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Abstract 
 

Characterization of Ion Transport in Liquid Electrolytes by Combining Electrochemical 
Methods and Electrophoretic NMR 

 
by 
 

Darby Hickson 
 

Doctor of Philosophy in Chemical Engineering 
 

University of California, Berkeley 
 

Professor Nitash P. Balsara, Chair 
 
Improving ion transport in the electrolyte is important for developing lithium-ion batteries that can 
meet increasingly demanding applications, including low temperature cycling and fast charging. 
All practical battery electrolytes are composed of concentrated solutions that are difficult to fully 
characterize due to ion-ion interactions, cation solvation, and thermodynamic nonidealities. 
Although conductivity is often used as the primary metric to screen the viability of a given 
electrolyte, electrolytes are only fully described with two additional transport properties – the salt 
diffusion coefficient and cation transference number with respect to the solvent velocity – and a 
thermodynamic factor. Newman’s concentrated theory provides a framework to study these 
properties, which has been extensively used to describe polymer electrolytes. This methodology 
involves four independent experiments that can be combined to determine the cation transference 
number. Error from each experiments compounds and reduces precision in the derived transference 
number. Characterization of liquid electrolytes poses additional challenges because of the inherent 
reactivity against lithium metal. 

In this Dissertation, we present and implement a new method for characterizing liquid electrolytes 
by combining electrochemical methods with electrophoretic NMR. In Chapter 2, we detail this 
novel methodology for characterizing bulk ion transport in liquid electrolytes for an exemplar 
electrolyte, LiTFSI salt dissolved in tetraglyme. Electrochemical characterization involves ac 
impedance spectroscopy to measure conductivity, restricted diffusion to measure salt diffusion 
coefficient, polarization experiments to measure current fraction, and concentration cells to 
measure the change in open circuit potential with respect to log of molality. In accordance with 
traditional methods, these four experiments are combined to give estimates of the transference 
number and thermodynamic factor. The intrinsic coupling between parameters obtained by 
electrochemical methods results in large error bars in the transference number that obscure the 
transport behavior of the electrolyte. We use electrophoretic NMR to directly determine electric-
field-induced cation, anion, and solvent velocities to determine the cation transference number. 
Electrophoretic NMR more precisely determines cation transference numbers and additionally 
enables precise determination of the thermodynamic factor. This method demonstrates a more 
robust approach for complete characterization of battery electrolytes.  
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We use and evaluate this methodology for the remainder of the dissertation. In Chapter 3, we 
examine the issues of low temperature ion transport. Sluggish ion transport through the electrolytic 
phase leads to poor performance at low temperatures for rechargeable batteries. We study the 
dependence of transport and thermodynamic properties over a wide temperature range, 
between ‑20 and 45°C. At cold temperatures, species in the electrolyte tend to move slower, 
leading to decreases in conductivity, salt diffusion coefficient, and cation and anion velocities. 
However, the cation transference number can have a nonmonotonic dependence on temperature 
depending on salt concentration. This behavior is strongly linked to the solvent velocity. The 
overall impact of worsened transport at cold temperatures is a predicted steady current for a given 
polarization that’s two orders of magnitude lower than at warm or ambient temperatures.  

Chapter 4 reexamines the discrepancy in the transference number between electrochemical 
methods and electrophoretic NMR. We use concentrated solution theory to predict concentration 
and potential gradients using two methods – one based on transference numbers from 
electrochemical methods and one based on transference number measured via electrophoretic 
NMR. Due to more negative transference numbers, the modeled concentration gradients are larger 
for electrochemical methods compared to electrophoretic NMR. We find that the expected 
potential gradients, however, are remarkably similar. Based on current-voltage relationships alone, 
it is not possible to distinguish between the two transference numbers, calling into question the 
unique determination of this parameter.  

In Chapters 5 and 6, we further examine ion transport in glyme-based electrolytes. In Chapter 5, 
we examine the impact of chain length on ion transport in oligoether solvents, including 
tetraglyme, pentaglyme, and octaglyme. We find adding even one repeat unit to the solvent 
drastically lowers conductivity, diffusion coefficient, and cation and anion velocities. The 
transference numbers measured in these three electrolytes shows a characteristic “V-shaped” 
dependence on salt concentration. The minimum in the transference number is well predicted by 
cation solvation motifs determined in molecular dynamic simulations. In Chapter 6, we study the 
impact of high salt concentration on transport properties. Similar to the results of Chapter 3 and 
Chapter 5, we find increased viscosity at high salt concentrations causes a decrease in conductivity, 
salt diffusion coefficient, and cation and anion velocities. At high salt concentrations, we also find 
the transference number is near or below zero. Predicted concentration and potential gradients 
indicate concentration polarization is much worse at high concentrations due to the worsening of 
transport properties.  

This work describes a new, robust methodology for studying ion transport in liquid electrolytes. 
This technique is used to evaluate the impact of various factors on ion transport, including 
temperature, salt concentration, and solvent chain length. 
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1 Introduction 
1.1 Motivation 
The transportation sector is the largest producer of greenhouse gas emissions in the U.S., 
accounting for almost 30% of total emissions.1 The electrification of personal vehicles is one 
method to reduce the emissions associated with transportation. Over the last decade, the sale and 
use of electric vehicles (EVs) has dramatically increased due to the improvement in lithium-ion 
batteries. Batteries for electric vehicles still need to bolster reliability and range in order to appeal 
to the consumer, which requires improvement in battery technology related to safety, cost, 
discharge rates, and energy density.1 One of the main challenges impacting lithium-ion batteries 
today is worsened performance at low temperatures, which is a major hindrances to the adoption 
of EVs in colder climates.2–4 The state-of-the-art lithium-ion battery includes a graphitic anode, a 
carbonate-based liquid electrolyte, and a transition-metal-oxide cathode. Current lithium-ion 
battery electrolytes comprise mixtures of solvents such as ethylene carbonate (EC), a high 
dielectric constant solvent with high viscosity, and dimethyl carbonate (DMC), a low dielectric 
constant solvent with low viscosity. A large portion of the literature has focused on increasing 
ionic conductivities in these electrolytes and improving long-term cycling properties for lithium-
ion batteries. However, there is still much to learn about the mechanisms of ion transport in liquid 
electrolytes. The goal of this work is to understand the impact of various factors on ion transport 
to elucidate rational design strategies for improved liquid electrolytes. 

1.2 Ion Transport 
Newman’s concentrated solution theory provides a framework for describing ion transport in 
concentrated electrolyte solutions using measurable transport properties.5 Three transport 
properties can fully describe a simple, binary electrolyte. These three properties are the ionic 
conductivity, the salt diffusion coefficient, and the cation transference number with respect to the 
solvent velocity. A thermodynamic factor describing the ideality of the electrolyte should also be 
known.  

Ionic conductivity describes the ability of an electrolyte to conduct current and reflects the total 
movement across all ions in response to an applied electric field. The salt diffusion coefficient 
describes the relaxation of all ions in response to concentration gradients. The cation transference 
number describes the proportion of the current carried by the cation in an electrolyte of uniform 
composition. We use a solvent reference frame to measure and report the transference number. 
The thermodynamic factor quantifies the change in mean molal salt activity coefficient with salt 
concentration; deviations from ideality in concentrated solutions reflect ion-ion interactions and 
ion-solvent interactions. In traditional electrochemical characterization methods, the transference 
number and thermodynamic factor are derived parameters. They can be determined by combining 
measurements of ionic conductivity and salt diffusion coefficient with two additional experiments 
– current fraction measured in chronoamperometry experiments and concentration cell 
experiments.6–8  Additional information about experimental methods is given in Chapter 2. The 
combination of multiple independent experiments to determine one parameter compounds error 
and reduces precision in the derived parameters.9 Characterization of liquid electrolytes is 
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especially challenging, given the need for polarization experiments conducted in lithium-lithium 
symmetric cells and the inherent reactivity of liquid electrolytes against lithium metal. 

The cation transference number can be determined directly from other techniques. One of these 
methods is electrophoretic NMR (eNMR), a technique in which cation, anion, and solvent 
velocities can be directly measured under an applied electric field.10–12 eNMR is an extension of 
nuclear magnetic resonance spectroscopy (NMR), a nucleus specific technique that distinguishes 
isotopes by their resonance frequencies. There is one NMR active species in the cation (7Li), anion 
(19F), and the solvent (1H). ENMR applies a magnetic and an electric field, which induces ion 
migration, for a very short period of time. The average distance each species moves is used to 
determine species’ velocities individually for the cation, anion, and solvent. The cation 
transference number is directly related to these three velocities.13 The transference number can be 
combined with concentration cell experiments to determine the thermodynamic factor. Combining 
electrochemical methods with electrophoretic NMR enables complete characterization of liquid 
electrolytes with greater precision in both the transference number and the thermodynamic factor. 
The complete characterization of all transport and thermodynamic properties of an electrolyte 
enables the prediction of concentration gradients, potential gradients, and the limiting current.14 
More information on these predictions is given in Chapters 3 and 4.  

1.3 Glyme-Based Electrolytes 
Oligoether glyme-based solvents have been widely studied for their potential as liquid electrolytes 
in various battery technologies due to their stability and nonflammability compared to 
conventional carbonate electrolytes.15 A glyme-based solvent has the molecular structure of 
CH3O[CH2CH2O]nCH3. All glymes strongly solvate lithium cations due to electronegative 
oxygens on the solvent backbone. Depending on the size of the solvent molecule, salt 
concentration, and temperature, the mechanism of solvation and ion-ion interactions can vary 
greatly.16–18 The mechanism of ion transport in various glyme solvents has been the focus of many 
modeling studies.19–23 The longest glyme solvent, poly(ethylene oxide), or PEO, conducts ions via 
an ion-hopping mechanism due to the interconnectivity of polymer chains.20,21,23 Liquid glyme 
solvents tend to conduct ions via a vehicular mechanism.19 Some comparative studies on smaller 
glymes, such as monoglyme, diglyme, triglyme, and tetraglyme, already exist.16,17,24 Little work 
has been done to bridge the gap in understanding of ion transport in low molecular weight glyme-
based liquid solvents and polymeric glymes.  

Chain length in glyme-based solvents drastically impacts transport properties and the overall utility 
of a given electrolyte. Due to the differences in mechanism of ion conduction, the residence time 
of solvation also varies greatly with chain length. Transport and thermodynamic properties are 
also strongly dependent on salt concentration. Glyme-based electrolytes are an interesting 
candidate to evaluate the impact of concentration on transport properties, as a significant body of 
work exists evaluating the solvation structure of glymes containing lithium salts.15,25–29 Research 
has specifically focused on distinguishing between electrolytes that function as concentrated 
solutions or as solvate ionic liquids (SILs).18,30–34 This classification is entirely salt concentration 
dependent. 
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1.4 Structure of the Dissertation 
This dissertation characterizes ion transport in liquid electrolytes using a novel method that 
combines electrochemical methods with electrophoretic NMR. 

Chapter 2 introduces this methodology and compares obtained transference numbers and 
thermodynamic factors with conventional techniques. Chapter 3 uses this technique to investigate 
the challenges with ion transport at low temperatures. Results are used to model concentration 
profiles within the electrolyte, and concentration polarization is expected to be much worse at cold 
temperatures. Chapter 4 evaluates two methods of modeling these concentration gradients, one 
involving transference numbers determined using electrochemical methods and one involving 
transference numbers using electrophoretic NMR. Concentration gradients are expected to be 
larger based on electrochemical methods, but potential gradients and current-voltage 
characteristics are remarkable similar between both methods. Chapter 5 studies the impact of 
solvent chain length on transport and thermodynamic properties for oligoether solvents. The cation 
transference number is the only transport property that doesn’t decrease with increasing chain 
length, but rather exhibits a characteristic dependence on salt concentration across all electrolytes. 
Chapter 6 evaluates the impact of high salt concentration on transport properties. Higher salt 
concentration worsens ion transport, leading to increasing concentration and potential gradients 
with increasing salt concentration.  
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2 Complete Characterization of a Lithium Battery Electrolyte Using a 
Combination of Electrophoretic NMR and Electrochemical Methods 

2.1 Abstract 
Improving transport properties of the electrolyte is important for developing lithium-ion batteries 
for future energy storage applications. In Newman’s concentrated solution theory, electrolytes are 
characterized by three transport parameters, conductivity, diffusion coefficient, and transference 
number, in addition to the thermodynamic factor. In this work, these parameters are all determined 
for an exemplar liquid electrolyte, lithium bis(trifluoromethanesulfonyl)imide mixed in 
tetraethylene glycol dimethyl ether, using electrochemical methods. The intrinsic coupling 
between parameters obtained by electrochemical methods results in large error bars in the 
transference number that obscure the transport behavior of the electrolyte. Here, we use 
electrophoretic NMR (eNMR) to measure the electric-field-induced ion and solvent velocities to 
obtain the transference number directly, which enables determination of the thermodynamic factor 
with greater certainty. Our work indicates that the combination of eNMR and electrochemical 
methods provides a robust approach for complete characterization of battery electrolytes.  

2.2 Introduction 
Over the last decade, the sale and use of electric vehicles (EVs) has dramatically increased due to 
the improvement in lithium-ion batteries. Batteries for electric vehicles still need to bolster 
reliability and range in order to appeal to the consumer, which requires improvement in battery 
technology related to safety, cost, discharge rates, and energy density.35 The state-of-the-art 
lithium-ion battery includes a graphitic anode, a carbonate-based liquid electrolyte, and a 
transition-metal-oxide cathode. Modeling ion transport through the battery requires complete 
characterization of the electrolyte, which comprises a lithium salt dissolved in an organic solvent 
(or a mixture of organic solvents). In Newman’s concentrated solution theory,5 complete 
characterization implies knowledge of the thermodynamic factor and three transport parameters – 
conductivity, 𝜅, salt diffusion coefficient, 𝐷, and the cation transference number with respect to 
the solvent velocity, 𝑡!* . Conductivity and salt diffusion coefficient are relatively easy to measure: 
𝜅 is measured by ac impedance spectroscopy and 𝐷 is measured by restricted diffusion. Data from 
each of these experiments can be used to determine 𝜅 and 𝐷 directly. In contrast, the transference 
number is difficult to measure accurately because it typically requires combining three or four 
separate electrochemical experiments, depending on the particular approach used.8,36–39 Similar 
difficulties apply to the thermodynamic factor. 

The thermodynamic factor, 𝑇", is defined as5  

 𝑇" = 1 +
𝑑ln𝛾!+	
𝑑ln𝑚 , (2.1) 

where 𝛾!+ is the mean molal activity coefficient of the salt and 𝑚 is the molality of the electrolyte. 
An experiment that is often used to determine the thermodynamic factor involves a concentration 
cell,40 shown schematically in Figure 2.1.  The cell comprises two compartments separated by a 
porous glass frit. Two solutions at different molalities, 𝑚 and	𝑚0, are placed in the two 
compartments, and the open circuit potential, 𝑈, is measured using lithium metal electrodes. Care 
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is taken to ensure that the measurements are made before significant diffusion occurs across the 
glass frit. For a univalent salt, the relationship between 𝑈 and 𝛾!+ is given by equation 2.2,5  

 
𝐹𝑈 = 2𝑅𝑇K 𝑡+* L1 +

𝑑ln𝛾!+
𝑑ln𝑚 M𝑑ln𝑚.

#

#!

 (2.2) 

Equation 2.2 may be used to determine the dependence of 𝛾!+ on 𝑚, but this requires knowledge 
of the anion transference number, 𝑡+* , at all concentrations between 𝑚0 and 𝑚. This knowledge is 
traditionally obtained by additional electrochemical experiments as demonstrated first by Ma et 
al.8 In this work, the additional experiment used was the current interrupt technique wherein a 
constant current density, 𝑖, is applied to a lithium-electrolyte-lithium symmetric cell for a short 
period of time, 𝑡, and the open circuit potential right after the current is interrupted, 𝑈,1, is 
measured as a function of applied current density.  The slope of a plot of 𝑈,1 versus 𝑖𝑡&/) is related 
to 𝑡!* .  However, in addition to the transference number, this slope also depends on 𝐷 and 𝑇".  One 
therefore needs a third experiment to measure 𝐷. In the work of Ma et al., the restricted diffusion 
experiment was used to determine 𝐷. In related work, Pesko et al. used measurements of the 
current fraction, 𝜌!, as the additional experiment for determining 𝑡!* .36 𝜌!is defined as the ratio of 
the steady-state current to the initial current measured in a lithium-electrolyte-lithium symmetric 
cell. The importance of 𝜌! was recognized in the pioneering works of Bruce and coworkers41,42 
and Watanabe and coworkers.43 The uncertainty in the measured transference number using either 
electrochemical method discussed in this paragraph is large because of its dependence on multiple 
parameters with their own experimental error.9 

  
Figure 2.1. Schematic of a concentration cell. 

One additional problem arises when lithium-electrolyte-lithium symmetric cells are used to obtain 
transport properties. Most liquid electrolytes react irreversibly with lithium metal, especially under 
applied electric fields, and this results in the formation of a variety of protrusions, such as 
dendrites, globules, and mossy and tree-like structures.44,45 While the importance of these 
structures in the context of commercializing rechargeable batteries with lithium metal electrodes 
has received considerable attention, their relevance in the context of electrolyte characterization is 
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seldom discussed. The expressions used to analyze the data from symmetric cells to obtain 𝑡!* , 𝐷, 
𝑈,1, and 𝜌! are invalid if the lithium electrodes are nonplanar.  

The objective of this paper is to present a new approach for complete characterization of liquid 
electrolytes. The electrolyte chosen for this study is a mixture of lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt in tetraethylene glycol dimethyl ether 
(tetraglyme). Our work adds to the body of knowledge that already exists on ion transport in 
LiTFSI/tetraglyme mixtures.24,33,46,47 The application of electrophoretic NMR (eNMR) to 
electrolytes is well established.10–12 eNMR directly measures the velocities of the cation, 𝑣!, anion, 
𝑣+, and the solvent, 𝑣*, under an applied electric field. It has been shown13 using concentrated 
solution theory that  

 
𝑡!* =

𝑣! − 𝑣*
𝑣! − 𝑣+

. (2.3) 

The measured species’ velocities in equation 2.3 are ensemble averages over all the different 
environments present in the electrolyte. This includes disassociated individual ions, charged 
clusters containing ions, charged solvent-ion clusters, and uncharged clusters like ion pairs. Since 
the average species’ velocities can be measured with high precision, 𝑡!*  values obtained by this 
technique have small uncertainties. This in turn enables determination of the thermodynamic factor 
using concentration cells as shown in equation 2.2; the uncertainty in 𝑇" thus obtained is also 
smaller than that obtained by combining three electrochemical experiments. We also present 
measurements of 𝜅 using blocking electrodes, 𝐷 using restricted diffusion, and 𝜌! using symmetric 
cells. This enables comparison of measured values of 𝑇" and 𝑡!*  determined by the 
eNMR/electrochemical combination and those determined solely by electrochemical methods. 
Although eNMR has previously been used to characterize many different liquid electrolytes,12,47 
it has not yet been combined with electrochemical methods to completely characterize ion 
transport.  

In addition to performing electrochemical and eNMR experiments, we have quantified the nature 
of the lithium-tetraglyme interfaces in cycled symmetric cells using hard X-ray microtomography. 
X-ray tomography is a 3D, nondestructive imaging technique48 that has been used to image a 
variety of electrochemical cells to study phenomena such as electrode expansion49 and dendrite 
growth in cells containing both liquid50,51 and polymer electrolytes.52 The results of these 
experiments ensure the validity of expressions used to obtain transport parameters from data 
obtained in lithium-LiTFSI/tetraglyme-lithium symmetric cells.  

2.3 Experimental 
2.3.1 Electrolyte Preparation 
Tetraethylene glycol dimethyl ether (tetraglyme) and lithium bis(trifluoromethanesulfonyl)imide 
(LiTFSI) salt were obtained from Sigma-Aldrich and dried under active vacuum in a glovebox 
antechamber for three days at 60°C and 100°C, respectively. All electrolytes were made in an 
argon glovebox, with water and oxygen levels kept below 1 ppm. Electrolytes were prepared by 
dissolving a known mass of LiTFSI salt in a given volume of tetraglyme and stirring overnight at 
25°C. Concentrations of electrolyte varied between an 𝑟 value of 0.008 and 0.112, where 𝑟 is a 
measure of salt concentration corresponding to the ratio of lithium ions to ether oxygens in 
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tetraglyme, 𝑟  = ([Li+]/[O]). We also provide salt concentration in units of molality (moles of 
LiTFSI per kilogram of tetraglyme), 𝑚. The concentrations used in this study are summarized in 
Table S2.1.  

2.3.2 Conductivity 
Conductivity was measured using a Mettler Toledo InLab-751 conductivity probe with platinum 
blocking electrodes. Temperature was measured via the probe and maintained at 30°C ± 1°C 
during the measurement. The conductivity probe was calibrated using a 1413 µS/cm potassium 
chloride conductivity standard to determine the cell constant prior to measurement. Conductivity 
was also measured using ac impedance spectroscopy. Five layers of Celgard 2500 separators 
soaked in electrolyte were sandwiched between stainless steel shims (MTI Corp.) and assembled 
in CR2032 coin cell parts (MTI Corp). The Celgard separators were cut to 19 mm and have a 
thickness of 25 µm. The stainless steel shims had a diameter of 15.5 mm and a thickness of 0.2 
mm. Cells were made in triplicate for each concentration and cycled in an environmental chamber 
to maintain a temperature of 30°C. Impedance measurements were taken using a Biologic 
VMP300 potentiostat, where impedance spectra were obtained for a frequency range of 100 mHz 
to 1 MHz with a voltage amplitude of 5 mV. Series resistance values, 𝑅', were obtained from the 
impedance spectra and related to the conductivity via: 

 𝜅 =
𝜏
𝜑,

𝑙
𝑅'𝐴

, (2.4) 

where 𝜏 is the separator tortuosity, 𝜑, is the volume fraction of the conducting phase, 𝑙 is the 
thickness of the separator, and A is the surface area of the electrodes. For Celgard 2500, 𝜑, is taken 
as 0.55, the porosity according to the manufacturer. The utilization of two conductivity 
measurements enables the determination of 𝜏 for the Celgard separator:53 𝜏  = 2.93.  

2.3.3 Current Fraction and Restricted Diffusion  
Polarization experiments were performed on lithium-LiTFSI/tetraglyme-lithium symmetric cells 
assembled in coin cells. Layers of five or ten Celgard 2500 separators were soaked in electrolyte 
and stacked between 14 mm lithium chips with a thickness of 600 µm (MTI Corp). The cell stack 
was topped with a 15.5 mm stainless steel shim and a wave spring before crimping. At least three 
cells were made for each thickness and concentration. Cells were cycled inside an environmental 
chamber to maintain a temperature of 30°C, which was corroborated using a thermocouple.  

To establish a stable solid electrolyte interphase (SEI) between lithium metal and the electrolyte, 
cells were preconditioned by positively polarizing the cell at 0.02 mA/cm2 for four hours, letting 
the cell rest for one hour, and negatively polarizing the cell at 0.02 mA/cm2 for four hours. Six 
conditioning cycles were performed to stabilize the interfacial resistance. After conditioning, the 
cell was polarized at 𝛥𝑉 = 10 mV, -10 mV, 20 mV, and -20 mV to make sure measurements were 
independent of applied potential. To obtain the current fraction, the steady-state current, 𝐼'', was 
measured for one hour and impedance measurements were taken every 20 minutes, including 
before and after polarization. The current fraction was then determined using equation 5.7,41,42 
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𝜌! =

𝐼''
𝐼3
U
𝛥𝑉 − 𝐼3𝑅1,*
𝛥𝑉 − 𝐼''𝑅1,''

V. (2.5) 

𝑅1,* and 𝑅1,'' are the interfacial resistance before polarization and after 𝐼'', the steady-state current, 
has been reached. 𝐼5 is the initial current in the cell, calculated by dividing the applied polarization, 
	𝛥𝑉, by the summation of the initial bulk and interfacial resistances in the cell. This calculation is 
based on Ohm’s law, assuming no concentration gradients exist at the first instant of polarization 
in the cell.  

The diffusion coefficient was measured using restricted diffusion.54 After polarization, the cell was 
allowed to relax for one hour and the open circuit potential (𝑈) was measured every 0.5 seconds. 
The relaxation of the concentration gradient in the cell was measured via the relaxation of the 
potential. This was fitted to an exponential, 𝑈(𝑡) = 𝑘* + 𝑎𝑒+67, where 𝑘* is an offset voltage and 
𝑎 and 𝑏 are fit parameters; 1/𝑏 is the characteristic decay time. The diffusion coefficient through 
the separator, 𝐷', was determined using the following equation, 𝐷' =

."6
8"

. The relaxation potential 

is fit over a time window such that 𝛼 = 9#7
."
> 0.03, which ensures the fit is independent of the 

shape of the steady-state concentration gradient formed during polarization.55 For the five Celgard 
cells, 𝐷' was obtained from the first 15 minutes of the relaxation profile. For the ten Celgard cells, 
𝐷' was obtained from the first 60 minutes of the relaxation profile. This is because increasing 𝑙 by 
a factor of two results in a fourfold increase in characteristic decay time. The salt diffusion 
coefficient was calculated by correcting 𝐷' for the tortuosity of the separator, so that 𝐷 = 	𝜏𝐷'. 

2.3.4 Concentration Cells 
The thermodynamic factor was determined using concentration cells40 as described previously. 
Custom made glass U-cells were obtained from Adams and Chittenden. The U-cells contain a 
porous glass frit separating the two chambers to prevent rapid mixing, with an average pore size 
of 1.0-1.6 µm. One side of the U-cell was filled with a reference electrolyte (r = 0.064) and the 
other side filled with a test concentration. Each side was filled with equal volumes of electrolyte 
to equilibrate the heights in the two chambers and minimize pressure differences. Lithium 
electrodes were submerged into each side of the U-cell and 𝑈 was measured for one hour for each 
test concentration to ensure the potential plateaued. Electrodes were connected so that a positive 
potential was measured when 𝑚0 > 𝑚. Measurements were taken at least twice for each 
concentration. Temperature was maintained at 30°C ± 1°C for the duration of the experiment. 

2.3.5 Cell Design for X-ray tomography 
Lithium-LiTFSI/tetraglyme-lithium symmetric cells were assembled in an airtight custom made 
cell holder made from polyether ethyl ketone (PEEK) as described by Ho et al.56 The cell consisted 
of a 4 mm diameter lithium electrode, one 5 mm diameter Celgard 2500 separator soaked in 
electrolyte (r = 0.032), and another 4 mm diameter lithium electrode. Lithium electrodes had a 
thickness of 300 µm. A stainless steel spacer was placed on top of the stack to protect the lithium 
from deformation. The entire stack was topped with a spring and placed between stainless steel 
current collecting pins. Various cycling treatments were used to study the effect of current density, 
𝑖, on lithium plating. One cell was uncycled to image the clean interface. Another cell underwent 
preconditioning only, five cycles of 𝑖 = ±0.01 mA/cm2 for four hours each. Tomographic imaging 
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was conducted in accordance with the work done by Maslyn et al57 at Beamline 8.3.2 at the 
Advanced Light Source at Lawrence Berkeley National Laboratory. 

2.3.6 Electrophoretic NMR 
eNMR experiments were conducted in accordance with the method described by Halat et al.58 The 
design and execution of eNMR experiments is discussed elsewhere.10,59 7Li, 19F, and 1H NMR 
measurements were used to determine cation, anion, and solvent velocities, respectively. All 
experiments were conducted at 30°C.  

2.4 Results and Discussion 
X-ray tomography was used to study the electrode-electrolyte interfaces in lithium-
LiTFSI/tetraglyme-lithium symmetric cells. A Celgard separator was used to construct the cells 
(see experimental section). In Figure 2.2a, we show a typical cross-sectional slice through an 
uncycled cell. Here we see two clean planar interfaces between the electrode and the electrolyte. 
In Figure 2.2b, we a show a typical tomographic slice through a preconditioned symmetric cell 
cycled at 𝑖 = 0.01 mA/cm2. This represents the typical polarization experiment for electrochemical 
characterization. The two clean interfaces seen in Figure 2.2b indicate that expressions for 
interpreting electrochemical data from symmetric cells with planar electrodes are valid. We note 
in passing that mossy lithium deposits can be seen in tomographic cross-sectional images obtained 
from cells cycled at 𝑖 = 0.1 mA/cm2; these images are not shown for brevity.  

 
Figure 2.2. Typical tomographic slices of a lithium-LiTFSI/tetraglyme soaked Celgard separator-lithium symmetric 
cell. Comparison of an uncycled cell (a) and a preconditioned cell (b). No discernible mossy lithium is present when 
the cell undergoes low current cycling for short cycling times.  

In Figure 2.3a, we plot conductivity, 𝜅, as a function of both salt concentration, 𝑟, and molality, 
𝑚, shown in the top x-axis. The figure shows conductivity values obtained using the conductivity 
probe and coin cells with blocking electrodes. Good agreement between the two methods is seen 
across the concentration range. Conductivity shows a nonmonotonic dependence on concentration, 
with an increase at low concentrations until a maximum is reached, and then a decrease across the 
rest of the concentration range. Conductivity increases at low concentrations due to the increase in 
the number of charge carriers. At higher salt concentrations, the increase in viscosity causes a 
decrease in the overall conductivity. In Figure 2.3b, we plot the current fraction, 𝜌!, as a function 
of 𝑟 and 𝑚. 𝜌!	generally decreases with increasing 𝑟. The values of 𝜌! are small, usually below 
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0.20. The reproducibility of the measurement at 𝑟 = 0.01 is low, presumably due to the low 
concentration of charge carriers. In Figure 2.3c, we plot the diffusion coefficient, 𝐷, as a function 
of 𝑟 and 𝑚. Within experimental error, 𝐷 is independent of 𝑟, taking on values between 2×10-7 to 
7×10-7 cm2/s. We have averaged data obtained from both five and ten Celgard cells; data from 
both kinds of cells were more-or-less consistent with each other; individual data sets obtained from 
the two types of Celgard cells are shown in Figure S2.7. The data in Figures 2.3c and S2.7 differ 
substantially from the measurements of Fawdon et al., who determined 𝐷 from time resolved 
Raman microscopy.60 Such discrepancies are often found in the literature.37,61,62 Further work is 
needed to resolve such discrepancies. In Figure 2.3d, we plot 𝑈 as a function of ln𝑚. The variance 
of measured values of 𝑈 is significantly smaller than that of the other parameters in Figure 2.3. 𝑈 
is a monotonic function of ln(𝑚). The general characteristics of the 𝑈 versus ln𝑚 data in Figure 
2.3d are similar to those published previously on mixtures of LiTFSI in poly(ethylene oxide).36 
This is not surprising because of the similarity in the chemical structures of tetraglyme and 
poly(ethylene oxide).  

 

Figure 2.3. Electrochemical data for LiTFSI/tetraglyme. a) Conductivity, 𝜅, as a function of 𝑟 obtained using a 
conductivity probe and ac impedance spectroscopy; probe data was previously published by Halat et al.58 b) Current 
fraction, 𝜌$, as a function of 𝑟 obtained using polarization experiments. c) Salt diffusion coefficient, 𝐷, as a function 
of 𝑟 determined from restricted diffusion. d) Open circuit potential, 𝑈, as a function of log of molality obtained using 
concentration cells with a reference concentration of 𝑟 = 0.064. All data was collected at 30°C. 
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For a univalent salt, the differential form of equation 2.2 is used to relate 𝑈, 𝑇", and 𝑡!* .5 

 𝑇" =	−
𝐹

2𝑅𝑇(1 − 𝑡!*)
𝑑𝑈
𝑑ln𝑚 (2.6) 

The term (1 − 𝑡!*)	can be expressed in terms of measured parameters 𝜅, 𝐷, 𝜌!, and 𝑈 to give:6,63  

 
𝑇" =

𝜅

2𝑅𝑇𝐷𝑐 ] 1𝜌!
− 1^

L
𝑑𝑈
𝑑ln𝑚M

)

. (2.7) 

To calculate -:
-;<#

 at a given m, we use a finite difference approach. At all of the concentrations 

except the lowest and highest concentrations, -:
-;<#

  is taken to be the average of the finite difference 

slopes obtained on either side of that concentration. At the lowest and highest concentration, -:
-;<#

 
is based on a single slope. This enables determination of 𝑇" as a function of  
𝑚. Finally, 𝑡!*  can be determined as a function of 𝑚 using equation 2.8,6,63        

 
𝑡!" = 1 −	,

𝐹#𝐷𝑐
2𝜅𝑅𝑇𝑇$

4
1
𝜌!

− 16.	 (2.8) 

 

Figure 2.4. Dependence of the current fraction on the transference number for fixed transport parameters (𝑟 = 0.08, 𝑐 
= 0.00152 mol/cm3, 𝜅 = 3.15×10-3 S/cm). Calculations are shown for three values of 𝐷, as indicated on the figure, and 
corresponding values of 𝑇%. The dashed line at 𝜌$ = 0.11 corresponds to the average value of the current fraction at 
this salt concentration.  

Accurate determination of the transference number using multiple electrochemical experiments is 
difficult due to the compounding of errors. The transference number depends on three measured 
parameters, 𝜌!, 𝐷, and 𝜅, and one indirectly measured parameter, 𝑇" (see equation 2.8). It is 
evident from Figure 2.3 that the variability in the measured values of 𝜌! and 𝐷 is larger than that 
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of the measured values of 𝜅 and 𝑈. In Figure 2.4, we thus focus on how 𝑡!*  depends on 𝜌! and 𝐷.64 
For concreteness, we have used the measured parameters for 𝑟 = 0.08 and the dependence of 𝜌! 
on 𝑡!*  for selected values of 𝐷 is shown in Figure 2.4. These selected values cover the uncertainty 
in 𝐷 reported in Figure 2.3c. At this value of 𝑟, the average value of 𝜌! is 0.11. However, individual 
experiments gave 𝜌! values as high as 0.15 and values as low as 0.07. It is evident from Figure 
2.4 that the estimated value of 𝑡!*  is greatly influenced by the assumed value of 𝐷. A 𝑡!*  value of 
‑1.1 is obtained using 𝐷 = 4.15×10-7. In contrast, a 𝑡!*  value of -3.5 is obtained using 𝐷 = 8.77×10-

7. This uncertainty increases rapidly as 𝜌! decreases.  It is important to note that uncertainties in 
𝜌! and 𝐷 are only two of the four sources of uncertainty in 𝑡!* . There is clearly a need to explore 
other avenues for determining 𝑡!* . It is widely accepted that values of 𝑡!*  in the vicinity of 0 or 
lower imply the presence of complex clusters involving multiple ions and solvent molecules.65,66 
Not only are these systems challenging to model, they are also difficult to study from the 
characterization point of view due to complex interactions between different species (cations, 
anions, and solvent) within the electrolyte.5,8,33,43,47,58,66,67   

 
Figure 2.5. The transference number as a function of 𝑚 and 𝑟 determined from eNMR. This data was previously 
published by authors Halat et al.58  

The transference number can also be measured directly using eNMR.10–12 In this technique, 
velocities for the cation, anion, and solvent are directly measured and used to calculate the 
transference number according to equation 2.3. The dependence of 𝑡!*  on 𝑚 determined by this 
method is shown in Figure 2.5.58 The transference number has a nonmonotonic dependence on 
concentration; it decreases at low concentrations until a minimum close to 0 is reached at r = 0.08 
and then increases again. 𝑡!*  value of 0 implies that under an applied electric field, the solvent and 
cation velocity are the same, suggesting strong complexation between all lithium ions and solvent 
molecules.58 The increase of 𝑡!*  above r = 0.08 indicates the presence of more complex solvation 
structures and ion clustering. 

In Figure 2.6a, we compare transference numbers determined by eNMR based on equation 2.3, 
referred to as 𝑡!,=>?@* , and electrochemical methods based on equation 2.8, referred to as 𝑡!,=,A=#* . 
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The electrochemical data showed no evidence of a systematic dependence of 𝑡!*  on r. 𝑡!,=,A=#*  
reaches a minimum at r = 0.08. This is qualitatively similar to 𝑡!,=>?@* , which also shows a 
minimum at the same salt concentration. The absolute values of 𝑡!*  obtained by the two methods, 
however, are very different. Whereas 𝑡!*  from eNMR is positive over the salt concentration range, 
𝑡!*  determined by electrochemical methods is almost exclusively negative. If our methods to 
estimate the uncertainty of 𝑡!*  by electrochemical methods were robust, we would expect the error 
bars corresponding to these values to include more accurately determined values of 𝑡!*  based on 
eNMR. We posit that our methods to estimate the uncertainty in our electrochemical 
characterization, which assumes that the errors in the four parameters needed to calculate 𝑡!*  are 
independent, are inadequate. Our results for 𝜌! and 𝐷 are based on three replicates for each salt 
concentration and cell thickness, while our results for 𝜅 and -:

-./#
 are based on three and two 

replicates, respectively, measured in the same cell geometry. Perhaps increasing the number of 
samples by an order of magnitude would result in more robust estimates of error bars. It seems 
likely that our assumption regarding the independence of individual errors is too simplistic. 
Additional complications may arise in liquid electrolytes due to the need for a separator, 
convection effects, and instability of the electrode-tetraglyme interface.  

Accurate determination of 𝑡!*  also leads to accurate determination of 𝑇". In Figure 2.6b, we plot 
the thermodynamic factor determined using equation 2.6 with 𝑡!*  determined by eNMR. Also 
included in this figure is the thermodynamic factor determined using equation 2.7, which relies on 
four electrochemical characterization experiments. The former is referred to as 𝑇",=>?@ and the 
latter 𝑇",=,A=#. While there are discrepancies between 𝑇",=>?@ and 𝑇",=,A=#, they are significantly 
smaller than those between 𝑡!,=>?@*  and 𝑡!,=,A=#* . Both thermodynamic factors are assumed to be 
equal to unity at r = 0, as required by thermodynamics. They both decrease up to r ≅ 0.025 and 
then increase over the rest of the concentration range. Measurements of 𝑇" indicate that the 
electrolyte is non-ideal. The decrease of 𝑇" to values below unity at low concentrations reflects 
Debye-Huckel interactions,5,68 which dominate dilute electrolytes. The increase of 𝑇" at higher 
concentrations reflects more complex ion-ion and ion-solvent interactions. Whereas measurement 
of 𝑇",=,A=# requires knowledge of four measured quantities (see equation 2.7), measurement of 
𝑇",=>?@ only requires knowledge of two parameters determined from independent experiments: 𝑡!*  
from eNMR and -:

-;<#
 from concentration cell experiments (see equation 2.6). Neither of these 

methods require stripping and plating of lithium metal, which eliminates any complications related 
to the reactive interface. While the dependence of 𝑇",=,A=#and 𝑇",=>?@ on salt concentration is 
similar, 𝑇",=>?@ is significantly larger that 𝑇",=,A=#, especially at high salt concentrations. The 
diffusion coefficient, 𝐷, gives the flux of salt based on concentration gradients. This transport 
parameter is affected by both frictional and thermodynamic effects. We expect 𝐷 to decrease with 
increasing 𝑟 due to the increase in frictional effects. However, the significant increase in the 
thermodynamic factor with increasing 𝑟 (Figure 2.6b) indicates that the gradient in chemical 
potential corresponding to the same concentration gradient increases with increasing 𝑟; this 
increase is larger when eNMR results are included in the analysis. The frictional and 
thermodynamic effects cancel out, resulting in a diffusion coefficient that is, at best, a weak 
function of 𝑟 (Figure 2.3c). 
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Figure 2.6. Comparison of electrochemical techniques and electrophoretic NMR for (a) transference number and (b) 
thermodynamic factor. The thermodynamic factor is unity at 𝑟 = 0, shown in blue, based on the thermodynamic 
requirement that all solutions are ideal in the limit of infinite dilution. 

2.5 Conclusion 
In this work, we present complete electrochemical characterization of the bulk transport properties 
for an exemplar liquid electrolyte, LiTFSI salt dissolved in tetraglyme. Experiments included 
measurement of 𝜅 using ac impedance spectroscopy, 𝐷 using restricted diffusion, 𝜌! using 
polarization experiments, and -:

-;<#
 using concentration cells. The results of these four experiments 

were combined to give estimates of 𝑡!*   and 𝑇". We also measured 𝑡!*  directly from eNMR 
measurements of ion and solvent velocities. The eNMR experiment requires specialized 
instrumentation while electrochemical characterization can be performed on commercially 
available potentiostats.  We then used these measurements to determine 𝑇" from concentration cell 
data. By combining eNMR and electrochemical techniques, we present complete electrochemical 
characterization of a liquid electrolyte with much smaller uncertainty in both 𝑡!*  and 𝑇".  
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2.7 Supplemental Information 
2.7.1 Salt Concentration Determination for LiTFSI/tetraglyme Electrolytes 
Concentrations of the electrolytes used in this work are given in Table S2.1, showing the 
conversion between 𝑟, corresponding to the ratio of lithium ions to ether oxygens in tetraglyme (𝑟 
= ([Li+]/[O])) and molality, 𝑚, or moles of LiTFSI salt per kilogram of tetraglyme.  

Table S2.1. Salt concentration equivalencies for LiTFSI/tetraglyme electrolytes 

𝑟 ([Li+]/[O]) 𝑚 (mol/kg) 

0.008 0.18 

0.016 0.36 

0.032 0.72 

0.048 1.08 

0.064 1.45 

0.08 1.79 

0.096 2.16 

0.112 2.52 
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2.7.2 Diffusion Coefficient Fitting 

 

Figure S2.7. Comparison of averaged 𝐷 from coin cells made with five and ten Celgards. For cells made with five 
Celgards, the first 15 minutes of relaxation were fit to determine 𝐷. For cells made with 10 Celgards, the first hour of 
relaxation was fit to determine 𝐷. Values are more-or-less consistent with each other. 

2.7.3 Error determination 
This section of the SI details equations used to determine error for all of the derived parameters in 
this work. Error formulas are based on standard error propagation. Error for measured parameters 
is based on standard deviation of multiple measurements.  

Formula for determining error in B:
B;<#

 based on the finite difference method, where 𝑥& and 𝑦& refer 
to the ln(molality) and OCV, respectively, for the first data point: 

 

 𝛿 L
𝑦C − 𝑦&
𝑥C − 𝑥&

M = b
𝑦C − 𝑦&
𝑥C − 𝑥&

b ∗ d
e(𝛿𝑦C)) + (𝛿𝑦&))

𝑦C − 𝑦&
d (S2.1) 

 

Error formula for thermodynamic factor based on electrochemical methods, 𝑇",DEFDG: 
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(S2.2) 

Error formula for the transference number based on electrochemical methods, 𝑡!,=,A=#* : 
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Error formula for calculation of the thermodynamic factor using eNMR and concentration cells, 
𝑇",DIJK:  

 𝛿 L1 +
𝑑𝑙𝑛𝛾±
𝑑𝑙𝑛𝑚M = 	 b1 +

𝑑𝑙𝑛𝛾±
𝑑𝑙𝑛𝑚b

fU
𝛿𝑡+*

𝑡+*
V
)

+ g
𝛿 ] 𝑑𝑈
𝑑𝑙𝑛𝑚^
𝑑𝑈
𝑑𝑙𝑛𝑚

h

)

 

 

(S2.4) 

2.8 Nomenclature 
𝜅 Ionic conductivity (S cm-1) 
𝐷 Salt diffusion coefficient (cm2 s-1) 
𝑡!*  Cation transference number with respect to the solvent velocity 
𝑇" Thermodynamic factor 
𝛾!+ Mean molar activity coefficient 
𝑚 Molality (mol kg-1) 
𝑈 Open circuit potential (mV) 
𝐹 Faraday’s constant (C mol-1) 
𝑚0 Reference molality (mol kg-1) 
𝑅 Universal gas constant (8.314 J mol-1 K-1) 
𝑇 Temperature (°C) 
𝑡+*  Anion transference number 
𝑖 Current density (mA cm-2) 
𝑡 Time (s) 
𝑈,1 Open circuit potential from current interrupt technique (mV) 
𝜌! Current fraction 
𝑣! Cation velocity (µm cm-1)  
𝑣+ Anion velocity (µm cm-1) 
𝑣* Solvent velocity (µm cm-1) 
𝑟 Measure of ratio of lithium ions to oxygen atoms in solvent 
𝜏 Tortuosity of separator 
𝜑,  Volume fraction of conducting phase in separator 
𝑙 Thickness of the separator (cm) 
𝑅' Series resistance (Ω) 
𝐴 Area of electrodes (cm2) 
𝛥𝑉 Applied polarization potential (mV) 
𝐼'' Steady-state current (mA) 
𝐼3 Initial current calculated via Ohm’s law, 𝐼3 = 𝛥𝑉/𝑅L (mA) 
𝑅1,* Initial interfacial resistance (Ω) 
𝑅1,'' Steady-state interfacial resistance (Ω) 
𝑘* Offset voltage (mV) 
𝑎 Fit parameter for restricted diffusion 
𝑏 Fit parameter for restricted diffusion 
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3 Low Temperature Characterization of a Nonaqueous Liquid Electrolyte 
for Lithium Batteries 

3.1 Abstract 
Rechargeable batteries exhibit poor performance at low temperatures due to sluggish ion transport 
through the electrolytic phase. Ion transport is governed by three transport parameters – 
conductivity, diffusion coefficient, and the cation transference number with respect to the solvent 
velocity – and the thermodynamic factor. Understanding how these parameters change with 
temperature is necessary for designing improved electrolytes. In this work, we combine 
electrochemical techniques with electrophoretic NMR to determine the temperature dependence 
of these parameters for a liquid electrolyte, LiTFSI salt dissolved in tetraglyme between -20 and 
45°C. At colder temperatures, all species in the electrolyte tend to move more slowly due to 
increasing viscosity, which translates to a monotonic decrease in conductivity and diffusion 
coefficient with decreasing temperature. Surprisingly, we find that the field-induced velocity of 
solvent molecules at a particular salt concentration is a nonmonotonic function of temperature. 
The cation transference number with respect to the solvent velocity thus exhibits a complex 
dependence on temperature and salt concentration. The measured thermodynamic and transport 
properties are used to predict concentration gradients that will form in a lithium-lithium symmetric 
cell under a constant applied potential as a function of temperature using concentrated solution 
theory. The calculated steady current at -20°C is lower than that at 45°C by roughly two orders of 
magnitude.   

3.2 Introduction  
Lithium ion batteries suffer from worsened performance when operated at low ambient 
temperatures, which is a major hindrance to the adoption of electric vehicles (EVs) in colder 
climates.2–4 Slow transport within a battery causes decreased range and power for EVs in the winter 
and charging at cold temperatures increases the likelihood of plating and cell failure.69 Previous 
studies have identified many issues with operation at low temperature, including increased charge 
transfer resistance,70–72 slow desolvation,73 increased resistance through the solid electrolyte 
interphase (SEI),74 and slow transport through porous electrodes.75 Sluggish transport through the 
bulk electrolyte at low temperatures is one of the central reasons why battery performance 
suffers.76 A transport property that is relatively easy to measure is ionic conductivity, and the 
temperature dependence of this property has been reported in several prior studies.62,77,78 Current 
lithium ion battery electrolytes comprise mixtures of solvents such as ethylene carbonate (EC), a 
high dielectric constant solvent with high viscosity, and dimethyl carbonate (DMC), a low 
dielectric constant solvent with low viscosity. Reduced conductivity at low temperatures has been 
correlated to increases in electrolyte viscosity for EC/DMC and other common carbonate based 
electrolytes.77–79 Reducing the amount of EC has been investigated as an approach to lower the 
solvent viscosity and improve transport properties.80–82 However, “EC-lean” electrolytes suffer 
from reduced conductivity and unstable electrode/electrolyte interfaces.3,79,83 Generally, changing 
the solvent composition impacts the overall dielectric constant of the solvent and ion 
agglomeration,79 which can impact the overall conductivity.66,84,85 Engineering next generation 
electrolytes that will perform better over a wider temperature range is complex and must balance 
many material properties. Added complications arise due to the fact that ion transport in 
electrolytes depends on three additional properties that are seldom reported – salt diffusion 
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coefficient, transference number, and the thermodynamic factor. These properties are much more 
difficult to measure and, not surprisingly, knowledge of their temperature dependence is limited.  

The cation transference number, 𝑡!* , quantifies the fraction of the current carried by the cation with 
respect to the solvent velocity in an electrolyte of uniform concentration. Determining 𝑡!*  based 
exclusively on electrochemical methods is complex and requires combining data from multiple 
experiments. Even studies at ambient temperatures have produced varying transference numbers 
for carbonate-based electrolytes, with each study utilizing a unique set of experiments with 
different levels of precision.38,62,86–88 Comparison between transference numbers measured at 
ambient temperature has been reported elsewhere.62,86 In the limited literature reporting 
transference numbers at multiple temperatures, conflicting trends have been reported. For a 
conventional, carbonate-based electrolyte, Ringsby et al. found that transference numbers were 
constant between 25 and -30°C using MD simulations.79 This contrasted with experimental 
measurements of 𝑡!*  obtained for the same electrolyte by Landesfeind and Gasteiger, who found 
that 𝑡!*  decreased with decreasing temperature.37 While there is no question that conductivity 
decreases with decreasing temperature, it is not clear if the same holds true for cation transference.  

The experimental data described in the preceding paragraph are based on the quantification of 
cation transference based on electrochemical methods alone. In this approach, four independent 
experiments are used to determine the four relevant properties: conductivity, 𝜅,	 salt diffusion 
coefficient, 𝐷,	transference number, 𝑡!* , and a thermodynamic factor, 𝑇". The intrinsic coupling 
between 𝑡!* 	and 𝑇" in the measured quantities compounds error and reduces measurement certainty. 

In this work, we have characterized a liquid electrolyte, lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt dissolved in tetraethylene glycol dimethyl ether 
(tetraglyme). This simple binary liquid electrolyte has been widely studied,24,33,47,89 but its 
transport and thermodynamic properties have not been fully characterized over a wide temperature 
range. We use electrophoretic NMR (eNMR) to determine 𝑡!*  directly by measuring the electric-
field-induced cation, anion, and solvent velocities.10–12 In addition, we also conduct the four 
electrochemical experiments indicated in the preceding paragraph. Combining these five 
experiments significantly reduces measurement uncertainty in 𝑡!*  and 𝑇". The electrochemical 
experiments were conducted over a wide temperature window from -20 to 45°C. Due to instrument 
limitations, the eNMR experiments could only be conducted from 15 to 45°C. In spite of this 
limitation, our measurements enable a comprehensive understanding of the many factors that 
underpin low ion transport rates at low temperatures in LiTFSI/tetraglyme mixtures.  The four 
parameters, 𝜅, 𝐷, 𝜌!, and 𝑇", are necessary for predicting the response of our electrolyte to an 
applied current. We use our measurements of these parameters to predict the steady-state salt 
concentration profiles and current-potential relationships as a function of temperature in 
LiTFSI/tetraglyme mixtures.  

3.3 Experimental 
3.3.1 Electrolyte Preparation 
Lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) salt and tetraethylene glycol dimethyl ether 
(tetraglyme) were both acquired from Sigma-Aldrich and dried in a glovebox antechamber under 
active vacuum for three days at 60°C and 100°C, respectively. Electrolytes were prepared in an 
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argon glovebox, where oxygen and water levels were kept below 1 ppm and stirred overnight at 
25°C. The concentrations of electrolytes used in this study are listed in Table S3.1. The unit of 
concentration 𝑟 corresponds to the ratio of lithium cations in LiTFSI to ether oxygens in 
tetraglyme, 𝑟 = ([Li+]/[O]). 

3.3.2 Material Characterization 
Density of each electrolyte was determined using an Anton Paar DMA 4101 density meter for each 
salt concentration between 10 and 100°C. Density (𝜌) data is fully reported in Table S3.2. Density 
data was used to calculate molarity of electrolytes at each temperature, which is reported in Table 
S3.3. Viscosity (𝜂) data was collected using an electromagnetically spinning viscometer (Kyoto 
Electronics). Viscosity measurements were obtained for each salt concentration and temperature 
between 0 and 100°C and are presented in Figure 3.2b. The full set of viscosity data is listed in 
Table S3.4.  

3.3.3 Conductivity 
Coin cells were assembled using CR2032 coin cell parts (MTI Corp.) with five layers of Celgard 
2500 separators soaked in electrolyte. Separators were sandwiched between two stainless steel 
blocking electrodes (MTI. Corp), 15.5 mm in diameter and 500 µm thick. At least three cells were 
made for each concentration, and cells were cycled in an environmental chamber (JEIO Tech) at 
a given temperature setpoint (45, 30, 15, 0, -20°C). Temperatures within the environmental 
chamber were corroborated using a thermocouple. Ac impedance spectroscopy measurements 
were obtained using a Biologic VMP300 potentiostat, using a frequency range of 1 MHz to 100 
mHz with a sinus amplitude of 5 mV. Series resistance values, 𝑅', were obtained from the 
impedance spectra and can be related to the conductivity of an electrolyte via equation 3.1.53  

 𝜅 =
𝜏
𝜑,

𝑙
𝑅'𝐴

, (3.1) 

𝜏 is the separator tortuosity, 𝜑, is the volume fraction of the conducting phase, 𝑙 is the thickness 
of the separator, and A is the surface area of the electrodes. For Celgard 2500, 𝜑, is the porosity, 
0.55. The tortuosity of the Celgard was previously determined and is 2.93.89 

3.3.4 Current Fraction and Restricted Diffusion 
Lithium-LiTFSI/tetraglyme-lithium symmetric cells were assembled in CR2032 coin cell parts 
(MTI Corp.) using five, ten, or fifteen layers of electrolyte soaked Celgard 2500 separators. 
Separators were sandwiched between lithium chips (MTI Corp.), 14 mm in diameter and 600 µm 
thick. A minimum of three cells were made for each concentration and thickness.  Cells were 
cycled in an environmental chamber (JEIO Tech) to maintain a given temperature, which was 
corroborated using a thermocouple.  

Cells were preconditioned to stabilize the SEI between the lithium metal electrodes and electrolyte. 
Alternating current densities of ±0.02 mA/cm2 were applied for four hours using a potentiostat 
(Biologic, VMP300) until the interfacial resistance, 𝑅1, was stable. Cells were allowed to rest for 
one hour in between polarizations. To measure the current fraction, 𝜌!, also sometimes referred to 
as the ideal transference number or the Bruce-Vincent transference number,41–43 cells were 
polarized at 𝛥𝑉 = 10 mV, -10 mV, 20 mV, and -20 mV for one hour. Multiple potentials were used 
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to ensure the value of the current fraction was independent of applied potential. During 
polarization, the steady-state current, 𝐼'', was measured. Impedance measurements were taken 
before, during, and after polarization to determine 𝑅1,* and 𝑅1,'', the initial and steady-state 
interfacial resistances in the cell, respectively. 𝐼5, the initial current in the cell, was determined 
using Ohm’s law, assuming there are no concentration gradients within the cell at the start of 
polarization. The current fraction was calculated in accordance with equation 3.2.41–43  

 
𝜌! =

𝐼''
𝐼3
U
𝛥𝑉 − 𝐼3𝑅1,*
𝛥𝑉 − 𝐼''𝑅1,''

V. (3.2) 

After polarization, the cell was allowed to relax and the open circuit potential, 𝑈, was monitored. 
Cells were allowed to relax for either 15 minutes, 1 hour, or 2.25 hours, for the five, ten, and fifteen 
Celgard cells, respectively, as relaxation times scale with length squared. The relaxation of the 
potential corresponds to the relaxation of the concentration gradient using the method of restricted 
diffusion.54 𝑈 was fitted to an exponential, 𝑈(𝑡) = 𝑘* + 𝑎𝑒+67, where 𝑘* is an offset voltage and 
𝑎 and 𝑏 are determined from fitting. The diffusion coefficient through the separator, 𝐷', is related 
to the fit coefficient, 𝑏, via 𝐷' =

."6
8"

. A minimum time cutoff is used such that 𝛼 = 9#7
."
> 0.03, 

which ensures the fit is independent of the steady-state concentration gradient formed during 
polarization.55 The salt diffusion coefficient, 𝐷, was calculated by correcting 𝐷' for the tortuosity 
of the separator, so that 𝐷 = 	𝜏𝐷'. 

3.3.5 Concentration Cells 
Previously, the thermodynamic factor was determined using large volume concentration cells 
made from glass U-cells.40,89 This method was effective for room temperature measurements of 
the open circuit potential, but did not allow for the precise control of temperature.  In this work, 
pouch-based concentration cells were built following the procedure published by Landesfeind et 
al.37 A 1 cm wide, 10 cm long, and 25 µm thick Celgard 2500 separator was placed in a pouch cell 
(5 cm wide, 13 cm long).  The long separator ensures that complete mixing of the electrolyte via 
mutual diffusion will not occur during the measurement period.37 The separator was placed on top 
of lithium foil electrodes (MTI Corp.), which were affixed to nickel tabs using sealing tape. One 
side of the separator was wet with a reference electrolyte, r = 0.064, and the other side was wet 
with a test electrolyte. Care was taken to ensure the separator was fully wet without having excess 
electrolyte spill into the cell volume. The pouch cell was then sealed under argon.  

The pouch cells were then moved to an environmental chamber (JEIO tech) and placed between 
metal blocks to ensure temperature equilibration during the measurement, which was measured 
using a thermocouple. The open circuit potential for each concentration cell, 𝑈, was monitored at 
each temperature setpoint for 10 minutes and then the average value was taken. At least two pouch 
cells were made for each concentration.  

3.3.6 Electrophoretic NMR 
Details of electrophoretic NMR (eNMR) experiments have been previously reported.58,90 
Instrumentation was based on the work done by Fang et al.91 Samples were prepared by filling a 
dried eNMR cell with electrolyte under an inert argon atmosphere. A convection-compensated 
double stimulated-echo (DSTE) PFG-NMR pulse program was used, with electric field pulses of 
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opposite polarity applied.92–94 Applied voltages ranged between 10 and 50 V, and all velocities 
were normalized to 1 V/mm. The electric field was applied for a constant drift time, ∆, of 100 ms. 
The electric field was allowed to equilibrate between electric field pulses using recycle delays of 
75 seconds. The electric field was calibrated at 25°C using a 10mM solution of 
tetramethylammonium bromide (TMABr) dissolved in D2O (P & L Scientific, Stockholm, SE). 
eNMR phase shifts were manually analyzed by calculating phase shifts as previously described.58 
7Li, 19F, and 1H NMR measurements were used to determine cation, anion, and solvent velocities, 
respectively. Experiments were performed at a field strength of 9.4 T using a 400 MHz Bruker 
NEO spectrometer and a Bruker 5 mm water-cooled double resonance broadband diffusion 
(diffBB) probe, which was equipped with z-axis gradient capabilities (maximum gradient strength 
of 17 T m-1) and a variable-temperature control. Experiments were conducted at 45, 30, and 15 °C, 
± 1 °C. The temperature range for measuring velocities from eNMR was limited to a minimum 
temperature of 15°C as the species’ velocities at this temperature were close to the instrumental 
measurement limits.  

3.4 Results and Discussion 
In Figure 3.1a, we plot conductivity, 𝜅, shown as a function of temperature for all salt 
concentrations. Conductivity shows a nonmonotonic dependence on salt concentration at all 
temperatures, increasing in the low concentration regime due to an increase in charge carriers and 
decreasing in the high concentration regime due to frictional effects (Figure S3.17). At lower 
temperatures, conductivity markedly decreases: at -20°C, the electrolyte retains less than 12% of 
the 45°C conductivity at all salt concentrations. The conductivity decrease that occurs as 
temperature decreases has been well documented in literature.3,79 A third order polynomial was fit 
through each temperature data set (Figure S3.17) in order to determine the conductivity peak at a 
given temperature. The salt concentration where the conductivity maximum occurs, 𝑟#$%, is 
plotted in Figure 3.1b. 𝜅#$%, the value at which the conductivity peaks, is also shown. Both 𝑟#$% 
and 𝜅#$% decrease as temperature decreases. The fact that 𝜅#$% decreases by a factor of 17 over 
the temperature range is not very surprising. What is more surprising is the reduction of 𝑟#$% by a 
factor of two. The onset of frictional effects occurs at significantly lower concentrations when 
temperature is reduced. Consequently, decreasing temperature has a more deleterious effect on 
conductivity in concentrated electrolytes; compare the spread of the data in Figure 3.1a for low 
and high salt concentrations. 

In Figure 3.2a, the molar conductivity (conductivity divided by salt concentration in mol/cm3), Λ, 
is shown as a function of temperature (from -20 to 45°C). At the highest salt concentration, 𝑟 = 
0.112, Λ decreases by a factor of  about 100, whereas at 𝑟 = 0.008, the conductivity only decreases 
by a factor of about 10 over the same temperature range. In Figure 3.2b, we show the dependence 
of the viscosity, 𝜂, of our electrolyte on salt concentration and temperature (between 0 and 100°C). 
𝜂 decreases by about a factor of 42 at 𝑟 = 0.112 and by a factor of 7 at 𝑟 = 0.008 over the measured 
range of temperatures. From this data, we can also see that the viscosity of the most concentrated 
electrolyte also changes much more rapidly with temperature than the most dilute electrolyte.  
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Figure 3.1. a) Conductivity data as a function of temperature for all salt concentrations, obtained using ac impedance 
spectroscopy. Error bars are smaller than the size of the data markers.  b) Concentration at which conductivity peaks, 
𝑟&'(, plotted as a function of temperature. 𝑟&'( was determined by fitting a third order polynomial to the measured 
conductivity data and determining the maximum. The corresponding conductivity at a given temperature, 𝜅&'(, is 
also plotted on the right y-axis. 

 

Figure 3.2. a) Molar conductivity is plotted as a function of inverse temperature. b) Viscosity data for corresponding 
salt concentrations is plotted as a function of inverse temperature. In both graphs, error bars are smaller than the size 
of the data markers.   

The inverse relationship between conductivity and viscosity in liquid electrolytes is well 
established.77,95,96 In the limit of infinite dilution, Walden observed that the product of the viscosity 
of pure water and molar conductivity was independent of temperature, also referred to as the 
Walden rule.97,98 To examine this relationship in our system, we plot the product 𝜅𝜂 as a function 
of temperature in Figure 3.3. This product increases with increasing salt concentration but is a 
weak function of temperature at all salt concentrations. The dependence on temperature becomes 



 
 

24 
 

slightly stronger at higher salt concentrations. This indicates that the change in conductivity with 
temperature of LiTFSI/tetraglyme arises mainly due to changes in viscosity. Deviations from the 
Walden rule at higher concentrations are usually attributed to ion association.99,100 

 
Figure 3.3. The product of conductivity multiplied by viscosity is shown as a function of temperature for all salt 
concentrations. In most cases, the error bars are smaller than the size of the data markers. 

The decrease in conductivity with decreasing temperature is well established in the literature.62,77,78 
However, there are relatively few studies of the effect of temperature on other transport parameters. 
In Figure 3.4a, we show the dependence of current fraction, 𝜌!, on salt concentration and 
temperature.  Across all salt concentrations, 𝜌! decreases as temperature decreases. While 𝜅 is a 
more sensitive function of temperature at high salt concentrations, 𝜌! depends more strongly on 
temperature at low salt concentrations. In Figure 3.4b, we plot the product of 𝜅𝜌! as a function of 
temperature. In the limit of a small, applied dc potential, this product is proportional to the current 
that would be obtained in a given electrolyte.7 The data obtained from different values of 𝑟 seem 
to collapse when plotted in this format (see Figure 3.4b). This is a manifestation of the 
compensating dependencies of 𝜅 and 𝜌! on salt concentration mentioned above. In the 
concentration range, 0.064 < 𝑟 < 0.112, 𝜅𝜌! decreases by a factor of 200 ± 16 over our temperature 
window. This factor reduces systematically with decreasing concentration: at 𝑟 = 0.032, this factor 
is 131, while at 𝑟 = 0.008, this factor is 43.  

The diffusion coefficient, 𝐷, measured using the restricted diffusion method,54 is shown in Figure 
3.5. At a given salt concentration, 𝐷 is a weaker function of temperature when compared to 𝜅. At 
r = 0.008, 𝐷 decreases by a factor of 8 in our temperature window. This is somewhat lower than 
the decrease by a factor of 14 in 𝜅. However, at 𝑟 = 0.112, 𝐷 only decreases by a factor of 4 while 
𝜅 decreases by a factor of 100. Generally speaking, 𝐷 deceases with increasing salt concentration. 
The surprising result in Figure 3.5 is 𝐷 at -20°C is virtually independent of salt concentration 
(within experimental error). It is clear that 𝐷 is not as strongly affected by solution viscosity as 𝜅. 
The nonintuitive results in Figure 3.5 reflect the fact that 𝐷 is affected by both thermodynamic and 
frictional contributions. We will attempt to separate these contributions in the discussion below.  
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Figure 3.4. a) Current fraction and b) effective conductivity, both plotted as a function of temperature for all salt 
concentrations. 

 
Figure 3.5. Diffusion coefficients obtained using restricted diffusion, plotted as a function of temperature for all salt 
concentrations. 

Transference numbers, 𝑡!* , in the temperature range of 15 to 45°C were determined using 
electrophoretic NMR. The species’ velocities were determined under an applied potential of 1 
V/mm; 𝑣! is the cation velocity, 𝑣* is the solvent velocity, and 𝑣+ is the anion velocity.  𝑡!*  is 
given in equation 3.4.13 

 
𝑡!* =

𝑣! − 𝑣*
𝑣! − 𝑣+

. (3.4) 

Measured values for 𝑣!, 𝑣*, and 𝑣+ using the laboratory reference frame are shown in Figure 
S3.13. Velocities of species in the direction of the negative electrode are defined as positive. For 
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all electrolytes, 𝑣! and 𝑣* are positive while 𝑣+ is negative. In general, the magnitude of all 
species’ velocities decreases with decreasing temperature. The only exception to this is the solvent 
velocity for 𝑟 = 0.08, which is a nonmonotonic function of temperature. The experimentally 
determined dependence of 𝑡!*  on 𝑟 and temperature is shown in Figure 3.6. In the most dilute 
electrolyte, 𝑟 = 0.008, 𝑡!*  is nearly independent of temperature. In the electrolyte with 𝑟 = 0.032, 
𝑡!*  decreases slightly with increasing temperature. More complex, nonmonotonic dependencies are 
seen in more concentrated electrolytes.  The complex dependence of 𝑡!*  on temperature arises 
mainly due to the complex dependence of 𝑣* on salt concentration and temperature. The magnitude 
of 𝑣! relative to the overall ion velocities, 𝑣! − 𝑣+, is not a strong function of temperature or salt 
concentration and varies between ~0.3 and 0.42 (see Figure S3.15). The lowest value of the 𝑡!* , 
‑0.17, is obtained at 𝑟 = 0.08 and 𝑇 = 30°C. Under these conditions, the field-induced solvent 
velocity is larger than that of the cation.  

 
Figure 3.6. Cation transference number with respect to the solvent velocity, determined using electrophoretic NMR, 
plotted as a function of temperature for all salt concentrations. 

The open circuit potential measured in a concentration cell, 𝑈, is plotted in Figure 3.7 as a function 
of ln(𝑚) and temperature. The reference solution concentration was 𝑟 = 0.064. 𝑈 depends mostly 
on salt concentration and is a weak function of temperature. 𝑈 is a more sensitive function of salt 
concentration at low temperatures. Our approach requires evaluation of d𝑈/dln(𝑚), which we 
obtain using a finite difference approach, described previously.89  
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Figure 3.7. Open circuit potential determined in concentration cells, 𝑈, plotted as a function of temperature. Line 
labels refer to 𝑟 for the test concentration. The reference concentration was 𝑟 = 0.064. Error bars are smaller than the 
size of the data markers. 

The thermodynamic factor, 𝑇", is given by:  

 𝑇" = 	1 +
𝑑𝑙𝑛𝛾!+
𝑑𝑙𝑛𝑚 =

𝐹
2𝑅𝑇(1 − 𝑡!*)

𝑑𝑈
𝑑ln𝑚, 

(3.5) 

where 𝛾!+ is the mean molal salt activity coefficient. Using 𝑡!*  values given in Figure 3.6 and 
d𝑈/dln(𝑚) values determined from Figure 3.7, we obtain the dependence of 𝑇" on concentration 
and temperature. Generally speaking, 𝑇" increases with increasing salt concentration. A slight 
decrease of 𝑇" is observed when salt concentration is increased from 𝑟 = 0.064 to 0.08 at 30°C. 
This is mainly due to the nonmonotonic dependence of 𝑡!*  on temperature at 𝑟 = 0.08. The complex 
dependence of 𝑡!*  on temperature arises mainly due to the complex dependence of 𝑣* on 
temperature at this salt concentration, as described above. At fixed temperatures, the 
thermodynamic factor, which reflects the non-ideality of our electrolyte, is a measure of the 
dependence of the salt activity coefficient on concentration. The increase in 𝑇" with increasing salt 
concentration indicates that the non-ideality of the electrolyte is higher at higher concentrations. 
These non-idealities arise due to ion-ion and ion-solvent interactions. At 𝑟 = 0.008, 𝑇" is 
independent of temperature. This is the expected behavior or simple electrolytes, wherein the salt 
chemical potential, 𝜇'$.7 = 𝑅𝑇𝑙𝑛(𝑚𝛾!+) + 𝜇'$.7* , where 𝜇'$.7*  is the chemical potential at a 
reference point.5 At higher salt concentrations, more complex behavior is observed, indicating ion-
ion and ion-solvent interactions are both temperature and concentration dependent.  
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Figure 3.8. Thermodynamic factor, 𝑇%, determined using transference numbers from eNMR and data from 
concentration cell experiments, plotted as a function of temperature for all salt concentrations.  

The salt diffusion coefficient, 𝐷, is dependent on both frictional and thermodynamic effects, which 
results in a complex dependence on both salt concentration and temperature (Figure 3.5). One 
expects 𝐷 to decrease with increasing viscosity, 𝜂, and therefore it is instructive to examine the 
product 𝐷𝜂. This is analogous to the product 𝜅𝜂, plotted in Figure 3.3. The dependence of 𝐷𝜂 on 
salt concentration and temperature is shown in Figure 3.9a. It is evident that the complex 
dependence of 𝐷 on salt concentration and temperature is not just due to changes in viscosity. The 
product 𝐷𝜂 is a stronger function of temperature in more concentrated electrolytes. The complexity 
in Figure 3.9a reflects the fact that 𝐷 depends on both thermodynamics and frictional effects. One 
can define a Stefan-Maxwell diffusion coefficient, 𝔇, which quantifies diffusion based on a 
thermodynamic driving force,5  

 𝔇 = 𝐷
𝑐*
𝑐L𝑇"

, 	 (3.6) 

where 𝑐* is the solvent concentration and 𝑐L is the total concentration of the salt and solvent, 𝑐L =
	𝑐* + 𝑐. We use the measured values of 𝐷 and 𝑇" in equation 3.6 to determine 𝔇 as a function of 
concentration and temperature. The dependence of the product 𝔇𝜂 on salt concentration and 
temperature is shown in Figure 3.9b. At the lowest concentration, 𝑟 = 0.008, the differences 
between 𝐷𝜂 and 𝔇𝜂 are minor. The difference between 𝐷𝜂 and 𝔇𝜂 increases with increasing 𝑟. 
This implies that the corrections to 𝐷 due to thermodynamic effects become more important as 𝑟 
increases. To a good approximation, the product 𝔇𝜂 is equal to (7±3)×10-6 cm2∙mPa, irrespective 
of temperature and salt concentration. The product 𝔇𝜂 is noteworthy as it is more-or-less 
independent of both temperature and salt concentration. Measurement of 𝑇" enables the separation 
of these frictional and thermodynamic interactions.  
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Figure 3.9. The product of diffusion coefficients and viscosity for a) the salt diffusion coefficient and b) Stefan-
Maxwell diffusion coefficients, plotted as a function of both salt concentration and temperature. In some cases, error 
bars are smaller than the size of the data markers.   

In concentrated solution theory, 𝜌! is given by 𝜌! = 1/(1 + 𝑁𝑒),63 where 

 
𝑁𝑒 = 𝑎

𝜅𝑅𝑇(𝑡+*))

𝐹)𝐷𝑐 L1 +
𝑑𝑙𝑛𝛾!+
𝑑𝑙𝑛𝑚 M. 

(3.7) 

The parameter 𝑎 is related to the stoichiometry of the salt via 𝜈/(𝜈!𝑧!)): 𝑎 = 2 for a univalent 
electrolyte. The temperature dependence of 𝜌!, shown in Figure 3.4a, reflects the temperature 
dependencies of 𝜅, 𝐷, and 𝑡!* . 

In the discussion above, we present complete characterization of LiTFSI/tetraglyme as a function 
of concentration and temperature. This enables predictions of concentration gradients that arise in 
the electrolyte due to the passage of current.14,101,102 Large concentration gradients result in large 
concentration overpotentials which decrease the rate at which electrochemical reactions occur at 
the electrodes.103–108 We calculate salt concentration and potential gradients as a function of 
applied current using concentrated solution theory in a symmetric lithium-LiTFSI/tetraglyme-
lithium cell. The concentration profile is determined using equation 3.8,14  

 
K 𝜅 L

𝑑𝑈
𝑑𝑙𝑛𝑚M r𝑟𝜏𝐹 L

1
𝜌!
− 1Ms

+&

𝑑𝑟
0(%)

0(%O*)
=

𝑖''𝐿
𝐹𝑧+𝜈+

]
𝑥
𝐿^,	

(3.8) 

where 𝑖'' is the steady-state applied current, 𝐿 is the distance between electrodes, 𝑧+ is the anion 
charge number, and 𝜈+ is the number of anions the salt dissolves into. 𝑥/𝐿 refers to the 
dimensionless position across the electrolyte. 𝑥/𝐿 = 0 is the positive electrode where salt 
accumulates. 𝑥/𝐿 = 1 is the negative electrode where salt is depleted. The potential of the positive 
electrode relative to that of the negative is given by 𝛷'' in equation 3.9,14  



 
 

30 
 

 
𝛷''(𝑥 = 0) = −𝐹𝑧+𝜈+K L

𝑑𝑈
𝑑𝑙𝑛𝑚M

[𝑟𝐹𝜙,(1 − 𝜌!)]+&𝑑𝑟
0(%O*)

0(%OP)
.	

(3.9) 

In order to solve for 𝑟	(𝑥 = 0)  and 𝛷'' (𝑥 = 0), we need expressions that quantify the dependence 
of 𝜅, 𝑑𝑈/𝑑𝑙𝑛𝑚, and 𝜌! on temperature and concentration. These expressions were obtained by 
fitting the experimental data presented above and the fits are listed in Table S3.5. These fits are 
used to determine the concentration dependence of the integrands in equations 3.8 and 3.9. To 
facilitate calculations, the integrands were also fit to continuous functions that are given in Table 
S3.6 and S3.7. 

 
Figure 3.10. Results from modeled concentration gradients, based on measured electrochemical data. Predicted 
concentration gradients for multiple concentrations are shown for 45°C and -20°C for an applied steady-state current 
density of 0.01 mA/cm2. 

In Figure 3.10, we show results for a fixed applied steady-state current,	𝑖'', of 0.01 mA/cm2. The 
average concentration of the electrolyte, 𝑟$(Q, varied from 0.016 to 0.08. The results at 45°C are 
shown in Figure 3.10. At this temperature, the magnitudes of the salt concentration gradients are 
negligible. The results at -20°C are also shown in Figure 3.10. Here we see substantial salt 
concentration gradients and the magnitude increases with increasing salt concentration. In the limit 
of infinite dilution, wherein the electrolyte is thermodynamically ideal and transport parameters 
are independent of concentration, the salt concentration profile is linear.5 It is thus not surprising 
that the profile at 𝑟$(Q = 0.016 is approximately linear. Significantly, nonlinearity is seen when salt 
concentration is increased to 𝑟$(Q = 0.032. Nonlinear contributions appear to decrease with 
increasing concentration and at 𝑟$(Q = 0.08, the concentration profile is, to a good approximation, 
linear. The salt concentration profiles depend on three concentration dependent parameters, 𝜅, 
𝑑𝑈/𝑑𝑙𝑛𝑚, and 𝜌!, and these parameters can combine in nontrivial ways to give surprising results.  
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Figure 3.11. Results from modeled  potential gradients, based on measured electrochemical data. For a given length 
normalized applied potential, here 5 V/cm, the resulting current at steady-state is shown for an example salt 
concentration, 𝑟 = 0.032.   

 In Figure 3.11, we show results for a fixed applied length-normalized potential, 𝛷''/𝐿, of 
5 V/cm in an electrolyte with 𝑟$(Q = 0.032. This polarization results in a steady-state current, 𝑖'', 
of 1.1 mA/cm2 at 45°C. The current obtained drops precipitously with decreasing temperature and 
at -20°C, we obtain 𝑖'' of 0.008 mA/cm2. In other words, the current obtained decreases by a factor 
of 130 when temperature is changed from 45 to -20°C. We repeated these calculations for 𝑟$(Q = 
0.064 and 0.08. The factors by which current decreased over the same temperature range were 202 
and 190, respectively. If the 𝑟$(Q = 0.08 electrolyte was used in a rechargeable battery that was 
charged in one hour at 45°C, it would take 190 hours at -20°C.  

3.5 Comparison to Literature 
While LiTFSI/tetraglyme electrolytes have been studied previously,24,33,47,89 we are not aware of 
prior studies that have characterized the LiTFSI/tetraglyme electrolyte over a wide temperature 
range. However, mixtures of LiPF6 and carbonate solvents (e.g. ethylene carbonate, EC, ethyl 
methyl carbonate, EMC, and dimethyl carbonate, DMC) have been studied over a wide 
temperature range. We therefore compare our results with published data on these systems to 
examine which general trends hold true for liquid electrolytes. Across electrolyte systems, ions 
move slower at lower temperatures. This impacts ionic conductivity, which reflects field-induced 
motion of cations and anions, and the salt diffusion coefficient, which reflects the rate at which 
concentration gradients relax. Not surprisingly, a decrease in both conductivity (𝜅) and diffusion 
coefficients (𝐷) with decreasing temperature has been found in all liquid electrolytes,62,78,109 
including LiTFSI/tetraglyme (Figures 3.1a and 3.5). However, 𝐷 is affected by both frictional and 
thermodynamic effects, and we present data on Stefan-Maxwell diffusion coefficients, 𝔇, that is 
affected by frictional effects only (Figure 3.9). None of the previous experimental studies of 
temperature-dependent properties of liquid electrolytes have reported 𝔇.  
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There are conflicting reports on the effect of temperature on the cation transference number, 𝑡!* . 
Landesfeind and Gasteiger found 𝑡!*  to be a strong function of temperature in a 1 mol/L LiPF6 in 
EC/EMC, decreasing from 0.35 at 25°C to -0.5 at -20°C.37 Lundgren et al. also found that 
transference numbers decreased with decreasing temperature, but this depended on salt 
concentration. They found 𝑡!*  decreased from 0.27 at 40°C to 0.16 at 10°C for 0.5 mol/L LiPF6 in 
EC/DEC, but it only decreased from 0.08 to 0.05 at 1.5 mol/L.110 In contrast, simulations of 
Ringsby et al. suggest that 𝑡!*  is approximately 0.3 in 1 mol/L LiPF6 in EC/EMC electrolytes 
between -20 and 30°C.79 Temperature-independent transference numbers were also obtained using 
the Advanced Electrolyte Model, which predicted 𝑡!*  near 0.5 at both 60 and -30°C in the same 
electrolyte.62,111 The reason for the discrepancy between theory and experiment in carbonate 
electrolytes remains unresolved. The results in carbonate electrolytes are very different from the 
𝑡!*  data in tetraglyme (Figure 3.6). Much of the complexity seen in Figure 3.6 arises due to the 
field induced motion of solvent molecules (𝑣*, Figure S3.13).  

Landesfeind and Gasteiger reported that the thermodynamic factor, 𝑇" , is a weak function of 
temperature in EC/DMC and EC/EMC. They did, however, obtain a slight decrease in 𝑇" with 
decreasing temperature. The data presented in this work for LiTFSI/tetraglyme electrolytes is also 
a weak function of temperature, although there is a slight increase in 𝑇" with decreasing 
temperature (Figure 3.8).   

Unlike 𝜅 and 𝔇, 𝑡!*  and 𝑇" are affected by many factors that can change with temperature in 
unpredictable ways. For example, Ringsby et al. studied ion clustering in liquid electrolytes as a 
function of temperature using molecular dynamic simulations, and found that the concentration of 
free Li+ ions was larger at -20°C compared to 30°C.79 This was attributed to an increase in the 
solvent dielectric constant with decreasing temperature.112 Since 𝑡!*  reflects the average field-
induced-velocity of the cations (including free cations and clustered cations), the concentration of 
Li+ ions will affect 𝑡!* . In spite of this, Ringsby et al. obtained a value of 𝑡!*  that was independent 
of temperature. Previous molecular dynamic studies have examined ion clustering and 
agglomeration at various salt concentrations for LiTFSI/tetraglyme electrolytes, which explains 
the complex dependence of 𝑡!*  on salt concentration.22,58 

3.6 Conclusion 
In this work, we combined electrochemical measurements with electrophoretic NMR to determine 
transport and thermodynamic properties of a liquid electrolyte, LiTFSI salt dissolved in 
tetraglyme.  We have studied this electrolyte from -20°C to 45°C to determine how conductivity, 
diffusion coefficient, the cation transference number, and the thermodynamic factor change with 
temperature. Both conductivity and concentration-based salt diffusion coefficient decrease with 
decreasing temperature, but the magnitude of this decrease strongly depends on concentration. The 
product of viscosity and conductivity is nearly independent of temperature but a strong function 
of concentration. The product of viscosity and the Stefan-Maxwell diffusion coefficient, which is 
based on a thermodynamic driving force, is nearly independent of both concentration and 
temperature. The cation transference number with respect to the solvent velocity, 𝑡!* , reflects field-
induced velocities of ions and solvent molecules. While the magnitude of velocities of the ions 
decreases monotonically with temperature, the solvent velocity exhibits a maximum at 30°C for 



 
 

33 
 

one salt concentration (𝑟 = 0.08). 𝑡!*  thus exhibits a complex dependence on concentration and 
temperature. In contrast, the thermodynamic factor is a weak function of temperature.  

We have used concentrated solution theory and the transport and thermodynamic properties 
described in the preceding paragraph to predict concentration gradients that will  form in a lithium-
lithium symmetric cell under a constant applied potential as a function of temperature. The steady 
current obtained in these cells decrease as the magnitude of the concentration gradients increase. 
The steady current at -20°C is lower than that at 45°C by factors ranging from 130 to 202.  The 
power available in batteries with LiTFSI/tetraglyme electrolytes would be drastically lower 
at -20°C relative to 45°C due, primarily, to the temperature dependence of transport properties.  
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3.8 Supplemental Information 
3.8.1 Concentrations for LiTFSI/tetraglyme Electrolytes 
Concentrations of the electrolytes used in this work are given in Table S3.1, showing the 
conversion between 𝑟, corresponding to the ratio of lithium ions to ether oxygens in tetraglyme (𝑟 
= ([Li+]/[O])) and molality, 𝑚, or moles of LiTFSI salt per kilogram of tetraglyme.  

Table S3.1. Salt concentration equivalencies for LiTFSI/tetraglyme electrolytes 

𝑟 ([Li+]/[O]) 𝑚 (mol/kg) 

0.008 0.18 

0.016 0.36 
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0.032 0.72 

0.048 1.08 

0.064 1.45 

0.08 1.79 

0.096 2.16 

0.112 2.52 

 

3.8.2 Density measurements of LiTFSI/tetraglyme electrolytes 
Density was determined using an Anton Paar DMA 4101 density meter from 10 to 100°C for each 
electrolyte. Densities are reported in Table S3.2. 

Table S3.2. Measured densities for LiTFSI/tetraglyme electrolytes, reported in g/cm3. 

𝑟 
([Li+]/[O]) 

10°C 20°C 30°C 40°C 50°C 60°C 70°C 80°C 90°C 100°C 

0.008 1.053 1.048 1.030 1.020 1.011 1.002 0.993 0.984 0.974 0.965 

0.032 1.118 1.108 1.099 1.090 1.081 1.071 1.062 1.062 1.043 1.034 

0.064 1.202 1.192 1.182 1.173 1.164 1.154 1.145 1.135 1.126 1.116 

0.08 1.236 1.227 1.217 1.208 1.198 1.189 1.179 1.170 1.160 1.151 

0.112 1.301 1.291 1.281 1.271 1.261 1.251 1.241 1.232 1.222 1.213 

 

3.8.3 Molarity (M) of LiTFSI/tetraglyme electrolytes 
Molarity was determined for each electrolyte concentration at each temperature using measured 
densities. Density changes predictably with temperature, so linear fits of density’s dependence on 
temperature were fit to interpolate densities at 15 and 45°C and to extrapolate densities outside of 
the available temperature range to -20°C. Molarity is reported in Table S3.3. 

Table S3.3. Molarity of LiTFSI/tetraglyme electrolytes, reported in mol/L. 

𝑟 
([Li+]/[O]) 

-20°C 0°C 15°C 30°C 45°C 

0.008 0.184 0.181 0.178 0.176 0.174 
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0.032 0.683 0.672 0.664 0.656 0.647 

0.064 1.253 1.233 1.219 1.204 1.190 

0.08 1.500 1.478 1.461 1.444 1.427 

0.112 1.943 1.915 1.893 1.872 1.851 

 

3.8.4 Viscosity measurements of LiTFSI/tetraglyme electrolytes 
Viscosities were determined using a Cannon Instrument Viscometer for each electrolyte from 0 to 
100 °C. Viscosities are reported in Table S3.4. 

Table S3.4. Measured viscosities for LiTFSI/tetraglyme electrolytes, reported in mPa∙s. 

𝑟  0°C 5°C 10°C 20°C 30°C 40°C 50°C 60°C 70°C 80°C 90°C 100°C 

0.008 9.66 8.02 6.77 5.02 3.89 3.24 2.65 2.24 1.92 1.66 1.43 1.32 

0.032 18.5 15.0 12.4 8.80 6.58 5.02 3.98 3.15 2.61 2.61 1.88 1.72 

0.064 50.4 39.5 31.1 20.2 13.7 9.88 7.38 5.70 4.52 4.52 3.13 2.73 

0.08 82.3 60.9 46.3 28.6 19.2 13.4 9.79 7.35 5.80 5.80 3.89 3.37 

0.112 199 140. 100. 56.2 35.1 24.3 16.3 11.9 8.96 8.96 5.67 4.76 

 

3.8.5 Bulk resistance and interfacial resistance for lithium-lithium symmetric cells 
Both the bulk and interfacial resistance, measured via ac impedance spectroscopy, are temperature 
dependent and concentration dependent. The dependence of both resistances has a nonmonotonic 
dependence on salt concentration and monotonically increases with decreasing temperature, as 
shown in Figure S3.12. The bulk resistance varies with the length between electrodes, and 
therefore is length normalized to the thinnest cell, with a separator thickness of 125 um. The 
interfacial resistance increases much more with decreasing temperature than the bulk resistance 
does, so that the ratio of the interfacial resistance to bulk resistance increases strongly with 
decreasing temperature. At 45°C, the interfacial resistance is ~2-3 times larger than the bulk 
resistance, but at -20°C, the interfacial resistance is ~20-100 times larger than the bulk resistance.  
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Figure S3.12. Resistances measured for lithium-lithium symmetric cells using ac impedance spectroscopy, shown as 
a function of salt concentration for each temperature. a) Bulk resistance of the electrolyte, corresponding to the 
conductivity of the electrolyte. b) The interfacial resistance of each lithium-lithium symmetric cell, normalized to the 
area of the electrodes. c) The average ratio of interfacial resistance to bulk resistance in lithium-lithium symmetric 
cells. 

3.8.6 Cation, anion, and solvent velocities from eNMR 
Species’ velocities, measured using eNMR, are reported in Figure S3.13 for the cation, anion, and 
solvent as a function of salt concentration and temperature. 

 
Figure S3.13. Velocities measured using eNMR. a) Cation velocity, b) anion velocity, and c) solvent velocity. All 
velocities are shown as a function of temperature for each salt concentration. 

3.8.7 Conductivity comparison between eNMR and ac impedance spectroscopy. 
To validate the eNMR measurements, conductivities determined from eNMR have been calculated 
according to S3.1. This is compared to conductivities measured using ac impedance spectroscopy, 
which was also recorded in Figure 3.1a. These two measurements for conductivity are compared 
in Figure S3.14.  

 𝜅 =
𝐹𝑐(𝑣+ − 𝑣!)

∇ϕ  (S3.1) 
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Figure S3.14. Conductivity comparison for each salt concentration, measured using both eNMR and ac impedance 
spectroscopy (‘echem’). a) 𝑟 = 0.008, b) 𝑟 = 0.032, c) 𝑟 = 0.064, d) 𝑟 = 0.08, e) 𝑟 = 0.112. 

3.8.8 Cation transference numbers with respect to the lab reference frame,  determined 
via eNMR velocities 

Cation transference numbers with respect to the lab reference frame were determined using 
equation S3.2.  

 
𝑡!.$6 =

𝑣!
𝑣! − 𝑣+

 (S3.2) 
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Figure S3.15. Cation transference numbers from eNMR with respect to the lab frame of reference, determined using 
equation S3.2. 

3.8.9 Relationship between cation transference numbers and the current fraction. 
If an electrolyte is ideal, the current fraction should accurately represent the transference number. 
Deviations from ideality cause a discrepancy between the measured current fraction and 
transference number. In Figure S3.16, 𝑡!*  is plotted against 𝜌!. Values would follow the dotted 
line, 𝑦 = 𝑥, if the electrolyte was ideal.  

 
Figure S3.16. Cation transference numbers with respect to the solvent velocity, determined from eNMR, plotted 
against measured values of the current fraction at 15, 30 and 45°C. 

3.8.10 Transport and Thermodynamic Properties as a function of Salt Concentration 
The main text of this paper focuses on the impact of temperature on transport and thermodynamic 
properties for an exemplary liquid electrolyte. This electrolyte was also studied at various salt 
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concentrations, which has led to a complex and multidimensional data set. To help illustrate the 
dependence of various transport and thermodynamic properties on salt concentration, we have 
included graphs showing these properties as a function of 𝑟 at fixed temperatures. The data plotted 
in Figures S3.17-S3.22 represents the same data as what has been shown in the main text. 

 
Figure S3.17. Ionic conductivity as a function of salt concentration at fixed temperatures. In most cases, error bars are 
smaller than the size of the data markers.   

 
Figure S3.18. Current fraction, plotted as a function of salt concentration at fixed temperatures. 
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Figure S3.19. Effective conductivity, or the product of conductivity and current fraction, plotted as a function of salt 
concentration at fixed temperatures. 

 
Figure S3.20. Diffusion coefficients measured via restricted diffusion, plotted as a function of salt concentration at 
fixed temperatures. 
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Figure S3.21. Cation transference numbers with respect to the solvent velocity, determined via eNMR, plotted as a 
function of salt concentration at fixed temperatures. 

 

Figure S3.22. Thermodynamic factor, determined using transference numbers from eNMR, plotted as a function of 
salt concentration at fixed temperatures. 

3.8.11 Fitting parameters for concentration gradient modeling. 
Fitting parameters used for each transport and thermodynamic property are shown in Table S3.5. 
These parameters are distinct for each temperature and listed for 45, 30, 15, 0, and -20°C. Fitting 
parameters for the integrand in Equations 3.8 and 3.9 are also listed in Table S3.6 and Table S3.7, 
respectively, for each temperature.  

Table S3.5. Fitting parameters for each temperature and thermodynamic property, given as a function of  𝑟. 

T = 45°C, 𝑃(𝑟) = 𝐾C𝑟C + 𝐾)𝑟) + 𝐾&𝑟 + 𝐾* 
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𝑃(𝑟) 𝐾% 𝐾# 𝐾& 𝐾" 

𝜅 10.65 -2.834 0.2236 -6.144×10-4 

𝜌! -575.3 149.2 -13.08 0.578 

𝐷 2.133×10-4 -6.15×10-5 1.337×10-7 1.048×10-6 

𝑑𝑈/𝑑𝑙𝑛𝑚 -36.27 11.4 -1.656 1.191×10-2 

 

T =30°C, 𝑃(𝑟) = 𝐾C𝑟C + 𝐾)𝑟) + 𝐾&𝑟 + 𝐾* 

𝑃(𝑟) 𝐾% 𝐾# 𝐾& 𝐾" 

𝜅 7.781 -2.026 0.1524 -2.887×10-4 

𝜌! -659.8 163.8 -13.16 0.4724 

𝐷 -9.334×10-4 1.656×10-4 -1.033×10-5 7.617×10-7 

𝑑𝑈/𝑑𝑙𝑛𝑚 -50.5 3.316 -0.7643 -6.72×10-3 

 

T = 15°C, 𝑃(𝑟) = 𝐾C𝑟C + 𝐾)𝑟) + 𝐾&𝑟 + 𝐾* 

𝑃(𝑟) 𝐾% 𝐾# 𝐾& 𝐾" 

𝜅 6.893 -1.62 0.1061 -2.098×10-4 

𝜌! -284.4 75.55 -6.47 0.2685 

𝐷 3.132×10-4 -6.966×10-5 8.507×10-7 5.318×10-7 

𝑑𝑈/𝑑𝑙𝑛𝑚 - -1.573 -0.7086 -8.673×10-3 

 

T = 0°C, 𝑃(𝑟) = 𝐾C𝑟C + 𝐾)𝑟) + 𝐾&𝑟 + 𝐾* 

𝑃(𝑟) 𝐾% 𝐾# 𝐾& 𝐾" 

𝜅 3.634 -0.8401 5.187×10-2 -5.116×10-5 

𝜌! -288.4 73.58 -5.544 0.1752 
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𝐷 3.104×10-4 -5.145×10-5 -1.283×10-6 4.901×10-7 

𝑑𝑈/𝑑𝑙𝑛𝑚 - -6.024 -0.3924 -1.57×10-2 

 

T = -20°C, 𝑃(𝑟) = 𝐾R𝑟R + 𝐾C𝑟C + 𝐾)𝑟) + 𝐾&𝑟 + 𝐾* 

𝑃(𝑟) 𝐾' 𝐾% 𝐾# 𝐾& 𝐾" 

𝜅 -19.89 6.211 -0.6748 2.646×10-2 -5.534×10-5 

𝜌! - -239.8 63.28 -4.407 0.1153 

𝐷 - -8.332×10-4 1.579×10-4 -8.184×10-6 3.08×10-7 

𝑑𝑈/𝑑𝑙𝑛𝑚 - - -6.917 -0.425 -1.537×10-2 

 

Table S3.6. Fitting parameters for the integrand term in Equation 3.8. 

𝑃(𝑟) = 𝐾S𝑟S + 𝐾T𝑟T + 𝐾R𝑟R + 𝐾C𝑟C + 𝐾)𝑟) + 𝐾&𝑟 + 𝐾* 

T (°C) 𝐾( 𝐾) 𝐾' 𝐾% 𝐾# 𝐾& 𝐾" 

45°C -0.1251 5.67×10-2 -1.051×10-2 1.015×10-3 -5.338×10-5 1.38×10-6 -7.909×10-9 

30°C 4.739×10-2 1.998×10-2 -3.384×10-3 2.874×10-4 -1.218×10-5 1.985×10-7 1.85×10-9 

15°C -1.41×10-2 6.163×10-3 -1.078×10-3 9.564×10-5 -4.402×10-6 8.457×10-8 5.579×10-10 

0°C -1.59×10-3 8.202×10-4 -1.527×10-4 1.256×10-5 -3.854×10-7 -3.977×10-9 4.693×10-10 

-20°C -2.2×10-3 8.454×10-4 -1.264×10-4 8.969×10-6 -2.769×10-7 1.083×10-9 9.793×10-11 

 

Table S3.7. Fitting parameters for the integrand term in Equation 3.9. 

𝑃(𝑟) = 𝐾* + 𝐾&𝑒+U"0 + 𝐾C𝑒+U)0 

T (°C) 𝐾" 𝐾& 𝐾# 𝐾% 𝐾' 

45°C 1.768×10-5 -0.370 67.8 0.370 67.7 

30°C 2.441×10-5 1.615 37.55 -1.614 37.54 
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15°C 1.967×10-5 0.755 95.33 -0.755 95.33 

0°C 2.387×10-3 1.566 51.48 -1.566 51.47 

-20°C 2.747×10-5 1.728 43.88 -1.728 43.88 

 

3.9 Nomenclature 
𝑡!*  Cation transference number with respect to the solvent velocity 
𝜅 Ionic conductivity (S cm-1) 
𝐷 Salt diffusion coefficient (cm2 s-1) 
𝑇" Thermodynamic factor 
𝜌! Current fraction 
𝑟 Measure of ratio of lithium ions to oxygen atoms in solvent 
𝜌 Density 
𝜂 Viscosity 
𝑅' Series resistance (Ω) 
𝜏 Tortuosity of separator 
𝜑,  Volume fraction of conducting phase in separator 
𝑙 Thickness of the separator (cm) 
𝐴 Area of electrodes (cm2) 
𝑅1,* Initial interfacial resistance (Ω) 
𝑅1,'' Steady-state interfacial resistance (Ω) 
𝛥𝑉 Applied voltage (V) 
𝐼'' Steady-state current (mA) 
𝐼3 Initial current calculated via Ohm’s law, 𝐼3 = 𝛥𝑉/𝑅L (mA) 
𝑈 Open circuit potential (mV) 
𝑘* Offset voltage (mV) 
𝑎 Fit parameter for restricted diffusion 
𝑏 Fit parameter for restricted diffusion 
𝑡 Time (s) 
𝐷' Salt diffusion coefficient through the separator (cm2 s-1) 
𝛼 Minimum time cutoff for restricted diffusion 
𝑈 Open circuit potential, measured in concentration cells 
∆ Drift time for eNMR (s) 
𝑚 Molality (mol kg-1) 
𝑟#$% Salt concentration with maximum conductivity  
𝜅#$% Value of conductivity at 𝑟#$% 
Λ Molar conductivity 
𝑣! Cation velocity (µm cm-1)  
𝑣+ Anion velocity (µm cm-1) 
𝑣* Solvent velocity (µm cm-1) 
𝛾!+ Mean molar activity coefficient 
𝐹 Faraday’s constant (C mol-1) 
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𝑅 Universal gas constant (8.314 J mol-1 K-1) 
𝑇 Temperature (°C) 
𝔇 Stefan-Maxwell diffusion coefficient (cm2 s-1) 
𝑐 Concentration of the salt (mol cm-3) 
𝑐* Concentration of the solvent (mol cm-3) 
𝑐L  Total concentration of the salt and solvent, 𝑐L =	𝑐* + 𝑐 (mol cm-3) 
𝑡+*  Anion transference number with respect to the solvent velocity 
𝑖'' Steady-state applied current density, used in concentration gradient modeling (mA 

cm-2) 
𝐿 Distance between electrodes, used in concentration gradient modeling 
𝑧+ Anion charge number 
𝜈+ Number of anions the salt dissolves into 
𝑥/𝐿 Dimensionless position across the electrolyte, used in concentration gradient 

modeling 
𝛷'' Steady-state potential from concentration gradient modeling (V) 
𝑟$(Q Average concentration of the electrolyte, used in concentration gradient modeling 
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4 Toward Establishing Uniqueness of Experimentally Determined 
Transference Numbers  

 
4.1 Abstract 
The development of concentration gradients in response to polarization limits the rate at which 
batteries can be charged or discharged. For a fully characterized electrolyte, where the 
conductivity, salt diffusion coefficient, cation transference number, and the thermodynamic factor 
are known, concentration and potential gradients can be modeled based on Newman’s concentrated 
solution theory. We have previously measured cation transference numbers using both 
electrochemical techniques and electrophoretic NMR. Electrochemical techniques require 
combining measurements from multiple experiments in order to determine the transference 
number, which can result in large error. Electrophoretic NMR, however, enables the precise 
determination of transference numbers. This leads to two methods for determining modeled 
concentration and potential gradients – one based on transference numbers determined form 
electrochemical methods and one based on transference numbers from electrophoretic NMR. The 
ability to uniquely determine the transference number is called into question. We compare the 
results from both types of modeling. Electrophoretic NMR predicts smaller concentration 
gradients compared to electrochemical methods, but expected potential gradients are remarkably 
similar between the two methods. Based on current – voltage relationships alone, it is not possible 
to distinguish between transference numbers obtained from electrochemical methods and 
electrophoretic NMR. Additional experiments – in the form of operando concentration profile 
measurements or polarization experiments in the vicinity of the limiting current – would be needed 
to distinguish between methods.  

4.2 Introduction  
Electrolytes used in lithium-ion batteries are composed of LiPF6 salt dissolved in an organic 
solvent.4,35 The solvent molecules preferentially interact with the lithium cation, resulting in bulky, 
solvated-lithium complexes.79,113 In contrast, the anions are usually not complexed with the 
solvent. In a solution of uniform concentration, the current carried by even a bulky anion like PF6 
is thus often larger than that carried by the lithium ion.62,108,114 The cation transference number, 𝑡!* , 
is defined as the fraction of current carried by the cation relative to the solvent velocity in a solution 
of uniform concentration.5 In liquid electrolytes, 𝑡!*  is significantly less than unity. Efforts to 
increase 𝑡!*  have always resulted in a decrease in conductivity, 𝜅.7 Designing electrolytes is 
difficult because the transport of working ions depends on a multitude of parameters, and 
improving one of the parameters can result in worsening of another. Additional complications arise 
because even determining the magnitude (and sign) of these parameters unambiguously has proven 
to be challenging.  

The passage of current results in the formation of salt concentration gradients,105,108,115 which limit 
the rate at which batteries can be discharged or charged. Despite their importance, concentration 
gradients are difficult to quantify and must be measured in operando experiments using specialized 
techniques, such as x-ray transmission,116 Raman microspectroscopy,60 and magnetic resonance 
imaging (MRI) experiments.117,118 The maximum current that can be passed through a given 
electrolyte is called the limiting current. The limiting current is obtained either if the salt 
concentration at the negative electrode5 approaches zero or the salt concentration at the positive 
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electrode approaches the solubility limit.102  Limiting current can be measured without using 
specialized instrumentation, as signatures of the limiting current are evident in standard time 
dependent voltage plots.14,102,116 Limiting current is usually measured in lithium-lithium symmetric 
cells and has been reported for many polymer electrolyte systems.57,101,107,119  For more reactive 
electrolytes, however, conducting experiments near or at the limiting current is difficult due to 
electrodeposition of mossy or dendritic lithium.44,120,121 Such corruption of the interface can impact 
surface area, thickness of the electrolyte, salt concentration, and interfacial resistance. Measuring 
either concentration polarization or limiting current in liquid electrolytes is therefore not trivial.   

In  Newman’s concentrated solution theory,5 predicting ion transport in electrolytes requires 
knowledge of  the thermodynamic factor, 𝑇",  and three transport coefficients – 𝑡!* , 𝜅, and salt 
diffusion coefficient, 𝐷. The standard approach for determining 𝑇", 𝜅, 𝐷, and 𝑡!*  is based on four 
electrochemical experiments.6,8,37,62 The combination of experiments needed to determine 𝑡!*  
inevitably compounds experimental error and reduces precision in the final reports of 𝑡!*; 
discrepancies have been reported previously.37,79 In an alternative approach, 𝑡!*  can be measured 
independently using electrophoretic NMR (eNMR),58 a technique in which cation, anion, and 
solvent velocities are directly measured under applied electric and magnetic fields.10,12,13,122  
eNMR and concentrated solution theory can then be combined to determine 𝑇".  

We have used both methods to characterize mixtures of lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt dissolved in tetraethylene glycol dimethyl ether 
(tetraglyme) as a function of salt concentration and temperature.89,123 The results of these two 
methods are summarized in Tables 4.1 and 4.2. Table 4.1 gives values of 𝜅, 𝐷, the current fraction, 
𝜌!, and 𝑑𝑈/𝑑𝑙𝑛𝑚 from concentration cell experiments, which are common to both methods. Table 
4.2 gives 𝑇" and 𝑡!* , which are dependent on the method. At a given salt concentration and 
temperature, the values reported in Table 4.2 differ greatly. For example, at 30°C and 𝑟 = 0.032, 
𝑡!,=>?@*  = 0.25±0.04 and 𝑡!,=,A=#*  = -1.02±1.11. We use both sets of measured transport and 
thermodynamic parameters to model concentration and potential gradients that will form under an 
applied current using concentrated solution theory. The concentration gradients and the limiting 
current are approach dependent. Surprisingly, the voltage versus current characteristics are not.  
Because of the challenges in obtaining reliable polarization data at high applied currents, we 
compare the results of both models to data from small polarization experiments. The focus of this 
manuscript is to compare the results between these two models and discuss the challenge of unique 
determination of the transference number.  

4.3 Experimental Methods 
4.3.1 Electrolyte Preparation 
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt was obtained from Sigma-Aldrich and 
dried under active vacuum in a glovebox antechamber for three days at 100°C. Tetraethylene 
glycol dimethyl ether was obtained from Sigma-Aldrich and dried under active vacuum in a 
glovebox antechamber for three days at 60°C. Electrolytes were made by dissolving a known mass 
of salt in a known mass of solvent and stirring overnight at 25°C. Electrolytes were prepared in an 
argon glovebox with water and oxygen levels maintained below 1 ppm. The unit of concentration 
used in this work, 𝑟, relates the number of lithium ions in LiTFSI to the number of ether oxygens 
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in tetraglyme, 𝑟 = ([Li+]/[O]). The concentration of electrolytes used in this study are fully given 
in Table 4.1 in units of 𝑟, molality, 𝑚, and molarity, 𝑐.  

4.3.2 Lithium-lithium Symmetric Cells and Polarization Experiments 
Lithium-LiTFSI/tetraglyme-lithium symmetric cells were assembled in CR2032 coin cells (MTI 
Corp.) with five layers of Celgard 2500 separators soaked in electrolyte. The soaked separator 
stack (125 µm thick, 19 µm in diameter) was sandwiched between lithium chips (MTI Corp.). The 
stack was topped with a stainless steel spacer and a wave spring before crimping. Cells were 
assembled in triplicate for each concentration and temperature and cycled in an environmental 
chamber (JEIO Tech) to maintain a temperature setpoint, which was corroborated using a 
thermocouple.  

Cells were preconditioned using alternating current densities of ±0.02 mA/cm2 using a Biologic 
VMP300 potentiostat. The sequence included a four hour positive polarization, a one hour rest, a 
four hour negative polarization,  and a one hour rest. Preconditioning stabilizes the SEI between 
the tetraglyme electrolyte and lithium metal. A small constant voltage of 𝛥𝑉 = 10 mV was applied 
for one hour to the preconditioned cells until a steady-state current value, 𝐼'', was reached. Ac 
impedance spectroscopy was taken every 20 minutes to ensure the interfacial resistance, 𝑅1, was 
stable. The interfacial resistance was used to subtract out the potential drop, 𝛷, across the interface 
and determine the potential drop within the bulk of the electrolyte in accordance with equation 4.1.  

 𝛷 = 𝛷#=$'V0=- − 𝑅1𝐼'' (4.1) 

Here, 𝛷#=$'V0=- is the potential measured by the potentiostat during the constant voltage 
experiment.  

4.3.3 Theory 
Newman’s concentrated solution theory has previously been used to derive the relationship 
between the steady-state current density, 𝑖'', and transport and thermodynamic properties of an 
electrolyte.14 For a liquid electrolyte, which requires the presence of a porous separator to 
electrically insulate the electrodes, this relationship is given by equation 4.2,102 

 
K

𝑐(𝑟)𝐷'(𝑟)
𝑟𝑡+*(𝑟)

	𝑑𝑟 =
0(%)

0(%O*)
K 𝐽&	𝑑𝑟
0(%)

0(%O*)
=

𝑖''𝐿
𝐹𝑧+𝜈+

]
𝑥
𝐿^, 

(4.2) 

where 𝐷' is the salt diffusion coefficient measured by restricted diffusion in the electrolyte soaked 
separator,54  𝑡+*  is the anion transference number relative to the solvent velocity (𝑡+* = 1 − 𝑡!*), 𝐿 
is the thickness of the electrolyte, 𝑥/𝐿 is the relative position in the electrolyte, 𝐹 is Faraday’s 
constant, 𝑧+ is the charge number of the anion, and 𝜈+ is the number of anions the salt dissociates 
into. 𝐷' is related to the salt diffusion coefficient in the bulk of the electrolyte via the tortuosity, 𝜏, 
of the separator via 𝐷 = 	𝜏𝐷' (𝜏 = 2.93 for Celgard 250089). The integrand on the right side of 
equation 4.2  is defined as 𝐽&. In this equation, our goal is to determine 𝑟(𝑥) for an average 
electrolyte concentration, 𝑟$(, current density, 𝑖, and thickness, 𝐿. An initial guess for 𝑟(𝑥 = 0) is 
used to solve the integral iteratively until the numerical average across all positions of 𝑟(𝑥) 
matches 𝑟$(. The solved concentration gradient can then be used to solve for the steady-state 
potential, 𝛷''. 
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𝛷'', the potential of the positive electrode relative to the negative electrode during steady-state 
polarization, can also be related to the measured transport and thermodynamic properties and is 
given in equation 4.3 for an electrolyte soaked separator.102 

 
𝛷'' = −𝐹𝑧+𝜈+K 𝐽)𝑑𝑟

0(%O*)

0(%OP)
= −𝐹𝑧+𝜈+K

𝑐(𝑟)𝐷'(𝑟)
𝑟𝜌!(𝑟)𝜅'(𝑟)𝑡+*(𝑟)

𝑑𝑟
0(%O*)

0(%OP)
 (4.3) 

Here, 𝜌! is the current fraction measured using the Bruce-Vincent approach7,41–43 and 𝜅' is the 
conductivity measured in an electrolyte soaked separator. 𝜅' is related to the bulk conductivity of 
an electrolyte via 𝜅 = W

X*

.
@#Y

,53 where 𝜑, is the volume fraction of the separator (𝜑, = 0.55 for 
Celgard 250089),  𝑙 is the thickness of the electrolyte, 𝑅' is the bulk resistance from ac impedance 
spectroscopy, and 𝐴 is the area of the electrodes. The integrand on the right side of equation 4.3 is 
defined as 𝐽).  

Generally, the cation transference number with respect to a solvent velocity is a calculated property 
that must be determined from multiple electrochemical experiments.8,36–39 For a binary, univalent 
electrolyte, the relationship between cation transference number and other transport parameters is 
given by equation 4.4.63 

 𝑡!* = 1 − 𝑡+* = 1 −
𝐹𝐷𝑐

𝜅 𝑑𝑈
𝑑𝑙𝑛𝑚

	L
1
𝜌!
− 1M (4.4) 

Here, -:
-./#

 refers to the change in open circuit potential with respect to log of molality measured 
in a concentration cell experiment.40 The relationship between the cation transference number and 
other transport and thermodynamic parameters can be used to replace 𝑡!*  in equations 4.2 and 4.3, 
which yields equations to predict concentration gradients (equation 4.5) and potential gradients 
(equation 4.6) based on parameters directly measured in electrochemical experiments.   
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(4.5) 
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Equations 4.5 and 4.6 can be used to predict concentration and potential gradients based only on 
properties measured in electrochemical experiments. This method has been used in several 
previous works to predict measured potentials (𝛷'') and limiting current (𝑖.1#17).14,101,102,119 We 
will refer to this method as “electrochemical methods” or “echem” throughout this work because 
it depends on a transference number determined from electrochemical experiments.  

Previous works have demonstrated that cation transference numbers can be directly measured via 
electrophoretic NMR (eNMR), a technique in which species’ averaged velocities can be directly 
measured under applied electric and magnetic fields.10,12,122,124 We have previously used eNMR to 
determine 𝑡!*  for LiTFSI/tetraglyme as a function of temperature and concentration.58,89,123 The 
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combination of eNMR with electrochemical characterization robustly characterizes all transport 
and thermodynamic parameters within the electrolyte, including precise measurement of 𝑡!* .  Due 
to the incorporation of eNMR, concentration and potential gradients can be predicted by directly 
plugging the cation transference number measured via eNMR, 𝑡!,=>?@* , into equations 4.2 and 4.3. 
For clarity, the modified forms of equations 4.2 and 4.3 are shown below in equations 4.7 and 4.8, 
respectively. 

 
K
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Predicting concentration and potential gradients using transference numbers from eNMR is new 
to this work. We will refer to this method as “electrophoretic NMR” or “eNMR” throughout this 
work as it utilizes a transference number determined from eNMR.  

Our main objective is to compare predictions of current-voltage relationships using echem and 
eNMR methods. The parameters needed to model these relationships are given in Tables 4.1 and 
4.2. Figure 4.1 summarizes the parameters needed for each approach. 

 

Figure 4.1. Summary of transport and thermodynamic properties needed as inputs for predicting current-voltage 
relationships in each type of modeling. 

4.4 Results and Discussion 
Transport and thermodynamic properties have previously been determined for the 
LiTFSI/tetraglyme electrolyte as a function of salt concentration and temperature.123 These 
properties are fully reported in Table 4.1 – including molality, 𝑚, molarity, 𝑐, conductivity, 𝜅, 
diffusion coefficient, 𝐷, current fraction, 𝜌!, and 𝑑𝑈/𝑑𝑙𝑛𝑚 – and in Table 4.2 - including cation 
transference number, 𝑡!* , and the thermodynamic factor, 𝑇", determined from both echem and 
eNMR methods. Parts a-e of Table 4.1 and 4.2 correspond to data collected at 45°C, 30°C, 15°C, 
0°C, and -20°C, respectively.  

Table 4.1. Transport Properties Common to both Models for LiTFSI/tetraglyme at various temperatures. 

a. T = 45°C 

𝑟 𝑚 
(mol/kg) 

𝑐 
(mol/cm3) 𝜅 (S/cm) 𝐷 (cm2/s) 𝜌! 𝑑𝑈

𝑑𝑙𝑛𝑚 
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0.008 0.18 0.174 [9.95±0.76]×10-4 [1.05±0.28]×10-6 0.49±0.10 [-1.29±1.28]×10-2 

0.032 0.72 0.647 [4.02±0.13]×10-3 [9.66±3.13]×10-7 0.28±0.10 [-2.62±0.36]×10-2 

0.064 1.45 1.190 [4.80±0.14]×10-3 [8.73±1.37]×10-7 0.21±0.05 [-5.93±0.11]×10-2 

0.08 1.79 1.427 [4.61±0.07]×10-3 [7.58±1.73]×10-7 0.19±0.04 [-6.22±0.19]×10-2 

0.112 2.52 1.851 [3.83±0.18]×10-3 [5.91±1.03]×10-7 0.18±0.04 [-8.84±0.55]×10-2 
 

b. T = 30°C 

𝑟 𝑚 
(mol/kg) 

𝑐 
(mol/cm3) 𝜅 (S/cm) 𝐷 (cm2/s) 𝜌! 𝑑𝑈

𝑑𝑙𝑛𝑚 

0.008 0.18 0.176 [8.05±0.45]×10-4 [6.76±2.00]×10-7 0.38±0.13 [-1.25±1.03]×10-2 

0.032 0.72 0.655 [2.72±0.21]×10-3 [6.17±2.03]×10-7 0.19±0.08 [-2.94±0.52]×10-2 

0.064 1.45 1.204 [3.22±0.08]×10-3 [4.79±1.49]×10-7 0.13±0.06 [-6.47±0.18]×10-2 

0.08 1.79 1.444 [2.83±0.23]×10-3 [5.71±1.68]×10-7 0.13±0.04 [-7.22±0.10]×10-2 

0.112 2.52 1.872 [2.29±0.08]×10-3 [3.70±0.47]×10-7 0.13±0.05 [-1.31±0.10]×10-1 
 

c. T = 15°C 

𝑟 𝑚 
(mol/kg) 

𝑐 
(mol/cm3) 𝜅 (S/cm) 𝐷 (cm2/s) 𝜌! 𝑑𝑈

𝑑𝑙𝑛𝑚 

0.008 0.18 0.179 [5.39±0.29]×10-4 [5.18±1.41]×10-7 0.24±0.15 [-1.23±1.12]×10-2 

0.032 0.72 0.664 [1.75±0.08]×10-3 [5.59±1.45]×10-7 0.11±0.07 [-3.31±0.02]×10-2 

0.064 1.45 1.219 [1.75±0.05]×10-3 [3.74±0.38]×10-7 0.10±0.03 [-6.59±0.11]×10-2 

0.08 1.79 1.461 [1.44±0.15]×10-3 [3.19±0.33]×10-7 0.08±0.04 [-8.27±0.43]×10-2 

0.112 2.52 1.894 [1.04±0.03]×10-3 [1.93±0.21]×10-7 0.09±0.04 [-1.08±0.11]×10-1 
 

d. T = 0°C 

𝑟 𝑚 
(mol/kg) 

𝑐 
(mol/cm3) 𝜅 (S/cm) 𝐷 (cm2/s) 𝜌! 𝑑𝑈

𝑑𝑙𝑛𝑚 

0.008 0.18 0.181 [3.12±0.01]×10-4 [4.77±1.91]×10-7 0.14±0.08 [-5.56±1.16]×10-3 

0.032 0.72 0.672 [8.89±0.03]×10-4 [4.05±1.41]×10-7 0.06±0.04 [-3.47±0.05]×10-2 

0.064 1.45 1.233 [7.45±0.03]×10-4 [2.79±0.67]×10-7 0.05±0.02 [-6.75±0.80]×10-2 

0.08 1.79 1.478 [5.87±0.01]×10-4 [2.17±0.53]×10-7 0.05±0.02 [-8.81±0.48]×10-2 

0.112 2.52 1.915 [3.27±0.01]×10-4 [1.37±0.57]×10-7 0.07±0.03 [-1.34±0.17]×10-1 
 

e. T = -20°C 
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𝑟 𝑚 
(mol/kg) 

𝑐 
(mol/cm3) 𝜅 (S/cm) 𝐷 (cm2/s) 𝜌! 𝑑𝑈

𝑑𝑙𝑛𝑚 

0.008 0.18 0.184 [1.16±0.01]×10-4 [2.53±1.10]×10-7 0.10±0.09 [-1.10±1.07]×10-2 

0.032 0.72 0.683 [2.83±0.07]×10-4 [1.80±0.96]×10-7 0.03±0.02 [-3.61±0.04]×10-2 

0.064 1.45 1.253 [1.68±0.07]×10-4 [2.14±0.89]×10-7 0.03±0.02 [-8.00±0.63]×10-2 

0.08 1.79 1.501 [1.08±0.02]×10-4 [2.34±1.55]×10-7 0.04±0.02 [-9.65±0.70]×10-2 

0.112 2.52 1.944 [3.94±0.06]×10-5 [2.02±1.16]×10-7 0.08±0.03 [-1.48±0.19]×10-1 
 

Table 4.2 Transport Properties Unique to each Model for LiTFSI/tetraglyme at various temperatures. 

a. T = 45°C 

𝑟 𝑡!,#$%#&'  𝑡!,#()*'  𝑇+,#$%#& 𝑇+,#()* 

0.008 -0.43±1.50 0.32±0.03 0.16±0.17 0.35±0.34 

0.032 -0.53±0.79 0.22±0.04 0.31±0.16 0.61±0.09 

0.064 -0.31±0.38 0.18±0.04 0.83±0.24 1.31±0.07 

0.08 -0.60±0.51 0.12±0.10 0.71±0.23 1.29±0.16 

0.112 -0.46±0.41 0.03±0.05 1.11±0.31 1.67±0.13 
 

b. T = 30°C 

𝑟 𝑡!,#$%#&'  𝑡!,#()*'  𝑇+,#$%#& 𝑇+,#()* 

0.008 -0.86±1.75 0.34±0.01 0.13±0.12 0.36±0.30 

0.032 -1.02±1.11 0.25±0.04 0.28±0.15 0.75±0.05 

0.064 -0.76±1.00 0.22±0.03 0.70±0.40 1.60±0.11 

0.08 -1.64±1.16 -0.16±0.08 0.52±0.23 1.19±0.08 

0.112 -0.54±0.63 0.01±0.08 1.62±0.67 2.53±0.28 
 

c. T = 15°C 

𝑟 𝑡!,#$%#&'  𝑡!,#()*'  𝑇+,#$%#& 𝑇+,#()* 

0.008 -3.24±4.81 0.32±0.01 0.06±0.06 0.36±0.33 

0.032 -3.79±3.35 0.28±0.05 0.14±0.10 0.93±0.07 

0.064 -2.58±1.30 0.13±0.04 0.37±0.14 1.53±0.08 

0.08 -3.23±2.08 0.16±0.10 0.39±0.19 1.97±0.26 

0.112 -2.06±1.27 0.10±0.02 0.71±0.30 2.43±0.26 
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d. T = 0°C 

𝑟 𝑡!,#$%#&'  𝑡!,#()*'  𝑇+,#$%#& 𝑇+,#()* 

0.008 -27.6±62.7 - 0.004±0.009 - 

0.032 -13.0±10.0 - 0.05±0.04 - 

0.064 -11.2±6.24 - 0.12±0.06 - 

0.08 -10.1±5.49 - 0.17±0.08 - 

0.112 -6.36±4.29 - 0.39±0.23 - 
 

e. T = -20°C 

𝑟 𝑡!,#$%#&'  𝑡!,#()*'  𝑇+,#$%#& 𝑇+,#()* 

0.008 -32.4±47.8 - 0.008±0.011 - 

0.032 -37.5±33.1 - 0.02±0.02 - 

0.064 -56.9±38.6 - 0..03±0.02 - 

0.08 -75.6±66.7 - 0.03±0.03 - 

0.112 -74.2±50.8 - 0.04±0.03 - 

 

The concentration profile in an electrolyte given some steady applied current, 𝑖'', and thickness 
can be determined using equations 4.5 and 4.7. Function 𝐽& based on electrochemical methods is 
given by: 

 
𝐽&,=,A=# =

𝑐(𝑟)𝐷'(𝑟)
𝑟𝑡+*(𝑟)

= 𝜅(𝑟) L
𝑑𝑈
𝑑𝑙𝑛𝑚M

(𝑟) r𝑟𝜏𝐹 L
1

𝜌!(𝑟)
− 1Ms

+&

	 
(4.9) 

 

Function 𝐽& given by electrophoretic NMR is given by:  

 
𝐽&,=>?@ =

𝑐(𝑟)𝐷'(𝑟)
𝑟𝑡+*(𝑟)

=
𝑐(𝑟)𝐷(𝑟)

𝑟𝜏 ]1 − 𝑡!,=>?@* (𝑟)^
	 

(4.10) 

𝐽&,=,A=# and 𝐽&,=>?@ were calculated using equations 4.9 and 4.10 and are plotted as a function of 
𝑟 at 30°C in Figure 4.2. Both functions were fit to continuous polynomial functions and the fit 
parameters are given in Table S4.3 (Supporting Information) for each method and temperature. 
The curves in Figure 4.2 show these fits. The transport parameters used as inputs to these 
expressions were also fit to continuous functions before being combined in the integrand. The fits 
for each parameter at each temperature are listed in Table S4.4 (Supporting Information). These 
integrating functions are relevant for the measured concentration range, 0.008 < 𝑟 < 0.112. 
𝐽&,=>?@ is an order of magnitude larger than  𝐽&,=,A=#. Since 𝜏, 𝑐, and 𝐷 are the same in both 
methods, the main difference between the 𝐽& functions arises due to differences in the 
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concentration-dependent transference numbers. Over the concentration range of interest, 𝑡!,=>?@*  
ranges between 0.34 and 0.16 while 𝑡!,=,A=#*  ranges between -0.54 and -1.64. The lack of 
uniqueness of transference numbers measured by the two different methods is obvious.  

 
Figure 4.2. Fit of the integrand term, 𝐽+, with respect to salt concentration (𝑟) for a) eNMR based fitting and b) 
echem only based fitting for an exemplary temperature, 𝑇 = 30°C. Markers show finite values determined from 
measured transport parameters and the line shows the least-squares polynomial fit given by equation 4.9. Parameters 
used to fit across all temperatures are fully listed in Table S4.3. 

For a given current density, 𝑖'', 𝐽& can be used to compute the salt concentration gradient in an 
electrochemical cell using equations 4.5 and 4.7 for echem and eNMR methods, respectively. 
Typical results are shown in Figure 4.3, where concentration is plotted as a function of position 
for the same length-normalized current density, 𝑖''𝐿, of 2.5 × 10-3  mA/cm.  The predicted 
concentration profiles across three electrolyte concentrations at selected temperatures are shown 
for both types of modeling. Not surprisingly, both methods predict that concentration gradients 
increase in magnitude with decreasing temperature. At 45°C, the difference between echem and 
eNMR is relatively unimportant. In contrast, significant differences are evident at 15°C. In other 
words, the difference between the echem and eNMR transference numbers only becomes 
important when the magnitude of the concentration gradients is large.  
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Figure 4.3. Predicted concentration profiles of LiTFSI/tetraglyme for an applied steady-state current density 𝑖,,𝐿 = 
2.5 × 10-3 mA/cm for (a-c)  electrochemical based modeling (equation 4.5) at (a) 45°C, (b) 30°C, and (c) 15°C and 
electrophoretic NMR based modeling (equation 4.7) for (d) 45°C, (e) 30°C, and (f) 15°C. 

To quantify concentration gradients, we determine ∆𝑟, the difference between the maximum salt 
concentration, at 𝑥/𝐿 = 0, and the minimum salt concentration, at 𝑥/𝐿 = 1. ∆𝑟 is shown in Figure 
4.4a as a function of temperature for the same 𝑖''𝐿 of 2.5 × 10-3  mA/cm. At the highest 
temperature, 45°C, electrochemical methods predict ∆𝑟 slightly larger than eNMR. This difference 
becomes larger at lower temperatures – at 15°C, echem predicts ∆𝑟 approximately five times 
greater than eNMR. In Figure 4.4b, we show ∆𝑟 as a function of 𝑖''𝐿 at 30°C. As the applied 
current is increased, ∆𝑟 predicted by echem and eNMR methods diverge. Predicting concentration 
gradients in the limit of large currents requires unambiguous determination of the transference 
number.  
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Figure 4.4. Magnitude of modeled salt concentration gradient, measured as the difference between 𝑟 at 𝑥/𝐿 = 0 and 
𝑥/𝐿 = 1. This is shown for both echem and eNMR based modeling (a) as a function of temperature and (b) as a 
function of 𝑖,,𝐿 for an exemplary salt concentration of 𝑟'- = 0.032 at 30°C. 

One important metric of an electrolyte’s overall performance is the limiting current, 𝑖.1#17 – the 
current at which salt concentration at 𝑥/𝐿 = 1 approaches 0. The limiting current can be predicted 
from the modeling by applying increasing 𝑖''𝐿 values and determining 𝑟 at 𝑥/𝐿 = 1. In Figure 4.5, 
we plot the applied 𝑖''𝐿 versus this concentration for both methods. 𝑟 at 𝑥/𝐿 = 1 decreases as the 
applied current increases. We can only predict concentration gradients over a finite concentration 
range because we have only measured transport and thermodynamic parameters between 0.008<
𝑟 <0.112. The limiting current is obtained by extrapolating the predictions as shown in Figure 4.5.  

Given the vast difference in predictions of ∆𝑟, electrochemical methods and eNMR predict 
different limiting currents. Length-normalized predicted limiting currents, 𝑖.1#17𝐿, based on the 
two methods, are shown in Figure 4.6 as a function of temperature. Across the temperature range, 
eNMR predicts 𝑖.1#17𝐿 about 2.2-5.3 times greater than electrochemical methods. Determining the 
limiting current in liquid electrolytes is challenging due to the reactivity of lithium metal against 
liquid electrolytes.44,50,50,121 Passing high currents through our electrolyte results in significant 
changes to the  interfacial resistance, indicating corruption of the lithium-electrolyte interface. As 
a result of these experimental challenges, the limiting current hasn’t yet been experimentally 
determined in LiTFSI/tetraglyme.  
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Figure 4.5. Predictions of concentration at the cathode (𝑥/𝐿 = 1) for varying 𝑖,,𝐿 values for an electrolyte with an 
average salt concentration of 𝑟 = 0.032. Modeling done using eNMR inputs and echem inputs are both shown to 
demonstrate the agreement in the model at low values of 𝑖,,𝐿 and the divergence near the limiting current. The dashed 
curves are the least-squares polynomial fit for each data set and is used to extrapolate the limiting current. 

 
Figure 4.6. Limiting current predictions for echem and eNMR based modeling, shown as a function of temperature 
for a salt concentration of 𝑟 = 0.032. 

Despite the challenges with measurements in liquid electrolytes at high applied currents, it’s 
possible to make comparisons between theory and experiment at small, applied potentials. We can 
predict potential gradients in an electrolyte at a given steady current, 𝑖'', and thickness via 
equations 4.6 and 4.8. Function 𝐽) based on electrochemical methods is given by: 
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𝐽),=,A=# =

𝑐(𝑟)𝐷'(𝑟)
𝑟𝜌!(𝑟)𝜅'(𝑟)𝑡+*(𝑟)

= L
𝑑𝑈
𝑑𝑙𝑛𝑚M

(𝑟)z𝑟𝐹𝜙,{1 − 𝜌!(𝑟)|}
+&	 

(4.11) 

 

Function 𝐽) given by electrophoretic NMR is given by:  

 
𝐽),=>?@ =

𝑐(𝑟)𝐷'(𝑟)
𝑟𝜌!(𝑟)𝜅'(𝑟)𝑡+*(𝑟)

=
𝑐(𝑟)𝐷(𝑟)

𝑟𝜙,𝜅(𝑟)𝜌!(𝑟) ]1 − 𝑡!,=>?@* (𝑟)^
	 

(4.12) 

𝐽),=,A=# and 𝐽),=>?@ were calculated using equations 4.11 and 4.12 and are plotted as a function 
of 𝑟 at 30°C in Figure 4.7. Both functions were fit to continuous polynomial functions and the fit 
parameters are given in Table S4.5 (Supporting Information) for each method and temperature.  
The curves in Figure 7 show these fits. Similar to 𝐽&,  𝐽),=>?@ is an order of magnitude larger than  
𝐽),=,A=# due to differences in the concentration-dependent transference numbers used for each 
method of modeling. 

 

Figure 4.7. Fit of the integrand term, 𝐽., with respect to salt concentration (𝑟) for an exemplary temperature, 𝑇 = 30°C. 
Markers show finite values determined from measured transport parameters and the line shows the least-squares 
polynomial fit given by equation 4.10. Parameters used to fit across all temperatures are fully listed in Table S3. 

𝐽) can be used to compute the potential profiles for a given 𝑖'' using equations 4.6 and 4.8 for 
electrochemical methods and eNMR, respectively. Typical results are shown in Figure 4.8, where 
potential is plotted as a function of position for the same length-normalized current density, 𝑖''𝐿, 
of 2.5 × 10-3  mA/cm.  The predicted potential profiles across three electrolyte concentrations at 
selected temperatures are shown for both methods of modeling. As seen with predicted 
concentration gradients (Figure 4.3), potential gradients increase with decreasing temperature – 
approximately 15 mV for the three salt concentrations at 45°C but up to 100 mV at 15°C. However, 
there is not a significant difference between the potential gradients predicted by electrochemical 
methods and electrophoretic NMR across the temperature range.  
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Figure 4.8. Predicted potential profiles of LiTFSI/tetraglyme for an applied steady-state current density 𝑖,,𝐿 = 2.5 × 
10-3 mA/cm for (a-c) electrochemical based modeling (equation 4.6) at (a) 45°C, (b) 30°C, and (c) 15°C and 
electrophoretic NMR based modeling (equation 4.8) for (d) 45°C, (e) 30°C, and (f) 15°C. 

To further quantify the similarity in predicted potential, we show length-normalized potential, 
𝛷''/𝐿, for both echem and eNMR methods in Figure 4.9 for 𝑟 = 0.032. In Figure 4.9a, we show 
the effect of 𝑇 on 𝛷''/𝐿 for the applied current density, 𝑖''𝐿 = 2.5 × 10-3  mA/cm . In Figure 4.9b, 
we show the effects of 𝑖''𝐿 at a fixed temperature of 30°C. Figure 4.4a and 4.4b show ∆𝑟 as a 
function of 𝑇 and 𝑖''𝐿 for the same systems shown in Figure 4.9a and 4.9b.  The agreement 
between the two methods in Figure 4.9 is surprising given the large difference in predictions of 
∆𝑟, shown in Figure 4.4. 𝛷''/𝐿 is plotted as a function of 𝑖''𝐿 for two additional salt concentrations 
in Figure S4.13 (Supplemental Information), and they show equally good agreement between the 
two methods of modeling. 
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Figure 4.9. Magnitude of modeled potential gradient, shown for both echem and eNMR based modeling (a) as a 
function of temperature for an exemplary salt concentration of 𝑟 = 0.032 and (b) as a function of 𝑖,,𝐿 for 𝑇 = 30°C. 

 
Figure 4.10. Comparison between experimental and predicted steady-state currents using electrochemical based 
modeling for an exemplary salt concentration, 𝑟 = 0.032. The corresponding experimentally measured potential, 𝛷/𝐿, 
which is used as input to the modeling to determine 𝑖,,𝐿, is also shown on the secondary y-axis, for clarity.   

In Figure 4.10, we show the results of experiments conducted at a fixed applied potential gradient, 
𝛷#=$'V0=-/𝐿 = 0.8 V/cm. The potential gradient across the electrolyte, 𝛷''/𝐿, varies with 
temperature because of changes in the interfacial impedance (see equation 4.1 for the definition of 
𝛷''). In Figure 4.10a, we plot 𝛷''/L as a function of temperature. The experimentally measured 
steady current, 𝑖''𝐿, is plotted as a function of temperature in Figure 4.10b. Also shown in Figure 
4.10b are predictions of 𝑖''𝐿 based on eNMR and echem methods. The predictions are obtained 
by assuming a value for 𝑖''𝐿, obtaining 𝛷'' using equations 4.6 and 4.8, and iteratively solving for 
𝑖''𝐿 until 𝛷''/𝐿 agrees with the experimental value. We find quantitative agreement between 
echem modeling, eNMR modeling, and experiment. The reason for the agreement between echem 
and eNMR modeling in predicted 𝛷''/𝐿 or 𝑖''𝐿 is clarified in Figure 4.11. Here we show the same 
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𝐽) functions shown earlier in Figure 4.7. The shaded bands in Figure 4.11 correspond to the 
magnitude of the concentration gradient from eNMR and echem modeling for an applied current 
density of 𝑖''𝐿 = 2.5 × 10-3  mA/cm for 𝑟$( = 0.032 . The calculated current depends on the area 
of the shaded regions in Figure 4.11. The differences in both 𝐽) and ∆𝑟 obtained using the different 
methods is such that the areas of the shaded regions are almost identical. Despite the difference in 
modeled concentration gradients, both methods of modeling show remarkably similar predictions 
for current – voltage relationships. These predictions agree well with experimental polarizations, 
as shown in Figure 4.10b.  

 
Figure 4.11. Fit of the integrand term, 𝐽., with respect to salt concentration (𝑟) for an exemplary temperature, T = 
30°C, replotted from Figure 4.7. Additionally shown in the figure is the shaded integral that spans the magnitude of 
the concentration gradient for an applied current of 𝑖,,𝐿 = 2.5 × 10-3  mA/cm for 𝑟'- = 0.032. The difference in the 
magnitude of 𝐽. between eNMR and echem methods is compensated by the difference in magnitude of the 
concentration gradient. This results in an integral that is nearly the same value between the two methods. 

4.5 Conclusion 

In concentrated solution theory, current versus voltage characteristics of an electrolyte depend on 
three transport coefficients, 𝜅, 𝐷, and 𝑡!* , and a thermodynamic factor, 𝑇". Our objective is to 
determine these parameters uniquely in LiTFSI/tetraglyme mixtures as a function of salt 
concentration and temperature. We previously determined 𝑡!*  using two approaches and obtained 
very different values. For example, at 𝑟 = 0.032 at 30°C, 𝑡!*  is -1.02±1.11 based on the standard 
electrochemical approach. Electrophoretic NMR enables determination of 𝑡!*  directly without 
having to solve for 𝑇" simultaneously. Under the same conditions, 𝑡!*  determined using eNMR is 
0.25 ±0.04. We see the same discrepancy in 𝑡!*  between eNMR and echem across the entire salt 
concentration and temperature range that we’ve studied. Which of these two values is correct is an 
interesting open question. If we were to restrict our attention to voltage – current relationships, it 
is impossible to determine if the correct value of 𝑡!*  is -1.02 or 0.25, as shown in Figure 4.11. Both 
values (with different values of 𝑇" due to the interrelationship between 𝑡!*  and 𝑇", see equation 4.4) 
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give the identical values for the current obtained under an applied potential at a variety of 
temperatures.  

In the standard approach for determining these parameters, based on ac impedance spectroscopy, 
restricted diffusion, current fraction (or current interrupt), and concentration cell experiments, the 
expressions used to determine 𝑡!*  and 𝑇" are nonlinear and coupled. Thus, 𝑡!*  and 𝑇" must be 
obtained by solving two nonlinear equations simultaneously. The fact that nonlinear equations can 
have multiple roots is well recognized. It should thus not be surprising if the solution to the two 
nonlinear equations relating 𝑡!* 	and 𝑇" to experimentally measured parameters exhibit multiple 
roots. In the eNMR approach, 𝑡!*  is determined from an independent equation and is uncoupled to 
the determination of 𝑇". Due to the simplicity of the eNMR approach, the most likely value of 𝑡!*  
for our electrolyte is 0.25.  

To determine the value of  𝑡!*  uniquely, additional information about the magnitude of 
concentration gradients, or ∆𝑟, is needed. One approach is to measure ∆𝑟 directly in operando 
experiments, such as Raman microspectroscopy or x-ray transmission. A different approach is to 
conduct polarization experiments in the vicinity of the limiting current, which indirectly probe the 
magnitude of salt concentration gradients. Although concentration gradients alone can’t provide 
all relevant information to fully characterize electrolytes, the independent measurement of ∆𝑟 in 
addition to full characterization would make it possible to distinguish between eNMR and echem 
based transference numbers. In the absence of such data, it is possible to rationalize current – 
voltage relationships using transference numbers as different as -1.02 and 0.25.   
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4.7 Supporting Information 
4.7.1 Fitting Parameters for Concentration and Potential Gradient Modeling 
Here, we show a complete list of fitting parameters used to solve for concentration and potential 
gradient modeling. In Table S4.3, we show fitting parameters for the continuous least-squares 
polynomials for 𝐽&. These fits are used to solve for concentration profiles in the electrolytes for a) 
electrochemical-based modeling and b) electrophoretic NMR-based modeling. 𝐽& and 𝐽) are fit 
using continuous fits for all transport and thermodynamic properties. Fitting parameters for the 
continuous least-squares polynomials for each parameter are given in Table S4.4. Parts (a-e) 
correspond to temperatures between 45 and -20°C. In Table S4.5, we show fitting parameters for 
the continuous least-squares polynomials for 𝐽). These fits are used to solve for potential profiles 
in the electrolytes for a) electrochemical-based modeling and b) electrophoretic NMR-based 
modeling. 

Table S4.3 Fitting Parameters for Integrating Term, 𝐽+, for Concentration Profile Modeling. 
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a. Electrochemical Model 

𝐽& = 𝑘" + 𝑘&𝑟 + 𝑘#𝑟# + 𝑘%𝑟% + 𝑘'𝑟' + 𝑘)𝑟) 

𝑇(°C) 𝑘" 𝑘& 𝑘# 𝑘% 𝑘' 𝑘) 

45°C -6.61×10-9 1.15×10-6 -3.86×10-5 5.85×10-4 -4.21×10-3 1.17×10-2 

30°C 2.34×10-9 1.10×10-7 -6.58×10-6 1.25×10-4 -1.00×10-3 2.92×10-3 

15°C 7.05×10-10 5.81×10-8 -2.74×10-6 4.72×10-5 -3.68×10-4 1.09×10-3 

0°C 5.36×10-10 -1.46×10-8 1.75×10-7 -7.16×10-7 - - 

-20°C 1.33×10-10 -4.88×10-9 6.98×10-8 -3.58×10-7 3.60×10-7 - 
 

b. Electrophoretic NMR Model 

𝐽& = 𝑘" + 𝑘&𝑟 + 𝑘#𝑟# + 𝑘%𝑟% + 𝑘'𝑟' + 𝑘)𝑟) 

𝑇(°C) 𝑘" 𝑘& 𝑘# 𝑘% 𝑘' 𝑘) 

45°C 1.25×10-8 -1.37×10-7 1.02×10-6 -4.61×10-6 - - 

30°C 1.33×10-8 -9.75×10-7 4.10×10-5 -7.47×10-4 5.98×10-3 -1.74×10-2 

15°C 6.47×10-9 -4.45×10-8 -3.68×10-7 3.15×10-6 - - 
 

Table S4.4 Fitting parameters for each temperature and thermodynamic property, given as a function of  𝑟. 

a. 𝑇 = 45°C 

𝑃(𝑟) = 𝑘" + 𝑘&𝑟 + 𝑘#𝑟# + 𝑘%𝑟% 

𝑃(𝑟) 𝑘" 𝑘& 𝑘# 𝑘% 

𝜅 (S/cm) -6.14×10-4 0.224 -2.84 10.65 

𝜌$ 0.578 -13.08 149.2 -575.3 

𝐷 (cm2/s) 1.05×10-6 1.34×10-7 -6.15×10-5 2.13×10-4 

𝑑𝑈/𝑑𝑙𝑛𝑚 1.19×10-2 -1.66 11.4 -36.27 

𝑡$,01234  0.370 -7.13 98.04 -545.9 

𝑐 (mol/cm3) 1.02×10-5 0.021 -0.043 - 
 

b. 𝑇 = 30°C 

𝑃(𝑟) = 𝑘" + 𝑘&𝑟 + 𝑘#𝑟# + 𝑘%𝑟% + 𝑘'𝑟' 

𝑃(𝑟) 𝑘" 𝑘& 𝑘# 𝑘% 𝑘' 
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𝜅 (S/cm) -2.89×10-4 0.152 -2.03 7.78 - 

𝜌$ 0.472 -13.2 163.8 -659.8 - 

𝐷 (cm2/s) 7.62×10-7 -1.03×10-5 1.66×10-4 -9.33×10-4 - 

𝑑𝑈/𝑑𝑙𝑛𝑚 -6.72×10-3 -0.764 3.32 -50.5 - 

𝑡$,01234  0.771 -76.3 3103 -4.50×10-4 2.04×10-5 

𝑐 (mol/cm3) 1.02×10-5 0.0214 -0.043×10-2   
 

c. 𝑇 = 15°C 

𝑃(𝑟) = 𝑘" + 𝑘&𝑟 + 𝑘#𝑟# + 𝑘%𝑟% 

𝑃(𝑟) 𝑘" 𝑘& 𝑘# 𝑘% 

𝜅 (S/cm) -2.10×10-4 0.106 -1.62 6.89 

𝜌$ 0.270 -6.47 75.55 -284.4 

𝐷 (cm2/s) 5.32×10-7 8.51×10-7 -6.97×10-5 3.13×10-4 

𝑑𝑈/𝑑𝑙𝑛𝑚 -8.67×10-3 -0.709 -1.57 - 

𝑡$,01234  0.317 1.14 -102.5 673.0 

𝑐 (mol/cm3) 1.06×10-5 2.17×10-2 -4.34×10-2 - 
 

d. 𝑇 = 0°C 

𝑃(𝑟) = 𝑘" + 𝑘&𝑟 + 𝑘#𝑟# + 𝑘%𝑟% + 𝑘'𝑟' 

𝑃(𝑟) 𝑘" 𝑘& 𝑘# 𝑘% 

𝜅 (S/cm) -5.12×10-5 5.19×10-2 -0.840 3.63 

𝜌$ 0.175 -5.54 73.6 -288.4 

𝐷 (cm2/s) 4.90×10-7 -1.28×10-6 -5.15×10-5 3.10×10-4 

𝑑𝑈/𝑑𝑙𝑛𝑚 -1.57×10-2 -0.392 -6.02 - 
 

e. 𝑇 = -20°C 

𝑃(𝑟) = 𝑘" + 𝑘&𝑟 + 𝑘#𝑟# + 𝑘%𝑟% + 𝑘'𝑟' 

𝑃(𝑟) 𝑘" 𝑘& 𝑘# 𝑘% 𝑘' 

𝜅 (S/cm) -5.53×10-5 2.65×10-2 -0.675 6.21 -19.89 

𝜌$ 0.115 -4.41 63.28 -239.8 - 

𝐷 (cm2/s) 3.09×10-7 -8.18×10-6 1.58×10-4 -8.33×10-4 - 

𝑑𝑈/𝑑𝑙𝑛𝑚 -1.54×10-2 -0.425 -6.92 - - 
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Table S4.5 Fitting Parameters for Integrating Term, 𝐽., for Potential Profile Modeling. 

a. Electrochemical Model 

𝐽# = 𝑘" + 𝑘&𝑟 + 𝑘#𝑟# + 𝑘%𝑟% + 𝑘'𝑟' + 𝑘)𝑟) 

𝑇(°C) 𝑘" 𝑘& 𝑘# 𝑘% 𝑘' 𝑘) 

45°C -1.90×10-5 4.67×10-3 -0.173 2.86 -22.2 65.4 

30°C 6.83×10-5 -3.71×10-3 0.113 -1.72 12.92 -37.53 

15°C 6.05×10-5 -3.12×10-7 9.73×10-2 -1.504 11.31 -32.8 

0°C 5.34×10-5 -8.14×10-4 7.98×10-3 -2.65×10-2 - - 

-20°C 7.23×10-5 -4.33×10-3 0.140 -2.18 16.44 -47.77 
 

b. Electrophoretic NMR Model 

𝐽# = 𝑘" + 𝑘&𝑟 + 𝑘#𝑟# + 𝑘%𝑟% + 𝑘'𝑟' + 𝑘)𝑟) 

𝑇(°C) 𝑘" 𝑘& 𝑘# 𝑘% 𝑘' 𝑘) 

45°C 1.98×10-4 -0.014 0.493 -7.97 60.92 -177.9 

30°C 2.50×10-5 -2.23×10-3 0.874 -15.0 115.4 -328 

15°C 4.02×10-4 -2.67×10-2 0.925 -15.18 117.3 -345.5 
 

4.7.2 Potential Versus Current Relationships 
We plot relationships between current and voltage as shown in Figure 4.9b for two additional salt 
concentrations at 30°C. The similarity in 𝛷''/𝐿 predicted from both echem and eNMR modeling 
is true across the salt concentration and temperature range.  
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Figure S4.12. Magnitude of modeled potential gradient, shown for both echem and eNMR based modeling as a 
function of 𝑖,,𝐿 for 𝑇 = 30°C for (a) 𝑟 = 0.064 and b) 𝑟  = 0.08.  

4.8 Nomenclature 
𝑡!*  Cation transference number with respect to the solvent velocity 
𝜅 Ionic conductivity (S cm-1) 
𝑇"  Thermodynamic factor 
𝐷 Salt diffusion coefficient (cm2 s-1) 
𝜌! Current fraction 

𝑑𝑈/𝑑𝑙𝑛𝑚 Change in open circuit potential with respect to log of molality measured in a 
concentration cell experiment 

𝑟 Measure of ratio of lithium ions to oxygen atoms in solvent 
𝑚 Molality (mol kg-1) 
𝑐 Concentration of the salt (mol cm-3) 
𝛥𝑉 Applied voltage (V) 
𝐼'' Steady-state current (mA) 
𝑅1  Interfacial resistance (Ω) 
𝛷 Potential drop (V) 
𝐼'' Steady-state current (mA) 
𝑖'' Steady-state applied current density, used in concentration gradient modeling (mA 

cm-2) 
𝐷' Salt diffusion coefficient through the separator (cm2 s-1) 
𝑡+*  Anion transference number with respect to the solvent velocity 
𝐿 Distance between electrodes, used in concentration gradient modeling 
𝑥/𝐿 Dimensionless position across the electrolyte, used in concentration gradient 

modeling 
𝐹 Faraday’s constant (C mol-1) 
𝑧+ Anion charge number 
𝜈+ Number of anions the salt dissolves into 
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𝜏 Tortuosity of separator 
𝑟$(  Average concentration of the electrolyte, used in concentration gradient modeling 
𝛷'' Potential of the positive electrode relative to the negative electrode during steady-

state polarization (V) 
𝜅' Conductivity measured in an electrolyte soaked separator 
𝜑,  Volume fraction of conducting phase in separator 
𝑙 Thickness of the separator (cm) 
𝑅' Series resistance (Ω) 
𝐴 Area of electrodes (cm2) 

𝑖.1#17 Limiting Current (mA/cm2) 
∆𝑟 Difference between the maximum salt concentration, at 𝑥/𝐿 = 0, and the minimum 

salt concentration, at 𝑥/𝐿 = 1 
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5 Impact of Chain Length on Ion Transport in Oligoether-Based Electrolytes 
Containing Lithium Salt 

 
5.1 Abstract 
Glyme-based electrolytes have been studied for various battery technologies due to their stability 
and nonflammability compared to conventional carbonate electrolytes used in lithium-ion 
batteries. Glyme solvents span from monoglyme to the most well characterized polymer 
electrolyte, poly(ethylene oxide). These solvents all have the same chemical structure of 
CH3O[CH2CH2O]nCH3, but the 𝑛 number of repeat units, as well as salt concentration, can 
drastically impact transport properties. Increasing chain length of the solvent increases solvent 
viscosity and impacts the mechanism of ion conduction. In this work, we study three glyme-based 
liquid electrolytes with varying chain lengths – tetraglyme, pentaglyme, and octaglyme – as a 
function of salt concentration. We fully characterize these electrolytes in terms of measured 
transport and thermodynamic properties – including ionic conductivity, salt diffusion coefficient, 
cation transference number, and the thermodynamic factor. Chain length has a very strong impact 
on properties describing total ion movement, including conductivity, salt diffusion coefficient, and 
species’ velocities. These changes are not fully explained by the increase in neat solvent viscosity. 
Transference numbers determined using electrophoretic NMR show the same nonmonotonic 
dependence on salt concentration across all three electrolytes. Each solvent has a characteristic 
minimum that is well explained by the expected solvation motifs from molecular dynamic 
simulations. 

5.2 Introduction 
Oligoether glyme-based solvents have been widely studied for their potential as liquid electrolytes 
in various battery technologies due to their stability and nonflammability compared to 
conventional carbonate electrolytes.15 Depending on the size of the solvent molecule, salt 
concentration, and temperature, the mechanism of solvation and ion-ion interactions can vary 
greatly.16–18 All glymes strongly solvate lithium cations due to electronegative oxygens on the 
solvent backbone. The mechanism of ion transport in various glyme solvents has been the focus 
of many modeling studies.19–23 The longest glyme solvent, poly(ethylene oxide), or PEO, conducts 
ions via an ion-hopping mechanism due to the interconnectivity of polymer chains.20,21,23 Liquid 
glyme solvents tend to conduct ions via a vehicular mechanism.19 Due to the differences in 
mechanism of ion conduction, the residence time of solvation also varies greatly with chain length. 
Because of this, chain length will drastically impact transport properties and the overall utility of 
a given electrolyte. 

In Newman’s concentrated solution theory, ion transport is fully described by three transport 
parameters – ionic conductivity, 𝜅, salt diffusion coefficient, 𝐷, transference number, 𝑡!*  – and a 
thermodynamic factor, 𝑇".5 To study the impact of chain length on transport properties, we study 
three electrolyte systems containing oligoether glyme solvents. We are specifically interested in 
studying higher molecular weight glymes, as they are not well characterized in the literature 
compared to low molecular weight liquids or PEO. Some comparative studies on smaller glymes, 
such as monoglyme, diglyme, triglyme, and tetraglyme, already exist.16,17,24 A glyme-based 
solvent has the molecular structure of CH3O[CH2CH2O]nCH3. The first solvent studied in this 
work is tetraethylene glycol dimethyl ether, or tetraglyme (molecular weight, MW = 222.28 
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g/mol), which has four CH2CH2O repeat units. Tetraglyme has previously been widely studied as 
a function of both salt concentration and temperature.27,29,47,125,126 The second solvent is 
pentaethylene glycol dimethyl ether, or pentaglyme (MW = 266.33 g/mol), which contains five 
repeat units. The third solvent is octaethylene glycol dimethyl ether, or octaglyme (MW = 398.47 
g/mol), which has 8 repeat units. In all of these systems, there is an additional oxygen outside of 
the repeat group which also participates in lithium solvation according to molecular dynamic 
simulations.22,58 

 In this work, we have characterized tetraglyme, pentaglyme, and octaglyme electrolytes 
containing lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt as a function of salt 
concentration. We use a methodology that combines electrochemical measurements,6,8,37,62 
including ac impedance spectroscopy, restricted diffusion, polarization experiments, and 
concentration cells, with electrophoretic NMR (eNMR).58 eNMR is a technique that enables the 
precise determination of the cation transference number, independent of other electrochemical 
experiments, by directly measuring electric-field-induced cation, anion, and solvent 
velocities.10,12,13,122,124 Combining electrochemical techniques with eNMR significantly reduces 
uncertainty in both 𝑡!*  and 𝑇".89 Using this methodology, we are able to discern the changes to 
transport as chain length increases from four to eight. The impact of chain length on bulk transport 
properties is discussed, along with insights into the relationship between cation solvation and the 
cation transference number.  

5.3 Experimental 
5.3.1 Electrolyte Preparation 
All electrolytes were prepared using lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt. 
LiTFSI (Sigma-Aldrich) was dried in a glovebox antechamber for three days under active vacuum 
at 100°C. Tetraethylene glycol dimethyl ether (tetraglyme) was purchased from Sigma-Aldrich 
and dried under active vacuum at 60°C for three days. Pentaethylene glycol dimethyl ether 
(pentaglyme) and octaethylene glycol dimethyl ether (octaglyme) were synthesized by methylation 
synthesis from glycol precursors,  pentaethylene glycol and octaethylene glycol, using sodium 
hydride and methyl iodide. Additional details can be found in the Supplemental Information. 
Glycol solvents were obtained from Sigma-Aldrich and used as received.  The purified and isolated 
pentaglyme and octaglyme was dried in a glovebox antechamber at 60°C under active vacuum for 
three days.  

All electrolytes were prepared in an argon glovebox with oxygen and water levels less than 1 ppm. 
Electrolytes were made by dissolving a known mass of salt in a given mass of solvent and stirring 
overnight. Tetraglyme electrolytes were stirred at room temperature and pentaglyme and 
octaglyme electrolytes were stirred at 50°C. The primary unit of salt concentration used in this 
study, 𝑟, describes the ratio of lithium cations in LiTFSI to ether oxygens in the solvent, 𝑟 = 
([Li+]/[O]).  𝑟 is a useful unit of concentration for ether or glyme-based electrolytes as oxygens in 
the solvent strongly interact with the cation and the nature of cation solvation can influence 
transport properties. The concentrations of all electrolytes used within this study are given in Table 
S5.1, along with their concentrations in molality, 𝑚 (mol/kg).  
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5.3.2 Viscosity 
Viscosity (𝜂) for each solvent was measured using an electromagnetically spinning viscometer 
(Kyoto Electronics). Viscosity for each solvent at 30°C is shown in Figure 5.1. We report viscosity 
for tetraglyme and pentaglyme between 0 and 100°C and for octaglyme between 30 and 60°C in 
Table S5.2.  

5.3.3 Conductivity 
Conductivity was measured in blocking electrode symmetric cells assembled in CR2032 coin cell 
parts (MTI Corp.). Five layers of Celgard 2500 separators were soaked in a given electrolyte and 
sandwiched between two stainless steel blocking electrodes (MTI Corp.), 500 mm thick and 15.5 
mm in diameter. The pentaglyme and octaglyme electrolytes were heated before assembly to lower 
viscosity and improve wetting of the separators. Three cells were made for each salt concentration 
and solvent type. Cells were cycled in an environmental chamber at 30°C, and the temperature 
was confirmed using a thermocouple. A Biologic VMP300 potentiostat was used to perform ac 
impedance spectroscopy over a frequency range of 1 MHz to 100 mHz with a sinus amplitude of 
5 mV. 𝑅', the series resistance value, was obtained from the impedance spectra and relates to the 
conductivity of the electrolyte according to equation 5.1.53  

 𝜅 =
𝜏
𝜑,

𝑙
𝑅'𝐴

, (5.1) 

Here, 𝜏 corrects for the tortuosity of the separator, 𝜑, corrects for the volume fraction of the 
conducting phase, 𝑙 is the thickness of the electrolyte soaked separator, and A is the surface area 
of the stainless steel electrodes. The tortuosity of the separator is 2.93 and the volume fraction is 
equivalent to the porosity, 0.55.89  

5.3.4 Current Fraction and Restricted Diffusion 
Current fraction7 and diffusion coefficient were measured in lithium-LiTFSI/tetraglyme-lithium 
symmetric cells assembled in CR2032 coin cell parts (MTI Corp.) For tetraglyme-based 
electrolytes, five, ten, or fifteen layers of electrolyte soaked Celgard 2500 separators were used. 
Only five separator cells were assembled for pentaglyme and octaglyme-based electrolytes.  Like 
with conductivity cells, pentaglyme and octaglyme electrolytes were heated to improve wetting of 
the Celgard. Soaked separators were sandwiched between lithium chips (MTI Corp), 600 mm thick 
and 14 mm in diameter. Cells were made in triplicate for each salt concentration, solvent type, and 
thickness, when relevant. An environmental chamber (JEIO Tech) was used to cycle the cells and 
maintain a temperature setpoint of 30°C. The temperature was confirmed using a thermocouple.  

To stabilize the interface between the lithium metal electrodes and electrolyte, cells were 
preconditioned using alternating current densities of ±0.02 mA/cm2 applied for four hours. A one 
hour rest occurred between polarizations. Preconditioning cycles continued until the interfacial 
resistance, 𝑅1, was stable. The current fraction, 𝜌!, was measured in accordance with the Bruce-
Vincent method.41–43 Cells were polarized at 𝛥𝑉 = 10 mV, -10 mV, 20 mV, and -20 mV for one 
hour to ensure the measured current fraction was independent of the magnitude and sign of the 
applied potential. The current fraction can be calculated using equation 5.2. 
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𝜌! =

𝐼''
𝐼3
U
𝛥𝑉 − 𝐼3𝑅1,*
𝛥𝑉 − 𝐼''𝑅1,''

V. (5.2) 

Here, 𝐼'', is the steady-state current measured during polarization. 𝐼5, the initial current at the first 
instance of polarization, is determined using Ohm’s law, assuming concentration gradients have 
not yet formed. 𝑅1,* and 𝑅1,'' are the initial and steady-state interfacial resistances in the cell, 
respectively, taken from impedance measurements before, during, and after polarization.   

After polarization, the applied potential was removed and the open circuit potential, 𝑈, was 
measured. Cells assembled with five Celgards were allowed to relax for one hour and the first 15 
minutes of relaxation were used to determine the diffusion coefficient using the method of 
restricted diffusion.54 𝑈 was fit to an exponential function, 𝑈(𝑡) = 𝑘* + 𝑎𝑒+67, where 𝑘* is an 
offset voltage and 𝑎 and 𝑏 are fitting parameters. The exponential fit coefficient, 𝑏, is related to 
the diffusion coefficient through the separator, 𝐷' by 𝐷' = (𝑙)𝑏)/𝜋). A minimum time cutoff, 𝛼, 
is used such that 𝛼 = (𝐷'	𝑡)/𝑙) 	> 0.03.55 The salt diffusion coefficient, 𝐷, is related to 𝐷' by the 
tortuosity of the separator, 𝐷 = 	𝜏𝐷'. 

5.3.5 Concentration Cells 
Pouch-based concentration cells40 were assembled following the work done by Landesfeind et al.37 
A 1 cm wide, 10 cm long, and 25 µm thick Celgard 2500 separator was placed in a pouch cell (5 
cm wide, 13 cm long) and wet with electrolyte. The long separator prevents mixing of the 
electrolyte during the measurement period. One side of the separator was wet with a reference 
electrolyte, which varied across the different solvents.  The other side was wet with a test 
electrolyte.  ~8 µL of electrolyte were used to wet each side. Any excess electrolyte was removed 
using a Kimwipe, as excess electrolyte could cause convection  and accelerate mixing or interfere 
with sealing. The separator was placed on top of lithium foil electrodes (MTI Corp.), which were 
connected to nickel tabs. The assembled pouch cell was then sealed under argon. Pouch cells were 
placed in a metal press in an environmental chamber (JEIO Tech) to maintain temperature during 
the measurement.  The open circuit potential for each concentration cell, 𝑈, was taken as the 
average value over 10 minutes after the potential stabilized. At least two pouch cells were made 
for each salt concentration and solvent type.  

5.3.6 Electrophoretic NMR 
Electrophoretic NMR (eNMR) methods of experimentation have been described in several other 
works.92–94 eNMR data for tetraglyme using this procedure has been previously reported.123 
Pentaglyme and octaglyme-based electrolyte samples were prepared by filling a dried eNMR cell 
with electrolyte in an argon glovebox, with oxygen and water levels maintained below 1 ppm. 
Details of experimental procedures, instrumentation, and calibration have been previously 
reported.58,90 7Li, 19F, and 1H NMR measurements were used to determine cation, anion, and 
solvent velocities, respectively. Tetraglyme experiments were previously conducted at 45, 30, and 
15°C, ± 1°C. Pentaglyme experiments were conducted at 30°C. Octaglyme experiments were 
conducted at 60°C.  
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5.4 Results and Discussion 
In Figure 5.1, we plot viscosity, 𝜂, of various glyme solvents, including tetraglyme (TG), 
pentaglyme (PG), and octaglyme (OG) as a function of chain length at 30°C. One chain is defined 
as one [OCH2CH2] repeat unit, 𝑛: in TG, 𝑛 = 4, in PG, 𝑛 = 5, and in OG, 𝑛 = 8. All of these 
solvents have an additional oxygen that is not contained within one of the repeat units, but 
molecular dynamic (MD) simulations on tetraglyme indicate all oxygens participate in solvation 
of the cation.22,58 In this figure, we also show viscosity data for smaller glyme solvents, including 
diglyme and triglyme, taken from Carvalho et al.127 As noted by these authors and confirmed with 
our data, the viscosity of glyme solvents depends exponentially on chain length. We see a steep 
increase in measured viscosity with increased chain length so that the viscosity of OG is over 
double that of PG, which is over double the viscosity of TG at 30°C. Solvent viscosity has a 
significant impact on many transport properties, especially the conductivity. From the solvent 
viscosity alone, it is evident that adding even one repeat unit in liquid electrolytes will likely impact 
ion transport.  

 

Figure 5.1. Viscosity of various glyme-based solvents, where the number of glyme units corresponds to the 𝑛 number 
of repeat units in the molecule. Tetraglyme (TG), for example, has four repeat units. Data for diglyme (𝑛 = 2) and 
triglyme (𝑛 = 3) is taken from Carvalho et al.127  

In Figure 5.2a, we report the measured ionic conductivities, 𝜅, for each type of electrolyte – TG, 
PG, and OG – as a function of salt concentration, 𝑟. Conductivity depends strongly on both salt 
concentration and chain length of the solvent. 𝜅 has a nonmonotonic dependence on 𝑟, but this is 
most pronounced in tetraglyme and less pronounced in octaglyme. 𝜅 increases at low 
concentrations due to an increase in the number of charge carriers, peaks, and then decreases at 
high concentrations due to frictional effects. 𝜅 has an even stronger dependence on chain length 
compared to salt concentration. Pentaglyme is about half as conductive as tetraglyme for the same 
salt concentration. Adding one single repeat unit drastically lowers the measured conductivity. 
This trend continues with octaglyme, which is about one-third as conductive as tetraglyme. Given 
how strongly viscosity changes with increasing chain length, we plot conductivity multiplied by 
viscosity of the neat solvent, 𝜅𝜂*, as a function of salt concentration for TG, PG, and OG in Figure 
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5.2b. Interestingly, the solvent viscosity overcorrects for the changes in conductivity. 𝜅𝜂* is 
highest for octaglyme, then pentaglyme, then tetraglyme. If viscosity alone explained the reduction 
in conductivity with increasing chain length, we would expect 𝜅𝜂* to be independent of chain 
length.  

 
Figure 5.2. a) Conductivity for tetraglyme (TG), pentaglyme (PG), and octaglyme (OG), shown as a function of salt 
concentration, 𝑟, at 30°C. b) Conductivity multiplied by the viscosity of the neat solvent, 𝜅𝜂4, shown as a function 
of 𝑟 for TG, PG, and OG. 

In Figure 5.3, we plot current fraction, 𝜌!, as a function of salt concentration for TG, PG, and OG. 
The current fraction decreases slightly with increasing 𝑟 for tetraglyme and octaglyme. This is also 
generally true for pentaglyme, but there is some nonmonotonic dependence on salt concentration 
between 𝑟 = 0.033 and 0.083. 𝜌! does not have a strong dependence on chain length. Although the 
current fraction measured for octaglyme is lower than tetraglyme across all salt concentrations, 
pentaglyme is higher than in tetraglyme at some salt concentrations and lower than in octaglyme 
at other concentrations. The large error associated with 𝜌! also makes it difficult to discern trends, 
especially considering 𝜌! is small, less than 0.20 for most of the salt concentration range across 
all three solvents.   

In Figure 5.4a, we plot the salt diffusion coefficient, 𝐷, as a function of 𝑟 for TG, PG, and OG. 𝐷 
is highest for tetraglyme and then decreases with increasing chain length. 𝐷 also decreases with 
increasing salt concentration, but less substantially. In Figure 5.4b, we plot 𝐷𝜂*, the salt diffusion 
coefficient multiplied by the neat solvent viscosity. This is analogous to the 𝜅𝜂*, plotted in Figure 
5.2b. Diffusion of ions is strongly impacted by solvent viscosity, but it is also affected by 
thermodynamics. We see a similar result in Figure 5.4b as in Figure 5.2b. 𝐷𝜂* is highest for the 
largest solvent molecule, octaglyme, and decreases with decreasing chain length. Again, 
accounting for the effect of solvent viscosity on salt diffusion coefficient overcorrects for 
increasing chain length. This indicates there may be additional effects impacting ion transport, 
which may include changes to thermodynamics or changes to the mechanism of ion conduction 
and diffusion with increasing chain length. Additional information about the effect of salt 
concentration on viscosity could elucidate this trend. 
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Figure 5.3. Current fraction, 𝜌$, measured in a Bruce-Vincent experiment and shown as a function of salt 
concentration, 𝑟, for TG, PG, and OG.  

 

Figure 5.4. Diffusion coefficient, 𝐷, measured via restricted diffusion and a) plotted as a function of salt concentration, 
𝑟, for TG, PG, and OG. b) 𝐷 multiplied by the neat solvent viscosity, 𝜂4, and shown as a function of 𝑟 for TG, PG, 
and OG. 

We report results from the final electrochemical experiment, concentration cells, in Figure 5.5. 
Figure 5.5a plots the open circuit potential, 𝑈, as a function of ln(𝑚). The measured open circuit 
potential is very similar across electrolytes of all three solvents. 𝑈 is nearly identical for tetraglyme 
and pentaglyme. 𝑈 measured for octaglyme is very similar at low concentrations but deviates 
slightly at high concentrations. The relative similarity across the three solvents is not surprising 
given the similarity in 𝑈 measured in PEO,6,128 which has the same chemical structure as the glyme 
solvents but a much higher number of repeat units. We also plot 𝑑𝑈/𝑑𝑙𝑛𝑚 in Figure 5.5b. 
𝑑𝑈/𝑑𝑙𝑛𝑚 is calculated using a finite difference method as previously described.89 𝑑𝑈/𝑑𝑙𝑛𝑚 does 
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not seem to depend strongly on chain length. There are only slight deviations between octaglyme 
and tetraglyme or pentaglyme at high concentrations.  

 

Figure 5.5. Concentration cell data for TG, PG, and OG, including a) measured open circuit potential, 𝑈, versus 𝑙𝑛(𝑚) 
and b) the slope, 𝑑𝑈/𝑑𝑙𝑛(𝑚), as a function of 𝑙𝑛(𝑚), determined from a finite difference method.  

So far, we have reported electrochemical properties that are averaged over all species in an 
electrolyte, including the cation, anion, solvent. This includes any ion-ion or ion-solvent 
interactions. Through eNMR, we can study the effect of chain length on the cation, anion, and 
solvent velocities. These contributions can’t be fully separated as all species may interact with 
each other. In Figure 5.6, we plot velocities in the laboratory frame of reference measured via 
eNMR for two of the solvents, TG and OG, as a function of salt concentration. Velocities are 
defined as positive for species moving in the direction of the negative electrode. Octaglyme 
velocities were measured at 60°C and tetraglyme velocities were measured at 15, 30, and 45°C as 
previously reported. We plot all three temperatures for TG in Figure 5.6 to give an indication of 
trends with temperature. In Figure 5.6a, we plot the cation velocity, 𝑣!. Velocities depends on 
temperature and we see an increase in 𝑣! with increasing temperature. In Figure 5.6b, we plot the 
anion velocity, 𝑣+. 𝑣+ similarly increases in magnitude with increasing temperature. Like 𝜅 and 
𝐷, which measure ion movement in response to migration or diffusion, ions move slower at lower 
temperatures due to increasing viscosity. In the absence of a direct comparison between octaglyme 
and tetraglyme velocities measured at the same temperature, we can generally see the cation and 
the anion of LiTFSI move much faster in tetraglyme compared to octaglyme. 𝑣! and 𝑣+ measured 
in octaglyme at 60°C are comparable in magnitude to 𝑣! and 𝑣+ measured in tetraglyme at 15°C.  

In Figure 5.6c, we plot the solvent velocity, 𝑣*. The solvent has a nonzero velocity because of 
electroosmotic drag by the cation and is therefore influenced strongly by the solvation structure. 
The solvation structure of the cation may be influenced by the type of solvent,  salt concentration, 
and temperature. The solvent velocity in tetraglyme increases with increasing temperature, but at 
𝑟 = 0.08, 𝑣* is higher at 30°C than at 45°C. This indicates there are changes to solvation influencing 
how the solvent is dragged occurring at this salt concentration over this temperature range. 𝑣* for 
octaglyme also seems to be slower than in tetraglyme. Across both solvents, 𝑣* has a 



 
 

76 
 

nonmonotonic dependence on 𝑟 and peaks somewhere in the intermediate concentration range. 
This is dissimilar from 𝑣! and 𝑣+, which both decrease with increasing 𝑟 due to frictional effects.  

In Figure 5.6d, we plot the ratio of the solvent velocity to the cation velocity, 𝑣*/𝑣!. We draw a 
line at 𝑣*/𝑣! = 1. Above the line, the solvent travels faster than the cation. Although the solvent 
needs to be dragged by the cation to have a positive velocity, the solvent can appear to travel faster 
than the cation because eNMR measures species’ velocities averaged over all speciation states. 
These states can includes positively charged clusters, negatively charged clusters, and neutral 
clusters.6,22,66,129 One example way in which the solvent can appear to be traveling faster than the 
cation is if the majority of cations exist in negatively charged clusters (thus migrating in the 
“wrong” direction) but the majority of solvent molecules exist in positively charged clusters 
traveling in the “right” direction. Only at three points in Figure 5.6d is the solvent velocity faster 
than the cation: for TG at 𝑟 = 0.08 and at 𝑟 = 0.24 at 30°C and OG at 𝑟 = 0.093 at 60°C. Pentaglyme, 
although not included in Figure 5.6 for clarity, also has a solvent velocity faster than the cation at 
𝑟 = 0.16.  

 

Figure 5.6. A comparison between species’ velocities measured via eNMR for TG at 45, 30, and 15°C and OG at 60°C 
for a) cation, 𝑣$, b) anion, 𝑣5, c) solvent, 𝑣4, and d) the ratio 𝑣4/𝑣$. TG data was previously published by Hickson et 
al.123  
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Looking only at the TG data, we can see that 𝑣*/𝑣! does not have a clear dependence on 
temperature. 𝑣*/𝑣! is approximately the same across all temperatures except for at 𝑟 = 0.08, where 
𝑣*/𝑣! peaks at ~1.5. For this same salt concentration at 15 and 45°C, 𝑣*/𝑣! is less than 1. This 
change likely reflects changes in speciation states with changing temperature. Various reasons 
have been cited for the reason temperature impacts ion association; for example, temperature 
impacts the thermal energy associated with ion motion. The solvent dielectric constant, impacting 
how well ions dissociates, is also temperature dependent.79,85 We also use the tetraglyme velocities 
at 15, 30, and 45°C to extrapolate expected velocities at 60°C. These approximations for the 
velocity are shown in Figure S5.13. and are plotted with OG velocities at 60°C. Qualitatively, the 
same conclusions can be drawn for the extrapolated data. Cation, anion, and solvent velocities are 
all expected to be faster in TG at 60°C compared to OG. However, the ratio of 𝑣*/𝑣! is 
approximately equal to TG or higher for OG at all salt concentrations.   

The cation transference number with respect to the solvent velocity, 𝑡!* , can be determined directly 
from velocities measured via eNMR using equation 5.3: 

 
𝑡!* =

𝑣! − 𝑣*
𝑣! − 𝑣+

. (5.3) 

In Figure 5.7, we plot 𝑡!*  as a function of salt concentration for TG, PG, and OG. The data for TG 
and PG was taken at 30°C and OG at 60°C. All three types of electrolytes show the same 
characteristic dependence on salt concentration. In the low concentration regime, 𝑡!*  decreases with 
increasing salt concentration. A minimum is reached, and then 𝑡!*  increases with increasing salt 
concentration. In tetraglyme, we see a secondary decrease past 𝑟 = 0.16. This “V shaped” trend in 
the transference number seems to be characteristic to glyme solvents and also occurs for the 
polymer equivalent, PEO.9,36,128 However, in all of the systems, the minimum occurs at different 
salt concentrations.  

 

Figure 5.7. Cation transference number referenced to the solvent velocity, 𝑡$4 , determined from eNMR and plotted as 
a function of salt concentration, 𝑟, for TG, PG, and OG. 𝑡$4  has been determined at 30°C for TG and PG and 60°C for 
OG. 
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We can generally define a critical salt concentration, 𝑟,, which relates the number of lithium ions 
in LiTFSI to the number of oxygens that are involved in solvation based on the solvation motif. 
For example, MD simulations have indicated anywhere between four to seven oxygens are 
involved in the solvation of Li+ in PEO.20 Recent simulations indicate six oxygens are most 
common.23 𝑟, then would be near 1 [Li+]/ 6 [O], or 𝑟, = 0.17. A minimum in 𝑡!*  near this salt 
concentration has been found experimentally in several works.9,36,128 In tetraglyme, MD 
simulations found that a two-chain motif solvates Li+ at low salt concentrations.22,58 𝑟, would then 
be 1 [Li+]/ 10 [O] or 0.10, which agrees well with the minimum seen at 𝑟 = 0.08. We note this 
minimum is only seen at 30°C. MD simulations have not yet been conducted as a function of 
temperature for this system to understand changes in solvation with temperature. Preliminary 
octaglyme simulations indicate a 1-chain motif dominates at low salt concentrations, making 𝑟, = 
1 [Li+]/ 9 [O], or 0.11, slightly higher than the minimum for TG. We qualitatively see this pattern 
in Figure 5.7. MD simulations by Borodin and Smith predicted one pentaglyme chain could solvate 
a lithium cation.19,21 If 1-chain solvation is the primary solvation motif, then 𝑟, = 1 [Li+]/ 6 [O], or 
0.17. This agrees very well with minimum seen for PG in Figure 5.7 at 𝑟 = 0.16. The critical salt 
concentration occurs in each of the solvents with increasing salt concentration for TG, OG, and 
then PG. The number of oxygens involved in solvation is thus a good predictor for where the 
minimum in 𝑡!*  will occur, and in the absence of MD simulations, gives an indication of the method 
of solvation for each solvent.  

Finally, the thermodynamic factor, 𝑇", can be determined using data from eNMR and concentration 
cells in accordance with equation 5.4.  

 𝑇" = 	1 +
𝑑𝑙𝑛𝛾!+
𝑑𝑙𝑛𝑚 =

𝐹
2𝑅𝑇(1 − 𝑡!*)

𝑑𝑈
𝑑ln𝑚 (5.4) 

𝛾!+ is the mean molal salt activity coefficient. In Figure 5.8, we plot 𝑇" as a function of 𝑟 for TG, 
PG, and OG. 𝑇" here is determined using 𝑑𝑈/𝑑ln(𝑚) from a finite difference method. The method 
of fitting somewhat impacts the magnitude of 𝑇", although it doesn’t impact the qualitative trends. 
For completeness, we plot 𝑑𝑈/𝑑ln(𝑚)  determined from an exponential fit in Figure S5.14 and 𝑇" 
calculated from that fit in Figure S5.15. 𝑇" determined for pentaglyme and tetraglyme are very 
similar. For octaglyme, 𝑇" is slightly higher in the high concentration range. For all three types of 
electrolytes, 𝑇" should be equivalent to 1 in the dilute limit when the electrolyte is 
thermodynamically ideal. 𝑇" then decreases to near 0.5 for all three electrolytes, and then increases 
with increasing salt concentration. As expected given ion-ion and ion-solvent interactions, the 
thermodynamic factor indicates all three solvents are nonideal.  

Given the similarity in 𝑇" shown in Figure 5.8, changing solvent chain length does not seem to 
have a strong thermodynamic effect. As discussed previously in Figures 5.2d and 5.4d, there are 
changes to the bulk transport properties, 𝜅 and 𝐷, with increasing chain length that are not easily 
explained by changes in the neat solvent viscosity. 𝐷 is influenced by both viscosity and 
thermodynamics. However, the similarity in measured thermodynamic factor also seems to 
indicate that thermodynamics don’t explain trends in 𝜅 or 𝐷 with increasing chain length. Given 
the nonmonotonic trends in the solvent velocity and the transference number, it is likely that there 
are substantial differences in how lithium is solvated and transported in these three electrolyte 
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systems. Changes to the mechanism of ion conduction could explain why the 𝜅𝜂* and 𝐷𝜂* increase 
with increasing chain length. Additional information about the influence of salt concentration on 
viscosity and additional MD simulations could elucidate trends in transport mechanisms with 
increasing chain length for these glyme-based electrolytes.  

 

Figure 5.8. Thermodynamic factor, 𝑇%, plotted as a function of salt concentration, 𝑟, for TG, PG, and OG. 𝑇% was 
calculated using 𝑑𝑈/𝑑𝑙𝑛(𝑚) determined from a finite difference method. Data used to calculate 𝑇% for TG and PG 
was measured at 30°C and data used to calculate 𝑇% for OG was measured at 60°C.  

5.5 Conclusions 
In this work, we have fully characterized three glyme-based liquid electrolytes with various solvent 
chain lengths. Chain length strongly impacts conductivity and salt diffusion coefficient, properties 
which reflect the total movement of ions via migration or diffusion. Increases in the solvent 
viscosity with increasing chain length do not fully explain reductions in conductivity and diffusion. 
Species’ velocities measured via eNMR also decrease with increasing chain length. However, 
cation transference numbers determined using eNMR are similar in magnitude across all three 
glymes and all solvents have a characteristic “V shaped” dependence on salt concentration. We 
define a simple critical salt concentration, 𝑟,, which is the inverse of the number of oxygens 
involved in the solvation of lithium cations. Based on solvation motifs predicted from molecular 
dynamic simulations, the critical salt concentration agrees well with experimental minimums in 
the transference number. Below this salt concentration, more solvent is available than salt. Above 
this salt concentration, more salt is available than solvent. The critical salt concentration reflects a 
transition in how the cation is solvated, and above this concentration, there is likely an increase in 
anion involvement in solvation. The differences in minimums in 𝑡!*  between the three solvents 
reflect three methods of cation solvation and ion movement.  
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5.7 Supporting Information 
5.7.1 Synthesis of Pentaglyme 
Pentaethylene glycol was obtained from Sigma-Aldrich and used as received. 5g of pentaethylene 
glycol were added to a 100 mL round bottom flash and dissolved in 25 mL of anhydrous 
tetrahydrofuran (THF). The round bottom flash was brought into an argon glovebox, where 2.0 
grams of sodium hydride were slowly added to the pentaethylene glycol/THF mixture while 
stirring. The reaction was stirred for 2 hours. After, the round bottom flash was capped with a 
rubber stopper and removed from the glovebox. 9.0 grams (~4 mL) of methyl iodide were then 
added, slowly while stirring. The reaction was left stirring overnight at room temperature. The 
reaction scheme is shown in Figure S5.9. 

 

 

Figure S5.9. Reaction scheme for synthesis of pentaethylene glycol dimethyl ether (pentaglyme) from pentaethylene 
glycol using sodium hydride and methyl iodide.  

5.7.2 Purification of Pentaglyme 
10 mL of DI water was added to the round bottom flask. The THF was evaporated and an additional 
10 mL of DI water was added to the residue. The pentaethylene glycol dimethyl ether (pentaglyme) 
was extracted using chloroform three times. The chloroform mixture was then dried using sodium 
sulfate salt and then the chloroform was evaporated. The product was dried in the fume hood 
overnight. The product was redissolved in chloroform and passed through aluminum oxide to 
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remove the orange color. The chloroform was then removed and the product was left to dry in the 
fume hood overnight. The compound was confirmed using 1H NMR. (Figure S5.10). The 
octaglyme was then fully dried under active vacuum in a glovebox antechamber at 60°C for three 
days.  

 

Figure S5.10. 1H NMR spectra for synthesized pentaethylene glycol dimethyl ether. There are three main peaks in the 
spectra corresponding to the three chemical environments for protons in the pentaglyme molecule. Going left to right, 
the first peak corresponds to the 16 central backbone hydrogens, the second peak corresponds to the 4 backbone 
hydrogens closest to the ends of the chain, and the third peak corresponds to the 6 methyl hydrogens at the end of the 
molecule. This third peak needs to integrate to near 6 to indicate all of the terminal -H atoms have been replaced with 
-CH3 groups.  

5.7.3 Synthesis of Octaglyme 
Octaethylene glycol was obtained from Sigma-Aldrich and used as received. 5g of octaethylene 
glycol were added to a 200 mL round bottom flash and dissolved in 50 mL of anhydrous 
tetrahydrofuran (THF). The round bottom flash was brought into an argon glovebox, where 1.3 
grams of sodium hydride were slowly added to the octaethylene glycol/THF mixture while stirring. 
The reaction was stirred for 2 hours. After, the round bottom flash was capped with a rubber 
stopper and removed from the glovebox. 5.7 grams of methyl iodide (~2.5 mL) were then added, 
slowly while stirring. The reaction was left stirring overnight at room temperature. The reaction 
scheme is shown in Figure S5.11. 
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Figure S5.11. Reaction scheme for synthesis of octaethylene glycol dimethyl ether (octaglyme) from octaethylene 
glycol using sodium hydride and methyl iodide. 

5.7.4 Purification of Octaglyme 
10 mL of DI water was added to the round bottom flask. The THF was evaporated and an additional 
10 mL of DI was added to the residue. The octaethylene glycol dimethyl ether (octaglyme) was 
extracted using chloroform three times. The chloroform mixture was then dried using sodium 
sulfate salt and then the chloroform was evaporated. The product was dried in the fume hood 
overnight. The product was redissolved in chloroform and passed through aluminum oxide to 
remove the orange color. The chloroform was then removed and the product was left to dry in the 
fume hood overnight. The compound was confirmed using 1H NMR. (Figure S5.12). The 
octaglyme was then fully dried under active vacuum in a glovebox antechamber at 60°C for three 
days.  
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Figure S5.12. 1H NMR spectra for synthesized octaethylene glycol dimethyl ether. There are three main peaks in the 
spectra corresponding to the three chemical environments for protons in the octaglyme molecule. Going left to right, 
the first peak corresponds to the 28 central backbone hydrogens, the second peak corresponds to the 4 backbone 
hydrogens closest to the ends of the chain, and the third peak corresponds to the 6 methyl hydrogens at the end of the 
molecule. This third peak needs to integrate to near 6 to indicate all of the terminal -H atoms have been replaced with 
-CH3 groups. 

5.7.5 Concentrations of LiTFSI/tetraglyme, LiTFSI/pentaglyme, and LiTFSI/octaglyme 
Table S5.1. Salt concentrations tetraglyme, pentaglyme, and octaglyme electrolytes in units of 𝑟 and molality, 𝑚. 

Tetraglyme (TG) Pentaglyme (PG) Octaglyme (OG) 

𝑟 ([Li+/O]) 𝑚 
(mol/kg) 𝑟 ([Li+/O]) 𝑚 

(mol/kg) 𝑟 ([Li+/O]) 𝑚 
(mol/kg) 

0.008 0.18 0.0083 0.188 0.027 0.610 

0.016 0.36 0.0333 0.751 0.063 1.424 

0.032 0.72 0.0667 1.446 0.093 2.102 

0.048 1.08 0.0833 1.877 0.135 3.052 

0.064 1.45 0.1167 2.628 0.165 3.730 

0.08 1.79 0.16 3.605   

0.096 2.16 0.20 4.506   

0.112 2.52     

0.128 2.89     
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0.136 3.06     

0.16 3.60     

0.20 4.54     

0.24 5.40     
 

5.7.6 Viscosity for Neat Solvents as a Function of Temperature 
Table S5.2. Viscosity for neat tetraglyme, pentaglyme, and octaglyme as a function of temperature. 

Tetraglyme (TG) Pentaglyme (PG) Octaglyme (OG) 

𝑇 (°C) 𝜂 (mPa ∙ s) 𝑇 (°C) 𝜂 (mPa ∙ s) 𝑇 (°C) 𝜂 (mPa ∙ s) 

0 7.19±0.04 0 20.04±0.07 30 14.92±0.10 

5 6.01±0.04 10 16.17±0.08 45 9.174±0.04 

10 5.19±0.04 20 13.28±0.06 60 6.18±0.06 

20 3.95±0.04 30 9.36±0.03   

30 3.08±0.00 40 6.88±0.00   

40 2.48±0.00 50 4.19±0.01   

50 2.05±0.00 60 3.31±0.01   

60 1.71±0.01 70 2.77±0.00   

70 1.46±0.01 80 2.38±0.02   

80 1.29±0.01 90 2.10±0.02   

90 1.15±0.01 100 1.88±0.01   

100 1.10±0.01     
 

5.7.7 Comparison of Octaglyme Velocities with Extrapolated Tetraglyme Velocities at 
60°C 

In this portion of the SI, we plot species’ velocities measured using eNMR plotted as a function of 
salt concentration, 𝑟, for octaglyme (OG) and tetraglyme (TG) at 60°C for the a) cation, 𝑣!, b) 
anion, 𝑣+, c) solvent, 𝑣*, and d) the ratio between 𝑣* and 𝑣!. TG data is estimated by extrapolating 
previously published velocity data at 15, 30, and 45°C. 
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Figure S5.13. Species’ velocities measured using eNMR plotted as a function of salt concentration, r, for octaglyme 
(OG) and tetraglyme (TG) at 60°C for a) cation, 𝑣$, b) anion, 𝑣5, c) solvent, 𝑣4, and d) the ratio between 𝑣4 and 𝑣$. 
TG data is estimated by extrapolating previously published velocity data at 15, 30, and 45°C. 

5.7.8 d𝑈/d𝑙𝑛m Determined Using an Exponential Function and the Thermodynamic 
Factor  

Fitting of concentration cell data can somewhat impact the quantitative values of d𝑈/d𝑙𝑛m and 
the thermodynamic factor, 𝑇". For completeness, we show an additional method to fit the 
concentration cell data using an exponential function, 𝑈 = 𝑎 − 𝑏𝑒,!-(./#). The values for 
dU/d𝑙𝑛m are shown in Figure S5.14 and the values of 𝑇" determined using this method are given 
in Figure S5.15. The values of 𝑇" are higher using this method but qualitatively similar to trends 
in 𝑇" found using a finite difference method for dU/d𝑙𝑛m. 
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Figure S5.14. The derivative, 𝑑𝑈/𝑑𝑙𝑛𝑚, plotted as a function of 𝑙𝑛(𝑚), determined using an exponential fit, 𝑈 = 𝑎 −
𝑏𝑒6$7(9:&). 

 

Figure S5.15. Thermodynamic factor, 𝑇%, plotted as a function of salt concentration, 𝑟, for TG, PG, and OG. 𝑇% was 
calculated using 𝑑𝑈/𝑑𝑙𝑛𝑚 determined from an exponential. Data used to calculate 𝑇% for TG and PG was measured 
at 30°C and data used to calculate 𝑇% for OG was measured at 60°C. 

5.8 Nomenclature 
𝑛 Number of repeat units 
𝜅 Ionic conductivity (S cm-1) 
𝐷 Salt diffusion coefficient (cm2 s-1) 
𝑡!*  Cation transference number with respect to the solvent velocity 
𝑇" Thermodynamic factor 
𝑟 Measure of ratio of lithium ions to oxygen atoms in solvent, ([Li+]/[O] 
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𝑚 Molality (mol kg-1) 
𝜂 Viscosity 
𝑅' Series resistance (Ω) 
𝜏 Tortuosity of separator 
𝜑, Volume fraction of conducting phase in separator 
𝑙 Thickness of the separator (cm) 
𝐴 Area of electrodes (cm2) 
𝜌! Current fraction 
𝛥𝑉 Applied voltage (V) 
𝐼'' Steady-state current (mA) 
𝐼3 Initial current calculated via Ohm’s law, 𝐼3 = 𝛥𝑉/𝑅L (mA) 
𝑅1,* Initial interfacial resistance (Ω) 
𝑅1,'' Steady-state interfacial resistance (Ω) 
𝑈 Open circuit potential (mV) 
𝑘* Offset voltage (mV) 
𝑎 Fit parameter for restricted diffusion 
𝑏 Fit parameter for restricted diffusion 
𝑡 Time (s) 
𝐷' Salt diffusion coefficient through the separator (cm2 s-1) 
𝛼 Minimum time cutoff for restricted diffusion 
𝑣! Cation velocity (µm cm-1)  
𝑣+ Anion velocity (µm cm-1) 
𝑣* Solvent velocity (µm cm-1) 
𝑟, Critical salt concentration 
𝛾!+ Mean molar activity coefficient 
𝐹 Faraday’s constant (C mol-1) 
𝑅 Universal gas constant (8.314 J mol-1 K-1) 
𝑇 Temperature  
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6 Ion Transport Characterization in a Highly Concentrated, Glyme-Based 
Electrolyte  

6.1 Abstract 
Highly concentrated electrolytes may offer many advantages over conventional electrolytes with 
salt concentrations near 1M, which are designed to optimize ionic conductivity. Concentrated 
electrolytes are fully described by two additional transport properties – salt diffusion coefficient 
and cation transference number with respect to the solvent velocity – and a thermodynamic factor. 
Highly concentrated electrolytes conduct ions using distinct mechanisms from conventional 
electrolytes. Glyme-based electrolytes, due to the strong solvation of cations via ether oxygens and 
their high viscosity, seem to have very concentration dependent transport properties. In this work, 
we have fully characterized a simple binary electrolyte containing LiTFSI salt dissolved over a 
wide salt concentration range, 0.008 < 𝑟 < 0.24. We use a combination of electrochemical 
methods with electrophoretic NMR, which enables precise determination of the cation transference 
number and thermodynamic property. Conductivity and salt diffusion are low at high salt 
concentration and the transference number is near or below zero. The measured transport 
properties are used to predict steady-state concentration and potential gradients that will form in 
response to passed current. We find that increasing salt concentration has a very strong and 
deleterious impact on the magnitude of concentration and potential gradients. Less efficient ion 
transport at high salt concentrations remains one of the large drawbacks of these highly 
concentrated systems.  

6.2 Introduction 
The reactivity of all conventional liquid electrolytes against lithium metal has prevented the 
adoption of liquid-based lithium metal batteries.130,131 Even in the context of graphite-based 
lithium-ion batteries, the reactivity of the electrolyte poses a challenge in extreme use cases, such 
as fast charging or low temperature cycling. There has been much interest in studying highly 
concentrated electrolytes (HCEs) as a stable and effective electrolyte alternative.132–136 All 
practical battery electrolytes are concentrated solutions as they have a variety of ion-ion and ion-
solvent interactions, therefore not fulfilling requirements of a dilute solution.5 In the literature, 
HCEs generally refer to electrolytes with salt concentrations well above the standard ~1M.  Studies 
involving HCEs with salt concentrations up to 5M have demonstrated improved stability, 
cyclability, and Coulombic efficiency compared to low concentration electrolytes.137–140 This 
improved stability has been attributed to many factors, including the enhanced electrochemical 
stability window, the reduction in free solvent molecules, and increased charge carrier 
density.132,138 Due to the high availability of salt and reductions in parasitic reactions with the 
solvent, these electrolytes are less reactive against lithium metal.135,138,141 Reactivity at the 
electrodes is also suspected to occur due to salt depletion, which may be prevented in highly 
concentrated systems.117,120 

Concentrated electrolytes are fully described in Newman’s concentrated solution theory5 by a 
thermodynamic factor, 𝑇", and three transport properties – ionic conductivity, 𝜅, salt diffusion 
coefficient, 𝐷, and the cation transference number, 𝑡!* . Although there is much interest on how 
highly concentrated electrolytes might improve cycling performance and potentially enable 
lithium metal batteries, there has not been much work done to study the transport properties of 
liquid electrolytes at high concentrations.142 Due to the abundance of salt and high viscosity of 



 
 

89 
 

these electrolytes, ion transport is expected to occur via entirely different mechanisms compared 
to low concentrations.143 We are interested in understanding how the transport and 
thermodynamics of liquid electrolytes is impacted at high concentrations. Glyme-based 
electrolytes are an interesting candidate to evaluate the impact of concentration on transport 
properties, as a significant body of work exists evaluating the solvation structure of glymes 
containing lithium salts.15,25–29 Research has specifically focused on distinguishing between 
electrolytes that function as concentrated solutions or as solvate ionic liquids (SILs).18,30–34 This 
classification is entirely salt concentration dependent. 

In this work, we have characterized a simple glyme-based liquid electrolyte, lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt dissolved in tetraethylene glycol dimethyl ether 
(tetraglyme) at 30°C. Previous work has reported transport and thermodynamic properties up to 
𝑚 = 2.52 mol/kg.89 This work reports transport and thermodynamic properties above this 
concentration up to 5.34 mol/kg. We use a combination of electrochemical measurements and 
electrophoretic NMR (eNMR) to fully characterize this electrolyte, in accordance with previously 
published results.89,123 eNMR allows precise determination of the cation transference number by 
directly measuring electric-field-induced cation, anion, and solvent velocities.10,12,58,122,144 All 
measured transport properties substantially decrease at high salt concentrations. We use measured 
transport and thermodynamic properties to predict concentration and potential gradients based on 
concentrated solution theory. Highly concentrated electrolytes are predicted to have much worse 
concentration polarization, which may impact their efficacy in battery applications.  

6.3 Experimental 
6.3.1 Electrolyte Preparation 
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt was obtained from Sigma-Aldrich and 
dried in a glovebox antechamber under active vacuum for three days at 100°C. Tetraethylene 
glycol dimethyl ether (tetraglyme) was obtained from Sigma-Aldrich and dried in a glovebox 
antechamber under active vacuum for three days at 60°C. To make electrolytes, a given mass of 
LiTFSI salt was dissolved in a given volume of tetraglyme and stirred overnight at 25°C. 
Electrolytes were prepared in an argon glovebox, with oxygen and water levels kept below 1 ppm. 
The concentrations of electrolytes prepared ranged between 0.008 < 𝑟 < 0.24, where 𝑟 describes 
the ratio of lithium ions in LiTFSI to ether oxygens in tetraglyme, 𝑟  = ([Li+]/[O]). The equivalent 
values of salt concentration in terms of molality (moles of LiTFSI per kilogram of tetraglyme), 𝑚,  
are provided in Table 6.1.  

6.3.2 Conductivity 
Conductivity was measured using a conductivity probe (Mettler Toledo InLab-751) with platinum 
blocking electrodes. Temperature was measured using the probe and maintained at 30°C ± 1°C for 
the duration of the measurement. Prior to measurement, the conductivity probe was calibrated 
using a 1413 µS/cm potassium chloride conductivity standard. 

6.3.3 Current Fraction and Restricted Diffusion 
Lithium-LiTFSI/tetraglyme-lithium symmetric cells were assembled in coin cells. Five or ten 
Celgard 2500 separators were soaked in electrolyte and stacked in between lithium chips (MTI 
Corp., 14 mm in diameter and 600 µm thick). The cell stack was topped with a stainless steel shim 
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and a wave spring before crimping in 2032 coin cells. Cells were made in triplicate for each salt 
concentration and thickness. Polarization experiments were conducted in an environmental 
chamber (JEIO Tech) to maintain a temperature setpoint of 30°C. This temperature was 
corroborated by a thermocouple.   

Cells were preconditioned to establish a stabilize the interface. Preconditioning involved a four 
hour positive polarization of 0.02 mA/cm2, a one hour rest, a four hour negative polarization of 
0.02 mA/cm2, followed by another one hour rest.  Six conditioning cycles were applied, or until 
the interfacial resistance was stabilized. After preconditioning, the current fraction was measured 
in accordance with the Bruce-Vincent method.41–43 The cell was polarized at 𝛥𝑉 = 10 mV, -10 
mV, 20 mV, and -20 mV, ensuring measurements were independent of the applied potential. The 
steady-state current, 𝐼'', was measured for one hour and impedance measurements were taken 
every 20 minutes, including before and after polarization. The current fraction was determined in 
accordance with equation 6.1. 41–43 

 
𝜌! =

𝐼''
𝐼3
U
𝛥𝑉 − 𝐼3𝑅1,*
𝛥𝑉 − 𝐼''𝑅1,''

V. (6.1) 

𝑅1,* is the initial interfacial resistance before polarization and 𝑅1,'' is the interfacial resistance 
measured after 𝐼'', the steady-state current, has been reached. 𝐼5 is the initial current in the cell, 
calculated assuming Ohm’s law is valid at the first instance of polarization.  𝐼5 was determined by 
dividing the applied potential, 𝛥𝑉, by the total resistance in the cells, found by summing the initial 
bulk and interfacial resistances in the cell.  

The diffusion coefficient was measured in a restricted diffusion experiment.54 After polarization 
to determine the current fraction, cells were allowed to relax for one hour while the open circuit 
potential, 𝑈, was measured every 0.5 seconds. This relaxation describes the relaxation of the 
concentration gradient in the cell. 𝑈 was fit to an exponential, 𝑈(𝑡) = 𝑘* + 𝑎𝑒+67. 𝑘* is an offset 
voltage and 𝑎 and 𝑏 are fit parameters. The exponent fitting parameter,  𝑏,  is related to the 
diffusion coefficient through the separator, 𝐷', via 𝐷' =

."6
8"

. 𝑈 is fit to a relaxation time window 

depending on the thickness of the cells. All cells are fit to an initial time cutoff of 𝛼 = 9#7
."
> 0.03 

to ensure the fit is independent of the shape of the concentration gradient formed during 
polarization.55 For the five Celgard cells (125 µm thick), 𝐷' was obtained by fitting the first 15 
minutes of relaxation. For the 10 Celgard cells, 𝐷' was obtained by fitting the first 60 minutes of 
relaxation. The data was analyzed for different time periods of relaxation because increasing the 
thickness by a factor of two results in a fourfold increase in characteristic decay time. Fitting cells 
with different thicknesses to the same decay time resulted in discrepancies in 𝐷'. This was 
especially true for the least concentrated salt concentrations, which decay faster than more 
concentrated electrolytes. The salt diffusion coefficient, 𝐷, was calculated by correcting for the 
tortuosity of the separator, 𝜏, via 𝐷 = 	𝜏𝐷'. The tortuosity of Celgard 2500 is 2.93, as has been 
previously reported.   

6.3.4 Concentration Cells 
Concentration cell experiments40,89 were conducted in custom made glass U-cells (Adams and 
Chittenden, Berkeley, CA). containing a porous glass frit  with an average pore size of 1.0-1.6 µm. 
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The porous glass frit separates the two chambers and prevents rapid mixing. One side of the U-
cell was filled with a reference electrolyte (𝑟 = 0.064) and the other side was filled with a test 
concentration. Equal volumes of electrolyte were added to each side of the concentration cell to 
equilibrate the heights between the two chambers and minimize pressure differences. The open 
circuit potential, 𝑈, was measured using lithium electrodes submerged into each side of the of the 
U-cell for one hour. The positive electrode was connected to the reference electrolyte so that a 
positive potential was measured when 𝑚0 > 𝑚. At least two measurements were taken for each 
test concentration. Concentration cells were maintained at a temperature of  30°C ± 1°C during 
the experiment.  

6.3.5 Electrophoretic NMR  
Description of electrophoretic NMR (eNMR) experiments has been reported elsewhere.92–94 
Details and methods of instrumentation, experimentation, calibration, and interpretation of data 
used in this work has been previously reported.90,123 Samples were prepared in an argon glovebox 
by filling a dried eNMR cell with a given electrolyte. Cation, anion, and solvent velocities were 
measured using 7Li, 19F, and 1H NMR experiments, respectively. Experiments were conducted at 
30°C ± 1°C.  

6.4 Results and Discussion 
Table 6.1. Salt concentrations for tetraglyme electrolytes in units of 𝑟 and molality, 𝑚. 

𝑟 ([Li+/O]) 𝑚 
(mol/kg) 𝑟 ([Li+/O]) 𝑚 

(mol/kg) 

0.008 0.18 0.128 2.89 

0.016 0.36 0.136 3.06 
0.032 0.72 0.16 3.60 

0.048 1.08 0.168 3.78 
0.064 1.45 0.184 4.14 

0.08 1.79 0.20 4.54 
0.096 2.16 0.208 4.67 

0.112 2.52 0.24 5.40 
 

In Figure 6.1, we plot conductivity, 𝜅, as a function of salt concentration, 𝑟. Grey data has been 
previously published and blue data is new to this work. 𝜅 shows a nonmonotonic dependence on 
𝑟. Below 𝑟 = 0.064, conductivity increases due to an increase in charge carriers. Above 𝑟 = 0.064, 
conductivity decreases due to frictional effects. This continues throughout the high concentration 
range, and at the highest salt concentration, 𝑟 = 0.24, the conductivity is less than at the lowest salt 
concentration. The high amount of charge carriers competes with the high viscosity of 
concentrated electrolytes. This trend highlights one of the issues with high concentration 
electrolytes. Generally, high conductivity is necessary for battery electrolytes for pushing high 
currents and minimizing concentration gradients and concentration overpotentials. Such low 
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conductivity at high concentrations may impact adoptability of high concentration electrolytes. 
This may be a significant concern for certain applications, such as low temperature use, due to the 
combination of high viscosity from low temperatures and high salt concentrations. 

 

Figure 6.1. Ionic conductivity, 𝜅, of LiTFSI/tetraglyme as a function of salt concentration, 𝑟, measured using a 
conductivity probe.  

The relationship between viscosity and conductivity is well understood and a known problem for 
highly concentrated electrolytes.77,95,96,145 However, other transport properties are not as well 
reported in the literature, especially at high salt concentrations. In Figure 6.2, we plot the current 
fraction, 𝜌!, as a function of salt concentration. Grey data has been previously published and blue 
data is new to this work. 𝜌! is highest at the lowest salt concentration and decreases slightly with 
increasing salt concentration. In the high concentration range (above 𝑟 = 0.128), 𝜌! is small and 
always less than 0.12. For this electrolyte, 𝜌! is small, equal to or less than 0.20 above 𝑟 = 0.016. 
In Figure 6.2b, we plot the effective conductivity, 𝜅𝜌!. This product is proportional to the current 
that would be obtained in the limit of a small, applied dc potential for this electrolyte.7 𝜅𝜌! has a 
nonmonotonic dependence on salt concentration, but above 𝑟 = 0.032, 𝜅𝜌! continuously decreases. 
The effective conductivity at the highest salt concentrations is much lower than the peak 𝜅𝜌! value 
by about a factor of 16. Reductions in both conductivity and current fraction with increasing salt 
concentration compound and indicate in the limit of small potentials, electrolyte performance is 
expected to be worse at high concentrations. 
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Figure 6.2. a) Current fraction, 𝜌$ for LiTFSI/tetraglyme as a function of salt concentration, 𝑟, obtained using Bruce-
Vincent polarization experiments. b) The effective conductivity, 𝜅𝜌$, shown as a function of 𝑟. 

In Figure 6.3, we plot salt diffusion coefficient, 𝐷, measured via restricted diffusion as a function 
of salt concentration. Grey data has been previously published and blue data is new to this work. 
We note error in the lower concentration range is higher than in the higher concentration range. 
This may be because it is more difficult to capture the faster relaxation of concentration gradients 
at these low salt concentrations, leading to more spread in the data. Salt diffusion coefficient 
decreases as salt concentration increases. Like with conductivity, increasing frictional effects slow 
diffusion of ions within the electrolyte at higher concentrations.  

 

Figure 6.3. Diffusion coefficient, 𝐷, of LiTFSI/tetraglyme as a function of salt concentration, 𝑟, obtained from 
restricted diffusion experiments.  
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The open circuit voltage, 𝑈, measured in concentration cells is plotted as a function of ln(𝑚). The 
reference electrolyte used here is 𝑟 = 0.064. 𝑈 monotonically decreases with increasing ln(𝑚). In 
the high concentration regime, 𝑈 decreases more sharply compared to the low concentration range.  

 

Figure 6.4. Open circuit potential, 𝑈, measured in concentration cell experiments, as a function of salt concentration, 
𝑟.  

We use electrophoretic NMR to directly determine the cation transference number instead of 
traditional electrochemical methods.6,37,53 eNMR directly measures species’ velocities under an 
applied electric field and these results are shown in Figure 6.5. In Figure 6.5a, we plot species 
velocities determined from eNMR. Previously published data (0.008 < 𝑟 < 0.112) is shown with 
faded markers. The cation, 𝑣!, and anion, 𝑣+, velocities continuously decrease with increasing salt 
concentration. This magnitude of this decrease is highest at the lowest salt concentrations. Species 
velocities, similar to conductivity and diffusion coefficient, are affected by frictional effects of 
increasing solution viscosity. The solvent velocity, 𝑣*, however, has a nonmonotonic dependence 
on salt concentration. Up until 𝑟 = 0.08, 𝑣* increases with increasing salt concentration. At 𝑟 = 
0.08, the solvent velocity is faster than the cation velocity. Beyond 𝑟 = 0.08, 𝑣* decreases. The 
solvent has a velocity under an applied electric field due to ion-solvent interactions. As has been 
previously reported, ion-solvent interactions increase with increasing salt concentration in the low 
concentration regime and increase electroosmotic drag of the solvent, which causes this increase 
in 𝑣*.58 Ion-ion and ion-solvent interactions continue to change at higher salt concentrations. 
Notably, there are fewer solvent molecules available to solvate cations and molecular dynamic 
simulations indicate anions interact more with the cation.146 The decrease in 𝑣* above 𝑟 = 0.08 is 
likely due to frictional effects, as seen with 𝑣! and 𝑣+. At the highest concentration, we see a 
convergence of species’ velocities. At higher concentration, larger solvation structures and more 
complex ion clustering is expected. Similar species’ averaged velocities at these high 
concentrations reflect greater ion-ion and ion-solvent interactions, with more cations, anions, and 
solvents migrating together. At the highest salt concentration, 𝑟 = 0.24, we see the solvent velocity 
is again faster than the cation.  
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 The cation transference number with respect to the solvent velocity, 𝑡!* , can be determined 
from species’ velocities via equation 6.2.13 

 
𝑡!* =

𝑣! − 𝑣*
𝑣! − 𝑣+

. (6.2) 

We plot 𝑡!*  as a function of salt concentration in Figure 6.5b. Grey data has been previously 
published and blue data is new to this work. The transference number represents the proportion of 
the current carried by the cation relative to the solvent velocity in an electrolyte of uniform 
composition. Generally, high transference numbers (𝑡!*  > 0.5), signaling the majority of the current 
is carried by the working ion, are considered desirable. The LiTFSI/tetraglyme electrolyte has low 
transference numbers across the concentration range. 𝑡!*  is highest at the lowest salt concentration, 
decreases until a minimum of -0.16 is reached at 𝑟 = 0.08, increases until 𝑟 = 0.16, and then 
decreases across the rest of the high concentration regime. 𝑡!*  is strongly affected by the magnitude 
of solvent velocity. At the two points where the solvent velocity is faster than the cation velocity 
(at 𝑟 = 0.08 and 𝑟 = 0.24), we obtain negative transference numbers. The nonmonotonic 
dependence of 𝑡!*  on 𝑟 is due to changes in solvation motifs with increasing salt concentration.58,146  

 

Figure 6.5. Electrophoretic NMR results for LiTFSI/tetraglyme showing a) cation, 𝑣$, anion, 𝑣5, and solvent, 𝑣4, 
velocities and b) cation transference numbers with respect to the solvent velocity as a function of salt concentration, 
𝑟.  

Transference numbers from eNMR can be combined with concentration cell experiments to 
determine the thermodynamic factor, 𝑇", using equation 6.3.5  

 𝑇" = 	1 +
𝑑ln𝛾!+	
𝑑ln𝑚 = −

𝐹
2𝑅𝑇(1 − 𝑡!*)

𝑑𝑈
𝑑ln𝑚 (6.3) 

Here, 𝛾!+ is the mean molal activity coefficient of the salt, and 𝑑𝑈/𝑑ln𝑚 describes the change in 
𝑈 measured in concentration cells with respect to ln𝑚. In Figure 6.6, we plot 𝑇" as a function of 
𝑟. 𝑑𝑈/𝑑ln𝑚 can be determined using multiple fitting methods. Here, we use a finite difference 
method as has been previously described.89 Fitting can somewhat impact the magnitude of 𝑇", and 
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this seems to matter more at the extremes of the data set. For this reason, we plot 𝑇" determined 
from the finite difference method and an exponential fit, 𝑈 = 𝑎 − 𝑏𝑒,!-(./#). The thermodynamic 
factor describes the ideality of an electrolyte. If the electrolyte were ideal, 𝑇" would be 1 across 
the entire salt concentration range. 𝑇" is expected to be 1 in the limit of infinite dilution, decrease 
in the low concentration range due to Debye-Huckel interactions, and increase at higher 
concentrations due to increasingly complex interactions between cations, anions, and solvent 
molecules. This increase in the high concentration regime reflects the nonideality of such highly 
concentrated systems.  

 

Figure 6.6. Thermodynamic factor, 𝑇%, as a function of salt concentration, 𝑟. 𝑇% is calculated using two methods of 
determining 𝑑𝑈/𝑑𝑙𝑛𝑚, including a finite difference method and an exponential fit.  These fitting methods give slightly 
different, but qualitatively similar results in the high concentration range. 𝑇% is unity in the limit of infinite dilution.  

The measured transport and thermodynamic properties can be used to model steady-state 
concentration and potential gradients in response to the passage of current. Concentration gradients 
can be modeled using equation 6.4.14,102  

 
K

𝑐(𝑟)𝐷(𝑟)
𝑟𝜏{1 − 𝑡!*(𝑟)|

	𝑑𝑟 =
0(%)

0(%O*)

𝑖''𝐿
𝐹𝑧+𝜈+

]
𝑥
𝐿^, 

(6.4) 

𝑐 is the salt concentration in units of molarity (mol/cm3), 𝑡!*  is the cation transference number 
determined from eNMR, 𝑖'' is the applied steady-state current, 𝐿 is the electrolyte thickness, 𝐹 is 
Faraday’s constant, 𝑧+ is the charge number of the anion, 𝜈+ is the number of anions the salt 
dissociates into, and 𝑥/𝐿 is the relative position in the electrolyte. 𝑐, 𝐷, 𝑡!*  are fit to continuous 
functions and combined into one continuous, integrable function. Salt concentration data was taken 
from previously published data.147 More details about fitting of data for use in concentration 
gradient modeling can be found in Chapter 4. An initial guess for 𝑟(𝑥 = 0) is used to solve the 
integral iteratively for a given 𝑖'' and 𝐿 until the trapezoidal average across all positions of 𝑟(𝑥) 
= 𝑟$(. The concentration gradient for an applied length-normalized current density, 𝑖''𝐿, of 2.5 × 
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10-3 mA/cm for various salt concentrations is shown in Figure 6.7a. As salt concentration increases, 
the magnitude of the salt concentration gradient also increases.  

  

 

Figure 6.7. Results from modeling shown as a function of relative position in the electrolyte, 𝑥/𝐿 for for an applied 
length-normalized current density, 𝑖,,L, of 2.5 × 10-3 mA/cm. a) Modeled concentration gradients for various salt 
concentrations and b) modeled potential gradients for the same salt concentrations.  

The salt concentration gradient can be used to solve for the steady-state potential gradient, 𝛷'', via 
equation 6.5.14,102  

 
𝛷''(𝑥) = −𝐹𝑧+𝜈+K

𝑐(𝑟)𝐷(𝑟)
𝑟𝜙,𝜅(𝑟)𝜌!(𝑟){1 − 𝑡!*(𝑟)|

𝑑𝑟
0(%O*)

0(%OP)
 (6.5) 

Here, 𝛷'' refers to the potential of the positive electrode relative to the negative electrode. 𝜑, is 
the volume fraction of the separator. Modeled 𝛷'' results are shown in Figure 6.7b for 𝑖''𝐿, of 2.5 
× 10-3 mA/cm for the same salt concentrations as Figure 6.7a. 𝛷'' increases with increasing salt 
concentration. We further analyze this in Figure 6.8 and plot the length normalized potential, 
𝛷''/𝐿, as a function of salt concentration. 𝛷''/𝐿 has a nonmonotonic dependence on salt 
concentration and is minimized at 𝑟 = 0.048. This minimum corresponds to the maximum in 𝜅𝜌! 
and a relatively high 𝑡!* . In the high salt concentration regime, 𝛷''/𝐿 continuously increases with 
increasing salt concentration. At the highest modeled salt concentration, 𝑟 = 0.184, 𝛷''/𝐿 is ~16 
times greater than the minimum at 𝑟 = 0.048. Generally, minimizing salt concentration and 
potential gradients is considered desirable for electrolyte design, as large potential gradients limit 
the rate at which batteries can be charged or discharged. Gradients can be minimized by improving 
transport properties, such as through high conductivities and high transference numbers.148,149 At 
the highest salt concentrations, 𝜅, 𝐷, and 𝜌! are small and 𝑡!*  is near zero or negative, resulting in 
a maximum in 𝛷''/𝐿. As transport is worse at these highest concentrations, highly concentrated 
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electrolytes may exacerbate some of the existing challenges of liquid electrolytes, such as low 
transference numbers and strong concentration gradients.135,142 Although high concentration 
electrolytes are less reactive at lithium metal anodes and offer the promise of high voltage stability, 
the tradeoffs in bulk transport may impact their utility. Some solutions to these problems may 
involve the use of diluents or localized high concentration electrolytes (LHCEs), which take 
advantage of the benefits of highly concentrated electrolytes while keeping viscosity 
low.143,145,150,151  

 

Figure 6.8. Modeled length normalized potential, 𝛷,,/𝐿, shown as a function of average electrolyte salt concentration, 
𝑟'-.  

6.5 Conclusion 
In this work, we have fully characterized transport and thermodynamic properties of 
LiTFSI/tetraglyme over a wide concentration range, from 0.008 < 𝑟 < 0.24. All properties show 
a strong dependence on salt concentration. Conductivity, salt diffusion coefficient, and current 
fraction are reduced at high concentrations. The cation transference number determined using 
electrophoretic NMR has a nonmonotonic dependence on salt concentration, which reflects 
changes to solvation motifs with increasing salt concentration. Concentration and potential 
gradients, predicted using Newman’s concentrated theory, suggest the reduced transport properties 
at high concentrations will cause much stronger concentration gradients and concentration 
overpotentials. The benefits from high salt concentration electrolytes, namely high concentration 
of charge carriers, reduced proportion of free solvent molecules, and high electrochemical stability, 
may not offset the worsening of ion transport in the bulk of the electrolyte. As high viscosity is 
one of the main reasons attributed to worsened ion transport, the addition of low viscosity diluents 
may enable the practical use of highly concentrated electrolytes.  
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6.7 Nomenclature 
𝑇" Thermodynamic factor 
𝜅 Ionic conductivity (S cm-1) 
𝐷 Salt diffusion coefficient (cm2 s-1) 
𝑡!*  Cation transference number with respect to the solvent velocity 
𝑟 Measure of ratio of lithium ions to oxygen atoms in solvent 
𝑚 Molality (mol kg-1) 
𝛥𝑉 Applied voltage (V) 
𝐼'' Steady-state current (mA) 
𝜌! Current fraction 
𝑅1,* Initial interfacial resistance (Ω) 
𝑅1,'' Steady-state interfacial resistance (Ω) 
𝐼3  Initial current calculated via Ohm’s law, 𝐼3 = 𝛥𝑉/𝑅L (mA) 
𝑈 Open circuit potential (mV) 
𝑘* Offset voltage (mV) 
𝑎 Fit parameter for restricted diffusion 
𝑏 Fit parameter for restricted diffusion 
𝑙 Thickness of the separator (cm) 
𝑡 Time (s) 
𝐷' Salt diffusion coefficient through the separator (cm2 s-1) 
𝛼 Minimum time cutoff for restricted diffusion 
𝜏 Tortuosity of separator 
𝑣! Cation velocity (µm cm-1)  
𝑣+ Anion velocity (µm cm-1) 
𝑣* Solvent velocity (µm cm-1) 
𝛾!+ Mean molar activity coefficient 
𝐹 Faraday’s constant (C mol-1) 
𝑅 Universal gas constant (8.314 J mol-1 K-1) 
𝑇 Temperature (°C) 

𝑑𝑈/𝑑𝑙𝑛𝑚 Change in open circuit potential with respect to log of molality measured in a 
concentration cell experiment 

𝑐 Concentration of the salt (mol cm-3) 
𝑖''  Steady-state applied current density, used in concentration gradient modeling (mA 

cm-2) 
𝐿 Distance between electrodes, used in concentration gradient modeling 
𝑥/𝐿 Dimensionless position across the electrolyte, used in concentration gradient 

modeling 
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𝐹 Faraday’s constant (C mol-1) 
𝑧+ Anion charge number 
𝜈+ Number of anions the salt dissolves into 
𝑟$(  Average concentration of the electrolyte, used in concentration gradient modeling 
𝛷'' Potential of the positive electrode relative to the negative electrode during steady-

state polarization (V) 
𝜑,  Volume fraction of conducting phase in separator 
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7 Conclusions 
All practical battery electrolytes are composed of concentrated solutions that are difficult to fully 
characterize due to ion-ion interactions, cation solvation, and thermodynamic nonidealities. 
Although conductivity is often used as the primary metric to screen the viability of a given 
electrolyte, electrolytes are only fully described with two additional transport properties – the salt 
diffusion coefficient and cation transference number with respect to the solvent velocity – and a 
thermodynamic factor. Newman’s concentrated theory provides a framework to study these 
properties, which has been extensively used to describe polymer electrolytes. This methodology 
involves four independent experiments that can be combined to determine the cation transference 
number. Error from each experiments compounds and reduces precision in the derived transference 
number. Characterization of liquid electrolytes poses additional challenges because of the inherent 
reactivity against lithium metal. In this dissertation, we describe a new methodology to fully 
characterize liquid electrolytes. 

In Chapter 2, we presented a new methodology for characterizing bulk ion transport in liquid 
electrolytes that combines electrochemical experiments with electrophoretic NMR. We fully 
characterized an exemplar liquid electrolyte, LiTFSI salt dissolve in tetraglyme, using ac 
impedance spectroscopy to measure conductivity, restricted diffusion to measure salt diffusion 
coefficient, polarization experiments to measure current fraction, and concentration cells to 
measure the change in open circuit potential with respect to log of molality. In accordance with 
traditional methods, these four experiments were combined to give estimates of the transference 
number and thermodynamic factor. We then directly determined the cation transference number 
using measurements of cation, anion, and solvent velocities from electrophoretic NMR. 
Electrophoretic NMR more precisely determined cation transference numbers compared to 
electrochemical methods and additionally enabled precise determination of the thermodynamic 
factor. 

In Chapter 3, we extended the methodology established in Chapter 2 to investigate low temperature 
impacts on ion transport, which is a contemporary problem for various technologies involving 
lithium-ion batteries. We studied the same tetraglyme-based electrolyte over a wide temperature 
range from -20 to 45°C. Conductivity and salt diffusion coefficient both decreased with 
temperature, but the magnitude of this decrease strongly depended on salt concentration. The 
decrease in conductivity with temperature is almost entirely described by increases in electrolyte 
viscosity. The salt diffusion coefficient, however, is not, as the salt diffusion coefficient is 
dependent on both viscosity and thermodynamic effects. We found the product of viscosity and 
the Stefan-Maxwell diffusion coefficient, which is based on a thermodynamic driving force, is 
independent of both temperature and salt concentration. Measured cation, anion, and solvent 
velocities decreased monotonically with temperature. We find the cation transference number 
measured has a complex dependence on temperature that varies with salt concentration. The trends 
in the transference number are very dependent on trends in the measured solvent velocity, which 
can have a nonmonotonic dependence on temperature. This is attributed to changes in cation 
solvation with temperature. We found the thermodynamic factor was a weak function of 
temperature. Concentration and potential gradients predicted using the measured transport 
parameters and concentrated solution theory indicated concentration polarization is much more 
severe at cold temperatures. For a given applied potential, the resulting steady current was found 
to be 130-202 times less at -20°C relative to 45°C. 
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In Chapter 4, we returned to the discrepancy in transference numbers found from electrochemical 
techniques and electrophoretic NMR in Chapter 2. Current versus voltage characteristics of an 
electrolyte can be predicted using concentrated solution theory for a fully characterized electrolyte. 
The combination of electrochemical methods with electrophoretic NMR creates an abundance of 
information for modeling. In this work, we compared two methods of modeling – one based on 
transference numbers determined from electrochemical methods and one based on transference 
numbers from electrophoretic NMR. Electrochemical methods largely determine more negative 
transference numbers than electrophoretic NMR across all salt concentrations and temperatures. 
Modeled concentration gradients are much larger for electrochemical methods, attributed to the 
smaller, more negative transference numbers. However, both methods predicted remarkably 
similar potential gradients. At small potentials, these predictions agreed well with experiments. If 
characterization of this electrolyte was restricted to current-voltage relationships, it would be 
impossible to tell which value of the transference number is correct. Additional experiments, in 
the form of measured in situ concentration gradients or limiting current experiments, would be 
needed to uniquely determine the transference number.  

In Chapters 5 and 6, we used the established methodology to further study ion transport in glyme-
based electrolytes. In Chapter 5, we looked at the impact of chain length on ion transport for 
oligoether glyme solvents, including tetraglyme, pentaglyme, and octaglyme. We found that 
increasing chain length resulted in monotonic decreases in ion conductivities, salt diffusion 
coefficients, and the magnitude of species’ velocities measured via electrophoretic NMR. The 
cation transference number, however, was similar in magnitude across all electrolytes and had a 
characteristic “V shaped” dependence on salt concentration. The transference number was highest 
at the low salt concentrations, decreased with increasing salt concentration until a minimum was 
reached, and then increased in the higher concentration range. The minimum in the transference 
number corresponds to the maximum in solvent velocity, or when the maximum number of solvent 
molecules are involved in solvation. This value is well predicted by a simple critical salt 
concentration, which is the inverse of the number of oxygens involved in the solvation of one 
cation.  

In Chapter 6, we examined the impact of high salt concentration on transport and thermodynamic 
properties. Conductivity, salt diffusion coefficient, and current fraction were all reduced at high 
salt concentrations. The transference number was found to have a nonmonotonic dependence on 
salt concentration but was near or below zero at high salt concentrations. Worsened transport at 
high salt concentrations negatively impacted modeled salt concentration and potential gradients. 
Concentration polarization increases with increasing salt concentration. High viscosity at high salt 
concentrations is one of the main factors worsening ion transport.  
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