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Low Temperature Characterization of a Nonaqueous Liquid Electrolyte for
Lithium Batteries

Darby Hickson, Julia Im, David Halat, Aakash Karvat, Jeffrey A. Reimer, Nitash Balsara
'"Materials Sciences Division and Joint Center for Energy Storage Research (JCESR),
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

Rechargeable batteries exhibit poor performance at low temperatures due to sluggish ion
transport through electrolytes. 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 factors
ranging from 130 to 202.

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.'” 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.*
Previous studies have identified many issues with operation at low temperature, including
increased charge transfer resistance,””’ slow desolvation,® increased resistance through the solid
electrolyte interphase (SEI),’ and slow transport through porous electrodes.'® Sluggish transport
through the bulk electrolyte at low temperatures is one of the central reasons why battery
performance suffers.!" 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.'”™ 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.'*'*!* Reducing the amount of EC has been investigated as
an approach to lower the solvent viscosity and improve transport properties.'*'®* However, “EC-
lean” electrolytes suffer from reduced conductivity and unstable electrode/electrolyte
interfaces.>'>" Generally, changing the solvent composition impacts the overall dielectric
constant of the solvent and ion agglomeration,” which can impact the overall conductivity.?**
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 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, 7, ;, quantifies the fraction of the current carried by the
cation with respect to the solvent velocity in an electrolyte of uniform concentration.
Determining 7,0, 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.'*** Comparison between transference
numbers measured at ambient temperature has been reported elsewhere.'** 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.” This contrasted with
experimental measurements of 7,p, obtained for the same electrolyte by Landesfeind and
Gasteiger, who found that 7., decreased with decreasing temperature.”® 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, X,
salt diffusion coefficient, D, transference number, f,»;, and a thermodynamic factor, T;. The
intrinsic coupling between ?,.;and T, in the measured quantities compounds error and reduces
measurement certainty.

In this work, we have characterized a simple liquid electrolyte, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt dissolved in tetraethylene glycol dimethyl ether
(tetraglyme). We use electrophoretic NMR (eNMR) to determine 7, directly by measuring the
electric-field-induced cation, anion, and solvent velocities.?”? In addition, we also conduct the
four electrochemical experiments indicated in the preceding paragraph. Combining these five
experiments significantly reduces measurement uncertainty in ?,», and 7 ;. 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 slow ion transport rates at low temperatures in LiTFSI/tetraglyme mixtures. The
four parameters, k, D, p,;;, 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.

EXPERIMENTAL

Electrolyte Preparation

Lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) salt and tetracthylene 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. Electrolytes were prepared in an 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 S1. The unit of
concentration 7 corresponds to the ratio of lithium cations in LiTFSI to ether oxygens in
tetraglyme, 7 = ([Li*]/[O])).

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 (p ¢ data is fully reported in Table S2.
Viscosity (7) data was collected using an electro magnetically spinning viscometer (Kyoto
Electronics). Density data was used to calculate molarity of electrolytes at each temperature,
which is reported in Table S3. Viscosity measurements were obtained for each salt concentration
and temperature from 0°C and 100°C and are presented in Figure 2b. The full set of viscosity data
is listed in Table S4.

Conductivity

Coin cells were assembled using CR2032 coin cell parts (MTI Corp.) with five layers of Celgard
2500 separators soaked in electrolyte. 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 1.

_r 1 (1)
"o, RA

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 the porosity,
0.55. The tortuosity of the Celgard was previously determined and is 2.93.%!

Current Fraction and Restricted Diffusion

Lithium-LiTFSI/tetraglyme-lithium symmetric cells were assembled in CR2032 coin cell parts
(MTTI 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 um
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/cm” were applied for four hours using a
potentiostat (Biologic, VMP300) until the interfacial resistance, R;, was stable. Cells were
allowed to rest for one hour in between polarizations. To measure the current fraction, p.., also
sometimes referred to as the ideal transference number or the Bruce-Vincent transference
number,**>* cells were polarized at 4V = 10 mV, -10 mV, 20 mV, and -20 mV for one hour.
Multiple potentials were used 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 R; o and R; ,, the
initial and steady-state interfacial resistances in the cell, respectively. /o, 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
2'32—34

P oimpel o) )

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.> U was fitted to an exponential, U (t|= k0+ae_b’, where K is an

offset voltage and a and b are determined from fitting. The diffusion coefficient through the
2

separator, Dy, is related to the fit coefficient, b, via D,=—. A minimum time cutoff is used such
T
D;t : - . :
that a= 7>O.O3, which ensures the fit is independent of the steady-state concentration gradient

formed during polarization.*® The salt diffusion coefficient, D, was calculated by correcting D,
for the tortuosity of the separator, so that D=7 D,,

Concentration Cells
Previously, the thermodynamic factor was determined using large volume concentration cells
made from glass U-cells.”"”” This method was effective for room temperature measurements of
the open circuit potential, as temperature did not need to be precisely controlled. For this work,
pouch based concentration cells were adapted from Landesfeind et al.** A 1 cm wide, 10 cm
long, and 25 um 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. 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



corroborated 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.

Electrophoretic NMR

Details of eNMR experiments have been previously reported.**’ Instrumentation was based on
the work done by Fang er al.-** Samples were prepared by
filling a dried eNMR cell with electrolyte under argon . A convection-
compensated double stimulated-echo (DSTE) PFG-NMR was used, with electric

field pulses of opposite polarity applied.*** Applied voltages ranged between 10 and +66-50 V,
and all velocities were normalized to 1 V/mm. The electric field was applied for a constant drift
time, A, of 100 ms. The electric field was allowed to equilibrate between electric field pulses
using recycle delays of 66-12075 seconds. The electric field was calibrated at 25°C using a 10
mM solution of -tetramethylammonium bromide (TMABTr) dissolved in D,O (P-&-L Scientific

). eNMR phase shifts were manually analyzed by calculating phase shifts as
previously described.*® "Li, "F, and 'H NMR measurements were used to determine cation,
anion, and solvent velocities, respectively

Experiments were conducted at 45, 30, and 15 °C, = 1 °C. The temperature range for measuring
velocities from eNMR was limited as the species™ velocities
at were close to the

RESULTS AND DISCUSSION

In Figure la, we plot conductivity, k¥, shown as a function of both 7 and molality, m.
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 viscosity effects. 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.>'> A third order polynomial was fit through each data set in Figure la
in order to determine the conductivity peak at a given temperature. The salt concentration where
the conductivity maximum occurs, 7., 1S plotted in Figure 1b. K,.., the value at which the
conductivity peaks, is also shown. Both 7 .. and K ... decrease as temperature decreases. The fact
that K, decreases by a factor of 17 is not very surprising. What is more surprising is the
reduction of 7. 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 1a for low and high salt concentrations.
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Figure /a. Conductivity data as a function of salt concentration and temperature, obtained using ac impedance spectroscopy. b.)
Concentration at which conductivity peaks, .y, plotted as a function of temperature. ¥ ,,,, was determined by fitting a third
order polynomial to the measured conductivity data and determining the maximum. The corresponding conductivity at a given
temperature, K., is also plotted on the right y axis.

In Figure 2a, the molar conductivity (conductivity divided by salt concentration in
mol/cm?), 4, is shown as a function of temperature (from -20 to 45°C). At the highest salt
concentration, r = 0.112, 4 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
2b, we show the dependence of the viscosity, #, of LiTFSI/tetraglyme on salt concentration and
temperature (from 0 to 100°C). 7 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 dilute electrolyte.
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Figure 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. Figure inset corresponds to values of r.



The inverse relationship between conductivity and viscosity in liquid electrolytes is well
established.'*”* In the limit of infinite dilution, Walden observed that the product of the
viscosity of pure water and molar conductance was independent of temperature, also referred to
as the Walden product or Walden rule.*#® To examine this relationship in our system, we plot
the product k7 as a function of temperature in Figure 3. This product is a weak function of
temperature at all salt concentrations, but this dependence becomes 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.*’**
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Figure 3. The product of conductivity multiplied by viscosity is shown as a function of temperature for all salt concentrations.

The decrease in conductivity with decreasing temperature is well established in the
literature. However, there are relatively few studies of the effect of temperature on other
transport parameters. In Figure 4a, we show the dependence of current fraction, p..;, on salt
concentration and temperature. Across all salt concentrations, p.,, decreases as temperature
decreases. While x is a more sensitive function of temperature at high salt concentrations, P+
depends more strongly on temperature at low salt concentrations. In Figure 4b, we plot the
product of ¥ p,;; 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. The data
obtained from different values of r seem to collapse when plotted in this format (see Figure 4b).
This is a manifestation of the compensating dependencies of ¥ and p.;, on salt concentration
mentioned above. In the concentration range, 0.064 < r < 0.112, k¥ p,;, 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 » = 0.008, this factor is 43.
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Figure 4. a) Current fraction and b) effective conductivity, both plotted as a function of temperature. Figure insets corresponds to
values of r.

The diffusion coefficient, D, measured using the restricted diffusion method,* is shown in
Figure 5. At a given salt concentration, D is a weaker function of temperature when compared to
k. 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 k. However, at r = 0.112, D only decreases by a factor of 4
while k¥ decreases by a factor of 100. Generally speaking, D deceases with increasing salt
concentration. The surprising result in Figure 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 k. The nonintuitive results in Figure 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 5. Diffusion coefficients obtained using restricted diffusion, plotted as a function of temperature. Figure inset corresponds
to values of r.



Transference numbers, 7., 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, Vo is the solvent velocity, and v_;; is the anion velocity.
f,p; is given in equation 4.%

t
0 Vaioy, .
+o= Yo s (4)

Measured values for V.., Vo, and V_;; using the laboratory reference frame are shown in Figure
S2. Velocities of species in the direction of the negative electrode are defined as positive. For all
electrolytes, v.;, and Vo 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 7., on 7 and temperature is shown in Figure 6. In the
most dilute electrolyte, ¥ = 0.008, 7., is nearly independent of temperature. In the electrolyte
with r = 0.032, t,p, decreases slightly with increasing temperature. More complex,
nonmonotonic dependencies are seen in more concentrated electrolytes. The complex
dependence of 7,;, on temperature arises mainly due to the complex dependence of V¢ on salt
concentration and temperature. The magnitude of v, relative to the sum of ion velocities,
0.42 (see Figure S3). The lowest value of the 7., -0.17, is obtained at ¥ = 0.08 and T = 30°C.
‘ Under these conditions, the field--induced solvent velocity is larger than that of the cation.
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Figure 6. Cation transference number with respect to the solvent velocity, determined using electrophoretic NMR, plotted as a
function of temperature.

The open circuit potential measured in a concentration cell, U, is plotted in Figure 7
as a function of In(m) and temperature. The reference solution concentration was = 0.064. At
this concentration, the measured values of U, which are near zero, reflect errors in our
measurements. 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/dIn(m), which we using a finite difference approach, described
previously.*!
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Figure 7. Open circuit potential determined in concentration cells, U/ Q 0, plotted as a function of temperature. Line labels refer
to ' for the test concentration. The reference concentration was 7" = 0.064.

The thermodynamic factor, T, is given by:

_ R 5)
Tr=1+din grm =7 RT 0T ¢

where Y-, 1s the mean molal salt activity coefficient. Using only ?, ., values given in Figure 6
and dU/dIn(m) values determined from Figure 7, we obtain the dependence of T, on
concentration and temperature. Generally speaking, 7, increases with increasing salt
concentration. A slight decrease of T ; is observed when salt concentration is increased from 7 =
0.064 to 0.08 at 30°C. This is mainly due to the nonmonotonic dependence of Z,;; on temperature
at 7— = 0.08. The complex dependence of 7,0 on temperature arises mainly due to the
complex dependence of Vo¥0 on temperature at this salt concentration.
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Figure 8. Thermodynamic factor, T_f, determined using transference numbers from eNMR and data from concentration cell
experiments.

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 5). One expects D to decrease with increasing viscosity, 77, and therefore is instructive to
examine the product D7. This is analogous to the product k7, plotted in Figure 3. The
dependence of D7 on salt concentration and temperature is shown in Figure 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 D7 is a stronger function of temperature in more concentrated
electrolytes. The complexity in Figure 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,*

Co

D=D T, (6)
where €y is the solvent concentration and €7 is the total concentration of the salt and solvent,
cr=cy+c. The dependence of D nseriptBeta on salt concentration and temperature is shown in
Figure 9b. At the lowest concentration, ¥ = 0.008, the differences between Dn and D7 are
minor. The difference between D7 and D7 increases with increasing r+. This implies that the
corrections to D due to thermodynamic effects become more important as 7 increases. To a good
approximation, the product D7 is equal to (7£3)x10° cm’mPa, irrespective of temperature and
salt concentration. The product D nseriptD-eta, is noteworthy as it is more-or-less independent
of both temperature and salt concentration. Measurement of 7 ~Ff enables the separation of these
frictional and thermodynamic interactions.
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Figure 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 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.’’~* Large concentration gradients result
in large concentration overpotentials which decrease the rate at which electrochemical reactions
occur at the electrodes.”’ 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 6,

r(x)

G

r(x=0)

(6)

6646

dU
dinm

where i, is the steady-state applied current, L is the distance between electrodes, Z_;; is the
anion charge number, and v_,; 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 @, Equation 7,

®ss(x:0):_FZﬂlv

(7)

s ayy o ©
=i J |00

In order to solve for r (x=0) and @, (x=0), we need expressions that quantify the dependence
of k, dU/dInm, and p... on temperature and concentration. These expressions were obtained by
fitting the experimental data presented above and the fits are listed in Table S5. These fits are
used to determine the concentration dependence of the integrands in equations 6 and 7. To
facilitate calculations, the integrands were also fit to continuous functions that are given in Table
S6 and S7.
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Figure 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/cm?.

L 1 =0.032, dgg/L =5 V/cm .

-

is (MA/Cm?)
o
T
1

001} ]

T(°C)

Figure 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 10, we show results for a fixed applied steady state,;, of 0.01 mA/cm.? The

\ average concentration of the electrolyte, 7., was changed-varied from 0.016 to 0.08. The results
at 45°C are shown in Figure 10a. At this temperature, the magnitudes of the salt concentration
gradients are negligible. The results at -20°C are shown in Figure 10b. 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.™ It is thus




\ not surprising that the profile at r.,r—ave = 0.016 is approximately linear. Significantly,
nonlinearity is seen when salt concentration is increased to 7., = 0.032. Nonlinear contributions
appear to decrease with increasing concentration and 7 ¢ = 0.08, concentration profile is, to
a good approximation, linear. The salt concentration profiles depend on three concentration
dependent parameters, k, dU/dlnm, and p.. e /dnm—andrho+, and these parameters can
combine in nontrivial ways to give surprising results.

In Figure 11, we show results for a fixed applied length-normalized potential, @,/ Lphiss/
E, of 5 V/cm in an electrolyte with 7., = 0.032. This polarization results in a steady- state
current, Li—ss, of 1.1 mA/cm? at 45°C. The current obtained drops precipitously with decreasing
temperature and at -20°C, we obtain Iiss of 0.008 mA/cm?. 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 7 ,,r-aveg = 0.064 and 0.08. The factors by which current decreased over the same
temperature range were 202 and 190, respectively. If the 7.+ = 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.

Comparison to Literature

While LiTFSI/tetraglyme electrolytes have been studied previously, we are not

aware of prior studies that have characterized the LiTFSI/tetraglyme electrolyte over a wide

\ temperature range. However, mixtures of LiPFs 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. 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 () and diffusion coefficients (D) with
decreasing temperature has been found in all liquid electrolytes,”*'** including
LiTFSI/tetraglyme (Figures la and 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 9). None of the previous experimental studies of
temperature-dependent properties of liquid electrolytes have reported D.

There are conflicting reports on the effect of temperature on the cation transference
number, ?, ;. Landesfeind and Gasteiger found 7, to be a strong function of temperature in a 1
mol/L LiPF, in EC/EMC, decreasing from 0.35 at 25°C to -0.5 at -20°C.* Lundgren et al. also
found that transference numbers decreased with decreasing temperature, but this depended on
salt concentration. They found 7., decreased from 0.27 at 40°C to 0.16 at 10°C for 0.5 mol/L
LiPF; in EC/DEC, but it only decreased from 0.08 to 0.05 at 1.5 mol/L.* In contrast, simulations
of Ringsby et al. suggest that 7, o, is approximately 0.3 in 1 mol/L LiPF, in EC/EMC electrolytes
between -20 and 30°C." Temperature-independent transference numbers were also obtained
using the Advanced Electrolyte Model, which predicted £, », near 0.5 at both 60 and -30°C in the
same electrolyte.'** 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,0, data in tetraglyme (Figure 6). Much of the complexity seen in Figure 6 arises due to the field
induced motion of solvent molecules (Vo, Figure S3).
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The effect of temperature on the thermodynamic factor, 7'/, is subtle relative to the effect
of concentration. This was reported by Landesfeind and Gasteiger in EC/DMC and EC/EMC.
This is consistent with the tetraglyme data reported here (Figure 8). In the carbonate electrolytes,
T ; decreases with decreasing temperature. The data from tetraglyme electrolytes reported here is
more-or-less consistent with this observation.

Unlike ¥ and D, t,s, 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 dynamics simulations, and found that
the concentration of free Li* ions was larger at -20°C compared to 30°C." This was attributed to
an increase in the solvent dielectric constant with decreasing temperature.®® Since 7,0, reflects the
average field-induced-velocity of the cations (including free cations and clustered cations), the
concentration of Li* ions will affect 7, ;. In spite of this, Ringsby et al. obtained a value of 7,
that was independent of temperature. Previous molecular dynamics studies have examined ion
clustering and agglomeration at various salt concentrations for LiTFSI/tetraglyme electrolytes,
which explains the complex dependence of £, ; on salt concentration.**¢’

CONCLUSIONS

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, .., reflects field-induced velocities of ions and solvent molecules. While the velocities
of the ions decrease monotonically with temperature, the solvent velocity exhibits a maximum at
30°C for one salt concentration (r = 0.08). f,., 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

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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Symbol List

t,o0 Cation transference number with respect to the solvent velocity
Tonic conductivity (S cm™)

Salt diffusion coefficient (cm?s™)

Thermodynamic factor

Current fraction

Measure of ratio of lithium ions to oxygen atoms in solvent
Density

Viscosity

Series resistance (£2)

Tortuosity of separator

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

Area of electrodes (cm?)

Initial interfacial resistance (£2)

Steady state interfacial resistance (£2)

Steady state current (mA)

Initial current calculated via Ohm’s law,  ,=4V/R; (mA)
Open circuit potential (mV)

Offset voltage (mV)

Fit parameter for restricted diffusion

Fit parameter for restricted diffusion

Time (s)

Salt diffusion coefficient through the separator (cm?s™)
Minimum time cutoff for restricted diffusion

Open circuit potential, measured in concentration cells
Molality (mol kg™)

max Salt concentration with maximum conductivity

max Value of conductivity at 7 .

A Molar conductivity

Vi Cation velocity (um cm™)

V_ii Anion velocity (um cm™)

Vo Solvent velocity (um cm™)

Vaid Mean molar activity coefficient

F Faraday’s constant (C mol™)
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~ 0
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Z-iL
-

x/L

Universal gas constant (8.314 J mol! K ™)

Temperature (°C)

Stefan-Maxwell diffusion coefficient (cm?*s™)

Concentration of the salt (mol cm™)

Concentration of the solvent (mol cm™)

Total concentration of the salt and solvent, ¢ =¢¢*¢ (mol cm™)

Steady-state applied current density, used in concentration gradient modeling (mA
cm?)

Distance between electrodes, used in concentration gradient modeling

Anion charge number

Number of anions the salt dissolves into

Dimensionless position across the electrolyte, used in concentration gradient
modeling

Steady-state potential from concentration gradient modeling (V)

Average concentration of the electrolyte, used in concentration gradient modeling





