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Abstract

Ion Transport and Limiting Current in Conventional and Novel Polymer Electrolytes

By

Zachary Hoffman

Doctor of Philosophy in Chemical Engineering

University of California, Berkeley

Professor Nitash P. Balsara, Chair

Lithium-ion batteries are essential for the decarbonization of our power generation systems
and electrification of the transportation sector. Their popularity stems from their impressive
characteristics, including high energy density, low rates of self-discharge, and high cell volt-
age. However, the performance of these batteries is starting to reach a plateau. To enable
the next generation of lithium-ion batteries, high energy electrodes such as lithium metal
and silicon anodes are needed. Conventional battery electrolytes, consisting of a lithium salt
dissolved in mixtures of organic solvents, are unstable against these electrode materials. A
compelling alternative comes in the form of polymer electrolytes, which offer enhanced safety
and greater chemical stability.

This dissertation focuses on understanding ion transport within polymer electrolytes, includ-
ing a conventional polymer electrolyte and novel polymer electrolytes. Full electrochemical
characterization, following Newman’s concentrated solution theory, allows for the measure-
ment of transport parameters that provide a full description of ion transport in an electrolyte.
Using concentrated solution theory, predictions of salt concentration profiles can be made.
These are useful for understanding the conditions under which an electrolyte can stably op-
erate. With higher amounts of current applied to an electrolyte, salt concentration gradients
can grow until the salt is depleted at the cathode. The current density at which that occurs
is known as the limiting current, which is an important parameter to judge the practical
limitations of an electrolyte and its utility in battery systems.

Chapters 2, 3, and 4 present studies on ion transport in a conventional homopolymer elec-
trolyte, LiTFSI salt dissolved in poly(ethylene oxide) (PEO). These works build on our
understanding of ion transport in a model system that has been well characterized. In
Chapter 2, the ion transport properties of PEO/LiTFSI electrolytes are measured across a
wide range of salt concentration at three temperatures of interest. Included in this work is a
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full description of the experiments and calculations required for full electrochemical charac-
terization. The dependence of the ion transport properties on temperature varies with each
property, and thus predicting the effect of temperature on overall performance is impossible
without the results of our full characterization study. Chapter 3 provides a comparison of
salt concentration profiles predicted from concentrated solution theory with those measured
using operando Raman spectroscopy. In Chapter 4, theoretical predictions are made of elec-
trolyte performance at current densities above the limiting current density and are compared
to experimental measurements.

Chapters 5 and 6 focus on potential next-generation polymer electrolytes. PEO has been
the benchmark polymer electrolyte material since its discovery, and it is of utmost impor-
tance to discover new polymers for battery electrolytes. In Chapter 5, the dependence of
the limiting current density on electrolyte thickness is measured for a conventional and a
single-ion-conducting block copolymer. Chapter 6 presents the results of full electrochemical
characterization of a novel homopolymer electrolyte, and these results are compared to those
of PEO electrolytes.
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“We are on Earth to take care of life. We are on Earth to take care of each other.”

- Xiye Bastida
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1: Introduction

1.1 Motivation

Our planet is currently experiencing a significant rise in temperatures, at a rate of 0.2◦C per
decade. Projections indicate that global temperatures will surpass 1.5 ◦C above preindustrial
levels by 2037.1,2 This rise in global temperatures can have cataclysmic effects on our planet,
including the melting of ice sheets and glaciers, widespread damage to forests, extreme
weather events, and destruction of coral reefs.3–7 While we can only estimate the extent
of global warming and the effects it will have, the risks to our planet and our species are
substantial. Although there is geopolitical momentum to address these risks, changes in
administrations along with a lack of actionable plans from some nations paints a grim picture
for our future.8–10 Therefore, it is imperative to develop technical solutions to tackle the global
emissions problem.

In recent years, approximately 50% of global CO2 emissions have been attributed to the elec-
tricity generation and transportation sectors.2,11 Effective implementation of energy storage
solutions can significantly reduce emissions in these sectors. In the transportation sector,
the use of energy storage solutions such as batteries eliminates the need for fossil fuel com-
bustion, resulting in substantial emissions reductions.12 While renewable energy sources are
being integrated into our power grid, they may not always meet short-term power demands.
This challenge can be addressed by employing grid-level energy storage solutions, which,
when combined with renewable energy sources, can result in up to 90% emissions reductions
depending on location.13,14 Lithium-ion batteries are the most common energy storage so-
lution used today, including in electric vehicles. This is primarily due to their exceptional
energy density, low self-discharge rates, and high cell voltage. However, to enable the broader
use of electric vehicles and effective integration of batteries into our energy generation sector,
there is a need for improved battery performance.

A typical lithium-ion battery consists of three components: a graphite anode, a transition
metal oxide cathode, and an electrolyte. Conventional battery electrolytes are comprised of a
lithium salt dissolved in a mixture of organic solvents within a porous separator. These elec-
trolytes are used for their excellent performance and good contact with electrode surfaces.15

However, their flammability poses significant safety risks in situations where a battery may
be punctured or experience thermal runaway.16 As a result, there is considerable interest in
exploring alternative electrolyte materials that can replace these conventional liquid elec-
trolytes.

1.2 Polymer Electrolytes

The study of polymer electrolytes dates back to 1973 when Fenton et al. first discovered the
ability of poly(ethylene oxide) (PEO) to form stable complexes with metal salts.17 Then in
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1983, Armand et al. first discussed the potential of polymers for battery electrolyte materials
in 1983.17,18 Polymer electrolytes offer several advantages over conventional liquid electrolytes
including improved safety due to their chemical stability and non-flammability.They also
have the potential to inhibit the growth of lithium dendrites, which can short circuit a
cell.19–21 However, the performance of these electrolytes is not competitive with current
liquid electrolytes. For instance, PEO’s conductivity at elevated temperatures is an order of
magnitude lower than that of liquid electrolytes at room temperature.22,23 Despite this, the
potential of polymer electrolytes is significant, driving research on polymer materials that
can replace current electrolytes.

One of the major benefits of polymer electrolytes lies in their chemical stability.20,24 This
makes them suitable for use with a lithium metal or silicon anode, which can improve the
energy density of a battery compared to current graphite anodes.24–26 However, the growth of
lithium dendrites remains a concern for lithium metal anodes, particularly with homopolymer
electrolytes like PEO. To address this, block copolymer electrolytes combine polymers with
different properties, such as good ion transport from PEO and mechanical rigidity from
polystyrene or polyhedral oligomeric silsesquioxane.27–31 While these block copolymers are
briefly discussed later on, the primary focus of this work is on the study of homopolymer
electrolytes.

1.3 Ion Transport

Following the work of Onsager, ion transport within a binary electrolyte can be completely
described with three transport coefficients, in addition to a single thermodynamic param-
eter, as dictated by the Gibbs-Duhem relation.32,33 This preliminary work by Onsager was
influential, however the coefficients could not be easily measured. Newman’s concentrated so-
lution theory offers a framework to describe ion transport with experimentally determinable
transport parameters.33 These parameters are conductivity, salt diffusion coefficient, cationic
transference number with respect to the solvent velocity, and thermodynamic factor. The
transference number and thermodynamic factor are derived parameters requiring five sepa-
rate experiments, which will be discussed later. Once the four parameters are determined,
concentrated solution theory enables the prediction of salt concentration gradients within an
electrolyte.28,34 These gradients are of practical significance, and they result in concentration
overpotentials. Additionally, they can lead to depletion of salt at the negative electrode or
precipitation of salt at the positive electrode, ultimately resulting in cell failure.35–37

Conductivity measures an electrolyte’s ability to transport charge, including both cations and
anions. The salt diffusion coefficient provides a timescale for the relaxation of concentration
gradients within an electrolyte. Three additional measurements are required to determine the
derived parameters: current fraction, electric potential from concentration cells, and density
of the electrolyte. The current fraction is the ratio of the steady state current and the initial
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current in response to a constant potential. The electric potential from concentration cells
relates salt concentration gradients to electric potential gradients in the absence of applied
current or electric potential. Finally, measurements of the density of an electrolyte as a
function of salt concentration are required. Upon completion of these measurements, the
derived parameters can be calculated using equations developed by Newman. The cationic
transference number with respect to the solvent velocity is the fraction of current carried by
the cation. Different reference frames can be used to describe the transference number, but
in this work, we utilize the solvent reference frame.38,39 The thermodynamic factor measures
the dependence of the mean molal activity coefficient of the salt on salt concentration. In
this study, we report the methods used to complete full electrochemical characterization,
and present results for PEO electrolytes along with a novel homopolymer electrolyte.

While providing a comprehensive description of ion transport in electrolytes is important,
the measurements are typically conducted at small current densities that do not reflect the
conditions experienced by an electrolyte within a battery. To better understand electrolyte
performance at practical current densities, the limiting current must be measured. The
limiting current is the maximum current density an electrolyte can sustain before the salt is
depleted at the negative electrode or the solubility limit of the electrolyte is exceeded at the
positive electrode.

1.4 Structure of the Dissertation

This dissertation presents measurements of ion transport properties and limiting current of
polymer electrolytes.

Chapter 2 presents the full electrochemical characterization of PEO electrolytes across a
range of salt concentrations and temperatures. These results are used to model salt con-
centration profiles within the electrolyte at the temperatures of interest, and concentration
polarization was significantly larger at the lowest temperature. Chapter 3 contains a compar-
ison of salt concentration profiles modeled with concentrated solution theory and experimen-
tally measured using operando Raman spectroscopy in PEO electrolytes. The concentration
polarization measured experimentally was smaller than predicted with theory. Chapter 4 in-
cludes measurements of the Sand’s time of a PEO electrolyte, which are compared to those
predicted using concentrated solution theory. With these values of Sand’s time, the limiting
current of the electrolyte is estimated. Chapter 5 investigates the limiting current measured
in a conventional block copolymer and a comparable single-ion-conducting block copoly-
mer. The limiting current of the conventional block copolymer electrolyte linearly depends
on the electrolyte thickness, while the limiting current density of the single-ion-conducting
block copolymer was independent of the electrolyte thickness. Chapter 6 presents the full
electrochemical characterization of a beyond-PEO polymer electrolyte. We find the cationic
transference number of this electrolyte is greater than in PEO, resulting significantly lower
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concentration polarization within the electrolyte, and thus a lower value of the limiting
current density.
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2: Temperature and Concentration De-
pendence of the Ionic Transport Prop-
erties of Poly(Ethylene Oxide) Elec-
trolytes∗

2.1 Abstract

Even though batteries operate at different temperatures depending on their use and state
of charge, little work has been done to understand the effects of temperature on the ionic
transport properties of the electrolyte. The temperature dependence of these properties is
important for predicting how the performance of the battery will change as a function of
temperature, along with gaining fundamental insights into the underpinnings of ion trans-
port in these electrolytes. In this study we provide the first investigation of the effect of
temperature on conductivity, salt diffusion coefficient, transference number, and the thermo-
dynamic factor of a model polymer electrolyte: lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) salt dissolved in poly(ethylene oxide) (PEO). These properties were measured at
70, 90, and 110 ◦C. As expected, we see monotonic increases in conductivity and diffu-
sion with increasing temperature. Additionally, monotonic dependencies on temperature
were obtained for the transference number and the thermodynamic factor. One presumes
that concentration polarization decreases with increasing temperature due to more rapid
ion transport. We use concentrated solution theory to predict concentration polarization in
lithium-PEO/LiTFSI-lithium symmetric cells and thereby quantify the effect of temperature
on concentration polarization.

2.2 Introduction

Conventional lithium ion batteries use liquid electrolytes which are mixtures of organic
solvents, mainly cyclic and linear carbonates, and a lithium salt. There is considerable
interest in replacing organic solvents with a polymer to address issues related to energy
density and safety.19 Polymer electrolytes are stable against lithium metal; replacing the
graphite in lithium ion batteries with lithium metal results in an increase in theoretical
energy density.40,41 Polymer electrolytes are also less flammable than organic solvents, im-
proving safety.42

Ion transport in electrolytes is inherently complex due to the presence of two strongly inter-
acting charged species. The thermodynamic factor and three transport parameters, conduc-
tivity, salt diffusion coefficient, and the transference number, govern ionic transport in these

∗This chapter is adapted from work reported in Hoffman, Z. J.; Shah, D. B.; Balsara, N. P. Solid State
Ionics, 2021, 370, 115751.
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systems. In spite of the commercial importance of carbonate-based electrolytes and the fact
that they have been studied since 195843, there are few studies on the temperature depen-
dence of the properties that govern ion transport.23,44,45 Such studies are important for two
reasons. First, batteries are operated at different temperatures based on ambient conditions
and state of health of the battery.46 Second, temperature dependent measurements provide
fundamental insight that cannot be gleaned from measurements at a fixed temperature.

Mixtures of poly(ethylene oxide) (PEO) and bis(trifluoromethanesulfonyl)imide lithium salt
(LiTFSI) are commonly used polymer electrolytes. While there are numerous reports of
the dependence of conductivity on temperature47–50, there is little work on the temperature
dependence of the other relevant properties.51,52 The objective of this paper is to present
measurements of all the properties that affect ion transport in PEO/LiTFSI mixtures as a
function of temperature

2.3 Experimental Methods

2.3.1 Electrolyte Preparation

Electrolytes for most of the measurements reported in this paper were prepared by adding
LiTFSI salt (Sigma Aldrich) to 10 kg/mol PEO with a dispersity of 1.03 (Sigma Aldrich),
then dissolving in tetrahydrofuran (THF). The mixtures were stirred at 60 ◦C until com-
pletely dissolved, dried on a hotplate for at least 12 hours to evaporate the THF, and then
dried at 90 ◦C under vacuum to remove any residual solvent. These procedures were pre-
viously reported by our group36,48. Electrolytes were produced with salt concentrations of
r values from 0.02 to 0.3, where r is the ratio of lithium ions to ethylene oxide moieties
(r = [Li+]/[EO]). The density of our electrolytes, ρ, was assumed to follow that previously
measured in our group for PEO samples of 5 and 35 kg/mol48,53, and was used to calculate
the molar salt concentration, c, using the equation

c =
ρr

MEO + rMEO

(2.1)

with MEO and Msalt being 44.05 g/mol and 287.09 g/mol, respectively. In our calculations
we also use m, the molality of the electrolyte, which is calculated using

m =
r

MEO

. (2.2)

Values for c, ρ, andm for the range of salt concentrations of interest can be found in Reference
48.

We found that concentration cells made with 10 kg/mol PEO at 110 ◦C gave irreproducible
results, presumably due to the liquid like nature of this polymer at 110 ◦C. We therefore
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made electrolytes using the same process described above but with 275 kg/mol PEO for
constructing these cells. Gao and Balsara have shown that electrochemical properties show
no discernible dependence on molecular weight.22

2.3.2 Electrochemical Characterization

Preparation of electrochemical cells was done in an argon-filled VAC glovebox with water
and oxygen levels below 1 ppm.

Conductivity cells were constructed by filling a silicone spacer (McMaster-Carr) with a thick-
ness of 508 µm and inner diameter of 3.175 mm with the electrolyte and pressing a 200 µm
stainless-steel shim (MTI Corporation) blocking electrode on each side of the spacer. Nickel
current collectors (MTI Corporation) were attached to the cell using Kapton tape. The cells
were then vacuum sealed inside aluminum laminated pouch material (MTI Corporation)
before being removed from the glovebox.

The conductivity cells were annealed for 2 hours at 90 ◦C.The temperature was controlled
with a custom built heating stage. Using a Biologic VMP3 potentiostat, ac impedance
spectroscopy was performed with an amplitude of 60 mV, and a frequency range of 1 MHz
to 1 Hz. After these measurements were made, the cells were brought back into the glove
box for deconstruction and the final thickness of the electrolyte was measured.

The conductivity (κ) was calculated using Equation 2.3

κ =
L

RbAE

, (2.3)

where L is the thickness of the separator, AE is the electrochemically active area of the
electrolyte, and Rb is the bulk resistance of the electrolyte, which is found by fitting the
conductivity data to an equivalent circuit.

Lithium symmetric cells were used to perform both current fraction and restricted diffusion
experiments. 508 µm thick silicone spacer material with an inner diameter of 3.175 mm was
filled with electrolyte, and lithium foil (MTI corporation) of measured thicknesses ranging
from 180 to 350 µm was pressed on each side of the spacer material, followed by 200 µm thick
stainless steel shims. Nickel current collectors were adhered to the stack using Kapton tape.
The stacks were sealed in laminated aluminum pouch material, and then removed from the
glovebox.

The lithium symmetric cells were first annealed for 3 hours at 90 ◦C and then conditioned
with 4 cycles of ±0.02 mA/cm2, each for 5 hours. This conditioning was performed to
ensure the formation of a stable interfacial region indicated by consistent values of a cell’s
interfacial resistance and its potential response to each cycle. The cells were then subjected
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to a constant +10 mV for 20 minutes followed by an impedance measurement and then this
was repeated to observe the changes in resistances as the system reached a steady state
current. This process was replicated for -10 mV, +20 mV, and -20 mV. The current fraction
(ρ+) is calculated by comparing the steady state current (iss) and the initial current density
(i0). In ideal electrolytes this relation can be simply written as

ρ+ =
iss
i0
, (2.4)

In polymer electrolytes it is necessary to account for the potential drop cause by the
electrode/electrolyte interface which results in

ρ+ =
iss(∆V − i0Ri,0)

i0(∆V − issRi,ss)
, (2.5)

as developed by Bruce and Vincent54, where ∆V is the applied potential, and Ri,0 and
Ri,ss are the initial and steady state interfacial impedance values measured using impedance
spectroscopy, respectively. Practically, it is challenging to measure i0 accurately without
sufficiently fast sampling rates. Instead, we use a calculated initial current iΩ which can be
determined from easily measured parameters using

iΩ =
∆V

Rb,0 +Ri,0

, (2.6)

where Rb,0 is the initial resistance of the bulk. Combining Eqs. 2.5 and 2.6 gives

ρ+ =
iss(∆V − iΩRi,0)

iΩ(∆V − issRi,ss)
. (2.7)

At the end of the current fraction experiments restricted diffusion experiments are performed,
where the cells were allowed to relax for 3 hours.55 This relaxation of the potential in the
cell can be fit to

U(t) = k0 + ae−bt, (2.8)

where k0 is the fitted offset voltage, and a and b are fit parameters. Using b, the salt diffusion
coefficient can be found using the formula

D =
L2b

π2
. (2.9)

These fits are performed while increasing the lower bounds of time so that the nondimensional
number α, according to

α =
Dt

L2
, (2.10)

reaches a value above 0.05, as established by Thompson and Newman.56 Concentration cells
were used to measure the open circuit potential produced from the concentration gradient

8



between two electrolytes with different amounts of LiTFSI. The cell design was based on
procedures outlined in Reference 48. 508 µm thick silicone spacer material was cut into
rectangular shapes with an internal channel of about 2.5 cm by 3 mm. The silicone channels
were placed on a similarly sized rectangle of nickel foil to act as a base. Electrolyte was then
placed into each half of the channel, with one half always containing the reference electrolyte
(r = 0.06, lnm = 0.31). Lithium foil was placed on the ends of the channel, and nickel
current collectors were attached to the lithium foil. A rectangle of silicone spacer material
was then placed on top of the cell to maintain the construction of the cell during sealing and
to help ensure there was enough pressure within the cell to prevent leakage of the electrolyte.
The cells were then sealed inside laminated aluminum pouch material and brought to the
temperature of interest using a heating stage. The voltage was measured until it reached a
plateau, at which point the average potential was measured and recorded as the open circuit
potential of that salt concentration (U).

For conductivity cells, and lithium symmetric cells, the average value of at least three mea-
surements is reported with the standard deviation as the error bar. The error for the trans-
ference number was calculated using the equation

(δt0+)
2 =

(
dt0+
dρ+

)2

δρ+
2 +

(
dt0+
dκ

)2

δκ2 +

(
dt0+
dD

)2

δD2 +

(
dt0+
d dU
dlnm

)2

δ

[
dU

dlnm

]2
, (2.11)

where δt0+ indicates the error of the transference number, and δρ+, δκ, δD, and δ[dU/dlnm]
are the values of error for each parameter. The same general equation was used to calculate
the error of the thermodynamic factor.

2.4 Results and Discussions

Figure 2.1a shows the conductivity of PEO/LiTFSI electrolytes as a function of temperature
for the seven different electrolytes. Conductivity, κ, increases monotonically with tempera-
ture as expected, but this increase depends on salt concentration. It is customary to use the
Vogel-Tamman-Fulcher equation to describe the temperature dependence of conductivity:

κ(T ) = A

[
exp

(
− Ea

R(T − Tg + 50)

)]
, (2.12)

where A and Ea are parameters found by fitting the experimental data, R is the universal gas
constant, and Tg is the glass transition temperature of the electrolyte. The glass transition
temperature of PEO/LiTFSI electrolytes was taken from the work of Perrier et al. and
Pesko et al.49,57 The lines in Figure 2.1b represent these fits, and the dependence of Tg, A,
and Ea are given in Table 2.1. VTF analysis assumes that ion transport is governed by
segmental relaxation and the VTF parameters quantify this relaxation. In Figure 2.1b we
plot κ as a function of 1000/(T −Tg+50) on a semi-log plot. These plots are linear, which is
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consistent with the literature.49,50 While the slopes obtained at different salt concentrations
are similar, the intercepts are not. This implies that Tg is not the only parameter that affects
conductivity. For a given value of 1000/(T −Tg+50) the maximum conductivity is obtained
at a salt concentration of r = 0.12.

Figure 2.1: (a) Conductivity of PEO/LiTFSI electrolytes as a function of temperature, T ,
and polynomial fits of the data. (b) Vogel-Tammann-Fulcher plot of conductivity of the
electrolytes, Tg is the glass transition temperature of each electrolyte, and it depends on salt
concentration. Salt concentration, r, for each data set is given in the legend

An alternative approach for examining electrolyte conductivity was proposed by Mongcopa
et al.

κ(r) = K(T )r

[
exp

(
− r

rmax(T )

)
,

]
(2.13)

where K(T ) is a temperature dependent constant that is related to the extent of salt disso-
ciation, and the term within the square brackets represents frictional interactions between
the salt ions and the polymer.58 Equation 2.13 has two temperature dependent fitting pa-
rameters. It can readily be seen that the parameter relating to the frictional interactions,
rmax(T ), coincides with the salt concentration at which the conductivity is maximized.

In Figure 2.2a, we plot conductivity as a function of r at different temperatures. The curves
in Figure 2.2a are fits of Equation 2.13 with K(T ) and rmax(T ) as fitting parameters. Both
parameters are linear functions of T :

K(T ) = (9.90× 10−4)T − (3.95× 10−2) (2.14)
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rmax(T ) = (6.69× 10−4)T − (1.30× 10−2) (2.15)

An important parameter is the value of the maximum conductivity obtained at each tem-
perature, κmax. We use fits of Equation 2.13 to determine κmax and these results are shown
in Figure 2.2c. κmax increases by about a factor of 3 when temperature is increased from 70
to 110 ◦C.

Figure 2.2: (a) Conductivity of PEO/LiTFSI electrolytes as a function of salt concentration,
r, at 70, 90, and 110 ◦C. (b) The fit parametersK(T ), and rmax from Equation 2.13 plotted as
a function of temperature. rmax is the salt concentration at which conductivity is maximized,
and K(T ) is the prefactor in Equation 2.13. (c) The maximum value of conductivity, κmax,
plotted as a function of temperature, T .
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Figure 2.3a shows the mutual salt diffusion coefficient (D) measured using restricted diffusion
experiments, as a function of r and T . In general, we see that D decreases as r increases.
The trend is approximately linear at all temperatures; Figure 2.3a shows linear fits through
the data.

Figure 2.3: (a) Salt diffusion coefficient and (b) current fraction as a function of salt concen-
tration, r, at 70, 90, and 110 ◦C. Fits of the data are included as solid lines. All the current
fraction data have been fit to a single curve.

The slopes and intercepts respectively of the data are: −1.658×10−7 cm2/s and 6.979×10−8

cm2/s at 70 ◦C, −2.816× 10−7 cm2/s and 1.133× 10−7 cm2/s at 90 ◦C, and −3.205× 10−7

cm2/s and 1.679× 10−7 cm2/s at 110 ◦C.

At a given salt concentration, the diffusion coefficient increases by about a factor of 3 when
temperature is increased from 70 to 110 ◦C. In this respect, we see similarities between the
temperature dependencies of conductivity (Figure 2.2a) and diffusion coefficients (Figure
2.3a).

Figure 2.3b shows the current fraction (ρ+) measured by the Bruce-Vincent method as a
function of r and T . Unlike κ and D, ρ+ is, to a reasonable approximation, independent of
temperature between 70 and 110 ◦C. This is consistent with previous studies in the litera-
ture.51,52 The curve in Figure 2.3b, is a polynomial fit through all three data sets:

ρ+(r) = 7.632r2 − 2.063r + 0.212. (2.16)

The conductivity of an electrolyte reflects the mobility of both the cation and the anion. In
most batteries, only the cation participates in the reactions occurring within the electrodes.
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The symmetric lithium-lithium cell is the simplest construct to study the efficacy of an
electrolyte in batteries. The ratio of the current density and the applied potential gradient
can be regarded as an effective conductivity. In the limit of small applied potentials, this
effective conductivity is equal to the product κρ+.

33,59–61

Figure 2.4: The product of the current fraction and the conductivity of the electrolytes, κρ+.
as a function of salt concentration, r, at 70, 90, and 110 ◦C. This product may be regarded
as the effective conductivity in the limit of small applied potentials.

In Figure 2.4 we plot κρ+ as a function of r for three different temperatures. The general fea-
tures of the dependence of κρ+ on r are similar at all temperatures. In the low concentration
regime, 0 < r ≤ 0.16, κρ+ approaches a maximum at r = 0.06, irrespective of temperature.
Note that this salt concentration differs substantially from the salt concentration for which κ
is maximized. In this low concentration regime, the decrease in conductivity with increasing
salt concentration is steepest at 70 ◦C; κρ+ at r = 0.16 is a factor of 5 smaller than that at r
= 0.06. This decrease is significantly lower at 110 ◦C, where κρ+ at r = 0.16 is only a factor
of 2 smaller than that at r = 0.06. There is an abrupt change in the dependence of κρ+ on
r at r = 0.16. In the high salt concentration regime, 0.16 ≤ r ≥ 0.30, κρ+ is independent of
r. In other words, the decrease in κ with increasing r in this regime is compensated for by
an increase in ρ+. Computer simulations have established that in the dilute limit, lithium
ions are coordinated by six oxygen atoms.62,63 At r = 1/6 = 0.166, all the oxygen atoms in
the system are coordinated with lithium ions. It is interesting that the division between the
two regimes seen in Figure 2.4 occurs at this value of r.

The final experiment required for completing the full electrochemical characterization of
PEO/LiTFSI mixtures is the measurement of the open circuit potential, U , with the use
of concentration cells. In these cells, a reference electrolyte with r = 0.06 (lnm = 0.31) is
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brought in contact with electrolytes of varying concentrations. It is customary to present
such data on a plot of U versus lnm.64 The data obtained are shown in Figure 2.5, along
with previously published data obtained from a PEO sample with a molecular weight of 275
kg/mol at 90 ◦C.65 All data sets are similar: the slope of U versus lnm is small when lnm
is less than zero compared to when lnm is greater than zero. We use a single 4th order
polynomial to fit all the data in Figure 2.5:

U(lnm) = −8.62(lnm)3 − 29.95(lnm)2 − 56.46(lnm)− 20.56. (2.17)

Figure 2.5: Open-circuit potential across concentration cells (U) plotted as a function of
the natural logarithm of the molality of salt in the electrolyte (lnm). In addition to data
measured in this study, we have included data from Reference 65. All data sets were fit to
a single curve shown in the figure.

Conductivity of an electrolyte can be measured in both conductivity cells (blocking elec-
trodes) and lithium symmetric cells (nonblocking electrodes). In Figure 2.6 we compare
these measurements for our PEO/ LiTFSI mixtures. The solid and dashed curves in Figure
2.6 represent fits of Equation 2.13 through these data. In general, the nonblocking conduc-
tivity is slightly lower than the blocking conductivity. At r = 0.30 however, significantly
lower nonblocking conductivities are obtained at 70 and 90 ◦C. We note in passing that in
many systems there are much more significant differences between blocking and nonblocking
conductivities.66

The measurement of D, κ, ρ+, and U as a function of salt concentration enables calculation
of the cationic transference number with respect to the solvent, t0+, and the thermodynamic
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factor, Tf , using the following equations,

t0+ = 1 +

(
1

ρ+
− 1

)
FDc

κ

(
dlnm

dU

)
, (2.18)

Tf = 1 +
dlnγ±
dlnm

=
κ

νRTDc
(

1
ρ+

− 1
) ( dU

dlnm

)2

. (2.19)

Figure 2.6: Conductivity measured with blocking and nonblocking electrodes, plotted as a
function of r at 70, 90, and 110 ◦C. The solid curves are fits of the blocking conductivity data,
represented by filled points, and the dashed curves are fits of the nonblocking conductivity,
represented by hollow points.

In these equations, c is the concentration of lithium ions in the electrolyte (moles/L), and
dU/dlnm is the derivative of the curve of U vs lnm. We use Equations 2.13-2.17 along
with the linear equations describing the diffusion coefficient noted previously to calculate
the transference number and thermodynamic factor at different salt concentrations, and the
results are shown in Figures 2.7a and 2.7b. The dependence of t0+ on r is similar at all
temperatures with the minimum at r = 0.16, the salt concentration at which all of the
oxygens in the PEO chains are coordinated with lithium. The transference number at this
concentration is negative, implying the presence of negatively charged clusters, consistent
with previous studies on PEO/LiTFSI.48,65 The transference number at a given salt con-
centration increases when the temperature is changed from 70 to 90 ◦C. The same is true
when changing the temperature from 90 to 110 ◦C, but the increase is much smaller. There
are relatively few systems where the rigorously defined t0+ is defined explicitly. In conven-
tional lithium-ion battery electrolytes comprising mixtures of ethylene carbonate, dimethyl
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Figure 2.7: (a) Cationic transference number with respect to the solvent velocity and (b)
thermodynamic factor plotted as a function of salt concentration, r at 70, 90, and 110 ◦C.

carbonate, and LiPF6, Landesfeind and Gasteiger23 report that t0+ increases with increasing
temperature, while Reimers et al.44 infer that t0+ is independent of temperature in mixtures
of ethylene carbonate, dimethyl carbonate, and polycarbonate. Tf shows a similar temper-
ature dependence as t0+, where at a given salt concentration Tf will increase as temperature
is changed from 70 to 90 ◦C, and increase less from 90 to 110 ◦C.

The full characterization of an electrolyte provides information that can be used to model
the salt concentration profiles inside a lithium-lithium symmetric cell as a function of applied
current density, i, using concentrated solution theory.33 We define x as the distance from
the positive electrode and assume that the negative electrode is located at x = L, where L
is the thickness of the lithium-lithium symmetric cell. The dependence of r on x is given in
Reference 34, ∫ r(x)

r(x=0)

D(r)c(r)

r(1− t0+(r))
dr = −iL

F

(x
L

)
. (2.20)

The dependence of D and t0+ are described by Figures 2.3a and 2.7a. This enables calculation
of the integrand on the left side of Equation 2.20, Dc

r(1−t0+)
. The integrand is approximated

by polynomial expression,

D(r)c(r)

r(1− t0+(r))
= ar4 + br3 + cr2 + dr + e, (2.21)

and the constants a through e are obtained by a least squares fit through the experimental
data. The values of these parameters at each temperature are given in Table 2.5. We present
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results for a constant current density of 0.2 mA/cm2, and for average salt concentrations,
rav, of 0.065 and 0.10. Equation 2.20 is solved iteratively to obtain r(x) such that the
calculated rav agrees with the targeted value. The results for rav = 0.065 are shown in
Figure 2.8a. Considerable concentration polarization is seen at 70 ◦C: r(x/L = 0) = 0.13,
while r(x/L = 1) = 0.02. Increasing the temperature to 90 ◦C reduces the magnitude of
concentration polarization, and increasing the temperature to 110 ◦C reduces the magnitude
of concentration polarization further. The qualitative trend is not surprising as the rate of
ion transport is often improved by increasing temperature. The results for rav of 0.10 are
shown in Figure 2.8b. Larger concentration gradients are seen in this case when compared to
rav = 0.065 at all temperatures. Increasing the temperature to 110 ◦C reduces concentration
polarization by a factor of about 3 at r = 0.065 and a factor of 5 at r = 0.10. This is
surprising because the conductivity at rav = 0.10 is higher than that at rav = 0.065, pointing
to the importance of complete electrochemical characterization.

Figure 2.8: LiTFSI concentration profiles modeled using concentrated solution theory at 70,
90, and 110 ◦C in lithium-PEO/LiTFSI-lithium cells with average salt concentrations of (a)
rav = 0.065 (b) rav = 0.10 at a fixed current density of 0.2 mA/cm2. x/L = 0 corresponds
to the anode and x/L = 1 corresponds to the cathode, where L is the electrolyte thickness
of 500 µm

2.5 Conclusions

In this study we have performed the first investigation of the temperature effects on full
electrochemical characterization of a standard polymer electrolyte: PEO/LiTFSI. The elec-
trochemical properties, which included κ, D, t0+, and Tf , of these electrolytes were measured
at 70, 90, and 110 ◦C. κ and D increase monotonically with temperature. t0+ shows a mini-
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mum at r = 0.16 for all temperatures and has a monotonic dependence on temperature and a
non-monotonic dependence on concentration. Tf increases with increasing salt concentration
at all temperatures. We used the measured transport parameters to predict concentration
polarization in symmetric lithium-lithium cells at different temperatures. We find that con-
centration polarization decreases by factors between 3 and 5 in our temperature window,
depending on salt concentration.
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2.7 Supporting Information

Table 2.1: Constants for Equation 2.12

Temperature K(T) K(T) Error rmax rmax Error
70 0.030714 0.00298 0.060292 0.00381
75 0.034987 0.0033 0.063643 0.00405
80 0.039574 0.00403 0.066046 0.00448
85 0.04401 0.00438 0.069334 0.00464
90 0.049425 0.00513 0.071483 0.00503
95 0.054141 0.00751 0.077843 0.00746
100 0.059221 0.00817 0.080841 0.00778
105 0.064569 0.00834 0.083199 0.00754
110 0.070448 0.00916 0.086292 0.00794
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Table 2.2: Constants for Equation 2.11

r A A Error Ea Ea Error
0.02 0.1042 0.0104 7.9320 0.169
0.06 0.1566 0.0106 7.4776 0.109
0.08 0.2551 0.0139 8.2628 0.0862
0.12 0.8282 0.183 9.2822 0.337
0.16 0.7524 0.119 9.4814 0.234
0.24 0.5617 0.0418 9.6430 0.105
0.30 1.8754 0.842 11.281 0.615

Table 2.3: Glass Transition Temperatures of PEO/LiTFSI Electrolytes

r Tg (◦C)
0 -60

0.04 -56.0
0.06 -50.0
0.08 -44.9
0.095 -41.9
0.12 -36.0
0.16 -28.9
0.20 -24.7
0.24 -18.8
0.33 -9.5

Table 2.4: Salt Concentration Profile Modeling Parameters

D(r)c(r)

r(1−t0+(r))
= ar4 + br3 + cr2 + dr + e

Temperature a× 105 b× 105 c× 105 d× 106 e× 107 f × 109

70 2.894 -2.451 0.755 -0.998 0.452 0.725
90 5.097 -4.383 1.380 -1.884 0.932 0.965
110 -3.914 3.869 -1.524 3.043 -3.1467 14.325
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Table 2.5: Constants for Equation 2.12 for Non-Blocking Conductivity

Temperature K(T) K(T) Error rmax rmax Error
70 0.024503 0.00203 0.059231 0.00318
90 0.045316 0.00674 0.067754 0.00675
110 0.06697 0.00757 0.07769 0.00607
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2.8 Nomenclature

Table 2.6: List of Symbols and Abbreviations

Symbol Meaning
PEO poly(ethylene oxide)
LITFSI lithium bis(trifluoromethanesulfonyl)imide
D salt diffusion coefficient (cm2/sec)
κ conductivity (S/cm)
ρ+ current fraction

1 + dlnγ±
dlnm

thermodynamic factor
t+0 fully defined transference number
r molar ratio of lithium ions to ethylene oxide
L electrolyte thickness
AE electrolyte area
Rb,0 initial bulk resistance of electrolyte (Ω)
Rb,ss steady state bulk resistance of electrolyte (Ω)
iss steady state current (mA)
iΩ calculated initial current (mA)
∆V potential drop (mV)
Ri,0 initial interfacial resistance (Ω)
Ri,ss steady state interfacial resistance (Ω)
U Open-Circuit Potential (mV)
a, b fit parameters for equation 2.6
k0 offset voltage (mV)
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3: Comparing Theoretical Salt Concen-
tration Profiles in a Polymer Electrolyte
with Experimental Measurements us-
ing Operando Raman Spectroscopy∗

3.1 Abstract

Concentrated solution theory has furthered our understanding of ion transport in electrolytes.
This theory can be used to predict salt concentration profiles under an applied current if
the transport properties of the electrolyte (conductivity (κ), restricted diffusion coefficient
(D), and the cation transference number with respect to the solvent velocity (t0+), and the
thermodynamic factor (Tf )) are known. In this work, we provide the first study compar-
ing the predicted salt concentration profiles with measurements based on operando Raman
spectroscopy. Concentration polarization is asymmetrical; the increase in salt concentration
near the positive electrode is a factor of two greater than the decrease in salt concentration
near the negative electrode. We find qualitative agreement between theory and experiment.
Further work is needed to resolve the quantitative differences.

3.2 Introduction

There is great interest in replacing the conventional rechargeable battery electrolytes, mix-
tures of organic solvents and a metal salt, for the next generation of rechargeable batteries.
These electrolytes provide superior performance; however their flammability provides sig-
nificant safety concerns, and they are unstable against high capacity electrodes such as
lithium metal.19,67,68 Additionally, these liquid electrolytes provide no physical resistance to
the growth of lithium dendrites which can grow under fast charging conditions and lead
to catastrophic failure.69–71 Polymer electrolytes have the potential to address some of the
limitations of liquid electrolytes.72

When current is drawn across an electrolyte, salt concentration gradients will develop, re-
sulting in depletion of salt at the negative electrode and accumulation of salt at the positive
electrode.73 These salt concentration gradients limit cell safety and performance. Theoretical
models suggest that the propensity for lithium dendrite growth is accentuated by large salt
concentration gradients.74 The fastest rate of charging a cell is determined by the magni-
tude of salt concentration gradients. As larger values of current are drawn across the cell,
these gradients grow. At a sufficiently large current, the salt concentration throughout the
negative electrode is zero (or nearly so); this is defined to be the limiting current of the

∗This chapter is adapted from Hoffman, Z. J.; Galluzzo, M. D.; Gordon, M. P.; Urban, J. J.; Balsara N.
P. Journal of The Electrochemical Society, Under review.
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electrolyte. Drawing currents larger than the limiting current will result in decomposition
of the electrolyte and failure of the cell.

The salt concentration profile through an electrolyte at a given current density, i, can be
calculated using concentrated solution theory.28,34. This calculation requires knowledge of
three transport parameters, conductivity (κ), restricted diffusion coefficient (D), and the
cationic transference number (t0+), along with the thermodynamic factor (Tf ).

33,64While κ
can be measured by simple ac impedance experiments, determining the other 3 parameters
requires considerable effort.20,50,75 However, the performance of an electrolyte in a cell can
only be predicted if all four parameters are known as a function of salt concentration.

Predictions based on concentrated solution theory have been used to explore the underpin-
nings of cell cycling data in several cases.28,34,76 In typical experiments, the potential drop
across the cell is measured as a function of current density. These measurements may be
considered as indirect reporters of salt concentration gradients. Salt concentration gradients
have been measured directly via Raman spectroscopy in some electrolytes77–82, but they have
not been interpreted in terms of concentrated solution theory. In this work we use operando
Raman spectroscopy to determine the salt concentration profile in a polymer electrolyte
at a fixed current density. The measured profiles are compared with predictions based on
concentrated solution theory with no adjustable parameters.

3.3 Experimental Methods

3.3.1 Electrolyte Preparation

Poly(ethylene oxide) (PEO) with a molecular weight of 275 kg/mol (Polymer Source) and
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (Sigma Aldrich) were dried under ac-
tive evacuation for three days at 120 ◦C. They were then combined and dissolved in anhydrous
tetrahydrofuran (THF) (Sigma Aldrich) at 60 ◦C in a capped vial, and then once dissolved,
the cap is removed to evaporate off the THF. The electrolytes were then dried at 90 ◦C under
active evacuation for a day to remove any remaining solvent. Preparation of electrolytes was
performed in an argon-filled glovebox with water levels below 1 ppm and oxygen levels below
2 ppm. The electrolytes used in this study all have the same salt concentration, r, the ratio
of lithium ions to ethylene oxide moieties (r = [Li+]/[EO]). The r value chosen was r = 0.08.

3.3.2 Electrochemical Cell Preparation

A custom electrochemical cell was developed for these experiments and is shown below in
Figures 3.4a-3.4c. Reflective tape was placed against the bottom of the cell where the
electrolyte is placed to help increase the measured Raman signal. Lithium foil is then
pressed against the stainless-steel electrodes and then inserted into the cell. The area of
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the electrode in contact with the electrolyte is 0.035 cm2. Then PEO/LiTFSI electrolyte is
inserted between the electrodes. The channel is heated, and the electrolyte is further pressed
into the channel to ensure it is filled with electrolyte. The depth of the electrolyte is 0.0875
cm, and the distance between the electrodes is 0.1 cm. The cell is then heated to 90 ◦C
and a preconditioning cycle is applied where the cell is polarized at +10 µA/cm2 for four
hours, allowed to relax, and then polarized at -10 µA/cm2 for four hours, then allowed to
relax. These polarizations were repeated three times, and ac impedance measurements were
made throughout this process to track the bulk and interfacial resistances. All the above
procedures were performed within a glovebox with less than 1 ppm levels of oxygen and
water.

3.3.3 Polarization Experiments

After preconditioning the electrochemical cell was sealed and removed from the glovebox.
The electrochemical cell was brought to the microscope and heated to 90 ◦C using a custom
heating stage. Throughout the initial heating and polarization experiments, an argon purge
stream is used to ensure that the cell is kept free of air and water. After the cell is brought
to temperature, an initial ac impedance measurement is taken, along with an initial Raman
scan. Afterwards the cell is polarized with an applied current density, until the measured
salt concentration profiles reach steady state.

3.3.4 Raman Measurements

The microscope used for these experiments is a WITec alpha 300 S confocal microscope
with a Raman spectrometer and a UHTS-300 CCD detector. The grating used for these
experiments was 1800 grooves/mm, and the laser has a wavelength of 532 nm. A Nikon E
Plan lens with 20× magnification was used to focus the laser light. For each measurement
point, eight 0.6 second integrations were taken. The cell was moved during measurements
using a micrometer-controlled translation stage. For these experiments the cell was polarized
in the x-direction (Figure 3.4), which would allow for the averaging of concentration data
over both the z and y directions. However, to ensure that the intensity of the measured
spectra was maximized, measurements were made at a single z value for all experiments, as
deviating from this point significantly diminished the intensity of the Raman spectra. Before
polarization experiments, initial Raman measurements were made to identify the z and y
values for the scans that results in maximized the measured Raman signal.

For calibration curve measurements, simple stainless-steel air-free cells (Kurt J. Lesker Com-
pany) were utilized. Silicone spacer material was placed inside the stainless-steel cells and
filled with electrolyte. These cells were then sealed before being removed from the glovebox.
All the above procedures were performed within a glovebox with less than one ppm levels of
oxygen and water. The cells were then brought to the Raman microscope and heated with
a custom heating stage to 90 ◦C, at which point the Raman spectra was measured.
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3.4 Results and Discussion

Figure 3.1: (a) Raman spectra of PEO/LiTFSI electrolytes with salt concentrations 0 ≤ r
≤ 0.26, where r = [Li+]/[EO]. Raman peaks corresponding to vibrations of (b) the PEO
backbone, and (c) the TFSI− anion. (d) The ratio of the fitted area of the anion peak
normalized by the PEO peak, plotted as a function of r. The dashed black line represents a
linear fit through the data. We use this linear fit as a calibration to determine the spatial
dependence of salt concentration in the operando Raman cell.

Previous studies have shown that Raman spectra of PEO/LiTFSI and other electrolytes are
sensitive functions of salt concentration.77,78,81–84 Our approach builds upon these studies. In
Figure 3.1a the Raman spectra of PEO/LiTFSI mixtures with different salt concentrations
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are shown. Due to fluorescence in the measured Raman spectra, background subtraction
was required for interpreting all the measured spectra. In our work, background subtraction
was performed using a Python program, following the iterative approach proposed by Lieber
et al.85 In this study, establishing the background required about 30 iterations. Figures 3.2a
and 3.2b give an example of an original spectrum and the background. The background-
subtracted spectra are shown in Figure 3.1a.

Figure 3.2: Raw Raman spectra and background subtracted spectra of a PEO/LiTFSI elec-
trolyte. (a) The red spectrum is the raw data, the black line shows the fitted background,
and (b) the purple spectrum is the background subtracted spectra similar to those shown in
Figure 3.1a.

We focus on two spectral peaks, centered around 1470 cm−1 and 745 cm−1. In the literature,
the 1470 cm−1 peak arises from vibrations in the polymer backbone, and the 745 cm−1

peak arises from vibrations in the anion.77,78,83 The 1470 cm−1 peak obtained at different
salt concentrations is shown in Figure 3.1b, and the 745 cm−1 peak obtained at different
salt concentrations is shown in Figure 3.1c. Figure 3.1b shows that the polymer backbone
peak is a weak function of salt concentration. Figure 3.1c shows that the anion peak is
strongly correlated with salt concentration. We define An to be the area under the anion
peak normalized by the area under the polymer backbone peak.77,78 The spectral data were
fit to pseudo-Voigt functions (1400 to 1520 cm−1 for the polymer backbone peak and 720 to
780 cm−1 for the anion peak), and the peak area was determined by analytical integration
of the fitted functions. An example of our fitting procedure is provided in Figures 3.3a and
3.3b. An is plotted as a function of salt concentration r in Figure 3.1d. A least squares linear
fit through the data with the intercept held at 0 is represented by the dashed line in Figure
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3.1d, An = 9.8r. We use this equation as a calibration to determine local salt concentration
from operando Raman spectra.

Figure 3.3: Demonstrative curve fitting using Pseudo-Voigt fits of (a) the PEO backbone
and (b) the TFSI− anion.

Measuring the Raman spectra of PEO/LiTFSI electrolytes (Figures 3.1a-3.1d) is simple.
However, obtaining Raman spectra in a polarized electrochemical cell required construction
of a custom electrochemical cell. Most importantly, this cell required a transparent window
through which the laser could pass, along with ensuring the electrodes and electrolyte remain
air-free throughout the experiment. Figures 3.4a-3.4c show the electrochemical cell used in
this study. The cell is made of polyether ether ketone (PEEK), and contains a channel used
to flush argon through the cell during polarization, keeping it air-free. The channel holding
the electrolyte and electrodes was machined separately from the base of the cell. This allowed
for easy removal and cleaning between experiments. The channel holding the electrolyte is
0.1 cm thick (x-direction shown in Figures 3.4b and 3.4c), 0.4 cm long (y-direction), and
0.0875 cm deep (z-direction).
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Figure 3.4: The electrochemical cell used for operando Raman spectroscopy. (a) View of
entire cell from above. (b) View of the experimental channel with the electrodes and elec-
trolyte. (c) Diagram of the side view of the experimental channel.

Polarization experiments were performed in a Li-PEO/LiTFSI-Li symmetric cell at current
density i = 0.18 mA/cm2. This current density was found to be the upper limit of applied
current densities that resulted in stable polarization without significant dendrite growth. In
the interest of maximizing the magnitude of concentration gradients across the electrolyte,
this upper limit of stable current was utilized. Using the values of κ, D, t0+, and Tf we
predict, using the methodology described in References 28 and 34, that the limiting current
density of this cell is 0.4 mA/cm2. The current density used in this study lies well below the
limiting current. The experiment was performed three times and data obtained from one
experiment is shown in Figures 3.5a and 3.5b. Figure 3.5a shows the time dependence of
the potential drop across the cell during polarization. Small abrupt changes in the measured
voltage occur at times when Raman spectra were measured. We posit that this is due to
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heating of the electrolyte by the laser beam. As the time approaches 5 hours, the voltage
data begins to vary drastically over short periods of time. This voltage behavior is indicative
of dendrite growth, and this was verified by noticeable dendrite formation after 4 hours as
shown by the optical micrograph of the cell in Figure 3.6.

Figure 3.5: (a) Measured voltage as a function of time in the electrochemical cell during
polarization, under an applied current density of 0.18 mA/cm2. Colored circles correspond
to time points at which salt concentration profiles were determined from operando Raman
spectra. (b) Experimentally measured salt concentration, rexp, as a function of normalized
distance along the electrolyte, x/L, where L = 1000 µm. Colors indicate the time points at
which the data were acquired; see (a).

Figure 3.5b shows the measured salt concentration as a function of position, x/L (L = 0.1
cm.), where the negative electrode is at x/L = 0 and the positive electrode is at x/L = 1, at
selected times. These data reflect measured Raman spectra collected at 40 points separated
by 25 µm. The measured values of An were recast in terms of r using the calibration
curve (Figure 3.1d). The colors of the concentration profiles in Figure 3.5b correspond with
the colored markers in Figure 3.5a which show the time points at which the concentration
profiles were obtained. The time required for a single line scan was around 5 minutes
which is small relative to the time scale required for significant changes in the local salt
concentration profiles. After Raman measurements were recorded, micrographs were taken
of the electrochemical channel. These micrographs were useful for observing dendrite growth
within the cells. At early times we see the salt concentration oscillating around the average
salt concentration value of ravg = 0.08. As the cell is polarized, changes in concentration are
most clearly seen at the positive electrode. It should be noted that while there was significant
dendrite formation beginning after 4 hours of polarization, the measured salt concentration

29



Figure 3.6: Micrographs of a portion of the lithium-polymer-lithium symmetric cell used in
the operando Raman spectroscopy experiments at a current density, i = 0.18 mA/cm2 (data
presented in Figures 3.5a and 3.5b of main text). (a) 4.00, (b) 4.25, and (c) 4.75 h. Lithium
dendrites are evident in (b) and (c). Steady state salt concentration profiles were measured
at 4 hours, before significant dendrite growth.

gradients at 4 and 5 hours essentially overlap, which would indicate a steady state has been
reached within the electrolyte. This can also be inferred from the measured voltage as while
there is oscillation in the voltage it remains relatively constant when compared to the change
seen at earlier time periods. We note that salt concentration measurements are challenging
close to the lithium electrodes, and thus at times the salt concentration around x/L = 0 and
x/L = 1 could not be measured reliably. For the data shown in Figures 3.5a and 3.5b, the
relative position of the line scan was shifted 200 µm in the y direction according to Figure
2.2c between three and four hours to provide better data close to the electrodes. Due to the
relatively small change in position of the line scan we do not expect that this change would
result in any changes to the measured salt concentration compared to the previous position.

While the local salt concentration can vary during polarization, the average salt concentration
must remain fixed at ravg = 0.08. To check the validity of our measurements, the average
salt concentration, ravg, was calculated for each line scan. In Figure 3.7 we plot δr (δr =
ravg − 0.08) as a function of polarization time for all three experiments. The data in this
figure are scattered around δr = 0, indicating that within experimental error the average
salt concentration remains constant during polarization.

30



Figure 3.7: The deviation between the average salt concentration in the cell measured by
operando Raman spectroscopy and the initial salt concentration (0.08), δr, as a function of
polarization time for the 3 different experiments. In the absence of experimental error, we
expect δr = 0.08.

Figure 3.8: (a) Steady state salt concentration profiles of three independent experiments are
plotted as a function of x/L. Three cells each with an r value of 0.08 were polarized using
an applied current density of 0.18 mA/cm2. The solid black line represents the theoretically
predicted salt concentration profile, rtheory using concentrated solution theory. The solid
gray line is indicative of the ravg value of 0.08. (b) The difference in values of predicted and
measured salt concentration as a function of x/L.
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We are interested in understanding the difference between predicted salt concentration pro-
files and those that we measure using Raman spectroscopy. Figure 3.8a shows the steady
state concentration profiles obtained from the three different experiments, r = 0.08 and i =
0.18 mA/cm2. For Experiment 1, measurements were made with 40 data points in a single
line scan across the width of the electrolyte. For Experiments 2 and 3, 30 data points were
taken over 3 different line scans separated by about 150 µm to account for any variations
that might be present within the electrolyte in the y-direction. For these experiments, the
plotted data point represents the average for the 3 lines scans and the error bars correspond
to the standard deviation of the 3 lines. Data from the three experiments are consistent with
each other.

The solid curve in Figure 3.8a is the predicted salt concentration profile utilizing methods
developed by Pesko et al. and Frenck et al. which are based on concentrated solution
theory.28,34 This prediction is made without resorting to any adjustable parameters. The
steady state concentration profile, r(x), is related to the current density and properties of
the PEO/LiTFSI electrolyte. This relationship may be expressed as,∫ r(x)

r(x=0)

D(r)c(r)

rt0−(r)
dr =

∫ r(x)

r(x=0)

κ(dU/dlnm)

(1− 1/ρ+)(z+ν+)rF
dr =

∫ r(x)

r(x=0)

J(r)dr = −iL

F

(x
L

)
(3.1)

where c(r) is the molar salt concentration, t0−(r) is the transference number of the anion
with respect to the solvent velocity, ρ+ is the current fraction, z+ is the charge of the
cation, v+ is the number of cations produced when the salt dissociates, F is the Faraday
constant, and dU/dlnm is the change in open circuit potential with respect to the natural
log of molality. We utilized transport parameters measured for PEO/LiTFSI mixtures (PEO
molecular weight of 275 kg/mol) reported in Reference 34. The resulting expression J(r)
was fit to a 5th order polynomial,

J(r) = ar5 + br4 + cr3 + dr2 + er + f

[
mol

cm− sec

]
(3.2)

with a = 1.03×10−4, b = −9.02×10−5, c = 2.86×10−5, d = −3.91×10−6, e = 1.96×10−7, f =
6.36×10−10. r(x) is determined by using an initial guess of r(x = 0) and using Equation 3.1
to solve for r(x) where 0 ≤ x ≤ L. Then ravg is calculated, and if it does not match 0.08,
a new r(x = 0) is chosen. This process is repeated iteratively until the ravg = 0.08. The
modeled concentration profile was fit to a polynomial,

rtheory = 0.0807
(x
L

)4
− 0.0982

(x
L

)3
+ 0.0596

(x
L

)2
− 0.0487

(x
L

)
+ 0.0487 (3.3)

The solid curve in Figure 3.8a represents Equation 3.3 Using these same procedures, the
limiting current of an electrolyte can be predicted by determining the current density which
results in a salt concentration of 0 at the negative electrode. For this experiment that
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value was found to be 0.4 mA/cm2, which is well above the current density utilized in our
experiments.

For an electrolyte with physical properties that are independent of salt concentration, the
r versus x/L prediction would be a straight line. The curvature of the black line in Figure
3.8a reflects the concentration dependence of transport and thermodynamic parameters of
PEO/LiTFSI. The curvature is more pronounced near x/L = 1 (positive electrode) relative
to x/L = 0 (negative electrode). At x/L = 0, the rtheory is 0.05, while that at x/L = 1 is
0.13. The departure of rtheory(x) from 0.08 is thus highly asymmetrical: the departure at
the positive electrode is about a factor of two smaller than that at the negative electrode.
As can be seen in Figure 3.8a, the asymmetrical departures from r = 0.08 are also observed
in the experiments, but the magnitude of the departures are significantly smaller than the
theoretical predictions. In addition, the dependence of rexp on x/L exhibits less curvature
than rtheory. To better quantify the difference between theory and experiments, we define:

∆r = rtheory − rexp. (3.4)

In Figure 3.8b we plot ∆r as a function of x/L. The values of ∆r range from about −0.02
to +0.02.

We conclude this section by summarizing efforts in other studies to use operando Raman
spectroscopy to measure salt concentration profiles in the presence of an applied current. In
1998 Rey et al. designed an optical cell, and demonstrated for the first time that Raman
spectroscopy could be used to measure salt concentration profiles in a PEO electrolyte.78 In
a subsequent paper, Georen et al. determined salt concentration profiles near the electrodes
of a polarized symmetric cell with a statistical copolymer electrolyte comprising ethylene
oxide and propylene oxide monomers (75 wt% ethylene oxide). They were specifically in-
terested in understanding how concentration gradients develop close to the electrodes, and
the experimental data were compared with theoretical predictions based on concentrated
solution theory.79 In this pioneering study, the authors found that the experimentally ob-
served concentration polarization was less than that predicted by theory. However, the
theory was based on transport and thermodynamic parameters which were assumed to be
independent of salt concentration. In recent studies, Fawdon et al. measured concentration
profiles by Raman spectroscopy, and used these measurements to backout the thermody-
namic and transport parameters in liquid electrolytes. To our knowledge, Figure 3.8a is the
first comparison of experimental and theoretical results wherein the concentration depen-
dence of transport and thermodynamic parameters used for the theoretical predictions was
obtained from independent experiments using Raman spectroscopy.
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3.5 Conclusions

We have measured salt concentration profiles in a model polymer electrolyte (PEO/LiTFSI)
using operando Raman spectroscopy. These measurements are compared with predicted salt
concentration profiles based on concentrated solution theory. Our main conclusion is that
concentration polarization is asymmetrical - the reduction of salt concentration near the
negative electrode is smaller in magnitude than the increase of salt concentration near the
positive electrode. This asymmetry arises from the concentration dependence of thermody-
namic and transport parameters of PEO/LiTFSI.
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3.7 Nomenclature

Table 3.1: List of Symbols and Abbreviations

Symbol Meaning
An Normalized area of PEO and Anion Raman peaks
c Molar salt concentration, mol/L
D Restricted diffusion coefficient, cm2/sec
dU/dlnm Change in open circuit potential with respect to the natural log of molality
F Faraday constant, C/mol
r Salt Concentration (r = [Li+]/[EO])
ravg Average salt concentration
rexp Experimentally measured salt concentration
rtheory Salt concentration predicted from theory
t0+ Cationic transference number
t0− Anionic transference number
Tf Thermodynamic Factor
v+ Number of cations
x/L Normalized distance across the electrolyte
z+ Charge of cation
δr Difference between calculated and expected ravg
∆r Difference between predicted and experimentally measured salt concentration
κ Conductivity, S/cm
ρ+ Current fraction
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4: Comparing Experimentally Measured
Sand’s Times with Concentrated Solu-
tion Theory Predictions in a Polymer
Electrolyte∗

4.1 Abstract

We compare the electrochemically measured Sand’s time, the time required for the cell
potential to diverge when the applied current density exceeds the limiting current, with the-
oretical predictions for a 0.47 M poly(ethylene oxide) (5 kg/mol)/LiTFSI electrolyte. The
theoretical predictions are made using concentrated solution theory which accounts for both
concentration polarization and polymer motion, using independently measured parameters
that depend on concentration, c: conductivity (κ), salt diffusion coefficient (D), and the
cation transference number with respect to the solvent velocity (t0+), the thermodynamic

factor (1 + dlnf±
dlnc

), and partial molar volume of the salt (V̄ ); f± is the mean molar activ-
ity coefficient of the salt. We find quantitative agreement between experimental data and
theoretical predictions.

4.2 Introduction

As current passes through a battery, salt concentration gradients develop within the elec-
trolyte.73 These gradients affect overall battery performance and can lead to cell failure.
Understanding these salt concentration gradients is essential for identifying suitable elec-
trolytes for various battery applications. Newman’s concentrated solution theory provides a
framework for predicting concentration gradients within an electrolyte.33,64 For binary elec-
trolytes comprising a salt that dissociates into cations and anions, and a solvent (which can
either be a low molecular weight compound or a polymer), predicting concentration gradients
requires knowledge of three transport parameters: conductivity (κ), salt diffusion coefficient
(D), and the cation transference number with respect to the solvent velocity (t0+), along

with two thermodynamic properties, the thermodynamic factor (1 + dlnf±
dlnc

), where c is the
molar salt concentration and f± is the salt activity coefficient, and the molar volume of the
salt (V̄ ).32,33,64,86 The experiments required to determine these parameters are challenging.
It is perhaps not surprising that full electrochemical characterization, wherein the concen-
tration dependence of all five parameters has been determined, is limited to relatively few
electrolytes.48,64,75,87,88

∗This chapter is adapted from Hoffman, Z. J.; Mistry, A; Srinivasan, V.; Balsara, N. P. 2023, In prepa-
ration.
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The experiments required for full electrochemical characterization utilize small applied cur-
rent densities (in the range of µA/cm2). While the results of these experiments give values for
the relevant transport and thermodynamic parameters, they do not provide any direct infor-
mation on the electrolyte performance at high current densities relevant for battery applica-
tions. At sufficiently high current densities (in the range of mA/cm2), the salt concentration
in the vicinity of the negative electrode can reach zero. The current density at which this
condition is obtained is called the limiting current density of the electrolyte.36,76,86,89–91 If the
thermodynamic and transport properties of an electrolyte are independent of concentration,
then the limiting current density is given by

iL =
2CbDF

(1− t+)L
, (4.1)

where iL is the limiting current density, F is Faraday’s constant, ρ+ is the current fraction,
defined as the ratio of the final to initial current when the electrolyte is polarized in a
symmetric cell, and L is the electrolyte thickness.33 The importance of ρ+ was established
by Bruce and Vincent who showed that ρ+ = t0+ in the limit of infinite dilution.60 In this
work, our efforts are focused on characterizing electrolytes at current densities above the
limiting current density. In this regime, the measured electric potential diverges at a time
that is referred to as Sand’s time.92–94 This is the time required for the salt concentration at
the negative electrode to approach zero. In early work, Sand and coworkers showed that this
time was related to both the salt diffusion coefficient and the transference number.94 If the
thermodynamic and transport properties of an electrolyte are independent of concentration,
then Sand’s time is given by

tSand = πD

(
Fc

2i(1− ρ+)

)2

, (4.2)

where i is an applied current density above iL.
94–96

In this paper, we present data on measurements of Sand’s time in a mixture of poly(ethylene
oxide) (PEO), with number average molecular weight of 5 kg/mol, and lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI). The transport and thermodynamic parameters for this
electrolyte have been reported in References 34, 48, 97. This enables explicit calculation of
Sand’s time with no adjustable parameters. In a noteworthy publication, Lee et al. measured
the Sand’s time in a PEO/LiTFSI electrolyte (4,000 kg/mol) and interpreted their data in
terms of a simplified theory.98 In their theory, the transport and thermodynamic properties
were treated as constants (some were adjusted and some were not), and the motion of the
solvent molecules was ignored.99 It is however well established that an applied electric field
results in the motion of solvent molecules (PEO in our case) which in turn affects the motion
of ions.100 Rigorous solution of the relevant transport equations required determining both
solvent velocity and concentration as a function of space and time. The analysis presented
below is the first to include the effect of solvent motion on Sand’s time. We compare
predictions and experimental data with no adjustable parameters.
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4.3 Methods

4.3.1 Electrolyte Preparation

Poly(ethylene oxide) (PEO) with a molecular weight of 5 kg/mol (Polymer Source) was dried
under active evacuation for 2 days at 90 ◦C. Lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) (Sigma Aldrich) was dried under active evacuation for three days at 120 ◦C. Pre-
determined amounts of PEO and LiTFSI were combined and mixed in anhydrous tetrahy-
drofuran (THF) (Sigma Aldrich) in a capped vial at 60 ◦C under active stirring until fully
dissolved. The cap was then removed, and the THF evaporated off. The electrolytes were
then dried at 90 ◦C under active evacuation overnight to remove any remaining solvent.
Preparation of electrolytes was performed in an argon-filled glovebox with water and oxygen
levels below 2 ppm. The electrolytes used in this study all have the same salt concentration,
r, the ratio of lithium ions to ethylene oxide moieties (r = [Li+]/[EO]). The r value chosen
was r = 0.02, or 0.47 M.

4.3.2 Lithium Symmetric Cells and Sand’s Time Measurements

Lithium symmetric cells were constructed inside an argon-filled glovebox with water and
oxygen levels below 1 PPM. Lithium electrodes were prepared using lithium foil (MTI Corp.)
that was first brushed then pressed with a mechanical press. The thickness of these electrodes
was measured using a micrometer. Next silicone spacer material (VWR) of thicknesses 250
and 500 µm and an inner diameter of 3.175 mm, was filled with PEO/LiTFSI electrolyte.
The lithium electrodes were pressed on each side of the electrolyte and the total thickness of
the stack was measured, and the thickness of the electrolyte was calculated by subtracting
the electrode thicknesses from the total stack thickness. Nickel tabs were attached on each
side of the stack, and the cell was sealed in laminated pouch material.

Before electrochemical experiments were conducted, the cells were annealed on a custom
heating stage at 90 ◦C for three hours. All electrochemical experiments were performed at
90 ◦C using a VMP3 Biologic potentiostat. Cells were first preconditioned by applying a
current density of 0.02 mA/cm2 for 3 hours then allowing the cells to relax at open circuit
voltage (OCV) for 3 hours, followed by impedance measurements. The same current density
was then applied in the opposite direction followed by another period of relaxation and an
impedance measurement. This process was performed for 5 cycles to form a stable solid
electrolyte interface, which was determined by observing the interfacial resistance of each
cell and ensuring it reached a constant value after multiple cycles. The resistance of the cell
was measured using electrochemical impedance spectroscopy (EIS) with a frequency range
of 1 MHz to 100 mHZ, and a sinus amplitude of 40 mV.

Sand’s time measurements were performed by first taking an impedance measurement, then
polarizing the cell with an applied current density, followed by an OCV step, and ending
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with an impedance measurement. Each cell was polarized with length-normalized current
densities, iL, of 0.0075, 0.010, 0.0125, 0.015, 0.0175, and 0.020 mA/cm.

4.3.3 Modeling

We use Newman’s concentrated solution theory to theoretically understand concentration
and potential evolution in a 0.47 M PEO(5kg/mol)/LiTFSI electrolyte when polarized at
different current densities.33,100,101 The concentration dependence of the relevant thermody-
namic and transport properties have been previously measured for this electrolyte (Table 4.1)
and their continuous concentration-dependent functions (as plotted in Figure 2 of Reference
100) are used for the theoretical calculations.22,34,48,97 The governing equations describing
the evolution of ionic concentration are:

dc

dt
=

d

dx

(
D

(
1− dlnc0

dlnc

)
dc

dx

)
− i

F

dc

dx
− d

dx
(cv0), (4.3)

dv0
dx

= V̄

{
d

dx

(
D

(
1− dlnc0

dlnc

)
dc

dx

)
− i

F

dc

dx

}
. (4.4)

Note that x represents a moving interface attached to the left lithium-electrolyte interface
which strips when the ionic current flows in the +x direction. The velocity of this moving
interface is linked to the applied current density, i, and constant when the Li-electrolyte-
Li cell is polarized at constant current densities. Based on the c (x, t) profile obtained by
solving the aforementioned equations, the electrolyte potential, ∆ϕ, can be computed using
concentration-dependent conductivity, κ, cation transference number, t0+, and thermody-

namic factor,
(
1 + d ln f±

d ln c

)
, as per the following expression:

∆ϕ = ∆ϕx=0 −∆ϕx=L =

∫ 0

L

1

κ
dx+

2RT

F

∫ cx=0

cx=L

(1− t0+)

(
1 +

d ln f±
d ln c

)
dc

c
. (4.5)

Notice that the first term on the right is the ohmic drop, i.e., related to finite conductivity of
the electrolyte, and the second term represents the overpotential related to the concentration
polarization across the electrolyte thickness,

∆ϕohmic = i

∫ L

0

1

κ
dx, (4.6)

∆ϕconcentration =
2RT

F

∫ cx=0

cx=L

(1− t0+)

(
1 +

d ln f±
d ln c

)
dc

c
. (4.7)

These expressions are numerically solved using the Finite Volume Method (details are pro-
vided in Reference 92). The current density, i, at which the electrolyte is polarized explicitly
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appears in these equations and additionally in the concentration boundary conditions at
both lithium-electrolyte interfaces:

−D

(
1− dlnc0

dlnc

)
= (1− t0+)

i

F
. (4.8)

We assume that reaction overpotentials are negligible, an assumption that is appropriate for
the thick electrolytes used in this study.92

4.4 Results and Discussion

Sand’s time measurements are made by applying a constant current density to a lithium-
electrolyte-lithium cell and measuring the resulting electric potential. The experimentally
measured potential includes the potential drop across the solid electrolyte interphase (SEI).
Since we are only interested in the potential drop across the electrolyte, this contribution is
subtracted. The potential of interest is defined as

∆ϕ(t) = V (t)−RiiA, (4.9)

where V (t) is the measured voltage, Ri is the interfacial resistance, and A is the interfacial
area. The resistance used for these calculations is the interfacial resistance measured by ac
impedance after polarization. The interfacial resistance of our electrolytes was typically an
order of magnitude smaller than the bulk resistance.
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Figure 4.1: Electric potential, ∆ϕ, plotted as a function of time, t, in response to length
normalized current densities, iL. (a) Measured data from a 0.47 M PEO/LiTFSI electrolyte
with a thickness, L, of 576 µm and (b) predicted using concentrated solution theory for a
0.47 M PEO/LiTFSI electrolyte with L = 500 µm. The colors of the curves in (b) correspond
with the same values of iL listed in (a). Gray lines indicate the time at which the potential
diverged each value of iL for experiments and theory. All experimental measurements were
made at 90 ◦C, and predictions utilize PEO/LiTFSI properties measured at 90 ◦C (Table
4.1).

In Figures 4.1a and 4.1b, we show ∆ϕ as a function of time, t, at various values of iL, the
length normalized current density. We prefer iL to i to account for the fact that the elec-
trolyte thickness in each of our cells is not identical, and the characteristics of our symmetric
cells are governed by the product, iL. Figure 4.1a shows characteristic data collected from
our electrochemical experiments, for a cell with an electrolyte thickness of 576 µm. At each
value of iL the electric potential increases gradually at early times. Beyond a characteristic
time that decreases with increasing current density, the potential rapidly approaches the cut-
off potential of 1.5 V. Equations 4.3-4.8 were solved using parameters for our PEO/LiTFSI
electrolyte. These parameters are given in Table 4.1. Figure 4.1b shows the calculated po-
tential as a function of time modeled for a salt concentration of 0.47 M and a thickness
L = 500 µm.100 The current density used in the calculations were chosen to match the iL
used for the experimental measurements. At iL ≤ 0.01 mA/cm, the correspondence between
theory and experiment is nearly quantitative. At the highest current density, experiments
show a divergence of cell potential while theory does not. This discrepancy is well within
the uncertainty of the transport and thermodynamic parameters. The gray lines in Figures
4.1a and 4.1b were used to determine Sand’s time. These lines reflect the time at which the
cell potential diverges in both theory and experiment.
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Figure 4.2: (a) Predicted electric potential (solid black line), ∆ϕ, and the components of
the potential due to ohmic effects (dashed black line), ∆ϕohmic, and concentration polar-
ization (solid gray line), ∆ϕconcentration, as functions of time, t. (b) Predicted lithium salt
concentration at the negative electrode, cx=L, versus t. These predictions are for a 0.47 M
PEO/LiTFSI electrolyte, L = 500 µm, polarized at iL = 0.015 mA/cm. Predictions utilize
PEO/LiTFSI properties measured at 90 ◦C (Table 4.1).

Figure 4.2a shows the time dependence of ∆ϕ for a typical calculation (iL = 0.015 mA/cm, L
= 500 µm). The electric potential contains two contributions: ∆ϕ = ∆ϕohmic+∆ϕconcentration.
∆ϕohmic is the component of the potential due to the resistance of the electrolyte, which is
related to κ by Ohm’s law. Equation 4.6 can be written as

∆ϕohmic = i
L

κavg

(4.10)

As the cell is polarized, the concentration varies across the cell, and κavg reflects the average
conductivity of the electrolyte. ∆ϕconcentration is obtained by subtracting ∆ϕohmic from ∆ϕ.
In Figure 4.2a, ∆ϕ (solid black line), ∆ϕohmic (dashed black line), and ∆ϕconcentration (solid
gray line) are plotted as a function of time. At t = 0+, ∆ϕ = ∆ϕohmic. Salt concentration
gradients grow with increasing time, but this has a minimal effect on ∆ϕohmic. At t = 0+,
∆ϕconcentration is zero. However, the growth of salt concentration gradients is reflected in
the increase in ∆ϕconcentration. Figure 4.2b shows the salt concentration at the negative
electrode, cx=L, as a function of time. As cx=L smoothly approaches a value close to zero
at t = 0.5 hours, ∆ϕconcentration diverges. This connection between potential divergence and
concentration was first recognized by Sand.94
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Figure 4.3: (a) Sand’s times, tSand, plotted for various 0.47 M PEO/LiTFSI electrolyte
thicknesses in response to polarization at iL = 0.010 mA/cm. (b) Length normalized Sand’s
times, tSand/L

2, plotted for various 0.47 M PEO/LiTFSI electrolyte thicknesses. The black
line indicates the value of tSand/L

2 predicted from Equation 4.11. Gray bars indicate pre-
dictions from concentrated solution theory, and red bars indicate the average Sand’s time
from experimental measurements. All experimental measurements were made at 90 ◦C, and
predictions utilize PEO/LiTFSI properties measured at 90 ◦C (Table 4.1)

Sand’s time depends on two parameters, the applied current density, i, and electrolyte thick-
ness, L. Rearranging Equation 4.2 gives

tSand
L2

= πD

(
Fc

2(iL)(1− ρ+)

)2

, (4.11)

which shows that it is convenient to consider the dependence of the Sand’s time on the length
normalized current density, iL, and L. We use the model to predict the effect of L on tSand
at iL = 0.010 mA/cm. These results are shown in Figure 4.3a. As expected, tSand increases
with increasing L. At L = 100 µm, tSand is 0.3 hours, while at L = 1000 µm, tSand = 4.7
hours. In Figure 4.1a we reported the Sand’s time at iL = 0.01 mA/cm for L = 576 µm.
We repeated this experiment for three independent cells with an average value of L = 600
µm. In addition, we studied two cells with an average value of L = 280 µm with the same
value of iL (0.01 mA/cm). The experimental results are also shown in Figure 4.3a. It is
clear that the experiments and theoretical predictions are in quantitative agreement (within
the uncertainty of the transport and thermodynamic parameters used in the calculations).

Figure 4.3b shows the same results but plotted in the format suggested by Equation 4.11.
Here we show tSand/L

2 as a function of L for a fixed iL= 0.01 mA/cm. Also shown in
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Figure 3.5b is the value from Equation 4.11, with parameters for our 0.47 M PEO/LiTFSI
electrolyte (D = 7.8× 10−8 cm2/s, ρ+ = 0.15). Calculations based on concentrated solution
theory approach Equation 4.11 as L is increased from 100 to 1000 µm. This value of tSand/L

2

is 484 hr/cm2. The experimental data obtained at two different thicknesses are reasonably
consistent with theoretical predictions.

Figure 4.4: Length normalized inverse Sand’s time, L2/tSand, plotted as a function of length
normalized current density, iL. The data is reported from experimental cells with nominal
thicknesses of 280 µm (colored circles) and 600 µm (colored squares) and predictions from
concentrated solution theory for a cell with a thickness of 500 µm (black rhombuses). The
gray dashed line is a linear fit of all experimental data, and the black dashed line is a
linear fit of predicted Sand’s time. All experimental measurements were made at 90 ◦C, and
predictions utilize PEO/LiTFSI properties measured at 90 ◦C (Table 4.1)

The Sand’s time experiments were conducted at different values of iL. Figure 4.4a shows
these results on a plot of L2/tSand versus iL for electrolyte thicknesses in the vicinity of 280
(colored circles) and 600 µm (colored squares). Also shown in this figure are theoretical cal-
culations for L = 500 µm (black rhombuses). Note that the theoretically predicted L2/tSand
is a weak function of L. We see that L2/tSand is a linear function of iL. By fitting the data
in Figure 4.4a to a line, we can identify the value of iL at which L2/tSand approaches zero,
or iL → iLL. In other words, the limiting current density is the current density at which the
Sand’s time approaches infinity. The slope and intercept of a linear fit of the experimental
data are 0.745 and −4.00× 10−3 respectively and 0.689 and −5.01× 10−3 for concentrated
solution theory predictions. This calculation results in iLL values of 0.0054 mA/cm for the
experimental data and 0.0073 mA/cm for the theoretical predictions. It is challenging to
directly measure iL in 5 kg/mol PEO/LiTFSI electrolytes, as the low molecular weight pro-
vides little resistance to the growth of dendrites. The large polarization times required for
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limiting current density measurements correspond with high cell failure rates.35,36,75,76,90,91

The methodology based on Sand’s time provides a convenient approach for measuring lim-
iting current as it uses much shorter polarization times which are less likely to be affected
by dendrite growth.

4.5 Conclusions

We present an approach for calculating Sand’s time in electrolytes using concentrated so-
lution theory. The theory is rigorous and accounts for both concentration polarization and
motion of all three species, the cation, the anion, and the solvent (a polymer in our case).
Using this theory requires the knowledge of three transport parameters: κ, D, t0+, and two

thermodynamic parameters: 1 + dlnf±
dlnc

and V̄ . All five parameters depend on concentration.
We present a limited test of the theory using experimentally determined Sand’s time of a
0.47 M PEO(5 kg/mol)/LiTFSI electrolyte. We examine the effects of both current density
and electrolyte thickness on Sand’s time. The experimental data are in excellent agreement
with theoretical calculations. This agreement is obtained without resorting to any adjustable
parameters. However, this electrolyte is sufficiently dilute, and results obtained using the
rigorous theory are not very different from simplified models based on dilute solution the-
ory. In the future, we plan to test the theory using experiments on more concentrated
electrolytes. These experiments are challenging due to the formation of lithium dendrites
at currents exceeding the limiting current. Efforts to resolve these challenges are currently
underway.
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4.7 Supporting Information

Table 4.1: Properties of PEO/LiTFSI electrolytes at 90 ◦ C, taken from References 48, 65,
97

c (M) ρ (g/cm3) t0+ κ (S/cm) D
(cm2/sec)

1 + dlnf±
dlnc

ρ+

0.25 1.160 0.07 2.7×10−4 6.0×10−8 0.45 0.18
0.47 1.180 0.23 7.5×10−4 7.8×10−8 0.75 0.15
0.87 1.210 0.40 1.8×10−3 1.0×10−7 1.93 0.11
1.20 1.230 0.33 2.0×10−3 1.3×10−7 2.69 0.11
1.59 1.330 0.43 2.2×10−3 1.1×10−7 4.24 0.10
1.87 1.365 0.20 1.3×10−3 8.4×10−8 3.78 0.09
2.11 1.38 0.08 1.1×10−3 7.0×10−8 3.92 0.08
2.38 1.43 -0.08 9.9×10−4 5.8×10−8 3.93 0.07
2.58 1.45 -0.38 1.3×10−3 9.4×10−8 3.51 0.06
2.76 1.47 0.10 1.6×10−3 9.0×10−8 6.03 0.07
3.05 1.52 0.41 1.2×10−4 6.5×10−8 10.84 0.10
3.36 1.58 0.33 6.4×10−4 6.3×10−8 10.89 0.16
3.49 1.57 0.18 4.0×10−4 5.9×10−8 10.06 0.18
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4.8 Nomenclature

Table 4.2: List of Symbols and Abbreviations

Symbol Meaning
A Interfacial area (cm2)
c Salt concentration (mole/liter)
c0 Solvent concentration (mole/liter)
D Salt diffusion coefficient (cm2/sec)
F Faraday’s constant (C/mol)
i Current density (mA/cm2)
iL Limiting current density (mA/cm2)
L Electrolyte thickness (µm)
R Gas constant (J/mol-K)
r Molar ratio of lithium ions to ethylene oxide units (r = [Li+]/[EO])
Ri Interfacial resistance (Ω)
T Temperature (K)
tSand Sand’s time (min)
t0+ Cationic transference number with respect to the solvent velocity
V Measured voltage (volts)
V̄ Partial molar volume (cm3/mol)
z+ Charge number of cation

1 + dlnf±
dlnc

Thermodynamic factor
f± Activity coefficient
κ Conductivity (S/cm)
ν Total number of ions
ν+ Number of cations produced from salt dissociation
ν− Number of anions produced from salt dissociation
ν0 Solvent velocity (nm/sec)
∆ϕ Electric potential corrected for interfacial effects (volts)
ρ+ Current fraction
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5: Limiting Current Density in Single-
Ion-Conducting and Conventional Block
Copolymer Electrolytes∗

5.1 Abstract

The limiting current density of a conventional polymer electrolyte (PS-PEO/LiTFSI) and
a single-ion-conducting polymer electrolyte (PSLiTFSI-PEO) was measured using a new
approach based on the fitted slopes of the potential obtained from lithium-polymer-lithium
symmetric cells at a constant current density. The results of this method were consistent with
those of an alternative framework for identifying the limiting current density taken from the
literature. We found the limiting current density of the conventional electrolyte is inversely
proportional to electrolyte thickness as expected from theory. The limiting current density
of the single-ion-conducting electrolyte was found to be independent of thickness. There
are no theories that address the dependence of the limiting current density on thickness for
single-ion-conducting electrolytes.

5.2 Introduction

Lithium-ion batteries are common energy sources for many applications, and as their use
grows there is increasing interest in developing the next generation of rechargeable batter-
ies.67,102,103Conventional lithium-ion batteries utilize a liquid electrolyte that is a mixture of
organic solvents and a lithium salt. These electrolytes are highly flammable and this con-
tributes to safety concerns.104A potential solution to resolve this issue is the use of polymer
electrolytes which have reduced flammability.20,105 Polymer electrolytes, particularly block
copolymer electrolytes, are also of interest because of their chemical stability against lithium
metal anodes.20,21,76,106,107 Polymer electrolytes are generally prepared by mixing a lithium
salt into the polymer.

The adoption of polymer electrolytes is dependent on their electrochemical performance
and the limits under which they can operate. When current is passed through polymer
electrolytes, salt accumulates near the anode and is depleted near the cathode. In this
respect, polymer electrolytes are no different from conventional liquid electrolytes; these
systems are referred to as binary electrolytes. The largest sustainable current density that
can be passed through the electrolyte is known as the limiting current density.33,94,101,108 At
this value of current density the concentration of lithium salt at the cathode is zero, and
operating at current densities above this value results in cell failure.33 Measurements of the
limiting current density of electrolytes are uncommon, with few historical examples in the

∗This chapter is adapted from work reported in Hoffman, Z. J.; Ho, A. S.; Chakraborty, S.; Balsara, N.
P. Journal of The Electrochemical Society, 2022, 169, 043502.
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literature.99,109,110 However, there have been several recent reports of measurements of the
limiting current density in polymer electrolytes.35,36,76,90,111,112

Newman derived a simple expression for the limiting current density of an electrolyte of
thickness, L, placed between two planar electrodes:

iL =
2CbDF

(1− t+)L
, (5.1)

where iL is the limiting current, Cb is the salt concentration, D is the salt diffusion coefficient,
F is Faraday’s constant, t+ is the cationic transference number, and L is the thickness of
the electrolyte.33 This equation applies to mixtures of salts and a solvent (either a liquid or
a polymer) wherein the transport coefficients are independent of salt concentration. Note
that the limiting current density is inversely proportional to L.

Single-ion-conducting polymer electrolytes are systems wherein the anions are covalently
bound to the polymer chain; the unbound counterions (cations) are, in principle, free to
move. If we neglect chain mobility, then the only mobile species are the counterions. There
are no liquid analogs of single-ion-conducting polymer electrolytes. However, all inorganic
ceramic and glass electrolytes are single-ion-conductors.113 Concentration gradients cannot
develop in these systems without disrupting charge neutrality across the electrolyte.55,61 In
the absence of concentration gradients, the lithium salt concentration cannot reach zero at
the cathode, and traditional approaches for defining limiting current density fail. It is also
worth noting that as t+ → 1, Equation 5.1 predicts that iL → ∞.

To our knowledge, the dependence of limiting current density on electrolyte thickness has
not been measured in either binary electrolytes or single-ion-conducting electrolytes. It
is convenient to quantify limiting current density in a lithium-electrolyte-lithium cell as
the distance between the electrodes is well-defined. It is well known that the passage of
high current densities results in the formation of dendrites at lithium metal anodes,114–116

and this complicates determination of limiting current density. Dendrite growth is sup-
pressed in block copolymer electrolytes due to their high elastic modulus.69,72 We therefore
use a block copolymer (polystyrene–b–polyethylene oxide (PS-PEO)) with added lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt to experimentally determine the relation-
ship between limiting current density and electrolyte thickness in binary electrolytes. For
consistency, our single-ion-conductor is also a block copolymer (polystyrene–LiTFSI–
b–polyethylene oxide (PSLiTFSI-PEO)). Our main goal is to contrast the thickness depen-
dence of the limiting current density in these two systems. This required the development
of a new framework for quantifying limiting current density in single-ion-conducting sys-
tems. We show that the same framework also applies to the conventional binary polymer
electrolyte.
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5.3 Experimental Methods

5.3.1 Polymer Synthesis

For this study two polymers were used, polystyrene–b–polyethylene oxide (PS-PEO) and
polystyrene–LiTFSI–b–polyethylene oxide (PSLiTFSI-PEO). The synthesis of both these
polymers is well documented in the literature.117,118 For PS-PEO the molecular weight of
the polystyrene and polyethylene oxide blocks are 200 and 222 kg mol−1 respectively. With
PSLiTFSI-PEO the molecular weight of the polystyrene–LiTFSI and polyethylene oxide
blocks are 2.1 and 5 kg mol−1 respectively.

5.3.2 Preparation of Electrolytes

For this study we define salt concentration r as the molar ratio of LiTFSI to ethylene oxide
units. The r value of the PS-PEO/LiTFSI and PSLiTFSI-PEO electrolytes were 0.085 and
0.059 respectively. PS-PEO/LiTFSI electrolytes were prepared by adding LiTFSI salt to
PS-PEO polymer according to the procedures outlined by Maslyn et al.90

5.3.3 Electrochemical characterization and limiting current
density measurements

The current fraction, ρ+, of the PSLiTFSI-PEO electrolyte was found to be 0.96 ± 0.01
following procedures reported previously.75 Strictly speaking, a single-ion-conductor would
exhibit ρ+ = t+ = 1.0. It is clear that to a good approximation, the PSLiTFSI-PEO polymer
is a single-ion-conductor.

Limiting current density measurements for PS-PEO/LiTFSI electrolytes were performed
according to procedures outlined by Maslyn et al.90 After an initial impedance measurement,
a constant current was applied while measuring the potential, and after allowing the cell
to relax another impedance measurement was made. The two impedance measurements
ensure that the passage of current did not result in irreversible changes in either the bulk
or interfacial impedances. The limiting current density was determined by systematically
increasing the applied current density and noting the nature of the cell potential vs time
data. The data presented in this paper is entirely consistent with previously published
comprehensive studies on the limiting current density of PS-PEO/LiTFSI electrolytes.90,91

We thus only made one cell at each electrolyte thickness.

For PSLiTFSI-PEO, limiting current density cells were made using lithium symmetric cells
with silicone spacer material (McMaster-Carr) with thicknesses of 300, 400, 550, and 840
µm according to the procedures outlined in Reference 75. The standard deviation of these
electrolyte thicknesses is below 10% of the total thickness. These measurements were made
during construction of the cells inside the glovebox, using methods described in Reference 75.
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The PS-PEO/LiTFSI electrolytes were molded to give free-standing films. The thicknesses
of the PSLiTFSI-PEO cells were much larger because the polymer could not be processed
to give free-standing films. The limiting current density experiments were performed after
being preconditioned with ±0.02 mA cm−2, following Reference 75. After preconditioning,
the cells were subjected to various current densities while measuring the resulting potential.
For the PSLiTFSI-PEO electrolytes, three to six cells were used for each measurement.

5.3.4 X-ray Microtomography

After experimentation, these pouch cells with PS-PEO/LiTFSI electrolytes were opened
inside a glovebox, and a portion of the symmetric cell was cut out and repouched. The
repouched cells were imaged using hard X-ray microtomography at Beamline 8.3.2 at the
Advanced Light Source at Lawrence Berkeley National Laboratory, following the procedures
of Reference 90. Cells were imaged at 4 × magnification, corresponding to a pixel size
of approximately 1.625 µm. The attenuation-based tomograms were reconstructed using
TomoPy.119 Electrolyte thickness, L, corresponds to the average distance between approxi-
mately parallel electrodes and was determined by measuring at least 10 points within the cell
using the software ImageJ on tomographic cross-sections of each cell. The PS-PEO/LiTFSI
films in this study had thicknesses of 33.5, 53.0, 67.7, and 74.3 µm. The standard deviation
of each thickness measurement ranged from 2%-6% of the total thickness.

5.4 Results and Discussion

Limiting current density is measured in experiments where a steady current density is drawn
across a lithium-electrolyte-lithium symmetric cell and the potential drop across the cell is
measured as a function of time. Typical data obtained from the PS-PEO/LiTFSI electrolyte
are shown in Figure 5.1a, where Φ/L is plotted as a function of time for an average electrolyte
thickness, L, of 53.0 µm. Φ represents the potential drop across the electrolyte after correct-
ing for the potential drop across the electrolyte-electrode interfaces as described in Reference
36. This correction, which is the product of the applied current and interfacial resistance
of the electrolyte, ranges from 10%-40% of the total measured potential for PSLiTFSI-PEO
and 30%-50% for PS-PEO/LiTFSI. Characteristic impedance data for both electrolytes can
be found in the Supporting Information. In this work we plot Φ/L to remove the potential
drop due to interfacial resistances, and so that cells of different thicknesses can be com-
pared on the same scale; the limiting current density of an electrolyte is a bulk property
and thus removing interfacial effects is necessary. When the applied current density is below
the limiting current density, the potential reaches a steady state value at long times; the
data obtained at current densities well below the limiting current density are shown in the
inset of Figure 5.1a. When current densities above the limiting current density are applied,
the potential never stabilizes and at high enough current densities, the potential increases
exponentially. Responses below and above the limiting current density are shown in Figure
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5.1a. The time dependence of Φ/L reflects the formation of salt concentration gradients
under the applied current.

Figure 5.1: Electric potential response to various applied current densities for the (a) PS-
PEO/LiTFSI electrolyte and (b) PSLiTFSI-PEO electrolyte plotted as a function of time. Φ,
the electric potential, is normalized by electrolyte thickness, L. Inset of (a) shows potential
responses at current densities of 0.02, 0.05, and 0.08 mA/cm2.

Figure 5.1b shows a series of Φ/L vs time plots, when a steady current density is drawn across
a symmetric cell with PSLiTFSI-PEO electrolyte, with L of 400 µm. The applied current
densities in this experiment are about an order of magnitude lower than those given in Figure
5.1a. The main reason for this is the difference in electrolyte thicknesses; the product iL
is similar for both electrolyte types discussed in this work. At low current densities, the
potential is independent of time. This constant potential is unsurprising as no concentration
gradients are expected to develop in single-ionconducting electrolytes. As larger values of
current density are applied, the potential increases with time. This increase is most clear
at i = 0.4 mA cm−2 , the highest current density used in this series of experiments. The
Φ/L vs time behaviors at low and high current densities in a block copolymer with added
salt and a single-ion conductor differ qualitatively as shown in Figures 5.1a and 5.1b. Thus,
analyzing these data sets in a consistent manner to determine the limiting current density
is non-trivial.

Our analysis method focuses on the time dependence of Φ/L during the final 20% of the mea-
surement time (∆t). When the limiting current density is exceeded in a binary electrolyte,
the potential shoots up toward the end of the experiment. In contrast, when the applied
current density is below the limiting current, the potential approaches a time-independent
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constant plateau. The distinction between these two regimes can readily be seen when the
long-time behavior is examined. For consistency we use the final 20% of the measurement
time to analyze both the conventional polymer electrolytes and the single-ion-conducting
electrolytes. We fit the Φ/L vs time data in this regime to linear functions and examine the
slopes.

Figure 5.2: Plots of the fitted slopes, (∆Φ/L)/∆t, obtained from final 20% of measurement
time as a function of applied current density, i, for the (a) PS-PEO/LiTFSI electrolyte and
(b) PS LiTFSI-PEO electrolyte.

Figures 5.2a and 5.2b show the results of our analysis. Here we plot the slopes, (∆Φ/L)/∆t,
vs the applied current density, i. Figure 5.2a shows data obtained from PS-PEO/LiTFSI
electrolytes. It can be clearly seen for each thickness that at low current densities (∆Φ/L)/∆t
changes minimally with increasing current, until a threshold is reached. For L = 74.3 µm,
the threshold is in the vicinity of i = 1.0 mA cm−2 , while for L = 33.5 µm, the threshold
is in the vicinity of i = 2.4 mA cm−2 . It is clear that the threshold is thickness-dependent
for PS-PEO/LiTFSI electrolytes. This analysis was repeated for four different thicknesses of
PSLiTFSI-PEO electrolytes, and the results are shown in Figure 5.2a. The data in Figure
5.2b also exhibit two regimes, wherein (∆Φ/L)/∆t changes minimally with increasing current
density until a threshold is reached in the vicinity of i = 2.3 mA cm−2 . However, there is a
modest change in (∆Φ/L)/∆t when this threshold is crossed. More importantly, changing
the electrolyte thickness from 300 to 840 µm has no effect on the threshold current. In Figure
5.2b, the error bars reflect the standard deviation of the obtained values.

We posit that the value of current density at which the slope (∆Φ/L)/∆t begins to increase
rapidly is indicative of the limiting current density of that electrolyte. To quantify the actual
value of the limiting current, each data set in Figures 5.2a and 5.2b was separated into two
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regimes, and data within each regime were fit to a straight line. The demarcation between
the two regimes (current density) was systematically changed to minimize the sum of squared
error. The point of intersection of the two-lines fit was defined as the limiting current.

Figure 5.3: Linear fits of data from Figures 5.2a and 5.2b used to determine limiting current.
(a) Two-line fits through data obtained from PS-PEO/LiTFSI electrolytes with the largest
and smallest thicknesses. Arrows indicate the value of limiting current density determined
by the approach from Reference 35 for PS-PEO/LiTFSI. (b) Two-line fit through the data
obtained from PSLiTFSI-PEO electrolytes. The data obtained from all four electrolyte
thicknesses are consistent with the fit shown.

The distinction between the two regimes was much clearer in the PS-PEO/LiTFSI elec-
trolytes, and this led to unambiguous determination of the limiting current. Example fits
obtained for the thinnest and thickest PS-PEO/LiTFSI electrolytes are shown in Figure
5.3a. In these electrolytes, following Reference 35, one could also determine limiting current
density by averaging the highest sustainable current, where a steady potential is reached,
and the lowest unsustainable current, where no steady state is reached. We refer to this
approach as the conventional approach. This value is shown by arrows in Figure 5.3a. It
is clear that both approaches give consistent estimates of the limiting current density. The
result of our fitting procedure for PSLiTFSI-PEO is shown in Figure 5.3b. We conclude
from this analysis that the limiting current density of PSLiTFSI-PEO is 0.235 mA cm−2 ,
and it is the same for all four thicknesses.

In Figure 5.4 we plot the limiting current density (iL) as a function of 1/L, where the top
axis corresponds to PS-PEO/LiTFSI and the bottom corresponds to PSLiTFSI-PEO. Figure
5.4 contains the results of both the conventional method for determining limiting current
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density in PS-PEO/LiTFSI (purple circles) along with the slopes method proposed in this
work (pink circles). For PS-PEO/LiTFSI, the horizontal error bars reflect the standard
deviations of L recorded from a given cell, using X-ray microtomography as described in
the experimental section. For the conventional method, iL was plotted as the midpoint of
the largest sustainable current density and the smallest unsustainable current. The vertical
error bars represent these bounds.

Figure 5.4: Limiting current density plotted as a function of 1/L, where L is the electrolyte
thickness. The top axis is for PS-PEO/LiTFSI, and the bottom axis is for PSLiTFSI-PEO.
The two different x-axes are required because the average thicknesses of the electrolytes
used in the symmetric cell experiments on the two systems were different. Dark purple data
points correspond to the limiting current density determined using the conventional method,
and the pink circles correspond to the limiting current density determined using the slopes
method.

As seen in Figure 5.4, the limiting current density of PS-PEO/LiTFSI is a linear function
of 1/L. Extrapolation of the linear fit through all 8 data points gives an intercept that is
very close to zero. Both facts are consistent with Equation 5.1, indicating that our data
are consistent with the conventional definition of limiting current density, defined as the
current density at which the LiTFSI concentration at the negative electrode approaches
zero. Electrolyte failure occurs when the limiting current density is exceeded; the rapid
increase in cell potential is due to irreversible reactions between the electrode and the LiTFSI-
free electrolyte. However, the fact that the limiting current density of PSLiTFSI-PEO is
independent of electrolyte thickness indicates that electrolyte failure must occur due to
some other reason. We posit that beyond the limiting current density the cell potential
increases more steeply than expected due to irreversible reactions between the electrode and
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the single-ion-conducting electrolyte. Which portion of the polymer chain participates in
these reactions (charged or neutral moieties) remains an open question.

The limiting current density of PSLiTFSI-PEO is independent of electrolyte thickness over
the range of thicknesses covered in this work. This is a novel result that has not been
reported in the literature. This independence with respect to thickness is further indication
of the lack of concentration gradients within this electrolyte. Further studies are required to
directly identify the physical underpinnings of this result.

Figure 5.5: Initial values of the normalized potential, Φ0/L, as a function of applied current
for PSLiTFSI-PEO. Each symbol represents the thickness of the electrolyte, L. (Purple
squares = 300 µm, Blue circles = 400 µm, Blue rhombuses = 550 µm, Green rhombuses =
840 µm) The dashed black line has a slope 1/κ, and error in conductivity is shown by the
gray shading.

We conclude this section by reexamining the voltage vs time curves obtained from the single-
ion-conducting electrolyte, PSLiTFSI-PEO, shown in Figure 5.1b. Our analysis thus far has
focused on the behavior at long times, the final 20% of our time window. For completeness,
in Figure 5.5 we examine the initial potential, Φ0/L, obtained after the potentiostat has
stabilized. These values are marked by crosses in Figure 5.1b. In separate experiments this
electrolyte was studied in symmetric cells using AC impedance and the conductivity, κ, thus
obtained was 2.85 × 10−5 ± 4.78 × 10−6 S cm−1 . A single-ion conductor must obey Ohm’s
law, due to the absence of concentration polarization at all values of applied current.66 The
line in Figure 5.5 has a slope 1/κ. The error bars in Figure 5.5 represent the standard
deviation of the initial potential for each thickness at the corresponding applied currents.
The experimentally measured values of Φ0 are in reasonable agreement with expectations,
irrespective of whether the applied current density was above or below the limiting current.
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5.5 Conclusions

We have examined the time dependence of potential obtained from lithium-polymer-lithium
symmetric cells at constant current density. We have shown that for a conventional polymer
electrolyte (PS-PEO/LiTFSI), the limiting current density is proportional to the inverse of
the electrolyte thickness. While this behavior is expected and consistent with theory, we
were unable to find any other studies of the effect of electrolyte thickness on limiting current
density in the literature. We propose a new approach for consistently determining limiting
current density in both conventional electrolytes and single-ion-conducting electrolytes. The
measured limiting current density of a single-ion-conducting electrolyte (PSLiTFSI-PEO)
was found to be independent of electrolyte thickness. This phenomenon has not been docu-
mented before in the literature. It has interesting implications for developing electrolytes to
increase the lifetime of rechargeable batteries, as increasing electrolyte thickness has no effect
on the window of current densities that can be drawn across the electrolyte. Further studies
are needed to better understand what causes this failure within the PSLiTFSI electrolytes,
and to determine if our framework can be used to determine the limiting current density of
other single-ion-conductors such as inorganic crystals and glasses.
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5.7 Supporting Information

Figure 5.6: Characteristic impedance data collected between limiting current density exper-
iments for (a) PS-PEO/LiTFSI electrolyte with a thickness of 67.7 µm, and (b) PSLiTFSI-
PEO electrolyte with a thickness of 550 µm. The complex impedance is Z’+iZ”. Minimal
changes are observed in impedance data between measurements indicating no significant
changes to the electrolyte.
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5.8 Nomenclature

Table 5.1: List of Symbols and Abbreviations

Symbol Meaning
Cb salt concentration (mol/cm3)
D salt diffusion coefficient (cm2/s)
F Faraday’s constant (C/mol)
i applied current density (mA/cm2)
iL limiting current density (mA/cm2)
L electrolyte thickness (µm)
LiTFSI lithium bis(trifluoromethanesulfonyl)imide
PS-PEO polystyrene–b–polyethylene oxide
PSLiTFSI-PEO polystyrene-LiTFSI-b-polyethylene oxide
r molar ratio of lithium ions to ethylene oxide units (r = [Li+]/[EO])
t+ cationic transference number
t measurement time (hr)
κ conductivity (S/cm)
Φ potential (mV)
Φ0 initial potential (mV)
ρ+ current fraction
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6: Complete Electrochemical Character-
ization of a Beyond-PEO Polymer Elec-
trolyte∗

6.1 Abstract

Typical liquid electrolytes are comprised of a lithium salt dissolved in a mixture of organic
solvents. Conventional polymer electrolytes (typically poly(ethylene oxide) (PEO) based)
have comparatively lackluster performance which prevents their widespread adoption, how-
ever they are nonflammable and stable against lithium metal anodes. Recently, our group
published work on a new polymer electrolyte, lithium bis(trifluoromethanesulfonyl)imide salt
(LiTFSI) dissolved in poly(pentyl malonate) (PPM), with the potential to surpass PEO as
the benchmark polymer electrolyte [X. Yu et al., ACS Energy Lett. 2022, 3791-3797]. In this
study we present a synthetic method that results in improved purity of PPM. Additionally,
we have completed the full electrochemical characterization of PPM, including determina-
tion of the cationic transference number with respect to the solvent velocity, t+0 , and the
thermodynamic factor, Tf . We find PPM’s measured t+0 is significantly higher than that
of PEO, which explains the higher limiting current density measured in our previous study
on PPM. The thermodynamic factor is lower in PPM than PEO, and interestingly shows
that PPM electrolytes demonstrate ideal interactions within a range of salt concentration
0.04 ≤ r ≤ 0.10. Using our results from full electrochemical characterization, salt concentra-
tion profiles and electric potential drops across the electrolyte are modeled with Newman’s
concentrated solution theory. We find that salt concentration polarization is significantly
reduced in PPM, and that our predicted values of the limiting current density agree with
those measured previously. We also provide a comparison of PPM and PEO to demonstrate
the practical benefits in performance for PPM over PEO.

6.2 Introduction

Demand for lithium-ion batteries is only growing as electric vehicle production increases,
and the use of rechargeable batteries in consumer products grows.120–122 Recently, increases
in lithium-ion performance have begun to decline, and as we strive for the next genera-
tion of rechargeable lithium-ion batteries, new electrode materials are required to provide
significant performance gains over conventional lithium-ion technologies.24,123–125 Electrolyte
compatibility is a major barrier for the adoption of these promising electrode materials
such as silicon or lithium metal anodes. Conventional lithium-ion battery electrolytes are
comprised of metal salts dissolved in mixtures of organic solvents. These electrolytes react

∗This chapter is adapted from Lee, J.†; Hoffman, Z. J.†; Chakraborty, S.; Patel, V.; Balsara, N. P. 2023,
In preparation. † denotes equal contribution

60



against high energy electrode materials and show the need for alternative materials to enable
next-generation battery technologies.24,26

Polymer electrolytes have great potential for replacing conventional battery electrolytes.
Metal salts dissolved in poly(ethylene oxide) (PEO) were first hypothesized for battery elec-
trolyte applications by M. Armand.18 While, PEO’s potential as an electrolyte material was
discovered decades ago, only recently have there been polymeric electrolyte materials that
show promise to outperform PEO electrolytes. Jones et al. have reported polymeric zwitte-
rionic electrolytes that show conductivity and current fraction values, transport parameters
that can be used to compare electrolyte performance in the regimes of small applied cur-
rent densities, that surpass those of PEO electrolytes.126 Our group has recently published
work on a polymer electrolyte, poly(pentyl malonate) (PPM), which shows great potential
to surpass the electrochemical performance of PEO electrolytes.127

The product of κ and ρ+, known as the electrolyte efficacy, provides a basis to compare
electrolyte performance in the regimes of small current densities where these parameters
are measured. Our preliminary study showed PPM to have a greater electrolyte efficacy
over PEO. However, superior electrolyte efficacy is not always an indicator of improvements
in practical performance, and of more interest is PPM’s larger measured limiting current
density.89,127 The limiting current density, iL, is the maximum current density which can be
stably applied across an electrolyte. This limitation is driven by the concentration gradients
that develop within an electrolyte, as larger current densities are applied salt concentration
gradients grow until the salt concentration at the negative electrode reaches zero at the
limiting current density. Materials with high values of limiting current density are of great
interest for use in high power battery applications.

So far, our study of the electrochemical properties of PPM has been limited to measurements
of κ, ρ+, and iL. Following Newman’s concentrated solution theory, fully characterizing ion
transport in an electrolyte allows for determination of the thermodynamic factor along with
three transport parameters, κ, salt diffusion coefficient, D, and the cationic transference
number with respect to the solvent velocity, t0+.

33 Completing measurements of all these pa-
rameters is rare in the literature, and to our knowledge there are few studies where polymer
electrolyte aside from PEO have been fully characterized.29,87,89 Full electrochemical char-
acterization allows for the prediction of steady-state salt concentration profiles and electric
potential gradients that result when an electrolyte is polarized in response to an applied
current density.

In this study we report synthetic methods for improved purity and control of functional end
groups of PPM compared to the framework previously reported.127 The results of the full
electrochemical characterization of our “well-defined” PPM are reported here, including a
comparison of the modeled limiting current densities to our experimental results. We also
provide a framework for comparing the practical performance of electrolytes, reinforcing the
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promise of PPM electrolytes.

6.3 Experimental Methods

6.3.1 Polymer Synthesis

All chemicals were purchased from commercial sources and used as received: dimethyl mal-
onate (98%), 1,5-pentanediol (purum, ≥97.0% (GC)), titanium(IV) isopropoxide (99.999%
trace metals basis) and lithium bis(trifluoromethanesulfonyl)imide (LITFSI, 99.95% trace
metals basis) were purchased from Aldrich.

Dimethyl malonate (13.85 grams, 105 mmol) and 1,5-pentanediol (10.4 grams, 100mmol)
were placed in a 100 mL round-bottom flask equipped with a magnetic stir bar. Then,
the flask was purged with Nitrogen gas at 120 ◦C for 2 hours to remove the moisture in the
reactor. After that, titanium isopropoxide (30 µL, 0.1 mmol) was added to the flask, and the
flask was equipped with a 30 cm air reflux condenser at 120 ◦C for 12 hours. Methanol was
formed and evaporated throughout the course of the reaction. The reactor was maintained at
120 ◦C and connected to moderate vacuum (250 mmHg) for 24 hours followed by high vacuum
(0.3 mmHg) for 48 hours. After cooling down the flask to room temperature, the crude
product was purified by re-precipitation in methanol solvent after adding dichloromethane
(DCM). After collecting the precipitated polymer, the polymer was re-dissolved DCM and
re-precipitated in diethyl ether solvent. The pale-yellow viscous polymer was dried in a
vacuum oven for 24 hours without heat, and then further dried for 24 hours at 60 ◦C.

6.3.2 Electrolyte Preparation

Electrolytes were prepared within an argon glovebox with oxygen and water levels below 2
and 1 ppm respectively. Poly(pentyl malonate) (PPM) polymer with a molecular weight of
14.5 kg/mol was dried in a heated glovebox antechamber at 90 ◦C for 1 day under active evac-
uation, to remove any solvent from synthesis. Lithium bis(trifluoromethanesulfonyl)imide
salt (LiTFSI) (Sigma Aldrich) was dried in a heated glovebox antechamber at 120 ◦C for 3
days under active evacuation. Predetermined amounts of PPM and LiTFSI were dissolved
in anhydrous THF (Sigma Aldrich) and stirred at 60 ◦C in a capped vial. Once fully dis-
solved, the vial was uncapped and the THF evaporated overnight. The electrolytes were
then thoroughly dried in a heated glovebox antechamber at 90 ◦C for 1 day. We use r as a
measure of salt concentration which is defined as the molar ratio of lithium atoms to oxygen
atoms in the polymer unit, where r = [Li+]/[O]. The range of salt concentrations studied
in this work was from r = 0.005 to 0.15. The PPM electrolytes were amorphous across the
range of salt concentrations studied. At low concentrations the electrolytes flowed readily,
however at high salt concentrations the electrolytes were significantly more viscous.
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The density, ρ, of our electrolytes was directly measured by filling an aluminum pan (TA
Instrument) with a set volume of 40 µl. The pans were sealed, and then the mass was
measured. This measurement was made for three different samples of each electrolyte. The
error of these measurements was found to be below 3%. This data can be found in Figure
6.7. These density measurements were used to calculate the salt concentration, c, using the
equation,

c =
ρr

MPM + rMLiTFSI

, (6.1)

where MPM and MLiTFSI are 172.2 and 287.09 g/mol, respectively. The values of r, ρ, c,
and m are reported in Table 6.1.

Table 6.1: Values of density and salt concentration of PPM electrolytes as a function of r.

r ρ (g/L) c (mol/L) m (mol/kg)
0 1273 0.00 0.00

0.005 1276 0.14 0.12
0.01 1286 0.28 0.23
0.02 1339 0.54 0.46
0.04 1386 1.01 0.93
0.06 1429 1.43 1.39
0.08 1465 1.82 1.86
0.10 1567 2.17 2.32
0.12 1646 2.51 2.79
0.14 1691 2.82 3.25
0.15 1710 2.98 3.48

6.3.3 Electrochemical Characterization

All electrochemical cells were prepared within an argon glovebox with oxygen and water
concentrations below 1 ppm. Stainless-steel symmetric cells were used to measure the con-
ductivity, κ, of our electrolytes. These cells were constructed by filling silicone spacer mate-
rial (McMaster Carr) (internal diameter of 3.175 mm) with our electrolytes and sandwiching
them between two 200 µm thick stainless-steel electrodes. The thickness of the stack was
measured with a micrometer to find the electrolyte thickness, L. Nickel tabs (MIT Corp.)
were attached to the electrodes and the cells were vacuum sealed in laminated pouch material
(MTI Corp.). Lithium symmetric cells were used for measurements of the salt diffusion coef-
ficient, D, current fraction, ρ+, and limiting current density, iL. These cells were constructed
similarly to the stainless-steel symmetric cells. Lithium foil (MTI Corp.) was brushed and
pressed using a pneumatic press, then the thickness was measured using a micrometer. The
silicone spacer material (McMaster Carr) (internal diameter of 3.175 mm) was placed on one
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lithium electrode, and the electrolyte was loaded into the cell. The second lithium electrode
was placed on top and stainless-steel shims were placed on top of each lithium electrode.
The thickness of the stack was measured with a micrometer, and the electrolyte thickness
was calculated by subtracting the thickness of the electrodes and stainless-steel shims from
the total thickness. Nickel tabs were then attached, and the stack was vacuum sealed in
laminated pouch material.

Conductivity measurements were made using stainless-symmetric cells. The cells were an-
nealed at 90 ◦C for 3 hours before experiments were performed. Conductivity measurements
were made at various temperatures from 30 to 90 ◦C. To measure the conductivity electro-
chemical impedance spectroscopy (EIS) was used. Measurements were made from 1 MHz
to 100 mHz with a sinus amplitude of 40 mV to identify the bulk resistance, Rbulk. The
conductivity was calculated by,

κ =
L

aRbulk

, (6.2)

where a is the electrochemically active area, and L is the electrolyte thickness.

The current fraction was measured using lithium symmetric cells following previously de-
scribed methods.48,60,75 All measurements with lithium symmetric cells were performed at 90
◦C. These cells were first preconditioned with 3-hour polarizations of± 0.02 mA/cm2 followed
by 3 hours of OCV. The resistance of the electrolyte was measured during preconditioning
to track changes in the bulk and interfacial resistances, Rint. This process was repeated 4
times until the resistances stabilized and a stable solid electrolyte interface (SEI) layer was
formed. After preconditioning, a potential was applied to the cell until the measured current
reached a steady state value, iss. During this polarization, impedance measurements were
made to track Rbulk and Rint. A modified version of the equation developed by Bruce and
Vincent can be used to calculate the current fraction:

ρ+ =
iss(∆V − iΩRint,0)

iΩ(∆V − issRint,ss)
. (6.3)

iΩ is the calculated initial current (iΩ = ∆V
Rbulk,0+Rint,0

), where subscripts 0 and ss indicate the

initial and stead state values respectively. For these experiments ∆V values of ±10 and ±20
mV were used.

After polarization, the cells are allowed to relax, and the resulting decline in potential can
be fit to an exponential equation,

V (t) = k0 + k1e
−k2t, (6.4)

where k0 is the fitted offset voltage and k1 and k2 are fit parameters. The salt diffusion
coefficient is calculated using equation 6.5,

D =
L2k2
π2

. (6.5)
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The determination of the time range over which this data is fit is significant and is discussed
in previous works.55,75

Concentration cells were used to measure the electric potential resulting in salt concentration
differences between electrolytes. Their construction follows previously reported methods.48,75

It is worth noting that due to the low viscosity of PPM electrolytes compared to PEO or
PEO-based electrolytes, the spacer material used to construct these cells included an adhesive
backing to ensure the electrolyte did not leak out of the cell during experiments. For these
cells, half of the channel was filled with a reference electrolyte, r = 0.06, and the other half
was filled with the electrolyte of interest. Lithium electrodes with nickel current collectors
were placed on the end of each channel, and the cell was sealed in laminated pouch material.
The cells were heated to 90 ◦C and the electric potential, U , of the electrolyte was measured
until it reached a plateau, typically at around 10 hours.

6.3.4 Limiting Current Density Measurements

Lithium symmetric cells were used to measure the limiting current density of our electrolytes.
The cells were constructed and preconditioned exactly as described for the measurements
ofρ+ and D. For limiting current density measurements an initial impedance measurement
was taken, followed by a constant current polarization. After a stable plateau in potential
was reached, or the potential diverged, the cell was allowed to relax at OCV, and then a final
impedance measurement was taken. The limiting current density was taken as the average
of the highest stable current density, where a plateau in potential is reached, and lowest
unstable current density, where no plateau is reached.35

6.4 Results and Discussion

A comparison of κ and ρ+ of the well-defined PPM in this study, and the PPM previously
reported can be found in Figure S2.127 Slight differences arise in our measurements, which we
attribute to the improved purity of our well-defined PPM. For the remainder of this work,
the PPM discussed is the well-defined PPM synthesized for this study unless otherwise
specified. Results of our full electrochemical characterization of PPM are shown below.
The measured electrochemical properties of PPM are shown in Figures 6.1a-6.1d and both
experimentally collected data and their fits are reported. We also compare the results of our
electrochemical characterization of PPM to that of PEO/LiTFSI electrolytes. The reported
data for PEO in this work came from the compilation of data from studies of PEO/LiTFSI
electrolytes at various molecular weights above the entanglement threshold of PEO, unless
stated otherwise.22 The black lines indicate a fit through the entire PEO data set compiled
in Reference 22, and the gray shading is indicative of 95% confidence intervals for each fit.
Further explanation of the data and processes to compile them can be found in Reference
22.
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Figure 6.1: (a) Conductivity, κ, (b) current fraction, ρ+, and (c) salt diffusion coefficient,
D, plotted as a function of salt concentration, r.(d) Open circuit potential measured using
concentration cells, U , as a function of the natural log of molality, lnm. All measurements
were made at 90 ◦C. The blue data points are the average of the measured values at each salt
concentration for PPM/LiTFSI, and the error bars represent the standard deviation of each
measurement. The blue lines are the fits of this data, Equations 6.5-6.9. The black lines in
each plot represent the values of PEO/LiTFSI electrolytes for each parameter, with the gray
shading representing the 95% confidence interval. This data is taken from Reference 22

Figure 6.1a shows the conductivity, κ, as a function of salt concentration, r. At low salt
concentrations, r < 0.08, the conductivity increases with salt concentration due to increases
in the concentration of charge carriers. At high salt concentrations, r > 0.08, the conductivity
steadily declines as the addition of salt results in restriction of the segmental motion of the
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polymer. We use a fit proposed by Mongcopa et al.,

κ = A1re
− r

rmax (6.6)

where A1 is a fitted parameter, equal to 0.0216 for PPM, and rmax is a fitted value that
corresponds to salt concentration at which conductivity is maximized, equal to 0.0729 for
PPM.58 This result is consistent with the analysis for PEO/LiTFSI electrolytes, where rmax

= 0.075.22,75 This consistency in rmax is not universal across polymer electrolytes.89,128 Across
the range of salt concentrations studied, the conductivity of the PPM electrolytes is approx-
imately three times smaller than that of PEO electrolytes.

Figure 6.1b shows the current fraction, ρ+, as a function of r. The current fraction decreases
steadily with increasing salt concentration until a minimum value is reached around r =
0.12, after which point it increases as salt concentration increases. The PPM data fit was fit
to a polynomial function,

ρ+ = 21.9r2 − 5.01r + 0.815. (6.7)

The maximum value of current fraction in PPM/LiTFSI is over four times greater than that
of PEO/LiTFSI. As with the conductivity data, the trends in current fraction with respect
to salt concentration are very similar between PEO and PPM.

Figure 6.1c shows the salt diffusion coefficient, D, as a function of r. The salt diffusion
increases slightly with salt concentration until it reaches a maximum at r = 0.08, where it
then decreases with increasing salt concentration. The PPM data set was fit to a polynomial
function,

D = (−4.29× 10−6)r2 + (6.32× 10−7)r + (7.20× 10−8). (6.8)

Across the range of salt concentrations in this study, D of PPM lies within error of PEO.

Figure 6.1d shows the open-circuit potential across concentration cells, U , as a function of
electrolyte of a salt concentration r = 0.06. U decreases monotonically with increasing salt
concentration as expected. The data is fit to the equation,

U = 45.9− 37.3m0.691. (6.9)

The analytical zero of Equation 6.9 lies at r = 0.059, which matches the salt concentration
of our reference electrolyte, r = 0.06. This monotonic decrease in U with respect to lnm
matches with PEO, though we note that the dependence of U on lnm is weaker in PPM
than in PEO.

The thermodynamic factor, Tf , can be calculated using the equation,

Tf = 1 +
dlnγ±
dlnm

=
κ

νRTDc( 1
ρ+

− 1)

(
dU

dlnm

)2

, (6.10)
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Figure 6.2: (a) Thermodynamic factor, Tf , (b) cationic transference number with respect
to the solvent velocity, t0+, plotted as a function of salt concentration, r. The filled blue
circles indicate the results of Equation 6.11 and 6.12 using experimentally measured values
of each parameter for PPM/LiTFSI with the error bars representing the cumulative error of
the calculation following the procedures discussed in Reference 22. The blue line indicates
the results of Equation 6.11 and 6.12 using fits of experimental values, Equations 6.6-6.10.
The PEO curves below r = 0.035 comes from a polynomial fit of the data for r < 0.035,
constrained so that as r → 0, Tf → 1, and t0+ → ρ+. The PPM curves below r = 0.02 comes
from a polynomial fit of the data for r < 0.02, constrained so that as r → 0, Tf → 1, and
t0+ → ρ+. The blue hollow squares in (b) are t0+ values of PPM/LiTFSI electrolytes predicted
from MD simulations from Reference 129. The black lines in each plot represent the values
of PEO/LiTFSI electrolytes for each parameter, with the gray shading representing the 95%
confidence interval. This data is taken from Reference 22.

where γ± is the mean molal activity coefficient of the salt, ν is the stoichiometric parameter,
ν = ν+ + ν−, where ν+ and ν− are the number of cations and anions respectively formed
when the salt dissociates, R is the gas constant, and T is the temperature. Figure 6.2a shows
the results of these calculations for PPM and PEO electrolytes. The blue data points are the
values of the thermodynamic factor calculated from the experimentally determined values of
κ, ρ+, D, and U in Figures 6.1a-6.1d with the error bars representing the cumulative error
of the calculation following the procedures discussed in Reference 75, and the blue line is the
thermodynamic factor calculated using Equations 6.6-6.10. Thermodynamics dictates that
Tf = 1 at r = 0 for all electrolytes, thus the solid curves in Figure 6.2a below a cutoff r
value, 0.02 and 0.035 for PPM and PEO respectively, comes from a polynomial fit of the data
above the cutoff concentration, constrained so that Tf = 1 at r = 0.33,130 As seen in Figure
6.2a, Tf initially decreases for both PPM and PEO, which is consistent with studies of other
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electrolytes.29,87–89 From 0.04 ≤ r ≤ 0.10, Tf remains close to a value of one. This indicates
dlnγ±
dlnm

→ 0 across this range of salt concentrations, meaning that changes in salt concentration
have little effect on the interactions between ions within the electrolyte, characteristic of ideal
behavior.33,130 For r > 0.10, Tf increases with salt concentration. While the trend in Tf with
respect to r is very similar between PPM and PEO, the magnitude of Tf in PPM is smaller
than that of PPM. As discussed in previous work, the lowered value of Tf indicates more
favorable interactions between polymer and salt which may stem from an increased density
of oxygen atoms in the PPM polymer compared to PEO.89 Initial studies of PPM with MD
simulations have been performed and will be discussed below, but further MD simulations
are necessary to understand the Tf results in PPM electrolytes.

The cationic transference number with respect to the solvent velocity can be determined
with the equation,

t0+ = 1 +

(
1

ρ+
− 1

)
FDc

κ

(
dlnm

dU

)
. (6.11)

Figure 6.2b shows the results of these calculations for PPM and PEO electrolytes. The blue
data points are the values of t0+ calculated from the experimental measurements of κ, ρ+,
D, and U with the error bars representing the cumulative error of the calculation following
the procedures discussed in Reference 75, and the blue line is t0+ calculated using Equations
6.1a-6.1d and Equation 6.10. Following Newman’s concentrated solution theory, in the dilute
limit, r → 0, t0+ → ρ+.

33,38,59 Thus, the solid curves in Figure 6.2b below a cutoff r value,
0.02 and 0.035 for PPM and PEO respectively, are produced from a polynomial fit of the
data above the cutoff concentration, constrained so that t0+ → ρ+ as r → 0. t0+ decreases
with increasing r, until a minimum is reached around r = 0.12. For r > 0.12, t0+ increases
with r. For PEO electrolytes, t0+ < 0 over a range of salt concentrations, but for PPM it
remains positive throughout the concentrations studied in this work.

Recent MD simulations have predicted t0+ for PPM electrolytes.129 These results are plotted
in Figure 6.2b as hollow blue squares. At r ≤ 0.08, our experimentally determined values of
t0+ match within error with those from MD predictions. At r > 0.08, there is still qualitative
agreement between simulations and experimental results. These MD simulations suggest the
high values of t0+ in PPM stem from the involvement of 2 or 3 chains within the solvation
cage, compared to PEO which typically has 1 or 2 chains involved.129
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Figure 6.3: (a) J1 plotted as a function of r for PPM (blue solid line), using Equations 6.6,
6.7, 6.9, and 6.12, and PEO (black solid line), using data from Reference 22 and Equation
6.12. The gray dashed line indicates the polynomial fit (Equation 6.14) of J1 of PPM. (b)
Predicted salt concentration profiles from concentration solution theory in a r = 0.06 PEO
electrolyte of L = 250 µm, at four different applied current densities. (c) Predicted salt
concentration profiles from concentration solution theory in a r = 0.06 PPM electrolyte of L
= 250 µm, at the four current densities used in (b). (d) Predicted concentration polarization,
∆r (∆r = rx=0 − rx=L), plotted as a function of the applied current density for r = 0.06
PPM and PEO electrolytes with L = 250 µm.

Salt concentration gradients can be predicted using the results of full electrochemical char-
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acterization. The equation, ∫ r(x)

r(x=0)

J1 dr = −iL

F

(x
L

)
, (6.12)

where,

J1 =
κ
(

dU
dlnm

)(
1− 1

ρ+

)
rF

, (6.13)

is used to make these predictions following methods developed previously using concentrated
solution theory.28,34 Figure 6.3a shows J1 plotted as a function of r for PPM, along with J1 for
PEO electrolytes using data from Reference 22. Equations 6.6, 6.7, and 6.8, are combined to
produce J1 curve for PPM (solid blue line). The PPM curve was fit to a polynomial equation
(dashed gray line),

J1 = (−2.71× 10−2)r6 + (1.45× 10−2)r5 + (−3.11× 10−3)r4+

(3.36× 10−4)r3 + (−1.90× 10−5)r2 + (4.60× 10−7)r +
(
2.94× 10−9

)
. (6.14)

Figure 6.3b shows steady-state salt concentration profiles generated using Equations 6.12
and 6.13, along with data from Reference 22, for a PEO electrolyte with r = 0.06 and L
= 250 µm. Four different applied current densities were modeled: 0.25, 0.50, 0.75, and
1.00 mA/cm2. Larger applied current densities result in larger salt concentration gradients.
Figure 6.3c shows steady-state concentration profiles generated using Equations 6.12-6.14
for a PPM electrolyte with r =0.06 and L = 250 µm, for applied current densities: 0.25,
0.50, 0.75, and 1.00 mA/cm2. The colors of the curves in Figure 6.3c correspond with the
same current densities indicated in the legend of Figure 6.3b. The concentration polarization
for PPM at each modeled current density is clearly smaller than that of PEO. To quantify
the difference in predicted concentration polarization we can calculate the difference in salt
concentration between the two electrodes,

∆r = rx=0 − rx=L. (6.15)

Figure 6.3d shows ∆r as a function of applied current density for our modeled predictions
for PPM and PEO electrolytes with r = 0.06 and L = 250 µm. At each applied current
density, the concentration polarization in PEO is two times greater than in PPM.

Concentrated solution theory allows for predictions of the electric potential drop across an
electrolyte, in addition to the salt concentration profiles that develop in response to an
applied current density. Following the equations and methods developed by Pesko et al.,∫ r(x)

r(x=0)

J2 dr = −Φss(x)

F
, (6.16)
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where,

J2 =
dU

dlnm

(ρ+ − 1) rF
, (6.17)

are used to predict the potential drop across an electrolyte at steady state.34 Figure 6.4a
shows J2 plotted as a function of r for PPM, along with J2 for PEO electrolytes using data
from Reference 22. Equations 6.8 and 6.9 are combined to produce the J2 curve for PPM
(solid blue line). This curve was fit to a double exponential equation (dashed gray line),

J2 = (9.09× 10−6) + (3.54× 10−5)e−33.1r + (4.48× 10−5)e−176.1r. (6.18)

Figure 6.4b shows the comparison of the modeled steady-state potential drops that occur
in the electrolytes from Figures 6.3b and 6.3c in response to the applied current densities:
0.25, 0.50 0.75, and 1.00 mA/cm2. As with the concentration polarization, at each applied
current density the resulting potential drop in the PEO electrolyte is two times larger than
in the PPM electrolyte.

Figure 6.4: (a) J2 plotted as a function of r for PPM (blue solid line), using Equations 6.8,
6.9, and 6.17, and PEO (black solid line), using data from Reference 22 and Equation 6.17.
The gray dashed line indicates the double exponential fit (Equation 6.18) used to fit J2 of
PPM. (b) Predicted cell potential drops, ∆U , plotted as a function of the applied current
density for r = 0.06 PPM and PEO electrolytes with L = 250 µm.

Experimental validations of predicted salt concentration gradients are challenging and can re-
quire more intricate methods such as X-ray transmission, MRI, or Raman spectroscopy.78,86,131

However, the measurement of the steady state electric potential of an electrochemical cell,
and comparison with the predicted electric potential drop can provide a straightforward
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method for indirectly evaluating the predicted salt concentration gradients. Work to mea-
sure cell potential as a function of salt concentration and applied current density is currently
ongoing to allow for a widescale comparison with the predicted results to understand the
accuracy of our modeled results. Future work is needed to make direct measurements of
salt concentration profiles within PPM electrolytes to compare with those predicted from
concentrated solution theory.

Previous work from our group compared the experimentally measured limiting current den-
sity of PEO electrolytes with that predicted from concentrated solution theory. This work
found quantitative agreement between experiments and predictions.36 These results are in-
cluded in Figure 5, where the black square indicate experimentally determined values for a 35
kg/mol PEO electrolyte from Reference 36, and the black dashed line is the result predicted
from concentrated solution theory using the data from Reference 22. In our previous study
on PPM, the limiting current density of PPM electrolytes was measured for three different
salt concentrations: r = 0.02, 0.04, and 0.06.11 We can use these results as a preliminary
check of our concentrated solution theory modeling, and these results are shown in Figure
6.5, where the blue circles are indicative of the experimental values, and the blue dashed line
shows the results from the concentrated solution theory modeling done in this work.

Figure 6.5: Length normalized limiting current density (iLL) plotted as a function of r for
PPM and PEO electrolytes. PPM data points come from Reference 22, and the blue dotted
line indicates the concentrated solution theory modeling that was performed in this study.
The black data points and black dotted line comes from Reference 36.

The data shown in Figure 6.5 for PPM indicates that there is quantitative agreement between
experiments and concentrated solution theory predictions for PPM electrolytes. There are
ongoing efforts to measure the limiting current density in the well-defined PPM described
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in this work, however preliminary results indicate minimal differences between the limiting
current density of the PPM studied in this work and that in Reference 127.

The magnitude of the salt concentration gradients in electrolytes controls the amount of
current that can be drawn across an electrolyte and contributes to the potential drop across
the electrolyte. In practice, the measured electrical potential of a battery is lower than
the theoretical, due to ohmic effects of the electrolyte, side reactions, heating effects, salt
concentration gradients, etc.33 An optimal electrolyte, is one with a high value of limiting
current, while also minimizing the potential drop that occurs during polarization. Thus, it
is of interest to compare both the limiting current, iL, along with the electric potential, Φ,
that results from the largest current density that results in stable operation of an electrolyte.
In Figure 6.6, we plot the length normalized values, or Φ/L as a function of iLL. The PEO
data is taken from Reference 36, and the PPM data comes from Reference 127. Further
studies are ongoing to expand the range of values shown in this plot.

Figure 6.6: Length normalized potential drop resulting from the highest stable applied cur-
rent density, Φ/L, plotted as a function of the length normalized limiting current density
(iLL). The PPM data point comes from Reference 127, and the black data points come from
Reference 36

Galluzzo et al. provided a similarly motivated plot that compares values of κ and ρ+, but
Figure 6.6 allows for a comparison of the practical performance of different electrolytes.66

The range of values for PEO shown in Figure 6.6 correspond with r = 0.02, 0.05, 0.065,
and 0.085. We show a single point for PPM at r = 0.04. While further studies will expand
the data ranges in this plot, Figure 6.6 shows a clear difference between PEO and PPM,
where PPM can tolerate current densities 5 times greater than PEO, with the same resulting
potential drop across the two electrolytes. Clearly, PPM shows great promise as a beyond-
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PEO polymer electrolyte, and further studies are required to understand its performance in
full cells along with its electrochemical properties when used to produce block copolymer
electrolytes.

6.5 Conclusions

We have presented a synthetic method for producing well-defined PPM polymer. We also
performed full electrochemical characterization of PPM/LiTFSI electrolytes in which the
salt concentration dependence of transport and thermodynamic parameters was determined,
and compared with the standard polymer electrolyte, PEO/LiTFSI. The current fraction
of PPM is significantly higher than that of PEO, while the conductivity is lower for PPM
than PEO, which agrees with our previous study on PPM. The salt diffusion coefficient
was found to be similar between PPM and PEO, and we find that the electric potentials
measured in PPM with concentration cells are smaller in magnitude than those measured in
PEO. With these measurements, we calculated the thermodynamic factor and the cationic
transference number with respect to the solvent velocity. The thermodynamic factor of
PPM was lower than PEO at all salt concentrations studied, and from 0.04 ≤ r ≤ 0.10 the
thermodynamic factor remained constant at a value of 1, indicative of ideal behavior. The
cationic transference number with respect to the solvent velocity was also higher than that of
PEO, which can explain the higher values of limiting current density in PPM that have been
previously measured by our group. These experimentally determined values of the cationic
transference number match with published results from MD simulations.

Concentrated solution theory was used to model salt concentration profiles and potential
drops across the electrolyte with respect to various applied current densities for a PPM
and PEO electrolyte., with the concentration polarization and potential drop in PPM being
almost half that of PEO at every modeled current density. Our predictions of the limiting
current density in PPM agree quantitatively with experimental measurements. Finally, we
provide a framework to compare the performance of various electrolytes and show that PPM
has clear promise for use in batteries over PEO.

6.6 Acknowledgements

This work was supported by the Assistant Secretary for Energy Efficiency and Renewable
Energy, Office of Vehicle Technologies, of the U.S. Department of Energy, under Contract
DE-AC02-05CH11231 under the Battery Materials Research Program.

75



6.7 Supporting Information

Table 6.2: Equations 6.6-6.10 with Error of Fitted Values

Property Equation

κ (S/cm) κ = (0.0216± 0.00118)re(−
r

(0.0729±0.00305))

ρ+ ρ+ = (21.9± 4.01)r2 − (5.01± 0.627)r + (0.815± 0.0185)
D (cm2/sec) D = (−4.29× 10−6 ± 1.16× 10−6)r2 + (6.32× 10−7 ± 2.46×

10−7)r + (7.20× 10−8 ± 1.24× 10−8)

U (mV) U = (45.9± 1.72)− (37.3± 2.06)m(0.691±0.0326)

Figure 6.7: Electrolyte density, ρ, plotted as a function of r for PPM electrolytes. Error bars
indicate the standard deviation of three measurements. The dashed line is a linear fit of the
experimental data. All measurements were made at 90 ◦C.
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Figure 6.8: (a) Conductivity, κ, (b) current fraction, ρ+, and (c) electrolyte efficacy, κρ+,
plotted as a function of r for PPM electrolytes. Data from this study are indicated by filled
circles, and data from Reference 22 are indicated by the hollow diamonds. All measurements
were made at 90 ◦C.
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6.8 Nomenclature

Table 6.3: List of Symbols and Abbreviations

Symbol Meaning
a Electrochemically active area (cm2)
c Molar salt concentration (mol/L)
D Salt diffusion coefficient (cm2/sec)
F Faraday’s constant (C/mol)
i Current density (mA/cm2)
iL Limiting current density (mA/cm2)
iss Steady-state current density (mA/cm2)
iΩ Calculated initial current density(mA/cm2)
k0 Fitted offset voltage (V)
k1, k2 Fit parameters for Equation 6.4
L Electrolyte thickness (cm)
m Molality (mol/kg)
r Molar ratio of lithium atoms to oxygen atoms in the polymer unit
rmax Salt concentration where conductivity is maximized
R Gas constant (kJ/mol-K)
Rbulk Bulk resistance (Ω-cm2)
Rint Interfacial resistance (Ω-cm2)
T Temperature (K)
Tf Thermodynamic factor
t0+ Cationic transference number with respect to the solvent velocity
U Open-circuit potential measured with concentration cells (mV)
V Measured voltage
∆r Concentration polarization
∆U Predicted potential drop across electrolyte (mV)
∆V Applied voltage (V)
κ Conductivity (S/cm)
ν Stoichiometric parameter
ρ Density (g/L)
ρ+ Current fraction
Φ Measured electric potential drop from highest stable current density
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7: Conclusions

Current lithium-ion batteries utilize an electrolyte comprised of a lithium salt dissolved in a
mixture of organic solvents. Concerns about the flammability of these mixtures, along with
instability against high-energy anode materials, requires the discovery of new electrolyte
materials. Polymer electrolytes offer a compelling alternative to conventional electrolytes
due to their safety and stability. Developing an understanding of the transport phenomena
occurring within these electrolytes allows for a rigorous comparison of their performance
with the aims of determining polymer materials with superior electrochemical properties.
Newman’s concentrated solution theory provides a framework for the measurement of trans-
port parameters that fully describe ion transport. In this work, we seek to test the ability of
concentrated solution theory to predict electrochemical performance of a standard polymer
electrolyte, mixtures of poly(ethylene oxide) (PEO) and a lithium salt, LiTFSI. Additionally,
next-generation polymer electrolyte materials are studied, including a single-ion-conducting
block copolymer and a novel homopolymer.

In Chapter 2, we evaluate the temperature and salt concentration dependence of ion transport
properties in PEO/LiTFSI electrolytes. These properties were measured across a wide range
of salt concentrations at three temperatures of interest: 70, 90, and 110 ◦C. Both conduc-
tivity and salt diffusion coefficient increase monotonically with temperature. Both current
fraction and electric potential measured with concentration cells remain constant across the
measured temperatures. The cationic transference number and the thermodynamic factor
monotonically increase with temperature. The change in the transference number and ther-
modynamic factor is substantially higher between 70 and 90 ◦C than 90 and 110 ◦C. With
the measured transport parameters, salt concentration profiles were predicted using concen-
trated solution theory and it was found that the predicted concentration polarization, the
difference in salt concentration between the two electrodes, that occurs in response to an
applied current density is substantially larger at 70 ◦C than the higher temperatures.

In Chapter 3, we compare experimentally measured salt concentration profiles with those
predicted from concentrated solution theory in a PEO/LiTFSI electrolyte. Operando Ra-
man spectroscopy is used to observe salt concentration profiles during polarization of the
electrolyte until a steady state is reached. The steady state concentration profiles were con-
sistent over multiple experiments, and the measured concentration polarization was smaller
than that predicted with concentrated solution theory.

In Chapter 4, the performance of a PEO/LiTFSI electrolyte above the limiting current
density is evaluated and compared with predictions from concentrated solution theory. The
Sand’s time was measured at various applied current densities and compared with theoretical
predictions. We found quantitative agreement between the measurements and predictions.
Additionally, a new framework is used to estimate the limiting current density of this elec-
trolyte using the Sand’s time at various overlimiting current densities. The measured and
predicted Sand’s times yielded an estimated limiting current density that aligned with the
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modeled limiting current density using concentrated solution theory.

In Chapter 5, the thickness dependence of the limiting current density was determined
for a conventional block copolymer, poly(styrene)–b–poly(ethylene oxide), and a single-ion-
conducting polymer, poly(styrene-LiTFSI)–b–poly(ethylene oxide). The limiting current was
found to increase linearly with decreasing electrolyte thickness for the conventional elec-
trolyte, as expected from theory. For the single-ion-conducting electrolyte, the limiting
current was independent of electrolyte thickness.

In Chapter 6, the ion transport properties of a novel homopolymer electrolyte, mixtures
of poly(pentyl malonate) (PPM) and LiTFSI salt, were determined from 0.005 ≤ r ≤
0.15. These results were compared with the properties of the standard polymer electrolyte,
PEO/LiTFSI. The conductivity of PPM was lower than that of PEO, while the current frac-
tion was significantly higher than that of PEO. The salt diffusion coefficient was found to be
the same between PPM and PEO. The cationic transference number of PPM was larger than
that of PEO, and positive across the range of salt concentrations investigated in this study.
The thermodynamic factor was lower in PPM, and plateaued at a value of 1, indicative of
ideal behavior, from 0.04 ≤ r ≤ 0.10. Our experimentally determined transference numbers
matched those predicted from MD simulations. The predicted concentration polarization
was two times lower in PPM than in PEO.
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Appendices

A Dependence of PEO Salt Diffusion Coefficient on

Molecular Weight

Figure A1: Salt diffusion coefficient, D, measured for r = 0.08 PEO/LiTFSI electrolytes
with PEO molecular weights of 35 kg/mol (blue squares), 95 kg/mol (purple squares), 275
kg/mol (red triangles), and 430 kg/mol (green circles), plotted as a function of the applied
current density. The dashed line shows data from Reference 48.
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Figure A2: Salt diffusion coefficient, D, plotted as a function of molecular weight of PEO.
Data points represent the average of measurements at various applied current densities. 5
kg/mol data is taken from 48.

Figure A3: Conductivity, κ, measured for r = 0.08 PEO/LiTFSI electrolytes with PEO
molecular weights of 35 kg/mol (blue squares), 95 kg/mol (purple squares), 275 kg/mol
(red triangles), and 430 kg/mol (green circles), plotted as a function of the applied current
density.. The dashed line shows data from Reference 48.
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