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Polymer electrolytes (PEs) are promising candidates for use in next-generation high-voltage batteries, as they possess advantageous
elastic and electrochemical properties. However, PEs still suffer from low ionic conductivity and need to be operated at higher
temperatures. Furthermore, the wide variety of different types of PEs and the complexity of the internal interactions constitute
challenging tasks for progressing toward a systematic understanding of PEs. Here, we present a continuum transport theory which
enables a straight-forward and thermodynamically consistent method to couple different aspects of PEs relevant for battery
performance. Our approach combines mechanics and electrochemistry in non-equilibrium thermodynamics, and is based on
modeling the free energy, which comprises all relevant bulk properties. In our model, the dynamics of the polymer-based
electrolyte are formulated relative to the highly elastic structure of the polymer. For validation, we discuss a benchmark polymer
electrolyte. Based on our theoretical description, we perform numerical simulations and compare the results with data from the
literature. In addition, we apply our theoretical framework to a novel type of single-ion conducting PE and derive a detailed
understanding of the internal dynamics.
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Batteries play a significant role as energ%/ storage devices in the
transition to a renewable energy system.  This comes with an
increasing demand for low-cost, environmentally friendly batteries
with high energy and power densities, especially in the electric
automotive sector. As result, there exists a tremendous research
stimulus for improved battery materials.”> Hence, substantial effort
has been put into improving established materials and developing
novel materials for all cell components. Among them, the electrolyte
plays a significant role for the performance of a battery,’ as it
provides the transport pathway of the ions from electrode to
electrode.

Currently, most commercially available batteries use liquid
electrolytes (LE). However, these electrolytes are limited due to
several factors. One factor is the typically low transference number
of LEs, which results in concentration polarization. This increases
the electrolyte overpotential, limits the charging rate, while it also
creates a more uneven lithium deposition and promotes dendrite
growth.*™® Another factor is limited electrochemical stability, which
makes them not suited for high-voltage cell concepts.’

One approach to overcome these obstacles and to increase the
performance and safety of batteries is to change from liquid to solid
electrolytes (SEs).>® SEs have many advantageous properties.
Among them is the property that they can suppress the growth of
dendrites, thereby enabling the use of Lithium metal anodes for
batteries having high energy densities.**'' SEs can be split up into
two groups, inorganic crystalline SEs,'> and (organic) polymer
electrolytes."?

Inorganic SEs posses various advantageous properties. They
usually inhibit good thermal stability and high ionic conductivities
in their bulk phases. Because the transference number of inorganic
SEs is often close to unity, they are competitive to conventional
liquid electrolytes.® Nevertheless, inorganic SEs also exhibit some
undesirable properties as electrolytes.' !> Among them are grain
boundaries inside the material acting as barriers for the ion transport,
thus reducing the effective conductivity.'®'” Also, imperfect me-
chanical contacts or brittle mechanical properties constitute another
challenge for the commercialization of SEs.'®

“E-mail: birger.horstmann@dIr.de

Polymer electrolytes comprise a large class of materials con-
sisting of long polymeric chains with high ion concentrations.'
Because the degree of crystalline structure varies significantly
between these materials, they share liquid-like properties (e.g. for
gel polymer electrolytes) with solid-like properties (e.g. for solid
polymer electrolytes). This diversity implies a wide range of
polymer chemistry, which allows for a high degree of tunability,
most importantly of their elastic properties. Thus, polymers can be
tailor-cut to satisfy desired characteristics for task-specific applica-
tions, e.g. large thermal and electrochemical stabilities or low
material and processing costs. In particular, throu§h their elastic
properties, they can also inhibit dendrite growth,” which makes
them promising materials for Li-based batteries. However, in
contrast to inorganic SEs, (organic) polymer electrolytes generally
show lower conductivities and need to be operated at elevated
temperatures.'>

The widely studied polyethylene glycole (PEO) constitutes a
benchmark material among the wide class of polymer electrolytes.
PEOs are low cost and easy to process and were among the first
polymers studied for electrolyte applications. They exhibit promising
transport properties and have a good stability against reduction,
including the contact with Lithium metal electrodes.>"? However,
PEOs have a low ionic conductivity at room temperature and limited
stability against oxidation. This has led to the development of several
distinct polymer electrolytes, following different strategies to over-
come these shortcomings.'""*** Various approaches have been
proposed in the literature to increase the conductivity of PEOs. One
approach is based on increasing the molar ratio between the Li salt
and the polymer, which showed higher ionic conductivities accom-
panied by high transference numbers at ambient temperatures.”®
Another approach is the creation of composite electrolytes, which
consist of combinations of two or more different materials.'*** As
such, composite electrolytes consisting of polymer electrolytes and
inorganic SEs combine the advantageous elastic properties of the
polymer, especially the good adhesion to Lithium surfaces, with the
high ion-conductivity of the inorganic solid material. This combina-
tion promises the suppression of dendrite _growth and a more
homogeneous Li-ion flux at the interface.'*'>?

However, there are still major challenges for our understanding
of these systems. Here, theoretical methods can deliver beneficial
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insights and evaluate performance characteristics. Atomistic
methods like density functional theory or molecular dynamics are
able to illuminate important aspects of PEs, from transport
mechanisms®>? to electrochemical properties.’** However, due
to their numerical complexity, they are confined to studies of small
systems. For larger systems, continuum models are more capable. In
particular, several (semi)-empirical approaches have been employed
for the description of complete battery cells, e.g. Monte-Carlo
simulations or resistor network approaches.>>*® Also, continuum
models which were originally developed for liquid electrolytes have
been modified to the description of polymer electrolytes.’’~°
However, because polymer electrolytes exhibit some quite unique
features, such approaches prove difficult.***° In recent years, a
coupled electro-chemo-mechanical model was proposed for poly-
electrolyte gels.*' This model describes the swelling and deswelling
of these gels in baths of varying pH and ionic strengths. In contrast,
our approach focuses on polymer electrolytes used in batteries. Here,
migration is a crucial transport process occurring in the polymer
when subjected to electric fields.

In this work, we propose a continuum model for polymer
electrolytes using non-equilibrium thermodynamics. Our approach
is based on the work of Latz, Horstmann, Schammer and cow-
orkers, who developed transport models for concentrated electro-
lytes, ionic liquids and inorganic solid electrolytes.*”™*’ Their
approach is based on a rigorous physical basis, and takes account
for universal balancing laws, e.g. for momentum, charge and
energy. As consequence of this fully coupled description, the
resulting transport theory ensures a non-negative entropy produc-
tion (“thermodynamic completeness”), in accordance with the
second law of thermodynamics. The focal quantity in this descrip-
tion is the (Helmholtz) free energy, which incorporates all material
specific properties. Hence, in order to apply this description of
liquid electrolytes to polymer electrolytes, it mostly suffices to
modify the free energy.

One important difference between polymer electrolytes and
liquid electrolytes which must be taken into account in the free
energy is that there is typically an excess amount of polymer species
present in the electrolyte mixture (both with respect to mass and
volume). In combination with the property that convection becomes
important in highly correlated electrolytes,* this suggests using an
internal description for our transport model, i.e. for the frame of
reference, which is either based on the motion of the polymer species
or on the motion of the volume-averaged convection velocity.*” It is
important to note that the choice of reference frame plays an
important role when discussing transport parameters, t00.*®
However, both descriptions have the advantage that they can be
parameterized using results from MD simulations,* or results based
on eNMR experiments.*’ Another important material specific
property of polymer based electrolytes which must be incorporated
into the free energy is their advantageous mechanical behavior,
which makes it highly attractive for using them in lithium metal
batteries or in composite electrolytes. Here, we derive a consistent,
kinematical description for the electrolyte transport, which com-
prises all mechanical couplings.

We structure this document as follows. In the section Transport
Theory, we derive a transport theory for elastic materials and
taylor-cut it to the case of polymer electrolytes. In the section
Validation: Simulation of a Li Cell With Polymer Based
Electrolyte, we show the results obtained from numerical simula-
tions of a standard PEO polymer electrolyte, validate our transport
theory by comparison with in situ experments, and discuss the
influence of the parameters appearing in our electrolyte description
on the cell performance. In the section Application: Single-Ion
Conducting Block Copolymer, we apply our model to a novel
single ion conducting polymer -electrolyte. In the section
Discussion, we discuss the positioning of our polymer theory
within the current status of the literature.

Transport Theory

Depending upon the perspective, highly viscoelastic polymer
electrolytes can be either classified as liquid or solid electrolytes.*
For example, upon the exertion of mechanical stress, they behave
like elastic materials on short time scales. In contrast, on longer time
scales, they behave more like liquids, as they exhibit viscous flow.”®

Recently, we derived thermodynamically consistent transport
theories for both tyZPes of electrolyte-materials, i.e. highly correlated
liquid electrolytes,”*>" and solid electrolytes.****>? Both frame-
works are based on the methodology of rational thermodynamics
(RT), and couple non-equilibrium thermodynamics with electro-
magnetic theory and mechanics. In RT, the focal quantity is the
Helmholtz free energy density, which incorporates all material-
specific electrolyte properties, and which determines the description
of the system via constitutive equations. In this work, we utilize the
broad generality of our transport theory for multi-component liquid
electrolytes presented in Ref. 45 and extend it to the description of
polymers via modification of the model for the free energy.

We split this theory chapter into three main sections. First, in the
section General Transport Theory of Elastic Electrolytes we derive a
framework for multi-component electrolytes, where one species is
designated by bulk-excess of mass and volume and determines the
elastic behavior. Second, in the section Polymer Electrolyte Model,
we tailor-cut this universal description to polymer electrolytes and
close the set of equations of motion.

Throughout the text, we use a notation which is similar to
Ref. 45. i.e. Greek indexes relate to electrolyte species, Latin indexes
relate to spatial components, and capital Latin indexes relate to
elements of a set of variables. We highlight the prominent role of the
polymer-species in the N-component electrolyte mixture, and assign
the polymer to the first species using the index “p”.

General transport theory of elastic electrolytes.—In this section
we derive our transport theory for elastic electrolytes.

Our derivation is based on the previous work on highly correlated
liquid electrolytes presented in Ref. 45 and follows the same logical
structure. However, there are two major conceptual differences
between our model for viscous and for elastic electrolytes. First,
instead of using a description based on the bulk momentum by the
center-of-mass convection velocity, we here use the species-related
frame of reference defined by the polymer velocity. Second, we
replace the rate of strain tensor appearing in the viscous model by
the strain tensor, which incorporates the elastic properties. Apart
from these conceptual differences, the derivation of our polymer
description is similar as outlined in Ref. 45. In particular, we
formulate universal balance equations for mass, energy and mo-
mentum, and derive the corresponding entropy inequality. Then, we
state our model for the free energy density and determine the
constitutive equations. Finally, we state the closure-relations for the
fluxes using an Onsager approach.

We begin our derivation by accounting for the bulk-excess of
mass and volume-fraction of the dominant polymer species. As
consequence, it can be advantageous for the description of polymers
to use the velocity of the polymer species v, as convection velocity.
However, for liquid electrolytes, the convection velocity is often

defined by the center-of-mass motion, v = ij:l PV / p. We em-
phasize that both descriptions are related by suitable transformation
rules,*’ and the evolution of a physical quantity ¥ = [yp - :dV can
be described in both ways. In particular, in the mass-based
description, we have

¥ = 0 + v-grad(p), [1]

or, in the polymer-based description,

’

W = 0y + vp-grad(y). (2]
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Here, Jd, = /0t is the change with time at fixed laboratory coordi-
nates.

Because of the bulk-excess of the polymer species, we assume
that the mechanical properties of the multi-component electrolyte are
mainly determined by the elastic deformation / swelling of the
polymer-matrix.>® For the description of the mechanical properties
of the ipolymer, we use an elastic model based on finite strain
theory.>* According to this material-based description, the deforma-
tion of the system is described relative to a reference configuration

xI? of the polymer matrix, where the volume occupied by the
polymer in this reference configuration is Vl? = 1/[?]\/;. Here, 10 and

N, are the reference partial molar volume and the molar number of
species «, respectively. In this description,® the deformation
gradient tensor (“polymer strain”) reads

dx,

p
Here, the position x,, describes the current configuration with respect
to fixed laboratory coordinates, and the volume occupied by the
polymer in this configuration is V, = v, ;. However, in the isotropic
liquid one is more interested in the determinant of the deformation
gradient,

J = det(F), [4]

as it defines a transformation between the polymer-frame and the fixed
laboratory frame, and measures the volume-expansion of the system
via V= JV°. Here, VO = V[? is the polymer volume of the strain-free
polymer-matrix in the reference configuration (¥ = 1). Furthermore,
the polymer derivative connects the polymer strain-tensor with the
polymer rate-of-strain tensor’*

grad(vp) = F,-F‘l. [5]

The whole volume of the complete multi-component electrolyte
consists of the volume of the polymer, and the volume of minor non-
polymeric species, V = JI/I?NP =N, + 221:2 vy N,. Thus, be-
neath polymer-swelling, we must account for molar volumes of
non-polymeric species in the evolution of the whole electrolyte-

volume too. Altogether, we find for the Euler equation for the
volume,45

N
=Ty =Y laCar (6]
a=1

where ¢, = N,/V are the specific molar concentrations. Note that, in
the literature, the deformation gradient is sometimes factorized such
that the individual terms account for specific properties, e.g. polymer
swelling.*'*® Here, the swelling of the polymer matrix due to the
presence of other species leads to (isotropic) mechanical stresses.
However, our mechanical model can be modified easily to account
for additional elastic or plastic effects.* Altogether, this constitutes
our mechanical description of the material properties, which shall be
incorporated into our existing framework. The next steps in our
derivation are closely aligned to Ref. 45.

The assumption of mass conservation, d;p = —div(pv), leads to
continuity equations for the species concentrations.*> These are
expressed by frame-dependent fluxes. For example, in the center-of-
mass description, there exist N fluxes N, = ¢,(v, — v). Furthermore,
in the polymer-based description, we use polymer-fluxes
NP = ¢, (vy — vp) such that

0i¢cq = —div(ND) — div(cyvp) + 7 [7]

Here, we model reactions as source-terms in our transport equations,
where r,, denote reaction rates of species a. By construction, N} = 0
such that only N-1 polymer-frame fluxes are independent. The
property that only N-1 fluxes are independent is true in any internal
frame of reference.**’ For example, in the mass-based description,

there exists a flux constraint ZLI M,N, = 0. Assuming charge
continuity, of = F Zfz | ZaCa» Bq. 7 implies

N
90" = —div(TP) — dive™vp) + F Y Zati [8]

a=1

with the current density JP = F Z§=2 2o NE.

In the following, we couple the balance equation for momentum
and for energy, which are both formulated with respect to the center-
of-mass convection velocity. We express the balance of total
momentum G = fpgdV, where G comprises kinematic, mechanical
and electromagnetic contributions, via the standard approach

pg = pb + div(z), [9]

with long ranged body-forces pb, and a stress tensor 7.+
We formulate the balance of total energy as the sum of kinematic

contributions II = pv-b + div(zT-v), and heating contributions
Q = ph — div(g) — div(S), viz.

pé =TI+ Q. [10]

Here, ph is the body heating, ¢q is the heat-flux, and S = € X H is the
Poynting vector expressed via Galilei-invariant electric and mag-
netic fields E= E + v X B and H = H — v X D.*>*> From this, we
obtain balance of internal energy by eliminating the kinematic
parts v(pv + D x B) from the total energy,’® pi = ph+
v-(pg — pv — (D X B)) + 7: grad(v) — div(g + S).

However, focal modeling quantity in our framework is the
Helmholtz free energy Fy = [dVp¢y, where ¢y =u — Ts, i.e. the
Legendre-transformed quantity with respect to the internal energy.
We constitute our material model for viscoelastic electrolytes via the
variable set Vy = {T, F, c¢,, D, B} for the free energy in the mass-
based description,*>>” where the canonic expansion®*>®

dFy (V) = / AV (=ps-dT + o: (dF-F~

N
+ pde, + £dD + H~dB) [11]

a=1
identifies the conjugate variables and determines constitutive
equations,

_ 9
oT

, [12]
Vo\T

o= A(ppy)

FT 13
oF [13]

Vo\F

_ pgy)

s 14
» oc, [14]

Vo\ca

Ay
oD

& , [15]

Vo\D
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H = Ippy)
0B

. (16]
Vo\B

Here, u,, are the chemical potentials of the species. We defined the
deformation tensor using the polymer species coordinates (c.f.
Eq. 3), so the stress tensor o is conjugate to the polymer rate of
strain tensor (see also Eq. 5). We name o the polymer stress tensor,
since it describes the elastic stress in the polymer matrix.

Finally, we describe evolution of entropy via the standard
Clausius-Duhem inequality, ps + divjy — ph/T > 0, where j; =
(g — Zle HaNy + dp-a)/T is the entropy flux density (see S1 A).
Here, the velocity difference d, = v, — v defines the relative motion
between the mass-based and the polymer-based frame of reference.

As measure for the deviation from equilibrium, we define the rate
of entropy production R.* such that Tps = Ry + ph — T div(js).
Note that consistency with the second law of thermodynamics
requires that this quantity is non-negative, R, > 0. As we show in
section S1 A, this thermodynamic constraint can be used to resolve
the mutual couplings between the balance laws, and yields an
expression for the Minkowski-momentum g = v + (D x B) and for
the generalized stress tensor

N
=0+ XM+ (p(pH - Z M, Ca — w}l, [17]
a=1 2
where M = E® D + H ® B — (£-D/2 + H-B/2)1 is the Maxwell-
stress tensor.

From now on, we neglect magnetic fields such that the electric
field is determined by the electrostatic potential ¢ via
& —» E = —grad(®).

After evaluation of the constitutive equations, the residual part of
the entropy production rate is given by products of the thermo-
dynamic fluxes and forces,

N
Rs = _Np'}-mech _js']:T - Z Na'f(ell- [18]

a=1

Here, we defined a mechanical force

Frneen = —[div(e) + (grad(F)-F~): o]/cp, [19]

and N + 1 electrochemical and thermal forces

Fé=gradu), and Fr= grad(T), [20]
with electrochemical potentials u' = pg + Fz, .

We make use of the thermodynamical requirement that Eq. 18 be
non-negative, and determine the N-1 independent fluxes NP using an
Onsager approach with respect to the polymer-frame. For this
purpose, we first transform the N-1 mass-based species fluxes N,
to the polymer-frame (see section S1 A),

N
NE =D Ay, [21]
p=2

such that JP = 25:2 FzuNP. The matrix A isa (N — 1) x (N — 1)-
dimensional representation of the frame-transformation from the
center-of-mass description to the polymer-based description. It is
defined via A3 = (603 + caM4lpp) (see section S1 A). Furthermore,

the entropy flux transforms via j? = j; + ps / pp-zz p=2 M,A, 'N/'}’ ,

and the non-thermal forces via

N
FGP =3 (F& = Mo/MyFDAg) = Mycylp Frncen — MysFr,

a=2
[22]
where F§ = Fr is frame invariant. Thus, Eq. 18 reads
N
Ry=—Y N}-FP - jP-FR. [23]
a=2
Via an Onsager-Ansatz, we ensure non-negativity of Ry,
NP L5, Lo L5\ [F5®
H — _ H ‘. H H . H ) [24]
N§ L o LRy LRe || FRP
A LY . Ly L )| FE

Here, LP is the positive semi-definite Onsager matrix of dimension
N x N. Since we neglect magnetic fields, the Onsager-matrix is
symmetric,”” and only N(N-1)/2 Onsager coefficients are independent.

Because the independent Onsager coefficients determine the
complete set of independent transport parameters,* a total of N(N
+1)/2 independent transport parameters exists. We use the rationale
described in Ref. 45 and expand the fluxes via

N

PrP
TP = —kPgrad(g) — Y. %-fﬂ, [25]
a=3 a
tP Al
_ta P
NP = E-jp - ) DbF [26]
a =3

where grad(p) = grad(®) + F4/Fz is the chemo-electrical
potential,”’ and F} = FP — z,/z-F%. The transport parameters
appearing above are the ionic conductivity <P, N-1 transference

numbers P and diffusion coefficients Dgﬂ, defined by***>47

N
K= Y F%, Ll [27]
a,p=2
F%; S
P_ a p
th = " Z 25 LY [28]
p=2
tPeP P
p _pp _ 2P
Daﬂ - ~ap FzzaZl} [29]

However, the transport parameters are subject to the constraints
ZN P =1, and Z§=2 z,,D(f/, =0, for > 2. The Onsager coeffi-

a=2

cients, and, by extension, the transport parameters, encode the kinetic
transport contributions. These macroscopic quantities comprise mi-
croscopic effects, such as energy barriers, ion-hopping along polymer
chains or polymer segmental motion.”*** In contrast, the driving
forces comprise thermodynamic transport contributions. These encode
the tendency of the macroscopic system to reach a stable configuration
(minimal free energy) of thermodynamic equilibrium. In the section
Polymer Electrolyte Model, they are derived in a consistent way from
the (Helmholtz) free energy. In contrast, in the commonly used
concentrated solution theory (CST), these driving forces are obtained
experimentally. The difference between these two approaches is
examined in more detail in the SI, see section S2 C.
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Polymer electrolyte model.—In this section we specify our yet
universal framework to polymer electrolytes. First, in the section
Free Energy we state our model for the free energy density. Next, in
the section Volume Constraint, Polymer Convection And Variable
Reduction For Incompressible Polymers we discuss incompressible
electrolytes and determine the set of independent material variables.
Finally, in the section Independent Equations of Motion, we state the
equations of motion.

Free energy.—Here, we state our isothermal model for the free
energy density, which closes our constitutive modelling (see Egs. 12
and 13). Because we assume constant temperature throughout the
system, our model for the free energy does not comprise thermal
contributions.*’

We model the free energy density in the mass-based description
in analogy to the model for viscous electrolytes outlined in
Ref. 45,

N N 2
1 D2 K
0 0
= E Cath)y + —— + —|1 - E Y, €
[)CPH ~ (l/’la 2 8()€r 2 ( ~ a (Z)

N R X
+ RT Z Cq In (1/(90{,) + N Z faﬁv(?cayl?cﬁ
a=1 a,p=1
a#p

2035 T 2_1-=
p.tr(J F-F Jl)+K.J 1 2an'

+ G, b
2J 4J

(30]

The first term appearing in Eq. 30 measures the constant
reference chemical potentials of the pure constituents (species).

The second and third terms in Eq. 30 are standard contributions,
which appear also in models for viscous electrolytes.*> The second
term in Eq. 30 measures the electrostatic energy comprised in
polarizable media, where we assume a linear relation D = gye, E with
constant dielectric parameter ¢,. The third term in Eq. 30 accounts
for volumetric energy contributions, and is defined relative to a
reference configuration where the partial molar volumes take the

values 12,* and where K is the bulk modulus (see also the section
Volume Constraint, Polymer Convection And Variable Reduction
For Incompressible Polymers).

The fourth and fifth terms are entropic contributions. The fourth
term measures the energy of the mixing entropy and accounts for

packing of the highly compressed polymer-states using volume-
fractions y{f,)ca (instead of mole-fractions c./c).’' The fifth term
additionally accounts for non-ideal local species-interactions via
Flory-Huggins interaction parameters &,5.°° Note that the Flory-
Huggins interaction parameters appearing here differ slightly from
parameters X, appearing in the literature,”® where both are related
via Xag = EapVe- For a more detailed discussion of this, see the
section Free Energy Parameters.

The last two terms in Eq. 30 measure the energy of the elastic
polymer matrix. Here, we use an Ogden-model for compressible

rubber-like materials,®® where %Gp-tr(J’Z/ 3FT.F — 1) accounts for
isochoric deformations, i.e. volume-preserving shearing, with a
shear modulus G,. In addition, %Kp(l2 — 1 — 2log(J)) accounts

for isotropic volume-expansion, with a polymer bulk-modulus K.
Note that these two contributions are formulated in the material
(Lagrange) frame. However, because our theory is formulated with
respect to the external, resting frame of the laboratory (Eulerian
frame), an additional factor 1/J is required in the formulation of the
free energy density.

The chemical potentials follow from Eq. 14,

N
0 0 0
My =t — K| 1= Z Vg cp
p=1

N
+ RT| 1+ In(lco) + 1) Y Eprfcs | [31]
p#a

The polymer stresses in o follow from Eq. 13 and determine the
total stress T (see Eq. 17 and S1 D)

T =Tmech + EM + Izc(l —

N
z Cal/{?:lz — RTc

a=1

N
_RT% /;Zl Eaptia catpcp |1 321
pta
where
G tr(FT-F J -1
_mech _ ﬁ%(F’FT_ r( : )Jl) Kyl [33]

comprises all mechanical contributions. The pressure is determined
by the stress tensor T via

p = —tr(7)/3, [34]

and thus comprises thermodynamic, mechanical and electrostatic
contributions (see also section S1 C).

Volume constraint, polymer convection and variable reduction
for incompressible polymers.—Next, we state the equation for the
polymer convection velocity and discuss microscopic compressi-
bility of our electrolyte-model. For a more detailed derivation, we
refer to Ref. 45 and to the SI (see section S1 B).

From now on, we assume the incompressible limit K — oo,
where the partial molar volumes do not depend on the pressure (i.e.
z/(? = 1,). In this limit, the convection velocity is determined by a
differential equation which involves only spatial derivatives,*

N N
diviyy) = = Y vedivND) + Y. vt [35]
a=2 a=1

N

a=1

Charge continuity, ¢F = Y.~ Fz,c,, the Euler equation for

volume, ZE: | CaVa = 1 and det (F)ypc, = 1 (see Eq. 6), constitute
three constraints for the species concentrations. These constraints
imply that only N-3 independent species concentrations ca,...,CN
exist. This reduces the set of independent material variables for the
free energy density. By convention, for ¢y (V}), we choose

V) = {F, QF, C4s...,CN> D} [36]

We use charge continuity, Eq. 21, and the property N} =0 to

reduce the set of independent fluxes to (JP, N},...,N§). Hence,
Eq. 35 becomes,

N
div(vy) = —;—ZZ div(7? - Y (ua - z—al/z) div(ND)
2 2

a=3

N
+ Z Uy Fy- [37]
a=1
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Figure 1. Illustration of the symmetric cell setup with two Li-metal
electrodes and PEO/LIiTFSI polymer electrolyte. The length of the cell is
L = 3 mm. The migration of anions creates concentration gradients, which in
turn induce diffusion and convection fluxes.

Note that div(JP) = F ZLI Zq 1, for electroneutral electrolytes.42

Independent equations of motion.—Finally, we state the equa-
tions of motion for our polymer description.

The stress tensor and the chemical potentials (see Egs. 31 to 32)
are yet not fully closed, as they still depend on unknown pressure-
like forces involving the bulk modulus . We resolve this issue
based on the kinematical approach described in Ref. 45 and assume
that the elastic polymer-matrix absorbs momentum diffusion via
highly effective dissipation, i.e. div(z) = 0. This assumption of
mechanical equilibrium implies a coupling between the stresses and
the chemical potentials which closes our description. In the SI (see
section S1 C), we evaluate this coupling to incorporate elastic
contributions into the chemical potentials, i.e. the transport equa-
tions. Altogether, the set of transport equations reads,

0,F = grad(vy)-F — vp-grad(F), [38]
N
00" = —div(J?) — div(e™vy) + F Y. Zati (39]
a=1
0i¢q = —div(ND) — div(cgvp) + 1,y for a >4 [40]
—e div(grad(®)) = QF, [41]

where the fluxes are given by Eqgs. 25 to 37.

Validation: Simulation of a Li Cell With Polymer Based
Electrolyte

In this section, we validate our transport theory for polymer
electrolytes.

For this purpose, we focus on the work described by Steinriick
and co-workers in the publication Ref. 61 and investigate the
polymer based electrolyte mixture composed of PEO and LiTFSI
salt in a symmetric Li-metal cell. We compare our numerical results
with the experimental data and with numerical results (based on an
alternative theory) stated by Steinriick and coworkers. Their
approach combines experimental methods with theoretical methods
based on continuum modeling and molecular dynamics (MD). For

their continuum model, the authors use concentrated solution theory
(CST), which differs conceptually from our approach. In our
transport theory, the thermodynamic transport contributions are
given by the driving forces, which are derived from the free energy,
while in CST they are consolidated in a thermodynamic factor,
which is fitted to reproduce experimental results.®

The system polyethylene glycole (PEO) with LiTFSI salt is often
used as “benchmark” polymer for evaluation and comparison with
alternate polymer electrolytes, and is among the most extensively
investigated polymer electrolytes, both with respect to experimental
methods and with respect to theoretical models.>"**¢"%3 Due to its
widespread use, polymer electrolytes with PEO as host material are
parametrized very well, which makes them attractive as reference for
continuum-scale simulations.®’ In addition, PEO has a relatively
simple molecular structure, which facilitates atomic scale
investigations.?®>

We assume a symmetric cell set-up consisting of two Li-metal
electrodes with the polymer electrolyte in between (see Fig. 1 for an
illustration). At the more positive electrode (left electrode in Fig. 1),
the surface reaction

Li -» Lit + e~ [42]
and at the negative electrode (right electrode in Fig. 1)
Lit + e~ — Li [43]

In this work, we neglect degradation processes occurring at the
electrodes (e.g. SEI formation).

First, in the section One Dimensional Model Equations, we state
the one-dimensional equations. Second, in the section Potentiostatic
Discharge Simulation, we present the results obtained from a
potentiostatic discharge simulation, and validate our results by a
comparison with literature.®'

One dimensional model equations.—We assume complete
dissociation of the salt ions, which yields a number of three
electrolyte species. Furthermore, we reduce our description to one
spatial dimension on the pm-scale, where we can safely assume
electroneutrality.*® Thus, the set of independent material variables
Vpeo consists only of the two variables F and ®, see Eq. 36. Since

J 0O

F= [0 1 0], the deformation gradient is completely determined
0 01

by the volume ratio (see SI)

= - [44]

cplp L = vritpsicLi

with vy ;tes1 = Vi + Vresi. Hence, we replace F by cp; as indepen-
dent variable such that Vpgg = {cr;, ®}. The set of transport
equations reads (see Eqgs. 38 to 41)

dcr; = —div(NP) — div(ep;vP) + ri;, [45]

0= —=div(JP) + Fryi, [46]

with the polymer velocity given by (see Eq. 37)

div(vy) = VT;SI div(JP) — vritesr-div(NE) + vrirvi [47]

We model the reactions at the Li electrode surfaces via source-terms
based on a Butler-Volmer-Ansatz (see section S2 A). The fluxes
appearing above are determined by Eq. 25 to 26, where the driving
force ¥ is a function of ¢ ; alone. However, by using Eqs. 46 in 47,
it  follows that the flux of the Li-ions becomes
div(Nf) = i — div(vP) /vy rrs1. Altogether, Eq. 45 thus reads
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Figure 2. Species concentrations for all three electrolyte species at different
time steps, normalized by their initial concentration c;’ = ¢, (t = 0). Here, the
color indicates the species, and the line type indicates the time steps ;. Note
that cp; = ctrsy due to our assumption of electroneutrality. The green line in
the inset shows the current density (green) as function of discharge time.

odicri = div(ypcpvP), [48]

VLIiTFSI

where cyv, = 1/J, see Eq. 44. Thus, the evolution of the Li-
concentration is completely determined by the volume-flux of the
polymer species.

Alternatively, we find

dici = vpepl(1 = tf)ry — JP/F-Vif,
+ V-(DLFID] = (vP-V)cp. [49]

This is equivalent to the form d,cr; = (1 — tf)rivpc, — (]ﬁ)Li-V)cLi,
where Dy (14, s t., DY) is an operator-valued diffusion parameter.

Hence, the stationary state constitutes an equilibrium of the surface
reactions with the polymer deformation and diffusive Li-transport,
A = P)rnivpe, = (D;-V)a;. Because, in general, #f,# 1 and
cpVp # 0, the occurrence of concentration polarization is to be
expected in the stationary state.

In our approach based on the modeling of the free energy poy,
we account for the specific electrolyte characteristics (e.g. me-
chanics, species interactions) via explicit contributions to poy (see
Eq. 30). However, in the literature, the resulting “excess” contribu-
tions to the chemical potentials p, = ;4,? + RT In(f,c,) are often
collected cumulatively in one single phenomenological parameter
via the molar activity coefficients f,.5* The corresponding expres-
sion for the molar activity coefficients resulting from our model
reads (see Eqs. S27 to S31)

N
Jfo = varexp Z g — Ua)cp
p=1

N
1
Ty Z 5, Uply (BupCy + OuyCp — UaCpCy)
2 pr=1
p#r
2 Gy 5 1 K
+ S5 =J )+ —— = J Y| 50
3 aRT( ) 2 aRT( ) [50]

Activity coefficients can be obtained from experiment,®>® or

atomistic simulations.®”®° An agnostic approach which casts all
excess contributions into one single empirical parameter can be
beneficial for practical purposes. However, our explicit modeling
which relies on multiple empirical parameters (e.g. the elastic
moduli of the polymer, or the Flory-Huggins interaction parameters)
has the advantage that each excess contribution can be investigated
separately and may yield insights into the influence of material
specific properties on the overall electrolyte performance.
Furthermore, each parameter can be rigorously obtained from first
principles, i.e. atomistic modeling. Altogether, our approach con-
stitutes a rational approach to the investigation of the cell perfor-
mance by understanding the behavior of the polymer electrolyte (see
also the section Free Energy Parameters). We assume constant bulk
and shear moduli of the electrolyte (K,=8MPa and
G,=3 MPa),”%"? Because we model all interactions between the
electrolyte species we have a total of three Flory-Huggins para-
meters, which we set to Xpirpsi=—6, Xuip=—20 and
XTESIp = — 15.> Due to our different definition of the Flory-
Huggins parameters X3 = £qVa. these values for s correspond to
Euitrsi & — 541 x 10°mol m 3, &3, ~ — 1.81 x 10" mol m 3, and
Errsip = — 112 % 10° mol m~>. As can be seen by these values, the
interaction of the lithium cations with the polymer species is two
orders of magnitude larger than that of anions with the polymer. This
corresponds to the strong interaction of lithium with PEO via the
crown ether structure.”

In the section Free Energy Parameters, we discuss this parameter
choice in more detail and investigate the influence of the bulk and
shear moduli and the Flory-Huggins parameters on the cell perfor-
mance. Only three independent transport parameters exist in this
mixture. These are the ionic conductivity, one transference number
and one diffusion coefficient. For polymer electrolytes, the exact
nature of the microscopic transport mechanisms has important
consequences for the overall performance.”> However, we parametrize
them based on experimental results presented in Ref. 61. Therefore,
we assume that all relevant transport processes are included. The
transfer of the transport parameters from CST to our theory is
described in more detail in section S1 E, and a complete overview
of our parametrization of the system is given in section S2 A. In
section S2 we specify our numerical methods.

Potentiostatic discharge simulation.—In this Section we present
the numerical results of our potentiostatic simulations for the as-
modelled Li-cell. First, in the section Numerical Results, we discuss
our simulation results, and, based on these observations, we give a
detailed analysis of the electrolyte dynamics during discharging the
cell. Second, in the section Validation, we compare our numerical
results with experimental results and with numerical results from
Ref. 61. Third, in the section Free Energy Parameters, we discuss the
influence of the parameters appearing in the free energy on the
resulting current density and concentration distribution.

Numerical results.—In our potentiostatic discharge simulation,
we apply a constant potential difference of 0.3V between the
positive electrode (left electrode in Fig. 1) and the negative electrode
(right electrode in Fig. 1).

Figure 2 shows the concentration profiles of the electrolyte
species, and the inset shows the profile of the discharge current
JP. In the beginning, a dynamical phase can be observed (up to
80 min), during which the current decays exponentially from its
initial peak at JP ~ 8 A m?. This dynamical phase is followed by a
relaxation phase, during which the electrolyte dynamics, as indicated
by J?, slows down with time. Hence, the system is approaching a
stationary state. The concentration profiles c,(x, t;) of the three
electrolyte species are shown at three different characteristic times #;,
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Figure 3. Species velocities at different discharge times. The different line
types indicate the time step #;, and the colors indicate the different species.
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Figure 4. Comparison of our numerical results (blue line) for the current
density over discharge time with experimental results (black crosses) and
numerical results based on CST (yellow dashed line), both taken from
Ref. 61. The inset shows the corresponding results for the species velocity
vrrs at three different locations in the electrolyte (colours). The numerical
results obtained from our simulation are shown in solid lines, the crosses
show the experimental results and the dashed lines show the CST results.

and are normalized by their initial value c(? = ¢,(t = 0). Note that
due to the constraint of electroneutrality, the profiles of the ionic
species are exactly the same for all times, i.e. c¢p; = crps (red
curves). The first time 4 = 20 min represents the dynamical phase of
enhanced electrolyte dynamics. Apparently, during this phase,
concentration gradients develop near the electrodes, where the
concentrations of the ions increase at the positive (left) electrode
and decrease at the negative (right) electrode. Over time, this
concentration polarization extends further into the electrolyte, see
the profile at #, = 200 min, which corresponds to the relaxation
phase of the electrolyte. Eventually, at #3 = 1000 min (end of
discharge), the zones of accumulation and depletion of the ions
extend throughout the complete bulk, and form almost a constant
concentration gradient between the electrodes. The polymer species
displays a similar, but inverse behavior, with a concentration
polarization in the opposite direction.
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Figure 5. Comparison of our numerical results for the species concentra-
tions (solid lines) with the experimental results (crosses) and the numerical
results obtained from CST (dash line) both taken from Ref. 61. The inset
focuses on the middle of the electrolyte (x = 1.5 mm).

The corresponding species velocities are shown in Fig. 3. During
the complete discharge time, the anions move toward the more
positive electrode at the left (yellow curves), whereas the polymer
(blue curves) and the Li-ions (red curves) move toward the more
negative electrode at the right. However, for all three species, the
magnitudes of the species velocities are enhanced during the
dynamical phase (dotted lines), and become more relaxed with
increasing discharge time (dashed and solid curves).

The slight gradient of vi;(#3) is a result of the concentration
gradient for cp;, as shown in Fig. 5.

The profiles shown in Figs. 2 and 3 are not perfectly linear and
not symmetric (with respect to the position x = 1.5 mm). This is
because the transport parameters depend on the species concentra-
tions, #;(cLi)) and DF;(c;), which influences the delicate relation
between migration and diffusion.

Overall, we observe concentration polarization for all three
electrolyte species. Indeed, for ionic species, such a behavior is
typical for SPEs with two mobile ions and a small transference
number f;; < 1, and is well-described in the literature.”®”’

However, the role of the neutral solvent-like polymer species in
such systems has not yet been intensely discussed.

Our results show that the effect of concentration polarization of
the ions is accompanied by a deformation of the polymer. This
deformation originates from the volume-preserving fluxes of the
electrolyte species. The accumulation of TFSI- and Li-ions near the
positive electrode implies a volume-flux of ergsivtrsi- and cpvy ;.
This is compensated by a volume-flux ¢, of the polymer, toward
the opposite direction, i.e. a polymer-deformation, which ensures the
volumetric constraint Eq. 6.

Validation.—In this section, we validate our description by
comparing our numerical results with experimental and numerical
results presented in Ref. 61.

In Fig. 4, we compare the results for the electric current density
and species velocities. The blue line illustrates our numerical results
for the current density, whereas the yellow dashed line and the black
crosses illustrate the numerical and the experimental results from
Ref. 61 respectively. The inset in Fig. 4 shows the velocity profiles
of the TFSI-ions at different positions during discharge.

Our results for the current density show a decay over time which
is very similar to the decay exhibited by the experimental results.
However, the numerical results are slightly shifted to smaller values
by a constant offset during the complete discharge time. In contrast,
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the deviation of the CST results from experiment varies over
discharge time, where, initially, both results agree very well.
Overall, our description reproduces the shape of the experimental
results slightly better than CST.

The inset in Fig. 4 illustrates the results for the anion velocity
vresi—(x;, 1), as function of time at three different positions x;
(indicated by colors), as obtained from our numerical simulations
(solid lines), from the experiments (crosses), and from the CST-
simulations (dotted lines). In the first 100 min, both CST and our
transport model show a more rapid decrease of the TFSI™ velocity
than the experiment. After that, CST reproduces the experimental
values near the electrode very well, while our model reproduces the
experimental values in the center of the electrolyte very well.

Figure 5 shows a comparison of the Li-concentration profiles at
different times (distinguished by the different colors) obtained from
experiment (crosses), CST (dashed lines) and from our description
(solid lines). The inset highlights the central part of the electrolyte
for better clarity. Up to ¢# = 183 min, CST underestimates the
concentration polarization in comparison to the experimental mea-
surements, while for larger times it overestimates it. For nearly all
times, our transport model shows a slower development of the
concentration polarization than the experimental results and CST.
For the latest time of 969 min (green), the concentration profile from
our transport model fits the experimental results better than CST,
especially for the larger concentrations near the positive electrode.

Apparently, there exist some deviations between the numerical
results obtained from our description, and from the CST description.
The main difference between the two lies in the thermodynamic
contribution to the species fluxes. In CST, this contribution is
constituted by the concentration-dependent thermodynamic factor
comprised in odu/dc-grad(c), and was obtained by fitting to the
experimental results.""®> This approach differs from our approach
described in Eq. 22. The driving forces du/dc-grad(c) appearing in
our transport model are derived from fundamental physical con-
siderations. In section S2C we present a detailed discussion of the
thermodynamic transport contributions.

To summarize, our results are in good agreement with the
experimental and numerical results presented in Ref. 61 which
validates our theoretical description.

Free energy parameters.—In this section, we discuss the
influence of the Flory-Huggins parameters and the elastic modulus
of the polymer on the cell performance. To address this goal, we
focus our discussion on the current density and concentration
profiles for the PEO/LIiTFSI electrolyte.
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First, we discuss the influence of the Flory-Huggins interaction
parameters. The interaction contributions to the free energy as
derived by Flory are of the form RTXmgca(;Sg.sg Here, ¢, = v,c, 18
the volume fraction of species a, and x,g is the interaction energy
between the species o and (3. Importantly, his lattice-based deriva-
tion assumes that all species occupy an equal amount of volume, and
therefore the partial molar volumes are the same. This can be a bad
approximation. For example, the partial molar volumes of the
species in the PEO-based electrolyte and the SIC electrolyte
discussed in this work are very different (see section S2 A). In
contrast, our model explicitly accounts for the partial molar volumes
of the electrolyte species via interaction contributions to the free
energy of the form RTé(,,;ygc(,ugcﬂ for all species pairings (see
Eq. 30). By construction, the species volumes transfer the interaction
parameters occurring in our theory and the Flory-Huggins para-
meters via &,3 = Xag/Vo- While positive parameters 0 < x5S 0.5
denote a possible mixing of two species « and 3, the mixing occurs
mainly due to an increase in entropy.’® In contrast, a negative
parameter X3 < 0 implies that a configuration with higher volume
fractions ¢, and ¢z is energetically more favorable. So, in addition
to an increase in entropy, the decreasing energy amplifies mixing
processes.”” Figure 6a shows the current density for different sets of
Flory-Huggins parameters and the result obtained by Steinriick et al
from CST. For orientation, the results from CST and from the
chosen set of parameters in the section sOne Dimensional Model
Equations and Validation are depicted by the dotted green and black
curves, respectively. The solid lines denote the current densities
obtained for different sets of parameters to show their influence. The
solid gray line depicts the result obtained for vanishing Flory-
Huggins parameters, i.e. Xritrst = XLip = XTFsip = 0, for reference.
The solid blue and violet lines show the resulting current densities
for negative values for the interaction parameter between the cation
and anion, i.e. Xxpites1 = — 2, — 4, with the other parameters zero.
The solid yellow and orange lines depict the current densities for
negative values of the interaction parameters between the two ions
and the polymer, i.e. Xrip = XTrsp = — 2, — 4. A negative interac-
tion parameter yi;trsy results in a faster decrease of the current
density with time than the reference current density (solid gray line),
while negative interaction parameters Xy, and Xtrspp Of the two ions
with the polymer result in a slower decrease. This can be explained
by the free energy of the system. In our model, the respective
contributions to  the free energy are given by
RTE gvacaVscs = RTx o pcqvscs. We start discussing the first case
of the negative ion-ion interaction xp;res; < 0. Using the electro-
neutral constraint ¢ ; = ctgsy, the energy contribution can be written
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Figure 6. Comparison of the current density a) and concentration profiles b) for different Flory-Huggins parameters .3 for the PEO/LIiTFSI electrolyte. The
dashed lines depict the results from CST (green) and for the set of parameters used in Numerical Results and Validation sections (black). The solid lines depict

the results for different values for the Flory-Huggins parameters.
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Figure 7. Comparison of the current density a) and concentration profiles b) for different values of the elastic modulus E, for the PEO/LiTFSI electrolyte. The
green dashed line depicts the results from CST. The solid lines depict the results of our model for different E,,. In the sections Numerical Results and Validation,

the elastic modulus of E, = 8 MPa (black) was chosen.

as RTyyites1 VTFsI cfi. Therefore, the energy decreases with increasing
ion concentration. During concentration polarization, the ion con-
centration in the PEO/LiTFSI electrolyte increases at the positive
electrode and decreases the free energy for an amount AFJ™.
Simultaneously, the decrease of ion concentration at the negative
electrode increases the free energy for an amount AF};°¢. However,
due to the quadratic dependence on the ion concentration, the
decrease of free energy outweighs AFR* > AF®. Therefore, for
negative xpirrs; < 0, concentration polarization is energetically
more favorable and develops more rapid, resulting in a faster
decrease of the current density. The second case of negative ion-
polymer interactions xrip, XTrsip < 0 can be explained analogously.
Using the electroneutrality constraint cp; = crgs; and the Euler
equation for volume 1=1Y,v,c, the energy contribution becomes
RT (ruip + x1esp)eni(l — viresien)  with vpirest = vLi + Vrest
Apparently, the energy contribution has a negative quadratic
dependence on the ion concentration. So, following the argument
for the first case of xirrsi < O but with opposite sign, negative ion-
polymer interaction parameters lead to a reduced concentration
polarization and therefore to a slower decrease of the current density.

Figure 6b depicts the concentration profiles for the different sets
of Flory-Huggins interaction parameters at the simulation time of
t = 1000 min. As in Fig. 6a, the dotted lines depict the results for
CST and the parameter set used in One Dimensional Model
Equations section and Validation sections for orientation. The solid
lines depict the results for different parameter sets: gray for
vanishing parameters, blue and violet for negative Xpitgs;, and
yellow and orange for negative Xpi, and Xxrtrsip. The differences
between the different parameter sets (solid) are small, so the two
insets show smaller sections of the electrolyte. For negative
interactions between the ions, i.e. xpitrs; < 0, the concentration is
very slightly larger than for negative ion-polymer interactions
(XLirestp < 0). This behavior is similiar to the behavior of the
current densities, and a negative xptrs; energetically favors a
volumetric separation of ions from the polymer, while negative
XLip/ Xtrsip favor a mixing of the ions with the polymer.

Second, we discuss the elastic parameters of the polymer. In
general, the elasticity of a body is described using two parameters, in
our case the bulk modulus K, and the shear modulus G,. However,
for our discussion of the influence of these parameters on the
simulation results, we cast them into one single parameter given by
the elastic modulus E;,. We obtain the bulk and shear moduli by
assuming a constant Poisson’s ratio of £o'=0.33 and use the
conversion formulae K, = E,/3(1 — 2.5 and G,=E)/2(1 + Fohy,

The elastic modulus describes the resistance of the polymer to
deformations with regards to a reference configuration.

Figure 7a shows the current densities for different elastic moduli
of the polymer (solid lines) and the current density from CST
(dashed green line). The elastic modulus increases from E, = 0 MPa
(orange), which would correspond to a liquid electrolyte without
elasticity, and E, = 0.8 MPa (yellow) to the literature value for PEO
of E, = 8 MPa (black). The larger values of Ej, = 80 MPa (blue) and
E,=800MPa (violet) would more closely resemble rigid solid
electrolytes. Apparently, a higher elastic modulus leads to a faster
decrease of the current density than a smaller elastic modulus. While
for the small elastic moduli of 0 MPa (orange), 0.8 MPa (yellow) and
8 MPa (black) the differences are negligible, the larger elastic
moduli of 80 MPa (blue) and 800 MPa (violet) lead to a more rapid
approach of the current density to the steady state. For the largest
elastic modulus (violet), this steady state is reached after about
400 min.

This can be explained by the elastic energy contribution.
Concentration polarization leads to a change in the polymer
concentration due to the volumetric displacement by the ion species.
The polymer concentration is coupled to the polymer deformation

with J = % (Eq. 44). So, concentration polarization leads to a
P¥P

deformation of the polymer from the reference configuration, which
increases the elastic energy. The elastic modulus is a measure for
this energy increase. So, a high elastic modulus prevents large
concentration gradients and leads to larger diffusion fluxes due to the
coupling of the chemical potentials with the mechanics in the driving
forces (see Eq. 22).

Figure 7b depicts the resulting concentration profiles for the
different elastic moduli and CST at a time of 1000 min. Apparently,
a higher elastic modulus prevents larger concentration gradients.
This suggests that large enough elastic moduli may result in
negligible concentration polarization. This might explain the lack
of concentration polarization in solid electr016ytes which typically
possess a high elastic modulus (E;, > 1 GPa).”

Application: Single-Ion Conducting Block Copolymer

The occurrence of concentration polarization in dual-ion con-
ducting polymer-based electrolytes constitutes transport limitations,
which hinder the battery performance (see section Numerical
Results).”” Recently, it has been reported that single-ion-conducting
(SIC) polymers with immobilized anions can prevent concentration
polarization.”® However, the precise impact of the immobilization of
the anions on Li-transport is not yet completely clear. Here,
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theoretical methods can improve the understanding of these electro-
lytes.

In this section, we use our transport theory and investigate such a
novel SIC electrolyte. We focus on a polymer-based electrolyte
composed of a single-ion conducting multi-block copolymer sol-
vated with ethylene carbonate (EC), which was recently described
by Nguyen and coworkers.”® This electrolyte exhibits promising
properties, among them a good electrochemical and thermal stabi-
lity, an ionic conductivity close to commercially available liquid
electrolytes, and a highly reversible cycling behavior in symmetric
Lithium/Lithium-cells.

We structure our investigation into three parts. First, in the
section Model, we state the equations of motion for the SIC
electrolyte. Second, in the section Potentiostatic Discharge
Simulation, we show that our theory predicts that concentration
polarization is negligible in SIC electrolytes. We validate this
analytical finding and perform numerical discharge simulations of
a symmetrical Li-metal cell (see Fig. 1). Finally, in the section
Polymer Deformation, we present an analytical analysis of the
mechanical deformation of the SIC polymer matrix.

Model.—Similar to our discussion of the PEO electrolyte in the
section Validation: Simulation of a Li Cell With Polymer Based
Electrolyte, we assume complete dissociation into three electrolyte
species. Because the anions are chemically grafted onto the polymer
backbone, we model the polymer as negative electrolyte species. The
remaining two species are given by the uncharged solvent, i.e. the
EC species, and by the positively charged Li-ions. We neglect
microscopic details of the polymer in our continuum theory, and
account for the complex structuring of the ionophobic and ionophilic
blocks of the polymer chains using a volume averaged description
(see Egs. 51 to 52).

In contrast to the PEO based electrolyte discussed in Validation:
Simulation of a Li Cell With Polymer Based Electrolyte section,
where the neutral polymer-solvent dominated the volume fraction of
the electrolyte, the share of the volume fractions in the SIC is almost
equally distributed among the neutral solvent (EC) and the charged
polymer solvent (which is affected by migration). Hence, the
polymer-based frame of reference becomes irrelevant for the SIC,
and we choose the reference frame based on the volume-averaged

convection velocity v¥ = le CalyVy for the SIC electrolyte. As
shown in Ref. 47 this has the advantage that, for the (nearly)
incompressible electrolyte, the transport parameters depend hardly
on the frame of reference, which facilitates the parametrization of
the electrolyte and the convection is completely determined by the

surface reactions,
div(evY) = vru [51]

Here, we used porous electrode theory to account for the porous
ionophilic polymer-phases (which carry the Li-motion), where e
denotes the porosity, and 3 denotes the Bruggemann coefficient. The
volume-based transport equations for porous electrodes read,*’

di(ecy) = —div(e’NyY) — div(ecivY) + rui, [52]

0 = —div(e?TY) + Fry;. [53]

We state the volume-based expressions for the current and flux
densities in the SI, see section S1 F.

Similar to the PEO electrolyte, the three independent (volume-
based) transport parameters are the electric conductvity ', the
transference number of the Li-ions £, and one Li-diffusion

coefficient Dy;. For more details on the volume-frame, see
section S1 F or Ref. 47.

We set the elastic modulus of the SIC polymer to E, = 249 MPa,
which corresponds to K, =277 MPa and G, =92 MPa.*® For the
Flory-Huggins interaction parameters we choose Xpigc= —15,

XLip = — 20 and xgcp = — 10. The values for the diffusion coeffi-
cient, DY; = 1.94 x 1071 m2 s~!, for the conductivity k¥ = 8.5 x
10728 mfl, and for the transference number, tIX = 1, are taken from
Nguyen et al. (all at 7= 90 °C).*

The symmetric simulation setup of the Li-metal electrodes is
identical to the one presented in Fig. 1 for the PEO/LiTFSI
electrolyte, where the electrodes are separated by a 3 mm thick
polymer electrolyte. We discharge the battery by applying a constant
voltage difference of 0.3V for the whole simulation run of
1000 min.

Potentiostatic discharge simulation.—In this section, we discuss
the dynamics of the electrolyte during discharging the cell. First, we
show that our theoretical description predicts that concentration
polarization is negligible in SIC-based systems. This prediction is
confirmed by experimental results.”® Second, we validate this
finding by numerical simulations.

First, we modify Eq. 52, such that

diecr) = (1 = 1) — cLivi)ru + V-(ePDLFL) — (ev'-V)epi
[54]

Because of the immobilization of the anions, the transference
number of the Li-ions is equal to one, t]X = 1. Note that the second
term in brackets is a function of the Li-concentration,

e’DY,F\; = f(cLi, Ver;). We make use of both properties, such that
Eq. 54 becomes

di(ecry) = —cuivnirL + (DL Ve [55]

Usually, the volume fraction of the Li-ions is very small ¢y vy ; < 1.
Hence, in the stationary state, there arise no relevant concentration
gradients,

CLiVLiVLi = (]fD]_i'V)CLi, where cuivn K 1. [56]
This rationalizes recent experimental observations that concentration
polarization is a negligible effect in SICs.**”’® We emphasize that
our analytical result depends crucially on the assumption that ’; = 1,
and on the volume-based description.

Next, we perform numerical discharge simulations of the as-
described cell set-up (see Fig. 1 for an illustration).

Figure 8 illustrates the temporal evolution of the electric current
JV (blue line, left y-axis) and of the concentration differential of the
Li-ions between the two electrodes Acy;(¢) = |cpi(t, x = L) — cpi(t,
x =0)| (red line, right y-axis), normalized by the initial concentra-
tion ¢%. The electric current increases rapidly during the ramp up of
the potential difference between the two electrodes (during the first
second). However, after this initial phase, it reaches a constant
plateau at 7" ~ 6.5 A m~? and remains constant. This corresponds
to the system reaching a stationary state almost instantly. The red
line (right y-axis) illustrates the behavior of the normalized
concentration differential Acy; (t)/c&, which serves as indicator for

the occurrence of concentration polarization (Ac; (t)/cfi < 1 for
negligible concentration polarization). The inset resolves the corre-
sponding concentration profiles of the Li-ions over the cell length at
different representative time steps #; during discharge. During the
complete discharge time, the difference between the Li-concentra-
tion at the two electrodes is of order O(Aci/c) = 1 x 1077, i.e. is
negligible. This behavior is confirmed by the spatial profiles of the
Li-concentrations shown in the inset. A clear gradient evolves from
the left side to the right side over discharge time. In contrast to the
PEO/LIiTFSI electrolyte investigated in Validation: Simulation of a
Li Cell With Polymer Based Electrolyte section, the transport
parameters do not depend on cp;. This leads to symmetric concen-
tration gradients. Note that the spatial variation of the concentration
profiles lies within the accuracy of our numerical simulation.



Journal of The Electrochemical Society, 2024 171 020549

-7

x10
5

X / mm

‘ 0
15 20 25 30

Time / s

Figure 8. The current density (blue line, left axis) and the concentration
difference Acy; (orange line, right axis) over the whole width of the
electrolyte for the first 30 s of the simulation run. The inset shows the
concentration profiles over the whole width of the electrolyte at different
times (colors).

Altogether, we thus conclude from our numerical results that the
occurrence of concentration polarization is negligible for the as-
described system. This confirms our analytical prediction and is in
agreement with experimental results.”*”¢

Polymer deformation.—In this section, we supplement our
analytical discussion from the section Potentiostatic Discharge
Simulation, and focus on the deformation of the SIC polymer (see,
also, section S3 for more details).

Polymer deformation influences the electrolyte performance.
Because the concentration of the Li-ions is the only independent
species concentration, it determines the polymer deformation.
Therefore, polymer deformation and polarization concentration are
directly coupled.

Equations 54-56 show the influence of the Li-transference
number, the volume fraction of the Li-ions, and the reaction kinetics
on the occurrence of concentration polarization. We use this
description and focus on the influence of these system parameters
on the polymer-deformation as described by the deformation tensor

J 0O
F=]0 1 0| Apparently, it suffices to focus on the volume ratio
001
J, instead of the deformation F. In the SI (see section S3), we show
that the volume ratio in the stationary state can be written as,

grad(J) = —Quj .. [57]

where ) depends on transport-/ and material-parameters and on the
driving forces, and where j. 4. iS the current due to the interface
reactions.

Figure 9 shows the influence of transport parameters and material
parameters on the deformation of the polymer as predicted by
Eq. 57. Here, we use the normalized variation of J from the left
electrode to the right electrode, i.e. AJ = (J(x=L) — J(x = 0)//°, in
units of the non-dimensional current density jy. as measure for the
polymer deformation. The non-dimensionalized current density is
the current density applied to the electrodes divided by the exchange
current density j%y. = juae/jo» s given in the SI, section S2 A. The
dotted lines denote the respective values used in the potentiostatic
simulation in the section Potentiostatic Discharge Simulation.
Figure 9a illustrates the influence of the transference number £,

and of the diffusion coefficient DY; of the Li-ions on the polymer

a)
10
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D/m’s™
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Figure 9. Polymer deformation as functions of transport parameters of the
Li-ions a) and of material parameters b). The dotted lines denote the
respective values used in the potentiostatic simulation in Application: Single-
Ion Conducting Block Copolymer section. The colors indicate the polymer
deformation as measured by the difference AJ of volume ratios across the
SIC/EC electrolyte, normalized by the initial volume ratio J° and the non-
dimensional current density je(l)de'

deformation. The transference number £ ranges from 0 to 1 and the

lithium diffusion coefficient DY; from 0.01-D° to 10- D°, where
D°=1.94 x 107" m?s™" is the diffusion coefficient measured by
Nguyen et al.>* Apparently, the polymer deformation decreases with
increasing diffusion coefficient and with increasing lithium trans-
ference number 71 ;. Independently from the diffusion coefficient, the
polymer deformation drops several orders of magnitudes to values
smaller than 107> for #% — 1. This reproduces our finding of
negligible concentration polarization for SICs. In contrast, for
) — 0, the flux of Li-ions in the stationary state is mainly driven

by diffusion. In particular, in this regime for Y, the deformation
decreases with increasing diffusion coefficient. Hence, for higher
values of Dy;, diffusion is fast enough to quickly equilibrate
concentration gradients, yielding spatially homogeneous concentra-
tion profiles (small deformations). This is in agreement with the
property that the deformation increases with decreasing diffusion
coefficients.

Figure 9b illustrates the influence of the ethylene carbonate
volume ratio and of the elastic modulus of the polymer on the
deformation. Here, ECvol% ranges from 0% to 99%, and the elastic

modulus of the polymer E; spans over a range of 0.01 -E[? to 10~E§,

with El? = 249 MPa. Apparently, the polymer deformation is not
very sensitive to variations of the elastic modulus for small EC
volume ratios <30%. However, for larger EC volume ratios >30%,
the influence of the elastic modulus on the resulting polymer
deformation increases noticably. For the EC volume ratio however,
the polymer deformation decreases at both ends of the range with a
maximum in between, which results in an inverted U-shape. Since
the volume ratio of the Li-ions can be neglected (cpjv; < 1), small
(large) EC volume ratios imply large (small) polymer volume ratios.
Hence, a more equal distribution of the volume fraction between the
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Figure 10. Venn diagram illustrating our polymer model in relation to
models for viscous liquid electrolytes and solid electrolytes.

EC and the polymer favors polymer deformation. This exact
distribution for the largest polymer deformation also depends on
the elastic modulus of the polymer.

Furthermore, it can be seen that the relative polymer deforma-
tions become much larger (up to nearly 10™") under variations of the
transport parameters (see Fig. 9a), as compared with variations of the
material parameters (relative polymer deformation ranges up to
107>, see Fig. 9b). This suggests that the polymer deformation
depends much stronger on the transport parameters than on the
material parameters. For more details, see see section S3.

Finally, we compare the polymer deformation of the PEO system
with the SIC results. In the section Potentiostatic Discharge
Simulation it was shown that AJ/(J-jS4) ~ 1.8 for the PEO/
LiTFSI electrolyte. In comparison, for the SIC/EC electrolyte we
found (with the parameters as denoted by the dotted lines in Fig. 9)
AJ/(J%j8) ~ 4.2:1077. This huge difference between the two
polymer electrolytes can be explained by different transport and
material parameters. The PEO/LiTFSI electrolyte exhibits a much

smaller diffusion coefficient (DFEC &~ 10 x 10! m? s71), a smaller

cation transference number (ZIEEO ~ 0.2) and a smaller elastic

modulus (EpP EO — 8 MPa) as compared to the SIC/EC electrolyte
(where D€ ~ 1.94 x 10710 m? 57, £51° » 1 and EJ'° = 249 MPa).

1
In the SI, we supplement this discussion by a more detailed analysis
(see section S3).

Altogether, we conclude that as consequence of the immobiliza-
tion of the anions (yielding a high Li-transference number), a high
diffusion coefficient and a high elastic modulus, the deformation of
the SIC electrolyte is much smaller than that of other polymer-based
electrolytes. This mechanical behavior is beneficial for the perfor-
mance of the electrolyte.

Discussion

In this Section we discuss the derived continuum-model for
polymer electrolytes and its positioning relative to previously
developed transport models.

As discussed in the Introduction, polymer electrolytes comprise a
wide range of materials, and exhibit solid-like properties, as well as
liquid-like properties. For example, while gel polymer electrolytes
behave more similar to liquid electrolytes, dry solid or composite
polymer electrolytes have more similarities with solid electrolytes
(like the SIC polymer electrolyte discussed in Application: Single-
Ion Conducting Block Copolymer section). The Venn diagram
shown in Fig. 10 illustrates the specific properties of solid

electrolytes, polymer electrolytes and liquid electrolytes, and high-
lights their commonalities.

Recently, our working group has develoged transport theories for
highly concentrated liquid electrolytes,*>*’~" and for inorganic solid
electrolytes.**>> However, these theories are limited to either
viscous materials, or elastic materials, and thus constitute mutually
exclusive descriptions which renders the description of viscoelastic
materials, e.g. polymer electrolytes, insufficient. Our polymer theory
bridges this gap and provides a description for such materials.

All three transport theories are based on the framework of
rational thermodynamics (RT). Thus, they are derived from the
same universal assumptions and share a common rationale. This
facilitates the comparison of the three transport theories. In RT, the
focal quantity is the Helmholtz free energy, which comprises
material-specific properties. As consequence, the three transport
theories can be differentiated via their model free energy.

From a mechanical perspective, solid electrolytes can be de-
scribed as elastic materials. This implies a functional relation
between the exertion of stress and the deformation (strain), which
is taken into account in the model free energy. Our model describes
anions as stationary lattice structure, while cations and vacancies are
mobile. The immobile anions do not contribute to the mixing free
energy. However, the sum of cations and vacancies has to be
constant, which is a constraint not generally applicable to liquids
electrolytes.

In contrast to solids, liquid electrolytes exhibit a relation between
the exertion of stress and the rate of deformation (rate of strain). This
accounts for viscous stresses and momentum dissipation. Our
transport theory for liquid electrolytes satisfies a kinematic con-
straint on the volume fractions, and gives a prediction for the
convection velocity in incompressible electrolytes. Convective
effects due to local volume fluxes and surface reactions are
important in multicomponent liquid electrolytes with high amount
of salts. Here, all electrolyte species are mobilized and thus
susceptible to convection and diffusion, and, if they carry charge,
migration.

Finally, we put our model for polymer electrolytes into perspec-
tive. Our derived polymer electrolyte model comprises liquid-like
properties. For example, our polymer description does include the
motion of the polymer matrix as convection, since this is an
important consideration when obtaining transport parameters from
measurements.*”3"*? Furthermore, because transport processes on
the molecular scale depend on the segmental mobility of the polymer
chains,?® we assume the polymer electrolyte to be incompressible.
However, our polymer model does not include viscous forces, which
are typical for liquid electrolytes. In addition, our model comprises
also solid-like properties. For example, it allows for the description
of mobile ion species and of immobilized ion-species, where the
cation moves relative to a stationary and negatively charged back-
ground (as is the case for SIC/EC electrolyte in Application: Single-
Ion Conducting Block Copolymer section). This is typical for
inorganic SEs. Our polymer model also includes mechanical aspects
(isotropic elasticity of the polymer matrix), which are typical for
solid electrolytes.

Altogether, our polymer electrolyte model constitutes a middle
ground, where deformations of the polymer play a role for transport,
but are negligible for materials with a high elastic modulus (cf. the
section Validation: Simulation of a Li Cell With Polymer Based
Electrolyte).

Conclusions

In this work, we have derived a continuum transport model for
polymer electrolytes using the thermodynamically consistent mod-
elling approach already introduced for liquid and solid electrolytes
as well as for ionic liquids.*****>>> With this approach, we were
able to derive a transport model that couples electro-chemical with
mechanical processes while also including convection. The inclusion
of thermal and viscous processes is straightforward. The formulation
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with respect to the polymer reference-frame made it simple to
include the necessary transport parameters from other sources.

We validated our model with results from experiment and the
“standard” concentration solution theory for the “benchmark”
polymer electrolyte PEO/LiTFSI. We could show that our approach
is able to reproduce the thermodynamic behavior of the electrolyte
system without the need for an empirical thermodynamic factor or
activities. We also investigated a novel single-ion conducting
polymer electrolyte. We showed that changes in single transport or
material parameters have only negligible influence on the resulting
concentration polarization for nearly single-ion conducting mate-
rials. Furthermore, we rationalized the occurrence of concentration
polarization in polymer-based electrolytes, and derived an analytical
description thereof.

The transport model presented in this work captures the behavior
of polymers with very different properties. It serves as a valid
framework to model the behavior of the vast range of polymer
electrolytes and can fill the gap of materials treated by the already
developed models for highly concentrated liquid electrolytes and
ionic liquids, and inorganic solid electrolytes. Additional material
processes and properties can be included by choice of a suitable free
energy model. This supports the rational design of polymer electro-
lytes for novel high-performance batteries.
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