohn et al., 2014). This phase transformation 

process had cation migration and oxygen redox reaction. Chandan et al. obtained 

205mAh/g capacity  by tuning cations ratio with 85% retention after 400 cycles (Chandan 

et al., 2019).  

In summary, controlling transition metal redox couple dissolution and metal ions 

deposition on the electrode surface, obtaining a stable spinel structure, decreasing 

electrolyte dissolution, improving cycle stability would be helpful for future commercial 

LIBs cathode (over 200 mAh/g) applications.  
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2.4.2.4 Layered Li(NixCoyAlz)O2 (NCA) 

LiNiO2 has a theoretical capacity 275 mAh/g and a similar layer structure with 

NCA Dahn et al., 1990). The theoretical NCA capacity was around 275mAh/g  and  

developed for NCA materials in the last two decades (Dahn et al., 1990). The Ni 

materials are cheap compared with Co. Ni2+ formation during intercalation and 

deintercalation will block the Li+ transfer pathway (Kalyani & Kalaiselvi, 2005). Co and 

Al atoms would enhance practical Li(Ni0.8Co0.15Al0.05)O2 capacity to 199mAh/g. The 

average voltage could be 3.7V (Martha et al., 2011). Ni increase would increase capacity 

but reduce cycling performance and thermal safety (H.-H. Sun et al., 2015). There will be 

a phase transition when NCA is charged to 4.2V vs Li metal, resulting in LIBs capacity 

fading accompanying NCA microcracks formation. Microcracks facilitate electrolyte 

penetration and form the NiO-like (Ni4+ reaction with oxygen) impurity phases resulting 

in high impedance (Ryu et al., 2018). In addition, Sun’s group has found Ni increase 

could result in high capacity but low capacity retention due to the microcracking 

formation at secondary particles (Park et al., 2019).  Albano’s group also reported TiO2 

and Al2O3 atomic layer deposition on NCA cathode surface to improve cutoff voltage and 

delivers high energy density (Mohanty et al., 2016). 

In summary, NCA cathode’s high voltage and high capacity are still the 

promising electrodes for global demand. The poor cycle stability at elevated temperature 

and high humidity would be enhanced by doping and coating new protection layer. 

2.4.2.5 Olive LiFePO4 (LFP) 

LiFePO4 has been used owing to a flat voltage profile, low cost, abundant supply, 

and better environmental compatibility (Ritchie & Howard, 2006). The limitations are 
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comparatively low capacity (170mAh/g), low density (3.6g/cm3). In addition, the strong 

covalent oxygen bonds lead to low ionic diffusivity (10-13 to 10-16 cm2/s) and poor 

electronic conductivity (~10-9 S/cm) (Jiying Li et al., 2008). During charging and 

discharging process, the phase transformation involved Li+ motion along b channels 

through phase boundaries nucleation sites. LFP capacity degradation includes Li+ loss by 

side reactions, active material loss during cracking and dissolution, impedance rise due to 

SEI formation, and structure degradation. Carbon coating is one effective way to improve 

LFP cathode stability and conductivity. (Shim & Striebel, 2003) (Amine et al., 2005) (Q. 

Zhang & White, 2007). Additionally, high-rate LIBs performance will be obtained by 

reducing LFP particle size because of ions and electrons distance decreasing. Some 

doping studies also had been done to improve electronic conductivity and Li diffusion 

rate, such as Nb5+, Zr4+. Ti4+ doping, etc. Because doping could induce Li+ charge 

compensation. Zhang et al. have reviewed these techniques (Q. Zhang & White, 2007). 

The cyclic life has been improved to 2000 cycles. 

In summary, LFP materials show comparable low capacity compared with NCA 

and NMC electrodes. However, the high thermal stability (degradation temperature 

around 300℃) would enhance the LIBs safety. The large amount of Fe and P elements 

would also reduce materials preparation costs. 

2.4.2.6 Layered LiMnxFe1-xPO4 cathode  

LiFePO4(triphylite) material has reversible stability because of FePO4 and 

LiFePO4 similar structures during charge/discharge (W.-J. Zhang, 2011). However, high 

voltage (over 4 V) would decompose electrode materials (W.-J. Zhang, 2011). In 

addition, Fe4+/Fe3+ energy was lower than lithium anode fermi energy. Fe3+/Fe2+ was 
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close to anode fermi energy. Some polyanions would decrease Fe3+/Fe2+ energy such as 

(SO4)2-, (PO4)3-, (AsO4) 3- and (MoO4)2- or (WO4)2- (Damay et al., 2015). It was found 

that electrons polarization from O2- in strong covalent bonding within polyanions would 

increase the LIBs Voc and reduce Fe3+/Fe2+ energy after Mn doping. The Mn-O-Fe 

interaction raises Mn3+/Mn2+ energy and reduces Fe3+/Fe2+ energy, which coincides with 

Voc increase compared with LiFePO4 (Kannan & Manthiram, 2002). A few years later, 

Yao et al. characterized different Mn compositions in LiMnxFe1-xPO4 electrodes and 

found that increasing Mn would reduce electrochemical reactivity and cycle life (J Yao et 

al., 2006). The reason should be related to the poor electrochemical property after Mn 

addition, lattice size expanding, and decomposition (J Yao et al., 2006). 

In summary, LiMnxFe1-xPO4 would be very promising electrode owing to its high 

capacity ~ 170 mAh/g and enhanced charge voltage but Mn addition would also decrease 

electrochemical performance like LIBs cycle stability.      

2.4.2.7 Sulfur 

Sulfur has the abundance, low cost, environmental benignity and high capacity as 

cathode material (Shim et al., 2002). The specific energy would be 1672 mAh/g, 1167 

mAh/g for S and Li2S cathode, respectively. Li-S batteries could show 2597 Wh/kg 

capacity (Shim et al., 2002). However, there are some disadvantages of the S electrode. 

Firstly, S electrode limitation is lithium polysulfides formation during charge/discharge, 

which could dissolve in electrolyte solvents. Secondly, it’s low electronical conductivity 

(5*10-30 S/cm at 25℃) compared with lithium metal oxide materials (>0.1 mS/cm at 

25℃). There are some ways reported to enhance S electrode electronic conductivity and 

capacity, for example, carbon and metal sulfide-based electrode has high electrical 



 74 

conductivity 67 S/cm and over 650 mAh/g capacity at 25℃ (Shim et al., 2002) (Hayashi 

et al., 2004). Thirdly, the large S electrode volume change (79%) happens during 

charge/discharge (Y.-Z. Sun et al., 2017). Volume change would result in less physical 

contact and cracks formation (H.-L. Wu et al., 2015). 

In order to solve S electrode volume change problems, Su et al. prepared 

S(40wt%)-carbon nanotube cathode material (exhibited 541mAh/g),  which could retain 

68% initial capacity after 100 cycles at 1C (Su et al., 2012). Further surface 

functionalization also has been investigated, such as bottom-up strategy (Z. Yuan et al., 

2014). 

People have used polymer electrolyte to prevent polysulfide formation, but 

discharge capacity had 30% loss at 100℃ (Machida et al., 2004). In addition, Yang et al. 

used CoS3 as the catalyst for high loading S cathode and achieved 1008 mAh/g after 100 

cycles (X. Yang et al., 2019), because the transfer process from Li2S2 to Li2S had been 

boosted. This step contributes half the theoretical capacity (836 mAh/g). The first step 

from S8 to Li2S4 and the second step from Li2S4 to Li2S2 take 25% theoretical capacity 

individually (Xiulei Ji & Nazar, 2010). It was also found that lots of dangling surface 

bonds on amorphous metal sulfides could behave as active sites for electrochemical 

reactions (X. Zhao et al., 2017).   

Goodenough’s group used vulcanized rubber as active materials and loaded it on 

flexible electrospinning prepared carbon nanofibers which showed 370mAh/g after 25 

cycles at 5C (B.-C. Yu et al., 2017). Furthermore, Jin et al. combined graphene with 

sulfur (GS) owing to the graphene flexibility (sp2 carbon lattice from a strong bond with 

neighbor carbon), large surface area(2630m2/g), high electron mobility etc. (Jin et al., 
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2013). The GS/S showed 402 mAh/g after 100 cycles at 0.1C and retained 83% initial 

capacity (Jin et al., 2013). Polysulfide binding affinity and high electrical conductivity, 

carbon materials structural integrity would render the potential for future flexible LIBs 

(Jin et al., 2013). 

At the same time, adding liquid electrolyte, ionic liquids on the electrode interface 

had been reported (Changhong Wang et al., 2018) (Zheng et al., 2018). The LIBs cycling 

performance had been enhanced. Shin et al. used LiTFSI in acetonitrile with TTE solvent 

as interface additives (Shin & Gewirth, 2019). Specific capacity 760 mAh/g at 100 cycles 

was obtained for Li-Li2S batteries (Shin & Gewirth, 2019). Oh et al. also confirmed high 

stability for Li3PS4 and Li10GeP2S12. Mixing with LiTFSI could decrease ethereal oxygen 

nucleophilicity owing to solvent-salt complexation (Oh et al., 2015). 

In summary, understanding Li+ storage catalytic process still has a long way to 

go. But the high capacity over 1000 mAh/g was achieved for S/Carbon nanotube-based 

batteries, which gave us confidence for high-performance cathodes electrode. 

2.4.2.8 Others  

Compared with the 2D electrode, the 3D cathode has interdigitated contact with 

electrolytes (S. Sun et al., 2019). Xia’s group used the direct current (DC) magnetron 

sputtering method to fabricate vertically aligned oxygen-deficient α-MoO3-x nanoflake 

arrays (3D MOx) (S. Sun et al., 2019). The LIBs had a high specific capacity 266 mAh/g 

at 50 mA/g. Their LIBs showed 92.7% capacity retention after 1000 cycles. The reason 

for this high stability was maximizing the interface between cathode and electrolyte and 

retaining short lithium ion diffusion length (S. Sun et al., 2019).  
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Another group had developed one Co free cathode LiNixFeyAlzO2 (x+y+z=1) 

cathode (Muralidharan et al., 2020). It showed ~200 mAh/g capacities and 80% retention 

after 100 cycles. This work opened the door for cobalt free lithium ion batteries 

(Muralidharan et al., 2020). 

In summary, cathode development still needs to be explored because of the 

limited capacity compared with the anode. Multi electrons transfer will be the way for 

high capacity like Ni2+/Ni4+. Sulfur cathode shows almost 10 times higher capacity than 

Li metal oxide cathode and have a big potential future for next generation batteries. At 

the same time, nano techniques to prepare electrodes and LIBs would solve the common 

problem, including volume expansion, electrodes materials decomposition, electrodes 

lattice atoms loss, etc.  

2.5 Current collectors 

The current collector is the leading component in lithium ion batteries structures 

(Y. Yang et al., 2020). Its central role is attributed to transporting electrons for electrodes. 

Current collectors can be classified into two different categories. The first group is 

fabricated by conducting some surface modifications on the planner current collectors, 

such as Cu foils. Another group is 3D configuration (Y. Yang et al., 2020). Also, it can 

be divided to anode current collectors and cathode current collectors.  A perfect current 

collector increases battery performance in a wide variety of aspects. Here, we will talk 

about current collectors based on the materials.  

2.5.1 Current collectors for anodes 

Metal foils have been considered as current collectors due to the following 

reasons: 1) Metal foils represent high thermal and electrical conductivity in comparison 
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with other presented materials; 2) High plasticity leads to great robustness; 3) Easy and 

low-cost manufacturing process; 4) Low density, providing high energy density for 

battery cell (Chu & Tuan, 2017) (Tai et al., 2017).  

One of the conventional anode current collectors is Cu foil (Huimin Wang & Yu, 

2019). The advantage of using Cu over other materials is its great electrical conductivity 

(5.96*105 S/cm), thermal conductivity (385 W/m K), and high plasticity (Huimin Wang 

& Yu, 2019) (J. Chen et al., 2018). Utilizing Cu foil as the current collector also has some 

inevitable disadvantages. Firstly, Cu foils as current collectors are planner structures and 

have lower mechanical properties. However, Cu foil flat surfaces cannot adhere to 

electrodes. Therefore, it prevents forming meshing interface between electrode materials 

and current collectors. In addition, for high-performance batteries, planar current 

collectors could not provide extra space for electrode stress releasing (Jie Li et al., 2018). 

Finally, electrode active material will delaminate from current collectors. This 

delamination leads to LIBs capacity decreasing and poor cycling life. Besides unloaded 

current collector will cause short circuit, resulting in a safety issue. Another challenge is 

related to electrons transport, small surface areas on flat Cu current collectors make it 

challenging for mass electrons transfer, decreasing current density. Another issue is that 

Cu has a high density (8.96 g/cm3), which may cause LIBs specific energy density to 

decrease (Jie Li et al., 2018). 

Therefore, designing different current collector structures has been attracted great 

attention in recent years. Noelle and Yao et al. have shown structuralized current 

collectors creating extra surface area, decreasing electrodes internal stress, and leading to 

high cycling stability (Noelle et al., 2018) (Z. Yao et al., 2018). Additionally, Kim and 
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Hsu et al. presented new techniques to create extra bonding strength between electrode 

materials and current collectors,  enhancing LIBs safety (C.-H. Hsu et al., 2018) (S. Y. 

Kim et al., 2019). Chen et al. fabricated a rough-surface structuralized Cu current 

collector by FeCl3 etching. The final LIBs coulombic efficiency was enhanced due to 

enhanced bonding between active materials and current collectors (J. C.-M. Chen et al., 

2019). Yang et al. also had utilized Cu foil to fabricate Cu nanowire current collector (C.-

P. Yang et al., 2015). They used the dehydration and reduction method for preparing 

Cu(OH)2  nanowires, enhancing LIBs cycle stability and decreasing Li dendrites growth 

(C.-P. Yang et al., 2015).  

In summary, copper current collectors will continue to be used as anode current 

collectors due to their stability and high electronic conductivity. Simultaneously, the 

copper current collector will behave as a stable substrate for electrode materials. 

2.5.2 Current collectors for cathodes 

One of the most famous current cathodes collectors is Al foil (L. Cao et al., 2020). 

The electrochemical corrosion inside the battery needs to be considered for cathode 

current collectors. Li et al. applied high potential to prepare Al2O3 film on Al foil surface 

(S. Li & Church, 2017). This high potential prevents further corrosion. By applying a 

potential less than 0.6 V to the Al foil, Al2O3 is reduced to Al again owing to Li’s 

reaction (S. Li & Church, 2017). A DC anodization approach fabricated a honeycomb 

surface structure Al foil (L. Cao et al., 2020).  

Although Al has been considered as most popular current collector, some recent 

works have been trying to replace it in order to enhance LIBs performance. Wu et al. 

have utilized a graphite film (GF) as a current collector for both positive and negative 
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electrodes  (Q. Wu et al., 2020). The main advantage of using GF is its light density, 

decreasing LIBs weight and enhancing LIB energy density. Furthermore, it will enhance 

LIBs cycle stability (Q. Wu et al., 2020). 

In summary, although there a lot of issues about current collectors, Cu and Al 

would still be the most popular current collectors for electrodes owing to the low cost, 

easy fabrication, mass production, high conductivity etc.  

2.6 Interface 

Solid Electrolyte Interphase (SEI) is a protecting layer formed on the negative 

electrode surface due to electrolyte decomposition (Z. Yuan et al., 2014). Normally, SEI 

formed in the first cycle. During the first charge cycle, electrolyte undergoes reduction at 

negatively polarized graphite surface forming a passive layer comprising organic and 

inorganic electrolyte decomposition products. The layer prevent further electrolyte 

degradation by blocking electron transport while concomitantly allowing Li-ions to 

pass through during cycling (Verma et al., 2010). Battery performance is highly 

dependent on SEI quality. Therefore, Understanding SEI nature and composition is 

important to improve battery performance. In this thesis, we will mainly focus on the 

interface investigation by using different materials additives.  
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Figure 14 Interphase structure inside LIBs 
 

Substantial works have been done in the past few decades on analyzing SEI and 

spelling out its components. Most literature compiled with a detailed compilation of X-

ray photoelectron spectroscopy (XPS) and Fourier Transform Infrared (FTIR) data for 

SEI components (Fergus, 2010). Carbon anode type, carbon anode pretreatment, electro-

chemical conditions and electrolyte composition will also affect SEI composition. In 

addition, LIBs charge/discharge temperature is critical because it directly affects the 

electrochemical reaction kinetics (Fergus, 2010) (J. Y. Song et al., 1999a).  

There are many techniques to investigate the interfacial layers. Scanning electron 

microscope (SEM) and Transmission electron microscopy (TEM) is used for imaging 

surface film (Verma et al., 2010). Vibration spectroscopies like FTIR and Raman provide 

valuable surface information regarding functionality. XPS and FTIR are highly surface 

sensitive and complementary to each other  (Fergus, 2010). XPS limitation is radiation 

damage risk. FTIR limitation includes influencing SEI nature and spectroscopy self-

limitation. There are abundant XPS, and FTIR data exists in the literature about SEI and 

its various components. It will be useful to compile this data into one table, which is 
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easier to compare, analyze, interpret and comprehend. This will also constructively define 

facts like relative error between different studies on similar material (Verma et al., 2010).  

Julien et al. have investigated electrode surface modification and removed surface 

edges by mild oxidation (Mauger & Julien, 2014). They deposited metal oxide and coated 

polymers on the cathode surface, resulting in higher electronic conductivity, inhabiting 

cathode structural change. Metal oxide coating on the lithium transition metal oxide 

cathode will improve structural stability and decrease cations disorder in the crystal 

(Mauger & Julien, 2014). Peled et al. also proposed a model that the dominant SEI 

impedance was the grain boundary resistance which was related with ions crossover from 

particles to particles (Peled, 1997). Here we will discuss some techniques to investigate 

the interface. 

2.6.1 Special techniques for the interface 

Bard et al. investigated some characterization spectroscopies, interface dynamics, 

and interface materials (Bard et al., 1993). Firstly, they focus on electrode 

characterization using infrared reflection absorption spectroscopy (IRAS) and surface-

enhanced ramen spectroscopy (SERS), because Raman- allowed transitions were IR 

forbidden and low frequency (toward to 5 cm-1). These methods could be used to study 

interface molecules (Bard et al., 1993).  

In-situ techniques called scanning tunneling spectroscopy (STM) was also 

explained (Bard et al., 1993). The faradaic process could be minimized by maintaining 

the tips in some regions. Samples should be atomic clean and flat. Surface reconstruction 

was used to decrease free energy. Redox reaction would be monitored in STM. Under 

potential deposition (UPD) could produce anions monolayers which would affect the 
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observation. The difficulties for preparing metal oxides-based electrodes were from 

preparing the well-defined semiconductor surface (Bard et al., 1993).  

Another technique is ultramicroelectrodes and scanning electrochemical 

spectroscopy (SECM) (Bard et al., 1993). The micrometer range electrode provides a 

plate for nonpolar solvents and supercritical fluid by electrochemical methods because of 

low current (pA-nA range). The resistance perturbation for IR is very small. SECM 

resolution could be 50 nm. SECM could measure both conductive and insulating layer, 

which is opposed to optical microscopy. In addition, XRD is used to study crystallized 

materials and electrolyte surfaces. However, crystal truncation rods (CTR) could study 

vertical direction electron density. X-ray standing wave (XSW) technique could measure 

interfacial species distribution by external reflection and Bragg diffraction (Bard et al., 

1993).  

Nonlinear optical methods are also used. Second harmonic generation (SHG) 

measures materials inversion symmetry rather than centrosymmetric crystals (Bard et al., 

1993). The mixing wave (infrared and visible light) only occurs on less sensitive surface 

than infrared reflection spectroscopy. Surface forces microbalance (SFM) could measure 

interaction Debye length. Surface-enhanced Raman spectroscopy (SERS) could 

investigate interfacial solvent and ions distribution (Bard et al., 1993).  

In summary, we talked about different techniques for characterization interfacial 

layers. AFM could differentiate the anode and SEI layers because of different mechanical 

properties. The feasibility is an advantage. However, the imaging range is narrow and 

AFM resolution is lower. Scanning probe microscopy (SPM) could be used to understand 

the topography and species distribution of the SEI. 
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2.6.2 Interface between the electrolyte and electrode 

Ren et al. used the carbon nanotubes to enhance contact between electrolyte and 

LiFePO4 electrodes (Ren et al., 2016). The higher sp2 hybrid, smaller crystallite size, 

numerous surface defects, and large surface area would improve ionic and electronic 

conductivity. The cathode polarization will decrease after adding soft carbon (Ren et al., 

2016). 

Bis(fluorsulfonyl)imide (FSI-) anion can form robust SEI protecting layer. The 

halogenated salt additives will decrease SEI resistance. The high modulus solid 

electrolyte not only be acted as an electrolyte but also suppressed dendrite growth (X. B. 

Cheng et al., 2015). Huang et al. used cryogenic-electron microscopy(cryo-EM) and 

electrochemical impedance spectroscopy (EIS) to investigate SEI formation and to grow 

in carbonate electrolytes (W. Huang et al., 2019). SEI thickness is growing up from 3 nm 

to 8 nm when the potential drop from 1 V to 0 V. Then 16 nm layer formed once the 

lithiation was finished (W. Huang et al., 2019). 

Additionally, Hirayama et al. used the surface X-ray diffraction (SXRD) method 

to investigate electrolyte and LiMnO4 cathode interface (Hirayama et al., 2010). They 

found that (111) plan stability was higher than (110) plan because manganese was loosely 

packed on (110) plan, which provided more opportunity to react with solvents and 

electrolyte. SEI formation would be thicker for the unsteady plan (Hirayama et al., 2010). 

Chan et al. used XPS and SEM to investigate anode and electrolyte interface (Chan et al., 

2009). By charging and discharging in different voltages, the different SEI morphology 

and thickness formed. However, electrode volume change during the charging process 

will result in capacity loss. LiPF6 is not stable in the low potential, which will decompose 



 84 

into LiF as reported. Li2CO3 is another product produced from electrolyte 

electrochemical reduction rather than decomposition. In addition, they also found that the 

best discharge voltage should range from 0.4 V to 1.2 V based on electrochemical 

impedance spectroscopy (Chan et al., 2009). 

Zhang et al. used several techniques for investigating interface decomposition 

between LiCoO2 cathode and Li10GeP2S12 electrolyte (W. Zhang et al., 2018). During 

galvanostatic cycling, Co diffusion happened because LiCoO2 particles experienced 

severe mechanical deformation. Also, the generated microcracks accelerated 

decomposition and capacity fading (W. Zhang et al., 2018). Heterogeneous electron 

transfer in different potential and fast relaxation needs to be considered. The methylene 

unit attached to thiol will slow down electrons transfer. Electrons movement at interface 

was related to varied free energy which could be obtained by measuring ionic charge 

distribution. Faulkner et al. provided model to study interface capacitance formed by 

these charges (Bard & Faulkner, 1980).  

Finally, the interface could be considered in several parts, surface atoms or 

defects, surface coating, and electrolyte materials. There is an example for solving 

interface problem: Wang et al. used the ionic liquid impregnated metal-organic 

framework nanocrystals (Li-IL@MOF) to solve the surface problem (Z. Wang et al., 

2018). The high ion conductivity of 3 * 10-4 S/cm is achieved. The transference number 

is 0.26. They obtained high performance of 145 mAh/g at 0.1 C charge rate for 

Li/LiFePO4 structure (Z. Wang et al., 2018). 

Materials crystallization temperature, electron crystallization, and multilayers 

structures also need to be considered. Self-assembled monomolecular films could form 
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by bringing chemical reagent to the surface and assembled by van der walls attraction and 

hydrophobic effect. Sulfur containing chemicals will be strongly bonded to the surfaces 

and conveniently yield monomolecular films. The electrostatic binding is used to bind 

layers (H. G. Hong & Mallouk, 1991) (Evans et al., 1991). Furthermore, Thiol-based 

monolayers could be fabricated. Ion mobility depends on solvation properties, D/A sites 

are related with crosslinking and ion-ion interactions (Bard et al., 1993). These works 

would help us understand the interface.  

Machine learning can get more accurate SEI information and best SEI structures 

or component materials from a wider perspective (Bengio, 2009). Take SEI efficiency as 

a function, F(x1, x2, x3,…), x1, x2, x3…represent the factors like the type of carbon, 

pretreatment of carbon, and electrolyte composition, electrochemical condition, cycling 

mode, polarization mode, etc. We can calculate which parts will contribute to SEI high 

efficiency. Some scientist used logistic regress algorithm to calculate easily. People can 

apply neural network algorithm to the system (Bengio, 2009) (Yizhou Zhu et al., 2016).  

In summary, it is a challenge to obtain a steady, thin, high mechanical strength 

interface layer. The interface kinetics also need to be investigated to achieve high charge 

transfer. Interfacial layer plays a very important role in the LIBs performance. People 

used varied techniques to investigate its composition, growth, and morphology etc. This 

thesis will focus on obtaining stable interfacial layers by using different LIBs additives 

and characterize the interfacial layer impedance change with EIS spectroscopy.  
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CHAPTER III. ENHANCING THE INTERFACIAL AND ELECTROCHEMICAL 
PERFORMANCE USING BIOMATIERIALS 

3.1 Background of biomaterials  
 

Biomaterials have increasingly been incorporated into electronics and energy 

storage devices (Willner, 2002) (Bettinger & Bao, 2010), including LIBs (Milczarek & 

Inganäs, 2012) (Kovalenko et al., 2011). For example, glucose and protein could enhance 

energy storage devices’ electrochemical performance (J.-Y. Wang et al., 2012). Li et al. 

used mesoporous carbon and protein to improve mesoporous carbon electrode surface 

area (Z. Li et al., 2013).  However, the Li+ storage mechanism is not well investigated in 

nitrogen (N) riched carbons. But it is believed that N strong electronegativity and the 

hybridization of N lone pair electrons with carbon π electrons are beneficial for Li+ 

transfer. The interaction between N and N riched carbon could help Li+ transfer. Nitrogen 

concentration plays an essential role in electron transfer and energy conversion (Z. Li et 

al., 2013) (S. Li et al., 2013). 

 Protein has abundant oxygen active sites and nitrogen defects, improving electron 

conductive networks by forming a nitrogen-doped layer. The nitrogen-doped layer would 

improve redox reaction during the charge and discharge processes. Park et al. have used 

corn protein to synthesize new carbon-based electrocatalysts, which self-organized into 

two-dimensional ordered structures (Park et al., 2014). This corn protein would aggregate 

on carbon black surfaces and induce self-assembly (Park et al., 2014). A few years later, 

Lee et al. used hemoglobin blood protein to prepare iron/carbon composite microfiber 

catalyst using the electrospinning method (J.-S. Lee et al., 2019). Hemoglobin calcination 

resulted in smooth surfaces and planar structures, making the numerous microfibers lines 
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contacts (J.-S. Lee et al., 2019). Jia et al. used silk fibroin (a biodegradable protein) to 

stabilize chemicals owing to hydrogen bonds and polar groups in amino acids (Jia et al., 

2017). The addition of silk fibroin-choline nitrate (SF-[Ch][NO3]) weakened hydrogen 

bond and increased segments motion, thereby enhancing electrolyte flexibility. This 

material is an abundant, versatile, and naturally occurring cationic polyelectrolyte host 

(Jia et al., 2017). Cellulose is another candidate as the electrolyte host for lithium 

batteries (Jia et al., 2014) (Armand et al., 2011) (B. Wang et al., 2013).  Table-8 

summarizes the recent years’ works by using biological materials.  

Table 8 A summary of biomaterials used for batteries 

 

 

 

 

 

 

 

Biomaterial Function Reference 
Chitosan  

• Chitosan 
Biopolymer 

 

 
Binding with the negative surface. 
Mechanical support and stabilization 
as the electrolyte host. 

 
Jia et al.(Jia et al., 2014) 

Cellulose 
• Pyrolyzed 

bacterial cellulose 
(PBC) 

 

Binder materials. 
Hydrogen bond accepting ability.  
Dissolved in ionic liquid to produce 
enzymatic reactions. 
3-D mechanical and conducting 
properties.  
Interconnected conduction pathways. 

Armand et al.(Armand et 
al., 2011) 
Wang et al.(B. Wang et al., 
2013) 
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Table 8 (Continued) 

Protein 
 
• Silk fibroin 

(biodegradable 
protein) 

• Sericin protein  
• White egg  
• Zein  
• Gelatin protein 
• Bovine serum 

albumin (Protein 
• Gelatin and soy 

protein isolate (SPI) 
• Hemoglobin blood 

protein 

                       
 
 
  

Binder materials, peptide bonds with 
PEO chains. 
Entrapping chemicals or active 
molecules.  
Electrostatic interacting with cations. 
Mechanical support as electrolyte host, 
hydrogen bonds between units and 
suppress dendrite. 
Electrolyte oxidation negation. 
Strong hydrogen bonds, 
electrochemical stable. 
Polypeptide giving Lithophilic and 
anionphilic sites; Lone-pair Electrons 
of N facilitate Li+ transfer.  
Unfolded configuration for ionic 
pathways. 
Electronegativity and hybridization. 
Ordered structure by self-organization 
or self-assemble. 
Discharge potentials stabilized.  
Prolonging the discharge plateau.  
Slowing down the loss of electrons. 
Binding effects owing to dipolar 
interactions.  
Attracting Li+ of O atoms. 
Reducing aggregation.  

Jia et al.(Jia et al., 2017) 
Tang et al.(Y. Tang et al., 
2017) 
Li et al.(Z. Li et al., 2013) 
Park et al.(Park et al., 2014) 
Fu et al.(Fu, Li, Wang, 
Scudiero, et al., 2018) 
Li et al.(S. Li et al., 2013) 
Wang et al.(X. Wang et al., 
2016) 
Fu et al.(Fu et al., 2019) 
Lee et al.(J.-S. Lee et al., 
2019) 

Virus 
• Tobacco mosaic Virus 

(TMV) 
• M13 virus 
• M13 & E4 virus 

  

 
Molecular recognition and self-
assembly.  
Well-ordered nanostructures owing to 
carboxylic acid with cations.  
Electrostatic repulsion. 
Strong interactions between thiol 
group of cysteine with metal.  
Peptides as scaffolds.  
Negative groups to react with cations 
for catalyst. 
Peptides for binding property. 

Nam et al.(Nam et al., 2006) 
Chen et al.(X. Chen et al., 
2010) 
Oh et al.(Oh et al., 2013) 
 
Nam et al.(Nam et al., 2008) 
Lee et al.(Y. J. Lee et al., 
2009) 

Bacterial 

                

Increase pH. 
Precipitating calcium carbonate. 
Metal oxide affinity with negative 
surfaces of bacterial; Biomineralization 
of metal oxides by nitrate as electron 
acceptor. 

Ferris et al.(Ferris et al., 
1997) 
Miot et al.(Miot et al., 2014) 

TSB 

 

Binding with Li+ and increasing its 
mobility 
Enhancing interfacial property between 
electrolyte and electrode 
Introducing new Li+ transfer pathway  
Decreasing electrolyte crystallization 

This Study 
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 Solid polymer electrolytes (SPEs), including polyethylene oxide (PEO) 

electrolytes, have attracted much attention because of their higher electrochemical 

stability, high ignition temperature, and thin-film manufacturability (Prosini et al., 1998) 

(Appetecchi et al., 2000). Although SPEs have many advantages, a low ion conductivity 

key challenge still remains. Because when Li+ ions transport along the polymer chains, 

two main activation barriers need to be overcome. One is the salt ions solvation by 

coordinating ethylene oxide units. The other is ions hopping from one coordination site to 

another, which is related to polymer segmental motions (Fulcher, 1925) (Vogel, 1921) 

(Kelly et al., 2016).  

Nanoscale materials, including nanosheets (Yoo et al., 2008), nanowires 

(Armstrong et al., 2005), nanotubes (Claye et al., 2000) (Sakamoto & Dunn, 2001), and 

3D nanostructures (C. Tang et al., 2012), have been used in enhancing both the polymer 

electrolyte properties and the overall battery performance (Arico et al., 2011). 

Specifically, nanoparticles have improved polymer electrolytes ion conductivity by about 

1 to 3 orders of magnitude (Sun et al., 2000). The enhancement is generally achieved 

because of the nanofillers large surface-area-to-volume ratio and their surface interactions 

with salt and polymer chains. For example, 2-D graphene oxide added solid polymer 

electrolyte ion conductivity could reach 10-5 S/cm (Yuan et al., 2014). Homogeneous 

nanomaterials, monodisperse, and hierarchical organizational control could maximize this 

potential. However, there are several disadvantages and challenges associated with 

nanoparticles, including complex fabrication, high cost, and chemical surface treatments, 

etc. (Y. J. Lee et al., 2009) (Wright, 1998) (Sheldon et al., 1989) (Croce et al., 1998). 
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 Biosystems have inherent molecular recognition and self-assembly capabilities. 

Biosystems can be an attractive template for constructing and organizing nanostructures 

(Belcher et al., 1996). Lithium cobalt oxide shows excellent electrochemical performance 

as the cathode. Nam et al. investigated virus self-assembling nanowires for LIBs by 

controlling the protein chains’ peptides and functional groups (Nam et al., 2006). The 

coated virus proteins could enhance the precise nanomaterial positioning. The anisotropic 

virus is suitable for nanowires growth and is stable in electrochemical conditions. The 

carboxylic acid, a side chain from glutamate, could bind the positive metal ions via ion 

exchange. Tetraglutamate would block the nanoparticle by electrostatic repulsion. E4 

virus could interact with positively charged polymer electrolyte owing to the negativity. 

Self-assembly virus/cobalt oxide monolayer electrodes show high-capacity performance 

(Nam et al., 2006).  

Polysulfide diffusion is a critical issue for Li-S batteries. Fu et al. introduced one 

interlayer inside the electrolyte (Fu et al., 2019). They found that self-assembled protein 

as nano-filter could trap the polysulfides owing to COO- end group and oxygen’s 

electrostatic interactions, facilitating the Li+ transfer because of the porous structures. 

The porous structure was based on protein self-assembly (Fu, Li, Wang, Scudiero, et al., 

2018) (Fu et al., 2019). Miot et al. used bacteria to synthesize iron oxide electrodes (Miot 

et al., 2014). Specifically, they used bacteria to precipitate and confine nanoparticle 

growth for electrode preparation due to surface negativity and protein micrometric 

porosity. After the heat treatment, the LIBs electrochemical reversibility and rate 

capability have enhanced (Miot et al., 2014).  
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Protein has been used as an ion conductor due to its unique functional group 

interactions (Fu et al., 2016). Tryptic soy broth (TSB) is commonly used as a culture 

broth for bacteria growth. About 70% of the TSB is made of protein, including tryptone 

and peptone (Tables 9 and 10). TSB can offer lower costs compared to pure protein 

solutions. Proteins consist of smaller units referred to as amino acids that are connected 

through peptide bonds, and the sequence of the amino acids can influence the protein 

surface interactions (Dee et al., 2003). The cathode-electrolyte interface in batteries has 

also been a research focus in recent years. The complex surface chemistry of the cathode 

material is one of the primary factors related to its long-term viability in batteries (D 

Aurbach et al., 1997) (Doron Aurbach et al., 2000).  

Table 9 TSB components 
Component  Percentage  

Bacto™ Tryptone (Pancreatic Digest of ds)   57%  
Bacto Soytone (Peptic Digest of Soybean Meal)   10%  

Glucose (=Dextrose)  8% 
Sodium Chloride  17% 

Dipotassium Hydrogen Phosphate  8% 
 
Table 10 Amino Acids of TSB 

Name Hydropathy Index* Name Hydropathy Index* 
Glutamic Acid -3.5 Lysine -3.9 

Proline -1.6 Phenylalanine 2.8 
Leucine 3.8 Cystine 2.5 
Alanine 1.8 Histidine -3.2 

Aspartic Acid -3.5 Serine -0.8 
Arginine -4.5 Glycine -0.4 

Isoleucine 4.5 Threonine -0.7 
Tryptophan -0.9 Valine 4.2 
Methionine 1.9 Proline -1.6 

Tyrosine -1.3   
Note: Quantitative score indicating the hydrophobicity of an amino acid  

Surface properties such as LiMnOx cathodes and cathode-electrolyte interface 

mechanisms have been studied in the past using electrochemical impedance spectroscopy 

(EIS) and other techniques (Thomas et al., 1985) (Levi et al., 1999) (C. H. Chen et al., 

2001) (Balbuena & Wang, 2004). In addition, spinel LiNi0.5MN1.5O4(LNMO) cathode 
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suffered from severe oxidation and unstable SEI formation issues. Tang et al. found that 

electrochemical stable sericin protein could solve these problems (Y. Tang et al., 2017). 

The formed electrode reduced Li+ ions diffusion barrier between electrolyte and cathode 

(Y. Tang et al., 2017). Soy protein and gelatin are also practical surfactants to disperse 

the nanoparticles inside the nanofiller-based ceramic electrolyte, where the ionic 

pathways could be enhanced. Strong adhesion interactions with the substrate may be 

achieved by charge–charge interaction, hydrogen bonding, van der Waals forces, and π −

π bonds. This work indicated that protein configuration could bring the novel strategy to 

build ion transfer channels inside solid electrolytes (Fu, Li, Wang, Kovatch, et al., 2018) 

(X. Wang et al., 2016). A significant number of studies conducted on the electrode-

electrolyte interface generally involve conventional liquid electrolyte batteries (Doron 

Aurbach et al., 2000) (Yabuuchi et al., 2011) (Malmgren et al., 2013) (Cresce et al., 2014) 

(Carroll et al., 2013). However, interfaces in solid polymer electrolyte-based lithium-ion 

batteries have not been sufficiently explored.  

This study investigates the TSB biomaterial effect on solid polyethylene oxide 

(PEO) electrolyte (Figure 15). The results show about one order of magnitude 

enhancement in ion conductivity of the solid polymer electrolyte with 0.5 to 1 wt% TSB. 

However, the battery capacity is found to be significantly higher than that of a pure-SPE-

based battery. The observed higher energy density is attributed primarily to the enhanced 

interfacial ion diffusion between SPE and electrodes. The TSB consists of glucose, amino 

acid (protein unit), and K2HPO4, which have played a critical role in the LIBs 

electrochemical performance. The interaction between Li+ and these materials is 
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explained in Figure -15. The free electrons on N, O, C atoms may contain van der Waals 

forces, facilitating ion transfer.  

 
 Figure 15  Schematics of the TSB-solid polymer electrolyte and LiCoO2 cathode in lithium-ion battery and the main  
                  components of the Tryptic Soy Broth (TSB): Glucose, Amino Acid (protein unit); comparison of the   
                  interface and inter-diffusion region. 
 
3.2 Experimental methods 
 

The TSB-filled solid polymer electrolyte (SPE) film and Li-ion coin-cell batteries 

were fabricated, assembled, and characterized through various experimental techniques to 

investigate the effects of TSB biomaterial additive. SPE film was prepared as follows: 

The LiClO4 salt powder (0.3 g) and the 100K Mw PEO powder (2 g) were dissolved in 30 

mL acetonitrile in glass bottles. Next, 0.5, 1, 3, 5 wt% TSB powder mixed with salt, PEO, 

and solvent. Solution (including PEO, salt, solvent, and TSB) will stir for 6 hours. The 
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mixed solution was sonicated using a Branson 3510 ultrasonic cleaner for 25 mins. After 

sonication, the PEO/salt/TSB/solvent solutions were poured into different Teflon petri 

dishes and kept in the convection oven at 40 oC for 24 h until the solvent evaporated. The 

final film was transferred into the glovebox for LIBs fabrication. Assembling coin cell 

batteries were inside the dry glove box with lithium metal chip (anode), pure and 

composite solid PEO electrolyte, and lithium cobalt oxide (cathode). Both cathode and 

anode were 1.76 cm2 circular shapes. The anode, cathode, and current collector materials 

were purchased from MTI Corp. A drop of liquid plasticizer (LiPF6 in ethylene carbonate 

(EC) + dimethyl carbonate (DMC) + diethyl carbonate (DEC)), about 10wt% of the solid 

polymer electrolyte was deposited on the surface of each electrode during assembly to 

enhance interfacial contact. The battery components were assembled layer by layer and 

sealed using a coin cell-crimping machine.  

My colleague Mengying Yuan worked with me on this project. SPE ion 

conductivities were determined using the complex impedance spectroscopy method 

carried out by Metrohm Autolab (N Series). The samples were sandwiched between two 

stainless steel electrode discs. The complex impedance spectra were obtained with the 

Autolab frequency response analyzer (FRA) module in the frequency range of 1 Hz−1 

MHz. We also run charge/discharge LIBs test, electrochemical impedance spectroscopy 

(EIS) impedance test, polarized light microscopy (PLM) test (Advanced EPI Trinocular 

Infinity Polarizing Microscope 50x-1600x) for polymers investigation, etc.   

3.3 Results and discussions 

PLM images in Figure 16 show the morphology of different TSB content SPEs. 

Both spherical crystals’ size and number are observed to decrease after adding the TSB. 
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The reason can attribute to the urethane group in the TSB, which will reduce polymer 

electrolyte crystallization (Y.-D. Li et al., 2009). The protein self-assembling may 

enhance the nucleation rate of the PEO and form a more amorphous region between the 

crystals (Nam et al., 2008) (Fu, Li, Wang, Kovatch, et al., 2018).  

 

Figure 16 Polarized light microscopy of (a) PEO+LiClO4 (b) PEO+LiClO4+0.5wt.% TSB (c) PEO+LiClO4+1wt.%  
                TSB (d) PEO+LiClO4+3wt.% TSB (e) PEO+LiClO4+5wt.% TSB  
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Figure 17 Electrochemical Window stability of PEO+ LiClO4 with TSB and without TSB  

To further understand the SPE electrochemical window information, we run the 

linear sweep voltammetry and characterize the SPE electrochemical window from 0 to 

6V. The electrochemical window is 0.5V higher by using TSB (Figure 17). SPE is stable 

between 0 to 4.5V. The current is still lower than 1*10-6 A at 6V, which means that the 

stable SPE is prepared.  

 

(b) 
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Figure 18 (a) Impedance spectra of batteries based on solid polymer electrolyte without TSB and their respective    
                 fitting circuit models: (b) Impedance spectra of batteries based on solid polymer electrolyte with TSB and  
                their respective fitting circuit models. 
 

The impedances spectra of the pure PEO-based LIBs and the TSB-PEO LIBs are 

compared in Figure 18. Significant improvement of battery performance is observed in 

the PEO/TSB-based battery. This is mainly attributed to the structural and interfacial 

properties of the protein, the main constituent of TSB. The electrode-electrolyte 

interfacial impedance is directly related to the contact and interfacial ion diffusion and 

conduction between the electrolyte and electrode. The interfacial layer (between the 

electrolyte and electrode) resistance decreases from 1790Ω to 270 Ω. PEO/TSB solid 

polymer electrolyte appears to reduce the interfacial resistance by providing higher ion 

conductivity and enhanced lithium-ion transfer across the electrode-electrolyte interface. 

Charge transfer resistance (second semi-circle from left) decreases from 417Ω to 191Ω, 

which attributes to high ionic conductivity SPE (Figure 19a). 
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Figure 19 Ion conductivity and electrochemical characterizations (a) solid polymer electrolyte ion conductivity vs.  
                  TSB concentration; (b)flexible battery area capacity vs. cycle number. 
 

Figure 19a shows the ion conductivity of the SPE electrolyte film for biomaterial 

content. The SPE ion conductivity is found to improve with the TSB addition from 8x10-7 

S/cm to 7x10-6 S/cm. The optimum TSB biomaterial content (0.5wt% TSB) was selected 

for the SPE-based LIBs fabrication and testing. It is challenging to acquire a uniform film 

as we continue to increase the amount of TSB because entanglement and aggregation can 

occur (Y. Tang et al., 2017) (Zhu et al., 2016). High ionic conductivity SPE could 
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enhance Li+ transfer in bulk and interfacial later. Figure 19-b shows PEO/TSB-based 

LIBs cycling performance, indicating significant improvement. For the specific capacity 

and columbic efficiency (electrochemical processes inside the battery appear to be 

relatively stable after the first few cycles. The protein can immobilize the anions and 

improve the Li transference number, which will reduce the polarization and improve the 

capacity. The adhesion property also improves because of the hydrogen bonding, Van 

Deer Waals force, electrostatic forces (X. Wang et al., 2016). The discharge capacity has 

changed from 0.03 mAh/cm2 to 0.25 mAh/cm2. As mentioned previously, protein 

structure inside TSB can improve the contact between electrode and electrolyte and 

provide higher lithium-ion flux across the interface and in the interphase region, which 

will result in the high LIBs capacity. 

3.4 Conclusions 
 

In conclusion, SPE ionic conductivity increases by adding protein-based TSB 

biomaterial. The electrode-solid polymer electrolyte interfacial properties show 

significant improvement, specifically, one order of magnitude reduction in interfacial 

impedance (from 1790 Ω to 270Ω) and improved battery capacity from 0.05mAh/cm2 to 

0.25mAg/cm2. We can see that TSB can improve device performance significantly. The 

enhancement could attribute to -NH and -C=O groups, increasing Li+ movement and 

transfer. The higher density groups could liberate the polymer chains and help Li+ ions 

transfer. Protein-based materials can be a promising biomaterial for solving the interfacial 

problem inside solid polymer-based batteries.  
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CHAPTER IV. FLEXIBLE LITHIUM-ION BATTERIES  

4.1 Background  

According to MarketsandMarkets reports, the flexible battery market will expand 

from 97 million dollars in 2016 to 958 million dollars by 2022 (Singh et al., 2018). The 

markets include medical devices, smart cards, battery-assisted tags, wireless sensor 

networks, real-time clock backup batteries, etc. For example, one Korean company called 

JENAX has fabricated flexible polymer LIBs, which could be subjected to bending at 

different angles (Hubl et al., 2016). Additionally, Figure 20 shows common materials 

used in flexible batteries and flexibility test simulation plots. Here we summarize five 

major laminated battery fabrication companies: Automotive Energy Supply Corporation 

(AESC), Bright Volt, LG Chem, Murata Manufacturing, Panasonic in Table 11. For 

example, ASEC currently uses NMC/Graphite as the electrode and obtains the 300 

Wh/Kg for energy density. Murata has developed NCA/Gr, NCM/Gr, LFP/Gr, NCA/G + 

SiO-based flexible LIBs with 265 Wh/kg energy density. These flexible LIBs provide 

added mechanical features compared to conventional LIBs. They can be subject to 

bending, twisting, and folding. Apart from LIBs materials design, different flexible LIBs 

shapes have been investigated. Excluding planar batteries, cable-type batteries have 

attracted interest. New configurations could be assembled by paralleled or twisted anode 

and cathode wires. For instance, high-performance fiber-type flexible batteries were 

prepared by wet spinning electrodes into fiber (Zhang et al., 2016). Another coaxial 

cable-shaped flexible LIB shows 762mAh/g discharge capacity at 0.1C (Cao et al., 2016). 

From a materials perspective, metal-chalcogen shows inferior energy density than Li-S 

batteries but shows developing potential because of the high ionic conductivity and rate 
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performance. Although carbon cloth/fabric flexible electrodes have good electrical and 

flexible properties, these flexible electrodes also have the poor reversible capacity, low 

coulombic efficiency, and non-ideal insertion/extraction voltage, etc. In all, high flexible 

LIBs need to have high active materials surface area/volume ratio, flexible and steady 

electrode structure, reliable and high ionic conductivity SPE, good thermal and strain 

management, etc. (Peng et al., 2017). Searching for new electrode materials, optimizing 

components ratio, controlling conductivity and loading mass will be crucial (Zhou et al., 

2014). 

 

Figure 20 Flexible LIBs structure and Flexibility measurement.  
 
Table 11 Summary of the work finished 

Company Capacity Materials Capacity 
retention 

Bending radius 
and twisting angle 

Country 

JENAX 
2017 

2.3(mAh/cm2) 
@0.1C 

LCO/Gel 
Polymer/Grap

hite 5𝜇𝜇m 

80% @1C/1000 
cycles 

 Korea 

Panasonic 
2016 

1.6(mAh/cm2)@1C 
20 ℃ 

Lithium oxide/ 
gel/LE/ 

Graphite 

80% @1C/1000 
cycles 

Bending: R:25mm 
Twist: 25°/100mm 

Japan 

Samsung 
2014 

210mAh for 
(35*12*44mm) 

 50,000 bending 
cycles 

 Korea 

LG Chem 
2012 

 Ni-
Sn/LE/LCO 

  Korea 

Front 
Edge 

Technolog
y 

0.1mAh 
(20mm*25mm*0.1

mm) 

LCO/LiPON/L
ithium 

Less 5% self-
discharge per 

year 

Bending and 
twisting ang angles 

 

USA 

Bright volt 35mAh for 
(45*23*0.45mm) 

LiMnO2/Poly
mer/Li 

  USA 

 

 

mailto:1.6@1C
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Table 11 (continued) 

 

Flexible LIBs still face electrodes delamination, inhomogeneous interfacial layer 

formation, low energy density issues (Peng et al., 2017). For example, metals tags (used 

to conduct current) physical contact with the current collector may induce high contact 

resistance (Sun et al., 2015). The connection and interfaces between each LIBs 

component still need to improve. Although some groups investigate delamination or 

fracture of different layers in LIBs (Zhou et al., 2015)(He et al., 2013), it is still unclear 

how interfacial layers and mechanical force influence flexible polymer LIBs. Our group 

has investigated extreme mechanical bending effects on the flexible LIBs interfacial 

properties. The relationship between contact pressure and conductance was discussed. 

The theoretical model also supported experimental results (Berg et al., 2017). Our group 

has also designed a 3D spiral shape thin film battery with out of plan stretching and 

flexible properties (Kammoun et al., 2016).  To develop a higher performance flexible 

battery, we choose two different salt and investigate lithium salt influence on our flexible 

LIBs performance. We mix two different lithium salt with polymer electrolytes. The high 

viscosity mixture gives the appearance of a solid composite film. The final assembled 

flexible LIBs are analyzed by charge/discharge performance and impedance change. We 

refer to some standards during flexible LIBs characterization (Table 12) (Leber et al., 

 
ASEC 

 
224 - 300Wh/Kg 

for 
(300*222*68mm) 

 
NCM/Graphite 

   
China 

Blue 
Spark 

 Carbon-zinc 
MnO2 

 40mm Bending 
Radius 

USA 
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2017). We find that our flexible LIBs have stable discharge capacity at different bending 

angles. The stable LIBs also show promising applications for flexible electronics. 

Table 12 Summary of current flexibility test 
Test name Full Description Key 

Parameters 
JESD22-A1l0E (Highly 
accelerated temperature and 
humidity stress test-HAST) 

Evaluating reliability for nonhermetic packaged 
devices in humid environments. Employing 
severe temperature, humidity, and bias to 
moisture penetration etc. 

Severe 
temperature. 
Humidity 
 

JESD220Al02E (Accelerated 
moisture resistance- Unbiased 
HAST)  

Similar with HAST. 
No bias applied  

Severe 
temperature. 
Humidity 

  Table 12 (Continued) 
JESD22-Al08D (Temperature 
bias and operating life)  

Simulating operating condition in an 
accelerated temperature, a form of high 
temperature bias life at a short time(burn-in) 

High 
temperature 

ISO/IEC 7810 (Identification 
cards physical characteristics)  

Physical dimensions; resistance to bending 
chemicals, temperature and humility; toxicity 

Dimensions. 
Resistance. 
Toxicity 

ISO/IEC 7816-1 (Identification 
cards - integrated circuit cards)  

Similar with ISO/IEC 7810. 
Mechanical strength included 

Mechanical 
strength 

ISO/IEC 10373-1 (Identification 
cards - Test methods)  

Similar with ISO/IEC 7810, 7816 Test methods 

IPC-TM-650 (Flexural fatigue 
life for a given bend radius)  

Fatigue life at a bending radius; ductility 
determination 

Fatigue life. 
Ductility 

ASTM D522/D522M (Mandrel 
bend test of attached organic 
coatings)  

Test covering resistance to cracking. 
Bending over a conical mandrel or cylindrical 
mandrels of varies diameters 

Flexibility 

MIL-STE-883K 1010.9 
(Temperature cycling) 

-- Temperature 

MIL-STD-883K 2018.6 (SEM 
inspections)  

Test standards for microcircuits; Temperature 
cycling, corrosion test, vibration fatigue, 
strength, loading functional testing, etc. 

Mechanical, 
thermal, 
electrical test. 

 

4.2 Experimental Methods 

Solid polymer electrolyte (SPE) film and pouch cells were fabricated, assembled, 

and characterized through various experimental techniques to investigate bending angles 

effects. SPE film was prepared as follows: The lithium bib(oxalate)borate (LiBOB) salt 

powder (0.6 g) was dissolved in 2 mL tetraethylene glycol dimethyl ether (TEGDME). 

Next, 600K Mw PEO powder (2 g) was added to bottles and heated for 2 hours at 60℃. 

Then, the mixed composite was hot-pressed for 15 mins until the thin films formed. 
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Pouch cells were assembled inside a glove box with graphite(anode), composite solid 

PEO electrolyte, and lithium cobalt oxide (cathode). Both cathode and anode were cut 

into 2*2 cm2 circular shapes. The anode, cathode, and current collector materials were 

purchased from MTI Corp. The battery components were assembled layer by layer and 

sealed using a cell-sealing machine. Finally, the cells were hot-pressed for another 15s 

for a better interface between the electrolyte and electrodes. 

 

 
Figure 21 (a)Capacity performance of flexible pouch cells by using LiTFSI&LiBOB(1:1 molar ratio) salts;(b)         
                capacity performance by using LiBOB salt. 
 
 

(a) 

(b) 
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4.3 Results and discussions 
 

Figure 21 shows the flexible LIBs charge/discharge capacity and coulombic 

efficiency performance in the flat state before flexibility tests. We can see that the 

capacity reached ~0.6 and ~0.7 mAh/cm2 after 100 cycles for LiTFSI&LiBOB(1:1) salt 

and LiBOB salt, respectively, which is higher than the previous cells prepared by the 

solution casting method. There is ~70% capacity retention after one hundred cycles. This 

high-capacity retention can attribute to higher amorphous regions and better interfaces 

between the electrolyte and electrodes. We can also observe that the columbic efficiency 

is over 98% after ten cycles, indicating high discharge performance. The observed 

difference between the first and second cycles can attribute to the interface layer 

formation like SEI and cathode electrolyte interphase (CEI). The ion hopping mechanism 

dominates charge transfer inside SPE. However, interface ionic transfer is influenced by 

diffusion, intercalation, and hopping. We assume that the presence of fluorine (F) can 

improve the LIBs capacity by modifying and stabilizing the interfacial layer formation. 

However, using a fluorine-based salt, namely, LiTFSI did not lead to any improvement. 

So, a different salt, LiBOB, was selected, and fluorine’s role was investigated in an 

additive form, namely, FEC (Chapter VI). Finally, we will investigate the interface 

resistance to confirm the capacity differences.  
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Figure 22 (a) Rate capability test for pouch cells by using LiTFSI&LiBOB; (b) flexible LIBs rate capability 
                 performance by using LiBOB. 

 

Figure 22 shows the rate capability test for different charging rate cells. For 

LiTFSI&LiBOB based batteries, capacity changes from 0.48 mAh/cm2 to 0.22 mAh/cm2 

when the C rate changes from 0.16C to 0.8C, respectively. For LiBOB based batteries, 

the charge and discharge current ranged from 0.14C to 1.30C. We can see that capacity 

decreases from 0.65 mAh/cm2 to 0.14mAh/cm2 after changing the charging rate. The 

(a) 

(b) 
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reason for this change attributes to the incomplete Li+ intercalation inside the electrodes. 

We can also observe that the capacity decrease is not linear with respect to the charging 

rate increase. When the charging rate is 0.26C, capacity shows ~0.50 mAh/cm2. There is 

0.15 mAh/cm2 decrease. If we continue to increase to 0.65C (5 times higher than the first 

0.13C rate), capacity is ~0.30mAh/cm2.  There is 0.35mAh/cm2 decrease compared with 

the initial value. If we further increase the rate to ~1.30C (10 times higher than the first 

0.13C rate), the capacity is ~ 0.15 mAh/cm2. There is a 0.50 mAh/cm2 change. The 

capacity decreasing rate slows down if the charging rate is higher. So, there is a tradeoff 

between charging rate with capacity. Comparably higher charging rates can lead to 

surface electrochemical reactions. The surface reaction can consume most Li+ ions. This 

phenomenon observed from the rate capability test also confirms the 

charging/discharging plots. Therefore, we focus on the LiBOB based batteries for further 

investigations. 

(a) 
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Figure 23 (a) Flexible LIBs capacity performance under different bending angles or different radius of curvature; (b)    
      In-situ flexible LIBs capacity performance during different bending angles;(c) flexible LIBs capacity    
                performance after bending 100 cycles at 0.13 C. 
 

Figure 23 shows the flexible LIBs capacity subjected to mechanical bending test 

for ten cycles at different angles. The capacity is comparably stable after bending with a 

value of 0.61 mAh/cm2 after 100 bending cycles. The slightly capacity decrease is likely 

due to electrolyte or electrode degradation and side reactions. We notice stable capacities 

from 0° °° The steady capacity is related to the steady bulk structure. The stable capacity 

(b) 

12.7mm 6.4mm 25.5mm 12.7mm 

(c) 

6.4mm 25.5mm 
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performance means bending will not break down the inner electrode structures. 

Furthermore, the intercalation and deintercalation inside the cathode and anode appear to 

be stable. The robust SPE mechanical properties ensure good Li+ ions transfer between 

electrodes.  After the bending test, the flexible LIBs are subjected to charge/discharge 

cycles. The battery shows very stable electrochemical performance after bending (Figure 

23c). After cycling around 100 cycles, capacity is 0.52 mA/cm2 compared with 0.60 

mA/cm2 at the beginning. Capacity retention is around 87%. The bending test could 

influence the capacity due to the external force applied. Bending could improve the LIBs 

multi-layers structural stability. The applied mechanical force enhances the electrode and 

electrolyte interface. So homogeneous electrochemical reactions would take place on the 

surface of electrodes.   

 

(a) 



110 

Figure 24 (a) Flexible LIBs impedance performance before bending; (b) flexible LIBs impedance performance after 
   bending 100 cycles; (c) flexible LIBs impedance performance during bending process. 

Figures 24 shows LIBs impedance performance before and after bending. We can 

see that the charge transfer resistance slightly changes from 18.3 Ω (Before bending) to 

19.7 Ω(After bending). The interfacial layer resistance under the middle-frequency region 

shows 20.4 Ω before bending and 24.6 Ω after bending. This small resistance change may 

result from electrolyte decomposition during LIBs charge/discharge. But small change 

also illustrates good interphase formation between electrolyte and electrodes. We also see 

the stable impedance under the bending process (Figure 24c). We measure the 

impedance before bending, under bending, and after bending states. Similar two semi arc 

curves were observed from this plot. It means the bending process will not change battery 

(b) 

(c)
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impedance significantly. The steady impedance could be influenced by solid adhesion 

between electrodes and electrolytes materials and high stable interfacial layer formation 

like SEI and CEI.  

 

 
Figure 25 (a) Flexible LIBs open circuit potential tracking during bending; (b) Flexible LIBs open circuit potential  
                 tracking at different bending rate. 

 

Figure 25 shows open circuit potential (OCV) change during bending. We can 

observe that bending rate influence on potential is minimal, as observed from Figure 

(a) 

(b) 
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35b. The flexible LIBs still maintained their original potential during the bending state. 

The stable OCV retention could be influenced by electrolyte and electrodes attachment 

because sudden dislocation between each component (cathode, anode, and SPE) would 

result in poor charge transfer and voltage loss. There is no OCV dropping during 

different bending rates. So, our battery could work very well under various bending 

states. 

4.4 Conclusions 

In summary, our all-solid-state flexible LIBs have 0.7 mAh/cm2 capacity 

performance. Our flexible LIBs even could be subjected to bending under different 

angles (0-180°) and rates (0-20/min). The capacity is stable, which attributes to the better 

interfacial formed and stable polymer electrolyte. Compared with the second chapter 

using biomaterial TSB inside electrolyte, the significant capacity enhancement is mainly 

from the electrolyte preparation method (from solution casting to hot pressing). The high 

temperature would melt electrode surface polymers and ensure polymer chains mix with 

inorganic electrode particles well. The stable impedance under different bending states 

confirms the steady interfacial layers formation. During LIBs bending process, the 

external stress from LIBs encapsulation layer would enhance the electrodes and 

electrolyte interfaces. Flexible LIBs high electrochemical performance has been 

achieved. In the next chapter, we will continue to investigate interfacial layers inside 

stretchable LIBs.  
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CHAPTER V. STRETCHABLE BATTERIES 

5.1 Background 
 

Stretchable and wearable electronics have developed very quickly in recent years, 

for example, stretchable circuits, smart sportswear, implantable health monitoring 

sensors, wearable displays, military suits smart garments, and new generation 

smartwatches (Dagdeviren et al., 2016). Consequently, energy storage devices inside 

these stretchable and wearable electronics are crucial, especially supercapacitors and 

lithium-ion batteries (LIBs) that are lightweight, stretchable, and thin. Conventional 

batteries or capacitors could not be used due to the limited mechanical properties (Meoli 

& May-Plumlee, 2002) (Jost et al., 2014). Various strategies have been applied to prepare 

stretchable LIBs with high energy density and stretchability. Initially, flexible lithium-ion 

batteries were designed, fabricated, and reported to achieve stretchability (X. Chen et al., 

2019) (Kang et al., 2020). Later on, stretchable batteries (and supercapacitors (Huang et 

al., 2015) (K. Liu et al., 2020) (Cheng et al., 2020)) were reported based on various 

designs and configurations such as buckling-structure (Yu et al., 2009), spring-like fiber 

(Zhang et al., 2014), etc. (N. Li et al., 2017) (J. Chen et al., 2013). Graphene hybrid 

hydrogen and silver nanowire current collectors are also applied in stretchable 

supercapacitors (Zhao et al., 2020) (Mu et al., 2021). In 2010, Rogers et al. reviewed the 

stretchable electronics mechanics and materials (Rogers et al., 2010). From a structure 

view, wavy shapes and bonding with elastomeric substrates could accommodate applied 

strain. The elastic substrate provided restoring force (Rogers et al., 2010). In addition, 

researchers have reported various stretchable LIBs based on the different structural 

designs. island-serpentine-architecture (Xu et al., 2013), spiral (Kammoun et al., 2016), 
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arched (Weng et al., 2015), origami (Song et al., 2014), and kirigami (Song et al., 2015) 

(Bao et al., 2020) are some of these non-fabric stretchable LIBs. Some studies 

demonstrate all-components stretchable batteries (X. Chen et al., 2019) (Liang et al., 

2020) (Yan et al., 2014), while others have only one or more stretchable components, 

such as electrodes. The stable LIBs electrochemical performance could attribute to the 

interfacial layer stability and LIBs materials’ compatibility (C. Wang et al., 2011) 

(Kaltenbrunner et al., 2010).  

A fully stretchable battery is defined here as one battery where all components, 

including electrodes, solid electrolyte, and encapsulation, are stretchable. In addition, one 

technique to demonstrate fully stretchable LiBs is utilizing a wavy structural design. In 

this approach, the rigid components have been loaded on a flexible elastic stretched 

substrate to enhance the interfacial formation. Then the substrate has been released and 

returned to its unstrained position leading to a wavy configuration (W. Liu et al., 2017). 

Results have revealed the high electrochemical performance and long stability owing to 

the flexible PDMS porous substrate. Also, this wavy battery fabrication method has been 

reported to be considerably facile, simplifying commercial fabrication. Another 

documented example has utilized rigid components in an accordion-shaped structure (Shi 

et al., 2019). In 2017, Arias’ group developed wire-shaped silver-zinc batteries based on 

helical band springs current collectors, resilient to fatigue due to stable interfacial layer 

formations (Zamarayeva et al., 2017). Electrochemical performance could retain after 

17000 flexure cycles at a 0.5cm bending radius (Zamarayeva et al., 2017). Song et al. 

designed a kirigami pattern and achieved 150% LIBs stretchability (Song et al., 2015). 

Plastic rolling would reduce folding fractures and enhance electrodes and electrolyte 
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interface (Song et al., 2015). Weng et al. reported gum-like LIBs, which remained stable 

performance at 400% strain owing to the stable interfacial layer formation (Weng et al., 

2015). Kim’s group used stretchable polyurethane comprising gold nanoparticles as 

current collectors to enhance electrodes and current collector contact (Gu et al., 2019). In 

2020, KIST fabricated a full stretchable LIB using two-dimensional micro honeycomb 

electrode material with a crosslinked gel electrolyte. The final capacity was 

5.05mAh/cm2 owing to the improved interfacial layer formation. The electrochemical 

performance showed up to 50% strain when the device was stretched 500 times without 

electrodes and electrolyte delamination (Kang et al., 2020) (X. Wang et al., 2020). 

Stretchable systems shared future opportunities.  

Addressing aging and failure during frequent deformations is necessary. There are 

several ways to achieve it. Constructing a thermodynamically self-healing composite 

could facilitate the LIBs stability (Qi et al., 2021). 2D fractal-inspired patterns, 2D 

serpentine configurations, and 3D helical configurations encapsulation also improve 

structure strength (K. Li et al., 2019) (Mackanic et al., 2020).  Wavy batteries, folding 

batteries, spiral form batteries, fiber-like batteries, and intrinsically stretchable batteries 

are pretty ordinary and promising (Kammoun et al., 2016). Stretchable LIBs have 

experienced a significant change in materials, mechanical design, and manufacturing 

strategies. Enormous strain (>1%) has been addressed. During the stretching process, 

LIBs experienced the elastic linear strain, bending, stretching, and twisting (Zhang et al., 

2014) (Song et al., 2015). To solve LIBs failure and aging problems, we conducted 

stretchable LIBs experiments and focused on the electrochemical performance analysis 

under varied deformations. We found that enhanced interfacial layer stability is essential 
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for solving LIBs capacity fading and failure issues. 

 Here, we designed spiral shape batteries which could achieve high capacity and 

high strain deformation simultaneously. The stretchability could be 6000%, which is the 

highest strain reported as we know. In addition, we obtain 1.21 mAh/cm2 stable capacity 

spiral LIBs. The stable spiral LIBs do not show open-circuit voltage (OCV) loss during 

stretching. The spiral LIBs high-performance could attribute to the enhanced interfacial 

layer formation. We conduct several electrochemical impedance spectroscopy (EIS) tests 

to investigate our stretchable LIBs interfacial layer. The EIS test design is accurate and 

convenient without chemical elementals analysis. From EIS test results, we show spiral 

LIBs long-term stability with low resistance change during stretching. Our stretchable 

spiral LIBs provide a contemplate for many stretchable electronics applications.  

5.2 Experimental methods 
 

The solid polymer electrolyte (SPE) film, spiral shape electrode (LiCoO2 as 

cathode, graphite as the anode), self-sealing laminating sheets were prepared by Cricut 

Explore Air 2.  Stretchable LIBs are assembled layer by layer inside the glovebox. 

Various experimental techniques investigate stretching strain effects. Tensile stress was 

applied from the Manual Mark Stress-Strain machine. The SPE film was prepared as 

follows: Lithium bib(oxalate)borate (LiBOB) salt powder (0.6 g) was dissolved in 2 ml 

tetraethylene glycol dimethyl ether (TEGDME) with 2ml fluoroethylene carbonate 

(FEC). Next, 600K Mw PEO powder (2 g) was added to the glass bottles and heated for 2 

hours at 60℃. Then, the mixed composite was hot-pressed (80℃) for 15 mins until the 

thin films formed. Stretchable LIBs were assembled inside the dry glove box with 

graphite, SPE, and LCO. Both cathode and anode were cut into 2.55, 9.81, 19.81 cm2 
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spiral shapes. The anode, cathode, and current collector materials were purchased from 

MTI Corp. The battery components were assembled layer by layer and sealed using a 

cell-sealing machine. Finally, we will hot press cells for another 15 s for a better interface 

between electrolyte and electrodes. Spiral stretchable LIBs charge and discharge operated 

inside the glovebox. 

 
 

 
Figure 26 (a) Stretchable spiral LIBs capacity performance with 2.55cm2 area at unstretched state; (b) Stretchable  
                  spiral LIBs capacity performance with 19.81 cm2 at unstretched state. 
 
5.3 Results and discussions 

 Figure 26 shows spiral LIBs charge/discharge performance with different sizes. 

The high capacity can reach 1.55 mAh/cm2 after five cycles. Then the capacity degrades 

(a) 

(b) 



 118 

to 1.06mAh/cm2 (31.6% degradation) after 15 cycles. The comparable high performance 

was from good interfaces between electrodes and electrolyte. LIBs capacity loss could be 

related to electrolyte and salt degradation during charging/discharging. To exclude size 

effect on device performance, we prepared different sizes of electrolytes and electrodes. 

Another 19.81 cm2 battery has been prepared and charged/discharged. The higher 

performance 0.70mAh/ cm2 (10.2% degradation) is obtained after cycling 15 cycles. The 

large spiral LIB degradation rate is lower than the smaller spiral LIB but suffers from low 

capacity. We find that LIBs size has a big impact on the device capacity. The reason 

could attribute to the incomplete electrochemical reaction on the electrodes. The 

interfacial layer between electrodes and electrolyte could change when LIBs size 

increases. During charging/discharging, the spiral LIBs current density distribution could 

be not homogenous compared with the smaller one (only one 5cm tab connecting with 

the terminal). Current distribution would also change when a LIB shape is bigger. The 

external encapsulation layer pressure could impact capacity, too. As discussed in the 

flexible battery (Chapter IV), bending would make each LIB component connect well, 

enhancing Li+ ions transfer between electrodes.  

Therefore, improving LIBs capacity and cycle stability simultaneously was 

challenging. Here, we choose a medium size 9.8cm2 as an experimental device. The 

reason was from the size effect and stretchability. Although smaller size batteries have a 

high capacity, it is hard to achieve 3D out-of-plane stretching. However, the complex 

processing and low-capacity performance limit the big-size spiral LIBs application. 

Consequently, we fabricate our spiral LIBs using 9.8 cm2 electrodes. Our final spiral LIB 
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has high cycle stability (~90% capacity retention after 15 cycles) and high capacity 

(~1.20 mAh/cm2).  

 

 
Figure 27 (a) Spiral LIBs Capacity performance for 9.81cm2 battery; (b) Spiral LIBs rate capability test with varied   
                 charging current rate. 

 

Figure 27 shows the spiral LIBs capacity performance during 

charging/discharging. 1.21 mAh/cm2 initial discharge capacity is achieved at 0.1 C. It 

decreases to 1.08 mAh/cm2 (10.7% degradation) after 15 cycles, much lower than the 

previous smaller size spiral LIB. Then a rate capability test result is shown in Figure 

27b. Spiral LIB is charged and discharged by applying different currents for the rate 

capability test. Spiral LIB capacity shows 1.08 mAh/cm2 at 0.1C, 0.95 mAh/cm2 at 0.2C, 

(a) 

(b) 
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0.63 mAh/cm2 at 0.5C and 0.24 mAh/cm2 at 1C. Finally, spiral LIB charges and 

discharges at 0.1C, we still could get 1.03 mAh/cm2 capacity. This battery could run over 

60 cycles with 14.8% degradation. The coulombic efficiency is higher than 97% during 

cycling, confirming very stable interfacial layers formation. To further investigate spiral 

LIBs electrochemical performance, we have done some characterization like OCV 

tracking, EIS test, etc. 

 

 
Figure 28 (a) Spiral LIBs potential performance under different strain; (b) sprial LIBs in-situ test to track the potential 
                  change during stretching. 

(a) 

(b) 
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Spiral LIBs’ open circuit potential is measured during different strains (Figure 

28). Open circuit voltage (OCV) does not change when the strain changed from 1000% to 

6000% (Figure 28a). Because the battery thickness is around 700𝜇𝜇𝜇𝜇, 1000% stretching 

means 7mm strain deformation. The stable OCV could attribute to stable LIBs structure 

under 1000% strain. Spiral LIB OCV also does not change when LIB stretches from 0 to 

6000% for 20 cycles (Figure 28b), which means there is no capacity loss.  This stable 

stretchable spiral LIB OCV also could be related to enhanced interfacial layer formation. 

To further understand the spiral LIB stability, we record OCV for 10 hours at a higher 

strain. 

 
Figure 29 Spiral LIBs potential tracking when 6000% strain applied 
 

Figure 29 records spiral LIBs potential during stretching for 10 hours. There was 

still no potential degradation at 6000% high strain. It confirmed LiBs high stability. 

There was no electrochemical reaction happening inside batteries to reduce open-circuit 

voltage. 
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Figure 30 Spiral LIBs capacity performance during stretching from 0 to 6000% strain deformation. 
 

 Spiral stretchable LIBs charge and discharge capacity performance are shown 

and summarized (Figure 30, Table 13). Spiral stretchable LIBs could reach 0.59 

mAh/cm2 after stretching 3000%. It’s very stable for ten cycles. LIBs capacity decreases 

after stretching 6000%. The spiral LIB capacity decrease could be related to 

encapsulation layer pressure because stretching LIBs would simultaneously experience 

twisting and stretching. The interface between electrodes and electrolytes would be 

influenced. Capacity decreases to 0.47 mAh/cm2 finally. However, after applying new 

stress (encapsulation layer applied) between two electrodes, capacity increases to 0.72 

mAh/cm2, confirming our assumption that the pressure effect would play an essential role 

in LIBs capacity during stretching. When the stretching strain is 3000%, capacity shows 

0.46 mAh/cm2. Our spiral LIB is stable for 80 cycles. Finally, the LIB pressure is 

released, spiral LIB capacity shows 0.33mAh/cm2. 
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Table 13 Summary of capacity loss during stretching 

Stretching Percentage 
(%) 

Capacity 
(mAh/cm2 ) 

Capacity Retention (%) 

0 ~0.92 100 

3000 ~0.59 64 

6000 ~0.47 51 

0 ~0.72 78 

1000 ~0.49 53 

3000 ~0.46 50 

0 ~0.33 36 

 

 
Figure 31 Spiral LIBs stretchability test under different strain deformations 

 

Figure 31 shows stretchable LIBs deformation and shape change during the 

stretching. There is no crack observed during stretching. The battery thickness is around 

700 𝜇𝜇𝜇𝜇.  
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Figure 32 (a) Spiral LIBs Impedance at different voltage ;(b) Spiral LIBs impedance at different strains deformation. 
 

Figure 32 shows spiral stretchable LIBs impedance. From Figure 32a, the open-

circuit voltage (OCV) does not influence the LIBs impedance significantly. The LIBs 

could run very steadily under different voltages and cycles. Both bulk resistance and 

interfacial layer resistances do not change significantly during the charging/discharging 

(a) 

(b) 



 125 

process owing to the similar semi-circle observed. From Figure 32b, we can also observe 

similar bulk resistance and interfacial layer resistance. Steady impedance could attribute 

to the steady interfacial later formation and stable materials structures. These EIS test 

results confirm the observed stable OCV potential under different strain deformation. 

5.4 Conclusions 

Here, we report the materials and schemes for future stretchable spiral LIBs with 

attractive forms and properties. A high capacity 1.21mAh/cm2 is observed. The easy 

procedures for preparing materials and fabrication could make the whole process 

simplified. Furthermore, the higher deformation 6000% is achieved due to the enhanced 

interfacial layer formation. In addition, the external mechanical stress (LIBs under 

different strain deformation) influence on stretchable LIBs has been addressed. The stable 

interfacial impedance could attribute to the stable interfacial layer formation. For future 

work to achieve spiral LIBs high energy density, we should focus on the capacity loss 

under a high strain deformation and LIBs interfacial layer formation.  
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CHAPTER VI. ENHANCING INTERFACES IN SOLID POLYMER BATTERIES  

6.1 Background  
 

Lithium-ion batteries (LIBs) have attracted extensive research due to their high 

energy and power densities (Zhao et al., 2017) (Ma et al., 2015). LIBs have a wide range 

of applications in electric vehicles, smartwatches, drones, wheelchairs, scooters, phones, 

etc. (Grey & Hall, 2020). Commercial LIBs typically use liquid electrolytes with lithium 

metal oxide and graphite electrodes. The practical capacities of graphite and LCO are 

372mAh/g and 140 mAh/g, respectively. Lithium inserted graphite at a low potential 

around <0.25 V vs Li/Li+ reversibly. It is abundant and easy-to-produce properties make 

it be the most popular anode material (Aurbach et al., 2016). Here, we continue to use 

commercialized graphite as the anode and lithium cobalt oxide (LCO) as the cathode. 

Graphite and LCO show stable reversibility during the charge and discharge process 

without significant changes in electrode volume and electrode morphology. But 

conventional liquid LIBs suffer from electrolyte leakage, battery thermal runaway, 

unstable interfacial layer formation, among others (Wu et al., 2019). For next-generation 

LIBs, high capacity and safe solid-state batteries become the focus.  

It is found that the inorganic solid electrolyte prepared LIBs have poor interfacial 

layer ionic conductivity and poor cycle stability. The main reason should be related to the 

inhomogeneous interfaces between the electrodes and electrolyte. Conventional liquid 

electrolyte LIBs have high capacity performance owing to formed cathode electrolyte 

interface (CEI) and solid electrolyte interface (SEI), etc. (Pinson & Bazant, 2012). The 

ion-permeable SEI would allow Li+ to go through grain boundaries easily. This strong 

SEI would suppress corrosion reaction with SPE. The passivated and inhomogeneous 
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interfacial layer would result in lower capacity retention. Usually, these films consist of 

insoluble products like lithium alkyl carbonates, lithium carbonate, lithium alkoxide, 

polycarbonates, and others (An et al., 2016). However, flexible LIBs need high ionic 

conductive flexible electrolyte, high mechanical modulus electrolyte, and stable 

conductive interfacial layers. Both inorganic solid electrolyte and liquid electrolyte could 

not fulfill these requirements. Elastic polymer electrolytes could satisfy all these 

requirements, as discussed in Chapter II.  

To achieve high SPE ionic conductivity, polymer electrolytes could mix with 

other LIBs additives. These additives have been used to improve LIBs cycles life and 

reduce LIBs capacity loss (Aurbach et al., 2002). Some would minimize capacity loss and 

improve the LIBs cycle life by surface modification like SO2, halogenated additives, 

alkyl or aryl sulfites (Aurbach et al., 1995) (Ein-Eli, 1997) (Naji et al., 2000) (Wrodnigg, 

Besenhard, et al., 1999) (Wrodnigg, Wrodnigg, et al., 1999). Among them, 

fluoroethylene carbonate (FEC) as LIBs electrolyte additive shows a low melting point, 

high stability for oxidation, and low flammability (less hydrogen available). Single F-C 

bonding energy (485 KJ/mol) would be more potent than C-O bond (358 KJ/mol) (Smart 

et al., 2003) (Etacheri et al., 2012). The use of fluorine graphite and fluorine electrolyte 

have already been investigated (Sato et al., 2011) (Möller et al., 2001). In 1999, 

McMillan et al. found that FEC could decrease the LIBs capacity loss to 37% after 

charging/discharging 200 cycles in graphite-based batteries (McMillan et al., 1999). High 

LIBs performance is attributed to higher electrodes surface area for Li+ storage, 

decreasing charge transfer resistance, reduced interfacial layer resistance (Groult et al., 

2005). Other fluorinated chemicals like MFE, TTFP have been used in LIBs (Choi et al., 
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2006) (Nakai et al., 2011) (Sethuraman et al., 2011), too.  Although many researchers 

reported electrodes surface layer modification in liquid electrolyte-based LIBs, solid-state 

flexible LIBs still have not been investigated. Additionally, mechanical bending’s 

influence on flexible LIBs electrochemical performance is not clear. Our groups focus on 

the flexible LIBs but suffer from polymer electrolyte crystallization and low LIBs 

capacity. To improve our flexible polymer electrolyte electrochemical performance and 

improve interfacial layer stability, we used FEC as our flexible LIBs additive. We 

characterized flexible LIBs under different buckling states, environmental temperatures, 

charging rates. We found that the flexible LIBs capacity was enhanced by 114% after 

using FEC. The high capacity could attribute to the interfacial layer enhancement.  

6.2 Experimental methods 
 

Materials preparation and batteries fabrication: FEC filled and non-filled solid 

polymer electrolyte (SPE) film and pouch cells were fabricated and characterized through 

various experimental techniques to investigate the effects of FEC additive. The SPE film 

was prepared as follows: The lithium bis(oxalate)borate (LiBoB)  salt powder (0.6 g) and 

tetraethylene glycol dimethyl ether (TEGDME) (2 g) were mixed at room temperature. 

Next, FEC solvent was added to the SPE and stirred mix for two hours at room 

temperature. Then, 600K Mw PEO powder (2 g) was added to the solution and heated for 

another 2 hours to obtain gel SPE. The gel electrolyte was hot-pressed at 80℃, 50 KN for 

15 mins. Flexible batteries were assembled inside a dry glove box with graphite (anode), 

SPE, and lithium cobalt oxide (cathode).  Both cathode and anode were cut into 4 cm2 

square shapes. The anode, cathode, and current collector materials were purchased from 

MTI Corp. Lithium bis(oxalato)borate (LiBoB), tetraethylene glycol dimethyl ether 
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(TEGDME), 600K Mw PEO bought from Sigma-Aldrich Inc. Ethylene carbonate (EC), 

diethyl carbonate (DEC), and FEC (around 5% wt. of the SPE) have been used to process 

electrodes surface during assembly. The reason was investigating the interfacial layer 

impedance and flexible LIBs energy density changes. The battery components were 

assembled layer by layer and sealed using a vacuum sealing machine. 

Characterization: All of the electrochemical and buckling tests were carried out at 

23.6±0.5℃. Flexible LIBs were placed on the mechanical stand Mark-10-ESM 301L. 

The batteries were bending under 45 degrees, 90 degrees, and 180 degrees by tuning 

different displacement lengths. The curvature radius at the center was measured using a 

circle fit method. Electrochemical Spectroscopy Impedance (EIS) of flexible batteries 

were obtained using Metrohm Autolab Frequency Response Analysis (FRA 2) with 

frequency range capability from 0.1Hz to 10 MHz and amplitude of 1mV. Nyquist plots 

simulation was used to create equivalent impedance circuits for analysis. The charge 

transfer resistance, SEI resistance, bulk resistance were obtained from the fitting plots. 

6.3 Results and discussions 
 

Figure 34a and Figure 34b show capacity performance for the flexible pouch 

cells. The highest capacity ～1.5 mAh/cm2 is from SPE with FEC based LIB compared 

with ～0.7 mAh/cm2 capacity without FEC based LIB. In order to figure out the reason 

for high performance, we try using the FEC processed graphite and LCO separately. 

From the yellow line, we observed that the severe capacity loss for FEC processed LCO 

based LIBs. This should be related to the increased stability toward oxidation. However, 

we obtain ~1.2 mAh/cm2 capacity after adding FEC on a graphite surface. The reductive 
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decomposition of FEC around -0.84 V vs Li/Li+ would form a stable and homogeneous 

layer on top of the anode. FEC could not decompose at the cathode surface under pretty 

lower HOMO. It may form the Li+ transfer barriers at the boundary between electrolyte 

and LCO (Dong et al., 2014). 

 
 

 

 
Figure 33 Flexible LiBs and its structures 
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(b) 
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Figure 34 (a) Capacity performance of flexible batteries (SPE including PEO:TEGDME:LiBOB); (b) Effect of FEC   
                on the electrodes’ polarization during galvanostatic cycling at room temperature; (c) Ionic conductivity of                        
               polymer electrolyte without FEC but under different salt weight ratio (PEO: salt: 1:0.15; 1:0.3;1:0.45)                            

from bottom orange to upper yellow); (d) electrolyte conductivity with FEC (blue) and without FEC (0.3 salt                 
ratio, gray); (e) different FEC weight ratio (FEC: PEO: 0.15:1;0.25:1;0.35:1;0.5:1;0.75:1) influence on                        
electrolyte ionic conductivity. 
 

Figure 34c show SPE ionic conductivity test at different temperature for SPE 

with different salt ratio. When lithium salt weight ratio increases from 0.15 to 0.3, ionic 

conductivity increases from 8.7*10-5 S/cm to 1.2*10-4 S/cm at room temperature (298K). 

When we continue to increase the ratio to 0.45, 6.4 *10-4 S/cm shows at room 

temperature. However, the high salt ratio will melt at 45℃ (328K). So, we choose 0.3 

(d) 

(e) 
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weight ratio salt SPE as the primary SPE. Figure 34d shows SPE ionic conductivity vs 

1/T plot for 0.3 salt weight ratio SPE and FEC added SPE. Ionic conductivity increases at 

room temperature (298K). FEC could modify the solvation structure and electrolyte 

reduction behavior while being innocuous to transport properties. The small amount of 

FEC is found to have a higher Li+ solvation structure which shows a higher contact-ion 

pair ratio (14%) than the parent EC electrolyte (6%). Moreover, Li+ coordinated FEC 

would reduce to LiF and passivate anode surface at an early onset (ca. 0.3 V higher than 

EC) (Hou et al., 2019). From Figure 34e, we can see the weight ratio (FEC: PEO) 

influences on ionic conductivity. We use 0.25 ratio electrolyte for SPE due to the high 

ionic conductivity.  

For FEC processed graphite (black line), we can see that LIB also shows a lower 

capacity after 1st cycle, which should be related to SEI formation. A steady and 

homogeneous interfacial layer could form after cycling because reduction reaction at 

negative potential of FEC -0.84 V vs Li/Li+ would decompose at graphite surface. For 

bulk FEC-based SPE, higher dielectric constant SPE coordinates with Li+ and results in 

charge carrier concentration increase. At higher concentration FEC, the dilution of Li+ 

would result in poor capacity. 

The high concentration LiF and Li2CO3 on top of graphite may blocks the 

electrons transfer and results in a high performance. For electrode with FEC processing, 

it shows high capacity. The reason could be divided into two parts. One is the smooth SEI 

formation. Second reason could be related to FEC increasing the free volume between 

chains. Their mechanical strength may also hinder the dendrite growth. Low 

crystallization region and high amorphous region should be another reason.  
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Figure 35 Cyclic voltammetry plot for full cells (LCO/SPE/G Structure) at 0.1mV/s 

 

Figure 35 shows the CV test for FEC and FEC-free batteries. We could see that 

FEC batteries have clear two peaks (4.0V and 4.2 V, respectively) during the anodic scan. 

FEC-free batteries show one peak at around 4.1V.  This should be related to Li+ 

delithiation process from LCO where surface Li+ would go through a more compact and 

homogeneous SEI layer at lower potential (4.0V) and mass Li+ transfer at higher 

potential.  During the cathodic scan, a reduction peak also moves right for FEC batteries. 

This shows the higher polarization for FEC batteries which also correspond with the 

higher bulk resistance observed in Figure 39. The clear polarization around 200 mV 

decreases after using FEC. This means a better interfacial film formation on top of the 

electrodes (Smart et al., 2003). Figure 44 also shows the FEC processed LCO and 

Graphite electrode flexible LIBs. We could see the clear lower reduction and oxidation 

peak from FEC processed LCO LIBs. This should be related to incomplete 

electrochemical reactions at the LCO electrode surface.  
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Figure 36 Rate capability test of batteries (a): No FEC added in SPE based LIBs; (b): FEC mixed with SPE based         
 LIBs. 
 

Figure 36 shows the rate capability test for batteries with and without FEC. We 

can see that at a higher C rate, the SPE-FEC-based flexible battery shows lower capacity 

performance.  The specific mechanism leading to capacity decrease is not clear and needs 

to be investigated further. We charge our batteries at different current like 0.083 (0.1C), 

(a) 

(b) 

(a) 
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0.166 (0.3C), 0.415 (0.7C), 0.830 (1.3C) mA/cm2. 1.500 mAh/cm2 and 0.700 mAh/cm2 

capacity showed at same current density. From 0.166 to 0.415 mA/cm2, we found higher 

capacity loss for FEC added LIBs. The lower ionic conductivity limits the transfer at a 

higher charge and discharge current in batteries without FEC.  

 
Figure 37 FEC & SPE device performance under 0.12C rate 

 

Figure 37 shows LIB with FEC charges and discharges 100 cycles after rate 

capability test.  It shows 1.25 mAh/cm2 and has 94.1% capacity retention after 100 

cycles. This illustrates the higher performance for steady flexible batteries. The smooth 

plot line illustrates steady LIBs.  
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Figure 38 LIBs capacity performance under bending state (a) pristine electrolyte LIBs without FEC; (b) LIBs with  
                 FEC capacity performance. 

 

Figure 38 shows batteries under different bending test from 45° , 90° to 180°.  

Commercial Samsung Galaxy Z Flip series smartphones could be folded at 180° degrees. 

We found that the capacity is steady in different bending angles, which means higher 

stability pouch cells fabricated. This type of battery could be used in future flexible 

electronics. The reason for the high performance under different buckling states is from 

(b) 

(a) 
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stable interfacial layer formation, which could tolerate the shape change.  In addition, the 

bending state could enhance the compact interface between electrolyte and electrodes. 

The stress distribution on the surface has already been investigated in our group by both 

model and experiments (Berg et al., 2017). High modulus LiF (shear modulus around 

55.1Gpa reported) could be steady under bucking conditions (Xu et al., 2014). 

 
Figure 39 Impedance spectroscopy for SPE with FEC battery and FEC free battery 

 

Figure 39 shows flexible LIBs impedance test for batteries with and without 

FEC. At the high frequency region, the first semi-circle is related to the SEI layer. In the 

middle frequency region, the semi-circle is related to the charge transfer. The low 

frequency region is related to Warburg resistance for the diffusion process (Groult et al., 

2005). Bulk resistance from FEC based LIBs is 18.2 Ω which is higher than 15.4 Ω 

without FEC. However, charge transfer resistance decreases significantly from 16.9 Ω to 

9.0 Ω. SEI resistance also decreases from 8.2 Ω to 4.8 Ω. This should be related to the 

stable buffer layer formation, which still needs to be investigated further. The lower 

impedance illustrates the faster charge transfer across the electrolyte and electrode 

interface because the Li+ intercalation and deintercalation process change. Different 
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surface films have different Li+ migration kinetics. From the impedance plot (Figure 45), 

we observe the capacitive effect in FEC processed LCO based LIB. A high imaginary 

number of impedances should be from the voids or imperfect interface. This could result 

in poor capacity performance. This impedance measurement addresses the varied charge 

transfer phenomenon across the surface films. 

 
Figure 40 FEC decomposition mechanism 

 

Etacheri et al. propose the FEC decomposition mechanism (Figure - 40) (Etacheri 

et al., 2012).  HF elimination on the anode surface would form VC, which would 

polymerize and form the polycarbonate species. Then part of carbonate groups would 

form functional -OCO2Li groups.  
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Figure 41 (a) Thermal cycling performance at different temperature for pristine polymer LIBs; (b) performance after  
                  adding FEC inside polymer electrolyte 

 

Figure 41 shows the thermal performance of the batteries from -10 ℃ to 60 ℃   

with and without FEC. We can see that the capacity decreases dramatically from RT to 

10℃. This capacity decrease also coincides with the SPE chains lower mobility when the 

temperature decreases. If we continue to reduce the temperature, the capacity shows 

(a) 

(b) 
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0.164 mAh/cm2, 0.196 mAh/cm2 at 0℃, respectively. At -10℃, the capacity shows 0.006 

mAh/cm2 for FEC added batteries. At 23℃, the capacity shows 0.737 mAh/cm2, 1.001 

mAh/cm2 for LIBs without FEC and with FEC, respectively. At 40℃, the capacity shows 

0.998 and 1.247 mAh/cm2 for LIBs without FEC and with FEC, respectively.  At 50℃, 

FEC added LIBs capacity shows 1.360 mAh/cm2, which is even higher than 1.008 

mAh/cm2 at 60℃ FEC free LIBs. 

 
Figure 42 stress – strain plot of electrolyte 

 

Figure 42 shows the stress–strain plot of the solid polymer electrolyte (SPE). The 

mechanical young’s modulus is calculated to be 6.2 and 6.0 Mpa for the SPE with and 

without FEC, respectively. The mechanical modulus is similar. It means FEC added SPE 

does not influence SPE mechanical property significantly.  
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Figure 43 (a) Polarized optical microscopy plot of electrolyte with FEC; (b) S polarized optical microscopy plot of  
                  SPE without FEC. 

 

Figure 43 shows polarized optical microscopy of the electrolyte with and without 

FEC. We could observe the clear crystals distribution and amorphous regions in the SPE 

sample without FEC. After mixing with FEC, more amorphous regions form and connect 

with each other. This can explain the reason for higher conductivity and better capacity 

achieved in the SPE-FEC-based flexible battery.  

 
Figure 44 CV plot for LCO+FEC based LIBs and G+FEC based LIBs, scan rate at 0.1mV/s.  
 

Figure 44 shows the CV curve for the FEC processed LCO LIBs and FEC 

processed graphite LIBs. Compared with Figure 35, FEC processed graphite shows a 

similar reduction and oxidation peak value, which has a good match with higher capacity 

5 𝜇𝜇m 5 𝜇𝜇m 

(a) (b) 
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LIBs obtained. LCO processed LIBs show slightly higher oxidation potential which may 

attribute to the incomplete interfacial layer formation. 

 

   
Figure 45 Impedance measurement for SPE with FEC processed Graphite electrode; FEC processed LCO electrode 
 

Figure 45 shows impedance plots for FEC processed graphite LIBs and FEC 

processed LCO LIBs. The bulk resistances are 7.1Ω and 7.6 Ω for FEC+G and 

FEC+LCO, respectively. The interfacial layer resistances are 21.4 Ω and 38.2 Ω, 

respectively. The difference between interlayer resistance also confirms the poor 

interface layer formation in FEC processed LIBs.  

6.4 Conclusions 
 

In all, fast Li+ uptake and less resistance could be achieved by the formation of 

FEC-derived SEI. The Li+ transport across the interface layer attributes to the higher 

fraction polar carbonate (-CO3-), Li2CO3 and stable disordered LiF structure, which has 

higher surface interfacial energy. The critical role of FEC in tailoring the Li+ solvation 

structure and as-formed protective SEI composition provides both electrochemical and 

mechanistic insights that will aid in the rational future novel electrolytes design. 
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Fluoroethylene carbonate (FEC) as a battery additive has already been used in the 

last two decades in liquid electrolyte-based batteries. Here, we investigate the effect of 

FEC inside the solid polymer electrolyte system and on the surfaces of the electrodes. 

The electrochemical performance and surface chemistry have been characterized. 

Improved cycle stability (over 95% capacity retention after 100 cycles) and good capacity 

(130.7mAh/g) were achieved by stable and homogenous interfacial layer formation. The 

significant improved electrochemical performance is related to the FEC reduction and its 

effect on charge transfer inside the electrolyte. Our flexible LIBs show slight degradation 

after bending at 180 degrees. The wide working temperature range (-10℃ to 60℃) also 

make LIBs applicable for varied environments.  
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CHAPTER VII. CONCLUSIONS AND FUTURE WORKS 

7.1 Conclusions 
 

This thesis investigates interfaces in solid polymer electrolyte (SPE) based flexible 

lithium-ion batteries (LIBs). Flexible LIBs and spiral stretchable LIBs are designed and 

fabricated. Several methods to enhance the interfaces in flexible LIBs are explored, 

including new fabrication strategies and using LIBs additives. From TSB modified LIBs 

(Chapter III) to FEC modified LIBs (Chapter VI), SPE-based LIBs capacity shows an 

increase to a maximum of 1.50 mAh/cm2 due to the enhanced interfacial layer formed 

between electrodes and electrolyte.  Here, we verify that flexible LIBs electrochemical 

performance is highly influenced by the LIBs materials and the interfacial layer stability. 

Specifically, TSB optimized SPE has reduced crystallization regions, enhancing SPE 

ionic conductivity and LIB capacity. Flexible LIBs show high cycle stability and energy 

density by using hot-pressing prepared SPE. The improved interfaces between electrodes 

and electrolytes could form stable interfacial layers. Furthermore, we use thermal 

pressing methods to enhance electrode surface particles’ contact with polymer electrolyte 

chains because thermal pressing would decrease the interfacial layer resistance. 

Additionally, stable flexible LIBs were subjected to mechanical bending at different 

bending angles. It was found that varied bending angles did not influence the flexible 

battery’s energy density and open-circuit voltage. Furthermore, our stretchable LIBs also 

have long-lasting capacity retention even under 6000% deformation due to the stable 

interfacial layer formation. These spiral-shaped LIBs show high electrochemical and 

mechanical properties. In addition to mixing FEC with SPE, we find that FEC additive 

also works on anode surface layer during battery assembly, which contributes stable and 
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high ionic conductive SEI layer. Flexible battery safety is also examined through a 

destructive test such as battery puncturing. We find that punctured flexible LIBs could 

still power the LED light. Owing to LIB’s high energy density, our durable and safe solid 

polymer electrolyte flexible lithium-ion batteries are promising for future applications. 

7.2 Future works 

SPE-based LIBs would be very promising and suitable for wearable & flexible 

electronics applications. However, future solid-state flexible LIBs need to have fast 

charge/discharge, high energy density, high cycle stability, safety, high power density, 

and low cost. For quick charge/discharge, SPE-based LIBs suffer from low SPE ionic 

conductivity due to few polymer chains freedom regions at room temperature. In 

addition, polymer crystallization needs to be considered under 0℃. Improving SPE ionic 

conductivity, decreasing polymer crystallization, and increasing SPE electrochemical 

windows will be a good future plan. Inorganic solid electrolyte-based LIBs have a high 

working temperature range and do not have any crystallization or lower ionic 

conductivity issues. But inorganic solid electrolyte-based LIBs are limited by poor 

interfacial conductivity and compatibility between electrodes and electrolyte. Inorganic 

and organic composite electrolytes could be another future direction, but further 

investigation is needed, especially regarding the high cost of ceramic electrolytes.  For 

prospective commercial LIBs, alternative anodes can be investigated. For example, 

lithium metal anode can provide high capacity. However, lithium metal anode faces 

dendrite growth, lithium plating, and safety issues. Si anode also provides high capacity 

but has ~400% volume change and capacity fading problems.  Li-air batteries face cycle 

stability issues. The sulfur electrode has a shuttle effect, and capacity fading issues. LCO, 
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NCA, NCM materials as cathodes are limited by Co, Ni production, cost and low 

decomposition temperature (around 200 ℃). The interface between solid electrodes and 

electrolyte needs more accurate methods for characterizations. Although our flexible 

LIBs work well, more research effort is needed to understand the self-discharge, 

interfacial layer formation, and electrode morphologies during the charging and 

discharging process.  
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CHAPTER VIII. APPENDICES 
 

A. Tables 
 
Table 14 Flexible commercial electronics and our lithium ion batteries 

Model Diagonal (In) Radius of Curvature(mm) Bending 
angles(θ) 

Samsung Round 5.7 400(16in) 20.4° 

LG G Flex 6 700(28in) 12.3° 

Samsung KN55S9C 54.6 4500(180in) 17.4° 

LG 55EA9800 54.6 5000(200in) 15.6° 

Helmet 15.3 185(7.3) 120° 

Smart Watch 4.1 33(1.3) 
 

Our Batteries 2.4 19(0.7in) 180° 
 
 
 
Table 15 Polymer electrolyte ionic conductivity comparison 

Sample LiTFSI:LiBOB:PEO:TEGDME 
(S/cm) 

LiBOB:PEO:TEGDME 
(S/cm) 

1 9.37* 10-6 4.13* 10-5 

2 3.28* 10-6 2.13* 10-5 

3 1.41* 10-5 2.73* 10-5 

Average 8.92* 10-6 3.00* 10-5 
 
 
Table 16 Flexible LIBs(LiBOB) performance summary for bending test 

Bending Angles (°) Capacity 
(mAh/cm2 ) 

Capacity Retention (%) 

0 ~0.76 100 

90 ~0.80 105 

180 ~0.75 99 

0 (0C°) ~0.15 20 

0(~23°C) ~0.71 93 
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Table 17 Flexible LIBs (LiBOB) performance summary for thermal test 
 

Temperature(°C) Capacity 
(mAh/cm2 ) 

Capacity Retention (%) 

0 ~0.14 19 

10 ~0.31 41 

23 ~0.75 96 

35 ~0.86 115 

45 ~0.98 131 

60 ~1.00 133 

 
 
 
Table 18 Stretchable LIBs performance summary for stretchability test 
 

Stretching Percentage 
(%) 

Capacity 
(mAh/cm2 ) 

Capacity Retention (%) 

0 ~0.92 100 

3000 ~0.59 64 

6000 ~0.47 51 

0 ~0.72 78 

1000 ~0.49 53 

3000 ~0.46 50 

0 ~0.33 36 

 
 
 
Table 19 Summary of three types polymer electrolyte flexible LIBs  

Battery 
type 

Composition Cut Off 
Voltage 
Range 
(V) 

Nominal 
Voltage 
(V) 

Capacity 
(mAh/cm2) 

Energy 
Density  
(Wh/Kg based 
on LIBs) 

Energy 
Density 
(Wh/Kg  
based on 
LCO) 

Type 1 LCO/PEO:LIBO
B:TEGDME /G 

3-4.2 3.7-3.8 ~0.8 ~8.45 ~67.71 

Type 2 LCO/PEO:LIBO
B+LiTFSI:TEG
DME/G  

3-4.2 3.7-3.8 ~0.7 ~7.40 ~59.29 

Type 3 LCO/PEO:LIBO
B:TEGDME:FE
C/G 

3-4.2 3.7-3.8 ~1.5 ~15.85 ~127.0 
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B. Figures

Figure 46 Flexible polymer LIBs powered LED lights 

Figure 47 (a) LiB powered LED light after puncture test; (b) LiB powered LED light after bending 180 degrees 
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