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Abstract 

 
Ion Transport Properties in Novel and Traditional Liquid Electrolytes for Lithium-Based 

Batteries 

 

By 

 

Deep B. Shah 

 

Doctor of Philosophy in Chemical Engineering 

 

University of California, Berkeley 

 

Professor Nitash P. Balsara, Chair 

 

 

Enabling next-generation lithium-based batteries is of paramount importance for the 

transportation sector. The energy density, cycle life, and safety are all prime considerations for 

electric vehicles. In addition, these batteries must be able to operate in a wide variety of 

temperatures and a range of power requirements. The electrolyte is fundamental to the ion 

transport within a battery, is a constraint on the operational voltage of a cell, and is integral to the 

safety of a device. Limitations on power delivered by a battery are specifically due to ion 

transport within the electrolyte and these properties are often not well understood within 

conventional and novel electrolytes. In this work, we measure ion transport properties in a 

variety of nonaqueous liquid electrolytes utilizing Newman’s concentrated solution theory. We 

then use these properties to predict lithium-symmetric cell behavior and compare theoretical 

predictions to experimental results without the use of any adjustable parameters.  

 

Mixtures of perfluoropolyethers (PFPE) and lithium salts with fluorinated anions are a new class 

of electrolytes for lithium batteries. Unlike conventional electrolytes wherein electron-donating 

oxygen groups interact primarily with the lithium cations, the properties of PFPE-based 

electrolytes appear to be dependent on interactions between the fluorinated anions and the 

fluorinated backbones. We study these interactions by examining a family of lithium salts 

wherein the size of the fluorinated anion is systematically increased: lithium 

bis(fluorosulfonyl)imide (LiFSI), bis(trifluoromethanesulfonyl)imide (LiTFSI) salts  and lithium 

bis(pentafluoroethanesulfonyl)imide (LiBETI). Two short chain perfluoroethers (PFE), one with 

three repeat units, C6-DMC, and another with four repeat units, C8-DMC were studied; both 

systems have dimethyl carbonate end groups. We find that LiFSI provides the highest 

conductivity in both C6-DMC and C8-DMC. These systems also present the lowest interfacial 

resistance against lithium metal electrodes. The ideal transference number (𝑡+,𝑖𝑑) was above 0.6 

for all of the electrolytes and was an increasing function of anion size. The product of 

conductivity and the steady-state transference number is a convenient measure of the efficacy of 

the electrolytes for lithium battery applications. Amongst the systems studied, LiFSI/PFE 

mixtures were the most efficacious electrolytes. 
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The performance of binary electrolytes is governed by three transport properties: conductivity, 

salt diffusion coefficient, and transference number. Rigorous methods for measuring 

conductivity and the salt diffusion coefficient are well established and used routinely in the 

literature. The commonly used methods for measuring transference number are the steady-state 

current method, 𝑡+,𝑖𝑑, and pulsed field gradient NMR, 𝑡+,𝑁𝑀𝑅. These methods yield the 

transference number only if the electrolyte is ideal, i.e., the salt dissociates completely into non-

interacting anions and cations. In this work, we present a complete set of ion transport properties 

for mixtures of a functionalized perfluoroether, dimethyl carbonate terminated perfluorinated 

tetraethylene ether, and lithium bis(fluorosulfonyl)imide (LiFSI). The equations used to 

determine these properties from experimental data are based on Newman’s concentrated solution 

theory. The concentrated-solution-theory-based transference number, 𝑡+
0, is negative across all 

salt concentrations, and it increases with increasing salt concentration. In contrast, the ideal 

transference number, 𝑡+,𝑖𝑑, is positive across all salt concentrations and it decreases with salt 

concentration. The NMR-based transference number, 𝑡+,𝑁𝑀𝑅, is approximately 0.5, independent 

of salt concentration. The disparity between the three transference numbers, which indicates the 

dominance of ion clustering, is resolved by the use of Newman’s concentrated solution theory. 

 

Imposing a steady ionic current through an electrolyte results in the formation of salt 

concentration gradients that compromise battery performance. The limiting current is usually 

defined as the current at which the salt concentration at the cathode approaches zero. Higher 

currents cannot be imposed on the cell as larger concentration gradients are unsustainable. We 

study the limiting current in electrolytes comprising a perfluorinated oligomer, C8-DMC, and 

lithium bis(fluorosulfonyl)imide salt in symmetric lithium cells. The time-dependence of the 

potential, which increases as salt concentration gradients develop, was also measured. Both 

steady-state and transient behaviors are modeled using Newman’s concentrated solution theory; 

transport and thermodynamic parameters needed to perform the calculations were measured 

independently. The limiting current is a non-monotonic function of salt concentration in both 

theory and experiment. The model shows that at low salt concentrations (below 0.88 mol/kg 

solvent), the concentration at the cathode approaches zero at limiting current. In contrast, at high 

salt concentrations (above 0.88 mol/kg solvent), the concentration at the anode approaches the 

solubility limit (2.03 mol/kg solvent). The experimentally determined salt concentration at which 

the limiting current is maximized is in excellent agreement with theoretical predictions made 

without resorting to any adjustable parameters. 

 

We apply concentrated solution theory to measure a complete set of ion transport properties to 

mixtures of low molecular weight poly(ethylene oxide), tetraglyme, and LiTFSI at T = 30 °C and 

90 °C. We found that while conductivity and the salt diffusion coefficient are lower at 30 °C 

compared to 90 °C, the ideal transference number is greater at all salt concentrations. The 

rigorously defined transference number is lower at 90 °C than at 30 °C for most concentrations, 

except for in the limit of large concentrations. We use the measured properties at 90 °C to predict 

the limiting current of mixtures of LiTFSI/tetraglyme and compare those results to experimental 

behavior in lithium symmetric cells. We posit that the lack of qualitative agreement at high 

starting salt concentrations is due to solubility constraints at the anode surface. 

 

Carbonate electrolytes are often used in commercial lithium-ion batteries, however their 

transport properties are not well understood. We apply concentrated solution theory to study 
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mixtures of LiFSI/PC and lithium hexafluorophosphate (LiPF6)/PC over a wide range of salt 

concentrations at room temperature. We find that while the conductivity and salt diffusion 

coefficient for both mixtures are similar for all salt concentration, the ideal transference number 

is greater for mixtures of LiFSI/PC compared to mixtures of LiPF6/PC at all concentrations. The 

rigorously defined transference number for mixtures of LiFSI/PC is also found to be greater than 

that of mixtures of LiPF6/PC at all salt concentrations. We use the measured transport properties 

for mixtures of LiFSI/PC and use them to predict the electrolyte potential drop within a lithium 

symmetric cell. We find that there is good qualitative agreement between the measured 

experimental drop and theoretical predictions as a function of applied current density and salt 

concentration. Both the model and experimental results predict that the largest potential drop 

within mixtures of LiFSI/PC occurs at a concentration of 1 M, which is when conductivity is also 

maximized.
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“Preserve and cherish the pale blue dot, the only home we’ve ever known.” 

 

- Carl Sagan
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1 Introduction 
 

1.1 Conventional lithium-ion batteries 
 

Global greenhouse gas (GHG) emissions have been on the rise and are directly related to global 

warming.1 In the United States, the largest contributors to GHG emissions are the transportation 

and energy production sectors, respectively.2  Energy storage has become an integral component 

to reducing GHGs in both industries. The leading energy storage device in both industries is the 

lithium-ion battery due to its promising cycle life, round trip efficiency, manufacturability, and 

decreasing costs.3–5 The energy density of a battery is especially paramount for the transportation 

sector, and Li-ion technology has become the industry standard for vehicle electrification. 

 

The Li-ion battery is composed of three main components: a porous graphite anode, a transition-

metal oxide cathode, and an electrolyte. The electrodes house lithium and determine the total 

battery potential while the electrolyte facilitates ion transport between the two electrodes during 

charge and discharge. Conventional electrolytes are mixtures of nonaqueous liquid carbonates 

and lithium-based salts that fill porous separators and electrodes. An electrolyte must fulfill 

multiple requirements: 1) be able to form a stable solid-electrolyte interphase (SEI), 2) have a 

high voltage stability window, 3) be able to transport lithium cations with minimal ohmic loss, 4) 

be able to support large power draws (and thus current), 5) be able to be operated in a wide range 

of temperatures, and 6) be safe.6–8  Traditional carbonate electrolytes fulfil most of these criteria, 

but an increasingly electric transportation industry will require electrolytes that can improve 

energy density, capacity, and safety. 

 

 

1.2 Enabling next-generation lithium-based technology  
 

Commercial Li-ion batteries are quickly approaching the theoretical gravimetric and volumetric 

energy density of 385 Wh/kg and ca. 770 Wh/L.9,10 Consumers view range anxiety as a 

significant barrier to adopting electric vehicles, and thus new battery chemistries that enable 

higher energy densities are a necessity.11 Conventional Li-ion batteries also face trade-offs 

between high power and energy, which hinders their ability to be charged and discharged 

quickly.12–15 In order to surpass these limitations, considerable research is focused on developing 

next generation electrode materials that can increase nominal battery voltages.16–19 Focus has 

also been drawn to developing electrolytes with improved ion transport properties are also being 

to facilitate higher current draws without sacrificing the energy within a cell.20–22 In Fig. 1.1, an 

example of a Li-ion battery with an NMC cathode undergoing charging at different c-rates is 

shown.23 It is evident that as the battery is charged faster, less capacity, and therefore energy, is 

available within the battery. 
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Figure 1.1 Cell potential vs. capacity for an NMC Li-ion cell undergoing charging at 

different c-rates.23 

 

Fluorinated electrolytes have come to the forefront for enabling higher voltage cathode materials. 

They have been shown to increase the electrolyte stability window and allow for the formation of 

a stable SEI layer.24–30 Fluorinated electrolytes have also been shown to be less volatile 

compared to traditional electrolytes.29–33 Recent, attention has also turned to solvent-in-salt 

electrolytes, which are composed, primarily (by weight %), of a lithium salt with a minority 

solvent component. While these systems have shown lower conductivity values compared to 

traditional liquid electrolytes, they have been shown to increase the electrolyte electrochemical 

stability window and to stabilize lithium metal anodes.34–37 However, the ion transport properties 

of many electrolytes, both traditional and novel, are not well understood.  

 

 

1.3 Transport phenomena in liquid electrolytes 
 

In order to completely characterize and model an electrolyte, Onsager reciprocal relations require 

n(n-1)/2 transport parameters, where n is the number of independent species.38,39 In addition, m-1 

activity coefficients are required due to the Gibbs-Duhem relation, where m is the number of 

electronically neutral species. For a binary electrolyte (solvent, single anion, single cation), the 

three transport parameters take the form of conductivity, salt diffusion coefficient, and the 

transference number. The thermodynamic factor is also required and describes the 

thermodynamic ideality of the salt and solvent mixture. 

 

Conductivity is a measure of the ohmic ionic resistance of the electrolytes. The salt diffusion 

coefficient determines the speed at which a salt concentration gradient relaxes. The transference 

number describes the severity of the salt concentration gradients that build up within an 

electrolyte. Under a given dc potential, for electrolytes in lithium-based batteries whose Li+ 

transference number is not one, concentration gradients develop. These gradients are a product of 

the net flux of the anion and cation at steady-state. Under steady-state conditions, the net flux of 

the anion is zero due to the lack of redox reactions at either electrode surface, whereas the cation 

net flux is towards the reducing electrode.  
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The thermodynamic factor and all three transport properties are crucial for understanding mass 

transport within a binary electrolyte. Characterizing each of these parameters for a wide range of 

salt concentrations allows for accurate modeling within a battery. Salt concentration gradients 

can be modeled, and in doing so, the maximum current draw that is allowable by the electrolyte 

can be predicted. Knowing the limiting current of an electrolyte would be highly beneficial in 

determining the application of said electrolyte. The overpolarization in a battery due to a 

concentration gradient can also be predicted. If the overpolarization is large enough, a battery 

can be prevented from fully charging or discharging due to the limitations placed on the cell to 

prevent degradation of the electrolyte. 

 

 

1.4 Structure of the dissertation 
 

The goal of this work is fundamentally understand ion transport properties in nonaqueous liquid 

electrolytes. This work is split into two broad categories, where chapters 2 – 4 focus on novel 

liquid perfluoroether electrolytes and chapters 5 and 6 focus on more traditional nonaqueous 

liquid electrolytes. 

 

Chapter 2 studies the effect of molecular weight and anion size on conductivity and the ideal 

transference number. The efficacy of an electrolyte is realized by the product of conductivity and 

the ideal transference number, and it is found that mixtures of LiFSI with C8-DMC exhibit the 

most promising transport properties. Chapter 3 delves into complete characterization of ion 

transport properties for mixtures of LiFSI and C8-DMC using Newman’s concentrated solution 

theory. It is found that the transference number obtained using dilute solution theory is 

qualitatively and quantitatively different from that obtained using concentrated solution theory. 

Chapter 4 uses the transport properties obtained in chapter 3 to model the limiting current of 

LiFSI/C8-DMC and compare those results with experiments. Both salt solubility limitations and 

salt depletion are found to be causes for the limiting current, and hence, cell failure. Chapter 5 

measures a full set of transport properties for mixtures of low molecular weight poly(ethylene 

oxide), tetraethylene glycol dimethyl ether (tetraglyme), and LiTFSI for both T = 30 °C and 90 

°C. The measured transport properties are used to predict the limiting current and compared to 

experimental results. We hypothesize that salt solubility limits are a cause for cell failure in the 

limit of high salt concentrations. In chapter 6, transport properties for mixtures of LiFSI and 

propylene carbonate (PC) and LiPF6 and PC are measured using concentrated solution theory. 

LiFSI/PC mixtures exhibit larger transference numbers compared to LiPF6/PC mixtures. 

Experimental electrolytic potential drops for LiFSI/PC are compared to those predicted by theory 

and qualitative agreement is found as a function of the applied steady-state current density and 

starting salt concentration. 
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2 Effect of Anion Size on Conductivity and Transference 

Number on Perfluoroether Electrolytes with Lithium Salts† 
 

2.1 Introduction 
 

As applications for rechargeable lithium batteries continue to increase in number, there are added 

demands for improving the safety and performance. One way of increasing safety is by replacing 

the flammable electrolytes used in current batteries with nonflammable materials. Current 

electrolytes comprise mixtures of alkyl carbonates and lithium hexafluorophosphate.40–42 The 

alkyl carbonates contain electronegative oxygen atoms that solvate lithium ions. The use of 

fluorinated anions such as hexafluorophosphate stems from the electronegativity of fluorine, 

which enhances charge delocalization and ion dissociation. Mixtures of oligomeric and long 

chain polyethylene oxide and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) have also 

been studied for lithium battery applications. These electrolytes also contain electronegative 

oxygen atoms and lithium salts with fluorinated anions. In order to increase performance and 

energy capacity of Li-ion systems, cathodes with high operating potentials (5 V vs. Li+/Li) have 

been proposed.43 However, common battery electrolytes, like ethylene carbonate and dimethyl 

carbonate, decompose above 4.5 V vs. Li+/Li.44 Fluorinated compounds have been shown to 

have larger stability windows, thereby allowing the use of high operating potential cathodes.45  

 

This paper is part of a series wherein we examine the possibility of using fluorinated oligomers 

to dissolve lithium salts with fluorinated anions.31,46–49 Our hypothesis is that salt solubility in 

these systems stems from interactions between the oligomers and the anion. It is known that 

fluorinated compounds are often only miscible in each other; this is often referred to as the 

fluorous effect.50 While the fluorous effect is usually used to describe the mixing of neutral 

species, there is evidence of similar effects in mixtures of fluorinated ionic compounds and 

fluorinated polymers.51 Our work is a departure from the traditional approach of exploiting 

interactions between the solvent and the cation. The oligomers used in this study are 

perfluoroethers (PFE) with dimethyl carbonate end groups. The chemical formulae are given in 

Figure 2.1 and we refer to them as C6-DMC and C8-DMC. Our electrolytes comprise mixtures 

of these PFEs and three lithium salts. In addition to LiTFSI, we have also used lithium 

bis(fluorosulfonyl)imide (LiFSI) and lithium bis(pentafluoroethanesulfonyl)imide (LiBETI). The 

chemical formulae of the salts used in this study are also given in Figure 2.1. Our study thus 

examines the effect of PFE chain length and anion size on ion transport. We characterize ion 

transport by measuring conductivity using ac impedance and the approximate cation transference 

number using the steady-state current method.52–54 We also report on the interfacial impedance 

between PFE electrolytes and lithium metal electrodes. 

 

A large majority of studies on PEO-based electrolytes use LiTFSI as the salt.55–57 While these 

electrolytes exhibit reasonable conductivity at room temperature and lithium salts can be 

dissolved at high concentrations, the transference number based on the steady-state current 

method can be as low as 0.05.58 This is due to specific interactions between the solvent and the 

cation. A consequence of our hypothesis that the properties of PFE electrolytes are governed by 

                                                 
† This chapter is reported in Shah, D. B., et al. Effect of Anion Size on Conductivity and Transference number of 

Perfluoroether Electrolytes with Lithium Salts. J. Electrochem. Soc. 2017, 164, A3511 – A3517. 
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interactions between the solvent and the anion is the expectation that these systems should 

exhibit significantly higher transference numbers. In this work, we compare ion transport 

properties of PFE-based electrolytes with literature values of PEO-based electrolytes.  

 

As can be seen in Fig. 2.1, the PFEs used in this study are fluorinated analogs of oligomeric 

PEOs, triglyme and tetraglyme. The properties of these two classes of electrolytes will differ 

dramatically for several reasons: (1) The fluorine atoms in PFE, which replace hydrogens in 

PEO, are actually similar to oxygen atoms in terms of size and electronegativity. (2) Steric 

effects will differ because C-F bonds are longer and occupy significantly more space than C-H 

bonds.59 (3) Interfacial impedance will be impacted by differences in the spontaneous reactions 

between the electrolytes and lithium metal, and the fact that the C-F bond is stronger than the C-

H bond. Our study sheds some light on the effect of these differences on ion transport. 

 

 
Figure 2.1 a) C6-DMC, b) C8-DMC, c) FSI anion, d) TFSI anion, and e) BETI anion. 

 

 

2.2 Experimental Details 
 

2.2.1 PFE Synthesis 

 

The PFEs were synthesized from diol terminated precursors following procedures described in 

Wong, D. et al. and Olson, K. et al.31,49 Scheme 2.1 shows our approach to synthesize C6-DMC 

(the approach for synthesizing C8-DMC is essentially identical). 0.10 mol of the perfluorinated 

glycol precursor (0.20 mol -OH end groups) and three molar equivalents triethylamine (84 mL, 

0.60 mol) were dissolved in 400 mL of 1,1,1,3,3-pentafluorobutane in a 1 L 3-neck round-

bottom flask. The solution was cooled to 0°C under nitrogen atmosphere. Methyl chloroformate 

(46 mL, 0.60 mol) was added dropwise over the course of two hours with rapid stirring, resulting 

in significant gas evolution and formation of the white triethylamine hydrochloride (TEA HCl) 
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precipitate. The reaction was stirred overnight under nitrogen atmosphere at ambient 

temperature, and reaction completion was confirmed by Fourier-transform infrared spectroscopy. 

 

 

 
 

Scheme 2.1 Reaction to produce C6-DMC form the commercial C6-Diol analog. 

Conversion of the C8-Diol analog proceeds through the same reaction scheme to produce 

C8-DMC. 

 

The TEA HCl salt was removed by gravity filtration, yielding a pale-yellow solution. The salt 

was washed 3x with 50 mL 1,1,1,3,3-pentafluorobutane to remove residual product. The 

combined pentafluorobutane solution was then washed 3x with 500 mL water and 1x with 500 

mL brine using a separatory funnel. The solution was stirred with activated carbon to remove 

coloration and dried with magnesium sulfate. After filtering the solids, pentafluorobutane was 

removed under reduced pressure, yielding a clear, faintly yellow oil. The dimethyl carbonate 

terminated perfluorinated triethylene- and tetraethylene ethers (C6-DMC and C8-DMC, 

respectively) were dried under vacuum at 50°C for 2 days. The molecular weight (MW) for C6-

DMC is 410 g/mol and that of C8-DMC is 526 g/mol. Figs. 2.S1 and 2.S2 in the supplemental 

information shows the NMR spectra of the final products dissolved in deuterated acetone. 

 

Thermogravimetric analysis (TGA) was used to determine the volatility of C6-DMC and C8-

DMC using a TA Instruments Q5000 TGA under nitrogen flow (10 mL/min) from 25 °C to 500 

°C at a heating rate of 10 °C/min. The temperatures at which a 5% mass loss were recorded from 

the TGA curves were 126 and 129 °C for C6-DMC and C8-DMC. Closed-cup flash point 

measurements were performed using an Erdco Rapid Tester small-scale apparatus following 

ASTM D 3278. No flash point was detected for C6-DMC or C8-DMC within the experimental 

window (up to 250°C). 

 

 

2.2.2 Salts 

 

Lithium bis(fluorosulfonyl)imide (cat. no. 097602) and lithium 

bis(pentafluoroethanesulfonyl)imide (cat. no. 080110) were purchased from Oakwood Products, 

Inc. Both salts were ≥ 99% pure, as confirmed by a Certificate of Analysis form. Lithium 

bis(trifluoromethanesulfonyl)imide was purchased from Novolyte and was also reported to be ≥ 

99% pure. All three salts were dried at 120 °C under dynamic vacuum for three days inside a 

glovebox antechamber. All salts, oligomers, and electrolytes were stored within an argon filled 

Vac glovebox with H2O and O2 concentrations kept below 1 ppm. 
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2.2.3 Electrolyte Preparation 

 

Prior to being brought into the glovebox, the oligomers were dried under active vacuum inside 

the glovebox antechamber at 50 °C for 72 hours. In order to form electrolytes, a predetermined 

amount of Li salt was added to a known mass of either oligomer. Once the salt was added, the 

electrolytes were placed on a stir plate and were allowed to mix for 12 hours or more using a 

magnetic stir bar. 

 

 

2.2.4 Experimental Characterization 

 

Conductivity samples were prepared by sandwiching an electrolyte soaked separator, Celgard 

2500 (Celgard Company), with a stainless steel shim (MTI Corporation) on either side. The 

stainless steel shims were 15.5 mm in diameter and 0.2 mm in thickness; Celgard 2500 was cut 

to 19 mm in diameter and had an average thickness of 25.4 ± 0.6 μm. The thickness of the 

separator was measured for each sample. The stack was placed into CR2032 coin cells (Pred 

Materials) that were than hermetically sealed. Three replicate cells were produced and measured 

for each electrolyte. Conductivity data was collected through ac impedance spectroscopy 

performed on a Bio-Logic VMP3 potentiostat. The frequency range analyzed was between 

1MHz and 100 mHz at an amplitude of 60 mV. Fig. 2.2a shows typical impedance data collected 

in coin cells and the equivalent circuit is shown in the inset. R is the resistance of the 

electrolyte/separator composite, Q and Qint are the constant phase elements associated with the 

electrolyte/separator and interface, respectively, and Rc and Lc are the resistance and inductance, 

respectively, associated with the VMP3 cables. The conductivity of the electrolyte was calculate 

using Eq. 2.1 

𝜅 = 𝑐
𝑙

𝑅𝐴
  (2.1) 

 

where A is the electrode area of the coin cells in cm2, l is the thickness of the separator in cm, 

and c is an empirically determined constant to account for the presence of the separator. The 

constant c was determined by measuring the conductivity of four electrolytes in a liquid cell 

described in reference 60: C6-DMC with 3 wt % LiTFSI and C8-DMC with 3 wt % LiTFSI, C6-

DMC with 20 wt % LiFSI , and C6-DMC with 15 wt % LiBETI at 30 °C. The ratio of the 

measured conductivity in the liquid cell to that measured in the coin cell with the separator was 

8.70 ± 0.06 for the four electrolytes.  

 

Transference number cells were similar to the conductivity cells. However, instead of using 

stainless steel shims, lithium discs, cut from lithium chips (MTI Corp.), were used on either side 

of the electrolyte soaked Celgard. The diameter of the 150 μm thick Li disc was 12.7 mm. Three 

replicate cells were produced for each electrolyte. Data were collected on a Bio-Logic VMP3 

potentiostat. Each sample cell was subjected to a conditioning treatment, which consisted of 

charge and discharge cycles at 0.02 mA/cm2 in order to help stabilize the interfacial layer. The 

sequence performed was a 4 hour charge, 30 minutes rest, a 4 hour discharge, 30 minutes rest, 

and repeated for a total of 6 times. Ac impedance was carried out before the beginning of 

conditioning, after each rest step, and at the end of conditioning. Each sample was then polarized 



8 

 

at ΔV = +/- 40 mV and +/- 80 mV for 1 hour in order to ensure that the steady state transference 

number collected was independent of the applied potential. During chronopotentiometry, current 

was measured at 1 second intervals in order to capture the full current response. Ac impedance 

data were collected every 20 minutes with an ac amplitude of 20 mV and 40 mV for the dc 

applied potentials of +/- 40 mV and +/- 80 mV, respectively. The data obtained for all of these 

cases were similar. We report data acquired using ac impedance spectroscopy with an amplitude 

of 20 mV during dc polarization of 40 mV. Data were modeled to the equivalent circuit shown in 

the inset of Fig. 2.2b, where Rint was the interfacial resistance. Fig. 2.2b represents the typical 

data seen for Li symmetric cells. 

 

 
Figure 2.2 Typical impedance profiles and equivalent circuits for a) conductivity and b) 

Li symmetric samples. The dashed black lines are the fits to the equivalent circuits 

shown. Data collected at 30 °C. 

 

Assuming Ohm’s law, which is a reasonable assumption prior to cell polarization due to a lack of 

concentration gradients, an initial current, IΩ, is given by Eq. 2.2: 

 

𝐼Ω =
Δ𝑉

𝑅𝑇
 (2.2) 

 

where ΔV is the applied polarization potential and RT is the total initial cell resistance as 

measured by ac impedance spectroscopy. Eq. 2.3 was then used to calculate the ideal 

transference number: 

 

𝑡+,𝑖𝑑 =
𝐼𝑠𝑠

𝐼Ω
(

Δ𝑉 − 𝐼Ω𝑅𝑖,0

Δ𝑉 − 𝐼𝑠𝑠𝑅𝑖,𝑠𝑠
)  (2.3) 

 

where Iss is the steady state current, Ri,0 is the initial interfacial resistance, and Ri,ss is the 

interfacial resistance when Iss is reached. The transference number alludes to how polarizable an 

electrolyte is, thus a transference number near unity suggests that concentration gradients do not 

build up within the electrolyte. 
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All electrochemical characterization experiments were conducted at 30 °C. 

 

 

2.3 Results and Discussion 
 

The solubility limits for LiFSI, LiTFSI, and LiBETI in C6-DMC and C8-DMC are shown in Fig. 

2.3. The salts were added in 5 wt% increments until the solubility limit was reached. The 

solubility limit for each electrolyte was determined visually. Salts were assumed fully dissolved 

if the electrolyte was transparent, and phase separated if it was opaque. The solubility limit is 

taken as the average of the solution’s salt concentration just below the solubility limit 

(transparent) and just above the solubility limit (opaque). Fig. 2.3 shows the salt wt % for the six 

PFE/salt combinations. The solubility limit is a weak function of anion size for C8-DMC, 

increasing monotonically from 27.5 to 37.5 wt % in our experimental window. In uncharged 

systems, the entropy of mixing decreases with increasing molecular size, which, in turn, is 

expected to result in decreasing solubility limits. The observed trend in C8-DMC is not 

consistent with this expectation. It is possible that dissociation is favored in salts with large 

anions due to both lowering of lattice energy and charge delocalization, and that the observed 

trend in C8-DMC is due to this effect. The dependence of the solubility limit on anion size in 

C6-DMC is more interesting. The solubility of LiTFSI, the salt with an anion of intermediate 

size, is only 4.4 wt %, which is about an order of magnitude lower than that of all of the other 

five systems. This experiment was carried out three times in order to confirm the surprisingly 

low solubility limit in C6-DMC; all samples with LiTFSI concentrations from 5.3 to 29.9 wt. % 

were phase-separated and opaque. Perhaps the entropic effects mentioned above are not entirely 

negligible in PFE electrolytes. The data in Fig. 2.3 indicate that the interactions between the 

fluorinated lithium salts and perfluorinated electrolyte solvents are complex, and more work is 

required to establish the underpinnings of solubility. 

 

 
Figure 2.3 Li salt solubility in C6-DMC and C8-DMC as a function of salt wt % 

 

The lithium salt that is predominant in the literature on PEO-based electrolytes, LiTFSI, cannot 

be used with C6-DMC. This suggests that replacing the hydrogen atom with fluorine has a large 
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effect on electrolyte properties. All of our previous papers on perfluoropolyether (PFPE) 

electrolytes31,46–49 are based on LiTFSI. However, the data in Fig. 2.3 suggests that other salts 

might be better suited for perfluorinated electrolytes.  

 

The dependence of conductivity, 𝜅, on salt concentration for C6-DMC electrolytes, obtained 

with blocking electrodes, is shown in Fig. 2.4a. The final datum for each data set represents the 

solubility limit. For LiFSI and LiBETI electrolytes, conductivity increases rapidly at low salt 

concentrations, goes through a shallow maximum, and decreases slightly at high salt 

concentrations. The limited solubility of TFSI- severely limits our measurement window in C6-

DMC. Within the measurement window, however, the conductivity of LiTFSI- and LiBETI-

based electrolytes are similar. At low salt concentrations, the conductivity of the LiFSI 

electrolyte is significantly higher than that of the others. The maximum conductivity of LiFSI in 

C6-DMC is 1 x 10-4 S/cm, which is also significantly higher than that of LiBETI in the same 

solvent. At high concentrations, however, the conductivities of the two systems are similar, see 

data at 30 wt % salt.  

 

The dependence of conductivity, 𝜅, on salt concentration for C8-DMC electrolytes, obtained 

with blocking electrodes, is shown in Fig. 2.4b. All three electrolytes exhibit a shallow maximum 

with LiFSI exhibiting the highest conductivity followed by LiTFSI followed by LiBETI. At 

many salt concentrations, the conductivity of LiTFSI and LiBETI electrolytes in C8-DMC are 

within experimental error. This is especially true at salt concentrations ≥ 25 wt %. It appears as if 

the conductivity of the LiFSI electrolytes in C8-DMC would approach that of the other 

electrolytes at high salt concentrations (30 – 35 wt %), but a direct comparison is precluded by 

limited solubility (see Fig. 2.4b). 

 

For the case of amorphous PEO with methyl end groups (250 g/mol) and with 25 wt % LiTFSI, 

the maximum conductivity at 25 °C is about 2x10-3 S/cm.61 The maximum conductivity of PFE 

electrolytes is thus a factor of five lower than that of PEO electrolytes.  

 
Figure 2.4 Conductivity of LiFSI, LiTFSI, and LiBETI in a) C6-DMC and b) C8-DMC. 

All data collected at 30 °C. 
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The symbols in Figs. 2.5a and 2.5b show the dependence of conductivity, 𝜅, on salt 

concentration for C6-DMC and C8-DMC electrolytes, obtained with non-blocking lithium metal 

electrodes. The continuous curves in Fig. 2.5 show 𝜅 vs salt concentration obtained with 

blocking electrodes (Fig. 2.4). In most cases, the conductivities determined with either blocking 

or non-blocking electrodes are similar. In principle, there should be no difference in conductivity 

values obtained using blocking or non-blocking electrodes. However, one might expect 

irreversible reactions between the fluorinated electrolytes and lithium metal to interfere with the 

conductivity measurements. It is evident that this is not the case. The irreversible reactions, 

however, do result in measurable interfacial resistances (Fig. 2.2b).  

 

 
Figure 2.5 Conductivity values extracted from Li symmetric cells and compared to the 

results from the blocking electrodes for a) C6-DMC and b) C8-DMC. Markers and errors 

bars from the blocking electrodes were removed for clarity, but the blocking electrode 

conductivities can be seen as continuous lines. Conductivities calculated from non-

blocking lithium electrodes are shown as symbols. 

 

The dependence of interfacial resistance, Ri, on salt concentration for C6-DMC is shown in Fig. 

2.6a. Due to the limited solubility of LiTFSI in C6-DMC, only one concentration was studied (3 

wt % salt). At low salt concentrations, Ri for LiTFSI was similar to that of LiBETI in this 

solvent. Interestingly, the same can be said for conductivity (Fig. 2.4a). For the soluble salts, 

LiFSI and LiBETI, Ri decreases with increasing salt concentration until Ri reaches a minimum at 

10 wt %. At this concentration, for LiFSI, the minimum Ri for LiFSI is 155 ± 28 Ω cm2. This is 

about an order of magnitude lower than that of LiBETI, which is 1040 ± 24.5 Ω cm2. At 

concentrations between 10 wt % and the solubility limit, Ri of LiBETI increases dramatically to 

values as high as 2019 +/- 569 Ω cm2, while that of LiFSI approaches a plateau. 

 

The dependence of interfacial resistance, Ri, on salt concentration for C8-DMC is shown in Fig. 

2.6b. Ri obtained from LiBETI exhibits a minimum that is similar to that obtained in C6-DMC 

(Fig. 2.6a). Ri obtained from LiTFSI is independent of salt concentration (within experimental 

error). Ri obtained from LiFSI exhibits a shallow maximum with a minimum value of 154 ± 23 Ω 

cm2 at 20 wt %. While the trends seen in Fig. 2.6b are complex, at a given salt concentration, 

interfacial impedance generally decreases with decreasing anion size. 
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It is noteworthy that LiFSI/C6-DMC and LiFSI/C8-DMC, the systems that exhibit the highest 

conductivity, also exhibit the lowest interfacial impedance (Figs. 2.4 and 2.6). 

 

A significant motivation to the large number of published papers on lithium metal and PEO-

based electrolytes is the stability of the solid-electrolyte interface that forms in these systems.62,63 

The interfacial impedance of lithium metal and PEO (MW = 4000 kg/mol) with LiBETI was 

measured by Appetecchi, G. B. et al.64 They report a minimum of 80 Ω cm2 in an electrolyte 

with 20wt % salt. In another study by Zhang, H. et al. on LiFSI and LiTFSI in PEO (MW = 5000 

kg/mol) at concentrations of 17.5 and 24.5 wt %, Ri values of 80 Ω cm2 and 325 Ω cm2 were 

obtained, respectively.65 The values of Ri reported in our study for LiFSI/PFE systems are thus 

similar to those of LiFSI/PEO, and significantly lower than that of LiTFSI/PEO. The interfacial 

resistances that were measured in the PEO electrolytes in references 64 and 65 were obtained 

without the passage of current. In contrast, the values reported in Fig. 6 were obtained after the 

passage of current; see details about conditioning cycles in section 2.3 (Experimental 

Characterization).  The differences in Ri of PFE and PEO electrolytes could also be due to 

differences in hydrophilicity and the presence of trace amounts water.66  

 

Figs. 2.7a and 2.7b show the current obtained upon application of a dc potential of 40 mV in C6-

DMC and C8-DMC electrolytes. The data shown here were obtained from solutions of LiFSI, 

LiTFSI, and LiBETI at a salt concentration of 3 wt % for both electrolytes. In all cases, the 

current obtained at early times is slightly higher than that obtained at steady-state. The steady-

state current, Iss, obtained at t > 10 min, is highest for LiFSI, followed by LiTFSI and then 

LiBETI. Iss is governed by electrolyte conductivity, interfacial impedance, and other transport 

properties, namely the salt diffusion coefficient and transference number.67 The data in Fig. 2.7 

enable calculation of the approximate transference number based on steady-state current, 𝑡+,𝑖𝑑, 

using Eq. 2.2 and 2.3. 

 

 
Figure 2.6: Final interfacial resistance as a function of Li salt concentration and type of 

Li salt for a) C6-DMC and b) C8-DMC. 
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Fig. 2.8a plots 𝑡+,𝑖𝑑 against salt concentration for C6-DMC. At the lowest salt concentration (3 

wt %), all three electrolytes exhibit 𝑡+,𝑖𝑑 values near unity (between 0.93 and 0.98). For the 

soluble salts, LiFSI and LiBETI, 𝑡+,𝑖𝑑  decreases with increasing salt concentration. The LiFSI 

electrolytes reach a minimum of 0.64 ± 0.03 at 30 wt %, while the LiBETI electrolytes reach a 

minimum of 0.82 ± 0.02 at 35 wt %. Fig. 2.8b plots 𝑡+,𝑖𝑑 against salt concentration for C8-DMC. 

For LiBETI and LiTFSI, 𝑡+,𝑖𝑑 decreases with increasing salt concentration. For LiFSI, 𝑡+,𝑖𝑑  

reaches a minimum of 0.73 ± 0.05 at 20 wt %. Over most of the experimental window, 𝑡+,𝑖𝑑, at a 

given salt concentration, increases with anion size: BETI- > TFSI- > FSI-. This result is expected 

as larger ions should be less mobile.  

 

 
Figure 2.7: Typical current vs time profile for a) C6-DMC and b) C8-DMC as a function 

of Li salt. Notice that the steady-state current is a strong function of the anion. 

 

 
Figure 2.8 Ideal transference number for a) C6-DMC and b) C8-DMC as a function of Li 

salt and Li salt wt %. 

 

Of note is that even though LiFSI has the lowest 𝑡+,𝑖𝑑 value in this study, it is still greater than 

0.6 in C6-DMC and greater than 0.7 in C8-DMC across all concentrations. This is still much 
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higher than PEO-based electrolytes wherein 𝑡+,𝑖𝑑 values are reported to be in the range of 0.1-

0.4.68 Furthermore, 𝑡+,𝑖𝑑 values for C8-DMC electrolytes are higher than those for C6-DMC 

electrolytes. In previous work, it was shown that 𝑡+,𝑖𝑑 for a 9.1 wt % LiTFSI in PFPE with DMC 

endgroups (MW = 1.1 kg/mol) was 0.9,46 which is higher than that of 10 wt % LiTFSI in C8-

DMC. These observations suggest that 𝑡+,𝑖𝑑 increases with increasing molecular weight. In 

contrast, 𝑡+,𝑖𝑑 of PEO-based electrolytes decrease with increasing molecular weight.68 The 

presence of specific interactions between PEO and Li cations is well-established, and this effect 

is used to describe the dependence of 𝑡+,𝑖𝑑 and molecular weight.69 Our observations in PFPE 

electrolytes thus suggest the presence of specific interactions between the anions and the 

fluorinated backbone.  

 

Figs. 2.4 and 2.8 indicate that increasing salt concentration has opposite effects on 𝜅 and 𝑡+,𝑖𝑑: 𝜅 

generally increases while 𝑡+,𝑖𝑑 generally decreases with salt concentration. In practical 

applications, the current through an electrolyte under an applied dc potential is the important 

metric. This metric is proportional to the product 𝜅𝑡+,𝑖𝑑.52,54,69,70 Figs. 2.9a and 2.9b show the 

dependence of 𝜅𝑡+,𝑖𝑑  on salt concentration. A maximum is observed in the vicinity of 20 wt % 

salt in both C6-DMC and C8-DMC, irrespective of the soluble salt used. The optimal value of 

𝜅𝑡+,𝑖𝑑 in PFE electrolytes, 7 x 10-5 S/cm, is lower than that of PEO-based electrolytes, which are 

in the range of 2 x 10-4 to 5 x 10-4 S/cm. Additionally, 𝜅𝑡+,𝑖𝑑 of LiFSI in C8-DMC is within 

experimental error of LiFSI in C6-DMC, even though C8-DMC is of a higher molecular weight. 

It is evident that the optimal salt concentration for our PFE electrolytes is 20 wt %; neither 𝜅 nor 

𝑡+,𝑖𝑑  is maximized at this concentration.  

 

 
Figure 2.9 Conductivity of the Li cation for a) C6-DMC and b) C8-DMC as a function of 

Li salt and Li salt wt %. 

 

 

2.4 Conclusion 
 

The effect of anion size on ion transport in perfluoropolyether electrolytes was studied by 

examining mixtures of LiFSI, LiTFSI, and LiBETI in C6-DMC and C8-DMC. The solubility 
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limit of all systems was in the 25 – 35 wt % range except for LiTFSI in C6-DMC, which was 4.4 

wt %. Electrolytes with LiFSI exhibited the highest conductivity, 𝜅, and lowest interfacial 

impedance. However, their steady-state transference number, 𝑡+,𝑖𝑑, was lower than that of the 

other two salts. The efficacy of the electrolytes was studied by examining the product, 𝜅𝑡+,𝑖𝑑. 

The optimal salt concentration was 20 wt % in all cases (except the system with limited salt 

solubility). Of the salts studied, LiFSI-based systems exhibited the highest value of 𝜅𝑡+,𝑖𝑑. Our 

work suggests that specific interactions between the anions and the fluorinated backbones of our 

solvents may be important. Further spectroscopic and computational studies to examine these 

effects seem warranted. 

 

 

2.5 Supplemental Information 
 

2.5.1 Synthesis 

 

Fig. 2.S1 shows 1H NMR of the C6-DMC neat oligomer after synthesis and purification in 

deuterated acetone. The measurement was carried out in deuterated acetone. The peak at 3.84 

ppm corresponds to the hydrogens attached to the methyl group while the peak at 4.73 ppm 

corresponds to the hydrogens part of the backbone. The peak integration values, which are listed 

below each peak, correspond to the number of hydrogens contributing to that peak. 

 

 

 
 

Figure 2.S1 NMR of C6-DMC in deuterated acetone. 

 

Fig. 2.S2 shows 1H NMR of the C8-DMC neat oligomer after synthesis and purification. The 

measurement was carried out in deuterated acetone. The peak at 3.84 ppm corresponds to the 

hydrogens attached to the methyl group while the peak at 4.77 ppm corresponds to the hydrogens 
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part of the backbone. The peak integration values, which are listed below each peak, correspond 

to the number of hydrogens contributing to that peak. 

 
Figure 2.S2 NMR of C8-DMC in deuterated acetone. 

 

 

2.5.2 Error Propagation 

 

Error bars were obtained through error propagation, as shown in Eq. 2.S1, for 𝜅𝑡+,𝑖𝑑  

𝛿𝜅𝑡+,𝑖𝑑 = |𝜅𝑡+,𝑖𝑑|√(
𝛿𝜅

𝜅
)

2

+ (
𝛿𝑡+,𝑖𝑑

𝑡+,𝑖𝑑
)

2

    (2.S1) 

 

where δ𝜅𝑡+,𝑖𝑑, δ𝜅, and δ𝑡+,𝑖𝑑
  is the standard deviation of 𝜅𝑡+,𝑖𝑑, 𝜅, and 𝑡+,𝑖𝑑, respectively. 
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2.7 Nomenclature 
 

𝜅 Conductivity of the electrolyte; (S/cm) 

𝑡+,𝑖𝑑  Ideal transference number determined by the steady-state current method 
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𝛿𝑡+,𝑖𝑑 Standard deviation in 𝑡+,𝑖𝑑 

𝛿𝜅 Standard deviation in 𝜅; (S/cm)  

A Active surface area of electrode; (cm2) 

c Ratio of conductivity between liquid cells and coin cells 

Iss Steady-state current; (mA) 

Io Initial current; (mA) 

l Thickness of separator; (cm) 

Lc Inductance of measurement cabling 

Qel Constant phase element of the electrolyte 

Qint Constant phase element of the interface 

Rc Resistance of measurement cabling; (Ω) 

Rel Resistance of electrolyte; (Ω) 

Rint Resistance of solvent/electrode interface; (Ω) 

Ri,0 Resistance of solvent/electrode interface initially, prior to polarization; (Ω)  

Ri,ss Resistance of solvent/electrode interface when Iss reached; (Ω) 
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3 Difference Between Approximate and Rigorously Measured 

Transference Numbers in Fluorinated Electrolytes† 
 

3.1 Introduction 

 
Developing next generation lithium-ion technology requires synergistic efforts ranging from 

electrode development to electrolyte engineering. Electrolytes used in current lithium-ion cells 

are typically mixtures of ethylene carbonate (EC), dimethyl carbonate (DMC) and lithium 

hexafluorophosphate (LiPF6).71–74 However, these electrolytes are highly flammable at room 

temperature; the flash point of DMC is 18 °C. The development of nonflammable electrolytes 

has thus garnered considerable attention. Electrolytes based on fluorinated solvents have been 

recently shown as interesting candidate materials for lithium-ion batteries.31,45,46,75–77 While 

fluorinated additives are often used in lithium-ion technology to help stabilize the solid 

electrolyte interphase layer at the anode, the notion that a fluorinated solvent could serve as an 

electrolyte is relatively new.78,79 These electrolytes exhibit larger electrochemical stability 

windows than alkyl carbonates.45 The standard approach for quantifying ion transport in 

electrolytes comprises measurement of ionic conductivity, , using blocking electrodes. 

However, it is well established that complete characterization of a binary electrolyte (solvent + 

salt) requires measurement of two additional transport coefficients, the salt diffusion coefficient, 

D, and the transference number of the cation with respect to the velocity of the solvent, 𝑡+
0, and 

the thermodynamic factor, Tf.39,80  

 

The transference number of fluorinated electrolytes is of interest due to fundamental differences 

in solvent-salt interactions relative to conventional electrolytes. In conventional electrolytes such 

as alkyl carbonates, the salt-solvent interactions are dominated by associations between oxygen 

atoms on the solvent and lithium cations. Such associations are weakened in fluorinated 

electrolytes due to the electron withdrawing character of fluorine atoms. Instead, one might 

expect associations between the fluorinated solvent and the fluorinated anion due to the well-

documented fluorous effect.50,81 These interactions could result in an increase in the cation 

transference number, which, in turn, could improve the efficacy of fluorinated electrolytes. 

Interestingly, reported cation transference numbers of fluorinated electrolytes in the literature are 

as high as 0.9, compared with 0.4 or less in conventional electrolytes.46,76,82–84 All of the cation 

transference numbers of fluorinated electrolytes reported in the literature are based on the 

assumption that the solutions are ideal. An ideal electrolyte is defined to be one that contains 

completely disassociated ions that do not interact with each other and this gives rise to activity 

coefficients that are unity and independent of molality. We use a symbol 𝑡+,𝑖𝑑 to refer to the 

transference number based on the ideal solution approximation. The method for measuring 𝑡+,𝑖𝑑 

was pioneered by Bruce and Vincent.53,54 The high ideal cation transference number is often 

taken as a signature of rapid diffusion of the cation relative to the anion. A standard approach for 

measuring the self-diffusion coefficient of the ions is pulsed field gradient NMR (PFG-

NMR).48,85–88 If the ideal solution assumption were valid, then 𝑡+,𝑁𝑀𝑅 and 𝑡+,𝑖𝑑 would be in 

quantitative agreement. 

                                                 
† This chapter is reported in Shah, D. B., et al. Difference between approximate and rigorously measured 

transference numbers in fluorinated electrolytes. Phys. Chem. Chem. Phys. 2019, 21, 7857 – 7866.  
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The purpose of this paper is to report on the complete electrochemical characterization of a 

fluorinated electrolyte including measurement of , D, 𝑡+
0 and Tf. The chemical structures of the 

fluorinated solvent, C8-DMC, is shown in Fig. 3.1a and that of the FSI anion is shown in Fig. 3. 

1b. Pulsed field gradient NMR experiments were used to quantify self-diffusion coefficients of 

the cations and anions in this fluorinated electrolyte. We show that the rigorously measured 

transference number, 𝑡+
0, differs qualitatively from that obtained using the ideal solution 

approximation. 

 

 
 

Figure 3.1 (a) Reaction to produce C8-DMC from the commercial C8-Diol analog and 

(b) FSI anion. 

 

 

3.2 Experimental Details 

 
3.2.1 Perfluoroether Synthesis 

 

The perfluoroether (PFE) was synthesized from a diol terminated precursor following procedures 

described in Wong, D. et al. and Olson, K. et al.31,49 Fig. 3.1a shows our approach to synthesize 

C8-DMC. 0.10 mol of the perfluorinated glycol precursor (0.20 mol -OH end groups) and three 

molar equivalents triethylamine (84 mL, 0.60 mol) were dissolved in 400 mL of 1,1,1,3,3-

pentafluorobutane in a 1 L 3-neck round-bottom flask. The solution was cooled to 0°C under 

nitrogen atmosphere using a salt + ice bath. Methyl chloroformate (46 mL, 0.60 mol) was added 

dropwise over the course of two hours with rapid stirring, resulting in significant gas evolution 

and formation of the white triethylamine hydrochloride (TEA HCl) precipitate. The reaction was 

stirred overnight under nitrogen atmosphere at ambient temperature, and reaction completion 

was confirmed by proton nuclear magnetic resonance (1H-NMR). 

 

The TEA HCl salt was removed by gravity filtration, yielding a pale-yellow solution. The salt 

was washed three times with 50 mL 1,1,1,3,3-pentafluorobutane to remove residual product. The 

combined pentafluorobutane solution was then washed 3x with 500 mL water and 1x with 500 

mL brine using a separatory funnel. The solution was stirred with activated carbon to remove 

coloration and dried with magnesium sulfate. After filtering the solids, pentafluorobutane was 

removed under reduced pressure, yielding a clear oil. The dimethyl carbonate terminated 

perfluorinated tetraethylene ether (C8-DMC) was dried under vacuum at 50°C for two days. The 

molecular weight (MW) for C8-DMC is 526 g/mol. Figs. 3.S1a and 3.S1b in the supplemental 
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information show the 1H-NMR spectra of the precursor and product dissolved in deuterated 

acetone. 

 

Thermogravimetric analysis (TGA) was used to determine the volatility of C8-DMC using a TA 

Instruments Q5000 TGA under nitrogen flow (10 mL/min) from 25 °C to 500 °C at a heating 

rate of 10 °C/min. The temperature at which a 5% mass loss were recorded from the TGA curve 

was 129 °C for C8-DMC. Closed-cup flash point measurements were performed using an Erdco 

Rapid Tester small-scale apparatus following ASTM D 3278. No flash point was detected for 

C8-DMC within the experimental window (up to 250°C). 

 

 

3.2.2 Salts 

 

Lithium bis(fluorosulfonyl)imide (LiFSI) (cat. no. 097602) was purchased from Oakwood 

Products, Inc. The salt was ≥ 99% pure, as confirmed by a Certificate of Analysis form. The salt 

was dried at 100 °C under dynamic vacuum for three days inside a glovebox antechamber. The 

salt, oligomer, and electrolytes were stored within an argon filled Vac glovebox with H2O and O2 

concentrations kept below 1 ppm. 

 

 

3.2.3 Electrolyte Preparation 

 

Prior to transfer into the glovebox, C8-DMC was dried under active vacuum inside the glovebox 

antechamber at 50 °C for 72 hours. In order to form electrolytes, a predetermined amount of Li 

salt was added to a known mass of C8-DMC. Once the salt was added, the electrolytes were 

placed on a magnetic stirrer and were allowed to mix for 12 hours or more using a magnetic stir 

bar. 

 

 

3.2.4 Experimental Characterization 

 

All experiments were conducted at 30 °C ± 1 °C. Coin cells were run in heating ovens and 

concentration cells were immersed in a temperature controlled oil bath. All the error bars 

reported are standard deviations of replicate measurements. Error propagation formulas for 

relevant measurements are reported in supplemental information. 

 

Conductivity measurements 

 

Conductivity samples were prepared by sandwiching an electrolyte soaked separator, Celgard 

2500 (Celgard Company), with a stainless steel shim (MTI Corporation) on either side. The 

stainless steel shims were 15.5 mm in diameter and 0.2 mm in thickness; Celgard 2500 was cut 

to 19 mm in diameter and had a thickness of 25 μm. The stack was placed into CR2032 coin 

cells (Pred Materials) that were than hermetically sealed. Three replicate cells were produced and 

measured for each electrolyte. Conductivity data was collected through ac impedance 

spectroscopy performed on a Bio-Logic VMP3 potentiostat. The frequency range analyzed was 

between 1 MHz and 100 mHz at an amplitude of 60 mV. Fig. 3.2a shows typical impedance data 
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collected in coin cells and the equivalent circuit is shown in the inset. Here, Rs is the resistance of 

the electrolyte/separator composite, Q and Qint are the constant phase elements associated with 

the electrolyte/separator and interface, respectively, and Rc and Lc are the resistance and 

inductance, respectively, associated with the VMP3 cables. The conductivity of the electrolytic 

phase, 𝜅, was calculated using Eq. 3.1 

 

𝜅 =
𝜏

𝜙c

𝑙

𝑅𝑠𝐴
  (3.1) 

 

where A is the electrode area of the coin cells in cm2, l is the thickness of the separator in cm, 𝜏  

is the tortuosity of the separator and 𝜙c is the volume fraction of the conducting element within 

the separator. Both τ and 𝜙c are experimentally determined, and the ratio was determined by 

measuring the conductivity of five electrolytes using a FiveEasy Conductivity Meter F30 

(Mettler Toledo) and dividing the obtained conductivity values by the separator conductivities. 

The five molalities measured using the conductivity probe were 0.28, 0.60, 0.94, 1.30 and 1.78 

mol LiFSI/kg C8-DMC and 
𝜏

𝜙c
 was found to be 8.47 ± 0.69. 

 

The conductivity of neat C8-DMC solvent was measured to be 3.02 x 10-7 S/cm, which we 

assume is due to impurities. We treat this value as a background and report the conductivity of 

our electrolytes after subtracting 3.02 x 10-7 S/cm from the measured values. 

 

The cell constant, 
𝜏

𝜙c
, is also known as the MacMullin number, Nm 

 

𝑁𝑚 =
𝜏

𝜙𝑐
=

𝜅

𝜅𝑠
 (3.2) 

 

where 𝜅𝑠 is the separator conductivity.89 The volume fraction was calculated following a similar 

procedure to that of reference 90. In order to calculate the porosity of the Celgard 2500 separator, 

5 replicate uptake volume measurements for each salt molality were done. The average 

conducting phase volume fraction was found to be 0.535 ± 0.030 across the range of salt 

molalities. The density, ρ, at each salt concentration was obtained by filling a differential 

scanning calorimetry (DSC) sample pan (TA Instruments) with a known volume of 40 uL and 

measuring the mass of the electrolyte at 30 °C; three replicates were measured at each salt 

concentration. Results are shown in Table 3.1. 

 

The MacMullin number was combined with the conducting phase volume fraction in order to 

calculate the separator tortuosity, τ = 4.53 ± 0.45. 
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Table 3.1 Values of LiFSI wt %, molality, calculated concentration, and measured 

density for C8-DMC electrolytes. 

LiFSI wt% m (mol/kg) c (mol/L) ρ (g/L) 

0 0 0 1459 ± 64 

1.0 0.05 0.08 1487 ± 26 

5.0 0.28 0.39 1447 ± 72 

10.0 0.60 0.89 1660 ± 17 

14.9 0.94 1.36 1681 ± 24 

19.6 1.30 1.70 1627 ± 75 

25.0 1.78 2.36 1764 ± 14 

 

Lithium symmetric cells for ideal transference number 

 

Lithium symmetric cells were assembled similar to conductivity samples. However, instead of 

stainless steel shims, lithium discs, cut from lithium chips (MTI Corp.), were used on either side 

of the electrolyte-soaked Celgard. The diameter of the 150 μm thick Li disc was 12.7 mm. Three 

replicate cells were produced for each electrolyte. Data were collected on a Bio-Logic VMP3 

potentiostat. Each sample cell was subjected to a conditioning treatment, which consisted of 

charge and discharge cycles at 0.02 mA/cm2 in order to help stabilize the interfacial layer. The 

sequence performed was a 4 hour charge, 30 minutes rest, a 4 hour discharge, 30 minutes rest, 

and repeated for a total of 6 times. Ac impedance was carried out before the beginning of 

conditioning, after each rest step, and at the end of conditioning. Each sample was then polarized 

at ΔV = ± 40 mV and ± 80 mV for 1 hour in order to ensure that the ideal transference number, 

𝑡+,𝑖𝑑, collected was independent of the applied potential, an important consideration since the 

method assumes that minimal concentration gradients develop over the course of the 

measurement. During chronopotentiometry, current was measured at 1 second intervals in order 

to capture the full current response. Ac impedance data were collected every 20 minutes with an 

ac amplitude of 20 mV and 40 mV for the dc applied potentials of ± 40 mV and ± 80 mV, 

respectively. The data obtained for all of these cases were similar. We report data acquired using 

ac impedance spectroscopy with an amplitude of 20 mV during dc polarization of 40 mV in Fig. 

3.2b. Data were modeled to the equivalent circuit shown in the inset of Fig. 3.2b, where Rint is the 

interfacial impedance. Fig. 3.2b represents the typical impedance data seen for Li symmetric 

cells. 

 

Assuming Ohm’s law, which is a reasonable assumption prior to cell polarization due to a lack of 

concentration gradients, an initial current, IΩ, is given by Eq. 3.3: 

 

𝐼Ω =
Δ𝑉

𝑅𝑇
 (3.3) 
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where ΔV is the applied polarization potential and RT is the total initial cell resistance as 

measured by ac impedance spectroscopy. Eq. 4 was then used to calculate the ideal transference 

number:54,91 

 

𝑡+,𝑖𝑑 =
𝐼𝑠𝑠

𝐼Ω
(

Δ𝑉 − 𝐼Ω𝑅𝑖,0

Δ𝑉 − 𝐼𝑠𝑠𝑅𝑖,𝑠𝑠
)  (3.4) 

 

where Iss is the steady state current, Ri,0 is the initial interfacial resistance, and Ri,ss is the 

interfacial resistance when Iss is reached.  

 

 
Figure 3.2 Ac impedance data of C8-DMC/LiFSI at m = 0.60 mol/kg at T = 30 °C. (a) A 

symmetric cell with stainless steel (blocking) electrodes (data shown to 250 Hz for 

clarity) and (b) a symmetric cell with lithium (non-blocking) electrodes. The dashed 

black lines are fits to the equivalent circuits shown. 

 

Restricted diffusion measurements 

 

Diffusion coefficients were measured using the restricted diffusion technique.89,90 Lithium 

electrodes (thickness 150 μm, diameter 12.7 mm) sandwiched electrolyte soaked Celgard 2500 

separators (thickness 25 μm). Four dc potentials, ±40 mV and ±80 mV, were used to polarize the 

cell until a steady-state current was realized. The potential was then removed and the cells were 

allowed to relax for 2 hours while the open-circuit potential, U, was measured every 5 seconds. 

Porous separators were used in order to control for convection, an important precaution for liquid 

electrolytes.91 Three configurations were used, with 5, 10 and 15 separators stacked to adjust the 

thickness of the electrolyte. The three thicknesses, combined with four dc potentials resulted in 

36 independent diffusion coefficient measurements for each salt concentration. The open circuit 

relaxation potential was analyzed, and representative relaxation profiles for m = 0.60 mol/kg can 

be seen in Fig. 3.3 for all three electrolyte thicknesses. The relaxation profiles were fit to Eq. 3.5  

𝑈(𝑡) = 𝑘0 + 𝑎𝑒−𝑏𝑡 (3.5) 
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where a and b are fit parameters and k0 is an empirically determined offset voltage. The salt 

diffusion coefficient within the separator, Ds, is related to b by 

 

𝐷𝑠 =
𝑙2𝑏

𝜋2
 (3.6) 

 

where l is the thickness of the separator stack. The lower time limits of the fits are such that 𝛼 =
𝐷𝑠𝑡/𝑙2 > 0.05.92  

 

This paper reports the diffusion coefficient of the salt in the electrolytic phase, D, and in order to 

do so, the tortuosity of the separator had to be taken into consideration: 

𝐷 = 𝜏𝐷𝑠 (3.7) 

where Ds is the measured diffusion coefficient within the separator. 

 

 
Figure 3.3 Open circuit potential versus time after dc polarization of 40 mV of a C8-

DMC/LiFSI electrolyte with m = 0.60 mol/kg in lithium-electrolyte-lithium cells with 

Celgard 2500 separators. The number of Celgard 2500 separators was varied to obtain 

different electrolyte thicknesses. Salt diffusion coefficients are extracted by fitting the 

data to Eq. 3.5 (solid black curves). The diffusion coefficients obtained from the different 

fits are in good agreement (1.86 x 10-8 (𝛼 = 0.051), 2.39 x 10-8 (𝛼 = 0.051), 2.39 x 10-8 (𝛼 

= 0.050) cm2/s for 5, 10 and 15 stacked Celgards, respectively). 

 

Concentration cells 

 

In order to gather information on the electrolytes’ thermodynamic factor, concentration cells 

were made. A U-cell design, similar to what is found in Stewart et al., was custom made by 

Adams & Chittenden.93 A porous glass frit separated the two sides of the U-cell, and care was 

taken to ensure that mixing did not occur between the two halves. Two glass frits of different 

pore size were used: one with pore sizes ranging from 10 – 16 μm and another ranging from 1.0 

– 1.6 μm. One side of the U-cell contained a reference electrolyte of mref = 0.60 mol/kg, while 
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the other side was filled with electrolytes of varying molalities. Both sides of the U-cell were 

filled with electrolyte such that the heights on both sides were the same, an effort necessary to 

minimize pressure differences across the glass frit. Strips of lithium (MTI Corp.) were cut and 

brushed, and then immersed into the two halves of the U-cell. The open-circuit potential, U, was 

monitored with time. The open-circuit potential was monitored for 1 hour, in which the potential 

plateaued for the entirety of the measurement, further confirming that electrolyte mixing did not 

occur within the measurement time frame. The potential difference is related to the 

thermodynamic factor by the following equation:39 

 

𝐹(𝑧+𝑣+)

𝑣𝑅𝑇(1 − 𝑡+
0)

𝑑𝑈

𝑑𝑙𝑛𝑚
 = 1 +

𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚
 (3.8) 

 

where z+ is the charge number, v+ is the number of cations, both of which are 1 for LiFSI, and 
𝑑𝑈

𝑑 ln 𝑚
 is the change in the open-circuit potential, U, with ln(m).  

 

Transference number calculation 

 

The transference number of the electrolytic phase, 𝑡+
0, was then calculated by combining the 

above four independent measurements (conductivity, ideal transference number, concentration 

cells, and restricted diffusion). Balsara and Newman showed that the ideal transference number 

is related to the cation transference number70 

 

𝑡+
0 = 1 − √

𝐹2𝜙𝑐𝐷𝑠𝑐
𝑣𝜅𝑠𝑅𝑇 (

1
𝑡+,𝑖𝑑

− 1)

1 +
𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚

. (3.9) 

 

Here, v is related to the stoichiometric factor and is equal to 2 for a monovalent salt. The volume 

fraction of the conducting phase, 𝜙𝑐, must also be included if the separator conductivity, κs, and 

separator salt diffusion coefficient, Ds, are used since 𝑡+
0 is a property of only the electrolytic 

phase. By combining Eq. 3.9 with Eq. 3.8, the thermodynamic factor can be determined with 

experimentally measurable quantities 

 

𝜅𝑠(𝑧+𝑣+)

𝑣𝑅𝑇𝜙𝑐𝐷𝑠𝑐 (
1

𝑡+,𝑖𝑑
− 1)

 (
𝑑𝑈

𝑑𝑙𝑛𝑚
)

2

= 1 +
𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚
. (3.10) 

 

Eq. 3.10 is slightly different from similar equations used by us to analyze data.94,95 The main 

difference is that the 
𝑑𝑈

dln 𝑚
 term in Eq. 3.10 is squared. The sign of the open circuit potential 

depends on convention – some researchers report positive values for U, while others report 

negative values for U.70,93,95,96 This depends on whether the positive or negative lead from the 

potentiostat is connected to the reference electrolyte. Eq. 3.10 is applicable regardless of 

convention or how the potentiostat is connected to the reference electrolyte. Once the 
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thermodynamic factor is calculated, 𝑡+
0 can be determined. Additionally, the above equation is 

true for all concentrations, as there are no assumptions about ideality within the calculation of 𝑡+
0 . 

 

Pulsed field gradient NMR 

 

NMR samples were prepared in an argon glovebox using 5 mm tubes with high-pressure caps. 

Self-diffusion coefficients were measured on a Bruker Avance 600 MHz instrument with a Z-

gradient direct detection broad-band probe and a variable temperature unit maintained at 30 °C 

throughout the experiments. Measurements were performed on 7Li at 233 MHz and 19F at 565 

MHz to probe the diffusion of the lithium cations and fluorine-containing FSI anions. The peak 

at 50 ppm is assigned to the FSI anion (see Fig. 3.S2a and 3.S2b in supplemental information). 

The T1 of each peak was measured using inversion recovery, and a recycle delay of at least 4 

times T1 was used in diffusion measurements. For all samples containing less than m  = 1.30 

mol/kg, a double stimulated bipolar gradient pulse sequence (Bruker sequence dstebpgp3s) was 

used to correct for convection in the sample.97,98 Because of the lower signal intensity in more 

concentrated electrolytes, a longitudinal delay eddy current delay without convection 

compensation was used (Bruker sequence stebpgp1s). Experiments were performed with a 

variety of diffusion delays and pulse lengths to confirm that convection was not a source of 

inaccuracy in these samples. Diffusion intervals,  varied from 0.5 to 1 s (7Li) and 0.07 to 0.15 s 

(19F), and pulse lengths, , varied from 16 to 40 ms (7Li) and 2 to 11 ms (19F). For the dstebpgp3s 

program, the signal attenuation, E, was fit to 

 

𝐸 =  𝑒−𝛾2𝑔2𝛿2𝐷𝑖(Δ − 
5𝛿
8  − 𝜏𝑑)

 (3.11) 

where  is the gyromagnetic ratio, g is the gradient strength, Di is the self-diffusion coefficient of 

species i, and d is the delay for gradient recovery. For the stebpgp1s program, the signal 

attenuation was fit to 

 

𝐸 = 𝑒−𝛾2𝑔2𝛿2𝐷𝑖(Δ − 
𝛿
4). (3.12) 

For both pulse programs, corrections for sine-shaped gradients were included.99 32 experiments 

with varying gradient strength, g, were performed for each diffusion coefficient measurement, 

always resulting in a linear signal attenuation on the Stejskal-Tanner plot. An example of the Li 

PFG-NMR data for a diffusion time of 0.1 s is shown in Fig. 3.S3, which shows the ln(E) vs 

𝛾2𝑔2𝛿2𝐷𝑖(Δ − 
5𝛿

8
 −  𝜏𝑑). All parameters on the x-axis are known, thus the magnitude of the 

slope is the self-diffusion coefficient of Li, DLi. 

 

 

3.3 Results and Discussion 
 

The electrochemical characterization experiments were conducted on C8-DMC/LiFSI mixtures 

contained within one or more Celgard 2500 separators. Our objective is to extract the properties 

of the C8-DMC/LiFSI electrolyte from these measurements. The ionic conductivity of the 

electrolytic phase, 𝜅, is extracted from the raw data using Eq. 3.1, which accounts for the 
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tortuosity of the separator, , and the volume fraction of the conducting phase in the separator, 

𝜙𝑐. The salt diffusion coefficient of the electrolytic phase, D, is extracted from the raw data 

obtained from restricted diffusion experiments using Eq. 3.6 – 3.8; only tortuosity affects D. The 

ideal transference number, 𝑡+,𝑖𝑑, is obtained from the raw data with no corrections for the 

presence of a separator. Obviously, the open circuit potential, U, obtained from concentration 

cells (U-cell) is not corrected for tortuosity or porosity because the U-cell contains only liquids. 

However, the relationship between the thermodynamic factor and U contains a volume fraction 

correction, given by Eq. 3.10 when values of the salt diffusion coefficient and conductivity 

obtained from separator/electrolyte systems are used. Similarly, the expression for 𝑡+
0 also 

contains volume fraction corrections, as shown in Eq. 3.9. Electrolyte properties thus obtained, 

𝜅, D, 𝑡+,𝑖𝑑, and U are plotted as a function of molality in Figs. 3.4a – d.  

 

Fig. 3.4a indicates that at low concentrations, conductivity increases dramatically with increasing 

salt concentration, going through a shallow maximum of 8.49 x 10-5 S/cm at m = 0.94 mol/kg. 

The maximum concentration studied was m = 1.78 mol/kg (25 wt% LiFSI); the solution with m = 

2.31 (30 wt% LiFSI) was phase separated, and the solubility limit was taken as the average 

between these two molalities, which was m = 2.03.76 The salt diffusion coefficient of our 

perfluoroether-based electrolytes, shown in Fig. 3.4b, monotonically decreases with increasing 

salt concentration. Over the accessible concentration range, D decreases by about an order of 

magnitude. It is perhaps worth noting that D in other ether-based solvents follow different 

behavior. For example, in poly(ethylene oxide)-based electrolytes, D is more or less independent 

of salt concentration over the same concentration window.94,95 Fig. 3.4c is a plot of the ideal 

transference number vs. salt concentration. At the lowest concentration, t+,id is 0.97 which is 

remarkably close to unity. If our electrolytes were thermodynamically ideal, the near unity 

transference number would imply that the cation is much more mobile than the anion. As 

concentration increases, t+,id decreases monotonically to a value of 0.67 at m = 1.30. The fact that 

t+,id is greater than 0.5 everywhere suggests that the cation is more mobile throughout our 

concentration window. In conventional liquid electrolytes, t+,id is generally less than 0.5 at all salt 

concentrations.68 A high t+,id is thought to be a desirable characteristic for electrolytes, as that 

reduces concentration overpotential. However, this is only true if the electrolyte is 

thermodynamically ideal. In Fig. 3.4d, the open circuit potential for concentration cells is shown 

in blue as a function of the natural log of salt molality. The potential equals zero when both sides 

of the U-cell contain the reference electrolyte (m = 0.60 mol/kg). A polynomial fit to the open 

circuit potential is shown in solid blue circles, and follows the equation, shown as a solid blue 

line: 

 

𝑈(𝑚) =  −1.896(ln 𝑚)4 − 11.761(ln 𝑚)3 − 23.298(ln 𝑚)2 − 32.681 ln 𝑚
− 12.928. 

(3.13) 

 

If the solution were thermodynamically ideal, then U would be given by the Nernst potential 

  

𝑈(𝑐) =  −
𝑅𝑇

𝐹
ln (

𝑐

𝑐𝑟𝑒𝑓
), (3.14) 
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and Table 3.1 is used to convert concentrations to molality and cref = 0.89.  The open circles and 

dashed line in Fig. 3.4d represent the Nernst potential.  

 

 
Figure 3.4 Electrochemical properties of C8-DMC/LiFSI (electrolytic phase) as a 

function of molality. (a) The conductivity measured by ac impedance, (b) the diffusion 

coefficient measured by the restricted diffusion method, and (c) t+,id as measured by the 

steady-state current method. d) Results obtained in concentration cells with mref = 0.60 

mol/kg (solid symbols). The solid line is a fit through the experimental data (Eq. 3.13). 

The open symbols and dashed line give the Nernst potential (Eq. 3.14). 

 

The thermodynamic factor, 1 +
𝑑𝑙𝑛γ±

𝑑𝑙𝑛m
, calculated using Eq. 3.10 and the data shown in Fig. 3.4, 

is plotted as a function of concentration in Fig. 3.5. It increases monotonically with salt 

concentration. The transference number, 𝑡+
0, calculated using Eq. 3.9 and the data shown in Fig. 

3.4, is plotted as a function of salt concentration in Fig. 3.6. Interestingly, 𝑡+
0 is negative over the 

entire experimental window. (At the lowest salt concentration, m = 0.05, our approach indicates 

that 𝑡+
0  is -10.8. The raw data were relatively noisier at this concentration, probably due to low 

conductivity.) 
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Figure 3.5 The thermodynamic factor as a function of salt concentration. 

 

 
Figure 3.6 Transference number, 𝑡+

0 , based on concentrated solution theory as a function 

of salt concentration in the range m = 0.28 to 1.78 mol/kg. The inset includes data at a 

very low concentration, m = 0.05 mol/kg. The rest of the paper will focus on the range m 

= 0.28 to 1.78 mol/kg. 

 

In Fig. 3.7, the self-diffusion coefficients of the lithium cation, DLi, and the fluorinated anion, 

DFSI, measured by PFG-NMR are plotted as a function of salt concentration. These diffusion 

coefficients are sensitive functions of salt concentrations, decreasing by a factor of 30 over our 

concentration window. However, the self-diffusion coefficients for both species are 

approximately the same at all salt concentrations, suggesting that their motion is coupled. 
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Figure 3.7 Self-diffusion coefficients of Li and FSI determined by PFG-NMR as a 

function of salt concentration. DFSI and DLi are very similar throughout the concentration 

window. 

 

The Nernst-Hartley relation is often used to obtain an overall salt diffusion coefficient from 

PFG-NMR experiments and is usually defined as:100–102  

 

𝐷𝑁𝑀𝑅 =
2𝐷𝐿𝑖𝐷𝐹𝑆𝐼

𝐷𝐿𝑖 + 𝐷𝐹𝑆𝐼
 (3.15) 

 

However, it should be noted that Eq. 3.15 is only applicable to dilute electrolytes comprising 

completely disassociated ions. Fig. 3.8 compares DNMR with D; D is the salt diffusion coefficient 

measured by restricted diffusion. At the lowest concentration, m = 0.28 mol/kg, the two diffusion 

coefficients are within experimental error. Both diffusion coefficients decrease monotonically 

with salt concentration. It is evident that DNMR is a more sensitive function of concentration than 

D. 

 

Analogous to Eq. 3.15, a transference number based on NMR measurements is usually defined 

as: 

𝑡+,𝑁𝑀𝑅 =
𝐷𝐿𝑖

𝐷𝐿𝑖 + 𝐷𝐹𝑆𝐼
. (3.16) 

As was the case with Eq. 3.15, Eq. 3.16 is only applicable to dilute electrolytes comprising 

completely disassociated ions.  
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Figure 3.8 Dependence of the salt-diffusion coefficients measured by PFG-NMR and 

restricted diffusion on salt concentration. 

 

We conclude this section by comparing three different measurements of the transference number. 

Fig. 3.9 compares shows t+,id in blue, t+,NMR in red, and 𝑡+
0 in black. Focusing on the data at m = 

0.28 mol/kg, 𝑡+,𝑖𝑑 = 0.89. Based on the value of 𝑡+,𝑖𝑑 alone, one might have concluded that the 

cation is much more mobile than the anion. However, at m = 0.28 mol/kg, 𝑡+,𝑁𝑀𝑅 = 0.48, 

suggesting that the cation and the anion are equally mobile. These two conclusions are clearly 

inconsistent with each other. Interpretations presented above are only true if the salt had 

disassociated into Li+
 and FSI- ions that migrated independently of each other. The inconsistency 

indicates that the migration of Li+ and FSI- are not independent. The nature of ion motion in our 

electrolytes is complex and captured by full electrochemical characterization. At m = 0.28 

mol/kg, 𝑡+
0 = -1.0. The negative value of 𝑡+ 

0 implies that when a field is applied to an electrolyte 

with uniform composition, both the Li+ and FSI- are driven to the positive electrode. This can 

only happen if the solution contains charged clusters such as [Li(FSI)2]- in addition to other 

charged species such as Li+ and FSI-. It is possible that the observation that DLi and DFSI 

measured by PFG-NMR are similar due to the fact that most of the ions are present in the form 

of clusters. The stark differences between 𝑡+,𝑁𝑀𝑅, 𝑡+,𝑖𝑑 and 𝑡+
0 are noteworthy. The NMR 

transference number, 𝑡+,𝑁𝑀𝑅, is positive and independent of concentration. The ideal transference 

number, 𝑡+,𝑖𝑑, is positive and a monotonically decreasing function of concentration. In contrast, 

the rigorously defined transference number, 𝑡+
0, is negative and an increasing function of 

concentration, suggesting the presence of ion clusters in all of the electrolytes we studied. 
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Figure 3.9 The cation transference numbers measured by the steady-state current 

method, 𝑡+,𝑖𝑑, and PFG-NMR, 𝑡+,𝑁𝑀𝑅, are compared with the rigorously defined 

transference number based on concentrated solution theory, 𝑡+
0 , at different salt 

concentrations. The lack of agreement between the three measurements indicates the 

presence of ion clusters. 

 

 

3.4 Conclusion 
 

We have measured the electrochemical properties of a fluorinated electrolyte comprising LiFSI 

dissolved in a perfluoroether solvent (C8-DMC). Conductivity, 𝜅, was measured by ac 

impedance, the salt diffusion coefficient, D, was measured by restricted diffusion, and the 

transference number based on the ideal solution assumption, 𝑡+,𝑖𝑑, was measured using the 

steady-state current method. The open circuit potential measured in concentration cells, U, was 

combined with the three measurements described above to obtain the transference number, 𝑡+
0. 

The equations used to determine 𝑡+
0 are based on concentrated solution theory of Newman, which 

is applicable to all electrolytes, whether they are ideal or not. The self-diffusion coefficients of Li 

and FSI were measured by PFG-NMR, and these results give a third measure of the transference 

number, 𝑡+,𝑁𝑀𝑅. If all of the salt molecules were dissociated into free Li+ and FSI-, then the 

three transference numbers are expected to be identical (within experimental error). The data 

obtained from LiFSI/C8-DMC mixtures differ qualitatively from this expectation. The rigorously 

defined transference number, 𝑡+
0, is negative across all salt concentrations, and it increases with 

increasing salt concentration. In contrast, the ideal transference number, 𝑡+,𝑖𝑑, is positive across 

all salt concentrations and it decreases with salt concentration. The most surprising result is 

obtained in the dilute limit at m = 0.28 mol/kg where 𝑡+,𝑖𝑑 = 0.89 which suggests that the 

electrolyte is a single ion conductor,7,15 while the rigorously defined transference number, 𝑡+
0, at 

this concentration is -1.0. It is evident that in fluorinated electrolytes, 𝑡+,𝑖𝑑 does not provide 

direct insight into the relative contribution of cations to the overall cell current. The NMR-based 

transference number, 𝑡+,𝑁𝑀𝑅, is approximately 0.5, independent of salt concentration. 
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When an electric field is applied to a solution of uniform concentration, comprised of fully 

dissociated anions and cations, the positive ion will migrate toward the negative electrode and 

the negative ion will migrate toward the positive electrode. In this case, 𝑡+,𝑖𝑑 and 𝑡+,𝑁𝑀𝑅, which 

by definition are always positive, provide insight into the relative mobilities of the dissociated 

cation and anion. Our measurements of negative 𝑡+
0  imply that applying an electric field in an 

LiFSI/C8-DMC solution results in the migration of both Li+ and FSI- towards the positive 

electrode. This implies the presence of charged clusters. Further experimental and theoretical 

work is needed to quantify the nature of charged (individual ions, triplets, etc.) and uncharged 

species (ion pairs, quadruplets, etc.) in solution. 

 

 

3.5 Supplemental Information 
 

3.5.1 1H NMR Spectra 

 

Fig. 3.S1a shows the 1H NMR of the precursor C8-Diol dissolved in deuterated acetone. Fig. 

3.S1b is the 1H NMR of the product, C8-DMC, after synthesis and purification dissolved in 

deuterated acetone. 
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Figure 3.S1 (a) 1H NMR of the precursor, C8-Diol and (b) 1H NMR of the product, C8-

DMC in deuterated acetone. 

 

 

3.5.2 19F NMR Spectra 

 

Fig. 3.S2 shows 19F NMR spectra of C8-DMC with and without LiFSI. Fig. 3.S2a is that of neat 

C8-DMC and Fig. 3.S2b is of an electrolyte of composition m = 0.60 mol/kg. The fluorine peak 
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from LiFSI appears at a shift of 51.7 ppm. This peak shift was used during 19F PFG-NMR in 

order to determine the FSI tracer-diffusion coefficient. 

 
 

 
Figure 3.S2 19F NMR spectra of C8-DMC (a) neat C8-DMC (no salt) and (b) a C8-DMC 

based electrolyte with m = 0.60 mol/kg. 
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3.5.3 PFG-NMR Data 

 

Fig. 3.S3 displays the natural log of the PFG-NMR attenuation signal vs the constants within the 

exponential of Eq. 3.11 in the main manuscript. The red circles are the experimental data and the 

black line is a linear fit to the data. The magnitude of the slope of the line-of-best-fit is the self-

diffusion coefficient of DLi, which is 3.23x10-7 cm2/s in this case. 

 

 
Figure 3.S3 7Li PFG-NMR diffusion data for a C8-DMC electrolyte with m = 0.05. The 

red circles are experimental data and the black line is the line of best fit. The slope is the 

self-diffusion of lithium.  

 

 

3.5.4 Error Propagation 

 

Rigorously defined transference number, 𝑡+
0: 

 

𝛿𝑡+
0 = |𝑡+

0|√(
𝛿𝜅

𝜅
)

2

+ (
𝛿𝐷𝑠

𝐷𝑠
)

2

+ (
𝛿𝑡+,𝑖𝑑

𝑡+,𝑖𝑑
)

2

+ (
𝛿𝜙𝑐

𝜙𝑐
)

2

 (3.S1) 

 

Thermodynamic factor, 1 +
𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚
: 

 

𝛿 (1 +
𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚
) = |1 +

𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚
|√(

𝛿𝜅

𝜅
)

2

+ (
𝛿𝐷𝑠

𝐷𝑠
)

2

+ (
𝛿𝑡+,𝑖𝑑

𝑡+,𝑖𝑑
)

2

+ (
𝛿𝜙𝑐

𝜙𝑐
)

2

 (3.S2) 

 

 

 

 

-2.0

-1.5

-1.0

-0.5

0.0

ln
(E

)

6x10
6543210

(g)
2
(d)

y = -3.23x10
-7

x - 0.0183



37 

 

Overall tracer-diffusion coefficient, 𝐷𝑁𝑀𝑅: 

 

𝛿𝐷𝑁𝑀𝑅 = √(
2𝐷𝐹𝑆𝐼

(𝐷𝐿𝑖 + 𝐷𝐹𝑆𝐼)2
𝛿𝐷𝐿𝑖)

2

+ (
2𝐷𝐿𝑖

(𝐷𝐿𝑖 + 𝐷𝐹𝑆𝐼)2
𝛿𝐷𝐹𝑆𝐼)

2

 (3.S3) 
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3.7 Nomenclature 
 

A Active surface area of electrode (cm2) 

a, b Fit parameters in Eq. 3.5 

𝑐 Concentration (mol/L) 

𝐷 Salt diffusion coefficient of electrolytic phase (cm2/s) 

𝐷𝑖 Self-diffusion coefficient of species i as measured by PFG-NMR (cm2/s) 

𝐷FSI Self-diffusion coefficient of FSI as measured by PFG-NMR (cm2/s) 

𝐷Li Self-diffusion coefficient of Li as measured by PFG-NMR (cm2/s) 

𝐷NMR Overall self-diffusion coefficient (cm2/s) 

𝐷𝑠 Salt diffusion coefficient of electrolyte in separator (cm2/s) 

E Attenuation of the echo 

𝐹 Faraday’s constant (96,485 C/mol) 

G Gradient strength 

Iss Steady-state current (mA) 

Io Initial current (mA) 

k0 Offset voltage (mV) 

Lc Inductance of measurement cabling (H) 

l Thickness of electrolyte/separator (cm) 

𝑚 Molality (mol/kg) 

Nm MacMullin number; obtained by taking the ratio of κ/κs  
Qel Constant phase element of the electrolyte 

Qint Constant phase element of the interface 

R Ideal gas constant (J/mol K)  

Rc Resistance of measurement cabling (Ω) 
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Rint Resistance of electrolyte/electrode interface (Ω) 

Ri,0 Resistance of electrolyte/electrode interface initially, prior to polarization (Ω) 

Ri,ss Resistance of solvent/electrode interface when Iss reached (Ω) 

Rs Resistance of electrolyte/separator composite (Ω) 

RT Total resistance of cell (Rs + Ri,0) 

T Temperature (K) 

Tf Thermodynamic factor 

t Time (s) 

𝑡+
0 Transference number obtained using the Balsara and Newman method 

𝑡+,𝑖𝑑 Ideal transference number using steady-state current method 

t+,NMR Transference number obtained using pulsed field gradient NMR 

𝑈 Open-circuit voltage (mV) 

𝑧+ Cation charge 

1 +
𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚
 Thermodynamic factor 

 
Greek 

𝛼 Nondimensional time 

𝛾 Gyromagnetic ratio 

𝛾± Mean molal activity coefficient of the salt 

Δ Diffusion interval (s) 

Δ𝑉 Dc polarization potential (mV) 

𝛿 Length of gradient pulse (s) 

𝜅 Conductivity of the electrolytic phase; (S/cm) 

𝜅𝑠 Conductivity of the electrolyte and separator combined; (S/cm) 

𝑣 Stoichiometric parameter = 2 for univalent salts (= 𝑣+ + 𝑣−) 

𝑣𝑖 Number of cations/anions per molecule of salt (𝑖 = + or −) 

𝜌 Density of electrolyte (g/L) 

𝜏 Tortuosity of the separator 

𝜏𝑑 Delay for gradient recovery (s) 

𝜙𝑐 Volume faction of conducting phase in separator 
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4 Comparing Measurements of Limiting Current of Electrolytes 

with Theoretical Predictions up to the Solubility Limit† 
 

4.1 Introduction 
 

A barrier to the development of next-generation rechargeable lithium-based batteries is the 

electrolyte. Conventional electrolytes, comprising a lithium salt, LiPF6, dissolved in a mixture of 

cyclic carbonates, exhibit limited electrochemical stability windows (< 4.5 V vs Li+/Li), and are 

susceptible to thermal runaway.103,104 One approach has been to replace conventional, carbonate 

electrolytes with fluorinated, electrolytes that have reduced flammability.31,46,75,76,105 Fluorinated 

electrolytes also exhibit high oxidation potentials (> 5 V vs. Li+/Li), and thus have the potential 

to enable high voltage cathodes.45,106  

 

The operation of a battery results in the development of salt concentration gradients within the 

electrolyte. These gradients arise due to existence of two mobile charge carriers: the anion and 

cation, and the magnitudes of the gradients increase with increasing current density. The limiting 

current is defined as the largest current that can be imposed on the electrolyte. Conventional 

wisdom suggests that at the limiting current, the salt concentration gradient is so large that the 

salt concentration at the cathode approaches zero.39 A few studies report experimentally 

determined liming current, but the factors that govern this parameter have not been fully 

elucidated.107,108  

 

Complete electrochemical characterization for a binary electrolyte requires the measurement of 

the thermodynamic factor, Tf, and three transport properties: conductivity, 𝜅, the salt diffusion 

coefficient, D, the cation transference number with respect to the solvent 𝑡+
0.39 All of the 

parameters must be measured as a function of salt concentration to obtain a complete 

picture.80,94,95,109,110 In a recent study, Pesko et al. used measured values of Tf, 𝜅, D, and 𝑡+
0 in 

mixture of poly(ethylene oxide) (PEO) and lithium bis(trifluoromethanesulfonyl)imide salt 

(LiTFSI) to predict limiting current based on the conventional definition of limiting current.111  

 

Recently, we reported Tf, 𝜅, D, and 𝑡+
0 for a perfluoropolyether, C8-DMC, mixed with lithium 

bis(fluorosulfonyl)imide salt (LiFSI).112 We use Newman’s concentrated solution theory to 

predict concentration and potential profiles as a function of salt concentration and current density 

in lithium symmetric cells at steady-state. We also use the theory to calculate transient 

concentration and potential profiles in the electrolyte. We note conditions (salt concentration and 

current density) under which the salt concentration at the cathode approaches zero. We also note 

the conditions under which salt concentration at the anode approaches the solubility limit. These 

predictions are compared with experimental data without the use of any adjustable parameters. 

 

 

 

 

                                                 
† This work is reported in Shah, D. B., et al. Comparing Measurements of Limiting Current of Electrolytes with 

Theoretical Predictions up to the Solubility Limit. J. Phys. Chem. C. 2019, 123, 23872 – 23881. 
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4.2 Experimental Details 
 

4.2.1 Electrolyte Preparation 

 

The perfluoroether, C8-DMC (CAS-No. 1976035-41-2), was synthesized from a diol terminated 

precursor following procedures described in previous work.31,49,76,112 The chemical formula of 

C8-DMC is given in Fig. 1a. All sample preparation was done within an argon filled Vac 

glovebox with H2O and O2 concentrations kept below 1 ppm. Lithium bis(fluorosulfonyl)imide 

(LiFSI) (cat. no. 097602) was purchased from Oakwood Products, Inc. Fig. 1b contains the 

chemical formula of the FSI anion. The salt was ≥ 99% pure, as confirmed by a Certificate of 

Analysis form. The salt was dried at 100 °C under dynamic vacuum for three days inside a 

glovebox antechamber. Prior to transfer into the glovebox, C8-DMC was dried under active 

vacuum inside the glovebox antechamber at 50 °C for 72 hours. In order to form electrolytes, a 

predetermined amount of Li salt was added to a known mass of C8-DMC. Once the salt was 

added, the electrolytes were placed on a magnetic stirrer and were allowed to mix for 12 hours or 

more using a magnetic stir bar. The salt concentration of prepared electrolytes is described as 

mav, the molality of the electrolyte in units of mol LiFSI/kg C8-DMC. Electrolytes were prepared 

within a concentration window of 0.28 ≤ 𝑚𝑎𝑣 ≤ 1.78 mol/kg. 

 
Figure 4.1 (a) C8-DMC and (b) FSI anion. 

 

 

4.2.2 Lithium symmetric cells and limiting current measurements 

 

Lithium symmetric cells were assembled by sandwiching an electrolyte-soaked separator, 

Celgard 2500 (Celgard Company), with lithium discs, cut from lithium chips (MTI Corp.). 

Celgard 2500 was cut to 19 mm in diameter and had an average thickness, L, of 25.4 ± 0.6 𝜇m. 

The diameter of the 150 μm thick Li disc was 12.7 mm. Three replicate cells were produced for 

each electrolyte and the reported data is the average of those three cells, with error bars 

representing the standard deviation between the replicate cells. Data were collected on a Bio-

Logic VMP3 potentiostat. Each sample cell was subjected to a conditioning treatment, which 

consisted of charge and discharge cycles at 0.02 mA/cm2 in order to help stabilize the interfacial 

layer. The sequence performed was a 4 hour charge, 30 minutes rest, a 4 hour discharge, 30 

minutes rest, and repeated for a total of 6 times. To track the cell impedance with time, ac 

impedance spectroscopy was performed before the beginning of conditioning, after each rest 

step, and at the end of conditioning. Complex impedance plots were obtained within a frequency 

range of 1 MHz to 100 mHz. Each sample was then polarized at all of the following current 

densities for 30 minutes: iss = 0.20, 0.40, 0.50, 0.60, 0.70, 0.75, 0.80, and 1.00 mA/cm2 with 

potential and current data recorded every five seconds. Ac impedance spectroscopy followed 

each polarization and the data were analyzed in the form of a Nyquist plot. The data were fit to 

an equivalent electrical circuit and the interfacial impedance, Ri, was extracted, as described in a 
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previous publication.76 The interfacial impedance was used to correct for the potential drop, Φ, 

across an electrolyte, as described in Eq. 4.1 below 

 

Φ(𝑡) = Φ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑡) − 𝑅𝑖𝑖𝑠𝑠𝐴 (4.1) 

 

where Φ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the potential across the lithium symmetric cell as measured by the 

potentiostat under a given steady-state current density, iss, and A is the active area of the 

electrode. All electrochemical characterization was done at 30 °C. 

 

 

4.3 Theory 
 

4.3.1 Steady-state model 

 

The relationship between iss and the electrochemical properties of an electrolyte, based on 

Newman’s concentrated solution theory,39 was derived in ref. 111. This relationship changes 

slightly when the electrolyte is contained in a porous separator (we call this the 

electrolyte/separator composite), and is given by Eq. 4.2 

 

∫
𝑐(𝑚)𝐷𝑠(𝑚)

𝑚𝑡−
0(𝑚)

𝑑𝑚 =
𝑖𝑠𝑠𝐿

𝐹𝑧−𝑣−
(

𝑥

𝐿
)

𝑚(𝑥)

𝑚(𝑥=0)

 (4.2) 

 

where c is the concentration of the salt in the electrolytic phase in mol/cm3, Ds is the salt 

diffusion coefficient measured by restricted diffusion on the electrolyte/separator composite, m is 

the molality, 𝑡−
0 is the anion transference number relative to the velocity of the solvent (𝑡−

0 = 1 −
𝑡+

0), 𝑧− is the charge number on the anion, 𝑣− is the number of anions the salt disassociates into, 

L is the thickness of the electrolyte/separator composite, x/L is the normalized thickness, and F is 

Faraday’s constant (the transference number is unaffected by the presence of the separator). All 

of the ion transport properties depend on salt concentration, as indicated in Eq. 4.2. During an 

experiment, the average salt concentration of the electrolyte, mav, is controlled. The molality 

profile predicted by Eq. 4.2 must be averaged from x = 0 to x = L to ensure that the model 

predicted average concentration is equal to mav. 

 

The relationship between the electric potential within an electrolyte/separator composite to the 

measurable transport properties is given by 

 

Φ𝑠𝑠(𝑥) = −𝐹𝑧−𝑣− ∫
𝑐(𝑚)𝐷𝑠(𝑚)

𝑚𝑡+,𝑖𝑑(𝑚)𝜅𝑠(𝑚)𝑡−
0(𝑚)

𝑑𝑚
𝑚(𝑥=0)

𝑚(𝑥=𝐿)

 (4.3) 

 

where 𝑡+,𝑖𝑑 is the ideal transference number (unaffected by the presence of the separator) and 𝜅𝑠 

is the conductivity of the electrolyte/separator composite. The ideal transference number, 𝑡+,𝑖𝑑, is 

determined by the steady-state current method.53,54 The relationship between the ideal 

transference number and 𝜅, 𝑡−
0, 1 +

𝑑ln 𝛾±

𝑑ln 𝑚
 (the thermodynamic factor), and D is given in ref. 70 
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and a relationship was first noted in ref. 67. In this paper, Eqs 4.2 and 4.3 were solved 

numerically using MATLAB and published data112 for the relevant parameters. 

 

 

4.3.2 Transient Model 

 

As is the case for the steady-state model, the transient model is also based on Newman’s 

concentrated solution theory.39 We solve the governing differential equation along the thickness 

direction (denoted as the x-direction in the present analysis) of the polymer electrolyte. Since 

lithium metal exists on both ends of the electrolyte domain, these lithium/polymer interfaces 

have been considered as the two boundaries of the one-dimensional computational domain. 

Table 1 summarizes the governing equations and boundary conditions used in this study. The 

mass balance relation for electrolyte salt is expressed in Eq. 4.4, which was derived based on 

concentrated solution theory, is used to obtain transient concentration profiles (𝑐(𝑥, 𝑡)) across 

the polymer electrolyte. Note that the effect of transference number gradient is also taken into 

account, as shown in the second term on the right of Eq. 4.4. The modified Ohm’s law expressed 

in Eq. 4.7, which includes the polarization in the electrolyte due to concentration gradients, is 

used to obtain transient ionic potential profiles, Φ1(𝑥, 𝑡), across the polymer. The potential drop 

across the polymer electrolyte is denoted as Φ1,(𝑥=0) − Φ1,(𝑥=𝐿). The model parameters used in 

this study are listed in Table 4.2. 

 
Table 4.1 Summary of governing equations for C8-DMC/LiFSI with a Celgard 2500 

separator in a Li symmetric cell. 

  Governing equation Boundary conditions 

Mass balance  
(electrolyte) 

𝜕𝑐

𝜕𝑡
= 𝛻 ∙ [𝐷𝑆 (1 −

𝑑ln𝑐

𝑑ln𝑐0
) 𝛻𝑐] −

𝑖𝑠𝑠∙𝛻𝑡+
0

𝐹
     (4.4) 

−𝐷𝑠
𝜕𝑐

𝜕𝑥
|

𝑥=0
=

1−𝑡+
0

𝐹
𝑖𝑠𝑠       (4.5) 

−𝐷𝑠
𝜕𝑐

𝜕𝑥
|

𝑥=𝐿
= −

1−𝑡+
0

𝐹
𝑖𝑠𝑠    (4.6) 

Modified Ohm’s 

law 
(Ionic phase) 

  

𝑖𝑠𝑠 = −𝜅𝑆𝛻Φ2 +
2𝜅𝑠𝑅𝑇

𝐹
(1 +

𝜕ln𝑓±

𝜕ln𝑐
) (1 −

𝑡+
0)𝛻 ln 𝑐   (4.7) 

   Φ2,𝐿 = 0  (4.8) 

 
Table 4.2 Parameters used for Li symmetric transient modeling of C8-DMC/LiFSI with a 

Celgard 2500 separator. 

Symbol Parameter Initial Value Reference 

𝐿 Thickness of separator 2.54e-3 [cm] Measured 

𝜅 Ionic conductivity of C8-DMC Function of concentration  Measured 

𝐷 Diffusion coefficient of LiFSI in C8-DMC Function of concentration Measured 

𝑡+
0 Cation transference number Function of concentration Measured 

𝐹 Faraday constant 96450 [C/mol] - 

𝑅 Universal gas constant 8.314 [J/mol/K] - 

𝑇 Temperature 30 [°C]  - 
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4.4 Results and Discussion 
 

Our objective is to compare potential versus time curves determined experimentally in Li 

symmetric cells as a function of average salt concentration and current density up to the salt 

solubility limit and the limiting current with theoretical predictions. Table 4.3 shows the 

aforementioned transport and thermodynamic properties of electrolyte/separator composites for a 

range of salt concentrations taken from ref. 112. It is convenient to work with units of molality for 

steady-state calculations while transient calculations are best done using molar concentrations. In 

Table 3, we list both m and c, based on measurements reported in ref. 112. Note that 𝑡+
0 is negative 

over the entire concentration range, indicating the formation of charged clusters.  The 

interactions that lead to the formation of these clusters has not yet been elucidated. 

 
Table 4.3 Transport properties of C8-DMC/LiFSI with a Celgard 2500 separator at 30 

°C.112 

m (mol/kg) c (mol/cm
3
) 𝜅𝑠 (S/cm) 𝐷𝑠 (cm

2
/s) 𝑡+,𝑖𝑑 𝑡+

0 1 +
dln 𝛾±

dln 𝑚
 

0.28 3.87 x 10
-4

 [2.91 ± 0.19] x 10
-6

 [3.66 ± 0.39] x 10
-8

 0.89 ± 0.01 -1.002 ± 0.06 0.15 ± 0.02 

0.60 8.89 x 10
-4

 [9.82 ± 0.90] x 10
-6

 [2.24 ± 0.12] x 10
-8

 0.77 ± 0.01 -0.751 ± 0.04 0.19 ± 0.02 

0.94 1.36 x 10
-3

 [1.17 ± 0.07] x 10
-5

 [1.72 ± 0.13] x 10
-8

  0.71 ± 0.07 -0.378 ± 0.04 0.42 ± 0.06 

1.30 1.70 x 10
-3

 [1.14 ± 0.09] x 10
-5

 [1.34 ± 0.11] x 10
-8

 0.67 ± 0.02 -0.070 ± 0.00 0.85 ± 0.11 

1.78 2.36 x 10
-3

 [7.92 ± 0.75] x 10
-6

 [1.20 ± 0.21] x 10
-8

 0.67 ± 0.02 -0.232 ± 0.01 1.12 ± 0.23 

 

 
Figure 4.2: Fit of the integrand term of Eq. 2, 

𝑐𝐷𝑠

𝑚𝑡−
0 , with LiFSI salt molality. The solid 

curve shows the least-squares polynomial fit given by Eq. 4.9. 

 

To calculate the concentration profile within an electrolyte given a steady-state current density, 

𝑖𝑠𝑠, and thickness, L, the transport parameters given in Table 4.3 were fit as a continuous 

function to salt concentration. In Fig. 4.2, we show the 4th order polynomial fit to the product 

appearing on the right side of Eq. 4.2, 
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𝑐(𝑚)𝐷𝑠(𝑚)

𝑚𝑡−
0(𝑚)

=  𝑘0 + 𝑘1𝑚 + 𝑘2𝑚2 + 𝑘3𝑚3 + 𝑘4𝑚4 (4.9) 

 

with fitting parameters 

 

𝑘0 = 4.358x10−11 𝑘1 = −9.717x10−11 𝑘2 = 1.387x10−10

𝑘3 = −8.565x10−11 𝑘4 = 1.850x10−11  

 

where 𝑡−
0 is equal to 1 − 𝑡+

0, Ds is in cm2/s, c is in mol/cm3, and m is in mol/kg. The parameters 

apply to the range 0.28 ≤ m ≤ 1.78 mol/kg and for T = 30 °C.  

 

The concentration profile within a lithium symmetric cell under a steady-state operation is 

governed by the thickness of the electrolyte, L, the salt concentration, mav, and the steady-state 

current density, iss. 

 

 
Figure 4.3 Concentration profiles of LiFSI in C8-DMC predicted by Eq. 4.2 at steady-

state for three different normalized current densities: (a) 𝑖𝑠𝑠𝐿 = 5.08 x 10-5, (b) 𝑖𝑠𝑠𝐿 = 5.08 

x 10-4, and (c) 𝑖𝑠𝑠𝐿 = 1.02 x 10-3 mA/cm. 

 

Fig. 4.3 shows the concentration profiles across a mixture of C8-DMC/LiFSI for three initial 

concentrations of mav = 0.60, 0.94, and 1.30 mol/kg and for three values of normalized current 

density, issL. We have chosen the product issL for this plot because iss is inversely proportional to 

L; Fig. 4.3 may thus be used to determine iss values for L values different from that used in this 

particular study. The concentration profiles were obtained by numerically solving Eq. 4.2 using 

the fitted Eq. 4.4. The figures correspond to issL = 5.08 x 10-5, 5.08 x 10-4, and 1.02 x 10-3 

mA/cm (relating to iss = 0.02, 0.20, and 0.40 mA/cm2 for L = 0.00254 cm). It is evident from Fig. 

4.3a that under small applied normalized current densities (issL = 5.08 x 10-5 mA/cm), the 

concentration profiles are approximately linear and the gradients are small. However, with 

increasing normalized current densities, the concentration gradients become steeper, as shown in 

Figs. 3b and c. Note that the overall flux of lithium cations, at steady-state, is toward the negative 

electrode in spite of the fact that the transference number is negative at all salt concentrations. 
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The sign of the transference number only gives the direction of the flux of lithium cations in a 

solution of uniform composition in response to an applied electrochemical potential. Thus, at the 

instant that a dc potential is applied to the cell, the net lithium cation flux is toward the positive 

electrode. At steady-state after the salt concentration gradients are fully developed, the net 

lithium cation flux is toward the negative electrode.13 

 

One can estimate the normalized limiting current, ilimitL, within an electrolyte using model 

predicted concentration profiles. In order to do so, an electrolyte of known mav must be modeled 

under a number of issL values and the salt concentration at the cathode (x/L = 1) is extracted at 

each normalized current density. An example of such an analysis is shown in Fig. 4.4a. In Fig. 

4.4a, issL is plotted against the model predicted salt concentration, m, at x/L = 1 in blue circles for 

an electrolyte with an average salt concentration of mav = 0.94 mol/kg. As the model is limited 

between 0.28 ≤ 𝑚 ≤ 1.78 mol/kg, the conventional limiting current must be predicted by 

extrapolating m(at x/L = 1) to zero. The dashed, black curve is a 2nd order polynomial fit to the 

model predicted values in Fig. 4.4a, and predicts ilimitL = 3.7 x 10-3 mA/cm. It should be noted 

that the solubility limit of LiFSI in C8-DMC is 2.03 mol/kg.76 It is obvious that the concentration 

at any x/L in the cell must not exceed this value for stable operation. The highest salt 

concentration occurs at the anode (x/L = 0). In Fig. 4.4b, we thus plot issL versus m(x/L = 0) for 

the same average salt concentration used in Fig. 4.4a (mav = 0.94 mol/kg). A 2nd order 

polynomial is fit through the data and extrapolated to m = 2.03 mol/kg is shown as a dashed 

curve. We define the normalized limiting current at which this occurs as ilimit,satL which is 3.2 x 

10-3 mA/cm for mav = 0.94 mol/kg.  

 

 
Figure 4.4 Concentration predictions at the anode (x/L = 0) and cathode (x/L = 1) for 

varying 𝑖𝑠𝑠𝐿 values for an electrolyte with an average concentration of mav = 0.94 mol/kg. 

(a) Model predictions of the concentration at the cathode, x/L = 1. The black dashed 

curve shows the least-squares polynomial fit, which was extrapolated to m = 0 mol/kg to 

determine the normalized limiting current density (marked as 𝑖𝑙𝑖𝑚𝑖𝑡𝐿). (b) Model 

predictions of the concentration at the anode, x/L = 0. The black dashed curve is a least-

squares polynomial fit, which was extrapolated to the salt solubility limit of m = 2.03 

mol/kg. This determined the normalized limiting current density caused by salt saturation 

at the anode (marked as 𝑖𝑙𝑖𝑚𝑖𝑡,𝑠𝑎𝑡𝐿). 
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There is an important question: for a given mav, which mode of the limiting current will be 

observed? We posit that the mode will correspond to the one that is obtained at the lower 

normalized limiting current. For mav = 0.94 mol/kg, we conclude that the normalized limiting 

current will occur due to salt precipitation. Similar analysis was repeated at all values of mav. 

 

 
Figure 4.5 Time dependent potential behavior of C8-DMC/LiFSI with an average salt 

concentration of mav = 0.94 mol/kg in response to applied current densities from i = 0.20 

to 1.0 mA/cm2 (no interfacial impedance correction). The largest sustainable current 

density, i, as determined by plateau in measured potential, was 0.60 mA/cm2, shown as a 

solid red curve. The smallest unsustainable i, as determined by the lack of a plateau in the 

potential within the measurement window, was 0.80 mA/cm2 and is shown as a solid 

yellow curve. 

 

Turning to experiments, we now discuss potential versus time curves for an electrolyte/separator 

composite in a lithium symmetric cell (L = 0.00254 cm) at a fixed applied current. In Fig. 4.5, we 

show the potential profile versus time for current densities ranging from iss = 0.20 mA/cm2 to 

1.00 mA/cm2 in 0.2 mA/cm2 increments for an initial concentration of mav = 0.94 mol/kg. At low 

current densities (below 0.60 mA/cm2), the potential increases instantaneously at t = 0+ due to 

the resistance of the cell when concentration is uniform, increases with time as concentration 

gradients develop, and reaches a plateau when the concentration profile in the cell approaches 

steady-state. At a slightly higher current density of 0.80 mA/cm2, the potential increases 

monotonically with time and does not reach a plateau. We refer to 0.60 mA/cm2 as the largest 

sustainable current density and 0.80 mA/cm2 as the smallest unsustainable current density. 

Increasing the current density beyond 0.80 mA/cm2 leads to potential increases exponentially 

with time with no hint of a plateau. Data similar to that shown in Fig. 4.5 was obtained for all of 

the electrolytes. The normalized limiting current density, ilimitL, was determined for each 

electrolyte by averaging the largest sustainable current and smallest unsustainable current. In Fig. 

4.6, we plot the experimental limiting current, ilimitL, as a function of mav. The normalized 

limiting current for mav = 0.28 mol/kg is 1 x 10-3 mA/cm. It increases with increasing salt 

concentration, reaching a broad maximum of ilimitL = 1.8 x 10-3 mA/cm between mav = 0.60 and 
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0.94 mol/kg. Further increase in mav results in a decrease in ilimitL until mav = 1.78 mol/kg, a 

value that is close to the salt solubility limit.  

 

 
Figure 4.6 Experimental limiting current as a function of salt concentration. The limiting 

current was taken as the average between the largest sustainable current and smallest 

unsustainable current. The solid line is drawn to guide the eye. 

 

In Fig. 4.7a, ilimitL is plotted against mav; the black diamonds show experimental measurements 

that were shown in Fig. 4.6, red squares represent the predicted ilimitL when concentration reaches 

zero at the cathode (x/L = 1), and blue circles are the predicted ilimitL values when the solubility 

limit of m = 2.03 is reached at the anode (x/L = 0). The cathode-dominated ilimitL (the traditional 

limiting current) increases with increasing concentration. In contrast, the anode-dominated 

ilimit,satL decreases with increasing concentration. The two normalized limiting currents are equal 

to each other at mav = 0.88 mol/kg. Following our assumption that the failure mode obtained 

experimentally corresponds to the one that requires the lower current density, we conclude that 

salt depletion at the cathode causes the limiting current at mav < 0.88 mol/kg, while salt 

precipitation at the anode causes the limiting current at mav > 0.88 mol/kg. The two solid curves 

through the theoretical predictions in Fig. 4.7a show these two branches. The theoretical 

predictions provide a qualitative explanation for the observed non-monotonic dependence of the 

measured limiting current on salt concentration. There are two important quantitative differences 

between theory and experiment in Fig. 4.7a: (1) The theoretical limiting currents are about a 

factor of 2 higher than those measured experimentally and (2) The peak in the limiting current 

versus salt concentration predicted by theory is sharper than that observed experimentally. We do 

not have definitive explanations for these deviations, except to note that the interface between 

the electrode and electrolyte is complex, and that failure in the experimental cells may begin 

before the salt concentration at the cathode reaches zero or the salt concentration at the anode 

reaches the solubility limit.  
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Figure 4.7 Normalized limiting current predictions as a function of mav and compared to 

experimental values (shown in black). (a) Concentrated solution theory predictions of the 

normalized limiting current. The red dashed and solid curves are the 𝑖𝑙𝑖𝑚𝑖𝑡𝐿 predicted 

when extrapolating mav to 0 mol/kg at the cathode (x/L = 1). The blue dashed and solid 

curves are the 𝑖𝑙𝑖𝑚𝑖𝑡,𝑠𝑎𝑡𝐿 predicted by extrapolating mav to 2.03 mol/kg at the anode (x/L = 

0). (b) Normalized limiting current predictions using dilute solution theory. The red 

dashed and solid curves are the 𝑖𝑙𝑖𝑚𝑖𝑡𝐿 predicted by Eq. 4.10 (concentration equal to 0 

mol/cm3 at the cathode). The blue dashed and solid curves are the 𝑖𝑙𝑖𝑚𝑖𝑡,𝑠𝑎𝑡𝐿 predicted by 

Eq. 4.11 (salt saturation at the anode, 𝑐𝑠𝑎𝑡 = 2.61 x 10-3 mol/cm3). Normalized limiting 

current predictions using dilute solution theory are an order of magnitude higher than the 

experimental values. 

 

Approximate expressions are often used to determine the normalized limiting current due to salt 

depletion at the cathode. 113–115 One such expression can be derived by combining equations 

11.22, 11.41, 11.43, and 11.57 in ref. 39: 

𝑖𝑙𝑖𝑚𝑖𝑡𝐿 =
2𝑐𝑎𝑣𝐷𝑆𝐹

1 − 𝑡+,𝑖𝑑
 (4.10) 

 

where 𝑐𝑎𝑣 is the average electrolyte concentration in mol/cm3, Ds is the restricted diffusion 

coefficient in the electrolyte/separator composite, and we have taken the liberty of using the 

𝑡+,𝑖𝑑. Similarly, the normalized limiting current that causes the concentration at the anode to 

approach the solubility limit is: 

 

𝑖𝑙𝑖𝑚𝑖𝑡,𝑠𝑎𝑡𝐿 =
2(𝑐𝑠𝑎𝑡 − 𝑐𝑎𝑣)𝐷𝑠𝐹

1 − 𝑡+,𝑖𝑑
 (4.11) 

 

where 𝑐𝑠𝑎𝑡 is salt solubility limit. For mixtures of C8-DMC and LiFSI, 𝑐𝑠𝑎𝑡 = 2.61 x 10-3 

mol/cm3. Equations 4.10 and 4.11 were derived using dilute solution theory, thus the ideal 

transference number, 𝑡+,𝑖𝑑, is used in both equations. In Fig. 4.7b, we plot ilimitL vs. mav; red 

squares denote the predicted ilimitL using Eq. 4.10, and blue circles represent the predicted ilimit,satL 

using Eq. 4.11. Both predictions for the normalized limiting current decrease with increasing salt 
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concentration. The cross-over from the salt-depletion limit to the salt precipitation limit occurs at 

a reasonable value of mav, but the predicted trend is monotonic with salt concentration and 

inconsistent with the experimental data. In addition, the theoretical predictions for normalized 

limiting current based on dilute solution theory are an order of magnitude higher than those 

measured experimentally (black squares in Fig. 4.7b). It is obvious from Fig. 4.7 that 

concentrated solution theory is essential for establishing the underpinnings of the normalized 

limiting current in our system.  

 

We now return to the potential that can be predicted using Eq. 4.3. In Fig. 4.8, we plot the 

integrand in Eq. 4.3 along with a fit to the following empirically determined function: 

 
𝑐(𝑚)𝐷𝑠(𝑚)

𝑚𝑡+,𝑖𝑑(𝑚)𝜅𝑠(𝑚)𝑡−
0(𝑚)

=  𝑏0exp (𝜏3𝑚) + 𝑏1exp (𝜏4𝑚) (4.12) 

 

with fitting parameters 

 

𝑏0 = 1.802 x 10−6 𝑏1 = 8.566 x 10−5

𝜏3 = 0.1541 𝜏4 = −8.525
 

 

where 𝜅𝑠 is the conductivity of the separator/electrolyte composite in S/cm. 

 

 
Figure 4.8: Fit of the integrand term of Eq. 4.3, 

𝑐𝐷𝑠

𝑚𝑡+,𝑖𝑑𝜅𝑠𝑡−
0 , with LiFSI salt molality. The 

solid curve shows the least-squares fit to the double exponential given by Eq. 4.7. 

 

The fit from Fig. 4.8 allows for potential predictions across the C8-DMC/LiFSI electrolyte. In 

Fig. 4.9, we show the predicted potential profile, Φ(𝑥/𝐿), across the electrolyte from x/L = 0 to 1 

for selected values of mav and issL. We define Φ = 0 at x/L = 1. The purple, yellow, and green 

solid curves are potential profiles for mav = 0.60, 0.94, and 1.30 mol/kg, respectively. From left 

to right, each figure provides profiles for issL = 5.08 x 10-5, 5.08 x 10-4, and 1.02 x 10-3 mA/cm, 

respectively. Note that these values of issL correspond to the applied iss in our cell equal to 0.02, 

0.20, and 0.40 mA/cm2 (L = 0.00254 cm). At issL = 5.08 x 10-5 mA/cm, the potential profile 
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across the electrolyte is linear and the gradient is small, as shown in Fig. 4.9a, but the potential 

behavior becomes less linear with increasing issL. Interestingly, the intermediate concentration of 

mav = 0.94 mol/kg shows a lower Φ(𝑥) across the electrolyte at all values of issL, compared to 

mav = 0.60 or 1.30 mol/kg. The potential drop for mav = 0.60 shows more complex behavior: it 

has a lower potential drop across the electrolyte when compared to mav = 1.30 at both issL = 5.08 

x 10-5 and 5.08 x 10-4 mA/cm, but has the largest potential drop across the electrolyte at issL = 

1.02 x 10-3 mA/cm. Next, we compare the model predicted potential drop across the electrolyte 

to experimental measurements of potential, Φ𝑒𝑥𝑝, for a range of mav. The experimentally 

accessible potential is at x/L = 0. We thus define Φ0 as to be the theoretically predicted potential 

at x/L = 0 for a given mav and iss. 

 

 
Figure 4.9 Potential profiles in C8-DMC/LiFSI electrolytes predicted by concentrated 

solution theory at steady-state. These are calculated using Eq. 4.3 based on the fit shown 

in Fig. 4.8. Potential profile for (a) 𝑖𝑠𝑠𝐿 = 5.08 x 10-5 mA/cm, (b) 𝑖𝑠𝑠𝐿 = 5.08 x 10-4 

mA/cm, and (c) 𝑖𝑠𝑠𝐿 = 1.02 x 10-3 mA/cm. Interestingly, the potential drop across C8-

DMC/LiFSI with mav = 0.60 at 𝑖𝑠𝑠𝐿 = 5.08 x 10-5 mA/cm is less than that of mav = 1.30, 

but has a higher potential drop at 𝑖𝑠𝑠𝐿 = 1.02 x 10-3 mA/cm. 

 

The experimentally applied potential drop, Φexp/L, for the electrolyte with mav = 0.94 mol/kg is 

plotted as a function of iss in Fig. 4.10a. The experimental potential drop is corrected for the 

lithium/electrolyte interfacial impedance using Eq. 4.1. Also shown in Fig. 4.10a is the predicted 

potential drop, Φ0/L, calculated from Fig. 4.9 for mav = 0.94 mol/kg. Both theory and experiment 

indicate that Φ/𝐿 increases with increasing iss. At iss = 0.20 mA/cm2, the theoretically predicted 

potential drop, Φ0/L, is within experimental error. The deviation between experiments and 

theory increases with increasing current density. Further work is needed to resolve this 

discrepancy. In Fig. 4.10b, we plot Φ𝑒𝑥𝑝/L versus mav for iss = 0.4 mA/cm2. Φ𝑒𝑥𝑝/𝐿 is a weak 

function of mav. Theoretical predictions, also shown in Fig, 10b, support this observation. While 

the theoretical predictions generally lie below the experimental data, they are within 

experimental error at mav = 0.60 and 1.30 mol/kg.  
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Figure 4.10 Experimental (black) and model predicted (blue) potential as a funtion of (a) 

𝑖𝑠𝑠 for a concentration of mav = 0.94 mol/kg and (b) mav for 𝑖𝑠𝑠 = 0.40 mA/cm2. 

 

Fig. 4.11 shows the comparison between the experimentally measured and predicted time 

evolution of cell potential based on the transient model (Table 1) using the same thermodynamic 

and transport parameters used in the analysis of steady-state data presented in Figs. 2-10. The 

transient model, as described in Table 4.1, is used for the numerical predictions of cell potential 

for different average salt concentrations of mav = 0.60 mol/kg (𝑐av = 8.89 x 10-4 mol/cm3), mav = 

0.94 mol/kg (cav = 1.36 x 10-3 mol/cm3), and mav = 1.30 mol/kg (cav = 1.70 x 10-3 mol/m3). The 

experimental results, denoted by the solid curves, are obtained from averaged potentials 

measured from three separate cells; whereas, the highlighted regions show the range of measured 

potentials across the cells. The dashed curves indicate the transient model results. As shown in 

Fig. 4.11a and b, the transient model predictions are in quantitative agreement with experiments 

at all applied current densities for mav = 0.60 and 0.94 mol/kg. The theoretical and experimental 

potential jumps at t = 0+ are in agreement, as is the approach to steady-state wherein the cell 

potential increases with time as concentration gradients develop. The agreement between theory 

and experiment is only qualitative at mav = 1.30 mol/kg (Fig. 4.11c). While the time-scale over 

which concentration gradients develop are similar in both theory and experiment, both the 

instantaneous potential at t = 0+ and the steady-state potential measured experimentally are 

higher than theoretical predictions. While it is not clear why this discrepancy is seen at mav = 

1.30, the agreement between the model and the data seen in Fig. 4.11 is noteworthy, as there are 

no adjustable parameters in the model. 
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Figure 4.11 Time dependent experimental potentials (solid curves) are compared to our 

transient model (dashed curves) for litihium symmetric cells. The experimental data was 

averaged from three replicate cells (solid curves) and the error is given by the standard 

deviation (light shaded areas). Transient potential behavior for 𝑖𝑠𝑠 = 0.02, 0.20, and 0.40 

mA/cm2 for (a) mav = 0.60 mol/kg, (b) mav = 0.94 mol/kg, and (c) mav = 1.30 mol/kg. 

 

 

4.5 Conclusion 
 

The performance of an electrolyte in a battery is limited, in part, by the maximum current that 

can be drawn through it. Traditionally, this maximum is calculated by predicting salt 

concentration profiles as a function of current density and noting the current density at which the 

salt concentration at the cathode is zero. Another limitation arises when the salt concentration at 

the anode exceeds the solubility limit. Our analysis considers both possibilities. We have used 

Newman’s concentrated solution theory to predict steady-state salt concentration profiles as a 
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function of current density for mixtures of C8-DMC and LiFSI. These predictions were enabled 

by the complete electrochemical characterization of these mixtures (i.e., measurement of 𝜅, 𝐷, 

𝑡+
0, and Tf as functions of salt concentration) that was reported in ref. 112. An interesting feature 

of these electrolytes is that 𝑡+
0 is negative across all salt concentrations. The dc potential across 

Li symmetric cells containing C8-DMC/LiFSI was measured experimentally as a function of 

applied current density and salt concentrations. At high enough current densities, clear signatures 

of the limiting current were observed. The experimentally determined limiting current was a non-

monotonic function of salt concentration. It increases with increasing salt concentration up to mav 

= 0.94 mol/kg and decreases with increasing salt concentration at higher values of mav. The 

solubility limit of LiFSI in C8-DMC is 2.03 mol/kg. Our theoretical analysis indicates that the 

limiting current, up to mav = 0.88 mol/kg, occurs due to depletion of salt at the cathode, while the 

limiting current at higher values of mav occurs due to the salt saturation at the anode. The 

experimentally determined time dependence of the potential across the lithium symmetric cells 

was also compared to predictions based on Newman’s concentrated solution theory. Our 

approach enables comparing theory with experiment with no adjustable parameters. 
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4.7 Nomenclature 
 

A Active surface area of electrode (cm2) 

𝑐 Concentration (mol/cm3) 

𝐷 Salt diffusion coefficient of electrolytic phase (cm2/s) 

𝐷𝑠 Salt diffusion coefficient of electrolyte in separator (cm2/s) 

𝐹 Faraday’s constant (96,485 C/mol) 

𝑖𝑠𝑠  Steady-state current density (mA/cm2) 

𝑖𝑙𝑖𝑚𝑖𝑡 Limiting current density (mA/cm2) 

𝑖𝑙𝑖𝑚𝑖𝑡,𝑠𝑎𝑡 Limiting current density due to salt precipitation (mA/cm2) 

L Thickness of electrolyte/separator (cm) 

𝑚 Molality (mol/kg) 

R Ideal gas constant (J/mol K)  

Ri Resistance of electrolyte/electrode interface when iss is reached (Ω) 

T Temperature (K) 

Tf Thermodynamic factor 

t Time (s) 

𝑡+
0 Cation transference number relative to the solvent velocity. Obtained using the 

Balsara and Newman method 
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𝑡−
0

 Anion transference number relative to the solvent velocity; 𝑡−
0 = 1 − 𝑡+

0 

𝑡+,𝑖𝑑 Ideal transference number using steady-state current method 

x Position (cm) 

𝑧− Anion charge 

1 +
𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚
 Thermodynamic factor 

 

Greek 

𝛾± Mean molal activity coefficient of the salt 

𝜅 Conductivity of the electrolytic phase; (S/cm) 

𝜅𝑠 Conductivity of the electrolyte and separator combined; (S/cm) 

𝑣𝑖 Number of cations/anions per molecule of salt (𝑖 = + or −) 

Φ Electrolyte potential (mV) 

Φ𝑒𝑥𝑝 Experimental electrolyte potential (mV) 

Φ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 Measured cell potential (mV) 

Φ0 Steady-state model predicted electrolyte potential taken at x = 0 (mV) 

Φ1 
Potential of the electrolyte at the electrode boundary for the transient model 

(mV) 
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5 Complete Set of Ion Transport Properties in Low Molecular 

Weight Poly(Ethylene Oxide) as a Function of Temperature 
 

5.1 Introduction 
 

Next-generation lithium-based batteries are a necessity for enabling a carbon-free energy grid 

and transportation sector.116–118 An ideal battery requires high energy densities combined with 

safe, and reliable operation.40 However, traditional lithium-ion batteries utilize electrolytes that 

are composed of flammable, volatile carbonates. Ethylene oxide derivatives have the potential to 

replace carbonate electrolyte as a safe alternative.55,68,119–121 An interesting property of ethylene 

oxide is that it can be polymerized to various molecular weights, which imbues interesting 

transport properties as a function of molecular weight. Many studies exist on ion transport 

properties for high and low molecular weight poly(ethylene oxide) (PEO), but often only a few 

ion transport properties are measured in isolation.80,95,109,122–125 Lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) is traditionally used within ethylene oxide based 

polymers due to its high dissociation constant and ethylene oxide’s ability to solvate lithium 

cations.126–128 In addition, it is important to understand the full suite of transport parameters as a 

function of molecular weight. The conductivity of PEO decreases with increasing molecular 

weight until the entanglement regime is approached.60,121,129 However, we do not have a clear 

understanding of how the salt diffusion coefficient or transference number are affected by 

molecular weight. 
 

Electrolytes facilitate ion transport within a battery, and for a binary electrolyte, that transport is 

governed by the thermodynamic factor, 𝑇𝑓, and three transport parameters: ionic conductivity, 𝜅, 

salt diffusion coefficient, D, and the transference number, 𝑡+
0. Once these parameters are 

experimentally measured as a function of salt concentration, electrolyte behavior can be 

predicted for a given current density. Such predictive behavior could be beneficial to electric 

vehicles or energy storage devices as it would inform the rate of charge or discharge a cell can 

undergo prior to failure. In addition, as current is drawn through a battery, significant 

temperature changes can occur due to joule heating.130 These temperature changes affect ion 

transport properties, and thus the current draw an electrolyte can support. The maximum current 

that can be passed through an electrolyte is known as the limiting current, which is the point at 

which lithium cations are depleted on the cathode surface. 

 

In this work, we study a low molecular weight analog of PEO – tetraethylene glycol dimethyl 

ether (tetraglyme), mixed with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI).The 

chemical structure of tetraglyme is shown in Fig. 5.1a and that of LiTFSI in Fig. 1b. We report a 

complete set of electrochemical properties: 𝜅, D, 𝑡+
0 , and 𝑇𝑓 for T = 30 and 90 °C. We use the 

measured electrochemical properties at 90 °C to model salt concentration profiles in lithium 

symmetric cells as a function of salt concentration and current density. We use concentrated 

solution theory and dilute solution theory to predict the limiting current for a range of salt 

concentrations. These predictions are compared to experimental limiting current values without 

the use of any adjustable parameters.  
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Figure 5.1 Chemical structures of a) Tetraglyme and b) LiTFSI. 

 

 

5.2 Experimental and Theoretical Details 

 
5.2.1 Electrolyte Preparation 

 

Tetraethylene glycol dimethyl ether (tetraglyme) (cat. no. 172405) was purchased from Sigma-

Aldrich. The chemical was ≥ 99% pure. Prior to transfer into the glovebox, tetraglyme was dried 

under active vacuum inside the glovebox antechamber at 50 °C for 72 hours. Lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) (cat. no. 544094) was purchased from Sigma-

Aldrich and was reported to be ≥ 99.95% pure. LiTFSI was dried at 120 °C under dynamic 

vacuum for three days inside a glovebox antechamber.  

 

In order to form electrolytes, a predetermined amount of LiTFSI was added to a known mass of 

tetraglyme. Once the salt was added, the electrolytes were placed on a magnetic stirrer and were 

allowed to mix for 12 hours or more using a magnetic stir bar at room temperature. Salt 

concentration for electrolytes ranged from mav = 0.18 to 5.37 mol salt per kg solvent (mol/kg). 

Values of salt wt %, molality, mav, and concentration, cav, for electrolytes prepared for 

measurements performed at 90 °C  and 30 °C are shown in Table 5.1, where mav and cav are the 

average electrolyte molality and concentrations, respectively. 

 

The density, ρ, for select salt concentrations was obtained by filling a differential scanning 

calorimetry (DSC) sample pan (TA Instruments) with a known volume of 40 uL and measuring 

the mass of the electrolyte at 90 °C. The density was interpolated for unmeasured electrolytes 

using a curve of best fit, shown in Fig. 5.2. The densities of electrolytes measured at 90 °C were 

also used for 30 °C. 
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Table 5.1 Values of LiTFSI wt%, molality, and calculated concentration for electrolytes 

studied at 90 °C. Italicized electrolytes were also studied at 30 °C. 

LiTFSI wt% mav (mol/kg) cav (mol/L) 

4.89 0.18 0.17 

9.41 0.36 0.35 

17.2 0.72 0.69 

23.7 1.08 0.99 

29.4 1.45 1.27 

34.0 1.79 1.52 

38.3 2.16 1.76 

42.0 2.52 1.96 

45.3 2.88 2.16 

48.1 3.23 2.33 

52.1 3.78 2.58 

55.3 4.30 2.78 

58.2 4.86 2.98 

60.7 5.37 3.14 

 

 
Figure 5.2 Density as a function of LiTFSI wt% for select electrolytes. The red curve is a 

curve of best fit to interpolate missing electrolyte densities. 
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5.2.2 Experimental Characterization 

 

All error bars reported are standard deviations of replicate measurements. Measurements were 

done at 90 °C for all electrolytes and at 30 °C for select electrolytes shown in Table 1. 

 

Conductivity measurements 

 

Ionic conductivity, 𝜅, was measured using a FiveEasy Conductivity Meter F30 (Mettler Toledo). 

Each measurement was carried out in triplicate.  

 

Ideal transference number measurements 

 

Ideal transference number, 𝑡+,𝑖𝑑, measurements were performed as described in ref. 112. 

Assuming Ohm’s law, which is a reasonable assumption prior to cell polarization due to a lack of 

concentration gradients, an initial current, IΩ, is given by Eq. 5.1: 

 

𝐼Ω =
Δ𝑉

𝑅𝑇
 (5.1) 

 

where ΔV is the applied polarization potential and RT is the total initial cell resistance as 

measured by ac impedance spectroscopy. Ac impedance data were collected every 20 minutes 

during applied dc potentials ± 10 and 20 mV with amplitudes of 5 and 10 mV, respectively. Eq. 

5.2 was then used to calculate 𝑡+,𝑖𝑑:53,54  

 

𝑡+,𝑖𝑑 =
𝐼𝑠𝑠

𝐼Ω
(

Δ𝑉 − 𝐼Ω𝑅𝑖,0

Δ𝑉 − 𝐼𝑠𝑠𝑅𝑖,𝑠𝑠
)  (5.2) 

 

where Iss is the steady state current, Ri,0 is the initial interfacial resistance, and Ri,ss is the 

interfacial resistance when Iss is reached. 

 

Restricted diffusion measurements 

 

Restricted diffusion data were measured as described in 112. Celgard 2500 separators were wetted 

and stacked to adjust electrolyte thickness. Stacks of 10 and 20 Celgard 2500 separators were 

used to measure the restricted diffusion coefficients of electrolytes at 30 °C and 90 °C, 

respectively. The salt diffusion coefficient with in the separator, Ds, is calculated using this 

technique. In order to obtain the salt diffusion coefficient of the electrolytic phase, the tortuosity, 

𝜏, of the separator had to be accounted for: 

 

𝐷 = 𝜏𝐷𝑠. (5.3) 

Tortuosity has been measured for Celgard 2500 elsewhere and a value of 𝜏 = 4.53 ± 0.45 was 

found.112 The same value was used in this work to report 𝐷. 
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Concentration cell measurements 

 

Concentration cell measurements were conducted in a similar fashion to that of ref. 112. One side 

of the U-cell contained a reference electrolyte of mref = 1.45 mol/kg, while the other side was 

filled with electrolytes of varying molalities for measurements at both 30 °C and 90 °C. Both 

sides of the U-cell were filled with electrolyte such that the heights on both sides were the same, 

an effort necessary to minimize pressure differences across the glass frit. Strips of lithium (MTI 

Corp.) were cut and brushed, and then immersed into the two halves of the U-cell. The open-

circuit potential, U, was monitored with time. The open-circuit potential was monitored for 1 

hour, and the reported U was averaged over a 5 minute plateau of the open-circuit potential. The 

potential difference is related to the thermodynamic factor by the following equation:39 

 

𝐹(𝑧+𝑣+)

𝑣𝑅𝑇(1 − 𝑡+
0)

𝑑𝑈

𝑑𝑙𝑛𝑚
 = 1 +

𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚
 (5.4) 

 

where z+ is the charge number, v+ is the number of cations, both of which are 1 for LiFSI, and 
𝑑𝑈

𝑑 ln 𝑚
 is the change in the open-circuit potential, U, with ln(m). The salt concentrations studied 

for 30 °C was limited, thus Eq. 5.5 was used to calculate the thermodynamic factor: 

 

𝐹(𝑧+𝑣+)

𝑣𝑅𝑇(1 − 𝑡+
0)

𝑚
𝑑𝑈

𝑑𝑚
 = 1 +

𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚
. (5.5) 

 

Three replicate measurements were performed for data collected at 90 °C for all concentrations 

reported. One measurement per concentration was taken for data collected at 30 °C. 

 

Transference number calculation 

 

The transference number of the electrolytic phase, 𝑡+
0, was then calculated by combining the 

above four independent measurements (conductivity, ideal transference number, concentration 

cells, and restricted diffusion). Balsara and Newman showed that the ideal transference number 

is related to the cation transference number70 

 

𝑡+
0 = 1 − √

𝐹2𝐷𝑐
𝑣𝜅𝑅𝑇 (

1
𝑡+,𝑖𝑑

− 1)

1 +
𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚

. (5.6) 

 

Here, v is related to the stoichiometric factor and is equal to 2 for a monovalent salt. By 

combining equations 5.4 and 5.6 The thermodynamic factor can be determined with 

experimentally measurable quantities 

 

𝜅(𝑧+𝑣+)

𝑣𝑅𝑇𝐷𝑐 (
1

𝑡+,𝑖𝑑
− 1)

 (
𝑑𝑈

𝑑𝑙𝑛𝑚
)

2

= 1 +
𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚
. (5.7) 
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Combining equations 5.5 and 5.6 gives 

 

𝜅(𝑧+𝑣+)

𝑣𝑅𝑇𝐷𝑐 (
1

𝑡+,𝑖𝑑
− 1)

 (𝑚
𝑑𝑈

𝑑𝑚
)

2

= 1 +
𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚
. (5.8) 

 

The sign of the open circuit potential depends on convention – some researchers report positive 

values for U, while others report negative values for U.70,93,95,96 This depends on whether the 

positive or negative lead from the potentiostat is connected to the reference electrolyte. 

Equations 5.7 and 5.8 are applicable regardless of convention or how the potentiostat is 

connected to the reference electrolyte. Once the thermodynamic factor is calculated, 𝑡+
0 can be 

determined. Additionally, the above equation is true for all concentrations, as there are no 

assumptions about ideality within the calculation of 𝑡+
0. 

 

Limiting current measurements 

 

After conditioning the lithium symmetric cells following a procedure as described in ref. 131, 

each sample was polarized at all of the following current densities, i, for 30 minutes: i = 1.0, -2.0, 

3.0, and -4.0 mA/cm2 with the total electrolyte/separator composite thickness, L = 0.50 cm. 

Limiting current data was only collected for T = 90 °C. The potential was measured during 

chronoamperometry every five seconds, and the limiting current was identified when the 

potential failed to plateau within the measurement timeframe. Once the smallest unsustainable 

current density and largest sustainable current density was determined (see ref. 131), additional 

current densities were applied to the cell in order to obtain higher resolution on the limiting 

current. Current density increments of 0.2 mA/cm2 were taken between the absolute values of the 

smallest unsustainable and largest sustainable i and switching between positive and negative 

current densities. For example, if the smallest unstainable i was -4.0 mA/cm2 and the largest 

sustainable i was 3.0 mA/cm2, additional current densities of i = 3.2, -3.4, 3.6, and -3.8 mA/cm2 

were applied. Negative and positive current densities were used in order to prevent lithium 

dendritic growth, and thus a short circuit, within the cells. 
 

 

5.2.3 Steady-state Model 

 

The relationship between iss and the electrochemical properties of an electrolyte, based on 

Newman’s concentrated solution theory,39 was derived in ref. 111. This relationship changes 

slightly when the electrolyte is contained in a porous separator (we call this the 

electrolyte/separator composite), and is given by Eq. 5.9 and has been used to predict 

concentration profiles in other liquid electrolytes131 

 

∫
𝑐(𝑚)𝐷𝑠(𝑚)

𝑚𝑡−
0(𝑚)

𝑑𝑚 =
𝑖𝑠𝑠𝑙

𝐹𝑧−𝑣−
(

𝑥

𝐿
)

𝑚(𝑥)

𝑚(𝑥=0)

 (5.9) 

 

where c is the concentration of the salt in the electrolytic phase in mol/cm3, Ds is the salt 

diffusion coefficient measured by restricted diffusion on the electrolyte/separator composite, m is 

the molality, 𝑡−
0 is the anion transference number relative to the velocity of the solvent (𝑡−

0 = 1 −
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𝑡+
0), 𝑧− is the charge number on the anion, 𝑣− is the number of anions the salt disassociates into, l 

is the thickness of the electrolyte/separator composite, x/l is the normalized thickness, and F is 

Faraday’s constant (the transference number is unaffected by the presence of the separator). All 

of the ion transport properties depend on salt concentration, as indicated in Eq. 5.9. During an 

experiment, the average salt concentration of the electrolyte, mav, is controlled. The molality 

profile predicted by Eq. 5.9 must be averaged from x = 0 to x = L to ensure that the model 

predicted average concentration is equal to mav. 

 

 

5.3 Results and Discussion 
 

The ionic conductivity, 𝜅, salt diffusion coefficient, D, and the ideal transference number, 𝑡+,𝑖𝑑 

were determined through three independent experiments as described in the Experimental and 

Theoretical Details section. The three aforementioned transport parameters are shown in Fig. 5.3 

as a function of salt concentration, mav, for both T = 30 °C and 90 °C. The blue squares are data 

collected at 30 °C and red circles are data collected at 90 °C. The solid curves are fits through the 

data. Parameters for the fitting functions are listed in Table 5.2 for both temperatures. The fit for 

D at T = 30 °C follows a power law in place of a polynomial function, also shown in Table 5.2. 

 
Table 5.2 The best-fit polynomial, or power law, equations for all transport properties at 

T = 30 °C and 90 °C in tetraglyme electrolytes. 

𝑃𝑡𝑒𝑡𝑟𝑎𝑔𝑙𝑦𝑚𝑒 = 𝑘0 + 𝑘1𝑚 + 𝑘2𝑚2 + 𝑘3𝑚3 

P
Tetraglyme

 k
0
 k

1
 k

2
 k

3
 

𝜅 (90 °C) -2.32 x 10
-4

 3.08 x 10
-1

 -1.39 1.71 

D (90 °C) 3.50 x 10
-6

 -4.66 x 10
-7

 -2.33 x 10
-8

 - 

t
+,id

 (90 °C) 0.704 -0.250 2.44 x 10
-2

 - 

𝜅 (30 °C) -1.03 x 10-3 
1.24 x 10

-3

 -2.44 x 10
-4

 - 

D (30 °C) = 3.93 x 10
-7

m
0.603

 

t
+,id

 (30 °C) 0.832 0.255 2.35 x 10
-2

 - 

 

In Fig. 5.3a, 𝜅 as a function of salt concentration is plotted. At 30 °C, 𝜅 increases with increasing 

concentration, with a maximum of 𝜅 = 3.21 x 10-3 S/cm at mav = 1.45 mol/kg. The conductivity is 

approximately the same at both mav = 0.18 and 5.37 mol/kg. At 90 °C, 𝜅 dramatically increases 

with increasing mav at low concentrations, approaches a maximum of 𝜅 = 2.02 x 10-2 S/cm at mav 

= 2.16 mol/kg followed by a shallow drop in conductivity with increasing concentration. As 

expected, conductivity is significantly higher at T = 90 °C than at 30 °C. Additionally, the 

conductivity behavior at the two temperatures reported is qualitatively different from one 

another. At T = 90 °C, in the limit of high salt concentration, while 𝜅 decreases, it does not equal 

that of the lowest salt concentration studied. The salt diffusion coefficient, D, of the electrolytic 

phase, as measured by the restricted diffusion technique, as a function of salt concentration, is 
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shown in Fig. 3b for both T = 30 °C and 90 °C. The tortuosity of the separator was accounted for 

when reporting D in Fig. 5.3b (see Eq. 5.3). For both temperatures, the salt diffusion coefficient 

monotonically decreases with increasing salt concentration. Over the measured salt concentration 

window, D decreases by about an order of magnitude for both temperatures. The decrease in D is 

expected with increasing mav as the system viscosity increases with increasing mav. The salt 

diffusion coefficient at 90 °C is higher than the measured values at 30 °C at all salt 

concentrations. Fig. 5.3c is a plot of the ideal transference number, t+,id, as a function of mav for T 

= 30 °C and 90 °C. For both temperatures, t+,id decreases monotonically as a function of 

increasing salt concentration. The ideal transference number begins at a maximum of t+,id = 0.75 

at mav = 0.18 mol/kg and decreases to a minimum of t+,id = 0.15 at mav = 5.37 mol/kg. For 90 °C, 

t+,id starts at a maximum of t+,id = 0.67 at mav = 0.18 mol/kg and decreases to 0.06 at the highest 

salt concentration studied of mav = 5.37 mol/kg. While 𝜅 and D increase with increasing 

temperature, t+,id decreases with increasing temperature within the studied salt concentration 

window. The ideal transference number at low salt concentrations is significantly larger than the 

values reported for higher molecular weight analogs of tetraglyme.58,95,132 

 

The open circuit potential, U0, for concentration cells for T = 90 °C is shown in Fig. 5.4a as a 

function of the natural log of mav. A polynomial fit, shown as the red curve, is used and takes the 

following functional form: 

  

𝑈0(𝑚) = −3.883 (ln 𝑚)4 − 14.121(ln 𝑚)3 − 24.346(ln 𝑚)2 − 34.397 ln 𝑚
+ 18.706. 

(5.10) 

 

Fig. 5.4b is a plot of U0 vs. mav for T = 30 °C. The blue curve is the following polynomial fit: 

 

𝑈0(𝑚) = 1.632𝑚2 − 65.708𝑚 + 75.301. (5.11) 

 

The open circuit potential equals zero when both sides of the concentration cell contains the 

reference electrolyte (mav,ref = 1.45 mol/kg). It should be noted that the magnitude of the open 

circuit potential for the lowest (mav = 0.18 mol/kg) and highest (mav = 5.37 mol/kg) 

concentrations studied for 30 °C is greater than that of 90 °C. However, this may be an artifact of 

the measurement as only one measurement per concentration was done for 30 °C whereas three 

replicates were conducted for 90 °C. 

 

The thermodynamic factor, 𝑇𝑓, or 1 +
𝑑 ln 𝛾±

𝑑 ln 𝑚
, for 90 °C is calculated by Eq. 5.7 and the 

polynomial fits in Eq. 5.10 and those of Table 5.2. 𝑇𝑓 for T = 30 °C is calculated with Eq. 5.8 and 

the polynomial fits in Eq. 5.11 and those in Table 5.2. The thermodynamic factor for both 

temperatures is shown in Fig. 5.5. At 90 °C, 𝑇𝑓 monotonically increases with increasing salt 

concentration. The thermodynamic factor for T = 30 °C, however, is more complex – 𝑇𝑓 goes 

through a shallow maximum at mav = 2.88 mol/kg. In addition, 𝑇𝑓 at 90 °C is less than that of 30 

°C at concentrations below ca. 4 mol/kg. 
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Figure 5.3 Electrochemically determined ion transport properties of tetraglyme/LiTFSI 

(electrolytic phase) as a function of molality and temperature. Squares and circles are 

experimental measurements, and the solid curves are polynomial fits to the data. a) 

Conductivity measured with a conductivity probe, b) the salt diffusion coefficient as 

measured by the restricted diffusion method, and c) the ideal transference number as 

measured by the steady-state current method. 
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Figure 5.4 Open circuit potential as a function of salt concentration obtained using 

concentration cells for a) 90 °C and b) 30 °C. Note that the x-axis for 90 °C is ln(𝑚𝑎𝑣) 

whereas that of 30 °C is mav to ensure that the polynomial fit is downward sloping over 

the experimental window. 

 

The cation transference number with respect to the velocity of the solvent, 𝑡+
0, for 90 °C, 

calculated using Eq. 5.7, the polynomial fits in Figs 5.3, and data in Fig. 5.5, is shown in red in 

Fig. 5.6. The cation transference number with respect to the velocity of the solvent for 30 °C, 

calculated with Eq. 5.8, the polynomial fits in Fig. 5.3, and data in Fig. 5.5, is shown in blue in 

Fig. 5.6. In general, for both temperatures studied, 𝑡+
0 has a non-monotonic dependence on 

increasing salt concentration. At 30 °C, 𝑡+
0 goes through a shallow maximum at mav = 1.45 

mol/kg, and becomes negative at mav = 5.37 mol/kg. In contrast, 𝑡+
0 at 90 °C is negative at mav = 

0.36 mol/kg, followed by positive values for the remaining concentrations that were studied. In 

the inset, at the lowest salt concentration of mav = 0.18 for 90 °C, 𝑡+
0 is highly negative. This is 

most likely due to the derivative of the open circuit potential best-fit curve (Eq. 5.10). The 

derivative to Eq. 5.10 is positive at mav = 0.18 mol/kg even though one would expect a negative 

derivative with increasing salt concentration. The transference number behavior seen here is 

qualitatively different from the values that have been reported for high molecular weight 

poly(ethylene oxide) (PEO) mixed with LiTFSI.94,95,133 
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Figure 5.5 The thermodynamic factor as a function of salt concentration for 30 °C and 90 

°C.  

 

Our objective is to predict salt concentration profiles and compare experimental limiting current 

data with theoretical predictions for mixtures of tetraglyme and LiTFSI at 90 °C. We chose to 

model only the data using 90 °C as we measured transport parameters at finer resolutions of mav. 

Using the experimental transport properties reported in Figs. 5.3 and 5.6, we can predict the 

theoretical salt concentration profiles for a given steady-state current density, iss, thickness, L, 

and average starting salt concentration, mav, in Li symmetric cells. The constant- and limiting- 

current experiments were conducted in coin cells, which required an electrolyte/separator 

composite. In order to account for the tortuosity, 𝜏, of the separator, the salt diffusion coefficient 

within the electrolyte/separator composite, Ds, was used. In Fig. 5.7, we show a fourth order 

polynomial fit to the product appearing on the left-hand-side of Eq. 5.8 

 
𝑐(𝑚)𝐷𝑠(𝑚)

𝑚𝑡−
0(𝑚)

= 𝑘0 + 𝑘1𝑚 + 𝑘2𝑚2 + 𝑘3𝑚3 + 𝑘4𝑚4 (5.12) 

 

with fitting parameters 

 

𝑘0 = 2.93x10−10 𝑘1 = 1.23x10−9 𝑘2 = −6.83x10−10

𝑘3 = 1.22x10−10 𝑘4 = −7.07x10−12  

 

where 𝑡−
0 is equal to 1 − 𝑡+

0, Ds is in cm2/s, c is in mol/cm3, and m is in mol/kg. The parameters 

apply to the range of 0.36 ≤ m ≤ 5.37 for T = 90 °C. 

 



66 

 

 
Figure 5.6 The transference number, 𝑡+

0 , based on concentrated solution theory as a 

function of salt concentration in the range mav = 0.18 to 5.37 mol/kg for 30 °C (blue) and 

in the range mav = 0.36 to 5.37 mol/kg for 90 °C (red). The inset includes data at the 

lowest salt concentration, mav = 0.18 mol/kg for 90 °C. The remainder of the paper will 

focus on the range mav = 0.36 to 5.37 mol/kg for 90 °C. 

 

 
Figure 5.7 Fit of the integrated term of Eq. 5.9, 

𝑐𝐷𝑠

𝑚𝑡−
0 , as a function of salt concentration 

for data at 90 °C. The solid curve shows the least-squares polynomial fit given by Eq. 

5.12. 

 
Fig. 5.8 shows the salt concentration profiles from x/L = 0 (anode side) to x/L = 1 (cathode side) 

for a range of mixtures of tetraglyme/LiTFSI. Three starting concentrations of mav = 1.45, 2.16, 

and 3.23 mol/kg are shown in Figs. 5.8a, b, and c, respectively. In addition, three normalized 

current densities, 𝑖𝑠𝑠𝐿, are used for each mav shown: 0.001 (green curve), 0.01 (yellow curve), 

and 0.1 mA/cm (purple curve). A normalized current density, 𝑖𝑠𝑠𝐿, is used as it allows for 

comparison across different systems regardless of cell geometry. The concentration profiles were 

determined by numerically solving Eq. 5.9 using the fitted Eq. 5.12. It is evident from Fig. 5.8 
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that in the limit of small 𝑖𝑠𝑠𝐿 (0.001 mA/cm), the concentration profiles are approximately linear 

and the gradients are small for all three mav. As larger 𝑖𝑠𝑠𝐿 are applied, the salt concentration 

gradients become steeper, as shown in yellow (𝑖𝑠𝑠𝐿 = 0.01 mA/cm) and purple (𝑖𝑠𝑠𝐿 = 0.1 

mA/cm). The concentration profile for 𝑖𝑠𝑠𝐿 = 0.1 mA/cm for mav = 3.23 mol/kg in Fig. 5.8c 

shows the largest curvature. The magnitude of the difference between the predicted salt 

concentration at x/L = 0 and mav (|m(x/L = 0) – 3.23| = 1.86 mol/kg) is greater than the magnitude 

of the difference between the predicted salt concentration at x/L = 1 and mav (|m(x/L = 1) – 3.23| 

= 0.96 mol/kg). This may be attributed to a decrease in 𝑡+
0 between m = 2.52 and 5.37 mol/kg. 

 

 
Figure 5.8 Model predicted concentration profiles of LiTFSI in tetraglyme in a lithium 

symmetric cell as solved for by Eq. 5.9 for three different starting salt concentrations at 

90 °C: a) mav = 1.45, b) mav = 2.16, and c) mav = 3.23 mol/kg. 

 

The normalized limiting current density, 𝑖𝑙𝑖𝑚𝑖𝑡𝐿, can be predicted within an electrolyte using 

model predicted concentration profiles. To accomplish this, for a given mav, a range of 𝑖𝑠𝑠𝐿 are 

used to predict the salt concentration profiles, and m at the cathode surface (x/L = 1) is extracted 

at each 𝑖𝑠𝑠𝐿. The concentration at the cathode, m(x/L = 1), is plotted against 𝑖𝑠𝑠𝐿, and the points 

are fit to a curve. The curve is extrapolated to m(x/L = 1) = 0 mol/kg, at which point the 

normalized limiting current density, 𝑖𝑙𝑖𝑚𝑖𝑡𝐿, is reached. An example of such an analysis is shown 

in Fig. 5.9. The purple triangles are model predicted concentrations at x/L = 1 for a range of 𝑖𝑠𝑠𝐿 

and the dotted curve is a polynomial fit. In Fig. 5.9, a starting concentration of mav = 1.45 mol/kg 

was used for Fig. 5.9a and mav = 2.16 mol/kg for Fig. 5.9b. The green squares are model 

predicted concentrations at the anode surface (x/L = 0), which is an important consideration as 

previous work has suggested that salt precipitation on the anode surface can lead to cell 

failure.131 The solubility limit of LiTFSI in tetraglyme was not measured. Note that at a starting 

concentration of mav = 2.16 mol/kg, the anode surface concentration departs from mav at high 

𝑖𝑠𝑠𝐿 much more so than that of the cathode surface. This approach utilizes concentrated solution 

theory (CST). 
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Figure 5.9 Concentration predictions at the cathode (x/L = 1) and anode (x/L = 0) for 

varying 𝑖𝑠𝑠𝐿 values for electrolytes with average concentrations a) mav = 1.45 and b) mav 

= 2.16 mol/kg. The black dashed curve shows a least-squares polynomial fit, which was 

extrapolated to m = 0 mol/kg to determine the normalized limiting current density 

(marked as 𝑖𝑙𝑖𝑚𝑖𝑡𝐿). The anode concentration predictions are shown to highlight the rapid 

approach to high concentrations for electrolytes with concentrations greater than 1.45 

mol/kg. 

 

Experimental measurements of limiting current as a function of salt concentration were obtained 

using the procedures described in Limiting current measurements under the Experimental 

Characterization section. In Figure 5.10, the experimental normalized limiting current density, 

𝑖𝑙𝑖𝑚𝑖𝑡𝐿, is plotted as black circles for six concentrations. Each point represents the average of 

three replicate measurements, however the error bars are smaller than the symbols. In general, 

𝑖𝑙𝑖𝑚𝑖𝑡𝐿 decreases with increasing salt concentration, with the exception at mav = 3.78 mol/kg. One 

expects the normalized limiting current density to increase with increasing salt concentration, 

and such a result was seen in electrolytes comprised of PEO (MW = 35 kg/mol) and LiTFSI.134 

One possible explanation for the decrease in 𝑖𝑙𝑖𝑚𝑖𝑡𝐿 with increasing mav could be due to salt 

precipitation at the anode surface prior to salt depletion at the cathode surface. However, as 

mentioned earlier, the solubility limit of LiTFSI in tetraglyme has not been measured in this 

work.  

 

We can predict the limiting current using dilute solution theory (DST)39 

 

𝑖𝑙𝑖𝑚𝑖𝑡𝐿 =
2𝑐𝑎𝑣𝐷𝑆𝐹

1 − 𝑡+,𝑖𝑑
 (5.13) 

 

where cav is the average electrolyte salt concentration in mol/cm3.  Eq. 5.13 was derived using 

DST, thus the ideal transference number, t+,id, is used to calculate 𝑖𝑙𝑖𝑚𝑖𝑡𝐿. In Fig. 5.10, predicted 

𝑖𝑙𝑖𝑚𝑖𝑡𝐿 from DST and CST are plotted and shown as green open circles and red filled circles, 

respectively. Neither DST nor CST predictions capture the experimental qualitative behavior. 

Both approaches predict maximum normalized limiting current densities at concentrations 

greater than the experimental maximum. However, DST more closely approximates the 
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experimental 𝑖𝑙𝑖𝑚𝑖𝑡𝐿 observed at mav = 0.72 mol/kg, whereas CST more closely predicts the 

experimental 𝑖𝑙𝑖𝑚𝑖𝑡𝐿 at mav = 4.30 mol/kg. 

 

 
Figure 5.10 A comparison of normalized limiting current density (𝑖𝑙𝑖𝑚𝑖𝑡𝐿) values 

predicted by concentrated solution theory (CST) (Eq. 5.8 and 5.11), dilute solution theory 

(DST) (Eq. 5.12), and experimental values (black filled circles) as a function of salt 

concentration, mav. 

 

 

5.4 Conclusion 
 

The maximum current, and therefore power, a battery can supply, is, in part, limited by the 

maximum current that can be drawn through the electrolyte. The maximum current is known as 

the limiting current. The limiting current can be predicted if transport parameters for a wide 

range of salt concentrations are measured. In this work, a complete set of ion transport 

parameters, as a function of salt concentration, were determined for electrolytes comprised of 

LiTFSI and tetraglyme at 30 °C and 90 °C. The measured parameters were conductivity, 𝜅, salt 

diffusion coefficient, D, as measured by the restricted diffusion technique, ideal transference 

number, t+,id, measured using the steady-state current method, and the thermodynamic factor, 𝑇𝑓, 

using concentration cells combined with the aforementioned transport properties. These four 

measurements were combined to calculate the cation transference number with respect to the 

velocity of the solvent, 𝑡+
0, based in Newman’s concentrated solution theory. We find that 𝑡+

0 is 

higher at 30 °C than at 90 °C at low and moderate concentrations. At 30 °C, 𝑡+
0 drops below zero 

at the highest concentration studied, mav = 5.37 mol/kg, whereas it remains positive at 90 °C 

beyond mav = 0.36 mol/kg.  

 

The electrochemical data at 90 °C was used to predict concentration profiles in Li | tetraglyme / 

LiTFSI | Li symmetric cells for a range of starting salt concentrations, mav. The limiting current 

was estimated by using the model-predicted concentrations at the cathode surface, and a non-

monotonic dependence of limiting current with increasing mav was found. Dilute solution theory 

was also utilized to estimate the limiting current, and it, too, had a non-monotonic dependence 

with increasing mav. The predictions were compared to experimental results and both models 
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failed to accurately capture the experimental behavior. This may be due to a salt solubility 

limitation at the anode surface. Further work is necessary in determining the solubility limit of 

LiTFSI in tetraglyme at 90 °C. 
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5.6 Nomenclature 
  

𝑐 Concentration (mol/cm3 or mol/L) 

𝐷 Salt diffusion coefficient of electrolytic phase (cm2/s) 

𝐷𝑠 Salt diffusion coefficient of electrolyte in separator (cm2/s) 

𝐹 Faraday’s constant (96,485 C/mol) 

Iss Steady-state current (mA) 

IΩ Initial current calculated using Ohm’s law (mA) 

𝑖𝑠𝑠 Steady-state current density (mA/cm2) 

𝑖𝑙𝑖𝑚𝑖𝑡  Limiting current density (mA/cm2) 

L Thickness of electrolyte/separator (cm) 

𝑚av Average molality (mol/kg) 

m Molality (mol/kg) 

R Ideal gas constant (J/mol K) 

Ri,0 Resistance of electrolyte/electrode interface initially, prior to polarization (Ω) 

Ri,ss Resistance of solvent/electrode interface when Iss reached (Ω) 

Rs Resistance of electrolyte/separator composite (Ω) 

RT Total resistance of cell (Rs + Ri,0) (Ω) 

T Temperature (K) 

Tf Thermodynamic factor 

𝑡+
0

 
Cation transference number relative to the solvent velocity. Obtained using the 

Balsara and Newman method 

𝑡−
0 Anion transference number relative to the solvent velocity; 𝑡−

0 = 1 − 𝑡+
0 

𝑡+,𝑖𝑑  Ideal transference number using steady-state current method 

x Position (cm) 

𝑈0 Open-circuit voltage (mV) 

𝑧+ Cation charge 

1 +
𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚
 Thermodynamic factor 

 

Greek 

𝛾± Mean molal activity coefficient of the salt 

𝜅 Conductivity of the electrolytic phase; (S/cm) 

𝑣 Stoichiometric parameter = 2 for univalent salts (= 𝑣+ + 𝑣−) 
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𝑣𝑖 Number of cations/anions per molecule of salt (𝑖 = + or −) 

Δ𝑉 Dc polarization potential (mV) 

𝜌 Density (g/mL) 

𝜏 Tortuosity of the separator 
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6 Comparing Model and Experimental Potential Drops in 

Propylene Carbonate Electrolytes 
 

6.1 Introduction 
 

During the operation of a lithium-ion battery, salt concentration gradients develop within the 

electrolyte. These concentration gradients, and thus concentration overpotential, are further 

exacerbated in the limit of high dc currents, and can ultimately lead to cell failure.13,111,134 In 

order to understand these concentration gradients, Onsager reciprocal relations require n(n-1)/2 

transport properties to be measured, where n represents the number of components within the 

electrolyte.38,39 For a binary electrolyte (n = 3), in order to fully characterize ion transport, the 

thermodynamic factor, Tf, and three independent transport parameters in the form of 

conductivity, 𝜅, salt diffusion coefficient, D, and the rigorous cation transference number, 𝑡+
0 

must be characterized as a function of salt concentration. Once these properties are elucidated for 

a given electrolyte, the potential drop within the electrolyte, which is a combination of 

conductivity and concentration overpolarization, can be modeled using Newman’s concentrated 

solution theory.39 

 

Understanding ion transport within electrolytes is paramount to enabling next generation lithium-

based technology, however the vast majority of the literature measures one or two 

properties.58,126,135–138 The transference number is especially difficult to measure and the most 

common technique used is the steady-state current method, as pioneered by Bruce and Vincent, 

but it is rooted in dilute solution theory.53,54 The results of this method cannot be assumed to 

apply to systems of finite concentration. Concentrated solution theory has been applied to some 

nonaqueous liquid electrolytes in order to elucidate their transport parameters.83,112,139–142 

Landesfeind and Gasteiger recently reported on mixtures of lithium hexafluorophosphate (LiPF6) 

and two solvents using Newman’s concentrated solution theory.140 However, they assumed that 

𝑡+
0 and Tf were constant with respect to concentration in their calculation. In addition, they used a 

plasma treated separator, which improves electrolyte wettability, and inherently influences ion 

motion within their electrolyte, thus adding more uncertainty to the reported 

properties.143,144 Hou and Monroe recently reported a complete suite of ion transport properties 

on mixtures of lithium hexafluorophoshate (LiPF6) and propylene carbonate (PC).139 In order to 

measure the salt diffusion coefficient, they used a free-standing lithium symmetric cell, which 

will increase convection effects compared to when a separator is used.93,142 

 

In this work, we report on a complete set of ion transport properties for binary mixtures of 

lithium bis(fluorosulfonyl)imide (LiFSI) and PC and LiPF6 and PC. The chemical structures of 

the three components are shown in Fig. 6.1. We studied 𝜅, D, 𝑡+
0, and Tf between 0.25 and 2.00 

M at room temperature. We apply Newman’s concentrated solution theory to predict salt 

concentration and potential profiles as a function of starting salt concentration and current 

density in lithium symmetric cells for mixtures of LiFSI and PC at steady-state. The electrolyte 

potential drop predictions are compared to experimental results without the use of any adjustable 

parameters. 
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Figure 6.1 a) PC, b) LiFSI, and c) LiPF6. 

 

 

6.2 Experimental & Theoretical Details 
 

6.2.1 Electrolyte Preparation 

 

Propylene carbonate (PC) and lithium hexafluorophosphate (LiPF6) was purchased from Gotion. 

Both chemicals were ≥ 99.9% pure, as confirmed by certificate of analysis forms. Lithium 

bis(fluorosulfonyl)imide (cat. no. 097602) (LiFSI) was purchased from Oakwood Products, Inc. 

and was ≥ 99% pure, as confirmed by a certificate of analysis form. PC and LiPF6 were used as 

received, whereas LiFSI was dried at 120 °C under dynamic vacuum for three days inside a 

glovebox antechamber. The salts, solvent, and prepared electrolytes were stored and used within 

an argon filled Vac glovebox with H2O and O2 concentrations kept below 1 ppm. 

 
Table 6.1 Values of LiFSI wt%, molality, and calculated concentration for electrolytes 

studied at room temperature. 

LiFSI wt% m
av

 (mol/kg) c
av

 (mol/L) 

3.92 0.22 0.25 

7.67 0.44 0.50 

11.27 0.68 0.75 

14.72 0.92 1.00 

18.06 1.18 1.25 

21.29 1.45 1.50 

27.45 2.02 2.00 

 

In order to form electrolytes, a predetermined amount of LiFSI or LiPF6 was added to a known 

mass of PC. Once the salt was added, the electrolytes were placed on a magnetic stirrer and were 

allowed to mix for 12 hours or more using a magnetic stir bar at room temperature. Salt 

concentration for electrolytes ranged from cav = 0.25 to 2.00 M. Values of salt wt %, molality, 

mav, and concentration, cav, for LiFSI and LiPF6 based electrolytes are shown in Table 6.1 and 

Table 6.2, respectively. Here, mav is the average electrolyte molality and cav is the average 

electrolyte concentration. 
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Table 6.2 Values of LiPF6 wt%, molality, and calculated concentration for electrolytes 

studied at room temperature. 

LiPF
6
 wt% m

av
 (mol/kg) c

av
 (mol/L) 

3.10 0.21 0.25 

6.06 0.42 0.50 

8.90 0.64 0.75 

11.63 0.87 1.00 

14.27 1.10 1.25 

16.82 1.33 1.50 

21.68 1.82 2.00 

 

The density, ρ, for select salt concentrations was obtained by filling a differential scanning 

calorimetry (DSC) sample pan (TA Instruments) with a known volume of 40 uL and measuring 

the mass of the electrolyte at room temperature inside an argon filled glovebox. The density was 

interpolated for unmeasured electrolytes using a curve of best fit, shown in Figs. 6.2a and 6.2b, 

for mixtures of LiFSI and PC, and LiPF6 and PC, respectively.   

 

 
Figure 6.2 Density as a function of a) LiFSI wt% and b) LiPF6 for select electrolytes. 

The solid curves represent curves of best fit to interpolate missing electrolyte densities. 

 

 
6.2.2 Experimental Characterization 

 

All electrochemical characterization experiments that utilized coin cells were conducted in an 

environmental chamber at T = 25 °C. Concentration cells were carried out inside an argon filled 

glove box at room temperature. 
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Conductivity measurements 

 

Ionic conductivity of the electrolytic phase, 𝜅, was measured using a FiveEasy Conductivity 

Meter F30 (Mettler Toledo). Each measurement was carried out in triplicate. The conductivity of 

neat propylene carbonate was measured to be 6.33 x 10-7 S/cm, which we assume is due to 

impurities. We treat this value as background and subtract 6.33 x 10-7 S/cm from the other 

measured conductivity values. 

 

Ideal transference number measurements 

 

Ideal transference number, t+,id, samples were prepared by sandwiching two electrolyte soaked 

separators, Whatman GF/F (GE Healthcare), with a lithium disc, cut from lithium chips (MTI 

corp.), on either side. The diameter of the 150 μm thick Li disc was 12.7 mm. Three replicate 

cells were produced for each electrolyte. Data were collected on Bio-Logic VMP3 and VMP-300 

potentiostats. Assuming Ohm’s law, which is a reasonable assumption prior to cell polarization 

due to a lack of concentration gradients, an initial current, IΩ, is given by Eq. 6.1: 

 

𝐼Ω =
Δ𝑉

𝑅𝑇
 (6.1) 

 

where ΔV is the applied polarization potential and RT is the total initial cell resistance as 

measured by ac impedance spectroscopy. Ac impedance data were collected every 20 minutes 

during applied dc potentials ± 5 mV with an amplitude of 2.5mV. Low dc potentials were 

required in order to ensure a stable current response. Applied dc potentials greater than 5 mV led 

to significant interfacial impedance changes, which causes an improperly measured ideal 

transference number.  Eq. 6.2 was then used to calculate 𝑡+,𝑖𝑑:53,54  

 

𝑡+,𝑖𝑑 =
𝐼𝑠𝑠

𝐼Ω
(

Δ𝑉 − 𝐼Ω𝑅𝑖,0

Δ𝑉 − 𝐼𝑠𝑠𝑅𝑖,𝑠𝑠
)  (6.2) 

 

where Iss is the steady state current, Ri,0 is the initial interfacial resistance, and Ri,ss is the 

interfacial resistance when Iss is reached. 

 

Restricted diffusion measurements 

 

Diffusion coefficients were measured using the restricted diffusion technique.89,90 Lithium 

electrodes (thickness 150 μm, diameter 12.7 mm) sandwiched two stacked electrolyte soaked 

Whatman GF/F separators and hermetically sealed in CR2032 coin cells (Pred Materials). Dc 

potentials of ±5 mV were used to polarize the cell until a steady-state current was realized. The 

potential was then removed and the cells were allowed to relax for 20 minutes while the open-

circuit potential, U, was measured every 5 seconds. Porous separators were used in order to 

control for convection, an important precaution for liquid electrolytes.91 The relaxation profiles 

were fit to Eq. 6.3  

𝑈(𝑡) = 𝑘0 + 𝑎𝑒−𝑏𝑡 (6.3) 
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where a and b are fit parameters and k0 is an empirically determined offset voltage. The salt 

diffusion coefficient within the separator, Ds, is related to b by 

 

𝐷𝑠 =
𝐿2𝑏

𝜋2
 (6.4) 

 

where L is the thickness of the separator stack. The lower time limits of the fits are such that 𝛼 =
𝐷𝑠𝑡/𝐿2 > 0.03.92 Traditionally, an 𝛼 = 0.05 is used, however, the OCV relaxation time is short, 

hence a smaller value of 𝛼, which is still large enough for Eq. 6.3 to apply. 

 

Whatman GF/F separators are compressible, thus their thickness changes under the compressive 

force of a coin cell assembly. In order to calculate L, ac impedance spectroscopy was conducted 

on the lithium symmetric cells in order to obtain the resistance of the electrolyte/separator 

composite, Rs. The conductivity of the electrolytic phase, 𝜅, is related to the conductivity of the 

separator by Eq. 6.4 

  

𝜅 =
𝜏

𝜙𝑐
𝜅𝑠 =

𝜏

𝜙𝑐

𝐿

𝑅𝑠𝐴
 (6.5) 

 

where 𝜏 is the separator tortuosity, A is the active surface area of the electrode, and 𝜙𝑐 is the 

volume fraction of the conducting phase in the separator. The tortuosity for the separator was 

found to be 𝜏 = 1, and the conducting phase volume fraction was found to be 𝜙𝑐 = 0.87 ± 0.06 

using methods described in ref. 112. Eq. 6.5 was rearranged to solve for L 

 

𝐿 =
𝜙𝑐

𝜏
𝜅𝑅𝑠𝐴. (6.6) 

 

This paper reports the diffusion coefficient of the salt in the electrolytic phase, D, and in order to 

do so, the tortuosity of the separator had to be taken into consideration: 

𝐷 = 𝜏𝐷𝑠. (6.7) 

Concentration cell measurements 

 

Concentration cell measurements were conducted in a similar fashion to that of ref. 112. One side 

of the U-cell contained a reference electrolyte of mref = 0.92 mol/kg for LiFSI based electrolytes 

and mref = 0.87 mol/kg for LiPF6 based electrolytes. The other side was filled with LiFSI or 

LiPF6 based electrolytes of varying molalities. Both sides of the U-cell were filled with 

electrolyte such that the heights on both sides were the same, an effort necessary to minimize 

pressure differences across the glass frit. Strips of lithium (MTI Corp.) were cut and brushed, and 

then immersed into the two halves of the U-cell. The open-circuit potential, U, was monitored 

with time. The open-circuit potential was monitored for 1 hour, and the reported U was averaged 

over a 5 minute plateau of the open-circuit potential. The potential difference is related to the 

thermodynamic factor by the following equation:39 
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𝐹(𝑧+𝑣+)

𝑣𝑅𝑇(1 − 𝑡+
0)

𝑑𝑈

𝑑𝑙𝑛𝑚
 = 1 +

𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚
 (6.8) 

 

where z+ is the charge number, v+ is the number of cations, both of which are 1 for LiFSI and 

LiPF6, and 
𝑑𝑈

𝑑 ln 𝑚
 is the change in the open-circuit potential, U, with ln(m).  

 

Two replicate measurements were performed for all concentrations studied, with the exception of 

the LiFSI electrolyte of mav = 0.22 mol/kg, where one measurement was performed.  

 

Transference number calculation 

 

The transference number of the electrolytic phase, 𝑡+
0, was then calculated by combining the 

above four independent measurements (conductivity, ideal transference number, concentration 

cells, and restricted diffusion). Balsara and Newman showed that the ideal transference number 

is related to the cation transference number relative to the solvent velocity70 

 

𝑡+
0 = 1 − √

𝐹2𝐷𝑐
𝑣𝜅𝑅𝑇 (

1
𝑡+,𝑖𝑑

− 1)

1 +
𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚

. (6.9) 

 

Here, v is related to the stoichiometric factor and is equal to 2 for a monovalent salt. By 

combining equations 6.8 and 6.9, the thermodynamic factor can be determined with 

experimentally measurable quantities 

 

𝜅(𝑧+𝑣+)

𝑣𝑅𝑇𝐷𝑐 (
1

𝑡+,𝑖𝑑
− 1)

 (
𝑑𝑈

𝑑𝑙𝑛𝑚
)

2

= 1 +
𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚
. (6.10) 

 

The sign of the open circuit potential depends on convention – some researchers report positive 

values for U, while others report negative values for U.70,93,95,96 This depends on whether the 

positive or negative lead from the potentiostat is connected to the reference electrolyte. Eq. 6.10 

is applicable regardless of convention or how the potentiostat is connected to the reference 

electrolyte. Once the thermodynamic factor is calculated, 𝑡+
0 can be determined. Additionally, the 

above equation is true for all concentrations, as there are no assumptions about ideality within 

the calculation of 𝑡+
0. 

 

Electrolyte potential drop measurements 

 

Lithium symmetric cells were prepared and electrochemically conditioned the same way as the 

ideal transference number measurement samples. Each sample was then polarized at all of the 

following current densities for 30 minutes: iss = 0.020, 0.040, and 0.10 mA/cm2 with potential 

and current data recorded every five seconds. Ac impedance spectroscopy followed each 

polarization and the data were analyzed in the form of a Nyquist plot. The data were fit to an 
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equivalent electrical circuit and the interfacial impedance, Ri, was extracted, as described in a 

previous publication.76 The interfacial impedance was used to correct for the potential drop, Φ, 

across an electrolyte, as described in Eq. 6.11 below 

Φ = Φ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑅𝑖𝑖𝑠𝑠𝐴 (6.11) 

 

where Φ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the steady-state potential across the lithium symmetric cell as measured by 

the potentiostat under a given steady-state current density, iss, and A is the active area of the 

electrode. 

 

 

6.2.3 Steady-state Model 

 

The relationship between iss and the electrochemical properties of an electrolyte, based on 

Newman’s concentrated solution theory,39 was derived in ref. 111. This relationship changes 

slightly when the electrolyte is contained in a porous separator (we call this the 

electrolyte/separator composite), and is given by Eq. 6.12 and has been used to predict 

concentration profiles in other liquid electrolytes131 

 

∫
𝑐(𝑚)𝐷𝑠(𝑚)

𝑚𝑡−
0(𝑚)

𝑑𝑚 =
𝑖𝑠𝑠𝑙

𝐹𝑧−𝑣−
(

𝑥

𝐿
)

𝑚(𝑥)

𝑚(𝑥=0)

 (6.12) 

 

where c is the concentration of the salt in the electrolytic phase in mol/cm3, Ds is the salt 

diffusion coefficient measured by restricted diffusion on the electrolyte/separator composite, m is 

the molality, 𝑡−
0 is the anion transference number relative to the velocity of the solvent (𝑡−

0 = 1 −
𝑡+

0), 𝑧− is the charge number on the anion, 𝑣− is the number of anions the salt disassociates into, 

L is the thickness of the electrolyte/separator composite, x/L is the normalized thickness, and F is 

Faraday’s constant (the transference number is unaffected by the presence of the separator). All 

of the ion transport properties depend on salt concentration, as indicated in Eq. 6.12. During an 

experiment, the average salt concentration of the electrolyte, mav, is controlled. The molality 

profile predicted by Eq. 6.12 must be averaged from x = 0 to x = L to ensure that the model 

predicted average concentration is equal to mav. 

 

The relationship between the electric potential within an electrolyte/separator composite to the 

measurable transport properties is given by 

 

Φ(𝑥) = −𝐹𝑧−𝑣− ∫
𝑐(𝑚)𝐷𝑠(𝑚)

𝑚𝑡+,𝑖𝑑(𝑚)𝜅𝑠(𝑚)𝑡−
0(𝑚)

𝑑𝑚
𝑚(𝑥=0)

𝑚(𝑥=𝐿)

 (6.13) 

 

where 𝑡+,𝑖𝑑 is the ideal transference number (unaffected by the presence of the separator) and 𝜅𝑠 

is the conductivity of the electrolyte/separator composite. In this paper, equations 6.12 and 6.13 

were solved numerically using MATLAB for the relevant parameters. 

 

 

 

 



79 

 

6.3 Results and Discussion 
 

The ionic conductivity, 𝜅, salt diffusion coefficient, D, and the ideal transference number, 𝑡+,𝑖𝑑 

were determined through three independent experiments as described in the Experimental and 

Theoretical Details section. The three aforementioned transport parameters are shown in Fig. 6.3 

as a function of average salt concentration, cav, measured at room temperature. The open circuit 

potential is plotted as a function of ln(mav) due to it’s appearance as 
𝑑𝑈

𝑑 ln 𝑚
 in Eq. 6.10 to calculate 

the thermodynamic factor, Tf.  The red upward triangles are data collected for mixtures of LiFSI 

and PC and the blue upside-down triangles represent data collected for binary mixtures of LiPF6 

and PC. The solid red curves are fits through the data for LiFSI and PC and the blue curves are 

fits through the data for LiPF6 and PC. Parameters for the fitting functions for 𝜅, D, and t+,id are 

listed in Table 6.3 for both binary mixtures. 

 
Table 6.3 The best-fit polynomial equations for all transport properties in LiFSI + PC 

and LiPF6 + PC electrolytes.  

𝑃 (LiX) = 𝑘0 + 𝑘1𝑐 + 𝑘2𝑐2 + 𝑘3𝑐3 

𝑃 (LiX)  k
0
 k

1
 k

2
 k

3
 

𝜅 (LiFSI) 8.67 x 10
-4

 1.30 x 10
-2

 -9.28 x 10
-3

 3.14 x 10
-3

 

D (LiFSI) 1.15 x 10
-6

 -1.41 x 10
-6

 1.37 x 10
-6

 -4.42 x 10
-7

 

t
+,id

 (LiFSI) 0.276 -0.567 0.426 -9.29 x 10
-2

 

𝜅 (LiPF
6
) 9.52 x 10

-5

 1.63 x 10
-2

 -1.36 x 10
-2

 3.14 x 10
-3

 

D (LiPF
6
) 1.18 x 10

-6

 -2.05 x 10
-6

 1.73 x 10
-6

 -3.93 x 10
-7

 

t
+,id

 (LiPF
6
) 4.79 x 10

-2

 -0.146 0.164 -4.57 x 10
-2

 

 

 

Fig. 4a plots conductivity as a function of cav for both LiFSI and LiPF6 based electrolytes. At low 

concentrations, the conductivities of LiFSI and LiPF6 electrolytes are very similar. The behavior 

qualitatively changes at higher salt concentrations. The conductivity of LiFSI/PC goes through a 

maximum of 6.13 x 10-3 ± 8.50 x 10-6 S/cm at cav = 1.00 M and that of LiPF6/PC goes through a 

maximum of 5.96 x 10-3 ± 1.61 x 10-5 S/cm at cav = 0.75 M. Between 0.75 M ≤ cav ≤ 1.75 M, 

LiFSI has a higher conductivity than that of LiPF6, whereas 𝜅 of LiPF6 is greater than LiFSI 

between 1.75 M < cav ≤ 2.00 M. The measured conductivity values are quantitatively and 

qualitatively similar to values published elsewhere.139,145 The salt diffusion coefficient for LiFSI, 

shown in Fig. 6.3b, decreases with increasing salt concentration following the polynomial fit 

shown in Table 6.4. For LiPF6, D is a non-monotonic function of increasing salt concentration, 

also shown in Fig. 6.3b. The salt diffusion coefficient for LiPF6 goes through a shallow 

minimum around cav = 0.75 M. The behavior of D as a function of salt concentration for LiPF6 

shown here is qualitatively different from other reported values. In work published by Nishida et 

al., D is constant with salt concentration, while in Hou and Monroe, D decreases with increasing 

salt concentration.139,146 The salt diffusion coefficient measured in this work for LiPF6 is on the 
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same order of magnitude as measured in those two studies. The ideal transference number, t+,id, is 

plotted as a function of cav in Fig. 6.4c, and is a non-monotonic function of salt concentration for 

both LiFSI and LiPF6. LiFSI exhibits a higher t+,id than LiPF6 for all salt concentrations that were 

studied. Notably, t+,id ranges between 0.04 and 0.16 for LiFSI and between 0.01 and 0.05 for 

LiPF6. This is considerably different from literature reported t+,id values for nonaqueous liquid 

electrolytes, where t+,id ranges between 0.20 and 0.40.147–149 However, these reports use the initial 

current as measured by the potentiostat rather than the initial current calculated by Ohm’s law 

(see Eq. 6.1) to calculate t+,id. By using the initial current from the potentiostat in the calculation, 

t+,id is often greater than if Ohm’s law is used for the initial current.150 In addition, an unstable 

interfacial resistance over the course of the applied potential can cause an improper calculation 

of t+,id. In Fig. 6.4, Ri is plotted as a function of cav for both LiFSI and LiPF6 before and after dc 

polarization. Interfacial resistance for LiFSI before and after dc polarization is shown in Fig. 

6.4a, and Ri of LiPF6 before and after polarization is shown in Fig. 6.4b. The interfacial 

resistance before and after polarization is approximately constant for both LiFSI and LiPF6 

electrolytes. Fig. 6.3d is the open circuit potential, measured using concentration cells, as a 

function of the natural log of molality for LiFSI and LiPF6. The open circuit potential is zero 

when both sides of the U-cell contain the reference electrolyte (𝑚𝑎𝑣,𝐿𝑖𝐹𝑆𝐼 = 0.92 mol/kg, 

𝑚𝑎𝑣,𝐿𝑖𝑃𝐹6
= 0.87 mol/kg). A polynomial fit to the open circuit potential for LiFSI is shown as a 

red, solid curve and follows the equation: 

  

𝑈𝐿𝑖𝐹𝑆𝐼(𝑚) =  −7.294(ln 𝑚)3 − 27.87(ln 𝑚)2 − 80.48 ln 𝑚 − 6.010. (6.14) 

 

A polynomial fit to the open circuit potential for LiPF6 is shown as a blue, solid curve and 

follows the equation:  

 

𝑈𝐿𝑖𝑃𝐹6
(𝑚) =  −12.10(ln 𝑚)3 − 41.34(ln 𝑚)2 − 89.21 ln 𝑚 − 10.09. (6.15) 

 

The open circuit potentials for LiFSI and LiPF6 are similar to one another when the measured 

molality is close to mref, but the two deviate from one another when the measured m is further 

from mref. The differences in potential may be due to a difference in solvation environments of 

LiFSI in PC and LiPF6 in PC.151–153 
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Figure 6.3 Electrochemical properties of the electrolytic phase of PC/LiFSI and 

PC/LiPF6. The solid red curves are fits through the data for LiFSI/PC and the solid blue 

curves are fits through the data for LiPF6/PC (Table 6.4). a) Conductivity as measured 

using a conductivity probe, b) salt diffusion coefficient measured using the restricted 

diffusion method, and c) ideal transference number as measured by the steady-state 

current method all as a function of average salt concentration, cav. d) Open circuit 

potential obtained using concentration cells with reference 𝑚𝑎𝑣,𝐿𝑖𝐹𝑆𝐼 = 0.92 mol/kg and 

𝑚𝑎𝑣,𝐿𝑖𝑃𝐹6
 = 0.87 mol/kg as a function of the natural log of average molality. The solid, 

red curve is a fit through the LiFSI/PC data (Eq. 6.14) and the solid, blue curve is a fit 

through the LiPF6/PC data (Eq. 6.15). 
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Figure 6.4 Resistance of the electrolyte/lithium interface before and after dc polarization 

during the steady-state current experiment for a) LiFSI/PC and b) LiPF6/PC. 

 

The thermodynamic factor, 1 +
𝑑 ln 𝛾±

𝑑 ln 𝑚
, calculated using Eq. 6.10, the fits to the data shown in 

Fig. 6.3, and Table 6.4, is shown in Fig. 6.5 as a function of cav. The thermodynamic factor for 

LiFSI/PC is a non-monotonic function of concentration, and goes through a shallow minimum at 

cav = 1.00 M, after which Tf increases rapidly. As for LiPF6/PC, Tf increases monotonically with 

increasing concentration.  Using Tf, along with the data from Fig. 6.3, the cation transference 

number relative to the solvent velocity, 𝑡+
0, is calculated and shown in Fig. 6.6. For mixtures of 

LiFSI/PC, 𝑡+
0 begins positive as the lowest salt concentration, becomes negative at higher values, 

and rises back to 0.03 at cav = 2.00 M. The trend in 𝑡+
0 with increasing concentration for 

LiPF6/PC is more complex, but is negative in the entire range that was studied. The measured 

values for LiPF6/PC are highly negative, and may be due to errors that have propagated from the 

four independent measurements that are needed, as shown in Eq. 6.9. It would be valuable to 

obtain 𝑡+
0 using electrophoretic NMR, which can directly measure 𝑡+

0, and compare to the results 

obtained using the Balsara-Newman method.154 Electrophoretic NMR has been applied to a few 

electrolytes to obtain 𝑡+
0, but the values have not yet been used to predict electrolyte potential 

drop or limiting currents.86,155–157 
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Figure 6.5 The thermodynamic factor as a function of salt concentration for LiFSI/PC 

and LiPF6/PC. 

 

 
Figure 6.6 Transference number, 𝑡+

0 , based on concentrated solution theory for LiFSI/PC 

and LiPF6/PC. The rest of the paper will focus on data for LiFSI/PC. 

 

In the remaining chapter, we will focus on mixtures of LiFSI/PC. Using the electrochemical data 

for LiFSI/PC, we can predict the steady-state potential behavior of the electrolyte in Li 

symmetric cells and compare with experimental results as a function of normalized current 

density, 𝑖𝑠𝑠𝐿, and average salt concentration. To calculate the concentration profile within an 

electrolyte given an iss and L, the transport parameters on the left-hand-side of Eq. 6.12 were fit 

as a continuous function of salt concentration. Fig. 6.7a shows an exponential plus constant fit to 

the product on the left-hand-side of Eq. 6.12 

 
𝑐(𝑚)𝐷𝑠(𝑚)

𝑚𝑡−
0(𝑚)

= 𝑎0 exp(Γ𝑚) + 𝑎1 (6.16) 

 



84 

 

with fitting parameters 

 

𝑎0 = 4.700x10−9 𝑎1 = 2.673x10−10 Γ = −6.157 

 

where c is in mol/cm3, Ds is the salt diffusion coefficient of the separator/electrolyte composite, 

and   𝑡−
0 = 1 − 𝑡+

0. The steady-state concentration profiles must be obtained in order to ensure 

that the space averaged predicted concentration equals the starting average concentration of mav. 

In Fig. 6.7b, we show a double exponential fit to the product on the left-hand-side of Eq. 6.13 in 

order to predict the electrolyte potential: 

 
𝑐(𝑚)𝐷𝑠(𝑚)

𝑚𝑡+,𝑖𝑑𝜅𝑠𝑡−
0(𝑚)

= 𝑏0 exp(𝜏0𝑚) + 𝑏1 exp(𝜏1𝑚) (6.17) 

 

with fitting parameters 

 

𝑏0 = 1.192x10−6 𝑏1 = 9.016x10−7

𝜏0 = −0.1700 𝜏1 = −7.239
 

 

where 𝜅𝑠 is the conductivity of the separator/electrolyte composite.  

 

 
Figure 6.7 Fits of the integrand term of a) Eq. 6.12, 

𝑐𝐷𝑠

𝑚𝑡−
0 , given by Eq. 6.16 and b) Eq. 

6.13, 
𝑐𝐷𝑠

𝑚𝑡+,𝑖𝑑𝜅𝑠𝑡−
0 , given by Eq. 6.17. 

 

Fig. 6.8a shows the model predicted concentration profiles for a normalized current density, issL, 

of 0.0016 mA/cm for three average concentrations of cav = 0.50, 1.00, and 1.50 M. At this 

normalized current density, the salt concentration gradients for all three concentrations are small 

and approximately linear. Fig. 6.8b is the predicted potential, 𝜙, for the same normalized current 

density and concentration gradient. Interestingly, the predicted potential drop is the largest for 

the concentration with the greatest conductivity, cav = 1.00 M. 
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Figure 6.8 Model predicted a) salt concentration and b) potential profiles for mixtures of 

LiFSI/PC with cav = 0.50, 1.00, and 1.50 M at 𝑖𝑠𝑠𝐿 = 0.0016 mA/cm.   

  

The experimentally applied potential drop, Φ𝑒𝑥𝑝/𝐿, for the electrolyte with cav = 1.00 M (see 

Table 6.1 to convert cav to mav) is plotted as a function of iss in Fig. 6.9a. The experimental 

potential drop is corrected for the lithium/electrolyte interfacial impedance using Eq. 6.11. Also 

shown in Fig. 6.9a is the predicted potential drop, Φ0/𝐿, calculated from Fig. 6.8 for cav = 

1.00M. Both theory and experiment indicate that Φ/L increases with increasing iss. For the range 

of iss studied, the model under predicts Φ𝑒𝑥𝑝/𝐿. The deviation between experiments and theory 

remains approximately constant with increasing current density. Further work is needed to 

resolve this discrepancy. In Fig. 6.9b, we plot Φ𝑒𝑥𝑝/𝐿 against cav for iss = 0.04 mA/cm2 and find 

that Φ𝑒𝑥𝑝/𝐿 is a strong function of cav. Theoretical predictions, also shown in Fig. 6.9b, support 

this observation. Both the experimental and theoretical potential drops exhibit a maximum at cav 

= 1.00 M, at the same concentration that 𝜅 is maximized. The model predicts that the lowest 

potential drop within the electrolyte would occur at cav = 0.50 M, then increases until cav = 1.00 

M, followed by a shallow decline. Experimentally, the potential drop is observed to be lowest at 

cav = 1.50 M, however the experimental error is also the largest at that concentration. While the 

theoretical predictions generally lie below the experimental data, they agree qualitatively with 

the experimental observations.  
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Figure 6.9 Experimental (red) and model predicted (black) potential as a function of a) iss 

for a concentration of cav = 1.00 M and b) cav for iss = 0.04 mA/cm2. 

 

 

6.4 Conclusion 
 

In this work, a complete set of ion transport parameters, as a function of salt concentration, were 

measured for mixtures of LiFSI and PC and LiPF6 and PC at room temperature. These 

parameters include conductivity, 𝜅, salt diffusion coefficient, D, as measured by the restricted 

diffusion technique, ideal transference number, t+,id, measured using the steady-state current 

method, and the thermodynamic factor, 𝑇𝑓, using concentration cells combined with the 

aforementioned transport properties. These four measurements were combined to calculate the 

cation transference number with reference to the velocity of the solvent, 𝑡+
0, based in Newman’s 

concentrated solution theory. The cation transference number for LiPF6/PC was significantly 

more negative at all salt concentrations compared to that of LiFSI/PC. However, the calculation 

of 𝑡+
0 is highly dependent on measurements of 𝜅, D, t+,id, and Tf. Further work is necessary to 

directly measure 𝑡+
0, using methods such as electrophoretic NMR, in order to compare results 

with those presented in this work. 

 

The dc potential across a lithium symmetric cell containing LiFSI/PC was measured 

experimentally as a function of applied current density and salt concentration. The results were 

compared to theoretical results based in Newman’s concentrated solution theory. The predicted 

potential drop of the electrolyte within the Li symmetric cell was lower than the experimental 

behavior at all iss and cav. The model predicted results qualitatively captured the experimental 

potential behavior. Both experiment and theory showed an increase in electrolyte potential drop 

between 0.50 and 1.00 M and a decrease from 1.00 to 1.5 M. There was a maximum in the 

electrolyte potential drop at 1.00 M, which is the same concentration that conductivity is 

maximized for mixtures of LiFSI and PC. In order to fully understand the ohmic drop of an 

electrolyte, ion transport properties beyond conductivity must be measured. Our approach 

enables comparing theory with experiment with no adjustable parameters. 
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6.6 Nomenclature 

 
A Active surface area of electrode (cm2) 

a, b Fit parameters in Eq. 6.3 

𝑐 Concentration (mol/cm3 or mol/L) 

cav Average concentration (mol/cm3 or mol/L) 

𝐷 Salt diffusion coefficient of electrolytic phase (cm2/s) 

𝐷𝑠 Salt diffusion coefficient of electrolyte in separator (cm2/s) 

𝐹 Faraday’s constant (96,485 C/mol) 

Iss Steady-state current (mA) 

IΩ Initial current calculated using Ohm’s law (mA) 

𝑖𝑠𝑠 Steady-state current density (mA/cm2) 

k0 Offset voltage (mV) 

L Thickness of electrolyte/separator (cm) 

𝑚av Average molality (mol/kg) 

m Molality (mol/kg) 

R Ideal gas constant (J/mol K) 

Ri Resistance of the electrolyte/electrode interface (Ω) 

Ri,0 Resistance of electrolyte/electrode interface initially, prior to polarization (Ω) 

Ri,ss Resistance of solvent/electrode interface when Iss reached (Ω) 

RT Total resistance of cell (Rs + Ri,0) (Ω) 

T Temperature (K) 

Tf Thermodynamic factor 

𝑡+
0

 
Cation transference number relative to the solvent velocity. Obtained using the 

Balsara and Newman method 

𝑡−
0 Anion transference number relative to the solvent velocity; 𝑡−

0 = 1 − 𝑡+
0 

𝑡+,𝑖𝑑  Ideal transference number using steady-state current method 

x Position (cm) 

𝑈 Open-circuit voltage (mV) 

𝑧+ Cation charge 

1 +
𝑑𝑙𝑛𝛾±

𝑑𝑙𝑛𝑚
 Thermodynamic factor 

 

Greek 

𝛼 Nondimensional time 

𝛾± Mean molal activity coefficient of the salt 

𝜅 Conductivity of the electrolytic phase (S/cm) 

𝜅𝑠 Conductivity of the electrolyte and separator combined (S/cm) 

𝑣 Stoichiometric parameter = 2 for univalent salts (= 𝑣+ + 𝑣−) 
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𝑣𝑖 Number of cations/anions per molecule of salt (𝑖 = + or −) 

Δ𝑉 Dc polarization potential (mV) 

𝜌 Density (g/mL) 

𝜏 Tortuosity of the separator 

Φ Electrolyte potential (mV) 

Φ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 Measured cell potential (mV) 

𝜙𝑐 Volume fraction of conducting phase in separator 
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7 Conclusion 
 

Liquid electrolytes are an integral component to current lithium-ion batteries. The development 

of next-generation lithium based batteries is predicated on understanding and improving upon the 

ion transport limitations of current-day electrolytes. In this work, we aim to understand the 

factors that govern ion transport in novel and conventional electrolytes by implementing 

concentrated solution theory for a variety of salt and solvent mixtures. 

 

In chapter 2, we studied liquid perfluorether solvents which varied only in molecular weight, C6-

DMC and C8-DMC. We produced binary electrolyte mixtures of LiFSI, LiTFSI, and LiBETI in 

C6-DMC and C8-DMC. The anions of the three salts were imide-based and varied in ion size 

only (FSI- < TFSI- < BETI-). The solubility limit of the three salts ranged between 25 – 35 wt% 

for all three salts in C8-DMC and C6-DMC, with the exception of LiTFSI in C6-DMC, which 

was soluble to 4.4 wt% in C6-DMC. The conductivity, 𝜅, as measured by ac impedance 

spectroscopy, and ideal transference number, t+,id, measured using the steady-state current 

method, were determined for a range of salt concentrations. The optimal mixture was determined 

by the product of 𝜅 and t+,id, which acts as a modified Ohm’s law for binary electrolytes.150 The 

optimal electrolyte was found to be a mixture of C8-DMC with LiFSI. 

 

In chapter 3, we characterized mixtures of C8-DMC and LiFSI using Newman’s concentrated 

solution theory, and compared the experimental ion transport properties to those obtained using 

methods based in dilute solution theory. In addition to the conductivity and ideal transference 

number, the salt diffusion coefficient, as measured by restricted diffusion, and open circuit 

potential, determined using concentration cells, were reported. The combination of the four 

experiments allowed for the calculation of the cation transference number with respect to solvent 

velocity, 𝑡+
0. The calculation of 𝑡+

0, developed by Balsara and Newman, is based in concentrated 

solution theory and does not require assumptions on electrolyte ideality.70 A third transference 

number was measured using pulsed field gradient NMR (PFG-NMR), t+,NMR. If the electrolyte 

was ideal, the three transference numbers would be equivalent to one another. Instead, all three 

measured transference numbers were quantitatively and qualitatively different from one another. 

The rigorous transference number, 𝑡+
0, was found to be negative at all salt concentrations, 

whereas t+,id was positive and decreased monotonically with increasing salt concentration. Over 

the same salt concentration, t+,NMR remained constant and positive. The difference in these 

measured transference numbers suggest that this perfluorinated solvent is highly non-ideal. 

 

In chapter 4, the ion transport properties obtained in chapter 3 were utilized in a model to predict 

limiting current and potential behavior of LiFSI/C8-DMC electrolytes in lithium symmetric cells. 

Salt concentration profiles for a range of applied current densities and starting salt 

concentrations, mav, were modeled using Newman’s concentrated solution theory. The modeled 

salt concentration profiles were used to predict the maximum dc current draw the electrolyte 

could support, which is also known as the limiting current. The model considered Li+ depletion 

at the electrolyte/cathode interface, as well as salt solubility limitations at the electrolyte/anode 

interface in order to predict the limiting current. Dilute solution theory was also used to predict 

the limiting current of these electrolytes. Both of these results were compared to experimental 

measurements of limiting current and it was found that the model predicted values based in 

concentrated solution theory was in quantitative and qualitative agreement with experiments, 
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whereas dilute solution theory largely over predicted the electrolyte’s limiting current. In 

addition, concentrated solution theory was used to predict the electrolyte potential behavior, both 

transient and at steady-state. This was compared to experimental potential behavior and good 

agreement was found. 

 

In chapter 5, a complete set of ion transport properties were reported for mixtures of tetraglyme 

and LiTFSI at two temperatures, 30 and 90 °C. We utilized the Newman concentrated solution 

theory framework in obtaining the complete set of ion transport properties. We found that 𝜅 and 

D are lower at 30 °C than at 90 °C at all salt concentrations. The ideal transference number, t+,id, 

is greater at 30 °C than at 90 °C within the full experimental salt concentration window. At 30 

°C, 𝑡+
0  was calculated to be greater at concentrations below mav = 4 mol/kg when compared to 90 

°C. We used the full set of ion transport data obtained at 90 °C to compute salt concentration 

profiles as a function of current density and starting salt concentration. The predicted 

concentration gradients became increasingly nonlinear with increasing current density and mav. 

This is likely due to a local minimum in 𝑡+
0 at high mav and a decreasing trend in D with 

increasing mav. The modeled salt concentration profiles were used to predict the limiting current, 

and the results were compared to dilute solution theory predictions and experiments. Both dilute 

and concentrated solution theory failed to adequately capture the experimental limiting current 

results. It is important to note that the magnitude of the salt concentration difference between the 

anode side and mav is much greater than the difference between the cathode side and mav in the 

limit of high current densities. This suggests that the electrolyte may fail due to salt solubility 

limitations at the anode surface rather than lithium depletion on the cathode surface. Further 

work is necessary to measure the solubility limit of LiTFSi in tetraglyme and to predict the 

limiting current due to solubility limitations. 

 

In chapter 6, we turn our attention to a conventional, carbonate electrolyte, propylene carbonate 

(PC). Here, we apply Newman’s framework to elucidate ion transport properties of binary 

mixtures of LiFSI and PC and LiPF6 and PC at room temperature. The necessary four parameters 

are measured: 𝜅, t+,id, D, and open circuit potential, U, using concentration cells for both 

mixtures. Conductivity, the salt diffusion coefficient, and U are similar for mixtures of both 

LiFSI/PC and LiPF6/PC. However, t+,id is greater for LiFSI/PC than LiPF6/PC at all salt 

concentrations. The measured properties were used to calculate 𝑡+
0 for both sets of electrolytes 

and it was found that 𝑡+
0 for LiPF6/PC was much more negative than that of LiFSI/PC at all salt 

concentrations. The transport properties for LiFSI/PC were used to model the steady-state 

potential behavior for a range of salt concentrations and current densities. The predicted 

electrolyte potential drop was lower than that of the experimental values at all current densities 

and salt concentrations. However, the qualitative behavior was the same for both cases. 

Interestingly, at cav = 1.00 M of LiFSI in PC, conductivity is maximized, but both the model and 

experimental behavior show a maximum in the electrolyte potential drop. Further work is 

necessary to ensure that the calculated values of 𝑡+
0 in this chapter accurately represent the bulk 

electrolyte properties. Electrophoretic NMR may be one avenue to rigorously measure 𝑡+
0 

independently of the four parameters that were directly measured here. However, the qualitative 

agreement in both theory and experiment are further evidence that complete electrochemical 

characterization of conventional electrolytes is necessary in order to understand the underlying 

principles of ion transport, and thus predict cell behavior.   
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Liquid electrolytes are integral to today’s lithium-ion batteries and will continue to be used for 

the foreseeable future. This work characterized the ion transport properties of both novel and 

conventional electrolytes and used those parameters to model lithium symmetric cell behavior 

under constant current conditions. We find that electrolytes, even in the dilute regime, should not 

be treated as ideal, and rather complete electrochemical characterization is necessary to 

adequately model electrolyte behavior. 
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Appendix A – MATLAB Programs for Data Analysis 
 

A.1 Steady-state current 
 

This program allows for high throughput analysis of multiple “.txt” files from steady-state 

current measurements used to calculate the ideal transference number. The program will take two 

different file inputs. The first file must be a “.txt” file that is from an open circuit voltage (OCV) 

step in EC-lab; column 1 must be time, in seconds, and column 2 must be potential, in voltage. 

The second file must be from the chronoamperometry (CA) step, with column 1 being time, in 

seconds, column 2 as the applied potential, in units of voltage, and column 3 as current, in mA. 

There should be the same number of files selected between the OCV and CA files. The output of 

the program is a “.txt” file with 5 columns. Column 1 is the file name, column 2 is the OCV 

averaged over some time that is defined by the user, column 3 is the averaged applied potential 

on the lithium-symmetric cell by the potentiostat over the course of the measurement, column 4 

is the initial current, and column 5 is the averaged steady-state current over some time as defined 

by the user. The user defined time should be the same for the OCV and steady-state current 

averages. Example output of the program is shown in Table A.1. 

 
Table A.1: Example table output of the program. 

File Name OCV (mV) EWE (mV) I0 (mA) Iss (mA) 

Li-407_2_TfRD_5mV_08292019_02_OCV.txt -0.075979 5.0208 0.010713 0.008053 

 

The OCV files that are to be analyzed are imported using the line “[Filenames_OCV, 

filepath_OCV]  = uigetfile({'*02_OCV*.txt; *08_OCV*.txt'}, 'Select OCV file(s): 

','MultiSelect', 'on');” where the colored text acts as filters and should be adjusted based on the 

users’ file naming convention. The steady-state current files that are to be analyzed are imported 

using line “Filenames_EWE = uigetfile({'*03_CA*.txt; *09_CA*.txt'}, 'Select CA file(s): ', 

'MultiSelect', 'on');” and the colored text should be adjusted based on the users’ naming 

convention. The main program calls the function file named “EWE”. Both programs are below 

and the MATLAB color scheme was unchanged to help with readability. 

 

Main program 

%{ 

The goal of the program is to speed up data analysis on steady-state 

current transference number measurements. Only for use on Li symmmetric 

cell data. The program will output the average OCV after the last 5 minutes 

during a rest step. It will also average EWE over the entire time of 

measurement. And will pull out initial current and steady-state current, 

averaged over 5 minutes choosen by user in EWE function file. 

%} 

  

clc 

clear 

close all 
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%Program for calculating OCV 

%Files do not have to be in the same directory as this program, but do have 

%to be in the same directory as one another 

%Export EC-Lab files into text files without saving the header. Export time 

%(s) and then EWE (V) 

  

[Filenames_OCV, filepath_OCV]  = uigetfile({'*02_OCV*.txt; *08_OCV*.txt'}, 'Select OCV 

file(s): ','MultiSelect', 'on'); 

addpath(filepath_OCV); 

  

[OCV, I_OCV, iss_OCV] = EWE(Filenames_OCV, 300); %sending all filenames; sending time 

= 300 s 

  

%Turn OCV into mV 

OCV = OCV*1000; 

  

%Obtain average polarization, V. Export CA files in following order: 

%time(s), EWE(V), and I(mA) 

Filenames_EWE = uigetfile({'*03_CA*.txt; *09_CA*.txt'}, 'Select CA file(s): ', 'MultiSelect', 

'on'); 

%returns average applied V, initial current and steady state current over last five minutes 

[V, I_CA0, I_CAss] = EWE(Filenames_EWE, 1);  

V = V*1000; %turn to mV units 

%add data to text file 

File = fopen('B33 VMP300 01-15-20.txt', 'wt'); 

OCVname = string(Filenames_OCV); 

dat = [OCVname; OCV; V; I_CA0; I_CAss]; 

fprintf(File, 'File Name\tOCV (mV)\tEWE (mV)\tI0 (mA)\tIss (mA)\n'); 

fprintf(File, '%s\t%f\t%f\t%f\t%f\n', dat); 

fclose(File); 

 

 

Function EWE 

function [ V, i0, iss ] = EWE( Names, time ) 

%{ 

Function serves to determine how many files were opened and how to handle 

them for an average. It also allows you to determine how much time the 

file should be averaged over. 

%} 

char_file = char(Names); %turns files into character files 

j = size(char_file, 1); %determines size of first dimension, if single file selected, N = 1, else N = 

length  

if j == 1 

    N = 1; 

else 

    N = length(Names); 



105 

 

end 

  

%Calculate average OCV over last specificied 'time' 

if N == 1 

    A = dlmread(Names, '', 1, 0); 

    s = length(A(:,1)); %cacluate time in file 

    if time == 1 

        start = 1; 

        i0 = A(2,3); %return initial current 

        iss = mean(A(s-300:s,3)); %Obtain Iss for t=15 to 20 min, 900:1200. If wanting last five 

minutes, limits: s-300:s 

        V = mean(A(start:s, 2)); %calculate applied V over first 20 min, start:1200. If want over all, 

use limit start:s 

    else 

        start = s-time; 

        i0 = 'DNE'; 

        iss = 'DNE'; 

        V = mean(A(start:s, 2)); %Calculate OCV over last five minutes 

    end 

   % V = mean(A(start:s, 2)); %calculate avg V over first 20 min. Otherwise 

   % use limit start:s. Use this if using same limits for analysis, i.e. 

   % over last five minutes for both OCV and V calculation 

else 

    V = zeros(1, N); 

    for i=1:N 

        File = char(Names(i)); 

        A = dlmread(File, '', 1, 0); 

        s = length(A(:,1)); %determine amount of time in file 

        if time == 1 

            start = 1; 

            i0(i) = A(2,3); 

            iss(i) = mean(A(s-300:s,3)); %obtain Iss for each file for last five min 

            V(i) = mean(A(start:s, 2)); %Obtain applied V for entire time 

        else 

            start = s-time; %average over the last 5 minutes 

            i0 = 'DNE'; 

            iss = 'DNE'; 

            V(i) = mean(A(start:s, 2)); %average OCV over last five min 

        end 

        %V(i) = mean(A(start:s, 2)); %average V over the first 20 min 

    end 

end 

  

end 
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A.2 Restricted diffusion 
 

This program is used to expedite the calculation of the salt diffusion coefficient using the 

restricted diffusion method, as developed by Chapman and Newman and extended by Ma et 

al.80,158 The parameter, “alpha,” is adjustable within the program to better the electrolyte being 

studied. Traditionally, a value of 0.05 is used, as determined by Thompson and Newman.92 

However, values as low as 0.03 can be used for alpha and the salt concentration profiles should 

still be linear, so long as the applied dc polarization prior to the open circuit potential step was 

small. The program iteratively solves for the salt diffusion coefficient until the “alpha” criteria is 

met. 

 

The file type fed into the code must be a “.txt” file. Column 1 should be time, in seconds, and 

column 2 should be the open circuit voltage (OCV), in units of voltage and the headline should 

not be exported from EC-Lab. “Sample_t” and “analysis_time” are both adjustable and 

dependent on the structure of the program as well as relaxation time for the electrolyte. The 

former is in units of seconds and the latter in minutes. The thickness of the electrolyte is stored in 

“L” and can be any sized 1D column vector, in units of mm, but it has to be the same number as 

the number of OCV files that will be studied. The OCV files that are to be analyzed are imported 

using the line “[Filenames_OCV, filepath_OCV]= uigetfile({'*06_OCV*.txt; *12_OCV*.txt'}, 

'Select OCV file(s): ', 'MultiSelect', 'on');” where the colored text acts as filters and should be 

adjusted based on the users’ file naming convention.  

 

The output of the code will be in the form of a figure with the raw OCV data as well as an 

exponential fit, as shown in Fig. A.1. It will also output a “.txt” file using the line “File = 

fopen('05-27-2020.txt', 'wt');” where the colored text determines the name of the file. 

 

 
Figure A.1 Example of the program output. Raw OCV data with respect to time shown 

as red points and an exponential plus constant shown as the black curve. 

 

Example of the “.txt” output file is shown below in Table A.2; the file name, salt diffusion 

coefficient, and the final alpha value are all outputted from the program. 
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Table A.2 Example table output of the program.  

File Name D (cm^2/s) Alpha 

HN-Li-49_2_TfandRD_40mV_040218_long_06_OCV_C01.txt 1.87E-08 0.050329 

 

Below here is the raw code, and the MATLAB color scheme was left intact for readability. 

 

Main program 

%{ 

The goal of this program is to speed up data analysis for restricted  

diffusion measurements. Only for use on Li symmetric cell data. 

  

The program will take in OCV vs time data, plot and fit it to an 

exponential plus constant model, eveluate the minimum time required and 

then calculated the restricted diffusion coeff. EC-Lab data should be 

exported as a text file without a header in order of time (s) and EWE (V). 

%} 

  

clc 

clear 

close all 

%% 

  

%{ 

sample_t is the sampling time for the OCV file in seconds 

  

alpha is a non-dimensional diffusion coefficientand can be varied. 

Typically use 0.05, based on work by Thompson and Newman. 

  

L is an array meant to represent the thickness of the electrolyte used in 

each file. In units of mm and later converted to cm. 

%} 

  

%Begin editing values 

sample_t = 5; %sampling time for OCV, in seconds 

alpha = 0.05; %define alpha value 

analysis_time = 60; %number of minutes to study in each file 

  

%L should be same size as number of OCV files selected 

L = [ 

0.127 

]'; %thickness of electrolyte in mm; keep as row column 

  

%end changing values 

%% 

L = L/10; %convert mm to cm 
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analysis_t_index = ceil(analysis_time*60/sample_t); %convert analsysis time into an index 

value. This is used to dictate how much of EWE vs. t is analyzed 

  

%% 

%{ 

This section allows the user to select N number of files from any folder 

(all files selected must be in the same folder). The inputs within 

uigetfile allow the user to add filters so that only files with specified 

names show up. 

%} 

  

%Content in {} can be changed to reflect file names. It filters files based 

%on the name shown in {} 

[Filenames_OCV, filepath_OCV]= uigetfile({'*06_OCV*.txt; *12_OCV*.txt'}, 'Select OCV 

file(s): ', 'MultiSelect', 'on'); 

addpath(filepath_OCV); 

  

%% 

%begin program to fit and analyze OCV relaxation 

char_file = char(Filenames_OCV); %Turns files into character files 

j = size(char_file, 1); %determines size of first dimension 

%if single file selected, N = 1, else N = length 

if j==1 

    N = 1; 

else 

    N = length(Filenames_OCV); 

    Diff = zeros(1,N); 

    Alpha_f = zeros(1,N); 

end 

  

%% 

%{ 

If only one file is selected, the program will go into this 'if' function. 

The code reads the earlier selected file data and drops it into array Z. 

The time vector is held in t = Z(:,1) in units of seconds; the EWE vector 

is held in EWE = Z(:,2)*1000 in units of mV. The time is reset to 0 with t 

= t - t(1). An exponential + constant fit is created and is fit to the 

intial data. An initial diffusion coefficient, Diff_i, is calculated, which 

is used to calculate the amount of time that should not be considered in 

the fit, which is based on the set alpha value from earlier. This value is 

t_min, and it returns an integer index value, which is then used as the 

inequality in the while loop. Logic for the while loop: 

As long as the time is less than t_min, the index counter n will increase 

by 1, until it calculates a t_min that fulfills the alpha value. 

Alternatively, can increase the index counter, n, by n = t_min + x, where x 

is any integer value. This will analyze data faster, and is a good approach 
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for long relaxation times. The former is good if relaxation times on the 

order of minutes rather than hours. 

%} 

  

%calculate D (cm^2/s) and alpha (dimensionless) 

  

if N == 1 

    Z = dlmread(Filenames_OCV, '', 1, 0); 

    t = Z(:,1); 

     

    t = t(1:analysis_t_index);  

    t = t-t(1); 

     

    %setting a counter for t in order to use in while loop 

    n=1;  

    EWE = Z(:,2)*1000; %units of mV 

    EWE = EWE - sum(EWE(analysis_t_index-

36:analysis_t_index))/length(EWE(analysis_t_index-36:analysis_t_index)); %subtract out OCV 

from last 3 minutes 

     

    %Match range to be equal to t range 

    EWE = EWE(1:analysis_t_index);  

     

    %exponential + constant fit 

    model = @(b, t) b(1).*exp(-b(2).*t(:))+b(3);  

    initial = [0,0,0]; 

     

    %initial fit using above defined fittype from t(n) to end 

    fi = fitnlm(t(1:end), EWE(1:end), model, initial);  

    coeff = fi.Coefficients.Estimate; %returns column vector of fit coefficient values 

    Diff_i = coeff(2)*L^2/pi()^2; %extract initial diffusion coefficient value 

    t_min = ceil(alpha*L^2/Diff_i/sample_t); %calculate minimum number in time index for fit 

rounded up 

     

    %while loop to do fits until the values fit are at time greater than 

    %t_min 

     

    while(t(n)<=t(t_min)) 

        n=n+1; %increase index counter by 1 in t 

        t_new = t(n:end)-t(n); %determine new time vector to do fit 

        EWE_new = EWE(n:end); 

        f_n = fitnlm(t_new, EWE(n:end), model, initial); 

        coeff_n = f_n.Coefficients.Estimate; 

        Diff_n = coeff_n(2)*L^2/pi()^2; 

        t_min = ceil(alpha*L^2/Diff_n/sample_t); 

        alpha_n = Diff_n*t(n)/L^2; 
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    end 

     

    Diff = Diff_n; 

    Alpha_f = alpha_n; 

    %make x and y vector of fit 

    f_n_x = linspace(t_new(1), t_new(end), 1000); 

    f_n_y = model(coeff_n, f_n_x); 

    figure 

    plot(t, EWE, '.r', f_n_x+t(n), f_n_y, '-k', 'LineWidth', 2) 

    xlabel('time (s)') 

    ylabel('Potential (mV)') 

  

%% 

%Same as above, but for all files selected, from 1 to N, as well as 1 to 

%length(L) 

  

else 

    for i = 1:N 

        File = char(Filenames_OCV(i)); 

        Z = dlmread(File, '', 1, 0); 

         

        t = Z(:,1); 

        t = t(1:analysis_t_index); 

        t = t-t(1); %start time at zero 

         

        n=1; %setting a counter for t in order to use in while loop 

         

        EWE = Z(:,2)*1000; %units of mV 

        EWE = EWE - sum(EWE(analysis_t_index-

36:analysis_t_index))/length(EWE(analysis_t_index-36:analysis_t_index)); %subtract out 

average OCV from last 3 minutes 

        EWE = EWE(1:analysis_t_index); 

         

        model = @(b, t) b(1).*exp(-b(2).*t(:))+b(3); %exponential + constant fit 

        initial = [0,0,0]; 

        fi = fitnlm(t(1:end), EWE(1:end), model, initial); %initial fit using above defined fittype 

from t(n) to end 

        coeff = fi.Coefficients.Estimate; %returns column vector of fit coefficient values 

        Diff_i = coeff(2)*L(i)^2/pi()^2; %extract initial diffusion coefficient value 

        t_min = ceil(alpha*L(i)^2/Diff_i/sample_t); %calculate minimum number in time index for 

fit rounded up 

         

        %while loop to do fits until the values fit are at time greater than 

        %t_min 

        while(t(n)<=t(t_min)) 

            n=n+1; %increase index value by 1 



111 

 

            t_new = t(n:end)-t(n); %determine new time vector to do fit 

            EWE_new = EWE(n:end); 

            f_n = fitnlm(t_new, EWE(n:end), model, initial); 

            coeff_n = f_n.Coefficients.Estimate; 

            Diff_n = coeff_n(2)*L(i)^2/pi()^2; 

            t_min = ceil(alpha*L(i)^2/Diff_n/sample_t); 

            alpha_n = Diff_n*t(n)/L(i)^2; 

        end 

         

        Diff(i) = Diff_n; 

        Alpha_f(i) = alpha_n; 

        %make x and y vector of fit 

        f_n_x = linspace(t_new(1), t_new(end), 1000); 

        f_n_y = model(coeff_n, f_n_x); 

        figure 

        plot(t, EWE, '.r', f_n_x+t(n), f_n_y, '-k', 'LineWidth', 2) 

        xlabel('time (s)') 

        ylabel('Potential (mV)') 

    end 

end 

%% 

%{ 

Write data to file. Will record, in columns, the file name, final diffusion 

coefficient, and final alpha value. 

%} 

File = fopen('05-27-2020.txt', 'wt'); %Name file 

OCVname = string(Filenames_OCV); 

dat = [OCVname; Diff; Alpha_f]; 

fprintf(File, 'File Name\tD (cm^2/s)\tAlpha\n'); 

fprintf(File, '%s\t%E\t%f\n', dat); 

fclose(File); 

  

%below code is for plotting fits of above data 

%{ 

File1 = fopen('EC-40 fit.txt', 'wt'); %name file 

dat1 = [f_n_x+t(n); f_n_y']; 

fprintf(File1, 't(s)\tOCV fit(mV)\n'); 

fprintf(File1, '%f\t%f\n', dat1); 

%} 

 

 

A.3 Modeling salt concentration and potential profiles in electrolytes 
 

This program allows for the calculation of the steady-state salt concentration and potential 

profiles for a given applied current density. The values “i_ss” and “L” can be adjusted to the 

user’s needs. The average salt concentration, shown as “m_av,” in the code, are the starting salt 
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concentrations of the electrolytes that the user wants to study. The lower limit of the salt 

concentrations studied should be inputted into “m_model,” and in this model’s case, the lower 

limit was 0.28 mo/kg. If the user’s lower limit is different from 0.28 mol/kg, it should also be 

changed within the “pos_conc_array_PFPE”  and “calc_mav_PFPE” function files. The program 

calls upon multiple function files which should all be stored in the same directory. The function 

“eval_x_PFPE” is the curve of best fit for concentration shown in Fig. 4.2 and Eq. 4.9. The 

function “eval_phi_PFPE” is the curve of best fit for potential shown in Fig. 4.8 and Eq. 4.12. 

Parameters for both functions should be edited to match the electrolyte that is being modeled. 

 

The program’s output is a “.txt” file for each “m_av” with three columns. Column 1 is the 

normalized distance between the anode and cathode, column 2 is the predicted salt concentration 

at each position in units of mol/kg, and column 3 is the predicted electrolyte potential at each 

position in units of mV. The program will also output two figures with the predicted 

concentration and potential profiles. Below are the programs with the MATLAB default color 

scheme left intact for readability. 

 

Main program 

clear 

clc 

close all 

  

%{ 

Use of this program is to calculate the concentration of salt in a Li symmetric cell using 

fully characterized electrolytes 

%} 

  

%% 

%defining constants 

L = 0.00254; %cm; thickness of separator 

  

%% 

%Experimental values 

i_ss = 0.8/1000; %In units of A/cm2 

m_av = [0.60, 0.94, 1.30, 1.78]; %0.28 s the lowest molality, so we can't model that value 

  

%% 

%find upper bound at x/L = 0 for concentration 

j = 1; %Initialize counter for legendinfo 

for i=1:length(m_av) 

    m_model = linspace(m_av(end), 0.28, 10000); %create vector of 10000 points between 

m=1.78 to m=0.28 

     

    m_theo_avg = 0.000; %initialize m_theo_avg 

     

    k = 1; %counter for while loop 
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    while round(m_theo_avg, 3) ~= round(m_av(i), 3) && m_theo_avg ~=-1 %keep going 

through while loop until r_av_model = r_av_real or until the program realizes it can't be solved 

        m_theo_avg = calc_mav_PFPE(m_model(k), i_ss, L); 

        k = k+1; 

        if k > length(m_model) 

            m_theo_avg =-1; %stop the while loop if the counter increases beyond the bounds given, 

ensures that program stays within known values 

        end 

    end 

     

    %% 

    %determine x/L and r vectors 

    if m_theo_avg ~=-1 

         

        m0 = m_model(k-1); %Concentration at x/L = 0      

        %Feed function m0, have it calculate all x values, remove x values 

        %greater than L 

         

        [x_L, m] = pos_conc_array_PFPE(m0, i_ss, L ); 

        phi = phi_conc_array_PFPE( m(end), m(1), length(m)); %calculate potential at all points 

and pass size of x_L to ensure phi same size 

        hold on 

        subplot(1,2,1) 

        plot(x_L, m) 

        axis([0 1 0 2.1]) 

        xlabel('x/L') 

        ylabel('m (mol Li/kg)') 

        legendinfo{j} = ['m_a_v = ' num2str(m_av(i))]; 

        j = j+1; 

        hold on 

        subplot(1,2,2) 

        plot(x_L, phi) 

        axis([0 1 0 350]) 

        xlabel('x/L') 

        ylabel('phi (mV)') 

         

         

        %write each solution to text file 

        file = fopen(sprintf('i_ss = %.2fmA_cm2, m_av = %.3f, L = %.4f.txt', i_ss*1000, m_av(i), 

L), 'wt'); 

        dat = [x_L; m; phi]; 

        fprintf(file, 'i_ss = %.2f mA/cm2\tm_av = %.3f\n', i_ss*1000, m_av(i)); 

        fprintf(file, 'x/L\tm(x/L)(mol Li/kg)\tphi(x/L)(mV)\n'); 

        fprintf(file, '%.5f\t%.5f\t%.5f\n', dat); 

        fclose(file); 

    end 
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end 

i_ssL{:} = ['i_s_sL = ' num2str(round(i_ss*1000*L, 2, 'significant')) ' mA/cm']; %string that will 

write i_ss*L to the plot 

legend(legendinfo) 

subplot(1,2,1) 

text(0.1, 2, i_ssL) 

 

Function calc_mav_PFPE 

function [ m_theo_av ] = calc_mav_PFPE( upper, i_ss, L ) 

%Use of this function to calculate the upper bound of m 

%   This function will call eval_x_PFPE and solve for x and will keep 

%   solving until m_av_real = m_av_theoretical 

  

m_model = linspace(upper, 0.28, 1000); 

  

  

  

x = eval_x_PFPE(i_ss, m_model) - eval_x_PFPE(i_ss, upper); %calculate all x positional values 

  

N = length(x); 

  

for i=1:N 

    if x(i)/L <= 1 

        m_model(i)= m_model(i); 

    elseif x(i)/L > 1 

        m_model(i)=0; 

    end 

end 

%concoctinate matrix to number of non-zero elements for m_model and reduce 

%size of both m_model and x to that size 

n0 = nnz(m_model); 

x = x(1:n0); 

m_model = m_model(1:n0); 

  

m_theo_av = trapz(x, m_model)/L; %calculate theoretical average m 

end 

  

Function eval_x_PFPE 

function [ x ] = eval_x_PFPE(i_ss, m0) 

%solve for x for PEO5K 

%   values for polynomial expression for C8-DMC/LiFSI 

%   Values below were determined after properly evaluating phi 

F = 96485; %C/mol 

  

  

a = 1.850E-11; 
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b = -8.565E-11; 

c = 1.387E-10; 

d = -9.717E-11; 

e = 4.358E-11; 

  

x = -F/i_ss*(a/5*m0.^5+b/4*m0.^4+c/3*m0.^3+d/2*m0.^2+e*m0); 

  

end 

 

Function eval_phi_PFPE 

function [ phi ] = eval_phi_PFPE( m ) 

%Calculate potential drop for one m or multiple m 

%   returns values in V 

F = 96485; %C/mol 

  

%{ 

Below are the bulk values to calculate phi 

A1 = 4.1073E-5; 

A2 = 1.1030E-6; 

tau_1 = -8.2333; 

tau_2 = 0.0557; 

%} 

%separator values to calc phi using a double exponential 

A1 = 1.8019E-6; 

A2 = 8.5662E-5; 

tau_1 = 0.15413; 

tau_2 = -8.5246; 

phi = F.*(A1/tau_1.*exp(tau_1.*m) + A2/tau_2.*exp(tau_2.*m)); 

  

end 

  

Function pos_conc_arry_PFPE 

function [ x, m ] = pos_conc_array_PFPE( upper, i_ss, L ) 

%This function will provide the postional and concentration vectors 

%   Feed this function the already calculated upper bound for 

%   concentration, the set value for the steady state current, and the 

%   thickness. The program will then call eval_x_PEO to determine all 

%   values of x 

  

m_model = linspace(upper, 0.28, 10000); 

  

x_all = eval_x_PFPE(i_ss, m_model) - eval_x_PFPE(i_ss, upper); %calculate all x positional 

values 

  

for i=1:length(x_all) 

    if x_all(i)/L < 1 



116 

 

        x(i) = x_all(i)/L; 

        m(i) = m_model(i); 

    end 

end 

x; 

m; 

end 

  

Function phi_conc_array_PFPE 

function [ phi_all ] = phi_conc_array_PFPE( mL, m0, differential) 

%Determines the potential drop in electrolyte between x/L = 1 and x/L = 0 

%   returns in mV 

  

m_model = linspace(m0, mL, differential); 

  

phi_all = (eval_phi_PFPE(m_model)-eval_phi_PFPE(mL))*1000; %return units in mV, should 

evaluate phi from x/L = 0 to x/L = 1 

end 

 

 

A.4 Predicting limiting currents in electrolytes 
 

This program is used to predict limiting currents within electrolytes. The program operates very 

similarly to that shown in section A.3, and calls many of the same functions. This program will 

predict the concentration profile of a specific electrolyte at varying current densities. The 

thickness, “L,” the steady-state current density, “i_ss,” and the average electrolyte concentration, 

“m_av,” can all be changed to the necessary values. Once the program predicts the concentration 

profiles at differing values of “i_ss,” the concentration at the anode side (“x_L” = 0) and the 

concentration at the cathode side (“x_L” = 1) are placed into an array as a function of “i_ss.” 

These values are then plotted on a single graph with the normalized limiting current density, issL, 

on the x-axis and m on the y-axis. These values are also outputted into a “.txt” file and a 

polynomial fit can be used to predict the limiting current due to cation depletion on the anode or 

solubility constraints on the cathode. This analysis procedure is outlined in chapter 4. 

 

Main program 

clear 

clc 

close all 

  

%{ 

Use of this program is to approximate the limiting current of C8-DMC/LiFSI 

%} 

  

%% 

%defining constants 

L = 0.00254; %cm; thickness of separator 
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%% 

%Experimental values 

i_ss = linspace(0.01, 1, 50)/1000; %In units of A/cm2 

m_av = 0.88; %values possible for m_av: (0.28, 1.78)(bound by those two values) 

  

%% 

%find upper bound at x/L = 0 for concentration 

j = 1; %Initialize counter for legendinfo for x/L = 1 

k = 1; %initialize counter for legendinfo for x/L = 0 

for i=1:length(i_ss) 

    m_model = linspace(1.78, 0.28, 1000); %create vector of 1000 points between m_av=1.78 to 

m_av=0.28 

     

    m_theo_avg = 0.000; %initialize r_theo_avg 

     

    k = 1; %counter for while loop 

    while round(m_theo_avg, 3) ~= round(m_av,3) && m_theo_avg ~=-1 %keep going through 

while loop until r_av_model = r_av_real or until the program realizes it can't be solved 

        m_theo_avg = calc_mav_PFPE(m_model(k), i_ss(i), L); 

        k = k+1; 

        if k > length(m_model) 

            m_theo_avg =-1; %stop the while loop if the counter increases beyond the bounds given, 

ensures that program stays within known values 

        end 

    end 

     

    %% 

    %determine x/L and r vectors 

    if m_theo_avg ~=-1 

         

        m0 = m_model(k-1); %Concentration at x/L = 0      

        %Feed function r0, have it calculate all x values, remove x values 

        %greater than L 

         

        [x_L, m] = pos_conc_array_PFPE(m0, i_ss(i), L ); 

        if m(end)>= 0.280 

            m_L(j) = m(end); 

            i_ssL(j) = i_ss(i)*1000*L; %convert to mA/cm 

            m_x0(j) = m0; 

            j = j+1; 

        end 

     end 

     

end 

file = fopen(sprintf('limiting current, m_av = %.3f, L = %.4f.txt', m_av, L), 'wt'); 
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dat = [m_L; m_x0; i_ssL]; 

fprintf(file, 'm_av = %.3f\n', m_av); 

fprintf(file, 'm_L (at x/L = 1)\tm_x0 (at x/L = 0)\ti_ss*L\n'); 

fprintf(file, '%.5f\t%.5f\t%.5f\n', dat); 

fclose(file); 

plot(i_ssL, m_L, 'o', i_ssL, m_x0, 'd') 

xlabel('i_s_sL(mA/cm)') 

ylabel('m (mol/kg)') 

legend('@ x/L = 1', '@x/L = 0', 'Location', 'best') 
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Appendix B – Dual Salts in Propylene Carbonate 
 

Multicomponent electrolyte mixtures (greater than 3 components) are often utilized in the hopes 

that they can improve upon battery performance.4,137,159,160 However, as the number of 

components, n, increases, more transport parameters are required to fully model electrolyte 

behavior. Onsagar reciprocal relations tell us that we require n(n-1)/2 properties, and these can 

take the place of Stefan-Maxwell diffusion coefficients.38,39 For a system comprised of 4 

components, 6 different Stefan-Maxwell diffusion coefficients are required, but are 

experimentally hard to measure. 

 

Herein, we systematically study the effect of two lithium salts, lithium bis(fluorosulfonyl)imide 

(LiFSI) and lithium hexafluorophosphate (LiPF6), dissolved in propylene carbonate (PC) as a 

function of salt concentration and salt molar ratios (n = 4). The solvent and salt structures are 

shown in Fig. B.1. We study ion transport properties as a function of salt concentrations ranging 

from 0.25 M to 2.00 M and LiFSI:LiPF6 molar ratios of 25:75, 50:50, and 75:25. In Tables B.1, 

B.2, and B.3, we list the salt wt%, average molality, mav, and average salt concentration, cav, of 

the electrolytes that were studied for molar LiFSI:LiPF6 ratios of 25:75, 50:50, and 75:25, 

respectively. 

 

 
Figure B.1 a) PC, b) LiFSI, and c) LiPF6 

 
Table B.1 Values of salt wt%, molality, and calculated concentration for electrolytes of 

PC mixed with a 25:75 molar ratio of LiFSI:LiPF6. 

Salt wt% (25:75) m
av

 (mol/kg) c
av

 (mol/L) 

3.38 0.21 0.25 

6.42 0.43 0.50 

12.33 0.65 0.75 

13.32 0.87 1.00 

15.11 1.11 1.25 

17.85 1.35 1.50 

23.03 1.86 2.00 
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Table B.2 Values of salt wt%, molality, and calculated concentration for electrolytes of 

PC mixed with a 50:50 molar ratio of LiFSI:LiPF6. 

Salt wt% (50:50) m
av

 (mol/kg) c
av

 (mol/L) 

3.46 0.21 0.25 

6.77 0.43 0.50 

9.95 0.65 0.75 

13.02 0.88 1.00 

15.98 1.12 1.25 

18.84 1.37 1.50 

24.32 1.90 2.00 

 
Table B.3 Values of salt wt%, molality, and calculated concentration for electrolytes of 

PC mixed with a 75:25 molar ratio of LiFSI:LiPF6. 

Salt wt% (75:25) m
av

 (mol/kg) c
av

 (mol/L) 

3.66 0.21 0.25 

7.18 0.43 0.50 

10.55 0.66 0.75 

13.80 0.90 1.00 

16.95 1.14 1.25 

19.98 1.40 1.50 

25.80 1.95 2.00 

 

 

The density, ρ, for select salt concentrations was obtained by filling a differential scanning 

calorimetry (DSC) sample pan (TA Instruments) with a known volume of 40 uL and measuring 

the mass of the electrolyte at room temperature inside an argon filled glovebox. The density was 

interpolated for unmeasured electrolytes using a curve of best fit, as shown in Figs. B.2a, B.2b, 

and B.2c for LiFSI:LiPF6 molar ratio mixtures of 25:75, 50:50, and 75:25 in PC, respectively. 

The density was used to calculate cav for a given salt wt%. 

 

The conductivity, 𝜅, salt diffusion coefficient, D, ideal transference number, t+,id, and open 

circuit potential via concentration cells, U, were measured following the experimental procedure 

detailed in Chapter 6 of this dissertation and were measured at room temperature. All four 

measurements are shown in Fig. B.3 as a function of salt concentration and for three molar salt 

compositions of LiFSI:LiPF6 of 25:75 (red), 50:50 (blue), 75:25 (green). In Fig. B.3a, 𝜅 is 

plotted as a function of cav, where the symbols represent experimental data, and the solid curves 

are best-fit polynomials whose functions are shown in Table B.4. In general, the conductivity 

increases with increasing salt concentration, reaches a maximum at cav = 1 M, and decreases at 
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higher salt concentration. Conductivity is mostly independent of the molar ratio of LiFSI:LiPF6. 

Fig. B.3b is the salt diffusion coefficient as a function of cav, and we find that D is mostly 

independent of salt concentration and the molar ratio of LiFSI:LiPF6. The ideal transference 

number, t+,id, is plotted as a function of cav in Fig. B.3c. For molar salt ratios of 25:75 and 50:50, 

we observe a general decrease in t+,id with increasing salt concentration, a shallow minimum at 

cav = 0.75M, which is followed by an increase at higher salt concentrations. For electrolytes with 

molar ratios of LiFSI:LiPF6 of 50:50, the behavior is more complex, where t+,id increases, 

decreases and increases again with increasing salt concentration. In Fig. B.3d, the open circuit 

potential, U, as measured by concentration cells, is plotted as a function of the natural log of 

molality. The open circuit potential is equal to zero when both sides of the U-cell are filled with 

the reference electrolyte. The reference electrolyte concentrations had the same molar salt ratios 

as the electrolyte they were being used to study, and were mref = 0.87, 0.88, and 0.90, for molar 

salt ratios of 25:75, 50:50, and 75:25, respectively. With increasing mav, U decreases for all three 

molar salt ratios, and U is quantitatively similar at a given salt concentration for each molar ratio 

studied. The solid curves are best-fit polynomials whose functions are shown in Table B.5.  
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Figure B.2 Density as a function of salt wt% for LiFSI:LiPF6 molar ratios of a) 25:75, b) 

50:50, and c) 75:25 for select electrolytes. The solid curves represent curves of best fit to 

interpolate missing electrolyte densities. 
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Figure B.3 Electrochemical properties of the electrolytic phase of LiFSI:LiPF6/PC. 

Molar salt ratios of 25:75, 50:50, and 75:25 were used for LiFSI:LiPF6. a) Conductivity 

as measured using a conductivity probe as a function of cav. The solid curves are 

polynomial fits, which are shown in Table B.4. b) Salt diffusion coefficient measured 

using the restricted diffusion method as a function of cav and c) ideal transference number 

as measured by the steady-state current method all as a function of cav. d) Open circuit 

potential obtained using concentration cells with 𝑚𝑎𝑣,𝑟𝑒𝑓 = 0.87 mol/kg for 25:75 

mixtures, 𝑚𝑎𝑣,𝑟𝑒𝑓 = 0.88 mol/kg for 50:50 mixtures, and 𝑚𝑎𝑣,𝑟𝑒𝑓 = 0.90 mol/kg for 75:25 

mixtures as a function of the natural log of average molality. The solid, red, blue, and 

green curves are fits through the data for electrolytes with salt molar ratios of 25:75, 

50:50, and 75:25 and the functions are shown in Table B.5. 
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Table B.4 Best-fit polynomial equations for conductivity for molar ratios of 

LiFSI:LiPF6/PC mixtures at room temperature as a function of molar salt concentration, 

c.  

𝜅 (LiFSI: LiPF6) = 𝑘0 + 𝑘1𝑐 + 𝑘2𝑐2 + 𝑘3𝑐3 

𝜅 (LiFSI:LiPF
6
) k

0
 k

1
 k

2
 k

3
 

𝜅 (25:75) 6.92 x 10
-5 1.65 x 10

-2 -1.36 x 10
-2 3.13 x 10

-3 

𝜅 (50:50) -1.84 x 10
-3 2.10 x 10

-2 -1.65 x 10
-2 3.61 x 10

-3 

𝜅 (75:25) 1.56 x 10
-3 1.00 x 10

-2 -6.08 x 10
-3 7.71 x 10

-4 
 

Table B.5 Best-fit polynomial equations for the open circuit potential for molar ratios of 

LiFSI:LiPF6/PC mixtures at room temperature as a function of molality, m.  

𝑈 (LiFSI: LiPF6) = 𝑎0 + 𝑎1 ln(𝑚) + 𝑎2 ln(𝑚)2
 + 𝑎3 ln(𝑚)3 

𝑈 (LiFSI: LiPF6) a
0
 a

1
 a

2
 a

3
 

𝑈 (25:75) -9.665 -79.68 -16.23 -1.145 
𝑈 (50:50) -9.795 -80.95 -28.15 -8.274 
𝑈 (75:25) -5.684 -79.12 -32.42 -10.18 

 

Further work is needed to determine the six Stefan-Maxwell diffusion coefficients that would be 

required to predict behavior in these electrolytes. However, future work should also focus on 

measuring the electrolyte potential drop within lithium symmetric cells as a function of salt 

concentration, molar salt ratios, and current density. These experimental results should be 

compared to results given by Newman’s concentrated solution theory, but simplified with the 

assumption that the ternary mixtures can be treated as binary mixtures.  




