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Highlights

¢ Complete electrochemical characterization with 95% confidence intervals

* Polymer electrolytes were studied above the entanglement threshold

¢ Jon transport is independent of molecular weight above the entanglement threshold
e Sampling electrolytes with different molecular weights enables greater precision

¢ Negative cation transference numbers shown for a range of salt concentrations
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Abstract

Ion transport in electrolytes depends on three transport coefficients, conductivity (x), salt
diffusion coefficient (D), and the cation transference number with respect to the solvent velocity (
f,»0.), and the thermodynamic factor (7;). Current methods for determining these parameters
involve four separate experiments, and the coupled nature of the equations used to determine
them generally results in large experimental uncertainty. We present data obtained from 64
independent polymer electrolytes comprising poly(ethylene oxide) (PEO) and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt. The molecular weights of PEO ranged from 5
to 275 kg mol'; these samples are all above the entanglement threshold. We minimize the
experimental uncertainty in transport and thermodynamic measurements by exploiting the fact
that ion transport in entangled polymer electrolytes should be independent of molecular weight.
The dependence of k, D, t,»,, and T as a function of salt concentration in the range 0.035 < r <
0.30 are presented with a 95% confidence interval, where r is the molar ratio of lithium ions to
ethylene oxide monomer units. While «, D, and T} are all positive as required by thermodynamic
constraints, there is no constraint on the sign of 7,,,. We find that 7,,, is negative in the salt

concentration range of 0.093 < r < 0.189.
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1. Introduction

A complete description of ion transport in electrolytic mixtures was first provided by
Onsager, who recognized the importance of three independent transport parameters that we refer
today as Onsager coefficients." These coefficients quantify frictional interactions between the
cation and solvent, anion and solvent, and anion and cation. Measuring these transport
coefficients is, however, nontrivial and beyond the scope of Onsager’s original work. Newman
developed concentrated solution theory based on the Onsager approach and recast ion transport
in terms of three different but related transport coefficients: ionic conductivity (x), salt diffusion
coefficient (D), and cation transference number with respect to the solvent velocity (Z,;;).? In
addition, it is necessary to measure the thermodynamic factor (7;) which quantifies the

dependence of the mean molal activity coefficient of the electrolyte, ¥+, on salt concentration (

dlny,

W), where m is the molality. Newman’s approach is powerful because each of the four

parameters k, D, I, ., and T; can be determined from a set of well-defined experiments.?

While we focus on Newman’s approach for characterizing ion transport, it is one of many
frameworks proposed in the literature.*"* Some of these approaches employ different definitions
for diffusion coefficients and transference numbers. For completeness, we clarify the definitions
of these two parameters that are used in this paper, as specified in ref. 2. (1) The salt diffusion
coefficient, D, is the proportionality factor that relates the flux density of salt to the concentration

gradient. (2) The cation transference number with respect to the solvent velocity, 7,;;, is the



fraction of ionic current carried by the cation relative to the solvent velocity in an electrolyte of
uniform composition, i.e., the cation velocity needed to calculate ionic current is determined
using the solvent velocity as the reference. Even though 7, ; is defined for a solution of uniform
composition, it is a property that can be used to quantify transport in electrolytes which are not of
uniform composition, but it no longer represents the fraction of the current carried by the cation.?
There is no ambiguity in the definitions of either conductivity, k, or the mean molal activity
coefficient of the electrolyte, 7.

The Onsager-Newman approach applies to any mixture of charged species in a neutral
solvent such as a low molecular weight liquid or a high molecular weight polymer. An example
of an electrolyte of interest for rechargeable lithium batteries is a mixture of a lithium salt such
as lithium hexafluorophosphate (LiPFg) dissolved in a suitable organic solvent such as propylene
carbonate (PC); commercial batteries employ a mixture of carbonate solvents.'*"’

The passage of current through a battery results in the formation of concentration
gradients within the electrolytic phase. The rate at which batteries can be charged and discharged
is limited by the magnitude of these gradients. The limiting current is typically defined as the
current at which the ion concentration at the cathode (we assume that the working ion is a cation)
approaches zero. Operating a battery at currents that exceed this value can result in rapid
degradation and, in some cases, catastrophic failure. Similar problems arise if the salt
concentration at the anode exceeds the solubility limit.'®! Concentration gradients in a battery
electrolyte can only be predicted if «, D, f,;;, and T; are known functions of salt concentration.'*-
21

The Newman approach for measuring transport coefficients involves four separate

experiments.> Conductivity, k, is obtained from a relatively straightforward experiment via ac



impedance measurements using blocking electrodes. For the case of 1 M LiPF/PC electrolytes at
25 °C, « is consistently reported* to lie between 5.9 x 10°to 6.4 x 10° S cm™. Measuring the
other transport parameters for lithium battery electrolytes requires the construction of
lithium/electrolyte/lithium symmetric cells. The data obtained from these cells is inherently more
complex due to the extreme reactivity of lithium, formation of the solid electrolyte interphase
between lithium metal and all known electrolytes, and the instability of the lithium/electrolyte
interface during electrochemical plating.”®** Of the remaining parameters, the salt diffusion
coefficient, D, is most straightforward to measure because it is obtained directly from restricted
diffusion experiments. In spite of this, the reported*-***’ value of the salt diffusion coefficient, D,
in 1 M LiPF/PC electrolytes at 25 °C varies significantly, from 1.8 x 10° to 4.0 x 10°cm? s,
Determining 7., and T} is further complicated because they are determined by combining results
from two separate experiments, one involving a symmetric cell and the other involving a
concentration cell where two electrolytes at different salt concentrations are coupled together
between lithium electrodes.” The symmetric cell is used to obtain the steady-state current
fraction, p,, the ratio of current obtained under steady dc polarization to that obtained in the

1

absence of concentration polarization.”® The concentration cell is used to measure the

dUu
dependence of the open circuit potential, U, on salt concentration (dT)' If we combine the

|m]
values of D given above for 1 M LiPF¢/PC with typical values*?*"*>* for x (6.1 x 10* S cm™), p,

du
(0.33), and dinm| (-90 mV In(m)™"), the estimated values of 7,,, are 0.36 and -0.43. In other

words, the uncertainty in salt diffusion coefficient, which by itself seems reasonable, is so large

that even the sign of 7,0, cannot be determined.



While there are many reports of «, D, t,.;, and T} in the literature, a detailed analysis of
the uncertainty in the reported values is seldom mentioned. In this paper, we report the values of
these parameters obtained in a standard polymer electrolyte, a mixture of poly(ethylene oxide)
(PEO) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt. We present data obtained at
90 °C from polymers with molecular weights ranging from 5 to 275 kg mol™'. We define a salt
concentration r as the molar ratio of lithium ions to ethylene oxide repeat units. Our study covers
salt concentrations in the range 0.005 < r < 0.3. In these electrolytes, the PEO chains are
entangled; the critical molecular weight for entanglement in these polymer chains is 2 kg mol”
1,335 The importance of chain entanglement in polymer electrolytes was first recognized by Shi

t.% A previous study?’ showed that x of PEO/LiTFSI at a fixed salt concentration was

and Vincen
independent of polymer molecular weight above the entanglement threshold, an experimental

observation corroborated by molecular dynamics simulations®®. In this paper, we show that this is

. . dU
more or less true at all salt concentrations. In addition, D, p,, dln—(m] t,0., and T; are also more

or less independent of molecular weight above the entanglement threshold at all salt
concentrations. An important but rarely mentioned advantage of polymer electrolytes, then, is the
capability to measure electrolyte properties using experiments that cover a wide range of
molecular weights above the entanglement threshold, and average the data obtained from the
different electrolytes, thereby reducing experimental uncertainty. In contrast, in the case of liquid
electrolytes such as 1 M LiPF¢/PC, properties can only be measured at a single solvent molecular

weight.

2. Methods



2.1 Electrochemical Characterization
k is determined by ac impedance spectroscopy of electrolytes with blocking electrodes.

Measuring D and p, require lithium/electrolyte/lithium symmetric cells: D is measured by

t40’41

restricted diffusion® and p, via the Bruce-Vincen method. U is measured by monitoring the

open circuit potential of a concentration cell in which an electrolyte of salt concentration m is

dU
contacted together with a reference electrolyte of » = 0.06 or m = 1.38 kg mol™. dTnm] can be

obtained from the slope of a plot of U with respect to the natural logarithm of m.

The thermodynamic factor, T%,is given by the following equation:

_ K
I72RTDci 6
I8

T

where R is the gas constant, 7 is the temperature, and c is the molarity. The cation transference

number is given by the following equation:

. .0

+6=1—t . FDe I3
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8
where f_; is the anion transference number and F is the Faraday constant.

Data was taken from previously published results which also include more detailed
experimental procedures for measuring each transport parameter (see Table 1).%'***° Data used in

this report, and their units of measurement, is provided in the Supplementary Information (SI).

Table 1. PEO molecular weights in PEO/LiTFSI electrolytes

Molecular Weight (kg mol™) Reference(s)
5 Pesko et al.
Chintapalli et al.
10 Hoffman et al.




35 Gribble et al.
100 Zheng et al.
275 Pesko et al.

2.2 Error propagation

The electrochemical data shown at each specific molecular weight and salt concentration
is the average of at least three measurements in as many different samples. The error bars are the
standard deviation of the measured values among the samples. We use standard error
propagation for 7, ;;, assuming independent variables and neglecting correlations.*” The error for

t,»;, then, is given by a simplified expression:

where (, is the magnitude of the anion transference number and the standard deviations for each

U
electrochemical measurement are given by 0k, 0D, dp,, and 5W. Note that the first term of

\m|
the right side of Equation 3 is the magnitude of the anion transference number, and we also

include error from the concentration cell data, facts that were missed in ref *. dx, 6D, and p, are

dUu
experimental standard deviations while 5m

]

is approximated from the fit of the experimental

concentration cell data by using each fit coefficient’s standard deviation and applying standard

error propagation.*’

3. Results and Discussion

Figure 1 plots the electrochemical properties k, D, p., and U of PEO/LiTFSI electrolytes

as a function of PEO molecular weight. Five representative salt concentrations are shown (r =
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0.02, 0.08, 0.14, 0.2, and 0.3). As expected, none of the properties shown in Figure 1 exhibit
discernible and systematic dependence on molecular weight.

Figure 1. Molecular weight dependence of PEO/LiTFSI electrolytes at representative salt concentrations
at 90 °C (circles/r = 0.02; squares/r = 0.08; triangles/r = 0.14; inverted triangles/r = 0.2; diamonds/r =
0.3) for (a) ionic conductivity, k, (b) current fraction, p,, (c) salt diffusion coefficient, D, and (d) open
circuit potential from concentration cells, U. Each data point in (a) — (d) represents the average of at least
3 independent samples and the error bars correspond to the standard deviation.

Figure 2a shows x of PEO/LIiTFSI electrolytes as a function of salt concentration. The
curve was obtained by fitting an expression for conductivity proposed by Mongcopa et al.*®

through the entire data set:



S

—-r

4]

At low salt concentrations, k increases with increasing r due to the increase in charge carrier
concentration. Equation 4 has an analytical maximum at r = 0.075, consistent with several
reports on PEO electrolytes.*** The maximum is obtained because segmental motion, which
plays an important role in ion transport, becomes slower with added salt.>*>

Figure 2b shows the dependence of p, on r. The curve was obtained by fitting the entire

data set to a 2™ order polynomial:

Piiz0178-179r+725,.0|

Equation 5 has an analytical minimum at r = 0.123, consistent with several reports in the
literature.’>** Computer simulations suggest that the non-monotonic dependence of p, on r is due
to the formation of transient, negatively charged ion clusters.””® Equation 5 is remarkably
similar to the fit reported by Galluzzo et al. for a series of mixtures of polystyrene-b-

poly(ethylene oxide) copolymers and LiTFSI.*

Figure 2c¢ shows the dependence of D as a function of r. The curve was obtained by

fitting the entire data set to a 2" order polynomial:

cm’
]

D=(7.46%10"°|+(2.75% 107 |r—(1.41%10°|r’[
6]
D is a weak function of salt concentration in the range 0 < r < 0.20. Equation 6 gives a weak

analytical maximum at r = 0.098, which is consistently seen at all molecular weights (see Figure

20).



Finally, we plot U as a function of In(m) in Figure 2d. The abscissa was chosen because

dUu
the quantity of interest is dln—(m) The curve was obtained by fitting all data points to a power

law equation:

U=100—749m"*[mV].
7]

Equation 7 has no analytical maximum or minimum within the salt concentrations measured, but

there is an analytical zero found at m = 1.41 which corresponds to r = 0.062, closely matching

the reference electrolyte concentration of r = 0.06, as expected.
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Figure 2. Electrochemical measurements of PEO/LiTFSI electrolytes at 90 °C for different salt
concentrations and molecular weights (circles/5 kg mol™; squares/10 kg mol™'; upward pointing triangles/
35 kg mol™; downward pointing triangles/100 kg mol'; diamonds/275 kg mol™). The black line represents
a fit through the entire data set. 95% confidence intervals for each fit are given by the gray shading. (a)
Ionic conductivity, x, from ac impedance spectroscopy of blocking electrode cells. (b) Current fraction,
p,, from applying the Bruce-Vincent method to lithium symmetric cells. (c) Salt diffusion coefficient, D,
from using restricted diffusion method with lithium symmetric cells. (d) Measured open circuit potential,
U, from concentration cells. Each data point in (a) — (c) represents the average of at least independent 3
samples and the error bars correspond to the standard deviation. Each data point in (d) is an independent
sample.

The uncertainty of the fits in Figure 2 are represented by a 95% confidence interval and
shown as gray shading surrounding the fitted curves. They represent the uncertainty of the fitted
Equations 4-7 based on the entire set of 64 samples. Details of our approach are given in the SI.

The curves shown in Figure 2 are parsimonious fits of the experimental data. In the case
of conductivity, which has been studied extensively, the fit parameters in Equation 4 reflect
understanding of ion transport at the molecular level. The molecular underpinnings of the fit
parameters in Equations 5-7 remain to be established. There is no molecular basis for the
assumed functional forms of these equations.

We can use the data and fits in Figure 2 to calculate the cation transference number with
respect to solvent velocity, f,p, from Equation 2 and the thermodynamic factor, T;, from
Equation 1. Figure 3a shows 7.y, as a function of r. The curve was obtained by substituting

Equations 4-7 into Equation 2. The data were obtained by inserting the measured values «, D, p,,

du
and dTnm]| directly into Equation 2. The large uncertainty in the data is due to the propagation

|m

of error in individual experiments, quantified by Equation 3. The uncertainty of the curve,

however, 1s much less as it is based on data from 64 electrolytes created from polymers with



widely differing molecular weights. Our analysis shows that 7, ;; is a non-monotonic function of
salt concentration. At values 0.093 < r < 0.189, 7,»; is negative. A negative f,,»; means that
when an electric field is applied to a PEO/LiTFSI mixture in this salt concentration range, the
initial velocity of the cation and anion, measured using the solvent velocity as a reference, points
toward the positive electrode. The implication is that in this range of salt concentrations, ion
transport is dominated by negatively charged clusters.”’*#%%* The phenomenon of triple ions or
higher associates that may carry a net charge that is opposite to the “central” ion is well-known
in electrochemistry.®* For r > 0.189, we see an increase in f,;; to positive values, which could
be attributed to the breakup of negatively charged clusters.

Figure 3b shows T as a function of r. The curve was obtained by substituting Equations

4-7 into Equation 1. The data were obtained by inserting the measured values x, D, p,, and

dUu
dT(m] directly into Equation 1. The dependence of T; on r falls into two regimes. In the regime

r < 0.17, Tt is small and is a weak function of r. This implies that the dependence of the salt

.. ) ) dlny,
activity coefficient on salt concentration, —7——
dIn(m)

, 1s small in this regime. Molecular dynamics
simulations show that the most probable motif is one where each lithium ion is solvated by 6
ether oxygens in PEO.*7 At r = 1/6 = 0.17, all the available oxygens are coordinated with
lithium ions. When the salt concentration exceeds this value, the average coordination
environment of the lithium ions must necessarily be different from the most favorable
configuration, including anion coordination. One expects this to result in a rapid change in the

chemical potential of the salt. We attribute the rapid increase of T; in the r > 0.17 regime to this

effect. In the limit of r tending to O, the electrolytes should be thermodynamically ideal and T}



should approach unity. The Debye-Huckel theory indicates that 7; should be less than 1 in
sufficiently dilute electrolytes.” While our data are consistent with these expectations, the
Debye-Huckel regime is outside the scope of our analysis.

The uncertainty in the fits in Figure 3 are represented by an approximate 95% confidence
interval and shown as gray shading surrounding the fitted curves. They represent the uncertainty
of the indirectly derived parameters 7t and 7, ;, using Equation 1 and 2 based on the entire set of

64 samples. The uncertainty was obtained utilizing a Monte Carlo method.”>”* We ran 10° trials

dUu
sampling values for k, D, p,, and dln—[m) centered around their mean with standard deviations of

Figure 3. PEO/LiTFSI electrolyte properties at 90 °C of (a) cation transference number, 7, 0, as
calculated by Equation 2 and (b) thermodynamic factor, T, as calculated by Equation 1. Data points are
the properties determined at each individual molecular weight (circles/5 kg mol™; squares/10 kg mol™;
diamonds/275 kg mol™) and the error bars correspond to one standard deviation. The black line is
calculated from Equations 1-2 using the fitted Equations 4-7 and is shown for r > 0.035. 95% confidence
intervals are given by the gray shading.
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the fits of Equations 4-7 and calculated the resulting values for 7 and 7, using Equation 1 and
2 for each trial. The lower bound and upper bound of the 95% confidence interval is then given
by the 2.5 and 97.5 percentile values in these trials. Details of our approach are given in the SI.
The curves in both Figures 3a and 3b only extend to r = 0.035 in the dilute limit. At
concentrations below this value, the curves are extremely sensitive to small changes in the fit

parameters. In the dilute limit, p, approaches 0.18 and x is proportional to ¢, implying that the

d
magnitude of 7,0, depends crucially on the magnitude of dTn[m] that appears in the

m|

dU
denominator. However, dTn[m) approaches a very small value in the dilute limit (see Figure 2d)

and small changes in this value lead to very large changes in 7,;,. Similar problems arise when
one examines Equation 1 for 7} in the dilute limit. A parsimonious extrapolation of the curve
representing the dependence of 7., on r suggests that the transference number in the limit of r =
0 is 0.35. The fitted expression for 7,;, does not give this result as it is affected by the scattered

data at r < 0.035. Despite these limitations, the complete electrochemical characterization of



three different sets of polymer electrolytes enable accurate quantification of ion transport over a
large range of salt concentrations 0.035 < r < 0.30. This is also the concentration range of

practical relevance.

4. Conclusion

We have demonstrated that mixtures of lithium salt and entangled polymer chains are

robust model systems for studying the fundamentals of ion transport. We present measurements

du
of k, D, p., and dT[m) of PEO/LiTFSI using 64 independent electrolyte samples with PEO

molecular weights ranging from 5 to 275 kg mol™ and salt concentrations 0.005 < r < 0.3.
Current methods for determining these transport and thermodynamic parameters involve four
separate experiments. The coupled nature of the equations used to determine the parameters
results in large experimental uncertainty. A salient feature of this work is the rigorous
quantification of experimental uncertainty. We minimize this uncertainty by taking advantage of
the fact that transport and thermodynamics properties of polymer electrolytes above the
entanglement threshold are independent of molecular weight. The dependence of transport
parameters k, D, t,;;, and the thermodynamic factor, 7%, on salt concentration are presented with
a confidence interval of 95%. k, D, and T; are positive as required by the second law of

thermodynamics. There are, however, no constraints on the sign of 7,.,. We find that 7,,; is

negative in the salt concentration window of 0.093 < r < 0.189.
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