
ABSTRACT 
 

CHENG, HUI. Nanofiber-reinforced Quasi-solid-state Polymer Electrolyte Design for Room-
temperature, High-performance Li Metal Batteries (Under the direction of Dr. Xiangwu Zhang). 
 
Compared with today’s Li-ion batteries, Li-metal batteries can potentially provide higher 

capacity and larger operating voltage, thus delivering higher energy density while remaining 

lightweight, which are extremely promising to satisfy the ever-growing demands for portable 

electronic devices, electric vehicles and grid-energy storage systems. The development of 

polymer electrolytes is off great important in replacing the liquid electrolyte for advanced Li-

metal battery due to their high mechanical strength and flexibility, good interfacial contact with 

the electrodes and non-flammability, which can help to overcome the dramatic volume variation 

and suppress the lithium dendrite formation during cycling. However, the ionic conductivities of 

polymer electrolytes are usually low (~ 10-6 S cm-1) at room temperature, which hinders their 

application in practical Li-metal batteries. Thus, in order to improve the Li ion conductance, 

organic plasticizers or inorganic fillers are introduced to the polymer system to increase the 

amorphous region or promote extra Li ion conductive pathway for faster and more effective ion 

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

polymer electrolytes with additives are summarized. The contributions and possible mechanisms 

of organic plasticizer and inorganic active fillers to the ionic conductivity, mechanical properties, 

and electrochemical stability of the polymer electrolytes are profoundly explored. Polymer 

electrolytes with different designs and fabrication exhibit superior electrochemical properties for 

various Li battery systems including Li-metal and Li-sulfur batteries. 

To obtain the improved the ionic conductivity and sufficient mechanical strength for effective Li 

ion conductance and suppressed Li dendrite formation within Li batteries, modified polymer 

electrolytes are designed and manufactured. Initially, research is mainly concentrated on polymer 



matrix to reach to better Li-ion transportation. We have chemically synthesized the Li monomer 

to fabricate single-ion conducting polymer electrolyte, where charge delocalized anions are 

covalently bonded along the polymer backbone and only Li ions are allowed to migrate during 

charging-discharging process. The effects of introduced plasticizer and electrospun nanofibrous 

membrane for the resultant single-ion conducting polymer electrolyte have been investigated. 

Later, a novel single-ion conducting composite polymer electrolyte by embedding inorganic 

active fillers and reducing the amount of plasticizer was studied. By optimizing the content of 

inorganic Li-ion conductors with uniform distribution, the overall electrochemical stabilities of 

single-ion conducting polymer electrolyte are dramatically improved. After that, in order to 

maintain an interconnected interface between cathode-electrolyte and protect Li anode from 

dendrites formation, two thin composite polymer electrolyte membranes were created by directly 

coating on the electrodes. In short, several promising designs of polymer electrolytes are 

specified, excellent electrochemical and cycling performances of these novel polymer 

electrolytes are accomplished when applied in all-solid-state Li batteries. 

In summary, a general strategy in addressing the multiple issues for all-solid-state Li-metal 

batteries is presented in this dissertation based on chemical and structural designs of polymer 

electrolytes, which are necessary for the ever-accelerating development and practical application 

of solid electrolytes toward all-solid-state Li batteries in the field of research and 

industrialization.   
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mapping of S element; (c) SEM image of cycled Li metal anode from Li|CPE-0|S cell with (d) 

EDAX mapping of S element; (e) SEM image of cycled Li metal anode from Li|CPE-2|S cell 

with (f) EDAX mapping of S element. .......................................... Error! Bookmark not defined. 
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CHAPTER 1: OVERVIEW OF SOLID POLYMER ELECTROLYTES 

 

1.1 Introduction of solid-state electrolyte 

Rechargeable lithium-ion batteries (LIBs) were first introduced into the commercial market by 

Sony in the early 1990s and are considered the most significant achievement in the development 

of electrochemical energy storage technologies. [1-3] In conventional LIBs, liquid electrolytes 

composed of lithium salts (e.g., LiPF6) dissolved in a mixture of carbonate-based organic 

solvents (e.g., EC, DMC, and EMC) are usually employed with separators (e.g., PP and PE) for 

lithium-ion transportation between the cathode and anode. [1, 4, 5] However, detrimental 

impacts have been aroused by applying organic liquid electrolytes and separators, which further 

hinder the future development of advanced LIBs. On the one hand, the highly volatile, 

flammable and easy-leaking organic solvent-based liquid electrolytes can lead to severe safety 

concerns like fire and explosion, which limit the long-term durability of LIBs, causing higher 

cost and requirements on packaging and state-of-charge monitoring circuits. [2, 6, 7] On the 

other hand, with rapidly increasing requirements for portable electronic devices, electric and 

hybrid vehicles, current commercial liquid-state LIBs are insufficient to fulfill future demands 

due to their limited power and energy densities, inadequate safety, poor inadequate lifespan, and 

high cost. [8-11]  

Recently, enormous research has been shifted to lithium metal batteries based on high-voltage 

cathode materials and highly active lithium metal. Lithium metal is regarded as one of the most 

promising anode candidates for next-generation energy storage systems owing to the high 

theoretical specific capacity (3860 mA h g-1), low density (0.59 g cm-3), and the lowest redox 

potential (- 3.04 V vs. standard hydrogen electrode). [12-14] Conventional organic liquid 
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electrolytes are usually electrochemical instable at high voltage, and decomposition of lithium 

salts and side reactions between liquid electrolytes and Li anode could generate unstable solid 

electrolyte interface (SEI), leading to decreasing Coulombic efficiency and irreversible capacity 

loss. [4] Moreover, uncontrolled Li dendrites formation due to uneven lithium ions deposition on 

the surface of Li metal during charging process can pierce the separator upon cycling and 

eventually cause catastrophic battery failure. [9, 15] Therefore, replacement of organic liquid 

electrolytes and separators with solid-state electrolytes in lithium metal batteries  will not only 

help to overcome the persistent problems of current liquid-state batteries, but also offer 

possibilities for developing safer, long-term and high-performance lithium metal batteries with 

using high-voltage cathode materials and Li metal anode. [10] In general, solid-state electrolytes 

used in rechargeable batteries are classified into inorganic solid ceramic electrolytes and organic 

solid polymer electrolytes. [7, 16, 17] This thesis mainly focuses on organic solid polymer 

electrolytes. 

 

1.2 Development of organic solid polymer electrolytes 

The development of organic solid polymer electrolytes can be traced back to 1973, when P.V. 

Wright et al. discovered the ionic conducting capability of complexes formed by semi-crystalline 

poly(ethylene oxide) (PEO) and certain common alkali salts (e.g., NaI) in the absence of liquid 

solvent. [1, 18, 19] Later, M. Armand explored that the ionic conductivity of polymer electrolytes 

was related to the amorphous phases of the PEO/salt systems, where ionic conductivity can be 

improved by suppressing the crystallinity of polymer system. [20] After that, increasing attention 

has been aroused on solid polymer electrolyte development and targeting their use in 

electrochemical applications, especially LIBs, owing to their high safety, good processability, 
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excellent flexibility and enhanced mechanical compliance with the electrodes. [7, 21, 22] 

Currently, solid polymer electrolytes can be divided into two categories, including conventional 

dual-ion conducting polymer electrolytes and novel single-ion conducting polymer electrolytes 

(SIPEs). 

Conventional polymer electrolytes, consisting of a polymer solid matrix (e.g., polyethylene oxide 

(PEO), polyacrylonitrile (PAN), polyvinylidene fluoride (PVDF)) with alkali metal salts (e.g., 

LiTFSI, LiPF6, LiClO4, LiBF4, LiCF3SO3), are usually dual ion conductors, in which both Li+ 

cations and their counter anions migrate during the charging/discharging process. [23-28] 

Unfortunately, the overall conductivity is predominated by the motion of counter anions, which 

have a 4 times greater mobility than Li+ cations. This results in lithium-ion transference numbers 

(tLi+) of lower than 0.5 for dual-ion polymer electrolyte systems. [29] As a result, a severe 

concentration polarization effect is generated due to the accumulation/depletion of salt near the 

electrodes during battery operation, which brings higher internal impedance and subsequent cell 

failure. In an effort to enhance tLi+, SIPEs were fabricated by anchoring charge delocalized 

anions on a polymeric backbone, as side chains of a crosslinked system. The immobilization of 

the anions on the polymer backbone means that only Li+ cations moving between the cathode 

and anode, with tLi+ close to unity. [1, 30] However, immobilizing the anions typically results in 

large decreases in the ionic conductivity of the SIPE system owing to the strong ion pairing 

between Li ions and anions. [7, 30] It is reported that the highest bulk ionic conductivity of a 

typical dry SIPE is approximately 10−5 S cm−1 at 60 °C, which is nearly three orders of 

magnitude lower than that of a standard liquid electrolyte at room temperature. [31-33] Thus, 

plasticizers of cyclic carbonates with high dielectric constant and flash point, or inorganic 

ceramic fillers are often introduced to improve the ionic conductivity of SIPEs for high-
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performance lithium batteries.  

 

1.2.1 Lithium-ion transference number 

SIPEs, which can be fabricated by anchoring charge delocalized anions as side chains on 

polymeric backbones, can avoid the problems of severe concentration polarization effect 

happened in binary electrolyte systems for Li batteries. In previous work, conventional polymer 

electrolytes employing lithium salts are usually dual-ion conductors, in which both Li+ cations 

and their counter anions migrate during the charging/discharging process. Thus, the lithium-ion 

transference number for a binary salt electrolyte is simply defined as the fraction of the ionic 

conductivity that is carried by lithium ions compared with the total ionic conductivity carried by 

both lithium ions and their counter ions, and can be calculated by:  

t!"! = D# (D$ + D#)⁄                                                        (1.1) 

where t!"!is the lithium-ion transference number, D#is the lithium-ion diffusion coefficient, and 

D$is the anion diffusion coefficient. [29] It is obvious that tLi+ is highly related to the diffusion of 

lithium ions and counter anions. However, the overall conductivity of dual-ion polymer 

electrolytes is predominated by the motion of counter anions that have greater mobility than 

lithium cations. This happens due to the strong preferential solvation of lithium ions over their 

counter anions, leading to a bulkier solvation shell around lithium ions compared to typical 

counter anions. [34] Therefore, lithium-ion transference numbers of binary polymer electrolyte 

systems are undesirably low, always lower than 0.5, typically ranging from 0.1 to 0.4 in real 

applications. [35, 36] As a result, a severe concentration polarization effect is generated because 

anions migrate in the opposite direction of the lithium ions and eventually accumulate on the 

electrode surface, which brings higher internal impedance, decreased energy density and lower 
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charging rates. [1, 37] Moreover, according to Chazalviel’s space-charge theory in 1990, an 

electric field could be induced near the Li anode region due to concentration polarization, which 

will cause uneven distribution of lithium-ion flux and lead to growth of lithium dendrites. [38, 

39] In contrast, SIPEs with immobilized anions along polymer backbones can maintain high 

lithium-ion transference numbers, which is desirable for advanced Li metal batteries. It has been 

demonstrated by Monroe and Newman’s simulations in 1994 that no concentration gradients 

occurred in polymer electrolyte systems with a unity tLi+, in which the utilization of active 

electrode materials could remain near 100%, even at relatively high current density, further 

improving the energy and peak-power densities for these batteries. [1, 39] 

 

1.2.2 Polymer matrices 

1.2.2.1 Lithium monomers  

In a polymerized SIPE system, anions from the organic lithium monomer are usually covalently 

bonded on the polymer backbone as side chains in order to obtain a near-unity lithium-ion 

transference number. Therefore, the chemical group selection for better degree of negative charge 

distribution of anions is of great importance for high Li+ cation dissociation in a polymer system. 

It is reported that enlarging the conjugation structure of organic anions or attaching strong 

electron-withdrawing groups adjacent to the anionic units can enhance delocalization of negative 

charges and minimize the anion/cation dissociation energy barrier. [40, 41] In 1995, Armand et 

al. demonstrated that employment of a strong electron-withdrawing group perfluorinated alkyl 

(RF–) instead of the common hydrocarbon alkyl (R–) group in the R–SO2– based anions could 

dramatically reduce the anion/cation interaction strength and increase the degree of Li+ cation 

dissociation, further improving the ionic conductivity of SIPEs. [42, 43] In this part of thesis, 
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three types of commonly-used organic lithium monomers are discussed based on the different 

anion structures, including carboxylate (–CO2–), sulfonate (–SO3–), and sulfonylimide (–

SO2N(–)SO2–). 

Carboxylate anions as the counterpart of the Li+ cations have first been investigated in 1980s, 

where a homopolymer of organic lithium monomer was synthesized by Tsuchida et al. with three 

main chemically functional moieties: a flexible carbon main chain, an oligo(oxyethylene) matrix 

for fast ion conduction and a carrier source for Li+ cation (Figure 1.1a). [44] However, the 

conductivity of this organic lithium homopolymer was extremely low, around 3.2 × 10-9 S cm-1 at 

30 °C, and it was improved to 2 × 10-7 S cm-1 by increasing the segmental motion of the polymer 

matrix through the copolymerization of oligo(oxyethylene) methacrylate (MEO7) with the 

organic lithium monomer. Recently, Zhou et al. reported a novel hyperbranched SIPE with 

poly(ethylene glycol)9 (PEG) segments and carboxylate groups (Figure 1.1b), which provided a 

relatively high ionic conductivity of 1.2 × 10−4 S cm−1 at 85 °C with a superior lithium-ion 

transference number of 0.86. [45] This polymer system not only possessed a low glass transition 

temperature (below 0 °C) to enable a large number of ion-conductible amorphous regions, but 

also accommodated plenty of alternating coordination anions and PEG segments in the 

molecules to synergistically accelerate the transportation of lithium ions, exhibiting a high 

potential of applying organic lithium monomers with carboxylate groups as the cation source of 

SIPEs for Li metal batteries. 

Compared with the carboxylate anions, the sulfonate groups show higher degree of negative 

charge delocalization and thus lower interaction strength with Li-ions. [1, 46] Increasing efforts 

have been devoted to developing sulfonate-based SIPEs for high-performance all-solid-state Li 

batteries. In the early 1990s, Zhang et al. developed a blend polymer electrolyte composed of a 
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lithium polymer with hydrocarbon alkyl sulfonate (Figure 1.1c) and a polyethylene oxide 

(PEO)-based polymer, which showed a low ionic conductivity of 1.8 × 10-7 S cm-1 at room 

temperature with a relatively high glass transition temperature range of 245 to 265 °C. [47] After 

the introduction of polar acrylonitrile (AN) group into the molecular chains of the blend polymer 

electrolyte, the ionic conductivity was further improved to 1.1 × 10-6 S cm-1 due to the enhanced 

polarity of polymer matrix for the dissociation of the Li+ cation, and relieved crystallization of 

oligoether sidechain for higher Li+ ion transportation. Furthermore, as shown in Figure 1.1d, a 

new type of SIPE of poly(hexafluorobutyl methacrylate-co-lithium allyl sulfonate) (P (HFMA-

co-ASLi)) was first prepared and followed with soaking in the organic plasticizer solution of 

ethylene carbonate (EC)/propylene carbonate (PC). [40] At the presence of strong electron-

withdrawing fluorine units in polymer matrix, a high lithium ionic conductivity of 10-4 S cm-1 

can be reached at 80 °C with excellent cycling performance at high temperature, which could be 

attributed to the good thermal stability, high mechanical properties and high lithium-ion 

transference number of this novel type of SIPEs. 

Another important member of anions for organic lithium monomers, sulfonylimide anions, has 

raised enormous attention in the development of SIPEs due to their expanded conjugated 

structure, which can delocalize the negative charges in a relatively efficient manner and hence 

decrease the binding energy with Li-ions. [48-50] In 1986, Armand initially applied lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI, Figure 1.1e), a binary lithium salt with 

sulfonylimide anion, into solid polymer electrolyte for Li batteries due to its highly delocalized 

negative charge over to a large conjugate structure, together with a very flexible chemical 

structure responsible for good plasticizing ability for the polymer matrix. [51] After the 

recognition of good chemical and electrochemical properties of LiTFSI in liquid and polymer 
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electrolytes, trifluoromethanesulfonamide anion was successfully introduced into various 

synthesized organic lithium monomers for the development of high-performance SIPEs. [32, 52-

54] Since 2011, Armand and co-workers have fabricated and characterized the lithium poly(4-

styrenesulfonyl(trifluoromethylsulfonyl)imide) (PLiSTFSI, Figure 1.1f), and reported a variety 

of novel blend and copolymer SIPEs based on the monomer of lithium (4-

styrenesulfonyl(trifluoromethylsulfonyl)imide) (LiSTFSI) as the cation source. [32, 49, 55] 

Figure 1.1g shows the SIPE structure polymerized by improved organic lithium monomer with a 

more delocalized anionic structure by replacing an =O group in the SO3Li structure of LiSTFSI 

by a strong electron-withdrawing group of =NSO2CF3, and achieved a Li-ion conductivity as 

high as 1.35 × 10-4 S cm-1 at 90 °C when blending with PEO as SIPEs. [56] 

 

Figure 1.1 Chemical structures of single-ion conducting polymer electrolytes: (a) and (b) with 

carboxylate anions, [45] (c) and (d) with sulfonate anions, (f) and (g) with the sulfonylimide 

anions, and (e) chemical structure of LiTFSI.  
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1.2.2.2 Polymer backbones  

As mentioned above, the chemical structure of lithium-ion conducting monomers plays an 

important role in determining the activation energy required for Li+ cation dissociation. 

Meanwhile, the polymer backbone architecture also has great effect on the dissociation and 

transportation of Li+ ions, as well as the overall mechanical performance and thermal stability of 

SIPEs. [32, 54]  

SIPEs are derived from the development of polymer electrolytes composed of organic polymer 

matrices and binary lithium salts, which initially occurred in 1973 when Wright et al. found PEO 

containing alkali-metal salts could provide notable ionic conductivity. [18] Since then, various 

PEO-based polymer electrolytes have been extensively explored and developed due to their 

decent Li+ cation dissociation ability, good mechanical properties, and good compatibility with 

electrodes. As shown in Figure 1.2a, the repeat unit of PEO molecular chain is –CH2–CH2–O–, 

which exhibits strong donor nature and allows lithium-ion complexion with low dissociation 

barrier. Figure 1.2b illustrates the Li+ ion transportation facilitated by the segmental motion of 

the PEO backbone where Li+ ions coordinated with ether oxygen atoms can migrate from one 

coordination site to another with the assistance of the PEO segmental motion, thereby realizing 

the conduction of Li+ ions under the action of an electric field. [3, 57]  

However, since PEO is a semi-crystalline polymer at room temperature and the segmental 

motion in the crystalline region is very limited so that the ionic conduction of PEO-based 

polymer electrolytes mainly occurs in the amorphous region, resulting in insufficient ion 

dynamics for Li+ ion transportation and a low ionic conductivity of about 10-8 - 10-6 S cm-1 at 

room temperature. [3, 58] It is generally agreed that decreasing the crystallinity of polymer 

matrix or increasing the working temperature above the melting temperature (Tm) for fast main-



   

10 
 

chain segmental movements can dramatically enhance the ionic transport in PEO-based polymer 

electrolytes. [59] Oligomeric polyester-based liquid polymers with different molecular weights, 

such as poly(ethylene glycol) dimethacrylate (PEGDMA, Figure 1.2c) and poly(ethylene glycol) 

methyl ether acrylate (PEGMEA, Figure 1.2d), and ester-based liquid monomers, such as 

pentaerythritol tetrakis(3-mercaptopropionate) (PETMP, Figure 1.2e) and pentaerythritol 

tetraacrylate (PETA, Figure 1.2f), have been widely applied as the polymer backbone in polymer 

electrolytes, especially in SIPE systems because they can directly polymerize with organic 

lithium monomers to form crosslinked or copolymerized SIPEs. [60-64]  

 

Figure 1.2 (a) Chemical structure of PEO; (b) Schematic of the segmental motion assisted 

diffusion of Li+ in the PEO matrix, the circles represent the ether oxygens of PEO; [57] Chemical 

structure of polyether-based liquid polymers (c) PEGDMA and (d) PEGMEA, ester-based liquid 

monomers (e) PETMP and (f) PETA. 

 

It is known that crosslinking is an approach to simply linking one polymer chain to another 

through a covalent bond. Compared to homopolymerization or copolymerization, polymerization 

by crosslinking can increase dynamic storage modulus of polymer electrolytes and, at the same 

time, improve thermal stability and tensile strength. [7] As shown in Figure 1.3, Meng and co-

workers developed a novel SIPE by directly polymerizing the monomer of LiSTFSI, crosslinkers 
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of PETMP and PETA into a crosslinked network structure within a polypropylene nonwoven 

fabric as supporting membrane by a photo-initiated thiol-ene click reaction. [64] The crosslinked 

SIPE presented a superior ionic conductivity of 0.84 mS cm-1 at room temperature and a near-

unity lithium-ion transference number of 0.93 after solvent soaking process. 

 

Figure 1.3 Schematic illustration of the synthetic process of SIPE membrane by crosslinking the 

monomer of LiSTFSI, PTMP and PETA within a PP nonwoven fabric supporting membrane by a 

photo-initiated thiol-ene click reaction. [64] 
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1.3 Additives  

1.3.1 Organic plasticizers  

The high lithium-ion transference number of SIPEs is realized by immobilized the anions. 

However, immobilizing the anions typically results in dramatically reduced ionic conductivity 

for SIPEs owing to the strong ion pairing between Li ions and anions. Therefore, although SIPEs 

have superior lithium-ion transference number, their bulk ionic conductivity is extremely low, 

typically no more than 10−5 S cm−1 at 60 °C, which is nearly three orders of magnitude lower 

than that of a standard liquid electrolyte at room temperature. One of the most simple and 

effective ways to increase the ionic conductivity of SIPEs is to introduce organic plasticizers of 

cyclic carbonates with high dielectric constant and flash point. [65] The polymerized polymer 

network can accommodate the added plasticizer and hence integrate the advantages of both 

liquid and solid electrolytes. Compared to the dry SIPEs, plasticized SIPEs can provide high 

ionic conductivity up to 10-3 S cm-1 via enhanced polymer chain segmental motion and increased 

ion pair dissociation under room temperature, and offer another transport mechanism for cationic 

species by facilitating vehicular transport of the solvated cation. [66, 67] Furthermore, the 

polymerized networks with added plasticizer facilitate a relatively homogeneous Li+ ion flux, 

minimizing volumetric changes of Li deposition and blocking lithium dendrite formation. [68] In 

addition, introduced organic plasticizer can improve the wettability of the SIPEs and enhance the 

interfacial stability with better electrode-electrolyte interfacial contact. However, plasticized 

SIPEs possess a trade-off between improved conductivity and compromised mechanical strength. 

The lack of mechanical strength could induce short-circuiting failure during cycling. [46] To 

improve the strength of SIPEs, reinforcement agents, such as inorganic ceramic fillers, organic 

metal frames and mechanically robust standing membranes, can be introduced into the 
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crosslinked system to improve their mechanical robustness. [69] 

 

1.3.2 Inorganic fillers  

1.3.2.1 Inert fillers 

One effective way to improve both the ionic conductivity and mechanical robustness of SIPEs is 

to introduce inorganic fillers into the polymer matrix, which have three main functions: i) reduce 

the crystallinity of polymer system, ii) enhance the interfacial stability between electrode and 

electrolyte, and iii) improve the mechanical property of polymer matrix. [17] As a result, 

inorganic filler-incorporated SIPEs have attracted increasing attention in recent years owing to 

their excellent electrochemical performance in lithium batteries. [70] There are two main 

categories of inorganic fillers, inert and active fillers, where inert fillers are usually oxide 

ceramic fillers without Li source and they do not transport Li ions, and active fillers are ceramics 

containing Li element with high Li ion conductivity.  

Various types of inert oxide ceramic sphere particles such as silica (SiO2), aluminum oxide 

(Al2O3), titanium oxide (TiO2), etc., have been extensively studied and applied into the polymer 

matrix for better electrochemical performance and strong mechanical properties. [71-73] Al2O3 

particles were first incorporated as an inorganic filler additive into a PEO polymer electrolyte for 

Li batteries by Weston et al. in 1982. Although the inert fillers cannot conduct Li ions, the Al2O3-

incorporated polymer electrolyte showed increased mechanical strength and enhanced ionic 

conductivity. [74] After that, more research on inorganic inert fillers has been explored for better 

electrochemical and cycling performance of Li batteries. Cui et al. reported a new method to 

prepare inert oxide ceramic-polymer electrolyte via in situ synthesis of ceramic particles inside 

polymer electrolyte, where a much stronger chemical/mechanical interactions were produced 
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between monodispersed ultrafine SiO2 (MUSiO2) nanospheres and poly(ethylene oxide) (PEO) 

chains. [75] As shown in Figure 1.4a, the introduction of ultrafine MUSiO2 significantly 

suppressed the crystallization of PEO and thus facilitated polymer segmental motion and 

improved degree of LiClO4 dissociation, leading to good ionic conductivities of 1.2 × 10−3 S 

cm−1 at 60 °C and 4.4 × 10−5 S cm−1 at 30 °C. Figure 1.4b illustrated a homogeneous TiO2-

grafted nanohybrid polymer electrolyte (NHPE) with a crosslinked branching structure, which 

composed of ion-conducting poly(ethylene glycol) methyl ether methacrylate (PEGMEM) and 

non-polar stearyl methacrylate (SMA). [76] Due to the highly monodispersed TiO2 nanocrystals, 

interfacial interactions between particles and polymer matrix were effectively enhanced, which 

decreased the crystallization of ethylene oxide (EO) groups and facilitated continuously 

interconnected ion-conducting channels. The TiO2-grafted NHPE exhibited superior 

electrochemical properties with an ionic conductivity of 1.1 × 10-4 S cm-1 at 30 °C, a high 

lithium-ion transference number and excellent interfacial compatibility with the lithium 

electrode. 
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Figure 1.4 (a) Schematic showing the procedure of in situ hydrolysis and interaction 

mechanisms among PEO chains and MUSiO2; [75] (b) Schematic illustration of TiO2-grafted 

nanohybrid polymer electrolyte with cross-linked branching structure. [76] 

 

1.3.2.2 Active fillers 

Active fillers are mainly originated from inorganic solid ceramic electrolytes, and the 

incorporation of active fillers into polymer-based electrolytes can not only reduce the 

crystallinity of the polymer host and provide mechanical support to enhance electrochemical 

stability, but also facilitate new Li+ ion transfer channels to improve ionic conductivity. 

The development of active fillers shown in Figure 1.5 can date back to as early as the 1830s, 

when Faraday observed an exponential increase in conductivity with increasing temperature in 

solid Ag2S and PbF2, after which Warburg discovered the Na+ ion mobility in a glass and 

measured the first Na+ ion transference number with Tegetmeier in the study of ionic conductors. 
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[77-79] Later in 1914, Tubandt and Lorenz determined the ionic conductivity of α-AgI by testing 

the ionic contributions to the overall conductivity, where the total current that passed through the 

sample was simply detected by DC measurements and the number of transferred ions through 

AgI was measured by the change in masses of the electrodes and thereby determined ionic 

contributions to the conductivity. [80] Another key milestone was the discovery of the concept of 

point defects focused on understanding and visualizing ionic and electronic transport in solids in 

1920s. [81] Later in 1960s, Takahashi first introduced the term solid-state ionics (SSIs) working 

on the transport of mobile ions, mixed ions and electrons in solid materials, and their physical 

and chemical properties. Since then, the evolution and the incorporation of SSIs into batteries 

experience a rapid increase. To date, the representative active fillers mainly include solid oxide 

electrolytes, e.g., perovskite-type, NASICON-type, garnet-type, LISICON-type, and solid sulfide 

electrolytes such as thio-LISICON-type (Li10GeP2S12, LGPS), both of which have been 

extensively developed owing to their high ion conductivity at room temperature, high Li-ion 

transference number close to unity, good electrochemical stability, robust mechanical strength 

and excellent thermal stability. [22, 82-84] 
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Figure 1.5 Historical development of active fillers. [85] 

 

The typical structure of perovskite oxides has a general formula of ABO3 (space group: Pm3)m), 

where A-site ions at the corners of a cube are normally rare-earth or alkaline-earth elements, and 

B ions at the center are usually transition-metal elements, and the oxygen atoms are at the face-

centered positions. [86, 87] Early in 1953, Brous reported a rare earth titanate (EuTiO3) with 

perovskite structure, which exhibited high dielectric constant, ferroelectric transition and 

dielectric hysteresis. [88] Later in 1971, Perovskite-type ceramic materials have been originally 

reported by Takahashi and Iwahara. [89, 90] Currently, the representative perovskite ceramic is 

the lithium lanthanum titanate Li3xLa(2/3)−xTiO3 (LLTO, Figure 1.6a) (0.03 ≤ x ≤ 0.167) by 

replacing the A-site with both La3+ and Li+ while the B-site with Ti4+, which was first reported by 

A.G. Belous in 1987. [91] LLTO has aroused much interest among researchers owing to its high 
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bulk lithium-ion conductivity of up to 10−3 S cm−1 at room temperature and good electrochemical 

stability in high voltages. [92] However, it has been demonstrated that LLTO is unstable below 

about 1.8 V and Ti4+ can be reduced when contacting with Li metal at around 1.5 V versus 

Li+/Li, which limits its practical applicability in all-solid-state lithium batteries with low 

potential anode materials. [10, 93] A possible strategy to address these problems is applying thin 

proactive or protective layers on the surface of LLTO to avoid the direct contact with lithium 

metal. [94] 

The Na super ionic conductor (NASICON)-type ceramics generally have an AM2(PO4)3 formula 

with the A site occupied by Na and the M site occupied by Ge, Zr or Ti. [89] NASICON-type 

compounds were first studied in the 1960s and then termed ‘NASICON’ after the development of 

Na1+xZr2P3-xSixO12 with a rhombohedral structure (space group of R3)c) through a high-

temperature solid-state reaction method early reported by Goodenough et al. in 1976. [95, 96] 

The typical NASICON-type ceramic shown in Figure 1.6b possesses a rigid and three-

dimensional (3D) crystalline network structure, which consists of corner-sharing MO6 octahedra 

and PO4 tetrahedra structures in the three dimensionally linked interstitial space. Na ions occupy 

at interstitial sites and transport along the c-axis. [85, 97] This material can maintain its original 

structure and turn into a NASICON-type lithium-ion conductor when Na+ is replaced by Li+ in a 

general formula of LiM2(PO4)3. [98] While, the ionic conductivity of this Li-ion-based ceramics 

decreases due to the ionic radius difference between Na+ and Li+. [99] One possible method to 

improve the ionic conductivity of NASICON-type Li+ conductor is doping Al into the ceramic 

structure, Li1+xTi2-xAlx(PO4)3 (x = 0.3 or 0.4, LATP), which can achieve a high ionic conductivity 

up to 10-3 S cm-1 at room temperature. [100, 101] This is due to that aliovalent substitution could 

directly increase the Li ion concentration and mobility. [17] Currently, NASICON-type materials 
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are considered as suitable active fillers for high-voltage solid electrolyte batteries owing to their 

relatively wide electrochemical stability window up to 5 V versus Li+/Li and excellent water and 

air resistance. [102-104] However, the main drawback of NASICON-type ceramics is their 

chemical instability, which is similar to the perovskite-type ceramic that Ti4+ is easily reduced to 

Ti3+ when contacting with lithium metal. [105] 

The original garnet-type ceramics exhibit a general chemical formula of A3B2(XO4)3, containing 

three crystallographically distinct cation coordination environments with the A (e.g., Ca, Mg, Y, 

La or rare earth), B (e.g., Al, Fe, Ga, Ge, Mn, Ni or V), and X (e.g., Si, Ge or Al) cations in eight, 

six, and four oxygen-coordinated cation sites. [17, 106, 107] The A3B2(XO4)3 ceramic 

crystallizes in a face-centered cubic structure with the space group of Ia3)d (space group number 

230). [108] The first solid garnet-type Li+ conductor, Li5La3M2O12 (M = Nb or Ta), was reported 

by Thangadurai et al. in 2003 and possessed a lithium-ion conductivity of ~10-6 S cm-1 at room 

temperature with activation energy of no more than 0.6 eV. [105, 109] Later by replacing La and 

M sites with other metal ions, a series of garnet-type materials has been generated, such as 

Li6ALa2M2O12 (A = Ca, Sr or Ba; M = Nb or Ta), Li5.5La3M1.75B0.25O12 (M = Nb or Ta; B = In or 

Zr) and the cubic systems Li7La3Zr2O12 and Li7.06M3Y0.06Zr1.94O12 (M=La, Nb or Ta). [110-119] 

Among different types of solid garnet-type ceramics, the one with zirconium element 

Li7La3Zr2O12 (LLZO, Figure 1.6c), first reported by R. Murugan et al. in 2007, has been widely 

investigated owing to high lithium-ion conductivity (10-4-10-3 S cm-1) at room temperature, low 

activation energy (~0.31 eV), excellent stability against lithium metal, wide electrochemical 

window (~5 V), and high mechanical strength. [117, 120] LLZO has two different crystal 

structures, including low-temperature tetragonal structure with relatively low lithium-ion 

conductivity and high-temperature cubic structure with high lithium-ion conductivity. [111, 121] 
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At present, the lithium-ion conductivity of LLZO can reach to 9.24 mS cm-1 through different 

doping methods, which is highly promising for all-solid-state Li battery development. [122-126] 

However, the practical application of this garnet-type ceramic electrolytes is hindered via the 

following issues: 1) instability in the moisture and air by reacting with water and carbon dioxide 

to generate Li2CO3 and LiOH; 2) poor contact and wetting ability at the electrode-electrolyte 

interfaces; 3) severe formation and propagation of lithium dendrites at the grain boundaries. [98, 

127, 128] Therefore, more and specific research should be emphatically considered to improve 

the overall performance of garnet-type ceramic electrolytes. 

Another class of lithium super ionic conductor called LISICON (Li14ZnGe4O16) was developed 

by H.Y.P. Hong in 1978. [99] The general formula of LISICON-type ceramic is Li16−2xMx(TO4)4 

(0 < x < 4) with M as a divalent cation (eg., Mg2+, Zn2+) and T as a tetravalent cation (eg., Si4+, 

Ge4+). The crystal structure of LISICON-type ceramics can be considered as a distorted 

hexagonal close-packing of oxygen atoms with all cations (such as Li+ and P5+) being 

tetrahedrally coordinated. [86, 129] Oxygen atoms are packing perpendicular to the c-axis and 

Li+ ions locate at LiO4 tetrahedra diffuse between these tetrahedra and interstitial sites (PO4 

network), arranging into one-dimensional (1D) parallel chains along the a-axis. [130] 

Li14ZnGe4O16 and their derivatives have an orthorhombic unit cell with the space group of Pnma, 

similar to γ-Li3PO4. [131] They exhibit very high conductivity at improved temperatures, e.g., 

1.25 × 10−1 S cm−1 at 300 °C, but extremely low conductance of 1 × 10−7 S cm−1 at room 

temperature because formed defective compound Li4GeO4 can trap mobile lithium ions through 

the immobile sublattice. [132-134] In order to enhance the ionic conductivity, a new LISICON-

type family has been developed via aliovalent substitution of P5+ by Si4+ or Ge4+ in the γ-Li3PO4, 

having a general formula of Li3+xY1−xXxO4 (Y = P, As, V, Cr and X = Si, Ge, Ti). [135] As a 
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result, excess Li+ ions occupying interstitial sites are created in the structures and decrease the 

migration distance of neighboring Li+ ions, thus improving the conductance. [136, 137] 

However, LISICON-type ceramics have the similar problems like garnet-type ceramics that they 

are easy to react with lithium metal and carbon dioxide, which increase the requirements for 

production and storage. [133] 

Research into sulfide-type solid ceramics started in 1984, when Tachez et al. discovered a 

crystalline structure of Li3PS4. [138] Later in 1986, Li2S-SiS2-type ceramics have been 

extensively studied by doping the Li2S-SiS2 system with Li3PO4, achieving the Li-ion 

conductivity up to 6.9×10−4 S cm−1. [139-142] In 2000, Kanno et al. introduced another sulfide-

type lithium-ion conductor, thio-LISICON, with similar crystalline structure with LISICON 

made by replacing O2− ions with S2− ions. [143] The larger atomic size and higher polarizability 

of S2- increase the lattice volume and weaken the binding of Li ion to the host framework, thus 

enlarging the ion-transport channel and achieving a very high ionic conductivity over 10−4 S 

cm−1 at room temperature. [144, 145] Currently, one of the most promising thio-LISICON 

materials is the Li10GeP2S12 (LGPS, Figure 1.6d), a newly developed thio-LISICON-type 

ceramic, first reported by N. Kamaya et al. in 2011. [31] At room temperature, its ionic 

conductivity can reach to 1.2 × 10−2 S cm−1, which is comparable to liquid electrolytes. However, 

sulfide SSEs are generally unstable and produce H2S when exposed to air or moisture. [86] 

Partial substitution of O2- for S2- can decrease the rate of H2S generation but could also reduce 

the ionic conductivity. Another way to solve this problem is to dope metallic oxides (such as 

Fe2O3, ZnO, and Bi2O3) act as the H2S absorbents to thio-LISICON-type ceramics to suppress 

the H2S generation.[146]  

Nonetheless, all aforementioned active fillers have suffered from their rigidity and brittleness, 
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exhibiting poor mechanical compliance with the electrodes and leading to large interfacial 

resistance. [147] Combing active fillers with polymer matrix for solid-state electrolytes can not 

only avoid the disadvantages of inorganic ceramics, but also enhance the mechanical strength 

and improve the ionic conductivities of the solid polymer electrolytes.  

 

Figure 1.6. Crystal structures of (a) Perovskite-type LLTO, (b) NASICON-type LAGP, (c) 

Garnet-type LLZO, and (d) thio-LISICON-type LGPS. (Other atoms such as titanium, 

germanium, zirconium and phosphorus are inside tetrahedra or octahedra) [148] 

 

1.3.3 Nanofiber-shaped additives 

Nanotechnology has arisen as a fascinating discipline working on the phenomena and functions 

of matters within the dimensional range of 0.1-100 nm during the past decades. [149] Abundant 

nanotechnologies have been studied and practiced in various areas of human life from the view 

of science and technology. [150] At present, nanostructured materials are at the leading edge of 

the rapidly developing field of materials science and engineering due to their unique properties 

that result from the size-dependent structural behaviors, which have been widely applied in the 

fields of energy storage. [151-153] Among currently available nanostructured materials, ultrafine 

nanofibers, carrying a range of novel physical and chemical properties, have attracted 

considerable attention on overcoming many limitations present in organic solid-state polymer 
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electrolytes. [154, 155] Different strategies have been created and developed for nanofiber 

fabrication, including thermal-induced phase separation, drawing, template synthesis, self-

assembly, etc., among which electrospinning is of considerable significance as a rapid, simple, 

and continuous process in manufacturing nanofibers, as well as formulating their two-

dimensional (2D) and three-dimensional (3D) structures. [156-159] Besides, this straightforward, 

continuous, and cost-effective method can launch ultrathin nanofibers from an enormous number 

of materials, including polymers, inorganic ceramics, composites, etc. [160, 161] Moreover, 

electrospun nanofibers and their assemblies are much more favorable in providing high specific 

surface area, large surface-to-volume ratio, tunable porosity with uniform pores distribution, and 

the ability of desired chemical functionalization for various applications. [162-164] 

 

1.3.3.1 Organic nanofibers  

The development of solid polymer electrolytes, composed of a polymer matrix and lithium 

source, and also possibly various additives, is increasingly growing for all-solid-state Li batteries 

owing to their high safety, good processability, excellent flexibility and enhanced mechanical 

compliance with the electrodes. However, the mechanical properties of polymer electrolytes are 

usually insufficient for high-performance Li batteries, especially after adding organic plasticizer 

for improving their ionic conductivity. Electrospun polymeric nanofibers has been regarded as a 

good supporting membrane to enhance the mechanical strength of polymer-based electrolytes. 

Wang et al designed a composite polymer electrolyte (CPE) by combing polymerized ionic 

liquids (polyILs) with electrospun PVDF nanofiber membrane to afford electrolytes with high 

ionic liquid content and greatly increased Li ion transference number. [165] Figure 1.7a 

indicated that the incorporation of electrospun PVDF nanofibers effectively improves the 
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mechanical strength of the CPEs, forming flexible electrolytes with superior mechanical 

properties. In addition, the effect of crystallinity degree of PVDF nanofibers has been studied by 

Nakazawa et al, revealing that the solid polymer electrolyte composed of PVDF nanofibers with 

higher β-phase crystallinity showed higher ion conductivity and higher lithium ion transference 

number than the other ones with lower PVDF β-phase crystallinities. [166] Besides using the 

original polymer nanofiber membrane, novel lithiated organic nanofibers (LOF, Figure 1.7b) 

made by grafting branched polyethylenimine (bPEI) on the surface of PAN nanofibers via the 

chemical reaction between the amine groups of bPEI and the cyano groups (C≡N) of PAN have 

been used to improve the affinity of nanofibers to the polymer matrix. [167] The CPE was 

prepared by sandwiching the resulting LOF between two PEO electrolyte films, followed with 

vacuum-assisted thermal lamination process. The LOF-reinforced PEO composite electrolyte 

(LOF-CPE) with homogeneous percolation network and additional active Li+ can not only 

enhance the tensile stress of the electrolyte to up to 8.9 MPa, but also form high-speed Li-ion 

conduction pathways, delivering an excellent ionic conductivity of 7.41 × 10-5 S cm-1 at 30 oC. 

Electrospun polyamide 6 (PA6) nanofiber membrane with hierarchical structure, which was 

prepared by electrospinning the solution of PA6 and organic branching salt tetrabutylammonium 

chloride (TBAC), was also introduced into the PEO polymer matrix to prepare an all-solid-state 

composite electrolyte, with enhanced mechanical strength of up to 9.2 MPa. [168] The prepared 

Li/Li symmetric battery can be stably cycled for 1500 h under 0.3 mA cm-2 and 60 oC due to the 

improved safety and cycle stability. Some researchers also worked on directly embedding Li salts 

into electrospun polymer nanofibers, after which the obtained membranes were soaked by 

organic plasticizers to for the electrolyte for Li batteries. [9, 12] As shown in Figure 1.7c, Li et 

al reported a highly porous nanofiber SIPE membrane composed of nanoscale mixed 
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poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) and lithium poly(4,4’-

diaminodiphenylsulfone, bis(4-carbonyl benzene sulfonyl)imide) (LiPSI), followed by soaking in 

the ethylene carbonate (EC)/dimethyl carbonate (DMC) (v:v = 1:1) solvent mixture. [9] The 

electrospun nanofiber membrane (es-PVPSI) showed high porosity, appropriate mechanical 

strength, and high thermal dimensional stability even at 300 °C. The resulting Li/LiFePO4 cells 

using such a SIPE exhibit excellent rate capacity and outstanding electrochemical stability for 

1000 cycles at least. 
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Figure 1.7 (a) Schematic illustration and digital image of the composite electrolyte prepared by 

casting the mixed solution containing ionic liquid N-methyl-N-propylpyrrolidinium 

bis(fluorosulfonyl)imide (C3mpyrFSI), LiFSI, poly(diallyldimethylammonium) chloride 

(PDADMA) and  LiTFSI on PVDF fibrous matrix; [165] (b) Schematic illustration of the 

preparation of the LOF-CPE, which was fabricated by sandwiching the resulting LOF between 

two PEO electrolyte films, followed with vacuum-assisted thermal lamination process;  [167] (c) 

Schematic illustration of the fabrication, composition and operation of the es-PVPSI nanofiber-

based membrane by electrospinning the polymer solution composed of nanoscale mixed PVDF-

HFP and LiPSI. [9] 
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1.3.3.2 Inorganic nanofibers  

In order to improve the contact areas between the inorganic fillers and polymer matrices, 

enormous research has been conducted to prepare one-dimensional nanostructured fillers with 

high surface-to-volume ratios to promote ion conduction in SPEs. [169-172] Zhao et al reported 

a novel and efficient TiO2@polydopamine (PDA) fillers synthesized by coating PDA onto the 

surface of the TiO2 nanofibers, which were then incorporated into PEO matrices to form the 

composite electrolyte, as shown in Figure 1.8a. [173] The composite electrolyte displays a 

higher ionic conductivity of 4.36 × 10−4 S cm−1 and a wider electrochemical window up to about 

5 V. The assembled LiFePO4/Li ASSLIBs can deliver superior discharge specific capacities of 

153.83 and 136.45 mAh g−1 at current densities of 0.5C and 2C, achieving good capacity 

retentions of 93.27% and 91.23% at 0.5C and 1C after 150 cycles, respectively. Besides 

nanofiber-shaped inert fillers, increasing efforts have been paid on developing strategies to 

reduce the grain boundary resistance of active fillers mentioned above, where the morphology of 

one-dimensional (1D) materials such as nanofibers could be beneficial for achieving closer 

packing and thus more effective densification during the sintering step. [8, 174, 175] Zhu et al 

fabricated a PEO-based composite solid polymer electrolyte filled with one-dimensional (1D) 

ceramic Li0.33La0.557TiO3 (LLTO) nanofibers, which exhibited a high ionic conductivity of 2.4 × 

10-4 S cm-1 at room temperature and a large electrochemical stability window of up to 5.0 V vs. 

Li/Li+. [176] Later, a self-standing 3D-CPE (Figure 1.8b), with LLTO nanofibrous network as a 

nano-backbone in PEO matrix by hot-pressing and quenching, was designed and manufactured 

by Nan’s group. [177] The LLTO nano-backbone can not only enhance the mechanical properties 

and thermal stability of the electrolyte membrane but also increase its ionic conductivity. The 

resulting symmetric Li|3D-CPE|Li cell was cycled at a current density of 0.1 mA cm−2 for over 
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800 h, which was possible due to the suppression of Li dendrite growth and reduced polarization. 

Study was also focused on the ionic conductivity and chemical interaction affected by oxygen 

vacancy formed during sintering under hydrogen atmosphere and different temperatures in LLTO 

ceramic nanofibers. [178]  

 

Figure 1.8 (a) The schematic diagram for the fabrication procedure of the solid composite 

electrolyte, where PDA-coated TiO2 nanofillers were incorporated into PEO matrices to form the 

composite electrolyte; [173] (b) Schematic picture of synthetic processes of 3D-CPEs, designed 

and manufactured with LLTO nanofibrous network as a nano-backbone in PEO matrix by hot-

pressing and quenching, and voltage profiles of Li plating and stripping cycling for the bare solid 

polymer electrolyte and 3D-CPE. [177] 

 

Besides Perovskite-type LLTO nanofibers, garnet-type LLZO nanofibers and their derivatives 

are also popular inorganic fillers for solid polymer electrolytes to improve the ionic conductivity, 
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electrochemical stability and mechanical properties for ASSLBs development. [179, 180] 

Monaca et al. reported an elastic solid electrolyte with a high ionic conductivity of 1.16 × 10-4 S 

cm-1 at 30 oC and a low activation energy of 0.308 eV by filling ionic-conductive polymers into 

well-aligned Li6.4La3Zr2Al0.2O12 nanofiber films. [181] As shown in Figure 1.9a, Yan et al. has 

developed a new type of polymer electrolyte composed of silane-modified Li6.28La3Al0.24Zr2O12 

(s@LLAZO) nanofibers and poly(ethylene glycol) diacrylate (PEGDA), where the employment 

of the silane coupling agent eliminated the agglomeration effect and enabled the incorporation of 

a high content of LLAZO nanofibers (up to70 wt%) with the polymer matrix, thereby resulting in 

a well-percolated, three-dimensional LLAZO network fully embedded in the PEGDA matrix. 

[182] Figure 1.9b-c have demonstrated that all-solid-state Li-metal batteries assembled with the 

developed polymer electrolyte can exhibit stable cycling performance for 250 cycles and 

extraordinary high rate capability (up to 10 C) at room temperature owing to the maximized 

utilization of fast Li+ conductors (LLAZO) in the composite structure. Later, Chen’s group 

reported bridging Li7La3Zr2O12 nanofibers (LLZO NFs) formed by grafting the Dynasylan IMEO 

(DI) on the surface and bonding with coordinatively unsaturated metal centers of Ca2+, after 

which these Ca2+ bridge the modified LLZO NFs with PEO via the ether oxygen atoms they 

possess (Figure 1.9d). [183] It is indicated that the bridges built between the two phases, PEO 

and LLZO nanofibers, are effective to interface strengthening and guarantee rapid Li+ conduction 

even after 900 cycles. The assembled Li||LiFePO4 cell shown in Figure 1.9e can deliver 

excellent rate performance and cycling stability with capacity retention of 70.8% after 900 cycles 

at current density of 0.5 C. 



   

30 
 

 

Figure 1.9 (a) Schematic of synthesis procedure of s@LLAZO-PEGDA polymer electrolyte by 

grafting the silane-modified LLAZO nanofibers with polymer matrix, providing fast and non-

tortuous Li+ conductive pathways with percolated s@LLAZO network within the composite 

electrolyte, (b) Cycling performance (at 1C) and (c) rate capability (0.2–10 C) of all-solid-state 

Li|LiFePO4 cell operated at 25 oC by using the composite electrolyte with 50 wt.% s@LLAZO 

nanofibers; [182] (d) Photographs of Boston ivy and a schematic diagram of the mechanism of 

action of PEO and LLZO−DI−Ca2+, which mimics Boston ivy, and schematic illustration 

showing the reaction route of PEO/LLZO−DI−Ca2+, (e) Cycling stability of the Li|PEO/LLZO 

NFs−DI−Ca2+/LiTFSI|LiFePO4 and Li|PEO/LLZO NFs/LiTFSI|LiFePO4 cells at 0.5 C. [183] 

 

1.3.3.3 Inorganic-organic nanofibers 

Enhanced inorganic/organic interfacial contact can help to maintain a uniform distribution of 

inorganic fillers within polymer system, which can further increase the ionic conductivity and 

electrochemical stability of SPEs. [184] Therefore, it is necessary to fabricated inorganic fillers 

in nanoscale. However, the agglomeration effect of added inorganic fillers becomes severer and 



   

31 
 

causes nonuniform distribution when their sizes decrease to nanoscale. Therefore, besides the 

surface modifications aforementioned, another effective way to address this issue is to directly 

embed inorganic filler particles into polymer nanofiber membranes by electrospinning, which 

can not only increase the content of inorganic fillers but also improve their uniformity in polymer 

system. A garnet-type ceramic filler LLZO@PAN CPE membrane, with an ultrathin thickness of 

~25 μm and a comparatively high conductivity of 1.60 × 10−3 S cm−1, was fabricated by 

crosslinking the precursor solution into the LLZO@PAN 3D electrospun backbone, where the 

3D backbone improved the mechanical stability, and in-situ polymerization guaranteed good 

interfacial properties. [184] Gao et al. introduced inorganic ceramic Li6.4La3Zr1.4Ta0.6O12 

(LLZTO) particles into electrospun PVDF nanofibers and then coated the membrane with 

PEO/LiTFSI polymer complex to prepare composite electrolytes, as shown in Figure 1.10a. 

[185] The PVDF nanofibers with embedded LLZTO fillers can simultaneously reduce the 

crystallinity of the PEO polymer and provide a strong framework support for the composite 

electrolyte, thereby promoting the transmission of lithium ions and improving the lithium 

dendrite growth inhibition ability of the composite electrolyte. In addition, the uniform 

dispersion of garnet-type LLZTO active ceramic filler in the PVDF nanofiber membrane can 

enhance the interaction among PVDF, LLZTO and lithium salts, which promotes dissociation of 

the lithium salt, and further optimize the migration path of lithium ions. The ionic conductivity 

of the composite electrolyte is as high as 9.30 × 10− 4 S cm−1 at 50 ◦C, and the voltage of Li/Li 

symmetrical battery (Figure 1.10b) would not change significantly during 1200 h at 0.3 mA 

cm−2. Additionally, the composite electrolytes exhibit good electrochemical stability with the 

capacity retention rate of 96% under 1 C after 500 cycles (Figure 1.10c). Perovskite-type LLTO 

was also embedded in PAN nanofibers for CPE fabrication. [186] In order to isolate the direct 
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contact between the chemically active Ti4+ in LLTO with lithium metal, PEO/LiTFSI electrolyte 

was filled into the pores of the PAN/LLTO nanofiber framework, thereby avoiding the 

occurrence of interfacial reactions, enhancing the electrochemical stability up to 4.8 V. Li et al 

designed and reported a high-performance quasi-solid-state electrolyte based on NASICON-type 

ceramic Li1.3Al0.3Ti1.7(PO4)3 (LATP)|PVDF-HFP nanofibers. [187] This composite gel electrolyte 

shows a 3D porous network with significantly improved ionic conductivity up to 3.394 mS cm−1, 

and the assembled Li|CGE|LFP solid-state battery can achieve a capacity retention up to 97% 

after 300 cycles at 0.5C, indicating its potential applications for high-performance energy storage 

devices. 
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Figure 1.0 (a) Schematic illustration for the preparation of LLZTO/ PVDF-PEO-LiTFSI solid 

composite electrolytes by introducing inorganic ceramic LLZTO particles into electrospun 

PVDF nanofibers and then coating the membrane with PEO/LiTFSI polymer complex, (b) 

Cycling performance of Li/Li symmetric batteries with 0LLZTO/PVDF-PEO-LiTFSI and 

10LLZTO/PVDF-PEO-LiTFSI composite electrolytes under 0.3 mA cm−2, (c) Long-term cycling 

performances of Li/LiFePO4 cells with pure PEO-LiTFSI electrolyte, 0LLZTO/ PVDF-PEO-

LiTFSI and 10LLZTO/PVDF-PEO-LiTFSI composite electrolytes under 1 C. [185] 

 

1.4 Li-ion conduction mechanisms  

In a typical solid polymer electrolyte, the Li+ cations are responsible for the ionic conductivity. 

As shown in Figure 1.11a, cations can interconnect with functional groups of the host polymer 

chains, and hence move between neighboring coordinating sites by dissociative process for long 

range cation transportation. [188-190] Therefore, the Li ion transport highly depends on polymer 



   

34 
 

segmental motion and is faster in the amorphous regions compared to crystalline regions of the 

polymer host. [191] As shown in Figure 1.11b, amorphous regions of polymer matrix, e.g., 

semi-crystalline PEO, at ambient temperatures are usually below the percolation threshold, 

resulting in poor ionic conductivities for solid polymer electrolytes (≤10−6 S cm−1). After 

polymer electrolytes are plasticized via organic liquid solvent (high dielectric constant and low 

viscosity), the amorphous regions grow larger in number as well as in size due to decreased 

polymer crystallinity, leading to attainment of percolation threshold at room temperature. [192, 

193] Thereby, percolative network with connected amorphous regions can provide fast ion 

conducting pathways and high ionic transportation. [194]  

As mentioned above, the introduction of inorganic fillers (Figure 1.11c) influences the 

recrystallization kinetics of polymer chains and reduce their crystallinity, further facilitating Li 

ion transfer and improving ionic conductivity at low temperature. [58, 195] In addition, owing to 

their large surface area, Lewis acid-base interaction can be induced between inorganic filler 

surface and anions or polymer segments, which can also promote the lithium ion transference 

number and mechanical properties of polymer electrolytes. [14] However, the dominant lithium 

ions conductive mechanisms are slightly different in electrolytes containing inert fillers or active 

fillers, which is shown in Figure 1.11d. Inert fillers (e.g., SiO2, Al2O3) are usually oxide ceramic 

fillers without Li source but abundant oxygen atoms and hydroxy groups on the surface. Lewis 

acid-base interaction between inert filler surface and polymer matrix can form favorable Li+ 

conducting pathway at the interface between inert particles and polymer matrix, called interface 

Li ion conduction. As for the active fillers, they are usually ceramics containing Li element so 

that active fillers themselves can transport lithium ions. Relative to the polymer region, 

conductive active fillers have higher ionic conductivity and Li ions tend to move through 
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conductive fillers phase, called inorganic phase Li ion conduction, then followed with interface 

and polymer phase Li ion conduction. 

 

Figure 1.11 (a) Cartoon of ion motion in a polymer host; [189] (b) Transformation of a polymer 

electrolyte with a non-percolative arrangement of highly ordered regions to a percolative 

arrangement of disordered regions as in plasticized electrolytes. Percolative network of 

disordered regions provide fast ion transport pathways for the mobile ion; [194] (c) Basic 

mechanisms of the Li ion transfer across crystalline polymer and crystalline polymer with 

inorganic fillers; [58] (d) Diagram for the effects of inert and active fillers for Li+ conductive 

pathway within polymer electrolytes. [14] 

 

Vogel-Tammann-Fulcher (VTF) and Arrhenius models can be used to quantify the ionic 

conductance behavior for solid polymer electrolytes based on the different ionic conduction 

mechanisms in the polymer matrix. Vogele-Tammanne-Fulcher (VTF) model is an important 

phenomenological model used to study the ion transport mechanism in polymer electrolytes, 
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which is derived by quasi-thermodynamics with free volume and configurationally entropy, as 

described in the following equation: 

δ(T) = δ%T& '⁄ exp( $)
*$*"

)                                                 (1.2) 

where B is the pseudo-activation energy (expressed in units of E+ k)⁄ )) and T% is the reference 

temperature (10∼50 K below the kinetic glass transition temperature (T,). [196] VTF model 

explains that Li+ ion transportation is highly correlated with the polymer segmental motion, 

which is considered more suitable in describing the ion transportation behavior for dry polymer 

electrolyte since ions can only be transferred or hopped into new adjacent coordinated sites with 

the presence of local free volume at temperatures above Tg. [197, 198] Therefore, the ion 

conduction mechanism in organic polymer electrolytes can be regarded as the combination of 

short-range ion hopping and long-range motions of polymer chains. [17] Arrhenius model for ion 

transport describing the relationship between the ionic conductivity and temperature can be 

explained by the follow equation: 

δ = Aexp(−E+ k)T⁄ )                                                 (1.3) 

where δ is the ionic conductivity, A is the dc conductivity of pre-exponential factor, E+ is the 

activation energy, k) is the Boltzmann constant, and T is the absolute temperature. [16] 

Arrhenius model is commonly used to describe the Li+ transportation mechanism in plasticized 

polymer electrolytes, inorganic filler-incorporated polymer electrolytes and inorganic ceramic 

electrolytes. It is seen that the ionic conductivity is inversely proportional to the activation 

energy, which is defined as the energy barrier between adjacent available sites. Thus, the 

diffusion of Li+ ions in pure Arrhenius-behavior polymer electrolyte is mainly realized by ion 

hoping mechanism through the connected available vacancies rather than polymer dynamics. [6] 
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CHAPTER 2: RESEARCH OBJECTIVES 

This dissertation focuses on exploring and designing nanofiber-reinforced quasi-solid-state 

polymer electrolytes for high-performance Li metal batteries, with the aim of improving the ionic 

conductivities, electrochemical stabilities, and Li+ conducting pathways of polymer electrolytes 

and cycling performance of Li metal batteries while enabling the safe operation. The main 

research topics include: 

 

2.1 Polyacrylonitrile Nanofiber-Reinforced Flexible Single-Ion Conducting Polymer 

Electrolyte for High-Performance, Room-Temperature All-Solid-State Li-Metal Batteries  

As abovementioned, the ionic conductivity of single-ion conducting polymer electrolytes 

(SIPEs) by immobilizing charge delocalized anions along polymer matrix is extremely low due 

to the strong ion pairing between Li ions and anions. Addition of a plasticizer into the polymer 

network can dramatically increase the ionic conductivity via enhanced polymer chain segmental 

motion and increased ion pair dissociation under room temperature. However, plasticized SIPEs 

usually face a trade-off between conductivity and mechanical strength, which could cause short-

circuiting failure during cycling. To address this challenge, a crosslinked SIPE system with an 

appropriate ratio of [EO]/[Li+] and sufficient amount of plasticizer will be firstly design for high 

ionic conductivity, followed with incorporated with electrospun polyacrylonitrile nanofibers 

(PAN-NFs) for better mechanical strength and flexibility. The well-fabricated polymer matrix 

may provide fast and effective Li+ conductive pathways with a remarkable ionic conductivity at 

room temperature and a superior lithium-ion transference number close to unity. The 

introduction of PAN-NFs may also endow the plasticized SIPE with a wider electrochemical 

stability window and better cycling stability. Superior long-term lithium cycling stability and 
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dynamic interfacial compatibility may be demonstrated by lithium symmetric cell testing. The 

assembled all-solid-state Li metal batteries with LiFePO4 may show stable cycling performance 

and remarkable rate capability both in low and high current densities.  

 

2.2 Li6.28La3Zr2Al0.24O12-reinforced Single-ion Conducting Composite Polymer Electrolyte 

for Room-Temperature Li-Metal Batteries  

Composite polymer electrolytes composed of inorganic fillers and organic polymers have been 

considered to be a very promising candidate for Li metal batteries with improved safety and 

suppressed lithium dendrite growth. However, severe concentration polarization effect is 

happened in using conventional dual-ion polymer matrix, which could bring in higher internal 

impedance within cells with decreased lifespan. To address this challenge, plasticized single-ion 

conducting composite polymer electrolyte (SICE) was designed and fabricated by polymerizing 

the monomers of lithium (4-styrenesulfonyl) (trifluoromethanesulfonyl) imide (LiSTFSI) and 

poly(ethylene glycol) methyl ether acrylate (PEGMEA), crosslinker poly(ethylene glycol) 

diacrylate (PEGDA), silane-modified Li6.28La3Al0.24Zr2O12 nanofibers (s@LLAZO NFs), along 

with the PEG-based plasticizer tetraethylene glycol dimethyl ether (TEGDME) by heat-

initiation. The restrained delocalized anions allow only Li cation migrate during 

charging/discharging process, leading to a superior lithium-ion transference number. The 

s@LLAZO NFs enabled direct monomer grafting with polymer matrix, resulting in a controlled 

formation of an organic-inorganic network that improved the filler content and distribution with 

enhanced interaction between filler and polymer in SICE system. The resultant electrolyte 

exhibited a high ionic conductivity under room temperature, reduced activation energy and 

excellent oxidation stability which are beneficial from the well-percolated amorphous region in 
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polymer system and extra Li ion conductive pathways in ceramic structure due to the added 

plasticizer and LLAZO NFs. Most importantly, all-solid-state Li-metal batteries assembled with 

the fabricated SICE demonstrated stable long-term cycling performance and remarkably rate 

capability at room temperature owing to the improved electrochemical stability with the 

utilization of fast Li+ conductors (LLAZO) in the composite structure. Therefore, this novel and 

straightforward single-ion conducting composite polymer electrolyte has great potential in the 

development of advanced all-solid-state Li-metal batteries. 

 

2.3 Garnet-type Composite Polymer Electrolyte for Room-Temperature All-Solid-State Li-

S Battery  

In recent years, lithium-sulfur batteries are considered as one of the most promising rechargeable 

energy storage systems due to their extremely high theoretical specific capacity (1675 mAh g-1) 

and large energy density (2567 Wh kg-1), compared to the traditional lithium-ion batteries with 

limited theoretical capacity (~300 mAh g-1) and energy density (~200 Wh kg-1). Meanwhile, the 

element sulfur is low-cost, environmentally benign and abundant in earth’s crust. However, the 

commercialization of Li-S batteries is hindered due to the relatively low attainable energy 

density, short cycling life and insufficient mass loading. The most severe reason is the generation 

of highly soluble long-chain polysulfides (Li2Sn, 4≤n≤8), called “shuttle effect”, when using 

organic liquid electrolyte, causing irreversible loss of active sulfur materials and subsequently 

rapid capacity fading on cycling. Therefore, the investigation of suitable solid-state electrolytes 

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

performance. It is reported that Li6.28La3Zr2Al0.24O12 (LLAZO) exhibits great function on 

restraining polysulfides migration. An advanced CPE reinforced with nanofibrous LLAZO fillers 
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will be developed as solid electrolyte for all-solid-state Li-S batteries. The CPE precursor 

solution will be directly coated on the top of the sulfur cathode and then crosslinked into 

membrane with a thin thickness of around 20 μm. An improved interfacial contact between 

sulfur cathode and electrolyte may be obtained by this direct coating method. This coated CPE 

may enable a fast Li+ conduction directly from the cathode to the anode, leading to a better 

cycling performance of all-solid-state Li-S batteries at room temperature. 
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CHAPTER 3: Polyacrylonitrile Nanofiber-Reinforced Flexible Single-Ion Conducting 

Polymer Electrolyte for High-Performance, Room-Temperature All-Solid-State Li-Metal 

Batteries 

 

Abstract 

Single-ion conducting polymer electrolytes (SIPEs) can be formed by anchoring charge 

delocalized anions on side chains of a crosslinked polymer matrix, thereby eliminating the severe 

concentration polarization effect in conventional dual-ion polymer electrolytes. Addition of a 

plasticizer into the polymer matrix confers advantages of both liquid and solid electrolytes. 

However, plasticized SIPEs usually face a trade-off between conductivity and mechanical 

strength. With insufficient strength, there is potential for short-circuiting failure during cycling. 

To address this challenge, a simple and mechanically-robust SIPE was developed by crosslinking 

monomer lithium (4-styrenesulfonyl) (trifluoromethylsulfonyl) imide (LiSTFSI) and crosslinker 

poly(ethylene glycol) diacrylate (PEGDA), with plasticizer propylene carbonate (PC), on 

electrospun polyacrylonitrile nanofibers (PAN-NFs). The well-fabricated polymer matrix 

provided fast and effective Li+ conductive pathways with a remarkable ionic conductivity of 8.09 

× 10-4 S cm-1 and a superior lithium-ion transference number close to unity (tLi+ = 0.92). The 

introduction of PAN-NFs not only improved the mechanical strength and flexibility but also 

endowed the plasticized SIPE with a wide electrochemical stability window (4.9 V vs. Li+/Li) 

and better cycling stability. Superior long-term lithium cycling stability and dynamic interfacial 

compatibility were demonstrated by lithium symmetric cell testing. Most importantly, the 

assembled all-solid-state Li metal batteries showed stable cycling performance and remarkable 

rate capability both in low and high current densities. Therefore, this straightforward and 



   

42 
 

mechanically reinforced SIPE exhibits great potential in the development of advanced all-solid-

state Li-metal batteries. 
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3.1 Introduction  

Rechargeable lithium-ion batteries (LIBs) were first introduced into the commercial market by 

Sony in the early 1990s and are considered the most significant achievement in the development 

of electrochemical energy storage technologies due to their high specific energy, high operating 

voltage, and long cycle life. [1-3] However, with rapidly growing demands for portable 

electronic devices, electric vehicles and grid-energy storage systems, current LIBs are 

insufficient to fulfill future requirements due to their limited power density, high cost, and poor 

safety. [8-10] Thus, extensive research has shifted to lithium metal, which is regarded as the 

“holy grail” for next-generation energy storage systems due to its high theoretical specific 

capacity (3860 mA h g-1), low density (0.59 g cm-3), and low redox potential (-3.04 V vs. 

standard hydrogen electrode). [4, 12, 13] Commercial LIBs usually utilize lithium salts dissolved 

in carbonate-based organic solvents as liquid electrolytes for lithium-ion transportation. [15] 

However, with use of liquid electrolytes in lithium metal batteries (LMBs), growth of dendrites 

from the lithium metal anode during repeated Li plating/stripping can cause great safety concerns 

like short circuits and thermal runaway, resulting in catastrophic battery failure. Even if dendritic 

growth is avoided, liquid electrolytes in LMBs can generate an unstable solid electrolyte 

interface (SEI) upon cycling, leading to decreasing Coulombic efficiency and irreversible 

capacity loss. [4] In addition, decomposition of lithium salts and side reactions between 

electrolyte and anode bring steady capacity fade during charge-discharge cycling, limiting long-

term durability of these batteries. [9, 15] 

Single-ion conducting polymer electrolytes (SIPEs), which can be fabricated by anchoring 

charge delocalized anions as side chains on the polymeric backbone of a electrolyte system, can 

avoid the abovementioned problems of dendritic growth and SEI instability in LMBs, resulting 
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in improved safety, good processability, superior flexibility and enhanced mechanical 

compliance with the electrodes. [4, 7] In previous work, conventional polymer electrolytes (PEs) 

employing lithium salts like LiTFSI, LiPF6, LiClO4, LiBF4 and LiCF3SO3, are usually dual-ion 

conductors, in which both Li+ cations and their counter anions migrate during the 

charging/discharging process. [23-28] Thus, the lithium-ion transference number for a binary salt 

electrolyte is simply defined as the fraction of the ionic conductivity that is carried by lithium 

ions compared with the total ionic conductivity carried by lithium ions and their counter ions, 

and can be calculated by:  

t!"! = D# (D$ + D#)⁄                                                      (3.1) 

where tLi+ is lithium-ion transference number, D+ is the lithium-ion diffusion coefficient, and D- 

is the anion diffusion coefficient. [29] It is obvious that tLi+ is highly related to the diffusion of 

lithium ions and counter anions. However, the overall conductivity of binary PEs is 

predominated by the motion of counter anions that have greater mobility than lithium cations. 

This happens due to the strong preferential solvation of lithium ions over their counter anions, 

leading to a bulkier solvation shell around lithium ions compared to typical counter anions. [34] 

Therefore, lithium-ion transference numbers of binary PE systems are undesirably low, always 

lower than 0.5, typically ranging from 0.1 to 0.4 in real applications. [35, 36] As a result, a 

severe concentration polarization effect is generated because anions migrate in the opposite 

direction of the lithium ions and eventually accumulate at the electrode surface, which brings 

higher internal impedance, decreased energy density and lower charging rate. [1, 37] Moreover, 

according to Chazalviel’s space-charge theory in 1990, an electric field could be induced near 

the Li anode region due to concentration polarization, which will cause uneven distribution of 

lithium-ion flux and lead to growth of lithium dendrites. [38, 39]  
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In contrast, SIPEs with immobilized anions along polymer backbone can maintain high lithium-

ion transference numbers, which is desirable for advanced lithium metal batteries. It has been 

demonstrated by Monroe and Newman’s simulations in 1994 that no concentration gradients 

occurred in PE systems with a unity tLi+, in which the utilization of active electrode materials 

remains near 100%, even at relatively high current densities, further improving the energy and 

peak-power densities for these batteries. [1, 30] However, immobilizing the anions typically 

results in significantly decreased ionic conductivity of the SIPE system, owing to the strong ion 

pairing between Li ions and anions. [7, 30] It is reported that the highest bulk ionic conductivity 

of dry SIPEs is approximately 10−5 S cm−1 at 60 °C, which is nearly three orders of magnitude 

lower than that of a standard liquid electrolyte at room temperature. [31-33] Thus, cyclic 

carbonates with high dielectric constant and flash point are often introduced into the polymer 

system, thereby integrating the advantages of both liquid and solid electrolytes. [65] Compared 

to dry SIPEs, these plasticized SIPEs can provide high ionic conductivity up to 10-3 S cm-1 via 

enhanced polymer chain segmental motion and increased ion pair dissociation under room 

temperature. [1, 66, 67] Furthermore, the crosslinked networks with added plasticizer facilitate a 

relatively homogeneous Li+ ion flux, minimizing volumetric changes of Li deposition and 

blocking lithium dendrite growth. [68] However, plasticized SIPEs possess a trade-off between 

improved conductivity and compromised mechanical strength. A lack of strength could induce 

short-circuiting failure during cycling. [4, 46] To improve the strength of the electrolyte, 

reinforcement agents, such as inorganic ceramic fillers, organic metal frames and free-standing 

membranes, can be introduced into the crosslinked system to improve the mechanical properties 

of plasticized SIPEs. [4, 8, 9, 69, 199] 
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In this paper, a flexible and free-standing membrane of electrospun polyacrylonitrile nanofibers 

(PAN-NFs), with robust mechanical strength and good electrochemical stability, [153, 200-202] 

was introduced to reinforce the plasticized SIPE. The reinforcement was realized by 

polymerizing the monomer lithium (4-styrenesulfonyl) (trifluoromethanesulfonyl) imide 

(LiSTFSI) and crosslinker poly(ethylene glycol) diacrylate (PEGDA), along with the plasticizer 

propylene carbonate (PC), by UV-initiation on the PAN-NFs membrane. The crosslinked 

polymer network with additional plasticizer on the PAN-NF membrane exhibited outstanding 

ionic conductivity, excellent mechanical properties, wide electrochemical stability window and 

remarkable cycling stability. Moreover, the covalently-bonded lithium salt anions on the polymer 

chain yielded a near unity lithium-ion transference number. Lithium symmetric cells assembled 

with the plasticized SIPE on PAN-NFs showed superior long-term lithium cycling stability and 

interfacial compatibility. Most importantly, all-solid-state Li|LFP cells with the plasticized SIPE 

on PAN-NFs showed stable cycling performance and remarkable rate capability with high 

Coulombic efficiency. 

 

3.2 Experimental Section  

3.2.1 Materials 

Oxalyl chloride ((CO)2Cl2), N,N-dimethylformamide (DMF), acetonitrile (CH3CN), sodium 4-

vinylbenzenesulfonate, triethylamine (TEA), 4-dimethylamino pyridine (DMAP), 

dichloromethane (DCM), sodium bicarbonate (NaHCO3), hydrochloric acid (HCl), potassium 

carbonate (K2CO3), lithium perchlorate (LiClO4), tetraethylene glycol dimethyl ether (G4), 1-

hydroxycyclohexyl phenyl ketone (HPK), 1-methyl-2-pyrrolidinone (NMP), 

bis(trifluoromethane)sulfonimide lithium salts (LiTFSI), poly(ethylene glycol) diacrylate 
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(PEGDA, Mw=700), dimethyl sulfoxide-d6 (DMSO-d6), polyacrylonitrile (PAN, Mw=150,000), 

propylene carbonate (PC), and N-methyl-2-pyrrolidone (NMP) were purchased from Sigma-

Aldrich. Trifluoromethanesulfonamide was purchased from Oakwood Chemical. Acetonitrile 

and DMF were dried and stored with 4A molecule sieves before use. Other chemicals were used 

as received without further purification. 

 

3.2.2 Synthesis of monomer lithium (4-styrenesulfonyl) (trifluoromethylsulfonyl) imide  

As shown in Figure 3.1, the lithium (4-styrenesulfonyl) (trifluoromethylsulfonyl) imide 

(LiSTFSI) monomer was synthesized in the two-step method as described in the literature. [49, 

55] The monomer of potassium (4-styrenesulfonyl) (trifluoromethylsulfonyl) imide (KSTFSI) 

was synthesized in the first step and then followed with a metathesis reaction between KSTFSI 

and lithium ion to obtain LiSTFSI monomer. 

 

Figure 3.1. Schematic illustration of the chemical synthetic process of LiSTFSI. 

 

During the synthesis of KSTFSI, (CO)2Cl2 (46.6 mmol, 4 ml) and DMF (2 mmol, 190 ul) were 

well-dissolved in 80 ml dried acetonitrile and stirred at room temperature for 5 hours. Then, 4-

vinylbenzenesulfonate (38.8 mmol, 8 g) was added into the solution under argon atmosphere 

when the color turned light yellow. The mixture was stirred for 24 hours inside the laboratory 

hood at room temperature. A separate colorless solution was formed by gradually mixing TEA 
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(116.2 mmol, 16.2 ml), DMAP (48.1 mmol, 5.4 g) and trifluoromethanesulfonamide (38.8 mmol, 

5.78 g) in 60 ml dried acetonitrile and stirring for 1 hour at room temperature. Subsequently, a 

clear light-brown 4-styrene sulfonyl chloride solution was obtained after the precipitate NaCl 

was filtered from the mixture. The colorless solution was dropwise added into 4-styrene sulfonyl 

chloride solution under an ice bath with vigorous magnetic stirring. The ice bath was removed 

when the mixed solution cooled down. The solution turned brown and was vigorously stirred for 

16 hours inside the laboratory hood at room temperature. The solvent was removed by rotary 

evaporation and the resulting brown solid was dissolved in 100 ml DCM. The following solution 

was washed by 40 ml 4% NaHCO3 aqueous solution three times and 40 ml 37% HCl aqueous 

solution. The intermediate product of potassium (4-styrenesulfonyl) (trifluoromethylsulfonyl) 

imide (KSTFSI) was synthesized by neutralization of the acid monomer with excess 0.5 mol/L 

K2CO3 aqueous solution. The obtained white suspension was stirred at room temperature for 1 

hour and filtered to get a slightly yellow solid. The resulting solid, KSTFSI, was dried under 

high vacuum at 60oC overnight (30% yield).  

The synthesis of KSTFSI was confirmed by 1H NMR and 13C NMR (Figure 3.2). 1H NMR (600 

MHz; DMSO-d6; ppm): 7.7705 (d, 2H); 7.6296 (d, 2H); 6.8393 (q, 1H); 6.0254 (d, 1H); 5.4370 

(d, 1H); 13C NMR (600 MHz; DMSO-d6; ppm): 144.7104; 140.1258; 136.1100; 126.9751; 

126.4349; 117.1459. 
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Figure 3.2. (a) 1HNMR and (b) 13CNMR spectra of KSTFSI. 

 

After the synthesis and confirmation of KSTFSI, LiSTFSI was synthesized by a metathesis 

reaction between KSTFSI and LiClO4. KSTFSI powder (8.5 mmol, 3 g) was added in 100 ml 

dried acetonitrile under argon atmosphere and stirred until the powder was completely dissolved. 

LiClO4 (8.5 mmol, 0.91 g) was well-dissolved in 20 ml dried acetonitrile and added into KSTFSI 

solution by needled syringe. The resulting solution was stirred under argon atmosphere at room 

temperature overnight. The white KClO4 precipitate was filtered and the solvent was removed 

via rotary evaporator. The obtained white solid was recrystallized from deionized water and then 

dried under high vacuum at 60oC to get pure white LiSTFSI powder (37% yield). The final 

product LiSTFSI was stored in a glovebox (H2O, O2 < 0.5 ppm) for further use.  

The obtained LiSTFSI was confirmed by 1H NMR, 13C NMR, and 19F NMR (Figure 3.3). 1H 

NMR (600 MHz; DMSO-d6; ppm): 7.7845 (d, 2H); 7.6435 (d, 2H); 6.8505 (q, 1H); 6.0263 (d, 

1H); 5.4553 (d, 1H); 13C NMR (600 MHz; DMSO-d6; ppm): 146.1972; 141.6377; 137.6047; 

128.4788; 127.9381; 118.6575; 19F NMR (600 MHz; DMSO-d6; ppm): 77.8133 (s, 3F). 
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Figure 3.3. (a) 1HNMR, (b) 13CNMR, and (c) 19FNMR spectra of LiSTFSI. 

 

3.2.3 Preparation of single-ion conducting polymer electrolytes  

The SIPEs were simply prepared by one-pot free radical polymerization employing HPK as the 

UV initiator in a glovebox. PEGDA and LiSTFSI solutions according to different molar ratios of 

[EO] with [Li+] were designed as the crosslinking polymer system for SIPE fabrication. Herein, 

LiSTFSI and PEGDA solutions containing 0.2 wt.% HPK were mixed, and different amount of 

organic solvent PC as plasticizer was added into the solutions in a glovebox. The resultant 

precursor solutions were sonicated for 1 hour and then cross-linked into thin films between two 

transparent quartz plates by exposing to UV light for 10 mins. The polymerized SIPE 
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membranes with plasticizer were denoted as SIPE-x, where x represented the weight ratio of PC 

to PEGDA and LiSTFSI.  

The SIPE-x reinforced with PAN-NFs was fabricated via applying precursor solution on PAN-

NF membrane before UV-initiated polymerization, and was described as SIPE-x-PAN. PAN 

nanofiber membrane with a thickness around 20 µm was simply produced by electrospinning 8 

wt.% PAN/DMF solution at a high voltage of 15 kV with a feeding rate of 0.75 ml h-1. The 

distance between the stainless-steel needle and aluminum collector was fixed at 15 cm. The 

electrospun PAN-NF membrane was dried under high vacuum at 60oC overnight. The 

reinforcement of PAN-NFs would facilitate the mechanical strength of the SIPEs for better 

electrochemical and cycling performance in LMBs. 

 

3.2.4 Structure characterization 

1H NMR, 13C NMR, and 19F NMR spectra analyses were conducted on Bruker NEO 600 MHz 

Polk NMR spectrometer with DMSO-d6 as the solvent. Fourier transform-infrared spectroscopy 

(FTIR, Thermo Scientic™ Nicolet™ iS™10) was used to identify the functional groups of 

LiTFSI powder, PEGDA solution and LiTFSI-PEGDA (dry SIPE, [EO]/[Li+]=24) membrane at 

the range of 4000~500 cm-1 with 32 scans and resolution of 4 cm−1 at room temperature. 

Dynamic mechanical analyzer (DMA Q800, TA Instruments) was employed to evaluate the 

viscoelastic properties of dry SIPE and SIPE-x (x=0.5, 1, 2, 2.5, the weight ratio of PC to 

LiSTFSI and PEGDA) membranes from -100oC to 50oC. A universal mechanical test machine 

(MTS Criterion, Loading: 100 N) was also utilized to measure the mechanical properties of 

PAN-NF, SIPE-2.5 and SIPE-2.5-PAN membranes with a cross-head speed of 0.5 mm/min. 

Thermo-gravimetric analysis (TGA, Perkin Elmer Pyris 1) was used with a heating rate of 10 °C 
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min-1 under nitrogen atmosphere to test the thermal property of PAN-NF, dry SIPE and SIPE-

2.5-PAN membranes. Field-emission scanning electron microscopy (FE-SEM, FEI Verios 460L, 

USA) was conducted to characterize the surface morphology of PAN-NF membrane and cross-

section thickness of SIPE-2.5-PAN membrane. ImageJ Software was used to measure the 

average diameter of PAN NFs. 

 

3.2.5 Electrochemical performance evaluation 

Ionic conductivities of all SIPEs were determined by electrochemical impedance spectroscopy 

(EIS, Garmy Reference 600 device) over a frequency range of 0.1 Hz to 1 MHz with an AC 

potential of 10 mV. Polymer electrolyte membranes were pouched and sandwiched between two 

stainless steel blocking electrodes for electrochemical impedance test. The ionic conductivity (δ, 

S cm-1) was calculated by the following equation: 

δ = t R-A⁄                                                                 (3.2) 

where t is the thickness of polymer electrolyte membrane, Rb the membrane bulk resistance 

obtained from the intercept of extended semicircle with the real axis on the Nyquist plot, and A 

the area of the membrane. Activation energy (Eα, eV) of SIPEs was calculated with an Arrhenius 

plot of ionic conductivities under different temperatures by the Arrhenius equation: 

δ = Aexp(−E+ RT⁄ )                                                       (3.3) 

where δ is the ionic conductivity, A the dc conductivity of pre-exponential factor, Eα the 

activation energy, R the molar gas constant, and T the absolute temperature.  

Lithium-ion transference number (tLi+) of each SIPE membrane was determined by 

chronoamperometry testing and electrochemical impedance spectroscopy (EIS) measurement at 

60oC. A symmetric lithium cell was assembled and tested by EIS with a frequency ranging from 
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0.1 Hz to 1 MHz before and after polarization. Chronoamperometry was performed with an 

applied DC potential of 10 mV. The tLi+ value was calculated by Bruce’s equation: 

t!"! = I.. (∆V − I%R",%) I%(∆V − I..R",..)⁄                                (3.4) 

where ΔV is the polarization potential, I0 and Iss the initial and steady-state currents before and 

after polarization, R0 and Rss the initial and steady-state total resistances before and after 

polarization.  

Linear sweep voltammetry (LSV) was conducted to assess the electrochemical stability of SIPE-

2.5 and SIPE-2.5-PAN using Li|SIPE|stainless steel cells with a scan rate of 10 mV s-1 over a 

voltage range of 0-6 V (vs. Li+/Li). Cyclic voltammetry (CV) was also carried out on 

Li|SIPE|stainless steel cells at a scan rate of 0.5 mV s-1 from -0.5 to 5.5 V (vs. Li+/Li) at room 

temperature. Galvanostatic cycling testing of Li|SIPE-2.5|Li and Li|SIPE-2.5-PAN|Li symmetric 

cells was conducted at room temperature to evaluate the structural stability of SIPE-2.5 and 

SIPS-2.5-PAN. Li plating/stripping cycling performance was evaluated by sandwiching a SIPE-

2.5-PAN membrane (80-100 µm thickness and 1/2 inch diameter) between two Li foils (7/16 

inch diameter) and cycling at current densities of 0.1, 0.2, 0.5, 1 mA cm-2 with current direction 

reversed every 30 minutes. 

All-solid-state Li|LiFePO4 (LFP) cells were fabricated for evaluating the performance of SIPE-

2.5 and SIPE-2.5-PAN membranes in room-temperature all-solid-state batteries. The LFP 

cathode was prepared by mixing a slurry of LFP, ionic liquid solution of G4 with LiTFSI in 

equimolar amounts, carbon black (C65), and polyvinylidene fluoride (PVDF) binder at a weight 

ratio of 7:2:0.5:0.5 in NMP solvent, which was uniformly coated on aluminum foil by a doctor 

blade set at 10 mm. The prepared cathode was dried under high vacuum at 60 °C overnight to 

remove NMP solvent. The LFP cathode was then punched into disks with a diameter of 7/16 
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inches with an active material loading around 1.5-2.0 mg cm-2. Standard LIR2032 coin cells 

were assembled in a glovebox by sandwiching SIPE-2.5 and SIPE-2.5-PAN membrane disks of 

1/2 inch diameter between pre-punched LFP cathode and Li foil. The cycling performance of all-

solid-state Li|LFP cells was then tested by an Arbin battery tester in a potential range of 2.5 V to 

4.2 V. 

 

3.3 Results and Discussion   

3.3.1 Design of plasticized single-ion conducting polymer electrolytes reinforced with PAN-

NFs  

Although plasticized SIPEs possess excellent ionic conductivity and superior lithium-ion 

transference number, they suffer from poor mechanical strength, which could potentially lead to 

short-circuiting failure during prolonged cycling of LMBs. To address this challenge, a simple 

and mechanically-robust plasticized SIPE was developed by crosslinking monomer LiSTFSI and 

PEGDA, with plasticizer PC, on a free-standing, mechanically strong electrospun PAN-NF 

membrane, to achieve a well-designed balance between electrochemical properties and 

mechanical strength for developing high-performance LMBs (Figure 3.4). 
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Figure 3.4. Schematic of synthesis procedure of plasticized SIPE membrane reinforced with 

PAN-NFs, with a crosslinked amorphous network within the polymer electrolyte, providing fast 

Li+ conductive pathways. 

 

It is well-known that the repeat unit of -CH2-CH2-O- (EO) in a polyethylene oxide-based 

polymer is responsible for lithium-ion complexion and transportation. [7] In this work, UV-

initiated crosslinked polymer electrolyte series synthesized from monomer LiSTFSI and 

crosslinker PEGDA were firstly investigated with [EO]/[Li+] molar ratio from 8 to 32. 

Electrochemical impedance spectroscopy (EIS) was applied for measuring the ionic 

conductivities of the crosslinked polymer electrolytes. The obtained results shown in Figure 3.5a 

indicate that the crosslinked polymer electrolytes with [EO]/[Li+] molar ratio of 24 showed the 

highest ionic conductivity of 7.2 × 10-6 S cm-1 at room temperature, which represents saturation 

of the Li+ in the polymer system. [203] When the [EO]/[Li+] molar ratio is lower than 24, the low 

ionic conductivities could be attributed to ion aggregation effects, which would decrease the 
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effective number of charge carriers for the crosslinked system. [204] When the [EO]/[Li+] molar 

ratio is greater than 24, the conductivity declined due to the insufficient quantity of Li+ charge 

carriers for ion transportation. The successful polymerization between LiSTFSI and PEGDA was 

then confirmed by FTIR spectra (Figure 3.5b), where the absorption bands due to the stretching 

vibration of =C-H at 3105, 3104 cm-1; and C=C at 1632, 1635 cm-1 from LiSTFSI and PEGDA 

all disappeared in the crosslinked polymer electrolyte ([EO]/[Li+] = 24). This indicated that both 

vinyl groups from LiSTFSI monomer and PEGDA crosslinker have reacted completely during 

UV-initiated polymerization. Since the crosslinked polymer electrolyte ([EO]/[Li+] = 24) has the 

highest ionic conductivity among all electrolytes studied so far that did not have plasticizer, it 

was used as the base electrolyte in the studies below and was denoted as dry SIPE. 

 

Figure 3.5. (a) Ionic conductivity versus molar ratio of [EO]/[Li+] for the crosslinked solid 

polymer electrolyte series at room temperature; (b) FTIR spectra of LiSTFSI, PEGDA and dry 

SIPE ([EO]/[Li+]=24). 

 

Plasticizers can enhance polymer segmental motion, increase ion pair dissociation, and provide 

different cationic species transport mechanisms by facilitating vehicular transport of the solvated 

cation with reduced polymer segmental dynamics of ether oxygen−cation interaction. [66] In this 

work, PC was added as a plasticizer to the dry SIPE, and the resultant plasticized SIPEs were 
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denoted as SIPE-x, where x represented the weight ratio of PC to dry SIPE (i.e., PEGDA and 

LiSTFSI). Ionic conductivities at room temperature were calculated using the intercept of 

extended semicircles measured by EIS (Figure 3.6a). As shown in Figure 3.6a, the ionic 

conductivity of SIPEs increased with addition of PC, and SIPE-2.5 exhibited the highest ionic 

conductivity of 1.18 × 10-3 S cm-1, two orders of magnitude higher than that of dry SIPE.  

It has been demonstrated the SIPE-2.5 membrane has sufficient ionic conductivity for use as 

solid electrolyte in LMBs. However, high mechanical strength is also required to control the 

growth of Li dendrites in all-solid-state LMBs. [8] As shown in Figure 3.6b, the addition of PC 

plasticizer dramatically decreased the Young’s modulus of SIPE membranes due to reduced 

intramolecular forces between the polymer chains, [205] resulting in the plasticized SIPE-2.5 

membrane not sufficiently mechanically strong for use with advanced LMBs.  

To improve the mechanical properties of SIPE-2.5, an electrospun PAN-NFs membrane was 

used as the structural support. In an Ar-filled glovebox, a precursor solution with PC was added 

into the well-prepared PAN-NFs membrane with a mass ration around 12:1, followed by 

exposure to UV radiation to initiate free radical polymerization. This process yielded a modified 

SIPE membrane composed of a well-controlled polymer system, i.e., PC-plasticized LiSTFSI-

PEGDA polymer electrolyte reinforced with PAN-NFs, which was denoted as SIPE-2.5-PAN. 

The final mass ratio of the UV crosslinked polymer with respect to PAN nanofibers is around 

18:1. Figure 3.6c shows the strain-stress curves of electrospun PAN-NFs, SIPE-2.5 and SIPE-

2.5-PAN, with the corresponding information summarized in Table 3.1. The original SIPE-2.5 

membrane showed a Young’s modulus of 0.76 MPa, tensile strength of 0.03 MPa, and maximum 

elongation of 2.6%. After reinforcing with PAN-NFs, the transformed SIPE-2.5-PAN membrane 

acquired an enhanced Young’s modulus of 5.91 MPa. In addition, the tensile strength and 
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maximum elongation increased remarkably to 4.45 MPa and 152%, respectively, showing the 

robust mechanical improvement with the introduction of PAN-NFs to the plasticized SIPE. 

Thermo-gravimetric analysis (TGA) under nitrogen atmosphere was then conducted for thermal 

property testing. As shown in Figure 3.6d, the weight loss before 160 °C can be ascribed mainly 

to PC volatilization, as only 10% weight loss was observed at 100 °C. Additionally, PAN-NFs 

and polymer matrix started to lose weight from 300 °C and 350 °C, respectively, indicating that 

SIPE-2.5-PAN had the ability to maintain sufficient thermal stability under normal working 

temperatures of LMBs.  

 

Figure 3.6. (a) EIS profiles of dry SIPE and SIPE-x at room temperature; (b) Ionic conductivity 

and Young’s modulus versus PC weight ratio for dry SIPE and SIPE-x; (c) Stress-strain curves 

of PAN-NFs, SIPE-2.5 and SIPE-2.5-PAN; and (d) TGA curves of PAN-NFs, dry SIPE and 

SIPE-2.5-PAN from 20 to 600 °C. 
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Table 3.1. Mechanical properties of PAN-NFs, SIPE-2.5 and SIPE-2.5-PAN. 

Samples Young’s Modulus 

(MPa) 

Tensile Strength 

(MPa) 

Elongation 

(%) 

PAN-NFs 197 4.37 19.3 

SIPE-2.5 0.76 0.03 2.60 

SIPE-2.5-PAN 5.91 4.45 152 

 

The surface morphologies of electrospun PAN-NFs and SIPE-2.5-PAN membrane were 

characterized by field-emission scanning electron microscopy (FE-SEM). It can be observed in 

Figure 3.7a-b that uniform PAN nanofibers with an average diameter of 300 nm were well-

fabricated by electrospinning, and the interspace in the 3D-network structure of electrospun 

PAN-NFs was fully covered by plasticized SIPE. The average diameter of PAN-NFs in 

plasticized SIPE increased to 550 nm as a result of PC absorption during the polymerization 

process, which indicated that the employment of PAN-NFs not only improved the mechanical 

properties, but also helped to enroll organic solvent in the SIPE system. As a result, SIPE-2.5-

PAN membrane maintained a robust mechanical strength due to the support from the 3D-

network structure of electrospun PAN-NFs. Moreover, the obtained SIPE-2.5-PAN membrane 

was easily punched into discs with a thickness of just 82 µm (Figure 3.7c-d), which could be 

bent, twisted, and rolled up without breakage or cracking (Figure 3.8). Therefore, in addition to 

improved mechanical strength, SIPE-2.5-PAN membrane also possessed excellent mechanical 

flexibility for use in advanced LMBs.  
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Figure 3.7. SEM images of top view of (a) PAN-NFs and (b) SIPE-2.5-PAN; (c) Digital image 

of SIPE-2.5-PAN; and (d) SEM image of the cross-section of SIPE-2.5-PAN. 
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Figure 3.8. (a-g) Digital images of bending test for SIPE-2.5-PAN membrane. 

 

3.3.2 Electrochemical performance of plasticized single-ion conducting polymer electrolytes 

reinforced with PAN-NFs  

The electrochemical performance of the plasticized SIPEs was investigated in Figure 3.9 and 

summarized in Table 3.2. Ionic conductivities were tested under different temperatures, 

illustrated by Arrhenius plots in Figure 3.9a. All ionic conductivity-temperature curves obeyed 

the classical Arrhenius linear relationship within the testing temperature range (25~80 °C). The 

calculated activation energies of plasticized SIPEs declined from 0.75 to 0.18 eV with increasing 

amount of plasticizer, indicating a decreasing energy barrier in transporting solvated lithium 

cations within the polymer electrolyte system. The ionic conductivity and activation energy of 

SIPE-2.5-PAN membrane at room temperature were 8.09 × 10-4 S cm-1 and 0.19 eV, 

respectively, which were both close to those of the SIPE-2.5 membrane without PAN-NFs 
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(Figure 3.10a and Table 3.2). The strong polar and electron withdrawing cyan groups (C≡N) of 

PAN-NFs would be expected to facilitate the Li+ ion transportation in the polymer matrix. [7, 

202] The slight decrease in conductivity seen for SIPE-2.5-PAN is probably due to the tortuosity 

of conduction pathways with the addition of PAN-NFs compared to pristine SIPE-2.5.  

Lithium-ion transference number (tLi+) is an important parameter to evaluate the electrochemical 

performance of SIPEs. As a result of covalently bonded anions to the polymer chain, SIPEs 

usually possess a superior tLi+, close to unity, compared with dual-ion PEs. High tLi+ values help 

to eliminate the concentration polarization effect and protect the lithium metal anode from 

dendrite formation, thereby improving the battery performance of all-solid-state LMBs. The tLi+ 

value can be determined by Bruce’s equation, combining results of chronoamperometry and 

electrochemical impedance spectroscopy (EIS) testing at 60 °C. [206] In this work, the tLi+ values 

of SIPE-2.5 and SIPE-2.5-PAN were measured to be 0.93 (Figure 3.10b) and 0.92 (Figure 

3.9b), respectively, indicating excellent single lithium-ion conducting behavior due to the 

immobilized 4-styrenesulfonyl (trifluoromethylsulfonyl) imide (STFSI-) anions along the 

polymer chain (Figure 3.4).  

Figure 3.9c illustrates the linear sweep voltammetry (LSV) curves of SIPE-2.5 and SIPE-2.5-

PAN membranes tested by sandwiching the electrolyte discs between lithium metal and stainless 

steel. Since an exponential increase in current density illustrates the onset of the degradation of 

the SIPE membrane, [207, 208] SIPE-2.5 exhibited excellent anodic stability with no obvious 

anodic current change until the potential reached 4.2 V vs. Li+/Li, demonstrating the absence of 

electrochemically oxidized decomposition of the electrolyte. [61, 182] Compared with SIPE-2.5, 

the SIPE-2.5-PAN was even more electrochemically stable (4.9 V vs. Li+/Li) due to the superior 
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electrochemical stability of embedded PAN-NFs. [7] In addition, as shown in Figure 3.11a, a 

wide stability window was observed for SIPE-2.5-PAN, which is favorable for advanced LIBs.  

 

Figure 3.9. (a) Arrhenius plots of dry SIPE, SIPE-x and SIPE-2.5-PAN membranes; (b) Time-

dependent response of DC polarization for Li|SIPE-2.5-PAN|Li symmetric cell (inset is the EIS 

plots before and after polarization); and (c) Linear sweep voltammetry curves of SIPE-2.5 and 

SIPE-2.5-PAN. 
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Table 3.2. Electrochemical properties of dry SIPE, SIPE-x and SIPE-2.5-PAN membranes.  

Sample 
Ionic Conductivity 

(S cm-1, 25oC) 

Activation Energy 

(eV) 
tLi+ 

Tg 

(oC) 

Dry SIPE 7.20 × 10-6 0.748 0.74 0 

SIPE-0.5 2.17 × 10-5 0.512 0.76 -39 

SIPE-1 2.07 × 10-4 0.367 0.76 -59 

SIPE-2 4.75 × 10-4 0.258 0.84 -77 

SIPE-2.5 1.18 × 10-3 0.185 0.93 -93 

SIPE-2.5-

PAN 
8.09 × 10-4 0.190 0.92 -90 
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Figure 3.10. (a) EIS profiles of SIPE-2.5 and SIPE-2.5-PAN membranes; (b) time-dependent 

response of DC polarization curve for the Li|SIPE-2.5|Li symmetric cell (inset is the EIS plots 

before and after polarization). 

 

 

Figure 3.11. (a) LSV curve and (b) CV curve of Li|SIPE-2.5-PAN|stainless steel cell at room 

temperature.  

 



   

66 
 

Cyclic voltammetry (CV) was carried out from -0.5 to 5.5 V (vs. Li+/Li) at room temperature to 

test the electrochemical stability of plasticized SIPE reinforced with PAN-NFs. As shown in 

Figure 3.11b, there was no large current peak over the scan range from 0V to 5.5 V other than 

the redox peaks at 0 V versus Li+/Li corresponding to the Li+ plating and stripping process. [182, 

209, 210] Thus, the SIPE-2.5-PAN maintained a wide, stable electrochemical window favorable 

for practical battery application. Meanwhile, galvanostatic tests of Li|SIPE-2.5|Li and Li|SIPE-

2.5-PAN|Li symmetric cells shown in Figure 3.12 were conducted by Li+ stripping/plating 

cycling for 30 minutes under different current densities up to 1000 h to evaluate the long-term 

lithium cycling stability and dynamic interfacial compatibility of SIPEs. For the SIPE-2.5-PAN 

symmetric cell (Figure 3.12a-b), it is notable that a stable overpotential of 63 mV can be 

obtained at a current density of 0.1 mA cm-2, after which it increased to 94 mV and 122 mV with 

higher current densities of 0.2 mA cm-2 and 0.5 mA cm-2, respectively. An overpotential of 195 

mV was obtained at a high current density of 1 mA cm-2 without short circuit, demonstrating a 

high interfacial stability between SIPE-2.5-PAN and the electrodes, namely, superior 

electrochemical stability against Li metal during cycling. [182, 211, 212] In contrast, as shown in 

Figure 3.5c, although the SIPE-2.5 symmetric cell had a lower overpotential of 45 mV at a low 

current density of 0.1 mA cm-2, short circuiting occurred after only about 350 h of cycling when 

the current density was increased to 0.2 mA cm-2.  
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Figure 3.12. Lithium plating/striping cycles of symmetric (a-b) Li|SIPE-2.5-PAN|Li and (c) 

Li|SIPE-2.5|Li cells at different current densities. 

 

Figure 3.13a illustrates the probable interfacial lithium dendrite formation between 

electrolyte/electrode during cycling with the SIPE-2.5 electrolyte. The poor mechanical strength 

of the SIPE-2.5 membrane likely resulted in continuous lithium dendrite growth with cracking or 

even potential piercing of the electrolyte, leading to irreversible short circuiting of the battery 
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after prolonged cycling. [64] In contrast, the embedded PAN-NFs (Figure 3.13b) had the ability 

to provide a robust mechanical reinforcement to suppress dendrite growth and maintain stable 

battery performance. Afterward, the surface morphologies of Li metal before and after cycling 

were characterized by FE-SEM to evaluate the Li dendrite formation. As shown in Figure 3.14, 

the majority of Li electrode surface after cycling in Li|SIPE-2.5-PAN|Li symmetric cell was 

smooth without observable dendrite formation, while the surface of the Li electrode in Li|SIPE-

2.5|Li symmetric cell was wrinkled and covered with Li dendrites after cycling. Therefore, the 

results indicated that SIPE-2.5-PAN exhibited great suppression of lithium dendrites after long 

cycles due to the improved mechanical strength. 

 

Figure 3.13. Schematic illustration of (a) lithium dendrite formation phenomenon between 

SIPE-2.5 membrane and Li metal; and (b) lithium dendrite suppression effect between SIPE-2.5-

PAN membrane and Li metal. 
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Figure 3.14. SEM images of (a) and (b) fresh Li metal surface; (b) and (c) Li metal surface after 

cycling in Li|SIPE-2.5-PAN|Li symmetric cell; (e) and (f) Li metal surface after cycling in Li|SIPE-

2.5|Li symmetric cell. 

 

3.3.3 High performance of all-solid-state Li-metal batteries 

The fabricated plasticized SIPEs with controlled thickness of 80-100 µm were used as the 

electrolyte in room-temperature all-solid-state Li-metal cells with LFP as the cathode and Li 
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metal as the anode. Cycling performance of the SIPE-2.5 cell versus the SIPE-2.5-PAN cell 

running at a current density of 0.2 C (1 C = 170 mAh g−1) is shown in Figure 3.15a. The initial 

discharge capacity of SIPE-2.5 cell was 161 mAh g-1, slightly higher than that of SIPE-2.5-PAN 

cell (155 mAh g-1) due to the higher ionic conductivity of SIPE-2.5, however, the capacity 

started to decrease around the 50th cycle and ended at 125 mAh g-1 after 100 cycles (retention 

rate: 77.6%). In comparison, the discharge capacity of the SIPE-2.5-PAN cell remained at 158 

mAh g-1 with a high Coulombic efficiency of near 100% after 100 cycles, indicating an 

outstanding long-term stability with good reversibility in redox reactions upon cycling. Both 

SIPE-2.5 and SIPE-2.5-PAN cells exhibited slightly increasing trends with discharge capacity 

through the initial cycling stage owing to the improving interfacial contact as 

charging/discharging proceeded. Figures 3.15b and 3.16 show the charge and discharge curves 

of 1st, 50th and 100th cycles for solid-state cells with SIPE-2.5-PAN and SIPE-2.5 electrolytes, 

respectively. The results suggested that the overpotential of the SIPE-2.5-PAN cell decreased 

from 0.3 V at 1st cycle to 0.25 V at the 50th cycle, which was maintained until the 100th cycle. 

This indicated an initial decrease in electrode-electrolyte interfacial resistance, followed by 

stable cycling performance. [182, 213] In contrast, the SIPE-2.5 cell exhibited a continuously 

changing overpotential of 0.24 V, 0.12 V and 0.27 V at the 1st, 50th and 100th cycles, 

respectively, indicating a less stable interfacial contact probably due to lithium dendrite growth.  

The rate capability of Li|SIPE-2.5-PAN|LFP cell was studied and is presented in Figure 3.15c-d. 

The discharge capacities obtained at increasing rates of 0.2, 0.5, 1, 2 and 5 C were 153, 145, 133, 

120 and 64 mAh g-1, respectively, after which, upon return to 0.2 C, the discharge capacity 

returned to the initial value of 153 mAh g-1(Figure 3.15c). Notably, stable charge and discharge 

plateaus between 3.68 V and 3.27 V were found at the C rates from 0.2 to 2 (Figure 3.15d), 
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corresponding to typical lithium ion extraction/insertion from and into the LFP cathode. [64] 

This outstanding rate performance bodes well for all-solid-state Li metal batteries and can be 

attributed to the high ionic conductivity and nearly unity lithium-ion transference number from 

the well-crosslinked single-ion conducting structure and mechanically robust PAN-NFs in the 

plasticized SIPE system. The cycling performance and EIS profiles during cycling of the 

assembled all-solid-state Li|SIPE-2.5-PAN|LFP cell operated at a high current density of 1 C is 

illustrated in Figure 3.15e-f to ultimately present the practical utility of SIPE-2.5-PAN. As 

shown in Figure 3.15e, a discharge capacity of 117 mAh g-1 can be delivered initially with a 

Coulombic efficiency staying at 99%. Afterward, the discharge capacity increased due to the 

improved electrode-electrolyte interfacial contact and remained at 121 mAh g-1 with a high 

Coulombic efficiency of near 100% after 200 cycles, exhibiting a satisfying capacity retention. 

This overall performance of SIPE-2.5-PAN electrolyte is competitive in comparison with most 

other SIPEs reported in literature (Table 3.3). Afterward, the EIS changes in Figure 3.15f upon 

cycling indicated that the overall impedance decreased from 244 Ω (fresh) to 187 Ω after 40 

cycles and then remained stable for 100 cycles, which likewise demonstrated the improved 

interfacial contact and reduced interfacial resistance of SIPE-2.5-PAN with the electrodes. In 

summary, the cell fabricated with SIPE-2.5-PAN presented excellent cycling performance both 

in low and high current densities, which can be attributed to good ionic conductivity, high 

lithium-ion transference number, and robust mechanical properties of the SIPE-2.5-PAN 

membrane. 
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Figure 3.15. (a) Cycling performance at current density of 0.2 C of all-solid-state Li|SIPE-

2.5|LFP and Li|SIPE-2.5-PAN|LFP cells operated at 25 °C; (b) Charge-discharge curves of 1st, 

50th and 100th cycles of all-solid-state Li|SIPE-2.5-PAN|LFP cell at current density of 0.2 C; (c) 

Rate capability and (d) Charge-discharge profiles (0.2-5 C) of all-solid-state Li|SIPE-2.5-

PAN|LFP cell operated at 25 °C; (e) Cycling performance and (f) EIS evolution curves of all-

solid-state Li|SIPE-2.5-PAN|LFP cell at current density of 1C operated at 25 °C. 
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Figure 3.16. Charge-discharge curves of solid-state Li|SIPE-2.5|LFP cell at 1st, 50th and 100th 

cycles, 0.2 C @ 25oC. 

 

Table 3.3. Mechanical properties, electrochemical and battery performances of different SIPEs. 

SIPEs 
Types of 

polymers 

Mechanical 

properties 

(MPa) 

Electrochemical performances Battery performance 

Ref. 
δ 

(S cm-1) 
tLi+ 

ESW 

(V) 

First discharge 

capacities 

(mAh g-1) 

Cycling 

performances 

(mAh g-1) 

SIPE-2.5-PAN 
Crosslinked 

polymer 

5.91 (YM), 

4.45 (TS) 

8.09 × 10-4 

(RT) 

0.92 

(60°C) 
4.9 

Li|LFP, 117 @ 

1C (RT) 

121 @ 1C (RT) 

after 200 cycles 

This 

work 

PEALiFSI 
Random 

copolymer 
- 

5.84 × 10-4 

(25°C) 

0.91 

(-) 
4.0 

Li|LFP, 159 @ 

0.1C (25°C) 

95.6% 

retention @ 

0.1C (25°C) 

after 500 cycles 

[214] 
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Table 3.3. (Continued) 

SLIC-PEM 
Crosslinked 

copolymer 
0.114 (CM) 

1.56 × 10-4 

(25°C) 

0.91 

(30°C) 
4.8 

Li|LFP, 153 @ 

0.2C (26°C) 

92% retention 

@ 0.2C (26°C) 

after 100 cycles 

[60] 

SIPC-2-

PEGDA 

Crosslinked 

copolymer 
- 

3.2 × 10-5 

(70°C) 

0.89 

(30°C) 
4.9 - - [215] 

LPP@PP 
Crosslinked 

polymer 
2.8 (TS) 

8.4 × 10-4 

(RT) 

0.93 

(-) 
5.2 

Li|LFP, 133 @ 

1C (25℃) 

83% retention 

@ 1C (25℃) 

after 400 cycles 

[64] 

es-PVPSI 
Blend 

polymer 
- 

6.8 × 10-4 

(RT) 

0.85 

(-) 
4.5 

Li|LFP, 110 @ 

1C (RT) 

100 @ 1C (RT) 

after 1000 

cycles 

[9] 

ANP-5 
Crosslinked 

polymer 
- 

1.5 × 10-4 

(26°C) 

0.95 

(26°C) 
4.5 

Li|LFP, - @ 

0.5C (RT) 

102 @ 0.5C 

(RT) after 100 

cycles 

[216] 

es-LiSPCE-ns 
Homopolym

er 
10.1 (MS) 

1.45 × 10-4 

(RT) 

0.89 

(25°C) 
4.7 

Li|LFP, 111.7 

@ 1C (RT) 

98.8% 

retention @ 1C 

(RT) after 500 

cycles 

[217] 

P(SSPSILi-alt-

MA)/PEO 

Blend 

polymer 
- 

3.08 × 10-4 

(25°C) 

0.97 

(80°C) 
5.0 

Li|LFP, 158.8 

@ 0.2C (80℃) 

97.5% 

retention @ 

0.2C (80℃) 

after 100 cycles 

[218] 

PEO8−LiPCSI 
Blend 

polymer 
- 

7.33 × 10-5 

(60°C) 

0.84 

(60°C) 
5.53 

Li|LFP, 141 @ 

0.1C (RT) 

120 @ 0.1C 

(RT) after 80 

cycles 

[219] 

SII-LE 
Triblock 

copolymer 
- 

1.45 × 10-4 

(RT) 

0.92 

(RT) 
- - - [220] 
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Table 3.3. (Continued) 

SLIGPE-2 
Crosslinked 

copolymer 
- 

2.74 × 10-5 

(RT) 

0.622 

(RT) 
4.7 

Li|LFP, 133.3 

@ 0.1C (RT) 

101.2 @ 0.1C 

(RT) after 150 

cycles 

[221] 

SI10-05-

70%PC 

Multiblock 

copolymer 
- 

6 × 10-4 

(20°C) 

1  

(30°C) 
4.96 

Li|NMC811, 

162 @ 0.5C 

(20°C) 

80% retention 

@ 0.5C (20°C) 

after 443 cycles 

[207] 

Lithiated 

homopolymer/ 

PVdF-HFP 

Blend 

polymer 
- 

5.2 × 10-4 

(20°C) 

0.9 

(40°C) 
4.6 

Li|NMC111, 

116 @ 0.1C 

(20°C) 

-, 100 cycles @ 

0.1C (20°C) 
[208] 

HMPE 
Crosslinked 

copolymer 
4.7 (TS) 

2.24 × 10-3 

(25°C) 

0.75 

(-) 
4.91 

Li|CC-I@GO, - 

@ 0.5 C (RT) 

196 @ 0.5C 

(RT) after 200 

cycles 

[4] 

 

 

3.4 Conclusions  

A simple and mechanically-robust plasticized SIPE was successfully developed by UV-initiated 

polymerization on electrospun PAN-NFs. The well-crosslinked polymer matrix composed of 

LiSTFSI and PEGDA with PC as the plasticizer provided fast and effective Li+ conductive 

pathways with a remarkable ionic conductivity of 8.09 × 10-4 S cm-1, a low activation energy of 

0.19 eV, and a superior lithium-ion transference number close to unity (tLi+ = 0.92). The 

introduction of PAN-NFs significantly improved the mechanical strength and flexibility of the 

plasticized SIPE. The PAN-NF-reinforced plasticized SIPE also exhibited a wide 

electrochemical stability window (4.9 V vs. Li+/Li) and better cycling stability due to the 

excellent electrochemical performance of PAN-NFs. Lithium symmetric cells assembled with 

SIPE-2.5-PAN showed superior long-term lithium cycling stability and dynamic interfacial 
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compatibility. Most importantly, the assembled all-solid-state Li|SIPE-2.5-PAN|LFP cells 

showed stable cycling performance and remarkable rate capability. They delivered initial 

discharge capacities of 155 mAh g-1 at 0.2 C and 117 mAh g-1 at 1 C, and further kept high 

capacities of 158 mAh g-1 at 100th cycle and 121 mAh g-1 at 200th cycle, respectively, with the 

coulombic efficiency staying at nearly 100%. In conclusion, this straightforward and 

mechanically reinforced SIPE-2.5-PAN has great potential in the development of advanced all-

solid-state Li-metal batteries. 
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CHAPTER 4: Li6.28La3Zr2Al0.24O12-reinforced Single-ion Conducting Composite Polymer 

Electrolyte for Room-Temperature Li-Metal Batteries 

 

Abstract 

Composite polymer electrolytes composed of inorganic fillers and organic polymers have been 

considered to be a promising electrolyte candidate for Li metal batteries with improved safety 

and suppressed lithium dendrite growth. However, severe concentration polarization effect often 

occurs in using conventional dual-ion polymer matrix, which could bring in higher internal 

impedance within cells with decreased lifespan. To address this challenge, plasticized single-ion 

conducting composite polymer electrolyte (SICE) was designed and fabricated by polymerizing 

the monomers of lithium (4-styrenesulfonyl) (trifluoromethanesulfonyl) imide (LiSTFSI) and 

poly(ethylene glycol) methyl ether acrylate (PEGMEA), crosslinker poly(ethylene glycol) 

diacrylate (PEGDA), silane-modified Li6.28La3Al0.24Zr2O12 nanofibers (s@LLAZO NFs), along 

with the PEG-based plasticizer tetraethylene glycol dimethyl ether (TEGDME) by heat-

initiation. The restrained delocalized anions allow only Li cation migration during 

charging/discharging process, leading to a superior lithium-ion transference number. The 

s@LLAZO NFs enabled direct monomer grafting with the polymer matrix, resulting in a 

controlled formation of an organic-inorganic network that improved the filler content and 

distribution with enhanced interaction between the filler and polymer matrix in the SICE system. 

The resultant electrolyte exhibited high ionic conductivity under room temperature, reduced 

activation energy and excellent oxidation stability which benefited from the well-percolated 

amorphous region in polymer system and extra Li ion conductive pathways in ceramic structure 

due to the added plasticizer and LLAZO NFs. Most importantly, all-solid-state Li-metal batteries 
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assembled with the fabricated SICE demonstrated stable long-term cycling performance and 

remarkably rate capability at room temperature owing to the improved electrochemical stability 

with the utilization of fast Li+ conductors (LLAZO) in the composite structure. Therefore, this 

novel and straightforward single-ion conducting composite polymer electrolyte has great 

potential in the development of advanced all-solid-state Li-metal batteries. 
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4.1 Introduction  

Lithium (Li) metal has been considered to be a very promising anode material for next-

generation rechargeable energy storage owing to the ultra-high theoretical specific capacity 

(3860 mA h g−1), low density (0.59 g cm−3), and the most negative electrochemical potential (-

3.04 V vs. standard hydrogen electrode). [4, 8-10, 12, 222] Therefore, compared with traditional 

Li-ion batteries, Li-metal batteries (LMBs) can potentially provide higher capacity and larger 

operating voltage, thus delivering higher energy density while remaining lightweight, which is 

extremely promising to satisfy the ever-growing energy demands for portable electronic devices, 

electric vehicles and grid-energy storage systems. [2, 223] However, severe cycling problem and 

safety concern happen if Li metal is directly applied to Li-metal batteries with the use of liquid 

electrolytes. These are the consequences of its dramatic volume variation and related 

performance degradation due to the intrinsic hostless feature of Li deposition, Li dendritic 

growth, and accumulation of inactive Li debris. [224] Since the process of Li plating/stripping is 

a “hostless” behavior, Li atoms tend to aggregate into isolated atomic groups and form into 

dendritic shapes driven by the thermodynamic factor of a high diffusion barrier. [225] The 

continuously growing Li dendrites could pierce the separator and cause short circuits and thermal 

runaway, resulting in catastrophic battery failure. [11] Besides, the Li debris, called “dead Li” 

that lose electrochemical activity could also be generated when the prolonged Li dendrites detach 

from the Li metal surface, causing severe active material loss during cycling. [2, 225] Moreover, 

the drastic volume changes of Li metal anode upon cycling can damage the solid-electrolyte 

interphase (SEI) film formed between the electrode and the electrolyte, which results in extra 

consumption of the electrolyte and low Coulombic efficiency, further shortening the lifespan of 

cells. [226-231] 
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Tremendous efforts have been taken to develop composite polymer electrolytes (CPEs) to 

address the aforementioned issues for Li-metal batteries. Composite polymer electrolytes, simply 

fabricated by introducing inorganic fillers into the polymer electrolyte matrix, can both maintain 

the advantages of each material, such as high Li ion conductivity, good mechanical rigidity from 

the inorganic fillers, and excellent electrode/electrolyte interfacial contact, good mechanical 

flexibility from the organic polymer matrix. [232] In addition, thanks to the embedded inorganic 

fillers, CPEs also present improved chemical and electrochemical stability for practical 

applications. [234] Among different types of inorganic fillers, garnet-based ceramic 

Li7La3Zr2O12 (LLZO), first reported by R. Murugan et al. in 2007, has been considered to be a 

very most promising Li ion conductor and has been widely investigated due to its  high lithium-

ion conductivity (10−3 to 10−4 S cm-1) at room temperature, low activation energy (~0.31 eV), 

excellent stability against lithium metal, wide electrochemical window (~5 V), and high 

mechanical strength. [85, 106, 117, 120] However, the commonly used polymer matrices 

employing lithium salts like LiTFSI, LiPF6, LiClO4, LiCF3SO3, etc. for composite polymer 

electrolytes are usually binary systems. Both Li+ cations and their counter anions migrate during 

the charging/discharging process and the overall conductivities of binary salt electrolytes are 

predominated by the motion of counter anions that have greater mobility than lithium cations. 

[23-28] Thus, their lithium-ion transference numbers (tLi+), defined as the fraction of the ionic 

conductivity that is carried by lithium ions, are undesirably low, typically ranging from 0.1 to 

0.4. Consequently, anions are easy to accumulate at the electrode surface and cause severe 

concentration polarization effect, further resulting in higher internal impedance within cells with 

decreased lifespan. [1, 37] Although the introduction of inorganic fillers can restrain the 

movement of anions via strong Lewis acid-base interaction between ceramics and Li salts and 
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improve the lithium-ion transference numbers to ~ 0.7, concentration polarization effect could 

still happen after long-term cycling. 

In this work, a novel single-ion conducting composite polymer electrolyte (SICE) was fabricated 

by anchoring the delocalized anions as side chains on the polymeric backbone of the polymer 

matrix with the introduction of garnet-type ceramic fillers. Meanwhile, in order to improve the 

interactions between inorganic fillers and polymer matrix, electrospun Li6.28La3Al0.24Zr2O12 

nanofibers (LLAZO NFs) were modified by covalently bonding silane with acrylate functional 

groups (CH2=CHCOO-) on the surface, enabling the chemical reactivity of silane-decorated 

LLAZO NFs with functional monomers. [182] Herein, this new SICE was realized by 

polymerizing the monomers of lithium (4-styrenesulfonyl) (trifluoromethanesulfonyl) imide 

(LiSTFSI) and poly(ethylene glycol) methyl ether acrylate (PEGMEA), crosslinker 

poly(ethylene glycol) diacrylate (PEGDA), silane-modified LLAZO NFs, along with the PEG-

based plasticizer tetraethylene glycol dimethyl ether (TEGDME) by heat-initiation. The resultant 

polymerization created a well-percolated organic-inorganic network within the SICE system, 

generating continuously effective and fast Li ion conductive pathways. The covalently bonded 

lithium salt anions on the polymer backbone yielded a high lithium-ion transference number. The 

silane coupling agent dramatically enhanced the interaction between the LLAZO NFs and the 

polymer matrix, leading to more homogeneous distribution of inorganic Li+ conductors with 

improved mechanical strength. [17] As a result, the fabricated SICE presented high ionic 

conductivity, reduced activation energy, wider electrochemical stability window, and better 

cycling stability. The all-solid-state Li|LFP cells constructed by this introduced SICE exhibited 

stable cycling performance and remarkable rate capability with high Coulombic efficiency. 
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4.2 Experimental Section  

4.2.1 Materials 

Oxalyl chloride ((CO)2Cl2), N,N-dimethylformamide (DMF), acetonitrile (CH3CN), sodium 4-

vinylbenzenesulfonate, triethylamine (TEA), 4-dimethylamino pyridine (DMAP), 

dichloromethane (DCM), sodium bicarbonate (NaHCO3), hydrochloric acid (HCl), potassium 

carbonate (K2CO3), lithium perchlorate (LiClO4), tetraethylene glycol dimethyl ether 

(TEGDME), lithium nitrate (LiNO3), zirconium butoxide solution (Zr(OCH2CH2CH2CH3)4, 

aluminum nitrate nonahydrate (Al(NO3)3·9H2O), 80 wt.% in ethanol), acetic acid (CH3CO2H), 

polyvinylpyrrolidone (PVP, Mw=1,300,000), 3-(trimethoxysilyl)propyl methacrylate (silane), 

ethanol, 1-methyl-2-pyrrolidinone (NMP), bis(trifluoromethane)sulfonimide lithium salts 

(LiTFSI), poly(ethylene glycol) diacrylate (PEGDA, Mw=700), poly(ethylene glycol) methyl 

ether acrylate (PEGMEA, Mw= 360), 2,2’-Azobis(2-methylpropionitrile) (AIBN), dimethyl 

sulfoxide-d6 (DMSO-d6), and N-methyl-2-pyrrolidone (NMP) were purchased from Sigma-

Aldrich. Trifluoromethanesulfonamide was purchased from Oakwood Chemical. Lanthanum 

nitrate hexahydrate (La(NO3)3·6H2O) was purchased from Alfa-Aesar. Acetonitrile and DMF 

were dried and stored with 4A molecule sieves before use. Other chemicals were used as 

received without further purification. 

 

4.2.2 Synthesis of monomer lithium (4-styrenesulfonyl) (trifluoromethylsulfonyl) imide  

As shown in Figure 4.1, the lithium (4-styrenesulfonyl) (trifluoromethylsulfonyl) imide 

(LiSTFSI) monomer was synthesized in the two-step method as described in the literature [61, 

213] Monomer potassium (4-styrenesulfonyl) (trifluoromethylsulfonyl) imide (KSTFSI) was 
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synthesized in the first step and then it was converted to  the LiSTFSI monomer with a 

metathesis reaction, as described below in more details. 

 

Figure 4.1. Schematic illustration of the chemical synthetic process of LiSTFSI. 

 

During the synthesis of KSTFSI, (CO)2Cl2 (46.6 mmol, 4 ml) and DMF (2 mmol, 190 ul) were 

well-dissolved in 80 ml dried acetonitrile and stirred at room temperature for 5 hours. Then, 4-

vinylbenzenesulfonate (38.8 mmol, 8 g) was added into the solution under argon atmosphere 

when the color turned light yellow. The mixture was stirred for 24 hours inside the laboratory 

hood at room temperature. A separate colorless solution was formed by gradually mixing TEA 

(116.2 mmol, 16.2 ml), DMAP (48.1 mmol, 5.4 g) and trifluoromethanesulfonamide (38.8 mmol, 

5.78 g) in 60 ml dried acetonitrile under magnetic stirring for 1 hour at room temperature. 

Subsequently, a clear light-brown 4-styrene sulfonyl chloride solution was obtained after the 

precipitate NaCl was filtered from the mixture. The colorless solution was dropwise added into 

4-styrene sulfonyl chloride solution under an ice bath with vigorous magnetic stirring. The ice 

bath was removed when the mixed solution cooled down. The solution turned brown and was 

vigorously stirred for 16 hours inside the laboratory hood at room temperature. The solvent was 

removed by rotary evaporation and the resulting brown solid was dissolved in 100 ml DCM. The 

following solution was washed by 40 ml 4% NaHCO3 aqueous solution three times and 40 ml 

37% HCl aqueous solution. The intermediate product of potassium (4-styrenesulfonyl) 
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(trifluoromethylsulfonyl) imide (KSTFSI) was synthesized by neutralization of the acid 

monomer with excess 0.5 mol/L K2CO3 aqueous solution. The obtained white suspension was 

stirred at room temperature for 1 hour and filtered to get a slightly yellow solid. The resulting 

solid, KSTFSI, was dried under high vacuum at 60oC overnight (30% yield).  

The synthesis of KSTFSI was confirmed by 1H NMR and 13C NMR (Figure 4.2). 1H NMR (600 

MHz; DMSO-d6; ppm): 7.7705 (d, 2H); 7.6296 (d, 2H); 6.8393 (q, 1H); 6.0254 (d, 1H); 5.4370 

(d, 1H); 13C NMR (600 MHz; DMSO-d6; ppm): 144.7104; 140.1258; 136.1100; 126.9751; 

126.4349; 117.1459. 

 

Figure 4.2. (a) 1HNMR and (b) 13CNMR spectra of KSTFSI. 

 

After the synthesis and confirmation of KSTFSI, LiSTFSI was synthesized by a metathesis 

reaction between KSTFSI and LiClO4. KSTFSI powder (8.5 mmol, 3 g) was added in 100 ml 

dried acetonitrile under argon atmosphere and stirred until the powder was completely dissolved. 

LiClO4 (8.5 mmol, 0.91 g) was well-dissolved in 20 ml dried acetonitrile and added into the 

KSTFSI solution by needled syringe. The resulting solution was stirred under argon atmosphere 

at room temperature overnight. The white KClO4 precipitate was filtered and the solvent was 

removed via rotary evaporator. The obtained white solid was recrystallized from deionized water 
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and then dried under high vacuum at 60oC to get pure white LiSTFSI powder (37% yield). The 

final product LiSTFSI was stored in a glovebox (H2O, O2 < 0.5 ppm) for further use.  

The obtained LiSTFSI was confirmed by 1H NMR, 13C NMR, and 19F NMR (Figure 4.3). 1H 

NMR (600 MHz; DMSO-d6; ppm): 7.7845 (d, 2H); 7.6435 (d, 2H); 6.8505 (q, 1H); 6.0263 (d, 

1H); 5.4553 (d, 1H); 13C NMR (600 MHz; DMSO-d6; ppm): 146.1972; 141.6377; 137.6047; 

128.4788; 127.9381; 118.6575; 19F NMR (600 MHz; DMSO-d6; ppm): 77.8133 (s, 3F). 

 

Figure 4.3. (a) 1HNMR, (b) 13CNMR, and (c) 19FNMR spectra of LiSTFSI. 

 

4.2.3 Fabrication of Li6.28La3Al0.24Zr2O12 nanofibers  

The electrospinning precursor solution was first prepared by dissolving stoichiometric amount of 

9.42 mmol of LiNO3, 4.5 mmol of La(NO3)3·6H2O, 3 mmol of (Zr(OCH2CH2CH2CH3)4 and 0.36 

mmol of Al(NO3)3·9H2O in a mixed solvent composed of 16 ml DMF and 4 ml acetic acid. 
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Excess LiNO3 (15 wt%) was added to compensate for lithium loss during the subsequent 

calcination procedure. Then 2 g of PVP was added after stirring the mixed solution for 30 min. 

The precursor solution was mechanically stirred overnight. Electrospinning was conducted at a 

high voltage of 10 kV with a feeding rate of 0.45 ml h−1. The as-spun nanofibers were later 

calcined at 850 oC for 2 h at ambient environment to obtain LLAZO nanofibers (LLAZO NFs). 

The calcinated LLAZO were further stored at vacuum oven under high temperature for future 

use. 

 

4.2.4 Fabrication of silane modified Li6.28La3Al0.24Zr2O12 nanofibers (s@LLAZO) 

For the fabrication of silane-modified Li6.28La3Al0.24Zr2O12 nanofibers (s@LLAZO), the silane 

precursor solution was first prepared by mixing 2.5 vol% 3-(trimethoxysilyl)propyl methacrylate, 

2.5 vol% acetic acid, 5 vol% water, and 90 vol% ethanol, and stirred for 1 h to stabilize the pH 

value and to activate alkoxy groups to silanols (≡Si–OH). LLAZO nanofibers (600 mg) were 

introduced into 40 ml of precursor solution, which was stirred for 6 h for hydrolysis reaction 

according to our previous work. [182] After silanization, the resulting s@LLAZO nanofibers 

were washed three times with ethanol by centrifugation, followed by drying at 60oC under high 

vacuum overnight for further use. 

 

4.2.5 Preparation of single-ion conducting composite polymer electrolytes  

The single-ion conducting composite polymer electrolytes (SICEs) were simply prepared by one-

pot free radical polymerization employing AIBN as the initiator in a glovebox. According to our 

previous work, [11] PEGDA, PEGMEA and LiSTFSI solution with a molar ratio of [EO] and 

[Li+] fixed at 24:1 was prepared as the crosslinking polymer system for SICE fabrication. Herein, 
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a polymer solution of PEGMEA and PEGDA at a weight ratio of 3:2 was mixed with 0.2 wt.% 

AIBN, after which 32 mg LiSTFSI was added to prepare the precursor solution matrix. Different 

amount of s@LLAZO NFs based on the weight percentage of polymer matrix from 0 to 50% 

was introduced and the resulting solutions were sonicated until s@LLAZO NFs were uniformly 

distributed. The well-prepared precursor SICE solutions were cross-linked into thin films 

between two transparent quartz plates by heating at 110 oC for 10 mins in a glovebox. The 

fabricated SICE membranes with different weight percentages of s@LLAZO NFs were denoted 

as SICEx, where x represents to 0, 10, 20, 30, 40, 50, corresponding to 0, 10%, 20%, 30%, 40%, 

50%, respectively. In order to improve the ionic conductivity and wetting ability of SICE, 50% 

TEGDME based on the weight of the precursor solution was introduced before crosslinking and 

the resulting plasticized system was denoted as p-SICEx for further electrochemical test and 

battery assembly. 

 

4.2.6 Structure characterization 

1H NMR, 13C NMR, and 19F NMR spectra analyses were conducted on Bruker NEO 600 MHz 

Polk NMR spectrometer with DMSO-d6 as the solvent. Fourier transform-infrared spectroscopy 

(FTIR, Thermo Scientic™ Nicolet™ iS™10) was used to identify the functional groups of 

silane, LLAZO NFs, s@LLAZO NFs, LiSTFSI powder, PEGDA, PEGMEA solution and SICE30 

membrane at the range of 1800~700 cm-1 with 32 scans and resolution of 4 cm−1 at room 

temperature. X-ray diffraction (XRD) was applied to identify the crystal structures of calcinated 

LLAZO NFs using a Rigaku D/Max 2400 (Japan) with Cu Ka radiation (λ=1.5418 Å) in a 2θ 

angle range from 10° to 50°. A universal mechanical test machine (MTS Criterion, Loading: 

100 N) was also utilized to measure the mechanical properties of SICEx membranes with a cross-
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head speed of 0.5 mm/min. Thermo-gravimetric analysis (TGA, Perkin Elmer Pyris 1) was used 

with a heating rate of 10 °C min-1 under nitrogen atmosphere to test the thermal properties of 

s@LLAZO NFs, p-SICE0, p-SICE30 membranes. Differential scanning calorimetry (DSC) was 

carried out at a heating/cooling rate of 2 °C min-1 using a TA Instrument Discovery Series to 

measure the glass transition temperatures (Tg) of SICE0, SICE30 and p-SICE30 membranes. The 

morphologies of LLAZO NFs, s@LLAZO NFs, p-SICE30 membrane and Li metal anode after 

cycling were characterized by field-emission scanning electron microscopy (FE-SEM, FEI 

Verios 460L, USA) with EDX mapping. ImageJ Software was used to measure the thickness of 

p-SICE30. 

 

4.2.7 Electrochemical performance evaluation 

Ionic conductivities of all SICEs were determined by electrochemical impedance spectroscopy 

(EIS, Garmy Reference 600 device) over a frequency range of 0.1 Hz to 1 MHz with an AC 

potential of 10 mV. SICE membranes were pouched and sandwiched between two stainless steel 

blocking electrodes for electrochemical impedance test. The ionic conductivity (δ, S cm-1) was 

calculated by the following equation: 

                                                                                               (4.1) 

where t is the thickness of SICE membrane, Rb the membrane bulk resistance obtained from the 

intercept of extended semicircle with the real axis on the Nyquist plot, and A the area of the 

membrane. Activation energy (Eα, eV) of SICEs was calculated with an Arrhenius plot of ionic 

conductivities under different temperatures by the Arrhenius equation: 

                                                                            (4.2) 
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where δ is the ionic conductivity, A the dc conductivity of pre-exponential factor, Eα the 

activation energy, R the molar gas constant, and T the absolute temperature.  

Lithium-ion transference number (tLi+) of each SICE membrane was determined by 

chronoamperometry testing and electrochemical impedance spectroscopy (EIS) measurement at 

60oC. A symmetric lithium cell was assembled and tested by EIS with a frequency ranging from 

0.1 Hz to 1 MHz before and after polarization. Chronoamperometry was performed with an 

applied DC potential of 10 mV. The tLi+ value was calculated by Bruce’s equation: 

                                                  (4.3) 

where ΔV is the polarization potential, I0 and Iss the initial and steady-state currents before and 

after polarization, R0 and Rss the initial and steady-state total resistances before and after 

polarization.  

Linear sweep voltammetry (LSV) was conducted to assess the electrochemical stability of p-

SICE30 using Li|p-SICE30|stainless steel cells with a scan rate of 10 mV s-1 over a voltage range 

of 0-6 V (vs. Li+/Li). Cyclic voltammetry (CV) was also carried out on Li|p-SICE30|stainless 

steel cells at a scan rate of 0.5 mV s-1 from -0.5 to 5.5 V (vs. Li+/Li) at room temperature. 

Galvanostatic cycling testing of Li|p-SICE30|Li symmetric cell was conducted at room 

temperature to evaluate the structural stability of p-SICE30 by sandwiching a p-SICE30 membrane 

(60-80 µm thickness and 1/2 inch diameter) between two Li foils (7/16 inch diameter) and 

cycling at current densities of 0.2 and 0.5 mA cm-2 with current direction reversed every 30 

minutes. 
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4.2.8 Battery Performance Evaluation 

All-solid-state Li|LiFePO4 (LFP) cells were fabricated for evaluating the performance of p-

SICE30 membranes in room-temperature all-solid-state batteries. For comparison, liquid 

electrolyte Li|LFP cells were also prepared by placing PP separator (Celgard, LLC) and soaking 

with commercial liquid electrolyte (1 M LiPF6 in (1:1 vol) EC/DMC). The LFP cathode was 

prepared by mixing a slurry of LFP, ionic liquid solution of TEGDME with LiTFSI in equimolar 

amounts, carbon black (C65), and polyvinylidene fluoride (PVDF) binder at a weight ratio of 

7:2:0.5:0.5 in NMP solvent, which was uniformly coated on aluminum foil by a doctor blade set 

at 15 mm. The prepared cathode was dried under high vacuum at 60 °C overnight to remove 

NMP solvent. The LFP cathode was then punched into disks with a diameter of 7/16 inches with 

an active material loading around 1.5-2.0 mg cm-2. Standard LIR2032 coin cells were assembled 

in a glovebox by sandwiching p-SICE30 and liquid electrolyte-soaked PP membrane disks of 1/2 

inch diameter between pre-punched LFP cathode and Li foil. The cycling performance of all-

solid-state and liquid-state Li|LFP cells was then tested by an Arbin battery tester in a potential 

range of 2.5 V to 4.2 V. 

 

4.3 Results and Discussion  

Figure 4.4 shows the schematic of synthesis procedure of plasticized SICE membrane used in 

this work. According to our previous work, [182] silane-coated LLAZO NFs (s@LLAZO) were 

fabricated via a hydrolysis reaction between activated alkoxy groups of silanols (ºSi–OH) and 

LLAZO NFs under acidic environment for 6 h. After that, s@LLAZO NFs were introduced into 

the polymer matrix composed of the monomers of LiSTFSI, PEGMEA and crosslinker PEGDA 

mixed in the plasticizer of TEGDME. It is seen that the acrylate functional groups 
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(CH2=CHCOO-) on s@LLAZO surface can involve the polymerization and form a controlled 

organic-inorganic crosslinked network by heat-initiation. 

Consequently, the well-controlled SICE membrane maintained a homogenous distribution of 

ceramic fillers, forming a percolated network with fast Li+ transportation. In addition, the 

improved binding force and reduced interfacial resistance between the polymer and inorganic 

nanofibers can endow the SICE with a higher content of inorganic fillers and enhanced 

mechanical property. [182] Meanwhile, the plasticizer can not only help to decrease the 

crystallinity and increase the amorphous region of polymer matrix, but also refine the wetting 

ability of the SICE, thus enabling a better interfacial contact between the electrolyte and 

electrodes. Free-standing SICE films with different s@LLAZO contents were prepared and 

denoted as p-SICPx, where p represents plasticized electrolyte and x is the weight content of 

s@LLAZO nanofibers. 

 

Figure 4.4. Schematic of synthesis procedure of plasticized SICE membrane with a well-

crosslinked inorganic-organic network, providing fast Li+ conductive pathways. 
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4.3.1 Design of single-ion conducting composite polymer electrolytes  

The scanning electron microscopy (SEM) images and X-ray diffraction (XRD) pattern in Figure 

4.5 show the morphology and crystal structure of calcined LLAZO NFs, respectively. It can be 

observed that the fabricated LLAZO ceramic fillers retained nanofibrous shape after calcination 

with the main peaks in XRD diffraction pattern clearly indexed with the cubic LLZO crystal 

structure. [182] Afterward, silane coupling agent was grafted on the surface of calcined LLAZO 

NFs via hydrolysis reaction. As shown in Figure 4.6a, the SEM image and EDAX mapping of 

s@LLAZO NFs dementated that silane coupling agent was uniformly coated along the one-

dimensional fiber direction. To further investigate the surface structure of silane-grafted ceramic 

nanofillers, Fourier transform Infrared Spectroscopy (FTIR) was conducted to analyse silane 

agent, pristine LLAZO and s@LLAZO NFs. The FTIR spectra in Figure 4.7 indicates that there 

are additional absorption peaks presenting for s@LLAZO NFs after hydrolysis reaction 

compared to pristine LLAZO NFs. The main absorption peaks located at 1310, 1090, and 940 

cm-1 can be attributed to the stretch of COO- (acrylate), stretching vibration of Si-O (siloxane), 

and bending vibration of C=C (vinyl group), respectively, [244, 245] confirming the presence of 

silane coupling agent chemically bonded on the surface of s@LLAZO NFs. As for the single-ion 

conducting polymer matrix, the repeat unit of -CH2-CH2-O- (EO) in a PEO-based polymer is 

responsible for lithium-ion complexion and transportation, [7] so that the molar ratio of 

[EO]/[Li+] was kept at 24:1 for polymer system in this paper according to our previous work. 

[11]  
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Figure 4.5. (a and b) SEM images and (c) XRD pattern of calcinated LLAZO NFs. 

 

 

Figure 4.6. (a) SEM image and EDAX mapping of La, Zr, O, Si elements of s@LLAZO NFs; (b) 

FTIR spectra of PEGDA, PEGMEA, LiSTFSI and SICE30; (c) EIS profiles of SICEx with different 

s@LLAZO NF contents at room temperature; (d) Stress–strain curves of SICEx at room 

temperature. 
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Figure 4.7. FTIR spectra of silane, LLAZO and s@LLAZO NFs. 

 

Table 4.1. Ionic conductivities and mechanical properties of SICEx with different s@LLAZO 

NF contents at room temperature. 

SICE 

samples 

s@LLAZO 

content 

(%) 

Ionic 

conductivities 

(S cm-1) 

Young’s 

modulus 

(MPa) 

Tensile 

strength 

(MPa) 

Elongation 

(%) 

SICE0 0 5.05´10-7 12.6 1.72 16.53 

SICE10 10 4.32´10-6 11.4 2.48 25.13 

SICE20 20 8.89´10-6 18.7 3.31 22.30 

SICE30 30 1.03´10-5 19.8 4.48 25.67 

SICE40 40 9.44´10-6 15.0 3.82 30.30 

SICE50 50 7.15´10-6 12.7 3.70 35.37 
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Different contents of s@LLAZO NFs were introduced into the polymer matrix to investigate the 

ionic conductivities of the resultant SICEs. As shown in Figure 4.6c, the electrochemical 

impedance spectroscopy (EIS) was applied for testing the ionic conductivities of SICE films with 

different contents of s@LLAZO NFs and the results are summarized in Table 4.1. Without 

s@LLAZO NFs, the ionic conductivity of bare polymer electrolyte was 5.05´10-7 S cm-1 

(SICE0). The ionic conductivity increased dramatically to 1.03´10-5 S cm-1 (SICE30) with 

introducing 30 wt.% s@LLAZO NFs to the system. This is because well-percolated organic-

inorganic network was created in the resultant SICE30, where the amorphous region of polymer 

matrix was increased with added fillers and LLAZO NFs provided extra Li ion conductive 

pathway within the inorganic structure by ion hopping, [8] consequently leading to the increased 

ionic conductivity. In order to better realize the improvement on Li ion transportation with well-

percolated organic-inorganic structure by introducing silane-modified LLAZO NFs, the ionic 

conductivity comparison was illustrated in Figure 4.8 between SICEs with s@LLAZO NFs and 

pristine LLAZO NFs. It is seen that after introducing 10 wt.% pristine LLAZO NFs, the ionic 

conductivity decreased to 3.85´10-6 S cm-1, which was close to the conductivity of bare polymer 

electrolytes, due to the severe aggregation of inorganic filler within the polymer matrix. [246-

248] In contrast, after introducing 30 wt.% s@LLAZO, the resultant SICE possessed the 

optimum ionic conductivity of 1.03´10-5 S cm-1, after which the ionic conductance reduced 

slightly with continue increase in s@LLAZO NF content, probably because the content of the 

fillers was beyond to the maximum capacity of the system and fillers reached to the interface 

created between filler and polymer. [249, 250] The increased ionic conductivity by the 

introduction of s@LLAZO NFs is owing to the silane coated layer that helped to mitigate the 

agglomeration effect of introduced fillers and further establish percolated network within the 
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SICE system for faster and more effective Li+ conduction. [182] The mechanical properties of 

resultant SICE membranes were further studied and shown as the strain-stress curves in Figure 

4.6d with data summarized in Table 4.1. The pristine crosslinked polymer electrolyte showed a 

Young’s modulus of 12.6 MPa, a tensile strength of 1.72 MPa, and maximum elongation of 

16.53%. After the introduction of s@LLAZO NFs, SICE30 exhibited the maximum Young’s 

modulus and tensile strength of 19.8 MPa and 4.48 MPa, respectively, due to the high rigidity 

nature of inorganic ceramics and enhanced filler/polymer interface interaction.  

 

Figure 4.8. Ionic conductivities of SICEs with s@LLAZO NFs and pristine LLAZO NFs at 

different filler contents. 

 

4.3.2 Electrochemical performance of single-ion conducting composite polymer electrolytes 

PEG-based plasticizer was added into the SICE30 system, named as p-SICE30, to increase its 

ionic conductivity for room-temperature battery cycling and improve the electrolyte/electrode 
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interfacial contact for better cycling stability. The reasons for employing oligomer PEG 

molecules are that they not only help space the long chains apart to improve the mobility of 

amorphous region, but also enhance the interface between inorganic fillers and organic polymer 

matrix. [251] As presented in Figure 4.9a and Table 4.2, p-SICE30 exhibited an enhanced ionic 

conductivity of 3.43´10-4 S cm-1 at room temperature owning to the improved ion pair 

dissociation, polymer segmental motion and vehicular transport of the solvated cation. [66] Their 

activation energies were investigated by testing the ionic conductivities under different 

temperatures, illustrated by Arrhenius plots in Figure 4.9b, and the calculated results are 

presented in Table 4.2. All ionic conductivity-temperature curves obeyed the classical Arrhenius 

linear relationship within the testing temperature range (20 ~ 80 °C). The activation energy was 

calculated as 0.44 eV for bare polymer electrolyte, while it decreased significantly to 0.20 eV 

with the introduction of s@LLAZO NFs and plasticizer for p-SICE30, indicating a lower energy 

barrier in transporting lithium cations within the plasticized composite polymer system. 

Afterward, differential scanning calorimetry (DSC) was then conducted to measure the glass 

transition temperatures (Tg) of SICE films, presented in Figure 4.10. From Figure 4.10 and 

Table 4.2, it is seen that due to the introduction of s@LLAZO NFs which decreased the 

crystallinity of polymer matrix, SICE30 had a lower glass transition temperature of -39.2 oC 

compared to the bare polymer electrolyte (-22.5 oC). Then the added plasticizer further reduced 

the glass transition temperature to -74.6 oC for p-SICE30, demonstrating the greatly increased 

amorphous network within polymer system. 
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Figure 4.9. (a) EIS profiles and (b) Arrhenius plots of SICE0, SICE30 and p-SICE30; (c) linear 

sweep voltammetry curves of p-SICE30 membrane at room temperature; (d) time-dependent 

response of DC polarization curve for the Li|p-SICE30|Li symmetric cell (inset is the EIS plots 

before and after polarization) at 60 °C; (e) lithium plating/striping cycles of symmetric Li|p-

SICE30|Li cell at different current densities under room temperature. 

 

Table 4.2. Electrochemical properties of SICE0, SICE30 and p-SICE30. 

SICE 

samples 

s@LLAZO 

content 

(%) 

TEGDME 

Content 

(%) 

Ionic 

conductivities 

(S cm-1) 

Ea 

(eV) 

Tg 

(oC) 

SICE0 0 0 5.05´10-7 0.44 -22.5 

SICE30 30 0 1.03´10-5 0.25 -39.2 

p-SICE30 30 40 3.43´10-4 0.20 -74.6 
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Figure 4.10. DSC curves tested from -80 to 100 oC of SICE0, SICE30 and p-SICE30 membranes. 

 

Moreover, linear sweep voltammetry (LSV) curve of p-SICE30 (Figure 4.9c) tested by 

sandwiching the electrolyte discs between lithium metal and stainless steel illustrated an 

excellent anodic stability observed with no obvious anodic current change until the potential 

reached 5.1 V vs. Li+/Li, demonstrating the absence of electrochemically oxidized 

decomposition of the electrolyte. [61] In addition, as shown in Figure 4.11, a wide stability 

window was observed for p-SICE30, which is favorable for advanced lithium metal batteries. 

Figure 4.9d illustrates the lithium-ion transference number (tLi+) of p-SICE30 determined by 

Bruce’s equation by combining the results of chronoamperometry and electrochemical 

impedance spectroscopy (EIS) testing at 60 °C (Table 4.3). [206] As a result of covalently 

immobilized 4-styrenesulfonyl (trifluoromethylsulfonyl) imide (STFSI−) to the polymer chain 

(Figure 4.4), p-SICE30 possessed a superior tLi+ up to 0.87, indicating an excellent single 
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lithium-ion conducting behavior, which can help to eliminate the concentration polarization 

effect and protect the lithium metal anode from dendrite formation, thereby improving the 

battery performance of all-solid-state LMBs.  

 

Figure 4.11. LSV curve of Li|p-SICE30|stainless steel cell at room temperature. 

 

Table 4.3. The data summary and calculated lithium-ion transference number of p-SICE30 at 

60 °C. 

SICE samples 
Ri,0 

(Ω) 

Ri,ss 

(Ω) 

I0 

(μA) 

Iss 

(μA) 
tLi+ 

p-SICE30 96.12 97.30 61.90 57.45 0.87 
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The electrochemical stability of p-SICE30 against Li metal was investigated by galvanostatic tests 

of Li|p-SICE30|Li symmetric cell. As shown in Figure 4.9e, the test was conducted by Li+ 

stripping/plating cycling for 30 min under different current densities of 0.2 and 0.5 mA cm-2 to 

evaluate its long-term lithium cycling stability and dynamic interfacial compatibility. It is 

notable that an extremely stable overpotential of 117 mV can be obtained at a current density of 

0.2 mA cm-2, after which it increased to 183 mV with a higher current density of 0.5 mA cm-2. 

The whole test was running up to 1200 h without any short circuit, demonstrating a high 

interfacial stability between p-SICE30 and the electrodes, namely, superior electrochemical 

stability against Li metal during cycling. [211, 212] 

 

4.3.3 High performance of all-solid-state Li-metal batteries 

As illustrated in Figure 4.12a and Figure 4.13, the fabricated p-SICE30 membrane was easily 

punched into discs with a thickness of just 62 μm with uniformly distributed s@LLAZO NFs. 

The digital images in Figure 4.14 further demonstrated that the resultant membrane could be 

bent and twisted without breakage or cracking. Therefore, in addition to improved mechanical 

strength, p-SICE30 membrane also possessed excellent mechanical flexibility for use in advanced 

LMBs. Later, the well-controlled p-SICE30 discs were used as the electrolyte at room 

temperature for all-solid-state Li-metal cells with LFP as the cathode and Li metal as the anode. 

The assembled cells were charged and discharged at a current density of 0.2 C (1 C = 170 mAh 

g-1). To better understand the improved cycling performance by employing the designed 

electrolyte, the cell prepared by placing PP separator (Celgard, LLC) and soaking with 

commercial liquid electrolyte (1 M LiPF6 in (1:1 vol) EC/DMC) was cycled at the same 

situation. As shown in Figure 4.12b, the Li|p-SICE30|LFP cell exhibited an initial discharge 
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capacity of 148 mAh g-1 with a Coulombic efficiency of 97% due to the formation of solid-

electrolyte interface (SEI), after which it increased and maintained at 99.9%. The discharge 

capacity exhibited slightly increasing trend through the initial cycling stage, which is a result of 

the improved interfacial contact as charging/discharging proceeded. After 300 cycles, the cell 

could remain at 146 mAh g-1 with a high capacity retention of 98.6% (0.67% capacity decay per 

cycle), indicating an outstanding long-term stability with good reversibility in redox reactions 

upon cycling. In comparison, although the discharge capacity of the Li|LiPF6|LFP cell increased 

to 160 mAh g-1 at initial cycles, it dropped sharply to 81 mAh g-1 after 300 cycles, corresponding 

to a retention rate of 60.4%. This huge capacity fading was probably due to the unstable 

interfacial contact between the liquid electrolyte and Li metal associated with the formation of Li 

dendrites in liquid electrolyte. Figures 4.12c and d present the charge-discharge curves of 1st, 

150th and 300th cycles for solid-state Li|p-SICE30|LFP and liquid-state Li|LiPF6|LFP cells, 

respectively. The results suggested that the overpotential of the Li|p-SICE30|LFP cell (Figures 

4.12c) decreased from 0.3 V (1st cycle) to 0.12 V (150th cycle) owing to an initial decrease in 

electrode-electrolyte interfacial resistance. The overpotential maintained the same until the 300th 

cycle, indicating a stable interfacial contact upon cycling. [213] However, the Li|LiPF6|LFP 

(Figures 4.12d) cell exhibited a continuously changing overpotential of 0.29 V, 0.18 V and 0.37 

V at the 1st, 150th and 300th cycles, respectively, leading to an unstable compatibility between 

liquid electrolyte against Li metal probably due to the dendrite growth. 
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Figure 4.12. (a) SEM image of the cross-section of p-SICE30 membrane; (b) cycling 

performance at current density of 0.2 C of all-solid-state Li|p-SICE30|LFP and liquid-state 

Li|LiPF6|LFP cells operated at room temperature; (c) and (d) charge–discharge curves of 1st, 

150th and 300th cycles of all-solid-state Li|p-SICE30|LFP and liquid-state Li|LiPF6|LFP cells at 

current density of 0.2 C; (e) rate capability and (f) charge-discharge profiles (0.2-5 C) of all-

solid-state Li|p-SICE30|LFP cell operated at room temperature; SEM images of (g) fresh Li metal 

surface, (h) Li metal surface after 300-cycling in all-solid-state Li|p-SICE30|LFP cell and (i) Li 

metal surface after 300-cycling in liquid-state Li|LiPF6|LFP cell. 



   

104 
 

 

Figure 4.13. SEM image of the cross-section of p-SICE30 membrane and EDAX mapping of C, 

O, La, and Zr elements. 

 

 

Figure 4.14. Digital images of p-SICE30 membrane. 

 

The rate capability of the solid-state cell with p-SICE30 membrane was studied and is presented 

in Figure 4.12e and f. The discharge capacities obtained at increasing rates of 0.2, 0.5, 1, 2 and 
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5 C were 145, 140, 126, 110 and 73 mAh g-1, respectively, after which, upon return to 0.2 C, the 

discharge capacity returned to the initial value of 148 mAh g-1(Figure 4.12e). Notably, stable 

charge and discharge plateaus between 3.65 V and 3.25 V were found at the C rates from 0.2 to 2 

(Figure 4.12f), corresponding to typical lithium ion extraction/insertion from and into the LFP 

cathode. [64] This outstanding rate performance bodes well for all-solid-state Li metal batteries 

and can be attributed to the high ionic conductivity and excellent lithium-ion transference 

number from the well-percolated single-ion conducting organic-inorganic structure. Meanwhile, 

the surface morphologies of Li metal before and after battery cycling were characterized by SEM 

to evaluate the Li dendrite formation and shown in Figure 4.12g-i. Figure 4.12g is the fresh Li 

metal before cycling, after which the majority of Li electrode surface in Li|p-SICE30|LFP cell 

was smooth with slightly observable dendrite formation, while the surface of the Li electrode in 

Li|LiPF6|LFP cell was wrinkled and covered with Li dendrites. Therefore, the results indicated 

that p-SICE30 exhibited sufficient mechanical strength owing to the well-designed 3D organic-

inorganic network, further suppressing lithium dendrites for better and long cycling performance. 

 

4.4 Conclusions  

Plasticized single-ion conducting composite polymer electrolyte was designed and fabricated 

with silane-modified LLAZO ceramic fillers. The delocalized anions were covalently bonded as 

side chains on the polymeric backbone of the polymer matrix, which led to a superior lithium-ion 

transference number. The s@LLAZO NFs enabled direct monomer grafting with polymer 

matrix, resulting in a controlled formation of an organic-inorganic network that improved the 

filler content and distribution with enhanced filler-matrix interaction in the SICE system. The 

resultant electrolyte exhibited a high ionic conductivity (3.43´10-4 S cm-1) under room 
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temperature, reduced activation energy (0.20 eV) and glass transition temperature (-74.6 oC), and 

excellent oxidation stability (5.1 V). These improvements are beneficial from the well-percolated 

amorphous region in the polymer system and extra Li ion conductive pathways in ceramic 

structure due to the added plasticizer and LLAZO NFs. Most importantly, all-solid-state Li-metal 

batteries assembled with the fabricated SICE demonstrated stable cycling performance for 300 

cycles and remarkably rate capability up to 5 C at room temperature owing to the improved 

electrochemical stability with the utilization of fast Li+ conductors (LLAZO) in the composite 

structure. In short, this novel and straightforward single-ion conducting composite polymer 

electrolyte has great potential in the development of advanced all-solid-state Li-metal batteries. 
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CHAPTER 5: Garnet-type Composite Polymer Electrolyte for Room-Temperature All-

Solid-State Li-S Battery 

 

Abstract 

Lithium-sulfur batteries are considered as one of the most promising rechargeable energy storage 

systems due to their extremely high theoretical specific capacity and large energy density. 

However, the commercialization of Li-S batteries is hindered due to long-chain polysulfides 

diffusion and Li dendrite formation when using organic liquid electrolytes. To address these 

problems, a Li6.28La3Al0.24Zr2O12 nanofiber (LLAZO NF) reinforced composite polymer 

electrolyte with superior ionic conductivity was designed and fabricated by introducing a garnet 

nanofiber filler into the PEO-based polymer system. The well-percolated organic-inorganic 

network provided fast and continuous Li ion conductive pathway with high lithium-ion 

transference number. The addition of LLAZO NFs not only endows the composite polymer 

electrolyte good electrochemical stability and improved mechanical property to suppress the Li 

dendrite formation, but also help to mitigate the polysulfides diffusion during cycling. Therefore, 

the all-solid-state Li-S battery based on this garnet-type composite polymer electrolyte shows 

improved cycling stability and good rate performance at room temperature. 
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5.1 Introduction  

The development of safe, low-cost, high-energy-density and long-lasting rechargeable batteries 

is highly required for electric vehicles and large-scale stationary energy storage. [253, 254] 

Intercalation-type Li ion batteries (LIBs), first introduced into the commercial market by Sony in 

the early 1990s, are currently considered the most significant achievement for electrochemical 

energy storage technologies owing to their relatively high energy density, high operating voltage, 

and long cycle life. [11] However, conventional LIBs with using Li transition-metal oxide 

cathodes and graphite anodes can only deliver a specific capacity approximate 250 mAh g−1, 

which is far from satisfying the ever-growing requirement for higher energy density due to the 

limitation of the intercalation mechanism. [235] Therefor, it is urgent to explore other advanced 

cathode materials to further increase the energy density and overcome the limitations. [255-259] 

Lithium-sulfur (Li-S) batteries, regarded as one of the most promising candidates, can 

theoretically deliver a high capacity of 1670 mAh g−1 and energy density of 2600 Wh kg−1 by 

using sulfur as the cathode active material and Li metal as the anode active material. [148, 232, 

234, 260-262] In addition, the element sulfur is low-cost, environmentally benign, nontoxic and 

abundant in earth’s crust. [263, 264] 

Despite its considerable advantages, the practical application and commercialization of Li-S 

batteries have been hindered by multiple fundamental problems and technological challenges. 

[265, 266] The element S (ca. 10-30 S cm-1 at 25 oC) and its discharge product Li2S (ca. 10-13 S 

cm-1 at 25 oC) are highly electrically and ionically insulating, thus S must maintain intimate 

contact with adequate electrically conductive additive to enable a reversible electrochemical 

reaction. [262, 267] Besides, the electrochemical mechanism based in Li–S battery is different as 

the intercalation-type mechanism and is more complex than that of other conversion reactions. 
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[268, 269] The overall electrochemical reaction of the discharge process on the S cathode can be 

briefly described by a single equation of S8 +16Li ↔ 8Li2S, while the transformation from S to 

final discharge product Li2S involves a series of complicated stepwise reactions with two 

plateaus. [265, 270] At the higher plateau of approximate 2.4 V, S is first reduced to 

long/middle-length-chain polysulfides (PSs, Li2Sn, 4≤n≤8), which are highly soluble in the polar 

organic solvents used in liquid electrolytes. [269, 271] At the second plateau region, the soluble 

PSs can penetrate the separator and migrate to the Li metal anode side and further be reduced 

into short-chain PSs (Li2S2/Li2S), which are insoluble and tend to precipitate on the lithium metal 

surface and passivate the anode, leading to both active material loss and increased interfacial 

impedance. [269, 272-276] This phenomenon is called “shuttle effect” and usually causes severe 

capacity degradation on the repeated discharging/charging process, which is one of the most 

critical problems reducing electrochemical performance and cycle stability of Li-S batteries. 

[251, 259, 277-279] Another serious problem that the Li−S batteries encounter is originated from 

the usage of lithium metal as the anode, where the growth of dendritic Li is be hazardous and can 

lead to internal short circuit and thermal runaway of the battery upon cycling. [224] 

In order to address the aforementioned issues and improve the electrochemical performance of 

Li−S batteries, tremendous efforts and strategies have been studied and employed, including 

sulfur host material and cathode structure design, polar binders addition, separator modification, 

interlayer fabrication, and solid-state electrolyte adoption, etc. [259, 268, 280-285] The recent 

developments in solid-state electrolyte provide a promising way to restrain the PS shuttle effect 

and suppress Li dendrite formation for better Li-S battery performance, among which composite 

polymer electrolytes (CPEs) by introducing inorganic fillers into polymer matrix can not only 

possess high ionic conductivity but also maintain excellent interfacial contact between the 
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electrode and electrolyte. [8, 240] In addition, CPEs also exhibit several benign characteristics 

such as better thermal, chemical and electrochemical stability and outstanding mechanical 

strength for practical applications. [235] As for the different types of inorganic additives, garnet-

type ceramic Li7La3Zr2O12 (LLZO) has been demonstrated to be one of the most promising Li 

ion conductors owing to its particularly high ionic conductivity (10−3 to 10−4 S cm-1), superior 

interfacial stability with Li metal, large electrochemical window, excellent compatibility with the 

redox range of sulfur and high affinity to polysulfides, offering a great opportunity for solid-state 

Li-S batteries. [85, 106, 182, 236-240, 242, 243] 

In this work, a garnet-type CPE was designed and fabricated for all-solid-state Li-S batteries to 

mitigate the shuttle effect of long-chain PSs and suppress the growth of dendrite Li. Herein, one-

dimensional Li6.28La3Al0.24Zr2O12 nanofiber(LLAZO NF) fillers with high surface area and 

excellent ionic conductivity were made by electrospinning, followed with calcination at high 

temperature in air environment. Later, LLAZO NF-reinforced CPE was manufactured by 

introducing the inorganic fillers into highly ionic-conductive crosslinked poly(ethylene glycol) 

(PEG)-based polymer system with using LiTFSI as the Li ion source and tetraethylene glycol 

dimethyl ether (TEGDME) as the plasticizer. The resulting CPE can provide a superior ionic 

conductivity of 5.71 × 10-4 S cm-1 at room temperature owing to the highly conductive inorganic 

three-dimensional network and well-crosslinked polymer matrix, providing continuous Li+ 

conductive channels within the electrolyte system. [240] In addition, a high lithium-ion 

transference number (tLi+) of up to 0.70 can be obtained for the CPEs, which was attributed to the 

strong Lewis acid-base interaction between LLAZO NFs and Li salt, restricting the delocalized 

anions and further promoting Li+ mobility. [182] Moreover, compact electrode-electrolyte 

interfaces were generated by directly coating CPE precursor solution on the surface of S cathode 
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and Li metal. Owing to these improvements, the all-solid-state Li-S battery prototype based on 

this garnet-type composite polymer electrolyte showed improved cycling ability at room 

temperature. 

 

5.2 Experimental Section  

5.2.1 Materials 

Lithium nitrate (LiNO3), zirconium butoxide solution (Zr(OCH2CH2CH2CH3)4, aluminum nitrate 

nonahydrate (Al(NO3)3·9H2O), 80 wt.% in ethanol), N,N-dimethylformamide (DMF), acetic acid 

(CH3CO2H), polyvinylpyrrolidone (PVP, Mw=1,300,000), bis(trifluoromethane)sulfonimide 

lithium salts (LiTFSI), tetraethylene glycol dimethyl ether (TEGDME), 1-hydroxycyclohexyl 

phenyl ketone (HPK), poly(ethylene glycol) diacrylate (PEGDA, Mw=700), poly(ethylene 

glycol) methyl ether acrylate (PEGMEA, Mw= 360) and N-methyl-2-pyrrolidone (NMP) were 

purchased from Sigma-Aldrich. Lanthanum nitrate hexahydrate (La(NO3)3·6H2O) was purchased 

from Alfa-Aesar. All chemicals were used as received without further purification. 

 

5.2.2 Fabrication of Li6.28La3Al0.24Zr2O12 nanofibers  

The electrospinning precursor solution was first prepared by dissolving stoichiometric amounts 

of 9.42 mmol of LiNO3, 4.5 mmol of La(NO3)3·6H2O, 3 mmol of (Zr(OCH2CH2CH2CH3)4 and 

0.36 mmol of Al(NO3)3·9H2O in a mixed solvent composed of 16 ml DMF and 4 ml acetic acid. 

Excess LiNO3 (15 wt%) was added to compensate for lithium loss during the subsequent 

calcination procedure. Then 2 g of PVP was added after stirring the mixed solution for 30 min. 

The precursor solution was mechanically stirred overnight. Electrospinning was conducted at a 

high voltage of 10 kV with a feeding rate of 0.45 ml h−1. The as-spun nanofibers were later 
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calcined at 850 oC for 2 h in air environment to obtain LLAZO nanofibers (LLAZO NFs). The 

calcinated LLAZO were further stored at vacuum oven at 160  oC for future use. 

 

5.2.3 Preparation of LLAZO incorporated composite polymer electrolytes  

The composite polymer electrolytes (CPEs) were simply prepared by one-pot free radical 

polymerization employing HPK as the UV initiator in a glovebox. PEGDA, PEGMEA and 

LiTFSI solution with a molar ratio of [EO] and [Li+] fixed at 12:1 was designed as the 

crosslinking polymer system for CPE fabrication. Herein, a polymer solution of 96 wt.% 

PEGMEA and 4 wt.% PEGDA was mixed with 0.4 wt.% HPK, after which 140 mg 

LITFSI/TEGDME, ionic liquid solution in equimolar amounts, was added to prepare the 

precursor solution matrix. Different amount of LLAZO NFs based on the weight percentage of 

polymer matrix from 0 to 50% was introduced and the resulting solutions were sonicated until 

LLAZO NFs were uniformly distributed in the solutions. The well-prepared precursor CPE 

solutions were cross-linked into thin films between two transparent quartz plates by exposing to 

UV light for 10 mins in a glovebox. The fabricated CPE membranes with different weight 

percentage of LLAZO NFs were denoted as CPE-x, where x = 0, 1, 2, 3, 4, or 5, corresponding 

to 0, 10%, 20%, 30%, 40%, or 50%, respectively. 

As for CPE-coated sulfur cathode and Li metal anode preparation, the well-sonicated precursor 

solutions of CPE-x were directly dropping on the surface of sulfur cathode and Li metal anode. 

Transparent quartz plates were then placed on the top to obtain a smooth and uniform surface, 

followed by exposing to UV light for 15 mins in a glove box. 
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5.2.4 Structure characterization 

Fourier transform-infrared spectroscopy (FTIR, Thermo Scientic™ Nicolet™ iS™10) was used 

to identify the functional groups of LLAZO NFs, PEGDA, PEGMEA and CPE-x (x=0, 1, 2, 3, 4, 

5) membranes at the range of 1800~700 cm-1 with 32 scans and resolution of 4 cm−1 at room 

temperature. X-ray diffraction (XRD) was applied to identify the crystal structures of calcinated 

LLAZO NFs using a Rigaku D/Max 2400 (Japan) with Cu Ka radiation (λ=1.5418 Å) in a 2-

Theta angle range from 10° to 50°. A universal mechanical test machine (MTS Criterion, 

Loading: 100 N) was also utilized to measure the mechanical properties of CPE-x (x=0, 1, 2, 3, 

4, 5) membranes with a cross-head speed of 0.5 mm/min. Thermo-gravimetric analysis (TGA, 

Perkin Elmer Pyris 1) was used with a heating rate of 10 °C min-1 under nitrogen atmosphere to 

test the thermal property of CPE-0 and CPE-2 membranes. Differential scanning calorimetry 

(DSC) was carried out at a heating/cooling rate of 2 °C min-1 using a TA Instrument Discovery 

Series to measure the glass transition temperatures (Tg) of CPE-x (x=0, 1, 2, 3, 4, 5) membranes. 

The morphologies of LLAZO NFs, CPE-2 coated sulfur cathode and Li metal anode after 

cycling were characterized by field-emission scanning electron microscopy (FE-SEM, FEI 

Verios 460L, USA) with EDX mapping. ImageJ Software was used to measure the thickness of 

CPE-2 membranes. 

 

5.2.5 Electrochemical performance evaluation 

Ionic conductivities of all CPEs were determined by electrochemical impedance spectroscopy 

(EIS, Garmy Reference 600 device) over a frequency range of 0.1 Hz to 1 MHz with an AC 

potential of 10 mV. CPE membranes were pouched and sandwiched between two stainless steel 
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blocking electrodes for electrochemical impedance test. The ionic conductivity (δ, S cm-1) was 

calculated by the following equation: 

𝛅 = 𝐭 𝐑𝐛𝐀⁄                                                               (5.1) 

where t is the thickness of CPE membrane, Rb the membrane bulk resistance obtained from the 

intercept of extended semicircle with the real axis on the Nyquist plot, and A the area of the 

membrane. Activation energy (Eα, eV) of CPEs was calculated with an Arrhenius plot of ionic 

conductivities under different temperatures by the Arrhenius equation: 

                        𝛅 = 𝐀𝐞𝐱𝐩(−𝐄𝐚 𝐑𝐓⁄ )                                                    (5.2) 

where δ is the ionic conductivity, A the dc conductivity of pre-exponential factor, Eα the 

activation energy, R the molar gas constant, and T the absolute temperature.  

Lithium-ion transference number (tLi+) of each CPE membrane was determined by 

chronoamperometry testing and electrochemical impedance spectroscopy (EIS) measurement at 

60oC. A symmetric lithium cell was assembled and tested by EIS with a frequency ranging from 

0.1 Hz to 1 MHz before and after polarization. Chronoamperometry was performed with an 

applied DC potential of 10 mV. The tLi+ value was calculated by Bruce’s equation: 

               𝐭𝐋𝐢! = 𝐈𝐒𝐒 (∆𝐕 − 𝐈𝟎𝐑𝐢,𝟎) 𝐈𝟎(∆𝐕 − 𝐈𝐒𝐒𝐑𝐢,𝐒𝐒)⁄                           (5.3) 

where ΔV is the polarization potential, I0 and Iss the initial and steady-state currents before and 

after polarization, and R0 and Rss the initial and steady-state total resistances before and after 

polarization.  
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Galvanostatic cycling testing of Li|CPE|Li symmetric cells was conducted at room temperature 

to evaluate the structural stability of CPE membranes by sandwiching a CPE membrane (60-80 

µm thickness and 1/2 inch diameter) between two Li foils (7/16 inch diameter) and cycling at 

current densities of 0.05, 0.1, 0.2 and 0.5 mA cm-2 with current direction reversed every 30 

minutes. 

 

5.2.6 Battery Performance Evaluation 

All-solid-state lithium sulfur (Li-S) cells were fabricated for evaluating the performance of CPE 

membranes in room-temperature all-solid-state batteries. Sulfur was first mixed with carbon 

black (C65) in weight ratio of 1:1 and then transferred to a sealed hydrothermal kettle and heated 

to 155 °C for overnight to obtain the S/C composite. The sulfur cathode was prepared by mixing 

a slurry of S/C composite, ionic liquid solution of G4 with LiTFSI in equimolar amounts, carbon 

black (C65), and polyacrylic acid (PAA) binder at a weight ratio of 7:1:1:1 in NMP solvent, 

which was uniformly coated on aluminum foil by a doctor blade set at 30 mm. The prepared 

cathode was dried under high vacuum at 60 °C overnight to remove NMP solvent. The sulfur 

cathode was coated with CPE precursor solution in a glovebox and then punched into disks with 

a diameter of 1/2 inches with an active material loading around 0.8-1 mg cm-2. The Li metal 

cathode was coated with the same precursor solution and then punched into disks with a diameter 

of 9/16 inches for use. Standard LIR2032 coin cells were assembled in a glovebox by stacking 

coated sulfur cathode and Li anode. The cycling performance of all-solid-state Li-S cells was 

then tested by an Arbin battery tester in a potential range of 1.7 V to 2.8 V. 
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5.3 Results and Discussion   

CPEs by embedding inorganic fillers into polymer matrix can both maintain the advantages of 

each material, such as high Li ion conductance and good mechanical rigidity of the inorganic 

fillers, and good interfacial contact and mechanical flexibility of the organic polymer matrix. 

[233] Among various inorganic fillers, garnet-type ceramic LLZO is considered to be one of the 

most promising Li ion conductors for all-solid-state Li batteries due to its excellent ionic 

conductivity (10−3 to 10−4 S cm-1), large electrochemical window and superior interfacial stability 

with Li metal. Moreover, LLZO also possessed excellent compatibility with the redox range of 

sulfur and high affinity to polysulfides, which are favorable for solid-state Li-S batteries. [260] 

In addition to the advantaged garnet ceramic LLZO, acrylate-based PEO monomer and 

crosslinker were employed in this work because the atactic methacrylate backbones form 

interconnected “cages” that can spatially besiege the PEO molecules to decrease the degree of 

crystallinity of PEO, thus increasing the Li ion conductance. [286-288] As shown in Figure 5.1, 

the garnet-type CPE was fabricated by dispersing calcinated-electrospun LLAZO NFs into the 

polymer matrix composed of monomer poly(ethylene glycol) methyl ether acrylate (PEGMEA), 

crosslinker poly(ethylene glycol) diacrylate (PEGDA), bis(trifluoromethane)sulfonimide lithium 

salts (LiTFSI), plasticizer tetraethylene glycol dimethyl ether (TEGDME), and initiator 1-

hydroxycyclohexyl phenyl ketone (HPK) before UV-initiated polymerization in a glovebox. 

Owing to the crosslinking polymer network and the introduction of inorganic active nanofillers, 

which both helped to inhibit the crystallinity of PEO, a three-dimensional (3D) inorganic-organic 

framework was well-created, providing continuously Li-ion conductive pathways for high 

conduction. Moreover, in order to maintain good interfacial contact between 

electrodes/electrolyte, CPE precursor solution was directly coating on the surface of S cathode 
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and Li metal, resulting in an interconnected interface between S cathode and electrolyte for fast 

Li ion transportation and compact contact between Li metal and electrolyte for Li dendrite 

suppression. 

 

 

Figure 5.1.  Schematic of fabrication procedure of all-solid-state Li-S battery with garnet-type 

CPE coated S cathode and Li anode, in which the LLAZO NFs was manufactured by 

electrospinning with high temperature calcination. 

 

5.3.1 Design of LLAZO NFs-reinforced composite polymer electrolytes 

As illustrated in Figure 5.2a-b, the morphology and crystal structure of calcined LLAZO NFs 

were obtained by scanning electron microscopy (SEM) image and X-ray diffraction (XRD) test, 

respectively. The calcined LLAZO ceramic fillers maintained well-defined nanofibrous shape 

with the main peaks in XRD diffraction pattern clearly indexed with the cubic LLZO crystal 

structure. [182] Figure 5.3 further demonstrated the structure of LLAZO NFs with SEM image 

and EDAX mapping, where all elements (La, Zr, O) were uniformly distributed along the one-

dimensional fiber direction. In this work, the molar ratio of [EO]/[Li+] was selected as 12:1 to the 
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polymer matrix with adding equimolar PEG-based plasticizer of TEGDME, approximately 17-

25% based on the CPE system. The oligomer PEG molecules can not only space the long chains 

apart to improve the amorphous region, but also enhance the interface between inorganic fillers 

and organic polymer matrix. [252] Later, different contents of LLAZO NFs were introduced into 

the polymer matrix to obtain CPEs with improved ionic conductivity and mechanical property. 

The resulting CPE membranes were denoted as CPE-x, where x represents to 0, 1, 2, 3, 4, 5, 

corresponding to 0, 10%, 20%, 30%, 40%, 50% based on the weight of polymer matrix, 

respectively. Figure 5.4a shows the Fourier transform-infrared spectroscopy (FTIR) spectra of 

PEGDA, PEGMEA, LLAZO and CPE-x. All the absorption bands due to the stretching vibration 

of vinyl groups (1630-1640 cm-1) and acrylate groups (1410 and 810 cm−1) in PEGDA and 

PEGMEA disappeared in the FTIR spectra of the synthesized CPE-x, indicating that both the 

monomer PEGMEA and crosslinker PEGDA have reacted completely during UV-initiated 

polymerization. [11, 289, 290] 

The ionic conductivity and EIS changing of CPEs with different contents of fillers at room 

temperature are presented in Figure 5.2c and 5.4b, respectively, and the results are summarized 

in Table 5.1. It is seen that the fabricated CPE with 20% LLAZO NFs exhibited the highest ionic 

conductivity of 5.71 × 10-4 S cm-1, before which the ionic conductivity of CPEs raised with 

increasing filler content due to the improved amorphous region of polymer matrix and enhanced 

Li ion conductive pathways. After reaching the peak, ionic conductivity decreased because of 

severe agglomeration effect of inorganic fillers, where LLAZO NFs were easy to form large and 

separated aggregates at higher concentration, resulting in discontinuous Li ion transfer channels 

within the CPE system. [182] In addition, Figure 5.2d explores the effect of LLAZO NFs on 

mechanical properties of CPEs and the corresponding values are summarized in Table 5.1. The 
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pristine crosslinked polymer electrolyte (CPE-0) showed a Young’s modulus of 2.42 MPa, a 

tensile strength of 0.86 MPa, and a maximum elongation of 43.17%. With the introduction of 

LLAZO NFs, the mechanical properties were improved due to the high rigidity nature of 

inorganic ceramics, where CPE-2 possessed the optimum Young’s modulus and tensile strength 

of 4.46 MPa and 1.87 MPa, respectively. The continuously growing elongation with increasing 

LLAZO NFs was probably due to the improved amorphous region, causing more free volume 

within the polymer network. While the Young’s modulus decreased after 20% filler content 

addition, which may result from the agglomeration effect of inorganic fillers within the polymer 

matrix. 

 

Figure 5.2. (a) SEM image and (b) XRD pattern of calcinated LLAZO NFs; (c) Ionic 

conductivity versus filler content and (d) Stress–strain curves of the CPEs at room temperature. 
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Figure 5.3. SEM image and EDAX mapping of La, Zr, O elements of LLAZO NFs. 

 

 

Figure 5.4. (a) FTIR spectra of PEGDA, PEGMEA, LLAZO NFs and CPE-x with different 

content fillers; (b) EIS profiles of CPE-x with different content fillers at room temperature. 
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Table 5.1 Ionic conductivities and mechanical properties of CPEs with different LLAZO contents 

at room temperature. 

CPE samples 

LLAZO 

content 

(%) 

Ionic 

conductivities 

(S cm-1) 

Young’s 

modulus 

(MPa) 

Tensile 

strength 

(MPa) 

Elongation 

(%) 

CPE-0 0 4.77 × 10-4 2.42 0.86 43.17 

CPE-1 10 5.17 × 10-4 3.46 1.11 39.97 

CPE-2 20 5.71 × 10-4 4.46 1.87 55.61 

CPE-3 30 5.28 × 10-4 3.98 1.82 56.29 

CPE-4 40 4.87 × 10-4 3.72 2.17 71.55 

CPE-5 50 4.35 × 10-4 2.74 1.70 75.93 

 

 

5.3.2 Electrochemical performance characterization of LLAZO NFs-reinforced composite 

polymer electrolytes  

The electrochemical performance of the CPEs with different LLAZO contents is shown in 

Figure 5.5 and Table 5.2. Figure 5.5a illustrates the Arrhenius plots of their ionic conductivities 

tested under different temperatures, where all ionic conductivity-temperature curves obey the 

classical Arrhenius linear relationship within the testing temperature range (20 ~ 80 °C). The 

calculated activation energy of bare polymer electrolyte is 0.291 eV, which declines to 0.268 eV 

with addition of LLAZO NFs for CPE-2, indicating a lower energy barrier in transporting 

lithium cations within the polymer system. This was attributed from the well-organized three-

dimensional inorganic-organic framework, where Li ions preferred to be conducted by 



   

122 
 

interconnected fibrous garnet phase. [14, 58] When the filler content exceeded 20%, Li ions were 

mostly conducted by the segmental motion of polymer chains due to the highly aggregated 

LLAZO phase with discontinuous Li ion conduction. [211, 246] Afterwards, the differential 

scanning calorimetry (DSC) curves in Figure 5.5b indicated that the glass transition temperature 

of CPE-2 (-71.46 oC) is lower than that of pristine polymer electrolyte (-69.62 oC), demonstrating 

that the inorganic ceramic LLAZO NFs are beneficial to increase the amorphous region of the 

polymer network. Moreover, the lithium ion transference number (tLi+) values were determined 

by Bruce’s equation using the obtained initial current (I0), steady-state current (Iss) via 

chronoamperometry and the corresponding impedances at two states via EIS testing at 60 °C (see 

Figure 5.5c and Figure 5.6) [206] As shown in Table 5.3, due to the strong Lewis acid-base 

interaction between LLAZO NFs and Li salts, which restrains the anions mobility and further 

promotes Li cations migration, [182] all CPEs with different content of LLAZO NFs exhibited 

higher tLi+ values in contrast with pristine polymer electrolyte (0.31). CPE-2 shows the highest 

tLi+ value of up to 0.70, which may attribute from its relatively more uniform LLAZO NF 

distribution within the polymer system. Figure 5.5d illustrates the linear sweep voltammetry 

(LSV) curve of CPE-2 tested by sandwiching the electrolyte disc between lithium metal and 

stainless steel. The CPE-2 membrane exhibited excellent electrochemical window with no 

obvious current change until the potential reaches 4.6 V vs. Li+/Li, indicating the absence of 

electrochemically oxidized decomposition of the electrolyte and superior electrochemical 

stability which is favorable for Li-S battery application. [61]  

In addition to electrochemical properties, Figure 5.7 investigates the thermal stability of CPE-2 

and bare polymer electrolyte by thermo-gravimetric analysis (TGA), where both electrolytes 

showed good thermal property and stay stable up to 110 oC, after which only 10% weight loss 
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was observed at 150 °C, proving that they are able to maintain sufficient thermal stability under 

normal working temperatures for battery application. Compared to bare polymer electrolyte, the 

last 20% residue left for CPE-2 after 700oC should be the LLAZO NFs. Meanwhile, 

galvanostatic tests were conducted on Li|CPE-0|Li and Li|CPE-2|Li symmetric cells with Li+ 

stripping/plating cycling for 30 min under different current densities up to 1200 h, shown in 

Figure 5.5e-f and Figure 5.8. It is notable that symmetric cell with bare polymer electrolyte can 

maintain a stable overpotential of 46 mV at a current density of 0.05 mA cm−2, after which it 

increased to 100 mV at a higher current density of 0.1 mA cm−2. However, short circuiting 

occurred when current density kept increasing after 600-hour cycling. This may be a reason from 

low mechanical properties of the polymer electrolyte without ceramic fillers, which cannot 

endure the continuously volume changing of the Li metal during cycling and lose the compact 

interfacial contact with electrode, eventually resulting in unstoppable Li dendrite growth. In 

contrast, benefited from the improved mechanical properties and superior electrochemical 

stability of embedded LLAZO NFs against Li metal, [182] the Li|CPE-2|Li symmetric cell can 

provide stable overpotentials of 52, 96, 168 and 267 mV at current densities of 0.05 mA cm−2, 

0.1 mA cm−2, 0.2 mA cm−2 and 0.5 mA cm−2, respectively, further demonstrating a high 

interfacial stability between CPE-2 and electrodes. 
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Figure 5.5. (a) Arrhenius plots and (b) DSC curves of CPE membranes; (c) time-dependent 

response of DC polarization curve for the Li|CPE-2|Li symmetric cell (inset is the EIS plots 

before and after polarization) at 60 °C; (d) linear sweep voltammetry curves of CPE-2 membrane 

at room temperature; (e) and (f) lithium plating/striping cycles of symmetric Li|CPE-2|Li and 

Li|CPE-0|Li cells at different current densities under room temperature. 

 

Table 5.2 Electrochemical properties of CPEs with different LLAZO contents. 

CPE samples 
LLAZO content 

(%) 

Ea 

(eV) 

Tg 

(oC) 
tLi+ 

CPE-0 0 0.291 -69.62 0.31 

CPE-1 10 0.279 -70.35 0.52 

CPE-2 20 0.268 -71.46 0.70 

CPE-3 30 0.274 -70.52 0.60 

CPE-4 40 0.291 -70.32 0.67 

CPE-5 50 0.307 -69.01 0.62 
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Table 5.3 The data summary and calculated lithium-ion transference numbers of CPEs with 

different filler contents at 60 °C. 

CPE samples 
Ri,0 

(Ω) 

Ri,ss 

(Ω) 

I0 

(μA) 

Iss 

(μA) 
tLi+ 

CPE-0 30.21 30.39 226.9 129.4 0.31 

CPE-1 29.61 29.77 189.1 133.8 0.52 

CPE-2 25.24 25.48 233.1 195.3 0.70 

CPE-3 35.20 35.31 139.7 103.6 0.60 

CPE-4 32.22 32.36 144.4 113.6 0.67 

CPE-5 36.03 38.54 136.5 99.5 0.62 

 

 

Figure 5.6. Time-dependent response of DC polarization curve for the Li|CPE-x|Li symmetric 

cell (inset is the EIS plots before and after polarization, and x=0, 1, 3, 4, 5) at 60 °C. 
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Figure 5.7. TGA curves of CPE-0 and CPE-2 from 0 to 800 °C. 

 

 

Figure 5.8. Lithium plating/striping cycles of symmetric Li|CPE-0|Li cell at current densities of 

(a) 0.05 mA cm−2 and (b) 0.1 mA cm−2 under room temperature. 
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5.3.3 Battery performance evaluation of all-solid-state Li-S batteries 

All-solid-state batteries were assembled with the LLAZO NF-embedded CPEs as the electrolyte, 

S as the cathode and Li metal as the anode. As shown in Figure 5.9a, the original surface of the 

S cathode was rough and coved by small cracks. In order to maintain good interfacial contact 

between S cathode and electrolyte, CPE-2 precursor solution was directly coated on the surface 

of S cathode by UV-initiated polymerization (Figure 5.9b), after which the surface turned much 

smoother without any breakage, further providing a stable surface environment for battery 

assembly. In addition, Li anode was also coated with the same CPE precursor solution to both 

improve the interfacial stability and thus protect Li metal from dendrite growth. Figure 5.10a 

and b show the SEM images of the cross-section of CPE-2 coated S cathode and Li anode. It is 

seen that thin coating layers with thicknesses of 20 and 25 μm were obtained on the cathode and 

anode, respectively. To mention, the S cathode used here for SEM and EDAX mapping test did 

not contain any LiTFSI/TEGDME solution and LLAZO NFs, which means no F and Zr should 

appear within the bulk structure of the cathode. The F and Zr elements mapping shown in Figure 

5.11 was the EDAX test of the SEM image in Figure 5.10a, which indicates that the precursor 

solution penetrated inside the cathode structure through the cracks on the surface mentioned 

above, building an interconnect interface network for continuous Li ion transfer between the 

cathode and electrolyte.  

Room-temperature cycling performance of the assembled cells with CPE-0 and CPE-2 running at 

a current density of 0.1 C (1 C=1675 mAh g−1) is shown in Figure 5.10c. Both Li-S cells show 

low Coulombic efficiencies at the first cycle, which are 83% for Li|CPE-0|S cell and 90% for 

Li|CPE-2|S cell. This is a result of polysulfides formation and diffusion out from the cathode 

initially, after which their Coulombic efficiencies increase and keep staying around 98.95% and 
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99.80% for CPE-0 and CPE-2, respectively. For Li|CPE-0|S cell, it can deliver an initial 

discharge capacity of 881 mAh g-1, while the capacity continuously descended to 247 mAh g-1 

with a capacity retention of only 28% eventually. In contrast, an initial discharge capacity of 968 

mAh g-1 can be obtained by the cell with CPE-2 owing to the improved Li ion conductive 

pathway for higher ionic conductivity, which ends up at 591 mAh g-1 after 100 cycles. The 

capacity retention for Li|CPE-2|S cell is 61%, much higher than that of Li|CPE-0|S cell due to the 

introduction of LLAZO NFs, which not only increased the physical barriers for polysulfides 

migration and mitigated the trend of capacity fading, but also improved the mechanical strength 

and suppressed the Li dendrite growth upon cycling. Figure 5.10d presents the charge-discharge 

curves of different cycles of the Li|CPE-2|S cell. It is seen that the typical charge-discharge 

profile is similar to PEO-based solid-state Li-S batteries with two plateaus corresponded to the 

multistep redox reactions of sulfur to long-chain polysulfides (Li2Sn, 4 ≤ n ≤ 8) at 2.4-2.1 V and 

then low-order Li2S at 2.1-1.7 V, [235, 291] and the two plateaus maintained until 100 cycles. As 

a control group shown in Figure 5.12, the charge-discharge curves for Li|CPE-0|S cell are out of 

the shape and fluctuating, indicating a poor oxidation stability of the pristine polymer electrolyte 

without LLAZO NFs. [291] Afterward, the rate capability of CPE-2 electrolyte was further 

studied by testing the assembled Li|CPE-2|S cell under different current densities. As shown in 

Figure 5.10e, discharge capacities of 1211, 915, 758 and 556 mAh g-1 were obtained at 

increasing current densities of 0.05, 0.1, 0.2 and 0.5 C, respectively. It is notable that a capacity 

of 422 mAh g-1 can still be delivered at a high current density of 1C, after which, upon return to 

0.05 C, the discharge capacity mostly returned to the initial value of 1150 mAh g−1, which is 

promising for high-current-density battery cycling application.  
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Figure 5.9. SEM images of the surface morphologies of (a) S cathode and (b) CPE-2 coated S 

cathode. 

 

 

Figure 5.10. SEM images of the cross-section of (a) CPE-2 coated S cathode and (b) CPE-2 

coated Li metal anode; (c) cycling performance at current density of 0.1 C of all-solid-state 

Li|CPE-0|S and Li|CPE-2|S cells operated at room temperature; (d) charge–discharge curves of 

1st, 50th and 100th cycles of all-solid-state Li|CPE-2|S cell at current density of 0.1 C; (e) Rate 

capability (0.05–1 C) of all-solid-state Li|CPE-2|S cell operated at room temperature. 
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Figure 5.11. The EDAX mapping of F, Zr elements of CPE-2 coated S cathode of the SEM image 

on Figure 4(a), the S cathode used here did not contain any LiTFSI/ TEGDME solution and 

LLAZO NFs. 

 

Figure 5.12. Charge–discharge curves of 1st, 50th and 100th cycles of all-solid-state Li|CPE-0|S 

cell at current density of 0.1 C. 

 

After cycling, the SEM was applied to observe the surface morphologies of Li metal to evaluate 

the Li dendrite formation and shown in Figure 5.13. Figure 5.13a is the fresh Li metal before 
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cycling, and the Li electrode surface after cycling in Li|CPE-0|S cell shown in Figure 5.13b was 

fully covered with Li dendrites. In contrast, the majority of the Li anode surface in Li|CPE-2|S 

cell was smooth with slightly observable dendrite formation, which indicates that CPE-2 

membrane exhibited sufficient mechanical strength owing to the LLAZO NFs reinforced well-

crosslinked polymer network, further suppressing lithium dendrites for better and long cycling 

performance. Meanwhile, the SEM and EDAX mapping (Figure 5.14) were used to detect the 

polysulfide migration to Li metal anode. Since lithium salt of LiTFSI, which contains S element, 

was employed in CPE membranes fabrication and later directly coated on Li anode surface, an 

uncycled Li metal anode from Li|CPE-0|S cell with EDAX mapping of S element shown in 

Figure 5.14a and b were used as the control group, where the S element on its surface is from 

LiTFSI. Figure 5.14c and e are the SEM images of Li metal anodes running after 100 cycles 

from Li|CPE-0|S and Li|CPE-2|S cells, respectively. It is obviously that cycled Li metal via using 

bare polymer electrolyte lost the surface morphology because plenty of Li dendrites formed and 

polysulfide aggregates diffused from cathode and remained on the anode surface, which was also 

confirmed at the EDAX mapping of S element (Figure 5.14d) marked by red circles. On the 

contrary, the surface of the cycled Li anode from Li|CPE-2|S cell remained relatively clear and 

smooth with less detected S element (Figure 5.14f), demonstrating that the introduced LLAZO 

NFs can help restrain the polysulfide migration and reduce the Li dendrite formation for better 

cycling performance. 
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Figure 5.13. SEM images of (a) fresh Li metal surface, (b) Li metal surface after 100-cycling in 

all-solid-state Li|CPE-0|S cell and (c) Li metal surface after 100-cycling in all-solid-state 

Li|CPE-2|S cell. 

 

 

Figure 5.14. (a) SEM image of uncycled Li metal anode from Li|CPE-0|S cell with (b) EDAX 

mapping of S element; (c) SEM image of cycled Li metal anode from Li|CPE-0|S cell with (d) 

EDAX mapping of S element; (e) SEM image of cycled Li metal anode from Li|CPE-2|S cell 

with (f) EDAX mapping of S element. 
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5.4 Conclusions  

A garnet-type composite polymer electrolyte (CPE) was designed and directly coated on both S 

cathode and Li metal anode for assembling all-solid-state Li-S batteries. One-dimensional 

nanofibrous shaped LLAZO fillers with high surface area and excellent ionic conductivity were 

made by electrospinning, followed with calcination at high temperature in air environment. The 

LLAZO NFs reinforced CPE exhibits well-fabricated organic-inorganic network with a superior 

ionic conductivity of 5.71 × 10-4 S cm-1 at room temperature and improved mechanical 

properties. The introduction of LLAZO NFs can not only increase the amorphous region of 

crosslinked polymer matrix, but also offer continuous Li+ conductive channels within the 

inorganic 3D structure, decreasing the activation energy to 0.268 eV. In addition, a high lithium-

ion transference number (tLi+) up to 0.70 can be obtained for the CPE attributed to the strong 

Lewis acid-base interaction between LLAZO NFs and Li salt, restricting the delocalized anions 

and further promoting Li+ mobility. Interconnected compact contact were created at 

cathode/electrolyte and anode/electrolyte interfaces, respectively, by coating and then 

polymerization, which enhanced the interfacial stability and reduced the interfacial impedance. 

Moreover, the LLAZO reinforced CPE was able to mitigate the polysulfides diffusion and 

suppress the Li dendrite formation during cycling. Owing to these improvements, the all-solid-

state Li-S battery prototype based on this garnet-type composite polymer electrolyte shows 

improved cycling stability up to 100 cycles and good rate performance at room temperature. 
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CHAPTER 6: Recommended Future Work 

 

Cathode design:  

Because of the high specific energy capacity and density, low cost and eco-friendliness, Li-S 

battery has been regarded as one of the most promising next-generation batteries in the realm of 

energy storage. Thus, extensive research has shifted to Li-S battery to satisfy the rapidly growing 

demands for portable electronic devices, electric vehicles, and grid-energy storage systems. 

However, the commercialization of Li-S battery is still hindered due to the relatively low 

attainable energy density, short cycling life and insufficient mass loading. The cathodes of Li-S 

batteries have been extensively researched and their structural design is important on maximizing 

the synergetic effects to enhance the electrochemical performance of Li-S batteries. The future 

work on sulfur cathode design should focus on improving the distribution, content and mass 

loading of the active materials with high electronic/ionic conductivity. In addition, functional 

framework such as electrospun nanostructure materials and carbon-based nano-compounds with 

tunable specific surface area and excellent surface functionalization can be applied to restrain 

polysulfides migration as well as to buffer the volume change between sulfur and its final 

reduction product Li2S during the cycling process to further increase the active materials 

utilization and power density of Li-S batteries.  

  

Solid electrolyte:  

Besides sulfur cathode, the electrolyte in Li-S battery also greatly influences the electrochemical 

reaction rate, the polarization potential as well as the utilization of sulfur. Intensive efforts have 

been taken on the study of all-solid-state Li-S battery due to the severe safety concern, lithium 
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dendrite formation, and polysulfides dissolution caused by using organic liquid electrolytes. To 

improve the viability of solid electrolyte in advanced all-solid-state Li-S battery, various 

requirements should be satisfied in solid electrolyte design, such as high ionic conductivity, 

excellent interface compatibility between electrodes/electrolyte, wide electrochemical window, 

and robust mechanical properties. Inorganic solid electrolyte usually possesses a high ionic 

conductivity for superior fast Li ions conductive pathways but brittle mechanical property and 

worse interfacial contact between electrode/electrolyte. In contrast, organic polymer electrolyte 

exhibits good mechanical strength and flexibility for lithium dendrites suppression but low ionic 

conductivity. Thus, composite solid polymer electrolyte integrating inorganic and organic solid 

compounds, such as the electrospun inorganic LLTO nanofibers embedded in PEO matrix, has 

been considered as one of the most potential ways to achieving the high rate, high capacity, and 

long cycles of the Li–S battery for practical applications.   
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