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Chapter 1: Introduction 

 

1.1 Specific Aims 

This goal of this research is to characterize and correlate electrochemical properties with 

microstructure of thin-film solid polymer electrolytes (SPEs) for lithium-ion batteries 

(LIBs). SPEs consisting of poly(ethylene oxide) (PEO) blended with aqueous salt or ionic 

liquid and lithium salt will be prepared by a solvent free hot-pressing process, which will 

result in free-standing, flexible SPEs with high conductivity.  

We hypothesize that with proper understanding of the structure-properties-performance 

relations, we will be able to optimize a SPE system with an ionic conductivity on the order 

of 1 mS/cm. These metrics will strike an optimal balance between mechanical and transport 

properties. The value of 1 mS/cm is a widely accepted threshold required for a battery to 

power a small consumer device such as a cellphone or laptop. Interfacial studies using 

lithium stripping/plating and cyclic voltammetry (CV) will help us understand the 

resistance behavior and passivation capability of the interface as a function of time and 

SPE composition. This information is crucial when tailoring the SPE for optimal 

performance, as selecting a SPE composition that creates a passivating interface allows for 

reversible charge/discharging in a battery.  

 

The goals for this project are to: 

1. Develop, characterize, and optimize the ILSPE and ASPE systems  

2. Gain an understanding of morphology, electrochemical properties, interface creation, 

and how these affect cell performance 
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3. Understand  which compositional parameters affect the mechanism of Li+ conduction 

in both classes of SPEs  

Two specific aims have been designed to address the hypothesis and accomplish these 

goals: 

Aim 1: Determine the effect of the polymer matrix, IL, and lithium salt on the properties 

of the resulting ILSPEs. Understand Li+ conduction mechanism and interfacial evolution 

with time, and how these will affect cell performance. 

Aim 2: Determine the effect of the polymer matrix, lithium salt, and water content on the 

properties of the resulting ASPEs. Understand Li+ conduction mechanism and interfacial 

evolution with time, and how these will affect cell performance. 

 

Impedance spectroscopy will be used to determine the ionic transport properties of the SPE 

at various temperatures. Differential scanning calorimetry (DSC) will be used to identify 

thermal transitions and the effect of changes in SPE microstructure manifested by glass 

transitions and melting/crystallization different operating temperatures. Potentiodynamic 

methods such as linear sweep voltammetry (LSV) and cyclic voltammetry (CV) will be 

used to assess the electrochemical stability window of the SPE. Galvanostatic 

electrochemical techniques in combination with intermittent impedance spectroscopy, 

electron microscopy, and x-ray photoelectron spectroscopy (XPS) will be used to study the 

SPE/electrode interfaces.  Charge-discharge curves using a full battery electrochemical 

couple will be generated to demonstrate the potential of the SPE for use in LIBs.  

 



3 

1.2 Intellectual Merit 

Ultimately, what this dissertation aims to achieve is to facilitate the understanding of a new 

class of SPEs that provide a safe alternative to organic liquid electrolytes without making 

a big compromise in performance. For SPEs to be considered competitive alternatives to 

organic liquid electrolytes, their ionic conductivity needs to be improved significantly. 

Ionic conductivity is the measure of how fast an electrolyte can transport ions, which is the 

primary function of an electrolyte. SPEs tend to have low conductivity values (<10-4S/cm) 

as compared to their liquid counterparts (~10-2S/cm) due to their morphology and solid 

nature. Smart strategies to promote SPE morphologies that facilitate ion transport, an 

amorphous rather than crystalline polymer matrix, are needed. Incorporating ILs or 

concentrated aqueous salts into polymer matrices are two approaches to unlock fast ion 

transport by fully plasticizing the resulting SPE, as well as changing the morphology to 

fully amorphous. Both methods present an opportunity to tune the mechanical and transport 

properties of a SPE to make it a safer and environmentally friendly option as compared to 

organic liquid electrolytes. Gaining insight into the conduction mechanism of these highly 

ionically conductive SPEs through various characterization techniques and analysis 

coupled with molecular dynamics (MD) simulations can provide a framework of 

understanding for the future development of SPEs.  

 Electrode/ electrolyte interfaces have continued to be a challenging problem from 

a design perspective for SPEs. Good contact between the electrolyte and both electrodes is 

crucial for battery performance, and is made difficult with porous electrodes that were 

designed for liquid electrolytes in the context of SPEs. Porosity is a design parameter for 

electrodes with the purpose being that liquid electrolyte can seep into electrode pores, 
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creating good ionic contact through the bulk of the electrode. This ionic contact is 

necessary for capacity utilization, especially with thick (energy dense) electrodes. 

Increasing electrode thickness results in a greater volume ratio of active materials relative 

to inactive components, and is necessary to optimize energy density of a battery cell. 

Inclusion of SPE components within an electrode are studied extensively as way to provide 

an ionic and electronic conduction network through the bulk of the electrode, realizing full 

capacity utilization. Polymer inclusion in a liquid anolyte/catholyte is proposed in this 

dissertation as an additional way to promote intimate contact between electrolyte 

components and electrode. This contact issue is usually given a surface-level treatment in 

most peer-reviewed articles, and while there are some exceptions1–4, many articles in the 

SPE field don’t state the problem. The investigation and rationalization of these methods 

in this dissertation gives researchers a deeper understanding of the electrode/ electrolyte 

contact issue while providing multiple strategies to implement in the design of their own 

SPE systems.  

 

1.3 Broader Impacts 

High-profile failures of LIBs, in devices such as Samsung’s Galaxy Note 75, highlight 

safety concerns surrounding devices using state-of-the-art LIBs. At the core of this problem 

is the ubiquitous use of liquid carbonate-based electrolytes, which are highly combustible 

and can undergo thermal runaway leading to pressure buildup and the battery cell erupting 

in fire. To ameliorate this concern, there is great interest in replacing these liquid organic 

electrolytes with safer alternatives, such as solid electrolytes. Battery power would also 

benefit greatly from the conformal and safe nature of solid polymer electrolytes.  
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 ILSPEs would be ideal for applications with an elevated operating temperature 

requiring high energy density such as for a car battery (operating temperature ~100oC) as 

they can be used with a lithium metal anode and high voltage (+4 V) cathode and they 

work well at higher temperatures. Additionally, battery application where safety is critical 

would be well suited for ILSPEs. One good example would be implantable medical devices 

such as a pacemaker. Pacemakers operate at biological temperature (~37oC) and require 

low power density, relieving the concern over slower ion transport in SPEs, however safety 

cannot be compromised. SPEs also open the possibility for unique applications due to the 

flexible and conformable nature of SPEs. An ILSPE that demonstrated good cycling 

stability, high ionic conductivity (~1 mS/cm), and good mechanical properties (+0.1 GPa 

shear modulus6) could replace liquid organic electrolytes for a number of applications. The 

ultimate goal would be to use ILSPEs for lithium metal batteries (LMBs), which promises 

high energy density (+300Wh/L, +250Wh/kg) due to the density and potential of lithium 

metal. ILSPE has demonstrated the ability to create a passivating layer at the interface and 

stabilize the reversible capacity. For the ASPE system, cycling with a lithium titanate 

(LTO) anode and lithium manganese oxide (LMO) cathode is demonstrated, boosting the 

energy density of this aqueous electrolyte by taking advantage of a larger operating voltage. 

To our knowledge, no SPE system incorporating an aqueous salt has been cycled with these 

electrodes. 

 SPEs offer the additional advantages of better safety, lower cost, mechanical 

integrity and flexibility, and more compact design space due to their conformable nature. 

An SPE using an aqueous salt to plasticize a polymer matrix could be fabricated without 

the need for an environment that is kept meticulously dry. Both classes of SPEs would 
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possess a processing advantage over liquid electrolytes in that they can be formed by a 

simple hot-pressing procedure that would result in sheets or conformable coatings. Gaining 

a concrete understanding of these SPE systems and the transport mechanisms involved by 

correlating properties and structure to performance will greatly benefit the design of future 

SPEs, leading to unique device applications such as textile or ‘wearable’ power. Non-

flammable SPEs are also ideal candidates for battery applications in which safety is critical 

such as electric vehicles (EVs) or implantable medical devices. 

 

The dissertation is organized as follows: Chapter 2 gives relevant background information 

for understanding the field of solid electrolytes and in particular SPEs and gives an 

overview of materials selection. Chapter 3 will give an overview of research activities 

including justifications for materials used and general explanation of characterization 

techniques. Chapter 4 details the investigation of incorporating ILs into a polymer matrix. 

IL is used to make completely amorphous SPEs, as confirmed directly through DSC and 

indirectly through impedance spectroscopy. Electrochemical stability and cycling 

performance are assessed. In Chapter 5, the ASPE project which incorporates aqueous salt 

into a polymer matrix is described. Many of the same physical and electrochemical 

characterization methods that were used on the ILSPE system were performed for ASPEs. 

MD simulations provide an in-depth look at the ion-coordinating environment over a 

composition range of ASPEs, revealing the conduction mechanism as well as the 

composition-ion structure-performance relationships that govern this system. Chapter 6 

will describe the outlook and future directions of this work as well as my scientific 

contributions.   
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Chapter 2: Background 

 

2.1 Significance and Innovation 

One of the key technological challenges of the 21st century is meeting our energy supply 

demands in a sustainable manner, which necessitates improvements in both energy storage 

and conversion while maintaining safety to the end user. Mobile devices of all types require 

batteries with high energy densities to fulfill customer expectations and perform 

increasingly complex and energy-intensive tasks. Electric vehicles (EVs) powered by LIBs 

that promise to replace fossil fueled vehicles and reduce carbon dioxide emissions suffer 

from significant barriers to adoption of the technology due to concerns over range, charge 

times, cost, and safety7. 

 Lithium battery technology has a high potential to meet our energy storage 

demands, however the current liquid organic electrolyte employed in these systems incur 

a high environmental cost in both recyclability and toxicity. State of the art liquid 

electrolytes are overwhelmingly a blend of organic carbonates and lithium 

hexafluorophosphate (LiPF6)8–10, a heat sensitive salt that decomposes into toxic gases such 

as phosphorus oxyfluoride (POF3), hydrofluoric acid (HF), carbon dioxide, and others4,11. 

In addition, the toxic liquid electrolyte can leach out of the battery causing significant 

environmental concerns. Safety is an important and highly publicized aspect of lithium ion 

battery integration into EVs, especially in light of battery failures aboard the Boeing 787 

next-generation airliners, accidents involving electric cars that resulted in significant 

battery fires12,13, and Samsung smart phone recalls5. Replacing flammable organic 
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electrolyte solvents and low boiling point salts such as LiPF6 with more thermally stable 

materials is critical for improving the safety of LIBs14.  

 A solid electrolyte system that could improve upon the safety of the battery and 

reduce toxic reduction products, eliminate the leakage of environmentally harmful organics 

to the environment, while meeting the required cycling and conductivity performance, 

would offer a safer and more sustainable alternative to current liquid organic electrolyte 

technology. A SPE that incorporates a polymer matrix, lithium salt, water and/or IL could 

achieve these goals. The polymer matrix provides the mechanical stability and flexibility 

that current liquid organic electrolytes lack, as well as excellent temperature and stability 

against reduction, with a tradeoff of poor ionic conductivity15. To boost the ionic 

conductivity of SPEs, lithium salt in water and/or ILs can be added to plasticize the polymer 

matrix and effectively provide added free volume for lithium conduction16. These 

conductive additives are effectively trapped in the polymer matrix with no leakage, 

resulting in a truly flexible solid electrolyte. 

 Volumetric and gravimetric energy densities are key performance metrics as they 

determine both the size and weight that is needed for a battery to store a certain amount of 

energy17. LIBs provide a performance benchmark in terms of their volumetric and 

gravimetric densities, as they outperform most other battery chemistries due to the 

lightweight nature of lithium and the high voltage (+4 V) chemistries possible with these 

systems. Organic liquid electrolytes for LIBs are limited to the intercalation anode graphite 

due to dendrite growth when lithium metal is used6, limiting the energy density of the 

battery. Ideally Li metal would be used as the anode material instead of graphite which 

relies on the intercalation of Li+ and thus has a 10x lower theoretical specific capacity; the 
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jump from LIB intercalation materials to a lithium metal battery (LMB) would result in a 

big increase in energy density. However, uneven electrodeposition at the electrode surface 

invariably leads to pointed structures called dendrites forming at the lithium metal/ organic 

liquid electrolyte interface. This presents a persistent problem where these dendrites can 

continue to grow through the interelectrode space until contact is made with the opposite 

electrode, leading to short circuiting and cell failure18 often in a catastrophic and safety 

compromising manner. Additionally, steps have to be taken to ensure that there is no 

electrolyte leakage and that the internal vapor pressure of the liquid electrolyte is kept in 

check. This is done by adding multiple packaging layers to the battery casing, which takes 

up valuable space and hinders the scale down of miniature devices19,20. Substituting a solid 

electrolyte would alleviate many of these problems. Most solid electrolytes have low to 

nonexistent vapor pressures and are not flammable, decreasing the need for excessive 

safety-oriented packaging materials. Solid electrolytes can also act as the separator, further 

increasing the energy density of the battery8. A SPE with sufficient mechanical properties 

to suppress dendrite growth could be used safely with a lithium metal anode, taking 

advantage of the energy density available to a LMB. Lastly, solid polymer electrolytes can 

be processed into thin film flexible batteries, avoiding the limitations on shape that is 

necessary with the use of liquid electrolytes, and resulting in overall smaller devices20. 

 

2.2 Lithium-Ion Batteries 

The potential for Li-ion battery technology was first demonstrated in the 1970s and, with 

the development of intercalation electrode materials, has largely replaced nickel-cadmium 

and nickel-metal hydride systems for secondary batteries20. Lithium-ion is highly desirable 
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due to the fact that lithium is the most electropositive (-3.04V vs standard hydrogen 

electrode) and lightest metal (M = 6.94 g/mol)20, making it ideally suited for high energy 

density batteries.  

 A battery’s function is to store chemical energy than can be converted to electrical 

energy and be used to power mobile devices. Batteries consist of a combination of 

electrochemical cells designed to achieve a desired voltage and capacity. Within the 

electrochemical cell there is a positive cathode and negative anode, each of which 

participate in a redox reaction during charging or discharging of the cell. The anode and 

cathode are separated by the electrolyte, which is an ionically conductive medium that 

transports Li+ between the electrodes, and a polymer or ceramic separator, which isolates 

the two electrodes from each other physically and electronically15,21. The electrolyte should 

generally have the following properties10,22: 

• be ionically conductive at its operating temperature (>10-4 S/cm)  

• have a large electrochemical stability window or have the ability to create a 

passivating interface (>4V) 

• be thermally and mechanically stable in the operating temperature range 

• be electronically insulating 

• conduct a large fraction of current from Li+ relative to other ions (high 

transference number) 

• be non-combustible 

• maintain a good electrode/ electrolyte interface during cycling 

• have low toxicity  

• have low cost 
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Mechanical stability of the electrolyte is crucial to maintain the shape of the battery as well 

as good contact between the electrode/ electrolyte interface. When liquid electrolytes are 

used, mechanical stability is achieved through packaging designed to contain the liquid 

electrolyte, and through the use of a separator. It is important for the electrolyte to be 

ionically conductive so that ions can migrate to the electrode/ electrolyte interface to 

participate in charging/ discharging at reasonable rates, but electronically insulating so that 

the battery won’t short. Thermal stability and non-combustibility are important factors that 

determine the safety level of the battery. The lithium transference number is a measure of 

the fraction of the total moving charge that is due to Li+ ions and thus a representation of 

the useful current for charging and discharging23. Besides representing efficient ion 

transport, a high lithium transference number has a protective effect against lithium 

dendrite formation by minimizing space-charge formation24,25. 

 Although it is unlikely that the electrolyte will be completely stable throughout the 

voltage window of the battery if lithium metal or graphite is used as an anode, it is expected 

for the electrolyte to have the ability to create a passivating layer called a solid electrolyte 

interphase (SEI) when it is irreversibly decomposed to prevent further decomposition of 

the electrolyte. Lithium should remain conductive across the SEI to maintain the ability to 

charge and discharge, and solvent molecules/ salt anions should not be able to cross the 

SEI so that they cannot continue the process of further decomposition. The SEI should be 

electrically insulating to prevent easy electrolyte decomposition or lithium plating at the 

SEI surface.  
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2.3 Solid Polymer Electrolytes  

There are many ways to classify polymer electrolytes, but for the purpose of this 

dissertation two broad classifications will be used. All polymer electrolytes can be placed 

into two categories; the first category is where the polymer contributes in a significant way 

to the solvation and transport of ions, and the second is where the polymer does not 

contribute and instead a second low molecular weight solvent solvates and transports ions 

contained in an inert polymer matrix. The first category of polymer electrolyte called solid 

polymer electrolytes (SPE) typically involves high molecular weight polymer and a lithium 

salt, sometimes with an additional plasticizer such as ceramic fillers or ionic liquid. The 

second category of polymer electrolyte involves the crosslinking of a polymer matrix and 

swelling with a solvent and lithium salt; this is called a gel polymer electrolyte (GPE). 

GPEs are often promoted for their high ionic conductivity as compared to other polymer 

electrolytes (>10-3 S/cm), however the organic solvent/ salt mixtures they contain are 

typically the very same liquid electrolytes that have safety issues in commercial battery 

systems26–28. The presence of organic liquid electrolytes make GPEs susceptible to the 

same issues such as poor thermal stability and not-much-improved mechanical 

properties27,29.  GPEs can be free-standing films, however they are considered quasi-solid 

materials29 and as such won’t be the focus of this dissertation.   

 SPEs offer many advantages that give them an edge over other solid electrolytes 

for a diverse set of applications. SPEs are easily processible as they can be solution cast30,31 

or fabricated using a solvent-free hot pressing approach3,32,33. Depending on the type of 

SPE, such a system can be flexible and conforming in nature, which leads to some unique 

device applications such as textile or ‘wearable’ power. Another benefit of SPEs is that 
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they are nonflammable and have no vapor pressure; they are ideal candidates for battery 

applications in which safety is critical such as EVs or implantable medical devices. For 

SPEs to become commercially viable, they need to have good cycle life and exhibit 

appreciable conductivity within the operating temperature range that approaches 10-4 

S/cm10,22. Additionally, it is critical that the SPE acts as a separator and maintains good 

contact with both electrodes while withstanding the internal pressure and temperature 

variations during operation. An SPE that could meet all of these requirements would be 

adopted for a diverse set of applications.  

 There are two big challenges facing SPEs and solid electrolytes in general that 

prevent their widespread adoption. The first challenge is their poor ionic conductivity, as 

solid electrolytes are inherently more resistive than their liquid counterparts. The second 

challenge is the creation of a good interface between electrolyte and electrodes that is stable 

with long-term cycling. The conductivity issue for SPEs is often addressed with the 

addition of a plasticizer, although even so the conductivity of SPEs won’t approach that of 

organic liquid electrolytes (~10-2 S/cm at room temperature)4 representing a trade-off. The 

common approaches used to enhance conductivity through addition of a plasticizer will be 

covered in the following sections.  

 The interface challenge for SPEs comes in two broad forms. First, a SPE must be 

electrochemically stable against both the anode and cathode or have the ability to form a 

stable SEI for kinetic passivation, the same as any electrolyte. The second form is unique 

to solid electrolytes and is depicted in Figure 2.1. Intercalation electrodes are fabricated 

with four main components: active material, carbon black as an electronic additive, 

polymer binder to hold the electrode together, and a current collector. Typically, there is a 
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25-40% porosity for intercalation electrodes34, which allows for the infiltration of  liquid 

electrolyte through the bulk of the electrode represented in the first part of Figure 2.1. This 

infiltration of the electrolyte into the electrode ensures good ionic contact between the two, 

facilitating healthy charge and discharging and full capacity utilization. This is crucial for 

using electrodes with high loading (high mass/area, i.e. thick electrodes) such that ions can 

be transported to and from active material through the bulk. When using a solid electrolyte, 

the electrolyte cannot contact the interior of the electrode like a liquid electrolyte can, 

making the porosity of the electrode into voids which is wasted space as depicted by the 

white regions in the second part of Figure 2.1. When designing a battery system utilizing a 

SPE, strategies need to be implemented to address ionic contact through the bulk of the 

electrode. These strategies will be discussed in Chapters 4 and 6.  

 

 

Figure 2.1: Schematic representation of a liquid electrolyte/ electrode interface and a SPE/ electrode interface. 

 

2.4 PEO for Solid Polymer Electrolytes 

PEO is the most studied and successful polymer for SPEs mainly for its relatively high 

ionic conductivity as compared to other polymers. PEO also has a high solvation capability, 

allowing it to dissolve alkali salts in high concentrations35–38, and high voltage stability 

Liquid Electrolyte Solid Polymer Electrolyte
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suitable for use against lithium metal39–42. The transport mechanism for Li+ in PEO is 

believed to involve the formation and breaking of coordination sites of Li+ to oxygen atoms 

along the PEO backbone. PEO has a high chain flexibility43,44, facilitating the formation 

and breaking of coordination sites as chains are able to move themselves into place. As 

these lithium-oxygen bonds are formed/broken, ion transport occurs as Li+ participates in 

inter and intra chain hopping, as well as whole chain mobility16,45. Polymer electrolytes 

that rely on segmental chain motion for conduction benefit from low glass transitions (Tg), 

which is defined as the temperature below which polymer chains ‘freeze out’ and cease 

movement46. Assuming that operational temperature is above Tg, the further distance 

between the two will result in greater segmental motion and thus conduction. PEO has a 

low Tg (-60°C)43, which increases segmental chain motion and greatly facilitates ionic 

transport. For the same reason, it is advantageous from a conductivity standpoint to have a 

large volume fraction of amorphous rather than crystalline PEO, so that PEO chains aren’t 

locked in place16,22,47–49. The melting temperature of PEO is above room 

temperature(~65°C)50, meaning that a significant fraction of the polymer can be crystalline 

at room temperature, typically 70-85%43. Crystallinity will impair ion conduction, 

rendering these electrolytes more suitable for elevated temperature operation. This 

propensity for high amount of crystallinity is a direct manifestation of the ionic 

conductivity problem discussed in section 2.3. To mitigate this, there are a number of 

strategies that have been employed to plasticize PEO to reduce crystallinity and favor ion 

conduction. These strategies will be covered in the rest of this chapter. 
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2.5 Composite Solid Polymer Electrolytes 

One of the most common ways PEO is plasticized is through the addition of micro or 

nanosized ceramic fillers of either inactive (TiO2, Al2O3, silica, ZnO)50–54 or active (Li 

Nasicompound, LLTO, LATP)55–57 materials. Dispersed ceramic particles are thought to 

influence the recrystallization kinetics of the PEO polymer chains, effectively depressing 

crystallization and thereby increasing Li+ conduction50,53,58 through an increased 

amorphous phase volume. In addition to disrupting crystallinity, ceramic fillers have been 

shown to improve Li+ transport through increased ion pair dissociation and at the interfacial 

region between polymer and particle59,60. Inactive ceramic nanofillers can provide the 

advantages listed above, however they do contribute to dead volume where Li+ conduction 

does not occur given that the fillers don’t themselves contribute to Li+ transport61. On the 

other hand, active nanofillers consist of materials that have an appreciable Li+ conductivity, 

providing an alternative Li+ conduction pathway often through low energy barrier defect 

or interstitial hopping55–57,62. Ceramic fillers also provide a reinforcing network effect, 

improving the mechanical properties of the SPE63. The surface modification of the ceramic 

filler provides an interesting avenue to affect and improve the lithium transference of the 

SPE, as well as improve electrochemical stability53. As promising as ceramic fillers are for 

their ability to improve mechanical and electrochemical stability, their improvement in 

ionic conductivity to ~10-4 S/cm at elevated temperatures alone is not satisfactory for most 

commercial applications. Therefore, further innovation is needed to achieve a useful SPE 

of which ceramic filler may be an important component.  
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2.6 Block Copolymer Solid Polymer Electrolytes  

Another well studied strategy to approach the PEO crystallization problem is to incorporate 

PEO into a block copolymer (BCP) system where PEO crystallization is disrupted. The 

selection of blocks is often done strategically such that ion conduction occurs mostly within 

one block while the other provides mechanical stability and rigidity, as is seen in many 

polystyrene (PS)- PEO BCPs16,47,64. This can occur if the BCP is tuned towards block phase 

segregation, leading to an intimately interdigitated structure with solid-like mechanical 

properties while segregating ion conduction to one phase65–67. Different morphologies are 

possible in a BCP electrolyte such as lamellae, gyroid networks, disordered, sphere, and 

hexagonal cylindrical phases. These morphologies are tunable by changing the relative 

block length68, changing salt concentration69, or through functional group selection70 and 

all affect the mechanical and transport properties of the electrolyte leading to a rich 

experimental design space to be explored. Other work involves tailoring the copolymer to 

have a high lithium transference number by incorporating the anion of the salt covalently 

to one of the blocks71. This effectively “fixes” the anion of the lithium salt in place, 

ensuring that all ionic current occurs through the movement of Li+ resulting in a lithium 

transference number near unity. Although the idea of decoupling the ion transport and 

mechanical properties through the use of two distinct blocks is promising, in practice these 

BCPs can be difficult to synthesize and the ionic conductivity accessible by changing BCP 

morphology is insufficient at ambient temperatures (<10-4 S/cm). 
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2.7 Ionic Liquid Electrolytes 

Ionic liquids (ILs) are molten salts that are defined as having a melting point below 100 

°C, and are often liquids at room temperature in which case they can be called room 

temperature ionic liquids (RTILs). ILs have a number of properties that make them 

attractive for use as electrolytes, including high conductivity, low volatility, and excellent 

electrochemical and thermal stability72. Retrieval and recycling of ILs is easily achieved 

through distillation or biphasic chemical processes, making them somewhat more 

environmentally friendly than their organic liquid counterparts73. Another benefit of ILs is 

that they are highly tunable, as the cation and anion can be selected to control the properties 

of the electrolyte. The most common cationic architectures are the quaternary nitrogen ring 

structures imidazolium, pyrrolidinium, piperidinium, and pyridinium72. Typical anion 

structures for electrolyte applications are halogens, fluorinated compounds such as BF4-, 

or sulfonated imides. The lesser studied sulfonium based cations have also shown to be 

promising as they exhibit good conductivity and electrochemical stability windows31,74,75. 

 Despite their impressive electrochemical properties, there are a number of factors 

holding ILs back from widespread use as electrolytes. In most ILs there are no native Li+, 

requiring a lithium salt to be introduced to the IL for LIB applications. This increases the 

viscosity of the electrolyte mixture, making it difficult to handle and limiting the 

conductivity45,72. Additionally, many ILs are air and moisture sensitive and their cost is 

quite high, limiting their practicality. One common way to take advantage of IL properties 

while pivoting from the model of IL as electrolyte is to incorporate them into a polymer 

matrix such that they act as a plasticizing agent to boost the conductivity of the resulting 

SPE3,30–32,45,73,76–90. Multiple approaches on this front have been taken including creating a 
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polymer gel that is swelled with IL3,16,28,45,73,91, polymerized ionic liquids (PILs) where 

either the anion or cation is incorporated covalently into the polymer backbone92–94, or 

having a ternary SPE with a polymer matrix, lithium salt, and IL16,30–32,49,83,85,95,96. Shin et 

al. conducted the first study of ternary electrolytes by blending PEO, the IL N-methyl-N-

propylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR13TFSI), and lithium 

bis(trifluoromethanesulfonyl) imide (LiTFSI) together to make a SPE83. They studied 

different samples with varying amounts of IL and showed that the addition of IL 

dramatically improved the ionic conductivity over “dry” SPEs, and even demonstrated the 

viability of this system for battery cycling. The boost in conductivity with the addition of 

an IL and lithium salt to PEO comes from an effective increase in the free volume of the 

system, allowing for greater chain mobility and a localized liquid-like environment for Li+ 

to move43. Ternary SPE systems are a rich field of study given the multiplicity of options 

with the selection of IL, salt, and polymer. This remains a promising avenue towards the 

development of a safe, flexible, and commercially viable SPE.  

 PILs are an interesting option given that they can be made such that the only free 

ion is Li+, allow for a lithium transference number ~171. The main drawbacks of this 

approach are that PILs can be difficult to synthesize, and the conductivity at room 

temperature remains poor, on the order of ~10-7-10-6 S/cm45,97–100. Creating a gel where the 

polymer chains are crosslinked to form a network strikes a reasonable compromise between 

the mechanical and transport properties of the resulting GPE. Crosslinked chains allow for 

higher IL loading content to boost ionic conductivity while also maintaining some 

mechanical integrity. The superior properties of the IL are largely transferred to the gel, 

namely excellent thermal and electrochemical stability. This is in contrast with gel 
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electrolytes that are loaded with organic liquids; these SPEs still suffer from many of the 

same drawbacks of conventional electrolytes such as high volatility with the potential for 

pressure buildup. As promising as these gel SPEs are, they still suffer from poor interfacial 

resistance and moderate conductivity values3.  

 

2.8 PEO Alternatives  

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

polyacrylonitrile (PAN), polymethyl methacrylate (PMMA), and poly(vinylidene fluoride-

co-hexafluoropropylene) (PVDF-HFP). Typically, polymer electrolytes with appreciable 

conductivity that don’t incorporate ethylene oxide unit in some fashion are GPEs that rely 

on a conduction mechanism that is largely independent of Li+ coordinating to and moving 

along polymer chains. For instance, PAN-based GPEs can have high ionic conductivity 

values on the order of 1 mS/cm at room temperature, but they have other drawbacks such 

as poor reductive stability101, ruling out anodic materials like lithium metal or graphite and 

severely limiting its utility as an electrolyte. These systems also have many of the 

drawbacks of organic liquid electrolytes as mentioned previously.  

 

2.9 Ceramic Electrolytes 

A type of solid electrolyte that is fundamentally different than SPEs are those based on 

ceramics and glasses. Ceramic electrolytes are attractive for their high elastic modulus, 

high thermal stability, and low flammability102,103. The solid nature of ceramic conductors 

also eliminates the potential for electrolyte leakage, eliminating excess packaging and 

improving the safety of the battery. Perhaps the biggest advantage to ceramic electrolytes 
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is their ability for stable Li electrodeposition due to their high shear modulus104, effectively 

preventing Li dendrite formation. One of the most common glassy electrolytes of this type 

is lithium phosphorous oxynitrides (LIPON)103,105. Other common ceramic electrolytes 

include lithium lanthanum titanate (LLTO)102,106 and lithium superionic conductor 

(LISICON)107. These systems are single-ion conductors with conductivities ranging from 

10-6 – 10-3 S/cm with sustained cycling (+1000 cycles). However, they have trouble 

forming stable interfaces that don’t change volume during cycling105. This often leads to 

poor contact between the electrolyte and electrodes, resulting in high interfacial resistances. 

Ceramic electrolytes also tend to have a high sensitivity to moisture108 and to be comprised 

of expensive elements such as germanium109, raising the cost of commercial 

implementation.    

 

2.10 Aqueous Electrolytes 

The first secondary (rechargeable) battery was a Pb-acid battery developed in 1859 by G. 

Planté110. With the invention of the generator shortly after secondary batteries became 

industrially relevant and were used on a wide scale111. The aqueous electrolyte chemistries 

that have been traditionally used as secondary batteries including for grid-level energy 

storage are lead-acid, Ni-Cd and Ni-MH (Ni-Metal Hydride) aqueous electrolytes112. The 

main advantages of aqueous electrolytes over traditional organic liquid electrolytes is that 

they are inexpensive, possess high conductivity, and are inherently environmentally 

friendly111. However, the electrochemical stability window of water is only ~1.23V, which 

is raised to ~2.0V with additives10,113. This severely limits the energy density of the 

resulting battery which is dependent on the operating voltage, as well as the choice of 
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electrode materials. Aqueous electrolytes also lack the ability to form a passivating SEI as 

the reduction and oxidation products of water are hydrogen and oxygen gas. Compare this 

with Li+ organic liquid electrolyte technology (+4V) which is paired with a number of 

industrial and experimental high voltage anode/ cathode pairs and it is easy to understand 

why organic liquid electrolytes have come to prominence in recent years. 

 One alternative to traditional aqueous batteries is use an aqueous rechargeable 

lithium-ion battery (ARLB). ARLBs use an aqueous solution with intercalation anodes and 

cathodes. These batteries benefit from many of the same aspects of other aqueous-based 

batteries namely high conductivity, sustainability and low toxicity, and lower cost114. 

However, the fact remains that the aqueous nature of the electrolyte leads to serious 

compromises in the electrode selection and thus energy density of the battery113. 

 

2.11 Polymer-in-Salt Electrolytes 

Angell et al115 first demonstrated in 1993 the concept of polymer-in-salt electrolytes 

(PiSE), as opposed to the commonly studied salt-in-polymer electrolytes. With the 

understanding that polymers such as PEO or polypropylene oxide (PPO) show complete 

miscibility with many lithium salts, the relative concentration of salt and polymer could be 

inverted such that salt was the majority component. Angel observed that in some salt-

polymer systems the Tg temperature displayed a maximum as salt content was increased, 

indicating that transport properties of the salt-polymer electrolyte could be improved by 

increasing the salt content past this maximum. This new insight deviated from the 

conventional wisdom that as salt concentration increases, Tg increases46,116. With the ability 

to lower Tg and thus improve transport properties of salt-polymer systems a new field of 
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inquiry was born. Angell called the compositional range past the Tg the salt-in-polymer 

domain, and showed that with as little as 10-20% of high molecular weight polyether 

(+105Da) is needed to impart the mechanical properties of an elastomeric solid. 

Conductivity values of greater than 10-4S/cm at 25°C were measured for 90% lithium salts 

and either 10% PEO or 10% PPO115. Bushkova et al117 described the surprising transport 

properties in terms of percolation theory, when a critical threshold of ions clusters occurs 

all clusters are in contact making one big cluster. This allows for fast cationic transport of 

Li+ through this cluster network. The attractive features of the PiSE approach is to combine 

fast cationic transport with the mechanical properties of a flexible polymer. Ferry et al 

showed that the role of the polymer besides forming a solid is to help plasticize the salt, 

imparting the ability to form an ion cluster network118. The PiSE approach is promising 

field of research with more to be explored. The inclusion of a second small solvent 

molecule could help further improve the transport properties of these systems. 

 

2.12 Aqueous Salt Electrolytes 

Building on this concept of salt-rich systems, a unique approach was taken by Suo et al.113 

where a highly concentrated 21m (molal) solution of LiTFSI in water or “water-in-salt” 

electrolyte (WISE) was demonstrated to be an effective alternative to other aqueous 

electrolytes. This approach is different from the PiSE approach in that instead of using 

small amounts of high molecular weight polymer to solubilize the high salt content of the 

electrolyte and impart the mechanical properties of a solid, a small amount of water is used 

which leads to a liquid electrolyte solution with faster ion transport than the PiSE systems.  

Their research showed an expanded electrochemical stability window (ESW) to ~3V, with 
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the proof of concept battery pair of a Mo6S8 anode and a LiMn2O4 (LMO) cathode, 

significantly higher than the ESW of water at 1.23V113. This WISE system demonstrated 

the ability to cycle in a 2.3 V electrochemical cell with minimal capacity fade over 100 

cycles and nearly a 100% coulombic efficiency, showing considerable improvement for an 

aqueous electrolyte. Typically for liquid electrolytes, solvent molecules are the majority 

component within the first solvation sheath of Li+. This leads to a selective reduction of 

solvent molecules at the anode/ electrolyte interface, and for liquid organic electrolytes the 

resulting decomposition products can form a quality passivating SEI. For aqueous 

electrolytes where water is the solvent molecule it’s a different story, as water is a poor 

chemical substrate for SEI formation given that water reduction leads to H2 gas generation. 

The origin of the increased stability of the aqueous WISE is the drastic alteration of the 

solvation shell around Li+, with only 2.6 water molecules for each Li+113, allowing TFSI- 

to enter the solvation sheath. TFSI- anions entering the solvation sheath of Li+ assisted with 

formation of a solid passivating layer comprised of mostly LiF on the anode surface as 

TFSI- and not water becomes the reduced species119–122.  

 Since the initial breakthrough of anion-derived SEI in highly concentrated aqueous 

salts in 2015, multiple efforts have been successful at increasing the salt concentration 

through the careful selection of two-salt systems. Water-in-bisalt electrolyte added a 

second lithium salt lithium trifluoromethane sulfonate (LiOTf) to WISE for a mixed 

aqueous salt with 28m effective concentration123. The molar ratio of cation/water is 

approximately 1:2, an increase in cation content from a 1:2.6 ratio for just WISE113,123. 

Similarly, Yamada et al reported two bisalt systems, first an aqueous salt comprised of 

LiTFSI and lithium bis(perfluoroethylsulfonyl)imide (LiBETI) for an effective 
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concentration of 28m124. Second, an aqueous salt using LiTFSI and 

LiN(SO2CF3)(SO2C2F5) (LiPTFSI) for an impressive effective concentration of 55.5m, or 

a cation:water ratio of ~1:1125. These efforts to reduce the number of water molecules in 

the first solvation sheath of Li+ have yielded impressive results, with LTO124,125 anode and 

even Li metal/ Al alloying reaction125 being enabled in these systems. 

 Another effort to innovate on the anion-passivation mechanism in concentrated 

aqueous electrolytes involves incorporating WISE into a gel using polyvinyl alcohol 

(PVA)126. The total concentration of salt in water in this system is 25m, greater than the 

solubility limit of just WISE (~22m) suggesting that PVA chains play some role in 

solvation of LITFSI. While the prospect of combining an aqueous salt with a polymer 

matrix to make an aqueous SPE is a promising area for research, there is a lack of peer-

reviewed publications on this topic.  
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Chapter 3: Overview of Research Activities 

 

3.1 Electrolyte Component Selection 

In the following section, information on the materials used to synthesize the two different 

SPEs are given. Figure 3.1 gives an overview of the chemical structures of materials used.  

 

 

Figure 3.1: Chemical structures of materials used to synthesize SPEs. 

 

Polymer 

The polymer matrices that were investigated are various molecular weights of 

poly(ethylene oxide) (PEO). The polymer matrix will entrap the aqueous salt and the ionic 

liquid, all the while providing the mechanical stability that will make these electrolytes true 

solids with no leakage. For this reason, higher molecular weight of 1x106 Da and 4x106 Da 

was tested. PEO is a popular choice as a polymer host for SPEs16,31,45,47,49,85,127 due to its 

electrochemical stability, reasonable conductivity at ambient or elevated temperatures 

PEO LiTFSI

S2TFSI Water
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between 40-80 °C, easy processability and safety. The conductivity of PEO has a strong 

temperature dependence that is linked to its crystallinity, which disrupts ion conduction. 

The mechanism of ion conduction in PEO is a combination of inter and intrachain hopping 

of Li+ along coordination sites to ether oxygens along the PEO backbone. This hopping 

mechanism is dependent on the PEO chains being mobile, thus raising the concern over 

crystallinity. There are many methods to plasticize PEO and increase the amount of 

amorphous phase present, which will increase the conductivity. These methods include the 

inclusion of ceramic nanoparticles33, using a block copolymer with a PEO component87,128, 

using low molecular polymers129, or adding ILs30,31,45,47,85.  

  

Lithium Salt 

LiTFSI was chosen and is easily dissolved in solution or polymer given its bulky anion 

which can easily disassociate from the Li+ cation, allowing for good ion conduction. One 

major concern with the use of LiTFSI is that it can corrode aluminum, a popular cathode 

current collector material, at high potentials (>4.0V)48,130. However, it has been previously 

shown that SPEs incorporating LiTFSI salt can be stable against aluminum31. LiTFSI will 

be the salt of choice for the investigation of the ILSPEs.  

 

Ionic Liquid 

The IL that will be most extensively studied is triethyl sulfonium 

bis(trifluoromethanesulfonyl) imide (S2TFSI). The TFSI anion was chosen to match that 

of the lithium salt, as well as the favorable properties previously mentioned. The S2 

structure is an underutilized cation for ILs in SPE applications that has demonstrated 
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exceptional electrochemical stability and conductivity30,31. The structural similarities 

between the S2 cation and PEO are thought to lead to better compatibility with regards to 

electrical properties. Other cations that are more popular in research literature such as the 

imidazolium or pyrrolidinium structures are also viable options with their own set of 

drawbacks. The imidazolium architecture suffers from poor stability at low voltages91, 

while the pyrrolidinium architecture has shown low conductivities when incorporated into 

a PEO matrix83. 

 

Aqueous Salt 

The aqueous salt of interest is LiTFSI in water, which has been investigated previously as 

a “water-in-salt-electrolyte”113 with a concentration up to 22m. This aqueous salt used to 

make ASPEs will be varied up to and past their salt concentration limit in water, taking 

advantage of the additional solvation of LiTFSI from PEO. Ratios of polymer: salt: water 

were varied to sample a wide range of transport and mechanical properties.  

 

 

3.2 Electrode Materials Selection 

The SPEs will be cycled in a full electrochemical cell to determine battery performance. 

Lithium metal and lithium titanate (LTO) will be used as anode materials. Lithium iron 

phosphate (LFP), lithium manganese oxide (LMO), and lithium cobalt oxide (LCO) will 

be used as cathode materials. For the ILSPE the cathode will be a composite of active 

material, PVDF (polyvinylidene fluoride) binder, carbon black, IL, and lithium salt. A 
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composite cathode has often been reported in literature as needed to facilitate a good 

interface between the cathode and SPE2,3,33,85.  

 

3.3 Polymer Electrolyte Synthesis 

The SPEs will be fabricated in a dry room using a solvent-free hot-pressing process. All 

components will be thoroughly dried for 24-48 hours in a vacuum oven before use. The 

SPE components will be mixed with a mortar and pestle, and then vacuum-sealed in a 

pouch cell and annealed overnight at 60 °C to homogenize the mixture. After annealing, 

the pouch will be hot-pressed with one metric ton of pressure at 85 °C for one minute to 

form a homogenous thin film SPE. All SPEs will be stored in their vacuum pouches until 

they are required for testing, at which point they will be opened in either a dry-room in the 

case of ILSPE, or normal lab atmosphere in the case of ASPE and be used immediately to 

limit any possible contamination. Solvent-free hot-pressing produces thin, homogenous 

SPEs but has the added benefit of eliminating the possibility of trapped solvent molecules, 

which can produce artificially high conductivity measurements131. 
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3.4 Cell Construction  

The test cells will be constructed as shown in Figure 3.2, and are crimped to hermetically 

seal them from the environment. All test cells involving ILSPE will be done in a dry room 

to prevent any moisture contamination. Prior to testing the cells will be annealed at 60oC 

for 24-48h to ensure good contact between the electrolyte and the electrodes. The electrode 

type will depend on what test is being performed.   

Figure 3.2: Exploded view of test cell construction, image adapted from Aaron Fisher’s PhD dissertation. 

 

3.5 Characterization Techniques 

Impedance Spectroscopy  

The general principle behind AC impedance spectroscopy is that the application of a small 

amplitude AC current (10 mV) results in an impedance response that can be measured. 

This response can be understood by modeling this system as a combination of resistances 

and capacitances. To model this system, an equivalent circuit similar to that shown in 

Figure 3.3, will be fit to the data.  Rb, bulk resistance, models the diffusion of charged 

species through the electrolyte, while Rp, interfacial resistance, and Cdl, double layer 

capacitance jointly models the interface's electrical properties. If additional components 
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are needed to better model the system, they will be added. This modeling will be performed 

on the SPEs to isolate the largest contribution to the overall resistance and how these 

resistances evolve with time during the overpotential studies. Additionally, experiments 

will be designed to test the veracity of the proposed model. One such experiment could be 

adjusting the lithium salt content in the SPE and observing how components in the 

equivalent circuit respond, and comparing this change with what is expected in literature.  

Figure 3.3: Equivalent electrical circuit. 

 To measure the AC impedance of the SPEs, a two-probe system will be used where 

an AC amplitude of 10 mV in the frequency range of 1 MHz to 1 Hz will be applied. The 

cells are to be constructed with two blocking stainless steel electrodes (total electrode 

thickness 1.0 mm to ensure good physical contact in the cell) such that the cell is 

symmetric. It is then possible to discern the bulk and interfacial resistance by fitting a 

semicircle to the Nyquist plot and assigning the low frequency intercept to the interfacial 

resistance and the high frequency intercept to the bulk resistance. The bulk resistance value 

is plugged into (1) to give the conductivity in mS/cm, where t is the thickness of the SPE, 

A is the area, and R is the bulk resistance. Each SPE that is measured will be done with 

three samples to provide statistical significance. The cells will be measured in a wide range 

of operating temperatures, from 0-80oC. The target range of ionic conductivity for SPE is 

between10-3-10-4 S/cm at room temperature, a value necessary to be competitive for 

commercial applications.  
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𝜎 =  
𝑡

𝑅∗𝐴
          (1) 

 

DSC  

Differential scanning calorimetry (DSC) will be conducted on a TA Instruments Q100 

DSC. DSC allows for the detection of thermal transitions that occur in the SPE, which will 

be informative when coupled with the observed properties. Ion conduction in polymers 

with high amounts of crystallinity is poor, so the melting temperature needs to be identified 

and taken into account when designing a SPE system. Additionally, the glass transition 

temperature Tg is important to identify because the further a SPE is away from its Tg the 

more conductive it will be due to the polymer chains having a ‘rubber-like’ quality. 

Polymers tend to have a hysteresis in melting and crystallization temperature, with the 

ability to “supercool” down below the melting temperature. Determining melting and 

recrystallization temperatures is critical to understanding the transport properties of the 

SPE, as increasing amounts of crystallinity in the SPE will have an adverse effect on the 

ionic conductivity. Additionally, knowledge of the glass transition temperature is important 

for comparison to the observed electrical properties and to understanding the mechanical 

properties of the electrolyte. DSC experiments will consist of placing a SPE sample in a 

hermetically sealed aluminum pan. The sample will go through a heat/ cool/ heat cycle to 

erase any thermal history and the relevant transition temperatures will be identified from 

the thermogram using TA Universal Analysis software. Comparison between samples will 

determine the relationship between composition (varying polymer content, IL content, etc) 

and thermal transitions of the SPE.  
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Modulated DSC 

MDSC will be conducted on a TA Instruments Q100, and will be used to determine the 

homogeneity of the ILSPE and if there is any microphase separation present. IlSPE samples 

will be placed in hermetically sealed pans and assembled in a dry room to avoid moisture 

contamination.  A heat/cool/heat cycle above the SPE melting point will eliminate any 

thermal history before recording a thermogram. Varying the relative concentrations of 

polymer, salt, and IL while measuring phase separation will help determine the Li+ 

conduction mechanism by comparing this data with previously proposed conduction 

mechanisms in Figure 2. The two main mechanisms for consideration are the two panes on 

the right side of Figure 2. The first mechanism describes an environment where Li+ 

coordinates to both the ether oxygens on the polymer chain and to free anions, and moves 

through a combination of inter and intra chain hopping. The second mechanism proposes 

that there is some microphase separation with polymer-rich and polymer-poor regions and 

that polymer chains are largely not participatory. The Li+ is surrounded by a liquid-like sea 

of ions in the polymer-poor phase and conducts as though it were in a liquid. The detection 

of phase separation at various concentrations of ionic additives with MDSC will help 

determine the Li+ conduction mechanism for the ILSPEs. 
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Linear Sweep Voltammetry 

The electrochemical stability window (ESW) is the range of potentials at which the 

electrolyte is thermodynamically stable. Outside of this range, the electrolyte will start to 

undergo irreversible redox reactions, resulting in capacity fade and a resistive interface. 

Ideally the electrolyte would have an ESW that is wider than the theoretical potentials of 

the electrodes. However, current organic liquid electrolyte technology is not stable below 

1V and is reliant on forming a passivating SEI. Similarly, electrolytes with aqueous 

components are notorious for being incompatible with even modestly low potential anodes 

like LTO. Figure 4 shows the ESW for different generations of aqueous-based electrolytes, 

none of which are close to the LTO anode (1.5V vs Li/Li+). Fortunately, polymers 

electrolytes have been shown to have excellent ESWs as they have demonstrated stabilities 

that exceed 5V against Li/Li+10. Linear sweep voltammetry (LSV) will be conducted to 

determine the ESW of the electrolyte. To accomplish this a coin cell will be constructed 

with a reference electrode (lithium metal) and the other is a blocking electrode. For the 

cathodic sweep the blocking electrode is aluminum and for the anodic sweep the blocking 

electrode is stainless steel. For the LSV test the voltage will be set to 3.0V vs Li/Li+ and 

then stepped at a rate of 1mV/s to either 0 or 6.5V against the lithium reference. 6.5V was 

chosen as an arbitrarily large potential to ensure that some breakdown of the electrolyte 

occurs. At the point where the current density becomes nonlinear and increases sharply, 

the electrolyte has broken down. With both the anodic and cathodic sweeps the ESW is 

determined. Electrode materials with potentials within the ESW will be stable with the 

SPE, while electrode materials outside of the ESW will need to make a passivating layer 

(SEI) at the interface to be used effectively in a LIB.  
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Cyclic Voltammetry 

Cyclic voltammetry (CV) will also be conducted to elucidate any time dependent changes. 

This experiment will be run in a similar manner as LSV, but the voltage will be cycled 

from 3V to the voltage of the desired working electrode and back to 3V, which will count 

as one cycle. This will be done for +100 cycles in both the cathodic and anodic directions. 

If the shape of the CV curve is flat with no spikes in current density across many cycles, 

then the SPE is stable at the given potential with cycling time. If current density increases 

with cycle time, then the SPE has begun to breakdown under the stress of continued 

cycling. Intermittent impedance spectroscopy will be conducted to quantify the growing 

interfacial resistance at the electrode/ electrolyte interface with time as the electrolyte is 

cycled.   

 

Lithium Stripping and Plating 

AC impedance gives a good picture of the bulk properties of an electrolyte, but 

overpotential studies lead to an understanding of how the interface between the electrode 

and electrolyte evolves with time. The overpotential is the difference between the 

thermodynamic reduction potential of a given redox reaction and the actual potential at 

which the reaction takes place, in this case it will be the reduction of Li+ and the plating of 

lithium metal at the electrode surface. This gives a direct measure of the excess energy 

(wasted as heat) needed to drive a reaction above what is thermodynamically predicted, 

and is a mode of inefficiency in the cell. For symmetrical Li/ SPE/ Li coin cells, the increase 

of the overpotential value measured with cycle time can be attributed to the passivating 
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quality of a growing SEI as the SPE isn’t stable at the potential of lithium and will be 

reduced. If the SEI is passivating, the overpotential value will increase slowly with cycle 

time. If the quality of the SEI is poor and fails to prevent further electrolyte degradation, 

the overpotential will increase more rapidly as electrolyte reduction contributes to the SEI 

becoming thicker and more resistive. Intermittent impedance spectroscopy is coupled with 

this technique at set cycle intervals to measure the resistance of the cell, directly observing 

the growing resistance of the cell with cycle time which is also attributed to the growth of 

the SEI. Stability of this interface is critical to long cycle life, capacity retention, and high 

coulombic efficiency, all of which are important metrics when considering the validity of 

an electrolyte for application. Symmetrical coin cells with Li/ SPE/ Li will be constructed 

and lithium plating/ stripping tests will be conducted galvanostatically by reversing the 

polarity of a constant current density of 0.1 mA/cm2 each hour. It is ideal to have a low 

value for the overpotential that increases very slowly with time, indicating that the 

interfacial resistance and SEI is stable and not increasing much with time. Impedance scans 

will be taken intermittently every 20 cycles while the overpotential is being measured. The 

equivalent circuit in Figure 6 will be used to model the resistances in the cell, and to 

determine which resistances are growing with time and having the largest contribution. 

This modeling will be used to confirm that the growth of a SEI is the main contributor to 

increased resistance in the cell.  

 

Cycling performance 

The ultimate goal of developing a SPE is to successfully use it in a LIB, therefore the SPEs 

performance must be tested in an electrochemical cell. Ideally the electrolyte would cycle 
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and deliver capacity without interfering with the normal capacity fade of the cathode. 

Capacity fade is an inevitable result of electrolyte degradation and the physical and 

chemical changes that occur in the structure of the cathode during the 

intercalation/deintercalation of Li+ ions. The lifetime of a battery is considered as the 

number of charge cycles it can undergo before it is only able to deliver 80% of its initial 

capacity, which is typically in the range of +500 cycles for LIBs. Coulombic efficiency is 

another metric that is measured during cycling and is the ratio of electrons that participated 

in charging the battery to the number of electrons that completed the discharging of the 

battery. Any percentage less than 100% represents a loss in the system in the form of heat 

and/ or unwanted chemical reactions (continual electrolyte degradation and SEI formation). 

Accelerated capacity fade (over dozens of cycles rather than hundreds) coupled with less 

than stellar coulombic efficiency (>95%) is indicative of a poorly passivating and growing 

SEI layer. Comparison of the rate of capacity fade between samples will help determine 

the relationship between different component concentrations and the passivation ability of 

the SEI. Another variable that will be looked at is operating temperature, with cells cycling 

at ambient temperature as well as elevated temperatures (60oC) to measure differences in 

cell performance at different operating temperatures.  

 

Rate Performance 

Rate capability, or the ability to cycle at different C rates (C is charge rate, where 1C is full 

discharge in one hour, C/2 would be full discharge in two hours), is an important aspect of 

battery performance and will be investigated here. It is typical for a battery system to 

delivery less capacity at higher C-rates which place a greater demand on the ability of the 
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battery to transport Li+. However, to demonstrate healthy cycling and good rate capability 

a battery should be able to demonstrate reversible capacity at any given rate. Li/ ILSPE/ 

LFP cells will be made and cycled at rates from C/20 to C/2. Li/ ILSPE/ LFP cells were 

cycled on an Arbin BT2000 between 2.8-4.0V vs. Li/Li+. The variable rate routine involves 

cells completing 5 cycles at the following rates in succession: C/20, C/10, C/5, C/2, and 

C/20 at 22°C. All cells were annealed at 60°C for 24hr prior to cycling.  

 

Transference number  

The lithium transference number is a measure of the fraction of the total moving charge 

that is due to Li+ ions. The lithium transference number is determined by the Bruce-Vincent 

method which involves potentiostatic measurements in a Li/ SPE/ Li cell and dividing the 

steady state current Iss by the initial current Io while accounting for the change in resistance 

between the steady and initial states (Equation 2)132,133. ∆V is the polarization potential, Ri 

is the interfacial resistance, Rb is the bulk resistance, o represents the initial condition, and 

ss represents the steady state. TLi+ corresponds to the ability of each ion present to diffuse 

through the electrolyte and depends on the relative concentration of each ionic species. TLi+ 

is a good measure of the concentration gradient that develops in the electrolyte system, and 

as the gradient becomes steeper it will be more difficult for the battery to deliver capacity. 

A value of 1 is the ideal case because it means that all moving charge is due to Li+, but 

given the complex nature of the solid electrolytes this is expected to be between 0.2 and 

0.5. The presence of other ions such as the TFSI anion or IL cation will affect TLi+ and 

make it lower, given that the movement of these ions contributes to the overall current. 

This being the case, the design of the SPE must take the ionic additives adversely affecting 
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TLi+ into account and stay above a reasonable threshold of ~0.3. The potentiostatic 

measurements will be run at 10 mV for 2hrs where the system is assumed to be at 

equilibrium by observing a linear response in I over time. The relevant values will be 

measured using a solartron and by using (2) TLi+ will be determined.  

𝑇𝐿𝑖+ =  
𝐼𝑠𝑠∗𝑅𝑏,𝑠𝑠(∆𝑉 – 𝐼0∗𝑅𝑖,0)

𝐼0∗𝑅𝑏,0(∆𝑉− 𝐼𝑠𝑠∗𝑅𝑖,𝑠𝑠)
            (2) 

 

Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy 

Scanning electron microscopy (SEM) in combination with energy dispersive x-ray 

spectroscopy will be used to directly image and characterize the composite cathode surface. 

Imaging of the interface along with specific point chemical mapping via EDX will be a 

useful tool to visualize if the cathode is well mixed. Imaging will be done with a Tescan 

GAIA SEM system and accompanying EDX attachment.  

 

Pulsed-Field Gradient Nuclear Magnetic Resonance 

Pulsed-field gradient nuclear magnetic resonance (PFG NMR) will be used to determine 

the diffusion coefficients for different ionic species in ASPE electrolytes. All NMR 

samples are packed into 5 mm tubes in ambient atmosphere, and the tubes are then sealed 

to preserve the same relative humidity value in which they were prepared. Sample 

preparation time will be minimized to five minutes or less in an effort to lessen the air 

exposure of the electrolyte. PFG NMR experiments will be performed at 25 °C with a 300 

MHz Varian-S Direct Drive Wide Bore spectrometer equipped with a DOTY Scientific 

PFG probe (DS-1034, 1400 G/cm maximum gradient). Single peaks are observed 

for 1H, 19F, and 7Li resonances centered at 302.7, 280.5 and 117.3 MHz, respectively, 
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corresponding to all hydrogen-, lithium-, and fluorine-containing species. A PFG-

stimulated echo pulse sequence will be used. Gradient pulse durations δ of 2 to 4 ms and 

diffusion delays Δ of 100 ms will be used. The gradient strength g will be linearly increased 

with 32 values steps from 1.7 up to 700 G/cm as needed. From each experiment, the 

integrated intensities S as a function of applied gradient g (in T/cm) will be obtained. 

Subsequently, diffusion coefficients D can then be computed using least-squares fitting of 

the Stejskal-Tanner Equation134 (3): 

𝑆 = 𝑆0𝑒
−𝐷(𝑔𝛿𝛾)2(𝛿−

Δ

3
)
         (3) 

   

Data will be collected at multiple temperatures such that diffusion coefficients of different 

species as a function of temperature are elucidated. Using the diffusion coefficients 

calculated from PFG NMR, transport number is determined using (4): 

𝑡+ =
𝐷+

𝐷++𝐷−
          (4) 

Transport number is analogous to transference number, with the only change being that 

transport number does not take into account the mobility of any charged or neutral ion 

pairs/aggregates that may be in the system. ASPE instability against lithium metal 

precludes it from transference number determination by the Bruce-Vincent method, thus 

the PFG NMR method was used for this system. Additionally, ionic conductivity can be 

calculated from the diffusion coefficients measured by PFG NMR using the Nernst-

Einstein Equation: 

𝜎NMR =
𝐹2[𝐶]

𝑅𝑇
(𝐷+ + 𝐷−)         (5) 
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Ionic conductivities calculated by Nernst-Einstein will be compared to those measured by 

EIS. A significant deviation from EIS measurements could indicate significant ion pairing 

in the ASPE system.  
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CHAPTER 4: Ionic Liquid-Based Solid Polymer Electrolytes1 

 

4.1 ILSPE Justification 

ILSPEs have shown great promise as safer and more green alternatives to liquid organic 

electrolytes, with the sulfonium cation architecture in particular warranting further 

investigation for its superior electrochemical stability30,135. ILSPEs would be ideal for 

applications with an elevated operating temperature requiring high energy density such as 

for a car battery (operating temperature ~100oC) as they can be used with a lithium metal 

anode and high voltage (+4 V) cathode and they work well at higher temperatures. 

Additionally, battery application where safety is critical would be well suited for ILSPEs. 

One example would be implantable medical devices such as a pacemaker. Pacemakers 

operate at physiological temperature (~37oC) and require low power density, relieving the 

concern over slower ion transport in SPEs, however safety cannot be compromised. SPEs 

also open the possibility for unique applications due to their flexible and conformable 

nature. An ILSPE that demonstrated good cycling stability and high ionic conductivity (~1 

mS/cm) could replace liquid organic electrolytes for a number of applications. 

 

  

 

1 This work resulting in a manuscript that is in preparation for submission to a peer-review journal:  

Matthew D. Widstrom, Kyle B. Ludwig, Jesse Matthews, Metecan Erdi, Arthur V. Cresce, Gary Rubloff, 

Angelique Jarry, Peter Kofinas, “Enabling High Performance All-Solid-State Lithium Metal Batteries using 

Solid Polymer Electrolytes Plasticized with Ionic Liquid,” (In Prep). 
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4.2 Introduction 

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

energy densities and long cycle life136, however there are concerns over the safety of these 

devices137. 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 fire138. There is growing research interest in replacing these liquid organic 

electrolytes with solid alternatives that are intrinsically safer4,20,48,139,140. 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) is a very 

promising alternatives to organic liquid electrolytes20,89,139,141,142. SPEs are nonflammable 

and have little to no vapor pressure, making them ideal candidates for battery applications 

in which safety is critical143. They are easily processible as they can be solution cast87 or 

fabricated into thin films using a solvent-free hot pressing approach2, they are flexible and 

conforming in nature, and they can eliminate the need for inactive cell components such as 

spacers and packaging which are currently required in the manufacturing process in order 

to prevent liquid electrolyte from escaping. However, the biggest challenge facing SPEs is 

their inferior ionic conductivity, as solid electrolytes are inherently less conductive towards 
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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 

salts142, this challenge is embodied in its propensity to crystallize below 60 °C for even 

moderately high molecular weights31. EO-containing SPEs exhibit ionic conductivity 

values several orders of magnitude lower compared to conventional liquid electrolytes 

below their melting point. Appreciable transport of ions in PEO relies on segmental chain 

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

fully plasticized PEO matrix and avoid any crystallization47. 

There are a number of 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, and 

silica51,53,140 as plasticizers that form composites with better mechanical properties and 

enhanced conductivity due to the disruption of crystal formation. Conductivity values on 

the order of ~10-4 S/cm have been obtained at elevated temperatures using ceramic fillers, 

which alone isn’t 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 block68,69. 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 drawbacks of this 

approach are that the rigid block is not conductive, leading to a low overall conductivity 

making these BCP SPEs only suitable for high (>80 °C) temperatures70,144. 

 A third approach is to plasticize PEO with an ionic liquid (IL) to form an amorphous 

SPE30,31,83,87. ILs are molten salts that have melting points below 100 °C, and are often in 
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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 SPE32.  

Here we investigate Polymer: IL: lithium salt ratios that have not previously studied and 

their effect on the physical and electrochemical properties of the resulting ILSPE system. 

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

commercial application. Optimized ILSPE compositions are resistant to oxidation and 

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

able to achieve room temperature cycling in Li/ ILSPE/ lithium iron phosphate 

configuration with high coulombic efficiency and capacity utilization. This work has the 

potential to enable the commercialization of ILSPEs for room temperature applications. 

 

4.3 Materials and Experimental Methods 

PEO with molecular weights of 300,00Da (300k), 1106 Da (1M), and 4106 Da (4M) was 

obtained from Sigma Aldrich. Triethylsulfonium bis(trifluoromethylsulfonyl)imide 

(S2TFSI) was obtained from Sigma Aldrich. Lithium bis(trifluoromethylsulfonyl)imide 

(LiTFSI) was obtained from Solvay. Lithium iron phosphate (LFP) was obtained from Saft 

America Inc, Cockeysville Maryland. Kynar 1800 (polyvinylidene fluoride, PVDF) was 

obtained from Arkema. Anhydrous N-Methyl-2-pyrrolidone (NMP) was obtained from 

Sigma Aldrich. CR2032 stainless steel coin cells were obtained from Pred Materials 

International. All materials were opened, handled, and stored in a humidity-controlled dry 

room (dew point <-30°C) or glove box.  
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Electrolyte Preparation 

Electrolytes were prepared by a simple three step process (see Figure 4.1). First the specific 

ratios of PEO, S2TFSI, and LiTFSI were mixed in a mortar and pestle until roughly 

homogeneous by inspection. The resulting sphere of electrolyte was placed in a sealable 

aluminum pouch and vacuum sealed (30s, -30psig). The pouch was then pressed at 85°C, 

above the melting point of PEO, with a force of 1 metric ton for one minute, resulting in a 

homogeneous film with a thickness of 100-200µm. All materials including the pressed film 

were handled in a dry room. 

 

Figure 4.1: High molecular weight poly(ethylene oxide) (300k, 1M, or 4M Da; M = 106), ionic liquid S2TFSI, and lithium 

salt LiTFSI are combined in varying molar ratios. The components are mixed by mortar and pestle, vacuum sealed in a 

pouch, and then pressed with heat to produce an ILSPE (100-200µm). 

 

Electrode Preparation 

LFP cathodes were prepared by ball mixing 60wt% LFP, 10wt% Kynar 1800, 10wt% 

Super-P, 5wt% PEO, 10wt% S2TFSI, and 5wt% LiTFSI in NMP for 20 minutes. The 

electrode was casted on an aluminum current collector using a doctor blade and then 

vacuum dried for at least 24hr prior to use. The morphology of the cathodes was imaged 

by scanning electron microscopy (SEM) using a Tescan GAIA SEM system in Figure 4.2. 
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Figure 2A and 2B show a broad and zoomed-in view, respectively, of the electrode’s 

surface morphology. EDX analysis was performed contemporaneously on the cathode 

imaged in Figure 2B. The analysis in Figure 2C 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 contrast nanoparticles and was found to be carbon, as expected. Traces 5, 6, 

and 7 were taken on the larger, low contrast 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 “grey matter” 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, S2TFSI, and LiTFSI) and traditional PVDF binder.   
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Figure 4.2: 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 (“1”) are carbon nanoparticles and the larger, low 

contrast particles (“5/6/7”) are lithium iron phosphate, connected by the grey matter (“2/3/4”) containing the ILSPE 

and PVDF. 

 

Differential Scanning Calorimetry 

Modulated differential scanning calorimetry (DSC) was performed on a TA Instruments 

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

15mg of electrolyte in an aluminum pan in a dry atmosphere. Samples were heated from 
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room temperature to 100°C, allowed to equilibrate, then cooled to -50°C and heated back 

to 100°C at a rate of 3°C/min with a ±0.20°C/min modulation. 

 

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 24hr to create a good contact before measurement. Impedance spectroscopy 

was measured over the frequency range of 1MHz to 1Hz with a 10mV amplitude. 

Temperatures ranging from 0°C to 80°C were measured, with a one-hour dwell time 

between each temperature to allow the electrolyte to equilibrate before measurement. A 

0.25mm thick PTFE spacer with a 4mm 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 would best fill the volume defined by the PTFE spacer.  

 

Transference Number 

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

polarization method133,145. The cells were annealed for 24hr and conditioned by running 5 

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

constituting one cycle with a current density of 0.02mA/cm2 being applied. This was done 

to create a stable interface before the transference measurement. The transference 

measurement involves applying a 10mV 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. 
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Cyclic Voltammetry 

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

stability of the electrolyte. Li metal/ ILSPE/ titanium-coated SS coin cells were prepared 

and cycled at 60°C. The voltage was swept from 2.5V to 4.5V vs. Li/Li+ and back for a 

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

 

Galvanostatic Cycling 

Li/ ILSPE/ LFP cells were cycled on an Arbin BT2000 between 2.8-4.0V 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, while others 

cycled using a variable rate routine. These cells completed 5 cycles at the following rates 

in succession: C/20, C/10, C/5, C/2, and C/20. All cells were annealed for 24hr prior to 

cycling.  

 

4.4 Results and Discussion 

The ILSPE molar composition follows the nomenclature 20 PEO: x S2TFSI: y LiTFSI 

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

weight is 1 or 4 million Da. The molar ratios and molecular weight of SPE (from 20:4:2 

(4M) with the highest salt/ionic liquid loading to 20:1:1 (1M) with the least loading) are 

varied to sample a wide spectrum of electrochemical properties while maintaining the 

ability to form homogenous, coherent thin films with a hot-pressing method. Increasing the 

molecular weight of PEO for higher salt/ionic liquid content is necessary for the 
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mechanical integrity of the resulting SPE film and has been shown to have a negligible 

effect on conductivity for molecular weights higher 1,000g/mol146. PEO was selected for 

its ability to dissolve alkali salts in high concentrations36,147 as well as its reductive stability 

against lithium metal39,41. TFSI- was chosen as an anion for both the lithium salt and IL 

component for its ease of dissociation due to its highly delocalized charge, as well as its 

chemical and thermal stability148,149. TFSI- is also known to be a good plasticizer150, which 

will help aid in amorphization of the electrolyte. 

 

DSC 

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

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

with temperature, such as melting phase transitions which would indicate the presence of 

PEO crystals. PEO crystallinity effectively shuts down the segmental motion of polymer 

chains, stunting the main conduction mechanism in PEO electrolytes and leading to poor 

ionic conductivity values31,46,148. Therefore, it is imperative to find ILSPE compositions 

with sufficient salt and IL content to fully plasticize PEO into an amorphous electrolyte. 

On the other hand, high content of salt will create aggregates that result in a significant 

decrease of conductivity and high content of IL will begin solvating PEO and result in a 

significant decrease of mechanical integrity. A compromise then has to be found to ensure 

the best performance of the ILSPE. DSC is the perfect tool to understand what effect that 

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

we seek to determine what is the minimum IL + salt content that will ensure an 

amorphization of the electrolyte in the desired temperature range.  
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Figure 4.3: : 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 immediately to the left of 

the plot for better clarity. Arrows are used to point to thermal transitions, e.g. Tg and Tm. The thermograms show the 

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

component (S2TFSI, LiTFSI) fails to fully create an amorphous ILSPE with observable glass transitions and melting 

points. The composition designations represent molar ratios in the form of x PEO: y IL: z LiTFSI. 

 

A)

B)
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 To assess the impact of each component, reference DSC thermograms of the PEO 

matrix, PEO and S2TFSI, and PEO and LiTFSI were collected and compared to 

thermograms of the full ILSPE (Figure 4.3) for two compositions. The PEO matrix (1M 

and 4M MW) shows a sharp melting peak above 65°C that is consistent with the melting 

temperature of high molecular weight PEO151. 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 4.3A, 

red curve) shows a suppressed melting peak at ~59°C with an enthalpy of melting, ΔHm, 

of 92J/g that is smaller compared to the 130J/g for PEO, indicating a lesser degree of 

crystallinity (45.3%). For 20:4:0 (4M) (Figure 4.3B, 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 IL30. The second peak at 

~51°C corresponds to PEO melting, but is smaller in size (32J/g) and at a lower temperature 

than the melting peak for 20:2:0. These results demonstrate that while presence of IL into 

the PEO matrix has a beneficial impact on suppressing crystallinity,  the salt is however 

necessary to fully plasticize and make the electrolyte amorphous.  

 As expected, adding Li salt into the PEO matrix changes drastically its thermal 

behavior. The thermograms for the PEO and LiTFSI salt in Figure 1 (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 at ~ -26°C and ~ -40°C respectively, while the melting transitions occurs 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°C151 to -26°C and -40°C respectively. The full ILSPE scans show no 
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features for both 20:2:2 (1M) and 20:4:2 (4M), indicating full plasticization and ideal 

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. 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 

conductive69,152.  This is evidenced by the thermograms for 20:1:1(1M), and 20:1:3 (1M) 

in Figure 4.4 where 20:1:3 (1M) has a suppressed melting peak in both location (37.6°C) 

and size (2.63J/g) as compared to 20:1:1 (1M) (47.5°C, 38.6J/g), however a Tg becomes 

detectable at -44.0°C for 20:1:3 (1M) where none is detectable for 20:1:1 (1M). 

 

 

Figure 4.4: Full modulated DSC scans in the range of -50°C to 100°C for A) 20:1:1 (1M) and B) 20:1:3 (1M). 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. 

 

An 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 and 20:4:2 thermograms 
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where no Tg was measured in the range of the scan down to -50°C. Figure 4.5 shows the 

individual full thermograms that were plotted together in Figure 4.3. 
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Figure 4.5: Full modulated DSC scans in the range of -50°C to 100°C for A) PEO (1M) B) 20 (1M):0:2 C) 20 (1M):2:0 

D) 20 (1M):2:2 E) 20 (4M):0:2 F) 20 (4M):4:0 G) 20 (4M):4:2 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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Table 4.1 shows a summary of the transition temperatures measured by DSC as well as 

enthalpy of melting and crystallization. Degree of crystallization is defined as: 

Δ𝑥𝑐 =  
∆𝐻𝑚

∆𝐻𝑃𝐸𝑂
× 100         (6) 

Where ∆𝐻𝑚 is the enthalpy of melting and ∆𝐻𝑃𝐸𝑂 is the 100% crystalline enthalpy of 

melting for PEO which is taken as 203J/g59. 
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Table 4.1: A summary of the thermal transitions observed, using modulated DSC in the range of -50°C to 100°C, of the 

ILSPE compositions studied and their individual components. The enthalpy of melting and crystallization are provided, 

long with the degree of crystallization. Degree of crystallization was calculated using a reference enthalpy of melting of 

203J/g for 100% crystalline PEO59. 

 

Tg 

(°C) 

Tm 

(°C) 

ΔHm 

(J/g) 

Tc (°C) 

ΔHc 

(J/g) 

Δxc (%) 

PEO (1M) -6736 66.3 128.2 44.4 100.9 63.2% 

PEO (4M) -6736 66.9 119.8 43.8 107.4 59.0% 

S2TFSI NA -7.8 17.4 -31.3 17.8 NA 

LiTFSI NA 236  ND  NA 

20 (1M):0:2 -25.6 47.2 0.4 ND NA 0.2% 

20 (1M):2:0 ND 58.7 92.0 38.5 78.0 45.3% 

20 (1M):2:2 ND ND NA ND NA NA 

20 (4M):0:2 -39.7 47.0 5.5 ND NA 2.7% 

20 (4M):4:0 ND 

-11.5 

50.7 

5.8 

32.2 

-30.5 

28.2 

4.5 

31.6 

2.9% 

15.9% 

20 (4M):4:2 ND ND NA ND NA 

NA 

       

20 (1M):1:1 ND 47.5 38.6 23.9 35.3 19.0% 

20 (1M):1:3 -44.0 37.6 2.6 ND NA 1.3% 

ND = not detected; NA = not applicable 
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EIS 

Electrochemical impedance spectroscopy was performed to measure the resistance of the 

electrolyte, 𝑅, in order to calculate the ionic conductivity from 

𝜎 =  
𝑙

𝑅∗𝐴
          (1) 

where 𝑙 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 1 were held constant by using a PTFE spacer. We validated our 

equivalent circuit model and technique for defining the area of the electrolyte by varying 

the inner diameter of the PTFE spacer, measuring and extracting resistance through EIS, 

and calculating the associated conductivity values (see Figure 4.6). For low temperatures, 

an equivalent circuit containing a resistor (R1) in series with a second resistor (R2) and 

capacitor that are in parallel with each other, was found to be appropriate. A constant phase 

element (CPE) was used in place of a traditional capacitor because the Nyquist plots 

showed nonideal capacitive behavior. R1 represents the resistance to ionic motion in the 

bulk electrolyte while R2 represents resistance to charge transfer at the interface due to the 

build-up of charge known as the double layer. For high temperatures (>40°C), the Nyquist 

plots show behavior of a pure ionic conductor (see Figure S7) and a simple equivalent 

circuit of one resistor in series with a capacitor was used. Linear regression shows that the 

calculated conductivity values are independent of the dimensions of the sample (see Figure 

4.6B). 
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Figure 4.6: A) Nyquist plots produced by electrical impedance spectroscopy 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 ran 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 our conductivity measurements are independent of spacer area. 

 

Logarithmic scale conductivity as a function of inverse temperature is plotted in Figure 4.7 

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) is the least 

conductive with a value of 0.01 mS/cm. These results show a clear connection between 

increasing conductivity and increasing ionic liquid content, while an increase 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+ 
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content appears to increase the likelihood of ion-ion and ion-cluster interactions, 

decreasing the mobility of Li+ in the system58.  

 

 

Figure 4.7: Ionic conductivity of the various compositions of ILSPE measured by EIS in the temperature range of 0°C to 

80°C. The composition designations represent molar ratios in the form of x PEO: y IL: z LiTFSI. 

 

High ionic liquid content leading to better conductivity values is corroborated with the 

DSC results in Figure 4.3 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 
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transition (Figure 4.8) that leads to increased segmental motion and thus ionic conductivity 

in the electrolyte. 

 

Figure 4.8: Modulated DSC scan, in the heating direction, of 20 (1M):1:1 (black line, left ordinate) overlaid with the 

conductivity values, obtained from electrochemical impedance spectroscopy, 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 50°C, at which point the ILSPE undergoes a phase transition and 

the conductivities overlap. 

 

Transference Number 

The transference number, which is defined as the fraction of current that is due to Li+ as a 

ratio of total charge carriers133,145, was measured for the different ILSPE electrolytes and 

is shown in Table 4.2 along with ionic conductivity values at select temperatures and the 

melting temperature. Of particular importance is the finding that addition of ionic liquid, 



63 

which consists of a cation and anion, to plasticize the network does not show an impact on 

transference number, suggesting that more of the relatively bulky ions do not hamper 

lithium mobility.   

Table 4.2: Thermal and transport properties for different ILSPE electrolytes. 

Electrolyte 

Composition 

Tm 

[°C] 

𝜎 at 25°C 

[mS/cm] 

𝜎 at 60°C [mS/cm] T𝐿𝑖+  

20:1:1 (1M) 47.5 0.24 +/- 0.06 2.2 +/- 0.42 0.35 +/- 0.028 

20:1:3 (1M) 37.6 0.01 +/- 0.0062 0.36 +/- 0.047 NA 

20:2:2 (1M) NA 0.45 +/- 0.061 2.3 +/- 0.34 0.25 +/- 0.038 

20:4:2 (4M) NA 0.96 +/- 0.016 4.0 +/- 0.065 0.31 +/- 0.11 

 

CV stability and Li Stripping and Plating  

Electrochemical stability against oxidation was measured using CV with a Li reference and 

titanium working electrode for 20:1:1, 20:2:2, and 20:4:2 and is shown in Figure 4.9. The 

voltage was swept from 2.5 – 4.5V vs. Li/Li+ at a rate of 5mV/sec, and Cycle # 1, 2, 10, 

100 are shown on the same figure with a vertical offset. This voltage range was chosen as 

it encompasses the redox potentials for many commercially available high voltage cathodes 

for LIBs. All compositions show a modest amount of current starting between 3.5 and 4.0V 

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 displaying passivation behavior, but there remains a higher 

total current than the other two compositions. This suggests that the 20:4:2 (4M) 
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composition is less stable against oxidation than its counterparts. By cycle 10 through 100 

all compositions show shrinking current response up to 4.5V, with 20:4:2 (4M) showing 

~10uA/cm2, 20:2:2 (1M) showing ~1uA/cm2, and 20:1:1 (1M) showing ~0uA/cm2, 

indicating passivation behavior.  

 

Figure 4.9: CV from 2.5V to 4.5V of A) 20:1:1, B) 20:2:2, and C) 20:4:2. Scans were taken at 60°C at a 5 mV/sec rate 

for 100 total cycles. Passivation is evident for all compositions by cycle 100. 

 

 To measure the interfacial stability of the ILSPE electrolytes with Li metal, Li/ 

ILSPE/ Li coin cells were constructed for Li stripping and plating experiments. The 

experiment consists of applying a constant current density of 0.1 mA/cm2 in one direction 
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for one hour, then reversing the polarity of the current for an hour at 60°C while measuring 

the overpotential of the cell. The 20:1:1 electrolyte shows the smallest interfacial resistance 

with an initial overpotential value of 30mV that decreases slightly to 28mV after the first 

5 cycles and plateaus through the remainder of the experiment (Figure 10A). The 20:2:2 

electrolyte shows the next best interfacial stability with an overpotential value of ~56mV 

that plateaus at 50mV after 10 cycles (Figure 10B). The 20:4:2 electrolyte has an initial 

value of ~84mV that decreases and plateaus to ~56mV after 30 cycles. All compositions 

show an initial higher value of overpotential that decreases and plateaus after a few cycles, 

demonstrating good stripping/plating behavior and indicating long-term stability with Li.    
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Figure 4.10: Symmetrical Li/ ILSPE/ Li cell stripping and plating at 60°C with a 0.1 mAh/cm2 current density of A) 

20:1:1, B) 20:2:2, and C) 20:4:2 for 100 cycles.  

 

  



67 

Galvanostatic cycling 

To ensure good ionic contact between the ILSPE and cathode active material through the 

bulk of the electrode, a composite electrode incorporating ILSPE components was used 

(see Figure 4.2). 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 voltage vs. specific capacity are plotted for 

20:2:2 (Figure 4.11A, 4.11C) and 20:4:2 (Figure 4.11B, 4.11D). Both compositions cycled 

with high efficiency (>99%) and capacity retention for 500 cycles, demonstrating practical 

cyclic stability with a Li metal anode and LFP cathode. For 20:2:2 the initial capacity for 

the first cycle was 144.9mAh/g. By the 100th cycle, the specific capacity increased to 

151.1mAh/g and by the 500th cycle the specific capacity had increased to 153.1mAh/g, or 

105.6% of the initial 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 composition has a starting 

capacity of 178.1mAh/g on the first cycle, which decreases slightly to 177.1mAh/g on the 

100th cycle. By the 500th cycle the specific capacity delivered was 160.1mAh/g, giving a 

capacity retention of 89.9%. LFP has a theoretical specific capacity of ~170mAh/g, so it is 

surprising that 20:4:2 (4M) is reversibly cycling with ~177mAh/g. The best rationalization 

for this discrepancy is the fact that an average mass loading was used rather than weighing 

this individual electrode to calculate specific capacity.  
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Figure 4.11: Specific capacity vs cycle number of Li/ILSPE/LFP at 60°C with a 1C rate for A) 20:2:2  and B) 20:4:2. 

Matching voltage vs. specific capacity graphs for C) 20:2:2 and D) 20:4:2. 

 

 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 4.12. The 20:2:2 electrolyte has an initial capacity of 139.8mAh/g on the first cycle, 

which drops to 120.2mAh/g on the 40th cycle for an 85.6% capacity retention with a C/20 

rate (Figure 4.12A). The 20:4:2 electrolyte has an initial capacity of 169.0mAh/g on the 

first cycle, stays steady through the 40th cycle with a capacity of 170.3mAh/g for an 100.7% 

capacity retention at the same C/20 rate (Figure 4.12C). The accompanying voltage vs. 
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specific capacity graphs for select cycles are shown in Figures 4.12B and 4.12D for 20:2:2 

and 20:4:2 respectively. The full capacity retention of 20:4:2 compared to the 85.6% 

capacity retention for 20:2:2 after 40 cycles could be attributed to the higher ionic 

conductivity of the 20:4:2 electrolyte. 

 

Figure 4.12: Specific capacity vs cycle number of Li/ILSPE/LFP at 22°C with a C/20 rate for A) 20:2:2 and B) 20:4:2 

and variable rate for C) 20:2:2. Matching voltage vs. specific capacity graphs for D) 20:2:2, E) 20:4:2, and variable 

rate F) 20:2:2. 

 

A) B)

D)

E) F)

C)
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 To assess room temperature rate capability of the ILSPE electrolyte, variable rate 

cycling was performed on 20:2:2 electrolyte at room temperature. 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 4.12E). It is typical for a battery system to 

delivery less capacity at higher C-rates which place a greater demand on the ability of the 

battery to transport Li+. However, to demonstrate healthy cycling and good rate capability 

a battery should be able to demonstrate reversible capacity at any given rate. The 

corresponding voltage vs. capacity graph for this sample (Figure 4.12F) 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.). The percentage of maximal discharge 

capacity for select cycle rates is displayed in Table 4.3. At a C/20 rate, a specific capacity 

of 135.5mAh/g is reached on the third cycle. At a C/10 rate the sample exhibits a specific 

capacity of 91.9% of the C/20 capacity. C/5 rate has a specific capacity of 70.0% of the 

C/20 capacity, and the C/2 rate shows a specific capacity of 35.1% of the C/20 capacity. 

Remarkably the next three rounds of C/20 cycling (cycle #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 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 significant degradation. 
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Table 4.1: % of C/20 capacity for different C-rates during rate performance testing of 20:2:2 (1M) at room temperature. 

Cycling Rate C/20, cycle #3 C/10, cycle #8 C/5, cycle #13 C/2, cycle #18 

% Maximal 

Discharge 

Capacity 

100% 91.9% 70.0% 35.1% 

 

4.5 Conclusions 

SPEs must overcome difficult challenges to be considered viable alternatives to liquid 

electrolytes, namely their ionic conductivity and interface with electrode materials must be 

improved. ILSPEs characterized here show a promising step in direction of solving these 

issues, 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 full plasticized polymer matrix as characterized by DSC, 

and an improved interface between ILSPE and composite electrode via inclusion of 

electrolyte components in the electrode.   
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CHAPTER 5: Aqueous Salt-Based Solid Polymer Electrolytes2 

 

5.1 ASPE Justification 

Aqueous solid polymer electrolytes (ASPEs) have shown promise as a high performing 

solid electrolyte with high conductivity and voltage stability. In an ideal world, battery 

electrolytes would be water-based as water is an abundant, cheap, and environmentally 

benign resource. The problem with most aqueous electrolytes is their very low energy 

density due to a confined ESW of at most 2 V for any commercial aqueous battery. The 

WiSE system has been a huge innovation in the field of aqueous electrolytes and led to a 

system with a ~3 V ESW. The ASPE system builds on this work in the direction of solid 

electrolytes. ASPEs are true flexible solids with an aqueous component. The incorporation 

of an aqueous component inherently makes these SPEs easier to fabricate and process, 

eliminating the need for an expensive  and harmful dry environment. Such batteries would 

be ideal for applications where high energy density is not needed, such as some implantable 

medical devices are or personal grooming products requiring batteries.  

 

  

 

2 This work resulting in a manuscript that is in preparation for submission to a peer-review journal:  

Matthew D. Widstrom, Kyle B. Ludwig, Jesse Matthews, Sahana Bhattacharyya, Angelique Jarry, Arthur 

V. Cresce, Steve Greenbaum, Oleg Borrodin, Peter Kofinas, “Aqueous Solid Polymer Electrolytes for 

Lithium-Ion Batteries,” (In Prep). 
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5.2 Introduction 

Current state-of-the-art LIBs rely on liquid organic electrolytes to withstand high voltage 

battery configurations (>3V) through kinetic passivation via SEI formation. Electrolyte 

solvents such as EC and DMC are used as chemical substrates to create a passivating 

interface, however they are inherently flammable and are often coupled with a thermally 

unstable salt (LiPF6)14. The choice of thermally unstable components for the sake of 

performance makes the battery susceptible to multiple failure modes that would result in 

thermal runaway and fire, so there is interest in replacing these electrolytes with safer 

materials83,113,153–155.    

 Solid electrolytes are attractive alternatives to liquid organic electrolytes from a 

safety perspective, as they would address many of the failure modes such as internal short 

circuits, electrolyte extrusion, high temperatures, and overcharge14. SPEs of the PEO + salt 

variety have shown thermal stabilities well above 200°C, whereas liquid organic 

electrolytes exhibit an intense exothermic reaction above 200°C156. A major limitation SPE 

adoption for safety enhancement is the poor ionic conductivities these materials exhibit, 

often below 10-3S/cm38,149,157–159. The conductivity limitation of these materials must be 

addressed before widespread adoption can occur. Attempts to improve the conductivity 

often focus on plasticizing the polymer matrix with the addition of various 

materials30,31,51,53,83,87,140. Perhaps a more promising route, however, would involve 

strategies to decouple ion motion with the structural relaxation and segmental motion of 

the polymer matrix. Ion motion governed by free volume in polymer electrolytes is 

described by the empirical Vogel-Fulcher-Tammann relationship (7) which is a 

modification of the Arrhenius equation (8): 
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𝜎 = 𝐴𝑒
−𝐵

𝑅(𝑇− 𝑇0)          (7) 

𝜎 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇           (8) 

These equations describe the temperature dependence of ionic conductivity, with constant 

A, B is a constant related to activation energy, R is gas constant, T is temperature, T0 is a 

temperature related to Tg also described as the temperature where conductivity vanishes160, 

and Ea is an activation energy. Tg (related to T0) is an important factor for electrolytes that 

have ion motion coupled with chain segmental motion, and for such systems it is imperative 

to lower Tg as much as possible to distance it from the operating temperature of the 

electrolyte. A SPE that could decouple ion motion from chain segmental motion and follow 

(8) rather than (7) would be termed “superionic”161 and would show a large improvement 

over most systems governed by (7). 

 A unique approach was taken by Angell et al115 where instead of studying small 

amounts of lithium salt in a polymer matrix, he inverted the conventional composition of 

these materials and studied small amounts of polymer in a large amount of salt called PiSE. 

The key insight that unlocked appreciable ion transport in these systems was the fact that 

with increasing salt content the Tg of the electrolyte would exhibit a maximum, which 

meant that if the salt content was pushed to an extreme (or the PiSE regime) that the Tg of 

the material would decrease and solid electrolytes with reasonable transport properties 

could be made. Another interesting observation with PiSE is the decoupling of the cation 

transport with the structural relaxation of the polymer matrix161,162. The suggested 

mechanism for transport in PiSE materials is cation hopping among a critical network of 

salt clusters through anion exchange in the first solvation sheath, which follows an 

Arrhenius relationship (8).  
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 Some researchers observed in their PiSE systems that if residual amounts of solvent 

were left in the system that the conductivity could jump multiple orders of magnitude162. 

This discovery was taken to its logical conclusion recently, when Suo et al.113 innovated a 

highly concentrated 21 m (molal) solution of LiTFSI in water, or “water-in-salt” electrolyte 

(WiSE). This is analogous to PiSE, with the difference being instead of using a small 

amount of high molecular weight polymer to plasticize a high concentration of salt a small 

amount of water is used. However similar to PiSE, WiSE was constructed to solve a 

fundamentally different problem than decoupling ion motion from chain segmental motion 

in polymer electrolytes. This system demonstrated for the first time through super-

concentration of lithium salts that anion reduction could be an effective route to the 

formation of a passivating SEI113,119,121,123,163  in an aqueous electrolyte. Their research 

showed an expanded electrochemical stability window (ESW) for an aqueous electrolyte 

to ~3V, with the proof of concept battery pair of a Mo6S8 anode and a LMO cathode. This 

work has sparked interest in highly concentrated electrolytes for aqueous systems as a 

compositional approach to changing the mechanism for SEI formation, leading to further 

improvements through the use of bisalt123,124 and hybrid aqueous/non-aquous141 systems. 

Battery systems typically rely on the reduction of electrolyte solvent molecules to form a 

passivating SEI, such as EC and dimethyl carbonate (DMC) with concentrations of lithium 

salt ~ 1 M. Anion passivation enabled by a high concentration of lithium salt (> 3 M) 

constitutes a paradigm shift in interphase formation and opens a range of possibilities for 

tailoring the SEI that were previously unavailable, enabling higher voltage aqueous battery 

chemistries.  
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 Extending the aqueous, super-concentration concept to SPEs, an ASPE which 

consists of incorporating water and a high concentration of lithium salt in a solid polymer 

system could lead to decoupled ion transport described by (8), while simultaneously 

ameliorating concerns of crystallization in the polymer leading to exceptional conductivity 

for a SPE. Additionally, the high salt concentration could aid in SEI formation by providing 

a chemical substrate other than water to decompose at the electrode/ electrolyte interface. 

To accomplish this, we report on incorporating water and LiTFSI into a solid PEO polymer 

matrix to form an aqueous solid polymer electrolyte (ASPE) with a room temperature 

conductivity of 1.75 mS/cm, and an exceptionally large lithium transference number of 

~0.66 for a SPE. The stability of the ASPE system in air eliminates the need for 

meticulously dry environments and solution processing, which is desirable because 

manufacturers can settle for moderate humidity control and solid-state processing resulting 

in substantial savings in production costs.  

 

5.3 Materials and Experimental Methods 

LiTFSI (LiN(SO2CF3)2) was purchased from BASF and dissolved in deionized water. 

Poly(ethylene oxide) (PEO, 106 Mv) was purchased from Sigma Aldrich. The cathode for 

cycling tests was received from Argonne National Lab (ANL) and was made of 90wt% 

LMO, 5wt% Solvay 5130 polyvinylidene fluoride (PVDF) binder, and 5wt% Timcal C45 

coated on aluminum foil. The active material loading averaged 18.86 mg/cm2. Lithium 

titanate (Li4Ti5O12, LTO)  electrodes were fabricated by mixing a slurry of 80wt% active 

material, 10wt% carbon additive (Super P), and 10wt% PVdF binder (Kynar 1800). The 

slurry was then spread using a doctor blade over aluminum foil current collector, and dried 
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in an oven at 80°C for 18 hours. The electrodes were then stored in a vacuum oven at 100°C 

for at least 24hr prior to use to remove any remaining impurities. The reference electrode 

for electrochemical stability tests was lithium iron phosphate and was made of 80wt% 

LiFePO4 (LFP, Chinese Aviation Corporation), 10wt% PVDF (Kynar 1800), and 10wt% 

Super P carbon coated on aluminum foil. 

 

Aqueous Solid Polymer Electrolyte (ASPE) Preparation  

All ASPEs were fabricated using a solvent-free hot-pressing process. PEO, LiTFSI, and 

deionized water were mixed with a mortar and pestle. The resulting mixture was sealed in 

a fluoropolymer-lined aluminum pouch and hot-pressed with a Carver press at 85°C and 

1.5 tones to form a thin-film ASPE membrane. Four different compositions were fabricated 

and characterized, keeping the molar ratio between ethylene oxide (EO) units and LiTFSI 

the same while changing the amount of water. The compositions of ASPEs #1-4 can be 

found in Table 1. Electrochemical testing was performed using CR2032 coin cells. All 

electrolytes were handled in normal lab atmosphere with care taken to minimize the 

exposure time both during processing and sample making.  
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Figure 5.1: 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). 

 

Electrochemical Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) for the ASPEs was performed in a 

stainless-steel (SS)/ASPE/SS coin cell set up, with the inclusion of a Teflon spacer to 

define the thickness and area of the ASPE at 0.025 cm and 0.126 cm2 respectively. The 

amount of electrolyte included in a coin cell for impedance spectroscopy was empirically 

determined such that the volume of the spacer was completely filled with slight excess. 

The measurements were taken on a Solartron 1287A/1255B platform with a frequency 

range from 1 MHz to 1 Hz. Measurements were taken in 5 °C increments from 80 °C to 0 

°C. The cells were annealed for 90 min at each temperature before measurements were 

taken to ensure thermal equilibrium, and impedance spectroscopy was taken on at least 

three separate cells to provide statistical significance. Data reported are the averages and 

the error bars are the standard deviation of the set of measurements.  

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 @ 85⁰C and 1 ton



79 

 

Pulsed-Field Gradient Nuclear Magnetic Resonance 

All pulsed-field gradient nuclear magnetic resonance (NMR) samples were packed into 5 

mm tubes in ambient atmosphere, and the tubes were then sealed to preserve the same 

relative humidity value in which they were prepared. NMR experiments were performed 

by Dr. Steven Greenbaum’s group at CUNY at 25 °C with a 300 MHz Varian-S Direct 

Drive Wide Bore spectrometer equipped with a DOTY Scientific PFG probe (DS-1034, 

1400 G/cm maximum gradient). Single peaks were observed for 1H, 19F, and 7Li 

resonances centered at 302.7, 280.5 and 117.3 MHz, respectively, corresponding to all 

hydrogen-, lithium-, and fluorine-containing species. A PFG-stimulated echo pulse 

sequence was used. Gradient pulse durations δ of 2 to 4 ms and diffusion delays Δ of 100 

ms were used. The gradient strength g was linearly increased with 32 values steps from 1.7 

up to 700 G/cm as needed. From each experiment, the integrated intensities S as a function 

of applied gradient g (in T/cm) were obtained. Subsequently, diffusion coefficients D were 

then computed using least-squares fitting of the Stejskal-Tanner Equation134 

𝑆 = 𝑆0𝑒−𝐷(𝑔𝛿𝛾)2(𝛿−
Δ

3
)
         (3) 

 

Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) measurements were conducted on a TA 

Instruments Q100 DSC. The ASPE samples were sealed in hermetic aluminum pans in 

ambient atmosphere shortly after being pressed; the pure PEO samples were sealed in 

sample pans after drying at 60°C for 48h. All samples were measured using a heat/cool/heat 
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method to erase any thermal history in the temperature range from -40 to 100°C and -100 

to 20°C at a 10°C/min heating rate and a 10 °C/min cooling rate. 

 

Linear Sweep Voltammetry 

Linear sweep voltammetry (LSV) was performed using the same Solartron set-up as for 

impedance spectroscopy with half-charged lithium iron phosphate as a counter and 

reference electrode in a coin cell. Half-charged  LFP was prepared by constructing Li/ 3:7 

EC:EMC with 1.2 M LiPF6/LFP coin cells. These cells were fully charged and discharge 

for one cycle, then were half charged and allowed to rest as their open circuit voltage was 

monitored to determine their equilibrium potential (3.425 V vs. Li/Li+). These cells were 

then deconstructed in a dry room and the LFP electrodes were extracted, washed, and then 

vacuum dried. Half-charged LFP/ASPE/Al cells were constructed and stepped at 1mV/sec 

from 3.0 V vs. Li/Li+ (-0.425 V vs. LFP reference) in the anodic and cathodic directions 

until breakdown of the electrolyte was achieved at room temperature. Breakdown of the 

electrolyte was determined by surpassing a current density threshold of 0.1 mA/cm2. The 

anodic and cathodic scans for different samples were combined to show the 

electrochemical stability window of the electrolyte.  

 

Cyclic Voltammetry  

Cyclic voltammetry (CV) was performed using the Solartron set-up to determine the 

time/cycle dependence of the electrochemical stability of the electrolyte at room 

temperature. LFP/ ASPE/ titanium (Ti) cells were cycled 100 times from 3.0 V to 4.5 V 

vs. Li/Li+ (-0.425 V to 1.575 V vs. LFP reference) to investigate the anodic stability. 
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LFP/ASPE/Al cells were cycled 100 times from 3.0 V to 1 V vs. Li/Li+ (-0.425 V to -2.425 

V vs. LFP reference) to investigate the cathodic stability. The scan rate for all CV 

experiments was 5 mV/sec.  

 

Galvanostatic Cycling   

Galvanostatic cycling was performed using an Arbin BT2000 at 23 °C to determine the 

ASPEs charge/ discharge performance in a full battery. LTO/ ASPE/ LMO cells were 

constructed for galvanostatic cycling.  

 

Thermogravimetric Analysis 

Thermogravimetric Analysis was performed using a TA Instruments TGA 55 to 

characterize the thermal stability of ASPE electrolytes. A scan rate of 10°C from room 

temperature to 500°C routine was used.  

 

5.4 Results and Discussion 

The ASPE compositions (A1-A4) were selected by fixing the mole ratio of  Li+ : EO (EO 

being ethylene oxide repeat units in a polymer chain) to 1 : 0.44 and adjusting the molar 

component of water from 1.36 to 0.76 in 0.2 increments. 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 5.1. An 

important note: effort was taken to minimize sample exposure to lab atmosphere, which 

was necessary to fabricate the electrolytes and to make samples for characterization. It is 

necessary to minimize ASPE exposure to ambient atmosphere due to PEO being 
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hygroscopic; the ASPE electrolytes can either gain or lose water depending on the 

atmosphere they are exposed to and the exposure time. In a dry room the ASPE electrolytes 

would tend to lose water, while in ambient atmosphere they would tend to gain a small 

amount of water.  

 

Table 5.1: Compositions of A1-A4 expressed both as a molar ratio and as weight percentages of the three components.  

Sample PEO 

content 

[wt%] 

LiTFSI 

content 

[wt%] 

Water 

content 

[wt%] 

Li:Water 

Mole 

ratio 

EO:Li:Water 

Mole ratio 

A1 22.7 64.7 12.6 1 : 3.09 1 : 0.44 : 1.36 

A2 23.1 66.0 10.9 1 : 2.64 1 : 0.44 : 1.16 

A3 23.5 67.3 9.2 1 : 2.18 1 : 0.44 : 0.96 

A4 24.0 68.5 7.6 1 : 1.73 1 : 0.44 : 0.76 

 

DSC and TGA 

DSC was used to characterize the presence of any reversible phase transitions of ASPE 

electrolytes and to ensure that the relative concentrations of lithium salt and water were 

enough to fully plasticize the polymer matrix. Figure 5.2 shows DSC thermograms, 

measured at a temperature range of -40 to 100 oC for both the 1M MW PEO matrix (Figure 

5.2A) and for the A2 composition that is representative of all ASPE compositions  

measured in this temperature range (Figure 5.2B). The polymer matrix exhibits a melting 

peak at ~67°C, which is consistent with literature values of a high molecular weight PEO 

melting tranisition151. The representative ASPE thermogram shows showing no melting or 
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recrystallization peaks, confirming that the PEO component in the ASPE system is fully 

amorphous, which is the preferred morphology for ion conduction.  
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Figure 5.2: Standard DSC thermograms for A) 106 Mv PEO and B) A2 in the temperature range of -40°C to 100°C. 

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.  

 

A)

B)
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 The classic conduction model for ethylene oxide containing polymers is the 

forming and breaking of coordination bonds between EO and Li+ in the amorphous fraction 

of the polymer where chains can be mobile164. As bonds are formed and broken (Li+ will 

form 4-6 coordination bonds at once165), Li+ will move along and between polymer chains. 

This Li+ transport mechanism that involves dynamic bond formation and breaking with EO 

units relies on the flexibility and segmental motion of the polymer chains to be able to form 

these bonds. The glass transition temperature (Tg) plays an important role in understanding 

ion transport in solid polymer electrolytes as it is a strong indicator of segmental dynamics 

of the polymer chains within the system. Below the glass transition temperature, the 

amorphous fraction of the electrolyte consists of polymer chains that are glassy and frozen 

in place. Above Tg, these chain segments start to move and switch from glassy to rubbery 

behavior46. From a design perspective of ion-conducting polymers, the operating 

temperature of an electrolyte should be as far above Tg as possible (i.e. Tg should be as low 

as possible) to maximize the segmental mobility of polymer chains and improve ion 

transport. It is well understood in the ethylene oxide-containing polymer-ion transport 

literature that there is a maximum in ionic conductivity of the electrolyte as a function of 

relative salt molar concentration (Li+:EO)148,166. This maximum is a consequence of two 

competing phenomena that when taken together represent a tradeoff in conductivity. The 

first effect is that of increasing charge carriers through increasing salt content. From first 

principles, ionic conductivity improves with a higher density of charge carriers. The 

opposing effect that leads to a maximum with salt concentration is that increasing salt 

concentration also increases the  Tg (i.e. decreases segmental motion needed for ion 

transport) of the resulting electrolyte due to associations between the polymer and salt165–



86 

167. This maximum in ionic conductivity is often found to be at lower salt concentrations  

(Li+ : EO = 0.08 for LiTFSI in PEO166). This is the driving motivation for characterizing 

the Tg of these ASPE electrolytes, which have a relatively high   Li+ : EO = 0.44. One could 

expect to see lower Tg values as water, which is a strong plasticizer, is increased. To 

measure the Tg of ASPE electrolytes, the temperature range was adjusted to scan colder 

 

Figure 5.3: DSC thermograms of A1-4 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 -82 - -86°C. Glass transition temperatures are indicated by each plot with a red 

arrow and temperature value.  

 

than -40°C, and Tg was taken as the onset temperature at which the slope of the thermogram 

changes. DSC scans for all ASPE compositions from -100°C to 20°C are shown in Figure 

5.3. All ASPE composition show a Tg between -82°C and -86°C, indicated by red arrows 

in Figure 5.3. The fact that Tg for the ASPE system is ~-85°C shows the tremendous impact 
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that water has as a plasticizer in this system. The Li : EO mole ratio for A1-A4 is held 

constant at 0.44. For some context, PEO + LiTFSI salt mixtures with a mole ratio of 0.44 

exhibit a Tg of 15°C167, and high molecular weight PEO with no salt exhibits a Tg of -67°C 

(See Table 4.1). It is evident that the inclusion of water in the electrolyte suppresses Tg past 

what is observed for neat PEO, even in the presence of high lithium salt content. It is also 

unclear how much water is needed to have this plasticization effect, as the Tg for A1-A4 

are not appreciably different as the molar component of water changes from 1.36 to 0.76 

in 0.2 increments. ASPE compositions with incrementally less water would need to be 

measured by DSC to determine what threshold of water is necessary to suppress Tg to such 

a low value.  

 Thermal stability is a key performance metric for electrolytes that can experience a 

range of operating temperatures. To measure thermal stability of the ASPE, 

Thermogravimetric Analysis (TGA) was used. Figure 5.4 shows the results of TGA for the 

A2 composition. The initial weight loss of 9wt% from room temperature to 250°C can be 

attributed to water, which constitutes 10.9wt% of A2. The weight loss occurring at ~380°C 

- 440°C can be attributed to PEO168 (23.1wt% of the as prepared sample), and the remaining 

weight loss is due to LiTFSI. Figure 5.4 indicates stability up to ~100°C.   
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Figure 5.4: TGA of A2 taken from room temperature to 500°C in ambient atmosphere. The initial loss of 9wt% 

corresponds to water, the second loss of ~23wt% corresponds to PEO, and the final loss of mass corresponds to LiTFSI.  

 

EIS and NMR 

EIS was used to measure the ionic conductivity of the ASPE electrolytes. The conductivity 

values of A1-4 are plotted by convention as a function of inverse temperature, with the 

temperature values in °C shown on the top x-axis in Figure 5.5. All four compositions are 

very conductive for SPEs, and they show a clear trend of increasing conductivity with 

increasing water content. The room temperature conductivity values of the ASPEs 

investigated here are on the order of 10-3 S/cm and can be found in Table 5.2. According 

to Figure 5.2 which is a representative DSC scan of all ASPE compositions, there are no 

~9wt%

~23wt%
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thermal transitions present for any ASPE composition which means that the polymer 

matrix is fully amorphous due to plasticization by the presence of LiTFSI and water in the 

full compositional range investigated here. The conduction mechanism of PEO transport 

of Li+ commonly results in electrolytes with conductivity values on the order of 10-6S/cm 

in a semi-crystalline system, and values on the order of 10-4S/cm in a fully amorphous 

system at elevated temperature past the melting point of the polymer matrix. Fast ion 

transport in SPEs is a characteristic of the amorphous phase and is attributed to the 

inhibition of crystallization in the polymer matrix. Considering that the conductivity values 

of the ASPE system are a full order of magnitude higher than those of typical amorphous 

PEO electrolytes that have been plasticized with ionic additives at higher temperatures, it 

is likely that a different conduction mechanism besides PEO vehicular transport is 

dominant.  The other two candidate transport mechanisms are informed by PiSE and 

aqueous salt electrolytes. In the first case, a percolation threshold of salt leads to ions 

hopping between different salt clusters with a minimum salt content needed to create a 

network of such clusters. The high salt content is plasticized by a polymer, and anions in 

the first solvation sheath of Li+ can exchange as Li+ moves29. This transport mechanism is 

governed by Arrhenius behavior below and above the Tg of the PiSE electrolyte162. In the 

second case the conduction mechanism consists of liquid-like vehicular transport with both 

water and TFSI- in the first solvation sheath of Li+, also exhibiting Arrhenius behavior. 

Borodin et al showed that for aqueous salt electrolytes there can exist a disproportionation 

of Li+ solvation, where Li+ prefers to be solvated be either mostly water or mostly TFSI- 

which leads to nanoscale heterogenous domains for water-assisted fast Li+ transport169. 

There are likely contributions from all three conduction mechanisms in the case of ASPE, 
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but given the significant increase in conductivity measured by EIS for incremental 

increases in water molar concentration between A1 and A4, these water-Li+ nanoscale 

domains are likely dominant. The combination of water and salt in this system contribute 

to a micro liquid-like environment. Within this environment Li+ can migrate with liquid-

like diffusion in heterogenous water domains, while still be contained by the polymer 

matrix and have the macro properties of a stretchable solid.  

 

Figure 5.5: Conductivity vs. inverse temperature for A1-4, with temperature in °C shown on the top x-axis. Error bars 

are standard deviation across three samples. 

 

 To further elucidate the transport properties of this ASPE system, two sets of solid-

state NMR diffusion measurements were taken each with their own limitations due to the 

complexity of handling water-containing solids. The first set was taken only at room 
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temperature, and includes data for fluorine (salt anion), lithium (salt cation), and proton 

(water) diffusion. This data set was collected with samples that took ~20min to prepare in 

ambient atmosphere, and likely gained some water during preparation. The second set of 

samples was prepared with a new method for packing NMR tubes that involved rolling 

samples in parafilm before packing. This preparation method is illustrated in Figure 5.6 

 

Figure 5.6: NMR sample preparation method that involves rolling sticky electrolyte in parafilm to make packing high 

aspect ratio NMR tube easier. Sample preparation took less than 5min. 

 

and resulted in preparation times of less than 5min. This second set of samples could not 

be used to measure proton diffusion (water), as there was too much background signal from 

parafilm.  This difference in sample exposure to ambient atmosphere made a difference in 

the results collected, as the first set of samples that was exposed to atmosphere for longer 

time demonstrated higher diffusion coefficients for each species measured due to water 

absorption. While this is an artificially high set of diffusion coefficients for the first sample 

set, the values relative to each other can be instructive. The second sample set has the added 

benefit of diffusion measurements for a range of temperatures, while also being closer to 
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intended sample compositions with less atmosphere exposure time. The results listed in 

Table 5.2 and shown as a function of Li:water ratio in Figure 5.7 are for the first sample  

 

Figure 5.7: Diffusion coefficients for water, cation, and anion in A1-4 expressed as function of Li:water mole ratio 

measured at room temperature. A1 corresponds to the lowest value of Li:water while A4 corresponds to the highest 

value. This data is from the first NMR sample set.  

  

set and are remarkable on several counts. First, the room temperature diffusion coefficients 

are an order of magnitude higher than those typically observed in more dilute (but water-

free) PEO-salt complexes at temperatures above the melting point of PEO (~ 60°C)165. This 

is consistent with the high values of ionic conductivity from Figure 5.5, with room 

temperature values being reported in Table 5.2. Secondly, the cation diffusion coefficient 
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exceeds that of the anion, which is the opposite situation as that in the “classical” salt-in-

polymer PEO complexes. In the latter case, the polyether segments preferentially solvate 

the cations. This leads to anions be largely unhindered by coordinating species, resulting 

in higher diffusion coefficients relative to Li+, and hence cation transference numbers of ~ 

0.2-0.3148. From the NMR measurements, it is possible to obtain a related quantity, the 

transport number via (4): 

𝑡+ =
𝐷+

𝐷++𝐷−
          (4) 

 

Those values are also listed in Table 5.2. An important caveat is that the transport number 

is a less meaningful quantity than the electrochemical transference number in the presence 

of significant ion pairing. The conductivity can also be calculated using the diffusion 

coefficients measured by NMR via the Nernst-Einstein equation (NE) (5): 

𝜎NMR =
𝐹2[𝐶]

𝑅𝑇
(𝐷+ + 𝐷−)        (5) 

 

Room temperature conductivity measurements calculated by NE exceed those measured 

with EIS by up to a factor of two, indicating the presence of ion association. However, even 

very highly ion-associated electrolyte systems will tend to show approximately equal 

cation and anion diffusivities170 and classical PEO salt complexes always exhibit D (Li+) 

< D (anion)148,165. This suggests that the preferential cation transport exhibited in this 

system with D (Li+) >  D (anion) is largely due to the presence of water, even for a wide 

range of Li:water mole ratios. This supports the claim that the ion transport mechanism 

which is dominant here is the preferential water-assisted vehicular transport where water 

occupies most of the solvation shell of Li+169. Unfortunately, the presence of water in the 
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electrolytes does not allow electrochemical transference number measurements with Li 

electrodes by the Bruce-Vincent method discussed in Chapter 4, but the NMR results 

clearly indicate preferential cation transport. 

Table 5.2: : Compositions of A1-A4 and diffusion coefficients from the first set of NMR experiments for various molecular 

species in the ASPE electrolytes. Also included is the calculated transport number, the measured by EIS room 

temperature  ionic conductivity, and the conductivity calculated using the Nernst-Einstein equation. 

Sample Li:Water 

Mole 

ratio 

EO:Li:water 

Mole ratio 

D (Li) 

10-12 

m²/s 

For nt 

= 32 

D(F) 

10-12 

m²/s 

D(H) 

10-12 

m²/s 

Li Transport No. 

[D(Li)/(D(Li+D(F)] 

(Unitless) 

EIS σ @ 

25℃ 

[mS/cm] 

Nernst 

Einstein 

Equation 

calculated 

σ @ 23℃ 

[mS/cm] 

A1 1 : 3.09 1 : 0.44 : 1.36 14.81 8.69 64.84 0.66 1.75 +/- 

0.132 

3.67 

A2 1 : 2.64 1 : 0.44 : 1.16 12.68 6.8 55.38 0.67 1.58 +/- 

0.235 

2.54 

A3 1 : 2.18 1 : 0.44 : 0.96 7.38 3.8 43.07 0.68 0.909 +/- 

0.123 

1.76 

A4 1 : 1.73 1 : 0.44 : 0.76 4.17 2.21 30.58 0.70 0.681 +/- 

0.146 

0.998 

 

 The second sample set of NMR measurements, which were limited in exposure to 

atmosphere, were taken in 10°C from 5°C to 55°C. The diffusion coefficients for the cation 

(Li+) and anion (TFSI-) are shown in Table 5.3 and 5.4 respectively. Again, the trend of D 

(Li+) >  D (anion) holds for all compositions at all temperatures except for an anomalous 

measurement of A2 at 45°C. Interestingly, after measurements were taken ramping up in 

temperature and maxing out at a temperature of 55°C, a repeat measurement was taken at 

25°C and is shown in red. The repeat measurements tend to be less than the initial 

measurements, indicating that some hysteresis effect may be occurring. One hypothesis is 

that the NMR tubes were not perfectly sealed, which could allow some water to escape 

during the higher than ambient temperature measurements.  
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Table 5.3: Li diffusion coefficients measured from the second set of NMR data for A1-4 as a function of temperature. 

 

Table 5.4: TFSI diffusion coefficients measured from the second set of NMR data for A1-4 as a function of temperature. 

  

  

Temperature [°C] A1 D(Li) A2 D(Li) A3 D(Li) A4 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 

Temperature [°C] A1 D(F) A2 D(F)  A3 D(F) A4 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 



96 

 With multiple measurements at different temperatures, (4) was used to generate a 

conductivity vs. inverse temperature graph for the NMR data which is plotted along with 

EIS conductivity data in Figure 5.8. The lines correspond to a linear regression Arrhenius 

model fit (7) of the data. With this second set of NMR data, the closeness of conductivity 

as measured by EIS and conductivity calculated from (5) is in much better agreement than 

the first set of NMR data. Most conductivity values are within 20% of each other for the  

 

Figure 5.8: Conductivity vs inverse temperature for A1-A4 as measured by EIS and NMR. Temperature in  °C is shown 

on the top x-axis. Diffusion coefficients measured from NMR were used to calculate conductivity using NE equation (4). 

The second set of NMR data were used. Red and blue lines correspond to Arrhenius fitting.  

 

A) B)

C) D)
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second set of NMR data with a few exceptions. This validates the faster packing method 

used (Figure 5.6) in an effort to reduce atmosphere exposure. The activation energies from 

the Arrhenius fit as well as the goodness of fit parameter, R2, are included in Table 5.5. 

The R2 values for both EIS and NMR data show good agreement with the choice of 

Arrhenius fit, as R2 is higher than 0.95 for all samples and mostly higher than 0.99 for 

samples measured by EIS. This would suggest that the transport mechanism mentioned 

previously with mostly water-assisted Li+ transport is correct, as this is described by an 

Arrhenius fit. The activation energies extracted from Arrhenius fitting in Table 5.3 can be 

compared to those of the concentrated aqueous salt LiTFSI in water. The activation energy 

of the LiTFSI-water system is ~0.24eV regardless of concentration169. The activation 

energies resulting from Arrhenius fitting of A1-4 as measured by EIS have values ranging 

from 0.35 – 0.40eV, which is in good agreement with other PEO-LiTFSI systems148. 
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Table 5.5: Linear regression Arrhenius fitting results with activation energies for A1-4 measured by EIS and measured 

by NMR (second sample set) with conductivities calculated using (5). Goodness of fit R2 is included. 

Sample  Activation Energy (eV) Arrhenius Fit R2 

A1 - EIS 0.345 .9857 

A2 - EIS 0.362 .9904 

A3 - EIS 0.379 .9943 

A4 - EIS 0.404 .9932 

A1 - NMR 0.429 .9576 

A2 - NMR 0.393 .9675 

A3 - NMR 0.451 .9941 

A4 - NMR 0.541 .9851 

 

LSV and CV 

While water as a co-solvent imbues the system with exceptional ionic conductivity and 

lithium transport number, it also has a notoriously small ESW that could hinder its 

functionality for electrochemical energy storage systems. To investigate the impact water 

has on the electrochemical stability of this system linear sweep voltammetry (LSV) was 

performed and is shown in Figure 5.9. This experiment is used to determine the ESW of 

the electrolyte, and to discover the potentials at which oxidation or reduction reactions of 

electrolyte components occur.  The current at a working electrode is measured while the 
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potential between the working electrode and a reference electrode is swept linearly in 

time. Oxidation or reduction of a particular species is registered as a peak or trough in the 

current signal at the potential at which the species begins to be oxidized or reduced. Figure 

1 is a composite graph of eight individual representative LSV experiments to show the 

ESW of A1-4. Aluminum was used as the working electrode for the cathodic (reductive 

stability) scans, and titanium was the working electrode for the anodic (oxidative stability) 

scans. Half charged LFP was chosen as the reference and counter electrode in this two-

electrode setup. Unfortunately, lithium metal potential is outside of the ESW of A1-4, such 

that an ASPE electrolyte in contact with it would turn black. This precludes the use of 

lithium metal as a reference and counter electrode which would be preferred. The small 

feature around 3.0 V is an artifact from the LSV routine where the program applied a 

current to take the sample voltage from its open circuit voltage (OCV) to the procedure 

start voltage of 3.0 V. There are three distinct regions in both the cathodic and anodic scans 

for all compositions: a region of little to no current, a region of moderate current, and a 

region of unmitigated current. The region of little to no current can be assigned as the ESW 

of the electrolyte. A lower bound of 1.0 V and an upper bound of 3.5 V encompasses all 

electrolytes studied here, with A1-3 extended their lower bound to ~ 0.5 V. The region 

between 0.5 to -0.25 V for A1-3 (1 to -0.25 V for A4) and 3.5 to 5 V are moderate current 

regions. In these regions there are electrochemical reduction (likely water and LiTFSI) and 

oxidation (all three components) reactions occurring, however the current is small enough 

that passivation with cycling in these regions may be possible. The regions of unmitigated 

current, below -0.25 V and above 5.0 V, are due to large-scale electrolyte degradation from 

redox reactions and are not accessible for a practical energy storage system.   
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Figure 5.9: Linear sweep voltammetry of LFP/ ASPE/ Al cell for A1-4 shown on the same graph. The voltage was swept 

from3.425V to  -0.5V vs. vs. Li/Li+  in the cathodic scan and 3.425 to  8.0V in the anodic scan at a rate of 1 mVs-1. Scans 

were taken at room temperature.  

 To measure the passivating ability of the ASPE system Cyclic Voltammetry (CV)  

was performed in both directions for A1-4. CV works in a similar manner as LSV, but 

instead of trying to identify where breakdown current starts, CV is a method used to 

determine temporal stability and the ability of the electrode-electrolyte interface to 

passivate with cycling time. Of particular interest are the regions of moderate current 

identified by LSV. Anodic CV scans from 3.0 to 4.5 V and cathodic scans from 3.0 to 1.0 

V were cycled 100 times and are shown in Figure 5.10. Cycle #1, 2, 50, and 100 are shown 

with a 10 A/cm2 vertical offset so that the cycles can be easily compared. Cathodic scans 
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for A1-4 show minimal current on cycle 1 down to 1.0V and excellent passivation behavior 

with continued cycling. A1-3 show a larger peak on cycle 1 of the anodic scans likely due 

to oxidation of water. By cycle 2 the current has lessened significantly, and by cycle 50 all 

four compositions show perfect passivation. All four compositions show good passivation 

capability by cycle 50 against both reduction and oxidation. 

 

 

Figure 5.10: CV scans of LFP/ASPE/Al from 3V to 1V, combined with CV scans of LFP/ASPE/Ti from 3.0V to 4.5V all 

vs. Li/Li. Cycle # 1, 2, 50, and 100 are shown for A) A1, B) A2, C) A3, and D) A4. 

 

  

A) B)

C) D)
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Galvanostatic Cycling 

While studying the excellent transport properties of the ASPE system was the focus of this 

chapter, it is still worthwhile to include galvanostatic cycling results which demonstrate 

the ability of ASPE electrolytes to operate within a battery system. To demonstrate proof-

of-concept cycling, a LTO/ A2/ LMO coin cell was constructed and set to cycle at a 1C 

rate at room temperature. Figure 5.11 shows specific capacity vs cycle number 

corresponding to black data points, and coulombic efficiency vs cycle number 

corresponding to red data points. This cell configuration cycled with ~99% coulombic 

efficiency after 50 cycles. This initial period lower coulombic efficiency is likely due to 

TiO2 defects in LTO causing water splitting171; LTO is a notoriously challenging anode 

material for water-containing electrolytes113,119,120,124,126,141. Another consideration that 

would need to be optimized for better performance is the interfacial contact in this system. 

This is addressed in Chapter 6.  

 



103 

 

 

Figure 5.11: Galvanostatic cycling performance of LTO/ ASPE #2/LMO at various 1C rates over 280 cycles. Black data 

points correspond to specific capacity on the left y-axis, red data points correspond to coulombic efficiency on the right 

y-axis.  

 

5.5 Conclusions 

Lithium-ion batteries (LIBs) have proven to be an effective means for powering devices, 

however concerns over their safety and environmental impact still exist. These concerns 

are largely related to the non-aqueous liquid organic electrolytes employed by commercial 

LIBs. A solid polymer electrolyte (SPE) that incorporates water as a plasticizer results in 

an electrolyte with high conductivity and the mechanical properties of a flexible solid, 

while replacing the most dangerous component with water. Here we show an aqueous solid 
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polymer electrolyte (ASPE) comprised of poly(ethylene oxide) (PEO), water, and lithium 

salt fabricated via a hot-pressing method with a conductivity of 0.681 - 1.75mS/cm at 25 

°C. . The incorporation of a polymer matrix makes this system stable down to the potential 

of lithium titanate (LTO, 1.55 V vs Li/Li+), which has only ever been achieved by multi 

component aqueous salts123124,125 and represents a huge boost in energy density for 

rechargeable aqueous-based batteries as +3 V electrochemical couples can be realized. The 

transport mechanism of these electrolytes was probed using a combination of EIS, NMR, 

and data fitting. The suggested dominant conduction mechanism in these electrolytes is 

water-assisted vehicular transport, which is bolstered by the water concentration 

dependence of the conductivity results. This ASPE system provides an alternative and 

addresses many of the issues associated with liquid organic electrolytes.  
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Chapter 6: Outlook and Future Directions 

 

6.1 ILSPE Future Work 

Improving Electrode/ Electrolyte Contact 

Chapter 2.3 introduces the interface problem for SPEs, which is the fact that typical 

electrode processing techniques produce electrodes with significant porosity that is 

intended to be filled with liquid electrolyte. In the context of a solid analogue, the 

electrolyte cannot make significant contact with active material through the bulk of the 

electrode as it cannot effectively fill porosity. An attempt to address this issue was made 

in Chapter 4 where ILSPE components were mixed with electrode components and slurry 

cast and vacuum-dried as is typical for electrode processing. The idea here is that 

electrolyte components mixed throughout the cathode will provide ionic pathways from 

the electrolyte to all active material particles contained within the electrode. The contrast 

between an SPE with a normal cathode and a SPE with a composite cathode is illustrated 

in Figure 6.1. In the first case, large voids as a result of electrode processing are unable to 

be filled with polymer electrolyte. In the second case, the inclusion of SPE components 

within the electrode create a conductive network to better distribute ion transport pathways 

throughout the electrode.  

 The ILSPE composite cathode resulted in good cycling with high capacity 

utilization and coulombic efficiency as outlined in Chapter 4, however these electrodes had 

a loading of ~0.1mAh/cm2 which is an order of magnitude away from commercially 

relevant electrode loadings of 1-3mAh/cm2. The slurry casting fabrication process also 

produced a composite cathode with significant porosity which is a staple of solvent 
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evaporation in this process. A further improvement could come from changing the 

fabrication of these electrodes from slurry casting and solvent evaporation to a no-solvent 

hot-pressing approach similar to how SPE electrolytes were fabricated in Chapters 4-5. 

Mixing all components followed by annealing and hot-pressing in a mold would result in 

a solvent-free electrode with little to no porosity. The thickness of the electrode could be 

altered after the pressing process by cold-calendaring to a desired thickness. A 

demonstration of high capacity utilization and coulombic efficiency with such a cathode 

would effectively address concerns around SPE/ electrode contact limitations.   

 

 

Figure 6.1: Schematic representation of a SPE/ normal  electrode interface and a SPE/ composite electrode interface. 

SPE w/ Composite CathodeSPE w/ Normal Cathode
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Extensive Li Dendrite Studies 

Stripping and plating tests were performed on ILSPE electrolytes (see Figure 4.10) to show 

their temporal stability with lithium electrodeposition. These tests resulted in a total of 200 

hours of active stripping and plating with no cells failing due short circuits caused by 

dendrites. These stripping and plating tests were done at a moderate current density of 

0.1mA/cm2, with each cycle totaling 2hr. While this is indeed a demonstration of stability 

with lithium electrodeposition, this routine could be constructed in such a way were 

dendrite formation is more likely, acting as a stress test. The next step to rigorously 

determine the ILSPE long-term stability with a lithium metal anode (no dendrite formation) 

is to use an aggressive stripping and plating routine until cell failure. An aggressive 

stripping and plating routine is necessary to ensure that lithium dendrite growth occurs, 

and the results of such a test could demonstrate which compositions of ILSPE are resilient 

to dendrite growth and at what current densities do they show resiliency. A routine with 

prolonged current application, such that each cycle takes 6hr (current polarity changing 

every 3hr), would be an effective way to stress test the ILSPEs. Additionally, the results of 

such a test could be compared to benchmarks in literature172  and would be expressed in 

terms of total charge passed at the time of dendrite-induced cell failure (Cd, with units 

C/cm2) and short circuit time (tsc). There are multiple design principles for suppressing 

lithium dendrite growth, including the use of a mechanically strong separator, having 

favorable transport properties, and curbing unregulated surface reactions that promote 

dendrite growth25. It is clear that multiple combinations of these principles can lead to the 

effective suppression of dendrites, and it would be insightful to determine where different 
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ILSPEs are located on this landscape. These tests would take up significant resources 

however, using multiple battery test channels for periods of hundreds of hours. Given 

sufficient time and resources, multiple ILSPE compositions at multiple current densities 

would be tested.  

 

6.2 ASPE Future Work 

Improving Electrode/ Electrolyte Contact 

The cycling of the ASPE system in Chapter 5 was not as much about demonstrating good 

performance as it was about demonstrating Li+ intercalation in LTO/ LMO electrodes using 

an aqueous electrolyte, which is notoriously difficult to do113,119–121,123,124,126,173. To further 

improve cycling, a liquid substitute for the solid ASPE called a catholyte/ anolyte 

(dependent on which electrode is in contact with the solution) can be used to fill porosity 

and provide ionic contact through the bulk of the electrode. Using low molecular weight 

polyethylene glycol (PEG, MW = 3,500Da) instead of high molecular weight PEO (MW 

= 106Da), keeping all molar concentration of the components the same, results in liquid 

ASPE that can serve as a catholyte or anolyte. Electrodes can be soaked in liquid ASPE 

before a solid ASPE is placed between them to make a battery cell. Figure 6.2 provides an 

illustration for this proposed system. In this case, the catholyte is able to intimately contact 

all active material particles due to the porosity of the electrode and the liquid nature of the 

catholyte, providing an ion conduction pathway through the bulk of the electrode. The 

electrolyte would still be a high molecular weight solid, such that it can act as the separator 

in this system.  
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Figure 6.2: Schematic representation of a SPE/ normal  electrode interface and a SPE + catholyte/ electrode interface. 

  

Further Stability Studies 

One way to verify stability studies done with solid ASPE electrolytes is to substitute them 

with a liquid counterpart that has the same chemistry. With the recent understanding that 

low molecular PEG in lieu of high molecular weight PEO will make an ASPE liquid, new 

electrochemistry characterization techniques become available. Previously, 

electrochemical stability had to be assessed in a two-electrode coin cell because of the solid 

nature of the high molecular weight ASPEs. This necessitated the use of half-charged LFP 

as a counter and reference electrode, which is time consuming to prepare. With liquid 

SPE w/ Catholyte + CathodeSPE w/ Normal Cathode
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ASPE, CV can be conducted with a three-electrode setup using a Ag/AgCl reference 

electrode. Additionally, the working electrode no longer has to be inert and active 

electrodes such as LTO and LMO can be used to demonstrate stability with intercalation/ 

deintercalation with these materials. Using a liquid proxy to measure the electrochemical 

stability of our solid system will result in a more robust study and can be easily compared 

to what was measured in the solid system to validate this approach. 

 

Chemical Characterization of the SEI 

Another benefit of using a liquid ASPE with low molecular weight PEG as opposed to high 

molecular weight PEO is the ease of electrode extraction post-experiment for chemical 

characterization of the SEI. Previously, the electrode interface could not be exposed 

without significant damage due to the sticky nature of the high molecular weight solid 

ASPE. In the case of liquid ASPE, electrodes can be extracted and washed of excess 

electrolyte easily. The surface chemistry of these electrodes can then be probed using XPS. 

This now opens up  direct observation of interface formation chemistry as a function of 

electrolyte composition, a characterization mode previously unavailable. With the ability 

to directly characterize the interface chemistry, intelligent choices can be more easily made 

with regards to electrolyte design.  

 

New ASPE Formulations 

The ASPE formulation in Chapter 5 was informed by the initial 21m LiTFSI in water 

innovation113, and since then more aqueous salts have been reported on that improve upon 

the stability of WISE through the use of multi-salt aqueous salts123–125. The inclusion of 
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polymer has also been shown to provide additional solvation power to raise the effective 

salt:water ratio as is evidenced by Yang et al126 and by the A3 and A4 formulations in 

Chapter 5. To create effective new ASPE formulations, the same design principles that are 

relevant for SPEs must be observed. Namely, the polymer matrix needs to be plasticized 

and amorphous to facilitate ion transport, and the salt content shouldn’t be so high that salt 

precipitates out. An effective choice of aqueous salt to blend with a polymer matrix will be 

further informed by CV and XPS characterization mentioned above. Starting with a liquid 

analogue will make electrochemical characterization easy and more robust, following 

which the system can be scaled up with a high molecular weight polymer matrix to measure 

conductivity by EIS.  

 In addition to tuning the electrochemical stability of the electrolyte through salt 

selection and concentration, the solvent molecule can be changed to meet the same goal. A 

mixed aqueous salt + organic solvent molecule system has been investigated with the 

purpose of the additional organic solvent molecule is that it provides an additional chemical 

substrate for SEI formation while lowering the concentration of water in the system141. 

Selecting a solvent blend of water + small polar organic solvent molecule such as 

acetonitrile could be a promising way to lower the water content while keeping salt 

concentrations high for improved stability.  
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6.3 Scientific Contributions 

My research has resulted in one publication in review and two that are in preparation. The 

work in this dissertation has been presented 5 times in local, national, and international 

meetings at the Materials Research Society, Mid-Atlantic Soft Matter Workshop, European 

Materials Research Society, and the AICHE Annual Student Conference. Additionally, the 

ASPE work in Chapter 5 has resulted in a U.S. non-provisional patent application (No. 

16/241,913).  

 This work addresses some of the fundamental challenges with SPE implementation 

in battery systems, namely overcoming poor ionic conductivity and the need for improving 

interfacial contact between SPEs and electrode materials, with significant headway being 

made on both accounts. The ILSPE project in Chapter 4 demonstrated through optimized 

ratios of polymer, salt, and IL a SPE electrolyte with room temperature conductivity of 

~1mS/cm. Additionally, these ILSPE electrolytes were coupled with a composite cathode 

formulation designed to improve ionic contact between the electrode and electrolyte to 

enable high capacity utilization. Further improvements were suggested for the cathode 

fabrication process involving a solvent-free die-pressing approach that would eliminate 

electrode porosity, creating better ionic contact with no dead space.  

 The ASPE project in Chapter 5 demonstrated that through the addition of water as 

a plasticizer SPEs could be made that largely decouple ion motion from polymer chains, 

resulting in what is known as “superionic” behavior. This discovery resulted in ASPEs that 

exhibit extraordinary transport properties with room temperature conductivities > 1mS/cm 

and lithium transport numbers of ~0.7. This work lays the foundation for a new area of 

exploration where high amounts of salt and small amounts of water (or other small solvent 
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molecules) can be used to create superionic behavior in SPEs. Some suggestions for future 

ASPE formulations are given in Chapter 6. Additionally, ASPE compositions can be made 

as both solids or liquids, through the use of high or low molecular weight polymer 

respectively. This creates the possibility of creating high electrolyte/ electrode interfacial 

contact with anolyte/ catholyte formulations using the same chemistries as the high 

molecular weight SPE analog outlined in Chapter 6.  
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Chapter 7: Appendices 

 

Appendix A: Standard Operating Procedures 

Transference Determination 

This procedure describes how to measure TLi+ of a polymer electrolyte by the Bruce and 

Vincent potentiostatic polarization method133,145. This procedure uses a combination of AC 

impedance spectroscopy and potentiostatic polarization to determine tLi+ through the 

relationship: 

𝑇𝐿𝑖+ =  
𝐼𝑠𝑠∗𝑅𝑏,𝑆𝑆(∆𝑉 – 𝐼0∗𝑅𝑖,0)

𝐼0∗𝑅𝑏,0(∆𝑉− 𝐼𝑠𝑠∗𝑅𝑖,𝑠𝑠)
            (2)                           

where I0 is the initial current during the potentiostatic polarization, Iss is the current at 

steady state, Rb,0 is the initial bulk electrolyte resistance, Rb,ss is the bulk electrolyte 

resistance at steady-state, Ri,0 is the initial interfacial impedance, Ri,ss is the steady-state 

interfacial impedance, and V is the applied potential. Alternatively, 𝐼Ω can be used in 

place of 𝐼0, where: 

𝐼Ω =  
∆𝑉

𝑅𝑏,0+ 𝑅𝑖,0
       (6) 

To obtain the necessary values in (2) for a measurement of TLi+, follow this procedure: 

1. Construct symmetrical Li / SPE / Li coin cells. Anneal at elevated temperature (>= 

60C) overnight. For this method to work, the SPE needs to have an ability to create 

a passivating layer with Li electrodes to prevent unmitigated degradation.  

2. Run AC impedance spectroscopy to measure the pre-conditioned interfacial 

resistance.  
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3. Condition the cells by running 5 charge/discharge (plating/stripping) cycles on the 

Arbin. Use a small current density of 0.02 mA/cm2 with a 4h charge, 45min rest, 

4h discharge, 45min rest for one cycle. This is done to create a stable interface with 

good contact. Run this test at 60C. 

4. Run AC impedance spectroscopy at 60C to determine Ri,0 and Rb,0, the resistance 

values before the potentiostatic polarization experiment.  

5. Run a potentiostatic polarization experiment on the Solartron choosing a V 

between 10-80mV, for a period of 4h (or enough time for the current to reach a 

steady-state value) at 60C. Take note of I0 and Iss. 

6. Run AC impedance spectroscopy to determine Ri,ss and Rb,ss, the resistance values 

at steady-state post potentiostatic polarization at 60C. 

7. Take note of all experimental values in a spreadsheet and use (2) to calculate TLi+.  

8. Calculate tLi+ by using (6) to replace I0 in (2).  

 

Some notes: 

The initial and final bulk electrolyte resistances, Rb,ss and Rb,0, are often the same. They can 

be found on the Nyquist plot by taking the higher frequency x-intercept (left-most 

intercept) of the right-most semi-circle.  
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