
 
 

ABSTRACT 

YAN, CHAOYI. Advanced Composite Solid Electrolyte Designs Toward High-performance All-
solid-state Li Batteries. (Under the supervision of Dr. Xiangwu Zhang). 

Compared to currently used liquid-electrolyte lithium batteries, all-solid-state lithium batteries are 

safer and possess longer cycle life. Among various types of solid electrolytes, composite solid 

electrolytes, which are composed of inorganic (active or passive) fillers and polymer matrices, 

have been considered as promising electrolyte candidates for all-solid-state lithium batteries. 

Incorporation of active inorganic fillers into the polymer matrices has been demonstrated as an 

effective method to achieve high ionic conductivity and excellent interfacial contact with the 

electrodes. In this dissertation, the historical developments and recent improvements of composite 

solid electrolytes are summarized. The contributions and possible mechanisms of inorganic (active 

or passive) fillers to the ionic conductivity, electrochemical stability, and mechanical properties of 

the composite electrolytes are deeply investigated. Different composite solid electrolyte designs 

with superior electrochemical properties are applied in various Li battery systems including Li-

ion, Li-sulfur, and Li-metal batteries. Promising strategies toward high-performance all-solid-state 

Li batteries are presented based on our understanding of Li+ conduction in composite solid 

electrolytes. 

To address the challenges arisen from the poor ionic conductivities and poor compatibility of 

traditional solid electrolytes, novel composite solid electrolytes are designed and applied. Besides, 

the corresponding mechanisms of improved electrochemical performance are studied and 

discussed. For chemical designs, studies are focused on the improvement of polymer structures 

and filler distributions in order to reach better electrochemical properties. We have designed novel 

cross-linked polymer structure with naturally amorphous structure and low glass transition 

temperature. High room-temperature ionic conductivity is obtained for bare solid polymer 

electrolyte. Then the impact of adding organic Li+ conductors to the polymer matrix is investigated. 

By optimizing the distribution of inorganic Li+ conductors with high uniformity and high weight 

composition, the overall electrochemical properties of composite solid electrolytes are 

significantly improved. For structural designs, studies are focused on the improvement of Li+ 

conduction in battery configuration with continuous and low-tortuous pathways. A functional 

electrolyte-cathode bilayer framework is designed with interconnected garnet channels, providing 



 
 

continuous Li+ conduction. Moreover, aligned garnet nanofibers are introduced to enable ultrafast 

Li+ conduction with low-tortuosity in all-solid-state batteries. With addition of single-ion 

conducting polymer content, the introduced composite solid electrolyte with aligned garnet and 

polymer channels demonstrates excellent stability and safety. Finally, several promising designs 

of composite solid electrolytes are introduced, and superior electrochemical performance of these 

novel composite solid electrolytes are achieved when used in all-solid-state Li batteries. 

In summary, this dissertation provides a general strategy in dealing with the multiple challenges 

for all-solid-state batteries by chemical and structural designs of composite solid electrolytes, 

which are necessary for the accelerated development and practical implement of solid electrolytes 

toward all-solid-state Li batteries in the field of research and industrialization. 
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CHAPTER 1: OVERVIEW OF COMPOSITE SOLID ELECTROLYTES 

1.1 Background of solid electrolytes 

Rechargeable batteries are essential constituents of portable electronics, grid storages, and electric 

vehicles. With rapidly growing demands in energy storage, batteries with higher energy and power 

densities beyond the state-of-the-art Li-ion batteries are urgently required.1,2 Among various 

battery technologies, lithium batteries, such as lithium metal and Li-S batteries are the most 

promising next-generation energy-storage devices because they have energy densities that are over 

2 and 3 times greater than those of traditional lithium-ion batteries, respectively.3,4 Li metal is 

believed as a promising anode for high-energy and high-power batteries due to its highest 

theoretical capacity (3860 mAh g-1) and lowest electrochemical potential (-3.04 V versus standard 

hydrogen electrode). Despite these attractive features, the use of Li metal anode in practical battery 

applications have been hindered by ever growing safety concerns, which are originated from high 

chemical reactivity of organic liquid electrolytes and irregular Li depositions (dendrites) during 

charge-discharge cycles. The Li dendrites can ultimately short-circuit the cells and cause explosion 

hazards. Solid-state electrolytes have been considered as a fundamental strategy to address 

aforementioned problems because they are chemically stable and mechanically robust to suppress 

Li dendrite growth and prevent safety hazards. 

The solid electrolytes used in rechargeable batteries can be divided into three different categories: 

inorganic solid ceramic electrolytes, organic solid polymer electrolytes and composite solid 

electrolytes. The first inorganic Li+-conductor was developed by Liang et al. in 1969 by utilizing 

LiI film as the electrolyte. 5,6 The development of LixPOyNz (LiPON) in 1992 generated the 

extensive studies of solid electrolytes in practical application of all-solid-state batteries. Later, 

varies of inorganic structures were introduced and showing promising electrochemical properties, 

which will be discussed in detail in the following chapter. However, those inorganic electrolytes 

are brittle and exhibit high interfacial charge transfer resistance due to the poor mechanical 

compliance with the electrodes, which greatly prevents the practical applications. On the other 

hand, polymeric Li+-conductors (organic solid electrolytes) are highly flexible and also 

demonstrated the feasibility for applying in solid-state Li batteries with the dissociation of Li salts. 

Nevertheless, the ionic conductivities of solid polymer electrolytes are significantly lower than 
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those of both inorganic solid electrolytes and liquid electrolytes.7 Therefore, the only utilization of 

inorganic or organic solid electrolytes has great difficulties in realization of all-solid-state Li 

batteries with satisfactory performance. Composite solid electrolytes (CSEs), as another category, 

utilize the strengths of both polymers and ceramics in the meanwhile overcome their shortcoming. 

Indeed, the ionic conductivity was remarkably improved by dispersing inorganic fillers into 

polymer matrix and the resultant CSEs showed moderate mechanical properties and good 

interfacial contact.8-11 The improved and superior electrochemical properties enable the success 

applications of composite solid electrolytes in varies types of solid-state Li batteries. 

1.2  Recent advances in composite solid electrolyte 

In 2000s, more and more research endeavored to enable the  implementation of solid electrolytes 

in emerging lithium metal batteries, including lithium-ion battery,12,13 Li-S battery14,15 and lithium-

air battery.10,11 Although there are some studies focusing on the purely inorganic solid ceramic 

electrolytes or organic solid polymer electrolytes, a growing research interest has been turned to 

the composite solid electrolytes, which combine the advantages and eliminate the drawbacks of 

both inorganic and organic solid electrolytes. The inorganic ceramic electrolytes are mainly used 

as fillers to enhance the mechanical strength and ionic conductivities of the composite solid 

electrolytes. The effect of the inorganic fillers in the polymer matrix has been analyzed as Lewis 

acid-base interactions between the active sites within the polymer chains and the surface groups 

of the fillers.16 In the following sections, a comprehensive introduction of different lithium-ion 

conductive polymers as well as inorganic ceramics fillers will be presented and discussed. 

1.2.1 Polymer matrix 

Various polymers, such as poly(ethylene oxide) (PEO), 17 poly(acrylonitrile) (PAN),18-22 

poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP), 23-26 poly(methyl methacrylate) 

(PMMA)27-30 etc., have been used as polymer matrices to develop composite solid electrolytes. 

Figure 1.1 indicates the basic chemical structures of several extensively-studied polymer 

matrices.31 In solid polymer electrolytes, Li+ is coordinated with polar groups and transferred by 

the local relaxation and segmental motion of polymer chains in amorphous regions.32-34 
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Accordingly, low crystallinity and low glass transition temperature (Tg) of polymer matrix 

generally improves the ionic conductivity.  

 

Figure 1. 1 Chemical structures of commonly-studied polymer matrices for solid composite 
electrolytes.31 

Poly(ethylene oxide) (PEO) was first used as a host matrix for solid electrolytes in the early 

1980s.17 The basic chemical structure of -CH2-CH2-O- in the PEO polymer chain is able to deliver 

an efficient Li-salt dissolvability, thus facilitating the formation of metal/lithium salt complex and 

serving as a host matrix for solid electrolytes. Besides, the flexible macromolecular structure of 

PEO chains can also assist the Li+ transport (Figure 1.2a). However, it should be noted that PEO 

is a typical semi-crystalline polymer at room temperature and the existence of crystalline domains 

in the PEO polymer matrix seriously restricts the ion transfer (as indicated in Figure 1.2b). Hence, 

the ionic conductivity of PEO based solid electrolytes are relatively low at room temperature, 

which is usually around 10-6-10-8 S cm-1.8 Adding plasticizers, forming cross-linked or blocked 

polymers and incorporating inorganic ceramic fillers are three methods normally used to decrease 

the crystallinity of PEO polymer and improve the ionic conductivities of PEO based solid 

electrolytes.8,35,36 For example, Ito et al. found that adding low-molecular weight poly(ethylene 

glycol) (PEG) as plasticizer in PEO/Li salt composite can effectively increase the ionic 
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conductivity by minimizing the crystalline domain.35 Khurana et al. fabricated the cross-linked 

PEO polymer with polyethylene (PE) segments to suppress the crystallinity, and the resultant solid 

polymer electrolyte showed high ionic conductivity of 10-4 S cm-1.37 Das et al. studied the addition 

of aluminum oxide (Al2O3) as a filler on the performance of ionic conductivity improvement and 

a maximum conductivity of 3.3 × 10-4 S cm-1 was achieved when 5 wt.% Al2O3 was added.38 

Moreover, other commonly used solid plasticizer includes succinonitril (SN) and polysquarate 

(PPS) also showed improved electrochemical performance especially for ambient ionic 

conductivity.31,39 

 

Figure 1. 2 (a) Ionic motion of Li ions in PEO polymer matrix; (b) Li ions transfer in crystalline 
domains of PEO polymer matrix.40-42 

Polyacrylonitrile (PAN), a synthetic organic polymer resin with excellent anti-oxidation 

characteristics, has been evaluated in various applications like nanofibers for textiles and high-

quality carbon fibers. The nitrile group (CN) in the PAN polymer chains is a typical strong 

electron withdrawing group with high electrochemical stability, thus making PAN polymer an 

ideal candidate for use in solid electrolytes.43 The advantages of PAN based solid electrolytes 

include high ionic conductivity, good thermal stability, large electrochemical stability window and 

excellent compatibility with Li electrodes. For the preparation of PAN based solid electrolytes, Li 

salts and plasticizers are always blended with the PAN polymer and the ionic conductivity could 

reach around 10-3 S cm-1 at room temperature. Insertion of plasticizers and inorganic filler are two 

main methods to improve the ionic conductivity of PAN based solid electrolytes.25,44,45 Feullade 
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et al. first studied polycarboxylate (PC) plasticizer to achieve ionic conductivity improvement in 

PAN electrolyte system and found that the ionic conductivity can be increased to around 10-2 S 

cm-1.46 In addition, Rahman et al. investigated the effect of titanium dioxide (TiO2) filler in PAN-

TiO2-LiClO4 composite solid electrolyte. It was found that a high ionic conductivity of 1.8 × 10-4 

S cm-1 could be obtained with a TiO2 concentration of 7.5 wt%, which was regarded as a result of 

the enhanced polymer segmental motion.44 

Poly(vinylidene fluoride) (PVDF), as a host material for solid polymer electrolytes, has excellent 

mechanical strength and electrochemical stability. The strong electron-withdrawing functional 

group (-C-F) and high dielectric constant (ε = 8.4) of PVDF greatly assist the ionization of lithium 

salts, resulting in a higher concentration of charge carriers.47,48 To further improve the ionic 

conductivity, PVDF-HFP copolymer was introduced.47,49-51 With the addition of 

hexafluoropropylene (HFP), the crystallinity of PVDF is significantly reduced without scarifying 

the mechanical properties since the copolymer structure comprises both amorphous and crystalline 

phase. The amorphous phase facilitates the segmental motions and ion conductions, whereas the 

crystalline phase supports the required mechanical rigidity for robust barrier between electrodes 

and suppression of lithium dendrite.47,49-51 Further, it was reported that adding nanotube shape 

TiO2 dramatically enhanced the ionic conductivity of PVDF-HFP/LiPF6 electrolyte. However, 

owing to the superior mechanical strength and electrolyte uphold, PVDF-HFP were most applied 

in gel polymer electrolytes to maximize the ion conduction.  

1.2.2 Inorganic filler 

The key functionalities of adding inorganic fillers into the polymer matrix to improve the ionic 

conductivity of composite solid electrolytes mainly lie in three aspects: i) crystallinity reduction, 

ii) electrode-electrolyte interfacial stability enhancement, and iii) cation transference number 

improvement. In general, the inorganic fillers can be classified in two categories: inert and active 

fillers. The inert fillers are mainly oxide ceramic fillers and they do not transport Li ions. In 

contrast, active fillers are ceramics whose Li ion conductivity is high and can be involved in the 

ionic conduction process. 



6 
 

Inert fillers are mainly oxide ceramics with sphere particle shape like aluminum oxide (Al2O3), 

silica (SiO2), titanium oxide (TiO2), etc. Weston et al. first reported the use of Al2O3 as a filler in 

lithium battery system at 1982. They found that the incorporation of 10 vol.% Al2O3 greatly 

increased the mechanical strength as well as the ionic conductivity of PEO/Li salt electrolyte 

system.52 Later, Croce et al. incorporated Al2O3 and TiO2 as fillers in PEO-LiClO4 system.53 

Further studies revealed that both Al2O3 and TiO2 could act as cross-linking centers for the PEO 

polymer segments to affect the recrystallization kinetics and decrease the crystallinity of PEO 

polymer, thus enhancing the ion transport within the PEO polymer chains.  

In the previous section, we have mentioned that adding plasticizers into the polymer matrix have 

been proved as an effective strategy in ionic conductivity improvement for solid polymer 

electrolytes. Here, the inert fillers act more like “solid plasticizers” in terms of reducing the 

polymer crystallinity.54 However, despite the general roles in crystallinity decrease, inert fillers 

also contribute to the Li ion transport behavior at the boundaries of the ceramic fillers, which come 

from the Lewis acid interactions between the cations/anions form lithium salts and the surface 

groups of ceramic fillers.55 Significant efforts have been taken to synthesize nano-sized inert 

ceramics because the smaller ceramic particle size usually contributes to better mechanical 

strength and electrochemical performance, which has been proven by the study of Krawiec et al. 

in Al2O3/PEO-LiBF4 system.56  

With abundant hydroxyl groups on the surface, SiO2 has also been extensively studied as an ionic 

conductivity enhancement material. Compared to other ceramic fillers, much stronger 

chemical/mechanical interactions coming from surface hydroxyl groups on the SiO2 can lead to 

better stabilized interface between fillers and polymer matrix, thus effectively suppressing the 

crystallinity of the polymer matrix and increasing the ionic conductivity of composite solid 

electrolyte.57 It has been reported that the room-temperature ionic conductivity of composite solid 

electrolytes compromising PEO-LiClO4 and functionalized SiO2 (~12 nm) with two surface groups 

of silanol (Si-OH) and octyl (Si-C8H17) could be two times higher than that of the electrolyte 

without SiO2 fillers.58 Besides, Xi et al. used commercial SiO2 – “SBA-15” filler to improve the 

overall performance of PEO based solid electrolyte. The experimental results indicated that the 

addition of SBA-15 as a filler could significantly enhance the ionic conductivity and increase the 

lithium ion transference number. 59 
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With the development and increasing knowledge of ceramic Li+-conductors, active fillers were 

studied in composite solid electrolytes. Perovskite-type ceramic fillers were originally reported by 

Takahashi and Iwahara in 1971 with structure of ABO3, where A is normally a large cation of Ca, 

Sr or La and B is usually a smaller cation of transition metal ions of Al or Ti.60,61 In particular, the 

ionic conductivity of this type of ceramics can be improved with larger A ions.62 The most 

important pervskite-type ceramic has the general formula of Li3xLa2/3-xTiO3 (LLTO), developed 

by Inaguma et al. in 1993 (Figure 1.3a).63 LLTO exhibits a bulk ionic conductivity of up to 10-3 S 

cm-1 at room temperature by aliovalent substitution of two cations in A sites. Besides, LLTO can 

withstand high voltages, which is ideal for the applications in high-voltage lithium batteries. 

However, the Ti ion in LLTO can be reduced with lithium metal at around 1.5V versus Li+/Li. 

Possible strategies to address this problem may lies in applying thin proactive films on the top of 

LLTO, thus avoiding the direct contact of LLTO with lithium metal.64 Fiber-shaped LLTO fillers 

were introduced by Liu et al. The prepared PAN-LiClO4-LLTO nanowire exhibited a high ionic 

conductivity of 2.4 × 10-4 S cm-1 at room temperature, which was a result of the fast ion transport 

on the surface of the ceramic LLTO nanowire network.65 Compared to particle fillers, the fiber-

shaped fillers formed continuous ionic conductive pathways in the polymer matrix, which resulted 

in even higher performance.65 

NASICON-type ceramic electrolytes (LATP or LAGP) were then reported by Goodenough et al. 

in 1976 in the form of Na1+xZr2P3-xSixO12, which was obtained by partial substitution of P with Si 

in NaM2(PO4)3 (M was Ge, Ti or Zr).66 The corner-sharing tetrahedral PO4 and octahedral MO6 in 

the crystalline NASICON structure form a 3D network structure (Figure 1.3b).67 This ceramic 

structure can be turned into a Li conductor when Na+ is replaced by Li+, with the sacrifice of ionic 

conductivity due to the ionic radius difference between those two ions.68 To increase the ionic 

conductivity of NASICON type Li+ conductor, one possible approach is to add Al into the ceramic 

structure so that the aliovalent substitution, similar to the perovskite-type ceramic, could directly 

increase the Li ion concentration and mobility. The ceramic electrolyte structure of 

Li1.2Al0.2Ti1.8(PO4)3 can show a high ionic conductivity of 510-3 S cm-1.69 The advantages of 

NASICON type ceramics include their excellent water and air resistance as well as the high 

electrochemical stability of up to 5V versus Li+/Li, which is ideal for batteries. On the other hand, 

the main drawbacks of NASICON type ceramics are their chemical instability when contacting 
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with lithium metal, but this problem can be minimized to some degree when PEO polymer is 

incorporated into the electrolyte system.70  

Garnet-type ceramic electrolytes have a general structure of A3B2(XO4)3 (A is Ca, Mg, Y, La or 

rare earth; B is Al, Fe, Ga, Ge, Mn, Ni or V, and X is Si, Ge or Al). The garnet type Li+ conductor, 

Li5La3M2O12 (M=Li or La) was first reported by Weppner et al. in 2003 and possessed ionic 

conductivities ranging from 10-6 to 10-5 S cm-1 with activation energies of no more than 0.6 eV.70 

Figure 1.3c indicates the crystal structure of Li5La3M2O12 (M=Li or La) in a cubic structure.71 

Several years later, a new garnet type ceramic with zirconium element was developed 

(Li7La3Zr2O12, LLZO). The ionic conductivity was increased to 2.44 × 10-4 S cm-1 with a low 

activation energy of 0.31 eV.72 In general, garnet-type ceramic electrolytes are very stable and can 

stand higher thermal exposure up to 900 °C. Besides, unlike perovskite and NASICON type 

electrolytes, which undergo reduction reactions with Li metal, the garnet-type is chemically stable 

against Li metal.73  

 

Figure 1. 3 (a) Crystal structure of perovskite-type Li3xLa2/3-xTiO3;74 (b) Crystal structure of 
NACICON-type solid electrolytes;75 (c) Crystal structure of garnet-type Li5La3M2O12 (M=Li or 
La) solid electrolytes.71 
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1.3 Recent developments of composite solid electrolytes in all-solid-state Li 

batteries 

1.3.1 Li-ion and Li-metal batteries  

Li-ion batteries were commercialized back in 1990. Because of the high energy density and long 

cycle life, Li-ion batteries gained great market share in many products, such as portable electronics, 

small devices, and energy storage systems. However, the traditional Li-ion batteries face sever 

safety concerns due to the highly flammable organic solvent used in liquid electrolytes, which is 

fundamentally because of the formation of Li dendrites. By replacing the liquid electrolyte with a 

solid one, these safety concerns can be ultimately addressed owing to the high thermal and 

chemical stability of solid electrolytes. More importantly, the Li dendrites can be effectively 

suppressed by solid electrolytes with high mechanical integrity, leading to safe and stable battery 

cycle life. Yang et al. first investigated the performance of composite solid electrolyte in Li-ion 

batteries. In their study, a PEO(LiClO4)/ZnAl2O4 composite solid electrolyte was fabricated by the 

hot-pressing method. High interface-stability and low crystallinity was achieved with addition of 

8 wt.% ZnAl2O4 nanoparticles. The PEO(LiClO4)/ZnAl2O4 composite solid electrolyte was then 

introduced to solid-state Li/LiFePO4 cells. Owing to the improved electrolyte properties, these 

Li/LiFePO4 cells delivered attractive capacity of 130 and 89 mAh g-1 at 0.1C and 1C, respectively 

(at 65 °C). However, the cycling stability was not demonstrated for long-term operation.  

To improve the energy density of solid-state lithium-ion batteries, hollow Al2O3 and SiO2 were 

used as passive fillers in composite solid electrolytes.76 Recently, Goodenough et al. fabricated a 

hollow mesoporous organic polymer (HMOP) as a passive filler through the solution growth 

process.77 Aqueous micelles were first obtained by mixing K2CO3 aqueous solution and N-N-

dimethylformamide (DMF) at H2O/DMF=1/10, and the HMOP was then obtained by reaction of 

tris(4-bromophenyl)amine and benzene-diboronic acid under palladium catalyst. The highest ionic 

conductivity of the resultant PEO/HMOP composite solid electrolyte was observed at 4×10−4 S 

cm−1 where the contents of HMOP were 15 wt.% and 20 wt.%. With a further increase of HMOP 

content, the conductivity showed a gradual decrease due to the agglomeration effect, but it could 

still reach 3×10−4 S cm−1 with 35 wt.% HMOP filler. Due to the improved mechanical properties 

and better suppression of lithium dendrites, the composite solid electrolyte with 35 wt.% HMOP 
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filler was selected to test in solid-state Li-ion batteries. At 0.5C and 65 °C, an initial capacity of 

131 mAh g-1 was obtained in Li/LiFePO4 cells. In addition, the cell showed excellent cycling 

stability with 91.6% capacity retention (120 mAh g-1) after 100 cycles, and the Coulombic 

efficiency was maintained at 99.3%. This stable cycling performance was attributed to the addition 

of HMOP particles that eliminated the anions accumulating in electrode/electrolyte interface. 

Among all composite solid electrolytes with passive fillers, the ionic conductivities remained low 

due to the weak polymer-ceramic interactions. Cui et al. introduced a new method to fabricate the 

composite solid electrolytes by in-situ synthesis of ceramic particles in polymer matrix, which 

demonstrated much improved mechanical and chemical interactions with the PEO polymer.57 

Compared with conventional blending methods,78,79 the in-situ hydrolysis of SiO2 nanoparticles 

could precisely control the size and distribution in polymer matrix, leading to the further increase 

of effective surface area for Lewis acid-base interaction. Figure 1.4a illustrates the possible 

interaction mechanisms for in-situ SiO2 composite solid electrolytes. Under the initial hydrolysis 

conditions, the hydroxyl groups at the end of PEO chains were chemically bonded with SiO2 

spheres. With the growth of SiO2 nanoparticles, the PEO chains were mechanically wrapped and 

partially embedded inside. Both interaction mechanisms enabled the stronger interaction between 

polymer chains and SiO2 nanoparticles, resulting in the significant decrease in polymer 

crystallinity. Consequently, a high ionic conductivity of 4.4×10-5 S cm-1 was obtained at 30 °C for 

PEO(LiClO4)/in-situ-SiO2 composite solid electrolyte, which was one order of magnitude higher 

than that of the composite solid electrolyte with ex-situ (blending) SiO2 nanoparticles (Figure 1.4b). 

In addition, in-situ SiO2 nanoparticles improved the dissociation of Li salts, which greatly 

enhanced the electrochemical stability (0-5.5 V, vs. Li+/Li) owing to the suppression of anodic 

decomposition at high potential. With the improved ionic conductivity and electrochemical 

stability, the solid-state Li/LiFePO4 cell with PEO(LiClO4)/in-situ-SiO2 composite solid 

electrolyte showed excellent cycling performance and rate capability (Figure 1.4c). At 1C, the 

Li/LiFePO4 cell delivered capacity of 100 and 120 mAh g-1 at 60 °C and 90 °C, respectively. The 

capacity was maintained at 105 mAh g-1 after 80 cycles, indicating the good mechanical strength 

of the composite solid electrolyte. Later, Xie et al. synthesized a novel composite solid electrolyte 

with controlled network structure using thiol-modified SiO2 nanoparticles.80 With grafted thiol 

functional groups, the composite solid electrolytes were fabricated by thiol-acrylate 
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photopolymerization. Figure 1.4d gives the synthetic procedure for composite solid electrolytes 

with thiol-modified silica nanoparticles. Several factors were investigated by means of altering the 

grafting density of thiol molecules (SiO2-SH) in SiO2 nanoparticles, the molecular weight of 

monomer (PEGDA), and the weight ratio of inorganic filler and polymer. As shown in Figure 1.4e, 

the composite solid electrolytes with higher grafting density (SiO2-SH(27)) and higher molecular 

weight of monomer (PEGDA600) exhibited higher ionic conductivities owing to the enhanced 

amorphous regions and lower glass transition temperature, whereas the increasing weight ratio of 

inorganic filler resulted in decreased ionic conductivity because SiO2 nanoparticles were Li+ 

insulated. Consequently, PEGDA600(LiTFSI)/SiO2-SH(27) composite solid electrolyte (10 wt.% 

SiO2-SH(27) particles) demonstrated the highest ionic conductivity of 7.3×10-4 S cm-1 at 30 °C, 

which was significantly higher than those of typical composite solid electrolytes due to the well-

controlled microstructure of cross-linked polymer. However, the solid-state Li/LiFePO4 cells were 

still cycled at elevated temperature of 60 °C, and the cycling performance was unsatisfied. As 

shown in Figure 1.4f, the initial discharge capacity was 140 mAh g-1 at current density of 0.1 C, 

and the capacity retention was 79% after 100 cycles. At higher current density of 0.2 C and 0.5 C, 

the cells only showed capacities of 120 and 70 mAh g-1, respectively.  
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Figure 1. 4 (a) Preparation procedure of in-situ hydrolysis and interaction mechanisms among 
PEO chains and in-situ-SiO2 nanoparticles; (b) Arrhenius plots of ionic conductivities for PEO, 
PEO/ex-situ-SiO2, and PEO/in-situ-SiO2 solid electrolytes; (c) cycling and C-rate performance of 
Li/LiFePO4 cells with PEO/in-situ-SiO2 composite solid electrolyte;57 (d) Preparation procedure 
of SiO2-SH nanoparticles and composite solid electrolytes via thiol-acrylate photopolymerization; 
(e) Arrhenius plots of ionic conductivities for SiO2-SH-PEGDA composite solid electrolytes; (f) 
cycling performance of Li/LiFePO4 cells with SiO2-SH(27)-8PEGDA600 composite solid 
electrolyte.80 

With the development of inorganic solid electrolytes and deeper understanding of their advantages, 

researchers started to use Li conductors (LLZO, LLTO, LATP) as active fillers in composite solid 

electrolytes.81-86 Lee et al. compared the performance of PEO composite solid electrolytes with 

passive (Al2O3) and active (LLZO) fillers.87 With the same weight percent (52 wt.%) of 

nanoparticles, PEO(LiClO4)/LLZO composite solid electrolyte exhibited one order of magnitude 
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higher ionic conductivity than PEO(LiClO4)/Al2O3 composite solid electrolyte (Figure 1.5a). 

Consequently, the solid-state Li/LiNi0.6Co0.2Mn0.2O2 cell with PEO(LiClO4)/LLZO composite 

solid electrolyte could deliver higher discharge capacity of 166 mAh g-1 at 0.02C at 55 °C (Figure 

1.5b). The cell with PEO(LiClO4)/Al2O3 composite solid electrolyte showed a much lower 

capacity of 128 mAh g-1, indicating the superior performance of composite solid electrolytes with 

active fillers. Kim et al. fabricated PEO(LiClO4)/LAGP composite solid electrolytes.88 Similarly, 

the composite solid electrolyte with 70 wt.% LAGP nanoparticles showed much higher ionic 

conductivity of 1.0 × 10-4 S cm-1 at room temperature, compared to PEO(LiClO4)/Al2O3 with the 

same filler concentration (7.2×10-7 S cm-1). In addition, excellent interfacial contact with electrodes 

and high electrochemical stability could be achieved for PEO(LiClO4)/LAGP composite solid 

electrolyte by tuning the ratio of PEO polymer and LAGP nanoparticles. The resultant solid-state 

Li/LiFePO4 cells delivered high initial capacity of 138.5 mAh g-1 at 0.2 C and 55 °C. As shown in 

Figure 1.5c, a retained capacity of 121 mAh g−1 was obtained after 100 cycles, corresponding to 

91.3% capacity retention. This good cycling stability was attributed to the high LAGP content in 

the composite solid electrolyte that helped suppress the harmful interfacial side-reaction with the 

electrodes. 

Instead of dispersing the active filler in polymer matrix, Goodenough et al. introduced a new type 

of composite solid electrolyte by sandwiching ceramic pellet between two thin polymer layers.7 

For polymer electrolytes and composite solid electrolytes with high polymer contents, the major 

problem is the low lithium transference number (tLi+). Although the addition of inorganic fillers 

can trap certain amount of anions based on Lewis acid-base interactions, the tLi+ is not significantly 

improved if the filler content is low.89 During the charge/discharge status, the anions are freely 

diffused along with Li+, resulting in rapid anion depletion and strong electric field at the 

electrolyte/electrode interfaces.89,90 In long-term operation, this strong potential difference leads 

to enhanced electrodeposition on Li metal surface and accelerates the electrolyte decomposition 

and dendrite nucleation. Therefore, owing to the single-ion conducting behavior of inorganic solid 

electrolytes, the introduced tri-layers composite solid electrolyte with ceramic pellet in the middle 

layer can completely block the anions.91,92 As illustrated in Figure 1.5d, the magnitude of potential 

difference between Li and polymer electrolyte was reduced in this tri-layer composite solid 

electrolyte, leading to the decrease of trapped positive charges at anode/polymer interface and 
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improvement of electrolyte stabilization. Figure 1.5e shows the cycling performance of solid-state 

Li/LiFePO4 cells with solid polymer electrolyte (CPMEA) and tri-layer composite solid electrolyte 

(CPMEA-LATP) at 65˚C. For initial cycles, both cells exhibited similar capacity of 130 mAh g-1 

at 0.2 C and 120 mAh g-1 at 0.5 C. However, the cell with CPMEA polymer electrolyte showed a 

rapid capacity fading after 200 cycles, whereas the cell with CPMEA-LATP composite solid 

electrolyte showed stable cycling after 640 cycles and delivered capacity of 102 mAh g-1 at 0.6 C. 

The much-improved cycling-stability in CPMEA-LATP cell demonstrated better electrochemical 

stability and better lithium plating/stripping process across the anode/electrolyte interface. Similar 

design was introduced by Ding et al., where the composite solid electrolytes were fabricated with 

low polymer content (1-5 wt.%).93 To improve the interfacial contact, additional thin layer (100 

nm) of PEO(LiTFSI) polymer electrolyte was applied between Li anode and solid electrolyte 

(Figure 1.5f). It should be noted that the major ion conduction in this composite structure was 

contributed by LAGP nanoparticles. The highest ionic conductivity was obtained with 1 wt.% 

PEO(LiTFSI) and 99 wt.% LAGP nanoparticles, and the all-solid-state Li/LiMn0.8Fe0.2PO4 cell 

with the resultant LAGP-PEO1composite solid electrolyte delivered a high initial discharge 

capacity of 160.8 mAh g−1 (0.1C) and exhibits good cycling at 50 °C. As shown in Figure 1.5g, a 

retained capacity of 157 mAh g−1 could be obtained after 50 cycles. In addition, the researchers 

pointed out that large amount of Li dendrites was found in solid-state Li/LiFePO4 cell with 

PEO(LiTFSI) polymer solid electrolyte due to the high operating temperature. PEO polymer lose 

the mechanical rigidity and showed poor inhibition of Li dendrites at the elevated temperature.94-

96 On the contrary, the bilayer composite solid electrolyte (PEO/LAGP-PEO1) could effectively 

suppress the Li dendrites because the high content (99 wt.%) of LAGP filler in the composite 

structure.85  

Zhang et al. developed the anion-immobilized solid-state composite electrolyte to alleviate the 

accumulation of anions at interface and protect the Li metal anode.86 High content of LLZTO 

nanoparticles (40 wt.%) was dispersed in the precursor solution of PEO and LiTFSI, following 

with rapidly stirring at 65 °C until good dispersion. The chemical and mechanical interactions 

between ceramic particles and the polymer matrix resulted in the reduced PEO crystallinity and 

pinned TFSI− anions, enabling relatively fast Li+ conduction and wide electrochemical window. 

More importantly, the composite solid electrolyte with 40 wt.% LLZTO exhibited high Li 
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transference number (tLi+) of 0.58, whereas tLi+ was 0.37 and 0.38 for solid electrolytes without 

filler and with inadequate (without stirring and heating) ceramic filler (40 wt.% LLZTO), 

respectively. Because of the fast stirring of precursor solution at elevated temperature, PEO chains 

can be fibrillated mechanically and partially entangled with TFSI− anions and LLZTO particles. 

When cooled down to room temperature, the polymer chains were pinned locally, leading to the 

increase of noncrystallized PEO with immobilized anions. In solid-state Li/LiFePO4 cell 

assembled with this PEO/LLZTO composite solid electrolyte, a discharge capacity of 155 mAh 

g−1 and Coulombic efficiency of 99% were obtained (0.1 C) at 60 °C, and the capacity retention 

was 87% after 100 cycles. The long-term electrochemical stability was evaluated by symmetric Li 

cells. At current density of 0.2 mA cm-2, the symmetric Li cell showed stable cycling for 800 h 

with polarization of 60 mV, indicating the stable electrolyte/electrode interface and even 

plating/stripping morphology due to the fixed anions and homogeneous ion distribution in 

composite solid electrolyte. The PEO(LiTFSI)/LLZTO composite solid electrolyte was also 

assembled in solid-state Li/LiNi0.5Co0.2Mn0.3 pouch cell. The LED could be lighted whenever the 

pouch cell is flat or bended, which demonstrated the good flexibility of composite solid electrolyte 

and potential application in flexible devices. 
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Figure 1. 5 (a) Arrhenius plots of ionic conductivities for PEO, PEO/Al2O3, and PEO/LLZO solid 
electrolytes; (b) discharge profiles of solid-state Li/LiFePO4 cells with PEO, PEO/Al2O3, and 
PEO/LLZO solid electrolytes;87 (c) cycling performance of PEO/LAGP composite solid 
electrolytes;88 (d) illustration of the electric potential profile across the sandwich electrolyte (I) 
and individual polymer electrolyte (II); (e) cycling and C-rate performance of the Li/LiFePO4 cells 
with CPMEA and CPMEA−LATP solid electrolytes;7 (f) structural configuration of solid-state 
Li/LiMFP cell with bilayer composite solid electrolytes; (g) cycling performance of Li/LiMFP 
cells with PEO and LATP-PEO1 solid electrolytes.93 

1.3.2 Li-sulfur batteries 

Li-S (Li-S) batteries can deliver 5-fold specific energy of the current lithium-ion batteries owning 

to the conversion reaction between Li and sulfur.97 Similar to lithium-ion batteries, liquid-

electrolyte Li-S batteries have potential safety concerns due to the intrinsic inflammability and 

electrochemical instability of the electrolyte components. On the other hand, the charge-discharge 

process of the sulfur cathode involves a series of reduction/oxidation reactions. Among the various 

discharge products, the higher-order polysulfide anions S8
2− and S4

2−that form at the beginning of 
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the discharge process are soluble in the electrolyte and can migrate toward the lithium anode when 

a porous or microporous separator is used, these cathode constituents migrate to the anode with 

each cycle, where they are reduced to lower-order polysulfides. These species can diffuse back to 

the cathode and be oxidized into higher-order polysulfides forming a “shuttle” cycle. The 

dissolution and re-deposition of the various reaction species result in the deposition of highly 

resistive layers (insoluble Li2S2and/or Li2S) on both the electrodes and loss of active material 

during the charge-discharge process, resulting in severe capacity fade and low Coulombic 

efficiency during cycling. Therefore, implementation of solid electrolytes in lithium-sulfur 

batteries could be considered as a perfect solution for eliminating the polysulfide diffusion problem 

and liquid electrolyte related safety concerns.  

Although inorganic solid electrolytes have high ionic conductivity of about 10-3 S cm-1 at room 

temperature and demonstrate good chemical stability, they are highly rigid and brittle, which leads 

to poor contact with both sulfur cathode and lithium anode, resulting in high electrode-electrolyte 

interface resistance. Polymer electrolytes such as PEO are considered as promising alternative for 

all-solid-state Li-S batteries due to their flexibility, reasonable mechanical stability, excellent 

compatibility with electrodes, low cost, and good film-forming ability. However, the all-solid-state 

Li-S batteries based on state-of-the-art polymer electrolytes usually need high operating 

temperatures ranging from 60 to 90 °C owing to their inadequate Li-ion conductivity at room 

temperature. On the other hand, inorganic-polymer composite solid electrolytes demonstrate 

promising potential for application in high-energy Li-S batteries due to their high flexibility, 

reasonable ionic conductivity, and good mechanical compatibility with the electrodes.98 In recent 

years, inorganic-polymer composite solid electrolytes have been widely studied to realize safe and 

high-energy all-solid-state Li-S batteries.98-100 For instance, Hassoun et al. introduced 

PEO20(LiCF3SO3)Li2S-ZrO2 composite solid electrolyte membranes fabricated by hot pressing of 

PEO, lithium triflate (LiCF3SO3), zirconia (ZrO2) nanoparticles and lithium sulfide (Li2S) mixture 

and evaluated their performances in all-solid-state Li-S batteries.100 In this composite solid 

electrolytes design, finely dispersed ZrO2 nanoparticles enhanced the transport properties of the 

electrolyte by improving ionic conductivity and lithium transport number and served as a stabilizer 

of the lithium metal electrode/electrolyte interface. Furthermore, the PEO-LiCF3SO3 complex 

within the composite structure provided the lithium ion transport while the Li2S component 
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contributed to ionic conductivity and reduced sulfide dissolution from the sulfur cathode. All-

solid-state lithium sulfur batteries assembled using lithium metal, PEO20(LiCF3SO3)Li2S-ZrO2 

composite solid electrolyte, and S-carbon composite cathode demonstrated moderate reversible 

capacity of 300 mAh g-1 at 70 ˚C. In another study, Lin et al. reported a composite sloid electrolyte 

consisting of natural halloysite nanotubes, which was an aluminosilicate (Al2Si2O5(OH)4) natural 

nano-clay with a tubular 3D structure possessing oppositely charged surfaces, and PEO polymer 

for all-solid-state Li-S batteries.101 It was found that the dissociation of lithium salt was promoted 

by the 3D halloysite nanotube channels formed within the polymer matrix, which led to increased 

ionic conductivity. The ionic conductivity of the introduced composite solid electrolyte was 

determined as 1.11 × 10-4 S cm-1 at 25 ˚C and 2.14 × 10-3 S cm-1 at 100 ˚C, which was adequate to 

run Li-S batteries. All-solid-state Li-S batteries assembled with this composite solid electrolyte 

exhibited stable room-temperature discharge capacities of around 745 ± 21 mAh g-1 in the 100 

cycles, with 87% capacity retention calculated based on the second discharge capacity. On the 

other hand, all-solid-state Li-S batteries tested at 100 ˚C and and 0.3 C demonstrated discharge 

capacities of 1493 mAh g-1 and 910 mAh g-1 at the first and second cycles, respectively. 

Furthermore, the same cell showed a discharge capacity of 809 mAh g-1 at 4C. Electrochemical 

performance results revealed that the natural halloysite nanotube/polymer electrolyte based all-

solid-state Li-S batteries exhibited outstanding cell performance over a wide temperature and C-

rate ranges. Judez and coworkers investigated the performance of polymer-rich composite solid 

electrolytes consisting of either Li-ion conducting glass ceramic (LICGC) or inorganic Al2O3 filler 

incorporated PEO polymer in all-solid-state Li-S batteries.102 Ionic conductivity test results of the 

solid electrolytes showed that incorporation of inorganic fillers into the PEO polymer did not result 

in remarkable improvement in ionic conductivity. However, battery performance tests revealed 

that the composite polymer electrolyte fabricated with Al2O3 fillers enhanced the stability of the 

Li/electrolyte interface while the LICGC incorporated composite solid electrolyte demonstrated 

high sulfur utilization and delivered 1111 mAh g-1 specific capacity and 1.14 mAh cm-2 areal 

capacity. Furthermore, the battery performance was further improved when these two composite 

solid electrolytes are combined in the same cell (Li|Al2O3-CPE/LICGC-CPE|S), which delivered 

a specific capacity of 518 mAh g-1 and areal capacity of 0.53 mAh cm-2 with over 99% Coulombic 

efficiency at the 50th cycle.  
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Recent studies demonstrate that all-solid-state Li-S batteries require versatile battery design to 

enhance the ionic/electronic conductivity of sulfur cathodes for optimum sulfur utilization and 

improved electrode-electrolyte contact to eliminate interface resistance. Zhang and coworkers 

introduced metal-organic framework (MIL-53(Al)) incorporated PEO composite solid electrolyte 

for all-solid-state Li-S batteries for inhibiting polysulfide dissolution and shuttling in lithium sulfur 

batteries.103 Coupling of MIL-53(Al)-PEO composite solid electrolyte with macro-structured 

sulfur cathode, which was fabricated by polymerization and post carbonization of aniline on ball 

milled sublimed sulfur and conductive carbon composite, led to improved capacity and cycling 

stability. All-solid-state lithium sulfur batteries assembled with macro-structured composite sulfur 

cathode, MIL-53(Al)-PEO composite solid electrolyte and lithium anode delivered an initial 

discharge capacity of 1520 mAh g-1 at 0.2C (the  battery tested at 80 ˚C).  Furthermore, the all-

solid-state lithium sulfur batteries exhibited a discharge capacity of 325 mAh g-1 at 4C after 1000 

cycles, demonstrating outstanding high rate capability and long-term cycling stability. Tao et al. 

reported all-solid-state Li-S battery operated with Al3+/Nb5+ codoped cubic Li7La3Zr2O12 (LLZO) 

nanoparticle-incorporated PEO composite solid electrolyte and LLZO nanoparticle-decorated 

porous carbon foam (LLZO@C) based composite sulfur cathode.104 In this all-solid-sate lithium 

sulfur battery design, LLZO nanoparticle filler was used to improve the ionic conductivity of the 

composite solid electrolyte while LLZO nanoparticle-decorated carbon foam was evaluated as 

ion/electron conductive matrix within the composite sulfur cathode to compensate poor 

ionic/electronic conductivities of S and Li2S (Figure 1.6). For fabrication of electronically and 

ionically conductive sulfur composite cathode, sulfur is uniformly dispersed in LLZO particle-

decorated porous foam network and PEO polymer is used as binder. The LLZO/PEO composite 

solid electrolyte is later casted onto the composite cathode directly to eliminate the interface 

resistance between the solid-state electrolyte and the sulfur cathode. Ionic conductivity of the 

LLZO/PEO composite solid electrolyte with 15 wt % LLZO is recorded as high as 9.5 × 10-6 and 

1.1 × 10-4 S cm-1 at 20 and 40 ˚C, respectively. Electrochemical performance test results 

demonstrated that the all-solid-state lithium sulfur battery had specific capacity of over 900 mAh 

g-1 at the normal human body temperature of 37 ˚C and demonstrated remarkable cycling stability 

after 200 cycles.  
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Figure 1. 6 Schematic demonstration of the all solid-state Li-S battery based on LLZO-PEO 
composite solid electrolyte and LLZO-porous carbon foam-sulfur composite cathode. The blue 
background exhibits the PEO solid polymer electrolyte while red and yellow spheres correspond 
to the LLZO and S particles, respectively.104 

1.4 Mechanisms of Li+ conduction in composite solid electrolytes 

In the solid electrolytes, Arrhenius and Vogel–Tammann–Fulcher (VTF) models are used to 

quantify the ionic conductivities, which corresponds to the different ionic conduction mechanisms 

in the solid conductors. For inorganic solid electrolytes, the ion-conducting mechanism can be well 

described with Arrhenius behavior.105 The ionic conductivity with temperature dependence is 

given by 

𝜎 = 𝐴𝑒 /                                                                (1.1) 

where A is the pre-exponential factor related to the charge carrier, kB is the Boltzmann constant, 

and Ea is the activation energy.105,106 The ionic conductivity is inversely proportional to the 

activation energy, where the activation energy is defined as the energy barrier between adjacent 

available sites. The diffusion of ions in inorganic solid electrolytes is generally realized by hoping 

mechanism through the connected available vacancies and interstitial sites in the crystal, and 

therefore the concentration and distribution of point defects in crystals largely determine the 

conducting behavior of solid materials.106 High-temperature sintering process is usually applied 

for inorganic solid electrolytes to decrease the grain boundaries and promote the ionic conductivity. 
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For organic solid electrolytes, the ion-conducting mechanism is more complex due the lack of 

simple structure–properties correlations. Among the many phenomenological models, the VTF 

model is more suitable for solid polymer materials, which is derived by quasi-thermodynamics 

with free volume and configurationally entropy.107 Here, the ionic conductivity can be correlated 

with temperature as demonstrated in the following equation： 

𝜎(𝑇) = 𝜎 𝑇 / 𝑒𝑥𝑝 −                                                   (1.2) 

where B is the pseudo-activation energy (expressed in units of EA/k) and T0 is the reference 

temperature (10~50 K below the kinetic glass transition temperature Tg).108 In general believes, 

the ion conduction in solid polymers is realized via the segmental motions of polymer chains in 

amorphous regions when the temperature is above Tg. With the presence of local free volume, ions 

can be transferred or hopped into new adjacent coordinated sites with the help of polar groups in 

polymer chains.107,109 Therefore, the conduction mechanism in organic solid electrolytes can be 

treated as the combination of short-range ion hopping and long-range motions of polymer chains. 

The glass transition temperature and the dissociation ability of Li salts in polymers greatly 

influence the ionic conductivities in solid polymer electrolytes.105 

As it has been emphasized in the previous section, composite solid electrolytes are mainly divided 

into two categories respecting to different filler properties. With the passive fillers such as SiO2, 

Al2O3, and ZrO2, the ion-conducting mechanism is the same as solid polymer electrolytes because 

the filler is Li+ insulated. In these composite solid electrolytes, the function of inorganic fillers is 

mainly contributed to the following two improvements: i) decrease in crystallinity and glass 

transition temperature of polymer matrix due to the modification of local structure of polymer 

chains, and ii) increase of free Li+ because the functional groups of inorganic filler can help further 

dissociate Li salts based on the Lewis acid-base theory. Although the ionic conductivities are 

greatly enhanced, the ion conduction in these composite solid electrolytes with passive fillers is 

still contributed by the segmental motions of polymer chains. In another category, i.e., composite 

solid electrolytes with active fillers such as LLZO, LLTO, LATP nanoparticles, the ion-conducting 

mechanism is extremely complicated owing to the combination of inorganic and organic Li 

conductors. Although the addition of active fillers also influences the local structure of polymer 

chains, many studies stated that the major improvement in ionic conductivity is attributed to the 
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creation of additional Li+ pathway within the composite structure. However, researchers still 

cannot reach a comprehensive description on conducting behavior and conducting preference in 

these composite composites. Therefore, in this section, a detailed discussion will be introduced 

based on the current hypothesis of Li+ conduction in composite solid electrolytes with active fillers. 

1.4.1 Hypothesis of Li+ conduction in composite electrolytes with active fillers 

Bunde et al. developed the percolation model for heterogeneous mixtures of conducting salts with 

insulating second phase.110 Two critical threshold concentrations were introduced as conductor-

superconductor (𝑝 ′) and conductor-insulator (𝑝 ′′) transitions, where the ionic conductivity was 

strongly enhanced after particle concentration was larger than 𝑝 ′ and was extrapolated to zero 

after 𝑝 ′′. Additional to inert nanoparticles and conductive matrix, highly conductive interface was 

taken into account in the system. The behavior of the resultant three-component random resistor 

network (RRN) model obeyed the general observation in conductivity change with the increasing 

of inert filler amount in composite solid electrolytes (increase then decrease after maximum). 

Additionally, Roman investigated the particle size dependence for the enhancement of ionic 

conductivity of composite solid electrolytes by considering the dependence of interphase volume 

to particle size.111 Smaller particle size resulted in larger enhancement in ionic conductivity, and 

the model provided the analytical expression for finding the conductor-superconductor threshold 

concentration (𝑝 ′) with varies of particle size. Kieffer et al. further developed the percolation 

model in composite solid electrolytes with active fillers.112 By considering a tri-phase system 

including nanoparticles, polymer, and polymer/filler interface, the overall ionic conductivity of the 

composite solid electrolytes can be derived as: 

𝜎 = 𝜙 𝜎 + ( )                                                (1.3) 

where 𝜎 , 𝜎 , and 𝜎  are respective conductivities for nanoparticles, interfacial region, and 

polymer with Li salts, and 𝜙 , 𝜙  are the corresponding volume fraction of nanoparticles and 

interfacial regions. Since the radius of interface can be correlated with nanoparticle radius R and 

interface layer thickness δ (R<δ<3R), 𝜙  and 𝜙  are linked, and the expression (3) can be plotted 

as a function of volume fraction of nanoparticles (𝜙 ), which is shown in Figure 1.7a. By putting 

the theoretical values of 𝜎 , 𝜎  and fitting with experimental data of 𝜎 at low concentration of 
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nanoparticles, the ionic conductivity of interfacial region can be estimated as 2.0×10-4 S cm-1 in 

the PEO(LiClO4)/LATP composite solid electrolyte. Furthermore, based on this percolation model, 

the ionic conductivity of the system should be maximized at 13 vol% LATP nanoparticles, at that 

point the bulk polymer phase was converted to interfacial regions with the volume fraction of 

nearly 90%. Gradually decrease in conductivity should then start beyond this maximum point (13 

vol%) because the increasing LATP nanoparticles essentially slowed the passage of Li+. However, 

in practical experimental results, the ionic conductivity started to decrease beyond 4 vol% of LATP 

nanoparticles. This significant difference was attributed to the agglomeration of nanoparticles. 

Compared to percolated nanoparticles (Figure 1.7b), agglomerated clusters of nanoparticles 

(Figure 1.7c) dramatically decreased the volume ratio of the interface. Consequently, most of the 

bulk polymer phase cannot be converted to highly-conductive interfacial phase, and the ionic 

conductivity greatly decreased at high concentration of LATP nanoparticles. The estimated 

maximum ionic conductivity was 1.83×10-4 S cm-1 at room temperature, which was similar to the 

calculated ionic conductivity for interfacial regions. Therefore, it was expected that the ion-

conducting mechanism in composite solid electrolyte was highly related to the interfacial regions 

where polymer chains were modified by inorganic fillers. 
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Figure 1. 7 (a) Percolation model in composite solid electrolytes with active fillers and measured 
ionic conductivities at room temperature (circular symbols); schematic figures showing 
nanoparticle and the interfacial regions in polymer matrix (b) at percolation and (c) after 
agglomeration.112 

Additional to these theoretical speculations, Hu et al. first probed the Li+ diffusion pathway in the 

composite solid electrolytes by 6,7Li NMR active isotopes.113 In their study, the composite solid 

electrolyte was prepared by solution-casting method with a mixture of PEO/LiClO4/acetonitrile 

and LLZO powder. High concentration of LLZO powder (50 wt.%) was dispersed in the precursor 

by ball-milling for 1h. With high-resolution of 6Li NMR, the local structural environment can be 

clearly distinguished in different phases.114-116 As shown in Figure 1.8a, pure PEO(LiClO4) 

polymer and LLZO ceramic powder exhibited single 6Li resonance, which located at -0.2 ppm and 

2 ppm, respectively. For PEO(LiClO4)/LLZO composite solid electrolyte, additional broad 6Li 

resonance was found at around 1.4 ppm, indicating the existence of the third phase with large 

degree of structural disorder. With further confirmation and spectral simulations, the possible Li+ 

local environment within the PEO(LiClO4)/LLZO composite solid electrolyte was depicted in 
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Figure 1.8b including the Li+ in polymer phase, ceramic phase, and polymer-ceramic interface. 

The interfacial Li+ was considered to be originated from LLZO surface under strong interactions 

with PEO polymer matrix because the chemical shift was closer to LLZO phase. To further 

understand the Li+ diffusion pathway, the obtained composite solid electrolytes were cycled in the 

symmetric 6Li|PEO(LiClO4)/LLZO|6Li cell. During the cycling, 6Li partially replaced 7Li in the 

composite solid electrolyte, leading to a concentration change of 6Li. By comparing the 6Li NMR 

spectra before and after cycling, the preference of Li+ diffusion pathway was estimated. As shown 

in Figure 1.8c, the intensity of LLZO resonance significantly increased after cycling while the 

intensity of 6Li resonance in polymer and interfacial phase remained the same as in pristine 

composite solid electrolyte. Figure 1.8d gives the quantified results of peak intensity increment. 

The increase of intensity was 39%, 6%, and 0% for LLZO, interfacial, and polymer phase, 

respectively. Similar trend was also found in 7Li|PEO(LiClO4)/LLZO|7Li symmetric cells, and 

only the intensity of LLZO resonance peak increased after cycling. Therefore, these evidences 

suggested the Li+ diffusion in PEO-LLZO composite solid electrolytes preferred the pathway 

through the LLZO ceramic phase instead of the polymer or polymer-ceramic interfaces.  

Different ion-conducting preference was found while Chan and coworker used similar methods to 

study composite solid electrolytes consisting of PAN(LiClO4) polymer and LLZO nanowires.117 

In their study, the highest ionic conductivity was found in composite solid electrolyte with 5 wt.% 

LLZO filler, and the further increase of filler amount resulted in lower ionic conductivity owing 

to the agglomeration effect. As shown in Figure 1.8e, the 6Li resonance of LLZO phase was not 

observed in PAN(LiClO4)/LLZO composite solid electrolyte.  However, additional resonance peak 

attributed to the polymer-ceramic interface was still found in PAN(LiClO4)/LLZO composite solid 

electrolyte (0.85 ppm), which is similar to the previously introduced studies. It is worth to note 

that, this interfacial Li is originated from PAN polymer under the local structural modification of 

LLZO nanowires. The strong resonance peak at polymer-ceramic interface (0.85 ppm) suggested 

the great influence of LLZO nanowires to PAN polymer chains. To evaluate the Li+ diffusion 

pathway, the composite solid electrolytes were cycled in symmetric Li cells with 6Li metal 

electrodes. Figure 1.8f gives the comparison of 6Li NMR spectra between pristine and cycled 

PAN(LiClO4)/LLZO composite solid electrolytes. The intensity of resonance for PAN polymer 

(0.9 ppm) remained the same after cycling, whereas the intensity of resonance at 0.85 ppm greatly 
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increased. Therefore, in this PAN(LiClO4)/LLZO composite solid electrolyte with low 

concentration of LLZO fillers, Li+ preferred to travel though the modified PAN interface instead 

of polymer or ceramic phase. The different ion-conducting mechanism in PAN/LLZO composite 

solid electrolyte may be attributed to the following reasons: i) the concentration different, 

insufficient amount of LLZO fillers to form connected percolation network to support the Li+ 

diffusion though the LLZO phase, ii) polymer matrix different, significantly improved the local 

environment of PAN polymer with high ionic conductivities at the interfaces.117 

 

Figure 1. 8 (a) 6Li NMR spectra of pure PEO(LiClO4), LLZO powder, and PEO/LLZO composite 
solid electrolyte; (b) schematic figure showing possible Li+ local environment within the 
PEO/LLZO composite solid electrolyte; (c) 6Li NMR spectra comparison between the pristine and 
cycled PEO/LLZO composite solid electrolyte containing 50 wt.% LLZO nanoparticles; (d) 
quantified results of peak intensity incensement after cycling for PEO/LLZO composite solid 
electrolyte;113 (e) 6Li NMR spectra of pure PAN(LiClO4), LLZO powder, and PAN/LLZO 
composite solid electrolyte; (f) 6Li NMR spectra comparison between the pristine and cycled 
PAN/LLZO composite solid electrolyte containing 5 wt.% LLZO nanowires; (g) Schematic figure 
showing possible Li+ transport pathways in the composite solid electrolyte.117 

1.4.2 Novel designs with valid approaches for better utilization of active fillers 

The addition of an active filler in polymer matrix can greatly enhance the ionic conductivity of 



27 
 

composite solid electrolyte due to the rapid conduction via the Li conductor itself or the interfaces 

formed between the polymer and filler. However, in most cases, the ionic conductivity decreases 

greatly after reaching a certain filler ratio (10~15 wt.%) because agglomeration of particles 

destroys the percolated network within the composite solid electrolyte.117 Therefore, in order to 

take full advantages of the inorganic active filler, it is important to form a percolated network with 

maximized interphase volume to prevent the agglomeration effect at high concentration. Yu et al. 

introduced a promising method by forming a pre-percolated LLTO framework prior to mixing 

with PEO polymer electrolyte.118 Instead of dispersing the LLTO filler in polymer matrix, this 

interconnected three-dimensional (3D) framework preserved the continuity of LLTO phase in the 

composite solid electrolytes. Figure 1.9a shows the synthesis procedure of pre-percolated LLTO 

framework and the resultant composite solid electrolyte. A LLTO hydrogel was first prepared by 

mixing the LLTO precursors with polyvinyl alcohol (PVA) and gelating with glutaraldehyde (GA) 

cross-linker. After calcination at 800 ˚C for 2h, the 3D LLTO framework with pre-percolated 

network was formed. Then the final composite solid electrolyte was fabricated by repeatedly 

wetting and drying the LLTO framework with dilute PEO(LiTFSI) solution. As shown in Figure 

1.9b, the composite solid electrolyte with LLTO nanoparticles (blue) fitted well with the trend of 

percolation model at low volume ratio, whereas the trend deviated from the model after volume 

ratio of 2.7 vol% (10 wt.%).111,112,119 Owing to the agglomeration effect, the ionic conductivity 

further decreased with increasing volume ratio. On the other hand, the composite solid electrolyte 

with LLTO framework (red) still followed the trend of percolation model at high volume ratio of 

9.8-18.7 vol% (30-40 wt.%), indicating the high degree of percolated network in the composite 

solid electrolyte. As shown in Figure 1.9c, this interconnected LLTO interface avoided the 

agglomeration of particles and provided rapid conduction pathway in the polymer matrix. High 

ionic conductivity of 8.8×10-5 S cm-1 was obtained at room temperature for the composite solid 

electrolyte with 48.1 wt.% inorganic filler amount. The interconnected framework can also be 

fabricated by electrospinning process. Hu et al. fabricated the 3D LLZO network with electrospun 

nanofibers, and the schematic drawing of the resultant composite solid electrolyte is shown in 

Figure 1.9d.9 After high temperature calcination, the LLZO nanofibers preserved the 

interconnected network offering a continuous ion-conducting pathway. Similarly, the composite 

solid electrolyte was fabricated by dropping the PEO(LiTFSI) solution on the LLZO nanofiber 

membrane. Owing to the formation of long-range ion-conducting pathways with the help of well-
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connected LLZO nanofibers, the composite solid electrolyte exhibited high ionic conductivity of 

2.5×10-4 S cm-1 at room temperature.  

Another valid approach to preserve the rapid conduction of active fillers in composite solid 

electrolyte is to fabricate well-aligned nanowires in the composite solid electrolyte, especially 

facing the same direction along with electric field. Cui et al. investigated the ionic conductivities 

of PAN composite solid electrolytes with aligned LLTO nanowires in different orientations.120 

Figure 1.9e gives the schematic drawing of ion-conducting mechanisms in composite solid 

electrolytes with different morphologies of inorganic active fillers. Compared to nanoparticles, the 

randomly distributed nanowires in composite solid electrolyte promoted the diffusion of Li+ due 

to the increased interface area and continuous ion-conducting pathway along the nanowires, 

leading to significant improvement in ionic conductivity. Furthermore, with the aligned nanowires 

in composite solid electrolyte, the ions were conducted without crossing the junctions between 

separated nanowires. Therefore, with the help of direct and rapid conduction of nanowire surface, 

the ionic conductivity of resultant composite solid electrolyte was further improved. In that study, 

the aligned LLTO nanowires were fabricated by electrospinning process with interdigital Pt 

collectors (20-40 µm gap distance). Different orientations between nanowires and Pt electrodes 

were prepared with angle of 0˚ (vertical), 45˚, 90˚ (parallel). As shown in Figure 1.9f, the 

hypothesis was validated that the aligned nanowires with right angle could further enhance the 

ionic conductivity over randomly distributed nanowires in composite solid electrolytes. The 

composite solid electrolyte with well-aligned nanowires (orientation angle at 0˚) demonstrated the 

highest ionic conductivity of 6.05×10-5 S cm-1, whereas, for orientation angle of 90˚, the ionic 

conductivity was similar to filler-free samples (1.78×10-7 S cm-1). This huge difference indicated 

the importance of nanowire orientation in composite solid electrolytes. With the parallel 

orientation, the surface area of the nanowires did not cross the electrode. Although the conducting 

pathway was connected in nanowires, the ions still need to cross junctions between nanowires and 

polymer matrix due to the difference of conducting directions in electric field and nanowires 

orientation, and the highly conductive interfaces gave little contribution to the ionic conductivity. 

Because of the specific requirement of nanowire orientation, the concentration of nanowires was 

reduced (3 wt.%) to clearly have the same orientation, resulting in lower ionic conductivities 

compared with other studies.  
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Therefore, considering the ion-conducting direction in battery application, vertically aligned 

conducting filler in composite solid electrolytes were more favorable. Yang et al. synthesized the 

vertically aligned LATP nanowires in PEO(LiTFSi) composite solid electrolyte by ice-templating-

based method.82 LATP nanoparticles was first synthesized and dispersed in water. By slowly 

cooling at bottom end, the vertical temperature gradient induced the formation of vertical ice 

nucleates pushing the LATP nanoparticles into aligned structure. After ice sublimation, the LATP 

template was sintered at high temperature to form straight channels for rapid conduction (Figure 

1.9h). As shown in Figure 1.9i, the ionic conductivity of ice-templated LATP composite solid 

electrolyte reached 6.8×10-6 S cm-1 at room temperature, which is much higher than the filler-free 

polymer electrolyte (3.6×10-8 S cm-1) and composite electrolyte with randomly distributed filler 

(1.4×10-6 S cm-1). Although the benefit of vertically aligned LATP filler was validated, the overall 

ionic conductivities were still low due to the poor conduction in LATP filler itself. The structure 

of ice-templated LATP channels was too porous, resulting in huge grain boundary resistance 

between particles and poor conduction at LATP-LATP particle interfaces. Therefore, the 

distribution and inner connectivity of inorganic filler is very important in composite solid 

electrolyte. A well-established filler structure can maximize the advantages of inorganic solid 

electrolyte with huge improvement in ionic conductivity, electrochemical stability, and cycle life.  
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Figure 1. 9 (a) Synthesis of LLTO framework composite electrolytes: LLTO hydrogel, 
decomposition and heattreatment, PEO wetting and drying, and electrochemical analysis of 
composite electrolyte; (b) percolation model (black dashed line) and conductivity data of 
composite electrolytes with LLTO nanoparticles (blue) and LLTO framework (red); (c) schematic 
representation of possible conduction mechanism in composite electrolytes with LLTO 
framework;118 (d) schematic drawing of 3D flexible composite solid electrolyte with LLZO 
nanofibers; 9 (e) Li-ion conduction pathways in composite polymer electrolytes with nanoparticles, 
random nanowires and aligned nanowires; (f) SEM image of the aligned nanowires at orientations 
of 0°; (g) Arrhenius plots of ionic conductivities for filler-free solid electrolyte and composite solid 
electrolytes with random nanowires and aligned nanowires at various orientation angles;120 (h) 
SEM image of the ice-templated LATP channels (vertical aligned); (i) Arrhenius plots of ionic 
conductivities for PEO, random LATP/PEO, and ice-templated LATP/PEO solid electrolytes.82  
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CHAPTER 2: RESEARCH OBJECTIVES 

This dissertation focuses on exploring and designing advanced composite solid electrolytes for 

high-performance Li batteries, with the aim of improving the ionic conductivities, electrochemical 

stabilities, and Li+ conducting pathways of composite solid electrolytes and cycling performance 

of all-solid-state Li batteries while enabling the safe operation. The main research topics include: 

2.1  Composite Electrolyte Enabled with Amorphous PEO-based Cross-linked 

Polymer and 3-D Li-ion Conducting Fiber Network  

As mentioned in the previous chapter, in solid polymer electrolytes, Li ions are generally 

conducted by the segmental motions of polymer chains. Therefore, the ionic conductivities of solid 

polymer electrolytes are highly related to the polymer crystallinity and glass transition 

temperature. For commercial PEO polymer, the crystallinity is high, which significantly influences 

the performance of PEO-based solid electrolytes at room temperature. In addition, the lithium 

transference number is extremely low in solid polymer electrolytes due to the dual-ions conducting 

behavior of polymer chains. These two drawbacks greatly limited the cycling performance of 

solid-state Li batteries with PEO-based solid polymer electrolytes. Therefore, to suppress the 

polymer crystallinity, cross-linked PEO-based polymer matrix will be designed. Moreover, Li-

conducting nanofibers will be fabricated and incorporated with the cross-linked PEO polymer 

marix to further improve the electrochemical properties. This novel PEO based cross-linked 

polymer with naturally amorphous properties may exhibit high room-temperature ionic 

conductivity. With the reinforcement of Li0.3La0.557TiO3 (LLTO) nanofibers, the continuous 3D 

conduction network formed within the polymer matrix may greatly enhance the electrochemical 

and mechanical properties of resultant composite solid electrolytes. 

2.2  Garnet-rich Composite Solid Electrolyte Enabled with Silane-modified Li-

ion conducting Fibers for High-rate Lithium-metal Batteries 

Composite solid electrolytes are regarded as one of promising strategies to replace flammable 

liquid electrolytes in commercial Li-metal batteries, which simultaneously possess excellent ionic 

conductivity and good contact with electrodes. Nevertheless, due to the sever agglomeration effect 
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of inorganic fillers at high concentrations, the overall electrochemical performance of current 

composite solid electrolytes is mostly contributed by the polymer matrix. In most cases, the 

inorganic Li-conducting fillers mainly work as regular fillers to diminish the crystallinity of 

polymers and improve the mechanical strength. Therefore, the solid-state Li batteries using these 

conventional composite solid electrolytes exhibited unsatisfactory cycling stability and rate 

performance. A controlled fabrication of composite solid electrolytes with well-established 

percolated Li6.28La3Zr2Al0.24O12 (LLAZO) network in the composite structure will be introduced. 

Benefiting from the silane modification, the distribution of inorganic fillers in the composite 

structure may be highly uniform, which may successfully eliminate the sever aggregation problem 

of inorganic fillers at high concentrations. The introduced composite solid electrolytes with the 

maximized utilization of inorganic Li-conducting fillers and minimized amount of polymer content 

may show superior electrochemical properties.  

2.3  Interconnected Double Layers with Ultrafast and Continuous Li+ 

Conduction from Cathode to Anode for Solid-state Li-S Batteries 

With the emerging requirement of lithium batteries in daily life, novel energy storage systems 

beyond the sate-of-art Li-ion batteries are urgently required. Lithium batteries based on conversion 

chemistry can deliver much higher energy density than traditional Li-ion batteries based on the 

intercalation mechanism. As one promising alternative, lithium-sulfur (Li-S) batteries can deliver 

high theoretical capacity of 1670 mAh g-1 and energy density of 2600 Wh kg-1. However, the 

practical application of Li-S batteries is hindered not only by the lithium dendrite formation, but 

also by the shuttle effect of polysulfides (LiSn) during cycling. The dissolution of intermediate 

products of Li-S redox reaction in the liquid electrolyte leads to an irreversible loss of active 

material and huge capacity fade. Therefore, the investigation of suitable solid-state electrolytes for 

lithium-sulfur batteries is critical owing to the dual improvements on safety and cycling-

performance. An advanced bilayer framework will be introduced for solid-state Li-S batteries. 

Li6.4La3Al0.2Zr2O12 (LLAZO) nanoparticles coated carbon nanofibers (LLAZO@CNF) will be 

introduced as a cthode marix for sulfur, providing a balanced duel (electric and ionic) 

conductivities. As an interconnected bilayer framework, another layer of pure LLAZO solid 

electrolyte will be loaded, giving a well-connected interface and greatly reduced charge transfer 
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resistance. This novel interconnected bilayer (cathode-electrolyte) framework may enable a fast 

Li+ conduction directly from the cathode to the anode, leading to a stable cycling performance of 

solid-state Li-S batteries. 

2.4  Single-ion Conducting Composite Solid Electrolytes with Aligned 

Nanostructured Channels for Ultrafast Li+ Conduction 

The distribution and inner connectivity of inorganic filler is important to composite solid 

electrolytes. A well-established filler structure can maximize the performance of composite solid 

electrolytes. By considering the ion-conducting direction in battery application, vertically aligned 

conducting filler in composite solid electrolytes are more favorable. Therefore, a composite solid 

electrolyte with vertically aligned LLAZO nanofibers will be introduced. The composite solid 

electrolyte will be mainly composed of LLAZO structure and light amount of (< 20 wt.%) polymer 

to filler the gaps between the channels. With dense and straight LLAZO nanofibers in polymer 

matrix, the composite solid electrolyte may have high ionic conductivity owing to the low 

tortuosity of Li+ conductive pathways. Additionally, the obtained aligned LLAZO nanofibers 

leaves empty vertical channels for polymer content, which may help to facilitate the ion diffusion 

in polymer chains. Single-ion conducting polymer will be investigated and filled in the aligned 

LLAZO nanofibers, and the resultant composite solid electrolytes may exhibit unity lithium 

transference number and other superior electrochemical properties.   
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CHAPTER 3: Composite Electrolyte Enabled with Amorphous PEO-based 

Cross-linked Polymer and 3-D Li-ion Conducting Fiber Network 

 

Abstract 

Solid electrolytes have gained attention recently for the development of next-generation Li-ion 

batteries since they can fundamentally improve the battery stability and safety. Among various 

types of solid electrolytes, composite solid electrolytes (CSEs) exhibit both high ionic conductivity 

and excellent interfacial contact with the electrodes. Incorporating active nanofibers into the 

polymer matrix demonstrates an effective method to fabricate CSEs. However, current CSEs based 

on traditional poly(ethylene oxide) (PEO) polymer suffer from the poor ionic conductivity of PEO 

and agglomeration effect of inorganic fillers at high concentrations, which limit further 

improvements in Li+ conductivity and electrochemical stability. Herein, we synthesize a novel 

PEO based cross-linked polymer (CLP) as the polymer matrix with naturally amorphous structure 

and high room-temperature ionic conductivity of 2.40 × 10-4 S cm-1. Li0.3La0.557TiO3 (LLTO) 

nanofibers are incorporated into the CLP matrix to form composite solid electrolytes, achieving 

enhanced ionic conductivity without showing filler agglomeration. The high content of Li-

conductive nanofibers improves the mechanical strength, ensures the conductive network, and 

increases the total Li+ conductivity to 3.31 × 10-4 S cm-1. The all-solid-state Li|LiFePO4 batteries 

with LLTO nanofiber-incorporated CSEs are able to deliver attractive specific capacity of 147 

mAh g-1 at room temperature, and no evident dendrite is found at the anode/electrolyte interface 

after 100 cycles. 
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3.1 Introduction 

Current rechargeable Li-ion batteries are essential constituents of portable electronics, grid 

storages, and electric vehicles. With rapidly growing demands in energy storage, batteries with 

higher energy and power densities beyond the state-of-the-art Li-ion batteries are urgently 

needed.2,121 Li metal is believed as a promising anode for high-energy and high-power batteries 

due to its highest theoretical capacity (3860 mAh g-1) and lowest electrochemical potential (-3.04 

V versus standard hydrogen electrode). Despite these attractive features, the use of Li metal anode 

in practical battery applications has been hindered by ever growing safety concerns, which are 

originated from high chemical reactivity of organic liquid electrolytes and irregular Li depositions 

(dendrites) during charge-discharge cycles. The Li dendrites can ultimately short-circuit the cells 

and cause explosion hazards. Solid-state electrolytes have been considered as a fundamental 

strategy to address aforementioned problems because they are chemically stable and mechanically 

robust to suppress Li dendrite growth and prevent safety hazards. 

Poly(ethylene) oxide (PEO) is one of the most commonly used solid polymer electrolytes, but the 

low room-temperature conductivity of PEO restricts its use in practical batteries. In PEO based 

electrolytes, Li+ is coordinated with ether oxygen groups and transferred by the local relaxation 

and segmental motion of polymer chains in amorphous regions.33,34,122 Accordingly, high 

crystallinity of traditional PEO polymer generally lowers the ionic conductivity. Cross-linking is 

one of the effective ways to suppress the crystallization of polymer chains, and many PEO-based 

cross-linked polymers have been investigated as solid polymer electrolytes including 

copolymers123-125 and polyether networks.126-128 However, the ionic conductivities of those 

network polymers remain low at room temperature (~1.0 × 10-5 S cm-1).129 

Several approaches have been devised to improve the conductivity of solid polymer electrolytes. 

Adding plasticizers, such as ionic liquids130,131 or low-molecular-weight oligomers,41,132,133 were 

proven to increase the ionic conductivity by decreasing the glass transition temperature (Tg) of the 

polymers and thereby facilitating the segmental motion, but may come at the cost of increased 

reactivity. Another approach is to introduce inorganic fillers in the polymer matrix, which leads to 

the formation of composite solid electrolytes (CSE). Among various inorganic fillers, active Li-

ion conductors such as Li0.3La0.557TiO3 (LLTO),134 Li7La3Zr2O12 (LLZO),135 and 
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Li1.3Al0.3Ti1.7(PO4)3
136

 were proposed to have better performance than the inert fillers such as 

SiO2,137 TiO2, 138 and Al2O3.139 Active Li-ion conductor incorporated CSEs show remarkably 

higher ionic conductivity than polymer electrolytes owing to the suppression of crystallinity of 

polymer matrix and benefiting from the fast ion transport pathways on the surface of these active 

nanofiller.135,140,141 The Li+ conduction in CSEs is realized via the combination of the segmental 

motion of polymer chains and the activated hops along the interfaces of active fillers and polymer 

matrix.140,142 However, in many studies,85,135,141,143 the ionic conductivity decreased after adding 

10 wt% or more nanofillers because agglomerated filler particles enhance the local crystallinity of 

PEO. Compared to the commonly-used particulate nanofillers, one-dimensional (1D) active 

nanofibers135,140,144 is preferable due to the long-range and continuous Li+ diffusion pathways 

created within the polymer matrix. Therefore, creating a continuous nanosized Li+ conductive 

network within a low crystalline or non-crystalline polymer matrix by using active nanofibers may 

eliminate the agglomeration effect and lead to a highly ionic-conductive CSE.145 

Herein, we synthesized a highly ionic-conductive cross-linked poly(ethylene oxide) (PEO) 

polymer. After plasticized with poly(ethylene glycol) (PEG), the solid polymer electrolyte shows 

a high ionic conductivity of 2.40 × 10-4 S cm-1 at room temperature. Based on the synthesized 

cross-linked polymer, a composite solid electrolyte was developed by incorporation of 

Li0.3La0.557TiO3 (LLTO) nanofibers within the polymer matrix. Since LLTO nanofibers provide a 

3D network and continuous Li+ transfer channels135 within the polymer matrix, the composite solid 

electrolyte shows high ionic conductivity, high lithium transference number, and excellent 

mechanical properties. Owing to these improvements, the all-solid-state Li-ion battery prototype 

based on this new composite solid electrolyte can work at room temperature and show remarkable 

cycle-ability. 

3.2 Methods 

3.2.1 Fabrication of cross-linked poly(ethylene oxide) solid polymer electrolytes 

(CLPSPEs) 

All chemicals were purchased from Sigma-Aldrich and used without further purification. Lithium 

perchlorate (LiClO4) was dried at 80 °C for 24 h before use to remove the moisture. For CLP 

synthesis, prepolymer solution was prepared by adding monomer (poly(ethylene glycol) methyl 
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ether acrylate, PEGMEA Mn = 360), crosslinker (poly(ethylene glycol) dimethacrylate, PEGDMA 

Mn=550), photoinitiators (hydroxycryclohexyl phenyl ketone, HCPK), and lithium salts (LiClO4), 

sequentially. The amount of crosslinker and initiator was controlled at 2 wt.% and 0.1 wt.% based 

on the total weight of monomers, and the amount of lithium salts was controlled at [EO]/[Li+] = 

20. After stirring, the solution was sonicated for 10 min to eliminate the air bubbles. For the 

preparation of unplasticized polymer (CLP), the prepolymer solution was directly exposed to 312-

nm UV light for 5 min at 3 mW/cm2 in the Argon-filled glove box. For plasticized polymers (CLP-

Px), certain amount of poly(ethylene glycol) methyl ether (mPEG Mn=250) was added in the 

prepolymer solution, and then the same synthesis procedure was followed. The amount of 

plasticizer was set as 10, 20, 30, and 40 wt% based on the weight of prepolymer solution and the 

as-prepared plasticized polymers were denoted as CLP-P1, CLP-P2, CLP-P3, and CLP-P4, 

respectively.  

3.2.2 Fabrication of Li0.33La0.557TiO3 (LLTO) nanofibers 

LLTO nanofibers were fabricated by electrospinning. LLTO precursor solution was first prepared 

by dissolving stoichiometric amounts of 3.3 mmol lithium nitrate (LiNO3), 5.6 mmol lanthanum 

nitrate hexahydrate (La(NO3)36H2O), 10 mmol titanium butoxide (Ti (OC4H9)4) in 20 ml of 

dimethylformamide (DMF) with 15 % acetic acid (volume ratio). After stirring for 30 min, 2g 

polyvinylpyrrolidone (PVP, Mw = 1,300,000) was added. The solution was mechanically stirred 

for overnight and then sonicated for 10 min before use to eliminate the air bubbles. The 

electrospinning was run at 15 kV with a constant feeding rate of 0.75 ml h-1. As-spun fibers were 

later calcined at 800 C for 2h to obtain LLTO nanofibers. 

3.2.3 Fabrication of LLTO incorporated CLP composite solid electrolytes (L-CLPCSEs)  

L-CLPCSEs were fabricated by dispersing Li0.33La0.557TiO3 (LLTO) ceramic nanofibers in a 

prepolymer solution (PEGDMA, PGMEA, HPCK, and LiClO4). To prepare the composite solid 

electrolytes, CLP-P4 was selected as the polymer matrix since it gave the highest ionic 

conductivity among all CLPs. LLTO nanofibers (10, 20, and 30 wt.% based on the monomer 

amount) were dispersed in the prepolymer solution. For samples with a high amount of LLTO 

nanofibers, the solution was allowed to stir for 24 h and then sonicated for 5 min to ensure uniform 
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dispersion of the nanofibers. The crosslinking process was performed using the same procedure as 

the CLP synthesis, but the exposure time was extended to 15 min to react the monomers 

completely. The obtained L-CLPCSEs were denoted as CLP-P4-LLTO-1, CLP-P4-LLTO-2, and 

CLP-P4-LLTO-3, respectively. 

3.2.4 Characterization methods 

Fourier transform-infrared spectroscopy (FT-IR, Thermo Scientic™ Nicolet™ iS™10) was used 

to study the UV curing conditions and LiClO4 dissociation of CLPSPEs and L-CLPCSEs. The IR 

spectra were collected under absorbance mode from 425 to 4000 cm-1 with 32 scans and resolution 

of 4 cm-1. 1H NMR spectroscopy analysis was conducted with Varian Inova 400 spectrometer, and 

the samples are dissolved in d6-DMSO solvent. Differential scanning calorimetry (DSC) was 

carried out at a heating/cooling rate of 2 °C min-1 using a TA Instrument Discovery Series. The 

second heat cycles were used to characterize the thermal properties of CLPSPEs. Thermo-

gravimetric analysis (TGA) was conducted by Perkin Elmer Pyris 1 with a heating rate of 20 °C 

min-1 under air atmosphere to examine the thermal stability of CLPSPEs and L-CLPCSEs. X-ray 

diffraction (XRD) was used to identify the crystal structures of synthesized LLTO nanofibers, 

CLPSPEs, and L-CLPCSEs by Rigaku D/Max 2400 (Japan) with Cu Ka radiation (λ=1.5418 Å) 

in a 2-Theta angle range from 10° to 70°. The morphology of LLTO nanofibers, L-CLPCSEs, and 

Li foil were characterized by the field-emission scanning electron microscopy (FE-SEM, FEI 

Verios 460L, USA). 

3.2.5 Electrochemical performance tests 

Liner sweep voltammetry (LSV) was carried out to test the stability of CLPSPEs at a scan rate of 

10 mVs-1. The total lithium-ion conductivity was characterized by electrochemical impedance 

spectroscopy (Garmy Reference 600 device) over a frequency range of 0.1 HZ to 1 MHZ. The 

solid electrolyte membranes were sandwiched between two stainless steel blocking electrodes. On 

the Nyquist plot, the intercepts of extended semicircles with real axis represent the bulk resistance 

of the solid electrolyte, and the ionic conductivity was calculated by the following equation: 

𝝈 =
𝟏

𝑹

𝒕

𝑨
                                                                       (3.1) 



39 
 

where R is the bulk resistance, t the sample thickness, and A the sample area. Activation energy 

(Ea) was calculated by Arrhenius equation: 

𝝈 = 𝑨𝒆𝒙𝒑 (−𝑬𝒂/𝑹𝑻)                                                       (3.2) 

with Arrhenius plot of ionic conductivities. Li transference numbers (tLi+) were determined by the 

chronoamperometry test on symmetric lithium cells with an applied DC voltage of 10 mV. EIS 

was also performed both before and after the polarization with the frequency ranging from 1 MHz 

to 1 Hz. The tLi+ value was calculated by Bruce’s equation:  

 𝒕𝑳𝒊 =
𝑰𝒔𝒔(∆𝑽 𝑰𝟎𝑹𝟎)

𝑰𝟎(∆𝑽 𝑰𝒔𝒔𝑹𝒔𝒔)
                                                          (3.3) 

where ∆𝑽 is the polarization voltage, 𝑰𝟎  the initial current,  𝑰𝒔𝒔  the steady state current, 𝑹𝟎  the 

initial total resistance, and 𝑹𝒔𝒔 the steady state total resistance. Galvanostatic cycling of symmetric 

Li cells was conducted to evaluate the structural stability of solid electrolytes and mimic a charging 

and discharging operation in lithium metal batteries. All cells were cycled at current densities of 

0.2 and 0.5 mA cm-2 for 30 min at room temperature.  

3.2.6 Battery performance evaluation 

LiFePO4/CLP-P4-LLTO-3/Li coin cells were assembled in an argon-filled glove box. To prepare 

the cathode, a slurry of LiFePO4, prepolymer solution (PEGMEA, PEGDMA, LLTO, LiClO4, 

HPCK), and carbon black (C65, TIMCAL Graphite & Carbon Ltd.) was mixed at a weight ratio 

of 65:25:10. The mixture slurry was coated on Al foil by using proper content of water as the 

solvent with a controlled thickness of 35-45 µm. The coated cathode was directly exposed to 312-

nm UV light for 5 min to cross-link the polymer and then dried at 80 °C under vacuum for 48 h. 

The loading of active material in composite cathode was controlled at 1.5 mg cm-2. Lithium foil 

was then stacked on the composite solid electrolyte, and the coin cells were assembled in Argon-

filled glovebox. The cycling performance of all-solid-state LiFePO4 cells was tested by Arbin 

battery tester in a potential range of 2.5 to 4.2 V. 
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3.3 Results and Discussion 

3.3.1 Structural and Electrochemical Characterizations of Cross-linked PEO polymer 

Figure 3.1 illustrates the synthesis procedure of cross-linked poly(ethylene oxide) solid polymer 

electrolyte (CLPSPE) from poly(ethylene oxide) methyl ether acrylate (PEGMEA) monomers and 

poly(ethylene oxide) dimethacrylate (PEGDMA) cross-linker using photo-initiated 

polymerization. Acrylate-based PEO source was selected because the branched acrylate may 

restrain PEO crystallization due to the formation of interconnected “cages” that spatially besiege 

the polymer chains.146 In this three-dimensional (3D) polymer framework, branched PEO side 

chains in PEGMEA absorb Li+ and provide the Li-conductive pathways. The oligoethylene oxide 

pendants provided by PEGDMA are attached to PEGMEA backbones and are connected to the 

network. Note that, the pendants can swing freely between the main chains like springs, which 

facilitates the Li+ transfer. To enhance the ion mobility, a certain content of PEG plasticizer was 

added. These small molecular weight PEG molecules cross-linked with the matrix by hydrogen 

bonding and spaced the long chains apart, which may increase the free volume and thus lower the 

glass transition temperature (Tg).147 In this work, lithium salt concentration was controlled at a 

molar ratio of [EO]/[Li+] = 20. The unplasticized cross-linked PEO polymer is denoted as CLP, 

and plasticized cross-linked PEO polymer is denoted as CLP-Px (“x” represents the plasticizer 

content). Figure 3.2 compares the typical Fourier-transform infrared (FTIR) spectra of the 

synthesized CLPs, monomers, and cross-linker. It is seen that the plasticized and unplasticized 

samples are very similar in FTIR since PEG is chemically the same as PEGMEA and PEGDMA, 

while all of the characteristic peaks for vinyl groups (986 and 812 cm-1)148,149 and acrylate groups 

(1190 and 1410 cm-1)148,149 disappear in the FTIR spectra of the synthesized polymers.  
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Figure 3. 1 Synthesis procedure of cross-linked poly(ethylene oxide) solid polymer electrolyte 
(CLPSPE). 

 

Figure 3. 2 FTIR spectra of PEGMEA, PEGDMA, CLP, CLP-P4, and CLP-P4-LLTO. 
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The thermal and electrochemical properties of all synthesized CLPSPEs were investigated by 

differential scanning calorimetry (DSC) and electrochemical impedance spectroscopy (EIS), 

respectively (Figure 3.3). DSC traces of the second heating cycle are demonstrated in Figure 3.3a, 

and Table 1 also summarizes the Tg values of CLPs. Note that, all samples show no melting 

transition (Tm) of PEO segments up to 90 °C, indicating that the synthesized polymers are naturally 

amorphous. More importantly, addition of plasticizer leads to significant decrease in Tg from -39.2 

°C (0 wt% PEG) to -56.5 °C (40 wt% PEG), which is benefited from incorporation of small PEG 

oligomers in the cross-linked polymer matrix. Polymers with lower Tg is believed to better 

facilitate Li+ transport due to the enhancement of segmental motion of polymer chains. Therefore, 

our plasticized CLP demonstrates to be a suitable base material for solid electrolytes with sufficient 

chain mobility and low activation energy (Ea). Moreover, the naturally amorphous structure of 

polymer matrix may prevent the formation of local crystalline phase when incorporating with a 

higher content of inorganic fibers. 

 

Figure 3. 3 (a) DSC traces of second heat cycle, (b) EIS profiles, (c) Arrhenius plots, and (d) 
Linear Sweep Voltammetry of CLPSPEs with different weight percentages of plasticizer.  
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Table 3.1 Compositions, thermal and electrochemical properties of CLPSPEs. 

 PEG content Tg Ionic conductivity  Activation Energy (Ea) 

 (wt %) (°C) 25 °C (S cm-1) (eV) 

CLP 0 -39.2 3.38 × 10-5 0.53 

CLP-P1 10 -42.1 9.36 × 10-5 0.43 

CLP-P2 20 -45.3 1.28 ×10-4 0.43 

CLP-P3 30 -50.3 1.75 ×10-4 0.42 

CLP-P4 40 -56.5 2.40 × 10-4 0.40 

The EIS profiles and ionic conductivities of CLPSPEs are demonstrated in Figures 3.3b and 3.3c, 

respectively. Additionally, the activation energy calculated according to Arrhenius equation and 

the room-temperature ionic conductivities of each solid polymer electrolyte are listed in Table 3-

1. At room temperature, CLP-P4 gives the lowest impedance of 108  and its corresponding ionic 

conductivity is 2.40 × 10-4 S cm-1. CLP-P3, CLP-P2, and CLP-P1 provide higher impedances of 

133, 193, and 265 , respectively, while the unplasticized CLP gives the highest impedance of 

800  at room temperature. In addition, the Ea value decreases from 0.53 eV (CLP) to 0.43 eV 

(CLP-P1) by adding plasticizer, indicating a faster Li+ migration in polymer due to the addition of 

small plasticizer moleculars.150 Increasing the plasticizer content further decreases Ea value to 0.40 

eV (CLP-P4) because of the reduced Tg of the polymer matrix. Notably, adding plasticizer in the 

cross-linked polymer dramatically improves the ionic conductivity due to the addition of freely-

moving small molecules and the increase of free volume. Among all samples, CLP-P4 shows the 

highest ionic conductivity of 2.40 × 10-4 S cm-1 at all temperature ranges, which is almost one order 

of magnitude higher than that of unplasticized CLP (3.38 × 10-5 S cm-1) at 25°C. The 

electrochemical stability of solid polymer electrolytes was measured by liner sweep voltammetry 

(Figure 3.3d). Both CLP and CLP-P4 exhibit stable voltage windows between 1 V and 5 V vs. 

Li/Li+, indicating that this novel Li+ conducting polymer is suitable for most high-voltage lithium 

batteries and the PEG plasticizer does not influence the electrochemical stability. 

3.3.2 Structural and Mechanical Characterizations of LLTO nanofibers and L-CLP 

CSEs 

Once the polymer matrix with the highest ionic conductivity was identified, composite solid 

electrolytes were fabricated by introducing electrospun LLTO nanofibers. Figure 3.4a illustrates 
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the schematic of the resultant LLTO nanofiber-incorporated cross-linked poly(ethylene oxide) 

composite solid electrolyte (L-CLPCSE), in which the 3-D fiber network formed by rigid inorganic 

LLTO nanofibers is effective in suppressing lithium dendrites mechanically. Morphologies and 

crystal structure of LLTO nanofibers calcined at 800 °C are shown in Figures 3.4b and 3.4c, 

respectively. The main peaks in diffraction pattern could be clearly indexed with the LLTO 

structure, and the calcined nanofibers maintained a well-defined 3D fiber network. Figure 3.5a 

shows the digital image of the free-standing L-CLPCSE with excellent flexibility and ductility. 

Although the ionic conductivity of CLPSPE has been improved significantly by adding 

plasticizers, the plasticized CLPSPE has reduced mechanical strength. Figure 3.5b compares the 

strain-stress curves of unplasticized CLP, CLP-P4 (i.e., CLPSPE), and CLP-P4-LLTO-3 (i.e., L-

CLPCSE). With the introduction of plasticizer, the Young’s modulus of the resultant CLP-P4 

decreases by nearly 90%, compared to that (12.8 MPa) of unplasticized CLP. Along with adding 

LLTO nanofibers, Young’s modulus and elongation improve dramatically to 8.5 MPa and 60%, 

respectively, which are considered as favorable mechanical properties for solid electrolyte 

membranes.151,152 Clearly, the nanofibers provide a mechanically robust framework within the 

polymer matrix and support the electrolyte membranes. Thermogravimetric analysis (TGA) was 

used to characterize the thermal stability of L-CLPCSE, which is demonstrated in Figure 3.6. For 

all three samples, the thermal degradation temperature is about 400 °C, indicating that the addition 

of plasticizer and nanofibers has no obvious negative influence on the thermal stability.  
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Figure 3. 4 (a) Schematic drawing of CLP-P4-LLTO composite solid electrolyte: cross-linked 
PEO polymer matrix is reinforced by LLTO nanofibers to effectively control the lithium dendrite, 
(b) XRD pattern and (c) SEM image of the LLTO nanofibers calcinated at 800 °C for 2h. 
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Figure 3. 5 (a) Digital image of L-CLPCSE (CLP-P4-LLTO-3) and (b) Strain-stress curves of 
CLP, CLP-P4, and CLP-P4-LLTO-3 compoiste solid electrolytes. 

 

Figure 3. 6 TGA curves of CLP, CLP-P4, and CLP-P4-LLTO-3. 
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3.3.3 Electrochemical Performance of L-CLPCSEs 

Figure 3.7a demonstrates the Arrhenius plots of L-CLPCSEs with various contents of LLTO 

nanofibers. The room-temperature ionic conductivities of the composite solid electrolytes are 

summarized in Table 3-2. Among all samples, CLP-P4-LLTO-3 shows the highest ionic 

conductivity of 3.13 × 10-4 S cm-1 at room temperature. Note that, the improvement in ionic 

conductivity after adding LLTO nanofibers is not as significant as pure PEO systems reported 

elsewhere135,141,145 because the primary influence of inorganic nanofillers in PEO polymer is the 

suppression of crystallinity. In this work, the cross-linked PEO polymers are intrinsically 

amorphous and have been plasticized with PEG, the introduction of inorganic nanofibers cannot 

further influence the crystallinity of polymer matrix. Herein, the ionic conductivity improvement 

achieved for CLP-P4 based composite electrolytes with the addition of LLTO nanofibers may be 

caused by the enhancement of Lewis base-acid interactions with the negatively charged Li+ 

vacancies along the surface of nanofibers acting as a strong Lewis base center. Moreover, the 

interconnected conductive network provides more Li+ hoping channels with lower migration 

energy.145,153 XRD (Figure 3.7b) analysis confirms the amorphous phase of LLTO incorporated 

composite electrolytes. The intensity of characteristic peaks indexed with LLTO structure 

increases with the increase of the nanofibers content, but no characteristic peaks appear for the 

crystalline PEO phase in all three samples. These results provide an important idea in designing 

composite electrolytes and eliminating the negative influence when high content of fillers is 

incorporated, which summarizes as: i) retaining the interconnected conductive pathway within the 

composite electrolytes provided by the 3-D fiber network, and ii) use of naturally amorphous 

polymer matrix to prevent the local crystallinity even with the existence of agglomerated particles. 

L-CLPCSEs with higher nanofiber concentrations were not studied because it was almost 

impossible to disperse 40 wt% LLTO in the prepolymer solution for the cross-linking reaction due 

to the high solution viscosity. 

Symmetric Li cells were assembled to mimic the charging and discharging operation in lithium 

metal batteries, which is also an indicator to evaluate the mechanical strength of solid electrolytes. 

Figure 3.7c and Figure 3.7d show the time-dependent voltage profiles of the cells with CLP, CLP-

P4, and CLP-P4-LLTO-3 solid electrolytes cycled for 15 min per cycle with constant current 

densities of 0.2 and 0.5 mA cm-2 successively at room temperature. At the current density of 0.2 
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mA cm-2, all cells exhibit stable cycling for 20 days. Note that, the overpotential is much lower for 

CLP-P4 and CLP-P4-LLTO-3 cells, which is around 44 mV and 42 mV, respectively. For CLP 

symmetric cell, the overpotential is around 148 mV. The lower and smooth cycling voltage 

indicates a higher ionic conductivity and stable interfacial resistance between Li and solid 

electrolyte membranes. To further demonstrate the reinforcement of LLTO nanofibers in the 

polymer matrix, the cells were cycled at an increased current density of 0.5 mA cm-2 for another 

20 days. As seen in Figure 3.7d, CLP-P4 cell get short-circuited after 712 h. The sudden voltage 

drop indicates the penetration of Li due to the mechanical failure of this solid electrolyte. On the 

other hand, CLP and CLP-P4-LLTO-3 cells show stable plating and stripping process for 

additional 20 days at the high current density of 0.5 mA cm-2 without short-circuiting, which is 

attributed to the high modulus of these two electrolytes. Similarly, the overpotential of CLP cell is 

extremely large, indicating a limited ionic conductivity in battery application. Overall, CLP-P4-

LLTO-3 cell exhibits relatively low overpotential of 124 mV and excellent stability, which 

demonstrates the positive influence of LLTO nanofibers on both ionic conductivity and 

mechanical property. 

Table 3.2 Compositions and electrochemical properties of L-CLPCSEs. 

 LLTO content Ionic conductivity  tLi+ Li+ dissociation 
 (wt %) at 25 °C (S cm-1)  (%) 

CLP 0 3.38 × 10-5 0.15 91.0 

CLP-P4 0 2.40 × 10-4 0.15 91.3 

CLP-P4-LLTO-1 10 2.48 × 10-4 0.26 - 

CLP-P4-LLTO-2 20 2.82 × 10-4 0.35 - 

CLP-P4-LLTO-3 30 3.31 × 10-4 0.45 99.1 
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Figure 3. 7 (a) Arrhenius plots of CLP-P4 and L-CLP CSEs, (b) XRD patterns of L-CLPCSEs, 
(c) Lithium plating/striping cycles of symmetric Li|CLP|Li and Li|CLP-P4-LLTO-3|Li cells, and 
(d) Lithium plating/striping cycles of symmetric Li|CLP-P4|Li cells. 

Based on the Lewis acid-base theory, active Li-ion nanofibers might act as anionic receptors that 

restrict the delocalized anions and improve free Li+ mobility. The highly-conductive surface of 

LLTO nanofibers has a stronger affinity with ClO4
- that could help disassociate Li+-ClO4

- ion pairs 

and increase the concentration of free Li+,154 which could be directly revealed by FTIR spectra 

with the wavenumber in range of 610-650 cm-1. According to the previous studies,155-157 the peak 

at ~622 cm-1 is assigned to the free ClO4
- anions and the peak at ~633 cm-1 corresponds to the 

bonded Li+-ClO4
- ion pairs. Figure 3.8a-c show the FTIR spectra and the corresponding Gaussian-

Lorentzian fitting results of CLP, CLP-P4, and CLP-P4-LLTO-3 solid electrolytes. The peak area 

ratio of free anion versus bonded ion pair is 99.1% for the CLP-P4-LLTO-3 composite solid 
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electrolyte, which is significantly higher than those of CLP-P4 (91.3%) and CLP (91.0%). It 

clearly demonstrate that LLTO nanofibers help release more free Li+ and improve the active 

surface area for Lewis acid-base interaction, which ensures great contribution on the Li+ 

conductivity. Note that, the degree of ion dissociation of CLP is also higher than that (85%) of 

pristine PEO solid electrolytes reported previously157 due to the naturally amorphous polymer 

matrix. Additionally, the degree of free Li+ within the solid electrolyte directly influences the 

lithium transference number (tLi+). High tLi+ is favorable to facilitate the stabilization of solid 

electrolytes during cycling, which prevents the formation of the large electric field by 

immobilizing anions.7,158 The tLi+ values of solid electrolytes were measured and calculated by the 

Bruce’s equation. Figure 3.8d shows the typical DC polarization curves for Li|CLP-P4-LLTO-3|Li 

cell, and all related values used to calculate tLi+ in other Li|solid electrolyte|Li symmetric cells are 

summarized in Table 3-3. The calculated tLi+ values are summarized in Table 3-2. The tLi+ value 

of CLP-P4-LLTO-3 reaches 0.51. CLP-P4-LLTO-1 and CLP-P4-LLTO-2 also show higher tLi+ 

values (0.26 and 0.40, respectively) than CLP-P4 (0.15). Clearly, adding inorganic nanofibers 

dramatically increases the lithium transference number, which may be due to the surface 

interaction of LLTO nanofibers with the polymer matrix and the fully dissociation of Li salt. 

Table 3.3 Calculation of lithium transference number. 

 I0 ISS R0 RSS 
 (µA) (µA) (Ω) (Ω) 

CLP 7.2 3.3 1105 1220 
CLP-P4 24.5 11.9 345 414 

CLP-P4-LLTO-1 38.6 25.8 224 248 
CLP-P4-LLTO-2 41.3 30.4 202 229 
CLP-P4-LLTO-3 45.5 32.7 151 169 

Figure 3.8e gives a schematic showing the difference of Li+ environment between CLPSPE and 

L-CLPCSE. In CLPSPE, a portion of Li salt is not dissociated and remained as bonded. The only 

pathway for free Li+ is the relaxation of polymer chains. High content of inorganic nanofibers 

within the polymer matrix helps dissociate Li salt and localizes the anions along the fiber surface. 

Except for the segmental motion of polymer chains, the highly conductive interphases created by 

nanofibers may be interconnected and provide more Li+ conduction pathways. Consequently, the 

incorporation of LLTO nanofibers improves the total Li+ conductivity and also compensates the 
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negative effect of plasticizer on the mechanical strength of the CLPSPEs. The combination of these 

two advantageous features in the introduced L-CLPCSEs makes them promising solid electrolyte 

candidate for next-generation all-solid-state batteries. 

 

Figure 3. 8 FTIR spectra at 610-640 cm-1 and corresponding Gaussian-Lorentzian fitting of ClO4
- 

absorbance for (a) CLP, (b) CLP-P4, and (c) CLP-P4-LLTO-3, (d) DC polarization curve of 
symmetric Li|CLP-P4-LLTO-3|Li cell, and (e) schematic showing the Li+ environment in polymer 
electrolyte and composite electrolyte. 

3.3.4 Cycling performance of solid-state batteries with L-CLPCSEs 

To evaluate the electrochemical performance of L-CLPCSEs (Figure 3.9), CR2032 coin type cells 

with LiFePO4 cathode, Li metal anode, and the optimal solid composite electrolyte membrane of 

CLP-P4-LLTO-3 were assembled in the argon-filled glovebox. For achieving a decreased 

interfacial resistance between the cathode and solid electrolyte membrane, the polymer precursor 

solution was cast and photopolymerized directly on the electrodes as illustrated in Figure 3.9a. The 
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assembled cells were galvanostatically charged and discharged at 25 °C between 2.5 and 4.2 V at 

a current density of 17 mA g-1, i.e., 0.1 C-rate. As shown in Figure 3.9b, the all-solid-state 

LiFePO4|CLP-P4-LLTO-3|Li cell demonstrates high capacity retention of ~98% and high 

columbic efficiency of 99% after 100 cycles, indicating that the CLP-P4-LLTO-3 composite solid 

electrolyte can sustain stable cycling in lithium-ion batteries at room temperature. This excellent 

cycling performance is contributed by the perfect harmony of conductive nanofibers and the in-

situ plasticized cross-linked polymer matrix, tuning the solid electrolytes with high Li+ 

conductivity and moderate mechanical properties. The incorporation of LLTO nanofibers 

effectively reduces or eliminates the ClO4
- transfer between the electrode interface, which 

improves the poor cycle-stability encountered in most solid polymer electrolytes.151,159,160 

Moreover, the all-solid-state cell shows excellent rate capability. Discharge capacities of 154, 147, 

138, 115, and 90 mAh g-1 can be obtained at varied current densities of 0.05, 0.1, 0.2, 0.5, and 1 

C, respectively. After applying cycles at higher current densities, the discharge capacity increases 

back to as high as 153 mAh g-1 when the current density returns back to 0.05 C (Figure 3.9c). 

Figure 3.9d shows typical charge-discharge curves of all-solid-state cells at different C rates. 

Stable charge and discharge plateaus of all-solid-state cells are consistent with those of 

conventional liquid cells, indicating no mechanical failure and excellent stability of the composite 

solid electrolytes at high C rates. Additionally, Li dendrite formation was evaluated after 100 

cycles. The Li foil shows small cracks during the plating/stripping process (Figure 3.10a), but the 

majority of Li electrode surface is flat without obvious dendrite formation (Figure 3.10b). 

Therefore, the introduced all-solid-state L-CLPCSE shows great suppression of lithium dendrites 

after long cycles due to the presence of 3-D fiber network. 
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Figure 3. 9 (a) Schematic illustration of the preparation of all-solid-state LiFePO4|CLP-P4-LLTO-
3|Li cells. (b) Cycling performance (at 0.1 C), (c) rate capability (0.05-1 C), and (d) charge-
discharge profiles (at different C rates) of all-solid-state LiFePO4|CLP-P4-LLTO-3|Li cells 
operated at 25 °C. 

 

Figure 3. 10  SEM images of Li foil after cycling.  
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3.4 Conclusion 

In conclusion, we have developed a novel Li conductive PEO cross-linked polymer matrix with 

low glass transition temperature (-56.5oC) and high ionic conductivity (2.40 × 10-4 S cm-1) at room 

temperature. The amorphous structure ensures the further incorporation with LLTO nanofibers 

without filler agglomeration effect. The addition of high content of LLTO nanofibers provides 

robust mechanical support to polymer matrix and modifies the local structural environment within 

the polymer, resulting in a higher lithium transference number and better electrochemical stability. 

All-solid-state Li|LiFePO4 cells using this composite solid electrolyte provides remarkable specific 

capacity and stable cycle performance at room temperature. We believe that this design provides 

a general strategy in dealing with multiple safety challenges of Li-ion batteries. We anticipate that 

our composite electrolytes will be extended to other Li battery systems and flexible storage 

devices. 
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CHAPTER 4: Garnet-rich Composite Solid Electrolyte Enabled with Silane-

modified Li-ion Conducting Fibers for High-rate Lithium-metal Batteries 

 

Abstract 

Composite solid electrolytes (CSEs), which are composed of inorganic fillers and organic 

polymers, show improved safety and suppressed lithium dendrite growth in Li-metal batteries, as 

compared to flammable liquid electrolytes. However, the performance of current CSEs is limited 

by the agglomeration effect, with low content of inorganic Li+-conducting fillers and ineffective 

Li+ transport between the inorganic fillers and the polymer matrix. To address these challenges, a 

new type of CSE composed of silane-modified Li6.28La3Al0.24Zr2O12 (s@LLAZO) nanofibers and 

poly(ethylene glycol) diacrylate (PEGDA) is developed. Employment of the silane coupling agent, 

3-(trimethoxysilyl)propyl methacrylate, enables the incorporation of a high content of LLAZO 

nanofibers (up to 70 wt%) with the polymer matrix and results in a well-percolated, three-

dimensional LLAZO network fully embedded in the PEGDA matrix. Consequently, the silane 

coupling agent successfully eliminates the agglomeration effect, which ensures higher ionic 

conductivity, larger lithium transference number, wider electrochemical stability window, and 

better cycling stability for s@LLZAO-PEGDA CSEs. Excellent cycling stability and 

extraordinarily high rate capability (up to 10C) are demonstrated in the all-solid-state Li-metal 

batteries with LiFePO4 and high-voltage Li[Ni1/3Mn1/3Co1/3]O2 cathodes at ambient temperature. 

This novel design of CSEs with s@LLAZO nanofibers paves the way for a new generation of 

improved functioning all-solid-state Li-metal batteries. 
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4.1  Introduction 

Current Li-ion batteries using an intercalation mechanism exhibit limited energy density which 

cannot meet the growing demand for energy consumption in large-scale devices, such as electric 

vehicles and grid energy storage systems. Li metal, owing to its highest energy density (3860 mAh 

g-1) and lowest potential (-3.04 V vs. a standard hydrogen electrode), would be the most suitable 

anode. 121,161 Unfortunately, Li metal anode cannot be used directly in liquid electrolyte based Li 

batteries due to undesirable formation of Li-dendrites.121,161-163 The replacement of flammable, 

organic liquid electrolytes with solid-state electrolytes is regarded as the ultimate solution to 

overcome the problem of dendrite formation and can fundamentally improve battery safety when 

utilizing Li metal anodes.160,164 Additionally, the relatively wider electrochemical stability window 

of solid electrolytes allows for use in conjunction with high-voltage cathode materials, which can 

further improve the overall energy density.160,164,165  

Polymeric Li+-conductors as electrolytes were first found in poly(ethylene oxide) with the 

association of Li salts, and then with other solid polymer electrolytes such as polyacrylonitrile, 

poly(methyl methacrylate), and poly(vinylidene fluoride).160,166,167 Although polymer electrolytes 

demonstrated the feasibility of all-solid-state Li batteries, their low ambient ionic conductivities 

hindered their practical use.168,169 Reasonable ionic conductivities could only be reached at 

elevated temperatures near the melting point of the polymer, but operation at this elevated 

temperature reduced mechanical strength and increased the risk of Li dendrite formation.160,170,171 

Therefore, attention was turned to inorganic Li+-conductors including lithium oxides and lithium 

sulfides,164,172 which showed high ionic conductivity owing to the relatively low activation energy 

via ion-hoping mechanisms, leading to a potentially high rate-capability in battery applications.173 

Among various inorganic Li+-conductors, garnet-type (Li7La3Zr2O12, LLZO) ceramics showed 

both high ionic conductivity and excellent stability against Li metal.72,172,174 However, the high 

rigidity of LLZO led to low flexibility and poor interfacial contact with Li metal.174 

In order to take advantage of the properties of both polymers and ceramics while avoiding their 

limitations, Li+-conductive ceramics were incorporated into a polymer matrix to form composite 

solid electrolytes (CSEs).175 In doing so, the ionic conductivity was remarkably improved (~10-4 

S cm-1), and the resultant CSEs showed improved flexibility and good interfacial contact.8,135 
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However, severe agglomeration of particles was found at a high level of particulate inorganic 

fillers. Consequently, only a low volume fraction of fillers could be used in these CSEs, which led 

to difficulty in forming well-percolated Li+-conductive ceramic networks.65,118,143,176 In most cases, 

the inorganic Li+-conductors worked as regular fillers to diminish the crystallinity of the polymers, 

and the overall electrochemical performance of such CSEs was mainly driven by the polymer 

properties.8,65  As a result, the low utilization of inorganic Li+-conductors in CSEs greatly restricted 

the electrochemical stability and cycling stability owing to the dual-ion conducting behavior of 

polymer electrolytes. More importantly, the high activation energy of Li+ conduction toward 

polymer segmental motion extensively hindered the rate performance of solid-state batteries with 

polymer-rich CSEs. 

We therefore set out to design a CSE toward high-performance, solid-state Li-metal batteries based 

mainly on inorganic Li-conductors, with supplementary polymer content for improving interfacial 

contact. 176 Herein, a new type of CSE with enriched inorganic Li-conductors and a well-percolated 

network was introduced utilizing one dimensional Li6.28La3Al0.24Zr2O12 (LLAZO) nanofibers to 

provide long-range and fast Li+ conduction. Additionally, acrylate functional groups 

(CH2=CHCOO-) were covalently bonded on the surface of silane-decorated LLAZO nanofibers, 

which enabled the chemical grafting of functional monomers directly from the nanofiber surfaces. 

In the resultant composite electrolytes, silane-decorated LLAZO nanofibers (s@LLAZO 

nanofibers) were cross-linked along with polymerization of monomers. This controlled fabrication 

of composite structures led to a well-percolated network, forming continuous, 3-dimensional, and 

fast Li+ conductive pathways within the CSE. The silane coupling agent significantly prevented 

the inhomogeneous distribution of inorganic Li+ conductors and enhanced the interaction between 

the LLAZO nanofibers and the polymer matrix,176 which improved the mechanical strength of the 

CSE, favored the amorphization of polymer, and reduced the activation energy of Li+ conduction 

between the filler and polymer. Consequently, the introduced CSE exhibited higher ionic 

conductivity, larger lithium transference number, wider electrochemical stability window, and 

better cycling stability. The all-solid-state Li|LiFePO4 cells constructed by this inrodeced CSE 

showed excellent cycling stability and remarkable rate-capability at a high current density of 10 C 

at ambient temperature. More importantly, this design enabled the maximized utilization of garnet 

LLAZO nanofibers, which exceeded the oxidation limit of the introduced CSE to 5.3 V and further 
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supported it to be applied in high-voltage cathode (Li[Ni1/3Mn1/3Co1/3]O2, NMC) for higher energy 

density. Superior cycling performance obtained in all-solid-state Li|NMC cells than that of liquid 

cells demonstrated the success in this design of CSEs with controlled percolation-network of 

garnet nanofibers.  

4.2  Methods 

4.2.1 Fabrication of Li6.28La3Al0.24Zr2O12 (LLAZO) nanofibers 

The electrospinning precursor solution was first prepared by dissolving stoichiometric amounts of 

9.42 mmol of LiNO3, 4.5 mmol of La(NO3)36H2O, 0.36 mmol of Al(NO3)39H2O, and  3 mmol 

of Zr(OCH2CH2CH2CH3)4 in 20 ml of DMF with 15 vol% acetic acid. Excess LiNO3 (15 wt.%) 

was added to compensate for lithium loss during the subsequent calcination procedure. After 

stirring for 30 min, 2 g of PVP (Mw=1,300,000) was added. The solution was mechanically stirred 

overnight and then sonicated for 10 min before use to eliminate the air bubbles. The as-spun fibers 

were later calcined at 850 C for 2 h to obtain LLAZO nanofibers. 

4.2.2 Fabrication of silane-modified Li6.28La3Al0.24Zr2O12 (s@LLAZO) nanofibers 

For a typical synthesis of s@LLAZO nanofibers, the silane precursor solution was first prepared, 

which consisted of 2.5 vol% 3-(trimethoxysilyl)propyl methacrylate, 2.5 vol% acetic acid, 5 vol% 

water, and 90 vol% ethanol. The precursor solution was left for 1 h to stabilize the pH value and 

to activate alkoxy groups to silanols (≡Si-OH). 600 mg of LLAZO nanofibers were then added 

into 40 ml of precursor solution and kept stirring for 3 h, 6 h, 12 h, and 24 h at 70 ℃. After 

silanization, s@LLAZO nanofibers were collected by centrifugation and washed three times with 

ethanol. 

4.2.3 Fabrication of s@LLAZO-PEGDA composite solid electrolytes 

The composite solid electrolytes were fabricated by first dispersing the s@LLAZO nanofibers in 

N-Methyl-2-pyrrolidone (NMP), followed with sonication for 5 min to get uniform dispersion. 

The initiators (AIBN), monomers (PEGDA, Mw=575), and lithium salts (LiTFSI) were then added 

into the solution. For cross-linked polymer, the amount of initiator was controlled 0.1 wt.% based 

on the total weight of monomers, and the amount of lithium salts was controlled at [EO]/[Li+]=12. 
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The prepolymer solution was then casted on the quartz plate and cross-linked into thin films at 80 ℃ 

for 30 min in argon-filled glove box. During polymerization, another quartz plate was placed on 

the top to control the thickness of solid electrolyte membrane in the range of 50 - 80 µm. After 

polymerization, the solid electrolyte membrane was allowed to be dried at 80 °C under vacuum 

overnight to eliminate the residual NMP solvent. The resultant composite solid electrolytes were 

denoted as s@LLAZO(x)-nPEGDA, where x represented the silane treatment time and n the 

weight content of PEGDA polymer. 

4.2.4 Synthesis of Li[Ni1/3Mn1/3Co1/3]O2 (NMC) nanoparticles 

A simple sol-gel method, followed by high-temperature calcination process, was used to prepare 

NMC nanoparticles. An aqueous solution was made by dissolving 10 mmol LiCH3COO∙H2O, 3.3 

mmol Ni(CH3COO)2∙4H2O, 3.3 mmol Mn(CH3COO)2∙4H2O, and 3.3 mmol Co(CH3COO)2∙4H2O 

in 18 ml deionized water. Citric acid solution (1M) was added to form chemical bonds with metal 

ions and a sol-gel precursor according to the metal ions to citric acid ratio of 1:1.6. The reactant 

solution was heated to 90 ℃ for 4 hours with magnetic stirring and then kept at 80 ℃ overnight 

to evaporate the solvent, followed by calcinated at 450 ℃ for 1 hour to remove the acetate groups. 

After being slightly grounded, the intermediate powder was further calcinated at 900 ℃ for 12 

hours to obtain the NMC nanoparticles. 

4.2.5 Characterization methods 

Fourier transform-infrared spectroscopy (FT-IR, Thermo Scientic™ Nicolet™ iS™10) was used 

to identify the functional groups of LLAZO and s@LLAZO nanofibers. The IR spectra were 

collected under absorbance mode from 425 to 4000 cm-1 for 32 scans and resolution of 4 cm-1. X-

ray photoelectron spectroscopy (XPS, SPECS FlexMod, Germany) was used to execute the surface 

elemental analysis and identify the surface functional groups of LLAZO and s@LLAZO 

nanofibers. Thermo-gravimetric analysis (TGA) was conducted in a Perkin Elmer Pyris 1 with a 

heating rate of 20 °C min-1 under air atmosphere to estimate the weight percentages of silane in 

s@LLAZO nanofibers. Differential scanning calorimetry (DSC) was carried out at a 

heating/cooling rate of 2 °C min-1 using a TA Instrument Discovery Series. The second heat cycles 

were used to characterize the thermal properties of polymerized s@LLAZO-PEGDA CSEs. X-ray 
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diffraction (XRD) was used to identify the crystal structures of fabricated LLAZO nanofibers using 

a Rigaku D/Max 2400 (Japan) with Cu Ka radiation (λ=1.5418 Å) in a 2-Theta angle range from 

10° to 70°. The morphologies of LLAZO nanofibers, LLAZO-PEGDA CSE, and s@LLAZO-

PEGDA CSEs were characterized by field-emission scanning electron microscopy (FE-SEM, FEI 

Verios 460L, USA) and high-resolution transmission electron microscopy (HR-TEM, JEOL-

2010F, Japan). The mechanical properties CSE membranes (10 × 50 mm) were obtained using a 

universal testing machine (MTS Criterion) (Loading: 100 N; cross-head speed: 0.1 mm/s). 

4.2.6 Electrochemical performance tests 

The total lithium-ion conductivity was characterized by electrochemical impedance spectroscopy 

(Garmy Reference 600 device) over a frequency range of 0.1 Hz to 1 MHz. The solid electrolyte 

membranes were sandwiched between two stainless steel blocking electrodes. On the Nyquist plot, 

the intercepts of extended semicircles with real axis represent the bulk resistance of SE, and the 

ionic conductivity was calculated by the following equation: 

                                                                           𝝈 =
𝟏

𝑹

𝒕

𝑨
                                                                     (4.1) 

where R is bulk resistance, t is sample thickness, and A is sample area. Activation energy (Ea) was 

calculated by the Arrhenius equation: 

                                                             𝝈 = 𝑨𝒆𝒙𝒑 (−𝑬𝒂/𝑹𝑻)                                                         (4.2) 

with Arrhenius plot of ionic conductivities. Li transference numbers (tLi+) were determined by the 

chronoamperometry test on symmetric lithium cells with an applied DC voltage of 10 mV. EIS 

was also performed both before and after the polarization with the frequency ranging from 1 MHz 

to 1 Hz. The tLi+ value was calculated by Bruce’s equation:  

                                                                 𝒕𝑳𝒊 =
𝑰𝒔𝒔(∆𝑽 𝑰𝟎𝑹𝟎)

𝑰𝟎(∆𝑽 𝑰𝒔𝒔𝑹𝒔𝒔)
                                                              (4.3) 

where ∆𝑽 is the polarization voltage, 𝑰𝟎 is the initial current, 𝑰𝒔𝒔 is the steady state current, 𝑹𝟎 is 

the initial total resistance, and 𝑹𝒔𝒔 is the steady state total resistance. Liner sweep voltammetry 

(LSV) was carried out to test the electrochemical stability of CSEs at a scan rate of 10 mVs-1. 
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Galvanostatic cycling of symmetric Li cell was conducted to evaluate the structural stability of 

solid electrolytes and mimic a charging and discharging operation in lithium metal batteries. To 

assemble the symmetric cells, the polymerized s@LLAZO(6h)-50PEGDA solid electrolyte 

membrane with thickness of 50~80 µm was punched at diameter of 1/2 inches and sandwiched 

between two Li foil punched at diameter of 7/16 inches. All cells were cycled at current densities 

of 0.05, 0.1, 0.2 mA cm-2 for 30 min at room temperature. Solid-state batteries were assembled in 

an argon-filled glove box with obtained s@LLAZO(6h)-50PEGDA CSE. To prepare the cathode, 

a slurry of LiFePO4 or Li[Ni1/3Mn1/3Co1/3]O2, oligomer solution (poly(ethylene glycol) dimethyl 

ether, LiTFSI with [EO]/[Li+]=12), carbon black (C65, TIMCAL Graphite & Carbon Ltd.), and 

polyvinylidene fluoride (PVDF) binder was mixed at a weight ratio of 7:1:1:1. The mixture slurry 

was coated on Al foil by using proper content of NMP as the solvent with a controlled thickness 

of 35-45 µm, and the slurry-coated cathode was dried at 80 °C under vacuum for 48 h. The loading 

of active material in composite cathodes was controlled at 1.5 mg cm-2. To prepare the cathode for 

liquid Li|Li[Ni1/3Mn1/3Co1/3]O2 test, the coating slurry of Li[Ni1/3Mn1/3Co1/3]O2, carbon black (C65, 

TIMCAL Graphite & Carbon Ltd.), and polyvinylidene fluoride (PVDF) binder was adjusted at a 

weight ratio of 8:1:1. The same cathode thickness and drying process was followed as cathodes 

for solid-state batteries, and the loading of active material was around 1.7 mg cm-2. The solid-state 

batteries were then prepared in an Argon-filled glovebox by stacking pre-punched (1/2 inches) 

s@LLAZO(6h)-50PEGDA CSE and Li foil on the composite cathodes. The liquid cells were 

prepared by placing PP separator (Celgard, LLC) and soaking with commercial liquid electrolyte 

(1 M LiPF6 in (1:1 vol) EC/DMC). The cycling performance of solid-state Li|LFP cells was tested 

by Arbin battery tester in a potential range of 2.5 V to 4.2 V. The same battery tester was used for 

solid-state and liquid Li|NMC cells cycled in a potential range of 2.5V to 4.4 V.  

4.3  Results and Discussion 

Silane-decorated LLAZO nanofibers (s@LLAZO) were obtained by a hydrolysis reaction with 

different grafting densities. As illustrated in Figure 4.1, owing to the grafted acrylate functional 

groups on LLAZO nanofibers, a controlled organic-inorganic cross-linked network was obtained 

via chain-growth polymerization of s@LLAZO nanofibers and poly(ethylene glycol) diacrylate 

(PEGDA) monomers. The well-controlled composite structure ensured the formation of a 

percolated network with Li+ conductors, supporting a highly conductive Li+ pathway. Conduction 
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of Li+ occurred both inside and along the surface of percolated LLAZO nanofibers. Moreover, the 

increased binding force and decreased interfacial resistance between the polymer and inorganic 

nanofibers enabled the fabrication of CSEs with a high content of inorganic Li+ conductors. Free-

standing films with different silane treatment times and polymer contents were prepared and 

denoted as s@LLAZO(x)-nPEGDA, where x represents the silane treatment time and n is the 

weight content of PEGDA polymer. 

4.3.1 Characterization of silane-coated LLAZO nanofibers 

The morphology and crystal structure of calcined LLAZO nanofibers are shown in Figures 4.2a 

and 4.2b, respectively. The calcined nanofibers maintained a well-defined 3D fibrous network, and 

the main peaks in XRD diffraction pattern could be clearly indexed with the cubic LLZO crystal 

structure. As demonstrated with EDAX mapping of calcined LLAZO nanofibers (Figure 4.3), all 

elements (La, Zr, O) were uniformly distributed along the 1D fiber direction. The identical features 

of LLAZO garnet structure and coating conditions were observed by transmission electron 

microscopy (TEM). As shown in Figures 4.4a-4.4e, the silane coating layer was identified as the 

amorphous layer outside the crystalline structure. For s@LLAZO(6h), s@LLAZO(12h), and 

s@LLAZO(24h) nanofibers, the coating thicknesses were approximately 2, 5, and 7 nm, 

respectively. A tiny (<1 nm) amount of silane coating layer was detected for s@LLAZO(3h) 

nanofibers due to the short treatment time. 
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Figure 4. 1 Schematic of synthesis procedure of s@LLAZO-PEGDA CSE with percolated 
s@LLAZO network within the composite electrolyte, providing fast and non-tortuous Li+ 
conductive pathways. 

 

Figure 4. 2 (a) SEM images and (b) XRD patterns of calcined LLAZO nanofibers.  
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Figure 4. 3 SEM image and EDAX mapping of La, Zr, O elements of LLAZO nanofibers. 

 

Figure 4. 4 TEM images of (a) LLAZO, (b) s@LLAZO(3h), (c) s@LLAZO(6h), (d) 
s@LLAZO(12h), and (e) s@LLAZO(24h) nanofibers. 
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To elucidate the nature of the surface of saline-decorated nanofibers, pristine LLAZO and 

s@LLAZO nanofibers were analyzed using Fourier-transform Infrared Spectroscopy (FTIR) and 

X-ray photoelectron spectroscopy (XPS). As shown in Figure 4.5a, the FTIR spectra of s@LLAZO 

illustrated the appearance of additional absorption peaks after hydrolysis. The main absorption 

peaks located at 1650, 1320, 1100, and 940 cm-1 can be attributed to the stretching vibration of 

C=O, stretch of COO-, stretching vibration of Si-O, and bending vibration of C=C, respectively, 

corresponding to acrylate, siloxane, and vinyl groups as depicted in Figure 4.5a.80,177 Those 

additional main peaks confirmed the presence of chemically bonded silane coating on the surface 

of LLAZO nanofibers. The weight percentage of silane component in s@LLAZO nanofibers was 

estimated by thermal gravity analysis (TGA) (Figure 4.4b). The weight percentage of silane 

component in s@LLAZO nanofibers was estimated by thermal gravity analysis (TGA). As 

illustrated in Figure 4.5b, the approximate silane percentages in s@LLAZO nanofibers were 2.4 - 

5.3 wt.% for 3 to 24 hours of hydrolysis treatment. The XPS spectra of C 1s, O 1s, Li 1s, and Si 

2p showing in Figure 4.5c further confirmed the surface configuration of s@LLAZO nanofibers. 

LLAZO and s@LLAZO nanofibers exhibited the same peaks in Li 1s and C 1s XPS spectra, 

illustrating the major Li-O (Li 1s at 54.7 eV, and O 1s at 529 eV) bonds in LLAZO structure and 

possible formation of Li2CO3 (C 1s at 289.2 eV) on the surface due to reaction with moisture in 

air.178,179 Additional peaks in O 1s and Si 2p spectra located at 531.5 eV (O 1s) and 102.5 eV (Si 

2p) were ascribed to silane molecules on the surface of s@LLAZO nanofibers, which represented 

Si-O bonds and further demonstrated the success of applied coating layer on the LLAZO 

nanofibers.180 Note that, peaks from the signals of La 4d and Zr 3d failed to be detected due to the 

penetration limitation of XPS.  
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Figure 4. 5 (a) FTIR spectra and (b) TGA curves of LLAZO and s@LLAZO nanofibers with 
different silane treatment times (3 - 24h), and (c) XPS spectra (C 1s, O 1s, Li 1s, Si 2p) of LLAZO 
and s@LLAZO(6h) nanofibers. 

The ionic conductivities of s@LLAZO-PEGDA CSEs were measured using electrochemical 

impedance spectroscopy (EIS) by sandwiching the CSEs between two stainless steel spacers. As 

illustrated in Figure 4.6, the Li+ conduction process can be divided into ion conduction within the 

CSEs (high frequency) and ion blocking at electrolyte/stainless steel interface (low frequency), 

while the total resistance of CSEs was obtained from the intercept of extended semicircles (high 

frequency) with the real impedance axis.32  Without silane coating layer, LLAZO-40PEGDA CSE 

exhibited the highest impedance of 600 Ω and the lowest ionic conductivity of 5.3 × 10-5 S cm-1 at 

room temperature. The relatively low ionic conductivity was due to the extremely high content of 

LLAZO nanofibers within the CSE, which may lead to the formation of agglomerated particles 

and destruction of percolated conducting pathways. On the contrary, with the presence of silane 

coating layers, s@LLAZO-40PEGDA CSEs showed much higher ionic conductivities. The 
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s@LLAZO(6h)-40PEGDA CSE reached the highest ionic conductivity of 4.9 × 10-4 S cm-1 at room 

temperature, manifesting the improved Li+ conduction within the composite structure by using 

silane-modified LLAZO nanofibers. The slight decrease in ionic conductivity was observed with 

longer coating time (s@LLAZO(24h)-40PEGDA, 3.9 × 10-4 S cm-1), which might be due to the 

suppression of surface Li+ conduction with a thicker coating. The distribution of inorganic 

nanofibers in CSEs was further confirmed by scanning electron microscope (SEM).  As shown in 

Figure 4.7a and 4.7b, the distribution of untreated LLAZO nanofibers in LLAZO-40PEGDA CSE 

was extremely ununiform. At high filler content, the nanofibers preferred to locate on the periphery 

of the solid electrolyte membrane, resulting in disturbed Li+ pathways. With silane modification, 

the acrylate groups on s@LLAZO nanofibers were activated and cross-linked along with PEGDA 

monomers, leading to the homogeneous mixing of inorganic fillers with polymer in the composite 

structure (Figure 4.6c-e). For s@LLAZO(24)-40PEGDA (Figure 4.6f), the surface roughness of 

the composite solid electrolyte was high, which may be due to the extensive silane coating on 

nanofibers. 

 

Figure 4. 6 EIS profiles of LLAZO-30PEGDA CSE and s@LLAZO-30PEGDA CSEs with 
different silane treatment time (3 - 24h). 
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Figure 4. 7 SEM images of (a-b) LLAZO-30PEGDA CSE, (c) s@LLAZO(3h)-30PEGDA, (d) 
s@LLAZO(6h)-30PEGDA, (e) s@LLAZO(12h)-30PEGDA, and (f) s@LLAZO(24h)-30PEGDA 
CSEs. 

Figure 4.8a illustrates the temperature dependence of ionic conductivities by Arrhenius plots. All 

curves obeyed linear behavior with respect to temperature because the cross-linked polymer matrix 

was fully amorphous and had no phase change with increasing temperature. It was noted that all 

s@LLAZO-30PEGDA CSEs exhibited lower activation energy (Ea) (~0.30 eV) than LLAZO-

30PEGDA (0.41 eV). This difference in Ea indicated the different Li+ conduction preferences in 

CSEs with and without silane modification. Interconnected fibrous garnet phase played the 

dominant role in Li+ conduction in s@LLAZO-30PEGDA CSEs. While in LLAZO-30PEGDA 

CSE with untreated LLAZO nanofibers, Li+ was mostly conducted by the segmental motion of 

polymer chains due to the highly aggregated LLAZO phase that blocked Li+ conduction.181,182 To 

better illustrate the percolated structure formed with s@LLAZO nanofibers, ionic conductivities 

were measured for s@LLAZO-PEGDA and LLAZO-PEGDA CSEs with different nanofiber 

weight contents. As shown in Figure 4.8b and Figure 4.8c, the ionic conductivities of 

s@LLAZO(6h)-PEGDA CSEs increased continually with increasing weight content of nanofibers. 

The trendline of the curve up to 70 wt.% of filler content fitted well with the percolation models 

derived by Yu.143,181 This indicated the well-established Li+ percolation network within the CSE. 

Remarkably, the silane coating layer totally eliminated the agglomeration of fillers and enhanced 

the conductivity with a higher degree of percolated framework. Due to the limitation of the created 

interphase in the composite structure, the ionic conductivities remained similar from 50 wt.% (4.7 
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× 10-4 S cm-1) to 70 wt.% (4.9 × 10-4 S cm-1) s@LLAZO nanofibers. In contrast, the CSEs with 

non-coated LLAZO nanofibers (LLAZO-PEGDA) demonstrated maximum ionic conductivity of 

2.2 × 10-4 S cm-1 at 15 wt.% of filler cont (Figure 4.8b). While the ionic conductivity then decreased 

with the increasing filler content from 15 to 50 wt.% (5.3 × 10-5 S cm-1 at 50 wt.% LLAZO filler 

content), which was attributed to the severe aggregation of inorganic filler within the polymer 

matrix. Figure 4.8c shows the schematic drawing of Li+ conduction mechanisms in these two 

different CSEs. With s@LLAZO filler, the distribution of garnet fillers was highly uniform, which 

established a well-percolated garnet network. As known, the polymer/garnet interfaces created by 

the addition of Li+-conductive filler were highly conductive due to Lewis acid-base 

interactions.175,176,181 With a percolated garnet network, the volume ratio of polymer/garnet 

interfaces was maximized. Because the garnet filler was well-distributed, this highly conductive 

polymer/garnet interface was overlapped and connected through the system, favoring to 

continuously transport Li+ within the CSE. On the other hand, the volume ratio of polymer/garnet 

interfaces significantly decreased if the garnet filler was severely aggregated. The Li+ conduction 

of CSEs with non-coated LLAZO fillers was discontinuous because the aggregated garnet fillers 

were located far apart, resulting in separated polymer/garnet interfaces. Therefore, in LLAZO-

PEGDA CSEs, Li+ tended to be conducted by polymer chains directly without the help of LLAZO 

fillers, and the ionic conductivities of LLAZO-PEGDA CSEs approached to bare PEGDA solid 

polymer electrolyte when filler content increased (20~50 wt.%). To further demonstrate the 

obtained huge improvement in ionic conductivities of s@LLAZO-PEGDA CSEs was not solely 

caused by the amorphoization of polymer chains, non-Li+ conductors (SiO2, TiO2 nanoparticles) 

were prepared with the same experimental conditions to investigate the filler effect on the resultant 

conductivities (Figure 4.9a). After increasing filler content beyond 15 wt.%, the ionic 

conductivities of s@SiO2(6h)-PEGDA and s@TiO2(6h)-PEGDA CSEs dramatically decreased. In 

contrast, a high content of Li+-conductors (s@LLAZO(6h)-50PEGDA) with a well-percolated 

network provided a fast and continuous Li+ pathway, leading to the further improvement in ionic 

conductivity with increasing filler content. Although the morphology of the inert fillers 

(nanoparticles) was different from that of the active s@LLAZO nanofibers, the significant 

difference (~102) in conductivities between the Li+-conductive (4.9 × 10-4 S cm-1) and non-Li+-

conductive fillers (9.5 × 10-6 S cm-1) confirmed that the enhanced ionic conductivity in 
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s@LLAZO-PEGDA CSEs was highly related to the significant contribution of active (s@LLAZO) 

nanofibers to the Li+ conduction in the composite electrolytes. 

In addition to conductivity, high mechanical strength is desirable to control the growth of Li 

dendrites in solid-state Li-metal batteries.163,183 Since the ionic conductivities remained the same 

after filler content of s@LLAZO nanofibers increased beyond 50 wt.%, the optimum filler 

concentration was assumed at 50 wt.% based on the criteria of flexibility and Li wettability of the 

solid electrolyte. Figure 4.9b characterizes Young’s modulus, tensile strength, and elongation of 

s@LLAZO-PEGDA CSEs with 50 wt.% filler content, and the corresponding values are 

summarized in Table 4-2. The pristine PEGDA polymer electrolyte showed a Young’s modulus 

of 18.1 MPa, tensile strength of 1.36 MPa, and maximum elongation of 7.9%. With the addition 

of LLAZO nanofibers, LLAZO-50PEGDA showed increased elongation (21%) and tensile 

strength (1.74 MPa) but reduced Young’s modulus (10.4 MPa) due to the plasticized effect. When 

the polymer was directly grafted on s@LLAZO nanofibers through the silane coupling agent, the 

tensile strength and Young’s modulus increased dramatically to 24.8 MPa and 3.7 MPa for 

s@LLAZO-50PEGDA CSE, respectively. 

Table 4.1 Electrochemical properties of s@LLAZO-PEGDA CSEs. 

Samples 
Time 
(h) 

Ionic Conductivity 
(S/cm) (at 25 ℃) 

Activation Energy 
(eV) 

LLAZO-30PEGDA 0 5.2×10-5 0.41 
s@LLAZO(3h)-30PEGDA 3 9.4×10-5 0.31 
s@LLAZO(6h)-30PEGDA 6 4.9×10-4 0.29 
s@LLAZO(12h)-30PEGDA 12 4.6×10-4 0.30 
s@LLAZO(24h)-30PEGDA 24 3.9×10-4 0.30 
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Table 4.2 Mechanical properties of s@LLAZO-PEGDA CSEs. 

Samples 
PEGDA 

Content (%) 

Young’s 
Modulus 

(MPa) 

Tensile 
Strength 
(MPa) 

Elongation 
(%) 

PEGDA 100 18.1 1.4 7.9 
LLAZO-50PEGDA 50 10.4 1.7 21.0 

s@LLAZO(3h)-50PEGDA 50 17.8 2.1 19.7 
s@LLAZO(6h)-50PEGDA 50 24.8 3.7 20.5 

s@LLAZO(12h)-50PEGDA 50 27.6 4.1 20.9 
s@LLAZO(24h)-50PEGDA 50 29.5 4.2 19.1 

 

Figure 4. 8 (a) Arrhenius plots of LLAZO-30PEGDA and s@LLAZO-30PEGDA CSEs, (b) Ionic 
conductivities of LLAZO-PEGDA and s@LLAZO(6h)-PEGDA CSEs with different filler 
contents, and (c) Schematic drawing of Li+ conduction mechanisms in CSEs with well-percolated 
filler network (left:s@LLAZO-PEGDA CSEs) and CSEs with agglomerated filler particles (right: 
LLAZO-PEGDA CSEs). 



72 
 

 

Figure 4. 9 (a) Ionic conductivities of s@SiO2(6h)-PEGDA, s@TiO2(6h)-PEGDA, and 
s@LLAZO(6h)-PEGDA CSEs with different filler contents, and (b) stress-strain curves of 
LLAZO-50PEGDA and s@LLAZO-50PEGDA CSEs. 

4.3.2 Advanced electrochemical performance of s@LLAZO-PEGDA CSEs 

The structural and chemical advantages of the silane coating make s@LLAZO nanofibers ideal for 

reinforcing the mechanical and electrochemical properties of CSEs. Figure 4.10 shows a digital 

image of the as-prepared s@LLAZO(6h)-50PEGDA solid electrolyte membrane. The entire 

flexible membrane was able to be twisted, bent, and rolled up without cracking (Figure 4.11), 

suggesting that s@LLAZO(6h)-50PEGDA had sufficient mechanical flexibility to be applied in 

solid-state Li-metal batteries. In previous work on conventional CSEs, to maximize the ionic 

conductivity, the content of inorganic fillers was controlled below 15 wt.% to avoid the particulate 

agglomeration. Therefore, conventional CSEs often exhibited low lithium transference number 

(tLi+) and poor electrochemical stability, which in turn led to insufficient cycling stability in solid-

state Li batteries. In addition, the oxidation of PEO-based polymer occurred at low voltage (~4.2 

V), preventing the development of high-power Li-metal batteries.184 As illustrated in Figure 4.12a, 

the anodic current onset is linked to electrochemically oxidized decomposition. The bare PEGDA 

and LLAZO-90PEGDA solid electrolytes exhibited similar anodic stability because of the high 

content of PEO cross-linked polymer. Nevertheless, owing to the excellent electrochemical 

stability of the inorganic Li+ conductor and low polymer content in @LLAZO-50PEGDA CSE, 

the oxidized decomposition onset started at 5.3 V, which greatly extended the overall stability 
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window. Cyclic voltammetry (CV) was conducted to further studied the electrochemical stability 

windows of prepared CSEs (Figure 4.12b). Except for the redox peaks at 0 V versus Li+/Li that 

corresponded to the Li+ plating and stripping process, there was no other large current peak over 

the whole scan range from 0V to 5.5 V.185,186 Therefore, it could conclude that s@LLAZO(6h)-

50PEGDA has a wide electrochemical window and a good compatibility with lithium metal. 

Moreover, the lithium transference number (tLi+) was calculated by Bruce’s equation with the 

obtained initial current (I0), steady-state current (Iss), and the corresponding impedances at two 

states.187 As shown in Figure 4.13a-4.13c, given the typical DC polarization curve of Li symmetric 

cells, the s@LLAZO(6h)-50PEGDA CSE exhibited a tLi+ as high as 0.61 due to the improved 

utilization of inorganic Li+ conductors. In contrast, tLi+ was 0.2 and 0.26 for bare PEGDA and 

LLAZO-90PEGDA solid electrolytes, respectively. Significant improvement in tLi+ of 

s@LLAZO(6h)-50PEGDA CSE was attributed to the strong Lewis acid-base interaction between 

s@LLAZO nanofibers and Li salts, which restricted the delocalized anions and promoted free Li+ 

mobility. Benefiting from the silane modification, the introduced CSE exhibited well-percolated 

LLAZO network within the composite structure. Extremely high content of inorganic Li+ 

conductors was utilized in our introduced CSEs, leading to the superior electrochemical properties. 

This controlled formation of organic-inorganic framework greatly enhanced electrochemical 

stability and tLi+, which greatly influenced the safety and stability in all-solid-state Li batteries. 

Long-term lithium cycling stability and compatibility of s@LLAZO(6h)-50PEGDA was evaluated 

by galvanostatic striping (0.5 h) and plating (0.5 h) measurement. As shown in Figure 4.14, stable 

DC cycling as a function of current density was achieved over the entire test period. At initial 

cycling stage with current density of 0.05 mA cm-2, the overpotential of symmetric cell decreased 

gradually with increasing cycle time and finally stabilized at 39 mV, which was attributed to the 

improved interface between the solid electrolyte membrane and Li metal during the repeated Li 

electrodeposition. Afterward, the symmetric cell remained low overpotentials of 69, 159, and 518 

mV at current densities of 0.1, 0.2, and 0.5 mA cm-2, respectively, demonstrating the high ionic 

conductivity of introduced s@LLAZO(6h)-50PEGDA CSE. Additionally, a smooth Li 

striping/plating process was achieved for over 600 h, indicating the stable interfacial properties of 

s@LLAZO(6h)-50PEGDA CSE and excellent electrochemical stability against Li metal.182,188 
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Figure 4. 10 Digital image of s@LLAZO(6h)-50PEGDA CSE. 

 

Figure 4. 11 Digital images of bending test for s@LLAZO-50PEGDA CSE. 

 

Figure 4. 12 (a) Linear sweep voltammetry curves of PEGDA, LLAZO-90PEGDA, and 
s@LLAZO(6h)-50PEGDA CSEs (Window: 3-5.5 V), and (b) CV curves of s@LLAZO(6h)-
50PEGDA CSE. 
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Figure 4. 13 DC polarization curves of symmetric (a) Li|s@LLAZO(6h)-50PEGDA|Li, (b) 
Li|PEGDA|Li, and (c) Li|LLAZO-90PEGDA|Li cells (inset: EIS curves of symmetric cells before 
and after polarization). 

 

Figure 4. 14 Lithium plating/striping cycles of symmetric Li|s@LLAZO(6h)-60PEGDA|Li 
cell. 
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4.3.3 High performance of solid-state Li-metal batteries with s@LLAZO-PEGDA CSEs 

All-solid-state batteries were assembled with the s@LLAZO(6h)-PEGDA CSEs as the electrolyte, 

pure Li metal as the anode and LiFePO4 as the cathode. To control the thickness of solid electrolyte 

membranes, the precursor solution was cast and polymerized between two quartz plates. As shown 

in Figure 4.15a, the thickness of prepared s@LLAZO(6h)-PEGDA CSE was 52 μm, and three 

CSEs with different s@LLAZO nanofiber contents were studied to establish the relationship 

between cycling performance and filler content. Figure 4.15b shows the EIS profiles of Li|LiFePO4 

cells with three different CSEs, where the partial semicircle at the high-frequency range was 

attributed to the bulk impedance (Rb) of solid electrolyte and the large semicircle in the medium 

frequency range was attributed to a the charge transfer (Rct) and diffusion processes at the 

electrolyte/electrode interface.189 All three cells demonstrated similar Rb in the range of 70-100 Ω, 

which indicated similar ionic conductivities of the three solid electrolytes. However, compared to 

s@LLAZO(6h)-70PEGDA and s@LLAZO(6h)-50PEGDA solid electrolytes, s@LLAZO(6h)-

30PEGDA showed much higher Rct (~800 Ω), indicating that it had higher interfacial resistance 

and poorer contact with the electrode. The corresponding cycling performance with the three CSEs 

is illustrated in Figure 4.15c. At a current density of 0.5C, the cell with s@LLAZO(6h)-30PEGDA 

delivered the lowest initial capacity of 93 mAh g-1 due to high internal resistance attributed to poor 

contact with the Li metal. Retained capacities of 153 and 147 mAh g-1 were obtained for the cells 

with s@LLAZO(6h)-70PEGDA and s@LLAZO(6h)-50PEGDA, respectively. Figure 4.15d 

shows the charge and discharge profiles of solid-state cells with three CSEs. The cell with 

s@LLAZO(6h)-30PEGDA exhibited higher polarization potential, indicating larger reaction 

barriers due to unsatisfied contact against electrodes.190 The Coulombic efficiency of the first cycle 

was 96.5%, 98.7%, and 99.4% for cells with s@LLAZO(6h)-70PEGDA, s@LLAZO(6h)-

50PEGDA, and s@LLAZO(6h)-30PEGDA CSEs, respectively, which indicated more stable redox 

reactions processed with higher content of inorganic filler. Therefore, s@LLAZO(6h)-30PEGDA 

demonstrated the best cycling stability with a high capacity retention of 98% after 100 cycles. 

Clearly, the increasing content of s@LLAZO nanofibers provided more stable cycling due to 

enhanced electrochemical stability and increased tLi+, resulting in decreased mobility of TFSI- 

anions and alleviation of the internal concentration gradient of accumulated anions. In overall 

consideration, the cell assembled with s@LLAZO(6h)-50PEGDA showed optimum cycling 
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performance with relatively high capacity of 147 mAh g-1 and relatively high capacity retention of 

95% after 100 cycles. We anticipate that the cells with s@LLAZO(6h)-30PEGDA would deliver 

even better cycling performance with appropriate interfacial modification between Li metal and 

solid electrolyte. 

 

Figure 4. 15 (a) SEM images of cross-section of s@LLAZO(6h)-50PEGDA CSE, (b) EIS profiles, 
(c) cycling performance (at 0.5C), and (d) voltage profiles of all-solid-state Li|s@LLAZO(6h)-
PEGDA|LiFePO4 cells with different concentration of s@LLAZO nanofibers. 

To further demonstrate the cycling stability at higher current densities, the cell with 

s@LLAZO(6h)-50PEGDA CSE was galvanostatically cycled at a current density of 1C. As shown 

in Figure 4.16a, the cell retained a capacity of over 115 mAh g−1 up to 250 cycles, resulting in 89% 

capacity retention. The Coulombic efficiency remained high at 99%, which indicated good 

reversibility of the redox reactions processed in the battery system. EIS profiles were investigated 

during cycling at current density of 1C. As illustrated in Figure 4.16b, the overall impedance 

greatly decreased from 486 Ω (fresh) to 215 Ω after 20 cycles, which was attributed to the reduced 

interfacial resistance of CSE against electrodes after cycling.175,190 The interfacial conditions 

continuously improved after 50 cycles, which resulted in continuously increased capacity shown 

in Figure 4.16a. Afterward, the overall impedance remained stable for 100 cycles. A slight decrease 
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in capacity was observed after 200 cycles, which may due to the diminished interfacial contact and 

detachment of active materials in the cathode after long cycle time at high current density.191-194 

More impressively, along with the excellent cycling stability, solid-state Li|s@LLAZO(6h)-

50PEGDA|LiFePO4 cells also showed remarkable rate capability (Figure 4.16c). Discharge 

capacities of 158, 147, 135, 113, and 78 mAh g-1 were obtained at varied rates of 0.2, 0.5, 1, 2, and 

5 C, respectively. Even at a high current density of 10 C, the cell could still deliver a capacity of 

44 mAh g-1. After applying cycles at higher current densities, the discharge capacity increased 

again to as high as 158 mAh g-1 when the current density was reduced to 0.2 C. Such high C-rate 

performance is remarkable for all-solid-state batteries operated at room temperature. This was 

mainly attributed to the well-established percolated LLAZO network that provided fast and non-

tortuous Li+ conduction in the composite structure. Figure 4.16d shows typical charge-discharge 

curves at different C rates. Distinct plateaus at 3.49 and 3.36 V were shown in the charging and 

discharging curves at low current density (0.2, 0.5, and 1 C), which were equivalent to the Li+ 

extraction and insertion to LiFePO4 at the voltage region for the Fe3+/Fe2+, respectively.195,196 The 

excellent rate performance in all-solid-state Li-ion batteries again validated the superior 

electrochemical properties of s@LLAZO(6h)-50PEGDA CSEs and critical influence of the silane 

coating layer.  

To ultimately prove the utility of our newly-designed garnet-rich solid electrolyte, the successful 

application along with a high-voltage cathode (Li[Ni1/3Mn1/3Co1/3]O2, NMC) is critical. As a 

promising cathode, NMC has a higher discharge potential (~3.9 V vs. Li+/Li) and higher theoretical 

capacity (200 mAh g-1). However the reversibly accessible capacity depends highly on the upper 

cut-off voltage (>4.5 V vs. Li+/Li), while most Li|NMC cells reported in literature exhibited poor 

cycle life due to the materials degradation and gas evolution because of the poor stability of 

carbonate electrolyte at high voltages.197-199  As shown in Figure 4.17a, rapid capacity fading was 

observed for NMC cathodes in liquid cells, which was attributed to chemical oxidation of the 

electrolyte caused by release of reactive oxygen from the delithiated NMC surface at high-voltage 

cut-off.200,201 In contrast, the cells with garnet-rich CSEs displayed superior cycling stability owing 

to an enlarged oxidation limit (>5.3 V) with a high content of inorganic Li+ conductors. Increasing 

capacity was observed at initial cycles because of the improved surface contact of CSEs with 

electrodes. In later cycles, the cell stabilized at 110 mAh g-1 for over 250 cycles (capacity retention 
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97%) at 0.5 C at room temperature. Much higher Coulombic efficiency (~99.2%), compared to 

liquid electrolyte cells (~95.5%), indicated stable redox reactions and effectively controlled 

electrode degradation.202 Similarly, all-solid-state Li|NMC cell demonstrated high rate capability 

at room temperature as illustrated in Figure 4.17b. Comparable capacities were observed in solid-

state and liquid Li|s@LLAZO(6h)-50PEGDA|NMC cells at all tested C rates (0.2-5 C). The stable 

plateaus and low over-potentials at all C rates (Figure 4.17c) again indicated the high Li+ 

conductivity and excellent electrochemical stability of the introduced garnet-rich CSEs. The 

success of the s@LLAZO-PEGDA CSEs along with NMC cathode was another step forward in 

underpinning its impact. With such superior electrochemical properties, we anticipate the same 

remarkable performance in conversion cathodes with s@LLAZO-PEGDA CSEs. 

 

Figure 4. 16 (a) cycling performance (at 1C), (b) EIS evolution curves, (c) rate capability (0.2-10 
C) and (d) charge-discharge profiles (at different C rates) of all-solid-state Li| s@LLAZO(6h)-
50PEGDA|LiFePO4 cell operated at 25 °C. 
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Figure 4. 17 (a) cycling performance (at 0.5C), (b) rate capability (0.2-5C), and (c) charge-
discharge profiles (at different C rates) of all-solid-state Li|s@LLAZO(6h)-50PEGDA|NMC and 
liquid Li|EC/DMC-(LiPF6)|NMC cells operated at 25 ℃. 

4.4  Conclusion 

In conclusion, a novel composite solid electrolyte (CSE) was developed with enriched LLAZO 

garnet nanofibers. The s@LLAZO nanofibers enabled direct monomer grafting, resulting in a 

controlled formation of an organic-inorganic network that successfully eliminated the 

agglomeration effects typically encountered in conventional CSEs with high inorganic filler 

contents. Benefiting from strong coupling, high concentration and uniform distribution of 

s@LLAZO nanofibers in composite structure, the resultant CSEs (s@LLAZO(6h)-50PEGDA) 

exhibited high room-temperature ionic conductivity, large lithium transference number, and wide 

electrochemical stability. Remarkably, all-solid-state Li-metal batteries assembled with the 

developed CSEs demonstrated stable cycling performance for 250 cycles and extraordinary high 
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rate capability (up to 10 C) at room temperature owing to the maximized utilization of fast Li+ 

conductors (LLAZO) in the composite structure. Moreover, the enlarged electrochemical window 

of introduced CSEs enabled the stable redox reactions in solid-state Li|NMC cells at high upper 

cut-off voltage, resulting in much longer cycle life. In short, this novel structural design of CSEs 

has significant potential in the development of improved functioning all-solid-state Li-metal 

batteries. 
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CHAPTER 5: Interconnected Double Layers with Ultrafast and Continuous 

Li+ Conduction from Cathode to Anode for Solid-state Li-S Batteries 

 

Abstract 

All-solid-state lithium (Li) batteries with high energy density are a promising solution for the next-

generation energy storage systems in large-scale devices. To simultaneously overcome the 

challenges of poor ionic conduction of solid electrolytes and shuttling of active materials, we 

introduce a functional electrolyte-cathode bilayer framework with interconnected LLAZO 

channels from the electrolyte into the cathode for advanced solid-state Li-S batteries. Differing 

from the traditional solid-state batteries with separated layer compositions, the introduced bilayer 

framework provides ultrafast and continuous ion/electron conduction. Instead of transferring Li+ 

across the polymer and garnet phases which involve huge interfacial resistance, Li+ is directly 

conducted through the LLAZO channels created continuously from the cathode layer to the solid 

electrolyte layer, significantly shortening the diffusion distance and facilitating the redox reaction 

of sulfur and sulfides. A stable cycle life is demonstrated in the prototype Li-S solid-state batteries 

assembled with the introduced LLAZO-LLAZO@CNF interconnected bilayer framework. High 

capacity is obtained at room temperature, indicating the superior electrochemical properties of the 

bilayer framework that result from the unique design of the interconnected LLAZO garnet phase.   
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5.1  Introduction 

With the emerging market of lithium batteries in large-scale devices, novel energy storage systems 

beyond the current state-of-the-art Li-ion batteries are urgently required.192,203-205 For a fully 

electric vehicle, a battery pack with specific energy density of 400 Wh kg-1 is required to reach a 

range of 300 miles, twice that of the current Li-ion batteries.206,207 To further increase energy 

density, advanced cathode materials were extensively studied over the past decades.192,208 As a 

promising alternative, lithium-sulfur (Li-S) batteries can deliver a high theoretical capacity of 1670 

mAh g-1 and energy density of 2600 Wh kg-1.209 Unfortunately, the practical application of Li-S 

batteries was hindered not only by lithium dendrite formation encountered in most Li-metal 

batteries, but also by the poor cycle life due to the shuttle effect of polysulfides (LiSn) during 

cycling.192,208 Solid-state electrolytes with high mechanical rigidity can efficiently suppress the 

lithium dendrite formation.105,205,210 Even more importantly, solid electrolytes can fundamentally 

eliminate the shuttle effect.208,211 Therefore, the investigation of suitable solid-state electrolytes for 

Li-S batteries is critical owing to the dual improvement on safety and cycling performance, which 

may potentially be the breakthrough for the practical application of Li-S batteries.192,205 

The recent developments in composite solid electrolytes (CSEs) provide an approach to achieve 

both high ionic conductivity and excellent interfacial contact for solid electrolytes.8,9,212 However, 

the content of Li-conductive ceramic fillers in these studies remained low (<15 wt.%) due to a 

severe agglomeration effect, leading to the unsatisfactory overall properties of currently-

introduced CSEs.8,140,213 Several studies pointed out the importance of fabricating a well-

percolated ceramic network in polymer matrix to obtain fast and continuous Li+ 

conduction.118,212,214 Instead of dispersing the ceramics in polymer precursor, fabricating an 

interconnected percolation-framework was demonstrated to be an effective method to avoid the 

agglomeration effect and maximize the advantages of Li-conductive ceramic fillers.118,214,215   

In addition to the low ionic conductivities of solid electrolytes, the shuttling of polysulfides is still 

a challenging issue for solid-state Li-S batteries. Huge capacity fade was observed in the 

previously-reported solid-state Li-S batteries, which could be attributed to the deteriorating 

distribution of sulfur and gradual detachment of active materials from the carbon structure.192,216-

218 Without a high electric-conductive media, the insulating nature of sulfur and sulfides leads to 
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poor kinetics in redox reactions. Thus, in addition to a high-performance solid electrolyte, a 

functional cathode design with both high electronic and ionic conductivities and confined sulfur 

distribution is essential to enhance the cycling performance of solid-state Li-S batteries.103,104,218  

Garnet-type Li7La3Zr2O12 (LLZO) solid electrolyte is considered to be one of the most promising 

candidates for Li-S batteries owing to its high ionic conductivity and excellent stability against Li 

metal and with the redox range of sulfur.9,219-221 Herein, to facilitate Li+ conduction from cathode 

to solid electrolyte, an interconnected electrolyte-cathode bilayer structure is introduced (Figure 

5.1). Continuous LLAZO channels are created in the introduced bilayer framework, providing 

continuous Li+ conduction from the cathode layer to the electrolyte layer. In addition, the bottom 

cathode layer is designed with balanced electronic and ionic conductivities. LLAZO nanoparticles 

are continuously embedded in porous carbon nanofibers (LLAZO@CNF), which significantly 

improves the kinetics of redox reactions of the active materials owing to the short diffusion 

distance of Li+ and electrons. Moreover, the porous LLAZO@CNF cathode matrix with a high 

affinity to polysulfides can efficiently mitigate the deleterious effects of the detachment of active 

materials during cycling and accommodate the volume variation of active sulfur, leading to better 

cycling stability. Owing to these novel features of the LLAZO-LLAZO@CNF interconnected 

bilayer framework, the superior electrochemical properties of LLAZO garnet phase are maximally 

utilized. With the confirmation of 6Li NMR for the local lithium environment, the continuous and 

ultrafast Li+ channels created within the bilayer framework greatly improve the performance of 

the solid-state Li-S batteries, resulting in a high specific capacity at room temperature and excellent 

cycling stability.  
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Figure 5. 1 Schematic drawing of novel interconnected electrolyte-cathode bilayer framework for 
solid-state Li-S batteries. The bottom (cathode) layer is designed with high electronic and ionic 
conductivities, working as the cathode matrix for sulfur, which shortens the diffusion distance for 
ions and electrons and accelerates the redox reactions of active materials. The top (electrolyte) 
layer is designed to create continuous and ultrafast Li+ pathways through LLAZO garnet phase 
from host matrix to solid electrolyte. The maximized (minimized) utilization of garnet (polymer) 
phase in Li+ conduction ensures the fast and stable redox reactions of active materials for an entire 
cycle life of solid-state batteries. 

5.2  Methods 

5.2.1 Fabrication of duel-conducive composite cathode matrix 

The as-spun precursor nanofibers of LLAZO@CNF cathode matrix layer were fabricated by high-

voltage electrospinning. To prepare the precursor solution, stoichiometric amount of LLAZO 

precursor was first dissolved in 20 mL solvent of N,N-dimethylformamide (DMF) with 20 vol% 

acetic acid according to the molecular formula of Li6.28La3Zr2Al0.24O12, which was composed of 

7.22 mmol of LiNO3, 3 mmol of La(NO3)3∙6H2O, 0.24 mmol of Al(NO3)3∙9H2O, and  2 mmol of 

Zr(OCH2CH2CH2CH3)4. After the dissolution of all precursor salts, 720 mg citric acid and 2000 

mg polyvinylpyrrolidone (Mw ~1,300,000) were added into the mixed solution. The precursor 

solution was stirred constantly overnight. Approximately 6 mL precursor solution was loaded for 

electrospinning to obtain the desired thickness of the nanofiber layer structure. The voltage of 
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power supply was set to 10 kV, and the pumping rate was kept at 0.45 mL/h. The obtained as-spun 

nanofibers were then stabilized at 280°C for 3h in air. 

5.2.2 Fabrication of interconnected electrolyte-cathode bilayer framework with continuous 

Li+ conduction 

The deposition of the top electrolyte layer of the bilayer framework was carried out with a Dimatix 

Materials Printer 2831 (DMP 2850, Fujifilm Dimatix, USA). A cartridge printhead with 16 nozzles 

and 10 pL drop capacity was used, and the deposition of printing solution was controlled by 

piezoelectric actuators at each nozzle with an applied voltage of 20 V. The frequency and drop 

holding time was 23 kHz and 4 µs, respectively, and the distance between the printhead and 

LLAZO/PVP nanofibers was fixed at 4 mm to prevent the deep penetration of precursor solution 

into the material. The process was held to apply 20 layers of LLAZO precursor to get enough 

thickness (~30 μm) for the formation of the solid electrolyte layer. To prepare the LLAZO 

precursor solution, stoichiometric amount of 9.42 mmol of LiNO3, 4.5 mmol of La(NO3)3∙6H2O, 

0.36 mmol of Al(NO3)3∙9H2O, and  3 mmol of ZrO(NO3)2∙XH2O was dissolved in 20 mL of 

ethanol. Poly(methyl methacrylate) (PMMA, Mw~350,000) was added in low concentration of 0.5 

wt.% to enable the layer construction of printed solution. Excess LiNO3 (15 wt.%) was added to 

compensate for lithium loss during the subsequent calcination procedure. After printing, the 

samples were calcined at 850 ℃ for 2 h in Ar atmosphere to remove organic components and 

sintered with LLAZO particles in LLAZO@CNF cathode matrix. A quartz plate was placed on 

the top of the samples to maintain the flat surface during calcination. 

5.2.3 Fabrication of all-solid-state Li-S battery architecture with interconnected 

electrolyte-cathode bilayer framework 

Sulfur was loaded at the bottom cathode layer (LLAZO@CNF) by dropping liquid-state sulfur that 

dissolved in carbon disulfide (CS2, 40mg ml-1). The amount of S/CS2 solution was precisely 

controlled to wet the freestanding LLAZO@CNF electrode and obtain uniform sulfur loading (1 

mg cm-2). The relatively dense structure of LLAZO nanoclusters at the top layer prevented the 

penetration of the slightly exceeded amount of S/CS2 solution to the other side. Post-heat-treatment 

at 80 ℃ was applied for 48 hours to further improve the sulfur distribution and settle the 
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unwrapped sulfur into the porous carbon structures. Polymer precursor was filled and then 

polymerized to reinforce the mechanical rigidity and improve the interfacial contact with Li metal. 

To prepare the precursor, monomer (PEGDA, Mw=575), initiator (AIBN), and lithium salt 

(LiTFSI) were mixed and sonicated. The amount of initiator was controlled at 0.1 wt.% based on 

the total weight of the monomer, and the amount of lithium salt was controlled with a molar ratio 

of [EO]/[Li+]=12. 

5.2.4 Structural Characterizations 

The structural morphology of LLAZO-LLAZO@CNF bilayer framework was investigated by 

field-emission scanning electron microscopy (FE-SEM, FEI Verios 460L, USA) and high-

resolution transmission electron microscopy (HR-TEM, JEOL-2010F, Japan). X-ray diffraction 

(XRD) was applied to identify the crystal structure of the LLAZO-LLAZO@CNF bilayer 

framework by Rigaku D/Max 2400 (Japan) with Cu Ka radiation (λ=1.5418 Å) in a 2-Theta angle 

range from 10° to 60°. Thermo-gravimetric analysis (TGA) was carried out to determine the weight 

contents of carbon and LLAZO phases in LLAZO@CNF cathode host by Perkin Elmer Pyris 1 

with a heating rate of 20 °C min-1 in air. Bruker Avance III-500 was used to detect solid-state NMR 

spectra for 6Li at Larmor frequencies of 73.6 MHz. 

5.2.5 Electrochemical Characterizations 

The electrical conductivities of both sides of the bilayer framework were determined by a film 

four-point probe test. The total ionic conductivity was characterized by electrochemical impedance 

spectroscopy (Garmy Reference 600 device) over a frequency range of 0.1 Hz to 1 MHz. The CSE 

membranes were sandwiched between two stainless steel plates as blocking electrodes. 

Galvanostatic cycling of symmetric Li cells was conducted to evaluate the structural and 

electrochemical stability of solid electrolytes, and the obtained symmetric Li cells were cycled at 

room temperature at different current densities (0.1-0.5 mA cm-2) for 30 mins at each charge and 

discharge process. To obtain 6Li-enriched samples for 6Li NMR, 6Li isotope foil was applied on 

top of the bilayer framework. Charge and discharge cycling of the cells was conducted at a constant 

current density of 0.05 mA cm-2 for 5 mins at each cycle. Solid-state Li-S batteries were assembled 

in an argon-filled glove box with obtained interconnected LLAZO-LLAZO@CNF bilayer 
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framework. After assembling, the solid-state cells were pre-hearted at 60 °C in the oven for 30 min 

to achieve better contact between the bilayer structure and Li foil. The cycling performance of 

solid-state Li-S cells was tested by Arbin battery tester in a potential range of 1.7 V to 2.8 V. 

5.3  Results and Discussion 

A porous LLZO-dense bilayer framework was reported previously with promising electrochemical 

properties.15 However, a special packing method was required due to the poor mechanical rigidity 

of the LLZO framework structure. Conductive ink (CNT) was also needed to fill in the porous 

LLAZO layer to form a current collector, but the non-uniform distribution of CNT cannot support 

long-range conduction. As depicted in Figure 5.2, in our new interconnected electrolyte-cathode 

bilayer framework, composite carbon nanofibers (LLAZO@CNF) are utilized as the cathode 

matrix, yielding a strong mechanical rigidity. Moreover, the LLAZO@CNF cathode matrix is 

intrinsically conductive, resulting in a stable long-range electronic conductivity. With a precisely 

controlled architectural fabrication, a transition region at the LLAZO@CNF host matrix is created 

with continuous Li+ pathways through the LLAZO garnet phase, which gives ultrafast Li+ 

conductivity from the cathode layer to the electrolyte layer. Therefore, our novel bilayer 

framework has several unique features and advantages: (1) ultrafast conduction pathway for 

electrons in 1D carbon nanofiber matrix, (2) short diffusion distance for Li+ in balanced duel-

conductive cathode host, (3) high affinity to polysulfides to prevent detachment of active materials 

during cycling, (4) fast and non-tortuous Li+ conduction pathways from cathode to solid 

electrolyte, (5) well-percolated LLAZO nanoclusters at the electrolyte layer with 3D continuous 

Li+ conduction, and (6) maximized utilization of garnet phase in Li+ conduction. 
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Figure 5. 2 Fabrication process of interconnected bilayer framework. With electrospinning, 
LLAZO precursors are uniformly distributed in the polyvinylpyrrolidone (PVP) nanofibers. After 
the stabilization process, another layer of LLAZO precursors is applied by inkjet-printing. In the 
inert atmosphere, the LLAZO precursors in both layers decompose and form LLAZO garnet phase 
after calcination, while the polymer nanofibers in the bottom layer is carbonized and works as a 
highly conductive cathode matrix. A transition region at the top of the bottom host matrix is created 
due to the penetration of inkjet-printing solution, where the LLAZO phase are sintered and 
connected between LLAZO@CNF matrix and inkjet-printed LLAZO nanocluster, creating 
continuous and ultrafast Li+ pathways in the bilayer framework. To assemble the all-solid-state 
Li-S batteries, cross-linked PEGDA(LiTFSI) polymer is filled into the top electrolyte layer to 
reinforce the bilayer structure and improve the wettability of Li metal. 

5.3.1 Structural Characterization of LLZO-LLZO@CNF Interconnected Electrolyte-

cathode Bilayer Framework 

Figure 5.3a shows digital images of both sides of the introduced LLAZO-LLAZO@CNF bilayer 

framework. Benefitting from the excellent mechanical strength of carbon nanofibers, the whole 

structure is mechanically robust while maintaining flexibility. The thin layer of LLAZO solid 

electrolyte is well-sintered with the bottom cathode layer, which gives strong mechanical support 

and prevents the separation of the two layers. Scanning electron microscopy (SEM) images of the 

LLAZO-LLAZO@CNF bilayer framework are illustrated in Figure 5.3b-f. At the cathode layer, 

LLAZO nanoparticles are formed and embedded in carbon nanofibers (Figure 5.3b). Differing 
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from pristine CNFs, the introduced LLAZO@CNF cathode host layer provides sufficient local 

reaction sites with both high electronic and ionic conductivities, significantly shortening the 

diffusion distance of Li+ and promoting the surface reactions of the active materials (sulfur and 

sulfides). At the electrolyte layer, dense LLAZO nanoclusters (Figure 5.3c) are formed as a solid 

electrolyte and a physical barrier between LLAZO@CNF composite cathode and Li metal anode. 

Owing to the precisely controlled architectural process with the inkjet-printing method, a 

percolation LLAZO network is established that provides ultrafast ionic pathways. The nanosized 

pores distributed within the LLAZO framework are filled with cross-linked poly(ethylene glycol) 

diacrylate average (PEGDA) polymer with lithium salt (LiTFSI) to improve the wettability of Li 

metal. Figure 5.3d shows the cross-section of the introduced LLAZO-LLAZO@CNF bilayer 

framework, which illustrates the interconnected interface between the top and bottom layers. The 

thicknesses of top LLAZO percolated electrolyte layer and bottom LLAZO@CNF cathode layer 

are 28 and 115 μm, respectively. A clear transition region (12 μm) is formed due to the penetration 

of the printing solution (LLAZO precursor). As shown in Figure 5.3e-f, at the transition region, 

LLAZO@CNFs are merged with LLAZO nanoclusters, exhibiting a well-sintered interface. This 

intimate contact (Figure 5.3f) at the interface enables the continuous Li+ conduction from the 

cathode host to the anode through the interconnected LLAZO garnet phase, which greatly 

alleviates the energy barrier for Li+ mobility that avoids the high interfacial resistance of cross-

conduction between garnet and polymer phases. As further exhibited by TEM, the nanosized 

LLAZO particles inside the CNF are well-connected along the fiber direction (Figure 5.4a), which 

supports the fast-ionic conduction within the host matrix. Furthermore, the corresponding EDX 

mapping of lanthanum (La), zirconium (Zr), and oxygen (O) elements (Figure 5.4b) demonstrate 

the uniform and continuous distribution of LLAZO nanoparticles along the CNF. 

Thermogravimetric analysis (TGA) is conducted to analyze the weight ratio of carbon in the 

LLAZO@CNF cathode matrix. After total decomposition of carbon at 600 ℃, the weight ratio of 

LLAZO is estimated to be 45 wt.% (carbon, 55wt.%) in the LLAZO@CNF cathode matrix (Figure 

5.5).  
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Figure 5. 3 (a) Digital images of LLAZO-LLAZO@CNF interconnected bilayer framework 
(upper: after stabilization, lower: after calcination/carbonization). SEM images of (b) 
LLAZO@CNF cathode matrix (bottom layer), (c) inkjet-printed LLAZO percolated network (top 
layer), (d) cross-section of bilayer framework, (e) cross-section of interconnected interface, and 
(f) transition region with interconnected interface between LLAZO@CNF cathode and LLAZO 
solid electrolyte. 

 

Figure 5. 4 (a) TEM image and (b) EDX elemental mapping (La in green; Zr in cyan; O in pink) 
of a LLAZO@CNF nanofiber. 
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Figure 5. 5 TGA curve of LLAZO@CNF cathode host. 

The crystal structures of both the electrolyte and cathode layers in the LLAZO-LLAZO@CNF 

bilayer framework are confirmed by X-ray diffraction (XRD). As shown in Figure 5.6a, the cubic 

phase of Li6.28Al0.24La3Zr2O12 garnet is confirmed at the electrolyte layer, which can be clearly 

indexed with cubic Li7La3Zr2O12 (PDF 63-0173).222 At the cathode layer (LLAZO@CNF), an 

additional broad peak at 24.5° is detected in the XRD pattern (5.6b), which corresponds to the 

(002) lattice plane of graphite structure, indicating the presence of amorphous carbon.223 

Moreover, Raman spectra are in good agreement with the XRD results. Typical peaks of the cubic 

garnet phase are detected at 640, 360, 250 and 125 cm-1 Raman shifts (Figure 5.7a), which can be 

assigned to Zr-O bond stretching, Li vibrations, O bending, and La vibrations, respectively.224,225 

Similarly, additional peaks appear at 1582 and 1340 cm-1 at LLAZO@CNF cathode layer (5.7b), 

corresponding to the G- and D-band of carbon structure.226 Electric conductivities of both sides of 

the bilayer framework are measured by film four-point probe test. The obtained electric 

conductivity for the LLAZO@CNF cathode layer is 218 S cm-1, while the value for the electrolyte 

layer (LLAZO percolated nanoclusters) is 1.8 × 10-7 S cm-1. Therefore, the introduced 

LLAZO@CNF cathode host is highly conductive. Additionally, the use of the electrolyte layer 

(LLAZO percolated network) is validated to work as a physical barrier between the cathode and 

the anode, providing only ionic conduction without short-circuiting the cells. Consequently, this 
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design of bilayer framework is demonstrated to potentially promote the redox reactions of sulfur 

because of the improved kinetics with ultrafast ion and electron conduction channels created within 

the structure. 

 

Figure 5. 6 XRD patterns of (a) top electrolyte layer and (b) bottom cathode layer. 

 

Figure 5. 7 Raman spectra of (a) top electrolyte layer and (b) bottom cathode layer. 

5.3.2 Electrochemical Performance of LLAZO-LLAZO@CNF Interconnected Electrolyte-

cathode Bilayer Framework with Continuous Li+ Pathways 

The interconnected LLAZO-LLAZO@CNF bilayer framework demonstrates intimate contact and 

interconnected Li+ conduction between cathode host (LLAZO@CNF) and solid electrolyte 

(LLAZO). The interfacial contact with the anode is also important, leading to stable cycling 
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performance.227 To mimic the environment of composite solid electrolyte in the bilayer 

framework, the obtained bilayer structure is calcined again in the air to obtain a pure LLAZO 

percolated network. Photo-initiated PEGDA polymer is filled to compensate for the surface 

roughness and lower the interfacial impedance of the garnet network with Li anode (Figure 5.8a). 

As illustrated in Figure 5.8b, the ionic conductivity of PEGDA(LiTFSI)-LLAZO CSE is measured 

to be 2.51 × 10-4 S cm-1 at room temperature, and the corresponding activation energy (Ea) is 0.39 

eV based on the Arrhenius equation. The time-dependent voltage profiles of symmetric Li cells 

assembled with PEGDA(LiTFSI)-LLAZO CSE are shown in Figure 5.8c. Due to the limited 

amount of polymer fill, the overpotential is high initially. After continuous Li stripping/plating 

process, the overpotentials remain stable at different current densities from 0.1 to 0.5 mA cm-2. 

The smooth plateaus (inset figures) and low polarization (0.11 V at 0.2 mA cm-2) indicate the 

uniform Li+ flux across PEGDA(LiTFSI)-LLAZO CSE, demonstrating excellent electrochemical 

stability against Li metal.228 Stable cycling is also obtained at high current density of 0.5 mA cm-

2 after long cycles, which is shown in Figure 5.9. The excellent cycling performance in symmetric 

Li cells further demonstrates the favorable conductivity of PEGDA(LiTFSI)-LLAZO CSE, which 

is attributed to the prior-formed percolated LLAZO garnet network that avoids the agglomeration 

effects.  
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Figure 5. 8 (a) Schematic drawing of cross-section and (b) Arrhenius plot of ionic conductivity of 
PEGDA(LiTFSI)-LLAZO CSE. (c) Galvanostatic cycling measurements of symmetric Li cell with 
PEGDA(LiTFSI)-LLAZO CSE. 

 

Figure 5. 9 Voltage profiles of symmetric Li cell with PEGDA(LiTFSI)-LLAZO CSE cycled at 
current density of 0.5 mA cm-2. 

Li nuclear magnetic resonance (6,7Li NMR) has been proven to be a powerful tool to study local 

structural environments and dynamics of Li+.113,117,229,230 To elucidate the Li+ conduction pathways 
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in full cells and validate the importance of interconnected garnet phase created within the bilayer 

framework, 6Li NMR tests are conducted to distinguish the dominant pathways for Li+ conduction. 

As illustrated in Figure 5.10a, the isotope exchange method was used to probe the Li conduction 

pathways. By cycling the cells with 6Li-labeled lithium isotope, 7Li ions in the bilayer framework 

are partially replaced by 6Li ions, leaving a trail for Li+ pathway. Figure 5.10b shows the high-

resolution 6Li NMR spectra of pristine and 6Li-enriched (cycled) samples of LLAZO-

LLAZO@CNF interconnected bilayer framework. The single 6Li resonance near 0.3 ppm can be 

attributed to the lithium salt (LiTFSI) in the polymer matrix, while the 6Li resonance near 2.1 ppm 

can be attributed to the lithium in the cubic LLAZO garnet structure.113 The additional broad peak 

located at 1.4 ppm can be assigned to lithium at the polymer-ceramic interface.117,229 Compared to 

the pristine sample, the increase in the 6Li peak intensity of the cycled sample illustrates those Li 

local environments where 6Li ions pass. It is clearly seen that the intensity of LLAZO peak (2.1 

ppm) significantly increased for cycled LLAZO-LLAZO@CNF bilayer framework, indicating the 

large amount of Li+ is transferred by LLAZO phase (Figure 5.11a). On the contrary, slight increase 

is observed for intensities of LiTFSI peak (0.3 ppm) and interfacial Li peak (1.4 ppm). Owing to 

the interconnected LLAZO channels created within the LLAZO-LLAZO@CNF bilayer 

framework, Li+ prefers to be conducted by the LLAZO phase rather than the polymer. To further 

demonstrate the importance of creating interconnected Li+ conduction in the structure, pristine 

CNF is cycled with 6Li-labeled lithium isotope and tested by 6Li NMR. Solid electrolyte film is 

loaded on CNF by polymerization of CSE precursor (PEGDA(LiTFSI)-15wt.%LLAZO) to obtain 

the conventional ionically separated PEGDA(LLAZO)-CNF electrolyte-cathode structure. As 

shown in Figure 5.10c, as opposed to the LLAZO-LLAZO@CNF bilayer, only a slight increase 

of intensity is observed for the LLAZO peak, demonstrating that the polymer relaxation at the 

polymer phase and polymer-ceramic interface acts as the dominant Li+ conduction pathway in 

PEGDA(LLAZO)-CNF (Figure 5.11b). Based on the further quantitative analysis of peak intensity 

changes (Figure 5.10d), a large difference in conduction preference is clearly illustrated for 

samples with and without interconnected LLAZO channels. The peak intensity of LLZO phase 

increased by 39% for LLAZO-LLAZO@CNF, compared to 6% for PEGDA(LLAZO)-CNF. In 

contrast, the increase in peak intensity for the polymer is 42% for PEGDA(LLAZO)-CNF, 

compared to very little ion exchange in the polymer phase for LLAZO-LLAZO@CNF bilayer 

framework (4%). Therefore, the LLAZO phase in PEGDA(LLAZO)-CNF is not utilized for Li+ 
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transport during the cycling, which can be concluded for the following reasons: i) the randomly 

dispersed LLAZO filler in PEGDA(LiTFSI)-15wt.%LLAZO CSE is unable to form a percolated 

network, ii) LLAZO filler is only present at the top layer as part of the solid electrolyte, and iii) 

the LLAZO phase is not connected throughout the structure (from CNF matrix to the solid 

electrolyte) to enable Li+ conduction via the LLAZO phase. Nevertheless, the dual-ion conducting 

behavior of the polymer is not favored in solid-state batteries, as it can negatively influence the 

cycling stability due to the aggregation of immobilized anions (TFSI-) at the interfaces.231-233 On 

the other hand, the introduced LLAZO-LLAZO@CNF interconnected bilayer framework is 

preferred for delivering stable redox reaction owing to the maximized utilization of single-ion 

conducting LLAZO phase and minimized contribution of the polymer phase in Li+ conduction, 

preventing both aggregations of anions (TFSI-) and diffusion of polysulfides. 

 

Figure 5. 10 (a) Schematic drawing of 6Li-enriched process for probing Li+ pathways within the 
composite electrolyte. 6Li NMR spectra and quantitative results of each components (LiTFSI, 
interface and LLAZO) for (b) pristine (Left) and 6Li-enriched (Right) LLAZO-LLAZO@CNF 
bilayer framework, and (c) pristine (Left) and 6Li-enriched (Right) PEGDA(LLAZO)-CNF. (d) 
Quantitative analysis of 6Li amount difference in LiTFSI, interface, and LLAZO phases before 
and after cycling for LLAZO-LLAZO@CNF bilayer framework and PEGDA(LLAZO)-CNF. 
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Figure 5. 11 Comparison of the 6Li NMR spectra of (a) LLAZO-LLAZO@CNF bilayer 
framework and (b) PEGDA(LLAZO)-CNF before (pristine) and after (6Li-enriched) cycling with 
6Li isotope. 

5.3.3 Proof of All-solid-state Li-S Batteries Benefited from the Ultrafast Electronic and 

Ionic Conduction with LLAZO-LLAZO@CNF Interconnected Electrolyte-cathode 

Bilayer Framework 

The electrochemical performance of the introduced interconnected electrolyte-cathode bilayer 

framework is shown in Figure 5.12 and 5.13. As illustrated in Figure 5.12a, the interconnected 

interface and well-sintered LLAZO particles in both the cathode to electrolyte layers create a 

continuous conduction pathway of Li+ from the cathode to the solid electrolyte. Additionally, the 

highly conductive carbon nanofibers in a 3-dimensional network also form a continuous 

conduction pathway for electrons. These continuous pathways of Li+ and electrons in the 

introduced bilayer framework greatly lower the charge transfer resistance and accelerate the redox 

reaction of active materials in local areas. Active material (sulfur) is uniformly loaded in 

LLAZO@CNF cathode matrix by a liquid-state (S/CS2) process. The abundant meso-/micro-pores 

in LLAZO@CNF allow uniform storage of active material sulfur in the interior. Figure 5.12b 

shows the cross-sections of the bilayer framework along with the elemental mapping of sulfur (S) 

element. Clearly, the sulfur is only distributed in the cathode layer because of the post-loading 

treatment and dense structure of LLAZO top layer, preventing the penetration of sulfur into the 

solid electrolyte. As shown in Figure 5.12c, the EDX mapping of lanthanum (La), zirconium (Zr), 
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and oxygen (O) elements illustrate the uniform distribution of LLAZO garnet phase in both bottom 

(LLAZO@CNF cathode host) and top (LLAZO solid electrolyte) layers. To assemble the all-solid-

state Li-S batteries, cross-linked PEGDA(LiTFSI) polymer is filled within the bilayer for 

compensating the surface roughness and improving the wettability with Li metal. 

 

Figure 5. 12 (a) Schematic drawing of cross-section of solid-state Li-S batteries enabled with 
interconnected bilayer framework. The continuous conduction of Li ions and electrons facilitates 
the redox reactions of active materials at local areas. SEM image of cross-section of sulfur-loaded 
interconnected bilayer framework (b) EDX elemental mapping: S in yellow and (c) EDX elemental 
mapping: La in pink; Zr in green; O in cyan. 
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Figure 5. 13 (a) Cycling performance and (b) voltage profiles of solid-state Li-S batteries with 
interconnected bilayer framework. 

The solid-state Li-S batteries assembled with the bilayer framework delivers an attractive capacity 

of 1055 mAh g-1 at a current density of 0.2 C (0.334 mA cm-2) at 50 ℃. As shown in Figure 5.13a, 

slow capacity decay is observed at initial cycles probably due to the slight detachment of liquid-

state polysulfides at the elevated cycling temperature. A retained capacity of 939 mA cm-2 is still 

obtained after 50 cycles, corresponding to 89% (96%, compared to 15th cycle) capacity retention. 

The stable cycling performance afterward demonstrates the effective inhibition of polysulfides 

diffusion, as a result of the well-designed cathode matrix with abundant micro-/meso-pores and 

strong binding force between polysulfides and LLAZO nanoparticles. The fully covered Li+ 

conductive polymer outside the LLAZO@CNF greatly restricts detachment of active materials 

(sulfur and polysulfides) with carbon. Two plateaus (Figure 5.13b) can be found in both the charge 

and discharge curves, which is typical in solid-state Li-S batteries, corresponding to the multistep 

redox reactions of sulfur to long-chain polysulfides (Li2Sn, 4 ≤ n ≤ 8,  2.4-2.1 V) and then low-

order Li2S (2.1-1.7 V). Similarly, in the charging process, Li2S is oxidized in a sequence of 

intermediates with various compositions. The flat plateaus and low overpotential indicate the high 

electronic and ionic conductivity of LLAZO@CNF cathode matrix. The cell is further tested at 

room temperature as shown in Figure 5.13c. Because of the short diffusion distance for Li+ and 

electrons, the cells can still deliver 670 mAh g-1 capacity at room temperature at a lower current 

density of 0.1 C. After another 50 cycles, the capacity decay is only 3%, indicating the stable redox 

reactions resulting from the mechanically robust cathode matrix and interconnected 

ionic/electronic conduction pathways created within the bilayer framework. Additionally, the 

Coulombic efficiency remains high (99.3%) during the cycling at room temperature, which is 
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attributed to good inhibition of the shuttle effect and stable interface on both the cathode and the 

anode.  

5.4  Conclusion 

In conclusion, a novel electrolyte-cathode bilayer framework is introduced with interconnected 

LLAZO channels throughout the entire structure. A compatible host structure is introduced as the 

cathode layer with balanced electronic and ionic conductivities, providing continuous conduction 

of electrons and Li+ to the local areas contacting with the active material. In addition, the well-

connected LLAZO channels facilitate Li+ transfer directly from the cathode layer to the solid 

electrolyte layer with minimized barrier, which further promotes the redox reactions of sulfur 

because of the improved kinetics with these ultrafast and continuous ion conduction channels. 

Benefiting from these features, the all-solid-state Li-S batteries demonstrate stable cycle life and 

high capacity at room temperature. In short, the bilayer framework introduced in this work gives 

an important step forward to realizing the promise of using all-solid-sate Li-S batteries for 

powering large-scale devices with high energy density, excellent cycling stability, and negligible 

safety concerns. 
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CHAPTER 6: Single-ion Conducting Composite Solid Electrolytes with 

Aligned Nanostructured Channels for Ultrafast Li+ Conduction 

 

Abstract 

The distribution and inner connectivity of inorganic filler is important to composite solid 

electrolytes. A well-established filler structure can maximize the performance of composite solid 

electrolytes. By considering the ion-conducting direction in battery application, vertically aligned 

conducting filler in composite solid electrolytes are more favorable. Therefore, we introduced a 

composite solid electrolyte with vertically aligned LLAZO channels. The composite solid 

electrolyte will be mainly composed of LLZO structure and light amount of polymer (< 20 wt.%) 

to fill the gaps between the channels. With dense and straight LLZO channels in polymer matrix, 

the composite solid electrolyte may have high ionic conductivity owing to the low tortuosity of 

Li+ conductive pathways. Superior performance of vertically aligned LLZO channels is 

demonstrated, and the prepared composite solid electrolytes show high ionic conductivity, wide 

electrochemical stability, and almost unity lithium transference number.  
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6.1  Introduction 

Safety concerns regarding the currently commercial lithium (Li) batteries are ever-growing due to 

the use of highly volatile and flammable organic solvent-based electrolytes.192,203-205 Currently, 

use of pure Li metal as the anode is inevitable to further improve the energy density of Li batteries, 

which induces even severer safety concerns of using liquid electrolytes.1,234,235 In particular, Li 

dendrite growth and propagation at the electrode/electrolyte interface can eventually penetrate 

through the polymer separator, causing catastrophic short-circuiting and even explosion.  191,236,237 

Therefore, solid-state electrolytes (SSEs) have drawn significant attention because of their 

enhanced safety features for addressing Li dendrite-dominated challenges.62,73,205,238 Among 

different types of SSEs materials, inorganic Li+ conductors is the most appealing candidate for 

their high ionic conductivity (10-4-10-3 S cm-1), wide voltage window (0.0−6.0 V), and single-ion 

(Li+) conducting behavior. However, using inorganic Li+ conductors solely is nearly impossible in 

practical all-solid-state batteries (ASSBs) owing to their brittle nature, which in turn leads to poor 

Li wettability, difficult manufacturing processability, and easy structural failure.239 More 

importantly, recent findings have revealed an intrinsic Li deposition at grain boundaries of 

inorganic Li+ conductors because of their high electronic conductivities, which further prevents 

the direct utilization in commercial ASSBs.240,241 

Combining the inorganic Li+ conductors with organic polymers (solid polymer electrolytes) 

provides a promising solution to simultaneously improve mechanical flexibility and lower 

electronic conductivities.135,175 However, the overall electrochemical properties of traditional 

composite solid electrolytes (CSEs) are limited by the high content of polymer phase. Improving 

the electrochemical properties of polymer may be a promising strategy to compensate the negative 

effects of blending inorganic Li+ conductors with polymers. The main drawback of conventional 

polymer electrolytes formed by dissolving Li salt in a polymer host is dual-ion conducting 

behavior, in which both cations and anions are mobile.158,242,243 Anchoring the anions to the 

polymeric backbones is an effective solution to immobilize the anions, resulting in a single-ion 

conducting (SIC) polymer and superior cycling stability.158,243,244 However, to date, the ionic 

conductivities of these SIC polymers are too low (10-7-10-6 S cm-1) to support ambient cycling and 

high rate-capability. Therefore, incorporating the inorganic Li+ conductors with these SIC 

polymers may give rise to the improvement in ionic conductivity, and more importantly, the 
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resulted single-ion conducting composite solid electrolytes (SICCSEs) will have better 

electrochemical properties compared to that of traditional CSEs. 

Establishing a percolated inorganic framework is essential to achieve high-performance 

CSEs.181,205,214 Several recent studies suggest that aligned configuration of inorganic Li+ 

conductors may further improve ion transport and enhance ionic conductivity.239,245,246 As 

demonstrated, the effective ionic conductivity is influenced by the tortuosity of the electrolyte 

materials. Therefore, a long-range and high-order filler alignment is highly desirable in 

constructing advanced CSEs with high ionic conductivity, which not only benefits the direct Li+ 

conduction through inorganic Li+ conductors, but also can effectively guide ion transport for 

polymer chains.82,101 Herein, a single-ion conducting composite solid electrolyte is introduced with 

aligned garnet nanofibers. Owing to the high ionic conductivity (10-4-10-3 S cm-1) of 

Li6.4La3Al0.2Zr2O12 (LLAZO) phase, the LLAZO nanofibers in high-order alignment provides 

intrinsic ultrafast Li+ conduction pathways in the composite solid electrolyte. More importantly, 

the aligned LLAZO nanofibers leave empty nanostructured channels for polymer content, which 

further enhances the ion diffusion paths for polymer chains due to the nanoconfinement effects of 

vertical channels at polymer/garnet interfaces (Figure 6.1). To ultimately enhance the overall 

electrochemical properties of the introduced composite solid electrolyte, single-ion conducting 

polymer is designed and filled within the aligned LLAZO nanofibers, leading to nearly unity 

lithium transference. Benefiting from the high-order and long-range alignment of LLAZO 

nanofibers, the resulted composite solid electrolyte exhibits outstanding ionic conductivity of 

3.31×10-4 S cm-1 and demonstrates excellent cycling stability. 
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Figure 6. 1 Schematic of single-ion conducting composite solid electrolyte (SICCSE) for 
enhanced ionic conduction. Vertically aligned garnet Li6.4La3Zr2Al0.2O12 (LLAZO) nanofibers are 
formed by the template method, providing continuous Li+ conduction pathways through LLAZO 
garnet phase. The empty spaces between aligned LLAZO nanofibers are filled with single-ion 
conducting polymer. Owing to the long-range and high-order alignment of LLAZO nanofibers, 
nanostructured channels are created for single-ion conducting polymer, which promotes polymer-
chain alignment and further guides the ion transport.  

6.2  Methods 

6.2.1 Fabrication of Vertically Aligned LLAZO Nanofibers 

Al-doped LLZO with the chemical composition of Li6.28Al0.24La3Zr2O12 was prepared as coating 

precursor. Stoichiometric amount of lithium nitrate (LiNO3), lanthanum nitrate hexahydrate 

(La(NO3)36H2O), aluminum nitrate nonahydrate (Al(NO3)39H2O), zirconium butoxide solution 

(Zr(OCH2CH2CH2CH3)4, 80 wt.% in ethanol) was dissolved in 30-ml ethanol with 15 vol.% acetic 

acid. Excess LiNO3 (15 wt.%) was added to compensate for lithium loss during the subsequent 

calcination procedure. The CNT-templates were soaked in a 2.5 mol/L LLAZO precursor solution 

for 1 h, and the multi-scale porosity existing in the porous CNT-templates enabled homogenous 

impregnation by the LLAZO precursor. Vertically aligned LLAZO nanofibers were then obtained 

by calcination of precursor-loaded CNT-templates at 850 ℃ for 2 h in air. 
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6.2.2 Fabrication of Single-ion Conducting Polymer 

Lithium (4-styrenesulfonyl) (trifluoromethanesulfonyl)imide (LiSsTFSI) monomer was first 

synthesized based on the previously reported procedures. Typically, 23.3 mmol oxalyl chloride 

and 1 mmol DMF were added in 40 mL of dry acetonitrile and stirred for 5 hours to promote the 

formation of the Vilsmeier-Haack complex. Then, 4 g of 4-styrenesulfonic acid sodium salt was 

added slowly to the solution under nitrogen atmosphere and kept stirring for 24 hours. 4-styrene 

sulfonyl chloride was obtained after removal of NaCl precipitate. In the second step, a mixture of 

58.1 mmol triethylamine, 19.4 mmol trifluoromethylsulfonamide and 2.7 g of 4-

Dimethylaminopyridine (DMAP) was first prepared and stabilized in 30 mL of dry acetonitrile. 

Then, the mixture was slowly added to the 4-styrene sulfonyl chloride solution, which was 

synthesized in the first step, and placed under vigorous magnetic stirring for 16 h. The potassium 

form of 4-styrenesulfonyl(trifluoromethylsulfonyl)imide was obtained after several purification 

processes in NaHCO3 and K2CO3. The synthesized KSsTFSI monomer was validated by 1H NMR 

(DMSO d6; 298 K): ppm 7.73 (d, 2H); 7.59 (d, 2H); 6.79 (q, 1H); 5.97 (d, 1H); 5.40 (d, 1H) and 
13C NMR (DMSO d6; 298 K): ppm 144.72; 140.12; 136.12; 126.98; 126.44; 117.15. After the ion 

exchange of KSsTFSI monomers with LiClO4, LiSsTFSI monomer was obtained. Several 

plasticized cross-linked PEGMEA-LiSsTFSI polymers were synthesized with different molar 

ratios of ethylene oxide monomer to lithium monomer ([EO]/[Li+] = 28, 24, 20, 16) to evaluate 

the optimum Li salt ratio with the highest ionic conductivity. 

6.2.3 Fabrication of Single-ion Conducting Composite Solid Electrolytes with Aligned 

Channels 

The prepolymer solution was used to fill in the empty spaces between vertically aligned LLAZO 

nanofibers. Typically, the prepolymer solution was obtained by homogeneously mixing the 

monomers (PEGDA and LiSsTFSI), cross-linker (PEGDA, 20 wt.%), thermal initiator (AIBN, 0.1 

wt.%), and plasticizer (PC, 50 wt.%). After dropping the prepolymer solution on aligned LLAZO 

nanofibers mat, the sample was allowed to be settled for 30 mins to fully immerse the empty pores 

with the solution. Then the polymerization was started by heating the sample at 80℃ for 2h. Thin 

films were obtained by cutting with lab-made microtome, and the thickness was controlled at 100 

μm. 
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6.3  Results and Discussion 

6.3.1 Characterization of Vertically Aligned LLAZO Nanofibers 

Figure 6.2a illustrates the fabrication process of vertically aligned LLAZO nanofibers using 

aligned CNT templates. The abundant and multi-scales pores in CNT templates provide excellent 

absorbency of LLAZO precursor when immersed into the solution. Additionally, the aligned CNT 

templates have strong mechanical rigidity along the direction of alignment, which ensures a stable 

morphology without structural collapse after immersing the CNT templates into the solution. 

Therefore, the aligned CNT templates work as sacrificial reservoirs to supply precursor solution, 

where LLAZO precursors are spaced in the empty channels between the aligned CNT arrays. 

During the calcination, the organic compositions of precursors decompose, while the LLAZO 

nanoparticles gradually form on CNT arrays due to the strong mechanical support. At high 

temperature, the CNT arrays are burned, resulting in an aligned LLAZO nanofibers.  

Scanning electron microscopy (SEM) is used to investigate the morphology of the aligned CNT 

templates and the aligned LLAZO nanofibers. As shown in Figure 6.2b and 6.2c, the structure 

remains unchanged after calcination, showing a high-order alignment of LLAZO nanofibers. The 

diameter of each LLAZO nanofibers (~2 μm) is slightly higher than that of CNTs, leading to some 

connections between adjacent channels. Long-range alignment (Figure 6.2d) is observed for the 

obtained LLAZO nanofibers, which greatly benefits the Li+ conduction with low-tortuosity. These 

features of the introduced aligned LLAZO nanofibers give two unique functions. First, the long-

range alignment of garnet phase supports the ultrafast and low-tortuous Li+ conduction pathways 

through the LLAZO nanofibers. Second, the high-order alignment provides additional reservoir 

channels for the following polymer content, which helps align the polymer chain and facilitate the 

Li+ condition in polymer phase. Energy-dispersive X-ray spectroscopy (EDX) is carried to 

characterize the distribution of each element for aligned LLAZO nanofibers. As illustrated in 

Figure 6.2e, the evenly distributed signals are observed for La, Zr, O, and Al elements, indicating 

a complete and uniform infiltration of LLAZO precursor. X-ray diffraction (XRD) is employed to 

identify the crystal phase of the aligned LLAZO nanofibers (Figure 6.3). All characteristic peaks 

of cubic LLZO phase can be indexed with the XRD spectra of aligned LLAZO nanofibers, and the 

relative intensity is also identical to the standard profile. Minor peak shifts are found at higher 

angles due to the aluminum (Al) doping and variations in Li concentration.245 
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Figure 6. 2 (a) Schematic of vertically aligned LLAZO nanofibers fabrication through aligned 
CNT templates. SEM images of (b) vertically aligned CNT template and (c-d) vertically aligned 
LLAZO nanofibers. (e) EDX mapping of La, Zr, O, and Al elements.  
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Figure 6. 3 XRD spectra of aligned LLAZO nanofibers. 

6.3.2 Characterization of Single-ion Conducting Polymer 

Figure 6.4 shows the synthesis procedure of cross-linked lithium (4-styrenesulfonyl) 

(trifluoromethanesulfonyl)imide-co-poly(ethylene glycol) methyl ether acrylate polymer 

electrolyte (LiSsTFSI-PEGMEA CLP). LiSsTFSI monomer is synthesized based on the 

procedures developed previously.243 Acrylate-based PEO monomer (PEGMEA) is selected 

because the atactic methacrylate backbones greatly suppress the tendency of PEO to crystallize 

due to the formation of interconnected “cages” that spatially besiege the PEO molecules.175,247,248 

In cross-linked LiSsTFSI-PEGMEA polymer, the majority of Li+ is absorbed and conducted by 

the branched PEO side chains. Poly(ethylene glycol) dimethyl acrylate (PEGDA) is used in low 

content (20 wt.%) to provide oligoethylene oxide pendants that connect the branched copolymer 

in network, giving a strong mechanical support and also facilitating the Li+ transport by swinging 

freely like springs. As shown in Figure 6.5a and 6.5b, the characteristic peak (812, 986 cm-1) for 

vinyl groups (C=C) in the monomers disappear in the IR spectra of the LiSsTFSI-PEGMEA CLPs, 

indicating the total conversion of LiSsTFSI and PEGMEA monomers.249 Additionally, a unique 

peak appears at 1324 cm-1 for three selected LiSsTFSI-PEGMEA CLPs (Figure 6.5c), which 

represents the sulfone group in lithium monomers.36,243 The increasing intensity of sulfone peak 
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validates the relatively increase lithium monomer content in LiSsTFSI-PEGMEA CLPs. The ionic 

conductivities are demonstrated with electrochemical impedance spectroscopy (EIS) and plotted 

as Arrhenius equation in Figure 6.6a. Among all selected [EO]:[Li+] ratios, LiSsTFSI-PEGMEA 

CLP with [EO]:[Li+] ratio of 20:1 gives the highest ionic conductivity of 4.6×10-6 S cm-1 at room 

temperature. The ionic conductivity increases first with increase in LiSsTFSI content (Figure 

6.6b), reaching its maximum at 20:1 ([EO]:[Li+]) ratio due to the increased concentration of charge 

carriers in the polymer electrolyte. However, subsequent growth of LiSsTFSI content results in 

decreased ionic conductivities, which might be because of the aggregation in ion clusters or 

reduced flexibility of polymer chains owing to a higher content of hard anionic block.36 Since the 

ionic conductivity of synthesized SPE has not reached 10-5 S cm-1 at room temperature, further 

improvement in polymer structure is necessary to enable a reasonable cycling performance in 

solid-state Li batteries. Adding plasticizers, such as ionic liquids or low-molecular-weight 

oligomers have been proven to have significant influence on ion conduction in solid polymers.130-

132 These low-molecular-weight chains can greatly decrease the glass transition temperature (Tg), 

which enhances the mobility of polymer chains and facilitates the segmental motions. Propylene 

carbonate (PC) is selected as the plasticizer due to the relative high chemical stability and excellent 

permeability with sulfonyl-based lithium salt. A weighed amount of PC (50 wt.%) is added in the 

prepolymer solution, and the as-prepared plasticized sample is denoted as LiSsTFSI-PEGDA-

50PC. As shown in Figure 6.7, it can be clearly seen that adding plasticizer greatly enhances the 

ionic conductivity of the PEGMEA-LiSsTFSI SPE. At room temperature, the ionic conductivity 

is improved by one order of magnitude, reaching at 6.1×10-5 S cm-1. Further increase in the amount 

of PC plasticizer may still gently improve the ionic conductivity but could scarify the mechanical 

rigidity of polymer membrane. High mechanical rigidity is important here to provide a strong 

reinforcement toward the aligned LLAZO nanofibers. Dynamic mechanical analysis (DMA) tests 

are conducted to determine the glass transition temperatures and mechanical strength of the pristine 

and the plasticized LiSsTFSI-PEGMEA CLPs (Figure 6.8). Two common temperature domains 

can be observed for the storage modulus, where the polymer film is in the glassy state followed 

byα relaxation. The initial storage modulus E′ slightly decreases until approximate -30 and -50 ˚C 

for LiSsTFSI-PEGMEA and LiSsTFSI-PEGMEA-50PC, respectively. Then the strong decay of 

E′ is observed during the α relaxation, where tan δ displayed the maximum corresponding to the 

glass transition temperature of polymer films. As calculated, LiSsTFSI-PEGMEA and LiSsTFSI-
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PEGMEA-50PC have Tg of 0 and -30 ˚C, respectively. The huge decrease in Tg after plasticizing 

with PC demonstrates the increase in free volume and ion mobility, which is attributed to the huge 

enhancement found previously in ionic conductivities. Note that, the value of storage modulus E′ 

of LiSsTFSI-PEGMEA-50PC (~2500 MPa) is similar to that of LiSsTFSI-PEGMEA (~2400 

MPa). Therefore, adding 50 wt.% PC plasticizer has negligible negative effects on mechanical 

rigidity of LiSsTFSI-PEGMEA SIC polymer, but dramatic improvement in Li+ conduction. 

 

Figure 6. 4 Schematic of synthetic procedures of single-ion conducting polymer. 
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Figure 6. 5 FTIR spectra of the synthesized PEGDA-LiSsTFSI with selected [EO]:[Li+] ratios: (a) 
and (b) enlarged area at peaks of vinyl groups, and (c) enlarged area at peak of sulfone group. 
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Figure 6. 6 (a) Arrhenius plots of ionic conductivities of pristine single-ion conducting polymers 
with different [EO]:[Li+] molar ratios, and (b) Ionic conductivities of PEGDA-LiSsTFSI SPEs 
with different [EO]:[Li+] ratios (16:1, 20:1, 24:1, and 28:1). 

 

Figure 6. 7 Arrhenius plots of ionic conductivities of pristine and plasticized single-ion conducting 
polymer with the optimum [EO]:[Li+] ratio of 20:1. 
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Figure 6. 8 DMA spectra of storage modulus, loss modulus, and tan delta of (a) PEGMEA-
LiSsTFSI and (b) PEGMEA-LiSsTFSI-50PC. 

6.3.3 Characterization of Single-ion Conducting Composite Solid Electrolyte 

Once the optimum composition of single-ion conducting polymer was identified, single-ion 

conducting composite solid electrolyte (SICCSE) was fabricated by infiltration of prepolymer 

solution in vertically aligned LLAZO nanofibers (Figure 6.9), and the resulted sample is denoted 

as v-LLAZO-SICCSE. As illustrated, the high-order alignment of LLAZO nanofibers provides 

another vertical reservoir channels for polymer content, which also benefits the Li+  conduction in 

polymer phase. Figure 6.10a shows the cross-sectional SEM image of v-LLAZO-SICCSE. The 

thickness of v-LLAZO-SICCSE is controlled precisely at 100 μm by lab-made microtome. In 

addition to a clear vertical distribution of La, Zr, O elements (Figure 6.10b), the EDX mapping of 

C element suggests the uniform distribution of SIC polymer at the adjacent LLAZO channels. 

Moreover, the polymer content also shows a vertical alignment in nanostructured channels. The 

ionic conductivity of v-LLAZO-SICCSE is characterized and showed in Figure 6.11a. At room 

temperature, v-LLAZO-SICCSE achieved dramatically higher ionic conductivity of 3.1×10-4 S 

cm-1, which is nearly another order of magnitude higher than that of plasticized SIC polymer 

(LiSsTFSI-PEGMEA-50PC). The further improvement in the ionic conductivity can be attributed 

in the following reasons: i) the vertically aligned LLAZO nanofibers provide intrinsic Li+ 

conduction for v-LLAZO-SICCSE along the well-connected LLAZO garnet phase, ii) vertically 

aligned polymer channels increase the diffusion constant of polymer chains, where Li+ finds the 
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best diffusion path along the alignment direction, and iii) the continuous structure of LLAZO 

nanofibers with high-order alignment gives well-defined garnet-polymer interfaces to pronounce 

the overall ionic conductance. For comparison, traditional filler-dispersed composite solid 

electrolyte is fabricated and denoted as r-LLAZO-SICCSE (randomly dispersed filler). As shown 

in Figure 4c, the ionic conductivity of r-LLAZO-SICCSE is only 8.8×10-5 S cm-1, which is 

comparable with that of bare LiSsTFSI-PEGMEA-50PC SIC polymer. The huge difference in 

ionic conductivities of SICCSEs with different filler alignments demonstrate the importance of 

aligned channels within the composite structure, which enhance Li+ conduction in both garnet 

phase and polymer phase. 

 

Figure 6. 9 Schematic of fabrication of single-ion conducting composite solid electrolyte with 
aligned LLAZO nanofibers. 
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Figure 6. 10 (a) Cross-sectional SEM image of v-LLAZO-SICCSE and (b) EDX mapping of C, 
La, Zr, and O elements). 

 

Figure 6. 11 (a) Arrhenius plots of ionic conductivities of v-LLAZO (vertical) and r-LLAZO 
(random) SICCSEs and (b) DC polarization curve of v-LLAZO SICCSE (inset: EIS spectra before 
and after polarization). 

In addition to ionic conductivity, the lithium transference number (tLi+) of solid electrolyte is 

critically important for supporting a stable cycle life for solid-state Li batteries. With low tLi+, both 

cations and anions are mobilized during the cycling. However, only Li+ is useful for providing 

electrochemical reactions. These mobilized anions are blocked and accumulated at the electrode 

interface, causing a significant concentration gradient that reduces the Li+ mobility and leads to 

poor performance of the cell, such as voltage loss, high internal impedance, and undesirable 

reactions.243,250 Here, the tLi+ of v-LLAZO-SICCSE is o investigated by conducting 

chronoamperometry test on symmetric lithium cells with an applied DC voltage of 10 mV. EIS is 
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performed both before and after the polarization with the frequency ranging from 1 MHz to 1 Hz. 

The tLi+ value is calculated by Bruce’s equation:  

 𝑡 =
(∆ )

(∆ )
                                                              (1) 

where ∆𝑉 is the polarization voltage, 𝐼  the initial current, 𝐼  the steady state current, 𝑅  the initial 

total resistance, and 𝑅  the steady-state total resistance.251 As shown in Figure 6.11b, tLi+ of v-

LLAZO-SICCSE is as high as 0.85, which is approaching unity. Possible reasons keeping  tLi+ less 

than unity may be explained as follows: (1) anions are attached to the main polymer chain by a 

flexible spacer that likely allows for short-range motion of negative charges, and (2) impurities 

and additional negative charges may arise from Li monomer synthesis and/or cell fabrication. In 

addition, linear sweep voltammetry (LSV) is carried out to test the electrochemical stability of v-

LLAZO-SICCSE at a scan rate of 10 mV s-1. Stainless steel is used as the working electrode while 

lithium foil is used as the counter and reference electrodes. As shown in Figure 6.12, the stability 

window of v-LLAZO-SICCSE is between 1.1 to 4.7V vs Li/Li+. The lower oxidation limit of PEO 

based polymer (PEGMEA) is attributed to the low oxidation stability window of v-LLAZO-

SICCSE. However, this electrochemical stability ranged from 1.1 to 4.7 V vs Li/Li+ is still 

satisfactory for most Li-ion battery applications. As a proof-of-concept, symmetric Li|v-LLAZO 

SICCSE|Li cells are assembled to mimic a charging and discharging operation in lithium metal 

batteries. The cell is periodically charged and discharged for 30 min at a constant current density 

at room temperature for Li stripping and plating test. Figure 6.13 shows the time-dependent voltage 

profiles of the symmetric Li cell with v-LLAZO SICCSE. The cell exhibits stable voltage response 

at 60 mV with slight fluctuations. At higher current densities of 0.1 and 0.2 mA cm-2, the 

overpotentials still remain low at 138 and 252 mV, respectively. This smooth Li striping/plating 

process confirms stable interfacial properties between Li metal, and the introduced v-LLAZO 

SICCSE can enable fast and stable ion transport. Additionally, the long-term (>500h) cycling 

stability without short-circuiting suggests the excellent mechanical flexibility of v-LLAZO 

SICCSE after reinforced by robust polymer content. 
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Figure 6. 12 Linear sweep voltammetry of v-LLAZO-SICCSE. 

 

Figure 6. 13 Voltage profiles of symmetric Li cell assembled with v-LLAZO-SICCSE, cycling at 
various current densities (0.05-0.2 mA cm-2). 

6.4  Conclusion 

In summary, a single-ion conducting composite solid electrolyte with aligned LLAZO nanofibers 

(v-LLAZO-SICCSE) is reported for the first time. Benefiting from the ultrafast and low-tortuous 

conduction channels created within the structure, the ionic conductivity of v-LLAZO-SICCSE 

shows significant improvement compared to that of composite solid electrolyte with randomly 
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dispersed LLAZO nanofibers. Single-ion conducting polymer is designed with immobilized 

anions and served as a reinforcement for aligned LLAZO nanofibers. Long-range and high-order 

alignment is achieved for LLAZO nanofibers, which supports the enhancement of ion diffusion of 

polymer chains. These structural merits in combination with intrinsic highly-conductive garnet 

channels, low-tortuous polymer channels, and well-percolated garnet/polymer interfaces support 

the excellent electrochemical performance in ionic conductivity, lithium transference number, and 

cycling stability. This study provides a model for designing advanced composite solid electrolytes 

with low-tortuosity structure and superior electrochemical properties. 
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CHAPTER 7: Recommended Future Work 

Many studies have been introduced in last decades on composite solid electrolytes by incorporating 

inorganic fillers into polymer electrolyte systems (PEO, PAN, PVDF, etc.). Incorporation of 

inorganic fillers (active or passive fillers) into polymer electrolytes not only leads to improved 

ionic conductivity but also supports the mechanical strength and stability of the solid-state polymer 

electrolytes. In this dissertation, advancement in the chemical and structural designs of composite 

solid electrolytes is introduced to address the fundamental problems of poor electrochemical 

properties. We explored a series of materials and novel structures for all-solid-state Li batteries 

from intercalation-type electrodes to conversion-type electrodes, which are essential for the rapid 

development of all-solid-state batteries in the field of research and industrialization. 

In future studies, the conduction mechanism should be further studied in different types of polymer 

matrix and inorganic filler. Novel composite solid electrolyte designs based on the deep 

understanding of conduction mechanisms can significantly enlarge the benefits of active filler and 

result in higher ionic conductivity and better electrochemical stability. Easy production process 

and low-cost materials should be introduced for successful implementation of all-solid-state 

lithium batteries in large-scale industrial applications. Here, we provide some future perspectives 

based on our understanding on current requirements of composite solid electrolyte technology. 

 Further fundamental understanding of conduction mechanism in various composite solid 

electrolytes with different types of organic polymer matrix and inorganic filler is required. 

Both experimental and theoretical calculation approaches are necessary to understand the 

performance of materials and have better design of composite electrolytes and battery 

systems. 

 The current ionic conductivities of composite solid electrolytes are in the range of 10-5-10-

4 S cm-1. Further increase in the ionic conductivity of solid electrolytes to achieve 

comparable ionic conductivity with liquid electrolytes (10-3-10-2 S cm-1) is critical to 

maximize the performance of solid-state batteries. Developing novel polymer matrix with 

higher ionic conductivity and stronger interactions with inorganic filler are the possible 

research directions. 
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 Optimizing the electrolyte structures and compositions in composite solid electrolytes. 

Forming a percolated network with maximized interphase volume between polymer and 

filler is required to prevent the agglomeration effect and take full advantages of active 

fillers. Owing to the benefits of inorganic Li-conductors, composite solid electrolytes with 

high content of inorganic structures should demonstrate higher conductivity, higher 

electrochemical stability, and higher cycling stability. 

 Optimizing the interphase between the solid electrolytes and the electrodes. Long and 

tortuous ion pathway greatly inhibits the utilization of active materials in solid-state Li 

batteries. Reduced internal and interfacial resistance in cathode and electrolyte/electrode 

interphase could greatly enhance the cycling-performance and rate-capability of solid-state 

Li batteries, leading to higher energy densities. 

 Optimizing the battery design and operation to reduce the manufacturing costs by using 

monolithic or symmetric cell configurations. Easy process and low-cost materials are 

favored in large-scale manufacturing. Advanced fabrication approaches can be utilized to 

achieve optimal micro-batteries and flexible devices. 
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