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Abstract

Mixtures of neutral polymers and lithium salts have the potential to serve as electrolytes in
next-generation rechargeable Li-ion batteries. The purpose of this review is to expose the delicate
interplay between polymer-salt interactions at the segmental level and macroscopic ion transport
at the battery level. Since complete characterization of this interplay has only been completed in
one system: mixtures of poly(ethylene oxide) and lithium bis(trifluoromethanesulfonyl)imide
(PEO/LITFSI), we focus on data obtained from this system. We begin with a discussion of the
activity coefficient, followed by a discussion of six different diffusion coefficients: the Rouse
motion of polymer segments is quantified by Dseg, the self-diffusion of cations and anions is
quantified by Dseir+ and Dsert -, and the build-up of concentration gradients in electrolytes under an
applied potential is quantified by Stefan-Maxwell diffusion coefficients, D,,, Dy_, and D, _.
The Stefan-Maxwell diffusion coefficients can be used to predict the velocities of the ions at very
early times after an electric field is applied across the electrolyte. The surprising result is that D, _
is negative in certain concentration windows. A consequence of this finding is that at these
concentrations, both cations and anions are predicted to migrate toward the positive electrode at
early times. We describe the controversies that surround this result. Knowledge of the Stefan-
Maxwell diffusion coefficients enable prediction of the limiting current. We argue that the limiting
current is the most important characteristic of an electrolyte. Excellent agreement between
theoretical and experimental limiting current is seen in PEO/LITFSI mixtures. What sequence of
monomers that, when polymerized, will lead to the highest limiting current remains an important
unanswered question. It is our hope that the approach presented in this review will guide the
development of such polymers.
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diameter of reptation tube

statistical segment length

salt concentration (mol/L)

average salt concentration (mol/L)
molar concentration of ethylene oxide
monomers (mol/L)

total electrolyte concentration (mol/L)
salt diffusion coefficient (cm2/s)
polymer segmental diffusion
coefficient (cm?/s)

self-diffusion coefficients of cation
and anion measured by PFG-NMR
(cm?/s)

Stefan-Maxwell diffusion coefficient
describing the interactions between
Li* and PEO (cm?/s)

Stefan-Maxwell diffusion coefficient
describing the interactions between
TFSI- and PEO (cm?/s)
Stefan-Maxwell diffusion coefficient
describing the interactions between
Li* and TFSI- (cm?/s)

charge of an electron (1.602 x 10° C)
eNMR electrophoretic NMR
Faraday constant (96485 C/mol)

Li-O radial distribution function

N-C radial distribution function
constant-valued applied current
density (mA/cm?)

limiting current density (mA/cm)
Boltzmann constant (1.381 x 102
JIK)

Bjerrum length

electrolyte thickness (um)

lithium bis(trifluoromethanesulfonyl)
imide

m

N

PEO
PFG-NMR

Greek
Vi-

molality (mol/kg)

number of monomers per chain
poly(ethylene oxide)

pulsed-field gradient NMR

Rouse parameter

molar concentration of lithium ions to
ether oxygens (r = [Li*]/[EQ])

mean squared displacement

gas constant (8.314 J/molK)

absolute temperature (K)
thermodynamic factor

true cation transference number for
non-ideal concentrated solutions
velocity of species i (cm/s)

cell coordinate defined such that x = 0
is at the anode and x = L the cathode

(um)

mean molar activity coefficient of the
salt

dielectric constant

permittivity of vacuum (8.854 x 1012
C/Vm)

potential (V)

ionic conductivity (S/cm)

gradient of the electrochemical
potential of species i

entanglement relaxation time

Rouse time

diffusive relaxation time for polymer
chain

diffusive relaxation time for ions
monomeric friction coefficient



1. Introduction

As we celebrate the 100" anniversary of the Macromolecular Hypothesis of Staudinger,[1]
we recognize the numerous important ways in which polymers have affected our lives. Examples
include the fuselages of modern airplanes, soft foams used in mattresses, rubber tires, and plastics
that are used to make furniture, toys, and other items that are ubiquitous in society. Arguably, the
most important unresolved issue of the day relates to the development of a clean and sustainable

energy landscape. At this juncture, polymers play a minor role in this arena.

The question of how we will store and use energy in the future is an open one. In one
scenario, we could generate energy using renewable but intermittent sources like the sun and the
wind. If these are our only sources of energy, then we will need a device to store energy so that
we may use it when the need arises. The lithium-ion battery is the only device available in the
market that can serve this need. These batteries shot into prominence because they power
handheld electronic devices. Many people use these devices to learn about the world and to
communicate with one another. Lithium-ion batteries also power an increasing number of electric
vehicles; many believe that emission-free transportation is an important step toward a new energy
landscape. This review is related to the role polymers might play in next generation lithium-ion

batteries.

State-of-the-art lithium-ion batteries comprise a transition metal oxide cathode (e.g.
LiCo00y>), a graphite anode, and an electrolyte that is a mixture of organic solvents (e.g. dimethyl
carbonate and ethylene carbonate) and a lithium salt (e.g. LiPFs).[2-4] Polymers play a passive
role in these batteries. Polyvinylidene difluoride (PVDF) is used as a glue that binds the cathode
and anode particles into coherent electrodes. Porous polyolefin films are used as separators that

prevent short-circuiting of the cell; the pores when filled with the electrolyte provide avenues for
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ion transport. Although lithium-ion batteries have improved over the last few decades, there are
important limitations. The limited cycle life of lithium-ion batteries is mainly due to the limited
stability of the electrolyte. Parasitic side-reactions between the electrolyte and the electrodes,
particularly side-reactions at the anode, result in the formation of unwanted products that diffuse
to other parts of the cell and undergo further reactions. These side-reactions reduce capacity and
ultimately shut off the electrochemical reactions that underlie the ability of the battery to deliver
power.[5] New electrodes with higher potential differences and capacity have been suggested.
However, their implementation in practical devices has been thwarted by the lack of a suitable
electrolyte. The flammability and reactivity of the electrolyte can, under some conditions, lead to
thermal runaway and explosive battery failure as the polyolefin separator melts and eventually
burns.[6, 7] In some cases, it is speculated that metal filings initially located in the non-critical
parts of the battery, become dislodged and enter the space between the electrodes, resulting in a

short circuit that leads to an explosion.

Solid electrolytes may resolve some of the limitations of liquid-electrolyte-based lithium-
ion batteries. They are likely to be less flammable than organic liquids. The products of
deleterious side-reactions are less likely to diffuse and undergo further reactions due to the lack of
mobility in the solid electrolytes and this may improve the cycle life. Once an all-solid-state
battery is made and tested, it is unlikely that foreign macroscopic objects will find their way toward

the ion transport pathways.

Many inorganic crystals and glasses exhibit lithium ion transport rates that are comparable
to liquids.[8, 9] However, the brittle nature of these materials poses processing challenges. In
addition, it is difficult to imagine how adhesive contact at the interface between the active electrode

particles and these solid electrolytes can be maintained, given that the active particles contract and



expand as the batteries are cycled. Polymeric solid electrolytes can resolve issues related to
mechanical and interfacial properties but lithium ion transport rates in these materials are much
lower than that in the crystalline and glassy electrolytes.[10] The important unanswered question
is this: what is the sequence of monomers that will give the most efficacious polymer
electrolyte.[11] Before attempting to answer this question, it is important to agree on the definition

of electrolyte efficacy.

More often than not, projections of the efficacy of electrolytes are based on a single
transport property: ionic conductivity (x). There are numerous reports on the effect of monomer
structure on x.[12-16] We have steadfastly avoided using the term conductivity in the preceding
paragraphs because the efficacy of polymer electrolytes depends on three additional parameters
that are seldom discussed. These parameters were first described by Onsager[17] and later
formalized for battery applications by Newman.[18, 19] Polymer electrolytes covered in this
review are similar to conventional electrolytes such as mixtures of organic solvents and a lithium
salt. Such electrolytes are called “binary electrolytes” due to the presence of two mobile charged
species, i.e., the cation and the anion.[19] However, many important characteristics of these
electrolytes can only be reconciled when one recognizes the ternary nature of the system as it
contains cations, anions, and “solvent” molecules. In this review, the species that solvates the salt
is a neutral polymer. In the discussion below, we focus on the motion of the cation and anion
through polymer matrices. We cannot, however, ignore the motion of the polymer segments and,

perhaps, polymer chains.

2. Solvation and Brownian motion



In the absence of an electric potential, the translational diffusion of the three electrolyte
components at the molecular level can be described as random walks due to Brownian motion.
However, the motion of all of the species is coupled due to the constraints of charge neutrality and
incompressibility. The space vacated by a diffusing cation must be filled by some combination of
the anion and polymer segments due to incompressibility. If the random motion of cations
produces a high positive charge at a certain location, electrostatic forces will attract the charge-
compensating anions toward that location or the concentrated cations will diffuse away from that
location. In other words, for all practical purposes, the electrolyte is electrically neutral.
Violations of charge neutrality occur on distances smaller than the Debye length,[20] which for all

known polymer electrolytes is a fraction of a nanometer.

In classical electrolytic solvents such as cyclic carbonates or water, the salt ions are
dissociated due to the high dielectric constant of the medium. The extent of dissociation can be
gauged by the magnitude of the Bjerrum length, I, which is the separation between unlike charges
that results in an attractive energy equal to the thermal energy, kT, where k is the Boltzmann

constant and T is absolute temperature,[21]

el
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(1)

where e is the charge of an electron (1.602 x 10° C), &, is the permittivity of vacuum [8.854 x
1012 C/(Vm)], and € is the dielectric constant of the medium. Substituting the dielectric constant
for water, 80, one obtains | = 0.7 nm. At room temperature, water molecules are mobile, and this
enables rapid motion of highly dissociated ions. lon transport in simple electrolytes such as dilute
aqueous KCI solutions are described by the Nernst-Planck formulation.[19] In this formulation,

the ions are independent of each other in spite of the solution containing two oppositely charged



species. One can think of the ions diffusing freely in a background, akin to neutral molecules in
an ideal gas. In Figure 1la, we show a picture of this simple situation. In this case, ion-ion

interactions can be neglected.

Qo
b

Figure 1. (a) Self-diffusion of fully dissociated ions. The Brownian motion of individual ions is uncoupled. (b)
A more complex hypothetical situation where dissociation results in the formation of a cluster of two
anions and one cation. The free cations are required due to electrical neutrality. In this case, the motion
of the cations and the anions is intrinsically coupled.

Mobility of the solvating environment is essential for ion transport in binary electrolytes
based on liquids and polymers. All known polymers with high dielectric constants consist of
highly polar repeat units. The strong dipolar interactions hinder the mobility of the polymer
segments.[22, 23] In a seminal paper [24], Fenton, Parker and Wright recognized that alkali metal

salts could be dissolved in rubbery poly(ethylene oxide) (PEO), and the field of polymer



electrolytes was born. The dielectric constant of PEO is only 8.5, which gives | = 7.5 nm. Even
in dilute mixtures, strong electrostatic forces will cause the average distance between pairs of
positively and negatively charged ions to be considerably smaller than I.  Mixtures of PEO and

salt are thus thermodynamically non-ideal at all accessible salt concentrations. Even after 45 years
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Figure 2. (a) Chemical structures of the solvent (PEO) and the salt (LiTFSI) (b) The cation-polymer radial
distribution function, gui+-o (ra) and (c) a snap shot of the local environment near a Li* ion. (d) The anion-
polymer radial distribution function, gn.c (ra) and (e) the snap shot of the local environment near a TFSI-
ion. [34], Copyright 2018. Adopted with permission from the American Chemical Society.

of study, many questions related to the distribution of salt ions in PEO matrices remain
unresolved.[25-31] In Figure 1b, we show a picture where there are two “primary” charged
species: free cations and clusters of two anions and a cation. Such clustering is not out of the

question for complex systems such as PEO mixed with alkali metal salts.[32] It should be clear



that the Nernst-Plank formalism cannot be used to describe such systems. The dynamic nature of
clusters that form and dissipate spontaneously, further complicates analysis of ion transport in non-

ideal electrolytes.

In all electrolytes, the ions are surrounded by a solvation environment. In this work we
focus on the Dbest studied PEO-based electrolyte  which  contains  lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI). The chemical structures of the electrolyte
components are shown in Figure 2a. Molecular dynamics simulations reveal that in PEO/LiTFSI
mixtures, a lithium ion is, on average, surrounded by six ether oxygens.[25, 33] The Li-O radial
distribution function, gii-o (ra), exhibits a sharp peak at 2 A, as shown in Figure 2b.[34] In addition
to this dominant feature, a weak peak at 4 A is observed before the function approaches unity with
a broad shoulder at 6 A. In contrast, the radial distribution function characterizing the anion
surroundings is featureless; the N-C radial distribution function, gn-c (rq), approaches unity with a
broad shoulder at 6 A as shown in Figure 2d. Figure 2c shows a typical conformation of PEO
segments surrounding the Li* ion. All of the coordinating oxygens are derived from the same
chain in this figure. Simulations show that sometimes two PEO chains provide the solvating
environment; the number of chains solvating Li* is seldom greater than 2. A typical conformation
of PEO segments surrounding the TFSI™ ion, shown in Figure 2e, is similar to the conformation
obtained in the absence of salt. One might hypothesize that the Brownian motion of the anion and
cation would be significantly dissimilar due to differences in size and polymer segment
distribution. The translation of Li* will involve rearrangement of the polymer segments in the
newly occupied site as they will, on average, adopt conformations to surround the ion with its
solvation environment until the ion diffuses away. The translation of a TFSI™ ion does not, in

principle, require such rearrangements.
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3. Diffusion and migration under electric fields

In Figure 3 we show ideal ions (simple dissociation) in an electrolyte sandwiched between
two lithium metal electrodes. In the absence of an applied electric field (Figure 3a), there is no
ionic current flowing through the electrolyte and the ions exhibit Brownian diffusive motion as
described in the preceding section. The random walk trajectories of the ions are shown by dashed
lines in Figure 3a. In the absence of current, some cations may diffuse toward the positive

electrode while other cations may diffuse toward the negative electrode, but the molar-average
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Figure 3. (a) Dissociated ions exhibit Brownian motion in the absence of an applied electric field. While
individual ions move in particular directions, the average velocities of cations and anions are zero. (b)
The salt concentration is thus uniform (ca,) from x =0 to x = L. (c) As soon as the electric potential is
applied (t = 0%), the cations migrate toward the negative electrode (x = L) and the anions migrate toward
the positive electrode (x = 0). (d) Concentration gradients start to form in the vicinity of the electrodes.
(e) When steady state is reached, the cations migrate toward the negative electrode while the average
velocity of the anion is zero. (f) A concentration gradient develops across the electrolyte. Polymer
segments are not shown for clarity.
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velocity of the cations, relative to the laboratory reference frame, in any particular direction is zero

and the salt concentration in the cell is uniform as shown in Figure 3b.

The transport processes that occur when an ionic current flows through the polymer
electrolyte under an applied electric potential differ substantially from self-diffusion. We apply a
positive potential, A®, at x = 0, relative to the electrode at x = L. We refer to the positive electrode
as the anode and the negative electrode as the cathode. While transport is still affected by the
constraints of charge neutrality and incompressibility, as is the case in the absence of the applied
field, the time-averaged velocities of the species are now space- and time-dependent. There are
no concentration gradients at the first instant when a potential is imposed on the electrolyte (t =
0. In lithium batteries, lithium ions are released into the electrolyte at the anode/electrolyte
interface (x = 0 in Figure 3) and withdrawn from the electrolyte at the cathode/electrolyte interface
(x = L in Figure 3). Charge neutrality requires the Li* fluxes at both electrodes to be equal at all
times. Charge neutrality also requires the diffusion of anions toward the anode/electrolyte
interface to “greet” the incoming cations at t = 0*. Since anion fluxes into both electrodes are zero,
overall mass balance implies depletion of the anions at x = L. Thus, at early times, the cations
have a positive velocity while the anions have a negative velocity in the laboratory coordinate
frame (Figure 3c). The negative velocity of the anions results in salt accumulation near x = 0 and
depletion at x = L; the anion and cation concentrations must be equal at all x due to charged
neutrality. At early times, the changes in salt concentration away from the average are localized
near the electrodes (Figure 3d). As salt is depleted in the vicinity of x = L, polymer segments must
take its place due to incompressibility. Similarly, as salt accumulates in the vicinity of x = 0,
polymer segments must diffuse away from that region. All three components thus participate in

ion transport during the early stages. With time, the spatial extent of the salt concentration gradient
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increases until it takes over the entire cell. In the simplest case, a linear concentration profile is
obtained at steady-state (Figure 3f). At steady-state, the net velocities of the anion and the polymer
must be zero (boundary condition), while that of the cation is dictated by the imposed current.
Note that the random-walk character of the displacement of individual ions is maintained under an
applied field. However, when the average velocity of a large number of ions is determined at
steady state, that of the cation is finite and positive while that of the anion is zero (Figure 3e). In
other words, anion translation at steady state is similar to that obtained before the field is turned
on. The term ‘migration’ is used to describe the effect of the electric field on the transport of ionic
species, while the term ‘diffusion’ is used to describe transport due to non-uniform salt

concentration. Both terms affect battery performance.

In Newman’s concentrated solution theory, the species velocity obtained due to the
presence of an electric field or a salt concentration gradient is governed by the following

equations:[35]

=2 (g —v,) +—— (- — 1), ()

RT CT®0+ CT®+_
T _ o —
T = . (Yo~ V) — (W —v), (3)

where Vy; is the gradient of the electrochemical potential of species i, R is the universal gas
constant, T is the temperature, D;; is the Stefan-Maxwell diffusion coefficient describing
interactions between species i and j, v; and v; are the net velocities of species i and j. The
subscripts +, -, and 0 indicate cation, anion, and solvent. In addition, Eq. (2) and (3) contain three
measures of salt concentration: molar salt concentration, c, the total concentration of the electrolyte
defined as the sum of the moles of ethylene oxide monomers, lithium and TFSI ions per L of

mixture, cr, and the moles of ethylene oxide monomers per L of mixture, co. While Eqg. (2) and
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(3) apply to any reference frame, it is convenient to use the stationary reference frame of the
battery. In the dilute limit, ¢ — O, the first term on the right sides of Eq. (2) and (3) dominate. It
IS interesting to note that the application of an electric field may induce motion of a neutral species,
I.e., Vo may not be zero. This arises naturally due to coordination between the polymer and the
ions: if the lithium ion in Figure 3c is driven to the right by an electric field, it is possible that some
of the polymer segments will be dragged in that direction due to coordination described in Figure

2C.

4. lon transport

Most batteries, especially those used in clean energy applications, are discharged slowly,
over a time scale of one or more days. However, the reverse process, i.e., charging, is desired to
be as quick as possible. The drive for discovering electrolytes is thus mainly to reduce charging
time, and aimed at improving battery performance when it is used to power an electronic device
or an electric vehicle. As the current fed into the battery during charging increases, the salt
concentration gradients increase in magnitude. At a particular current, the salt concentration at the
cathode drops to zero (for simplicity, we assume the cathode is planar as in Figure 3 and the
cathode-electrolyte interface is located at x = L). This is called the limiting current.[19] It is
obvious that the electrolyte with the higher limiting current (for a fixed electrode separation, L) is
more efficacious as it places a limit on how fast a battery can be charged. The limiting current is
governed by three transport coefficients, the Stefan-Maxwell diffusion coefficients,
Do+, Do, D, _, and one thermodynamic parameter.[19] These four parameters have only been
measured in PEO/LITFSI mixtures in the vicinity of 90 °Cthus far.[36] We therefore focus on the

characterization of this system.
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The transport and thermodynamic parameters discussed above are strong functions of the
salt concentration. Concentration can be expressed in terms of molality, m, or molar
concentration, c, or the ratio of lithium ions to ether oxygens, r. We use r to quantify salt
concentration in this discussion. The relationship between r and other measures of concentration,

I.e., C, Co and cr for PEO/LITFSI is given in Figure S1 (supporting information).

A powerful aspect of the framework that we describe here is that predictions of the limiting
current can be made regardless of the molecular picture.[17-19] The Stefan-Maxwell diffusion
coefficients and the thermodynamic factor will reflect the nature of ion dissociation in the
electrolyte. In particular, if clusters such as those shown in Figure 1b are formed in the electrolyte,
the ion velocities in Eq. (2) and (3) reflect the molar-average velocities of the free cation and the

triplet.

The Stefan-Maxwell diffusion coefficients characterize transport on macroscopic (cell
level) length scales. On the other hand, we are interested in the question, what monomers should
be used in our polymerization reactions, a question that is related to the structure of the polymer

on the A scale. The discussion below covers all relevant length scales.

4.1. Salt chemical potential

The salt chemical potential of an electrolyte with univalent ions is given by [19]

Fsdlt = 2In(my, _) + constant, (4)

where y, _ is the mean molal salt activity coefficient. The constant depends on the secondary

reference state used to define the free energy of the electrolyte and since we are only interested in
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the gradient of chemical potential (Vi) it is irrelevant. It is convenient to examine the

concentration dependence of y, _ instead of pq, as the latter approaches -oo in the dilute limit

(m — 0). Itis convenient to define a thermodynamic factor, T, as

T, = (1 +%) (5)

because this term occurs naturally in the transport equations[19]. In Figure 4a, we plot T, as a
function of salt concentration of PEO/LITFSI.[36] At low salt concentrations, T increases until a
maximum is reached at r = 0.08. This is followed by a decrease to a minimum at r = 0.17. The
reduction of salt activity as r = 0.17 is approached is interesting as this is the concentration at

which all of the oxygens in PEO are associated with the available Li*; recall each Li* is associated

(1+dlny, /dinm)
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Figure 4. (a) The thermodynamic factor and (b) activity coefficient of PEO/LITFSI as a function of salt
concentration (r). The curves are 4" order polynomial fits, described in [36]. [36], Copyright 2018.
Adopted with permission from the Electrochemical Society.
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with 6 oxygens (Figure 2). At salt concentrations exceeding r = 0.17, Tn increases rapidly. In
Figure 4b, we plot y, _ as a function of salt concentration. This figure is obtained by integrating
the data in Figure 4a with the boundary condition that y, _ approaches 1 as r approaches 0. At low
salt concentrations, y, _decreases with increasing salt concentration, reaching a minimum at r =
0.02, and then increases. The non-monotonic dependence of y, _ on salt concentration in the dilute

regime is similar to that seen in conventional electrolytes (aqueous HCI mixtures), and is attributed

to charge screening which is generally described by the Debye-Huickel theory. [19]

4.2. Polymer and ion dynamical modes and experimental methods

The diffusion of long polymer chains in the neat state is described by the reptation model
of de Gennes.[37] In this model, Brownian motion of the monomers in the direction perpendicular
to the chain contour is severely restricted due to the presence of neighboring chains. This
restriction is modeled by a tube of diameter a. The motion of the chains is described by a spectrum

of relaxation times, as is always the case with chain-like molecules,

I

7] =\
bp (ﬂsz a? p?’

where N is the number of monomers per chain, {’is the friction coefficient between the monomers
and the medium, k is the Boltzmann constant, b is the statistical segment length of the chains, and
p is an integer between 1 and o. The statistical segment length of PEO in the neat state is 0.58
nm.[38] Reptation theory is valid when N exceeds a critical value called the entanglement
threshold. The entanglement threshold for neat PEO is ~ 5 kg/mol.[39] Below this threshold, the

entire spectrum of relaxation times is given by the Rouse model:
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where p is an integer between 1 and N.  We are primarily interested in the motion of ions in
entangled PEO polymers where M,, > 5 kg/mol or N > 110 (N is the number of monomers based

on a reference volume of 0.1 nm?). In this range of chain length, the conductivity of PEOQ/LiTFSI

mixtures is independent of N.[40, 41]
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Polymer Dynamics
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Figure 5. (a) Time-dependence of the mean squared displacement, <r42(t)>, of entangled polymers normalized by
square root of time. At short time scales, t < z, segmental motion described by the Rouse model
dominates. This motion is coupled to that of the cation as shown in the schematic. At intermediate times,
% < t < 7, segmental motion is restricted due to the presence of reptation tubes. At long times, t > z,
center of mass diffusion of polymer is observed. (b) Time-dependence of the mean squared displacement
of ions normalized by square root of time. At short time scales, t < m, sub-diffusive motion is observed.
At longer times, t > 1, ion motion is diffusive. Diffusive motion of ions on long time scales is dictated

logt

by Rouse motion of polymer segments on short time scales.

Insight into the nature of molecular motion can be obtained by examining the mean squared
displacement of a monomer unit as a function of time t, <r¢?(t)>. The dependence of <rq?(t)> versus
t for an entangled polymer melt (without salt) is shown in Figure 5a. At short times, relaxation is
dominated by high p modes. In this limit, polymer segment motion is sub-diffusive and <rq?(t)>

is proportional to t¥2.  This relationship is obtained by integrating all of the fast modes in Eq. (7).

In this time window, it is convenient to define the Rouse parameter;
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The Rouse parameter quantifies the short time sub-diffusive motion of polymer segments. The
time scale over which Rouse dynamics is observed is so short that no effects of entanglement are

evident.

On longer time scales, i.e. t > z, the motion of segments is restricted by the presence of
the reptation tube, and <rq4?(t)> is proportional to t* (see Figure 5a). In this regime, <rq?(t)> is a
very weak function of time. On still longer time scales (t > ), the mean squared displacement of
the monomer units is governed by the curvilinear diffusion of the chain and it is proportional to
t2. This mode of diffusion persists until the diffusive time, t = z. On time scales longer than z,
the chain finally escapes from the tube and the motion of segments is dominated by the diffusion
of the center of mass of the chain. This is the diffusive regime and <rq?> is proportional to t. The
crossovers from one regime to the next are smooth; the boundaries between the different dynamical

regimes in Figure 5a are shown by sharp dividing lines for clarity.

The spectrum of relaxation times based on the reptation model (Eq. (6)) describes chain
motion on time scales greater than zr. The spectrum of relaxation times needed to describe chain
motion on time scales smaller than zr are added in by hand, based on the expectation that Rouse
type contour length fluctuations will emerge on time scales between z. and zr and that the Rouse
modes will be obtained on still shorter time scales. Thus, the long-time plateau in Figure 5a is
obtained by integrating fast reptation modes (Eqg. (6)) while the short-time plateau in Figure 5a is

obtained by integrating fast Rouse modes (Eq. (7)).[42, 43]

It is not clear how the regimes identified in Figure 5a are affected by the presence of salt.

Current understanding suggests that these regimes will persist in polymer electrolytes but the time
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scales (7, w, =) will increase with the addition of salt due to association between the salt and the
polymer chains. The addition of salt will certainly affect the monomeric friction coefficient, £, due
to the coordination between polymer segments and the lithium ion.[44] Whether or not, the
presence of salt induces other changes in the spectrum of relaxation times is unclear. The

possibility of introducing new salt-induced relaxation modes is not entirely out of the question.
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Figure 6. Time scales of the dynamical modes characterizing the mean squared displacement of polymers and ions
shown in Figure 5. The experimental methods used to probe the different modes are also shown along
with the transport parameters that are measured by experiments.

The diffusion of ions is, on paper, simpler than that of polymer chains. On short time scales
(t < m), the motion is sub-diffusive and on long time scales, the motion is diffusive. Conventional
wisdom suggests that ion diffusion is coupled to segmental motion of polymers on short time
scales.[25, 45-47] The sub-diffusive mean squared displacement characteristics of the ions are
thus assumed to be similar to that of the Rouse regime, as shown in Figure 5.[25] Simulation
results[48] are qualitatively consistent with this assumption. However, experimental studies of

sub-diffusive ion motion in polymer electrolytes have not yet been carried out.

Since we have two components that diffuse on disparate length and time scales, data from

a variety of experimental methods are necessary to obtain a complete picture of ion transport in
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polymer electrolytes. In Figure 6, we show typical time scales associated with the dynamical
modes identified in Figure 5. Figure 6 also shows the relevant experimental methods for studying
ion and polymer dynamics. In principle, one would like to know how the presence of ions affects
all of the dynamical regimes of polymers. This is a multiscale problem outside the scope of this
review. Instead, we acknowledge the practical fact that for electrolyte applications, we mainly
care about ion dynamics. The crucial question is: what relaxation modes of polymer chains have
a significant influence on ion dynamics. While we do not know the complete answer to this
question, we do know that Rouse modes are important. These modes are studied by quasi-elastic
neutron scattering (QENS). Dynamics on the time scale of tube diameter fluctuations are typically
studied by neutron spin-echo (NSE) spectroscopy, but to our knowledge, there are no published
reports of NSE data on polymer electrolytes. While it is clear that the presence of ions will affect
standard rheological properties like storage and loss shear moduli, it is unclear if these properties
affect ion motion significantly. However, rheological properties by themselves are important for
practical applications as the electrolyte serves as a physical barrier between the two electrodes in
a battery and thereby prevents shorting. Thus, the performance of a polymer-electrolyte-based

battery is affected by the rheological properties of the electrolyte.

The self-diffusion of ions in the absence of electric fields is studied by pulsed-field gradient
NMR (PFG-NMR).[49, 50] The emerging technique of electrophoretic NMR (eNMR) enables
quantifying the migration velocities of ions and the polymer under applied electric fields.[51, 52]
Finally, electrochemical measurements on different kinds of cells containing the electrolyte can be
used to obtain Stefan-Maxwell diffusion coefficients. These coefficients in combination with the

thermodynamic factor can be used to quantify the performance of the electrolytes in practical
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batteries and predict parameters like the limiting current. They also enable prediction of migration

velocities of the ions [35].

4.3.Polymer segmental dynamics

QENS is a powerful that exploits the large incoherent neutron scattering cross-section of
hydrogen atoms and quantifies the motion of hydrogen-containing compounds on short time
scales. Fortunately, most polymers contain hydrogen atoms and PEO is no exception. The length
scales accessed by QENS lie between 0.5 and 5 nm, comparable to the statistical segment length
b; the value of b based on a reference volume of 0.1 nm? is 0.5 + 0.1 nm for a wide variety of

polymers[53]. QENS is thus ideally suited for studying the Rouse regime (see Figures 5 and 6).

Figure 7a shows plots of experimentally measured <rq?(t)> versus t of PEO/LiTFSI mixtures
measured by QENS.[44, 54-56] The data shown were obtained at different salt concentrations.
In most cases, <rqg?(t)> is proportional to /2 as expected from theory; the dashed line in Figure
7a shows this scaling. The absolute value of <rg?(t)> at a given time tends to decrease with
increasing salt concentration. This is one manifestation of the slowing down of polymer segmental
motion due to the presence of salt. At high salt concentrations, r > 0.17, <rq?(t)> is a weaker
function of time than the Rouse prediction. This is another observation related to the slowing

down of segmental relaxation due to the presence of salt.

23



a b

102
Neat PEQ
r=0.08
S 0____ o._oopo
r=0.2
e G \;,,,,,,,,E,,,,ﬂ ,,,,, [-88
=< 10 = A :
= @ I P r=0.13
A L S A N A i
A a 10"k A A A
a <
o o
v ,', &
High r
5«.\/;\_ A
5 el _A r=0.33
10 PN LA
AL
1 1 1 M L " L " i
10° 102 107 10° 0.1 1
t (ns) t (ns)

Figure 7. (a) Time-dependence of the mean squared displacement, <rq?(t)>, of PEO/LiTFSI extracted from QENS.
At low salt concentrations, <rg?(t)> scales linearly with t¥2. However, at high salt concentrations, r > 0.20,
different scaling is observed. (b) Time-dependence of the mean squared displacement, <rs?(t)>, normalized
by square root of time for selected electrolytes. At low salt concentrations, the horizontal fits through the
data enable calculation of the Rouse parameter, pr. At high salt concentrations, the data deviate from Rouse
dynamics. Data taken from the literature. [44, 54 - 56].

In Figure 7b, we plot the Rouse parameter, pr, determined from selected data sets in Figure
7a, as a function of t. The horizontal fits in Figure 7b are used to determine the average value of

pr Which is used to calculate the segmental friction coefficient, , [43, 57]

__ 12kTb?

(_ 1(9)

2
PRT

Generally speaking, the Rouse parameter decreases with increasing salt concentration, indicating
that { increases, as expected. At the highest salt concentration r = 0.33, <rg?(t)> is no longer

proportional to t/2 . We posit that at this concentration, some of the Rouse relaxation times are

outside the time window of the QENS experiments.
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One can use the fluctuation-dissipation theorem[58] to define the polymer segmental

diffusion coefficient
k
Dgoq = ?T . (10)

This may be interpreted as a fictitious diffusion coefficient associated with the polymer segments
in these electrolytes if they could be freed from connectivity constraints and could diffuse freely.

The reason for defining this diffusion coefficient will be made clear shortly.

4.4. lon diffusion
The self-diffusion coefficients of ions, Dset,i, IS given by,

<rZ(t)> .
Dself,i = d6t (i =+or-),(11)

These diffusion coefficients characterize ion motion in the absence of electric fields. A convenient
experimental technique for measuring Dsei,i is PFG-NMR. In Figure 8a we plot the self-diffusion
of Li* and TFSI" as a function of salt concentration. It should come as no surprise that Dseir+ iS
smaller than Dser,-, in spite of the fact that the anion is bulky. This is due to the coordination
between PEO segments and the cation (Figure 2c¢) and the lack of coordination between PEO
segments and the anion (Figure 2e).[59, 60] In addition, we also show Dseq as a function of salt
concentration. Converting ¢ obtained from sub-diffusive segmental motion into a diffusion
coefficient (Eq. (10)) enables comparison of segmental polymer motion and ion diffusion on the

same scale.
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Stefan-Maxwell diffusion coefficients, D, ;, can be obtained by measuring the conductivity
by ac impedance, the mutual salt diffusion coefficient by the restricted diffusion method, the steady
current measured in a dc experiment, and data from concentration cells.[19, 61, 62] These
experiments are conducted in cells with inter-electrode distances on the order of 100 um. Details
of the approach used in this review are given in ref. [36]. In Figure 8a we plot Dseg, Dseif,+, Dselt.-
and D, as a function of salt concentration.[63] It is important to recognize the difference between

these diffusion coefficients: Dseg reflects the motion of polymer segments on the 10 s time scale,
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Figure 8. The dependence of diffusion coefficients on salt concentration, r, in PEO/LIiTFSI. Rouse motion of
polymer segments is quantified by Dseg, measured by QENS, the self-diffusion of cations and anions
is quantified by Dseir,+ and Dserr-, measured by PFG-NMR, and the build-up of concentration gradients
in electrolytes under an applied potential is quantified by Stefan-Maxwell diffusion coefficients, D,,,
Dy_, and D, _, measured by electrochemical characterization. Data taken from [36, 54, 63].

Dseir + reflects the diffusion of Li* on the 102 s time scale, while D,, quantifies macroscopic
motion of the cation in a cell with a characteristic time scale of 10% s. In spite of this, the four

diffusion coefficients differ by only a factor of 10. More importantly, the salt concentration
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dependencies of all four diffusion coefficients are more-or-less parallel. Since the lithium ions are
strongly coordinated to the PEO segments (Figure 2c), one expects Dseg and Dserr,+ to exhibit
parallel trends. The fact that self-diffusion of the anions, Dselt-, is also parallel to Dseg is Somewhat
mysterious due to the lack of coordination between the polymer segments and the anions (Figure
2e). The formation and relaxation of concentration gradients in electrochemical cells depends on
many parameters,[19] but surprisingly, the dependence of D, on salt concentration is also parallel
to that of Dseg. One may view all of the Stefan-Maxwell diffusion coefficients D, ; as measures of
friction between the species i and j. The agreement seen in Figure 8a suggests that friction between
the cation and anion are unimportant; all aspects of ion transport covered in Figure 8a can
essentially be explained by only considering the friction between the cation and the polymer
segments. It is important to note, however, that the response of cations to concentration and

potential gradients is affected by D, _ (see Eq. (2)), a parameter that we have not yet discussed.

In Figure 8b, we focus on anion diffusion by comparing the dependencies of Dsei- and D
on salt concentration. Here we see dramatic differences. While Dserr,- decreases exponentially with
added salt, D,_ is non-monotonic function of salt concentration. It is positive at low
concentrations, negative at intermediate concentrations, and positive at high concentrations. The
division between these regimes are marked by singularities (poles). The regime where D,_ is
negative is particularly interesting as it indicates that the frictional interactions between the anion
and polymer segments are non-trivial. These negative values force the use of a linear ordinate in

Figure 8b.

When one of the Stefan-Maxwell diffusion coefficients is negative, it implies that
contributions from the other relevant diffusion coefficient cannot be negligible. It is therefore
instructive to examine the dependence of D, _ on salt concentration which is shown in Figure 8c.
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This plot is similar in character to the D,_ plot, but the signs are opposite. This is required by the
second law of thermodynamics as overall flux of a species must be in the direction of the gradient
of the electrochemical potential (see Eq. (2) and (3)). The complex dependence of D, _ on salt
concentration indicates association between the cation and the anion. These effects may lead to the
formation of clusters such as those shown in Figure 1b. If complex scenarios such as those shown
in Figure 1b are present, then the Stefan-Maxwell diffusion coefficients represent averages over
all of the different species present in the electrolyte. For example, in Figure 1b, we show the cation
in two different states: free cations and negatively charged triplets. If this were true, then D,
would represent an average over the free cations and the triplets. However, the molecular
underpinnings of D,_ and D, _ in PEO/LITFSI mixtures remain to be established. Specifically,
there is no experimental evidence for the presence of negatively charged triplets in PEO/LIiTFSI

mixtures.

4.5. lon migration

The electrochemical potential gradient of the ions (left sides of Eq. (2) and (3)) can be
caused by an applied electric field which leads to species migration, or a concentration gradient
which leads to diffusion, or both. In this section, we focus on species velocities obtained under
electric fields. We restrict ourselves to early times after applying the electric fields, i.e., when
concentration gradients are confined to a small and insignificant region of the electrolyte, as is the
case at time t = 0" in Figure 3e. Because the material properties are independent of position, the

potential gradient is independent of position and we write:
Vi, = FV¢ = —F=2 (12)
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and
Vu_ =F AT‘p (13)

In dilute electrolytes (c—0), the Eq. (2) and (3) reduce to

Do+ FAD
Vy — Vg = ﬁT, (14)
which is positive and
Do_ FAD
Vo=V ==Y (19)

which is negative (see coordinate frame defined in Figure 3); the diffusion coefficients must be
positive in the limit of infinite dilution and the solvent velocity must be much smaller than the

ion velocities.

At finite salt concentrations where the terms containing ©,_ are no longer negligible,

expressions for the net species velocities at t = 0" are given by:[35]

cTDo+D4— FAQ

v+ B 170 - (C(®0_+®0+)+C0®+_)RTT ! (16)
_ — —cr DDy FA®
V-"Vo = (c(Dg—+Do4)+CcoD4+_)RT L' (17)
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Figure 9. The velocities of (a, b) ions and (c) polymer as a function of potential gradient as measured by eNMR.[52]
The velocity of the species is expected to be zero in the absence of the external field (4@/L=0). The dashed
lines are least-square linear fits through the data. The arrows point to extrapolated intercepts of the data.
Data taken from [52].

The molar averaged ion and polymer segment velocities in PEO/LITFSI as a function of
A@/L, measured recently by eNMR, for two salt concentrations are shown in Figure 9.[52] At
both salt concentrations v. is positive while v. is negative. An unexpected finding is that the
measured v values do not extrapolate to zero as the applied potential approaches zero. In contrast,
the v. data set do not exhibit this anomaly. The measured vo data are surprising in two respects:
(1) the direction of vo is toward the positive electrode (same direction as v.). Our understanding of
coordination between the cation and PEO leads to the expectation of a positive vo. (2) The
measured Vo values do not extrapolate to zero as the applied potential approaches zero. The
observation that species velocities do not approach zero as the applied field approaches zero can
only arise due to experimental artifacts. It is possible that in the experiments, ion motion is

influenced by other factors such as natural convection due to resistive heating of the sample.
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Figure 10. The velocities of ions relative to the polymeric solvent in PEO/LITFSI as a function of potential gradient
measured by eNMR.[52] The dashed lines are least-square linear fits through the data. The black circles
show the extrapolated intercepts, i.e., the field at which the velocities of the ions relative to the solvent are
zero. The solid lines are predictions based on Newman’s concentrated solution theory and Stefan-Maxwell
diffusion coefficients for PEO/LiTFSI (Figure 8). Data taken from [36, 52].

In Figure 10, we test the consistency of the data in Figure 9 with independently measured
transport coefficients. The Stefan-Maxwell diffusion coefficients in Figure 8 are used to calculate
the right sides of Eqg. (16) and (17) as a function of the magnitude of the applied electric field,
ADIL. The dotted lines in Figure 10 represent the results of these calculations. At r = 0.10, the
calculated values of (v+ — Vo) are positive while those of (v. — vo) are negative (Figures 10a and b).

This is the expected situation pictured in Figure 3¢ when positive values of D,, and D,_ dominate
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ion transport. While the signs of the measured ion velocities relative to that of the solvent are
identical to those predicted, the magnitudes differ by a factor of about two. A similar comparison
between experiments and theory for r = 0.16 is presented in Figures 10c and d. The experimentally
measured values of (v+ — Vo) and (v. — Vo) are positive and negative, respectively. In contrast, the
theoretically predicted values of both (v+ — vo) and (v- — vo) are negative. In other words, both the
cation and anion are predicted to migrate toward the positive electrode under an applied electric
field (we assume the magnitude of vo is small compared to those of v+ and v.). In addition, the
experimental data for vi — vo (i = + or —) versus A@/L do not pass through the origin. Further work

is needed to resolve the discrepancy between theory and experiment in Figure 10.

We conclude this section by demonstrating a physical scenario that could result in the
migration of both the cation and the anion toward the positive electrode. Consider applying an
electric field on the electrolyte pictured in Figure 1b. In this relatively simple situation, at t = 0%,
the dissociated cation will migrate toward the negative electrode while the negatively charged
cluster will migrate toward the positive electrode. While, the net velocity of the anion is positive
in this scenario, the net velocity of the cation will depend on the mobility of the free cation relative
to that of the cluster. If the dissociated cation is slower than the cluster, perhaps due to coordination
between the cation and the polymer, then the net velocity of the cation will also be negative.[61,

64, 65]

4.6. Salt diffusion

One can define three overall salt diffusion coefficients:

1 _l< Lt ),(18)

Dself 2 Dself,+ Dself,—
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which reflects the self-diffusion of the ions,

S G N

0

and the response of salt to a gradient in salt chemical potential, as well as a mutual diffusion

coefficient, D, measured by restricted diffusion,
D= DC—T(1 + %) (20)
o dlnm

Consider that two electrolyte chambers with salt concentrations [c+6] and [c—o] are brought in
contact with each other (¢ is small compared to ¢). Diffusion will drive the system so that the

concentration in both chambers will be ¢ in the limit of long times; D is the diffusion coefficient

associated with this process.

The diffusion coefficients defined in Eq. (18) through (20) are always positive. In Figure 11, we
plot D, D, and Dseir of PEO/LITFSI electrolytes as a function of salt concentration. While both D
and Dseir decrease with increasing salt concentration, D, is more or less independent of salt
concentration. It is clear that the addition of salt dramatically slows down ion motion. The reason

for the qualitative difference between D and the other two diffusion coefficients is provided in

diny;_

Figure 4 where we see 1 + i increases with salt concentration. In other words, the activity

coefficient is a more sensitive function of salt concentration as salt concentration increases. This
increases the driving force for mutual diffusion at higher salt concentrations. In PEO/LITFSI, the

slowing down of ion motion due to the addition of salt is nearly exactly compensated for by the

. . dlny,_
increase in 1 + ==
dlnm
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Figure 11. The dependence of three different salt diffusion coefficients on salt concentration, r. Dseir , the self-diffusion
coefficient measured by PFG-NMR, and D, the Stefan-Maxwell diffusion coefficient measured by
electrochemical characterization decrease as the salt concentration increases while D, the diffusion
coefficient measured by restricted diffusion is more-or-less independent of the salt concentration. Data
taken from the literature [36, 63].

5. Connection to standard electrochemical characterization

The continuum properties of binary electrolytes are usually calculated using three transport
properties: conductivity, x, the salt diffusion coefficient, D; and the cationic transference number
with respect to the solvent velocity, t9.[18, 19, 61] Knowledge of these parameters is formally
equivalent to knowledge of the Stefan-Maxwell diffusion coefficients, due to interrelationships

between the two sets of parameters.

1 _ RT 1 co(1-t9)
- (). e

CTFZ ®+_ CQO—

£0 — Do+
T Do +Do-

 (22)
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In addition, t$ can be formally expressed in terms of ion and polymer velocities measured at t =

0%,

t) = 22 (23)

Vy—V_

In this review, we use Stefan-Maxwell diffusion coefficients instead of x, D, and t2. The units of
Stefan-Maxwell diffusion coefficients are the same as those obtained by QENS and PFG-NMR
and this facilitates comparisons between ion transport data measured electrochemically with

those measured by other approaches.

In the introduction, we suggest that the limiting current is the most important characteristic
of an electrolyte. Experiments to determine the limiting current are conducted by imposing a fixed
current on a cell similar to that depicted in Figure 3 and noting the steady voltage needed to sustain
that current. Data obtained from such an experiment are shown in Figure 12.[66] Because the
applied current in a cell is proportional to L, we use the product iL as the abscissa in Figure 12 to
account for variations in L from cell to cell. The vertical line in the figure indicates the maximum
current that could be imposed on the cell; when the applied current exceeded this value, the applied
voltage needed to sustain this current increased exponentially with time. The curve in Figure 12
represents predictions based on the Stefan-Maxwell diffusion coefficients and the thermodynamic
factor of that mixture. (The parameters used in reference [66] are very similar to those presented
in Figures 4 and 8.) As the applied current is increased in the calculations, the predicted salt
concentration at the cathode decreases. At the applied current density denoted by ‘x’ (iL=0.038
mA/cm) in Figure 12, the predicted salt concentration at the cathode is zero. The agreement

between the measured limiting current and theoretical predictions seen in Figure 12 is encouraging.
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Figure 12. Steady-state potential normalized by the electrolyte thickness, A®/L, as a function of normalized current
density, iL. When a normalized current density greater than 0.042 mA/cm is applied, the potential increases
exponentially with time. The dashed line represents the experimentally determined limiting current for
PEO/LITFSI at r = 0.085. The solid line represents predictions based on Stefan-Maxwell diffusion
coefficients. The ‘x” indicates the theoretically predicted normalized limiting current. [66], Copyright
2019. Reproduced with permission from The Electrochemical Society.

6. Concluding remarks

Following the seminal work of Fenton et al.[24], numerous polymers were synthesized by
the polymer community in the hope of obtaining “better” electrolytes than PEO/LiTFSI. Ideally,
one would like a definitive answer to the guestion: what sequence of monomers would lead to a
polymer that, when mixed with a lithium salt, selectively transports lithium ions at the highest
rate? The purpose of this review is to outline the parameters that must be measured to answer this
question. We accomplish this by summarizing what is known in the classic PEO/LITFSI system.
The framework described in this review is applicable to a binary mixture of any polymer and any

salt.

We begin by noting that the sequence of monomers in the polymer will affect the solvation

structure that surrounds the ions. This is reflected in the salt activity coefficient, y+.. lon motion
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is coupled to polymer segmental motion (Dseg) and independent of chain length. This is an
important simplification and somewhat alien to polymer scientists, who tend to focus on properties
that are controlled by chain length. The motion of segments is slowed down by the presence of
the ions, and this slows down the self-diffusion of the ions (Dseir,+ and Dserr,-). lon transport in
electrochemical devices is ultimately characterized by three Stefan-Maxwell diffusion coefficients
Do+, Dg_, and D, _). The similar magnitude of Dseg Dseif+, Dseir,-, and D, over a wide range of
salt concentration suggests that many important aspects of polymer electrolytes can be understood
in terms of interactions between the lithium ions and the polymer (Figure 8a). Surprising
discrepancies are evident in both magnitude and sign when Dsei,- is compared with ©,_ (Figure
8b). This discrepancy indicates complex interactions between the ions themselves and the ions
and the polymer, and may be anticipated due to the large value of the Bjerrum length.
Measurements of D, _ confirm that this is true (Figure 8c). In hindsight, the agreement in Figure
8a is rather ‘mysterious’. The relationship between ion migration and the applied electric field is
even more mysterious. The difference in sign between the measured and calculated (v+ — vo) values

(Figure 10) must be resolved.

We suggest that the limiting current (the product iL is independent of electrolyte thickness)
in a standard cell is an excellent metric for quantifying the efficacy of different electrolytes. The
widely used lithium-polymer-lithium symmetric cell seems to be an appropriate standard platform
for measuring limiting current. However, designing new polymers with higher limiting currents
is not trivial. Theoretical predictions of the limiting current require knowledge of the
thermodynamic factor and all three Stefan-Maxwell diffusion coefficients. Rational design of

polymer electrolytes will only be possible when the underpinnings of the relationships between
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monomer structure and segmental motion, and those between segmental motion and Stefan-

Maxwell diffusion coefficients are known.
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