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Simulation of the water mass transport in electrodes during post-drying and
moisture management of Li-ion battery production via the Two-Scale-Model

Thilo Heckmann, Philipp Barbig, Anh Thi Pham, Jochen C. Eser, Philip Scharfer, and Wilhelm Schabel

Thin Film Technology (TFT), Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany

ABSTRACT

The moisture content of the material inside a lithium-ion battery (LiB) cell is a critical parameter
for safety and performance of LiBs. Post-drying or final drying prior to filling the cell with electro-
lyte reduces the water content within the cell to an appropriate level, while moisture manage-
ment aims to control the water content along the production chain. In both cases, the sorption
of water in the composite structure of the porous electrode is the physical phenomenon that
must be understood to design and adjust process parameters for post-drying and moisture man-
agement. It is our hypothesis that this sorption of water in the electrode can be simulated with a
phenomenological mass transport model on two scales. Therefore, we introduce the Two-Scale-
Model which couples the mass transport on micro scale (e.g., the polymeric binder phase of the
electrode) and macro scale (e.g., the gas phase inside the electrode). Experimentally, a magnetic
suspension balance refitted to measure vacuum drying curves with a customized sample holder
provides validation data. The results of the Two-Scale-Model show that the mass transport on
micro and macro scale can be characterized by the diffusion times of micro and macro scale. The
Two-Scale-Model is theoretically validated by comparing its boundary cases with one-dimen-
sional mass-transport models and experimentally validated by comparing the simulation results
to experimental data. It is successfully applied to desorption of water from a LiB anode, which
shows that the differentiation between micro- and macro-scale sorption is a feasible approach to
describe the water mass transport in a LiB anode.
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Introduction Several sorption mechanisms and associated kinet-
ics occur during the interaction of an electrode and
its components with the atmosphere of the production
environment.[*'>'*"18 Both physical and chemical
sorption occur in the components of LiB.[10:19:20]
Understanding these mechanisms is necessary to pre-
dict the interaction of LiB components and atmos-

phere. The mass transports that may kinetically limit

Lithium-ion batteries (LiBs) are prone to degradation by
water and other species of the production atmosphere,
which are carried into the cell via sorption processes
during production and as residual solvent in case of
water-based processing.'™) Moisture management and
post-drying are measures to control the water uptake

and mitigate this degradation during the production of
LiB. The mitigation strategy of these measures is situat-
ing the production of LiB-electrodes in demand-oriented
conditioned environments.""*®) Providing these envi-
ronments during mass production is energy demanding
and cost intensive, and therefore increases the ecological
footprint of the life cycle of LIB.”
moisture management and post-drying demand-oriented
requires a precise understanding of the occurring phys-
ical phenomena'®®*3 and is essential to reduce cost

Designing the

and ecological footprint of the life cycle of LiB.

the sorption of LiB components are crucial to assess
severity of exposure to critical atmospheres and
designing a demand-oriented moisture management
and post-drying.[®!

The sorption and its mass transport of water inside
an electrode during production have been addressed
by many studies. Eser et al. showed that specifically
the anode binder carboxymethyl cellulose (CMC)
absorbs large quantities of water compared to other
components of this electrode."™") In an additional
study, they examined the mass transport of water
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inside this polymeric binder via experiments and
simulation.'"?! Huttner et al.'! proposed a post-drying
routine based on approximations of the desorption
processes about the drying time of a vacuum drying
in coil format. Kosfeld et al.!'®! investigated the kinet-
ics of water in electrodes and separator from an
industrial perspective, proposing a post-drying strat-
egy individual for anode, cathode, and separator. Stich
et al.l’!! measured water uptake kinetics of electrodes,
providing an overview for various electrodes.
Heckmann et al. compared different binder systems
regarding their effect on vacuum coil post-drying and
evaluated gas phase resistances during this pro-
cess.'#??l The aforementioned studies either provide
insight into individual kinetics of electrode post dry-
ing or describe the mass transport during post drying
as one mass transport. The scope of this study to pro-
pose a mass-transport model that accounts for the
individual mass transports inside the composite struc-
ture of a LiB in one model.

It appears plausible that the mass transport of, for
example, water in an anode during the post drying
in coil format is affected by multiple individual mass
transport resistances on different lengths scales. The
lengths scales could be the mass transport of water
in the polymeric binder CMC as a micro scale.
Compared to this micro scale the mass transport of
water through the gas phase of the porous structure
of the anode could be the mass transport on macro
scale. The polymeric binder, for example, was esti-
mated to have an average thickness ranging from 0.1
to 1 um.m] In contrast, the mass transport through
the porous structure of an electrode spans in the
centimeter range, in certain process steps.!®'®) We
hypothesis that the different length scales of the
mass-transport resistance in every component require
at least a two-scale simulation to account for the
geometry of an electrode. These two scales are a
micro and a macro scale. This study aims to consoli-
date available research into a suitable mass-transport
model of water inside an electrode that incorporates
the individual mass-transport resistances in various
geometries. This mass-transport model covers post-
drying and exposure of free-standing electrodes as
well as electrodes in coils and stacks. Post-drying
experiments from a magnetic suspension balance
with a model anode serve as validation for the simu-
lation. The model is universally derived for an elec-
trode structure with various sorptives; however,
experiments and simulation are carried out for one
model anode with a polyvinylidene fluoride (PVDF)
binder system and water.

Materials and methods

Materials

Anodes of LIB served as sample for the post-drying
experiments. PVDF anodes were prepared according
to Jaiser et al.**

Simulation

The partial differential equation (PDE) solver
“DO3PPF” from the Numerical Algorithms Group
Library (NAG, Oxford, United Kingdom) solves the
PDEs on micro and macro scale. The PDEs on
micro scale are manually discretized over the space
coordinate x and solved as a system of ordinary
differential equation. The numerical solution of the
PDEs on micro scale is conducted by the method of
lines.**!

Experimental setup

A sorption apparatus with a magnetic suspension bal-
ance (TA waters GmbH, Germany) measures the
experimental data. This apparatus can operate with
the pure vapor method after Schabel'®'*?*! and a
vacuum drying mode."*?*) The experiments of this
study were performed with a modification for the vac-
uum drying mode according to Figure 1(a): Glass
spheres (diameter 4 mm, Carl Roth GmbH & Co. KG,
Germany) increase the pressure drop at the bottom of
the measurement cell. Furthermore, the glass spheres
spread the gas flow into the measurement cell from
the cross section of the inlet pipe to the cross section
of the measurement cell. Therefore, the glass spheres
homogenize the flow field inside the measurement cell
and stabilize the mass signal of the scale.

Experimental procedure

One vacuum-drying experiment consists of several
consecutive steps. At first the sample is dried at 90°C
in dry nitrogen (dew-point temperature: > —60°C) to
determine the dry mass of the sample. Subsequently,
the sorption apparatus is operated with the pure
vapor method, which creates an atmosphere with a
relative humidity of 55%. The sample absorbs water
according to the water activity of this atmosphere.
Once the sample reached its sorption equilibrium
with the surrounding atmosphere, the vacuum drying
mode can be initiated by engaging the vacuum pump
and nitrogen flow. The mass of the sample is moni-
tored during this entire procedure. Therefore, the dry
mass of the sample, the initial loading before vacuum
drying, and the time-resolved vacuum-drying curves
are obtained.
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Figure 1. (a) Experimental setup in vacuum drying mode consists of a sorption cell and a magnetic suspension balance. Yacuum
pump, needle valve, glass spheres, and mass flow controller facilitate the perfusion at various pressures. (b) Electrode stack as sam-
ple for the desorption experiments. Aluminum plates (gray) compress the electrodes. The copper foil (orange) acts as a diffusion
barrier, navigating the mass transport according to the arrow. The short side of this stack is open for mass transport.

Sample

The sample configuration was developed for this study
to mimic the mass transport inside a coil or electrode
stack while being light enough to operate below the
weighing limit of the magnetic suspension balance. A
stack of anodes made with a PVDF binder system
serves as sample for the post-drying experiments. The
sheets of the electrodes were cut, folded, and aligned
to form a stack. This stack is closed on the long side
and has a phase boundary (porous electrode - gas
phase) on the short side (compare Figure 1(b)). This
configuration maximizes the mass-transport distance
through the porous structure for molecules either
sorbing or desorbing from the sample. The stack of
anodes was placed and pressed between two alumi-
num plates. The thickness of the electrode stack must
be equal to the combined thickness of all the stacked
electrodes. The aluminum plates were perforated to
reduce weight while maintaining structural integrity
(not shown in Figure 1(b)). This configuration assures
that molecules must be transported through the por-
ous electrodes.

Simulation model

Figure 2(a) shows the electrode stack that is used as
a sample in this study and the boundary conditions
that are applied during the simulation of the vac-
uum drying of this electrode stack. A cross section
of an electrode sheet that is enclosed in the elec-
trode stack is shown in Figure 2(b), which outlines
the two-dimensional structure of an electrode. The
gas phase in the porous structure is the mass-trans-
port resistance on macro scale (mass-transport

distances ~cm for post-drying in coil format).!®!!

Along this macro scale, many sorption phenomena
on micro scale occur, eg. in the binder phase
(mass-transport distance ~ pm)."? Sorption phe-
nomena on micro scales act as source terms for the
mass transport on macro scale, distributed in mass-
transport direction on macro scale. This configur-
ation is comparable to sorption in a porous struc-
ture with inter- and intra-particle mass-transport
resistances.”®! The proposed simulation model incor-
porates the influence of sorption on micro and
macro scale on the overall mass transport of water
in an electrode. This simulation is applicable to roll-
to-roll, coil, and stack post-drying as well as to the
simulation of water sorption during production. The
processes described by the simulations in this study
are considered isothermal. The electrode considered
in this paper is the anode.

The Two-Scale-Model couples transient mass trans-
port on micro and macro scale that are represented
by one-dimensional PDEs. The mass transport on
macro scale, discretized along the z-axis, has its mass-
transport direction along the long side if the electrode
stack (compare Figure 2(c)). Between every two mesh
points on macro scale, a PDE, representing mass
transport on micro scale, couples as a source term
into the mass transport on macro scale.

A mass balance of water in the electrode provides
the basis for the mass-transport calculation on micro
and macro scales. The balance domain is subdivided
into micro and macro scale as well as solid and gas
phase on the macro scale. The solid phase on macro
scale refers to the graphite and carbon black particles.
The only relevant mass transport in z-direction is
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Figure 2. (a) shows the electrode with applied boundary conditions (b,c) at the mirror axis (dash-dot line) and the phase bound-
ary. (b) shows the cross section of one electrode sheet from within the electrode stack enclosed in between orange copper foil
(sample preparation compare Figure 1). Possible mass-transport phenomena on macro and micro scale are depicted in the elec-
trode structure schematically. The mass transport can be abstracted by a two-scale simulation mesh, shown in (c). The simulation
mesh on the macro scale is represented by the interrupted arrow in red. Mesh points range from 1 to n, and are unevenly distrib-
uted to stabilize the simulation close to the phase boundary, where concentration gradients are steep. The simulation mesh on
the micro scale is represented by the interrupted arrows in blue. Mesh points on micro scale are also unevenly distributed and

range from 1 to ny. This simulation mesh is the basis for the Two-Scale-Model discussed in this study.

assumed to be gas-phase mass transport through the
porous structure of the electrode.!'%'*!

O0Ci Ma,g OCi Ma s) OCi mi
O e 222128 | (1 — g) 22 Mas 1 — @) =M
<s 5 T (1-¢) 5 +( ) T
macr;rscale micr;rscale
a aCi Ma, g
=D oDy g e
¥ 0z "M,

macro scale
(1)

The indices are: i — sorptive, g — gas phase, s —
solid phase, Ma — macro scale, and Mi - micro scale.
The variables ¢ and z represent time and space coordi-
nates on macro scale. The concentration is c¢. D; y, is
the diffusion coefficient of the solvent i, water in the
gas-phase in the porous structure (macro scale). The
time derivative, or accumulation term, is divided
according to the phases inside the electrode (compare
Kirger®®). The quantities ® and ¢ denote the volume
fractions that distribute the phases in the simulation
domain. The porosity ¢ distinguished gas and solid
phase on macro scale. @ indicates the volume distri-
bution of the micro and macro scale (similar concept
as the porosity). The mass transport on micro scale of
the anode is a source term in the PDE on macro scale.
If ® =1, there is no mass-transport resistance on
micro scale. The mass transport on macro scale pre-
dominately occurs in the gas phase (omitting possible
surface diffusion on the solid phases) and in the poly-
meric binder. Equation (2) shows the PDE:

Jc; oc;
D (F KSorption,Ma M + (1 - 8) LM“J)

ot ot
8ci, M,’(Z)
FU-0=5
0 8c,~ a,s
=0 ¢ KSorption,Ma EDi,Ma % (2)

For the simulation of the drying experiment with
the electrode stack, D, is approximated with a
model that includes molecular diffusion and Knudsen
diffusion based on the Knudsen number of the gas
phase in the porous structure on macro scale. This
model for the diffusion coefficient was validated on a
similar structure (for details see'*)) and adapted to
the electrode structure via its porosity and mean pore
diameter along with process parameters pressure and
temperature. The porosity is calculated from the solid
density of electrode and the weight of an electrode of
know size and weight. The mean pore diameter of the
porous structure was approximated by 2.5um based
on experimental data from mercury intrusion pore
size analysis. A linear sorption equilibrium describes
the sorption of water on the solids at the gas—solid
interface on macro scale. The sorption constant
Ksorption,ma ~ correlates the water content of the solid
phase to the water content of the gas phase. This is a
simplification because the sorption equilibria of water
in battery material are complex.!"! This simplification
is necessary to have constant diffusion times and pro-
portionality constants, which allows comparing the
results of micro and macro scale mass transport.



Nevertheless, the non-linear sorption equilibria can be
incorporated into the PDEs as the PDEs are numeric-
ally solved.['*] Ksorption, mi (shown in Equation 5) is the
sorption constant that correlates the water content on
macro scale to the water content on micro scale.

In summary, the following physical quantities
required for the Two-Scale-Model are experimentally
determined for the comparison of the simulation results
to the experiments: Sorption constants, porosity on
macro scale, mean pore diameter macro scale, mass
transport distance on macro scale. Based on these quan-
tities, the tortuosity and diffusion coefficient on macro
scale are modeled. The value of mass-transport parame-
ters on micro scale are fitted to the drying experiment,
which is discussed in the results section.

The linear sorption equilibrium is assumed to
adjust immediately at every mesh point. The term
containing the time derivative of the sorptive loading
on micro scale is the source term that couples micro-
scale and macro-scale equations. The PDE of the dif-
fusion of sorptive on micro scale is given in Equation
(3) as follows:

0Ci,k,Mi<Z):i Di v Ok, mi
ot axk o axk

(3)

The nomenclature follows Equation (1). xx is the
space coordinate on micro scale, indexed by k - the
number of PDE on micro scale distributed on macro
scale. D; ) is the diffusion coefficient of water in the
polymeric binder (micro scale). Both PDEs are
numerically solved. The zero-gradient boundary con-
dition applies to position 0 on macro scale due to the
configuration of the sample holder (compare Figure 2).
The simulation domain ranges from the middle of the
anode stack to the phase boundary at the short edge
of the anode stack in mass-transport direction (com-
pare Figure 2). Therefore, the middle of the anode
stack can be considered as a mirror axis. The
Dirichlet boundary condition (fixed value) applies to
the phase boundary of the anode stack. The simula-
tion domain of the mass transport on micro scale is
more abstract and represented by an effective simula-
tion domain on micro scale. The idea is to approach
the mass transport of the water in e.g., the complex
binder matrix inside an electrode with an effective
mass-transport distance. The boundary conditions
applied to this domain are the zero-gradient boundary
condition on side and the fixed-value boundary condi-
tion on the other side of the domain, where micro
and macro scale are coupled. The PDE on macro scale
is discretized on the z-axis with #n, number of mesh
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points. Between every two mesh points of the z-axis
an individual PDE on micro scale is discretized, which
results in a total of n, —1 PDEs on micro scale and
one PDE on macro scale. The number and position of
the mesh points are determined by an algorithm that
takes the mass-transport distance on each scale into
account. The algorithm generates a non-equidistant
mesh, with smaller mesh-point distance at the phase
boundary where the concentration gradients are steep.
The PDEs on micro and macro scale share the same
time axis, which couples the PDEs. The number of
mesh points and other physical quantities used for the
simulations for each of the figures in the results sec-
tion are listed in the supporting information.

Results and discussion

The Two-Scale-Model, coupling mass transport on
macro and micro scale of the composite structure of an
electrode, is proposed to describe the transport of e.g.
water inside a battery electrode during moisture man-
agement and post-drying. Figure 3 shows three configu-
rations of mass-transport resistances on macro and
micro scale and their arrangement inside an electrode.
The resistances vary in significance, indicated by arrow
weight relative to each other. In the following, the mass
transport of water in an anode is considered.

Configuration (a) shows the case where the limiting
mass-transport resistances inside the electrode is the
one on micro scale. This could be the case for an elec-
trode with a CMC/styrene butadiene rubber (SBR)
binder system (compare Eser et al.'?!) and for free
standing electrodes. Configuration (c) is the opposite
of (a) where the restricting mass transport is the one
on macro scale. This could be the case in coil-format
post-drying. In configuration (b), the mass-transport
resistances on both scales are in the same order of
magnitude and mutually affect the mass transport of
an electrode. In this case, it is hypothesized that mass
transport on both scales must be considered in a
model which couples the mass transport on micro
and macro scale to predict the mass transport of e.g.,
water in an anode correctly.

The diffusion times on micro and macro scale
show which scale determines the mass transport inside
the electrode structure. The measure “diffusion time”
of mass transport on micro scale (3) and macro scale
(4) is proposed with mass-transport parameters as fol-
lows:

2

Tmicro = R (4)
Di,micro
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Figure 3. Schematic of mass-transport resistances on macro and micro scale inside the composite structure of a battery electrode.
Depending on the water uptake mechanisms on macro and micro scale and the process parameters (pressure, temperature, etc.)
either one or both scales affect the mass transport inside the battery electrode. The diffusion times Tmacro and Tmicro quantify the
mass-transport kinetics. Comparing the diffusion times shows whether the mass-transport resistance on either the macro or micro
scale is dominant. (a) shows the case where the mass transport on micro scale determines the mass transport of an electrode. (c) is
the opposite. (b) shows the case where the mass transport on macro and micro scale affects the mass transport of an electrode.

This equation omits the mass transport on macro
scale entirely. D; micro is the diffusion coefficient of
component i on the micro scale (in this case the poly-
meric binder matrix). smico is the mass-transport dis-
tance on micro scale. If the micro scale is the binder
matrix of the electrode, spico would be the thickness
of the binder. This thickness of the binder structure is
a distribution and to our knowledge difficult to deter-
mine. Based on previous studies, the thickness is in
the nanometer to micrometer range.””! In this case,
Smirco could be approximated via a representative
binder thickness.

The diffusion time on macro scale must include
the water that is present on micro scale. Because of
the configuration of an electrode, water desorbing on
micro scale affects the mass transport on macro scale.
The mass transport on only the macro scale can be
derived from Equation (2) by neglecting the mass
transport on micro scale. This means that the
mass transport on micro scale is fast compared to the
mass transport on macro scale. Therefore, the water
concentration on micro scale is not a function of the
space coordinate on micro scale x and can be con-
verted via the sorption constant (Ksorption, Mi-
CiMas = Ci,mi)- The water on micro scale is included
in the accumulation term of Equation (5) with the
respective sorption constant. The diffusion time Tp,cro
is then given in Equation (6).

oc;
[(D : (‘o : KSorption,Ma + (1 - ?)) + (1 - (D) ' KSorptiOn,Mi} . ( 1)61\:“,5>

=® 82Ci,Ma,s
- cE KSorption,Ma . Di,Ma : T (5)

[(I) ' (8 ' KSorption, Ma T (1 - 8)) + (1 - (D) ' KSorption, Mi} . 512\/Iacr0

Apart from the transport parameters (diffusion coeffi-
cient and transport distance), volume fractions and sorp-
tion coefficients must be included. sy, is the distance
a water molecule must travel to exit the electrode. For
the experiment of this study, halve the distance of the
electrode stack, compare Figure 1(b) (centimeter range).
® is the volume distribution between the macro and
micro scale, ¢ is the porosity on macro scale. Linear
sorption equilibria describe the sorption equilibria at the
phase boundaries using the sorption constants
Ksorption,Ma (solid-gas interface on macro scale) and
Ksorption, mi (interface micro and macro scale).

Boundary case: macro scale controlled

For a defined mass-transport resistance on macro
scale, the fastest desorption of water from the elec-
trode is possible, if the mass transport on micro scale
is neglectable. The following theoretical consideration
compares solutions of the Two-Scale-Model with vari-
ous diffusion times to the solution of the PDEs with
the mass-transport resistance purely on the macro
scale. The diffusion time on macro scale is constant
and the same as in the simulation of pure macro
scale. The diffusion time on micro scale is either the
same as the diffusion time on macro scale or deviates
by a factor of 10 and 0.1. The solution of the PDE on
macro scale (Equation 2) without any mass-transport
resistance on micro scale marks the fasted desorption
(no Tasireo). This solution of the PDEs with the mass-
transport resistance purely on the macro scale is
equivalent to the simulation of the one-dimensional

Tmacro =

(6)

D¢ KSorption, Ma * Dimacro




diffusion equation. Figure 4 shows these results for a
volume distribution between micro and macro scale
of 50:50. The mass transport parameters for this simu-
lation are given in the SI. The water is equally distrib-
uted on both scales.

Figure 4 plots the overall concentration of water in
the electrode over time. The desorption starts at C,,

= Pure macro scale
= Two-Scale-Model

Cw, 0

Tmicro >> TMacro

TMicro = TMacro

in electrode / mol / m?
®)
N =
o
T

TMacro > TMicro

Overall water concentration

/1

NO TMmicro

CW, [ .

Time / min

Figure 4. Solutions of the Two-Scale-Model for a desorption
from Cy,0 to Cy,oo (exact values, see Sl). Tmico Vvaries. The
boundary case of a pure macro scale desorption shows the
desorption according to Equation (2) without a mass-transport
resistance on micro scale (N0 Tmiqo). The solutions of the Two-
Scale-Model show results with 7o that is either larger by
factor 10 compared to, smaller by factor 0.1 compared to, or
equal to Tmaco. With decreasing Tmico, the Two-Scale-Model
approaches the pure macro-scale solution, which shows that
the Two-Scale-Model replicates this boundary correctly. The
solution of the Two-Scale-Model with increased 7pyiqo does not
reach Cy,~, within the plotted time frame.
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and equilibrates at C,, .. The solution of the bound-
ary case “pure macro scale” and the solutions of the
Two-Scale-Model are plotted in red and black,
respectively. The diffusion times for each solution are
directly linked to the individual graphs. Tmacro >
Tmicro: If the diffusion time on micro scale is 10-times
smaller than the diffusion time on macro scale, the
simulation of the Two-Scale-Model approaches the
solution of Equation (2) without a mass-transport
resistance on micro scale (N0 Tmico). For this and
larger ratios of the diffusion times, the mass transport
of water inside the anode can be approximated with
the PDE of pure macro scale.

The solution of the Two-Scale-Model for Tmacro &
Tmicro €Xhibits a curve-shape that deviates from the
boundary case with no Tpio. A pure macro scale
simulation with a single constant diffusion coefficient
cannot reproduce the solution of the Two-Scale-
Model for Tmacro & Tmicro (this matter will be further
addressed below). This shows that the Two-Scale-
Model is necessary to replicate the desorption cor-
rectly if macro and micro scale both influence the
mass transport of water in the anode. The solution of
the Two-Scale-Model for the desorption with
Tmicro = Tmacro d0es not equilibrate in the plotted
time frame. This desorption curve transitions into a

. . . G .
nearly linear degression after surpassing ~3*, which

is the concentration of water on micro scale.
The desorption of the first halve of the water con-

C'z“"’) is less affected

by the variation of the diffusion time on micro scale
than the second halve of the water concentration in

centration in the electrode (above

the electrode (below %) This shows, as expected

from Equation (2), that the mass transport of water
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m
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TMacro > Tiicro
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on macro and micro scale / mol / m*
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Time
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Figure 5. Solutions of the Two-Scale-Model for a desorption from Cy, ¢ to Cy, » from Figure 4. The gradients of the water concen-
tration on macro and micro scale are indicated by the colored areas. The extent of these gradients shows whether the mass trans-
port on macro scale or the mass transport on micro scale dominates the mass transport of water in the electrode. (a) shows the
concentration gradients of solution Tmicro >> Tmacro With large concentration gradients on micro-scale and compared to the concen-
tration gradients on macro scale. Concentration gradients on both scales develop for Tyicro & Tmacro (b). The only visible concentra-

tion gradients in (c) are the ones on macro scale.
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Figure 6. Solution of the Two-Scale-Model for a desorption of
the PDVF anode with Ticro & Tmacro and the solution of pure
macro scale (N0 Tmico). The water is distributed among the
macro and micro scale according to the pie chart. Electrode
composition and water distribution are adapted from literature.
The color bar indicates the normalized concentration gradient
intensity on micro scale. Blue indicates that the concentration
gradients are developed. Both desorption curves propagate
alike. The solution of the Two-Scale-Model deviates from the
pure macro scale solution after one hour. Overall, the effect of
the mass transport on micro scale is small compared to
Figure 4.

on macro scale does not strongly depend on the
mass-transport resistance on micro scale.

These results show that the shape of the desorption
curve yields information about the diffusion times
inside the electrode given the arrangement of the
scales as shown in Figure 2 is plausible. If the desorp-
tion data resembles the desorption data simulated
with one mass-transport resistance, the mass transport
on either micro or macro scale dominates the mass
transport of water in the electrode. If the sorption has
a clear deceleration and transitions into a linear, the
mass transport on micro and macro scale contributes
to the overall mass transport. Numerically, the solu-
tions of the Two-Scale-Model for Tmacro ~ Tmicro and
Tmacro <& Tmicro cannot be reproduced by a one-scale
simulation with a constant diffusion coefficient. If the
diffusion coefficient changes the simulated desorption
is stretched or compressed along the x-axis but does
not change shape.

The boundary case for pure micro scale desorption is
provided in the SI. The diffusion time on macro scale is
either the same as the diffusion time on micro scale or
deviates by a factor of 10 and 0.1. The solution obtained
from the Two-Scale-Model for these three cases are
compared to the solution of the one-dimensional diffu-
sion equation on micro scale. The results are like the
results in Figure 4 - the solution of the Two-Scale-

Model with Tpacro <€ Tmicro approaches the pure micro
scale solution, which shows this boundary case can also
be replicated with the Two-Scale-Model.

Gradients of the water concentration during the
pure macro scale boundary case

Concentration gradients develop during transient
mass transport and describe the difference of the con-
centration of the transported species between two
boundary interfaces. In the solution of the Two-Scale-
Model, gradients of the water mass transport in an
electrode develop on macro and micro scale. These
gradients indicate how strongly mass transport on
either the macro or micro scale affects the mass trans-
port of water in the electrode. Figure 5 visualizes the
gradients of the water concentration on macro scale
in red and on microscale x3, in blue. Microscale x3 is
the set of PDEs on micro scale that is located furthest
away from the phase boundary of the electrode (com-
pare Figure 2). Due to its location this set of PDEs is
affected last by a concentration change at the bound-
ary of the electrode.

The plots (a), (b), and (c) of Figure 5 show the con-
centration gradients of the three solutions of the Two-
Scale-Model from Figure 4. The water concentration on
micro and macro scale is plotted over time. C, o refers
to the concentration on the respective scale before
desorbing to C,, . For the desorption of the model
anode, the sorption constant that describes the phase
boundary is one, which allows the comparison of the
results on the same y-axis. Therefore, the concentration
on macro and micro scale are equal at the phase bound-
ary. The colored solid lines mark the average water con-
centration on the scales (macro scale, red; micro scale
Xo, blue). The average water concentration on macro
scale (solid line) is the spatial average across the simula-
tion domain plotted over time on the x-axis. The aver-
age water concentration on micro scale (solid line) is
the spatial average across the simulation domain xy,
which is the simulation domain on micro scale located
close to the mirror axis (zero-gradient boundary condi-
tion, compare Figure 2). The colored areas show the
extent of the concentration gradients on each scale plot-
ted over time on the x-axis. The concentration gradients
are represented by the minimal and maximal concentra-
tion of the simulation domain (macro scale, red; micro
scale x, blue).

Plot (a) shows the concentration gradients of the
Two-Scale-Model for Tmicro > Tmacro- The concentra-
tion gradients on macro scale (red area) develop in
the beginning and equilibrate in the first quarter of



the plotted time frame. The concentration gradients
on micro scale (x3, blue area) border the concentra-
tion gradients on macro scale because of the boundary
conditions of the Two-Scale-Model. The concentration
gradients on micro scale develop and remain devel-
oped over the considered time frame, confirming that
the mass transport on micro scale is responsible for
the extended desorption time calculated by the Two-
Scale-Model for Tmicro = Tmacro-

Plot (b) shows the concentration gradients of the
Two-Scale-Model for Tpico & Tmacro. CoOncentration
gradients on macro and micro scale develop and
appear balanced over the plotted time frame. This cir-
cumstance indicates an influence of the mass trans-
port on both scales on the overall mass transport of
water in the electrode.

Plot (c) shows the concentration gradients of the
Two-Scale-Model for Tmicro < Tmacro- The concentra-
tion gradients on macro scale develop to a larger
extent compared to plot (a) and plot (b). The concen-
tration gradients on micro scale follow the maximum
concentration on macro scale without developing any
concentration gradients. This indicates that the mass
transport on micro scale does not affect the overall
mass transport of water in the electrode. The observa-
tion agrees with the findings from Figure 4, where the
Two-Scale-Model for Tpicro <K Tmacro returns the same
solution as the pure macro scale simulation.

Applying the Two-Scale-Model to the desorption
of a PVDF anode

Experimental studies show that the binder system
influences the sorption of the anode significantly.!'*?!
The CMC/SBR binder system absorbs more water
than the PVDF binder system. Therefore, PVDF ano-
des absorb less water than CMC/SBR anodes while
also having a different water distribution among its
components. The PVDF anode used in this study con-
sists of 5.5% PVDF and 94.5% active material (graph-
ite) and additives (carbon black). We hypothesize that
the kinetics of the desorption of the water absorbed in
the PVDF is the mass-transport resistance on micro
scale. Furthermore, the kinetics of the desorption of
the water adsorbed to the active material and carbon
black is the mass-transport resistance on macro scale.
The water distribution among the macro and micro
scale is simulated based on the model of weighted
sums after Eser et al.'” They showed that the
weighted sums of the water content in each compo-
nent of a CMC/SBR anode can approximate the water
content of the anode. The model of weighted sums
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was applied to the PVDF anode investigated in this
study based on literature sorption data.'**?! Figure 6
shows the water distribution in the anodes at the start
of the desorption in the pie chart (initial relative
humidity of 50%) and the simulation of the desorp-
tion according to the Two-Scale-Model. The following
results are from a simulated desorption of water from
the PVDF anode that is used for the experiments in
Figure 7 as well. The mass transport parameters of the
PVDF anode for this simulation are given in the SI.

The y-axis plots water content in weight parts per
million (wt-ppm) and x-axis time in hours. The pie-
chart within this plot indicates the water distribution
in the components on macro and micro scale at the
beginning of the desorption. The solution of the Two-
Scale-Model with Ty & Tmacro and the solution of
pure macro scale (N0 Tpicro) are shown. The color bar
indicates the normalized concentration-gradient inten-
sity micro scale. The normalized concentration gra-
dients are calculated on the micro scale that is located
furthest away from the phase boundary of the elec-
trode (compare Figure 2) by subtracting minimal and
maximal concentration for each time step and divid-
ing this difference by the initial concentration.

11 wt% of the water absorbed in the PVDF anode
can be attributed to the sorption of water in the
PVDF binder. The desorption of this water may be
restricted by the mass transport of water in the PVDF
and as such on micro scale (compare Figure 2). The
other 89% of the absorbed water can be attributed to
the active material of the anode. The desorption of
this water may be restricted by the gas-phase
mass transport of water through the porous structure
of the electrode, therefore on macro scale (compare
Figure 2). Both desorption curves propagate alike. The
intensity of the normalized concentration gradients on
micro scale of the Two-Scale-model peaks when the
deviation between the two curves is largest. This cir-
cumstance shows that the mass-transport resistance
on micro scale is responsible for this deviation. As the
water content in the anode approaches zero, the con-
centration gradients on micro scale faint.

The influence of the water mass transport on micro
scale on the desorption from the anode is largest if
the concentration gradients on micro scale are devel-
oped. In case of the water distribution in the PVDF
anode with Tyico & Tmacro, this influence is small
compared to for example Figure 4. Therefore, if the
diffusion times on macro and micro scale are similar
for the PVDF anode, the following experiment would
be predictable via the Two-Scale-Model and the pure
macro scale simulation.
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Comparing the Two-Scale-Model to experiments

A desorption experiment with a stack of PVDF ano-
des serves as the first verification of the Two-Scale-
Model. The geometry during this desorption experi-
ment resembles the mass transport that occurs during
post-drying in either coil or stack format. The simula-
tion of the desorption via the Two-Scale-Model is
based on following assumptions:

o The mass-transport resistance on macro scale is
the gas-phase of the porous electrode structure.

e The tortuosity of the porous structure is approxi-
mated via the correlation of Zehner-Bauer-
Schliinder.!**!

o The water distribution among macro and micro
scale is modeled according to the model of
weighted sums after Eser et al.['"!

e The initial water loading of the sample was
adjusted to the experimentally observed initial
water loading while maintaining the aforemen-
tioned water distribution among macro and micro
scale.

Porosity, mass-transport distance, and average pore
size are directly measured from the sample. The diffu-
sion coefficient of water on micro scale within the
anode is unknown. Therefore, the mass-transport
parameters on micro scale are adapted to best repli-
cate the experiment. This approach finds diffusion
times on macro and micro scale that describe the
experiment with the Two-Scale-Model. Figure 7 shows
two simulations and the results of the desorption
experiment.

This figure plots water content over time. The
markers show the experiment and the solid and
dashed lines the simulation via the Two-Scale-Model.
The time axis is shifted to plot negative time values.
The markers before time zero show the water content
of the anode stack prior to the desorption. The
desorption is initiated at time zero by constantly per-
fusing the surrounding of the sample with dry nitro-
gen. This perfusion results in a decrease of water
content in the sample. The water content drops below
300 wt-ppm within 15min and transitions into a
decelerated linear decrease.

The solution of the Two-Scale-Model without Tpjcro
suggests, similarly to the experiment, a fast decrease
in water content in the beginning. However, the tran-
sition to the linear decrease of water content of the
experiment is not predicted by this solution without
Tmicro- Lherefore, this solution predicts a faster drying
than experimentally observed. The solution of the

1500
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Figure 7. Comparison of an experimental desorption of
stacked PVDF anodes versus two simulated desorption curves
from the Two-Scale-Model. The simulations of the desorption
were conducted with two diffusion times on micro scale. The
mass transport resistance of water on macro scale is the gas
phase in the porous structure of the electrodes. The solution
of the Two-Scale-Model with no 7tnico suggests a faster
desorption than experimentally observed. This solution does
not show the linear desorption below 300 wt-ppm. The diffu-
sion time of Tmico = 17 - Tmacro best replicates the experimen-
tal desorption. This shows that the mass transport on macro
and micro scale of the Two-Scale-Model can replicate the
desorption of a PVDF anode stack.

Two-Scale-Model with Tmicro = 17 * Tmacro  SUgZeSts a
fast decrease in water content in the beginning like
the experiment and the solution without Tpico. The
solution with Tuyico = 17 - Tmacro  als0  expresses the
transition toward the decelerated linear decrease like
the experiment. The factor 17 was empirically chosen
based on visual comparison of the various simulation
results. The results show that the Two-Scale-Model
with adapted diffusion times can reproduce the
desorption observed in a PVDF anode stack more
accurately than a model with a single constant mass-
transport resistance.

However, the Two-Scale-Model with Tpico =
17 - Tmacro does not perfectly replicate the experimen-
tally observed desorption. Furthermore, Tmyicro =
17 - Tmacro may not be physically meaningful due to
the current assumptions of the Two-Scale-Model.
These assumptions could be responsible for the devi-
ation in the replication of the experiment by the Two-
Scale-Model. Material properties such as the sorption
equilibrium and a diffusion coefficient e.g., water in a
polymer are not linear and depend on the water con-
centration as opposed to the assumptions of this



study. Furthermore, it is very likely that the complex
microstructure of an electrode affects the mass-trans-
port distance on micro scale. These effects can numer-
ically be incorporated into the Two-Scale-Model, for
example via a Tpico that varies with the water concen-
tration on micro scale. These effects and mass-trans-
port parameters must be independently ascertained
before a physically meaningful incorporation into the
model is possible, which is the next step to a compre-
hensive validation of the Two-Scale-Model. At this
point, it is unknown which mass-transport resistance
is the dominant one on micro scale, which will be
addressed in succeeding studies. However, the general
applicability of the Two-Scale-Model was shown.

Conclusion

We propose the Two-Scale-Model for the simulation
of the mass transport of water inside the composite
structure of an anode, which occurs during produc-
tion of LiB electrodes. The theoretical and experimen-
tal applicability of the model was shown for the water
desorption from a model anode and a PVDF anode,
respectively.

The diffusion times (the fraction of the effective
diffusion coefficient and the mass-transport distance)
were derived from the PDEs to quantify the mass-
transport resistance on macro and micro scale.
Solutions of the Two-Scale-Model with varying diffu-
sion times on micro scale were compared to a one-
scale simulation to verify that boundary cases are cor-
rectly replicated by the Two-Scale-Model. The concen-
tration gradients that develop during the simulation
of the desorption confirm that the Two-Scale-Model
replicates boundary cases correctly. Furthermore, the
concentration gradients develop according to the dif-
fusion times, which shows consistency.

Applying the Two-Scale-Model to the water
desorption of a PVDF anode showed that at equal dif-
fusion times on macro and micro scale, the mass-
transport resistance on micro scale affects the desorp-
tion very little. However, the comparison of the Two-
Scale-Model to an experimental desorption shows that
the Two-Scale-Model replicates the experimentally
observed desorption best with Tpicro > Tmacro. This
shows that the Two-Scale-Model can describe the
desorption of water from this PVDF-anode stack,
while the solution of a one-scale model cannot repli-
cate the experimentally observed desorption. We can
therefore conclude that the Two-Scale-Model is suit-
able to simulate mass transport in the composite
structure of the LiB electrode as opposed to one-
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dimensional simulation approaches. A thorough valid-
ation of the Two-Scale-Model for anode and cathode
with various binder systems and sample geometries
should be addressed in further studies.
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