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This dissertation work examines the electrochemical properties of various solid polymer 

electrolytes (SPEs) through the lens of composition-function relationships. The analyses presented 

offer unique design perspectives for improving the performance of SPEs for use in lithium-ion 

batteries (LIBs). Specifically, three distinct strategies are explored to enhance the lithium ion (Li+) 

conductivity and reduce the electrode/electrolyte interfacial resistance, two of the major challenges 

of adopting SPEs as alternatives to common organic liquid electrolytes. The basis for improving 

ionic conductivity, in all three strategies, is the inclusion of additives in the polymer matrix to 

plasticize the SPE and improve ionic transport. In one strategy, an ionic liquid (IL) is used as a 

plasticizer to fabricate free-standing ILSPEs membranes based on a poly(ethylene oxide) (PEO) 

matrix with an appropriate lithium salt. Optimized ILSPE compositions were able to achieve room 

temperature ionic conductivity of 0.96 mS/cm, a value suitable for commercial applications, as 

well as long cycle life in a lithium-metal battery with a capacity of 150ð175 mAh/g and >99% 



  

coulombic efficiency. In a second strategy, the IL was swapped with water as the plasticizer to 

fabricate PEO-based aqueous SPEs (ASPEs). The ASPEs exhibited excellent transport properties, 

with room temperature conductivity values of 0.68ð1.75 mS/cm. Molecular dynamics 

simulations revealed the origin of the exceptional transport properties as the presence of highly 

interconnected Li+(H2O)n domains. In a final strategy, the concepts of the ILSPE and ASPE were 

combined through the incorporation of both IL and water into a polymer matrix. For this strategy, 

the polymer matrix was also changed from PEO to polyacrylonitrile (PAN) to limit the effects of 

crystallinity and oxidation. These ñhybrid aqueous/ionic liquidò SPEs (HAILSPEs) demonstrated 

the exceptional transport properties of the ASPE system with the improved stability and 

passivation of the ILSPE system. An analysis of the composition-function relationships correlated 

the dramatic rise in ionic conductivity to the nearly complete decoupling of ion transport from 

polymer chain mobility while the unique passivating properties were shown to derive from the 

choice of ionic liquid, with solid electrolyte interphases comprised of LiF, Li2CO3, Li2S, and Li3N. 
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Chapter 1: Introduction 

1.1 Significance and Innovation 

One of the major technological challenges of the 21st century is meeting the worldôs energy 

demands without further exacerbating the global climate crisis. To do this in a sustainable manner, 

improvements in both energy conversion and energy storage are necessary. Electric vehicles (EVs) 

are the most prevalent example, promising to replace fossil-fueled vehicles with cars powered by 

lithium-ion batteries (LIBs) that can reduce carbon dioxide emissions. While EVs are the single 

greatest influence on the current exponential expansion of the LIB market, their widespread 

adoption by consumers has been plagued by challenges due to range, charge time, cost, and safety 

[1]. 

 At the core of the safety problems with LIBs is the ubiquitous use of flammable organic 

liquid electrolytes such as ethylene carbonate (EC) and dimethyl carbonate (DMC), which are 

electrochemically unstable in an operating battery. Furthermore, the overwhelming use of LiPF6 

also creates potential risks, as it thermally decomposes at moderate temperatures into toxic gases 

such as POF3, HF, and CO2 [2ï6]. Because of the instability of these electrolyte components, harsh 

conditions or flawed manufacturing and design leave open the possibility for catastrophic failure 

in the form of thermal runaway leading to battery fire [7]. There is growing research interest in 

replacing these liquid organic electrolytes with solid alternatives that are intrinsically safer [5,8ï

10]. Ideally, an alternative to liquid organic electrolytes shall simultaneously address the safety 

concerns while maintaining suitable performance metrics for conductivity and electrochemical 

stability. 
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Solid-state electrolytes (SSEs) are not only intrinsically safer but can improve upon the 

overall safety of the battery by decreasing the production of toxic redox products and eliminating 

leakage of environmentally harmful solvents into the environment. A SSE with these properties 

that also meets the required performance metrics of its applications would offer a stronger, safer, 

and more sustainable alternative to current liquid organic electrolyte technologies. Solid polymer 

electrolytes (SPE) are one option that can meet this demand and improve the efficacy of LIBs. 

They represent an attractive alternative to the flammable organic liquid electrolytes commonly 

used in commercial batteries because they are nonflammable, lightweight, and can prevent leaking 

of toxic solvents and salts [11]. The polymer matrix provides the mechanical stability and 

flexibility that current liquid electrolytes lack, as well as strong thermal and electrochemical 

stability. Many polymer matrices are resistant to reduction at low voltages, making them 

compatible with low-potential anodes like graphite and lithium metal, however this often comes 

at a tradeoff with ionic conductivity [12]. To enhance the ionic conductivity of SPEs, a common 

strategy is the use of additives to plasticize the polymer matrix that disrupts inter and 

intramolecular forces to effectively add free volume for lithium-ion (Li+) conduction [13]. These 

plasticizing additives are trapped within the polymer matrix with no leakage, resulting in a flexible 

and conformal solid electrolyte.  

The incorporation of water, ionic liquid (IL) , or both into a polymer matrix with a lithium 

salt could achieve the design goals above for applications in LIBs. Furthermore, plasticized SPEs 

also address many of the problems not regarding safety that are associated with the use of liquid 

electrolytes in LIBs. For example, commercial LIBs necessitate the use of an intercalation-type 

anode, typically graphite, due to dendrite growth when lithium metal is used [14]. The uneven 

electrodeposition of redox products on the metal surface unavoidably leads to the formation of 
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pointed lithium structures (dendrites) at the electrode/electrolyte interface. The persistent growth 

of dendrites can continue through the electrolyte space until contact is made with the opposing 

electrode surface, leading to short circuit, cell failure, and even catastrophic disaster [15]. 

Unfortunately, because lithium metal is a more energy dense material, the switch to graphite 

ultimately results in a significant reduction in the specific capacity of the system by a factor of ~ 

10, which lowers the overall energy density. A SPE with sufficient mechanical properties, 

however, can enable the use of lithium metal and recover the lost energy density by resisting the 

proliferation of dendrites. Moreover, the use of SPEs as both the electrolyte and separator removes 

unnecessary weight from the system, further boosting the energy density of LIBs. Even still, SPEs 

can be processed into thin film flexible batteries which avoid the shape and size restrictions of 

LIBs that use liquid electrolytes [8]. 

1.2 Intellectual Merit  

The aim of this dissertation is to use fundamental chemical and electrochemical 

engineering principles to study the inclusion of salts and plasticizers in SPEs and understand how 

mechanisms for ion conduction and interphase formation are affected in these electrolyte systems. 

For SPEs to compete with organic liquid electrolytes, both ionic conductivity and interphase 

formation need to be improved significantly. Ionic conductivity is the measure of how easily an 

electrolyte can transport ions; in the case of LIBs, the transport of Li+. The low conductivity values 

of SPEs observed in literature (<10-4 S/cm) compared to their liquid counterparts (>10-2 S/cm) are 

primarily due to morphology and chain-dominant transport mechanisms. Design strategies that 

promote SPE morphologies which are ionically conductive are needed, such as reducing polymer 

crystallinity and/or decoupling ionic transport from polymer chain mobility. These design 

strategies must also address the issue of poor electrode/electrolyte interfacing in SPEs, which 
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results in reduced energy density and cycle life. High interfacial resistance at this boundary is due 

to the low degree of wettability compared to liquid electrolytes, while the low capacity utilization 

is a direct result of limited Li+ conduction pathways in thick, porous electrodes designed for liquid 

electrolytes. Several methods to improve the compatibility of electrodes with SPEs are discussed, 

including robust solid electrolyte interphase (SEI) formation and addition of SPE components 

within the electrode. The latter provides an ionic and electronic conduction network through the 

bulk electrode, allowing for utilization of capacity that was not previously accessible. 

The results of this dissertation will advance the understanding of the composition-function 

relationship for the various polymers, salts, and plasticizers used in SPEs. Gaining insight into the 

mechanisms for ionic conduction and interphase formation of these systems through various 

characterization techniques and analyses coupled with molecular dynamics (MD) simulations can 

provide a framework for the future development of SPEs. From this framework, the rational design 

of SPEs can be leveraged to optimize ionic conductivity for better rate capability and interphase 

formation for significantly improved electrochemical stability, both of which lead to high power 

and high energy density systems for LIBs. 

1.3 Broader Impacts 

Batteries play an important role in the overall function, reliability, and safety of portable 

electronic devices, which are relied upon worldwide, ranging from cellular phones and electric 

vehicles to pacemakers, wheelchairs, and other medical devices. Unfortunately, many of these 

devices have experienced high-profile reports of failure (EVs, Samsungôs Galaxy Note 7, Boeing 

747 Dreamliner, etc.) highlighting safety concerns surrounding the use of LIBs [16ï19]. This 

concern stems from the systemic use of organic liquid electrolytes that are thermally and 

electrochemically unstable, creating multiple failure modes that can result in thermal runaway, 
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explosions, and even death. To ameliorate these concerns, there is great interest in replacing these 

liquid organic electrolytes with safer alternatives, such as SSEs. Particularly, SPEs present a strong 

alternative, as they obviate failure modes such as internal short circuits, electrolyte leaching, 

flammability, high temperature operation, and overcharging [11]. Furthermore, battery power 

would benefit greatly from the conformal nature of SPEs. 

In one iteration, ionic liquid-based SPEs (ILSPEs) are ideal for applications with elevated 

temperature or high energy density, such as for EVs, as they are compatible with lithium metal 

anodes and high voltage cathodes. The ILSPEs operate with a ~ 4 V output and are stable at high 

temperatures (~ 100 °C). Where battery safety is critical, such as in medical devices, a second 

iteration of aqueous-based SPEs (ASPEs) would be ideal. These ASPEs demonstrate good cycling 

stability, high ionic conductivity (>1 mS/cm) at physiologically-relevant temperatures (37 °C), and 

good mechanical properties (>0.1 GPa shear modulus). Aqueous gel polymer electrolytes 

(AGPEs) further extend these mechanical properties in a mechanically robust solid that exhibits 

the ionic transport of a liquid electrolyte; however, some sacrifice to the overall electrochemical 

stability of the system was apparent. AGPEs could be implemented in low voltage systems where 

flexibility and reliability are necessary. In a third iteration, ñhybrid aqueous/ionic liquidò SPEs 

(HAILSPEs) of a good combination of both the stability of ILSPEs and the ionic transport of 

ASPEs. These systems, if successfully cycled with lithium titanate (LTO) or titanium niobate 

(TNO) as the anode and lithium manganese oxide (LMO) as the cathode would significantly 

increase both the power density and energy density of aqueous systems, which has not been 

successfully achieved previously. 

Ultimately, the insights gained in this dissertation ï based on correlating properties and 

structure to performance ï will inform the design and manufacturing of safer batteries using SPEs. 
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Furthermore, this dissertation features work that is heavily multidisciplinary ï polymer science, 

electrochemistry, and chemical engineering, among others ï such that it traverses academic, 

governmental, and industrial sectors, resulting in collaboration and innovation among a diverse 

field of researchers. 

1.4 Objectives 

This dissertation examines the electrochemical properties of various SPEs for LIBs through 

the lens of composition-function relationships. Ion transport in SPEs, traditionally limited by 

polymer chain mobility, is slow compared with organic liquid electrolytes. Furthermore, the 

interfacial contact between electrodes and SPEs is generally less favorable due to a lower degree 

of wetting at the interface. The goal of this dissertation is to use fundamental engineering principles 

to study how plasticization of SPEs provides alternative mechanisms for ionic transport and SEI 

formation. The objectives of this dissertation are: 

1. Determine the composition-function relationships between polymer molecular weight, 

plasticizer chemistry (water/ionic liquid), and component ratio and the effect on the 

morphology and ionic conductivity of various SPE systems (ILSPE, ASPE, AGPE, 

HAILSPE). 

2. Decipher the role of composition-function relationships, morphology, and ionic 

conductivity in interphase formation and electrochemical stability.  

3. Evaluate the significance of interphase formation and electrochemical stability in full-

cell compatibility and optimization for high energy density and high power density 

systems. 

This dissertation explores the above objectives through a series of chapters focusing on each 

iteration of SPE. This dissertation is organized as follows:  
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¶ Chapter 2 provides relevant background information and motivation for the field of solid 

electrolytes, with a focus on aqueous electrolytes and SPEs. A small discussion and 

justification on material selection is also given. 

¶ Chapter 3 details the investigation of plasticizing poly(ethylene oxide) (PEO)-based 

electrolytes with ILs to produce completely amorphous ILSPEs. The morphology of the 

electrolytes was confirmed through differential scanning calorimetry (DSC) and was 

correlated with the ionic conductivity. Electrochemical stability and long-term cycling with 

lithium metal are also addressed. 

¶ Chapter 4 details the investigation of plasticizing PEO-based electrolytes with water to 

produce highly conductive ASPEs. MD simulations analyzed the ion-coordinating 

environment of these systems, revealing the water-assisted conduction mechanism. While 

the ASPEs are not compatible with lithium metal, proof-of-concept cycling indicated 

compatibility with LTO and LMO. 

¶ Chapter 5 details the investigation of a hybrid SPE plasticized by both ionic liquid and 

water. In this first body of work, the effect of changing the chemistry of the ionic liquid on 

electrochemical performance was investigated, which showed a favorite for producing 

HAILSPEs with better passivation against water reduction. An extensive analysis of the 

transport mechanism is also investigated and compared to the ILSPE and ASPE systems 

from Chapter 3 and Chapter 4. 

¶ Chapter 6 details additional investigations of HAILSPEs, focusing on how changing the 

composition of the electrolyte influences performance. More than 30 compositions are 

characterized, including ionic transport, stability, passivation, and full-cell compatibility. 

Unique to this chapter is the characterization of the chemical composition of the SEIs 
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formed in HAILSPEs at the anode surface, which shows contribution not only from the 

lithium salt but also from the included ionic liquids. 

¶ Chapter 7 outlines the suggested future improvements that can lead to optimizations of 

the work presented in this dissertation, as well as comments on the scientific contributions 

from the work presented in this dissertation. 
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Chapter 2: Background 

 

2.1 History and Significance of Lithium-ion Batteries 

More than 30 years after the production of the first commercial lithium-ion battery (LIB), they 

have become a ubiquitous part of everyday life; from portable electronics and electric vehicles to 

aerospace and largescale grid storage applications [20ï23]. The success of LIBs is due, in part in 

part, to their long cycle lives, high charge/discharge rates, high specific energy (~ 150 Wh/kg), 

and low cost [24ï26]. Decades of research and technical advancements have been fueled by 

applications that demand high power density (power tools, rapid charging) or high energy density 

(portable electronics, electric vehicles) [27]. Despite their modern day popularity, their true origin 

cannot be agreed upon. However, the production of Sony Corporationôs LIB in 1991, directed by 

Nobel laureate Akira Yoshino, is generally accepted as the first commercialization of this 

technology. 

More than 150 years earlier, the discovery of lithium by Johan August Arfwedson and Jöns 

Jacob Berzelius in 1817 was made through the analysis of petalite ore (LiAlSi4O10) [28,29]. 

Lithium metal would then be isolated by William Thomas Brande in 1821 through the electrolysis 

of Li2O based on the processes employed by Sir Humphry Davy to previously isolate other alkali 

metals [30]. However, the electrochemical properties of lithium remained unclear until the first 

experiments on electrochemical generators in 1912 by Gilbert Lewis [31,32]. Lewisô work 

demonstrated that the low density (0.53 g/cm3), low reduction potential (Li/Li + couple -3.05 V vs. 

SHE), and high electronegativity of lithium could make it suitable for battery applications, but the 

interest in lithium evolved slowly as researchers battled with how to tame its reactivity; to 

practically use lithium, water and air had to be avoided. Therefore, the development of nonaqueous 

solvents with specific properties were necessary, including inertness, melting point, redox stability, 
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lithium solubility, ionic conductivity, and viscosity. Development of these nonaqueous electrolytes 

came in 1958 when William Harris examined the solubility of various metal salts ï including 

lithium salts (LiCl, LiBr, LiI) ï in nonaqueous electrolytes that used propylene carbonate (PC), 

EC, ‎-butyrolactone, ‎-valerolactone, ethylene trithiocarbonate, or cyclopropenone as the solvent 

[33]. Harrisô work demonstrated the ability of these lithium salts to successfully electroplate a 

working electrode from these solutions, which was slowly accommodated by the community. This 

spurred significant growth in the use of nonaqueous electrolytes for lithium primary and secondary 

battery applications [34,35]. To this day, carbonates have remained useful solvents for commercial 

batteries. 

Prior to LIBs, the standard secondary battery technologies (e.g., nickel-metal hydride and lead-

acid) possessed low energy densities. The search for higher energy densities (E = V × Capacity) 

led researchers back to Lewisô and Harrisô work from 1912ð1958, which showed the wide 

electrochemical stability window (ESW) of organic solvents and the highly reducing nature of 

lithium. Furthermore, researchers were intrigued by the low atomic mass and small atomic radius 

of Li+ that suggested enhanced solubility and theoretically faster ionic diffusion. This could 

provide a route to increase the number of charge carriers in the system without sacrificing ionic 

transport, enabling high power density applications as well. The switch to lithium-based 

chemistries first came in the form of lithium metal batteries (LMBs), which employed lithium 

metal as the anode. Early work on LMBs is attributed to Selim, Hill, and Rao for their work in 

1965 on LMBs in propylene carbonate-based electrolytes [36]. However, the system exhibited 

poor performance, achieving a stripping/plating efficiency of ~ 50ð70%. Over the next 10 years, 

several investigations into rechargeable LMBs unfolded yet yielded little return [37ï43]. From the 

problems described in these reports, potential solutions became more apparent; for lithium-based 
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batteries to work, better cathodes and electrolytes were needed. Furthermore, the inherent hazard 

and instability of lithium metal also sparked interest in alternative anodes. 

2.1.1 In Search of Cathode Materials 

 At the time, great emphasis was put into identifying cathode materials to match the metallic 

lithium anode of LMBs. Following the investigations of ionic conductivity in solids, materials with 

a high reduction potential that would be able to accommodate Li+ at high transfer rates were of 

special interest to improve the energy density and power density of LMBs. For this reason, a range 

of lithium-containing structures were studied, and the ability of these materials to give and receive 

Li+, known as deintercalation and intercalation, was evaluated. For intercalation/deintercalation to 

progress reversibly in a material, several criteria must be must: (1) the material must be crystalline 

(i.e., have a crystal lattice), (2) the crystal lattice must have empty sites in the form of isolated 

vacancies or 1D channels, 2D layers, or channels in a 3D network, and (3) the material must be 

both electronically and ionically conductivity [21,44,45]. Furthermore, for the material to be a 

function cathode, it must also: (1) have a large electronic band structure to facilitate intercalation 

of ions over a wide range of stoichiometries, (2) have limited structural change due to intercalation 

of ions over a wide range of stoichiometries, (3) be insoluble in the electrolyte, and (4) not allow 

the co-intercalation of electrolyte solvents [46]. 

 One particularly interesting candidate were the transition-metal dichalcogenides of the type 

MX2, where M = Ta, Nb, and Ti and X = S, Se, and Te, as these materials were known to have 

layered structures abundant with potential binding sites for lithium. Particularly, the lamellar 

structure of TiS2 had already been sown to host Li+ and allow intercalation and deintercalation 

among the arranged layers in 1965 [47]. Nobel laureate M. Stanley Whittingham further improved 

upon the LixTiS2 systems, demonstrating successful intercalation over the whole stoichiometric 

range (0 < x Ò 1), which inspired the exploration of electrochemical intercalation in these materials 
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and, as early as 1973, proposing the use of LixTiS2 as electrode materials that would later be 

successfully demonstrated in commercial rechargeable batteries [48ï50]. The results from 

Whittinghamôs work became the starting point for the development of commercial rechargeable 

LMBs, however both the electrolyte and lithium metal anode proved to be highly reactive and 

unstable. The problem proved to be difficult to solve, and the commercial development of batteries 

based on LixTiS2 and lithium-metal came to a halt. 

  The earliest iterations of cathodes that resemble the current cathode materials came from 

the breakthrough discovered by Nobel laureate John B. Goodenough. His work found that 

Li xCoO2, another intercalated metal chalcogenide of the type MX2, could serve as a cathode 

material, as its structural similarities to LixTiS2 could provide binding sites for Li+ without 

dramatic lattice expansion [51]. However, unlike the previous material proposed by Whittingham, 

the CoO2 of the newly discovered material had a low electronegativity, which suggested that the 

resulting cation intercalation would be associated with a large, negative free-energy change and 

thus a high cell voltage [52]. The reasoning proved to be correct, and the LixCoO2 material showed 

a very high potential of ~ 4ð5 V vs. Li/Li+. 

2.1.2 In Search of Anode Materials 

 After the obvious struggles with LMBs apparent from Whittinghamôs work, the quest for 

a safer and more stable anode material began almost immediately, undergoing great progress 

nearly in tandem with later cathode material research. Because of the high potential of cathode 

materials like LixCoO2, it was possible to sacrifice some energy density for improved safety by 

exploring suitable carbonaceous materials for anodes. The earliest alternative to lithium-metal 

came in the form of graphite, with successful reversible intercalation of Li+ being demonstrated in 

1976 [38]. However, progress on appropriate electrolytes for this anode material had not made 

way, resulting in the co-intercalation of electrolyte solvent into the graphite structure and poor 



 13 

performance. Interestingly, one of the first successful uses of graphite was with a polymer 

electrolyte in 1978 from Armand; this ultimately identified graphite as an ideal replacement for 

lithium-metal [53]. The use of graphite was the direct result of a focus on ñion transfer cellò 

configurations, in which both electrodes can accommodate ions, as an alternative to LMBs. This 

concept, called the ñrocking chairò cell, was also proposed by Armand and introduced the shuttling 

of Li+ from one electrode to the other during charge/discharge cycling [45,54]. However, the 

electrochemical intercalation of Li+ into graphite was difficult, leading to further improvement of 

the anode materials. Finally, Akira Yoshino identified an improved carbonaceous anode material, 

based on petroleum coke, which allowed for efficient and reversible intercalation of Li+ into the 

material while demonstrating a low potential (~ 0.5 V vs. Li/Li+) and the ability to accommodate 

a large amount of Li+ [52]. The combination of Goodenoughôs cathode material and Yoshinoôs 

anode material ultimately led to the release of Sonyôs commercial LIB in 1991 with a 

LiPF6/propylene carbonate (PC) electrolyte solution. The development of these materials paved 

the way for future developments of electrode materials, such as LiMn2O4, LiFePO4, and Li4Ti5O12, 

among others.  

2.1.3 Electrolytes 

 The quest for appropriate cathode and anode materials over the span of 25ð30 years 

naturally led researchers to evaluate the role of the electrolyte in these new LIBs. Around the same 

time as the commercial production of LIBs, the choice of solvent in electrolyte systems was being 

thoroughly investigated. The use of ethylene carbonate (EC), which had previously been 

disregarded due to its high melting point, in combination with PC was reported [55]. A 

groundbreaking result is the identification of an irreversible reaction on the first discharge 

associated with electrolyte decomposition. This is the first instance of a passivating film, or solid 

electrolyte interphase (SEI), being reported. The SEI formed on the surface of the graphite 
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electrode, which protected the carbon material from exfoliation and further decomposition that led 

to long cycle life with minimal capacity loss. This discovery was readily adopted by the 

community, which paved the way for the next generation of LIBs. The concept of SEI formation 

is still important today and a necessary design choice for all LIBs, especially aqueous LIBs. 

2.2 Current Commercial Technologies 

Since the commercialization of LIBs in 1991, their advancements have been fueled by their 

demands in consumer electronics and EVs at an exponential rate. In 2006, the total energy 

production of LIBs was <10 GWh, almost entirely driven by the demand for the newly popular 

personal laptops and mobile phones [56]. By 2016, the global production had reached ~ 75 GWh, 

shared nearly equally between EVs and consumer electronics. By 2030, the global demand for 

LIBs is projected to surpass 400 GWh due to the increased demand for EVs to combat the growing 

climate crisis [57]. By the turn of the century, the first wave of EVs did not use LIBs at all. Instead 

Pb-acid and NiMH aqueous batteries were used in cars such as the General Motors EV1 and S-10, 

Ford Ecostar and Ranger EV, the Toyota Ranger EV, the Honda EV Plus, and the Chrysler EPIC 

[20]. However, these EVs all suffered from either a prohibitively low range (<150 miles) or high 

cost of purchase and prohibitively long recharge time [20]. As a result, only ~ 4000 EVs were 

leased or sold between 1996ð2000 [58]. The Toyota Prius offered an attractive alternative as a 

hybrid-electric vehicle, implementing cheaper Ni-Cd hydride batteries to reduce cost and extend 

driving range. After nearly 10 years of commercial success, LIBs began to garner popularity as an 

answer to the limited driving range of previous EVs because of their high energy density, however 

scaling LIBs up from consumer electronics to EVs proved to be challenging. Nevertheless, the 

first example of a LIB-powered EV was the Nissan Altra offering a driving range of 120 miles at 
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a price of ~ 300 $/kWh [20]. At the time, it was estimated that the threshold for EVs to be 

commercially competitive with regular vehicles was 150 $/kWh [58]. 

Over the last 20 years, significant strides in the development of LIBs for EVs have been 

made, resulting in a surge of popularity. With a market size >$14 billion, it is hard to imagine a 

future without EVs. Now, cell-level gravimetric energy densities of current LIBs are approaching 

the targeted 350 Wh/kg; in 2014, alone, the Tesla Model S battery was reported as 250 Wh/kg 

[59]. However, these current state-of-the-art LIBs still come at a significant cost to the consumer 

(~ 250 $/kWh), which have yet to realize the goal of 150 $/kWh set two decades ago [20]. 

Nevertheless, as progress continues with high energy density LIBs, the cost of battery packs is 

expected to meet the threshold by 2025 [60]. The main battery technologies used today in EVs 

include lithium nickel cobalt aluminum oxide (NCA), lithium nickel manganese cobalt oxide 

(NMC), and LMO cathodes. The choice of anode is almost always graphite. Common examples 

of LIB technologies used in EVs is graphite/NCA in the Tesla Model S (Panasonic), 

graphite/NMC-LCO in the Fiat 500 (Samsung), and graphite/LMO-NCA in the Nissan Leaf 

(AESC) among others [61]. The resulting popularity of NMC and NCA has resulted in a substantial 

drop in cost (64 to 40 $/kWh) due to increased production efficiency [20]. However, the production 

costs for nickel and cobalt are quite volatile due to limited supplies and humanitarian concerns, 

which has led to proposed ñcobalt freeò cathode materials. 

2.3 Common Issues with Commercialized Lithium-ion Batteries 

 Working with the highly oxidizing cathode materials (>4 vs. Li/Li+) used in todayôs EVs 

and other LIB technologies requires electrolyte combinations that operate well outside their 

smaller windows of thermodynamic stability (3.5 V). For this reason, very high-voltage cathode 

materials had been largely ignored until the demands for higher energy density necessitated their 
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use. Generally, the electrolytes used in these commercial systems are entirely organic, utilizing 

carbonate solvents due to their high solubility of lithium salts and relatively high HOMO and 

LUMO oxidation potentials of 4.7 and 1.0 V vs. Li/Li+, respectively [62]. The most commonly 

used electrolytes are blends of many of the carbonates, including PC, EC, diethyl carbonate (DEC), 

dimethyl carbonate (DMC), or ethyl methyl carbonate (EMC). In particular, EC is used to provide 

a passivating SEI layer at the anode surface. Despite their use, carbonate-base solvents are highly 

flammable with flashpoints below 30 °C. In addition, the most common lithium salt used, LiPF6, 

can undergo autocatalytic decomposition into LiF and PF5 which can then react irreversibly with 

any water present to form HF gas. Furthermore, above 60 °C, the PF5 can also react with the 

carbonate electrolyte, to further exacerbate the production of LiF and PF5. This spawns a continued 

cycle of reactions, all of which are highly exothermic, and can led to thermal runaway, gas 

evolution, cell rupture, and drastic consequences. Therefore, to ameliorate the concerns over the 

safety of the liquid organic electrolytes used in commercial LIBs, there is a growing interest in 

replacing these systems with safer alternatives, such as aqueous electrolytes, ionic liquid 

electrolytes, ceramic electrolytes, and solid polymer electrolytes to name a few [5,8ï10]. 

2.4 Safer Electrolyte Alternatives 

2.4.1 Aqueous Electrolytes 

 Aqueous electrolytes for lithium-ion batteries are an attractive replacement for common 

commercial electrolytes for a multitude of reasons, including their competitiveness in terms of 

safety, environmental impact, and cost. As water is nonflammable and has a low volatility, the 

probability of thermal runaway, cell rupture, and fire is significantly reduced in aqueous 

electrolytes. The nontoxicity of water also limits the environmental impact of the battery should it 

rupture or leak. Additionally, the abundance of water and the reduction in stringent moisture-

controlled environments for aqueous electrolytes offers significant cost savings. For example, it is 
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reported that the capital cost for lithium-ion, Pb-acid, and redox flow batteries will be 289, 220, 

and 393 $/kWh by 2025, respectively [63]. Pb-acid, the most ubiquitous aqueous system, clearly 

enjoys reduced costs, which shows a ~ 5% decrease in cost per year as technologies advance 

[64,65]. Therefore, it is not surprising that aqueous electrolytes have been investigated as 

alternatives to organic electrolytes for lithium-ion batteries for almost 30 years. 

 Lithium-ion aqueous batteries (LABs) were first proposed by Jeff Dahn and coworkers in 

1994 from their investigation of a 5 M LiNO3 aqueous solution paired with a LiMn2O4 (LMO) 

cathode and VO2 anode [66]. This first LAB demonstrated an operating voltage of 1.5 V and a 

practical energy density of ~ 55 Wh/kg, which was competitive with Pb-acid (~ 30 Wh/kg) and 

Ni-Cd (~ 50 Wh/kg) technologies at the time. Nevertheless, the LAB was only able to successfully 

charge/discharge for a few cycles. Indeed, further improvements on the lifespan and energy density 

of LABs were necessary. The main challenge facing LABs at the time was the relatively narrow 

ESW of H2O (1.23 V), which readily decomposes into H2 and O2. These deleterious side reactions 

limit the overall choice of electrode materials available within potential window of H2 and O2 

evolution, significantly reducing the likelihood of increasing the energy density of power density 

of LABs. Furthermore, the solubility of certain electrode materials or their catalytic behavior 

toward water also presented unique challenges for aqueous electrolytes that were necessary to 

overcome [67].   

Since then, many notable accomplishments in the progress of LABs have been achieved. 

Down one path, many researchers focused on improving the electrode materials and their 

suitability with aqueous electrolytes. To this end, cathode materials including oxides (LiMn2O4, 

LiCoO2, LiNi 1/3Mn1/3O2), phosphates (LiFePO4, FePO4, LiMnPO4, Li(Fe,Mn)PO4), and Prussian 

blue analogs (FeHCF, NiHCF, CuHCF, and MnHCF) have been developed within the operating 
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window of water [67ï69]. Down a second path, researchers focused instead on electrolyte design, 

including concentration, pH, oxygen elimination, and additives. For example, Luo et al. were able 

to extend the cycle life of a LAB by mitigating the side reactions of the anode with O2 and by 

changing the pH to shift the potential window of H2 and O2 evolution of their Li2SO4 based on its 

Pourbaix diagram [70]. Despite the system demonstrating capacity retention >80% up to 1000 

cycles, the low voltage (~ 1.3 V) and low energy density (~ 75 Wh/kg) of the LiTi2(PO4)3/LiFePO4 

(LFP). A similar system, based on carbon-coated LiTi2(PO4)3 and LiMn2O4, also presented a low 

energy density of ~ 68 Wh/kg [71]. Ultimately, these systems fail to compete with current 

nonaqueous LIBs whose energy densities range from 150ð400 Wh/kg. 

The breakthrough for LABs came in 2015 from collaborative work between Chunsheng 

Wang and Kang Xu, who proposed the concept of a ñwater-in-saltò electrolyte (WiSE) [72]. In the 

WiSE system, a highly concentrated lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) aqueous 

solution (21 mol LiTFSI in 1 kg H2O) was cycled in a Mo6S8/LiMn 2O4 system at 2.3 V (1.8 V 

average), exhibiting an impressive energy density of 100 Wh/kg and high capacity retention (68%) 

with nearly 100% coulombic efficiency over 1000 cycles at both low (0.15 C) and high (4.5 C) 

charge/discharge rates. The success of the WiSE system was attributed to the highly concentrated 

electrolyte, which reduced the H2O/Li+ ratio to ~ 2.67, severely limiting the amount of free water 

in the electrolyte. Molecular dynamics (MD) simulations showed that this effectively reduced the 

number of H2O molecules in the solvation shell of Li+ from 4 in a dilute salt-in-water (5 m) to 

approximately 2.5 in WiSE, while subsequently introducing approximately 1 TFSI anion (TFSI-). 

Ultimately, this results in the alteration of the reduction potential of TFSI- due to its intimate 

interaction with Li+. Large Li2(TFSI)(H2O)x aggregates observe a calculated theoretical reduction 

potential of 2.9 V vs. Li/Li+, which is substantially higher than the reduction potential of the 
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isolated TFSI- (1.4 V vs. Li/Li+) and of hydrogen evolution (2.63 V vs. Li/Li+). This shift in 

potential leads to preferential reduction of the aggregate at the anode, resulting in anion-derived 

passivation. Characterization of the solid electrolyte interphase (SEI) formed from the reduction 

of Li 2(TFSI)(H2O)x found an overwhelming presence of inorganic LiF, which is a hydrophobic 

species with a wide ESW. The synergistic combination of LiF formation and water activity 

reduction lead to an expanded ESW of 3.0 V that enabled the Mo6S8/LiMn2O4 LAB. 

Germane to the concept of ñwater-in-saltò electrolytes is the understanding of solvent-salt 

interactions. From a solvation point of view, a Li+ in a dilute solution exists in a solvent-separated 

ion pair (SSIP), coordinated with 3 to 4 solvent molecules [73]. Therefore, the SEI layer formed 

in dilute electrolytes is derived from the decomposition of solvent molecules; in commercial 

systems this equates to organic species such as Li2CO3 and its carbonate derivatives. However, to 

avoid electrochemical reduction of H2O in aqueous electrolytes, SEI formation must be derived 

from decomposition of the salt. As demonstrated by the WiSE, this can be achieved through highly 

concentrated electrolytes where the coordination number of Li+ is reduced to 1ð2 solvent 

molecules. In these systems, salt anions enter the solvation shell to form contact ion pairs (CIPs) 

and cation-anion aggregates (AGGs) [73]. Indeed, since the inception of the ñwater-in-saltò 

electrolyte, research has shifted to the development of CIP- and AGG-based aqueous electrolytes. 

Systems such as the 28 m ñwater-in-bisaltò electrolyte (WiBS), superconcentrated 63 m LiTFSI + 

Me3EtN·TFSI electrolyte, and hydrate melts ï 28 m Li(TFSI)0.7(BETI)0.3(H2O)2 and 55.5 m 

Li(PTFSI)0.6(TFSI)0.4(H2O) ï all report significantly enhanced ESWs ranging from ~ 3.1ð4.85 V 

[74ï77]. 

Despite the WiSE, WIBS electrolyte, and hydrate-melt electrolytes effectively expanding 

the ESW of aqueous electrolytes to >3.0 V, expansion of the window at the cathodic limit remains 
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limited due to the repulsion of TFSI- by negatively polarized anode surfaces in these highly 

concentrated systems. This ñcathodic challengeò makes it difficult for TFSI- to reduce and 

contribute to SEI formation, leading to water adsorption with hydrogen closest to the anode surface 

and an energetically favorable hydrogen evolution reaction (HER) [78]. For this reason, increasing 

the fluorinated salt concentration proves to be ineffective at expanding the cathodic limit. To this 

end, a new class of ñhybrid aqueous/nonaqueousò electrolytes (HANEs) has been reported by 

several groups which utilize an additional nonaqueous ï often flammable organics ï component 

to assist in SEI formation beyond LiF [79ï81]. As a result, a conformal and dense SEI rich in 

inorganic LiF and organic C-O and CO3 species. For Wang and coauthors, this strategy resulted in 

further reduction of the cathodic limit from 1.9 V vs. Li/Li+ in the groundbreaking WiSE system 

to 1.0 V vs. Li/Li+ in the HANE system. This approach was extended to the nonflammable organic 

CO(NH2)2 (urea) to not compromise the merit of the aqueous electrolyte [82]. Compared to the 

original DMC-based HANE, the urea-based HANE exhibited a cathodic limit of 1.5 V vs. Li/Li+. 

Nevertheless, the system enabled Li4Ti5O12 (LTO)/ LMO cycling in pouch cells with thick 

electrodes of 2.5 mAh/cm2 with 92% capacity retention over 470 cycles. Given the significantly 

reduced concentration of HANEs ï 4.5 m in the urea-based system ï that can mitigate the 

deleterious effects on ionic transport observed for highly concentrated systems, their investigation 

is highly warranted. However, the concept of HANE systems has not been observed in solid-state 

systems like SPEs. 

2.4.2 Ionic Liquid Electrolytes 

 Ionic liquid (IL) electrolytes are another attractive replacement for common commercial 

electrolytes. ILs are molten salts, defined as having a melting point below 100 °C. A particularly 

interesting subset are room-temperature ILs (RTILs), whose melting point is <25 °C and are liquids 

at room temperature. ILs have a number of unique electrochemical, physiochemical and thermal 
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properties, including high ionic conductivity, wide electrochemical stability, nonflammability, 

nonvolatility, and high thermal stability [83,84]. Furthermore, IL electrolytes have been 

popularized due to their inherent compositional flexibility, since the structural motifs can be 

endlessly varied based on the choice of cation and anion [85] Often called the ñdesigner solvent,ò 

ILs offer a compositional flexibility that spans a vast chemical space that can be used to easily 

tailor the electrochemical, physiochemical, and thermal properties [85]. This has led to the 

development of numerous functionalized ILs based on cationic structures such as imidazolium, 

pyrrolidinium, piperidinium, sulfonium, quaternary ammonium/phosphonium, among others 

[84,86ï90]. These systems have numerous advantages in terms of electrochemical performance 

and operational safety, such as the formation of uniform and robust SEI layers that provide high 

coulombic efficiencies and long cycle life [91ï93]. Moreover, operation of IL electrolytes at 

elevated temperatures, which is infeasible with conventional organic electrolytes, has shown 

enhanced performance in the way of improved ionic conductivities, dendrite suppression, and 

improved rate capabilities [94ï96]. 

 Despite their impressive benefits, there are a number of drawbacks preventing IL 

electrolytes from being as widespread as organic electrolytes. As the cation in most ILs is not Li+, 

the addition of a lithium salt is necessary for LIB applications; this can significantly increase the 

viscosity of the electrolyte, hindering the transport of the charge carrying Li+ and thus conductivity 

[85]. This is further exacerbated by the presence of additional ions from the IL that also 

significantly reduce the Li+ transference number, which limits rate capability. However, this can 

be enhanced in highly concentrated systems where the charge carrier is the majority species [84]. 

Beyond their properties, ILs also suffer from large capital costs of low volume batch synthesis, 

which is prohibitive for their practical application as electrolyte components in LIBs 167. 
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However, it is argued that the electrolyte is often not a large contributor to the overall cost of LIB 

production and that large-scale production of ILs can significantly reduce their costs [97,98]. 

2.4.3 Ceramic Electrolytes 

 The rebirth of solid-state electrolytes (SSEs) as materials of notable scientific and 

commercial interest for electrochemical energy storage has been primarily driven by the desire for 

high modulus ionic conductors, which is thought to provide a path towards practical, high-energy 

rechargeable LMBs [99]. The high modulus of SSEs can prevent lithium dendrite formation, 

enabling the use of lithium metal as an anode. More recently, however, greater focus has been 

placed on SSEs as safer alternatives to commercial electrolytes due to advancements that have 

increased room-temperature ionic conductivities to ~ 1 mS/cm in these systems, which is 

comparable to those of conventional systems. In particular, solid-state inorganic electrolytes, 

typically in the form of ceramics and glasses, are often intrinsically single-ion cationic conductors 

offering higher charge-transport efficiency compared to liquid electrolytes, which traditionally 

have low transference numbers [99,100]. Examples of solid-state inorganic systems include glassy 

lithium phosphorous oxynitrides (LiPONs), lithium superionic conductor-like (LISICON) 

materials such as Li3PS4 and Li10GeP2S12, perovskites such as Li3xLa(2/3)-xTiO3 (LLTO), sulfide-

based argyrodites such as Li6PS5Br, sodium superionic conductor-like (NASICON) materials such 

as LiGe2(PO4)3 and Li1.3Al 0.3Ti1.7(PO4)3, and garnets such as Li 7La3M2O12 (LLMO) and 

Li 7La3Zr2O12 (LLZO) [99ï102]. 

 Garnet-type SSEs are considered as a strong choice to replace conventional electrolytes in 

all-solid-state LIBs due to their stability toward lithium metal and wide ESW (>6 V vs. Li/Li+), in 

addition to their high ionic conductivity [101]. The latter is typically achieved by increasing the 

Li+ content, forming the so called ñLi-stuffedò garnet materials such as LLMO and LLZO (Li = 

7); generally, the ionic conductivity of lithium containing garnets increases almost exponentially 



 23 

with Li+ content. Room-temperature ionic conductivities have been reported from 10-6ð10-3 S/cm 

[101]. As single-ion conductors, these values are competitive with conventional liquid electrolytes 

with low Li+ transference numbers. Despite the excellent transport properties and wide stability of 

garnet-type SSEs, these materials are also plagued by several limitations, including manufacturing 

difficulties due to their fragility, risk of dendrite formation and proliferation along grain 

boundaries, high cost, and poor environmental stability [99]. Furthermore, these materials suffer 

from poor interfacial charge transport arising from the poor solid-solid contact between the SSE 

and the electrodes. This results in severe interfacial resistance that can ultimately lead to contact 

loss during long-term cycling and premature failure. To better enable SSEs for all-solid-state LIBs, 

the electrode/electrolyte interface must be improved using conformal materials. 

2.4.4 Solid Polymer Electrolytes 

 The concept of polymer electrolytes was first introduced in 1973 when Fenton et al. 

reported the successful solvation of alkali salts in PEO to form conductive complexes [103]. In 

these systems, PEO is a solvent that can dissolve large concentrations of ionic salts because of 

strong ion-solvent interactions that overcome the lattice energies of the salts. Furthermore, PEO 

solvates cations more strongly than anions through association with the ether oxygens along the 

polymer chain backbone, rendering the anion effectively immobile [104]. The first true PEO 

electrolyte was proposed by Armand in 1978 based on a PEO-Li salt SPE with an ionic 

conductivity of ~ 10-4 S/cm at 40ð60 °C [53]. The interest in PEO-based SPEs for LIB 

applications quickly grew due to the realization that the reversible elastomeric properties of the 

polymer make PEO-based SPEs ideal for cells incorporating recently discovered ñrocking chairò 

mechanism of intercalation electrodes; as the electrodes undergo volume changes during charge 

and discharge, the SPE can expand and contract without affecting performance [104]. 
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 At the time, it was thought that Li+ transport in PEO-based SPEs was through the network 

crystalline polymer-salt complexes. However, a significant advancement in the understanding of 

polymer electrolytes was achieved with the discovery that ion conduction is confined to the 

amorphous domains of the electrolyte [104,105]. It was quickly realized that the addition of 

inorganic fillers, in the form of low molecular liquids and solids, could obtained PEO-salt mixtures 

with little to no crystallinity, improving ionic mobility in these SPEs while also increasing the 

mechanical strength and interfacial stability of the system [106]. This trend continued into the 

1990s, with micron-sized and nano-sized inorganic materials such as aluminum oxide and silicon 

oxides investigated as electrolyte fillers [9,107ï109]. This resulted in a new concept of highly 

plasticized SPEs, sometimes referred to as composite polymer electrolytes or hybrid polymer 

electrolytes, depending on the composition of the filler.  

 Over the last 30 years, significant research on various polymer matrices and plasticizers 

has taken place in pursuit of systems with better performance. An ideal polymer matrix must fulfill 

essential criteria for application in an SPE: (1) preferential cationic solvation with enough strength 

to ensure salt solubility while still allowing ionic hopping from one coordinating site to another; 

(2) a high dielectric constant to promote effective charge separation of the salt; (3) high backbone 

flexibility and low energy barrier for bond rotation, which facilitates the segmental motion of 

polymer chains; and (4) high molecular weight to achieve SPEs with better mechanical strength 

[110].  

Besides PEO, other polymers have been researched for SPE application such as 

polyacrylonitrile (PAN), polymethyl methacrylate (PMMA), poly(vinylidene fluoride) (PVdF), 

poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP), poly(ethylene carbonate) (PEC), 

poly(trimethylene carbonate) (PTMC), poly(vinylene carbonate) (PVCA), poly(propylene 
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carbonate) (PPC), polyesters, and polysiloxanes [110]. Each system brings a new unique property, 

offering highly tunable SPEs. For example, the complete dissociation of lithium salts in PEO-

based SPEs is not achieved due to the low dielectric constant of PEO; this can be ameliorated 

through polycarbonate-based SPEs because of their high dielectric constants. When these 

structures are introduced into the polymer backbone or as side-chain functional groups in aliphatic 

polymers, it has been shown to be efficient in the development of high conductivity and 

electrochemically stable SPEs [110]. A second example is the use of polyesters, whose most 

prominent advantage is the high electrochemical stability against oxidation, when enables them to 

couple with high voltage cathodes in LIBs.  

SPEs offer many advantages that make them an attractive option over other solid 

electrolytes for a diverse set of applications. SPEs are easily processible as they can be solution 

cast or fabricated using a solvent-free hot-pressing method [111,112]. Furthermore, depending on 

the composition of the SPE, these systems can be flexible and conforming in nature, which leads 

to unique applications such as flexible devices and textiles, or ñwearableò power. Another benefit 

of SPEs is their inherent nonflammability and negligible vapor pressure, which make them ideal 

candidates as safer alternatives in EVs or medical devices. For SPEs to become commercially 

viable, however, they must exhibit appreciable conductivity >10-4 S/cm within the operating 

temperature range and have long cycle life [6]. Moreover, it is critical that SPEs act as both 

electrolyte and separator to increase energy density and maintain good contact with both electrodes 

withstanding the internal pressure and temperature variations during operation. This can be 

realized through several strategies developed to advance the traditional PEO-salt SPEs of the 

previous decades. 
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Since the discovery of ionic conduction through the amorphous phase of PEO, a well-

studied, more elegant strategy to increase conductivity in SPEs is to reduce the crystallizability of 

the polymer matrix by limiting the total number of repeat units [104]. In the context of PEO, this 

can be achieved through block copolymers (BCPs) where a second block is introduced to disrupt 

the crystallinity of the PEO block. This can be achieved in many ways through the strategic 

selection of blocks; typically, one block is used to provide ionic conduction while the other block 

provides mechanical stability and rigidity, as seen in many PEO-polystyrene (PS) BCPs [13,113]. 

The combination of these properties occurs when the BCP is tuned towards block phase separation, 

leading to an intimately interconnected structure with solid-like properties while segregating ion 

conduction to one phase. Based on the composition of the BCPs, different morphologies are 

possible including lamellae, gyroid networks, disordered, sphere, and hexagonal cylindrical 

phases. The morphology of BCP electrolytes can be tuned by changing the salt concentration, 

changing polymer functionality, or by changing the relative length of each block [114ï116]. As 

expected, each morphology propagated by each of these changes will have different mechanical 

and electrochemical properties, offering a wide range of BCP electrolytes that can be explored. 

One extension of BCPs is the creation of nearly single-ion conductors through the functionalization 

of the polymer to incorporate the anion of the salt [117]. Once the anion is fixed to the BCP, Li+ 

is free to move unimpeded by the often bulky anion, resulting in transference numbers that 

approach unity. Although the idea of decoupling Li+ transport and polymer chain mobility through 

the use of BCPs is promising, their synthesis is difficult and the resulting changes to ionic transport 

remain negligible. 

A second approach to improving traditional PEO-salt SPEs is the concept of composite and 

hybrid polymer electrolytes. As discussed above, these systems aim to increase ionic transport by 
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reducing the crystallinity of the polymer matrix through the addition of micro-sized and nano-sized 

inorganic fillers of either inactive materials (TiO2, Al2O3, ZnOx, ZrO2, SiO2) or active ceramic 

materials (LLMO, LLZO, NASICON) [118]. Dispersed fillers are thought to influence the kinetics 

of crystallization in PEO polymer chains, effectively suppressing crystallinity and thereby 

increasing Li+ conduction due to the large presence of amorphous domains [108,119]. In this 

regard, the inactive materials function solely as plasticizers as they are ionically conductivity. In 

contrast, the ceramic materials actively contribute to ionic conductivity through three major 

pathways: (1) transport of Li+ through both the inorganic particle and the polymer electrolyte; (2) 

transport of Li+ across the neat polymer electrolyte; and (3) transport of Li+ along the 

particle/polymer electrolyte interface [118]. In ceramic-rich SPEs, however, an alternative Li+ 

transport pathway is created through the network of connected ceramic particles. 

While the definition of composite polymer electrolytes is generally limited to the use of 

solid inorganic fillers as plasticizers, the concept can be extended to apply to plasticization through 

other means, such as ionic liquids or organic solvents. Shin et al. conducted the first study of this 

class of ternary polymer electrolytes by blending PEO with an ionic liquid and lithium salt [120ï

124]. They studied systems with varying amounts of ionic liquid and showed that the addition of 

IL dramatically improved ionic conductivity compared to typical dry PEO-salt SPEs, and even 

demonstrated the viability of this system for battery cycling. The boost in ionic conductivity from 

the addition of both IL and lithium salt to the PEO matrix comes from the effective increase in the 

free volume of the system, allowing for greater chain mobility and a localized liquid-like 

environment for Li+ to move. An extension of this concept is polymerized ionic liquids, where 

either the anion or cation is incorporated covalently into the polymer backbone [125ï127]. In the 

former case, the system behaves much like a single-ion conductor allowing for highly efficient 
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movement of Li+ and a transference number of ~ 1 [117]. However, these systems are often 

extremely difficult to synthesis and thus their commercial viability is limited. Nevertheless, ternary 

composite SPE systems blending polymer, salt, and ionic liquid remain a promising avenue 

towards the development of safe and commercially viable SPEs. 

2.4.5 Gel Polymer Electrolytes 

 As an intermediate between liquid electrolytes and SPEs, gel polymer electrolytes (GPEs) 

were proposed to improve the often limited ionic conductivity observed in SPEs. Like SPEs, GPEs 

are often composed of polymer matrices, liquid solvents as plasticizers, lithium salts, and additives 

such as inorganic fillers [110]. However, in GPEs the polymer matrix is crosslinked, either 

physically or chemically. In addition, the liquid solvent content in GPEs is typically much greater 

than in SPEs, causing the gel to be swollen. PEO, PAN, PVdF, PVdF-HFP, and polyvinyl alcohol 

(PVA) are a few of the polymer matrices used in reported GPEs [78,110,128,129]. Solvents and 

plasticizers used in GPEs are often the same organic liquids used in conventional electrolytes, such 

as PC, EC, DMC, DEC, but have also been reported as ethers like tetraethylene glycol dimethyl 

ether (TEGDME), 1,2ðdioxolane (DOL), and dimethoxyethane (DME). Some ionic liquids have 

also been reported in GPEs [110,130]. Due to the swollen nature of GPEs, the transport of Li+ 

mainly occurs in the liquid phase containing dissolved lithium salts, while the polymer matrices 

provide mechanical strength. This results in semi-solid-state systems that prevent leaking, 

improving overall safety, but with the transport properties of liquid electrolytes [131]. 

Furthermore, the high solvent contents in GPEs also facilitate the formation of robust organic SEIs, 

similar to liquid electrolytes, from preferential reduction of the liquid solvents over the 

electrochemically inert polymer matrices [132]. 

 Although GPEs possess the high ionic conductivity and superior electrode/electrolyte 

interfacial properties of liquid electrolytes while offering the excellent mechanical properties 
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(strength, flexibility, etc.) of polymer electrolytes, their dependence on high solvent contents can 

be detrimental. The use of organic solvents to achieve satisfactory room-temperature conductivity 

values (>10-4 S/cm) not only compromises the strength of the GPE membrane, but also results in 

poor thermal stability and the various safety hazards intended to be avoided (thermal runaway, gas 

evolution, fire, explosion, etc.). Switching from organic solvents to water to create aqueous gel 

polymer electrolytes (AGPES) may be a path toward improving GPEs without sacrificing their 

safety, however AGPEs are seldom investigated in LIB applications. 
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2.5 Material and Component Selection 

 In the follow section, information on the materials used to synthesize the various SPEs in 

Chapters 3ð7 is given. Figure 2.1 gives an overview of the chemical structures of the polymers, 

plasticizers, and lithium salts used. 

 

Figure 2.1 Chemical structures of materials used to synthesize ILSPEs (Chapter 3), ASPEs (Chapter 4), and 

HAILSPEs (Chapter 6 and Chapter 7). 

2.5.1 Polymer Matrix 

 The two polymer matrices investigated in this dissertation are PEO and PAN. As the role 

of the polymer matrix is to entrap the various solvents and plasticizers used while providing the 

mechanical strength to maintain solid properties, high molecular weight matrices were used. For 
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PEO, several molecular weights were studied, including 1×106 and 4×106. PEO is a common 

choice as polymer matrix in SPEs and GPEs due to its electrochemical stability, particularly at low 

potentials, reasonable conductivity at ambient and elevated temperatures, easy processability, 

safety, and innate ability to solvate most lithium salts by coordination to the oxygen in the 

backbone [13,113,121,124,133ï135]. This coordination provides the main mechanism for ionic 

conduction in PEO, facilitated by the inter and intrachain hopping of Li+ amongst coordination 

sites along the PEO backbone [136]. This hopping mechanism is entirely dependent on the PEO 

chains being mobile, creating a strong dependency between ionic conductivity, crystallinity, and 

temperature. However, plasticization of PEO-based electrolytes can increase the amount of 

amorphous phase present, which enhances ionic transport. Plasticization has been achieved 

through various methods, such as inclusion of ceramic nanoparticles or ILs, use of low molecular 

weight polymers/oligomers, and use of PEO-based block copolymers with plasticizing blocks 

[112,133,137ï140]. 

 Despite the popularity of PEO in studied SPEs and GPEs, thermodynamic instability at 4 

V vs. Li/Li+ has been observed for these systems due to the oxidation of the electron-rich ether 

oxygens [5,141]. For this reason, PAN was also investigated as a polymer matrix of choice to 

potentially enable high-voltage applications. The molecular weight of PAN (2.30×105 Da) was 

chosen to be as high as commercially available to ensure solid-like properties in studied 

compositions that can contain varying degrees of liquid components. In contrast to PEO, PAN has 

an innately wide ESW >4.5 V [142]. Furthermore, PAN, whose structure consists of an organic 

backbone (CðC) with a pendant/vinyl cyano (CḳN) group on every other carbon, is an excellent 

Lewis base that can coordinate to and solvate Li+ with comparable solvating power to PEO [143]. 

PAN is also a hydrophilic polymer, allowing for extensive coordination with water which is 
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thought to limit its activity. PAN-based SPEs have shown enhanced ESWs of ~ 5.5 V vs. Li/Li + 

[142ï144]. The semi-crystalline nature of PAN and its relatively high Tg ~80°C,48 compared to 

PEOôs Tg ~ -60°C, suggests that PAN will  exhibit ionic mobility that is independent of polymer-

ion coupling, unlike PEO [143]. Indeed, studies suggest an almost entire decoupling, with PAN 

being mostly immobile and participating very little in ionic transport [145,146]. This indicates a 

hierarchy of Li+ interactions that contribute to ionic conductivity: (1) movement of free Li+ within 

the PAN matrix > (2) movement of Li+ associated with plasticizer molecules > (3) movement of 

Li+ due to coupling with PAN and segmental motion [147]. Therefore, it is anticipated that the 

ionic conductivity of PAN will increase dramatically with increased solvent, salt, and plasticizer 

content as decoupling of PAN-Li+ coordination bonds occurs, enabling the PiSE domain when salt 

content is approximately greater than 60% [143]. 

2.5.2 Lithium Salt 

 LiTFSI was chosen as the lithium salt because the TFSI anion  is known for its chemical 

and thermal stability, ease of dissociation, and ability to contribute to LiF formation in the SEI 

[72,148ï150]. While one major concern with the use of LiTFSI is its ability to corrode aluminum 

ï a common current collector material for cathodes ï at high potentials (>4 V vs. Li/Li+), LiTFSI-

based SPEs have been shown to be stable against aluminum, limiting the ability of LiTFSI to pit 

or corrode the current collector (31, 48, 130).  

2.5.3 Ionic Liquid 

 The most extensively studied IL in this dissertation is triethyl sulfonium TFSI 

(S2,2,2TFSI/S2,2,2). The triethyl sulfonium cation (S2,2,2
+) was chosen because it is a seldomly 

researched structure for ILs in LIB applications, both liquid and solid-state. In prior work, the use 

of S2,2,2TFSI in a SPE established the propensity to improve ionic conductivity by plasticizing the 

polymer network to reduce crystallinity [133,137]. Furthermore, several electrochemical 
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measurements indicated strong passivating behavior and interfacial stability at low voltages. An 

additional ionic liquid, N-methyl-N-propyl pyrrolidinium TFSI (Pyr1,3TFSI/Pyr1,3) was chosen for 

comparative investigations because the N-methyl-N-propyl pyrrolidinium cation (Pyr1,3
+) has been 

extensively shown to reduce to stable products, such as Li3N, and contribute to LiF production in 

the SEI when paired with TFSI- in lithiated systems [151ï155]. 
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Chapter 3: Solid Polymer Electrolytes Plasticized with Ionic Liquid 

This chapter was adapted from a published manuscript: 

M.D. Widstrom and K.B. Ludwig , J.E. Matthews, A. Jarry, M. Erdi, A.V. Cresce, G. 

Rubloff, P. Kofinas. ñEnabling High Performance All-Solid-State Lithium Metal Batteries 

Using Solid Polymer Electrolytes Plasticized with Ionic Liquid.ò Electrochim. Acta. 345. 

(2020) 136156. 

3.1 Introduction 

3.1.1 Rationale 

 Lithium-ion batteries (LIBs) are an important energy storage technology due to their high 

energy densities and long cycle life, however there are concerns over the safety of these devices 

[23,156]. At the core of this problem is the ubiquitous use of flammable organic liquid electrolytes 

such as ethylene carbonate (EC) and dimethyl carbonate (DMC), which are electrochemically 

unstable in an operating battery and rely on a passivating layer consisting of electrolyte 

degradation products called the solid electrolyte interphase (SEI) to operate. Because of this 

instability, harsh conditions or flawed manufacturing process and design leave open the possibility 

for catastrophic failure in the form of thermal runaway leading to battery fire [7]. There is growing 

research interest in replacing these liquid organic electrolytes with solid alternatives that are 

intrinsically safer [5,8ï10,157]. Ideally, an alternative to liquid organic electrolytes shall 

simultaneously address the safety concerns while maintaining suitable performance metrics for 

conductivity and electrochemical stability.  

 Due to its unique characteristics, solid polymer electrolytes (SPEs) are a very promising 

alternatives to organic liquid electrolytes [8,12,79,122,157]. SPEs are nonflammable and have 

little to no vapor pressure, making them ideal candidates for battery applications in which safety 

is critical [158]. They are easily processible as they can be solution cast or fabricated into thin 

films using a solvent-free hot-pressing approach, they are flexible and conforming in nature, and 
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they can eliminate the need for inactive cell components, such as spacers and packaging, that are 

currently required in the manufacturing process to prevent liquid electrolyte from escaping 

[112,138]. However, the biggest challenge facing SPEs is their inferior ionic conductivity, as solid 

electrolytes are inherently less conductive towards Li+ than their liquid counterparts. For 

poly(ethylene oxide) (PEO), whose ether-containing architecture is commonly employed in SPEs 

due to its ability to dissolve lithium metal salts, this challenge is embodied in its propensity to 

crystallize below 60 °C for even moderately high molecular weights [12,133]. EO-containing SPEs 

exhibit ionic conductivity values several orders of magnitude lower compared to conventional 

liquid electrolytes below their melting point. While it is possible to have significant ion conduction 

of aligned PEO crystallites, appreciable transport of ions in PEO largely relies on segmental chain 

motion which is only possible in the amorphous state, making it advantageous to have a plasticized 

PEO matrix and avoid any crystallization [113,159]. 

There are several strategies researchers have used to create a more favorable morphology 

for ion conduction at lower temperatures in EO-containing SPEs. One approach is to introduce 

micro or nanosized ceramic fillers such as TiO2, Al2O3, silica, and garnet as plasticizers that form 

composites with better mechanical properties and enhanced conductivity due to the disruption of 

crystal formation [9,119,160,161]. Conductivity values on the order of ~10-4 S/cm have been 

obtained at elevated temperatures using ceramic fillers, which alone isnôt satisfactory for most 

commercial applications. A second approach is to incorporate PEO into a block copolymer (BCP) 

to disrupt crystallization while simultaneously imparting robust mechanical properties from the 

second block [114,115]. The inclusion of a second rigid block drastically improves the mechanical 

properties of the SPE which can help stabilize Li metal anode for long-term cycling. The drawback 
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of this approach is that the rigid block is not conductive, leading to a low overall conductivity 

making these BCP SPEs only suitable for high (>80 °C) temperatures [116,162]. 

3.1.2 Objective 

A third approach to create a more favorable morphology is to plasticize PEO with an ionic 

liquid (IL) to form an amorphous SPE [120,133,137,138,163]. ILs are molten salts that have 

melting points below 100 °C and are often in the liquid state at room temperature. ILs have high 

ionic conductivity coupled with high thermal and electrochemical stability, and when incorporated 

into a polymer matrix can lead to significant increases in conductivity of the resulting SPE [111]. 

In this chapter, the objective is to characterize electrolytes of varying polymer:IL:lithium salt 

ratios, which have not previously been studied, and their effect on the physical and electrochemical 

properties of the resulting ILSPE systems.  

In the investigations presented in this chapter, it was shown that ILSPE systems 

demonstrate a conductivity ~1 mS/cm at room temperature, a value suitable for commercial 

application. Furthermore, optimized ILSPE compositions showed strong resistance to oxidation 

and showed ideal Li stripping/ plating behavior. ILSPEs with excellent transport properties were 

able to achieve room temperature cycling in Li/ILSPE/LFP configuration with high coulombic 

efficiency and capacity utilization. The results of this chapter have the potential to enable the 

commercialization of ILSPEs for room temperature applications.  
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3.2 Experimental Design and Methods 

3.2.1 Electrolyte preparation 

Electrolytes were prepared using a solvent-free hot-pressing technique, outlined below in 

Figure 3.1. First the specific amounts of PEO, S2,2,2TFSI and LiTFSI were mixed in a mortar and 

pestle. The resulting solid mixture was vacuumed sealed (-30 psig, 30 s) inside a laminated 

aluminum pouch. The pouch was then pressed at ~85 ̄ C, above the melting point of PEO, for 1 

minute with a force of 1 metric ton, resulting in a homogeneous film with thickness of 100-200 

mm, depending on the composition. These films were further processed for specific experiments. 

 

Figure 3.1 High molecular weight poly(ethylene oxide) (300k, 1M, and 4M Da; M = 106), S2,2,2 ionic liquid, and 

LiTFSI lithium salt are combined in varying molar ratios. The components are first mixed by mortar and pestle, 

vacuum sealed, and then hot-pressed to produce a final electrolyte film. 

3.2.2 Electrode preparation 

Composite cathodes were designed by incorporating 20 wt% ILSPE into an LFP electrode. 

The composition of the cathode is 60 wt% LFP, 10 wt% Kynar 1800 PVdF, 10 wt% Super-P 

carbon, 5 wt% PEO, 10 wt% S2,2,2TFSI, and 5 wt% LiTFSI. All components were ball mixed with 

NMP for 20 minutes to ensure homogeneous dispersion. The cathode was casted on an aluminum 
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current collector using a doctor blade and then vacuum dried for at least 24 hr prior to use. The 

morphology of the cathodes was imaged by SEM using a Tescan GAIA SEM system. 

3.2.3 Differential scanning calorimetry 

Modulated differential scanning calorimetry (mDSC) was performed on a TA instruments 

Q100 differential scanning calorimeter. Samples were prepared by hermetically sealing 10-15 mg 

of electrolyte in an aluminum pan in a dry atmosphere. Samples were heated from room 

temperature to 100 ̄C at a rate of 3 ̄C/min with a °0.20 ̄ C/min modulation. Table 3.1 is a 

compilation of the relevant data extracted from the DSC experiments, including glass transitions 

temperatures, Tg, melting points, Tm, enthalpies of melting, ȹHm, and degree of crystallization, 

ȹxc. All thermal transitions and enthalpies were found using the tools included in the TA Universal 

Analysis software. The degree of crystallization is estimated as the ratio of ȹHm for the ILSPE to 

the ȹHm of 100% crystalline PEO, e.g., 196.82 J g-1 [164ï167]. For compositions containing PEO, 

the enthalpy has also been normalized to the mass of polymer within the electrolyte except for the 

first melting peak of 20:4:0 (4M), which is due to melting of the ionic liquid. 

3.2.4 Electrochemical impedance spectroscopy 

 Impedance measurements were performed using a Solartron 1287A/1255B platform. 

ILSPE was placed in a symmetrical coin cell using stainless steel blocking electrodes and annealed 

for 24 hr to create good contact before measurement. Impedance spectroscopy was measured over 

the frequency range of 1 MHz to 1 Hz with a 10 mV amplitude. Temperatures ranging from 0 °C 

to 80 °C were measured, in increments of 5 °C, with a one-hour dwell time between each 

temperature to allow the electrolyte to equilibrate before measurement. A 0.25 mm thick PTFE 

spacer with a 4 mm inner diameter was used to create a clean, well-defined volume for ion 

diffusion. The samples were made using an empirically determined amount of electrolyte that best 

fills the volume defined by the PTFE spacer.  
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3.2.5 Transference number 

 Transference number was measured on Li/ ILSPE/ Li cells using the Bruce-Vincent 

polarization method [168,169]. The cells were annealed for 24 hr and conditioned by running 5 

galvanostatic cycles with a 4 hr charge, 45 min rest, 4 hr discharge, and 45 min rest constituting 

one cycle at an applied current density of 0.02 mA/cm2. The transference measurement involves 

applying a 10 mV potential to the cell and measuring the current until a steady-state current is 

reached at 60 °C. Impedance spectroscopy was run before and after the polarization to take into 

account any change in the resistance of the electrolyte. 

3.2.6 Cyclic voltammetry 

 Cyclic voltammetry was performed on an Arbin BT2000 to determine the oxidative 

stability of the electrolyte. Li metal/ILSPE/ Ti-coated SS coin cells were prepared and cycled at 

60 °C. The applied potential difference was swept from 2.5 V to 4.5 V vs. Li/ Li+ and back for a 

single cycle at a rate of 5 mV/sec, for a total of 100 cycles.  

3.2.7 Lithium stripping and plating 

Stripping and plating of lithium metal with the ILSPEs was performed on an Arbin BT2000 

using symmetrical Li/ILSPE/Li coin cells. Cells were subjected to an alternating current density 

of 0.1 mA/cm2 every one hour at 60 C̄, for a total of 100 cycles, while the overpotential was 

measured. 

3.2.3 Galvanostatic cycling 

Li/ ILSPE/ LFP cells were cycled on an Arbin BT2000 between 2.8-4.0 V vs. Li/ Li +. Cells 

were cycled at 60 °C for constant rate cycling, with a charge/discharge rate of 1 hour (1C). Some 

cells in the same configuration were cycled at 22 °C with a C/20 rate. Others were cycled using a 

variable rate routine, where the cells completed 5 cycles at the following rates in succession: C/20, 

C/10, C/5, and C/2. All cells were annealed for 24 hr prior to cycling. 
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3.3 Results and Discussion 

  The ILSPE compositions follow the nomenclature of identifying the molar ratios of each 

of the components and the molecular weight of the polymer, in the form ñ20 PEO: x S2,2,2TFSI: y 

LiTFSI (PEO molecular weight),ò where x and y are varied between 1 and 4 and the PEO 

molecular weight is either 1×106 or 4×106 Da. The molar ratios and molecular weight of the SPE 

(from 20:4:2:2 (4M) with the greatest salt/ionic liquid loading to 20:1:1 (1M) with the least 

loading) were varied to encompass a wide range of electrochemical while maintaining the ability 

to create homogeneous, coherent SPE films with the hot-pressing method. To maintain the 

mechanical integrity of the resulting SPE film with greater salt/ionic liquid loading, a higher 

molecular weight PEO was used. Increasing molecular weight has been shown to have a minimal 

impact on conductivity beyond 1,000 Da [170]. PEO was selected as the polymer matrix because 

of its ability to dissolve alkali salts, like LiTFSI, in high concentrations and for its strong reductive 

stability against lithium metal [171ï174]. TFSI- was chosen as the anion for both the lithium salt 

and ionic liquid for its chemical and thermal stability, ease of dissociation, and ability to contribute 

to LiF formation in the SEI, as well as for being a good plasticizer that can promote an amorphous 

morphology in the electrolyte [175,176]. 

3.3.1 Differential scanning calorimetry 

 DSC was used to characterize the thermal properties of the ILSPE electrolytes, specifically 

to measure if there are any thermal phase transitions that could influence its conductivity behavior 

with temperature. For example, a melting phase transition would indicate the presence of PEO 

crystallinity, which effectively shuts down the segmental motion of polymer chains and stunts the 

main conduction mechanism in PEO electrolytes [133,177]. This can lead to poor ionic 

conductivity values; therefore, it is imperative to find ILSPE compositions with sufficient salt and 

IL content to plasticize PEO into an amorphous electrolyte. On the other hand, high salt content 
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can create aggregates that result in a significant decrease of conductivity and high IL content will 

begin solvating PEO and result in a significant decrease of mechanical integrity. To ensure the 

best performance of the ILSPEs, a compromise must be found. DSC is used to understand what 

effect PEO, IL, and LiTFSI have on the morphology of the electrolyte. From a design perspective, 

the minimum IL + salt content that will ensure an amorphous morphology of the electrolyte is 

desired. 

 The reference DSC thermograms of the PEO matrix, PEO and S2,2,2TFSI, and PEO and 

LiTFSI were collected along with the thermograms for all compositions studied, shown in Figure 

3.2, Figure 3.3, and Table 3.1. To assess the impact of each component on electrolyte morphology, 

the results of Figure 3.2 and Figure 3.3 were compared to the thermograms of the full ILSPE 

systems for two compositions, given in Figure 3.4. The PEO matrix (1M and 4M MW) shows a 

strong melting peak above 65 °C that is consistent with the melting temperature of high molecular 

weight PEO [178]. Adding IL into the PEO matrix has a strong effect on the PEO crystallinity. 

For 20:2:0 (1M), the PEO and IL thermogram (Figure 3.4A, red curve) shows a suppressed 

melting peak at ~59 °C with an enthalpy of melting, ȹHm, of 92 J g-1 that is smaller in size 

compared to the 130 J g-1 for PEO, indicating a lesser degree of crystallinity at 47% compared to 

the 65% of PEO. For 20:4:0 (1M) (Figure 3.4B, orange curve), the thermogram shows two melting 

peaks, indicating that this composition is phase separated. The first peak is at ~ -12 °C and can be 

assigned to the melting temperature of pure IL [137]. The second peak at ~51 °C corresponds to 

PEO melting but is smaller in size (32 J g-1) and further suppressed to a lower temperature than 

the melting peak for 20:2:0 (1M). These results demonstrate that while the addition of IL into the 

PEO matrix has a beneficial impact on its thermal properties, another plasticizer, such as a lithium 

salt, is necessary to plasticize the matrix and make the electrolyte amorphous. 
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Figure 3.2 Full modulated DSC scans in the range of -50 °C to 100 °C for A) PEO (1M) B) 20:0:2 (1M) C) 20:2:0 

(1M) D) 20:2:2 (1M) E) 20:0:2 (4M) F) 20:4:0 (4M) G) 20:4:2 (4M) H) PEO (4M). Note, M = 106 Da. Arrows indicate 

the different combinations of components that were mixed and tested. The thermograms show the impact each 

component has on the plasticization of the ILSPE individually and cooperatively. Individually, both components fail 

to fully create an amorphous ILSPE with observable glass transitions and melting points. 
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Figure 3.3 Full modulated DSC scans in the range of -50 °C to 100 °C for A) 20 (1M):1:1 and B) 20 (1M):1:3. Note, 

M = 106 Da. An increase in the salt (LiTFSI) content of A leads to significant suppression of the PEO melting peak 

and complete suppression of the PEO recrystallization peak in B, but increases the Tg to an observable temperature 

of -44 °C and shifts the melting peak down to ~38 °C. 

 

 

Figure 3.4 Offset modulated DSC scans in the heating direction over the range of -50 °C to 100 °C for A) 1M PEO 

based electrolytes and B) 4M PEO based electrolytes. Inset plots are zoomed in from the scans of the same color. 

Arrows are used to point to phase separation in the 20:4:0 (4M) electrolyte showing two melting transitions. The 

thermograms show the impact each component has on the plasticization of the ILSPE individually and cooperatively. 

All composition designations represent molar ratios in the form of x PEO: y IL: z LiTFSI (PEO MW). 
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As expected, adding LiTFSI into the PEO matrix drastically changes its thermal behavior. 

The thermograms for the PEO and LiTFSI salt system in Figure 3.4 (20:0:2 (1M) and 20:0:2 (4M)) 

lack large features but the insets highlight the glass transition and melting temperature for both 

compositions. The glass transitions for 20:0:2 (1M) and 20:0:2 (4M) are ~ -26 °C and ~ -40 °C 

respectively, while the melting transitions occur at ~47 °C for both compositions. While the salt 

alone plasticizes the polymer to a significant degree as evidenced by the 20:0:2 (1M and 4M) 

scans, it also increases the glass transition of the polymer from -67 °C to -26 °C and -4 0°C 

respectively [178]. Further increasing salt content can aid transport through plasticization of the 

polymer matrix and by increasing the number of charge carriers, but there is a tradeoff with a 

commensurate increase in Tg which decreases the segmental motion of the polymer making it less 

ionically conductive [115,179]. This is evidenced by the thermograms for 20:1:1 (1M) and 20:1:3 

(1M) in Figure 3.3 where 20:1:3 (1M) has a suppressed melting peak in both location (37.6 °C) 

and size (2.6 J g-1) as compared to 20:1:1 (1M) (47.5 °C, 38.6 J g-1). However, a Tg becomes 

detectable at -44.0 °C for 20:1:3 (1M) whereas no Tg was observed for 20:1:1 (1M). This increase 

in Tg with increasing salt content was not observed when the IL content was increased to the same 

degree or more as is evidenced by the 20:2:2 (1M) and 20:4:2 (4M) thermograms in Figure 3.4 

where no Tg was measured in the range of the scan down to -50 °C. Furthermore, the full ILSPE 

scans in Figure 3.4 show no features for both 20:2:2 (1M) and 20:4:2 (4M), indicating full 

plasticization and advantageous morphology for ion conduction in this system. Both IL and salt 

have some plasticization effect as they either suppress the magnitude or the temperature for the 

melting transition of PEO, but neither individually create an amorphous electrolyte and therefore 

a combination of both is necessary to yield synergistic effect. 
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Table 3.1 A summary of the thermal transitions observed using modulated DSC of the IL-SPE compositions studied 

and their individual components, in the range of -50°C to 100°C. The enthalpy of melting is provided along with the 

degree of crystallization. Degree of crystallization was calculated using a reference enthalpy of melting of 196.82 J g-

1 for 100% crystalline PEO [165]. 

Designation 

Tg 

°C 

Tm 

°C 

Tc 

°C 

ȹHm 

J g-1 

ȹxc 

% 

PEO (1M) -67 

[178] 

66.3 52.0 128.2 65.1 

PEO (4M) -67 

[178] 

65.5 49.2 119.8 60.9 

S2TFSI NAa -7.8 -31.3 17.4 NAa 

LiTFSI  NAa 234 NDb 46 NAa 

      

20:0:2 (1M) -25.6 47.2 NDb 0.4 (0.7c) 0.2 (0.4) 

20:2:0 (1M) NDb 58.7 38.5 92.0 (175.5c) 46.7 (89.2) 

20:2:2 (1M) NDb NDb NDb NAa NAa 

      

20:0:2 (4M) -39.7 47.0 NDb 5.5 (9.1c) 2.8 (4.6) 

20:4:0 (4M) NDb -11.5 

50.7 

-30.5 

28.2 

5.8 

32.2 (90.7c) 

NA 

16.4 (46.1) 

20:4:2 (4M) NDb NDb NDb NAa NAa 

      

20:1:1 (1M) NDb 47.5 23.9 38.6 (68.7c) 19.6 (34.9) 

20:1:3 (1M) -44.0 37.6 NDb 2.6 (6.4c) 1.3 (3.3) 

aNA = not applicable; bND = not detected; cEnthalpy is based on mass of PEO in sample 
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3.3.2 Electrochemical impedance spectroscopy 

 EIS was performed to measure the resistance of the electrolyte, R, in order to calculate the 

ionic conductivity from Equation 3.1 

  „
Ͻ

  (3.1) 

where t and A are the thickness and area, respectively, of the electrolyte. Resistance was extracted 

from equivalent circuit models based on the associated Nyquist plots. The area and thickness in 

Equation 3.1 were held constant by using a PTFE spacer. First, the method for defining the 

electrolyte area was established by varying the inner diameter of the PTFE spacer, measuring and 

extracting resistance through EIS, and then calculating the associated conductivity values. As the 

area of the electrolyte defined by the PTFE spacer changed, so did the amount of ILSPE contained 

within the inner channel. Since ionic conductivity is an intrinsic property and does not depend on 

quantity, it is expected that the resistances measured using EIS will be inversely proportional to 

the area, i.e., Ὑͯ , yielding the same ionic conductivity. Figure 3.5 shows the Nyquist plots 

measured for three different spacer areas and the equivalent circuit model used to fit the data. 

Linear regression of the extracted resistances shows good agreement in Figure 3.5B, verifying 

that conductivity measurements are independent of PTFE spacer area. Second, the appropriate 

equivalent circuit model was determined by examining the Nyquist plots of a representative ILSPE 

system across a wide range of temperatures, shown in Figure 3.6. For lower temperatures, <40 

C̄, the Nyquist plots indicate a two-resistance system with an appropriate equivalent circuit 

modeling containing a bulk electrolyte resistance (R1) in series with a second interfacial resistance 

(R2) and capacitor, which are in parallel with each other. A constant phase element (CPE) was 

used in place of a traditional capacitor because the Nyquist plots showed non-ideal capacitive 

behavior. R1 represents the resistance to ionic motion in the bulk electrolyte while R2 represents 



 47 

resistance to charge transfer at the interface due to the build-up of charge, known as the double 

layer. Thus, the resistance in Equation 3.1 is equal to the sum of R1 and R2. For high temperatures 

>40°C, the Nyquist plots show behavior of a pure ionic conductor, where the only resistance is the 

bulk electrolyte. A simple equivalent circuit of one resistor in series with a capacitor was used. 

These two different equivalent circuit models were used when extracting resistances. 

 

Figure 3.5 A) Nyquist plots produced by EIS of the ILSPE with different electrolyte volumes, as defined by the area 

of the opening in the PTFE spacers (below B). Two samples for each area were run and show agreement. The spacer 

with the smallest opening area shows much higher resistance and produces a semicircle. B) Linear regression model 

for the fit between the reciprocal of spacer area and electrolyte bulk resistance, verifying that conductivity 

measurements are independent of spacer area. 
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Figure 3.6 Example Nyquist plots produced from EIS scans of the ILSPE, with stainless steel blocking electrodes in 

a coin cell, over a range of 1-106 Hz. Scans were taken from 0 °C to 80 °C, at increments of 5 °C, with 1 hour between 

scans for temperature equilibration. Scans from 0 °C to 15 °C are not shown. Lower temperatures produced a 

semicircle indicative of a 2R1C equivalent circuit, while higher temperatures, especially those near or above PEOôs 

melting point ~65 °C, had linear behavior indicative of polarization and pure ionic conduction. 

Following validation, EIS measurements for the ILSPE systems were taken oven the 

temperature of 0 °C to 80 °C, in increments of 5 °C. Logarithmic scale conductivity as a function 

of inverse temperature is plotted in Figure 3.7 and shows a trend of higher ionic liquid loading 

leading to higher ionic conductivity. 20:4:2 (4M) and 20:2:2 (1M) have the highest conductivities 

at room temperature (25°C) with values of 0.96 mS/cm and 0.45 mS/cm respectively. 20:1:1 (1M) 

is the next most conductive at room temperature with a value of 0.24 mS/cm and 20:1:3 (1M) has 

a similar conductivity value of 0.22 mS/cm. The 20:1:3 (1M) electrolyte exhibited poor 

consistency and reproducibility across samples, evident from the sporadic and often large error 

bars in Figure 3.7, as well as uninterpretable data below 15 °C. These results show a clear 

connection between increasing conductivity and increasing ionic liquid content, while an increase 
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of lithium salt in the absence of higher ionic liquid content decreases system conductivity. 

Increasing the salt content increases the amount of Li+ charge carriers present, but this increase in 

Li+ content appears to increase the likelihood of ion-ion and ion-cluster interactions, decreasing 

the mobility of Li+ in the system [108]. High ionic liquid content leading to better conductivity 

values is corroborated with the DSC results in Figure 3.4 where 20:2:2 (1M) and 20:4:2 (4M) have 

no melting transitions while having the highest conductivities, with 20:4:2 (4M) having a room 

temperature conductivity value twice as high as 20:2:2 (1M). 20:1:1 (1M) also shows a rapid 

increase in conductivity comparable to 20:2:2 (1M) around 50 °C corresponding to a melting phase 

transition that leads to increased segmental motion and thus ionic conductivity in the electrolyte, 

shown in Figure 3.8. 

 

Figure 3.7 Ionic conductivity of the various ILSPE systems measured by EIS in the temperature range of 0 °C to 80 

°C in increments of 5 °C. Addition of IL leads to an increase in conductivity while addition of lithium salt leads to a 

decrease in conductivity. 20:1:3 (1M) (gray square) samples exhibited poor consistency and reproducibility, as well 

as uninterpretable data below 15 °C. All composition designations represent molar ratios in the form of x PEO: y IL: 

z LiTFSI (PEO MW). 
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Figure 3.8 Modulated DSC scan, in the heating direction, of 20:1:1 (1M) (black line, left ordinate) overlaid with the 

conductivity values, obtained from EIS, of 20:1:1 (1M) and 20:2:2 (1M) (green and blue triangles respectively, right 

ordinate) over a range of temperatures from 0 °C to 80 °C. In the direction of heating, the 20:1:1 (1M) ILSPE has a 

lower conductivity until 47.5 °C, at which point the ILSPE undergoes a phase transition and the conductivities overlap 

at 50 °C. 

3.3.3 Transference Number 

 The transference number (ὸ ), which is defined as the fraction of current that is due to 

Li+ as a ratio of total charge carriers, was measured for the different ILSPE electrolytes using the 

Bruce-Vincent method [168,169]. Figure 3.9 shows representative data from each step of the 

method; symmetrical Li/ILSPE/Li cells were first subjected to a pre-conditioning routine and then 

measured by EIS for an initial impedance, followed by a potentiostatic polarization and a final 

measurement of impedance. The pre-conditioning cycling routine demonstrates that a stable 

interface is formed with the lithium metal, as the cell potential profiles remain relatively constant 

between cycles in Figure 3.9A. The impedance scans in Figure 3.9C also confirm the stable 
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interface, as there is very little change in the interfacial resistance before and after the potentiostatic 

scan. 

 

Figure 3.9 A collection of the experiments ran for determination of lithium transference number by the Bruce-Vincent 

method. A) 5 cycles of galvanostatic cycling to develop a stable electrolyte interface with lithium metal B) 

Potentiostatic scan of the ILSPE to extract initial and steady state currents C) Electrical impedance spectroscopy 

measurements before and after the potentiostatic scan with zoomed images of the D) low frequency and E) high 

frequency measurements. 
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Table 3.2 Summary of the thermal and transport properties for the different ILSPE electrolyte compositions 

investigated. Addition of IL leads to an amorphous SPE with high ionic conductivity without impacting the lithium 

transference number. All composition designations represent molar ratios in the form of x PEO: y IL: z LiTFSI (PEO 

MW). 

Electrolyte 

Composition 

Tm 

°C 

s at 25°C 

mS cm-1 

s at 60°C 

mS cm-1 

◄╛░
 

20:1:1 (1M) 47.5 0.24 ° 0.06 2.20 ° 0.42 0.35 ° 0.03 

20:1:3 (1M) 37.6 0.01 ° 0.01 0.36 ° 0.05 NMa 

20:2:2 (1M) NDb 0.45 ° 0.06 2.30 ° 0.34 0.25 ° 0.04 

20:4:2 (4M) NDb 0.96 ° 0.02 4.00 ° 0.07 0.31 ° 0.11 

a NM = not measured; b ND = not detected 

 The calculated ὸ for each of the ILSPE systems is given in Table 3.2, along with 

respective melting temperatures and ionic conductivity values at select temperatures. Of particular 

importance is the finding that addition of ionic liquid, which consists of both a cation and anion, 

to plasticize the network does not show an impact on transference number. This suggests that the 

relatively more relatively bulky ions of the ionic liquid do not hamper lithium mobility, as the 

20:4:2 (4M) ILSPE ï which showed the highest ionic conductivity in Figure 3.7 ï has 

approximately the same transference number as 20:2:2 (1M) of ~0.3, despite having 2 times the 

amount of ionic liquid and a higher molecular weight PEO matrix. It should be noted that due to 

the poor consistency between samples, the 20:1:3 (1M) ILSPE system was not evaluated for its 

transference number. 
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3.3.4 CV Stability and Li Stripping and Plating 

 Electrochemical stability against oxidation was measured using CV with a Li metal 

reference and titanium working electrode for 20:1:1 (1M), 20:2:2 (1M), and 20:4:2 (4M), shown 

in Figure 3.10. The applied potential difference was swept from 2.5 ï 4.5 V vs. Li/ Li+ at a rate of 

5 mV/sec, and cycles 1, 2, 10, 100 are shown on the same figure with a vertical offset. This 

potential difference range was chosen as it encompasses the redox potentials for many 

commercially available high potential cathodes for LIBs. All compositions show a modest amount 

of current starting between 3.5 V and 4.0 V vs Li/ Li+ in the first cycle which is indicative of 

electrolyte breakdown. During the second cycle, the current response of 20:1:1 (1M) and 20:2:2 

(1M) has lessened to a significant degree showing strong passivation behavior. For cycle 2 of 

20:4:2 (4M), the current has also decreased from cycle 1 which indicates passivation behavior, but 

there remains a higher total current than the other two compositions. This suggests that the 20:4:2 

(4M) composition is less stable against oxidation than its counterparts. By cycle 10 through 100 

all compositions show shrinking current response up to 4.5 V; 20:4:2 (4M) shows ~10 µA/cm2, 

20:2:2 (1M) shows ~1 µA/cm2, and 20:1:1 (1M) shows ~0 µA/cm2, all indicating passivation 

behavior. 

To measure the interfacial stability of the ILSPE electrolytes with Li metal, symmetrical 

Li/ ILSPE/ Li coin cells were constructed for Li stripping and plating experiments shown in Figure 

3.11. The experiment consists of applying a constant current density of 0.1 mA/cm2 in one 

direction for one hour, then reversing the polarity of the current for another one hour while 

measuring the overpotential of the cell at 60 °C. The 20:1:1 (1M) electrolyte shows the smallest 

interfacial resistance with an initial overpotential value of 30 mV that decreases slightly to 28 mV 

after the first 5 cycles and plateaus through the remainder of the experiment (Figure 3.11A). The 

20:2:2 (1M) electrolyte shows the next best interfacial stability with an overpotential value  
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of ~56 mV that plateaus at 50 mV after 10 cycles (Figure 3.11C). The 20:4:2 (4M) electrolyte has 

an initial value of ~84 mV that decreases and plateaus to ~56 mV after 30 cycles (Figure 3.11E). 

All compositions show an initial higher value of overpotential that decreases and plateaus after a 

few cycles, indicating long-term stability with Li metal. The sharp point and smoothness of the 

overpotential curves in Figure 3.11 indicate that, at this current, there is no formation of mossy 

lithium dendrites since there is no shift from ñpeakingò to ñarcingò observed [180]. 

Figure 3.10 Cyclic voltammograms from 2.5 V to 4.5 V of A) 20:1:1 (1M) B) 20:2:2 (1M) and C) 20:4:2 (4M). Scans 

were taken at 60 °C at a 5 mV/sec rate for 100 total cycles. All compositions show oxidation during the first cycle 

followed be significant current reduction in subsequent cycles, indicating passivation through electrolyte breakdown 

and formation of a solid electrolyte interphase. All composition designations represent molar ratios in the form of x 

PEO: y IL: z LiTFSI (PEO MW). 
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Figure 3.11 Symmetrical Li/ ILSPE/ Li cell stripping and plating at 60°C with a 0.1 mAh/cm2 current density over 

200 hours (100 cycles) for A) and B) 20:1:1 (1M) C) and D) 20:2:2 (1M) and E) and F) 20:4:2 (4M). B, D, and F show 

the first 10 cycles for the respective compositions for clarity. The ILSPES show a reduction in overpotential to an 

equilibrium with cycling, indicating good compatibility and long-term stability with lithium metal. All composition 

designations represent molar ratios in the form of x PEO: y IL: z LiTFSI (PEO MW). 
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3.3.5 Galvanostatic Cycling 

 LFP was chosen as the cathode material to demonstrate good cycling performance of 

ILSPEs. To ensure good ionic contact between the ILSPE and cathode active material, electrolyte 

components are included in a composite cathode to create an ionically conductive network for 

these solid electrolytes in lieu of electrolyte-electrode porosity infiltration for high interfacial 

contact typical of liquid electrolytes and standard electrodes. The morphology of the specially 

designed composite cathodes was imaged by SEM, shown in Figure 3.12. Figure 3.12A and 

Figure 3.12B show a broad and zoomed-in view, respectively, of the electrodeôs surface 

morphology. EDX analysis was performed contemporaneously on the cathode imaged in Figure 

3.12B. The analysis in Figure 3.12C shows the traces that were taken and the respective 

components at three of those traces. Trace 1 was taken on one of the numerous small, high contract 

nanoparticles and was found to be carbon, as expected. Traces 5, 6, and 7 were taken on the larger, 

low contract particles scattered in the image. These traces produced characteristic signals for 

oxygen, phosphorous, and carbon, with minor iron signals, leading to the confirmation that these 

larger particles are LFP. Traces 2, 3, and 4 show the ñgrey matterò connecting the larger LFP 

particles, which is coated with carbon nanoparticles. EDX analysis on these traces showed 

characteristic signals for carbon and oxygen with minor signals for sulfur and fluorine, suggesting 

that it contains the ILSPE components (PEO, S2,2,2TFSI, and LiTFSI) and traditional PVdF binder. 

 The ILSPE electrolytes were cycled with the composite LFP in a Li/ILSPE/LFP coin cell 

configuration at 60 °C with a 1C current rate. Specific capacity and coulombic efficiency vs. cycle 

number and cell potential difference vs. specific capacity are plotted in Figure 3.13 for 20:2:2 

(Figure 3.13A,C) and 20:4:2 (Figure 3.13B,D). Both compositions cycled with high efficiency 

(>99%) and capacity retention for 500 cycles, demonstrating practical cyclic stability with a Li 
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metal anode and LFP cathode. Figure 3.13C shows that the initial capacity for the first cycle for 

20:2:2 (1M) was 144.9 mAh/g. By the 100th cycle, the specific capacity increased to 151.1 mAh/g 

and by the 500th cycle the specific capacity had increased to 153.1 mAh/g, or 105.6% of the initial 

Figure 3.12 Micrographs of the composite cathode incorporating the ILSPE taken using scanning electron microscopy 

at A) 10kx magnification and B) 50kx magnification. C) EDX spectroscopy traces overlaid on image B, highlighting 

the compositions of different regions. The small, high contrast spheres (ñ1ò) are carbon nanoparticles and the larger, 

low contrast particles (ñ5/6/7ò) are lithium iron phosphate, connected by the grey matter (ñ2/3/4ò) containing the 

ILSPE and PVdF. 
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capacity. The origin of this capacity increase with cycle number is likely due to a relaxation effect 

and increased utilization of the LFP cathode through effective formation of a solid electrolyte 

interphase. The 20:4:2 (4M) composition has a starting capacity of 178.1 mAh/g on the first cycle, 

which decreases slightly to 177.1 mAh/g on the 100th cycle. By the 500th cycle the specific capacity 

delivered was 160.1 mAh/g, giving a capacity retention of 89.9% after 500 cycles. LFP has a 

theoretical specific capacity of ~170 mAh/g, indicating a potential overestimation of capacity for 

the 20:4:2 (4M). The best rationalization for this discrepancy is the use of an average mass loading 

when calculating specific capacity, rather than arduously measuring the loading of each individual 

electrode. There is concern with the potential for aluminum current collectors to corrode in the 

presence of TFSI- anion, however there is strong evidence that aluminum corrosion is suppressed 

in ionic liquids and 500 cycles in a full cell configuration here suggests that this is the case [181ï

183]. 

Given that the 20:2:2 (1M) and 20:4:2 (4M) compositions are amorphous and have ionic 

conductivity values at room temperature that are exceptionally high for a SPE, i.e., ~10-3 S/cm, 

these compositions were chosen as good candidates to assess room temperature (22 °C) 

galvanostatic cycling in a Li/ ILSPE/ LFP cell configuration and are shown in Figure 3.14. The 

20:2:2 (1M) electrolyte has an initial capacity of 139.8 mAh/g on the first cycle, which drops to 

120.2 mAh/g on the 40th cycle for an 85.6% capacity retention with a C/20 rate (Figure 3.14A). 

The 20:4:2 (4M) electrolyte has an initial capacity of 169.0 mAh/g on the first cycle, stays steady 

through the 40th cycle with a capacity of 170.3 mAh/g for an 100.7% capacity retention at the same 
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Figure 3.13 Specific capacity vs. cycle number of Li/ ILSPE/ LFP at 60 °C with a rate of 1C for A) 20:2:2 (1M) and 

B) 20:4:2 (4M). Matching cell potential difference vs. specific capacity graphs are provided for C) 20:2:2 and D) 

20:4:2. Both compositions demonstrate practical cyclic stability with lithium metal at 60 °C and 1C, based on the high 

efficiency and capacity retention for 500 cycles. All composition designations represent molar ratios in the form of x 

PEO: y IL: z LiTFSI (PEO MW). 
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Figure 3.14 Specific capacity vs. cycle number of Li/ ILSPE/LFP at 22°C with a rate of C/20 for A) 20:2:2 (1M) and 

B) 20:4:2 (4M), and with a variable rate for C) 20:2:2 (1M). Matching cell potential difference vs. specific capacity 

graphs are provided for D) 20:2:2 (1M) at C/20 E) 20:4:2 (4M) at C/20 and F) 20:2:2 at variable rate. Both 

compositions show cyclic stability at 22°C and C/20, with 20:4:2 (4M) showing no capacity fade over 42 cycles. 

Capacity recovery during variable rate cycling in C indicates a kinetic limitation to accessing available capacity at 

higher C rate, not degradation of the ILSPE. All composition designations represent molar ratios in the form of x PEO: 

y IL: z LiTFSI (PEO MW). 

C/20 rate (Figure 3.14B). The accompanying cell potential difference vs. specific capacity graphs 

for select cycles are shown in Figure 3.14D and Figure 3.14E for 20:2:2 (1M) and 20:4:2 (4M), 

respectively. The full capacity retention of 20:4:2 (4M) compared to the 85.6% capacity retention 

for 20:2:2 (1M) after 40 cycles could be attributed to the higher ionic conductivity of the 20:4:2 

(4M) electrolyte. 

To assess the room temperature rate capability of the ILSPE electrolyte, variable rate 

cycling was performed on 20:2:2 (1M) electrolyte at 22 °C. The experiment consists of a Li/ 

ILSPE/LFP coin cell undergoing 5 cycles at C-rates of C/20, C/10, C/5, and C/2 in succession for 

a total of 60 cycles (Figure 3.14C). It is typical for a battery system to deliver less capacity at 
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higher C-rates due to higher kinetic demands on Li+ movement in the electrode, charge transfer 

resistance, and electrolyte Li+ conductivity limitations. The corresponding cell potential difference 

vs. capacity graph for this sample (Figure 3.14F) shows the specific capacity for the middle cycle 

at each C-rate (i.e., the C/20 curve corresponds to cycle 3, the C/10 curve corresponds to cycle 8, 

etc.). At a C/20 rate, a specific capacity of 135.5 mAh/g is reached on the third cycle. At a C/10 

rate the system exhibits a specific capacity of 91.9% of the C/20 capacity. C/5 has a specific 

capacity equal to 70.0% of the C/20 capacity, and the C/2 rate shows a specific capacity equal to 

35.1% of the C/20 capacity. Remarkably, the next three rounds of C/20 cycling (cycles 21-25, 41-

45, 61-65) fully recover the capacity of the initial round of C/20 cycling, demonstrating stability 

through reversible rate performance. The recovery also indicates that there is a kinetic limitation 

preventing access to available capacity at higher rates, rather than degradation of the electrolyte 

limiting the capacity. The rate capability could improve with a thinner ILSPE electrolyte, which 

would decrease the length of migration for Li+. Given that this system shows full reversible 

capacity at any given rate is an indication that the electrolyte can handle high current without 

evidence of degradation. 

High-voltage cathode cycling was also investigated with the same strategy of mixing SPE 

components with active material, creating a lithium cobalt oxide (LCO) composite cathode. The 

full cell configuration Li/ ILSPE/ LCO was cycled over 400 cycles with a 2C rate at 60 °C (Figure 

3.15). A gradual decrease in the capacity with cycling is observed. The presence of PEO in the 

composite cathode is most likely the origin of this capacity fade as PEO has known challenges 

with oxidation against high potential (>4.0V) cathodes [180]. Making further improvements to the 

composite cathode formulation that omit PEO are needed to improve the cycling performance of 

high-voltage cathodes such as LCO or lithium nickel manganese cobalt oxide (NMC). With a 
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sufficient ion conduction network in a composite cathode without PEO, SEI formation and kinetic 

passivation could be relied on and contained to the electrode/ electrolyte interface, enabling high-

voltage cathodes. 

3.4 Conclusions 

ILSPEs characterized here show a promising step in the direction of solving the ionic 

conductivity and interface issues of SPEs, with ionic conductivity values of 0.45 and 0.96mS/cm 

for the two most conductive compositions. ILSPEs have also demonstrated the ability to cycle at 

room temperature with full reversible capacity at different C-rates, a significant improvement to 

most SPEs that can only cycle at elevated temperatures. This improved capability is due to high 

ionic conductivity originating from a plasticized polymer matrix as characterized by DSC, and an 

improved interface between ILSPE and composite electrode via inclusion of electrolyte 

components in the electrode. The ILSPEs showed long-term stability with lithium metal and 

oxidative stability up to 4.5 V, indicating their potential for use in high cell voltage batteries. 

  

Figure 3.15 Specific capacity vs. cycle number of Li/ ILSPE/ LCO at 60°C with a rate of 2C for A) 20:2:2 (1M). 

Matching cell potential difference vs. specific capacity graph is provided B). 20:2:2 shows reasonably high coulombic 

efficiency with slow capacity fade through 450 cycles. All composition designations represent molar ratios in the form 

of x PEO: y IL: z LiTFSI (PEO MW). 
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Chapter 4: Solid Polymer Electrolytes Plasticized with Water 

This chapter was adapted from a published manuscript: 

M.D. Widstrom, O. Borodin, K.B. Ludwig , J.E. Matthews, S. Bhattacharyya, M.N. 

Garaga, A.V. Cresce, A. Jarry, M. Erdi, C. Wang, S. Greenbaum, P. Kofinas. ñWater 

Domain Enabled Transport in Polymer Electrolytes for Lithium-ion Batteries.ò 

Macromolecules 54. (2021) 2882-2891. 

4.1 Introduction 

4.1.1 Rationale 

 The current state-of-the-art lithium-ion batteries (LIBs) are dependent on liquid organic 

electrolyte solvents to create passivating interfaces that enable battery systems with high voltage 

outputs (>4 V). Solvents such as ethylene carbonate (EC), diethyl carbonate (DEC), dimethyl 

carbonate (DMC), ethyl methyl carbonate (EMC), and propylene carbonate (PC) are a few of the 

most common choices. These organic solvents help increase the solubility of lithium salts while 

maintaining the viscosity of the electrolyte. Furthermore, they are excellent ionic conductors and 

help stabilize the electrode/electrolyte interface at the graphite anode by decomposing into an 

electronically insulating but ionically conducting solid electrolyte interphase (SEI). Unfortunately, 

these solvents are inherently flammable and are often coupled with thermally unstable salts like 

LiPF6 [11]. The use of these solvents in commercial LIBs is a double-edged sword; while 

performance improves, the batteries remain susceptible to multiple modes of failure that can result 

in significant consequences, such as heat generation, thermal runaway, and even combustion. 

High-profile failures of LIBs have generated significant interest in replacing these liquid organic 

electrolyte systems with safer alternatives [72,120,184ï186]. Solid-state electrolytes (SSEs) are a 

particularly attractive option from a safety perspective because they can address many of the failure 

modes that liquid organic electrolytes are susceptible to, including leakage, overheating, 

overcharging, and fire [11]. 
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 As a candidate replacement, ñdryò solid polymer electrolytes (SPEs) ï consisting of a 

polymer matrix and a lithium salt ï have been studied for decades. Despite being more thermally 

stable than many of the liquid organic electrolytes used in LIBs, these dry SPEs have been shown 

to still burn in a flammability test, suggesting that thermal stability and safety are still a concern 

[187,188]. Additionally, these dry SPEs often exhibit poor ionic conductivities (<10-4 S/cm), 

limiting their practicality [176,189ï192]. Attempts to improve ionic conductivity in these systems 

have focused on the addition of plasticizing agents to reduce the crystallinity of the polymer matrix 

[9,120,133,137,138,160]. A second approach to this challenge is to decouple ion motion from the 

structural relaxation and segmental motion of polymer chains, which gave rise to ñpolymer-in-

saltò electrolytes (PiSEs) [193,194]. 

 In contrast to the more traditionally studied salt-in-polymer systems, such as the dry SPEs 

mentioned above, PiSEs maintain the lithium salt as the majority component. This is, in part, due 

to the ability of certain polymers, like poly(ethylene oxide) or polyacrylonitrile, to solvate lithium 

salts to high degrees, offering nearly complete miscibility. In these highly concentrated PiSE 

systems, it has been observed that the glass-transition temperature, Tg, showed a local maximum 

point as salt content was increased. This suggests that increasing the amount of salt beyond this 

point could improve transport properties without further limiting the practical temperature window 

for operation. Ionic conductivity values of >10-4 mS/cm were measured at room temperature for 

electrolytes with 90% lithium salt and 10% polymer [193]. The transport properties of these PiSE 

systems were further investigated, providing a description in terms of percolation theory. 

Effectively, in these highly concentrated PiSE systems, a critical threshold of ion clusters exists, 

after which an extensive, continuous network of clusters forms that allows for ñsuperionicò 

transport of lithium-ions (Li+s) by decoupling ionic motion from polymer chain segmental motion 
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[194,195]. This combination of fast cationic transport with the mechanical properties of a flexible 

polymer makes it an attractive approach to addressing the issues faced by SPEs. 

 This strategy of highly concentrated electrolytes has also been observed in the liquid phase, 

particularly in aqueous electrolytes. A highly concentrated ñwater-in-saltò electrolyte (WiSE) was 

developed that consisted of a 21 molal (m) solution of lithium bis(trifluoromethylsulfonyl)imide 

(LiTFSI) in water. While transport properties are not an issue in the WiSE, this system 

demonstrated for the first time that anion-derived formation of a passivating SEI is possible in 

aqueous electrolytes when highly concentrated with lithium salts [72,74,149,196,197]. This WiSE 

system showed an expanded electrochemical stability window (ESW) of ~ 3 V and full-cell cycling 

with a Mo6S8 anode and a LiMn2O4 cathode. The development of the WiSE has sparked interest 

in superconcentrated electrolytes as an approach for changing the mechanism for SEI formation in 

aqueous systems, leading to further improvements through the use of additional salts and additives 

[74,76,77,79]. Switching from organic solvent to anion-derived passivation constitutes a paradigm 

shift in interphase formation and opens a range of possibilities for tailoring the SEI that were 

previously unavailable, ultimately enabling high voltage aqueous battery chemistries.  

4.1.2 Objectives 

 In this chapter, the design of SPEs composed of a polymer matrix doped with salt and 

plasticized with water are investigated, building upon the concept of PiSEs whereby small amounts 

of solvent can improve ionic conductivity by multiple orders of magnitude [198]. These aqueous 

SPEs (ASPEs) simultaneously improve electrolyte safety and lithium cation transport, while also 

improving upon the electrochemical stability of the traditional WiSE. The inclusion of water in 

the ASPEs provides an extinguishing effect that negates the flammability observed of traditionally 

dry PiSEs. The ASPE systems were fabricated using high molecular weight poly(ethylene oxide) 

(PEO) instead of low molecular weight poly(ethylene glycol) that is common in many reported 
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systems [199]. Tuning the molecular weight of the PEO matrix results in either an ASPE or an 

aqueous polymer electrolyte (APE) with the same chemistry, which was used for easier 

electrochemical characterization with three-electrode cyclic voltammetry. Both variations of the 

electrolyte demonstrated room-temperature ionic conductivities of >1 mS/cm and exceptional 

cationic transport properties with Ὀ  > Ὀ . Molecular dynamics (MD) simulations reveal Li+ 

solvating environments and the mechanism for the high Li+ conduction observed in these 

electrolytes, which is dominated by ñvehicularò motion of Li+ as a hydrated Li+(H2O)4 complex 

rather solvent and anion exchange. 

4.2 Experimental Design and Methods 

4.2.1 Polymer electrolyte preparation 

 Aqueous solid polymer electrolytes (ASPEs) were fabricated by a solvent-free hot-pressing 

process, whereby PEO, LiTFSI, and H2O were mixed with a mortar and pestle. The resulting 

electrolyte mixture was sealed inside a laminated aluminum pouch and then hot-pressed at 85 °C 

and 1.5 metric tons for 1 minute to form a thin-film ASPE membrane. Four different electrolyte 

compositions, ASPE1ðASPE4, were fabricated and characterized, keeping the molar ratio 

between the repeat units, ethylene oxide (EO), and LiTFSI constant while changing the amount of 

water. ASPEs were handled in normal ambient conditions with care taken to limit the overall 

exposure time during processing and handling to minimize water absorption. Additional analogous 

liquid polymer electrolytes, APE1 and APE4, were fabricated using the same composition as 

ASPE1 and ASPE4, respectively, by replacing the high molecular weight PEO (Mv ~106 Da) with 

low molecular weight polyethylene glycol (PEG, Mn ~ 3350 Da). APE1 and APE4 were mixed 

using a high sear mixer rather than the mortar-and-pestle used for ASPE1 and ASPE4. 
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4.2.2 Electrode preparation 

 Lithium manganese oxide (LiMn2O4, LMO) cathodes were received from Argonne 

National Laboratory (ANL). LMO cathodes consisted of 90 wt% LMO, 5 wt% polyvinylidene 

fluoride (PVdF, Solvay 5130) binder, and 5 wt% C45 Super-P (Timcal) carbon coated on 

aluminum foil. Lithium titanate (Li4Ti5O12, LTO) anodes were fabricated from a slurry consisting 

of 80 wt% LTO, 10 wt% PVdF binder (Kynar 1800), and 10 wt% C45 Super-P carbon. The slurry 

was casted on aluminum foil using a doctor blade at a height of 150 µm. Electrodes were dried at 

80 °C to remove NMP solvent and then stored under vacuum at 100 °C for at least 24 hr prior to 

use. Lithium iron phosphate (LiFePO4, LFP) reference electrodes for electrochemical stability tests 

were also fabricated from a slurry consisting of 80 wt% LFP, 10 wt% PVdF, and 10 wt% C45 

Super-P carbon casted on aluminum foil at a height of 150 µm. 

4.2.3 Differential scanning calorimetry 

 Differential scanning calorimetry (DSC) was performed on a TA Instruments Q100 DSC 

equipped with liquid nitrogen for low-temperature applications. The ASPE samples were 

hermetically sealed in aluminum pans shortly after being pressed. Pure PEO samples were sealed 

after drying at 60 °C for 48 hr. All samples were measured using a cyclic heat/cool/heat method 

to remove any imparted thermal history. Samples were measured over the temperature range of 

either -100 °C to 20 °C or -40 °C to 100 °C at a heating and cooling rate of 10 °C/min. 

4.2.4 Dynamic mechanical analysis 

 Dynamic mechanical analysis (DMA) was performed using a TA Instruments Q800 DMA 

on ASPE samples at room temperature to determine mechanical properties. DMA samples were 

prepared by hot pressing excess ASPE into a rectangular metal mold (100 mm x 6.85 mm x 1.6 

mm). A light coating of PTFE release spray was used to prevent the molded sample from adhering 

to the metal mold. Samples were then loaded into a tensile clamp, which pulled the sample at a 
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rate of 0.01 N/min until failure. Youngôs modulus was calculated by taking the slope of the 

measured stress-strain data over the range of 0ð2% strain.  

4.2.5 Electrochemical impedance spectroscopy 

 ASPE samples were measured via electrochemical impedance spectroscopy (EIS) using a 

symmetrical stainless steel (SS)/ASPE/SS coin cell configuration. A polytetrafluoroethylene 

(PTFE, Teflon) spacer was used to define the thickness and area of electrolyte at 0.025 cm and 

0.126 cm2, respectively. The samples were made using an empirically determined amount of 

electrolyte that best fills the volume defined by the PTFE spacer, outlined in Chapter 3. EIS 

measurements were performed on a Solartron 1287A/1255B combination platform. ASPE samples 

were measured from 1 MHz to 1 Hz with a 10 mV amplitude over a range of temperatures from 0 

C̄ to 80 ̄C in increments of 5 ̄C, including a one-hour dwell time between each temperature to 

allow the electrolyte to equilibrate. Electrolytic conductivity for the liquid polymer electrolytes 

APE1 and APE4 were determined from impedance scans of the samples using an Agilent E4980A 

precision LCR meter from 2 MHz to 2 Hz with a 20 mV amplitude over a range of temperatures 

from 80 °C to 0 °C in increments of 0.1 °C with continuous impedance measurements. The liquid 

conductivity cell consisted of a Pyrex glass cell body sealed with a ground glass stopper with cell 

constants calibrated at 0.0954 cm-1 and 25 °C. Ionic conductivities were evaluated at the intercepts 

of the complex impedance curves with the real axis for each temperature. 

4.2.6 Pulsed-field gradient nuclear magnetic resonance 

 All electrolytes were opened and packed into NMR tubes (5 x 180 mm) on the same day within 

a limited amount of time to ensure exposure to a constant ambient atmosphere. The NMR tubes 

were subsequently sealed to preserve the atmosphere in which they were prepared, preventing any 

flux of water into or out of the tube. The diffusion coefficients for TFSI- (19F), Li+ (7Li) , and H2O 

(1H) were measured on a 300 MHz Varian-S Direct Drive Wide Bore Nuclear Magnetic Resonance 
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(NMR) spectrometer operating at a magnetic field of 7 T (19F, 7Li , and 1H Larmor frequencies of 

280.5, 117.3, and 302.7 MHz, respectively) equipped with a Doty Scientific Z-spec pulsed-field 

gradient (pfg) probe (DS-1034). The diffusion coefficients were measured at room temperature 

(25 ̄ C) by using a pfg-stimulated echo pulse sequence. The gradient strength, Ὃ, was varied in the 

range of 1.7ð700 G/cm, as needed, for 32 increments. The diffusion time, Ў, and the diffusion 

pulse length, ‏, were set to 100 ms and 2ð4 ms, respectively. From each experiment, the 

integrated signal strength, Ὓ, as a function of the applied gradient was obtained, and the diffusion 

coefficients, Ὀ, were calculated by using least-squares monoexponential fitting of the Stejskal-

Tanner equation, given by 

 Ὓ ὛὩὼὴ  (4.1) 

where Ὓ is the signal strength without a diffusion gradient pair and ‎ is the nuclear gyromagnetic 

ratio of the nucleus [200,201]. 

4.2.7 Molecular dynamic simulation methodology 

 Molecular dynamics (MD) simulations were performed for PEOðLiTFSI (EO:Li = 6.4), 

two liquid polymer compositions, PEOðLiTFSIðH2O, of APE1 (EO:Li = 2.286, H2O:Li = 

3.101) and APE4 (EO:Li = 2.286, H2O:Li = 1.177), and 21 m LiTFSIðH2O. In the MD 

simulations, PEO chains were restricted to 64 repeat units (~ 2819 Da). A many-body polarizable 

APPLE&P force field was used. The force field parameters for LiTFSI, PEOðLiTFSI, and 

LiTFSIðH2O were taken from previous works. The initial configuration for PEO6.4ðLiTFSI, 

APE1, and APE4 was created by packing solvent and salt in a large box with dimensions of ~ 

100ð150 Å and then reducing the box size to ~ 50 Å over a period of 2ð5 ns at 500 K. 

Afterwards, PEO6.4ðLiTFSI was equilibrated for 65 ns at 423 K before finally reducing the 

temperature to 363 K. Additional relevant information can be found in Appendix D.  
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4.3 Results and Discussion 

Aqueous solid polymer electrolytes (ASPEs) were produced by using a high molecular 

weight PEO matrix (106 Mv) to make free-standing polymer electrolyte membranes. The 

manufacturing process is depicted in Figure 4.1. The compositions of ASPE1-4 were designed by 

fixing the mole ratio of Li+ to EO (EO being total ethylene oxide repeat units in the system) to a 

value of 1:0.44, while adjusting the molar component of water from 0.76 to 1.36 in increments of 

0.20. This was done to study the effect of water concentration on electrolyte properties. ASPE 

composition information in both weight percentages and relative molar concentrations can be 

found in Table 4.1. Low molecular weight aqueous polymer electrolyte solutions (designated 

APE1, APE4) are made with the same molar ratios of ASPE electrolytes found in Table 4.1, 

however, the low molecular weight PEG (3350 Mn) forms a polymer solution as opposed to a solid 

membrane. APE1 and APE4 are referenced in the MD simulations, as they are closer in molecular 

weight to what was modeled (PEO with 64 repeat units, molecular weight ~2816Da). 
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Figure 4.1 ASPE preparation: High molecular weight poly(ethylene oxide) (1MDa, M = 106), water, and lithium salt 

LiTFSI are combined in varying weight ratios. The components are mixed by mortar and pestle, vacuum sealed in a 

pouch, and then pressed with heat to produce an ASPE (100-200µm thick). 

 

 

 

 

 
Table 4.1 Compositional and transport properties of ASPEs determined by electrochemical impedance spectroscopy (EIS) and pulsed-field 

gradient NMR (pfg-NMR). 

Sample 

PEO 

content 

[wt%]  

LiTFSI 

content 

[wt%]  

Water 

content 

[wt%]  

Li +/H2O 

mole 

ratio  

Li +/EO/H2O 

mole ratio 

Li + Transport No. 

[D(Li +)/(D(Li +)+D(TFSI-)]a 

EIS ů @ 25ᴈ 

[mS cm-1]b 

Nernst-Einstein 

calculated ů @ 23ᴈ 

[mS cm-1]c 

ASPE1 22.7 64.7 12.6 1:3.09 0.44:1:1.36 0.64 1.75 ± 0.132 3.67 

ASPE2 23.1 66.0 10.9 1:2.64 0.44:1:1.16 0.67 1.58 ± 0.235 2.54 

ASPE3 23.5 67.3 9.2 1:2.18 0.44:1:0.96 0.67 0.909 ± 0.123 1.76 

ASPE4 24.0 68.5 7.5 1:1.73 0.44:1:0.76 0.66 0.681 ± 0.146 0.998 

aTransport numbers are obtained from pfg-NMR experiments for various molecular species at 25 °C. bIonic conductivity is measured by EIS at 

25 °C. cConductivity is calculated using the Nernst-Einstein equation at 23 °C. 

ASPE composition

23-24 wt% PEO (1M)

65-69 wt% LiTFSI

1- Mixing 2-Vacuum Sealing

Final Hot-pressed Film
8-13 wt% H2O

3-Press @ 85хC and 1 ton
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4.3.1 Differential Scanning Calorimetry 

 Differential scanning calorimetry (DSC) was performed to ensure that the relative 

concentrations of LiTFSI and H2O were sufficient to fully plasticize the high molecular weight, 

crystalline PEO matrix. Figure 4.2 shows the thermograms for both pure 1M molecular weight 

PEO (Figure 4.2A) and for ASPE2 (Figure 4.2B) measured over the temperature range of -40 °C 

to 100 °C. Similar thermograms were observed for the other ASPE compositions. The pure PEO 

matrix exhibits a melting transition at 67.47 °C, which is consistent with other measured values of 

high molecular weight, crystalline PEO [178]. The representative ASPE thermogram, however, 

shows a suppression of the melting transition at ~ 67 °C, indicating that the PEO matrix is 

amorphous due to plasticization. An amorphous morphology is preferred for ionic mobility in 

PEO-based SPEs because the classic conduction model consists of the breaking and forming of 

coordination bonds between ethylene oxide (EO) and Li+, which is not possible in the crystalline 

lamellae as the conduction model relies upon the flexibility and segmental motion of polymer 

chains [202]. 

 In the literature focusing on polymer-ion transport, it is well agreed upon that a maximum 

in ionic conductivity exists as a function of the relative molar concentration of salt in dry PEO 

systems, such that the ratio of Li+:EO becomes significant [203,204]. While high salt content can 

increase the total number of charge carries that would boost the ionic conductivity in a liquid 

system, high concentrations in polymer systems lead to a rapid increase in the number of 

associations between the polymer matrix and the salt [136,204,205]. This maximum is often found 

at lower salt concentrations, for example Li+:EO = 0.08 in LiTFSI/PEO systems [204]. These 

associations can drastically increase the Tg, which is a strong indicator of segmental dynamics of 

the polymer chains in the system. Below the Tg, the amorphous fraction of the electrolyte consists 

of polymer chains that are glassy and locked in place. Above the Tg, these chains switch from a 
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glassy state to a rubbery state as they begin to gain mobility. Therefore, electrolyte systems with 

high Tg values make it difficult to avoid temperatures where ionic conductivity would essentially 

plummet; therefore, a critical design choice is to maximize the distance between the Tg and the 

operating temperature of the electrolyte. For this reason, it is vitally important to characterize the 

Tg of ASPEs, which have a much higher Li+:EO = 0.44 than the dry LiTFSI/PEO systems (Li+:EO 

= 0.44) that exhibit a Tg at 15 °C [205]. Figure 4.3 displays the DSC thermograms for the four 

ASPE compositions, where a low-temperature instrument was used to observe the Tg of these 

systems. As expected, the addition of water strongly plasticized the polymer matrix, resulting in 

Tg values between -81.56 °C and -85.85 °C. This result highlights the significant impact H2O has 

as a plasticizer, since Tg is much lower than the dry LiTFSI/PEO systems and is even lower than 

neat high molecular weight, crystalline PEO (Tg = -67 °C) [206]. Therefore, it is clear that the 

inclusion of water in the ASPE systems effectively suppresses crystallinity and decreases the Tg, 

even in the presence of high salt content. It remains unclear how much water is actually needed to 

have this plasticization effect, as the Tg for ASPE1ð4 are not appreciably different, likely due to 

the narrow window of water contents from 0.76ð1.36 parts. Nevertheless, these results suggest 

that these electrolytes successfully can potentially move the maximum ionic conductivity value to 

higher salt contents that could assist in anion-derived passivation without sacrificing ionic 

mobility. 
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Figure 4.2 Standard DSC thermograms for (A) 106 Mv PEO and (B) ASPE2 in the temperature range of -40 °C to 

100 °C. The heating rate was 10 °C/min and cooling rate was 10 °C/min with a heat/cool/heat program to erase thermal 

history. (A) is the polymer matrix control sample and shows a melting peak at ~ 67 °C, and (B) is representative of all 

ASPE compositions and shows complete plasticization with the absence of any melting peaks. The red arrows show 

the direction of the scan. 

 
Figure 4.3 Standard DSC thermograms for ASPE1ð4 depicted on the same plot with a vertical offset of 0.5 W/g. All 

ASPE compositions show a Tg in the temperature range of -81.6 to -85.85 °C. 
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 Despite the addition of water creating completely amorphous electrolytes, the ASPEs retain 

their mechanical properties and behave as elastomeric solids. Dynamic mechanical analysis 

(DMA) was performed on specially designed and molded samples at room temperature. Figure 

4.4 shows the resulting stress-strain curve, as well as an example of the elastomeric properties of 

ASPE2. While the sample clearly shows plastic deformation, a Youngôs modulus was calculated 

by taking the slope of the curve between 0ð2% strain, in the linear elastic region, and found to be 

E = 15.2 kPa. Therefore, the ASPEs demonstrate their ability to be conformal, elastomeric free-

standing membranes with no wetness or leakage. 

 

 

Figure 4.4 (Left) Tensile stress-strain curve of ASPE2 taken at room temperature. The resulting Youngôs Modulus 

calculated from this experiment is 15.2kPa. (Right) Picture of translucent ASPE solid membrane stretched with 

tweezers. 
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4.3.2 Electrochemical Impedance Spectroscopy 

 The implication of ASPE1ðASPE4 being entirely amorphous is clearly seen in the ionic 

conductivities of the electrolytes, shown in Figure 4.5A. EIS was used to measure the impedance 

values for the four electrolytes over a temperature range of 0ð80 °C, in 5 °C increments, from 

which ionic conductivity was extracted. The room-temperature (25 °C) ionic conductivity for each 

electrolyte is on the order of 10-3 S/cm, a benchmark set for SPEs to be competitive with liquid 

electrolytes, as seen in Table 4.1. The results also show a positive correlation between ionic 

conductivity and water content, evidenced from ASPE4 (ů = 0.68 mS/cm) with the least amount 

of water (7.6 wt%) and ASPE1 (ů = 1.75 mS/cm) with the most amount of water (12.6 wt%). As 

discussed above, the conduction mechanism of Li+ in PEO-based electrolytes often relies upon the 

mobility of polymer chains; this results in a wide range of ionic conductivities from 10-6ð10-4 

S/cm depending on the degree of crystallinity. As fast ionic transport is characteristic of the 

amorphous phase, higher ionic conductivity SPEs exhibit crystallization inhibition in the polymer 

matrix. With regards to ASPE1ðASPE4, Figure 4.2B and Figure 4.3 show the absence of any 

thermal transitions for the electrolytes, indicating that LiTFSI and water have sufficiently 

plasticized the PEO matrix to an amorphous morphology. Therefore, it is expected that ASPE1ð

ASPE4 would enjoy conductivities on the higher end of the range attributed to amorphous PEO 

systems (10-4 S/cm), however these systems observe values a full order of magnitude greater. 

Therefore, it is likely that water plays an important role in altering the conduction mechanism from 

the traditional PEO-assisted transport. While it is possible that the high salt content of the ASPE 

systems can lead to the formation of aggregates and clusters that establish a network from which 

Li+ can move via solvent exchange, concentrated liquid aqueous electrolytes (WiSE) have shown 

preferential water-assisted ñvehicularò transport of Li+ through water-rich Li+(H2O)n domains due 

to the disproportionation of solvated Li+ into these water-rich domains and anion-rich domains 
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[207,208]. All three mechanisms likely contribute to the overall transport of Li+s in ASPEs, but 

the significant increase in conductivity measured by EIS in Figure 4.5A for only incremental 

increases in water concentration between ASPE4 and ASPE1 suggests that the Li+(H2O)n domains 

are likely dominant. Due to the available PEO matrix, the combination of water and salt in the 

ASPE systems provides micro liquid-like environments through which Li+s can migrate with 

liquid like diffusion in heterogeneous water domains, while still being contained within a high 

molecular weight matrix that imbues the macroscopic properties of an elastomeric solid. 

 

Figure 4.5 Ionic conductivity as a function of inverse temperature (1/K), measured over the range of (A) 0ð80 °C in 

5 °C increments via EIS, and (B) 5ð55 °C in 10 °C increments via pfg-NMR for ASPE1ðASPE4. Temperature (°C) 

is given on the top x-axis. Error bars in (A) are the standard deviations from measurements across 3 samples. 

4.3.3 pfg-NMR 

 To further elucidate the transport properties of the ASPE systems, pfg-NMR measurements 

were taken. Diffusion coefficients for TFSI- (19F), Li+ (7Li), and water (1H) were measured for 

ASPE1ðASPE4 samples across various temperatures from two sets in. In the first, the pfg-NMR 

samples were prepared in ambient conditions using the method illustrated in Figure 4.6. 

Electrolyte was rolled inside of parafilm to create a rod shape that easily traveled to the bottom of 
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the NMR tube without leaving residue on the tube wall. This preparation method resulted in 

electrolytes being exposed to ambient conditions for less than 5 minutes, however these samples 

could not be used to measure the water diffusion coefficient ($  because the saturated parafilm 

generated excessive background signal in the 1H spectra. Therefore, a second set of samples was 

prepared without parafilm, however these samples took significantly longer to prepare (~ 20 min) 

and likely absorbed ambient water during preparation. This set of samples was only measured at 

25 °C. Figure 4.7A shows the Li+ ($ ) and TFSI- ($ ) diffusion coefficients for ASPE1 and 

ASPE4 from the first set of samples over a range of temperatures from 5ð55 °C, measured in 10 

°C increments. Table 4.2 and Table 4.3 provide the diffusion coefficients for all four electrolytes 

at each temperature. The difference in exposure time for the second set of samples is apparent in 

Figure 4.7B, as all four electrolytes from this set demonstrated higher diffusion coefficients for 

each of the measured species, which can be attributed to water absorption. Since the first set of 

samples (Figure 4.7A) were prepared quickly, such that the true composition is closer to intended, 

measurements at multiple temperatures were performed to enable additional analyses. 
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Figure 4.6 ASPE pfg-NMR sample preparation method. Sticky electrolyte is rolled inside parafilm to make packing 

high aspect ratio NMR tubes easier. Sample preparation took less than 5 min. 

 

 

 

 
Figure 4.7 pfg-NMR measured diffusion coefficients for ASPE1ðASPE4 from (A) set 1, Li+ ($,É) and TFSI- ($&) 

only; (B) set 2, water ($(ς/), Li+ ($,É) and TFSI- ($&). For set 1 (A), samples were measured over the temperature 

range 5ð55 °C in increments of 10 °C (Table 4.2 and Table 4.3). For set 2 (B), samples were only measured at 25 

°C. ASPE1 corresponds to the highest water content while ASPE4 corresponds to the lowest water content. 
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Table 4.2 Li+ diffusion coefficients measured from the first set of pfg-NMR data for ASPE1ðASPE4 as a function 

of temperature. Red values represent repeat measurements. Coefficients are given as D×10-12 m2/s. 

Temperature 

(°C) 
ASPE1 D(Li) ASPE2 D(Li) ASPE3 D(Li) ASPE4 D(Li) 

5 3.07 2.79 1.1 0.42 

15 3.7 2.85 2.14 1.26 

25, repeat 10.54, 8.99 9.24, 8.22 3.9, 4.12 2.72, 1.98 

35 15.87 12.13 6.78 4.64 

45 23.79 10.05 12.07 7.73 

55 32.89 31.98 16.21 11.99 

 

 
 

Table 4.3 TFSI- diffusion coefficients measured from the first set of pfg-NMR data for ASPE1ðASPE4 as a function 

of temperature. Red values represent repeat measurements. Coefficients are given as D×10-12 m2/s. 

Temperature 

(°C) 
ASPE1 D(F) ASPE2 D(F) ASPE3 D(F) ASPE4 D(F) 

5 0.52 1.15 0.4 0.18 

15 1.32 2.51 1.05 0.57 

25, repeat 6.03, 6.22 4.47, 3.90 1.88, 1.01 1.41, 0.98 

35 10.57 8.54 3.87 2.61 

45 15.51 14.01 7.06 5.04 

55 20.34 18.06 9.3 8.37 
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The diffusion coefficients in Figure 4.7 are noteworthy for several reasons. First, the room-

temperature coefficients (~ 1×10-12ð1×10-11 m2/s) are an order of magnitude higher than those 

typically observed in nonaqueous, nonconcentrated PEO-salt electrolytes, even at temperatures 

beyond the melting point of PEO (~ 60 °C) where transport is expected to increase significantly 

[136]. This is consistent with the high ionic conductivities observed in Figure 4.5A. Secondly, the 

cation diffusion coefficient $  exceeds that of the anion $ , which is not observed in traditional 

dry PEO-salt electrolytes where the polymer chains preferentially solvate the cations thereby 

slowing their diffusion rate while simultaneously leaving anions unhindered to move freely. In this 

regard, it is expected in these traditional dry electrolytes that $  > $ , which would result in Li+ 

transport numbers ï the fraction of ionic motion due to the movement of Li+ ï of ~ 0.20 to 0.30 

[203]. From the pfg-NMR results, this Li+ transport number can be calculated for ASPE1ðASPE4 

from 

 ὸ  (4.2) 

The values calculated from Equation 4.2 are given in Table 4.1. Additionally, the ionic 

conductivity of ASPE1ðASPE4 can be estimated from the pfg-NMR results by the Nernst-

Einstein (NE) equation given by 

 „ Ὀ Ὀ Ὀ Ὀ  (4.3) 

where F is the Faraday constant and C is the concentration of ions. Equation 4.3 only applies to 

systems with a single source of ions that fully dissociates, such that the concentration of cations is 

equal to the concentration of anions. These values are plotted alongside the EIS measured 

conductivities in Figure 4.5B.  

 When comparing the ionic conductivity values calculated by Equation 4.3 and those 

extracted from EIS measurements in Table 4.4, the calculated NE values tend to exceed the 
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measured values, by upwards of 32% (ASPE1, 25°C). Nevertheless, the values remain relatively 

equal from both methods for most samples, indicating a low level of ion coupling and a high degree 

of confidence in the pfg-NMR results. It remains that $  > $  for all four ASPE systems, which 

is significant since dry PEO-salt electrolytes always exhibit $  > $  and, at best, liquid 

electrolytes with a high degree of ion association show $  å $  [136,203,209]. This suggests that 

the preferential transport of Li+ is largely due to the presence of water, even for the wide range of 

Li:H 2O mole ratios explored in the ASPE systems, which supports the claim that the dominant 

mechanism for Li+ mobility is water-assisted vehicular transport enabled by substantial occupation 

of H2O in the solvation shell of Li+ [207]. Unfortunately, the presence of water in the ASPE 

electrolytes prevents the use of the Bruce-Vincent method to measure the Li+ transference number, 

used in Chapter 4, for comparison, but the pfg-NMR results clearly indicate preferential transport 

of Li+. 

Table 4.4 Comparison of ionic conductivity values measured through EIS and calculated from pfg-NMR results for 

ASPE1ðASPE4 at various temperatures. 

Temperature (°C) ASPE1 (mS/cm) ASPE2 (mS/cm) ASPE3 (mS/cm) ASPE4 (mS/cm) 

 EIS NMR EIS NMR EIS NMR EIS NMR 

5 0.53 0.60 0.47 0.56 0.28 0.26 0.18 0.10 

15 1.01 0.81 0.90 0.76 0.49 0.54 0.36 0.31 

25 1.75 2.57 1.58 1.92 0.91 0.98 0.68 0.70 

35 2.79 3.97 2.55 2.88 1.55 1.80 1.19 1.22 

45 4.15 5.71 3.83 3.34 2.43 3.23 1.90 2.14 

55 5.78 7.50 5.45 6.89 3.59 4.26 2.84 3.40 
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 As both the EIS (Figure 4.5A) and NMR (Figure 4.5B) conductivity plots show 

approximately linear behavior, further analysis of the first set of pfg-NMR data (Figure 4.7A, 

Table 4.2, Table 4.3) was conducted via Arrhenius fitting in Figure 4.8 to extract the relevant 

activation energies (Ea) and prefactor (A) values. The NE ionic conductivities were calculated over 

a range of temperatures from 5ð55 °C in increments of 10 °C. After the samples reached the 

maximum temperature of 55 °C, a repeat measurement was taken at 25 °C upon cooling shown in 

red in Table 4.2 and Table 4.3. Interestingly, the repeat measurements show equal or lesser 

diffusion coefficients than the initial measurement, indicating some type of hysteresis effect. A 

possible source of this might be the NMR tubes not being perfectly sealed, which would allow 

some water to escape during measurements at elevated temperatures. Nevertheless, the relevant 

data are plotted in Figure 4.8, along with each associated linear regression based on an Arrhenius 

model fit. The activation energies extracted from the linear regression as well as the goodness of 

fit parameter, R2, are given in Table 4.5. The R2 values for both EIS measured and NE calculated 

conductivity show good agreement with the choice of Arrhenius fit, as R2 > 0.95 for all samples 

and typically >0.99 for the EIS measured samples. This corroborates the two additional transport 

options of solvent-exchange and the more dominant water-assisted vehicular transport since both 

follow Arrhenius type relationships. The activation energies extracted from the Arrhenius fitting 

in Table 4.5 can be compared to the highly concentrated WiSE ~ 0.24 eV regardless of 

concentration [207]. The activation energies resulting from the Arrhenius fit of ASPE1ðASPE4 

as measured by EIS have values ranging from 0.35ð0.40 eV, which is in good agreement with 

other PEOðLiTFSI systems, while the values from the fitting of the NE calculated values are 

slightly higher at 0.393ð0.541 [203]. 
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Figure 4.8 Ionic conductivity as a function of inverse temperature (1/K) measured over the range of 0ð80 °C in 5 °C 

increments via EIS, and 5ð55 °C in 10 °C increments via pfg-NMR for (A) ASPE1, (B) ASPE2, (C) ASPE3, and 

(D) ASPE4. Temperature (°C) is given on the top x-axis. Error bars are the standard deviations from measurements 

across 3 samples for EIS measurements. Linear regressions based on an Arrhenius model are presented for both EIS 

measurements (blue) and pfg-NMR calculations from Equation 4.3 (red). 

 

  

A) B)

C) D)
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Table 4.5 Linear regression Arrhenius fitting results with calculated activation energies for ASPE1ðASPE4 for 

samples measured by EIS and by pfg-NMR with ionic conductivity values calculated using Equation 4.3. 

Sample Ea (eV) A (S/cm) Arrhenius Fit R 2 

ASPE1 (EIS) 0.345 1090 .9857 

ASPE1 (NMR) 0.429 34800 .9576 

ASPE2 (EIS) 0.362 1850 .9904 

ASPE2 (NMR) 0.393 6850 .9675 

ASPE3 (EIS) 0.379 2190 .9943 

ASPE3 (NMR) 0.451 41600 .9941 

ASPE4 (EIS) 0.404 4270 .9932 

ASPE4 (NMR) 0.541 803000 .9851 

 

 Since the Arrhenius plots of conductivity in Figure 4.8 show a slight curve for both the 

EIS and pfg-NMR derived values, the data were also fit to the classic VTF model as well. The 

VTF model is a deviation of the Arrhenius model with the temperature offset by a value, To, 

known as the Vogel temperature. The VTF model dictates that 

 „ ὃ Ὡzὼὴ  (4.4) 

however, there is no universally agreed-upon method for selecting a value for To. Often, To is 

assigned a given value, typically equal to 50 ̄ C below either the Tg of the pure polymer or the Tg 

of the entire polymer electrolyte (including any additives) [179,201,210]. In other cases, some 

studies do not set a value for To, using it as an additional fitting parameter instead [179,211]. For 

the ASPE systems, To was first fit to the conductivity data by choosing a value that maximized the 

linearity of 1/(T - To) as a function of ln(ů); equivalently, this method maximized the R2 value 

obtained by linear regression. This method was used on the EIS measured conductivity values for 

ASPE1ð4 at T = 25 ̄C, given in Table 4.6. For comparison, the Tg values measured through 
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DSC (Figure 4.3) are also provided. The values for To that maximized the linearity range between 

~ Tg ï 50 ̄ C and Tg. Therefore, two fittings were performed with To = Tg ï 50, which is commonly 

used in literature, and with To = Tg. The results for the two fits are given in Table 4.7 and shown 

in Figure 4.9 and 4.10, respectively. As shown by the R2 values in Table 4.6, using a VTF model 

linearizes the data to a higher degree than the Arrhenius model, regardless of the choice for To. 

The linear regression plots for To = Tg ï 50 (Figure 4.9) and To = Tg (Figure 4.10) confirm this, 

as they remove most of the curvature in the data observed in Figure 4.8 that the Arrhenius fit is 

not able to capture. However, the fit with To = Tg ï 50 only improves the linearity of ASPE2, 

ASPE3, and ASPE4, while the fit with To = Tg only improves the linearity of ASPE1, ASPE2, and 

ASPE4. Since the degree of linearization from either VTF fit is approximately the same for either 

fit, it is difficult to select and justify an appropriate value for To, especially since neither fit 

improves all four electrolytes simultaneously. Further, it remains unclear if a VTF fitting is 

appropriate for the ASPE systems, as these models are used when the primary conduction 

mechanism is polymer-assisted transport; as discussed above, water-assisted vehicular transport is 

the primary mechanism in ASPE1ðASPE4. Therefore, because of the absence of a clear choice 

for To in the VTF fit and the lack of a strong physical basis to justify the use of a VTF fit, the 

Arrhenius model was chosen as the more appropriate fit for analysis. 
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Table 4.6 Summary of optimized To values that maximized the linearity of 1/(T ï To) for use in VTF fitting. Values 

for Tg, determined by DSC in Figure 4.3, are also given. 

 To for max linearity  (°C) Tg from DSC (°C) 

ASPE1 -83.7 -85.85 

ASPE2 -91.0 -85.11 

ASPE3 -132 -81.56 

ASPE4 -112 -84.90 

 

 

 

Table 4.7 Summary of goodness of fit parameter R2 for the Arrhenius and two VTF fits of EIS measured and pfg-

NMR calculated conductivity values. 

 Arrhenius Fit R 2 VTF Fit R 2 (To = Tg ï 50) VTF Fit R 2 (To = Tg ) 

ASPE1 (EIS) 0.9857 0.9956 0.9990 

ASPE1 (NMR) 0.9576 0.9636 0.9656 

ASPE2 (EIS) 0.9904 0.9978 0.9995 

ASPE2 (NMR) 0.9675 0.9664 0.9623 

ASPE3 (EIS) 0.9943 0.9980 0.9944 

ASPE3 (NMR) 0.9941 0.9972 0.9968 

ASPE4 (EIS) 0.9932 0.9990 0.9983 

ASPE4 (NMR) 0.9851 0.9931 0.9976 
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Figure 4.9 Ionic conductivity as a function of 1/(T - To), where To = Tg ï 50, measured over the range of 0ð80 °C in 

5 °C increments via EIS, and 5ð55 °C in 10 °C increments via pfg-NMR for (A) ASPE1, (B) ASPE2, (C) ASPE3, 

and (D) ASPE4. Temperature (°C) is given on the top x-axis. Error bars are the standard deviations from measurements 

across 3 samples for EIS measurements. Linear regressions based on a VTF model are presented for both EIS 

measurements (blue) and pfg-NMR calculations from Equation 4.3 (red). 
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Figure 4.10 Ionic conductivity as a function of 1/(T - To), where To = Tg, measured over the range of 0ð80 °C in 5 

°C increments via EIS, and 5ð55 °C in 10 °C increments via pfg-NMR for (A) ASPE1, (B) ASPE2, (C) ASPE3, and 

(D) ASPE4. Temperature (°C) is given on the top x-axis. Error bars are the standard deviations from measurements 

across 3 samples for EIS measurements. Linear regressions based on a VTF model are presented for both EIS 

measurements (blue) and pfg-NMR calculations from Equation 4.3 (red). 
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4.3.4 MD simulations 

The impressive properties of the ASPE electrolytes, along with trends in DSC, EIS, and 

pfg-NMR all pointing to water-assisted vehicular transport as the dominant ion transport 

mechanism, warranted additional molecular scale insight into the structure and transport 

mechanism. Molecular dynamics (MD) simulations were performed based on the liquid APE1 and 

APE4 electrolytes, which showed distinct differences in behavior from the water-free, highly 

concentrated dry PEOðLiTFSI electrolyte (EO:Li+ = 6.4) and the 21 m LiTFSI in water (WiSE) 

electrolyte. Radial distribution functions (RDFs) in Figure 4.11A and Figure 4.11B indicate a 

strong preference for Li+ to be coordinated by water oxygens (LiðOw, red), followed by ether 

oxygens (EO) of PEO (LiðEO, blue) compared to coordination by its TFSI- anion oxygens (Lið

OTFSI, black) or nitrogen (LiðN, green). This suggests that Li+ are highly dissociated, which is 

consistent with the solvating power of water and, to a lesser extent, PEO when a sufficient 

concentration of solvating species is available [136,212]. In Figure 4.11B, APE4 shows almost 

equal coordination of Li+ by EO and TFSI- compared to the clear difference for APE1 in Figure 

4.11A. This is likely due to the number of solvent solvating sites from PEO and H2O being 

significantly reduced in the highly concentrated APE4 electrolyte, below the required 4ð5 to 

completely fill the first solvation shell of Li+, leaving coordination by TFSI- available. 
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Figure 4.11 Structural properties from MD simulations: radial distribution functions (RDFs) and coordination 

numbers for Li+ with oxygen atoms of TFSI-, water, and PEO and with nitrogen of TFSI- for (A) APE1 and (B) APE4 

electrolytes at 333 K. (C) probability for the Li-n(OTFSI), n = 0ð6 solvates using the LiðO distance of 2.8 Å. (D) 

most probable solvates (>4%) for APE1 and APE4 electrolyte with Li+ coordinated to EO, Ow, and OTFSI within 2.8 

Å. (E,F) Li+(H2O)n domains are highlighted with blue isosurfaces for (E) APE1 and (F) APE4.  

 

 Based upon the RDFs in Figure 4.11, the length of the first solvation shell for Li+
 is 

assumed to be ~ 2.8 Å. Within this first shell, a single Li+ is coordinated by water 2.3 H2O, 1.25 

EO, and 0.87 TFSI- for APE1. When the water concentration decreases and the salt concentration 

increases (APE1 Ÿ APE4), the Li+ is only coordinated by 1.177 H2O. This reduction of water in 

the first shell by nearly half leads to a switch from the water-dominated solvation observed in 

APE1 to PEO-dominated solvation. In APE4, 93% of all available H2O and 80% of all EO are 

bound to Li+. This significantly reduces the amount of free water in the system for APE4, which 

could help in the extension of electrochemical stability. Nevertheless, the lack of available water 

and EO for Li+ solvation in APE4 leads to more than double the amount of TFSI- in the first 

solvation shell (1.95), resulting in a strong contact ion pair (CIP) and aggregate (AGG) formation. 

(EO,Ow,OTFSI) 
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Yet, Figure 4.11C shows that ~ 60% and ~ 30% of all Li+ do not have any TFSI- in its first shell 

(Î  = 0) for APE1 and APE4, respectively. This indicates that even for the highly concentrated 

APE4 electrolyte, a substantial fraction of Li+ are solvent-separated and coexist with the Li+s that 

are predominately coordinated by 4 or 5 TFSI-, residing within the anion network as was previously 

noted for the WiSE (21 m LiTFSI in H2O; (H2O)2.7LiTFSI) [207]. The LiTFSI salt dissociation, 

measured by the fraction of Li+ not coordinated by TFSI- (Î  = 0), is the highest in APE1, then 

decreases in the order of APE1 > dry PEO6.4ðLiTFSI > WiSE > APE4. For these for electrolytes, 

no clear correlation between fraction of free, uncoordinated Li+ (Î  = 0) and the number of 

H2O or EO solvating groups. However, for APE1ðAPE4, a good correlation does exist between 

the fraction of free, uncoordinated Li+ and the number of H2O + 1/2 EO solvating groups available 

in these electrolytes, as seen in Figure 4.12. This suggests that in the highly concentrated, solvent-

deficient regime being explored for these electrolytes, the EO groups are about half as strong/good 

as H2O in competing against TFSI- for coordination with Li+, effectively excluding it from the first 

solvation shell. This agrees with Figure 4.11A and Figure 4.11B, where the order of magnitude 

for the LiðEO RDF peak is approximately 1/2 to 1/3 the magnitude of the LiðOw RDF peak.  
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Figure 4.12 Fraction of free Li+ (no OTFSI within 2.8 Å) as a function of the number of H2O and half of the number of 

EO coordinating Li+ for APE1ð4. 

 

 Further analysis of the different solvate species in APE1 and APE4 is shown in Figure 

4.11D. The Li+s primarily coordinated by H2O and EO, referred to as solvent-separated solvates, 

are dominant in APE1 with the Li+(H2O)4 ([0,4,0])solvate being the most probable (37.7%) 

followed by Li+(EO)(H2O)3 ([1,3,0], 8,5%) and Li+(EO)2(H2O)2 ([2,2,0], 4.9%), which is 

consistent with the high fraction of solvates (~ 60%) not coordinated by TFSI- in Figure 4.11C. 

This is expected to lead to higher conductivity since H2O is the most mobile species in the system. 

At higher salt concentrations in APE4, while several solvent-separated solvates are still most 

probable, their contribution is significantly reduced and a wider distribution of solvates exists, 

particularly solvates coordinated by TFSI-. To better visualize the distribution of solvates, Figure 

4.11E and Figure 4.11F show the spatial 3D distribution of the water rich domain ([0,4,0]) for 

both APE1 (37.7%) and APE4 (10.3%). In the APE1 electrolyte, the Li+(H2O)4 domain percolates 

through the whole box, suggesting that sufficient avenues are available for the relatively small 

Li+(H2O)4 to dominate ionic transport over Li+ transport with and along the PEO segments or by 
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solvent exchange. In comparison, the Li+(H2O)4 domains in APE4 are much narrower, more 

tortuous, and discontinuous; thus, polymer-assisted Li+ transport is necessary for Li+s to move 

from domain to domain. While the high fraction of the LiTFSI AGG formation in APE4 can 

contribute to Li+ transport through anion exchange or motion via charge clusters, this along with 

polymer-assisted Li+ transport is expected to be less efficient than the Li+(H2O)4 transport observed 

in APE1 and in the WiSE [213]. 

 From MD simulations, the ionic conductivities of APE1 and APE4 can be calculated based 

on the experimental parameters, which show in Figure 4.13 that the simulations for APE1 (blue, 

dashed triangle) are in excellent agreement with the experimental results for APE1 (blue, dashed) 

and ASPE1 (blue, solid). However, the MD results for APE4 (red, dashed triangle) significantly 

disagree with the experimental results of APE4, which also disagrees with the experimental results 

of ASPE4. The discrepancy between ASPE4 and APE4, with the solid variant having higher ionic 

conductivity, is likely an artifact from unaccounted water absorption during sample fabrication 

and transfer for ASPE4, leading to larger conductivity [198]. Thus, we consider the actual 

conductivity to be lower, with the values shown in Figure 4.13 representing an upper bound. 

Additionally, the difference between the MD simulations and experimental results for APE4 is 

partially due to the deficiencies of the force field in this highly concentrated regime. Nevertheless, 

the agreement is quite good compared to simulations from other groups for DME:DOL-LiTFSI 

that predicted slower dynamics by multiple orders of magnitude in the highly concentrated regime 

[214]. 
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Figure 4.13 Ionic conductivity of solid ASPE1/APE1 (blue) and ASPE4/APE4 (red) electrolytes measured by EIS 

(solid/dashed) and calculated from MD simulations (dashed triangle). ASPE1/APE1 corresponds to the highest water 

content while ASPE4/APE4 corresponds to the lowest water content. 

4.3.5 LSV and CV 

 While the previous results and discussions in this chapter show that water as a co-solvent 

imbues the ASPE systems with exceptional ionic conductivity and Li+ transport number, its 

presence can also hinder the functionality of these electrolytes in electrochemical energy storage 

systems due to the notoriously small ESW of water (~1.23 V) [197]. To investigate the impact of 

water on the electrochemical stability of the system, LSV was performed and is shown in Figure 

4.14. LSV is a useful technique for determining the ESW of the electrolyte, as well as for 

discovering the onset potentials at which oxidation or reduction reactions of the system occur. In 

this technique, the current evolution at the working electrode is measured while the potential 

difference between the working and reference electrodes is linearly swept over time. Oxidation or 

reduction of a particular species manifests as an evolution in the current density, indicated by a 
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peak or trough, respectively, on the resulting LSV voltammogram. Figure 4.14 is a composite of 

eight separate LSV experiments superimposed to show the ESW of ASPE1ðASPE4. For each 

electrolyte, two separate samples were run to either a high potential (oxidative, anodic limit) or a 

low potential (reductive, cathodic limit). For the reductive scans, aluminum was used as the 

working electrode, while for the oxidative scans titanium was used instead. This is because highly 

concentrated LiTFSI-based electrolytes can pit aluminum at oxidative potentials, which would 

obscure the results. Half-charged LFP was chosen as a suitable reference/counter electrode for a 

two-electrode setup due to its wide voltage stability. While lithium metal is traditionally used as a 

reference electrode in LSV experiments, the presence of water in the ASPE systems precludes its 

use. Furthermore, Figure 4.14 indicates the onset of reduction >0 V vs. Li/Li+, which would also 

restrict the use of lithium metal. 

 In Figure 4.14 there are three distinct regions in each half of the total scan: (1) a region of 

little to no current evolution, (2) a region of moderate current evolution, and (3) a region of 

unmitigated current evolution. The first region can categorically be assigned to the ESW of the 

electrolyte, while the second region is a transitory regime between stability and complete 

electrochemical degradation. For ASPE1ðASPE4, a conservative lower bound of 1.0 V vs. Li/Li+ 

for the cathodic limit and an upper bound of 3.5 V vs. Li/Li+ for the anodic limit encompasses all 

four electrolytes. ASPE1ðASPE3 show extended cathodic limits down to ~ 0.5 V vs. Li/Li+. The 

transitory regions exist between -0.25ð0.5 V vs. Li/Li+ (ASPE1ðASPE3) and -0.25ð1.0 V vs. 

Li/Li + (ASPE4) at the cathodic limit, while the anodic limit is 3.5ð5.0 V vs. Li/Li+ for all four 

systems. In these regions, there is some electrochemical reduction of LiTFSI/H2O and oxidation 

of LiTFSI/H2O/PEO. However, the current is small enough that passivation with cycling in these 

regions may still be possible, which would then stabilize the system. In the third region of 
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unmitigated current evolution (<-0.25 V vs. Li/Li+; >5.0 V vs. Li/Li+), large-scale electrolyte 

degradation occurs from redox reactions and are not accessible for practical use in energy storage 

systems. 

 

Figure 4.14 Linear sweep voltammetry of LFP/ASPE/Al (reductive) and LFP/ASPE/Ti (oxidative) cells for ASPE1ð

ASPE4 overlayed on the same plot. The voltage was swept from OCV (~ 3.425 V vs. Li/Li+) to -0.5 V vs. Li/Li+ 

(reductive) and to 8.0 V vs. Li/Li+ (oxidative) at a scan rate of 1 mV/s at 25 °C. Current density was calculated by 

dividing the measured current response by the area of the electrolyte. 

 To assess the ability of the ASPEs to passivate near the potentials of onset reduction and 

oxidation, CV was performed at both the cathodic and anodic limits, respectively. Similar to LSV, 

CV measures the current evolution at the working electrode while the voltage is swept in both the 

forward and backward directions, for several cycles. This makes CV a useful technique for 
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determine several distinct properties, such as temporal stability of the electrolyte, the ability for 

intercalation and deintercalation to occur, the reversibility of redox reactions, and even the ability 

of the electrode-electrolyte interface to passivate with cycling. In the last case, CV is typically 

performed to potential values at the onset of reduction or oxidation determined by LSV. For 

ASPE1ðASPE4, anodic (oxidative) CV scans were cycled from 3.0ð4.5 V vs. Li/Li+ and back, 

while cathodic (reductive) CV scans were cycled from 3.0ð1.0 V vs. Li/Li+ and back. Cells were 

cycled 100 times, as seen in Figure 4.15. Cycles 1, 2, 50, and 100 are shown with a 10 µA/cm2 

vertical offset so that each cycle can be easily compared. Of particular interest is the cathodic 

scans, which show minimal current evolution on cycle 1 and excellent passivation behavior with 

continued cycling. For the anodic scans, ASPE1ðASPE3 show a larger current evolution on cycle 

1, likely due to the excess water in these systems available for oxidation. By cycle 2, the current 

has lessened significantly, and by cycle 50 all four compositions show nearly complete passivation. 

This suggests that all four ASPE systems exhibit strong passivation against both reduction and 

oxidation by cycle 50. For comparison, APE1 and APE4 were also measured with CV in Figure 

4.16. Both systems show complete reductive stability with no current evolution down to ~ 1.9 V 

vs. Li/Li+ (APE1) and ~ 1.5 V vs. Li/Li+ (APE4). Current evolution beyond these limits to 0.20 V 

vs. Li/Li+ shows multiple reduced species, likely the reduction of both LiTFSI (and its various 

complexes) and H2O. Both electrolytes also show a degree of passivation, evidenced from the 

reduction in overall current density from the first to the second CV cycle. 
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Figure 4.15 Cyclic voltammetry LFP/ASPE/Al (reductive) and LFP/ASPE/Ti (oxidative) cells for (A) ASPE1, (B) 

ASPE2, (C) ASPE3, and (D) ASPE4. The individual reductive and oxidative scans are combined for each electrolyte 

on the same plot. The voltage was swept from 3.0ð1.0 V vs. Li/Li+ (reductive) and 3.0ð4.5 V vs. Li/Li + (oxidative) 

at a scan rate of 1 mV/s at 25 °C. Cycles 1, 2, 50, and 100 are provided with a 10 µA/cm2 vertical offset.  

 

 

A) B)

C) D)
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Figure 4.16 Cyclic voltammetry LFP/APE/Al (reductive) cells for (A) APE1, and (B) APE2. The voltage was swept 

from 3.0ð0.25 V vs. Li/Li+ at a scan rate of 1 mV/s at 25 °C. Cycles 1 and 2 are plotted with the specified vertical 

offset. 

4.3.6 Galvanostatic cycling 

 While the focus of this chapter was to investigate the excellent transport properties of the 

ASPE systems, the LSV and CV results suggest that galvanostatic cycling of these electrolytes is 

feasible, which would demonstrate the ability of ASPE electrolytes to operate within a practical 

battery system. To demonstrate proof-of-concept cycling, LTO/ASPE/LMO coin cells were 

constructed and cycled at a charge/discharge rate of 1C at 23 °C. Figure 4.17 shows the specific 

capacity (black) and coulombic efficiency (red) as a function of the number of cycles for ASPE2. 

This system demonstrated cycling with ~ 99% coulombic efficiency after 50 cycles. This initial 

period of low efficiency is likely due to TiO2 defects in LTO causing water hydrolysis; LTO is a 

notoriously challenging anode material for aqueous electrolytes [72,76,79,149,150,215,216]. 

Another consideration that would need to be optimized to reduce the fade in specific capacity seen 

in Figure 4.17 is the interfacial contact at the electrode/electrolyte interface. With poor contact, a 

A) B)
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kinetic limitation arises that limits the charge transfer reactions at the interface, essentially yielding 

void zones of inaccessible capacity. 

 

 

 

Figure 4.17 Galvanostatic cycling performance of LTO/ASPE2/LMO at a charge/discharge rate of 1C at 23 °C over 

~ 280 cycles. Black data points correspond to the specific capacity (left axis) while red data points correspond to 

coulombic efficiency (right axis). The active material loading for LTO was ~ 18.86 mg/cm2. 
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4.4 Conclusions 

The results of this chapter demonstrate a water-containing solid polymer electrolyte system 

(ASPE) with high ionic conductivity and preferential cationic transport (D(Li)>D(F)) measured 

by EIS and NMR. These exceptional transport properties arise from the disproportionation of Li+ 

solvation environment into mostly water and non-water solvates as described by MD simulations. 

The extent to which a network of Li+(H2O)4 domains percolate through the system affects the 

conductivity, with low molecular weight liquid APE1 having a more robust Li+(H2O)4 domain 

network and a higher conductivity than APE4, which has more tortuous Li+(H2O)4 domains. There 

is good agreement between experimental measures of conductivity and t+ with MD simulations, 

providing confidence that Li+ solvation disproportionation predicted by MD simulations is 

accurate.  
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Chapter 5: Aqueous-based Gel Polymer Electrolytes 

5.1 Introduction 

5.1.1 Rationale 

 Synthesis of gel polymer electrolytes (GPEs) is often categorized as either physical or 

chemical. In the physical definition, crosslinks between polymer chains are formed through 

physical interactions, such as ionic bonding or hydrogen bonding. These GPEs are often formed 

by dissolving polymer matrices in good (organic) solvents and then mixed with plasticizers, fillers, 

or other additives. The solvent is then evaporated, resulting in a dry polymer membrane that is 

subsequently swelled with the desired liquid electrolyte solution containing lithium salt(s) and 

plasticizer(s) [110,130]. Many methods to prepare physical GPEs are employed, including solvent 

casting, inverted phase, and electrospinning [134,217,218]. Despite physical GPEs demonstrating 

sufficient room-temperature ionic conductivity, favorable mechanical strength, and even self-

extinguishing properties, the weak physical interactions can lead to electrolyte degradation or 

dissolution over time [110,217]. This can lead to leakage of solvents, poor electrochemical 

performance, and safety hazards. 

 In contrast to physical GPEs, chemical GPEs are formed from the covalent chemical bonds 

initiated between polymer chains. Typically, rather than starting with an already polymerized 

matrix, chemical GPEs are synthesized in situ from the combination of monomer, crosslinker, and 

initiator. The three components are dissolved in a strong (organic) cosolvent in a precise ratio to 

form a precursor solution. Subsequently, polymerization of monomers is initiated under controlled 

circumstances and proceeds ï typically via free-radical polymerization ï under certain 

circumstances. As a result, covalent bonds between the crosslinker and polymer form a robust 

mesh-like network, whereby the liquid electrolyte solution exists in the nanopores of this network. 
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Because of the strong bonds formed in the crosslinked structure, chemical GPEs show excellent 

long-term electrochemical and thermal stability with no solvent leakage at elevated temperatures 

[219]. Furthermore, the synthesis of chemical GPEs by in situ methods provides a simple scheme 

with high efficiency to fabricate LIBs in one step, which could have substantial cost-saving effects 

if implemented. The use of in situ synthesis also avoids the high viscosity of concentrated 

electrolytes and can also provide better electrode/electrolyte interface since the precursor solution 

can better wet electrode surfaces [110]. 

5.1.2 Objective 

 In situ polymerization of GPEs typically proceeds via thermal, radiation, and/or 

electrochemical initiation. In each case, specific initiator species are included in the precursor 

solution that decompose based on exposure to heat, ultraviolet (UV) light/‎ radiation, or an applied 

current/voltage to facilitate free-radical, ionic, or condensation polymerization of the monomers. 

In the context of single-step production, UV or ‎ radiation can be prohibitive if the correct source 

is not used; UV cannot penetrate the coin cell or pouch materials used and ‎ radiation can be 

extremely dangerous to use. Thermal and electrochemical initiation are both viable options for 

large-scale, single-step production of GPEs, however the reagents used for thermal initiation are 

far more prevalent and cheaper. Furthermore, thermal initiation would not require major changes 

to the production order of LIBs, whereas the use of electrochemically-initiated GPEs would 

necessitate pre-cycling of batteries. 

 Despite in situ synthesis of chemical GPEs having several attractive advantages, several 

studies demonstrate that the major drawback of this method is the decomposition or deposition of 

unreacted residual monomers, crosslinkers, and initiators in the GPE [220]. These deleterious side 

reactions can significantly increase the electrode/electrolyte interfacial resistance, resulting in 
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deterioration of cycling performance and premature battery failure [110]. To this end, the objective 

of this chapter is to minimize the use of monomers, inhibitors, crosslinkers, inhibitors, and other 

reagents necessary for in situ polymerization to reduce the deleterious side reactions that create 

unknown products and limit the overall performance of GPEs. This chapter provides one possible 

route toward achieving this goal through the synthesis of scalable GPEs with high ionic 

conductivity and stability from the in situ polymerization of low viscosity, low molecular weight 

macromers and electrolyte components via radical-free, nucleophilic Thiol-ene Michael Addition 

(nTMA). This method showed that components were easily mixed homogeneously and were easy 

to process into free-standing aqueous GPEs (AGPEs).  

5.2 Results and Discussion 

5.2.1 Available routes for in situ polymerization 

 To facilitate the facile polymerization of AGPEs, the concept of ñclickò chemistry was 

employed. This concept, first introduced by Kolb et al., focused on the formation of a wide variety 

of compounds with diverse functionalities from a shared set of starting materials [221]. This 

investigation substantially simplified the reaction pathways necessary to achieving desired 

products, noting that the formation of carbon-heteroatom bonds is naturally preferred over the 

formation of carbon-carbon bonds. In this work, a set of powerful, highly reliable, and selective 

reactions for the rapid synthesis of useful new compounds was developed, in addition to 

combinatorial libraries through heteroatom links (C-X-C) [221]. Among the various reactions in 

the click chemistry toolbox is the copper-catalyzed azide-alkyne cycloaddition reaction, which has 

been widely applied to the synthesis of linear and crosslinked polymers, among others [222ï228]. 

One particularly noteworthy pathway in this category is the thiol-ene click chemistry (TCC0 

reaction, whereby an addition production of a thiolated species to an alkene is generated. The main 
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advantage of TCC is the step-growth formation of the network. This leads to homogeneous 

polymer networks with good mechanical properties compared to chain-growth network. However, 

this reaction proceeds via a radical-mediated mechanism and, depending on the structure of the 

alkene, the carbon radical intermediate could react with another alkene for homopolymerization, 

failing to form the desired addition product. Therefore, thiol-ene reactions are only regarded as 

click chemistry when certain alkene groups are used, such as norbornenes, vinyl ethers, allyl 

ethers, and others that prefer chain transfer over homopolymerization (kct >> kpCC) [228]. While 

TCC has a high reaction rate and produces high yields of the addition product, the radical-mediated 

pathway necessitates the use of a catalyst or radical initiator, which can affect the electrochemical 

properties of the GPE. 

 A subset of TCC is the thiol-ene Michael addition (TMA) reaction. The addition product 

is the same as with regular TCC, however the pathway proceeds via an anion-mediated 

mechanism. This slightly difference significantly affects the reactivities of thiols and alkenes in 

each reaction, dictating the possible combinations of species. In regular TCC, electron-rich alkene 

groups are more reactive, while in TMA, electron-deficient alkene groups are more reactive [229ï

232]. Nevertheless, the procession via an anionic intermediate still necessitates the use of a 

catalytic Lewis base (electron donor). However, if a sufficiently strong Lewis base is used ï one 

that is rich in electrons ï then the addition of a catalyst is not necessary. Such reaction can proceed 

when an electron-rich thiolated group is allowed to nucleophilically react with an electrophilic 

alkene group in nucleophilic TMA (nTMA). As with TCC, nTMA pathways can only occur with 

certain combinations of thiolated groups and alkenes, however this can be seen as a benefit because 

it allows for precise tailoring of the reaction rate. Furthermore, because nTMA proceeds via an 

anionic intermediate and not a radical intermediate, the possibility of homopolymerization or other 
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byproducts is eliminated; nTMA only yields the desired addition product [228,233,234]. Common 

thiolated groups used in nTMA ï in increasing order of reactivity ï include alkanethiols, 3-

mercaptopropionates, 2-mercaptopropionates, and mercaptoacetate. Likewise, common alkenes 

used in nTMA ï in increasing order of reactivity ï include methacrylates, cinnamates, crotonates, 

acrylonitriles, acrylates, maleates, fumarates, and maleimides [231]. As a comparison, this chapter 

investigates the efficacy of both TCC and nTMA pathways in producing AGPEs for LIB 

applications. 

5.3.2 Thiol-ene ñclickò chemistry 

 As discussed above, TCC prefers electron-rich alkenes in terms of reactivity. While 

acrylates are not the most reactive group, the abundance of low-cost acrylated PEG macromers 

warranted initial investigated as a choice for TCC. To this end, PEG-diacrylate (PEGDA) 

macromers with molecular weight of ~ 700 Da were reacted with PEG-dithiol (PEG-SH) with 

molecular weight of ~ 2000 Da. 2-hydroxy-2-methylpropiophenon (HMPP) photoinitiator was 

mixed with the macromers in a solution at a 99:1 volume ratio, based on PEGDA. The liquid 

solutions were then molded inside a PTFE spacer using UV light, as seen in Figure 5.1. The 

mechanical properties of the resulting AGPE were dependent on the total exposure to UV light 

(ñcure timeò). As seen in Figure 5.1B, the gel cured for 2 minutes was soft and thick. However, if 

the gel was cured for 20 minutes (Figure 5.1C), it became very brittle due to loss of solvent. 

Room-temperature ionic conductivity measurements, given in Table 5.1 corroborate this result, 

which shows a significant decrease in conductivity with cure time. Because the variability in 

results was heavily dependent on cure time, and because the reaction was ex situ under a UV 

source, HMPP was replaced with a thermal initiator to better facilitate in situ polymerization. 
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Figure 5.1 Use of PEG-SH (2000 Da) and PEG-DA (700 Da) in the synthesis of an AGPE based on thiol-ene ñclickò 

chemistry using HMPP as a photoinitiator. (A) chemical structures of components. (B) picture of AGPE with a cure 

time of 2 minutes. (C) picture of AGPE with a cure time of 20 minutes. (D) schematic of the coin cell construction for 

ionic conductivity measurements. 

 

 
Table 5.1 Summary of the ionic conductivity measurements for AGPE gels synthesized using PEG-SH (2000 Da) and 

PEG-DA (700 Da) with HMPP as the photoinitiator.  

Cure Time 

(min) 

Avg. Conductivity @ RT 

(mS/cm) 

St. Dev 

(mS/cm) 

2 (n = 3) 2.10 1.30 

4 (n = 3) 3.43 0.62 

5 (n = 5) 3.05 0.44 

20 (n = 3) 0.98 0.36 
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When HMPP was instead replaced with the thermal initiator azobisiobutronitrile (AIBN) and 

synthesized under the same general conditions as the HMPP AGPE, except switch the UV iniation 

with initiation in a 60 °C, the resulting gels had significantly reduced ionic conductivity, less than 

the very brittle photoinitiated gel with a 20 minute cure time (0.98 mS/cm) (Figure 5.2). Upon 

furter investigation, the AIBN-initiated AGPEs were soft, wet, and crumbled under the slightest 

touch. This is likely because AIBN is not water soluble, thus the AGPE did not actually form and 

the gel could not maintain contact within the coin cell with the stainless steel electrodes; this would 

lead to very high interfacial resistance and the significant drop in ionic conductivity observed in 

Figure 5.2.   

 

Figure 5.2 Use of PEG-SH (2000 Da) and PEG-DA (700 Da) in the synthesis of an AGPE based on thiol-ene ñclickò 

chemistry using AIBN as a thermal initiator. (A) chemical structures of components. (B,C) Nyquist plots from the 

ionic conductivity measurements of the two gels formed. 
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When the thermal initiator was switched to 0.1 wt% 4,4ô-azobis(4-cyanovaleric acid) (ACVA) 

instead, a well-known water-soluble thermal initiator, the average conductivity of the AGPEs 

increased from ~ 0.11 mS/cm to 0.42 ± 0.06 mS/cm at room temperature. Nevertheless, thermal 

polymerization, while able to be completed in situ, did not result in  high conductivity to be viable 

and was generally much slower (hours to days) than UV polymerization, which had to be done ex 

situ and results in very brittle AGPEs. Most importantly, however, is the use of photo or thermal 

initiators in TCC, which is of major concern due to their known effect on electrochemical 

properties. For this reason, the initiator-free nTMA reactions were also investigated. 

Thiol-ene Michael-addition chemistry 

 Despite the acrylate group being moderately reactive, gel time still took days-to-weeks 

using thermal initiation. Because the kinetics of nTMA reactions can be altered by changing the 

functionality of the thiol and alkene (vinyl) groups, the more reactive maleimide was chosen for 

the vinyl group to reduce the gel time to minutes-to-hours. To this extent, several combinations of 

thiol and vinyl molecular weights, as well as amounts of liquid electrolyte used for gelation, were 

tested to determine a design space. To ensure a solid network is formed and gelation is achieved, 

a 4-arm maleimide macromer based on PEG (4PEG-Mal) with a molecular weight of 40 kDa (40k) 

was paired with a linear thiol macromer, also based on PEG (PEG-SH), with a molecular weight 

of 2 kDa (2k). At a 1:1 molar ratio of maleimide:thiol end groups, the gel was synthesized with 40 

mg of 40k 4PEG-Mal and 4 mg of 2k PEG-SH by mixing with 200 µL of the highly concentrated 

ñwater-in-salt electrolyteò (WiSE) [72]. Ionic conductivity of the gels ranged from ~ 7.85 mS/cm 

at room temperature to ~ 12.02 mS/cm. The large discrepancy between conductivity values is 

likely due to water absorption during processing; additional water can uncontrollably increase 

ionic mobility [201,235]. Figure 5.3 shows the structure of the macromers used for the AGPE, as 

well as the high degree of swelling obtained. These gels successfully exhibited ionic conductivities 
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comparable to the value of the original WiSE electrolyte (~ 10 mS/cm), indicating that the ionic 

transport was entirely in the liquid phase with the PEG-SH + 4PEG-Mal gel providing a 

mechanical network that encapsulates the liquid electrolyte. 

 

Figure 5.3 Use of PEG-SH (2 kDa) and 4PEG-Mal (40 kDa) in the synthesis of an AGPE based on nucleophilic thiol-

ene Michael addition chemistry with no initiator. (A) chemical structures of components. (B,C) picture of AGPE with 

a cure time of 2 minutes. (D) schematic of the coin cell construction for ionic conductivity measurements. 

  In addition to the 2k PEG-SH, a lower molecular weight of 1 kDa (1k) was also paired 

with the 40k 4PEG-Mal. The relative WiSE, 4PEG-Mal, and PEG-SH contents in both sets of gels 

were investigated and assessed for their impact on the ability to form a gel. In the first study, the 

amount of PEG-SH was held constant at 1 mg and a 1:1 molar ratio of end groups was used to 

determine the corresponding amount of 4PEG-Mal; 18.5 mg for 1k PEG-SH and 9.25 mg for 2k 

PEG-SH. WiSE was added to each set in increasing volume, from 100 µL to 500 µL, mixed, and 

then used to create ~ 50 µL gels. As the volume of WiSE increased, the resulting number of gels 

that could be created also increased. After adequate time was allowed for the gelation reaction to 

complete, the samples were assessed and tallied for the number of gels that formed and the number 
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of gels that did not form. As seen in Figure 5.4, for 100 µL of WiSE added, both 1k and 2k PEG-

SH displayed a 100% gelation rate. However, the addition of WiSE beyond that caused a 

significant decrease in the success rate of gelation for both molecular weights. At moderate 

volumes of added WiSE (200-300 µL), 1k PEG-SH was more successful at gelling ï 

approximately twice as much ï than 2k PEG-SH. However, the reverse is true at large volumes of 

added WiSE (400-500 µL). 

 

 

Figure 5.4 Success rate of AGPE formation when reacting either 1k PEG-SH (gray) or 2k PEG-SH (black) paired 

with 40k PEG-Mal in various volumes of WiSE, ranging from 100ð500 µL in nTMA synthesis. 
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In the second study, the amount of WiSE added was held constant at 100 µL and the amount 

of PEG-SH was varied from 0.5ð4 mg. At a 1:1 molar ratio of end groups, this resulted in the 

amount of 40k PEG-Mal varying from 10ð80 mg and 5ð40 mg for 1k PEG-SH and 2k PEG-

SH, respectively. In addition to the 40k PEG-Mal, a lower molecular weight of 20 kDa (20k) PEG-

Mal was also paired with 1k PEG-SH and 2k PEG-SH. WiSE was added to each of the different 

sets of macromer masses, mixed, and then used to create ~ 50 µL gels. For most sets, two gels 

were synthesized, however for some sets only one gel was synthesized due to the high viscosity of 

the solution and difficulty measuring or pipetting. After adequate time was allowed for the gelation 

reaction to complete, the samples were assessed and tallied for the number of gels that formed and 

the number of gels that did not form in Figure 5.5. For both 40k 4PEG-Mal and 20k 4PEG-Mal, 

the lower molecular weight 1k PEG-SH failed to successfully gel when a low amount of macromer 

was used. However, at higher quantities of either 1k PEG-SH or 2k PEG-SH, gelation was 

successful because the 1:1 molar ratio of end groups ensured that more 4PEG-Mal was also used, 

which increased the probability to form crosslinks and gel. 

 

Figure 5.5 Success rate of AGPE formation as a function of each macromer mass when reacting either 1k PEG-SH 

(gray) or 2k PEG-SH (black) paired with (A) 40k PEG-Mal or (B) 20k PEG-Mal in 100 µL of WiSE with nTMA 

synthesis. 
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While initial gels demonstrated ionic conductivities comparable to WiSE (~ 7.85ð12.02 

mS/cm at room temperature), the influence of water content soon became clear. As the gels were 

synthesized in ambient conditions, the high concentration of the WiSE used as the solvent induced 

extensive water absorption in some systems. Despite these gels having significantly enhanced 

room-temperature ionic conductivity (28.6 ± 1.5 mS/cm), their stability ï assessed through LSV ï 

was much worse compared to a completely dry AGPE. As seen in Figure 5.6, the cathodic (Figure 

5.6A) and anodic (Figure 5.6B) show onset water reduction and oxidation at potentials of ~ 2ð

2.5 and >4.5 V vs. Li/Li+, respectively. When compared to a similar gel that had been completely 

dried under vacuum for 24 hours to remove water (Figure 5.6C), the ESW is significantly wider; 

onset potentials for water reduction and oxidation are ~ 0.5 and 5.25 V vs. Li/Li+, respectively. 

This indicates that the high onset potentials in the wet gel are likely due to the free, uncoordinated 

water in the system which can easily undergo redox reactions. To this end, the effect of water 

concentration on the electrochemical properties of the AGPES was further investigated. 

Starting with the as-prepared AGPE (ů = 28.6 mS/cm), various portions of the gel were 

dried for 1, 2, 7, and 10 minutes at 100 °C. As seen in Figure 5.7, the subsequent drying of the 

AGPEs reduced the overall water content from ~ 38 wt% to ~ 25 wt%. Subsequently, the measured 

room-temperature ionic conductivities were also reduced 28.6 mS/cm to ~ 5.40 mS/cm (Figure 

5.7A). Interestingly, the water content from 7 to 10 minutes did not change significantly, indicating 

a maximum amount of free, unbound water that can be removed from the system. Therefore, the 

remaining ~25 wt% water is attributed to bound water interacting with the polymer matrix and 

lithium salt. LSV measurements corroborated this reduction in the amount of free water in the 

systems, showing in Figure 5.7B the shift in onset reduction potential. The AGPE produced after 

2 minutes of drying showed a much wider ESW, with electrolyte degradation at potentials <2 V 
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vs. Li/Li+. Therefore, to unlock the ability to use Mo6S8 anodes ï or lower, like LTO ï the gels 

must be dried for at least 2 minutes. To maximize ionic conductivity and stability, a drying time 

between 2ð7 minutes is suggested. 

 

Figure 5.6 LSV results showing (A) cathodic stability and (B) anodic stability of the as prepared ñwetò AGPE. (C) 

full electrochemical stability of the same AGPE after drying for 24 hours to remove all unbound water. 
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Figure 5.7 (A) room-temperature ionic conductivity of several ñwetò AGPEs after drying 1ð10 minutes at 60 °C. 

(B) comparison of cathodic stability, measured from LSV, of the as prepared AGPE and the same AGPE after 1 and 

2 minutes of drying at 60 °C. 

 

 The method for controlling water content used in Figure 5.7 is cumbersome, resulting in 

inefficient production of AGPEs. To facilitate more facile synthesis, a new approach was used 

whereby instead of drying the systems to remove water, the reactions were conducted in more 

concentrated systems with less water. Specifically, instead of using 21 m WiSE as the solvent, 

LiTFSI and H2O were mixed with the macromers individually, such that the amount of water could 

be precisely controlled. Compared to the ~ 38 wt% water used in the AGPEs prepared before 

(Figure 5.7), the total water content was decreased to ~ 24 wt%. This resulted in a decrease in 

water by 50 vol%. The resulting AGPEs demonstrated an excellent room-temperature ionic 

conductivity of ~ 19 mS/cm, despite the significant reduction in water. Moreover, CV 

measurements in Figure 5.8 of these AGPEs showed minimal water reduction over the course of 

20 cycles, indicating that the water inside the system is almost entirely bound through interactions 

with polymer and/or LiTFSI. 
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Figure 5.8. CV measurements of the AGPE prepared with limited water (~ 24 wt%).  

 With the success of the AGPEs using 20k 4PEG-Mal/1k PEG-SH and 40k 4PEG-Mal/2k 

PEG-SH, additional studies were conducted by swapping the functionalize of the linear and 

branched macromers, altering the molecular weight of the macromers, and using different vinyl 

group chemistries.  Figure 5.9 summarizes the various combinations investigated. The most 

reactive system is 4PEG-Mal (20k) + PEG-SH (1k), which was used above in the previous study. 

This AGPE (Figure 5.9 ñ1ò) gels quite quickly in between 30 minutes at 60 °C and 2ð6 hours at 

25 °C (Table 5.2). If the functionalities are swapped such that the branched macromer is 4PEG-

SH (20k) and the linear macromer is PEG-Mal (7.5k), the predicted reactive decreases based on 

the fundamentals of nTMA. The gelation results corroborate this, as this system took significantly 

longer to gel at both 60 °C (12 hours) and 25 °C (24 hours). This gel is shown in Figure 5.9 ñ2ò. 
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If the functionality of the vinyl group is swapped, again, to a vinyl sulfone-based PEG (PEG-VS, 

5k), the theoretical reactivity further decreases. Again, the results of Table 5.2 corroborate this; 

this AGPE combination took >48 hours to gel at 60 °C. Gelation at 25 °C was considered 

negligible, as the time scale is far too significant for practical applications. Nevertheless, despite 

differences in gel times, the three systems showed comparable room-temperature ionic 

conductivities ranging from 4.63ð7.19 mS/cm. However, the cathodic stabilities of these systems 

were significantly different. As seen in Figure 5.10, the ñwetò gels studied in Figure 5.3ð5.6 

(light blue) showed minimal stability with electrolyte degradation >2 V vs. Li/Li+. When the new 

synthesis method using less water is used to prepare the three gel combinations presented in Figure 

5.9, the LSV results clearly indicate that the vinyl sulfone group (red) is less electrochemically 

stable. The more reactive 4PEG-Mal + PEG-SH combination (black) is slightly more stable than 

the 4PEG-SH + PEG-Mal combination (dark blue). Interestingly, the stability of all three systems 

is significantly less than the ASPEs (green) presented in Chapter 4; this is likely due to the nearly 

double water content (~24 wt%) in the AGPEs versus the ASPEs (~12 wt%). 

Table 5.2 Summary of gelation times for various nTMA combinations of macromers at 25 °C and 60 °C. 

 
20kDa 4PEG-Mal  

 +  

1kDa PEG-SH 

20kDa 4PEG-SH  

+  

7.5kDa PEG-Mal  

20kDa 4PEG-SH  

+  

5kDa PEG-VS 

Gel time, 60 °C 

(hr) 
0.5 12 >48 

Gel time, 25 °C 

(hr) 
2ð6 24 Not tested (too long) 

„ (25 °C) 

(mS/cm) 
4.63 ± 0.94 7.19 ± 1.17 6.32 ± 2.23 
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Figure 5.9 (Left) image showing the successful gelation of 4PEG-Mal + PEG-SH (ñ1ò) and 4PEG-SH + PEG-Mal 

(ñ2ò). (Right) overview of the various macromer combinations used for nTMA studies and their relative reactivity 

rates. 

 

 

Figure 5.10 Cathodic stability, measured by LSV, of the various combinations of macromers used in nTMA synthesis 

using the reduced-water method. For comparison, the as prepared wet AGPE (light blue) synthesize with additional 

water and the ASPE from Chapter 4 are included. 






























































































































































































































