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ABSTRACT  

 

HIU CHING WONG: Perfluoropolyether-based Electrolytes for 

Lithium Battery Applications 

(under the direction of Prof. Joseph M. DeSimone) 

 

Large-scale rechargeable batteries are expected to play a key role in today’s emerging 

sustainable energy landscape. State-of-the-art lithium-ion batteries are not only widely used in 

electric vehicles, but they are currently gaining traction as backup power in aircraft and smart 

grid applications. In all of these cases, safety surrounding the electrolyte, an essential component 

of a lithium-ion battery, is a challenging limitation: the low flash points of currently used small 

molecule organic alkyl carbonates impose a high risk of ignition under most operating 

conditions. For this reason, extensive efforts are being made to develop viable nonflammable 

electrolytes to replace these organic solvents.  

Herein, we describe new classes of nonflammable liquid and solid electrolytes composed 

of oligomeric perfluoropolyethers. These materials are promising electrolyte alternatives due to 

their low glass transition temperatures, high chemical stability, capacity to dissolve lithium salts 

such as lithium bis(trifluoromethane)sulfonimide lithium salt, and compatibility with various 

common polymers such as poly(ethylene glycol). Synthetic modifications used to introduce a 

wide range of functional groups has created a platform of intrinsically fireproof materials that 

can be chemically tailored to achieve the desired physical, thermal, mechanical, and 

electrochemical properties for specific battery applications. Using this approach carbonate-, 

thiol-, allyl-, and propargyl- functionalized perfluoropolyethers were prepared from the 
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commercially available hydroxyl-terminated PFPEs. The terminal group and molecular weight 

effects on the bulk properties of these materials were systematically characterized and their 

viability as electrolytes was evaluated.  

The described work ultimately paves the way towards further optimization of 

perfluoropolyether materials towards the development of high performance lithium- ion 

batteries. The interesting properties of these materials invite an extensive study into the 

fundamental mesoscale ion transport and the relationship between perfluoropolyether chemical 

structure and electrolyte electrochemical property, as well as a closer analysis into the 

perfluoropolyether and electrode interface. Investigation in these areas using techniques such as 

advanced nuclear magnetic resonance spectroscopy and transmission electron microscopy is 

proposed.  
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CHAPTER 1  

 

INTRODUCTION TO LITHIUM-ION BATTERIES 

 

1.1 Introduction to Lithium-Ion Batteries 

Lithium-ion (Li-ion) batteries are one of the most commonly used batteries in portable 

electronics such as cellphones and laptops. In contrast to primary batteries, which are non-

rechargeable and disposable, Li-ion batteries belong in the family of secondary or rechargeable 

batteries, and therefore demonstrate drastically longer lifetimes. In addition, Li-ion batteries 

exhibit high energy density, slow loss in charge when not in use, and are significantly more 

lightweight than lead acid batteries. According to Frost & Sullivan, a global growth consulting 

firm that provides market research and analysis, the global Li-ion battery market was worth 

$11.7 billion in 2012 and is expected to double by 2016.
1
 While the handheld consumer segment 

currently dominates sales in this area, growth in this market is driven by the burgeoning 

automotive and utility segments, as utilities are seeking to use Li-ion batteries as energy storage 

and smart grid solutions to improve efficiency and effectiveness (Figure 1.1). 

 
Figure 1.1 Li-ion battery market revenue breakdown in 2013 and the projected breakdown in 

2020, as published by Frost and Sullivan.
1
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1.1.1 Battery History, Terminology, and Chemistry 

 

Nonrechargeable lithium (Li) batteries were first prepared by Dr. Michael Stanlay 

Wittingham while he was working for Exxon Research and Engineering Company in 1976. Dr. 

John Goodenough, from Oxford University then the University of Texas at Austin, expanded this 

work in 1979 by developing rechargeable lithium ion cells composed of lithium cobalt oxide 

(LiCoO2) and lithium metal as the cathode and anode respectively.
2
 This was the first 

demonstration of cathode materials capable of reversible intercalation and stable donation of Li-

ions. By 1991, Li-ion batteries containing LiCoO2 were commercially released by Sony and 

Asahi Kasei; LiCoO2 is now a ubiquitous material in today’s portable electronic devices.  

Although the two terms “battery” and “cell” are often used interchangeably to describe an 

electrochemical storage system, it is important to note the differences especially for industrial 

and commercial applications. A “cell” or “battery cell” is a basic electrochemical unit that 

contains the fundamental components such as the electrodes, electrolyte and oftentimes the 

separator. Battery cells are most commonly found in cylinder, coin, prismatic, and flat 

configurations (Figure 1.2). In contrast, a “battery”, also called a “battery pack”, is composed of 

a collection of cells, as well as the appropriate housing or casing, electrical interconnections and 

other types of electronics that control or stabilize the cells from overheating or overcharging. 

Larger applications such as laptops and zero emission vehicles use battery packs due to higher 

voltage requirements.  

As previously mentioned, an electrochemical cell is fundamentally composed of an 

electrolyte sandwiched between two electrodes.  The most widely used materials for these 

components are: an organic mixture usually of ethylene carbonate (EC), diethyl carbonate 

(DEC), and dimethyl carbonate (DMC) as the electrolyte, lithium cobalt oxide (LiCoO2) as the 
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cathode, and carbon (in the form of graphite) as the anode. During the battery cell charge 

process, Li-ions move through the electrolyte from the positive electrode, the cathode, to the 

negative electrode, the anode. During the cell discharges, the direction of Li-ion migration is 

reversed, and Li-ions are intercalated back into LiCoO2 (Figure 1.3), thus providing current 

through a load. These processes can also be described in terms of the following electrochemical 

half-reactions: 

LiCoO2 ⇄ Li1-nCoO2 + nLi
+ 

+ ne
-
……………………..equation 1.1 

nLi
+ 

+ ne
-
 + C ⇄ LiyC………………………....equation 1.2 

 

 
 

Figure 1.2 Li-ion battery in various configurations as published by Armand and coworkers in 

Nature: (a) cylindrical (b) coin (c) prismatic or pouch unit, and (d) flat.
3
 

 

 

Researchers continue to explore the use of materials other than LiCoO2 and graphite in 

order to improve the energy density, cost and durability of overall Li-ion batteries. 

Commercially, there are growing trends of using lithium NMC,
4
 lithium manganese oxide 
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(LiMn2O4)
5
 and lithium iron phosphate (LiFePO4)

6
 as cathode materials. For anodes, silicon

7
 and 

lithium titanium oxide
8
 are also gaining popularity. 

 

 
Figure 1.3 Schematic of the charge (left) and discharge (right) process of a lithium- ion battery.

9
 

 

1.1.2 Concerns Regarding Battery Electrolytes 

Material selection for Li-ion battery electrolytes is crucial as it acts as the media 

separating the cathode and anode, and therefore must be physically and electrochemically stable 

against both oxidizing and reducing chemistries. As a source of Li-ions, electrolytes contain 

lithium salts with large polarizable, monovalent anions such as hexafluorophosphate (PF6
-
), 

perchlorate (ClO4
-
), and bis(trifluoromethane)sulfonimide (TFSI

-
).  

Small molecule alkyl carbonates are currently the most commonly used liquid 

electrolytes for consumer and transportation battery applications. While these organic solvents 

are capable of dissolving large amounts of lithium salts and exhibit high ionic conductivities on 

the order of 10
-2

 S/cm at room temperature, they also exhibit low flash points and are therefore 

highly flammable and capable of spontaneous combustion. For example, DMC, an important 

component in commercial Li-ion battery electrolytes, has a Hazardous Materials Identification 

System (HMIS) flammability rating of 3 on a scale of 0 - 4, indicating a high risk of ignition 
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under most operating conditions. The intrinsic instability of carbonate-based solvents increases at 

higher temperatures, where exothermic electrolyte breakdown can lead to thermal runaway,
10,11

 

resulting in battery short-circuiting and ultimately catastrophic failure of the battery. While this 

failure rate stands at about 1 in 10 million systems, this rate is intolerable for large-scale 

applications where catastrophic failure of one cell affects the operation of the battery pack as a 

whole; cost and user safety could also be heavily compromised. These safety issues were widely 

recognized when large Li-ion batteries were incorporated as back up power sources on aircraft; 

to date there have been at least five reported incidents of battery fires or smoke on the Boeing 

787 Dreamliner passenger aircraft (Figure 1.4).
12,13

  

 
Figure 1.4 Japan Airlines Boeing 787 Dreamliner at Boston Logan Airport with smoke from 

battery fire.
14

 

 

1.1.3 Current Efforts in Electrolyte Research 

The safety hazards surrounding organic carbonate electrolyte solutions have prompted the 

search for new materials that possess the conductivity potential of classical EC/DEC/DMC 

systems yet are environmentally and thermally benign within operational limits. In the vast 

diversity of novel liquid materials found in the literature, research efforts can generally be 

categorized into the development of additives for alkyl carbonates and room temperature ionic 



 6 

liquids. As alternatives to liquid electrolytes, solid-state polymeric electrolytes and hybrid 

systems have also garnered much interest. 

1.1.4 Liquid Electrolytes  

1.1.4.1 Development of Fire Retardant Additives 

Fire retardant additives studied for Li-ion battery electrolytes are most commonly 

organophosphates and their halogenated derivatives;
15-18

 these chemicals reduce electrolyte 

flammability by acting as chemical radical scavengers that terminate radical chain reactions 

leading to combustion.
16,17

 While effective, there is oftentimes a trade-off between electrolyte 

flammability and reductive stability since many phosphates degrade against low reductive 

potentials and therefore are incompatible with anodes such as graphite.
15,17

  

 In addition to phosphorus-based additives, small molecule ethers
19-21

 and fluorinated 

carbonates
17,22,23

 have also been reported. Because the lithium salt dissolution capabilities and 

electrochemical properties of these nonflammable molecules are limited, they must be diluted 

with traditional volatile carbonates and are strictly used as co-solvents. Elimination of flash point 

and flammability of the overall electrolyte is only achieved when fluorinated carbonates becomes 

the majority component.
17

 

1.1.4.2 Room Temperature Ionic Liquids  

Room temperature ionic liquids (RTILs) are a specific class of ionic liquids that exhibit 

melting temperatures below room temperature; they consist purely of large ions and their 

combinations and are free of any non-ionic small molecule solvent. RTILs are commonly 

quaternary ammonium salts such as tetralkylammonium or cyclic amines (Figure 1.5).
24

 This 

group of molten salts has no measurable vapor pressure
25

 and is thus considered nonflammable 
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and nonvolatile, which makes them of great interest in Li-ion battery research. However, the 

purity of RTILs is often an issue, as their moisture sensitivity significantly impacts their 

conductivity. The high viscosity that is characteristic for ionic liquids (in some cases as high as 

500-600cP)
24,26

 can also cause difficulties with handling, which subsequently increases cost.  

 
 

Figure 1.5 Chemical structures of typical RTILs, as reported by Stępniak and coworkers in 

Electrochimica Acta.
24

  

 

1.1.5 Solid-State Electrolytes 

Dry polymer electrolytes are attractive alternatives to liquids due to the complete 

elimination of flammable solvents;
3,27

 polymeric electrolytes are also often cheaper and easier to 

process and handle.
28

 Poly(ethylene oxide) (PEO)- and poly(ethylene glycol) (PEG)-based 

materials are the most extensively studied solid-state electrolytes due to their unique ability to 

solvate Li-ions. In these electrolytes, the Li-ions are complexed to ether oxygens of the polymer 
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backbone. There are two generally accepted mechanisms for ion transport in these materials: (i) 

the ion hopping mechanism where ions ‘hop’ from one region to the next, and (ii) the vehicular 

mechanism where the ion migrates with the solvation shell intact. In polymeric electrolytes, the 

latter is suppressed due to limited diffusion of polymer chains in entangled systems.
28

 Ion 

transport in macromolecular electrolytes is therefore dominated by rapid segmental motion of 

polymer chains that lead to intrachain or interchain hopping of ions (Figure 1.6). Since polymer 

segmental motion is reduced as temperatures approach the glass transition temperature (Tg) of 

the polymer, a low Tg is an important property to achieve when selecting suitable materials for 

solid electrolyte design. The melting temperature, Tm, however, is also a big shortcoming of PEO 

polymers; its semi-crystalline nature limits practical ionic conductivity to temperatures above 

melting (typically at around 60 °C). Although strategies used to mitigate crystallinity span from 

the use of nanoparticle fillers such as aluminum oxide (Al2O3), titanium dioxide (TiO2), and 

silicon dioxide (SiO2)
3,29

 to novel macromolecular architectures such as stars,
30,31

 combs,
28

 and 

dendrimers,
32,33

 research in this field has not been widely commercialized.   

 
Figure 1.6 Intrachain (top) and interchain (bottom) hopping of ions facilitated by segmental 

motion of polymer chains.
34
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1.1.6 Hybrid Electrolytes and Other Systems 

The disadvantages presented in each type of homogeneous electrolyte have led to the 

development of hybrid or composite materials aimed to simultaneously mitigate the limitations 

and combine the benefits of individual components. As a result, crosslinked polymer matrices 

are frequently swelled with organic carbonate solutions or ionic liquids (also known as gel 

electrolytes). Often, however, the drawbacks of each constituent are still observed. For example, 

organic carbonate additives are added to polymer matrices to increase ionic conductivity, but 

produces compositions that are still considered flammable (Table 1.1).
27

  

 

Table 1.1 Example of hybrid electrolytes, as reported by Kim and coworkers in Chemistry of 

Materials.
27

 

 

Hybrid electrolyte Ionic conductivity Limitation 

Organic liquid + polymer
35

  4.2 x 10
-3 

S/cm Flammable  

Ionic liquid + polymer
36

 0.18 x 10
-3 

S/cm Less flammable 

Ionic liquid + polymer + organic liquid
37

 0.81 x 10
-3 

S/cm Less flammable 

 

 

1.2 Perfluoropolyethers 

The development of polytetrafluoroethylene  (PTFE) has since garnered heavy interest in 

perfluoro- or polyfluoro- alkyl compounds; due to the strength of C-F chemical bonds, these 

materials are widely known to be chemically and thermally inert. Within this family, 

perfluoropolyethers (PFPEs) are an interesting subgroup, as they combine the typical properties 

of fluorinated organic compounds with unusual properties such as low Tg, low viscosity, low 

refractive index and high gas permeability.
38

 Although herein we will primarily focus on linear 

hydroxy-terminated PFPEs and its derivatives, branched PFPEs and PFPEs with a wide range of 

fluorinated end group moieties also exist and are commercially available (Figure 1.7).   
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Figure 1.7 Different types of branched and linear PFPEs with various end group functionalities. 

 

1.2.1 Methods Used to Synthesize PFPEs 

1.2.1.1 Anionic Ring Opening Polymerization of Hexafluoropropylene Oxide 

PFPEs are commonly synthesized by anionic ring-opening polymerization of 

hexafluoropropylene oxide (HFPO).
39

 Cesium fluoride (CsF) was reported to be the most 

effective source of fluoride anions because of its low lattice energy and highly ionic nature. 

However, in order to facilitate the formation of active fluoride ions, strongly coordinated 

solvents must be used, tetraglyme (TG) is therefore frequently used in conjunction to complex 

cesium cations in order to generate free fluoride ions. The fluoride ions subsequently react with 

HFPO monomers to initiate the reaction (Figure 1.8). Chain transfer reactions are the 

predominant reactions under these conditions, and as a result only low molar mass PFPE 

oligomers are produced using this method.
39-41
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Figure 1.8 Anionic ring opening of HFPO in the presence of CsF and TG.
40

  

 

1.2.1.2 Direct Fluorination  

 

The Lewis acid- catalyzed ring opening polymerization of 2,2,3,3-tetrafluorooxetane to 

synthesize PFPEs was first industrialized by Daikin Industries. 2,2,3,3-tetrafluorooxetane was 

first prepared from tetrafluoroethylene (TFE) and paraformaldehyde. Initiated by a fluoride ion, 

typically from CsF, 2,2,3,3-tetrafluorooxetane is subsequently polymerized in a nonprotic polar 

solvent like TG to produce a polyfluorinated polymer. The polymers are then treated with 

fluorine gas for direction substitution of the hydrogen atoms in the backbone; this process is 

accelerated by ultraviolet (UV) irradiation (Figure 1.9).
42,43

 

 
 

Figure 1.9 Lewis acid catalyzed ring opening polymerization of 2,2,3,3-tetrafluorooxetane 

following by direct fluorination under UV light.
39
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 Similarly, Lagow and coworkers
44-46

 developed a PFPE synthetic technique by direct 

fluorination of hydrogenated polyethers.
39

 Known as the ‘LaMar’ process, this method involves a 

cryogenic reactor, and allows a vast range of perfluorinated compounds to be prepared using low 

concentrations of fluorine.
42,47

  

1.2.1.3 Photooxidation  

 

The synthesis of PFPEs through photo-oxidative polymerization was first patented by 

Solvay Solexis.
48

 In general, TFE is polymerized at low temperatures in a controlled partial 

pressure of oxygen gas (Figure 1.10). Initiator radicals are produced by exposing allyl acyl 

fluorides to ultraviolet light within the wavelengths of 200 to 350nm at -40°C. Polymerization 

propagation consists of rotating processes of oxygen gas (O2) addition, coupling of two alkoxy 

radicals that releases O2, and addition of TFE. Inevitable β-scission side reactions of perfluoro-

ethoxy radicals, favored in higher temperatures, produce perfluoro-methoxy radicals and 

carbonyl fluoride. This results in random insertions of perfluoromethoxy units along the 

backbone of PFPE polymers. The propagating radicals are considered terminated when alkoxy 

radicals couple to produce interior peroxy units. Termed peroxidic perfluoropolyethers, the 

polymer chains are cleaved thermally or through catalytic reduction to produce the PFPE 

material functionalized with acyl fluorides on both terminal ends.  Subsequent reactions of these 

highly reactive terminal groups allow for PFPEs to be functionalized with a variety of chemical 

moieties including hydroxyl groups.
49

 Relative concentrations of initiator, oxygen, and 

tetrafluoroethylene are used to control and tune the average molecular weight of the final 

polymer; fluorine gas is also oftentimes used. Ratios of perfluoromethylether to 

perfluoroethylether repeating units using this method generally range from 0.5 to 3.0.
48,49
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Figure 1.10 Synthetic schemes outlining the initiation, propagation, and termination of PFPE 

polymerization.
49
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 Our group has also previously developed a synthetic method for PFPEs through the 

photooxidation of HFP in liquid carbon dioxide. This strategy provides an environmentally 

friendly alternative to organic and fluorinated solvent systems such as dichlorodifluoromethane 

and exploit the benefits of utilizing an environmentally friendly and tunable continuous 

phase.
39,50,51

  

1.2.2 PFPE Uses and Applications 

PFPEs are traditionally used as high performance lubricants and greases due to their 

favorable properties and stability even against extreme conditions. They are liquid at room 

temperature, as their aliphatic and ether linkages result in a totally amorphous morphology.
39

 In 

addition to their nonflammable and chemical stability properties, PFPEs exhibit high viscosity 

indexes (approximately 350 (unitless)), low vapor pressure (less than 4 x 10
-13

 torr at 20 °C), and 

low surface tension (approximately 20 dyn/cm at 20 °C). The useful temperature range of PFPEs 

is also generally wider than mineral oils and polyol esters (Figure 1.11). For these reasons, 

typical applications of PFPEs in industry include aircraft instrument bearing grease, automotive 

braking systems, astronaut space suit bearing and breathing apparatus lubricants. In addition, 

PFPEs are frequently used lubricants in oxygen and reactive gas service applications, where 

conventional lubricants are unsuitable due to their reactivity with oxygen and halogens like 

chlorine, increasing the potential for explosion, fire and premature deterioration.
52,53
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Figure 1.11 Temperature range of use of PFPEs relative to other lubricants and oils.

53
 

 

 

Academic research focusing on PFPEs has also expanded its potential applications; 

current efforts explore the use of PFPE-based materials in the fields of soft lithography, 

microfluidics (Figure 1.12),
54,55

 cosmetics,
56

 fuel cells,
57

 and biomedical corneal implants. For 

example, our group had previously reported in 2004 the first fabrication of a solvent compatible 

microfluidic device based on photocurable PFPE materials. These devices exhibit similar 

mechanical properties to polydimethylsiloxane (PDMS) systems based on Sylgard 184 from 

Dow Corning but swell significantly less and are more resistant to aqueous and organic solvents 

including water, toluene, methanol, and dichloromethane.
58

 This makes PFPE-based devices 

more suitable for carrying out combinatorial chemical reactions and syntheses of polymers and 

oligonucleotides that require an organic phase. The moldability of photocurable PFPEs also 

resulted in increased development in patterning nanoscale inorganic oxide surfaces such as 

titanium oxide (TiO2), tin oxide (SnO2) and zinc oxide (ZnO2)
59

 as well as patternable 

biomaterials for cell culture and tissue engineering
60

 using soft lithography methodologies.  
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Figure 1.12 Microchannel section and sidewall of PFPE microfluidic device (left); PFPE device 

filled with colored water-based solution (as reported by Bongiovanni and coworkers in 

Langmuir).
54

 

 

The hydrophobicity and inertness of PFPE elastomers have also garnered interest in their 

uses as antibacterial
61

 and antifouling coatings for biomedical and marine applications. Our 

group has done extensive work in this regard:
62

 in 2009, Hu, DeSimone and coworkers reported 

that PFPE-based coatings fabricated from 4 kg/mol distyrenyl-modified PFPE macromolecules 

(sPFPE) and fluorinated styrenesulfonic ester monomers (SS) exhibit substantially lower 

settlement densities of Ulva spores than PDMS standards (Figure 1.13).
63

 Furthermore, in a 

separate report, Hu, DeSimone and coworkers presented the surprising miscibility between 

hydrophobic PFPEs and hydrophilic low molar mass PEG, ultimately producing copolymerized 

amphiphilic networks (Figure 1.14).
64

 This further widens the versatility of PFPEs and enhances 

the foulant releasing properties of the coating. Previous reports have claimed that a segregated 

surface with amphiphilic surface properties can successfully resist biofilm formation by 

presenting a rather ‘ambiguous’ surface to the protein or glycoprotein adhesives secreted by 

colonizing organisms. Indeed, the density of Ulva diatom cells was lower on surfaces composed 

of PFPE physically blended with PEG of molar mass of 300, 475, and 1100 g/mol respectively 

than coatings of pure PFPE (Figure 1.15).
65
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Figure 1.13 Density of attached spores of Ulva on PDMS and PFPE elastomers containing 

sPFPE and sPFPE with 10% SS after a 1h settlement period, as reported by DeSimone and 

coworkers in Macromolecules. Bars show 95 % confidence limits.
66

 

 

 

 
 

Figure 1.14 Synthetic scheme of PFPE/PEG networks via a precursor approach, as reported by 

DeSimone and coworkers in the Journal of the American Chemical Society.
64
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Figure 1.15 Final density of attached diatoms on PFPE/PEG coatings. Bars show 95% 

confidence limits, as reported by DeSimone and coworkers in Biofouling.
65

 

 

 

1.3 Techniques for Electrolyte Characterization 

1.3.1 Physical and Thermal Characterization  

For electrolytes, important physical and thermal properties include degree of lithium salt 

dissolution, thermal stability, and viscosity. Lithium salt dissolution is commonly measured 

qualitatively through visual observation (solubility frequently leads to production of clear 

colorless solutions) or quantitatively using mass spectroscopy. On the other hand, thermal 

stability and viscosity require more analytical experimentation. Thermal stability, an important 

indication of a material’s robustness, against a wide range of temperatures when incorporated 

into a full battery, is usually characterized using thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC) methodologies. In addition to these two techniques, 

electrolyte flammability is also characterized through a variety of methods.     

1.3.1.1  Thermogravimetric Analysis  

TGA is a common materials analysis technique used to study physical processes such as 

second-order phase transitions like vaporization or sublimation as well as chemical processes 

such as decomposition and oxidation. Experimentally, a typical TGA systems measure the 
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amount and rate of change in a sample’s mass as a function of temperature or time in a controlled 

rate and atmosphere. Because materials tend to experience sample weight loss as a result of 

degradation or evaporation, changes in initial measured mass indicate valuable information 

regarding the stability, purity, and composition of materials. For example if a material that 

exhibits negligible or no mass change between 50 and 200 °C, this indicates that it is thermally 

stable within that temperature range. Furthermore, TGA is able to determine compositional 

analysis of blends or multicomponent samples based on the known characteristic vaporization 

temperatures of pure components.
67

  

1.3.1.2 Different Scanning Calorimetry  

Similarly, DSC is a fundamental physical characterization method used to study the 

thermal behavior of materials.
68

 One of the most important tools of DSC techniques is the 

determination of the first and second order transitions in polymers, which corresponds to the Tm 

(and Tc), and Tg respectively.  

Experimentally, a typical DSC experiments treats a small quantity of sample enclosed in 

a pan to a controlled temperature program, pressure and atmosphere and monitors heat effects 

relative to a reference sample. The reference is usually an inert material or empty pan made out 

of aluminum. The different in heat flow, that is, the heat absorbed by the material in a unit of 

time (
𝑑𝐻

𝑑𝑡
), is then monitored as the temperature of both the sample and the reference changes at 

a constant rate. In other words:
69

  

          ∆
𝑑𝐻

𝑑𝑡
= (

𝑑𝐻

𝑑𝑡
)

𝑠𝑎𝑚𝑝𝑙𝑒
− (

𝑑𝐻

𝑑𝑡
)

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
………...…..equation 1.3 

The difference in heat flow can be positive or negative depending on whether the thermal 

phase transition is endothermic or exothermic. Therefore, endothermic processes like melting 
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and exothermic processes like crystallization result in a sudden positive and negative difference 

in heat flow respectively. On the other hand, second order processes such as glass transitions 

result in a broader increase or decrease in heat flow difference due to changes in the polymer’s 

heat capacity below and above Tg (Figure 1.16).   

 

 
 

Figure 1.16 Sample DSC curve illustrating the Tg, Tc and Tm of a sample.
70

 

 

1.3.1.3 Flammability Tests 

In order to determine the flammability of electrolytes, a variety of flame tests can be 

used; literature reports methods spanning from standardized flash point
71,72

 and sustained 

burning tests
72

 to customized ignition test set ups
15,18

 (Figure 1.17). For example, an instrument 

in accordance to the American Society of Testing and Materials (ASTM) is commonly used; 

Figure 1.18 is a schematic of an apparatus used to measure sustained burning of liquid materials 

in an open cup at a controlled temperature and pressure, a protocol known as ASTM D4206.
73

 

On the other hand, custom-built set ups commonly forego the use of an instrument and quantify 

flammability by describing thermal responses when a material is exposed to flame and 

measuring the duration in which the material burns once ignited.   
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Figure 1.17 Example of a customized ignition test involving exposing a flame to an electrolyte-

soaked membrane.
74

 

 

Figure 1.18 Sample apparatus of sustained burning test in accordance with ASTM D4206.
73 

 

1.3.1.4 Viscosity 

An electrolyte’s viscosity, η, is an important parameter due to its relationship to ionic 

conductivity and its impact on battery assembly. It is generally believed that viscosity is related 

to ionic conductivity through the Nernst-Einstein and Stokes-Einstein equations: 
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      𝜎 =
𝑛𝑒2𝐷

𝑘𝑇
…………..………………….equation 1.4 

      𝐷 =
𝑘𝑇

6𝜋𝑟𝜂
……………………...…….…equation 1.5 

where n is the number density of charge carriers, e is the electronic charge, k is the Boltzmann’s 

constant, T is the temperature, D is the diffusion coefficient, and r is the effective radius of the 

diffusing species. Therefore, low viscosity materials tend to result in higher conductivity due to 

enhancement of Li-ion diffusion and migration.
75

  

Understanding viscosity behavior of electrolytes is also crucial in determining wetting 

time in the assembly of full batteries. Electrodes must be fully wetted with the electrolyte in 

order to achieve full electrode capacity potential. Insufficient time allotted for viscous 

electrolytes to wet the electrode surface tends to deteriorate Li-ion battery performance and 

shorten battery cycle life.
76

 Conventional small molecular alkyl carbonates exhibit dynamic 

viscosities as low as 1.7 - 3.0 cP at 25 °C.
77

  

Although the glass capillary viscometer is traditionally one of the most common 

instruments used to measure kinematic viscosity (related to dynamic viscosity through the 

sample’s density), the use of advanced rotational rheometers is becoming increasingly popular.  

1.3.2 Characterization of Elastomers 

Mechanical stability, or a material’s ability to withstand mechanical deformation and 

stress, is not only important for solid-state electrolytes in wearable and flexible batteries, but also 

affects dendrite growth in electrolyte-electrode interfaces; studies have shown that the 

appropriate electrolyte stiffness and compressibility (approximately 10
9
 Pa)

78
 are crucial in 

suppressing detrimental lithium dendritic formation that reduces cycle life of batteries.
79

 The 

tensile strength of materials, measured by a tensile test, is commonly characterized by stress-
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strain curves as well as the determination of the Young’s Modulus, E. The process involves 

applying a controlled force to elongate a test specimen along a direction until it fractures. The 

measured elongation is used to calculate the engineering strain, ε, using the equation: 

      𝜀 =
𝐿−𝐿0

𝐿0
………………………..…….equation 1.6 

where L and L0 is the final and initial length respectively. In response to an applied force, the 

engineering stress, σ, is determined with the equation: 

        𝜎 =
𝐹𝑛

𝐴
…………...……………..……equation 1.7 

where Fn and A is the tensile force and cross-sectional area of the sample respectively.
80

 

Measured stress and strain points are graphed into stress-strain curves (Figure 1.19). The 

Young’s modulus, or tensile modulus, a properties used to characterize stiffness, is subsequently 

calculated using the equation: 

𝐸 =
𝜎

𝜀
………………...………...…….equation 1.8 

 
 

Figure 1.19 Stress strain plot and characteristic curves of rigid plastics, fibers, flexible plastics, 

and elastomers.
81
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1.3.3 Electrochemical Characterization 

Extensive electrochemical characterization describes the behavior of an electrolyte and 

dissolved lithium salt in the presence of voltage and probes an electrolyte’s short- and long- term 

viability as a reliable component of marketable Li-ion batteries. Important properties range from 

ionic conductivity and capacitance retention in batteries to more complex understanding of ion 

movement through Li-ion transference numbers.   

1.3.3.1 Ionic Conductivity 

Ionic conductivity, σ, is one of the most extensively studied properties for electrolytes for 

Li-ion batteries. It is a measure of an electrolyte’s ability to conduct electricity and the mobility 

and speed of ions through the media. Sufficient ionic conductivities over wide temperature 

ranges must be achieved in order to obtain practical battery performance for portable electronics 

and transportation applications. Currently, state-of-the-art carbonate-based electrolytes exhibit 

ionic conductivities on the order of 3.4 – 11.1 mS/cm.
77

 

Ionic conductivity is determined by measuring the resistance, R, between two electrodes 

at a fixed distance, then calculated using the equation:  

σ =  
𝐿

𝑅∙𝐴𝑒𝑓𝑓
………………………………..equation 1.9 

where L and Aeff is the length of electrode separate and effective cross-sectional area respective.  

Since practical electrochemical processes exhibit complex behavior and responses in the 

presence of an applied potential, electrochemical impedance spectroscopy (EIS) is commonly 

used technique to measure resistance in non-ideal systems. Impedance similarly measures a 

circuit’s ability to resist current flow, but eliminates simplifying assumptions such as frequency 

independence of resistance and consistency with Ohm’s Law at all current and voltage levels.
82

 

The theory and concepts regarding EIS has been extensively reported and will not be covered 
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here; however it is important to note that potentiostats display EIS behavior in the form of 

Nyquist plots (Figure 1.20), from which resistance can be extracted from the x-intercept of the 

lowest radial frequency.   

 
 

Figure 1.20 Sample Nyquist plot obtained from EIS.
83

 

 

1.3.3.2 Electrochemical Window 

The electrochemical window of an electrolyte is an important parameter that indicates the 

stability and compatibility of that material against different cathodes and anodes. Commonly 

measured using cyclic voltammetry (CV) or linear sweep voltammetry, an electrochemical 

window represents the highest occupied molecular orbital and lowest unoccupied molecular 

orbital (also known as the HOMO and LUMO respectively) of a compound. Cathodes and 

anodes with potentials above and below the electrolyte’s HOMO and LUMO respectively will 

not be well suited for the electrolyte. For example, if a cathode material exhibits a potential 

above the HOMO of the electrolyte, electron transfer from the electrolyte to the cathode will 

occur during battery cycling, leading to irreversible oxidation of the electrolyte and ultimately 

electrolyte degradation.
27

 Novel electrolytes must therefore demonstrate an electrochemical 

window that is sufficiently wide enough to accommodate the oxidation and reduction potentials 

of different electrode materials. Researchers have addressed this challenge by including additives 

in the electrolyte that can develop a rapid solid electrolyte interface (SEI) layer during a fast first 

charge of the battery to prevent detrimental electrolyte breakdown. However, although the 
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formation of the SEI layer is commonly deemed a vital process in batteries, it oftentimes lack in 

film thickness consistency and structure homogeneity throughout the battery, ultimately and 

inevitably leading in an increase in cell internal impedance over time, causing reduction in 

capacity and cycle life.
84

 

1.3.3.3 Battery Performance 

If an electrolyte exhibits practical ionic conductivity, the material can be coupled with 

electrodes and a separator in an assembled battery cell for further battery testing; the construction 

and components of a coin cell battery is shown in Figure 1.21. Characterization of Li-ion cells 

usually involves galvanostatic charges and discharges at various cycles and charge rates. During 

galvanostatic cycling, cells are cycled within a potential range depending on the electrochemical 

and redox stability of the electrolyte and electrodes. Charges and discharge current is often 

expressed as the charge rate or C-rate, calculated from the theoretical energy capacity of the 

electrodes; the C-rate is a measure of the rate required for a cell to be charged or discharged and 

the maximum capacitance achievable at that rate.
85

 For example, a C-rate of 20 C indicates the 

necessary current applied or drained from the cell in order to completely charge or drain in 20 

hours (Figure 1.22).  

 
Figure 1.21 Components of an assembled battery coin cell. 
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Figure 1.22 Sample galvaonostatic cycling of a battery cell between 2.75 V and 4.25 V at a C-

rate of 20 C. 

 

1.3.4 Lithium-Ion Transference Number 

Full electrochemical characterization of battery electrolytes would not be complete 

without a measure of charge transport, which includes determination of ion transference 

numbers, also known as t
+
. Only Li-ions are pertinent to cell charge and discharge; however, 

ionic conductivity measurements include mobility of both ionic species, the Li-ion and its 

counterion, Li-ion transference numbers are a more specific property that is defined as the 

contribution of total ionic conductivity that originates solely from Li-ions. In other words, it is 

the fraction of current contributed by the mobility of Li-ions, and is therefore a value between 0 

and 1.  

The concept of t
+
’s is important when considering the long-term performance of a battery 

cell. Electrolytes exhibiting low t
+
’s cause concentration gradients of the lithium salt to develop 

over time, which ultimately leads to poor high-rate performance and limitations in cell power 

output.
86

 In fact, studies have suggested that electrolytes exhibiting high t
+
’s are far superior in 

applications that require a high discharge rate than electrolytes with low t
+
’s, even when the 

conductivity of the materials is reduced by over an order of magnitude.
87

 Li-ion t
+
’s closest to 

unity, are therefore highly desired.  

0 10 20 30 40 50 60 70 80 90 100
2.0

2.5

3.0

3.5

4.0

4.5

5.0

Time (h)
V

o
lt

a
g

e
 (

V
 v

s
. 
L

i/
L

i+
)

Charge

Discharge



 28 

Four acceptable techniques for t
+
 measurements exist in the literature for nonaqueous 

electrolytes: the potentiostatic polarization method, galvanostatic polarization method, 

electromotive force method, and pulsed-field gradient (pfg) NMR method.    

1.3.4.1 Lithium-Ion Transference Number Using Pulsed Field Gradient NMR  

Pfg-NMR is an experiment in the family of diffusion NMR techniques used to 

characterize long-range translational motion of a molecular or ionic species. This method 

couples radio-frequency pulses used in conventional NMR experiments with magnetic field 

gradients to extract spatial information along the Z-direction of the sample tube.
88

 The concepts 

and theory regarding NMR and pfg-NMR is well studied, and will therefore not be described 

extensively herein. In brief, a typical pfg-NMR experiment involves application of a series of 

pulses at increments of increasing gradient strength and recording the intensity of the signals of 

interest as a function of magnetic field gradient strength (Figure 1.23).  

Using intensity information from diffusion spectra, a plot of intensity as a function of 

gradient strength can be plotted (Figure 1.24). Diffusion can then be calculated by fitting the plot 

curve using the equation:
89

  

𝐼 = 𝐼0𝑒−𝐷𝛾2𝑔2𝛿2(∆−
𝛿

3
)
…………..……………equation 1.10 

where I is the observed intensity, I0 is the reference intensity, D is the diffusion coefficient, γ is 

the gyromagnetic ratio of the observed nucleus, g is the gradient strength, δ is the length of the 

gradient and Δ is the diffusion time.  



 29 

 
 

Figure 1.23 Sample diffusion spectrum of two signals decaying in intensity as magnetic field 

gradient strength increases.
90

 

 

 
 

Figure 1.24 Sample plot of diffusion peak intensity as a function of gradient field strength.
90

 

 

 

The t
+
 is ultimately calculated from determination of t

+
 for both the lithium cation and 

counterion, and is described as  

              𝑡+ =  
𝐷+

𝐷++𝐷−
……………………………equation 1.11 

where D+ and D- is the self diffusion coefficient of the cation and anion respectively. It is 

important to note that transference number measured using pfg-NMR methods tend to 

overestimate the t
+
 value relative to the three other methods. This is because NMR detects both 

ion pairs and free ions independent of species charge. For this reason, pfg-NMR measurements 
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increase in accuracy only in dilute samples of lithium salt in the electrolyte. Alternatively, 

methods have been developed to determine the degree of salt dissociation and decouple measure 

diffusion coefficients from neutral ion pairs from solvated lithium ionic species.
86

 
91,92

 More 

details regarding pfg-NMR experiments are discussed in Chapter 5.  

1.3.4.2 Other Methods of Measuring Li-ion t+’s 

As previously mentioned, the other methods of measuring Li-ion t
+
’s in addition to pfg-

NMR are the potentiostatic polarization method, galvaostatic polarization, and electromotive 

force method.  

1.3.4.2.1 Potentiostatic Polarization 

The potentiostatic polarization method, first reported by Dr. Peter Bruce and Dr. Colin 

Vincent, was developed to measure cationic t
+
’s in ideal solid polymer electrolytes.

86,93
 

However, this method is also suitable for liquid solutions with diluted concentrations of lithium 

salt.
86,94

 In brief, the concept behind this method is to establish an electrochemical steady-state 

within a cell composed of the electrolyte of interest and two lithium metal electrodes. 

Application of a small constant potential on the electrolyte results in a decrease of the initial 

current value until a steady-state value is reached. In the absence of redox reactions, the current 

contributed by the anion will diminish in the steady-state, leaving behind current only 

contributed by the cations.
93

 The t
+
 of the electrolyte can then be calculated by the fraction of 

steady-state cationic current in the initial total current:
86,95

 

𝑡+ =
𝐼𝑠𝑠(∆𝑉−𝐼0𝑅0)

𝐼0(∆𝑉−𝐼𝑆𝑆𝑅𝑆𝑆)
…………………………….equation 1.12 

where ISS is the stead-state current, I0 is the initial current, ∆𝑉 is the applied potential, 𝑅0 is the 

electrode resistance before polarization, and 𝑅𝑆𝑆 is the steady-state resistance after polarization. 
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The potentiostatic method is a relatively quick measurement, but is restricted to dilute samples 

and binary electrolytes (only one cationic and anionic species).  

1.3.4.2.2 Galvanostatic Polarization 

In 1995 Dr. John Newman and coworkers established a procedure using galvanostatic 

polarization for polymer electrolytes with concentrated lithium salt. This method combines three 

different parameters to calculate the t
+
: (i) the cell potential after galvanostatic polarization, (ii) 

salt diffusion coefficient, and (iii) concentration dependence of the potential difference. The 

cationic t+ can then be calculated through the equation:
86,96,97

 

𝑡+ = 1 −
𝑚𝐹𝑐∞√𝜋𝐷

4(𝑑Φ
𝑑𝑙𝑛 𝑐⁄ )

………………………….equation 1.13 

where 𝑐∞ is the bulk salt concentration, F is the Faraday constant, D is the salt diffusion 

coefficient, 𝑑Φ
𝑑𝑙𝑛 𝑐⁄  is the concentration dependence of the potential Φ and m is the slop of the 

plot of cell potential as a function of current density and polarization time. Although this method 

is relatively more accurate than the potentiostatic polarization method and is capable of 

measuring concentrated electrolytes, the determination of three separate parameters is often time 

consuming.  

1.3.4.2.3 Electromotive Force Method 

The electromotive force method measures the transference number through determination 

of the diffusion potential (also known as the liquid junction potential) of an electrolyte and 

involves the use of an electrolytic cell composed of two half-cells with the same electrodes, but 

in different lithium salt concentrations (also known as a concentration cell). For example, a 

concentration cell with an electrolyte of interest and two lithium metal electrodes could be 

described as  
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Li | LiX(𝑚1) ∥ LiX(𝑚2)| Li…………………….equation 1.14 

where LiX is the lithium salt in the electrolyte, and m1 and m2 are different salt concentrations, 

commonly expressed in molalities (mol/kg).
86

 In such concentration cell, the potential difference 

Etrans is described as 

𝐸𝑡𝑟𝑎𝑛𝑠 = −
2𝑅𝑇

𝐹
𝑡−𝑙𝑛

𝑚2

𝑚1
…………….……….equation 1.15 

where R is the ideal gas constant, T is the temperature, F is the Faraday constant, and t- is the 

anionic transference number for the lithium counterion in the electrolyte.
86

 Following several 

measurements of the potential difference at various concentrations, a salt bridge is applied to the 

concentration cell between the sample solution and reference electrode, reducing the diffusion 

potential close to zero.
98

 The resulting potential E is therefore  

𝐸 = −
2𝑅𝑇

𝐹
𝑙𝑛

𝑚2

𝑚1
………………….…….equation 1.16 

From the previous two equations t
-
 can be calculated as  

𝑡− =
d𝐸𝑡𝑟𝑎𝑛𝑠

d𝐸
………………………….equation 1.17 

t
-
 can then be interpreted as the slope of a plot of Etrans as a function of E at different lithium salt 

concentrations (Figure 1.25). From determination of t
-
 the cationic t

+
 can then be simply 

calculated as 1- t
-
.
86

 One of the biggest limitations of this method is the assumption that the 

transference number is constant within the measured salt concentration range. This assumption is 

not always true.
86
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Figure 1.25 Sample Etrans vs. E plot produced by the electromotive force method for an EC/DEC 

electrolyte, as reported by Gores and coworkers in Electrochimica Acta.
86
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CHAPTER 2  

 

PFPE/PEG BLENDS AS LI-ION BATTERY ELECTROLYTES
i
 

 

2.1 Introduction to Perfluoropolyether/Poly(ethylene glycol) Blends 

Rechargeable batteries are integral to technological development in our society.
1,2

 State-of-

the-art lithium-ion (Li-ion) batteries are not only incorporated in zero-emission vehicles and 

aircraft, but also have garnered interest for space and military applications.
3
 However, the 

thermal stability of Li-ion batteries- in particular, that of the electrolyte- is a critical issue to 

address. Traditional alkyl carbonates, the most common class of electrolytes for lithium-ion 

batteries, face a high risk of ignition under most operation conditions; this intrinsic instability is 

increased at high temperatures, and exothermic electrolyte breakdown can lead to thermal 

runaway.
4,5

 Additionally, the relatively high freezing point of carbonate-based solvents limits 

performance and precludes their use at low temperatures required for military and aerospace 

missions.
3,6,7

  

Amorphous, low glass transition temperature (Tg) polymeric electrolytes are promising 

candidates for the development of thermally robust Li-ion batteries. Eliminating the use of 

flammable solvents significantly enhances battery safety and improves high temperature 

performance. Poly(ethylene glycol) (PEG), also known as poly(ethylene oxide) (PEO), is the 

most commonly studied polymer in this regard. Although the ionic conductivity of PEG/salt 

                                                 
i
 This chapter previously appeared as an article in Chemistry of Materials. The original citation is 

as follows: Wong, D. H. C.; Vitale, A.; Devaux, D.; Taylor, A.; Pandya, A. A.; Hallinan, D. T.; 

Thelen, J. L.; Mecham, S. J.; Lux, S. F.; Lapides, A. M.; Resnick, P. R.; Meyer, T. J.; Kostecki, 

R. M.; Balsara, N. P.; DeSimone, J. M. Chemistry of Materials 2015, in press. 
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mixtures can be as high as 10
-3

 S/cm at temperatures above the PEG crystalline melting 

temperature (typically above 60 °C),
8
 the semi-crystalline nature of PEG renders it impractical 

for use at ambient or low temperatures.
9,10

 Extensive studies dedicated to mitigating PEG 

crystallinity through strategies that include the addition of copolymers
11,12

 and composite 

materials,
13,14

 as well as the development of star,
11

 comb or brush,
15-18

 and dendritic
19

 polymeric 

architectures, have resulted in bulk conductive properties that are oftentimes drastically 

compromised. In addition, multi-step sophisticated synthetic schemes can increase the cost and 

complexity of electrolyte preparation.
10

  

Alternatively, miscible polymer blends could provide a facile and cost-effective method 

for tuning electrolyte properties. Physical, thermal, and electrochemical properties of miscible 

polymer blends can be controlled by varying the ratios of pure components without synthesis of 

new materials.
20

 We have previously reported the surprising miscibility between low molecular 

weight PEG and perfluoropolyethers (PFPEs) (Figure 2.1).
21,22

 Previous studies have also 

established that PFPEs belong to a unique class of chemically resistant, non-crystalline and 

nonflammable fluoropolymers that exhibit low Tg’s and low toxicity.
21,23

 Interestingly, PFPEs 

can also solvate bis(trifluoromethane)sulfonimide lithium salt (LiTFSI),
24

 a commonly used salt 

in lithium batteries.
25

 

 
 

Figure 2.1 Photograph of PFPE/PEG blend films that are transparent or opaque based on 

composition ratios and molar masses, as reported by DeSimone and coworkers in the Journal of 
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the American Chemical Society. X-axis denotes the molar mass of PFPE and PEG and Y-axis 

represent composition ratios.
22

 

 

2.1.1 Investigations of Blends of Oligomers of PFPE and PEG with a Lithium Salt 

Herein we report on the phase behavior and electrochemical properties of LiTFSI solvated 

in physical blends of PFPE1000-diol and PEG400-diol electrolytes
26

 (the subscripts and hyphen 

after PFPE and PEG indicate the molar masses of the polymers in g/mol and their end-groups 

respectively); chemical structures are shown in Figure 2.2. Here, PFPE is a random copolymer of 

perfluoroethylene and perfluoromethylene repeating units; the number of perfluoroethylene 

units, m, and the number of perfluoromethylene units, n, was determined through 
19

F
 
NMR 

(discussed in more detail in Chapter 3) and was determined to be 7 and 3 respectively. To our 

knowledge, there is little precedent for investigating the potential use of miscible PFPE/PEG as 

lithium battery electrolytes. Our research presents the miscibility windows of ternary PFPE1000-

diol/PEG400-diol/LiTFSI mixtures, followed by the use of Fourier transform infrared 

spectroscopy (FTIR) and NMR spectroscopy to study the interactions between LiTFSI and the 

oligomers. Crystallization, identifying the presence of a semi-crystalline phase due to the PEG, is 

studied by differential scanning calorimetry (DSC). Ionic conductivity and transference number 

are determined by alternating (AC) impedance and direct current (DC) measurements. 

 
Figure 2.2 Chemical structures of PFPE-diol, PEG-diol, and LiTFSI. 
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2.2 Materials   

PEG, average Mn 400, (PEG-400-diol) and LITFSI were obtained from Sigma Aldrich. 

Perfluoropolyether Fluorolink D10 (PFPE-1000-diol) was obtained from Solvay-Solexis and 

Santa Cruz Biotechnology. All materials were dried at 90 °C under vacuum in a glovebox 

antechamber or vacuum oven for at least 24 h prior to use. LiTFSI, PFPE, and PEG were mixed 

together and stirred at room temperature for at least 12 h. Argon glove boxes (MBraun and 

Vacuum Atmospheres Company) with low oxygen and water concentration at sub-ppm levels 

were used for electrochemical sample preparation and characterization. 

2.3 Experimental   

2.3.1 Characterization of Physical and Thermal Properties 

Ultraviolet visible absorption spectroscopy (UV-Vis) measurements were measured using 

a Varian Cary 50Bio UV-Visible Spectrometer over the wavelength range of 200 to 800 nm. 

FTIR spectroscopy was performed using a Bruker ALPHA FT-IR instrument from 4000 to 500 

cm
-1

 at 4 cm
-1

 resolution under ambient conditions using an attenuated total reflectance (ATR) 

attachment. DSC thermograms were recorded using a TA Instruments DSC Q200 on samples 

which were prepared in air over the temperature range from -130 °C to 100 °C using a 

heat/cool/heat method at a heating and cooling rate of 10 °C and 5 °C/minute respectively. TGA 

were run using a Perkin Elmer Pyris 1 TGA apparatus under nitrogen and air from ambient to 

600°C with a heating rate of 20°C/minute. Sustained burning data was determined per American 

Society of Testing and Materials (ASTM) D4206, conducted by Kidde Fenwal Combustion 

Research Center.  
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2.3.2 Electrochemical Characterization  

AC impedance spectroscopy was obtained in a procedure previously developed by 

Balsara and coworkers.
25

 In brief, the electrolytes were placed in conductivity cells; sample 

thicknesses were determined by subtracting the thickness of the lower and upper electrodes from 

the overall assembled cell thickness. The thicknesses ranged from 1 to 2.5 mm. A custom-made 

temperature controlled box was used to house the cells during the electrochemical experiments. 

The ac impedance spectroscopy measurements, performed using a 16-channel Bio-Logic VMP3 

potentiostat, were made across the frequency range of 1 MHz to 1 Hz at a peak-to-peak 

amplitude voltage of 20 mV. The electrolyte resistance was determined by the low-frequency 

minimum on a Nyquist impedance plot. Measurements were made at a series of temperatures 

with a minimum of 3 h calibration at each temperature. All data presented in this work are from 

an initial heating run from 30°C to 120 °C, followed by a cooling period until room temperature 

and a final 10 h stabilization period at -0.5 °C. Standard 2325 coin cells comprising a Celgard 

2500 separator impregnated with liquid electrolyte between two Li metal electrodes were 

assembled. A steady potential of 0.02 V was applied for 10 h after cell stabilization at -0.5°C, 

and the cell resistance that includes electrolyte and interface contributions was measured every 

hour by ac impedance spectroscopy using a DC signal of 0.02 V and an ac signal of 10 mV. The 

approximate transference number was calculated using methods previously proposed in the 

literature.
27

 

2.4 Results and Discussion 

PFPE/PEG/LiTFSI mixtures (all of the subsequent experiments discussed were 

conducted using PFPE1000-diol and PEG400-diol unless otherwise noted) were quantitatively 

evaluated by measuring the percent light transmittance and Tg using UV-Vis spectroscopy and 
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DSC respectively. Mixtures were considered miscible if they showed high transmittance of at 

least 90% in the range of 400 to 800 nm and a single Tg. In contrast, immiscible mixtures 

exhibited two distinct Tg’s (Figure 2.3) and were opaque (photograph in Figure 2.4), indicating 

coexistence of phase separated domains. The UV-Vis transmittance of phase separated mixtures 

was less than 25%. Immiscible solutions frequently separated into two distinct phases within a 

few hours. In contrast, miscible solutions were stable on the time scale examined (hours to 

weeks). Figure 2.4 also shows the miscibility windows of PFPE/PEG/LiTFSI solutions on a 

ternary phase diagram. The regions shaded in purple (darker regions) represent the miscible 

mixtures that were transparent. The region shaded in blue (lighter regions) represents the 

immiscible mixtures, which were opaque. Concentrations of the three components are specified 

in terms of weight (wt.) fractions. 

 

Figure 2.3 Representative DSC heating curve of an immiscible ternary blend (PFPE with 0.10 

and 0.45 wt. fractions of LiTFSI and PEG respectively), exhibiting two distinct Tg’s at -78 °C 

and -64 °C. 
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Figure 2.4 Photograph of miscible and immiscible ternary blends PFPE/PEG/LiTFSI and ternary 

phase diagram of PFPE, PEG, and LiTFSI physical blends expressed in wt. fractions. 

 

 

The phase behavior of the PFPE/PEG-diol systems is consistent with previously reported 

binary mixtures of dimethacryloxy-terminated PFPE (1000 g/mol) (PFPE-DMA) and 

dimethacryloxy-terminated PEG (700 g/mol) (PEG-DMA) without LiTFSI, where multiple Tgs 

and low optical transparencies were also observed in immiscible blends. Immiscibility was also 

shown to occur in PFPE-DMA and 700 g/mol PEG-DMA blends that consisted of high weight 

fractions of PEG-DMA.
22

  

Binary mixtures of PFPE and PEG are miscible when the weight fraction of PFPE 

exceeds 0.6, consistent with previous studies.
22

 The large region of miscibility in Figure 2.4 

comprising ternary mixtures rich in PFPE can be anticipated from the phase behavior of 

PFPE/PEG and PFPE/LiTFSI binary mixtures. Binary PEG/LiTFSI mixtures are also miscible 

when the PEG weight fraction exceeds 0.5. Interestingly, adding exceedingly small quantities of 

PFPE to these mixtures renders them immiscible indicating that the polymer/polymer 

interactions govern the overall phase behavior of the ternary mixture.  

Fourier transform infrared spectroscopy was conducted in order to gain a better 

understanding of the solubility and phase behavior of these blends. Figure 2.5 shows the FTIR 
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spectra in the range of 1700 and 500 cm
-1

 wavenumbers of several binary and ternary systems 

compared to the spectra of pure LiTFSI, PFPE, and PEG. The compositions of the systems of 

interest are identified by the letters A through H in Figure 2.4 

Pure solid LiTFSI (H; 0 wt. fraction of PFPE and PEG) exhibits characteristic bands at 

1190 cm
-1

, from SO2 asymmetric stretching, at 1325 and 1345 cm
-1

, from CF3 asymmetric 

stretching, and at 748 and 798 cm
-1

 which originate from symmetric S-N-S stretching. The 

presence of these peaks in mixtures is commonly taken as indication of the presence of LiTFSI 

aggregates.
10,28-32

 All of the miscible solutions (B (PFPE with 0.10 wt. fraction of LiTFSI), D 

(PFPE with 0.18 wt. fraction of PEG and 0.10 wt. fraction of LiTFSI) and F (PEG with 0.20 wt. 

fraction of LiTFSI)) show a substantial reduction in peak intensity at 748, 798, 1190, 1325 and 

1345 cm
-1 

indicating the absence of LiTFSI aggregates. These observations are thus consistent 

with the presence of dissociated TFSI
-
 ions.

24,33
 

Interestingly, signatures of dissociated TFSI
-
 were also observed in the FTIR spectra of 

some immiscible ternary mixtures (e.g. E (PFPE with 0.35 wt. fraction of PEG and 0.12 wt. 

fraction of LiTFSI)). This suggests that immiscibility in this mixture is mainly driven by the 

limited miscibility of the two polymers rather than the limit of solubility of LiTFSI in the 

polymers. While blend E contains PEG-rich and PFPE-rich phases with LiTFSI dissolved in both 

phases, the immiscible binary PFPE/LiTFSI mixture (C (PFPE with 0.20 wt. fraction of LiTFSI) 

shows bands at 748 and 798 cm
-1

 indicating the presence of LiTFSI aggregates in this system. 

Increased absorption at 1190, 1325 and 1345 cm
-1

 is also observed in mixture C.  
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Figure 2.5 FTIR spectra of PFPE, PEG, LiTFSI and blended solutions at various molar ratios. 

Highlighted guidelines are shown at 748, 798, 1190, 1325 and 1345 cm
-1

 respectively. 

 

 

The crystallization behavior of binary PFPE/PEG blends is shown in Figure 2.6 and 

Figure 2.7. Increasing amounts of PFPE reduces the enthalpy of crystallization (Figure 2.6). 

Complex crystallization behavior is observed in immiscible PFPE/PEG blends where PFPE 

weight fractions are below 0.6. No crystallization is observed in miscible PFPE/PEG blends with 

PFPE weight fraction greater than 0.8. The degree of crystallinity, Xc, is given by: 

𝑋c = (
∆𝐻

∆𝐻0
) × 100…………………..……….equation 2.1 
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where ΔH is the crystallization enthalpy of the blend and ΔH0 is that of a 100% crystalline PEO, 

reported as 166 J/g.
34

 As shown in Figure 2.7, crystallinity decreases as the weight fraction of 

PFPE increases and falls to zero when the PFPE weight fraction exceeds 0.7.  

  
 

Figure 2.6 DSC cooling traces of PFPE and PEG blends at various PFPE wt. fractions 

 

 
Figure 2.7 Percent crystallinity, expressed in Xc, as a function of PFPE wt. fraction. 
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It is generally assumed that amorphous polymer/salt mixtures are ideally suited for 

battery electrolyte applications. We thus chose to study ternary mixtures wherein the weight 

fraction of PFPE in the liquid components is 0.8.  In other words, the weight ratio of PFPE to 

PEG remains consistently at 80 to 20 even as LiTFSI is added; this blend is henceforth referred 

to as PFPE+PEG. This blend is non-crystalline (no detection of melting temperature or 

crystallization temperature  (Tm or Tc)), exhibits a single low Tg of -86 °C, and shows good 

thermal stability (degradation temperature at 5 % weight loss (Td (5%)) is 198 °C in nitrogen, 

207 °C in air) (Figure 2.8). Moreover, PFPE+PEG is nonflammable even with dissolved LiTFSI 

(Table 2.1). In the discussion below, we compare the properties of this PFPE+PEG blend with 

added LiTFSI to that of PFPE/LiTFSI and PEG/LiTFSI blends. For all three systems, the salt 

concentration is quantified by r, defined as the ratio of Li
+
 ions to oxygen atoms. This is because 

of the well-established fact that the solvation shells surrounding dissociated ions are rich in 

oxygen. 

 
Figure 2.8 Thermogram of PFPE/PEG Blend ([PFPE]/[PEG]=1.6) with LiTFSI concentration r = 

0.026. (Td (5%) = 197.84 °C) in N2. 

 

 

Table 2.1 Sustained burning information for PFPE+PEG Electrolyte (r = 0.026) 
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In order to study the effect of LiTFSI on the thermal properties of the PFPE+PEG blends, 

DSC experiments were performed on binary and ternary blends containing LiTFSI. Figure 2.9 

shows the linear increase of Tg with increasing salt concentration r in all three systems (r, 

defined as the molar ratio of lithium ion and repeating units on a polymer backbone, is a 

common notation used to describe lithium salt concentration in polymers electrolytes). This is 

expected, as molecular dynamics simulations and neutron diffraction data indicate that oxygen 

atoms in the PEG backbone coordinate with lithium ions to form temporary crosslinks,
16,35-37

 

limiting polymer chain mobility and resulting in a higher Tg. Interestingly, the slope of Tg versus 

r is larger for PEG than PFPE and PFPE+PEG blend, indicating that the Tg of PEG is more 

sensitive to LiTFSI concentration.  The effect of r on Tg is less pronounced in PFPE-containing 

electrolytes, as the ether oxygens are less nucleophilic due to the strongly electron withdrawing 

fluorines in the PFPE backbone, which, in turn, weakens interactions between Li
+
 and O. The 

PFPE+PEG blend demonstrates Tg vs. r behavior similar to PFPE. More importantly, it is clear 

that blending PFPE with PEG reduces Tg relative to pure PEG; In the absence of LiTFSI, the 

measured Tg of pure PFPE+PEG blend is within 3 °C of the calculated Tg as predicted by the Fox 

equation
38

 for miscible binary systems:  

1

𝑇g
=

𝑥1

𝑇g,1
+

𝑥2

𝑇g,2
……………………….…….equation 2.2 

where Tg,1 and Tg,2 pertain to the pure components, and x1 and x2 are  the weight fractions of each 

component in the blend. Agreement with the Fox equation further confirms the miscibility of the 

two polymers. At constant r = 0.026, the Tg of the blended electrolyte is also almost 20 °C lower 

than PEG, successfully extending the temperature range in which the electrolyte remains 

amorphous.  
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Figure 2.9 Tg of PFPE (Δ), PEG (☐), and PFPE+PEG blend (○) electrolytes as a function of salt 

concentration r; dotted lines represent fitted linear regressions. 

 

 

Interactions between LiTFSI and polymer chains were also investigated via 
19

F NMR. 

Figure 2.10 depicts the 
19

F NMR spectra of PFPE, PEG, and PFPE+PEG blend electrolytes all 

with r = 0.026 compared to a 0.05 M solution of LiTFSI in deuterium oxide (D2O) and pure 

PFPE. Each sample contains a coaxial insert spiked with a 5 wt. % solution of trifluoroacetic 

acid in D2O whose signal was calibrated to -76.5 ppm for referencing. 

  Since this PFPE is a random linear copolymer: X-O-[(CF2CF2O)m-(CF2O)n]-X  where 

m/n ≈ 7/3 and X = -CF2CH2OH, chemical shifts in the 
19

F  NMR spectra of the PFPEs are 

sensitive to the distinct location of the fluorinated atoms along the chain and can be categorized 

into three distinct regions (i) interior CF2 groups give rise to peaks between -55 and -60 ppm, (ii) 

terminal CF2 groups give rise to peaks between -82 and -87 ppm, and (iii) interior CF2-CF2 

groups give rise to peaks between -90 and -95 ppm (Figure 2.10). The multiple peaks in each 

region arise from the different combinations of neighboring repeating units.
39,40

 For example, the 

most downfield peak in region (i) (-55 to -60 ppm) is assigned to the fluorines in a CF2O unit 

neighboring two CF2CF2O units on each side. Likewise, the middle peak corresponds to the 
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fluorines in a CF2O unit in between a CF2O and CF2CF2O group, and the most upfield peak in 

that region corresponds to fluorines in a CF2O unit in between two CF2O groups. 

The chemical shifts and full width at half maximum (FWHM) of NMR peaks in the 

LiTFSI region and region (ii) of PFPE are listed in Table 1. The FWHM values of peaks 

associated with LiTFSI in both PEG and D2O are 3 Hz. This suggests the presence of mobile 

TFSI
-
 ions in these systems. In contrast, the FWHM of the same peak in PFPE and PFPE+PEG 

blend is 11 and 6 Hz, respectively. There are two possible reasons for this observation: (1) a 

substantial decrease in the mobility of TFSI
-
 ions, (2) an increase in the number of 

microenvironments surrounding the fluorinate fluorine atoms. A decrease in the mobility of the 

anion dissolved in the PEG, PFPE/PEG, and PFPE respectively should effectively increase the 

Li
+
 transference number, t

+
, of the electrolyte, defined as the fraction of the overall current 

carried by the Li ions; this is consistent with our results discussed later.  

The FWHM of the fluorine peaks in region (ii) of PFPE is 38 Hz for pure PFPE, 39 Hz 

for PFPE/LiTFSI and 72 Hz for PFPE+PEG/LiTFSI. There are two possible explanations for 

these observations: (1) the addition of high Tg PEG slows down segmental motion of PFPE, (2) 

an increase in the number of microenvironments surrounding the fluorinate atoms. Note that the 

addition of PEG to PFPE/LiTFSI decreases FWHM in the LiTFSI fluorine region but increases 

the FWHM in the PFPE fluorine end group region (ii). The addition of PEG to PFPE/LiTFSI 

results in an upfield shift of the peak position in both LiTFSI and PFPE regions (see first three 

entries in Table 2.2). This is primarily due to changes in solvent polarity. The TFSI
-
 ions are 

more deshielded in the presence of PEG, as it is more polar than PFPE. Further upfield shifts in 

the TFSI region are seen in PEG and D2O samples due to this polarity effect. 
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In the PFPE/PEG blend, the TFSI
-
 fluorine signal arises as a single peak, with a chemical 

shift in between that of TFSI
-
 in PFPE and PEG. This indicates, on the timescale faster than 

experimental NMR acquisition, the average electronic environment experienced by TFSI
-
 is 

homogenous. This also crucially implies that miscible solutions of PFPE/PEG blends do not 

simply offer a combination of ionic environments from pure PFPE and PEG (which would have 

likely resulted in TFSI peak splitting or two separate peaks), but produces a uniform 

environment intermediate of both materials. 
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Figure 2.10 
19

F NMR spectra of PFPE, PEG, and PFPE+PEG electrolytes in reference to 0.05M 

LiTFSI in D2O and pure PFPE. Highlighted guidelines are shown at -79.94, -83.49, and -85.51 

ppm. 
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Table 2.2 Selected peaks and full widths at half maximum of 
19

F NMR for PEG, PFPE+PEG and 

PFPE electrolytes (n.a. = not available) 

 

Sample 

LiTFSI PFPE (Region ii) 

Chemical shift 

(ppm) 
FWHM (Hz) 

Chemical shift 

(ppm) 
FWHM (Hz) 

PFPE n.a. n.a. -83.5, -85.5 46, 38 

PFPE (r = 0.026) -81.4 11 -83.3, -85.3 59, 49 

PFPE+PEG Blend 

(r = 0.026) 
-81.0 6 -82.5, -84.6 82, 72 

PEG (r = 0.026) -79.7 3 n.a. n.a. 

LiTFSI in D2O -79.9 3 n.a. n.a. 

 

 

The ionic conductivity of PFPE, PEG, and PFPE+PEG blend electrolytes was measured 

at a salt concentration of r = 0.026 at temperatures between 0 °C and 120 °C, as shown in Figure 

2.11. Pure PEG exhibits conductivity of between 3 x 10
-5

 to 4 x 10
-3

 S/cm in this temperature 

range, similar to values previously reported for low molar mass PEGs.
12,25

 On the other hand, the 

PFPE+PEG blend exhibits conductivity between 1 x 10
-5

 to 2 x 10
-3

 S/cm, lower than pure PEG 

but drastically higher than pure PFPE. The conductivities of these electrolytes are lower than 

conventional carbonate electrolytes (~7 x 10
-3

 S/cm at room temperature),
41

 but are comparable 

to other nonflammable electrolyte systems with low Tg.
42

 In each case, the ionic conductivity 

also increases with increasing temperature, typical of polymer electrolytes. The temperature 

dependence of the ionic conductivity of these materials was found to be well-described by the 

Vogel-Tamman-Fulcher (VTF) equation:
43-45

 

𝜎(𝑇) =
𝐴

√𝑇
𝑒𝑥𝑝 (

−𝐵

𝑅(𝑇−𝑇0)
)………………………….equation 2.3 

where σ is the ionic conductivity, A is a constant proportional to the number of charge carriers, B 

is equivalent to the activation energy for ion motion, R is the gas constant, T is the experimental 

temperature, and T0 is an empirical reference temperature taken as the idealized temperature 

corresponding to zero configurational entropy, typically chosen to be 50 K below the Tg of each 
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sample.
10

 Fits to this equation are shown in Figure 2.11 as solid lines for each data set, and the 

corresponding parameters are shown in Table 2.3. 

 

 
Figure 2.11 Temperature-dependent ionic conductivities of PFPE (black Δ), PEG (blue ☐), and 

PFPE/PEG blend (red ○) electrolytes (r = 0.026); each sample follow VTF behavior. 

 
 

Table 2.3 VTF fitted parameters for PEG, PFPE+PEG and PFPE electrolytes containing LiTFSI 

(r = 0.026). 

 

Electrolyte A (S cm
-1

 K
+0.5

) B (KJ mol
-1

) T0 (K) 

PEG 12.3 9.5 157 

PFPE+PEG Blend 12.3 10.9 157 

PFPE 1.6 x 10
-3

 5.5 132 

 

 

By fitting measured conductivity using the VTF equation, it is clear that despite lower T0 

and activation energy parameters, the ionic conductivity of pure PFPE is low due to a 

significantly lower amount of charge carriers. Addition of PEG clearly enhances the number of 

charge carriers and conductivity for the overall electrolytes while retaining PFPE-like thermal 

properties (see Figure 2.9). 

We have previously reported that pure PFPE-based electrolytes exhibit Li-ion 

transference numbers, t
+
, close to unity.

24
 We use the same method described in reference 27 to 
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estimate t
+
 of PFPE, PEG, PFPE+PEG electrolytes, with r = 0.026, at -2 

o
C. We obtained t

+
 

values of 0.84 (PFPE), 0.17 (PEG), and 0.29 (PFPE+PEG). It is important to know that our 

method becomes increasingly inaccurate as the transference number decreases. The addition of 

PEG dramatically reduces the transference number of the PFPE blend electrolytes. 

2.5 Conclusion 

Physical blends of oligomeric PFPE and PEG were prepared. Their miscibility, ability to 

solvate LiTFSI, thermal properties, and electrochemical properties were explored. An optimal 

ratio of PFPE to PEG was selected for electrochemical characterizations. Conductivity of this 

electrolyte at LiTFSI concentration r = 0.026 was measured to be 2 x 10
-4

 S/cm at 30 °C, 

slightly lower than that of pure PEG at the same salt concentration but approximately two orders 

of magnitude higher than pure PFPE electrolytes. In addition, blending PEG with PFPE reduces 

the Tg and prevents crystallization. The uniqueness of PFPE+PEG electrolytes arises from the 

fact that they enable control over physical, thermal, and electrochemical properties of a polymer 

electrolyte by simple blending rather than schemes involving new chemical synthesis. 
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CHAPTER 3  

NOVEL PERFLUOROPOLYETHER-BASED ELECTROLYTES
ii
 

 

3.1 Investigations of Perfluoropolyether/carbonate Electrolytes 

Large scale rechargeable batteries are expected to play a key role in today’s emerging 

sustainable energy landscape.
1,2

 State-of-the-art lithium (Li) batteries are not only used to power 

zero emission electric vehicles, but they are currently gaining traction as backup power in 

aircrafts and smart grid applications.
3,4

 The electrolyte used in these batteries, however, hinders 

their use in large scale applications: it contains a flammable mixture of alkyl carbonate solvents 

that frequently lead to safety issues. Dimethyl carbonate (DMC), an important component in 

commercial lithium-ion (Li-ion) battery electrolytes, has a Hazardous Materials Identification 

Systems (HMIS) flammability rating of 3 on a scale of 0 - 4, indicating a high risk of ignition 

under most operating conditions. The intrinsic instability of carbonate-based solvents increases at 

higher temperatures, where exothermic electrolyte breakdown often leads to thermal runaway,
5,6

 

resulting in catastrophic failure of the battery. While this failure rate stands at about one in ten 

million systems, it is intolerable for large-scale applications where cost and user safety could be 

heavily compromised. This necessitates the development of radically new electrolytes with 

improved safety.  

Desirable electrolyte properties include a large window of phase stability (no vaporization 

or crystallization), complete nonflammability, a wide electrochemical stability window, and 

                                                 
ii
 This chapter previously appeared as an article in Proc Natl Acad Sci U S A. The original 

citation is as follows: Wong, D. H. C.; Thelen, J. L.; Fu, Y.; Devaux, D.; Pandya, A. A.; 

Battaglia, V. S.; Balsara, N. P.; DeSimone, J. M. Proc Natl Acad Sci U S A 2014, 111, 3327. 
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suitable ionic transport for the targeted application. There are many approaches to synthesizing 

materials with these properties, e.g. ionic liquids,
7,8

 gel-polymer matrices,
9,10

 and small molecule 

additives.
11-13

 Systems utilizing poly(ethylene oxide) (PEO) are also well-studied.
14,15

 PEO can 

solvate high concentrations of lithium salts, and is considered nonflammable. Unfortunately, 

practical conductivity is often limited to a higher than desired temperature range 
14

 and it is well 

known that in these systems, the motion of the Li ion carries only a small fraction of the overall 

current (also known as the Li-ion transference number, t
+
). PEO-based electrolytes typically 

exhibit t
+

 values between 0.1 and 0.5, 
16-20

 leading to strong salt concentration gradients across 

the electrolytes that limit power density. Recently we reported the surprising miscibility of PEO 

with a class of perfluorinated ethers known as perfluoropolyethers (PFPEs). 
21

  Building upon 

this work, we found that not only were various lithium salts soluble in blends of PEO and PFPEs, 

but also directly in pure PFPEs.  

Herein we report the functionalization synthesis and characterization of a new class of 

nonflammable liquid electrolytes for lithium batteries based on neat functionalized 

perfluoropolyethers. PFPEs are a unique class of fluoropolymers with low glass transition 

temperature (Tg) (Tg < -80 °C) and low viscosity over a wide and useful temperature range 

encompassing ambient conditions, exhibit low toxicity, and are extremely chemically resistant.
22

 

Our approach is to use PFPEs as an intrinsically fireproof platform that can be chemically 

tailored to achieve the desired conductive properties for Li-ion batteries. We have found that 

functionalized PFPEs can solvate the well-known lithium salt bis(trifluoromethane)sulfonimide 

lithium salt (LiTFSI) and conduct Li-ions with a high t
+ 

close to unity. We demonstrate 

successful cycling of Li/Li nickel manganese cobalt oxide (Ni1/3Co1/3Mn1/3O2, NMC) cells with a 
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PFPE/LiTFSI electrolyte, confirming the viability of using this new material towards the 

development of inherently safe batteries.  

3.2 Materials  

Fluorolink D10 (kinematic viscosity 70 cSt), Fluorolink D10/H, Fomblin ZDOL, and 

Fomblin ZDOL 4000 were obtained from Solvay Solexis. LiTFSI was obtained from Acros 

Organics. LiNMC powder was obtained from Umicore (Cellcore® MX-6). Battery-grade 

acetylene black (AB) with an average particle size of 40 nm and a material density of 1.95 

g/cm
3
 was acquired from Denka Singapore Private Limited. The binder polyvinylidene fluoride 

(PVDF 1100) was supplied by Kureha, Japan. Anhydrous N-methylpyrrolidone (NMP) was 

purchased from Aldrich Chemical Company.  

3.3 Experimental  

3.3.1 Synthesis of PFPE-Dimethyl Carbonate 

Fluorolink D10 (1000 g/mol, 0.02 moles) and triethylamine (TEA) (0.7255 g/mL, 0.05 

moles) were dissolved in 1,1,1,3,3-pentafluorobutane (500 mL) at 0 °C in an ice bath under 

stirring conditions using a magnetic stirrer in a nitrogen atmosphere. A solution of methyl 

chloroformate (1.223 g/mL, 0.05 moles) was then added drop wise (over approximately 1 

minute), after which the mixture was allowed to returned to ambient conditions and stirred for 12 

h sealed under nitrogen gas. The resulting mixture was gravity filtered and the filtrate was 

washed with equal amounts of water three times and brine two times to remove residual 

triethylammonium hydrochloride salt. The remaining organic layer was dried over magnesium 

sulfate, filtered, and the solvent in the filtrate was evaporated under reduced pressure, providing 

the product PFPE-dimethyl carbonate (PFPE-DMC), as a pale yellow translucent liquid.  (Yield: 

85%+) Fourier transform infrared spectroscopy (FTIR) (neat): 2886 cm
-1

 (C-H), 1752 cm
-1
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(C=O), 1184 cm
-1

 (C-H), 1085 cm
-1

 (C-O). 
1
H nuclear magnetic resonance spectroscopy (NMR)  

(400 MHz; CDCl3; TMS; ppm): δ= 3.87 (s, 6 H), 4.52 (m, 4 H). This procedure was repeated 

with Fluorolink D10/H, Fomblin ZDOL, and Fomblin ZDOL 4000 to produce PFPE1400-DMC, 

PFPE2000-DMC, and PFPE4000-DMC respectively (using same molar ratio of reagents) (Reaction 

scheme shown in Figure 3.6). 

 
Figure 3.1 

1
H NMR of PFPE1000-DMC in CDCl3. 

 

3.3.2 Physical and Thermal Characterization 

All materials were dried in argon glove-boxes with oxygen and water at sub-ppm levels 

for 24 h. Afterwards, LiTFSI was added directly to the PFPE samples and stirred at room 

temperature overnight. Li-ion concentration in PFPE electrolyte was determined using 

inductively coupled plasma mass spectroscopy (ICPMS) after excess non-solvated LiTFSI was 

removed through centrifugation. Thermogravimetric analysis (TGA) was performed using a 

Perkin Elmer, Pyris 1 TGA apparatus.  Scans were made from 20 °C to 600 °C with a heating 

rate of 10°C/minute. Tg’s, crystallization temperatures (Tc’s), and melting temperature (Tm’s) 
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were measured using differential scanning calorimetry (DSC) (TA Instruments, DSC Q 200) in 

air using the method of heat/cool/heat at a heating and cooling rate of 10°C and 5°C/minute 

respectively, over a temperature range of -150 °C to 100 °C. The Tg was determined using the 

midpoint method on the second heating cycle thermogram. The Tc and Tm were determined as the 

peak maximum and minimum of the first cooling and second heating cycle respectively. 

Sustained burning characteristics and flash point data were determined using a Rapid Flash 

Tester in accordance with ASTM D-4206 and ASTM D3278 respectively. FTIR spectroscopy 

was performed using a Bruker ALPHA FT-IR spectrometer in attenuated total reflectance (ATR) 

mode (from 500 to 4000 cm
-1

 at resolution of 4 cm
-1

). 

3.3.3 NMR Characterization of PFPEs 

The chemical structure and analysis of a 
19

F NMR spectrum of PFPE was previously 

discussed in Chapter 2. The number of perfluoroethylene repeating units, m, the number of 

perfluoromethylene repeating units, n, and the number of terminal units are determined by 

integration of peaks observed in the 
19

F NMR spectrum of PFPE.
23

 For example, Figure 3.2 and 

Table 3.1 describe PFPE1000-diol (the subscripts and hyphen after PFPE indicate the molar 

masses of the polymers in g/mol and their end-groups respectively) and assign peaks a-h to the 

perfluoroethylene repeating unit, the perfluoromethylene repeating unit, and the terminal unit.  

The ratio m : n is calculated to be 7 : 3 and the total number of repeating units, m + n, is 10. This 

analysis was repeated for all different molecular weights of PFPE-diols (PFPE1400-diol, 

PFPE2000-diol, and PFPE4000-diol) studied (Table 3.2). Because the synthesis of PFPE-DMC was 

based on end group modification without changes to the oligomer backbone, the number of 

repeating units is assumed to be the same as its PFPE-diol reagent. In other words, PFPE1000-
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DMC, PFPE1400-DMC, PFPE2000-DMC, and PFPE4000-DMC have the identical m:n ratio as 

PFPE1000-diol, PFPE1400-diol, PFPE2000-diol, and PFPE4000-diol.  

 

Table 3.1 Chemical shift analysis of a
19

F NMR spectrum of PFPE1000-diol. Peaks a-h correspond 

to peaks a-h in Figure 3.2. 

 

Peak Chemical Shift Peak Assignment to PFPE structure Monomer Ratio 

a -51.7 ppm -OCF2 CF2OCF2OCF2 CF2O- 

 

n = 3 

 b -53.4 ppm -OCF2 CF2OCF2OCF2 OCF2- 

c -55.1 ppm -CF2 OCF2OCF2OCF2 OCF2- 

d -80.6 ppm -OCF2 CF2OCF2CH2OH Terminal 

Group 

2 

e -82.8 ppm -OCF2OCF2CH2OH 

f 

g 

h 

-88.9 ppm 

-90.6 ppm 

-92.0 ppm 

-OCF2 CF2OCF2CF2OCF2 CF2O- 

-OCF2 CF2OCF2CF2OCF2OCF2- 

-CF2 OCF2OCF2CF2O CF2 OCF2-  

m = 7 

 

 
Figure 3.2 

19
F NMR of PFPE1000-diol. Peak labels a-h correspond to peaks a-h in Table 3.1 

 

 

Table 3.2 Determination of m:n and number of repeating units for PFPE1400-diol, PFPE2000-diol, 

and PFPE4000-diol 

 

PFPE m : n Number of repeating units  

PFPE1400-diol 10:3 13 

PFPE2000-diol 5 : 7 24 
PFPE4000-diol 1 : 1  48 
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3.3.4 Electrochemical Characterization 

 

Ionic conductivity and cyclic voltammetry (CV) measurements were made via a 16-

channel Bio-Logic VMP3 potentiostat. Cyclic voltammetry measurements were conducted in Li 

metal/electrolyte/stainless steel standard coin cells. Conductivity measurements were obtained 

using a procedure similar to that previously reported by Teran and coworkers
24

 and was also 

previously described in Chapter 2. Alternatively, conductivity can be calculated by impedance 

measurement of symmetric Li/Li cells. The ionic conductivity, σ, values reported for the 

symmetric lithium cells were calculated by normalizing the measured resistance by the volume 

of electrolyte in the porous separator 




RA

L
 …………………….………..equation 3.1 

 

where L, R, A, and ε is the length, resistance, cross sectional area, and the porosity of the 

separator respectively.  

3.3.5 Determination of t
+ 

using Alternating Current Impedance Spectroscopy 

 

The lithium-ion transference number, t
+
, was measured using Li/electrolyte/Li 

symmetrical cells assembled in 2325 coin cell hardware. Alternating current (AC) impedance 

spectroscopy measurements were made between 38.7 °C and 85.5 °C in the frequency range of 1 

MHz to 1 mHz, with a 20 mV excitation signal. t
+

 was evaluated with the procedure described by 

Bouchet and coworkers,
25

 where the impedance spectrum (Figure 3.3) is modeled by an 

electrical equivalent circuit (Figure 3.4) that permits the extraction of the electrolyte and the 

diffusion resistance, Re and Rd, respectively. The t
+

 is calculated by 

t+ =
Re

Re +Rd ……………..……………….equation 3.2
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Figure 3.3 Nyquist plot obtained from AC Impedance for PFPE1000-DMC electrolyte. Open 

symbols represent the experimental spectrum while the line is the modeling using electrical 

equivalent circuit. 

 

 
Figure 3.4 Electrical model used to fit the Nyquist plot. 

 

 

This technique has also been compared with the steady state technique which combines a 

direct current (DC) polarization with AC measurements.
26

 This method consists of an initial ac 

impedance measurement to determine the lithium interfacial resistance, Rint
0

followed by a 

chronoamperometry using a dc voltage, ΔV, of 20 mV to monitor the current evolution over time 

from its initial 𝐼0 value. When a steady state current, 𝐼∞, is obtained the interfacial resistance, 

Rint
∞0 0

intR , is measured. t
+
 is determined by: 

𝑡+ =
𝐼∞(∆𝑉−𝐼0𝑅𝑖𝑛𝑡

0 )

𝐼0(∆𝑉−𝐼∞𝑅𝑖𝑛𝑡
∞ )

……………………..……..equation 3.3 

For accuracy, the interfacial resistance of the symmetrical cells was measured every hour during 

the chronoamperometry period by applying an AC signal to the DC one. These intermittent 

measurements enable one to follow the t
+
 evolution over time. The electrical model takes into 

account the apparatus resistance (Rc) and inductance (Lc). The electrolyte resistance (Re) is in 
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parallel with the electrolyte pseudocapacitance (CPEe, Constant Phase Element). The 

Lithium/electrolyte interface phenomena can be decomposed into two contributions, one due to 

the passive layer modeled by Rint1 in parallel with CPEint1 and the other one, Rint2 in parallel with 

CPEint2, corresponding to the electronic transfer. Wd is a short Warburg element related to the 

diffusion resistance (Rd). 

In addition to AC impedance spectroscopy, the transference number of PFPE1000-DMC 

was also determined using a potentiostatic polarization technique (Figure 3.5).
26

 Similar high 

transference values for the lithium cation were observed. Both approaches were also used to 

determine t
+
 of polystyrene-block-poly(ethylene oxide) (also known as SEO) electrolytes.  

 

Figure 3.5 t
+
 measurements of cells containing 50 μm PFPE1000-DMC electrolyte using the Bruce 

and Vincent method using a 20 mV polarization at 38.8 °C. 

 

3.3.6 Electrochemical Coin Cell Testing 

 

Slurries containing 85.0 weight (wt.) % NMC, 7.0 wt. % AB, and 8.0 wt. % PVDF 

dispersed in NMP solvent were prepared. NMC laminates were prepared by casting the slurries 

onto aluminum foil using a doctor blade. The laminates were subsequently punched into 14.3 
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mm diameter discs and dried completely before electrochemical studies. Active material loading 

was, on average, 1.9 mg/cm
2
. Coin cells were assembled in standard 2325 coin cell hardware. 

Lithium foil was used as anode material and NMC was used as active material in the cathode. 

Celgard 2500, punched into circles with a diameter of 20.6 mm, served as physical separators. 

The entire procedure was performed in an argon-filled glove box. Cell testing was conducted on 

a Maccor Battery Cycler connected with a Thermotron Environmental Chamber set at 30ºC. The 

batteries were cycled between 2.8 and 4.3 V with equivalent charge and discharge rates. Four 

formation cycles were performed at C/20 before the cycling rates were increased to C/15, C/10 

and C/8 respectively.  

3.4 Results and Discussion 

  

Hydroxy-terminated PFPEs (PFPE-diols) with nominal molecular weights of 1000, 1400, 

2000, and 4000 g/mol were purchased from Solvay Solexis. In addition to studying these 

materials, we modified the terminal groups of PFPE chains to more closely resemble chemistries 

that have successfully been used in batteries, thereby increasing compatibility with current 

battery systems.  A one-step reaction with these oligomers and methyl chloroformate in the 

presence of TEA in 1,1,1,3,3-pentafluorobutane resulted in the formation of methyl carbonate-

terminated PFPEs (PFPE-DMCs) (Figure 3.6). The PFPEs studied are listed in Table 3.3, along 

with the corresponding degrees of polymerization (DP) and Tg’s. 
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Figure 3.6 Chemical reaction scheme describing the synthesis of PFPE-DMC from PFPE-diol. 

 

 

Table 3.3 PFPEs studied with their corresponding degrees of polymerization and Tg’s.  

 

PFPE DP Tg (°C) 

PFPE1000-diol 10 -89 

PFPE1400-diol 13 -98 

PFPE2000-diol 24 -112 

PFPE4000-diol 48 -117 

PFPE1000-DMC 10 -95 

PFPE1400-DMC 13 -101 

PFPE2000-DMC 24 -113 

PFPE4000-DMC 48 -118 

 

The flammability evaluation of electrolytes was determined based on their thermal 

stability, fire sustainability, and flash point. Figure 3.7 shows the TGA thermograms of 

PFPE1000-diol and PFPE1000-DMC compared to pure DMC, its small molecule analogue.  DMC, 

a volatile liquid, experiences 5 % wt. loss at 34 °C (denoted as Td (5%)), and 100 % of the 

material was vaporized or degraded in the vicinity of 80 °C. In addition, DMC has a flash point 

below ambient temperature
27

 and could be easily ignited and sustain a fire (Table 3.4), posing 

both flammability and over pressurization hazards in lithium batteries. In contrast, PFPE1000-diol 

and PFPE1000-DMC demonstrate neither volatility nor thermal degradation below 200 °C; Td 

values measured for these materials are 210 °C and 212 °C respectively. Flash points could not 

be detected for PFPE1000-diol and PFPE1000-DMC within our experimental window (25 - 200 
°
C), 

and they could not be ignited. The flash point of conventional lithium battery electrolytes (1:1 
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ethylene carbonate (EC)/DMC by volume) is 24 
 °
C,

28
 slightly higher than that of DMC,  the non-

flammability and thermal stability of PFPEs can significantly improve the safety of Li-ion 

batteries.  

 

Figure 3.7 Thermogravimetric curves for thermal decompositions of DMC (solid grey), 

PFPE1000-diol (dash blue), and PFPE1000-DMC (solid green). 

 

 

Table 3.4 Corresponding decomposition temperature (5%), sustained burning characteristics, and 

flash points of these materials. 

 

Electrolyte Td (5%) (
°
C) Sustained Burning Time (s) Flash Point (

°
C) 

DMC 34 221 ± 7 18 

PFPE1000-diol 210 No burning observed None < 200 

PFPE1000-DMC 212 No burning observed None < 200 

 

 

ICPMS was used to determine the solubility limit of LiTFSI in the PFPE electrolyte. 

Above this limit salt precipitation occurs, leading to heterogeneous opaque mixtures. In Figure 

3.8A we plot the maximum salt concentration in terms of molarity and rmax, where r is defined as 

the molar ratio of Li-ions to perfluoro-alkylene oxide moieties (both perfluoroethylene and 

perfluoromethylene) in the chain, versus the nominal PFPE molecular weight. The relationship 

between both molarity and rmax and molecular weight for both PFPE-diols and PFPE-DMCs 

show an exponential decay of LiTFSI maximum loading as molecular weight increases. 
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However, when salt concentration is normalized by the concentration of terminal groups and 

plotted as Rmax, defined as the molar ratio of Li-ions to hydroxyl and methyl carbonate moieties 

(Figure 3.8A inset), the maximum concentration is nearly independent of molecular weight. This 

analysis shows that the carbonate functionalization allows for nearly double the maximum salt 

loading relative to PFPE-diols, presumably because carbonate moieties interact more favorably 

with Li-ions than hydroxyl groups. To confirm our claim, FTIR was used to study the 

interactions between LiTFSI and PFPE polymers. Figure 3.8B shows FTIR spectra of PFPE1000-

DMC blends with LiTFSI at various concentrations, compared with pure LiTFSI and PFPE1000-

DMC. A shift in the C=O signal at 1770 cm
-1

 to lower wavelengths as LiTFSI concentration 

increases is observed. The carbonyl peak shifts systematically with increasing salt concentration 

and is at approximately 1750 cm
-1

 when r = 0.08. This observation is attributed to interactions 

between the carbonate moieties and Li-ion.  In contrast, the addition of LiTFSI to PFPE1000-diol 

has no discernible effect on the measured FTIR spectra (Figure 3.9).  Although overlap of the 

signals from PFPE1000-DMC and LiTFSI precludes the observation of LiTFSI peak shifts in this 

region as the salt is being solvated, the decreased intensities at 1350 cm
-1

 in PFPE1000-

DMC/LiTFSI blends is consistent with the presence of dissociated Li-ions
 
and TFSI

- 
ions.

29-31
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Figure 3.8 Characterization of LiTFSI loading in PFPE electrolytes. (A) Maximum LiTFSI 

loading in PFPE-diols (blue) and PFPE-DMCs (green) expressed in rmax, the molar ratio of Li-

ions to repeating fluoroether units and molarity, and in Rmax (inset), the molar ratio of Li-ions to 

end group functionalities, as a function of molecular weight. (B) FTIR spectra of PFPE1000-

DMC/LiTFSI blends at different concentrations.  
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Figure 3.9 FTIR of PFPE1000-diol/LiTFSI blends compared to pure PFPE1000-diol and LiTFSI. 

 

Ionic conductivities, measured via AC impedance spectroscopy, of various PFPE-diol 

and PFPE-DMC mixtures with LiTFSI at 30 °C are shown in Figure 3.10. By plotting the 

conductivities as a function of normalized concentration r, we show that although end group 

composition heavily impacts LiTFSI solvation, it does not significantly influence ionic 

conduction. All electrolytes appear to demonstrate a logarithmic dependence of conductivity on r 

that plateaus near r = 0.08. Analogous trends have been reported for structurally similar PEO 

electrolytes.
32

 In PEO systems, Li-ion transport is predominantly dictated by ion-chain 

interactions localized on the oligomer backbone, and the conductivity reaches a maximum at a 

LiTFSI concentration of around r = 0.085.
32,33

  It is important to note, however, that the 

conductivities of the PFPE systems tested are limited by their maximum salt loading, and no 

maximum in conductivity is observed. Thus PFPE1000-DMC, which can solvate the highest salt 

loading, is the most promising electrolyte among those tested, reaching a conductivity of 2.5 x 

10
-5 

Scm
-1 

at 30 °C. These conductivity values are significantly lower than conventional 
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carbonate electrolytes (10
-3

 S/cm), but are comparable to that of PEO-based electrolytes reported 

polymeric electrolytes at room temperature.
4
  

More complete electrochemical characterization was performed on PFPE1000-DMC at r = 

0.04. Figure 3.10B illustrates the temperature-dependent conductivity behavior of this 

electrolyte. We found that conductivity increases with increasing temperature, as is typical of 

macromolecular electrolytes. The Vogel-Tamman Fulcher (VTF) equation, which is typically 

used to describe the dependence of viscosity on temperature near its Tg, is also often used to 

describe the temperature-dependence of conductivity. It is expressed as  

𝜎(𝑇) =
𝐴

√𝑇
𝑒𝑥𝑝 (

−𝐵

𝑅(𝑇−𝑇0)
)……………………….…equation 3.4 

where σ is the ionic conductivity, A is a constant proportional to the number of charge carriers,  

B is equivalent to the activation energy for ion motion, R is the gas constant, T is the 

experimental temperature, and T0 is an empirical reference temperature
34

. It is clear from Figure 

3.10B that the conductivity of PFPE1000-DMC is a weak function of temperature with B = 0.47 

kJmol
-1

 (for complete table of calculated VFT parameters, see Table 3.5). This indicates a very 

low activation barrier for ion conduction. In fact, the measured conductivity at 120 °C is within a 

factor of 3 of that at 30 °C.  The modest increase in conductivity with temperature coupled with 

its inherent thermal stability reduces the risk of detrimental side reactions that are often 

exothermic and lead to thermal runaway in conventional liquid Li-ion batteries.      
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Figure 3.10 Electrochemical behavior of PFPE electrolytes. (A) Ionic conductivities of PFPE1000-

diol (filled black circles), PFPE1400-diol (filled green squares), PFPE2000-diol (filled blue 

triangles), PFPE4000-diol (filled red diamonds), PFPE1000-DMC (open black circles, PFPE1400-

DMC (open green squares), PFPE2000-DMC (open blue triangles), PFPE4000-DMC (open red 

diamonds) with LiTFSI at 30 °C as a function of r. (B) t
+
 (open green triangles) and temperature-

dependent conductivity (filled blue squares) of PFPE1000-DMC. Conductivity follows VFT 

regression (grey, parameters listed in Table 3.5). 

 

 

Table 3.5 VFT parameters calculated for PFPE1000-DMC electrolytes 

 

Parameter Value Standard Deviation 

A ((S/cm)K
0.5

) 5.0 x 10
-04

 6.7 x 10
-05

 

B (kJ/mol) 0.47 0.13 

T0 (K) 271.3 6.9 

 

In simple conductors with only one charged species, one observes Ohm's Law in the limit 

of small dc potentials. The presence of two ions in electrolytes, however, generally results in 

large deviations from Ohm's law due to concentration polarization. To our surprise, we found 

that PFPE1000-DMC/LiTFSI electrolytes at r = 0.04 exhibited behavior that was very close to that 

of a simple conductor.  The electrolyte was sandwiched between two Li foil electrodes and a 

steady potential of 0.02 V was applied for about 45 h at 38.8 
o
C.  The electrolyte resistance 

(including both bulk and interfacial contributions) was measured at various times during the 
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experiment by ac impedance. The measured resistance after 6 h was 2061.4 Ω/cm
2
 and the 

measured current density, im, was 8.84 x 10
-6

 A/cm
2
. The expected current based on Ohm's law, 

io, is 9.70 x 10
-6

 A/cm
2
, i.e. im/io = 0.91.  This implies that most of the current in our electrolyte is 

carried by the cation. In other words, the Li-ion transference number, t
+
, a transport property that 

has a dramatic effect on battery performance, is in the vicinity of unity. Two approximate 

approaches for determining the transference number were used. Both methods yield t
+
 values 

between 0.91 and 1.0 in the temperature range of interest. To our knowledge, this is among the 

highest t
+

 values reported for solutions containing lithium salts, and one of the few near-unity t
+ 

electrolytes with conductivities above 10
-6

 S/cm at room temperature. To establish the validity of 

our approaches for measuring t
+
, we repeated our procedure using LiTFSI and the commonly 

investigated SEO electrolytes (where Li-ion is contained exclusively within the PEO block). The 

t
+
 value of this electrolyte was about 0.12 (Figure 3.11), consistent with literature reports that t

+
 

values for LiTFSI/PEO electrolytes are between 0.1 and 0.3.
35,36

 In the future, we will use more 

rigorous approaches to measure t
+
.
37

 While the relatively low conductivity of PFPE electrolytes 

may hinder power capacities, the near unity transference number may mitigate some of these 

shortcomings: theoretical calculations show that materials with high t
+

 values exhibit better 

battery performance than those possessing greater conductivity but a lower t
+
.
38

 The absence of 

polarization also reduces the risk of lithium plating and dendrite formation.
35,39

 The Li-ion 

transference number of conventional carbonate electrolytes usually ranges between 0.1 and 0.5;
16

 

concomitant salt concentration gradients across the electrolyte limit battery life and power 

density. These t
+
 values are mainly due to strong interactions between oxygen atoms in the 

solvent molecules and lithium cations. We propose two possible reasons for our observation of a 

high transference number: (1) fluorine-containing functional groups on the PFPE backbone 
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interact strongly with the fluorinated anion and reduce its mobility, and (2) the delocalization of 

electron density caused by the fluorine moieties reduces the nucleophilicity of the oxygen atoms 

in the electrolyte, leading to their decreased binding strength to Li-ion, facilitating cation 

transport across the medium. It is evident that both the PFPE main chain and the functional end 

groups play important roles in ion transport; conductivity at a given value of salt concentration is 

similar for widely different PFPE electrolytes (Figure 3.10) while salt solubility limits depend 

mainly on end group type and concentration (Figure 3.8).  

 
Figure 3.11 Nyquist plot obtained from AC Impedance for SEO polymer electrolyte. t

+ 
was 

calculated to be 0.12. 

 

 

To investigate the viability of using PFPE electrolytes in Li batteries, standard coin cell 

batteries were built using PFPE1000-DMC at r = 0.04 as the electrolyte. Through cyclic 

voltammetry, we found that PFPE1000-DMC is electrochemically stable up to 4.3V (Figure 3.12), 

allowing for the use of high voltage cathode materials such as LiNMC. Lithium metal and 

LiNMC were therefore chosen as the anode and cathode respectively. Cycling tests were 

performed at 30°C at different charge rates (described as C/n, where n is the number of hours 

allotted to a full discharge of the theoretical cathode capacity ‘C’). Figure 3.13A shows the 
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typical discharge profiles of a Li/(PFPE1000-DMC/LiTFSI)/LiNMC battery at C/20, C/15, C/10, 

and C/8. Capacities of 145, 140, 120, and 105 mAh/g were obtained at these respective rates.  At 

C/10 the capacity of the same half cell described in Figure 3.13 replaced by a conventional 

EC/DEC electrolyte is 150 mAh/g (Figure 3.14). The results of successive cycling experiments 

at different C-rates (average behavior of 4 cells) are shown in Figure 3.13B. The stable charge 

and discharge capacities for each C-rate indicate good compatibility between the PFPE and 

typical Li-ion battery cathode electrodes. Batteries that can be charged and discharged on the 

time scale of 8 h are immediately relevant as back up units for solar panels. Further studies 

related to improving and optimizing electrolyte conductivity, rate capability, and testing battery 

performance under non-standard temperature conditions are therefore currently under 

investigation.  

 
Figure 3.12 Cyclic voltammograms of PFPE1000-DMC at 1 mV/s from a Li/Electrolyte/Stainless 

steel cell obtained at every fifth cycle at 40 °C (blue), 60 °C (green), 80 °C (orange), and 100 °C 

(red). 
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Figure 3.13 Cyclability of Li/PFPE1000-DMC-LiTFSI/LiNMC cells. (A) Discharge profiles 

obtained at 30 °C at different rates from C/20 to C/8 for a typical prototype Li/PFPE1000-DMC-

LiTFSI/LiNMC. (B) Cycle performance of battery prototypes showing discharge (open green 

squares), charge (open blue squares) capacities, as well as overall efficiencies (filled grey 

circles). 

 

 

 
 

Figure 3.14 Cycle performance of LiPF6-EC/DEC (1 M, 1 : 2 vol, Daikin Industries) batteries. 
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In conclusion, we have successfully demonstrated the use of PFPEs as a platform for the 

development of intrinsically safe lithium battery electrolytes. To our knowledge, this is the first 

example that shows that PFPEs can be used as a major component of operating batteries. 

Designing electrolytes that solvate the fluorinated anion represents a radical departure from the 

established approach that is focused on solvating the lithium cation.  By developing PFPE-DMC, 

we have incorporated compatibility with lithium salts in an inherently nonflammable material. 

The resulting electrolytes exhibit reasonable conductivity and unprecedented transference 

numbers. Their compatibility with standard battery electrodes provides the opportunity for 

seamless integration into current manufacturing infrastructure. While much work remains to be 

done, we believe that this work represents a significant step towards safer, high energy lithium 

batteries, and opens the door for the development of new electrolytes that can be tailored to 

address the persistent challenges of Li-ion technologies 

3.5 Future Directions for PFPE-Dimethyl Carbonate Electrolytes   

 

Development of PFPE-DMC electrolytes demonstrates viability in cell prototypes similar 

to commercial systems and exhibit significantly improved safety relative to small molecule alkyl 

carbonates. Ongoing research directions continue to investigate compatible electrodes with 

PFPE-DMC; anodes such as carbon are of especially high interest since they can replace the use 

of unstable lithium metal. Further studies into the ion transport mechanism of PFPE-diol and 

PFPE-DMC in order to elucidate the high t
+

 would also deepen the understanding of the effect of 

polymer structure on bulk ion conduction; this would ultimately provide better synthetic and 

electrochemical optimization of battery electrolytes for large-scale applications. These studies 

are discussed in greater detail in Chapter 5. 
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CHAPTER 4  

FURTHER CHEMICAL MODIFICATIONS OF PERFLUOROPOLYETHERS 

 

4.1 PFPEs as a Chemical Platform for End Group Functionalization 

As shown with the synthesis of perfluoropolyether-dimethyl carbonate (PFPE-DMC) in 

Chapter 3, the hydroxyl-terminated PFPE (PFPE-diol) provides numerous opportunities for 

versatile chemical modifications in order to explore different functional groups, which may lead 

to promising opportunities for improvement of lithium-ion (Li-ion) battery electrolytes. Moieties 

such as nitriles, ethylene carbonate, sulfones, and ethers have been reported to enhance 

electrolyte properties such as conductivity, viscosity, thermal stability, voltage stability, and 

capacity.
1-3

 Furthermore, through functional groups such as thiols and methacrylates, 

perfluoropolyethers (PFPEs) can be used as a macro-monomer precursor in the preparation of 

larger PFPE macromolecules to be used as solid-state or gel PFPE electrolytes, eliminating risks 

associated with electrolyte leakage from a battery cell. Herein, this chapter is two-fold: Part A 

focuses on the preparation of PFPEs with a variety of functional groups, affording a systematic 

study on the effects of electron withdrawing and donating groups on the overall electrolyte 

viscosity and thermal properties. On the other hand, in Part B, the preparation of crosslinked 

PFPE electrolytes from PFPE-dimethacrylate and PFPE-dithiol will be discussed.  

4.2 Part A: Effect of Functional Groups on Electrolyte Properties  

It is clear that understanding molecular underpinnings such as functional groups that 

govern ion transport and voltage potential in electrolytes is crucial for effective material design; 

there has been extensive research efforts to develop derivatives of carbonates, ionic liquids, and 
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polymeric electrolytes containing various chemical moieties in order to systematically study the 

effects of chemical structure on the bulk physical and electrochemical properties of the 

electrolyte.
4-7

  

In recent years, much attention has been focused on electrolytes based on ethers such as 

tetraglyme (TG).
2,3,8,9

 This relatively high molecular weight ether has demonstrated compatibility 

with lithium metal anodes, low volatility, and stability against oxidation potentials up to 4.5V vs. 

lithium (Li)/Li
+
. Furthermore, it shows great promise in remaining stable towards reduced 

oxygen  (O2) species relative to small molecular alkyl carbonates, making it an encouraging 

electrolyte candidate in lithium-air batteries.
2
 Expanding from our work discussed in Chapter 2 

regarding physical blends of PFPE and poly(ethylene glycol) (PEG), therefore, we became 

interested in studying covalent analogues of these materials, where short ether chains added to 

functionalize the terminal ends of PFPE polymers.  This short ether chain-functionalized PFPE 

oligomer was obtained commercially as Fluorolink E10.  

Herein we report the functionalization of PFPE E10 oligomers with a variety of chemical 

moieties such as carbonates, allyls, and propargyls. The thermal and physical properties of these 

materials were studied to gauge their viability as high performance electrolytes for Li-ion 

batteries.  

4.2.1 Materials  

Bis(trifluoromethane)sulfonimide lithium salt (LITFSI) (chemical structure found in 

Chapter 2), triethylamine (TEA), allyl chloroformate, and propargyl chloroformate were all 

purchased from Sigma Aldrich and used as received.  1,1,1,3,3-pentafluorobutane (from 

MicroCare Corporation) was reagent grade and used without further purification. Fluorolink E10 
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(PFPEE10-diol) (chemical structure found in Figure 4.1) were purchased from Santa Cruz 

Biotechnology and Solvay Solexis and functionalized without further purification.  

4.2.2 Experimental  

4.2.2.1 Synthesis of PFPEE10-Dimethyl Carbonate 

Fluorolink E10 (5 g, 5 x 10
-3

 moles) and TEA (1.4 mL, 0.01 moles) were dissolved in 

1,1,1,3,3-pentafluorobutane (approximately 200 mL) at 0 °C in an ice bath with magnetic stirring 

under a nitrogen atmosphere (N2).  Methyl chloroformate (0.8 mL, 0.01 moles) was then added 

dropwise over approximately one minute, after which the mixture was allowed to return to 

ambient temperature (approximately 25°C) and stirred for 18 h.  The resulting mixture was 

gravity filtered and washed with water three times and brine one time.  The organic layer was 

isolated and evaporated under reduced pressure, and filtered using a 0.45 μm syringe filter, 

giving the product PFPEE10-dimethyl carbonate (PFPEE10-DMC) as a pale yellow, transparent 

liquid. (81% yield) IR (neat): 2886c m
-1

 (C-H), 1752 cm
-1

 (C=O), 1184 cm
-1

 (C-H), 1085 cm
-1

 

(C-O). 
1
H NMR ((CD3)2CO): 3.54-4.31 ppm (m, 14H) 

4.2.2.2 Synthesis of PFPEE10-Diallyl Carbonate  

Fluorolink E10 (5 g, 5 x 10
-3

 moles) and TEA (1.4 mL, 0.01 moles) were dissolved in 

1,1,1,3,3-pentafluorobutane (approximately 200 mL) at 0 °C with magnetic stirring under N2. 

Allyl chloroformate (1.1 g/mL, 0.01 moles) was then added dropwise over approximately one 

minute, after which the mixture was allowed to return to ambient temperature and stirred for 18 

h.  The resulting mixture was gravity filtered and washed with water three times and brine one 

time.  The organic layer was isolated and evaporated under reduced pressure, and filtered using a 

0.45 μm syringe filter, giving the product PFPEE10-diallyl carbonate (PFPEE10-DAC) as a pale 
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yellow, transparent liquid. (85% yield) IR (neat): 2885cm
-1

 (C-H), 1751cm
-1

 (C=O), 1183cm
-1

 

(C-H), 1067cm
-1

 (C-O). 
1
H NMR ((CD3)2CO): 3.55-4.11ppm (m, 50H), 4.63ppm (m, 2H), 

5.25ppm (d, 1H), 5.36ppm (d, 1H), 5.98ppm (m, 1H) 

4.2.2.3 Synthesis of PFPEE10-Diproparyl Carbonate 

Fluorolink E10 (5 g, 5 x 10
-3

 moles) and TEA (1.4 mL, 0.01 moles) were dissolved 

1,1,1,3,3-pentafluorobutane at 0 °C under magnetic stirring in N2.  Propargyl chloroformate (1.0 

mL, 0.01 moles) was then added dropwise over one minute, after which the mixture was allowed 

to return to ambient temperature and stirred for 18 h.  The resulting mixture was gravity filtered 

and washed with water three times and brine one time.  The organic layer was isolated and 

evaporated under reduced pressure, and filtered using a 0.45 μm syringe filter, giving the product 

PFPEE10-dipropargly carbonate (PFPEE10-DPC) as a pale yellow, transparent liquid. (94 % yield) 

IR (neat): 2843 cm
-1

 (C-H), 1755 cm
-1

 (C=O), 1185 cm
-1

 (C-H), 1085 cm
-1

 (C-O).  
1
H NMR 

((CD3)2CO): 3.13ppm (d, 1H), 3.55-4.35ppm (m, 8H), 4.81ppm (d, 2H)  

4.2.2.4 Physical characterization of PFPEs 

The chemical structures of the functionalized PFPE products were confirmed using 
19

F 

and 
1
H nuclear magnetic resonance spectroscopy (NMR). Differential scanning calorimetry 

(DSC) thermograms were recorded using a TA Instruments DSC Q200 on samples which were 

prepared in air over the temperature range from -130 °C to 100 °C using a heat/cool/heat method 

at a heating and cooling rate of 10 °C and 5 °C/minute respectively. Thermogravimetric analysis 

(TGA) were run using a PerkinElmer Pyris 1 TGA apparatus under nitrogen and air from 

ambient to 600 °C with a heating rate of 20 °C/minute. Melting temperatures, glass transition 

temperatures, and crystallization temperatures  (Tm, Tg, Tc’s respectively) were measured using 

DSC; the Tg was determined using the midpoint method on the second heating cycle 
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thermogram. The Tc and Tm were determined as the peak maximum and minimum of the cooling 

and heating cycle respectively. Fourier transform infrared spectroscopy (FTIR) was done using a 

Bruker ALPHA FTIR instrument under ambient conditions using an attenuated total reflectance 

(ATR) attachment (from 500 to 4000 cm
-1

 at resolution of 4 cm
-1

). A TA Instruments ARES-G2 

Rheometer, equipped with a cone plate (50 mm diameter; 0.0202 radian cone angle), was used to 

obtain all rheological measurements. Viscosity, η, was measured as a function of shear rate, 

which was ramped from 5 x 10
-5

 to 50 s
-1

. All measurements were performed at 25 °C.  The 

viscosity was determined using a Bingham analysis, which is used to describe viscoplastic 

materials (materials that behave as a rigid body at low stresses but flows as a viscous fluid at 

high stress). 

4.2.3 Results and Discussion  

Due to promising results obtained from physical blends of PFPE and PEG (discussed in 

Chapter 2), we ultimately became interested in pursuing PFPE derivatives that consist of both 

perfluoro-methylene or –ethylene and ethylene glycol functionalities. In particular, we began 

studying the commercially available product Fluorolink E10 (PFPEE10-diol) (Figure 4.1), which 

presents short ethylene glycol chains covalently bound to the terminal ends of the PFPE 

backbone. The molar ratio of the perfluoroethylene (-CF2CF2O-), perfluoromethylene (-CF2O-) 

and ethylene glycol (-CH2CH2O-) functionalities on Fluorolink E10 was determined using 
19

F 

and 
1
H NMR using a similar procedure previously described in Chapter 3 and summarized in 

Table 4.1. It was therefore deduced that there are, on average, two ethylene glycol repeating 

units on each terminal end of PFPEE10-diol.  
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Figure 4.1 Chemical structure of PFPEE10-diol 

 

 

Table 4.1 Determination of m : n : q ratio and number of units for PFPEE10-diol. 

 

Monomer Structure Ratio 

perfluoroethylene -CF2CF2O- 6 (m = 6) 

perfluoromethylene -CF2O- 4 (n = 4) 

ethylene glycol -CH2CH2O- 4 (q = 2) 

 

It is important to differentiate the nomenclature between materials synthesized from 

Fluorolink E10 and Fluorolink D10. Fluorolink is referred to as PFPEE10-diol while derivatives 

will be referred to as PFPEE10-X (for example, PFPEE10-dimethyl carbonate or PFPEE10-DMC). 

On the other hand, Fluorolink D10 is simply be referred to as PFPE-diol and derivatives will be 

referred to as PFPED10-X (for example, PFPE-dimethyl carbonate or PFPE-DMC). 

The synthesis of dimethyl carbonate-functionalized PFPEs from PFPE-diol was previously 

discussed in Chapter 3.
10

 Similar chloroformate chemistries were applied to PFPEE10-diol in 

order to prepare PFPEE10-DMC, PFPEE10-diallyl carbonate (PFPEE10-DAC), and PFPEE10-

dipropargly carbonate (PFPEE10-DPC) (Figure 4.2). Systematic characterization of all four 

compounds (including PFPEE10-diol) allows us to understand the effects of the PFPE terminal 

groups on physical and thermal properties. Comparison of these functionalized PFPEE10 

compounds with previously studied PFPE-diol and PFPE-DMC will also elucidate the effects of 

the ethylene glycol chains on the material behavior. More importantly, it will allow us to 

understand the effects of electron density around the carbonate functional group on the 

interactions with lithium salts like LiTFSI. In small molecule alky-carbonate electrolytes, each 

Li-ion is typically solvated by the carbonyl oxygen of approximately 4 – 5 carbonate molecules 
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(2D rendition shown in Figure 4.3);
11,12

 The coordination strength between Li-ions and carbonate 

functional groups is therefore governed by the basicity of the carbonyl oxygen atoms. In turn, the 

electronegativity of the carbonate moieties is dependent on its neighboring functional groups. 

For example, the terminal methyl groups on PFPEE10-DMC are electron donating by nature, and 

therefore increase electron density around the carbonate functional group. On the other hand, 

allyl-PFPEE10 and propargyl-PFPEE10 are relatively more electron withdrawing, and therefore 

draw electron density away from the carbonate moiety. Therefore the Lewis basicity of the 

carbonate group should be PFPEE10-DMC > allyl-PFPEE10, > propargyl-PFPEE10 and 

coordination affinity with Li-ions should increase with increasing basicity.  

 

 
 

Figure 4.2 Synthetic scheme of PFPEE10-diol to prepare PFPEE10-DMC, PFPEE10-DAC and 

PFPEE10-DPC. 
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Figure 4.3 Li-ions are solvated by carbonyl oxygen atoms of carbonate molecules. 

 

 

The thermal properties of PFPEE10-diol and its dicarbonate derivatives were characterized 

using TGA and DSC. The resulting TGA curves are shown in Figure 4.4; the degradation 

temperatures as well as the glass transition temperatures are also tabulated in Table 4.2. The 

observed Tg of PFPEE10-diol and PFPEE10-DMC are comparable to that of PFPE-diol and PFPE-

DMC respectively (-92 vs. -89 °C and -91 vs. -95 °C respectively).
10

 Similar to the PFPE D10 

systems, the E10 materials were completely amorphous, suggesting that the addition of ethylene 

glycol chains on the PFPE backbone did not result in bulk semi-crystalline characteristics. On 

the other hand, PFPEE10-diol and its derivatives demonstrated lower degradation temperatures 

(Td’s) relative to their PFPED10 analogs. While the degradation temperature at 5 weight (wt.) % 

loss ranged from 210 to 212 °C for PFPED10-diol and PFPED10-DMC,
10

 PFPEE10-diol, PFPEE10-

DMC, PFPEE10-DAC, and PFPEE10-DPC exhibit degradation temperatures from 180 to 204 °C. 

Regardless, however, these materials are significantly more thermally stable than traditional 

alkyl carbonate solvents used in commercial Li-ion batteries.
13

 Use of these PFPEE10 materials as 

an alternative to low molecular weight alkyl carbonates would therefore still impart a drastic 

improvement in battery safety.  
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Figure 4.4 Thermogravimetric curves for thermal decomposition of PFPEE10-diol and its 

derivatives obtained in N2. 

 

 

Table 4.2 Thermal properties of PFPEE10-diol and synthesized dicarbonate derivatives   

 

PFPE Sample PFPEE10-diol PFPEE10-DPC PFPEE10-DAC PFPEE10-DMC 

Td (5%) (°C) 180 204 187 194 

Tg  (°C) -92 -85 -91 -91 

 

 

The solubility of LiTFSI in these materials was also investigated. As expected, PFPE E10 

materials demonstrate higher maximum salt loading compared to PFPE D10 materials (Figure 

4.5). This increase is likely due to the contribution originating from the ethylene glycol 

functionality present in PFPEE10 systems; the ability for ethylene glycols and poly(ethylene 

oxide) (PEO) to dissolve large amounts of LiTFSI is commonly recognized.
14,15

 Interestingly, 

PFPEE10-DMC, PFPEE10-DAC, and PFPEE10-DPC all demonstrate lower maximum LiTFSI 

concentrations relative to PFPEE10-diol. This is a different trend than the PFPE D10 series, where 

PFPE-DMC exhibits higher LiTFSI solubility relative to PFPE-diol. This suggests that end group 

functionality may have different effects in the PFPED10 and PFPEE10 systems and that 

incorporation of carbonate moieties may not necessarily contribute additively to the overall 

LiTFSI solubility. In fact, addition of the carbonate moiety to PFPEE10 may in turn interfere with 
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ethylene glycol/LiTFSI interactions, ultimately lowering the amount of lithium salt capable of 

interacting with ethylene glycol groups.  

 

  
Figure 4.5 Maximum solubility of LiTFSI in different PFPE electrolytes. 

 

 

 Due to the fact that the wettability and flow of electrolytes are important considerations 

in battery assembly,
16

 the viscosities of these materials, with and without LiTFSI were 

determined (Figure 4.6). Viscosity was measured as a function of shear rate and subsequently 

modeled using Bingham analysis, a commonly used method to describe viscosplastic materials 

that exhibit a nonzero shear stress at zero shear rate.
17

 As expected, viscosity of the materials 

increases with increasing LiTFSI concentration. This behavior is observed in all PFPE materials, 

and indicates an increase in the degree of ionic interaction as the salt concentration is raised,
18

 

impacting the flow behavior. It is clear that PFPE E10 materials exhibit higher viscosities than 

PFPE D10 materials; this confirms the contribution of the ethylene glycol functional groups to 

the ionic interactions with lithium salt. Interestingly, it is also observed that the degree of ionic 

interaction is affected by end group functionality as well. Although PFPEE10-DMC, PFPEE10-
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DAC, and PFPEE10-DPC exhibit similar viscosities in the absence of salt, the rate of increase in 

viscosity as a function of salt concentration is the highest in PFPEE10-DMC, followed by 

PFPEE10-DAC, then PFPEE10-DPC. This is consistent with the trend of decreasing electron 

density surrounding the carbonate group due to the electron withdrawing nature of the allyl and 

propargyl moieties relative to the methyl functional group. This suggests that the nucleophilicity 

of the carbonate group on the synthesized PFPEE10-diol derivatives significantly impacts the 

strength of LiTFSI interactions.    

  
 

Figure 4.6 Viscosity as a function of salt concentration in PFPE electrolytes. 

 

  

To further elucidate the interactions between LiTFSI and different functional groups 

placed on PFPEs, DSC and FTIR spectroscopy were employed. DSC was used to study the 

effects of LiTFSI salt concentration on the materials’ Tg’s. Figure 4.7 presents the Tg of PFPE 

E10 electrolytes as a function of LiTFSI concentration. As shown in this figure it is clear that the 

ionic interactions between LiTFSI and PFPE polymer significantly affects the glass transition 
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temperature as well. At the maximum salt concentration for all of the E10 oligomers, the glass 

transition temperature is approximately 20 °C higher relative than 0 wt. % of LiTFSI, confirming 

the presence of coordination between PFPE chains with Li-ions to form ionic crosslinks that 

limit the mobility of PFPE chains and therefore result in a higher Tg.
19,20

  

 
 

Figure 4.7 Tg as a function of salt concentration in PFPEE10-diol and its derivatives. 

 

 

 FTIR spectroscopy was also used to probe the effects of LiTFSI on the different 

functional groups on PFPEs. Figure 4.8 illustrates the FTIR spectra of PFPEE10-DPC with 

saturated LiTFSI (29 wt.%) compared to pure PFPEE10-DPC; the signals originating from the 

carbonyl stretch, -C≡C-H stretch and bend are highlight in approximately 1755 cm
-1

, 3300 cm
-1

, 

and 790 cm
-1

 respectively. As shown in the figure, all three signals present a shift upon addition 

of LiTFSI, suggesting that both the terminal and carbonate group play a role in LiTFSI 

interactions in the PFPE electrolyte. However, it appears that the carbonyl C=O signal 

experiences the greatest shift in wavenumber, from 1736 to 1755 cm
-1

, suggesting that the 

carbonate functional group interacts with LiTFSI to a greater extent relative to the propargyl 

moiety.  This experiment is currently being repeated with PFPEE10-diol, PFPEE10-DMC, and 

PFPEE10-DAC.  
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Figure 4.8 FTIR spectra of PFPEE10-DPC with 29 wt. % LiTFSI (purple) relative to pure 

PFPEE10-DPC (black). 
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We have demonstrated the importance of end group design on the overall thermal and 

physical properties of PFPEs. Clearly, incorporation of targeted electron withdrawing and 

donating groups can be used to manipulate polymer-LiTFSI interactions in order to optimize 

these interactions for Li-ion battery performance. We are currently continuing to pursue a 

thorough understanding of the effect of incorporating different functional groups by determining 

the extent of ionic interactions in PFPEE10-diol, PFPEE10-DAC and PFPEE10-DPC as well. 

Furthermore, investigation on the effects of these functional groups on the ionic conductivities of 

these materials is currently underway.  

4.3 Part B: Translation to Ultraviolet-Curable PFPE Electrolytes 

Modifications of terminal hydroxyl groups on PFPEs to alkene functional groups 

ultimately led to the development of solid PFPE films or elastomers,
21,22

 evolving into an 

investigation focused on translating PFPE electrolyte technology towards solid polymer 

electrolytes (SPEs). SPEs offer many advantages over liquid electrolytes, including eliminated 

risk of electrolyte leakage, ease of battery cell processing, and ability to mechanically prevent 

lithium dendrite formation. The mechanical flexibility of SPEs has also garnered interest with 

regards to its incorporation into batteries for flexible and wearable electronic device applications.  

Currently, PEO is the most commonly studied homopolymer SPE due to its ability to 

dissolve high levels of lithium salts.
23

 Unfortunately because ionic conductivity is strongly 

believed to occur dominantly in the electrolyte’s amorphous phase, the crystallinity of PEO 

limits practical ionic conductivity (~10
-4

 S/cm) except at temperatures above its Tm, which is 

typically around 60 - 80 °C.   Although strategies used to mitigate crystallinity span from the use 

of nanoparticle fillers such as aluminum oxide (Al2O3), titanium oxide (TiO2), and silicon oxide 

(SiO2)
24,25

 to novel macromolecular architectures such as stars,
26,27

 combs,
19

 and dendrimers,
28,29
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there is still a need for more exploration in this area in order to successfully improve the 

conductivity and efficiency of these materials. 

Herein we report the development of solid PFPE conductive elastomers prepared using 

ultraviolet (UV)-irradiated free radical photo-polymerization of dimethacrylate-functionalized 

PFPEs containing dissolved LiTFSI. The UV photocuring technique is a rapid solventless 

method that maintains the integrity of LiTFSI salt and is highly desirable compared to alternative 

methods which are time consuming, require costly solvents and solvent removal processes and 

lead to degradation of the lithium salts during the processing steps. Although use of UV curable 

elastomers for Li-ion batteries have previously been reported in literature,
30-33

 the development 

of PFPE-based solids and gels for this application is unprecedented. Furthermore, dithiol-

terminated PFPEs were also synthesized as an additive to tune elastomeric flexibility and 

mechanical integrity.  

4.3.1 Materials  

2-Isocyanatoethyl methacrylate (IEM), Dibutyltin diacetate (DBTDA), α-

hydroxycyclohexylphenyl ketone (HCPK), LITFSI, TEA, anhydrous methanol, p-toluensulfonyl 

chloride, cystamine dihydrocloride, and dithiothreitol were purchased commercially from Sigma 

Aldrich and used as received. 1,1,1,3,3-pentafluorobutane (from MicroCare Corporation) and 

dimethyl sulfoxide (DMSO) (from Fisher Scientific) solvents were reagent grade and used 

directly. Fluorolink D10 (PFPE-diol) was purchased from Santa Cruz Biotechnology and Solvay 

Solexis.  
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4.3.2 Experimental  

4.3.2.1 Synthesis of PFPE-Dimethacrylate  

The synthesis of α,ω-dimethacrylate-functionalized PFPEs (PFPE-dimethacrylate, PFPE-

DMA) has been reported previously.
22

 In brief, Fluorolink D10 (20 g, 0.02 moles) was dissolved 

in 1,1,1,3,3-pentafluorobutane (100 mL) with magnetic stirring and allowed to react with IEM 

(6.0 mL, 0.04 moles) and 0.1 wt% DBTDA, as a catalyst, at 45 °C for at least 12 h. The solutions 

was then allowed to cooled to ambient temperatures and gravity filtered through a column of 

alumina adsorption powder and the solvent was removed by roto-evaporation to yield a clear 

colorless viscous liquid (reaction scheme shown in Figure 4.9).   

4.3.2.2 Synthesis of PFPE-Dithiol 

Fluorolink D10 (5 g, 5 x 10
-3

 moles) and TEA (1.9 mL, 0.0136 moles) were dissolved 

into 1,1,1,3,3-pentafluorobutane (250 mL) with magnetic stirring and the solution was added 

drop wise to a solution of p-toluensulfonyl chloride (2.6 g, 0.0136 moles) in DMSO 

(approximately 20 mL) over 4 to 5 h at room temperature under N2. The solution was stirred with 

a magnetic stirrer for at least 18 hours. The solution was subsequently added drop wise over 4 to 

5 h to a solution of cystamine dihydrocloride (4.5 g, 0.04 moles) and TEA (5.6 mL, 0.04 moles) 

in DMSO (approximately 20 mL) and stirred for an additional 18 h. The product was washed 

with water, the solvent was removed by roto-evaporator, and the product was re-dissolved 

in 1,1,1,3,3-pentafluorobutane (approximately 100 mL). Dithiothreitol (6.1 g, 0.04 moles) 

dissolved in DMSO  (approximately 20 mL) was added and the solution was heated with 

magnetic stirring at 50°C for 12 hours. The product was washed with water and isolated through 

roto-evaporation. Free thiols were confirmed using Ellman’s Test. Ellman’s solution was 

prepared using 5,5’-Dithiobis-(2-Nitrobenzoic Acid) and pH 8.0 buffer. The solution turned 
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translucent yellow after a few drops of PFPE-dithiol product were added to approximately 10 mL 

of Ellman’s solution and vortexed. The reaction scheme is shown in Figure 4.10. (~60 % yield) 

IR (neat): 3360 cm
-1

 (N-H), 2956 cm
-1

 (S-H), 1715cm
-1

 (C-O). 
1
H NMR ((CD3)2CO): 3.92 – 3.93 

ppm (m, 2H), 2.73 – 2.76 (m, 4H)  

4.3.2.3 Photocuring of PFPE Precursors 

0.2 wt. % of HPCK photo-initiator was added to PFPE-DMA and 0 to 40 wt. % of PFPE-

dithiol to create a clear colorless mixture.  The solution was then pipetted into a Teflon mold, 

degassed under vacuum, and heated to 45 °C for at least 25 minutes. The mold was transferred to 

a UV curing chamber (Electronlite UV curing chamber model no. 81432-ELC-500, λ = 365 nm) 

and exposed to UV irradiation under nitrogen purge for 20 min.  

For ionic conductivity studies, 0.2 wt. % of HPCK photo-initiator was added to solutions 

of PFPE-DMA, 0 to 40 wt. % of PFPE-dithiol, and 10 wt. % LiTFSI. Solutions were 

subsequently spread onto silicon wafers using a 100 μm doctor blade inside a glove box and 

irradiated for at least 25 minutes. Films were hand pressed into circular pellets of approximately 

15 mm in diameter. The sample was placed between two mirror-polished stainless steel 

electrodes and vacuum sealed together in a non-conducting pouch. The cells were subsequently 

tested for ionic conductivity using AC impedance, following a procedure previously described in 

Chapter 2.  

4.3.2.4 Characterization of Crosslinked PFPEs 

Soluble (sol) fractions of the PFPE elastomers were measured using a Soxlet Extractor 

with refluxing 1,1,1,3,3-pentafluorobutane for at least 12 h. The initial weights of the films (W0) 

and the weight of the dried films recovered from Soxlet Extractor (W) were used to calculate the 

sol fraction using the equation:
34
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sol fraction (%) = W0 – W/W0 ×100…………………equation 4.1 

The gel fraction is then calculated as: 

gel fraction (%) = 100 – sol fraction ……………….equation 4.2 

Stress-strain measurements were performed using dogbone-shaped samples (10 mm x 4 

mm x 2 mm) at ambient conditions on an Instron model 5566 system using a 500 N load cell at a 

crosshead speed of 5 mm/min. From the stress-strain curves, the Young’s modulus, E, was 

calculated using the Instron Bluehill software. At least four replicates were performed for each 

sample. 

4.3.3 Results and Discussion  

Our methodology allows for the potential to prepare a series of photochemically cured 

PFPE-based conductive elastomeric networks where the modulus is tunable. This is desirable 

because of the wide spectrum of applications in which Li-ion batteries can be used. Electrolytes 

with a high modulus are desirable in high performance batteries composed of lithium metal as an 

electrode because the electrolyte’s mechanical integrity physically suppresses dendrite growth 

and penetration through the cell. On the other hand, flexible and conformable electrolytes are 

ideal for wearable and bendable electronics, where good contact between the electrolyte and 

electrode needs to be maintained even under mechanical stress to facilitate electrochemical 

reactions at the interface.
35

 Therefore our strategy was to prepare a class of PFPE solid and gel 

polymer electrolytes where modulus and flexibility can be tuned simply by modifying ratios of 

curable PFPEs.   

 Our group has previously optimized the synthesis of functionalized PFPEs which can 

subsequently be utilized in a UV-curing crosslinking process.
4
 Using this protocol, PFPE-DMA 

was prepared in a catalyzed reaction with PFPE-diol and IEM (Figure 4.9).  
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Figure 4.9 Schematic of the synthesis of PFPE-DMA. 

 

 

Additionally, we developed a synthesis for thiol-terminated PFPEs involving PFPE-diol, 

4-toluenesulfonyl chloride, cysteamine dihydrochloride, and dithiothreitol (Figure 4.10). The 

incorporation of PFPE-dithiol as an additive in the UV-curing process enables UV-facilitated 

thiol-ene “click” chemistry to also occur. In other words, in addition to photo-polymerization or 

crosslinking of PFPE-DMA (where PFPE-DMA reacts with itself), hydrothiolation between 

PFPE-DMA and PFPE-dithiol is simultaneously taking place (Figure 4.11). Because thiol reacts 

orthogonally and exclusively in a 1:1 molar ratio with C=C bonds in typical thiol-ene “click” 

chemistry, propagating radical PFPE-DMA chains are effectively scavenged by PFPE-dithiol 

chains, leading to the chain extension of PFPE-chains. This results in a distribution of larger 

molecular weight chains between crosslinks (Mc) throughout the crosslinked network as a 

function of the amount of dithiol modified PFPE that is incorporated.  
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Figure 4.10 A schematic of the synthesis of PFPE-dithiol. 

    

 

 
 

Figure 4.11 A schematic of the free-radical polymerization and thiol-ene click reaction between 

PFPE-DMA and PFPE-dithiol. 
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Using the photocuring process, crosslinked PFPE elastomers were synthesized using 0 

wt. %, 10 wt. %, 20 wt. %, 30 wt. %, and 40 wt. % PFPE-dithiol. Elastomers with wt. % of 

PFPE-dithiol beyond 40 wt. % were not prepared because it was expected that elastomers with a 

majority wt. % of PFPE-dithiol would not successfully crosslink or produce elastomers with 

adequate mechanical integrity to be of use. If thiol-ene “click” reactions dominate the curing 

process, it was expected that the solution would not reach gel point since the functionality of 

both PFPE-DMA and PFPE-dithiol in hydrothiolation would be 2. Indeed, this was further 

demonstrated through sol-gel fraction analysis of these elastomers (Figure 4.12). The gel 

fraction, the percentage of monomers that is a part of the infinite crosslinked PFPE network,
36

 

was calculated for PFPE elastomers composed of 0 to 40 wt. % of PFPE-dithiol by comparing 

the mass of the elastomers prior and after the Soxhlet extraction; at 40 wt. % of PFPE-dithiol in 

the PFPE elastomer, the gel fraction was observed to be only 55 %; elastomers made with this 

high wt. % of PFPE-dithiol are more sticky and gel-like as opposed to dry rigid solids. Clearly, 

the addition and amount of the PFPE-dithiol has significant effects on the gel fraction of the 

overall material where both solid and gel type PFPE elastomers could be prepared simply by 

varying the weight ratios.  

  
 

Figure 4.12 Gel fraction of PFPE-DMA elastomers with various wt. % of PFPE-dithiol 
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The mechanical properties of these PFPE elastomers were characterized by tensile tests. 

The calculated Young’s moduli as well as the resulting stress-strain curves are shown in Figure 

4.14 and Figure 4.13 respectively. As shown in Figure 4.13, the Young’s modulus, E, decreased 

by almost tenfold when 40 wt. % of PFPE-dithiol, indicating that increasing the Mc throughout 

the network and reduction of the gel fraction plays a significant role in enhancing the softness of 

the elastomer. However, it is noted that as the ratio of PFPE-dithiol increases, the material 

becomes less crosslinked and loses mechanical integrity. This is shown in Figure 4.14, where the 

stress-strain curves suggest that elastomers with 20 or 30 wt. % of PFPE-dithiol are able to 

withstand more load and be elongated to a greater degree before breaking. Because the modulus 

is related to the crosslink density, νE, through the equation:
37

 

E = 3νERT…………………………………....equation 4.3 

where R and T are the ideal gas constant and temperature respectively, the lowered modulus as a 

result of addition of PFPE-dithiol suggest that incorporation of PFPE-dithiol does indeed 

effectively lower the crosslink density of the material. This confirms that the modulus can be 

tunable based on simply modifying the ratio of PFPE-DMA and PFPE-dithiol.  

Figure 4.15 also demonstrates that addition of PFPE-dithiol enhances the flexibility of 

PFPE elastomers. PFPE elastomers cured in the absence of PFPE-dithiol are rigid and cannot be 

bent significantly before snapping. In contrast, PFPE elastomers composed of PFPE-dithiol are 

relatively more flexible. 
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Figure 4.13 Young’s Modulus of PFPE elastomers with various wt. % of PFPE-dithiol. 

 

  
Figure 4.14 Stress strain curves for PFPE-DMA elastomers with various wt. % of PFPE-dithiol 

 

 
 

Figure 4.15 The flexibility of (left) a PFPE-DMA elastomer compared to that of a PFPE-DMA 

with 20% PFPE-dithiol elastomer (right).   
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 The ionic conductivity of PFPE elastomers was characterized using impedance 

spectroscopy. 10 wt.% of LiTFSI was added to the pre-cure solution of PFPE-DMA and PFPE-

dithiol and the films were subsequently tested for ionic conductivity at temperatures from 20 to 

120 °C. At some lower temperatures, especially with the case of PFPE-DMA with 0 wt.% PFPE-

dithiol, the measured resistance from impedance spectroscopy was too high and therefore could 

not be accurately used to calculate a conductivity value confidently. The addition of PFPE-

dithiol, however, increases the ionic conductivity by at least an order of magnitude. This is 

expected since a decrease in crosslink density has been shown to increase segmental motions of 

polymer chains between crosslinks, which should enhance Li-ion transport and increase ionic 

conductivity. Clearly, the presence of PFPE-dithiol in the pre-cure solution has significant effects 

on the polymeric crosslinked structure and network, which, in turn, changes the materials’ 

properties related to crosslink density and molecular weight between crosslinks such as ionic 

conductivity. However, the highest conductivity achieved by these elastomers is on the order of 

10
-8

 S/cm at 120 °C, which falls below the practical level of ionic conductivity required for 

commercial batteries. Further optimization and understanding of these materials is therefore 

needed to improve the electrochemical properties for battery applications.  
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Figure 4.16 Arrhenius plots of temperature-dependent ionic conductivity of PFPE-DMA 

elastomers with various wt. % of PFPE-dithiol. 

 

In this work, we report the successful fabrication of elastomers from PFPE-DMA and 

PFPE-dithiol that demonstrate tunable modulus, softness, and bendability.  We found that 

increasing the amount of PFPE-dithiol in the pre-UV curing solution lowers the Young’s 

modulus, as well as increases flexibility and ionic conductivity. Ongoing studies include 

extensive thermal analysis to determine the Tg and Tg (5%) of these materials using DSC and 

TGA as well as investigations on the segmental relaxations and elastic modulus of these 

elastomers using dynamic mechanical analysis. We expect to apply understanding of the 

relationship between PFPE segmental relaxations and ionic conductivity towards the 

development of next generation of conductive elastomers with improved physical and 

electrochemical properties.  
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CHAPTER 5  

 

ONGOING AND FUTURE DIRECTIONS 

 

5.1 Introduction  

 

The promising features and properties of perfluoropolyethers (PFPEs) towards lithium-ion 

(Li-ion) battery applications opens doors for new research ideas that pursue a more thorough 

understanding of the electrochemical behavior of these materials in order to capitalize on their 

use. To date, the determination of ion transport mechanisms of lithium salts in PFPEs, as well as 

the investigation of interfacial PFPE reduction and oxidation chemistry, are unexplored yet 

important areas that should be considered. Herein, ongoing and future possible directions for this 

research program are discussed: early results on the use of pulsed-field gradient nuclear magnetic 

resonance spectroscopy (pfg-NMR) to study Li-ion dynamics in PFPEs are described, followed 

by a discussion focusing on potential formulation and characterization strategies that can be used 

to study the PFPE/electrode interface.  

5.2 NMR as a Tool to Study Ion Transport in Electrolytes  

 The ability to synthetically design novel high performance polymeric electrolytes would 

be limited without a thorough understanding of ion-polymer interactions and ion transport 

properties. The relationship between electrolyte structure and composition and parameters such 

as ionic conductivity (σ), diffusion (D), and Li-ion transference numbers (t
+
’s) is therefore an 

essential consideration.
1,2

 The determination of these properties through electrochemical 

techniques like alternating current (AC) impedance spectroscopy and electromotive force method 

are frequently discussed in the literature.
1
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In addition, NMR is also commonly used to study ion dynamics and transport in Li-ion 

electrolytes. It is a powerful non-invasive method that elucidates mesoscale dynamic processes 

from spin-lattice relaxation to ion mobility.
3
 In particular, pfg- NMR is especially useful in 

studying motion related to long-range ionic transport
4
 since this technique can investigate the 

diffusion of NMR-active nuclei separately. Self-diffusion coefficients (D), and transference 

numbers of cations, anions or counterions, and polymers can therefore be measured using pfg-

NMR by focusing on nuclei such as 
7
Li, 

19
F, 

1
H, and 

13
C.

3,4
   

5.2.1 Using pfg-NMR to Measure t
+
’s in PFPE Electrolytes  

 

We have previously used electrochemical potentiostatic polarization techniques to 

measure t
+
’s and reported that Li-ion t

+
’s in PFPE-dimethyl carbonate (PFPE-DMC) electrolytes 

are close to unity (Chapter 3).
5
 Encouraged by these results, we became interested in other 

methodologies in order to expand our understanding of Li-ion transport in PFPEs and started 

employing pfg-NMR to study liquid PFPE-diol and PFPE-DMC electrolytes containing 

bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) (chemical structures can be found in 

Chapters 2 and 3). The remainder of this section (5.2.1) describes the application of stimulated-

echo pulse sequences with bipolar gradients (a specific pfg-NMR pulse sequence) to measured 

preliminary diffusion data for Li-ions using 
7
Li NMR at various temperatures. The effects of 

temperature and PFPE terminal group on ion diffusion mechanisms in PFPEs are also elucidated.  

5.2.1.1 Preliminary Experiments and Results  

5.2.1.1.1 Materials  

LITFSI and triethylamine (TEA) was obtained from Sigma Aldrich. Perfluoropolyether 

Fluorolink D10 (1000 g/mol) was obtained from Solvay-Solexis and Santa Cruz Biotechnology. 
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PFPEs and lithium salts were dried at 90 °C under vacuum in a glovebox antechamber or 

vacuum oven for at least 24h prior to the preparation of NMR samples. Deuterated water (D2O) 

and acetone ((CD3)2CO) were obtained from Fisher Scientific and were used as purchased.  

5.2.1.2 Experimental  

5.2.1.2.1 Synthesis of PFPE-Dimethyl Carbonate 

The synthesis of PFPE-DMC was previously described in Chapter 3. In brief, Fluorolink 

D10 (1000 g/mL, 0.02 moles) and TEA (0.7255 g/mL, 0.05 moles) were dissolved in 1,1,1,3,3-

pentafluorobutane (500 mL) at 0 °C in an ice bath with stirring using a magnetic stir bar under a 

nitrogen atmosphere. A solution of methyl chloroformate (1.223 g/mL, 0.05 moles) was added 

drop wise (over approximately 1 minutes), after which the mixture was allowed to return to 

ambient conditions and stirred for 12 h. The resulting mixture was filtered under vacuum and the 

filtrate was washed with equal amounts of water three times and brine two times to remove 

residual triethylammonium hydrochloride salt. The remaining organic layer was dried over 

magnesium sulfate, filtered, and the solvent in the filtrate was evaporated under reduced 

pressure, providing the product PFPE-DMC, as a pale yellow translucent liquid.  (Yield: 85 %+) 

FTIR (neat): 2886 cm
-1

 (C-H), 1752 cm
-1

 (C=O), 1184 cm
-1

 (C-H), 1085 cm
-1

 (C-O). 
1
H NMR 

(400 MHz; CDCl3; TMS; ppm): δ= 3.87 (s, 6 H), 4.52 (m, 4 H).  

5.2.1.2.2 Preparation of NMR Samples  

All experiments were performed on neat PFPE-diol/LiTFSI or PFPE-DMC/LiTFSI 

solutions by inserting a sealed coaxial insert (purchased from Norell; item number NI5CCI-B) 

containing a deuterated solvent (either D2O or (CD3)2CO) for reference, locking, and shimming 

into the neat electrolyte samples. Schematic of a typical NMR sample is shown in Figure 5.1. 
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Figure 5.1 Schematic of NMR sample set up using a coaxial insert.
6
 

 

5.2.1.2.3 Pfg-NMR Experimental Procedure  

An overview of the pfg-NMR technique was previously described in Chapter 1.
 7

Li NMR 

was measured using a Bruker AVANCE500 spectrometer with a 11.7 Tesla wide bore (51 mm) 

superconducting magnet with a Bruker Broadband Observe (BBO) Z-gradient probe. 

Experiments operated at a frequency of 194 MHz at temperatures between 40 to 110 °C. Samples 

were heated inside the probe and held stable at the temperature of interest for at least 3 h prior to 

the start of each measurement. The pfg technique was used to measure D of Li-ions in PFPE-diol 

and PFPE-DMC. More specifically, a stimulated-echo pulse sequence with bipolar gradients 

(STEbp) (Figure 5.2), first developed by Cotts
7
 was used. This method, adapted from the 

gradient spin echo (SE) sequence first reported by Stejskal and Tanner,
8
 measures attenuated 

signal intensity described by experiment parameters through the equation: 

      𝐼 =  𝐼0𝑒−𝐷𝛾2𝑔2𝛿2(∆−
𝛿

3
)
 …………………………equation 5.1 

where I is the observed intensity, I0 is the reference intensity, D is the diffusion coefficient, γ is 

the gyromagnetic ratio of the observed nucleus, g is the gradient strength, δ is the length of the 

gradient and Δ is the diffusion time. Typical acquisition parameters for Δ and δ were 345 

milliseconds and 5 milliseconds respectively. Due to the application of the bipolar gradients a 

correction for the time τ between the bipolar gradients has to be added to equation 5.1:  
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     𝐼 =  𝐼0𝑒−𝐷𝛾2𝑔2𝛿2(∆−
𝛿

3
−

𝜏

2
)
……………..….....…equation 5.2 

However, based on our calculations, D calculated from equation 5.1 and equation 5.2 are 

statistically equivalent because the correction 
𝜏

2
 is negligible.  

 
 

Figure 5.2 Sample STEbp pulse sequence as observed in the nucleus channel (in this example 

figure the nucleus channel is 
1
H) and gradient channel (denoted by G). The radio frequency 

pulse, magnetic field gradient pulse, and acquisition of the free induction decay (FID) are also 

noted.  

 

5.2.1.3 Discussion of Preliminary Results   

 

The STE pulse sequence was used to measure D of ions in PFPE electrolytes because 

Annat and coworkers have previously shown that use of the STE technique was more accurate 

than the SE technique in viscous liquids due to better suppression of internal gradients and 

reduced loss of magnetization due to spin-spin relaxation.
1,9,10

 Bipolar gradient pulses, a further 

improvement to remove background magnetic field gradients due to inhomogeneities in the 

magnetic field,
11

 were also used. This pulse sequence is provided by the Bruker TopSpin 3.2 

software under the sequence name ‘stebpgp1s’. To validate the accuracy of this method the pfg 

technique was calibrated and crosschecked using the known D of H2O at ambient temperatures 

(2.23 x 10
-9 

m
2
/s).

12
 Furthermore, D generated from the ‘stebpgp1s’ sequence were compared to 

that of a similar pulse sequence called the longitudinal eddy current delay with bipolar gradient 
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pulse (LEDbp) (found in Bruker TopSpin software as ‘ledbpgp2s’). This sequence additionally 

incorporates a delay time in order to minimize the effect of eddy currents caused by gradients. 

The presence of eddy currents induced by the metal structures of the magnet and probe due to 

gradient pulses can alter the position and phase of the spin echo signal, complicating and 

distorting the analysis of the calculation of D.
10,13

 D determined for Li-ions in a sample of 10 

wt.% LiTFSI in PFPE-diol at temperatures from 40 to 75 °C, using both pulse sequences (Figure 

5.3), however, demonstrated little difference in the values of D measured using the STEbp and 

LEDbp methods. Due to these results we deduced that the effects of eddy currents are minimal.  

Therefore, the STEbp technique can be used with confidence for subsequent studies going 

forward.    

 
 

Figure 5.3 Measurement of D from STEbp and LEDbp sequences as a function of temperature. 

 

The 
7
Li NMR spectrum of LiTFSI in PFPE-diol, regardless of lithium salt concentration, 

exhibits a single peak at approximately -2.4 ppm, indicating a homogenous lithium electronic 

environment on a timescale faster than the experimental NMR acquisition time (Figure 5.4). In 

other words, all the 
7
Li species in the sample experience a uniform environment as evidenced by 

the result that a single peak is observed.  Using the STEbp sequence, signal intensity of the 
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single 
7
Li peak was measured as function of gradient strength; 14-16 measurements of peak 

intensity were determined in the range from 2 % gradient strength to 95 % gradient strength 

(approximately 0 - 40 G/cm), producing a simulated diffusion decay curve (Figure 5.5). Between 

each measurement a delay was added to allow magnetization to dissipate; this delay, known as 

the recycle delay, was set to at least 5 times of the spin-lattice relaxation. The decay curve is 

subsequently fitted to equation 5.1 using the Bruker TopSpin T1/T2 software that which utilizes 

a process based on the SimFit algorithm
14

 to determine the parameter D. 

 
Figure 5.4 

7
Li NMR Spectrum of PFPE-diol with 10 wt.% LiTFSI at 20°C. 

 

 

 
 

Figure 5.5 Simulated diffusion decay curve from 2 to 95% gradient strength in 14 steps obtained 

using Bruker TopSpin software. The data fit shown was achieved using equation 5.1. 
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It is important to note, however, that equation fitting of the decay curve is only accurate 

when the last intensity point, (attenuated signal with greatest gradient strength), has an intensity 

of only 5% relative to the first point, known as the reference signal. In other words, the intensity 

of the peak at 95% gradient strength must be approximately 95% smaller than the intensity of the 

peak at 0% gradient strength in order to calculate the diffusion coefficient D. At room 

temperature, the attenuated signal of lithium is significantly greater than 5% of the reference 

signal in PFPE samples; in these cases, diffusion decay curves look similar to the curve 

illustrated in Figure 5.6 and D values cannot be confidently determined. This occurs because 

diffusion of the lithium species is too slow at room temperature and the power of the Bruker Z-

gradient probe used is insufficient to induce significant diffusion. In order to address this 

concern, NMR samples were heated to at least 40 °C so that D values were sufficiently large 

enough so that measurements were possible.   

 
Figure 5.6 Diffusion decay curve where the intensity has not decayed sufficiently even at 95% 

gradient strength. 
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7
Li diffusion coefficients were measured for PFPE-diol and PFPE-DMC samples 

containing 10 wt.% LiTFSI between 40 °C (3.2 K
-1

) to 110 °C (2.6 K
-1

) and are shown in an 

Arrhenius plot in Figure 5.7, which was graphed by plotting the natural log of the D values 

against the inverse temperature in Kelvin. As shown in Figure 5.7, D for Li-ions in PFPE-DMC 

increase linearly with increasing temperature, reaching as high as 3.4x10
-10

 m
2
/s at 110 °C, thus 

exhibiting Arrhenius type temperature dependence in the form:
11

  

            𝐷 = 𝐷∞𝑒
[

𝐸𝐷
𝑅𝑇

]
……………………………...equation 5.3 

where D∞, ED, R and T are the diffusion coefficient at infinite temperature, activation energy 

required for diffusion, gas constant and temperature respectively. This Arrhenius temperature 

dependence of D is a typical behavior of electrolytes, and has previously been observed with 

other electrolyte systems in the literature.
11

 PFPE-diol, however, does not follow this trend. 

Although Li-ions in this electrolyte demonstrate similar diffusion coefficients to PFPE-DMC at 

temperatures above 80°C, diffusion deteriorates to as low as 1.8x10
-12 

m
2
/s at 50 °C. Because the 

two types of electrolytes consist of similar molecular weight and salt concentration, this suggests 

that end group functionality may contribute significantly to diffusion at lower temperatures. This 

result is surprising since our previous studies have shown that PFPE-diol and PFPE-DMC, at the 

same salt concentrations, exhibit statistically equivalent ionic conductivities at temperatures from 

25 to 120 °C (Chapter 3), suggesting that the direct effects of end group on conductivity is 

negligible.
5
 Ongoing investigations include repeating these studies for statistical accuracy as well 

as expanding our scope to other end group moieties to definitively determine the effects of end 

group on Li-ion diffusion. Although D values of PFPE-diols and PFPE-DMCs measured here are 

comparable to that of gel and polymeric electrolytes in the literature,
15

 determination of D values 
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of standard or well studied electrolyte systems such as PEG or PEO using our STE procedure 

described above is also needed before direct comparisons can be made.  

 
Figure 5.7 D values of Li-ions in PFPE-DMC (open blue circles) and PFPE-diol (open red 

squares) as a function of temperature (K
-1

) 

 

 

In this work so far, we have confirmed that diffusion of Li-ions in PFPE electrolytes can 

be successfully measured using the pfg-NMR method and STEbp pulse sequences. However, it 

is clear that expansion of these results is essential before drawing definitive conclusions 

regarding ion transport in these materials. The pfg-NMR method should be repeated using 
19

F 

NMR so that D can be determined for the TFSI
- 
counterion and the backbone of PFPE oligomers. 

After the determination of D for both Li-ions and TFSI
-
, t

+
 can subsequently be calculated using 

equations described in Chapter 1. D values should also be measured for PFPE electrolytes at 

various LiTFSI concentrations to elucidate the effects of salt concentration on diffusion and t
+
. 

Ultimately, ionic environments surrounding lithium salts in PFPEs can be further understood by 
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coupling results obtained from pfg-NMR and ionic conductivity measurements to establish the 

degree of salt association and ion-ion pairing (previously discussed in Chapter 1).
1,11,15,16

  

5.2.2 Other Possible NMR Experiments: Determination of Linewidth and Relaxation 

NMR spectroscopy offers an abundance of tools and techniques that can compliment pfg-

NMR methodologies and sample dynamics over multiple timescales (from Hz to MHz frequency 

range): linewidth and relaxation measurements also provide important information regarding ion 

and polymer coordination and dynamics in Li-ion battery electrolytes.
17

  

5.2.2.1 Linewidth 

 

The full width at half-maximum (FWHM) of one dimensional (1D) NMR spectral peaks 

defines the peak linewidth and is a common parameters used to describe ion mobility and ion-

polymer coordination in electrolytes.
17

 Mobility, μ, is related to ionic conductivity, σ, in the 

amorphous phase of polymers through the equation:
18,19

  

        𝜎 = ∑ 𝑛𝑖𝑞𝑖𝜇𝑖𝑖 ……………………………….equation 5.4 

where ni, qi are the number of charge carriers and the charge on each carrier respectively. 

Therefore, measuring mobility is a valuable tool to apply when aiming to optimize ionic 

conductivity and battery performance. When measured as a function of temperature, FWHM is 

also indicative of the dipole-dipole interactions inherent to the system, a result of ion hopping 

and polymer chain segmental motion. Studies involving linewidth measurement in PFPE 

electrolytes with LiTFSI would therefore contribute insightful information regarding local ion 

interactions and motion.  

We began preliminary investigations of Li-ion mobility by measuring linewidths of the 

single lithium peak in 
7
Li NMR spectra of PFPE electrolytes as a function of temperature. For 

the 
7
Li nuclei, spectral linewidths are a result of quadrupolar or internuclear dipole-dipole 
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interactions.
20

 If Li-ions are immobile, these interactions intensify, resulting in peak broadening 

and an increase in linewidth. On the other hand, as the mobility of Li-ions increases, linewidth 

decreases due to averaging of these interactions.
18,19

 This behavior is shown in Figure 5.8, which 

shows the change in linewidth as a sample of PFPE-diol containing 10 wt. % LiTFSI is cooled. 

With decreasing temperature, linewidth increases, suggesting temperature dependence of ion 

mobility and reduced Li-ion mobility and conductivity at lower temperatures. This behavior is 

consistent with carbonate and other polymer electrolytes systems.
18,19

  

 
Figure 5.8 

7
Li NMR spectra of PFPE-diol containing 10 wt. % LiTFSI from 20 to -40 °C (293 to 

233 K). 

 

Building upon these preliminary results, investigations at even lower temperatures are 

being continued to determine the onset of linewidth narrowing, also known as the temperature at 
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which a sharp decrease of FWHM occurs. In the case of polymer electrolytes, this narrowing 

frequently occurs near the Tg of the polymer, attributing the coupling between ion dynamics and 

polymer segmental motions in these systems.
21

 If Li-ion mobility is therefore, closely associated 

to the relaxations of PFPE chains, then the expected onset of linewidth narrowing for PFPE-diol 

containing 10 wt. % LiTFSI) is expected to be at approximately -90 °C. Importantly, linewidths 

as a function of PFPE end group, chemical structure, molecular weight and LiTFSI 

concentrations should also be investigated in order to elucidate the effects of chemical structure 

and salt content on ion hopping and polymer chain segmental motion. 

5.2.2.2 Relaxation  

NMR relaxation time for lithium nuclei also provides important information regarding 

ion transport in polymer electrolyte systems. In particular, spin-lattice relaxation, also known as 

longitudinal relaxation or T1, for 
7
Li NMR, is a common tool used to probe local Li-ion 

environments. Obtained experimentally by a standard inversion-recovery pulse sequence, T1 

measurements record the time required for a nuclei’s spin to return to equilibrium after a pulse 

that inverts its magnetization (also known as a 180° pulse, inversion pulse or π pulse) (Figure 

5.9);
3
 T1 relaxation time increases as interaction between the nuclei and its surroundings 

increases. Studying T1 relaxation at various temperatures also determines the temperature at 

which the relaxation minimum occurs (Figure 5.10), enabling determination of lithium 

correlation times and activation energies for ion motion in the polymer host, which have 

previously been used to provide a detailed perspective on the relationship between Li-ion 

hopping motion and segmental motion of polymers, a crucial understanding for fundamental 

cation transport mechanisms in polymer electrolytes.
3,18,22

 Comparing the relative T1 minima 
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between PFPE electrolytes with various end groups also enables relative ion motilities to be 

evaluated.   

 

Figure 5.9 Illustration of a π pulse and its effects on magnetic spin.
23

 

 

 
 

Figure 5.10 Sample graph of T1 relaxation as a function of inverse temperature (K
-1

). A T1 

minimum is shown here at approximately 3.15 K
-1 

(44 °C). 

 

5.3 Investigation of PFPE/Electrode Interfaces  

 

Stability of PFPE-based electrolytes in electrodes such as lithium metal and nickel 

manganese cobalt oxide (NMC) have previously been studied; coin cell batteries assembled 

using these components are capable of cycling at various charge rates without significant loss in 

energy capacity.
5
 Those results pave the way for investigating the compatibility between PFPE 

electrolytes and other commonly used electrodes. The potential to pair PFPEs with anodes such 

as graphite and iron oxide is especially attractive due to the possibility of eliminating the use of 
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thermally unstable lithium metal as a battery component. Venturing further into this area, 

however, would be limited without understanding both the short and long term behavior of 

PFPE/electrode interfaces during or after battery cycling. Degradation of electrodes or 

electrolytes at the interface that results in loss of active material have significant effects on the 

long term performance and cycle life of batteries: for example, irreversible oxidation or 

reduction of the composition of the electrode responsible for Li-ion intercalation would reduce 

energy retention and storage capacities.  

With regards to liquid carbonate-based electrolytes, a common strategy to extend 

performance and cycle life of batteries is to allow or induce formation of a thin passivating film 

or layer called the solid-electrolyte interface (SEI). In the case of batteries composed of small 

molecule carbonate solvents, newly assembled cells undergo a long conditioning charge step 

prior to full operation to fully lithiate the anode. When this occurs, the electrolyte carbonate 

molecules at the electrode surface are electrochemically reduced and irreversibly degrade, 

forming a heterogeneous insoluble film at the interface. This film, known as the SEI, act as a 

passivation layer that physically separates the electrode from the rest of the electrolyte solvent 

and prevents further electrolyte break down and electrode exfoliation.
24

 The formation of a SEI 

layer prolongs life spans of active materials and extends battery cycle life.  Due to this separation 

from the electrode, formation of the SEI layer also allows carbonate electrolytes to be paired 

with electrodes having a potential beyond their electrochemical window. Although the formation 

of an SEI layer inevitably increases the cell internal impedance over time, it is still considered by 

many research groups to be essential for practical charge efficiency and stability of lithium 

secondary cells using carbon anodes.
25

  While the theory and mechanism of SEI formation in 

carbonate solvents are currently being extensively studied, the study of PFPE electrolytes 
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changes and reactions at the electrode interface during battery operation is still at its infancy. It is 

uncertain whether similar SEI formation mechanisms occur with PFPEs or if there is irreversible 

electrode degradation over time due to contact with PFPEs.   

5.3.1 Characterization of PFPE/Electrode Interfaces  

Multiple methods can be utilized to monitor structural and composition changes at 

electrolyte/electrode interfaces. Fourier transform infrared spectroscopy (FTIR), X-ray 

photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM) are amongst the 

most commonly used techniques in this regard.
26-28

 XPS, for example, enables quantitative 

chemical analysis of almost all elements and differentiates functional groups based on binding 

energies to probe molecular environments throughout the surface. Depth profiling analysis could 

also be used to study changes in environments as a function of distance from the interface.
27

 

These techniques could similarly be applied to batteries with PFPEs. Typical experiments 

involve the isolation of wetted electrodes from disassembled battery cells after cycling and 

studying the surface with these electrodes to probe for changes in electrode thickness, surface 

roughness, and surface composition.  

Furthermore, rapid development of novel sample preparation methods and 

electrochemical cells has led to state-of-the-art in situ techniques such as in situ atomic force 

microscopy (AFM) and transmission electron microscopy (TEM).
27,29-32

 For example, Cui and 

coworkers have reported the observation of silicon anode materials upon first charge using in situ 

TEM.
33

 These techniques monitor the true real-life environments of enclosed battery cells and 

allow for quantitative analysis with minimal destructive impact. Cells with PFPEs could also be 

studied in this manner.  
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Figure 5.11 In situ TEM experiments reported by Cui and coworkers in Nano Letters. (a) 

schematic of a typical in situ TEM cell. (b-d) Time series of the lithiation of a single silicon 

sphere (a-Si sphere and a-LixSi sphere indicates unlithiated and lithiated spheres respectively).
33

 

 

5.3.2 Enhancing SEI Formation through Incorporation of Ethylene Carbonate  

 

Complimentary to instrumental techniques that can be used to study PFPE/electrode 

interfaces, synthetic and formulation strategies can also be employed to optimize electrolyte 

design towards stability with electrodes and potential SEI formation. Incorporation of ethylene 

carbonate (EC) has been extensively studied as an additive to enhance SEI formation and 

stability against anodes such as graphite in ionic liquids
34

 and carbonate-based solvents.
35,36

 

While the exact composition and reaction pathway of SEI formation is still widely controversial, 

it has been shown that addition of EC into electrolytes successfully leads to stable SEI formation 

and prevents graphite exfoliation and anode destruction, thus resulting in improved battery 

performance and cycle life.
37

  

A proposed approach is to synthesize and study copolymer electrolytes composed of both 

PFPE and EC. PFPE-ethylene carbonate (PFPE-EC) block copolymers can be synthesized first 

through the preparation of a vinyl ether carbonate monomer via transesterification of ethyl vinyl 

ether and glycerol carbonate catalyzed by a palladium (II) complex, first described by Boutevin 

and coworkers (Figure 5.12).
38

 Subsequently, the vinyl ether ethylene carbonate monomer could 

be copolymerized with dimethacrylate-terminated PFPEs (Figure 5.13). Monomer composition, 
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molecular weight, and polydispersity can potentially be controlled using living polymerization 

methodologies such as atom transfer radical polymerization (ATRP).
39

  

 

Figure 5.12 Synthesis of vinyl ethers bearing carbonate side groups, as reported by Boutevin and 

coworkers in in the Journal of Polymer Science.
38

 

 

  
Figure 5.13 Proposed synthetic scheme of the synthesis of PFPE-EC electrolytes 

 

Addition of EC functional groups could promote SEI formation through the ring opening 

mechanism of cyclic carbonates by the reduction pathway previously described,
40

 thus 

potentially increasing the compatibility of PFPE electrolytes with carbon-based electrodes such 

as graphite. Functionalization of additional carbonate moieties could also increase the LiTFSI 

salt loading in these electrolytes; thereby increasing its conductivity limits without sacrifice its 

near-unity transference number.  
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5.3.3 Investigation of Failure Modes 

Investigation of PFPE/electrode surfaces could also be expanded to include studies of 

lithium dendrite formation over numerous charge and discharge cycles. One of the most common 

reasons for long term battery failure is related to dendrites composed of lithium metal that are 

irreversibly produced and protrude from lithium metal anodes as batteries are cycled (Figure 

5.14).
41

 The passage of current through these structures eventually leads to short-circuiting of the 

cell, reducing the life span of the battery.  

Growth of lithium dendrites could be monitored through ex situ and in situ 

characterization methods previously described in this chapter, such as AFM and TEM. In a 

recent study, Balsara and coworkers have additionally used synchrotron X-ray tomography to 

study underneath polymer electrolyte/lithium metal interfaces, demonstrating that early dendritic 

growth begin from within the electrode as well.
42

 These techniques can be applied to the 

examination of cycled PFPE-based cells to determine failure modes and identify the reasons for 

capacity fade and cell death.
42,43

  

 

Figure 5.14 Dendritic lithium formed in a lithium battery, as observed by Notten and coworkers 

in The Journal of Power Sources.
44
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