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SUMMARY 

Safety concerns of traditional liquid electrolytes especially when paired with 

lithium (Li) metal anodes has increased research of solid polymer electrolytes (SPEs) to 

exploit the superior thermal and mechanical properties of polymers. SPEs are safer than 

the flammable liquid electrolytes with high vapor pressure used in conventional lithium-

ion batteries (LIBs) and many demonstrate good compatibility with Li metal anodes. This 

creates an opportunity to store more energy per unit volume by replacing traditional 

graphite anodes with high-capacity Li metal or Li alloy anodes, thus reducing safety 

concerns while also improving performance. A promising route to improve performance 

of SPEs is to anchor the anion to the polymer backbone, thus only allowing movement of 

Li-ions and eliminating the detrimental effects of polarization that are common in 

conventional dual-ion conducting SPEs. These types of SPEs, known as single Li-ion 

conducting solid polymer electrolytes (SLiC-SPEs), exhibit high Li-ion transference 

numbers (𝑡𝐿𝑖+), which limits Li dendrite growth thus further increasing the safety of 

SPEs and the cycle life of the battery. However, SLiC-SPEs suffer from inadequate ionic 

conductivity, small electrochemical stability windows (ESWs), and limited cycling 

stability. In this dissertation, the synthesis of novel SLiC-SPEs and their potential 

application in Li metal batteries (LMBs) has been investigated. The focus of this 

dissertation is on the influence of chemical structure, Li-ion content, and membrane 

processing on Li transport and overall electrochemical performance of the synthesized 

SLiC-SPEs in LMBs. 
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For this work, two different SLiC-SPE systems were developed. The first being 

based on the largely unexplored polyphosphazene chemistry. Polyphosphazenes are 

primarily known for their use as flame retardant materials but have demonstrated high Li-

ion conductivity owing to their highly flexible P=N backbone which promotes Li-ion 

conduction. While polyphosphazenes have not been widely considered as SPEs in the 

literature, a few existing examples showed promising ionic conductivity and 

compatibility with Li metal. In this dissertation, three novel polyphosphazene-based 

SLiC-SPEs comprised of lithiated polyphosphazenes blended with polyethylene oxide 

(PEO) are investigated. The SLiC polyphosphazenes were prepared through a facile 

synthesis route opening the door for enhanced tunability of polymer properties via facile 

macromolecular nucleophilic substitution and subsequent lithiation.  

The second SLiC-SPE system investigated is prepared through infiltration and in 

situ copolymerization of lithium 1-[3-(methacryloloxy)propylsulfonyl]-1-

(trifluoromethane sulfonyl)imide (LiMTFSI) and poly(propylene glycol) acrylate (PPGA) 

on the LiFePO4 (LFP) cathode surface. The LiMTFSI co-monomer contributes a highly 

dissociated Li-ion and the poly(propylene glycol) side chains on the PPGA co-monomer 

are ideal for solvating and transporting Li-ions. The focus is to improve the notoriously 

low ionic conductivities of SLiC-SPEs and reduce interfacial resistance between the 

cathode and SPE for enhanced electrochemical performance. The monomer solution is 

infiltrated into the cathode and then heated to initiate polymerization and the SLiC-SPE is 

formed in situ and is well-integrated into the cathode structure providing an excellent 

interface between the cathode and SLiC-SPE in a simple, yet scalable, manner. The effect 
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of Li+ ion concentration in the copolymer and plasticizing additives on ionic conductivity 

and cycling performance is probed. Additionally, a synergistic effect between PPGA-co-

LiMTFSI and other lithium salts is explored. 
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CHAPTER 1. INTRODUCTION 

1.1 Motivation 

As the forecasted detrimental effects of climate change loom, much of the world is 

aiming to significantly reduce greenhouse gas emissions. More energy is being produced 

from renewable sources, such as wind and solar, than ever before and it is estimated that 

energy supplied by renewable sources will double by 2040.1 However, the fact that these 

sources are intermittent and geographically confined creates a significant challenge to 

further adoption.2 Advances in energy storage are required for application in grid-level 

energy storage systems for widespread implementation of renewable energy sources. 

Likewise, electric vehicles (EVs) are an individual solution to curb vehicular greenhouse 

gas emissions. Most EVs on the road today employ lithium-ion batteries (LIBs) due their 

relatively high energy density and long cycle life;3 however, EV adoption has been 

somewhat limited due to issues relating to the battery performance (limited range, 

charging rates, reliability, etc.).4 Lithium batteries are poised dominate energy storage 

sector for the foreseeable future, but for implementation of grid-level energy storage and 

continued EV adoption to reduce our dependence on fossil fuels, an increase in energy 

density is required without sacrificing safety. A potential route to improve both energy 

density and safety is through the use of SPEs.  

SPEs have garnered significant attention in the last decade due to the intrinsic 

properties of polymers relating the thermal, mechanical, and chemical stability and their 

potential to drastically improve the safety of Li batteries. However, polymer electrolytes 

have much lower ionic conductivities compared to conventional liquid electrolytes. Much 
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work has been done to improve the ionic conductivity and electrochemical performance 

but SPEs have not yet caught up to the performance of liquid electrolytes and thus have 

not yet experienced widespread commercial application.  

The primary safety concern relating to Li-ion batteries stems from the inherent 

flammability, high vapor pressure and electrochemical instability of liquid electrolytes in 

nearly all conventional LIBs. Replacing the flammable liquid electrolyte with a 

nonflammable solid electrolyte would significantly reduce those safety concerns but does 

not necessarily improve other electrochemical performance metrics. Alternatively, 

replacing the traditional graphite anode with a Li metal anode could improve the specific 

capacity of the anode by an order of magnitude (372 to 3860 mAh∙g-1) and nearly double 

overall energy density of the cell depending on the cathode material,5, 6 but Li metal 

anodes tend to form dendrites when used with liquid electrolytes which can lead to 

catastrophic and sudden battery failures which makes then even more unsafe. The 

mechanical properties of SPEs have been shown to suppress or slow the formation of 

dendrites, but often at the expense of reduced ionic conductivity which can limit 

performance.7 

In this dissertation, two novel SPE systems are introduced and the effect of the 

chemical structure on Li-ion conduction and electrochemical performance with Li metal 

anodes is examined through tailoring the chemistry and composition via facile synthesis 

and processing methods to improve the electrochemical performance of SPEs in Li 

batteries.  
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1.2 Dissertation Format 

This dissertation is structured to provide both a background to the topics investigated 

as well as to evaluate individual research projects in detail. Chapter 2 provides a review 

of conventional LIBs and the primary components involved, but the dissertation will 

focus primarily on SPEs. Single- and dual-ion conducting polymer electrolytes will be 

discussed, as well as Li-ion conduction mechanisms and dynamics, improved safety of 

SPEs, and the challenges related to their electrochemical performance. Furthermore, this 

work details the design, synthesis, and electrochemical performance of two novel 

polymer electrolytes systems based on (i) polyphosphazenes and (ii) acrylate-based 

copolymers. The design, synthesis, and characterization of single-ion conducting 

polyphosphazene electrolytes are presented in Chapters 3 and 4. An infiltration-based 

approach for scalable production of all-solid-state LMBs is presented in Chapter 5 based 

on an in situ infiltration and polymerization method for acrylate-based copolymers. 

Lastly, Chapter 6 will provide a conclusion for the work presented and recommendations 

for future research relating to each topic.   

  



 4 

 

CHAPTER 2. BACKGROUND 

2.1 Conventional Li-ion Batteries 

2.1.1 Introduction and overview 

Since rechargeable lithium-ion batteries were commercialized in 1991 by Sony to 

power digital camcorders,8 they have ultimately enabled numerous portable consumer 

devices and, more recently, EVs to revolutionize the energy storage landscape. Nearly 

three decades after their commercialization, LIBs still dominate the energy storage 

landscape due to their higher energy density compared to other secondary (rechargeable) 

battery systems. Yet research continues to develop safer, cost-effective, and longer 

lasting batteries with greater energy density that is required to promote further adoption 

of EVs and other mobile technologies while even potentially allowing LIBs to enter the 

grid energy storage sector as we transition to intermittent renewable energy sources 

(solar, wind, etc.).7, 9, 10  

A conventional LIB configuration is depicted in Figure 1, which, in its simplest 

form, is comprised of negative and positive electrodes and a porous separator, all 

immersed in a liquid electrolyte. Both electrodes are generally porous composites 

comprising some combination of an electroactive material, a small amount of a 

conductive carbon additive (to maintain good electrical contact throughout the electrode), 

and a small amount of polymer binder (to hold everything together). Thin films of the 

composite are pasted onto a current collector, which is generally copper (for anodes) or 
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aluminum (for cathodes) foil to provide an electronically conductive pathway to an 

external circuit. The liquid electrolyte should be ionically conductive and electrically 

insulating (as to avoid short-circuiting the cell) and facilitate Li-ions between the anode 

and cathode, while forcing electrons to traverse an external circuit where they are 

available to do work. Lastly, a thin, electrically insulating, and porous polymer separator 

is placed between the two electrodes to prevent short-circuiting after assembly.11 

 

Figure 1. Schematic of a conventional Li-ion battery. 

Most commercial LIBs operate through an intercalation (lithiation) and 

deintercalation (delithiation) process where Li-ions are inserted into the active materials 

at the cathode and anode without significant structural changes to the host material. The 

cathode active material is a lithium metal oxide (or phosphate), and the anode active 
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material is usually graphite (or another graphitic material). The basic function of a LIB 

relies on reversible insertion/removal of Li-ions to form sandwich-like structures. During 

discharging, Li-ions move from the anode and are inserted into the cathode material and 

electrons are released to an external circuit; conversely, during charging, Li-ions move 

from the cathode back to the anode. An example of the reactions occurring during 

discharge at each electrode is given by equations 1-3 (reactions are reversed during 

charging). 

Negative 

Electrode: 𝐿𝑖𝑥𝐶
  𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  
→        𝐶+𝑥𝐿𝑖++𝑥𝑒− (1) 

Positive 

Electrode: 𝐿𝑖1−𝑥𝐹𝑒𝑃𝑂4+𝑥𝐿𝑖
++𝑥𝑒−

  𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  
→         𝐿𝑖𝐹𝑒𝑃𝑂4 

(2) 

Overall:  𝐿𝑖1−𝑥𝐹𝑒𝑃𝑂4+𝐿𝑖𝑥𝐶
  𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  
→        𝐶+𝐿𝑖𝐹𝑒𝑃𝑂4 

(3) 

This “shuttling” of Li-ions is the basis for the operation of a Li-ion battery. As seemingly 

simple as it is, it has revolutionized modern life.12 

A wide range of different active materials have been developed since the 

introduction of LIBs and choosing the correct materials is critical since the overall 

performance of the cell can change dramatically based on the chosen cathode and anode 

materials. LIB components will be discussed in later sections of this chapter; however, it 

is necessary to define a few of the more common metrics used to demonstrate the 

performance or capability of the active materials and the overall cell, such as theoretical 

capacity, voltage, energy density, rate performance, and cycle life. 

Theoretical (specific) capacity is a measure of the charge stored, or the maximum 

Amp-hours available, per mass of material (when normalized by mass, typical units of 
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mAh∙g-1), and is defined thermodynamically by intrinsic properties of the material.13 It 

does not include the mass of other electrode components such as the current collector, 

conductive additives, packaging, etc. The equation for calculating the theoretical specific 

capacity is given in Equation 4, where n is the number of electrons involved in the 

reaction, F is Faraday’s constant, 3.6 is a conversion factor (1 A∙h = 3600 C) and M is the 

molecular weight. 

 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦=𝐶𝑡=
𝑛𝐹

3.6×𝑀
 (4) 

The capacity can also be used to quantify the available capacity remaining in a cell while 

it is being cycled; this is commonly referred to as the state of charge (SOC), which is 

simply a ratio of the capacity at a given time and the total capacity to identify the amount 

of unconverted active material remaining (fully charged = 100% SOC, fully discharged = 

0% SOC).13 

Another critical consideration for improving performance when selecting active 

materials for each electrode is based on their chemical potentials for lithiation and de-

lithiation. Specifically, the difference in the chemical potential of the anode and the 

cathode are defined as the open-circuit voltage (VOC), as shown in Equation 5 where e is 

the elementary charge of an electron and 𝜇𝐴 and 𝜇𝐶 are the chemical potentials of the 

anode and cathode .14  

 𝑒∙𝑉𝑂𝐶=𝜇𝐴−𝜇𝐶 (5) 

These chemical potentials are given by the redox reactions occurring at each 

electrode (lithiation/delithiation). Another useful metric is the nominal voltage, which is 
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the voltage delivered during most of the discharge cycle. It is important to note the VOC is 

not equal to the nominal voltage of the cell and that during discharge the potential of the 

cell is always less than the VOC (thermodynamic potential) due to polarizations within the 

cell. The opposite is true for charging where the nominal voltage will be greater than the 

thermodynamic potential. These polarizations, or deviations from the thermodynamic 

potential, can be defined as follows:  

where 𝑉𝑐𝑒𝑙𝑙 is the measured cell voltage, 𝜂 is the total polarization (sum of the magnitude 

of ohmic, anodic, cathodic, and concentration polarizations). While these polarizations 

cannot be measured individually, ohmic polarizations typically account for most of the 

overall polarization due to the multitude of electrical impedances generated within the 

cathode, anode, electrolyte, and their interfaces.13 Concentration polarizations arise due to 

the passage of current in the cell creating concentration gradients due to the net flux of 

Li-ions and their counterions moving in opposite directions.15 Lastly, the kinetic 

polarizations at each electrode are associated with the interfacial charge-transfer 

resistance.16 Inevitably, these polarization contributions are present in all LIB systems to 

some degree, and increase in magnitude with higher current rates, and require that a 

specific cutoff voltage be applied in commercial examples to avoid damaging the cell. 

This cutoff voltage unfortunately reduces the capacity that can be accessed and thus the 

cell discharges more rapidly.13 

 𝑉𝑐𝑒𝑙𝑙,𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒=𝑉𝑂𝐶−η (6) 

 𝑉𝑐𝑒𝑙𝑙,𝑐ℎ𝑎𝑟𝑔𝑒=𝑉𝑂𝐶+η (7) 

 𝜂=|𝜂𝑜ℎ𝑚𝑖𝑐|+|𝜂𝑛𝑒𝑔|+|𝜂𝑝𝑜𝑠|+|𝜂𝑐𝑜𝑛𝑐| (8) 
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Rate performance determines how quickly, or slowly, a cell is charged or 

discharged. In general, charging/discharging rates are given as a “C-rate” which is a 

multiple of the rated capacity. The C-rate is given by the theoretical current that would 

fully charge/discharge a battery in a given time. For example, "1C” or “C/1” corresponds 

to the theoretical current that would charge/discharge a battery in 1h; “0.5C” or “C/2” – 

in 2h; “0.2C” or “C/5” – in 5h; “0.1C” or “C/10” – in 10h, etc. Rate performance in LIBs 

is limited. Above a certain charge or discharge rate, the maximum achievable capacity 

begins to decrease and continues to do so as the rate is increased further. In addition, due 

to the total polarization increase, the cell voltage decreases as well. These two effects 

ultimately reduce the amount of energy a battery can store (charging) and deliver 

(discharging). Attempts have been made to improve rate performance through decreasing 

the size of the active particles that are incorporated in the electrodes (increase specific 

surface area and reduce charge transfer resistance), reducing electrode thickness (to 

reduce both ohmic resistance and thus ohmic polarization and electrolyte diffusion 

distances and thus concentration polarization), increasing electrode porosity (to reduce 

electrode tortuosity and to increase contact with the electrolyte to reduce concentration 

polarization), and optimization of the electrolyte concentration and viscosity (similarly to 

reduce concentration polarization), but there is still significant work to be done to 

improve rate performance without significant reduction in energy density (note that 

thinner and less dense electrodes reduce the volume fraction of active materials in 

LIBs).17  

The cycle life of a battery is directly related to the capacity loss over time, and 

gives the number of charge/discharge cycles corresponding to capacity reduction from 
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100% to 80% of the initial capacity (or to other pre-determined fraction of the initial 

capacity). 

Lastly, specific energy and energy density both describe the energy available in a 

LIB. It is the product of the capacity (in units A∙h) and the nominal voltage (V) in LIB 

can be normalized by mass (Wh∙kg-1; specific energy) and volume (Wh∙L-1; energy 

density). While these values are generally calculated to include the mass of the packaging 

and other components, the energy density of a battery is largely determined collectively 

by the specific capacity of the electrodes and the working voltage of the materials 

chosen.18  

Overall, improving energy density and cycling lifetimes without sacrificing safety 

or significantly increasing costs will require trade-offs and likely the development of new 

materials. Optimizing these variables is a great challenge for the battery community and 

will require a thorough materials understanding to advance the field towards more 

efficient energy storage.  

2.1.2 Cathode materials 

In general, for high energy density intercalation-type LIBs, cathode materials 

must have a robust crystal structure for long-term stable cyclability, with sufficient Li-ion 

intercalation sites to give a high specific capacity, and a high electrochemical 

intercalation potential.14 Most commercial examples are lithiated transition-metal 

compounds (oxides or phosphates) and only five practical cathode materials have had any 

significantly commercial success: (i) lithium cobalt oxide (LCO) or LiCoO2, (ii) lithium 

manganese oxides (LMO) such as LiMn2O4, (iii) lithium nickel cobalt aluminium oxides 
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(NCA) such as LiNi0.8Co0.15Al0.05O2 and others, (iv) lithium nickel cobalt manganese 

oxides (NCM) such as LiNi0.33Mn0.33Co0.33O2 (NCM111), LiNi0.8Mn0.1Co0.1O2 

(NCM811) and others, and (v) lithium iron phosphate (LFP) LiFePO4.
11 All of these 

materials possess either a layered, spinel, or olivine crystal structure, offer high voltages 

(3.5‒4.2 V), and moderately high theoretical capacities (150‒300 mAh∙g-1) and moderate 

practical capacities (140‒210 mAh∙g-1).19-21 These cathode materials undergo very small 

volume changes during Li-ion intercalation and deintercalation which results in good 

mechanical and electrochemical stability.22 Furthermore, the crystalline (host) structure 

provides channels for rapid Li-ion diffusion and promotes greater rate performance.20 

However, each come with their own strengths and weaknesses. For example, LCO was 

the first commercialized example, and is still the most widely used, owing to a high 

volumetric energy density and in general demonstrates low self-discharge and good 

cycling performance.20, 23 However, LCO is expensive due to the rising costs of Co as 

well as the political, environmental and ethical issues related to its mining.24 Also, LCO 

suffers from poor thermal stability due to the exothermic release of oxygen when heated 

above a certain temperature, which can result in a thermal runaway reactions and 

catastrophic failures.25 Finally, reversible extraction of Li from Li1-xCoO2 is limited to 

about 𝑥=0.5 , further delithiation results in an unstable crystal structure that can release 

oxygen, further emphasizing the safety concerns relating to LIBs. The instability of the 

low-lithium phase initially limited the working voltage to ≤ 4.1 V and the usable capacity 

to ~140 mAh∙g-1,18 although the modern “doped” and often surface-coated high-voltage 

LCO (HV-LCO) operates at up to ~4.4 V and offers capacity up to ~190 mAh∙g-1. 
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Alternatively, LFP could be used as a lower-energy, but cheaper, alternative to 

LCO due to the natural abundance of Fe compared to Co. Furthermore, it has excellent 

thermal stability and was used in early EVs as a result of the improved safety.26 However, 

LFP is plagued by poor electrical conductivity, lower volumetric capacity and lower 

discharge potential (3.5 V), which ultimately reduce energy density.12, 27 These examples 

demonstrate that the choice of cathode materials is highly dependent of the application 

and that electrochemical metrics do not necessarily outweigh the cost and safety 

characteristics.  

2.1.3 Anode materials 

Early commercial LIBs utilized “coke”, an amorphous carbon by-product of the 

petroleum industry, as the anode material, which had a specific capacity about 160-220 

mAh∙g-1.28 As graphite synthesis and processing methods evolved and became more 

economical, LIBs shifted to graphite anodes because of the low de-/lithiation potential 

(0.2 V), higher theoretical specific capacity (372 mAh∙g-1), and high electrical 

conductivity.29 Graphite, similar to the cathode materials previously mentioned, is an 

intercalation-type material allowing Li-ions to intercalate between graphitic planes with a 

maximum lithium content of one Li-ion per six carbon atoms (i.e., LiC6). Graphite is 

safe, environmentally friendly, easy to use, and is still the dominant anode material in 

commercial LIBs today. One major challenge for graphite anodes is the limited rate 

performance. At higher C-rates, lithium can begin to plate on the electrode surface, which 

creates the potential for short-circuiting or, at best, accelerated capacity fading.29 



 13 

Another commercial anode material that has had some commercial success is 

lithium titanate (Li4Ti5O12; LTO). LTO’s spinel structure does not expand and contract 

during intercalation and deintercalation as the Li-ions are the same size as the sites they 

occupy in the LTO structure.30 This results in extremely long cycling lifetimes whereas in 

many other intercalation-type materials the repeated expansion and contraction can 

ultimately cause physical separations within the electrode and thus electrical isolation of 

the active material particle.31 LTO is somewhat limited by thermodynamics and structural 

properties with a potential of 1.55 V and a theoretical capacity of 175 mAh∙g-1.32 

Unfortunately, the low capacity (compared to graphite) and high potential reduce the 

energy density, but the improved safety and lifetime have allowed commercial success in 

specific applications that require extremely long cycle life and the highest safety 

characteristics. 

Before widespread commercialization of LIBs, most research focused on the use 

of lithium metal as the negative electrode. This was due to the unmatched theoretical 

capacity (3860 mAh∙g-1), low density (0.59 g∙cm-3), and the lowest possible potential (-

3.04 V vs. SHE).6 Unfortunately, safety concerns relating to the instability of Li in the 

presence of organic electrolytes that ultimately facilitates the growth of dendrites as the 

cell was cycled shifted the focus to carbon-based anodes which offered a stable 

morphology and consistent safety properties.33 Research has continued over the years, but 

lithium metal batteries (LMBs) have yet to be widely commercialized. However, in the 

interest of higher energy density secondary batteries with improved rate performance, 

LMB research has increased significantly in recent years. In Figure 2, Wu et al. 

calculated the energy densities and specific energies of various cathode materials (both 
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intercalation- and conversion-type) for both graphite (a and c) and lithium metal anodes 

(b and d).21 These calculations were based on a unit-stack normalized cell assuming a 

typical volume for all components (cathode, anode, separator, and current collector).  

 

 

Figure 2. Comparison of volumetric energy density of unit stacks based on (a) 

graphite and (b) lithium metal anodes, and comparison of specific energy of unit 

stacks based on (c) graphite and (d) lithium metal anodes (Reproduced with 

permission from Ref. 21). 

Moderate increases in energy density are observed for intercalation-type cathode 

materials, but the improvements for conversion-type cathode materials in both energy 

density and specific energy are remarkable. 
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2.1.4 Electrolytes 

So far, great focus has been placed on the interplay between the electroactive 

cathode and anode materials and how their capacities and electrochemical potentials 

influence energy density. As the medium for Li-ion transport, the electrolyte is equally 

important to the performance of the battery and the ESW of the electrolyte can limit the 

working voltage of the cell. The anode, cathode, and electrolyte must be chosen such that 

the highest occupied molecular orbital (HOMO) of the electrolyte is less than the cathode 

potential and the lowest unoccupied molecular orbital (LUMO) is greater than the anode 

potential.34 Put simply, the electrolyte must be stable at the anode and cathode potentials 

for de-/lithiation. However, no practical organic solvents are thermodynamically stable 

with lithium metal or LixC6 near 0 V (vs. Li) and most solvents will reduce.33 This 

includes carbonates which are omnipresent in current LIB electrolytes. Ideally, this 

reaction is limited (not continuous) and forms a passivating film on the surface of the 

anode and physically separates the anode and electrolyte so no further reduction occurs. 

This film is known as the solid electrolyte interphase (SEI). SEI formation is largely 

unavoidable in conventional LIBs, and often provides a stabilizing effect. The SEI has 

been proposed to have lithium alkyl carbonates, lithium carbonate, lithium oxalate, 

lithium alkoxides, and lithium oxides from decomposition of the carbonate solvent as 

well as a wide range of other lithiated decomposition products from the Li salts used in 

the electrolyte.35 The formation of the SEI results in irreversible capacity losses as the 

reacted lithium is no longer available for cycling.  

In 1991, when Sony released the first commercially successful LIB, the liquid 

electrolyte was lithium hexafluorophosphate (LiPF6) dissolved in a mixture of propylene 
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carbonate (PC) and diethyl carbonate (DEC).36 Today’s electrolytes still primarily 

employ LiPF6 dissolved in carbonate solvents with some electrolyte additives to improve 

performance and lifetimes.37 Carbonates are ideal solvents as they are aprotic, polar, and 

have a high dielectric constant allowing them to solvate Li salts to relatively high 

concentrations (≥1 M). A wide range of cyclic and linear carbonates are used in practice 

and the choice of solvent varies based on the application or temperature requirements. 

LiPF6 is broadly used due to moderately high ionic conductivities achievable (up to 10-2 

S∙cm-1) and the ability to passivate the Al current collector which is thermodynamically 

unstable at the high potentials ( >4 V) required for some cathode materials.38 However, 

LiPF6 is inherently hygroscopic and creates hydrofluoric acid (HF) in the presence of 

water. HF is especially problematic as it is highly toxic, can corrode the current 

collectors, and decompose the SEI causing further capacity loss through Li 

consumption.37 Furthermore, it is thermally unstable and decomposes into LiF and PF5 

gas.39 Developed as a safer alternative to LiPF6, lithium bis(trifluoromethanesulfonyl) 

imide (LiTFSI) has become increasingly more popular as it has improved electrochemical 

and thermal stability. However, it does not passivate the Al current collector which can 

lead to degradation of the electrode.40 

Regardless of the salt chosen, liquid electrolytes pose a serious safety risk due the 

inherent volatility and flammability of the organic solvents used. There have been 

numerous recalls and warnings relating to the safety of LIBs, most notably by Boeing41 

and Samsung.42 All safety issues for LIBs ultimately originate from the electrolyte 

reacting with the positive and negative electrodes at higher temperatures (generally above 

80 °C).33 These reactions are generally exothermic which can ultimately exacerbate the 
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issue and cause catastrophic failures with fires or explosions being the result. This is the 

primary reason for irreversible capacity loss when cycling LIBs at increased 

temperatures. Furthermore, a number of mechanical (e.g., puncturing and crushing) and 

electrochemical (e.g., overcharging and short-circuiting) abuses can potentially initiate a 

cascading thermal runaway event.43 This is by no means declaring that LIBs are 

inherently unsafe; overall, they have a very high safety record with a number of safety 

mechanisms built in to avert potential disaster.18 However, the potential for catastrophic 

failure remains due to the immense chemical energy stored in the flammable electrolyte 

and it must be addressed.44 

Furthermore, traditional carbonate-based electrolytes have an oxidative potential 

of about 4.3-4.5 V on the LCO, NCM and NCA cathodes’ surfaces, above which 

undesirable decomposition of electrolyte is inevitable.45 This is of particular importance 

as the need for further improvements of energy density are required and one primary 

route to doing so is by cathode materials with higher voltages.46 Electrolytes employing 

sulfones, instead of alkyl carbonates, have been shown to possess higher oxidative 

stability (~ 5 V), but due to high viscosity and melting point the practical application is 

limited.46 To reduce the safety risks and expand the ESW of liquid electrolytes, many 

believe solid-state electrolytes (SSEs) can overcome these issues and bring LMBs to 

widespread commercialization. A more thorough discussion on SSEs, more specifically, 

polymer electrolytes will be presented later in this chapter. 
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2.1.5 Inactive components   

2.1.5.1 Separators 

The primary responsibility of the separator is to avoid short-circuiting by 

providing an electrically insulating barrier between the cathode and anode to prevent 

contact while allowing efficient transport Li-ion transport. Separators also have a 

significant impact on the reliability and safety of LIBs. Most commercial LIB separators 

are between 15‒32 μm with a weight of 10-20 g∙m2 and are made of microporous 

polyolefins (almost exclusively polyethylene or polypropylene) due to the wettability 

with liquid electrolytes and robust mechanical properties.47 It is critical to minimize the 

thickness and weight without reducing the mechanical stability of the separator in order 

to optimize energy density. Ideally, separators should not shrink at higher temperatures, 

be resistant to punctures from electrode materials, possess small pore sizes (< 1 μm), be 

easily wetted by electrolytes, and have stability when in contact with the electrolyte and 

electrode materials.33 

2.1.5.2 Current collectors 

Current collects must be sufficiently conductive as to not impede electron 

transport to and from the active materials and to the external circuit. They should not 

participate directly in any electrochemical reactions with the active materials or the 

electrolyte across the voltage range required for the cell. Furthermore, they must provide 

adequate mechanical support for the active materials deposited on them while minimizing 

total thickness and mass to maximize specific energy and energy density.  
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The primary current collector for commercial LIB cathodes is aluminum (Al) foil. 

Al is ideal because it is low cost, light weight (2.7 g∙cm-3), and possesses high electronic 

conductivity.38 Al is thermodynamically unstable at high potentials (>3.5 V), but is 

protected in part by a native oxide (Al2O3) layer that naturally forms in air. However, this 

oxide layer does not fully prevent corrosion and its effects become obvious after 

extensive cycling at higher potentials.48 In LIBs with LiPF6 electrolytes, decomposition 

of the salt promotes formation of a passivation layer on the current collector surface in 

the form of AlF3 which effectively prevents further corrosion and increases cycling 

lifetimes in those systems.49 Unfortunately, not all fluorinated Li salts form this 

passivating layer, including LiTFSI, which can ultimately limit their application.49 

Al will alloy with lithium at low voltages (approaching 0 V), and thus cannot be 

used as the anode current collector with graphite or Li metal anodes due to their low 

potentials. Instead, copper (Cu) is used as the anode current collector in almost all 

commercial LIB applications.33 Copper resistant to electrochemical alloying even at 

potentials as low as 0 V, and has the second highest electrical conductivity of all metals 

(silver has the highest) with 58 MS∙m-1.18 Note, however, when anode potentials are 

moderate such as in the case of LTO (~1.5 V), Al could also be employed as the current 

collector.50  

2.1.5.3 Conductive additives 

The poor electrical conductivity of many active materials requires the use of 

conductive additives to maintain good electrical conductivity throughout the electrode. 

Without sufficient electrical conductivity, active material particles can become 
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electrochemically isolated, thus reducing capacity. While conductive additives do not 

participate in any electrochemical reactions, they can significantly improve performance 

by reducing the internal resistance and polarization effects which are necessary to 

maximize capacity utilization within the electrode.51 The high electrical conductivities 

and light weight of carbon materials (commonly carbon black) make them the ideal 

candidates to promote electron transport in LIB electrodes.33 The conductive carbon 

additive only accounts for a small percentage of the electrode mass, but due to the high 

specific surface area of these materials, it can account for a much larger volume fraction 

which must be considered when optimizing specific energy.52 Additionally, there is a 

threshold at which further increase of the conductive additive content provides 

minimal/no benefit for the purposes they are employed and in general that threshold 

shout be met, but not exceeded, in order to optimize the electrode performance. The size, 

morphology, and density play a critical role in establishing that threshold.53 

2.1.5.4 Polymer binders 

Polymer binders are necessary to ensure stable cohesion of the electrode particles 

and for adhesion to the current collector without significantly reducing electronic or ionic 

conductivity. Again, as an inactive component, it is critical to keep mass and volume 

fraction low, and the binder content is typically 2-5% of the mass in commercial 

electrodes.54 In most commercial LIBs, polyvinylidene fluoride (PVDF) is the most 

commonly used cathode binder owing to its mechanical, chemical and electrochemical 

stability.55 PVDF is typically dissolved in N-methyl-2-pyrrolidone (NMP) along with the 

electrode materials before casting on the current collector. Switching to water-soluble 

polymers would reduce costs (relative to PVDF) and toxicity concerns associated with 
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NMP. Some water-soluble polymers that have been of interest are carboxymethyl 

cellulose (CMC), polyacrylic acid (PAA), polyurethanes (PU), and alginate (refined from 

brown seaweed).56-59 Furthermore, most LIBs are cycled across a wide voltage range and 

the binder must withstand these potentials as well. This could eventually become 

problematic as higher voltage cathode materials may exceed the oxidative stability of 

traditional binders.55  

 

2.2 Lithium Metal Batteries with Solid Polymer Electrolytes 

2.2.1 Overview 

The landscape of energy storage continues to expand with growing adoption of 

EVs and portable consumer electronics.10 The predicted climate change further requires 

rapid transitioning into grid based storage of energy harnessed from renewable sources.7 

LIBs figure to play a key role in this, but safety concerns of liquid electrolyte based LIBs 

has somewhat limited their applications.9 These safety concerns are related to the high 

vapor pressure in combination with inherent flammability of most organic liquid 

electrolytes, and typically originate from a thermal runaway reaction often caused by 

internal short-circuits induced, for example, by Li dendrite formation that can pierce the 

separator or externally-induced LIB damages.60, 61 These issues become more apparent 

when Li metal is used as an anode (as in LMBs).5, 6 Though recent studies showed that 

the formation of stable a SEI layer may minimize the probability of thermal runaway 

reactions,62 such SEIs are often brittle and prone to damages under abuse, which may 

limit the viability of liquid electrolytes in practical applications of LMBs. Many thus 
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believe solid electrolytes are better alternatives as they are thermally more stable, 

mechanically more robust, may suppress the Li dendrite growth, are less flammable and 

thus may prevent catastrophic battery failures.63-65 

All solid-state LMBs have their own set of challenges. First, the very solid nature 

of the electrolyte may make the complete “wetting” of the porous electrodes difficult, 

thus creating voids, which may increase resistance of the cells, lower their capacity 

utilization and volumetric energy density. Second, Li dendrites may grow more easily 

through such voids and cause LMB cells to short. Third, solid electrolytes may react with 

the Li metal causing undesirable side products, which may lower Coulombic efficiency 

and ultimately lead to cell failure.  

Addressing these challenges using SPEs has been a subject of extensive research in 

the last few decades. Most research focused on PEO/LiTFSI systems and has now 

expanded into several other polymer hosts and lithium salts.66-71 In each system, 

inorganic salts dissociate in a polar polymer matrix and from there the Li ions conduct 

through a combination of inter- and intra-chain hopping through the polymer matrix.65, 72 

In such SPEs, both the cation (Li+) and anion are mobile and are referred to as dual-ion 

conducting SPEs. During cycling cations and anions move in opposite directions 

resulting in a low transference number (generally 𝑡𝐿𝑖+ < 0.5; often < 0.2) creating 

significant concentration gradients, which gives way to undesirable side reactions and 

premature cell failure, most notably through Li dendrite growth.73, 74  

In a model developed by Chazalviel et al., it was demonstrated that when current is 

applied, large concentration gradients arise as Li-ions deposit on the negative electrode 
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and anions drift towards the positive electrode. This concentration gradient forms an 

electric field, and it is this electric field that is believed to induce the formation of Li 

dendrites and determine their growth rate based on the following equation:  

 𝜈=−𝜇𝑎𝐸 (9) 

where 𝜈 is the velocity (growth rate), 𝜇𝑎 is the anionic mobility, and E is the strength of 

the electric field created by the concentration gradients formed during polarization.75, 76 

Simulations by Monroe and Newman showed that when the  𝑡𝐿𝑖+ approaches unity, no 

concentration gradients exist.77 This has led to the development of polymers, with anionic 

groups covalently attached to the polymer backbone resulting in high Li-ion transference 

numbers, known as single Li-ion conductors (SLiCs).78, 79 By immobilizing the anionic 

species concentration gradients are minimized, and in practice has been proven to 

strongly suppress dendrite growth and thus significantly improve cell performance and 

lifetimes.80, 81  

2.2.2 Challenges 

To employ lithium metal anodes in commercial batteries there are still many 

obstacles to overcome. Due to the instability of Li metal in the presence of liquid 

electrolytes, it appears that the most promising route forward is to pair Li metal anodes 

with polymer electrolytes. The robust thermal and mechanical properties make 

processing easier and will improve interfacial contact with the electrodes. Furthermore, 

SLiC-SPEs offer a unique opportunity to suppress dendrite formation/growth as 

previously mentioned. However, SLiC-SPEs have been limited by low ionic conductivity 
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due to the reduced segmental motion imparted by the more rigid anionic centers 

incorporated into the polymer chains and also to strong ion-pairing making Li+ 

dissociation more difficult. This low ionic conductivity results in poor rate performance, 

especially at lower temperatures, and an inability to support current densities required for 

practical applications. Improving (low temperature) ionic conductivity is essential to the 

implementation of SLiC-SPEs, but it cannot come by sacrificing electrochemical, 

thermal, or mechanical stability. 

 

2.3 Methods 

Materials science covers a broad range of research topics, but there are numerous 

tools that are pervasive in the field. To characterize the materials synthesized in this 

thesis and to evaluate their efficacy as battery materials the characterization techniques 

used will be outlined here. The following sections describe the primary characterization 

techniques used in this thesis with a focus on their application specific to this work and 

are divided into materials characterization and electrochemical characterizations. 

2.3.1 Materials Characterizations 

At the core of materials science and engineering is understanding the relationship 

between structure and properties of materials. In effort to do so, a number of analyses 

involving microscopic, macroscopic, and spectroscopic methods are necessary.  
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2.3.1.1 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a versatile imaging tool that is routinely 

used in materials characterization to elucidate structural and morphological information 

of materials. A scanning electron microscope produces an image by magnetically 

focusing an electron beam, which is then rastered over the surface of a specimen at a 

specific working distance. The electrons bombarding the specimen surface are then 

collected (depending on the detector) as a function of position and amplified to produce 

an image at very high magnification. As the electron beam interacts with the sample 

surface, multiple signals are produced simultaneously: backscattered, secondary, and 

Auger electrons, as well as characteristic X-rays. Primarily, secondary and backscattered 

electron detectors are used to produce an image with secondary electron detectors giving 

more topographic information due to the shallow penetration depth and backscattered 

electron detectors providing both topographical and compositional imaging. In this thesis, 

SEM was employed primarily to analyze the size and morphology of materials 

synthesized as well as for prepared membranes and cathode structure.  

2.3.1.2 X-ray Diffraction 

X-ray diffraction is a bulk analysis technique used to determine the atomic 

structure of crystalline materials as well as comparative analyses to deduce compositional 

information. When irradiated, electron clouds of the atoms within the crystalline structure 

elastically scatter incident X-rays in all directions. In most directions these waves cancel 

each other out due to destructive interference; however, in specific directions they add 

constructively, or diffract, as determined by Bragg’s Law, given in Equation 10, where n 
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is any integer, 𝜆 is the incident X-ray wavelength, d is the spacing between planes of 

atoms in the sample, and 𝜃 is the incident angle.  

 𝑛𝜆=2𝑑sin𝜃 (10) 

An illustration of Bragg’s Law is given in Figure 3, and the typical Bragg-Brentano 

geometry employed by most modern powder diffractometers is shown in Figure 4. 

Bragg’s Law allows us to relate the wavelength of the X-ray to the diffraction angle and 

interplanar spacing within a crystalline sample. These diffracted X-rays can then be 

detected and quantified as the incident angle is adjusted through a predetermined range.  

By rotating the X- ray source (or sample) and detector and scanning across a range of 2𝜃 

angles, all possible diffraction directions within the crystal lattice will be detected 

providing useful information about the atomic structure. In this work, XRD was 

employed primarily to evaluate the degree of crystallinity in the polymers synthesized for 

use as SPEs. Also, to evaluate the effect of processing on the polymer microstructure. 

 

Figure 3. Illustration of Bragg’s Law demonstrating constructive interference for 

XRD analysis. 
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Figure 4. Schematic of XRD equipped with Bragg-Brentano geometry. 

2.3.1.3  Thermogravimetric Analysis 

Thermogravimetric analysis, TGA, is a simple, yet useful, materials 

characterization technique with the base measurements of mass, temperature, and time.82, 

83 TGA continuously measures mass, to the tenth of a microgram with most modern 

thermal analyzers, while the temperature is changed over time. It is a form of destructive 

analysis, but only requires a small amount of material (typically 2-10 mg) and can be 

done under inert conditions (generally N2 or Ar) to evaluate thermal decomposition, or in 

air for combustion analyses. In this work, TGA was used to evaluate the decomposition 

temperature of the constituents in SPEs.   

2.3.1.4 Differential Scanning Calorimetry 

Similar to TGA, differential scanning calorimetry (DSC), is a thermoanalytical 

technique used to establish a connection between temperature and specific physical 

properties of a sample as a function of time and temperature.84 For DSC, the sample 

material, in an enclosed pan, and an empty reference pan are placed on a thermoelectric 
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plate, both inside a furnace. As the sample and reference are heated there is a measurable 

temperature difference due to the heat capacity of the sample from which the heat flow 

can be determined by Equation 11, where q is the sample heat flow, Δ𝑇 is the difference 

in temperature between the sample and reference pans, and R is the resistance of the 

thermoelectric plates upon which the sample and reference pans sit. 85 

 𝑞=
Δ𝑇

𝑅
 (11) 

When the sample undergoes a phase transition, heat will be released or absorbed and this 

change in heat flow (q) is measured and can be plotted as a function of time or 

temperature. This analysis is more thorough than TGA and allows for measurement of 

both first and second order phase transitions such as melting or glass transition 

temperatures, but also to calculate the enthalpy of a phase transition (melting, 

crystallization, etc.) In this work, DSC was used to evaluate glass transition temperature, 

melting temperature, and percent crystallinity. 

2.3.1.5 Nuclear Magnetic Resonance (NMR) Spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful analytical 

chemistry technique used to analyze the molecular structure of a sample. The analysis is 

generally performed in solution with a deuterated solvent for easy tuning of the 

instrument and to suppress the large solvent signal that would normally be present in 1H 

and 13C analyses.86 Details about the molecular structure can be deduced by measuring 

the interaction of radio-frequency energy with the spin-active nuclei in a sample when 

placed in a strong magnetic field. Neighboring electron clouds can effectively (de)shield 
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the magnetic field of the nuclei being measured and, in general, the more electronegative 

the nucleus is, the greater the deshielding effect. This shielding effect, among others, 

provides details about structural features of the molecule given by a chemical shift of the 

concerned nuclei and from this the structure can be deciphered.87 In this work, NMR 

spectroscopy was used to confirm the molecular structure of the polymers synthesized 

and to evaluate the purity of the samples.  

2.3.2 Electrochemical Characterizations 

Imperative to almost all electroanalytical techniques is understanding the 

interactions and relationships between current (the reaction rate) and voltage (the driving 

force).13 We can elucidate information about the processes that influence that relationship 

often by keeping one of the two constant and measuring the other.  

2.3.2.1 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a technique used to study the 

electrode processes by applying a small (sinusoidal) AC signal (~5-10 mV) to an 

electrochemical cell. Since a change in voltage will result in a change in current, a 

sinusoidal current will result from the AC signal applied and the resulting current and 

phase shift between them is measured across a wide frequency range (generally from 0.01 

Hz to 1 MHz).13 The equations for the current and voltage, with respect to time, are given 

in Equations 12 and 13, where 𝑉𝑡 is the voltage at time t, 𝑉𝑜 is the initial voltage, 𝐼𝑡 is the 

current at time t, 𝐼𝑜 is the initial current, ω is the frequency, and 𝜙 is the phase shift.    
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 𝑉𝑡=𝑉𝑜sin𝜔𝑡 (12) 

 𝐼𝑡=𝐼𝑜sin(𝜔𝑡+𝜙) (13) 

Ratioing Equations 12 and 13, the impedance of the system can be represented by the 

relation:  

 𝑍(𝜔)=
𝑉𝑡
𝐼𝑡
=

𝑉0sin𝜔𝑡

𝐼0sin(𝜔𝑡+𝜙)
=𝑍0

sin𝜔𝑡

sin(𝜔𝑡+𝜙)
 (14) 

where the impedance is expressed as 𝑍0. Applying Euler’s formula for trigonometric and 

complex functions to Equations 12 and 13, it becomes possible to express impedance as a 

complex function:  

  𝑍(𝜔)
𝑉𝑡
𝐼𝑡
=𝑍0exp(𝑗𝜙)=𝑍0(cos𝜙+𝑗sin𝜙) (15) 

where 𝑗=√−1. Thus, 𝑍(𝜔) comprises a real part and an imaginary part generally 

referred to as 𝑍𝑟𝑒𝑎𝑙 and 𝑍𝑖𝑚𝑎𝑔, respectively. Plotting −𝑍𝑖𝑚𝑎𝑔 (the complex impedance is 

generally negative) as a function of 𝑍𝑟𝑒𝑎𝑙 gives a semicircle, also known as a Nyquist 

plot.33 With an accurately representative equivalent circuit, various electrode-electrolyte 

metrics such as interfacial and charge-transfer resistance can be deduced. A commonly 

used example model original proposed by Randles is given in Figure 5, and the Nyquist 

plot is shown in Figure 6.88 
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Figure 5. Randles equivalent circuit. 

In this example, 𝑅Ω occurs at the highest frequencies and represents the resistance to 

current flow in the electrolyte, 𝐶𝑑𝑙 is associated with the charging of the double layer, 

𝑅𝐶𝑇 is the charge transfer resistance and is determined by the reaction kinetics, and at the 

lowest frequencies, 𝑍𝑊, is known as the Warburg diffusion and addresses the mass 

transport and diffusional aspects of these reactions and commonly described as the 

Warburg tail.15 

 

Figure 6. Nyquist impedance plot from Randles equivalent circuit. 

 In this work, EIS was used to evaluate interfaces and their resistances in Li or 

stainless steel (SS) symmetric cells as well as to evaluate changes in interfacial 

resistances before and after cycling or transference number measurements. Primarily EIS 
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was used to calculate conductivity based on Equation 16, where L is the thickness of the 

electrolyte, A is the area, and R is the resistance measured via EIS. 

 𝜎=
𝐿

𝐴
∙
1

𝑅
 (16) 

2.3.2.2 Cyclic Voltammetry  

Cyclic voltammetry (CV) is used to determine reaction potentials by applying a 

linearly changing voltage at a constant rate (scan rate) to an electrode and measuring the 

current response across a predetermined voltage range. The voltage range and scan rate 

are based on the reactions of interest with the scan rate often being varied to evaluate the 

reversibility of the reaction in question which is critical in battery research. CV provides 

both qualitative and quantitative details about processes occurring at each electrode. For 

this work, CV was used to evaluate the oxidative stability of produced SPEs in 

asymmetric cells (SS│SPE│Li ) where stainless steel is the working electrode and Li 

metal is the reference/counter electrode.  

2.3.2.3 Galvanostatic (Charge-Discharge) Cycling 

Galvanostatic (constant current) charge-discharge (C-D) cycling is the best method to 

simulate real world battery performance. By applying a current the cell can be charged 

and discharged, at a specified C-rate, across a predetermined voltage range. From this, it 

is possible to calculate the charge/discharge capacity which can then be used to calculate 

the Coulombic Efficiency (ratio of discharge capacity to charge capacity; CE). CE is 

significant because it reflects the loss of Li+ during each cycle. Assuming that no side 

reactions occur, the shuttling of Li+ ions (or electrons) should be completely reversible, 
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and CE would equal 100%. However, side reactions are quite common, and lithium is 

often consumed. C-D allows the capacity loss over time to be monitored which gives 

information about the cycle life of the battery. Furthermore, the C-rate can be adjusted to 

monitor the rate performance. In this dissertation, C-D was used to evaluate the capacity 

utilization and retention at various C-rates to determine the effectiveness of the produced 

SLiC-SPEs in LMBs. 
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CHAPTER 3. SYNTHESIS AND CHARACTERIZATION OF 

POLYPHOSPHAZENES 

3.1 Polyphosphazene chemistry 

Polyphosphazenes are a class of mostly linear polymers with an alternating 

phosphorous-nitrogen backbone and two organic or inorganic side groups substituting 

each phosphorous atom.89, 90 Discovered in the 1890s as a crosslinked and insoluble 

“inorganic rubber”, polyphosphazenes were largely ignored until the work of H. R. 

Allcock in the 1960s where he observed that the crosslinking stemmed from trace 

amounts of water reacting with the “inorganic rubber” known as 

polydichlorophosphazene (PDCP). Even atmospheric moisture would react through 

nucleophilic substitution of the chlorine atoms to form crosslinked P–O–P bonds.91 

However, instead of water, organic nucleophiles could be used to substitute the chlorine 

atoms in the absence of water. This has given way to more than 700 different 

polyphosphazenes in the past 60 years for many different applications including drug 

delivery, tissue engineering, flame retardants, gas separation, batteries, and many more.89, 

92-95  

The “parent polymer” from which most polyphosphazenes are derived, PDCP, 

can be synthesized by bulk thermal ring-opening polymerization of a phosphonitrilic 

trimer, hexachlorocyclotriphosphazene (HCCP), as shown in Figure 7.96-98 
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Figure 7. Reaction scheme for synthesis of polydichlorophosphazene (PDCP). 

Other methods to produce PDCP exist, but none are quite as simple and often require 

more thorough purification steps upon completion.90 The polymerization is generally 

performed under vacuum in a sealed pyrex ampule at temperatures at, or around, 250 °C 

for several hours (the time for polymerization varies greatly depending on the desired 

degree of conversion and the temperature). Small amounts of a Lewis acid, primarily 

AlCl3, are often added to improve reaction rates and limit crosslinking owing to the 

bulkier nature of the AlCl4
‒ anionic intermediate compared to the Cl‒ intermediate formed 

without the catalyst.94 The reaction mechanism for the Lewis acid catalyzed thermal ring 

opening polymerization of HCCP is shown in Figure 8.  

The first step is the formation of the initiator by heterolytic cleavage of a P–Cl 

bond at sufficiently high temperatures to form phosphazenium cation and 

tetrachloroaluminate anion intermediates. The newly formed cation can then initiate the 

ring opening of a second ring by attacking the lone pair of electrons on one of the 

nitrogen atoms in the trimer to form the first adduct. The phosphazenium intermediate 

propagates the polymerization until complete conversion or the temperature is lowered 

allowing the chloride ion to be recaptured by the reactive cation and AlCl3 re-forms.99 

Unfortunately, it is difficult to know when the reaction has reached the desired degree of 

conversion and often only visual observations on the viscosity of the reaction mixture are 

trusted to know when to terminate the reaction.100 
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Bulk ring opening polymerization (ROP) methods are notoriously difficult to 

control and often lead to large polydispersity indices (PDIs) as the mechanism 

responsible for initiation and propagation can cause P–Cl bonds of in-chain repeat units 

to become active in the polymerization process, thus producing initiation sites along the 

chain leading to branched or crosslinked species at high degrees of conversion.94, 100 It is 

critical to terminate the reaction, by reducing the temperature before excessive 

crosslinking occurs. Temperature control is vitally important as too far below 250 °C, P–

Cl bond cleavage is limited and thus polymerization rates are prohibitively slow, but at 

temperatures above 250 °C crosslinking occurs uncontrollably.98 Crosslinking is 

problematic as it drastically reduces the solubility of the parent polymer for subsequent 

macromolecular nucleophilic substitution and also alters physicochemical properties that 

can be beneficial or detrimental depending on the desired application. The mechanism for 

crosslinking and/or branching is shown in Figure 9.100  

Once PDCP has been synthesized, the versatility of polyphosphazenes can be 

utilized. In traditional polymers with a carbon backbone, most properties of the polymer 

come from the monomer which is subsequently polymerized to form the polymer and 

modification past this point is quite meticulous. Conversely, polyphosphazenes are easily 

tailored through macromolecular nucleophilic substitution of PDCP due to the reactivity 

of the chlorine atoms attached to the polyphosphazene backbone. However, this also 

means PDCP cannot be exposed to moisture due to its hydrolytic instability.90 
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Figure 8. HCCP ring opening polymerization mechanism catalyzed by AlCl3. 

 

Figure 9. Chain-branching or crosslinking of PDCP during synthesis.  

Substitution of polyphosphazenes can be categorized by the substituent linkages 

shown in Figure 10. Phosphazene homopolymers can be prepared by addition of two of 
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the same nitrogen-linked substituents (amino-substituted) or two of the same oxygen-

linked substituents (alkoxy-substituted); alternatively, two different nitrogen- or oxygen-

linked nucleophiles (R1 and R2) can be prepared by using stoichiometric quantities of the 

desired nucleophile. Furthermore, mixed substituent polyphosphazenes can be prepared 

with one of each nitrogen- and oxygen-linked substituents.89 Different substituents, or 

ratios of substituents, have vastly different effects on the properties of polyphosphazenes 

and affords a great degree of tunability through relatively facile chemical synthesis.  

 

Figure 10. General synthetic pathway for preparation of poly(organo)phosphazenes.  

In this thesis, the focus is placed on developing polyphosphazenes with high 

segmental mobility to facilitate the conduction of Li-ions, but also robust mechanical 

properties, while being oxidatively stable for high voltage cathode materials. For 

example, poly[bis(2-(2-methoxyethoxy)ethoxy)phosphazene] (MEEP) has an extremely 

low glass-transition temperature which promotes segmental motion, has demonstrated 

high room temperature ionic conductivity, and is stable up to 5 V (vs. Li), but flows 

under pressure and lacks the dimensional stability to be used as a SPE. Furthermore, 
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SLiC-SPEs can be easily prepared by lithiating the amino-substituted polyphosphazenes 

with n-butyllithium (n-buLi) as shown in Figure 11. 

 

Figure 11. Synthesis scheme for lithiation of amino-substituted polyphosphazene. 

The scope of this work will be limited to the synthesis efforts made to prepare and 

characterize 12 polyphosphazenes in total, with the primary focus being on the 

electrochemical evaluations of the three SLiC polyphosphazenes synthesized and 

discussed in Chapter 4.  

3.2 Literature review of polyphosphazenes in SPEs 

The first example of polyphosphazene-based polymer electrolytes came in 1984 

by Blonsky et al. as an inorganic/organic hybrid alternative to the then newly discovered 

PEO “salt-in-polymer” systems.101 PEO polymer-salt complexes showed ion transport 

behavior was based on a liquid-like mechanism suggesting that low glass-transition 

temperatures (Tg), thus high segmental mobility, were a prerequisite for polymer 

electrolytes. Many polyphosphazenes meet this criterion of low Tg due to the highly 

flexible backbone because of the low torsional barrier of the covalent phosphorous-

nitrogen bonds,102 and that oligoether substituent groups (similar to PEO) can further 

enhance these characteristics which led to the synthesis and application of MEEP, the 

first polyphosphazene-based polymer electrolyte. MEEP showed a Tg of -83 °C and when 

complexed with lithium trifluoromethansulfonate (LiCF3SO3) exhibited ionic 
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conductivities 2-3 orders of magnitude higher than that of PEO-salt complexes at 

temperatures less than 60 °C and as high as 1.3×10-4 S∙cm-1 at 90 °C.103 Unfortunately, 

MEEP lacked the mechanical properties for use in Li batteries, and in 1989 Abraham et 

al. blended MEEP with high MW PEO to improve the mechanical properties but reduced 

the room temperature conductivity to 4.0×10-6 (~500x greater than PEO).104 

Since then, most polyphosphazene efforts are based on the original MEEP 

chemistry, with a focus on improving the dimensional stability by the development of 

mixed-substituent derivatives,105-108 altering the length and/or end group of the oligoether 

sidechains,106, 109-111 alterations to the polymer microstructure through crosslinking and 

branching,109, 112 addition of ceramic nanofillers,93 and copolymers with PEO blocks.113 

Despite the efforts made, only Jankowsky et al. have shown any cycling data for a 

polyphosphazene-based SPE in a full cell (LFP cathode and Li metal anode). They 

combined MEEP, lithium bis(oxalato)borate (LiBOB) in ethylene carbonate (EC) / 

dimethyl carbonate (DMC), and benozophenone and crosslinked MEEP by UV 

irradiation to give a MEEP/LiBOB/EC/DMC gel polymer and provided the first cycling 

results with a polyphosphazene-based electrolyte. The results showed good capacity 

utilization, excellent compatibility with the Li metal anode with more than 1300 cycles at 

<10% capacity loss, and an ESW of 4.4 V (vs Li).73, 112 

However, in salt-in-polymer systems (such as the MEEP systems mentioned 

previously), where both the Li+ cations and counter anions are free to migrate between 

the cathode and anode during charging and discharging, result in a low 𝑡𝐿𝑖+ (generally, 

<0.2 for MEEP systems) and suggests that anion motion accounts for most of the high 

relatively high room temperature ionic conductivity. Furthermore, the unavoidable 
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migration of cations and anions in opposite directions results in an extreme separation of 

charge, or concentration polarization. This concentration polarization can result in poor 

electrochemical performance, Li dendrite growth, and ultimately cell failure. This led to 

the development of polyphosphazene-based SLiC-SPEs. 

The first example is from Tada et al. who developed a MEEP analogue with 

anchored lithium sulfopropyl oligo(oxyethylene) side chains (‒O(CH2CH2)n(CH2)3SO3
‒

Li+, with an average of seven oxyethylene repeat units) in a mixed substituent 

polyphosphazene SLiC with the remaining substituents being 2-(2-methyoxyethoxy) 

ethoxy groups typical of MEEP (Figure 12a). They observed no drop in conductivity 

during steady-state dc polarization experiments, which suggests no concentration gradient 

and a 𝑡𝐿𝑖+approaching unity. However, the highest conductivity achieved was 8.5×10-7 

S∙cm-1 which is not sufficient for Li battery applications.114  

Allcock et al. produced the second polyphosphazene-based SLiC-SPE comprised, 

again, of a mixed-substituent MEEP analogue, but in this polymer system 4-hydroxy-N-

[(trifluoromethyl)sulfonyl]-benzenesulfonamide (HOC6H4SO2SO2CF3N
-Li+) was the Li+ 

source (Figure 12b). The mol% of the lithium sulfonimide group was varied between 5 

and 22 mol%, and in those compositions the Tg varied from ‒84 to ‒16 °C which 

suggests good segmental mobility was maintained. The highest achieved ionic 

conductivity was around 10-5 S∙cm-1 at 80 °C and increased to 10-3 S∙cm-1 with the 

addition NMP. However, they do not report any cycling data.115 

The third, and final, example of a SLiC polyphosphazene was reported by 

Schmohl et al. as another mixed-substituent MEEP derivative but with a boride 
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trifluoroide (‒OBF3
-) anionic group (Figure 12c). They report a maximum of 1.8×10-5 

S∙cm-1
 at 60 °C for the pure SLiC, but with a maximum Li+ transference number lower 

than 0.1 which is actually less than MEEP and PEO salt-in-polymer systems. This poor 

result was likely due to very strong ion-pairing between the Li-ion and anionic center. No 

cycling data was reported.116 

 

Figure 12. Chemical structures for all SliC polyphosphazenes in the literature: a) 

Tada et al (Ref. 114), b) Allcock et al (Ref.115) , and c) Schmohl et al (Ref. 116). 

Despite the efforts made to capitalize on the enhanced segmental mobility, high 

ionic conductivity, and good electrochemical stability of dual-ion conducting 

polyphosphazenes, there are only three examples of polyphosphazene-based SLiC-SPEs 

and no examples exist of a polyphosphazene-based SLiC-SPE being cycled in a Li 

battery system.  

3.3 Summary of Syntheses 

In total, 12 polyphosphazenes were synthesized and characterized with the 

requisite NMR spectroscopies in this thesis. The structures of these polyphosphazenes are 

given in Figure 13. The preparation of the parent polymer (PDCP) will be discussed as 

well as each substitution method: (oxygen- or nitrogen-linked, mixed-substituent 

(Chapter 3), and lithiation techniques for preparation of lithiated polyphosphazenes 

(Chapter 4). The poly(organo)phosphazenes presented in this chapter do not bear the Li-
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salt anion functionality required for preparation of SLiC-SPEs and were primarily 

produced to evaluate synthesis methods with known literature examples as well as in 

attempt to produce dual-ion conducting polymer electrolytes with ceramic additives for 

research outside the scope of this thesis. SLiC polyphosphazenes prepared in this work 

will be discussed at length in Chapter 4. 

 

Figure 13. Chemical structure of all the synthesized polyphosphazenes. Alkoxy-

substituted (green), amino-substituted (orange), and lithiated (blue). Non-lithiated 

precursor polymer and lithiated form are denoted with dashed box. 
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3.3.1 PDCP synthesis via ROP 

For each polyphosphazene synthesis, fresh PDCP was prepared due to the poor 

shelf life of the reactive polymer precursor. The reagents, HCCP and AlCl3 were 

combined in the proper ratio inside an Ar filled glovebox (H2O < 1 ppm) and transferred 

out and flame sealed under vacuum. This process is shown in Figure 14. 

 

Figure 14. (a) Sealing an ampule with HCCP trimer and AlCl3 catalyst, and (b) a 

flame sealed ampule ready for PDCP synthesis. 

Once sealed, the ampules were placed into a convection oven and checked 

periodically until the desired viscosity was obtained. This method is notoriously difficult 

to reproduce on small scales (<10 g) because the degree of conversion can only be 

estimated by visual checks of the viscosity due to the nature of the experiment. If left to 

polymerize to a high degree of conversion, the probability of crosslinking increases. 

Table 1 provides the experimental setup and results from multiple PDCP syntheses and as 

well as the physical state of the product. Performing the reaction only within a narrow 

temperature range, for a specific time, and optimized catalyst content was the desired, 
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viscous liquid, product achieved denoting the difficulty in the parent polymer synthesis. 

From this data, a good estimate of 7 h at 265 °C with 3% AlCl3 was used for all syntheses 

presented in this work; however, it was still necessary to closely monitor the viscosity as 

to not overshoot the degree of conversion necessary for the subsequent substitution. Once 

the reaction mixture had reached the ideal viscosity the ampule was removed from the 

oven and allowed to cool to terminate the polymerization. The synthesis was then 

confirmed via 31P NMR as the trimer (HCCP) as shown in Figure 15. 

 

Table 1. PDCP synthesis results. 

Batch HCCP (g) Temp (°C) Time (h) AlCl3 (%) Yield (%) Physical State 

1 1 250 20 0 0 N/A 
2 1 250 14.5 0 0 N/A 
3 1 250 18 0.5 0 N/A 
4 1 265 4 1 N/A Crosslinked 
5 1 265 5 2 N/A Crosslinked 
6 6a 265 5 3 ~80 Viscous Liquid 
7 10a 265 10 3 >90b Viscous Liquid 

8 10a 275 10 3 N/A Crosslinked 
a HCCP trimer was recrystallized before use to remove impurities. 
b Measured by GPC 
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Figure 15. 31P solution NMR showing chemical shifts for HCCP (trimer) and PDCP 

(polymer) using CDCl3 as a solvent. 

A clear frequency shift from the cyclic trimer (HCCP, δ 20.0 ppm) to the polymerized 

product (PDCP, δ -18.2 ppm) is observed. 

Once polymerization was complete the ampule was broken, and the crude 

polymer mixture was dissolved in anhydrous tetrahydrofuran (THF) and added to a round 

bottom flask under Ar via Schlenk techniques. It was not necessary to remove any 

unreacted monomer or crosslinked polymer products at this point as they would be 

removed after substitution step through dialysis and filtration. At this point, then chosen 

precursor substituent reagents could be added.  

3.3.2 Alkoxy-substituted polyphosphazenes 

Alkoxy-substituted polyphosphazenes have been the basis for nearly all examples 

of linear polyphosphazenes in the polymer electrolyte literature. This is due to the 

flexibility provided by the P‒O‒R linkages and the segmental mobility given to support 
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Li-ion conduction. These polyphosphazenes were prepared by forming a sodium alkoxide 

salt by reacting sodium hydride (NaH) with an alcohol in stoichiometric quantities in 

THF. The alkoxide then substitutes the main chain to form the desired 

poly(organo)phosphazene with NaCl as the insoluble side product. These 

poly(organo)phosphazenes can then be purified by filtration to remove NaCl, and 

dialyzed to remove any other soluble impurities including alkoxy-substituted trimer and 

alkoxy-substituted short-chain oligomers. Dialysis is usually completed in methanol for 

several days and finally against water to remove any residual NaCl, this process is 

demonstrated in Figure 16. 

 

Figure 16. Dialysis of crude polymer mixture to pure polymer. 

3.3.2.1 Synthesis of poly[bis(2-(2-methoxyethoxy) ethoxy)]phosphazene (MEEP) 

MEEP was synthesized as a benchmark to compare with the literature values 

reported by Blonsky et al. to evaluate our synthesis methods and SPE preparation 

techniques. The synthesis scheme is given in Figure 17. 
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Figure 17. Reaction scheme for synthesis of MEEP. 

 

After purification, the NMR characterizations (Figure 18) showed successful synthesis of 

MEEP. However, as suggested by the literature, the mechanical properties were that of a 

viscous liquid and in general would not suffice in batteries as a polymer electrolyte. It 

was proposed that shortening the oligoether sidechain may improve the mechanical 

properties. 

 

Figure 18. NMR characterization of MEEP (a) 1H and (b) 31P NMRs in DMSO-d6. 
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3.3.2.2 Synthesis of poly[bis(2-methoxyethoxy)] phosphazene (MEP) 

MEP was prepared to evaluate the effect of the oligoether side chain to compare 

with MEEP. By shortening the side chain, better dimensional stability would be imparted 

without significant ionic conductivity losses. The reaction scheme for synthesis of MEP 

is given in Figure 19. 

 

 

 

Figure 19. Reaction scheme for synthesis of MEP. 

Complete NMR characterization in Figure 20 shows the successful synthesis of MEP free 

of impurities. However, the dimensional stability was not improved significantly, and the 

viscous gel formed does not meet the mechanical requirements for use as a polymer 

electrolyte. 
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Figure 20. NMR characterization of MEP. 

3.3.3 Amino-substituted polyphosphazenes 

A similar approach is taken for the amino-substituted polyphosphazenes; 

however, in this case the primary by-product is hydrogen chloride (HCl) which could 

potentially cause chain cleavage if left in solution. To circumvent this problem, 



 51 

triethylamine (TEA) is added in excess to complex with the HCl to form TEA∙HCL, 

which is insoluble in organic solvents and can be filtered out before dialysis.  

3.3.3.1 Synthesis of poly[bis(phenylamino)] phosphazene (PAP) 

PAP was synthesized by combining TEA and aniline with a PDCP solution by the 

scheme shown in Figure 21. Due to the insolubility of the resulting polymer, solid-state 

NMR was employed to confirm the molecular structure as shown in Figure 22. 

 

Figure 21. Reaction scheme for synthesis of PAP. 

 

Figure 22. Solid-state NMR characterization of PAP. 

Due to the size of the phenylamino group, it is possible that substitution was 

incomplete based on the two peaks given in the 31P NMR are representative of “P‒Ph” 

and “P‒Cl” groups. Furthermore, the steric hindrance of the side groups makes this 

polymer unlikely to have the segmental mobility required for use as a polymer 
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electrolyte. This is further evidenced in the DSC results where the glass-transition 

temperature was found at 119 °C (nearly 200 °C higher than MEP). Therefore, the 

presence of sterically demanding groups, such as phenylamido or aryloxy groups, could 

be used strategically to increase the Tg and mechanical properties in mixed substituent 

poly(organo)phosphazenes.  

3.3.3.2 Synthesis of poly[bis(glycine ethylester)]phosphazene (GEEP) 

GEEP was synthesized for the eventual purpose of lithiating to form a SLiC 

polyphosphazene as described in Figure 11. The synthesis scheme for GEEP is shown in 

Figure 23. It is reasonable to assume that the addition of a carbonyl group next to the 

anionic center (in the lithiated form) would induce an electron withdrawing effect and 

thus weaken the ion-pairing between the nitrogen anion center and Li-ions. However, 

during the lithiation procedure, GEEP decomposed to for lithium ethoxide. 

 

Figure 23. Reaction scheme for synthesis of GEEP. 

3.3.4 Mixed-substituent polyphosphazenes 

The design flexibility of polyphosphazenes allows for mixed substituent syntheses 

to further optimize the physiochemical properties. In these syntheses, the same process 

for substitution of oxygen-linked substituents (alkoxide substitution with NaCl by-
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products) and nitrogen-linked substituents (amino substitution with TEA∙HCl by-

products) is used; however, the substitutions must be done sequentially and in the proper 

stoichiometric ratios to achieve the desired products.  

3.3.4.1 Synthesis of MEEx-MEAPy co-polymers 

Mixed substituent polyphosphazenes were of interest because it would allow us to 

combine properties of previously synthesized MEEP with high ionic conductivity and 

poly[bis(ethylamino)] phosphazene which has the functionality to the lithiated to form a 

SLiC polyphosphazene. The ratio of MEEP to MEAP repeat units can be controlled 

during the sequential substitution process by adding the desired ratio of one nucleophile 

and allowed to fully react, then adding a slight excess of the other nucleophile to 

completely substitute the P‒Cl bonds. The reaction scheme for a 1:1 sequentially 

substituted polyphosphazene is given in Figure 24. The resulting NMR spectrum is given 

in Figure 25 showing the efforts to produce a lithiated form. 

 

 

Figure 24. Reaction scheme for synthesis of MEE0.5‒MEAP0.5. 
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Figure 25. NMR characterization of MEE0.5‒MEAP0.5. 

The sharp peaks present after lithiation suggest potential decomposition or splitting 

relating to the interactions with the quadrupolar Li nuclei now present in the lithiated 

form and the peak in the 7Li spectrums suggests the product was at least partially 

lithiatied. 

The process was then repeated for the preparation of a 10:1 MEE:MEA 

polyphosphazene, as given by the reaction scheme in Figure 26. Although, 1H NMR peak 

integrations suggest the resulting ratio was likely closer to 12:1. The full NMR 

characterizations are given in Figure 26. It was difficult to define all the peaks present in 

the 1H NMR due to impurities present, and further purification would likely have led to 

fully characterizing the pure product. This polyphosphazene was also lithiated and the 
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same sharp peaks were present suggesting incomplete lithiation and thus the polymers 

were not used as SLiC-SPEs. 

 

Figure 26. Reaction scheme for synthesis of MEE0.91‒MEAP0.09. 

 

Figure 27. NMR characterization of MEE0.91‒MEAP0.09. 
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3.3.5 Conclusions 

This work demonstrates the versatility of macromolecular substitution of PDCP to 

form a wide range of polyphosphazenes through relatively facile synthesis methods. In 

Table 2, a summary of all synthesis results included in this dissertation is provided. 

Table 2. Summary of all polyphosphazene synthesis results. 

Polyphosphazene Yield (%) Physical State 

MEEP  11.2 Viscous Liquid 

MEP  70.5 Viscous Liquid 

PAP  35.1 Solid 

MEE
0.5

-MEAP
0.5
  70 (est) Viscous Liquid 

MEE
0.91

-MEAP
0.09

  70 (est) Viscous Liquid 

MEAP  80.1 Viscous Liquid 

MPAP  50.7 Viscous Liquid 

TFAP  54.8 Viscous Liquid 

MEAP-2Li 60.0 Solid 

MPAP-2Li  85.4 Solid 

TFAP-2Li  53.4 Solid 

 

The synthesis and electrochemical performance of the three SLiC polyphosphazenes 

(MEAP-2Li, MPAP-2Li, and TFAP-2Li) are the primary focus of the research presented 

in Chapter 4.  
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CHAPTER 4. SINGLE-ION CONDUCTING 

POLYPHOSPHAZENES FOR LI METAL BATTERIES 

The following is reproduced and reformatted from the author’s manuscript which has 

been prepared, but not yet been submitted for publication. The publication will be 

entitled: “Polyphosphazene-Based Single Ion Conducting Polymer Electrolytes for All 

Solid-State Lithium Metal Batteries” and its authors include Billy R. Johnson, Ashwin 

Sankara Raman, Aashray Narla, Samik Jhulki, Lihua Chen, Seth R. Marder, Rampi 

Ramprasad, Kostiantyn Turcheniuk, and Gleb Yushin. The primary differences between 

the manuscript and this chapter are the inclusion of the supplemental information into the 

main text as well as a more thorough discussion of the transference number 

measurements. Computational work was performed by our collaborators Rampi 

Ramprasad and Lihua Chen of Georgia Tech.  

4.1 Introduction 

A large variety of SLiC-SPEs have been developed in the last decade based on a 

carbon backbone with efforts to fine-tune mechanical and electronic properties through a 

variety of challenging and expensive synthetic methods resulting in only moderate 

improvements in electrochemical performance. A class of polymers often overlooked is 

that of polyphosphazenes which are derived from a highly flexible −P=N− backbone that 

gives way to extremely low glass transition temperatures; this high degree of segmental 

mobility is a major driver in Li-ion conduction. Polyphosphazene chemistry has existed 

for decades, and a variety of structures can be created by simple nucleophilic substitution 
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chemistry of a parent polymer (PDCP), but polyphosphazenes have primarily been used 

as flame retardant materials as an alternative to carbon-based polymers. The large 

hydrocarbon content of carbon polymers increases flammability, whereas the 

phosphorous-nitrogen backbone has been shown to produce a flame retardant effect 

which is ideal for all battery components as the need for safer batteries grows.95 In 1984, 

Blonsky et al. introduced the first polyphosphazene-based electrolyte, poly[bis(2-(2-

methoxyethoxy)ethoxy)phosphazene] (MEEP) and demonstrated higher conductivity 

than in PEO systems.101, 103 However, MEEP is a gum-like polymer, which presents poor 

dimensional stability, and the high ionic conductivity was shown to be a result of 

significant anion transport with low 𝑡𝐿𝑖+.73, 74 These early examples in the literature are 

dual-ion conducting SPEs mostly focusing on oligoether substituents with structures 

similar to that of PEO and contribute high conductivity values (up to 10-4 S∙cm-1 at 30 °C) 

with good thermal and electrochemical stability with lithium metal anodes; however, low 

𝑡𝐿𝑖+ suggest that the majority of this conductivity can be attributed to anionic movement 

which limits the performance of these types of SPEs. Anchoring the anion to the polymer 

backbone to produce SLiC polyphosphazenes provides a potential route to overcome the 

low 𝑡𝐿𝑖+ of the MEEP salt-in-polymer systems; however, few examples exist in the 

literature.114-116 In fact, we are not aware of any polyphosphazene based SLiC-SPEs, 

which have been used as an electrolyte in a battery that cycled. We thus revisited the 

polyphosphazene chemistry to create novel SLiC polyphosphazenes and applied them for 

the formation of fully functional cells in this work.  

Herein, we report three novel polyphosphazene based SLiC polymers, namely, 

dilithium poly[bis(methoxyethylamino)phosphazene] (pMEAP2Li), dilithium 
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poly[bis(methoxypropylamino)phosphazene] (pMPAP2Li), and dilithium 

poly[bis(trifluoroethylamino)phosphazene] (pTFAP2Li) (Scheme 1) and investigate their 

physiochemical properties by experimental and computational methods. This work 

establishes a novel synthesis route to single-ion conducting polymers based on simple 

macromolecular substitution of a polyphosphazene parent polymer providing the 

blueprint for new SLiC-SPEs. The facile synthesis can be further extended to mixed-

substituent derivatives with two or more distinct substituents for enhanced tunability of 

the polymer’s properties. Through a thorough optimization process, we demonstrate, for 

the first time for a polyphosphazene based SLiC-SPE, the cycling performance of all-

solid-state LMBs. 

4.2 Results and Discussion 

4.2.1 Synthesis of characterization 

All three lithiated polyphosphazenes were prepared according to the scheme in 

Figure 28, each beginning with the synthesis of the reactive precursor polymer, PDCP, 

via thermal ring-opening polymerization of hexachlorocyclotriphosphazene (HCCP) in 

the presence of catalytic amounts of AlCl3 (see experimental section for details). The 

chlorine atoms of PDCP are then replaced with stoichiometric amounts of a primary 

amine to afford alkylamido-substituted polyphosphazenes. The ‘NH’ protons of the ‘P-

NH-R’ moiety are subsequently replaced with Li-ions by reacting with n-butyllithium (n-

buLi) to form the SLiC polyphosphazene.  
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Figure 28. Synthesis route to lithiated polyphosphazenes. 

 

The synthesized SLiC polyphosphazenes were characterized via 1H, 13C, 31P, and 

7Li solution NMR spectroscopies to confirm their chemical structures and purities (Figure 

29). The disappearance of the proton peak on the amine group combined with the 

presence of a 7Li signal suggests complete lithiation. Furthermore, characteristic peak 

broadening is observed in the 1H, 13C, and 31P spectra for the lithiated polyphosphazenes, 

which suggests the presence of the magnetically active Li nuclei in the polyphosphazene 

backbone and successful lithiation. 
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Figure 29. NMR Characterization: a) 1H NMR spectra before and after lithiation 

(solvent peak removed for clarity), b) 31P NMR from starting material (HCCP) to 

parent polymer (PDCP) to amino substituted polyphosphazene to lithiated 

polyphosphazene, c) 13C NMR of non-lithiated and lithiated polyphosphazenes 

showing no change after lithiation, and d) 7Li NMR showing a single peak suggesting 

complete lithiation with no Li based impurities. 

4.2.2 Computational evaluation of ESW for SLiC-SPEs 

Density functional theory (DFT) was employed to determine the polymer with the 

widest electrochemical stability window (ESW) for use with higher voltage cathode 

materials. In simpler terms, the ESW is determined by the reduction and oxidation 

potential of the SPE, which can be modeled as the conduction band minimum (CBM) and 

the valence band maximum (VBM), respectively.117 Figure 30 shows these modeling 

results. Based on these calculations, pTFAP2Li is the only one of the three that meets the 
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voltage requirements for the most used Li-ion cathode materials (LiCoO2 (LCO), 

LiMn2O4 (LMO), LiFePO4 (LFP), and LiNixMnyCozO2 (x + y + z = 1; NCM)). 

 

Figure 30. Energy diagram showing the electrolyte interface with the anode (CBM) 

and the cathode (VBM) for each of the three lithiated polyphosphazenes. The 

difference between the CBM and VBM is the ESWcalc. 

4.2.3 Physical and electrochemical characterization of SLiC polymer electrolytes  

Due to the powdery state of the lithiated polyphosphazenes, they were blended 

with PEO to improve the mechanical properties of the SLiC-SPEs. Furthermore, PEO 

served two more vital functions: i) dissociation of Li-ions from the pTFAP2Li anionic 

centers, and ii) transport of Li-ions. This is demonstrated in Figure 31. Once Li-ions are 

dissociated, they can be transported along the pTFAP2Li backbone (red arrows in Figure 

31), and/or via inter- and intra-chain hopping along PEO chains. Free-standing polymer 
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electrolyte membranes were prepared by casting blended solutions of lithiated 

polyphosphazenes with PEO at a 10:1 [EO]:[Li+] ratio for comparison (EO: one ethylene 

oxide repeat unit of PEO and two Li-ions per lithiated polyphosphazene repeat unit). 

These films were of controllable thickness of ~75 µm for this study. The method of 

preparation is shown in Figure 32. 

 

 

Figure 31. Method of Li-ion transport in blended PEO-pTFAP2Li membranes. 
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Figure 32. Method for preparation of PEO-pTFAP2Li membranes. 

The ionic conductivity of the PEO-blended polyphosphazenes was determined by 

EIS in stainless steel symmetric cells (Figure 33a). All blended electrolytes exhibit 

relatively low room temperature ionic conductivity (ca. 3 × 10-9 to 5 × 10-8 S cm-1) but 

show a significant increase in conductivity around 60 °C when PEO transitions from a 

semi-crystalline phase to an amorphous phase.72, 118, 119 As such, one observes two linear 

regimes of ionic conductivity dependence on temperature. The temperature-dependent 

ionic conductivity of the two regions (semi-crystalline and amorphous) can be separately 

defined by the Arrhenius relationship shown in Equation 17: 

 𝜎=𝜎0 exp (𝐸𝑎 𝑘𝐵𝑇⁄ ) (17) 

where σ is the ionic conductivity, σ0 is a pre-exponential factor, Ea is the activation 

energy, kB is the Boltzmann constant and T is the absolute temperature. The significantly 

greater activation energies (e.g., 1.0–1.1 eV at room temperature for this work; for 

comparison, other PEO/LiTFSI systems report activation energies around 0.5 eV at room 
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temperature120, 121) at lower temperatures demonstrates that all Li-ions are 

moderately/tightly ion-paired with the negatively charged nitrogen centers of lithiated 

polyphosphazenes compared to highly dissociated salts such as LiTFSI. This suggests 

that the effect of PEO in minimizing the ion-pairing is marginal at lower temperatures 

when it is semi-crystalline, which limits the lower temperature application of such 

produced SPEs. At higher temperatures (≥ 60 ºC), the activation energies are 

considerably reduced (i.e., ionic conductivity increases), as thermal energies should 

minimize ion-pairing effects of the lithiated polymer, which should be further promoted 

by the phase transition of PEO that aids Li-ion conduction by segmental motion.119 

Comparing the three lithiated polyphosphazene blends (Figure 33a, Table 3), the PEO-

pTFAP2Li system shows the highest ionic conductivity (2.1 × 10-5 S cm-1 at 100 °C) and 

the lowest activation energy (Ea = 0.28 eV). This is likely due to the inductive effect of 

the electron withdrawing CF3 groups that weaken the ion pairing between the Li-ion and 

negatively charged nitrogen atom. Having the highest ionic conductivity and the highest 

calculated oxidation potential (VBM), the PEO-pTFAP2Li blended SLiC-SPE was 

chosen for further analysis in this work. 

To evaluate the dependence of conductivity upon [EO]:[Li+], the ratio was varied 

from 5:1 up to 20:1 for the PEO-pTFAP2Li SLIC-SPE (Figure 33b, Table 4). As 

expected, increasing the pTFAP2Li content, thus increasing the number of charge carriers 

in the SLIC-SPE, resulted in a marginal increase in conductivity; however, a limit was 

reached in the 5:1 SLIC-SPE where ionic conductivity decreases significantly. This is 

likely a result of reduced Li-ion mobility as dissociated ions transiently act as crosslinks 
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between polymer chain segments and ultimately slows intrachain mobility at excessive 

charge carrier concentrations.122, 123  

 

 

Figure 33. (a) Temperature dependence of ionic conductivity in all the lithiated 

polyphosphazene blended polymer electrolytes ([EO]:[Li+] = 10:1 for all) with linear 

fits corresponding to amorphous PEO regions above 60 °C and semi-crystalline PEO 

below 60 °C, (b) ionic conductivities of PEO-pTFAP2Li with different [EO]:[Li+] 

ratios. 

 

Table 3. Ionic conductivities and activation energies of the PEO-ppz blended 

electrolytes at a 10:1 [EO]:[Li+] ratio. 
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Table 4. Ionic conductivities of the PEO-pTFAP2Li blended electrolytes at all 

[EO]:[Li+] ratios. 

 

 

Thermal properties of the PEO-pTFAP2Li electrolyte at various [EO]:[Li+] ratios 

were evaluated with DSC and TGA (Figure 34a and Figure 34b, respectively). DSC 

revealed no other discernible phase transitions except the expected melting behavior of 

PEO. PEO melting temperature decreased with increasing pTFAP2Li content and it can 

be inferred that pTFAP2Li has a plasticizing effect on the PEO polymer matrix, 

stabilizing the amorphous phase. This is consistent with the observed crystallinity trend, 

with the 5:1 blend being the least crystalline (Table 5). This is also consistent with the 

conductivity data as crystalline regions act as ionic insulators and polymers that are more 

amorphous display higher ionic conductivity. TGA was used to probe the thermal 

stability of PEO-pTFAP2Li blends compared to the neat forms of the two constituents in 

the blend in Figure 34b. Decomposition of the lithiated polyphosphazene limits the 

thermal stability to 208 °C for the blended SPE, which is sufficient for most LIB 

applications. 
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Figure 34. (a) DSC and (b) TGA traces of PEO-pTFAP2Li SPEs at various [EO]:[Li+] 

ratios. 

 

Table 5. Phase transition behavior of SLiC-SPEs at various [EO]:[Li+] ratios. 

Sample EO:Li
+
 Tm (°C) ΔHm (J∙g

-1
) Crystallinity (%) 

PEO600K (neat)  71.1 171.02 84.2 

PEO-pTFAP2Li 20:1 65.3 103.39 50.9 
 15:1 65.3 93.77 46.2 
 10:1 64.9 86.36 42.5 
 5:1 64.5 56.43 27.8 

pTFAP2Li (neat)  ──   

a
 Melting temperature, 

b
 Enthalpy of melting. 

c 
Crystallinity of the blended SLiC-SPEs 

calculated by ΔH
m

/ΔH
0
, where ΔH

m 
is the specific enthalpy of PEO and ΔH

0 
is 203 J∙g-1 

(the specific enthalpy of  100% crystalline PEO).124  

 

Next, we examined the ESW of the 10:1 PEO-pTFAP2Li blend via linear-sweep 

voltammetry in an asymmetric cell with stainless steel as the working electrode and Li 

metal as the reference/counter electrode with a scan rate of 0.2 mV∙s-1. The blend was 

found to be oxidatively stable up to 4.0 V, after which the PEO matrix begins to oxidize 

(Figure 35).71, 125 The second oxidation event at 4.7 V is likely a result of oxidative 
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decomposition of pTFAP2Li, which is in relatively good agreement with the 

computational evaluations for the VBM (oxidation potential) of pTFAP2Li. In total, it is 

established that any cell operation performed below 4.0 V (vs. Li/Li+) should likely 

ensure stability of the PEO-pTFAP SLiC-SPE electrolyte. LFP cathodes for which 

complete oxidation (deintercalation of lithium ions) can occur below 4.0 V (vs. Li/Li+) 

may thus be a suitable cathode material for examining the efficacy of PEO-pTFAP2Li as 

an electrolyte system, but not NCM for which a complete deintercalation would require 

>4.0 V potential. 

 

 

Figure 35. Linear sweep voltammogram of 10:1 PEO-pTFAP2Li SLiC-SPE from 

OCV to 5.5 V at 0.2 mV∙s-1 (inset: optical image of PEO-pTFAP2Li membrane). 
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4.2.4 7Li NMR linewidth analysis 

Static solid-state NMR evaluations of the 7Li linewidth elucidate critical insights 

into the motion and mobility of Li ions in polymer electrolytes, which can be correlated 

to the conductivity measurements shown in Figure 33. The 7Li linewidth has a strong 

dependency on temperature and is shown in Figure 36a from -50 to 110 °C for the 10:1 

PEO-pTFAP2Li blended electrolyte, and the full width at half maximum (FWHM) of the 

peaks as a function of temperature in Figure 36b. The linewidth is based on  a narrow 

component, central 7Li transitions (1/2 ↔ -1/2), and a broader component associated with 

symmetric satellite peaks due to the 3/2 ↔ 1/2 and -1/2 ↔ -3/2 quadrupolar satellite 

transitions.126 For this motional narrowing analysis, we focus on the temperature 

dependent narrowing of the 7Li central transition because it can be directly correlated to 

long-range diffusion of Li-ions. The sigmoidal curve created by plotting the linewidth as 

a function of temperature can be broken down into three distinct regions (Figure 36b). At 

sufficiently low temperatures (below Tg of PEO in the blended electrolyte), the spectrum 

shows a broad and weak signal and the spectra have relatively constant FWHM; this 

region is known as the rigid lattice where Li-ions are essentially locked in place. With 

increasing temperature, the peak shape begins to rapidly narrow as Li-ions become more 

mobile, with the onset of motional narrowing typically being correlated to the glass 

transition temperature. Finally, at temperatures greater than 60 °C (PEO melts) the slope 

again changes to a high temperature limit due to inhomogeneities in the magnetic field 

(motionally narrowed region).127 
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Figure 36. Temperature dependence of the static 7Li NMR spectra for a PEO-

pTFAP2Li SLiC-SPE from –40 to 110 °C, and (b) the 7Li NMR linewidths plotted as 

a function of temperature as well as the temperature dependence of the motional 

correlation time demonstrating Arrhenius behavior. 

Further analyzing the middle temperature region, between the onset of motional 

narrowing and PEO melting, the activation energy (Ea) can be determined from the 7Li 

linewidth measurements per the Bloembergen-Purcell-Pound theory.128 Motional 

narrowing occurs when the rate of fluctuations of the local magnetic fields, known as 

correlation time (τc), is of the order of the rigid lattice line width (Δν0).
129 This 

relationship can be used as an estimation of the activation energy required for the 

motional narrowing process (lithium-ion mobility) to determine correlation times by 

Equation 18: 

 𝜏𝑐=
𝛼

Δ𝜈
tan[
𝜋

2
(
Δ𝜈

Δ𝜈0
)
2

] (18) 
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where α is a constant and Δν is the FWHM at a given temperature.  The temperature 

dependence of τc presents Arrhenius behavior and can be used to determine the activation 

energy for lithium-ion dissociation by fitting to Equation 19:130  

 𝜏𝑐=𝜏0 exp(𝐸𝑎 𝑘𝐵𝑇⁄ ) (19) 

The activation energy of the PEO-pTFAP2Li blend in the motionally narrowed 

temperature range was found to be 0.26 eV, which is in good agreement with the 

activation energy determined by conductivity measurements (0.28 eV). Although two 

different temperature ranges were used for the above activation energy estimations, these 

data suggest that a higher temperature should facilitate the Li-ion mobility within the 

blend and room temperature electrochemical performance of the cells may be limited by 

restricted lithium-ion mobility. 

4.2.5 Lithium-ion transference number 

A fundamental feature of SLiC polymer electrolytes is an immobilized anion that 

should lead to Li-ion transference number (𝑡𝐿𝑖+) close to unity. Figure 37 shows the DC 

polarization chronoamperogram of the PEO-pTFAP2Li SLIC-SPE in a lithium 

symmetric cell and impedance spectra used for determining the Li-ion transference 

number. From these data the Bruce-Vincent method was used to calculate 𝑡𝐿𝑖+=0.76 

based on Equation 20:131  

 𝑡𝐿𝑖+= 
𝐼𝑆𝑆(𝑉−𝐼0𝑅0)

𝐼0(𝑉−𝐼𝑆𝑆𝑅𝑆𝑆)
 (20) 
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where I0 and ISS are initial and steady state current, R0 and RSS the initial and steady state 

resistance, respectively, and V corresponds to the DC polarization bias (10 mV). Such 

𝑡𝐿𝑖+ value is lower than expected for any ideal SLiC-SPE (1.0) but falls within the typical 

range previously reported for various SLiC-SPEs.78, 132-134 The reduced 𝑡𝐿𝑖+ value 

indicates some anionic movement which likely results as the PEO host matrix is in a 

molten state with reduced viscosity at the testing temperature (100 °C), and the applied 

polarization bias induces some short-range migration of the pTFAP2Li chains upon 

which the anions are anchored which may reduce 𝑡𝐿𝑖+. In fact, the agreement between the 

activation energies determined by EIS and 7Li NMR linewidth analysis implies that Li-

ions are the primary contributor to the ionic conductivity of the PEO-pTFAP2Li SLiC-

SPE and further suggests the actual 𝑡𝐿𝑖+ should be much closer to unity.  
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Figure 37. Chronoamperogram of a Li│PEO-pTFAP2Li│Li symmetric cell with a 10 

mV bias voltage; I 0 and ISS represent initial and steady state currents, respectively, 

with Nyquist plots before and after polarization (inset). 

I want to note that while the Bruce-Vincent method has become a standard in the 

field for evaluating the Li-ion transference number, it is not a direct measurement, and 

some assumptions must be made. Primarily, the Bruce-Vincent equation (20) is derived 

from, and only valid for, an ideal, dilute solution (loosely defined to be c.a. 100:1 

[EO]:[Li+] for a PEO/LiTFSI mixture), which assumes that ions do not interact with each 

other when they are mobile in adherence to the Nernst-Einstein equation.135 However, ion 

concentrations are substantially higher and non-ideal at practical SPE concentrations. 

Therefore, to accurately assess the true transference number, concentrated solution theory 

must be applied. Unfortunately, this would require prior knowledge of certain transport 

properties (salt diffusion coefficients, ionic conductivity, and a thermodynamic factor) as 

well as the mean molar activity coefficient of the salt; many of which are not easily 

measured.136 Relying solely on the ratio of steady state to initial current, even when 

corrected for resistive electrode effects, as in the Bruce-Vincent method (Eq. 20), results 
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in wide variations of the measured transference number value; overestimating is some 

systems and underestimating in others.135-137 In fact, Bruce and Vincent themselves 

suggested that in cases of high concentration (most SPE systems) that the method should 

be termed “limiting current fraction” due to these non-idealities.138 This measured 

limiting current fraction must be corrected by the mean molar activity coefficient to 

accurately elucidate the true transference number.136 Furthermore, even with the most 

precise potentiostat, there is a time delay between the application of the polarization bias 

and the initial measurement which may result in a slight overestimation of the 

transference number. Yet, the convenience of the Bruce-Vincent method has led to its 

near universal acceptance in the field of polymer electrolytes, but these shortcomings 

must be considered.  

4.2.6 Cell construction and cycling performance  

To evaluate battery performance, the PEO-pTFAP2Li SLiC polymer electrolyte 

was assembled in a cell with a Li metal anode and LFP as the active cathode material (see 

experimental section for details). Note that instead of using a traditional binder, PEO-

pTFAP2Li served as both the cathode binder and the electrolyte (Figure 38a), which 

should improve the efficacy of ionic transport because commercial binders can block Li-

ion transport and limit ionic conductivity within the cathode. However, this beneficial 

effect can be observed only if our SPE-conductive additive blend can coat the surface of 

all the cathode particles to afford maximum capacity utilization. Fortunately, scanning 

electron microscopy (SEM) images of both the top surface and cross-section of the 

cathode revealed a good “wetting” between the SPE and the LFP cathode particles 

(Figure 38).  
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Figure 38. (a) Illustration of cell construction showing PEO-pTFAP2Li utilized as a 

binder as well as SLiC-SPE/separator promoting ionic conductivity throughout the 

cell, (b) FESEM micrograph of LFP cathodes, and (c) FESEM cross-section of LFP 

cathode with SLiC-SPE binder. 

Having established this high-quality cathode fabrication, we evaluated the 

electrochemical performance of Li│PEO-pTFAP2Li│LFP cells at 100 °C at 0.05 C and 

0.2 C rates. At 0.05 C, the first cycle achieved a discharge capacity of 125 mAh g-1 and 

continued to increase for the next six cycles before reaching a maximum discharge 

capacity of 137 mAh g-1 (81% of LFP’s theoretical capacity) (Figure 39a). A slight 

decline in specific capacity is observed throughout the remaining cycles with an overall 

87.7% capacity retention for over 40 cycles. The cycling performance at 0.2 C exhibits 

similar behavior but with slightly lower values of capacities; the first cycle capacity with 

93.4 mAh g-1 increases to a maximum of 101 mAh g-1 at the 14th cycle (59.4% of LFP’s 

theoretical capacity) with 81.8% capacity retained over 40 cycles (Figure 39b). This 

increase in first few cycles and subsequent gradual decrease in specific capacity is likely 

related to PEO being in a molten state at the testing temperature. Initially, this creates 

better contact with cathode particles and the SLIC-SPE conforms nicely to the cathode 

and anode surface. Yet, eventually the viscous flow of PEO in combination with 

significant volume changes and cracking in LFP during cycling139, 140 may lead to the 
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gradual electrical separation of the cathode particles as the viscous binder fails to hold 

and electrically connect all the particles together as well as segregation of the SLiC-SPE 

observed during post-mortem analyses shown in Figure 40. The charge-discharge (C-D) 

curves plotted against the potential shows typical behaviors of LFP cathodes (Figure 39c 

and Figure 39d) and a higher polarization at higher C-rate. A gradual increase in cell 

polarization correlates with the observed capacity decline.  

 

 

Figure 39. Cycling performance of LiFePO4│PEO-pTFAP2Li│Li cell at (a) 0.05 C 

and (c) 0.2 C at 100 °C, and charge-discharge curves of LiFePO4 cathodes with PEO-

pTFAP2Li SLiC-SPE at (b) 0.05 C and (d) 0.2 C. 
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Figure 40. Post-mortem of a LiFePO4│PEO-pTFAP2Li│Li cell tested at 100 °C 

showing the SLiC-SPE being squeezed out slowly after cycling. 

The placement of the anion in close proximity to the polymer backbone reported in 

this work may limit the macromolecular motion, thus requiring a host polymer (PEO) to 

provide Li-ion dissociation and transport. Further improvements in the pTFAP2Li-based 

SPE system could come by moving the anion further down the sidechain and/or replacing 

PEO with another polymer (or a co-polymer) or a blend of polymers that is thermally 

active at lower temperatures, exhibits a wider ESW, and retains mechanical integrity at 

cycling temperatures. Furthermore, synthesis of mixed substituent SLiC 

polyphosphazenes through similar chemistry with both anionic and Li-ion solvating 

groups (e.g., oligoether groups similar to PEO) could eliminate the need for a host 

polymer altogether.  
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4.3 Conclusions 

In summary, we report a novel synthesis route to a new class of single-ion 

conducting polymer electrolytes via macromolecular substitution and subsequent 

lithiation. Blending the lithiated polyphosphazenes with PEO allowed for the fabrication 

of solvent- and plasticizer-free, true all-solid-state polymer electrolytes. The 10:1 

([EO]:[Li+]) PEO-pTFAP2Li SLiC PE achieved an ionic conductivity of 2.1 × 10-5 S cm-1 

at 100 °C, with a moderately high lithium transference number (𝑡𝐿𝑖+=0.76), and is 

stable up to 4.0 V (vs. Li/Li+). Galvanostatic cycling of the fabricated the PEO-

pTFAP2Li blend reveals satisfactory performance with LFP cathodes achieving a 

maximum discharge capacity of 137 mAh g-1 with capacity retention of 87.7% after 40 

cycles. These preliminary results of a new class of SLiC-SPEs suggest that lithiated 

polyphosphazenes provide a potential alternative to traditional carbon-based polymers for 

use in the next generation of Li metal and Li-ion batteries. 

4.4 Experimental Details 

4.4.1 Materials 

PEO (average Mv = 600,000; Sigma-Aldrich) was dried at 50 °C for 24 h under vacuum 

before use. Hexachlorocyclotriphosphazene (HCCP, 99%), aluminum trichloride (AlCl3, 

99.9%), 2-methoxyethylamine (99%), 3-methoxypropylamine (99%), n-butyllithium (2.5 

M in hexanes), and anhydrous tetrahydrofuran (THF; 99.9%) were purchased from 

Sigma-Aldrich and used without further purification. 2,2,2-trifluoroethylamine (98%), Li 

foil (99.9%), trimethylamine (TEA, 99%), anhydrous acetonitrile (ACN; 99.8%), 

anhydrous dimethyl sulfoxide (DMSO; 99.8%) were purchased from Fisher Scientific 
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and used as received. LiFePO4 (LFP, 99.5%; Gelon) and Super C45 Carbon Black were 

dried at 60 °C before use. All synthesis procedures were carried out on a Schlenk line 

under N2, and all other air- and/or moisture-sensitive procedures were carried out in an 

Ar-filled glovebox (H2O and O2 less than 1 ppm). Synthesis of polyphosphazenes  

4.4.2 Synthesis of lithiated polyphosphazenes 

The parent polymer, polydichlorophosphzene (PDCP), was synthesized via ring 

opening polymerization (ROP) of HCCP.141 HCCP (10.0 g, 28.8 mmol) and AlCl3 (0.30 

g, 2.2 mmol) were added to a glass ampule and purged with N2 before flame sealing at a 

reduced pressure (< 50 mTorr). The sealed ampule was placed in a convection oven at 

260 °C for 4‒6 h yielding a clear viscous gel.  

Newly formed PDCP (4.2 g, 29 mmol) was dissolved in 250 mL of THF under 

N2. In a separate flask, under N2, a slight excess of trimethylamine (TEA; 13 mL, 92 

mmol) was combined with 86 mmol of the desired amine (MEAP: 2-methoxyethylamine, 

MPAP: 3-methoxypropylamine, TFAP: 2,2,2-trifluoroethylamine). The TEA/amine 

solution was added slowly via syringe to the PDCP/THF solution in a ratio of 1:3.2:3 

(PDCP:TEA:amine) and refluxed at 80 °C for 4 d to allow for complete substitution. At 

the end of this period, the heating was stopped, and the reaction mixture was allowed to 

cool down to room temperature. The resulting mixture was filtered to remove TEA∙HCl 

and the filtrate was concentrated under reduced pressure using a rotary evaporator. The 

crude polymer was dialyzed in cellulose dialysis sacks (MW cutoff 12 kDa) first against 

water and then against methanol for two days each. The dialyzed polymer solution in 

methanol was concentrated using rotary evaporator and then further dried under vacuum 
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for 48 h to afford the dialkylamino-substituted polyphosphazenes (typical yield ~75%), 

which was directly used for the lithiation.  

The dialkylamino-substituted polyphosphazene (ppz) was dissolved in THF under 

inert conditions and cooled to ‒78 °C in a dry ice/acetone bath before adding n-

butyllithium in a 1:2 (ppz:n-BuLi) ratio and stirred for 4 h to fully lithiate the polymer.  

The reaction mixture was then warmed to room temperature and the THF evaporated at a 

reduced pressure before transferring the lithiated polymer to an Ar filled glovebox (H2O 

< 0.1 ppm) and washed several times with anhydrous THF to remove any impurities. 

Subsequently, any residual THF was removed under vacuum at 60 °C to afford the 

desired SLiC polymer (typical yield ~60%). 

4.4.3 CBM and VBM calculations  

In this work, all density functional theory (DFT) computations were performed in 

VASP,142 using Perdew-Burke-Ernzerhof XC functional143 and a plane-wave energy 

cutoff of 400 eV. The single-chain structure was utilized to model polymers, consisting 

of a periodic chain with two repeat units and vacuum regions (12-15 Å). The relaxed 

physical structures were applied to compute the electronic structure using the HSE06 

functional.144 

4.4.4 Preparation of SLiC-SPEs 

SLiC polymer electrolyte membranes were prepared by blending the lithiated 

polyphosphazene with PEO in the predetermined [EO]:[Li+] ratio. Inside an Ar-filled 

glovebox, PEO was dissolved in ACN and the lithiated polyphosphazene in DMSO 
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before combining the two solutions and stirring for 4 h at room temperature. The 

resulting viscous solution was then cast on a thin PTFE sheet secured to a flat glass plate 

using an adjustable height doctor blade and allowed to slowly evaporate for 2 h at room 

temperature before drying under vacuum at 60 °C for 24 h to remove any residual 

solvent.  

4.4.5 Li metal cell fabrication  

LFP cathodes were prepared inside a glovebox by dissolving 34.1 mg of PEO in 

0.8 mL of ACN and separately dissolving 11.0 mg of TFAP-2Li in 0.3 mL of DMSO and 

combining to give 10:1 [EO]:[Li+]. 240 mg of LFP and 15 mg of carbon black were 

added to the polymer solution (80:15:5 LFP:PEO-pTFAP2Li:CB) and stirred for at least 

4 h for homogeneity before casting onto aluminum foil with a doctor blade and drying on 

a hotplate at 80 °C for 4 h.  Residual solvent was removed by further drying under 

vacuum for 24 h at 80 °C. LFP mass loading ca. 2.1 mg∙cm-2. CR2032 cells were 

assembled inside the Ar glovebox with 0.75 mm Li foil as the anode. 

4.4.6 Electrochemical characterization  

A Gamry Interface 1000 potentiostat (Gamry Instruments, US) was used for 

electrochemical impedance spectroscopy (EIS), linear sweep voltammetry (LSV), and 

lithium transference number evaluations. The ionic conductivities of the polymer blends 

was evaluated via EIS in stainless steel (SS) symmetric cells (SS│PEO-ppz│SS); spectra 

were measured in a frequency range from 1 MHz to 0.01 Hz across a range of 

temperatures. At each temperature, the sample was allowed to equilibrate from 30 m 

before analysis. LSV was performed in a range from open circuit voltage (OCV) to 5.5 V 
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at 0.2 mV s-1 in an asymmetric cell (Li│PEO-pTFAP2Li│SS). The lithium transference 

number was measure using the Bruce-Vincent method,131 with a combination of DC 

polarization via chronoamperometry and EIS (before and after polarization). The 

Li│PEO-pTFAP2Li│Li symmetric cell was prepared inside an argon-filled glovebox 

before measuring the initial resistance (R0), then subjecting it to a DC bias of 10 mV to 

get the initial (I0) and steady state (ISS) currents and finally measuring the steady state 

resistance (RSS). Galvanostatic charge-discharge cycling of LFP│PEO-pTFAP2Li│Li 

cells at 0.05 and 0.2 C were measured on an Arbin testing system (Model No. BT2X43; 

Arbin Instruments, US) at 100 °C. 

4.4.7 Materials characterization  

Solution 1H, 7Li, 13C, 19F, and 31P NMR spectra were acquired with a Bruker Avance 

III 400 MHz spectrometer and DMSO-d6 as the solvent at 298 K. For the 31P 

measurements, no internal standard was used, and the data was only used to qualitatively 

show a shift up/downfield and suggests a change in the local environment before and 

after lithiation. The phase transition behavior of PEO, pTFAP2Li, and the various blends 

were evaluated via Differential Scanning Calorimetry (DSC). All experiments were 

performed on a Discovery DSC (TA Instruments, US), samples were hermetically sealed 

in aluminum pans inside an Ar-filled glovebox before analysis. During analysis, samples 

were first cooled to ‒80 °C then heated to 150 °C at a rate of 10 °C min-1 under N2. 

Thermogravimetric analyses (TGA) were carried out on a Q600 thermal analyzer (TA 

Instruments, US) at a heating rate of 10 °C min-1 in an alumina crucible under N2. The 

temperature dependence of the 7Li NMR linewidth was evaluated for the 10:1 

PEO:pTFAP2Li SLIC-SPE on a Bruker AVIII 400 MHz spectrometer operating at a 
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frequency of 116.6 MHz. The sample was prepared in an Ar-filled glovebox by packing 

the SLIC-SPE membrane into a ZrO2 rotor and sealing with a Macor cap. The sample 

was analyzed across a range of temperature from 223 to 383 K, allowing 30 minutes for 

equilibration before analysis. The 7Li chemical shifts were externally calibrated to a solid 

LiCl reference standard set to 0.0 ppm. The SEM imaging was performed on a SU8230 

microscope (Hitachi, Japan) with an accelerating voltage of 5.0 kV at a working distance 

of 8 mm. 
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CHAPTER 5. ACRYLATE-BASED SINGLE-ION CONDUCTING 

POLYMER ELECTROLYTES 

5.1 Introduction 

Development of LMBs with higher energy density and enhanced safety is one of the 

primary goals for the next generation of batteries. As previously discussed, SLiC-SPEs 

are of great interest owing in part to their robust mechanical properties and safety 

enhancements, but possibly the most important advantage over traditional liquid 

electrolytes is that of their intrinsically high transference numbers (approaching unity) 

which has been shown to suppress/eliminate dendrite growth by eliminating 

concentration gradients in the cell.75, 76 However, tethering the anion to the polymer 

backbone imparts rigidity, reducing the segmental flexibility of the chain and thus 

reduces ionic conductivity.80 Dendritic growth has been shown to increase at higher C-

rates due to larger concentration gradients creating a stronger electric field; however, the 

low ionic conductivity observed in most SLiC-SPEs limits the rate performance which 

has made it difficult to demonstrate their efficacy in suppressing dendrite growth. 

This work intends to improve ionic conductivity by employing a highly dissociated 

anionic group (a polymerizable acrylate derivative of LiTFSI) and through the addition of 

polypropylene glycol (PPG) groups as sidechains on an acrylate polymer. Furthermore, in 

situ preparation of the SLiC-SPE on the surface of LFP cathodes aims to reduce the 

interfacial resistance observed in many SPE system. This chapter reports on the in-situ 
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infiltration/co-polymerization of lithium 1-[3-(methacryloloxy)propylsulfonyl]-1-

(trifluoromethane sulfonyl)imide (LiMTFSI) and poly(propylene glycol) acrylate 

(PPGA). The LiMTFSI co-monomer provides a highly dissociated Li-ion and acrylate 

backbone with poly(propylene glycol) side chains on the PPGA co-monomer for facile 

dissociation of Li-ions and rapid transport. The monomer solution is infiltrated into the 

cathode structure and then heated to initiate polymerization and the SLiC-SPE is formed 

in situ and well-integrated into the cathode providing a near perfect interface between the 

cathode and SLiC-SPE in a simple, yet scalable, manner. The effect of Li-ion content and 

plasticizing additives on ionic conductivity and electrochemical performance are 

investigated. Additionally, a synergistic effect between poly(PPGA)-co-(LiMTFSI) and 

other lithium salts is explored. 

5.2 Results and discussion 

The novel poly(PPGA)-co-(LiMTFSI) polymers were prepared by a simple one-

step radical copolymerization of LiMTFSI with PPGA based on the reaction scheme 

given in Figure 41. Azobisisobutyronitrile (AIBN) was used as the initiator for the 

polymer synthesis. AIBN is a thermal initiator and forms a radical through decomposition 

by eliminating one molecule of N2 gas and forming two 2-cyanoprop-2-yl radicals. The 

radicals then initiate chain growth by reacting with the vinyl group of the monomer to 

form a covalent bond. The chain then propagates to a high degree of conversion in this 

form of bulk (no solvent) polymerization. The polymer composition can be varied greatly 

by adjusting the ratio of PPGA:LiMTFSI; however, the concentration of LiMTFSI is 

limited to ~20-25% due to its solubility in the PPGA co-monomer. 
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Figure 41. Synthesis scheme for controlled radical co-polymerization of PPGA-co-

LiMTFSI. 
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5.2.1 Physical and electrochemical characterization 

The thermal properties of these polymers were investigated by DSC analysis as 

shown in Figure 42. The copolymers were evaluated based on the mol ratio of PPG side 

groups to Li-ions ([PPG]:[Li+]). In two of the samples, half of the mols of the lithium salt 

were LiMTFSI (covalently attached to the polymer backbone) and the other half were a 

traditional “bi-ionic” Li salt (LiTFSI). It was found that increasing the LiMTFSI content 

in the SLiC-SPE resulted in an increase in Tg from ‒46.8 to ‒30.5 °C, as expected due to 

the rigidity imparted by the anion center. Surprisingly, addition of LiTFSI resulted in a 

higher glass-transition temperature as it would be expected that the unbound salt would 

act as a plasticizer and reduce the glass transition temperature. However, the addition of 

propylene carbonate (PC), a commonly used plasticizer, reduced Tg to ‒53.6 °C. In 

general, it is expected that lower glass-transition temperature would result in greater 

segmental mobility which in turn should facilitate greater ionic conductivity. 

 

Figure 42. DSC thermograms of poly(PPGA)-co-(LiMTFSI) copolymers 

demonstrating the effect of increasing LiMTFSI content as well as the effect of a 

second Li salt and propylene carbonate. 
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Overall, the samples were fully amorphous and demonstrated a single glass-transition at 

very low temperatures. TGA was used to define the thermal stability of the copolymers 

and the effect of additives (Figure 43). The neat copolymer demonstrated a one-step 

decomposition around 290‒300 °C. The addition of LiTFSI reduced the decomposition 

temperature by ca. 10 °C. However, addition of PC to the sample caused significant mass 

loss at just over 100 °C relating to the loss of PC and then finally decomposition of the 

polymer at the expected higher temperatures. With the exception of the PC sample, these 

copolymers demonstrate excellent thermal stability and are sufficient for safe 

implementation in most LIB applications over a wide temperature range (‒40 to 290 °C). 

 

Figure 43. TGA analysis of poly(PPGA)-co-(LiMTFSI) copolymers evaluating the 

thermal stability and the effect of LiTFSI and PC.  

Ionic conductivities of the SLiC-SPEs were evaluated by EIS between 20 and 100 

°C. In order to maximize rate performance, it is critical to maximize ionic conductivity, 

and thus we investigated the effect of Li salt concentration, as well as the addition of 

dual-ion salts, and a plasticizer. The conductivities for the neat copolymers across a range 

of [PPG]:[Li+] ratios did not vary significantly until very high quantities of the LiMTFSI 

monomer were included (Figure 44a) and most samples achieved the same conductivity 
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(nearly 10-5 S∙cm-1 at 100 °C). This suggests that at some concentration the PPGA groups 

are insufficient to both dissociate and transport Li-ions.  

In Figure 44b, the effect of various dual-ion salts is investigated. In this 

evaluation, the ratio of PPG:Li-ions is kept constant, and the Li salts added constitute half 

of the mols of Li+ in the sample. It is not surprising that all the samples that had Li salts 

added outperformed the neat copolymer as both the cation and the anion contribute to the 

total conductivity, with the LiTFSI and LiFSI samples showing the highest ionic 

conductivity at 1.7 × 10-4 S∙cm-1 at 100 °C; more than an order of magnitude greater than 

the PPGA/LiMTFSI samples of the same [PPG]:[Li+] ratio. 

In Figure 44c the effect of adding PC was evaluated. It is expected that the 

addition of a plasticizer would improve ionic conductivity; however, adding PC to the 

LiMTFSI/LiTFSI sample did not result in any improvement at higher temperatures and 

only slightly greater conductivity at room temperature. As the DSC data showed a fully 

amorphous polymer (no melting peaks observed), it is somewhat expected that a 

plasticizer would not have a significant effect on ionic conductivity. Additionally, the 

addition of a plasticizer had little effect on the glass transition temperature (Tg reduced 

from  ‒46.8 to ‒53.6 °C), which also implies a plasticizer would provide only modest 

improvements to conductivity. Lastly, PC is miscible with PPGA and allows for 

significantly greater quantities of LiMTFSI to be dissolved. Increasing the LiMTFSI 

concentration to 3:2 and 3:4 ([PPG]:[Li+]) again reduced the ionic conductivity due to the 

increased rigidity of the copolymer. 
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Figure 44. Arrhenius conductivity plot comparing (a) various ratios of [PPG]:[Li+], 

(b) the effect of other Li salts additions (50% based on the molar Li amount) on the 

total ionic conductivity at a constant [PPG]:[Li+] ratio, as well as (c) the effect of a 

plasticizer amount on conductivity. 

The oxidative stability was evaluated in Figure 45 by LSV in asymmetric cells 

with stainless steel as the working electrode and Li metal as the reference/counter 

electrode with a scan rate of 0.25 mV∙s-1 at 100 °C. The neat copolymers show no 

significant signs of oxidative decomposition until more than 4.5 V (vs. Li) which is 

sufficient for nearly all commercial cathode materials. 
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Figure 45. Linear sweep voltammogram of poly(PPGA)-co-(LiMTFSI) SLiC-SPEs 

from OCV to 6 V at 0.25 mV∙s-1. 

The addition of LiTFSI reduced the oxidative stability to about 4.3 V. However, 

this could be related to the formation of a passivating layer on the cathode surface which 

may not necessarily be detrimental, rather it could stabilize cycling performance and 

further investigations are required to understand this oxidation event. Similarly, PC 

further reduced the stability to 4.1 V as a significant oxidation event occurs.  

 

5.2.2 Li-ion transference number 

The lithium transference number was then evaluated at 100 °C using the Bruce-

Vincent method,131 with a combination of DC polarization via chronoamperometry and 

EIS and the results are given in Figure 46. 
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Figure 46. a) Chronoamperogram of a Li│poly(PPGA)-co-(LiMTFSI)│Li symmetric 

cell with a 25 mV bias voltage; I 0 and ISS represent initial and steady state currents, 

respectively, b) Nyquist plots before and after polarization, and c) the freestanding 

membrane used for the experiment.   

Due to the preparation methods, thicker membranes were used for this experiment (~350 

μm), which required a greater polarization voltage than the original procedure calls for 

(25 mV instead of 10 mV) and resulted in larger than usual resistances measured by EIS. 

Regardless, the transference number value was found to be 0.84 and thus comparable to 

many other synthesized SLiC-SPEs in the literature. In theory, if the anion is covalently 

attached to the polymer backbone, the transference number should be equal to 1. 

However, practical values never reach unity, as also evidenced in the literature.80 A likely 

reason for the reduced transference number is relating to the flexible spacer adjoining the 

anionic moiety to the polymer backbone allowing for short-range motion of the negative 

charge (especially at 25 mV dc bias). This can be misinterpreted as untethered anion 

movement and lower the measured transference number.  
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5.2.3 Cell construction and cycling performance 

The electrochemical performance of the SLiC-SPEs was evaluated in cells with 

lithium metal anodes and LiFePO4 cathodes. The cathodes were prepared with a weight 

composition of 80% LFP, 10% PAA binder, and 10% conductive carbon additive and 

resulted in a typical LFP mass loading of ~1.8 mg∙cm-2. To minimize interfacial 

resistance between the cathode particles and the SLiC-SPE, a monomer solution 

containing PPGA, LiMTFSI, and AIBN was cast on the surface of the cathode, given 

sufficient time to infiltrate the pores, and polymerized in situ. This process is depicted in 

Figure 47 to show the basic steps of casting, infiltration, and polymerization.  

 

Figure 47. Schematic for in-situ preparation of LFP│poly(PPGA)-co-(LiMTFSI)│Li 

cells.  

SEM analysis in Figure 48 shows a porous cathode microstructure before the 

infiltration (b and d), and the largely filled pores after infiltration and polymerization (c 

and e), suggesting good wetting of cathode particles and a SLiC-SPE layer on top of the 

cathode that will prevent short-circuiting by the anode when the cell is assembled. 
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Figure 48. Infiltration of a porous cathode with the monomer solution and subsequent 

polymerization: (a) schematic of infiltration, (b) and (d) before infiltration, (c) and (e) 

after infiltration and polymerization. 

The 3:1 [PPG]:[Li+] sample was chosen for C-D cycling as it had the highest 

concentration of charge carriers and reasonable ionic conductivity. The cell was cycled at 

0.2 C, at 100 °C, and the results are given in Figure 49. The first cycle achieved a 
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discharge capacity of 84 mAh g-1 (49% of LFP’s theoretical capacity) and was relatively 

stable through the first 70 cycles. A slight decline in specific capacity is observed 

throughout the remaining cycles with an overall 80% capacity retention for nearly 100 

cycles. Some evidence suggests that at 100 °C the SLiC-SPE contracts slightly and could 

be the reason for the capacity fade in the later cycles. A large hysteresis is observed in 

Figure 49b suggests the ionic conductivity is not sufficient to support a 0.2 C rate and the 

increased voltage polarization results in incomplete deintercalation of lithium ions. This 

is supported by the incomplete shape of the charging curve (upper plateau is missing).  

 

Figure 49. Cycling performance of a LiFePO4│poly(PPGA)-co-(LiMTFSI)│Li cell 

([PPG]:[Li+] = 3:1) at 0.2 C at 100 °C 

Next, the effect of adding PC was evaluated as it was shown to improve the 

conductivity. The cell was cycled at 0.05 C at 100 °C and showed very good initial 

capacity utilization with a maximum discharge capacity of 159 mAh∙g-1 (93.5% of LFP’s 

theoretical capacity); however, this capacity very quickly began to fade after only 10 

cycles (Figure 50). The initially low Coulombic efficiency suggests that some deleterious 

side reaction was happening in the early cycles, likely the formation of a passivating 
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layer that ultimately increased the resistance. Evidence of this is given by the increase in 

the voltage hysteresis between the first and 40th cycles (Figure 50b). Evidence of PC’s 

instability was observed in the thermal decomposition around 100 °C as well as the 

oxidative instability around 4 V. While the long-term cycling results were poor, the initial 

capacity utilization suggests that the addition of a plasticizer can significantly improve 

performance with this SLiC-SPE.

 

Figure 50. Cycling performance of a LiFePO4│poly(PPGA)-co-(LiMTFSI)│Li cell 

([PPG]:[Li+] = 3:1) with 20 wt% PC added at 0.05 C at 100 °C 

The effect on adding a traditional dual-ion salt was also evaluated. The SLiC-SPE 

with LiTFSI demonstrated the best conductivity so it was chosen for analysis. The cell 

was cycled at 100 °C starting at 0.05 C and current was increased to 0.5 C to evaluate the 

rate performance (Figure 51) The initial 0.05 C cycle showed a capacity utilization of 156 

mAh∙g-1 but reduced to 81 mAh∙g-1 when cycled at 0.5 C, which still suggests that ionic 

conductivity is somewhat limiting. The cycle lifetimes of identical cells were evaluated at 

0.2 and 0.5 C in Figure 52 (a and b, respectively). 
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Figure 51. Rate performance of the SLiC-SPE with LiTFSI added. 

 

Figure 52. Cycling performance of a LiFePO4│poly(PPGA)-co-(LiMTFSI)│Li metal 

cell with LiTFSI added. 
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Impressively stable cycling performances were observed, with an initial capacity 

utilization of 74% and 84% capacity retention over 60 cycles when cycled at 0.2 C, and 

48% capacity utilization with 64% capacity retention at 0.5 C. A synergistic effect can be 

observed as the LiTFSI salt enhances conductivity, but the properties of the SLiC-SPE 

promote stable cycling by limiting anionic mobility.  

Finally, LiFSI was evaluated with poly(PPGA)-co-(LiMTFSI) since similarly 

high ionic conductivity was observed in comparison to LiTFSI. The performance was 

assessed by cycling at rates between 0.05 C and 0.2 C (Figure 53). The initial capacity 

utilization is 98% of LFP’s theoretical capacity; however, as suggested by the slightly 

more oblique angle of the charging curve in Figure 53b for the first C/20 cycle, some 

oxidation event is occurring. This is likely the formation of a passivation layer, which 

consumes Li (thus reduces capacity) but appears to stabilize the cell as very little capacity 

is lost over the remaining cycles at 0.2 C. 

 

Figure 53. Cycling performance of a LiFePO4│poly(PPGA)-co-(LiMTFSI)│Li metal 

cell with LiFSI added 
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The parallels between the performance of the SLiC-SPEs with added LiTFSI and LiFSI 

prove the conductivity of the neat copolymer are insufficient for fast charging rates, but 

that stability is added by anchoring the anion to the polymer backbone. Further efforts are 

necessary to improve the intrinsic conductivity of the copolymer so that the addition of Li 

salts is no longer necessary for good cycling performance at faster charging rates.  

5.3 Conclusion 

A novel SLiC-SPE prepared by a simple in situ radical copolymerization of a 

highly dissociated Li sulfonamide methacrylic monomer and PPGA and the synergistic 

effect of additional Li salts was electrochemically evaluated for use in LMBs. These 

prepared SLiC-SPE membranes showed good mechanical properties and excellent 

thermal stability (up to 290 °C), and oxidative stability up to 4.5 V (vs. Li). A high Li-ion 

transference number was observed (0.84), but conductivity was limited to 10-5 S∙cm-1 at 

100 °C. Addition of dual-ion Li salts and PC improved the ionic conductivity by an order 

of magnitude, but PC was shown to be unstable at higher temperatures. Incorporating 

LiTFSI and LiFSI showed significant improvements in terms of capacity utilization and 

cycling stability compared to the neat SLiC-SPE suggesting demonstrating a combined 

effect of the high conductivity provided by the dual-ion Li salts and the stabilizing effect 

of a SLiC. 
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5.4 Experimental Details 

5.4.1 Materials  

2,2′-Azobis(2-methylpropionitrile) (AIBN; 98%, Sigma), poly(propylene glycol) acrylate 

(PPGA; Mn ~ ~475, Sigma), LiMTFSI (Specific Polymers), lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI; 99.95%, Sigma), lithium 

bis(fluorosulfonyl)imide (LiFSI; 98%, Fisher), lithium bis(oxalato)borate (LiBOB; 99%, 

Sigma), propylene carbonate (PC; 99.7%, Sigma), Li foil (0.75 mm thickness, 99.9%, 

Fisher), lithium iron phosphate (LFP; 99.5%, Gelon), anhydrous NMP (99.5%, Sigma). 

All reagents were used as purchased without further purification. All polymerization 

procedures and cell assembly were carried out in an Ar-filled glovebox (H2O and O2 < 1 

ppm).  

5.4.2 Characterization of poly(PPGA-co-LiMTFSI) 

A Discovery DSC (TA Instruments, US) was used for all DSC analyses. Each 

sample was hermetically sealed in aluminum pans inside an Ar-filled glovebox before 

analysis. During analysis, samples were first cooled to ‒80 °C then heated to 150 °C at a 

rate of 10 °C min-1 under N2. Each sample was cycled twice, and the glass-transition 

temperature was determined by the midpoint of the second cycle. Thermogravimetric 

analyses were carried out on a Q600 thermal analyzer (TA Instruments, US) at a heating 

rate of 10 °C min-1 up to 500 °C in alumina crucibles under N2. FE-SEM imaging was 

performed using a SU8230 microscope (Hitachi, Japan) with an accelerating voltage and 

a working distance of 8 mm. 
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5.4.3 Electrochemical characterizations 

A Gamry Interface 1000 potentiostat (Gamry Instruments, US) was used for 

electrochemical impedance spectroscopy (EIS), linear sweep voltammetry (LSV), and 

lithium transference number evaluations. The ionic conductivity of poly(PPGA)-co-

(LiMTFSI) was evaluated via EIS in stainless steel symmetric cells (SS│poly(PPGA)-co-

(LiMTFSI)│SS); spectra were measured in a frequency range from 1 MHz to 0.01 Hz 

across a range of temperatures. At each temperature, the sample was allowed to 

equilibrate from 30 m before analysis. 

LSV was used to determine the oxidative stability of the polymer electrolytes at 

100 °C. The test cell was prepared in by drop casting the monomer solution on a SS disc 

and polymerizing, then placing a Li foil disc on top once polymerization was complete. 

Stainless steel served as the working electrode and the Li foil was both the counter and 

reference electrode. Potential scans were carried out between VOC and 6 V at a rate of 

0.25 mV∙s-1. 

The Li transference number was evaluated by preparing free-standing membranes 

of poly(PPGA)-co-(LiMTFSI) by drop casting a monomer solution onto a glass plate and 

heating on a hotplate for 30 m to polymerize. The membrane could then be peeled off in 

one piece and 13 mm discs were punched out and sandwiched between two 11 mm pieces 

of Li foil. The SLiC-SPE membrane was punched at a larger size to minimize the 

possibility of short-circuiting. The lithium transference number was then evaluated at 10 

°C using the Bruce-Vincent method,131 with a combination of DC polarization via 

chronoamperometry and EIS (before and after polarization). The Li│ poly(PPGA)-co-
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(LiMTFSI)│Li symmetric cell was prepared inside an argon-filled glovebox before 

measuring the initial resistance (R0), then subjecting it to a DC bias of 10 mV to get the 

initial (I0) and steady state (ISS) currents and finally measuring the steady state resistance 

(RSS). 

5.4.4 Li metal cell assembly and cycling 

LFP cathodes were prepared with a composition of 80 wt% LiFePO4, 10 wt% 

carbon black conductive additive, and 10 wt% PVDF binder. First, the powders were 

combined and mixed as a dry mixture before adding NMP (typically ~ 2 μL/mg) and 

stirred for at least 8 h until fully homogeneous. The obtained slurry was then cast onto Al 

foil using a doctor-blade at various thicknesses. The NMP was removed by evaporation, 

first on a hot plate set to 70 °C for 4 h, then under vacuum at 60 °C overnight. Cathodes 

were then punched out into 13 mm discs before using. Typical mass loading of ~1.8 

mg∙cm-2. 

SLiC-SPEs were prepared in situ on the LFP cathode surface. Depending on the 

desired [PPGA]:[Li+] mol ratio, LiMTFSI and AIBN were stirred in PPGA until fully 

dissolved. The monomer solution was then dropped on top of a punched cathode (35μL 

for each 13 mm cathode disc). The monomer solution was given 30 m to infiltrate the 

cathode before placing on a hot plate at 70 °C to initiate polymerization. After at least 30 

m, the cathode/SLiC-SPEs were removed from the hot plate and were ready to use. 
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CHAPTER 6. FUTURE WORK 

6.1 Polyphosphazene-based polymer electrolytes 

The polyphosphazene-based SLiC-SPEs in this work, demonstrated reasonable 

performance; however, they were somewhat limited by the electrochemical and 

mechanical properties of PEO as well as strong ion-pairing making it difficult to 

dissociate Li+ ions for transport. In addition, the placement of the anion in close 

proximity to the polymer backbone reported ultimately limits the macromolecular 

motion, thus requiring a host polymer (PEO) to provide Li-ion dissociation. Further 

improvements in the pTFAP2Li-based SPE system could come by moving the anion 

further down the sidechain and/or replacing PEO with another polymer (or a co-polymer) 

or a blend of polymers that is thermally active at lower temperatures, exhibits a wider 

ESW and retains mechanical integrity at cycling temperatures.  

Synthesis of mixed substituent SLiC polyphosphazenes through similar chemistry 

with both anionic and Li-ion solvating groups (e.g., oligoether groups similar to PEO) 

could eliminate the need for a host polymer altogether. In this example, the substituent 

with the anionic center is only a Li-ion source, not a conductor. The oligoether groups are 

responsible for Li-ion solvation and transport. This would significantly modify the 

physical properties and likely allow for simpler processing methods with better 

uniformity.  



 105 

Lastly, pairing the SLiC-SPEs in this work with conversion-type cathode materials 

is of great interest as well to limit the loss of active materials through dissolution that 

limits the use of these materials with liquid electrolytes.  

6.2 Acrylate-based polymer electrolytes 

In this work, the room temperature ionic conductivity was a critical obstacle that 

limited cycling at lower temperatures. Improving room temperature Li-ion mobility could 

come from lengthening the PPG sidechains. The DSC traces did not show the melting 

peak which suggests a completely amorphous polymer which is ideal for Li-ion 

conduction as crystalline regions are generally ionically insulating. This implies that the 

sidechains could be lengthened significantly, and it is unlikely that crystalline regions 

would form due to the inefficient packing around the PPGA molecular structure. These 

longer sidechains would drastically improve Li-ion mobility due to the increased 

flexibility. This does not ensure room temperature cycling, even at slow rates, will be 

possible. Similar systems with PEG groups as opposed to PPG have shown good room 

temperature cycling, both with the use of plasticizers and without. It could be that the 

PPG group (compared to a PEG group) reduces the flexibility about the oxygen-bond.  
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APPENDIX A.  PERMISSION LETTER FOR COPYRIGHTED 

MATERIAL 

Figure 2: Wu, F.; Yushin, G., Conversion cathodes for rechargeable lithium and 

lithium-ion batteries. Energy & Environmental Science 2017, 10 (2), 435-459 
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