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Complete Characterization of a Lithium Battery Electrolyte using a
Combination of Electrophoretic NMR and Electrochemical Methods

Darby T. Hickson,"? David M. Halat,'? Alec S. Ho,'? Jeffrey A. Reimer,'? Nitash P. Balsara'?

'"Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States
*Department of Chemical and Biomolecular Engineering, University of California, Berkeley,
Berkeley, California 94720, United States

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.

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.'
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,” complete characterization implies knowledge of the thermodynamic factor and three
transport parameters — conductivity, k, salt diffusion coefficient, D, and the cation transference
number with respect to the solvent velocity, 7, ;. Conductivity and salt diffusion coefficient are
relatively easy to measure: K is measured by ac impedance spectroscopy and D is measured by
restricted diffusion. Data from each of these experiments can be used to determine k¥ 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.*’ Similar difficulties apply to the thermodynamic factor.

The thermodynamic factor, T, is defined as’



T,=l+dIn i ¢ (1)

where V-.;, 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,* shown schematically in Figure 1. The cell comprises two compartments
separated by a porous glass frit. Two solutions at different molalities, 7 and,, are placed in the
two compartments, and the open circuit potential, U, is measured using lithium metal electrodes.
Care 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 -, is given by equation 2,

FU=2RT [ t 0,0 )

Equation 2 may be used to determine the dependence of V.., on m, but this requires knowledge
of the anion transference number, 7_,;, at all concentrations between 7, and m. This knowledge
is traditionally obtained by additional electrochemical experiments as demonstrated first by Ma
et al.’ In ref. 3, the additional experiment used was the current interrupt technique wherein a
constant current density, , is applied to a lithium-electrolyte-lithium symmetric cell for a short
period of time, f, and the open circuit potential right after the current is interrupted, U, is
measured as a function of applied current density. The slope of a plot of U.; versus it is
related to 7,,. 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, p..;, as the additional experiment for determining 7,»,.*
P+:1s defined as the ratio of the steady state current to the initial current measured in a lithium-
electrolyte-lithium symmetric cell. The importance of p.,; was recognized in the pioneering
works of Bruce and coworkers”'® and Watanabe and coworkers."" 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.'
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Figure 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.'*'* 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 seldom discussed. The expressions used to analyze the data from
symmetric cells to obtain Z, .., D, U, and p.,; 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.'>'® The application of electrophoretic NMR (eNMR) to electrolytes
is well established.'”?' eNMR directly measures the velocities of the cation, V..., anion, vV_;;, and
the solvent, Vo, under an applied electric field. It has been shown?* using concentrated solution
theory that

T 3)

The measured species’ velocities in equation 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, 7, ; 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; the uncertainty in 7,
thus obtained is also smaller than that obtained by combining three electrochemical experiments.
We also present measurements of k¥ using blocking electrodes, D using restricted diffusion, and



P+, using symmetric cells. This enables comparison of measured values of T, and 7,
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,'”?' 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 technique® that has been
used to image a variety of electrochemical cells to study phenomena such as electrode
expansion® and dendrite growth in cells containing both liquid®* and polymer electrolytes.”
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.

EXPERIMENTAL

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 7 is a measure of salt concentration corresponding to the ratio of
lithium ions to ether oxygens in 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 S1.

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 uS/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 um. 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:
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where 7 is the separator tortuosity, @, is the volume fraction of the conducting phase, ! is the
thickness of the separator, and A is the surface area of the electrodes. For Celgard 2500, ¢. is
taken as 0.55, the porosity according to the manufacturer. The utilization of two conductivity
measurements enables the determination of 7 for the Celgard separator:*® 7 = 2.93.

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 um (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/cm? for four
hours, letting the cell rest for one hour, and negatively polarizing the cell at 0.02 mA/cm?* for
four hours. Six conditioning cycles were performed to stabilize the interfacial resistance. After
conditioning, the cell was polarized at 4V = 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, /,, 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.%'%%

p 1( AV—I,,R,,O) . 5)

=T\ aVTLR L)
T\ AV=I R,

R, and R, are the interfacial resistance before polarization and after I, the steady state
current, has been reached. ¢ is the initial current in the cell, calculated by dividing the applied
polarization, 4V, 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.*® After polarization, the
cell was allowed to relax for one hour and the open circuit potential (OCV) 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):k0+ae7bt, where kj is an
offset voltage and a and b are fit parameters; 1/b is the characteristic decay time. The diffusion

2
coefficient through the separator, D,, was determined using the following equation, Ds=lﬂ—l2).

D,t
The relaxation potential is fit over a time window such that a:7>0.03, which ensures the fit
is independent of the shape of the steady-state concentration gradient formed during
polarization.’’ 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 [ 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=7 D,

Concentration Cells

The thermodynamic factor was determined using concentration cells® 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 wm. 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 the OCV 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 7,>m. Measurements were taken at least twice
for each concentration. Temperature was maintained at 30°C + 1°C for the duration of the
experiment.

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.*? 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 wm. 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, ¢, on lithium plating. One cell was uncycled to image the clean
interface. Another cell underwent preconditioning only, five cycles of i=+0.01 mA/cm? for four
hours each. Tomographic imaging was conducted in accordance with the work done by Maslyn
et al” at Beamline 8.3.2 at the Advanced Light Source at Lawrence Berkeley National
Laboratory.

Electrophoretic NMR

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

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 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 2b, we a show a typical tomographic slice through a preconditioned symmetric cell
cycled at i = 0.01 mA/cm® This represents the typical polarization experiment for
electrochemical characterization. The two clean interfaces seen in Figure 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/cm?; these images are not shown for brevity.

Lithium =
Celgard

Lithium e
Celgard

Lithium Lithium

(b)

Figure 2. Typical tomographic slices of a lithium-LiTFSI/tetraglyme soaked Celgard separator-lithium symmetric cell.
Comparison of an uncycled cell (2a) and a preconditioned cell (2b). No discernible mossy lithium is present when the cell
undergoes low current cycling for short cycling times.

In Figure 3a, we plot conductivity, kK, 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 3b, we plot the current fraction,
P+, as a function of 7 and m. p.;.generally decreases with increasing 7. The values of p.; are
small, usually below 0.20. The reproducibility of the measurement at » = 0.01 is low, presumably
due to the low concentration of charge carriers. In Figure 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 2X107 to 7X107 cm?/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 S2.1. The data in Figures
3c and S2.1 differ substantially from the measurements of Fawdon et al., who determined D
from time resolved Raman microscopy.* Such discrepancies are often found in the literature.® *"
* Further work is needed to resolve such discrepancies. In Figure 3d, we plot U as a function of
Inm. The variance of measured values of U is significantly smaller than that of the other
parameters in Figure 3. U is a monotonic function of In m. The general characteristics of the U
versus Inm data in Figure 3d are similar to those published previously on mixtures of LiTFSI in
poly(ethylene oxide).* This is not surprising because of the similarity in the chemical structures
of tetraglyme and poly(ethylene oxide).
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Figure 3. Electrochemical data for LiTFSI/tetraglyme, including a) conductivity as a function of 7 obtained using a conductivity
probe and ac impedance spectroscopy; b) current fraction as a function of ¥ obtained using polarization experiments; c) salt
diffusion coefficient as a function of 7 determined from restricted diffusion; d) open circuit potential as a function of log of
molality obtained using concentration cells with a reference concentration of 7 = 0.064. All data was collected at 30°C.

For a univalent salt, the differential form of equation 2 is used to relate U, T/, and 7, 0.

—F
Ty=2RTC0 6)
The term (can be expressed in terms of measured parameters , D, p..;, and U to give:¥**
K
Ty=3RTDct
(7N

dU ) o g .
To calculate T At a given m, we use a finite difference approach. At all of the concentrations

. . du . .
except the lowest and highest concentrations, T 1S taken to be the average of the finite
difference slopes obtained on either side of that concentration. At the lowest and highest

. du | . . . .
concentration, _y-— is based on a single slope. This enables determination of 7 ; as a function



of
m. Finally, ., can be determined as a function of 7 using equation 8,
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Figure 4. Dependence of the current fraction on the transference number for fixed transport parameters (7 = 0.08, ¢ = 0.00152

mol/em?, K = 3.15X 103 S/cm). Calculations are shown for three values of DD, as indicated on the figure, and corresponding
values of Tf. The dashed line at P, = 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, p.;;, D, and k, and one indirectly measured parameter, I ; (see
equation 8). It is evident from Figure 3 that the variability in the measured values of p.;, and D
is larger than that of the measured values of ¥ and U. In Figure 4, we thus focus on how 7.,
depends on p..;, and D.* For concreteness, we have used the measured parameters for 7 = 0.08
and the dependence of p.;; on f,,; for selected values of D is shown in Figure 4. These selected
values cover the uncertainty in D reported in Figure 3c. At this value of 7, the average value of
P+ 1s 0.11. However, individual experiments gave p.;; values as high as 0.15 and values as low
as 0.07. It is evident from Figure 4 that the estimated value of 7., is greatly influenced by the
assumed value of D. A 7., value of -1.1 is obtained using D = 4.15X10”. In contrast, a ,;;
value of -3.5 is obtained using D = 8.77X107. This uncertainty increases rapidly as p.:;
decreases. It is important to note that uncertainties in p.;; and D are only two of the four sources
of uncertainty in 7, ;. There is clearly a need to explore other avenues for determining 7, ;. It is
widely accepted that values of 7, in the vicinity of O or lower imply the presence of complex
clusters involving multiple ions and solvent molecules.”*** 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.Z,S,l 1,15,17,34,43,44
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Figure 5. The transference number as a function of 771 and 7 determined from eNMR.

The transference number can also be measured directly using eNMR."?' In this
technique, velocities for the cation, anion, and solvent are directly measured and used to
calculate the transference number according to equation 3. The dependence of 7,9, on m
determined by this method is shown in Figure 5. The transference number has a nonmonotonic
dependence on concentration; it decreases at low concentrations until a minimum close to O is
reached at » = 0.08 and then increases again. ., 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.** The increase of 7, above r = 0.08 indicates the presence
of more complex solvation structures and ion clustering.

In Figure 6a, we compare transference numbers determined by eNMR based on equation
3, referred to as tg, ~mr» and electrochemical methods based on equation 8, referred to as t?,) vehem-
The electrochemical data showed no evidence of a systematic dependence of 7., on r. t?y echem
reaches a minimum at r = 0.08. This is qualitatively similar to t(i, ur» Which also shows a
minimum at the same salt concentration. The absolute values of 7.y, obtained by the two
methods, however, are very different. Whereas 7,,, from eNMR is positive over the salt
concentration range, ., determined by electrochemical methods is almost exclusively negative.
If our methods to estimate the uncertainty of 7, ., by electrochemical methods were robust, we
would expect the error bars corresponding to these values to include more accurately determined
values of 7,;,, 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 ?,», are independent, are inadequate. Our results for p.;, and D are based on three

) ) ) ) dU
replicates for each salt concentration and cell thickness, while our results for ¥ and T 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 7, also leads to accurate determination of 7 ;. In Figure 6b,
we plot the thermodynamic factor determined using equation 6 with 7,;; determined by eNMR.
Also included in this figure is the thermodynamic factor determined using equation 7, which
relies on four electrochemical characterization experiments. The former is referred to as 7'y .vur
and the latter T ; ..n. While there are discrepancies between T .vug and 7 ; .chem, they are
significantly smaller than those between tS’BNMR and t(j, cchem- BOth thermodynamic factors are
assumed to be equal to unity at r = 0, as required by thermodynamics. They both decrease up to r
= (.025 and then increase over the rest of the concentration range. Measurements of 7', indicate
that the electrolyte is non-ideal. The decrease of 7' to values below unity at low concentrations
reflects Debye-Huckel interactions**, which dominate dilute electrolytes. The increase of T ; at
higher concentrations reflects more complex ion-ion and ion-solvent interactions. Whereas
measurement of 7 .em requires knowledge of four measured quantities (see equation 7),
measurement of 7'y .ur only requires knowledge of two parameters determined from

. . U . .
independent experiments: 7., from eNMR and T from concentration cell experiments (see

equation 6). Neither of these methods require stripping and plating of lithium metal, which
eliminates any complications related to the reactive interface. T ¢ cchem
Tf,eNMR Tf,eNMR D:]

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  due to the increase in frictional effects. However, the significant
increase in the thermodynamic factor with increasing 7 (Figure 6b) indicates that the gradient in
chemical potential corresponding to the same concentration gradient increases with increasing

The
effects cancel out, resulting in a diffusion coefficient that is, at best, a weak
function of 7 (Figure 3c).
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Figure 6. Comparison of electrochemical techniques and electrophoretic NMR for (a) transference number and (b)
thermodynamic factor. The thermodynamic factor is unity at » = 0, shown in blue, based on the thermodynamic requirement that
all solutions are ideal in the limit of infinite dilution.

CONCLUSIONS

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 k¥ using ac impedance spectroscopy, D using restricted diffusion, 9.

. o . dU ) .
using polarization experiments, and T using concentration cells. The results of these four

experiments were combined to give estimates of ., and T ;. We also measured 7, 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 7 ; 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 7, and T ;.
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Symbol List
K Tonic conductivity (S cm™)
D Salt diffusion coefficient (cm?s™)
topo; Cation transference number with respect to the solvent velocity
T, Thermodynamic factor
Veid Mean molar activity coefficient
m Molality (mol kg™)
U Open circuit potential (mV)
F Faraday’s constant (C mol™)
m, Reference molality (mol kg™)
R Universal gas constant (8.314 J mol™! K™)
T Temperature (°C)
t_p, Anion transference number
i Current density (mA cm?)



Time (s)

Open circuit potential from current interrupt technique (mV)
Current fraction

Cation velocity (um cm™)

Anion velocity (um cm™)

Solvent velocity (um cm™)

Measure of ratio of lithium ions to oxygen atoms in solvent
Tortuosity of separator

Volume fraction of conducting phase in separator
Thickness of the separator (cm)

Series resistance (£2)

Area of electrodes (cm?)

Applied polarization potential (mV)

Steady state current (mA)

Initial current calculated via Ohm’s law,  ,=4V/R; (mA)
Initial interfacial resistance (£2)

Steady state interfacial resistance (£2)

Offset voltage (mV)

Fit parameter for restricted diffusion

Fit parameter for restricted diffusion





