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Abstract

On of the major degradation processes in lithium ion batteries is the deposition of metallic lithium on the surface of
the active particles in the negative electrode. In this paper we present a fully 3D microstructure resolved simulation
of the influence of plated lithium on the cell potential during discharge depending on the amount and position of
plated lithium. Our simulations give insight on the most probable position of the first occurrence of plating within the
electrode depending on applied current and ambient temperatures as well as on the subtle local electric current dis-
tributions during stripping of plated lithium upon discharge. Specifically a stripping induced intercalation of lithium
ions in the supporting graphite material during discharge is discovered. This phenomenon, easily accessible to mi-
crostructure resolved simulations, leads to a violation of the relation between transferred charge during stripping and
the amount of plated lithium. As a consequence the amount of plated lithium cannot be uniquely determined from
the applied current and the length of the potential plateau during stripping. We show that the value and length of the
plateau depends on the amount of plated lithium, the fraction of the surface area covered by lithium and the applied
current.
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1. Introduction identify plated lithium were proposed using in-situ, ex-
situ or in-operandi measurement methods. The major
20 problem of these methods is, that they can either only
detect plated lithium indirectly (during discharge [18| 9]])
or with setups not applicable outside of a research en-
vironment (SEM [10]], optical microscope [L1]], neutron
diffraction [12]). Theoretical investigations and simula-
25 tions are hence of growing importance.

One of the major safety risks of lithium-ion batteries
is the occurrence of an electrical contact between the
two opposing electrodes, which potentially can lead to a
catastrophic thermal runaway as in the dreamliner event
[L] or at least to a highly unbalanced battery. The de-
position of metallic lithium on the surface of the anode
particles together with the initiation of dendritic growth

of lithium is the most probable cause for such a short Lithium plating is so far mostly modeled in the frame
circuit [2]. Instead of being intercalated in the anode of porous electrode theory [7,[13-16]] or on the base of
particles, the lithium begins under certain process and equivalent circuits [17]. In these two type of models the
environmental conditions to accumulate on the surface microstructure is only represented by morphological pa-
of the anode. Because of the similarity to electrodepo-  rameters as e.g. average porosity and tortuosity. Porous
sition [3]], this process in lithium-ion batteries is named electrode theory additionally accounts for the diffusion
lithium plating. The resulting metallic phase poses a in some representative particle for each volume ele-
huge safety hazard and can significantly reduce the cell ment. Inhomogeneities on electrode scale can theoreti-
durability and cycleability [4-7]. Various methods to cally enter in the form of spatially dependent morpho-

ss logical parameter, but are usually neglected. Modifi-
c . - cations like this might be important to investigate ex-
*Corresponding author: . . s .
Email address. Simon. Hein@DLR. de (Simon Hein) p;rlm.enta}lly observed non-uniform plated lithium dis
URL: http: //www.dlr.de/tt/en/ (Simon Hein) tribution in large pouch cells [18]. The role of the al-
'ISE member ways present local fluctuation of the electrochemical

Preprint submitted to Electrochimica Acta December 8, 2016



40

45

50

55

60

65

70

75

80

85

environment due to the underlying particle structure of
the electrode cannot be resolved within this approach.
Especially the appearance of a metallic film on single
particles, which drastically changes the electrochemical
situation locally and may lead to a potentially self ac-
celerating phenomenon is only accessible to a fully 3D
microstructure resolved modelling approach.

So far, spatially resolved Lithium plating as e.g. ob-
served in [11]] inside a 3D microstructure have not been
investigated theoretically. Models of dendritic lithium
deposition, only resolve single dendrites usually in ax-
ially symmetric approximation [19, 20]. In our paper
a first step towards the construction of a microstructure
resolved 3D plating model is taken. The approach is
split into two different parts. First we study the influ-
ence of operating conditions on the spatial distribution
of the onset of plating facilitating full-cell simulations
for different operating conditions. Then, the influence
of spatially distributed metallic lithium in a graphite an-
ode on the delithiation characteristics of a lithium ion
half-cell is investigated in detail. In the literature [9]
the usually observed stripping plateau in the cell poten-
tial is used to estimate the amount of plated lithium.
With our explicit simulation of the stripping process
on microstructure scale it is possible to test the as-
sumptions underlying the experimental investigations.
Specifically, we show that the length of the plateau not
only depends on the amount of plated lithium but also
on its spatial distribution and the detailed microstructure
of the anode, on which lithium is deposited.

2. Theory

2.1. Lithium intercalation battery - Thermodynamic
consistent transport model

In general a lithium intercalation battery consists of
three porous phases: a negative electrode, a separa-
tor and a positive electrode. The pore space of these
materials is filled with an electrolyte. In Fig. [I] the
microstructure of the lithium ion battery used in this
work is shown. The lithium ions are stored inside
the solid phase of anode and cathode. During charg-
ing/discharging operation the lithium is deintercalated
from the cathode/anode, transported through the elec-
trolyte inside the pore space and then intercalated into
the anode/cathode. The anode - cathode or through
plane direction (x-direction in our simulation) repre-
sents the full cell thickness and is resolved in all struc-
tural details. In lateral directions, insulating boundary
conditions are applied i.e neither electrical current nor
ions can leave the simulation domain in these direc-
tions. This boundary condition is an approximation and

90

95

Anode

Cathode

Current collector anode
OpOY3}BD I0J09[[00 JUSLIN))

Figure 1: Full cell microstructure of a lithium ion battery: The anode
(left/red) consists of graphite and the cathode (right/yellow) consists
of lithium manganese oxide (LMO). The separator is included as an
effective porous medium between the two electrodes. The anode is in
electrical contact with the negative current collector (far left/grey) and
the cathode with the positive current collector (far right/black).

neglects possible in-plane currents in lateral directions
at the boundary of the simulation domain. Due to the
statistical isotropy of the electrodes and the main poten-
tial drop in trough plane direction, this approximation is
justified. Artificial boundary effects due this boundary
condition are not observed in our simulation. The use of
periodic boundary conditions is not possible since the
cathode is a cut out of a larger structure and thus not
periodic. The electrical connection between the battery
and an external circuit is achieved by applied specific
boundary conditions to the current collectors. The neg-
ative current collector has a constant potential as bound-
ary condition, while the positive current collector has a
constant current flux for charging or discharging. An
applied constant potential is represented by setting the
cathode current collector to the desired cell potential
plus the potential of the negative current collector.

2.1.1. Basic transport model

The states of the lithium-ions inside the different
phases of the battery are described by the concentration
in the solid (cs,) and in the electrolyte (cg) and by the
electrical potential in the solid (®s,) and the electro-
chemical potential in electrolyte (¢g;). The time evolu-
tion of these variables is obtained by solving the mass
balance equation and charge conservation equation in
the different phases. These equations are given by Eq.
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O;cp1 = =V Ng 0icso = =V N5, )
0 =-V/jg 0=-Vjs
where N; is the particle flux in phase i
I,
Ng = —Dg Veg + VL. )
Nso = —Ds,Vcso
and j; the current density in phase i:
. 1-1t (0
Jei = —ke1V¢El + Kl 7 - (%:‘]1) Veg 3)

Jso = —05,VPs,

The two phases i are either solid (So) or electrolyte
(ED). Different materials (e.g. Graphite, LiPFg in
PC/EC/DMC, ...) are represented by their respective pa-
rameters (Diffusion coefficient D;, electrical/ionic con-
ductivity o/k;, transference number z,. and open circuit
potential (OCP) Uy).

The equations of the different phases are coupled by
interface conditions at their respective interface:

JEI " Bso_El = ISoEl

Jso * MSo—E1 = ISoEI

“)

ISoEI ISoEl
— Nso - Bgo-El = ——

Ngi - nso-E 7 7

with the area normal ng,_g; pointing from the solid into
the electrolyte and isop the interface current between
the solid and the electrolyte phase. A symmetric Butler-
Volmer-equation can be used to describe the intercala-
tion reaction,

. . . F
isoEl = 2 - igo \/CEI CSo (Crsn(?x - CSo) sinh (m : T]SOEI)

®)

Without additional side reactions, only anode-
electrolyte (An-El) and cathode-electrolyte (Ca-El) in-
terfaces have to be considered. The interface cur-
rents ian—g; and ic,—g; are modeled as symmetric Butler-
Volmer-equation (Eq. (3)) with different overpotentials
due to their different OCP and different kinetic prop-
erties. For more detailed information and explanations
about the underlying theory the reader is referred to
[211 22].

2.2. Reactions

To quantify the kinetics the proper overpotentials n
have to calculated. If side reactions as plating are added

125

Table 1: The definitions of the electrochemical potential of the differ-
ent involved species.

@pp electfica] potenFial in phas'e P

#; chemical potential of species i in phase p

ﬁip electrochemical potential of species i in phase p (w.r.t.a.r.)

cpf electrochemical potential of species i in phase p (w.r.t.1.)

For species i in phase p

wrtar. g = ,uf”e) +RT log (af’)

wrtar. [ =z F @+ ,uf’e +RT log (a?)
wrtar. fif =z F @, + ] (6)

Lithium ions in electrolyte
wrtar. fifl, = F ®g + s, (7)
wrtl gl = g - M @®)
Lithium ions in solid

wrtar [0, = F Dg + p?, . 9)
wrtl @5 = @, — Uy, with Uy = "2 (10)

w.r.t.a.r. - with respect to arbitrary reference
w.r.t.l. - with respect to lithium

not only solid - electrolyte overpotentials 1g,-g; as in
Eq. 5] for intercalation and plating but also solid -solid
overpotentials for lithium transfer from plated lithium
to intercalated lithium have to be considered. The two
intercalation reactions in a lithium-ion battery can be
written the following way:

oy
Lig = Liy,

Lyt
Li;, = Lig,

d-A)
-G

The two different side reactions at the anode, which
we will describe are lithium deposition from the elec-
trolyte onto the surface of the graphite (lithium plating)
and chemical intercalation of plated lithium. Since we
first want to develop the theory for reversible plating,
the formation of a solid-electrolyte-interphase will be
neglected.

4 - _.1:0
Lig, + ¢ = Lip,

-0 -0
Lip, — Lig,

(8D
(82)

with the index So representing graphite.

2.2.1. Intercalation
The overpotential of the intercalation reaction into
graphite ([-A) is given by

_ ~So ~El
F - Dintercalation = M — Hyi+

an



By changing the reference to lithium and with Eq. (8)
and (I0), we can rewrite it to

~ref ~ref ~El
—Hyp tHG T A

Li*
Tintercalation = Ds, — Uy - PE1

12)
13)

_ ~So
F- Mintercalation = My j+

A symmetric Butler-Volmer relation is used for the
exchange-current density:

. _ .0 .
Lintercalation = 2. Lintercalation sinh (B : nimercalation) (14)

with = 0
intercalation inter

F/(2RT)

\/cEl Cso (cglsx - CSO) and 8 =

2.2.2. Lithium Plating

During lithium plating a metallic film is deposited on
top of the surface of an electrode. The plating (deposi-
tion) and stripping (dissolution) of lithium is described
by the reaction in Eq. (SI). The reaction is thermody-
namically possible if the difference in the electrochemi-
cal potentials becomes negative. With u?!, = uf?, + u®",
the overpotential of the deposition can be written as

~El

— M+ (15)

~Pl
F- Mplating = My i+

With the definition of the electrochemical potentials
(Eq. (8) and Eq. (@)), we obtain

Mplating = Dp) — QDE!+ (16)

We assume, that the electrical potential at the interface
between plated lithium and graphite is continuous. If
the plating overpotential is below zero (Mplaing < 0),
lithium from the electrolyte can be deposited on the
surface. Conversely, lithium dissolution/stripping takes
place, if the overpotential reaches a positive value. From
this point on, we call this the ”’plating condition”.

®p — g1y <0 a7

Assuming, that the lithium phase can not be fully de-
pleted, a Butler-Volmer-like expression can be used for
the exchange-current density:

iplating = iglating (CXP (:B nplating) — eXp (_ﬂ nplating)) (18)

Since lithium metal has a higher conductivity than
graphite, we can approximate the electrical potential
@p in the plated lithium by the electrical potential in the
graphite @g,. Hence the plating condition can equiv-
alently be expressed by the intercalation overpotential
Tintercalation and the open circuit potential Uy (cso)

Tintercalation + Uo < 0 (19)
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2.2.3. Reactions of plated lithium

Plated metallic lithium on the electrode particle is not
stable even if no external current is applied. The over-
potential of the chemical intercalation can be written as

~Anode

_ ~Plated
F-nsy = fig;

— My (20)

Since the lithium metal is in direct contact with the an-
ode material, their Fermi energies will equilibrate. As a
consequence it can be seen that the overpotential for the
chemical intercalation of lithium is the same as the open
circuit potential between anode material and metallic
lithium ] i.e.

ns2 = —Up 21

As long as the open-circuit potential Uy is positive,
plated lithium will always be intercalated into the sup-
porting graphite.

2.2.4. Reversible stripping of plated lithium

The deposited metallic lithium can be reversibly re-
utilized for battery operations in two ways. Either the
deposited lithium is stripped upon discharge of the bat-
tery (SI) and then intercalated into the anode ([-A)
or cathode material (I-C), or the cell is stored un-
der open circuit condition until the metallic lithium is
electro-neutrally intercalated in the supporting anode
(S2). These two pathes are not equivalent under non-
equilibrium conditions, even though the final states are
thermodynamically, i.e. in equilibrium, identical.

The direct chemical intercalation Eq. (S2) is a pro-
cess independent from the electrical potential in the an-
ode phase (Eq. (21)). Hence the changes in the cell
potential are purely due to the increase of the state of
charge of the anode.

The electrochemical process of lithium stripping (Eq.
(ST)) has a equilibrium potential vs a lithium reference
of zero. Thus a anode with plated lithium exhibits a
mixed potential during combined stripping and delithia-
tion, which has a value between the cell potential of pure
anode-delithiation and pure lithium stripping. While a
stripping current is applied to a plated lithium-ion bat-
tery, the newly stripped lithium ion has a chemical po-
tential which makes it favorable to intercalate as well
in the anode as the cathode material. Therefore instead
of being transported to the cathode before intercalation

2In the definition of the OCP the roles of Fermi energies and chem-
ical potential of lithium ions are reversed: The electrochemical poten-
tials of Li ions are in equilibrium and the difference of the chemical
potentials is related to the difference of the Fermi energies and thus
the measured OCP
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it can also be directly re-intercalated into the anode.
The intercalation into the anode material will result in
a globally electro-neutral process, since the electrons
freed in the anode during lithium dissolution are con-
sumed during intercalation in the anode. The energy
barriers to be overcome and thus the overpotentials and
the dependence on the applied current will be different
than in the direct chemical intercalation.

3. Simulation

All simulations in this work are based on the frame-
work BEST (Battery and Electrochemistry Simulation
Tool [23]]), which is a finite volume implementation
of the thermodynamic transport model, derived in [21]]
(See Sec. 2.I). The implementation was extended by
our new model for the additional lithium phase (Eq.
and (T8)/(22)). The simulations are run on the high
performance computing cluster JUSTUS, located at the
university of Ulm with parallelization on 8 cores. All
simulations are done isothermal.

3.1. Numerical approximations

A new numerical challenge of the stripping simula-
tion is the vanishing of the lithium phase. The Butler-
Volmer and similar interface current expressions are de-
rived under the assumptions of non-depleting phases.
The expression in Eq. (I8) is only valid, if the disso-
lution of the lithium phase does not lead to a vanish-
ing of the phase. Additional assumptions are neces-
sary if one of the phases involved in the electrochem-
ical exchange is consumed during the electrochemical
or chemical reaction. In this work, we approximate the
behavior of a vanishing phase by modifying that part of
the interface current, which is responsible for the dis-
solution of lithium (for iy;/;;+ > 0). The expression for
the exchange current between the lithium metal and the
electrolyte is set to be:

iglating -8 (nplating, dLi) (22)

g (Uplating, dLi) = f (dvi,dp) - exp (ﬁ : nplating)
— exp (_ﬁ . nplaling)

iplating =

(23)

with the overpotential of the reaction from Eq. (16)), the
current prefactor ig]a[mg = ig?aﬁn - y/cg and 8 = F/2RT.
The current thickness of the plated lithium is described
by dj;. The dissolution of plated lithium stops, if the
thickness of the plated lithium reaches zero and a fur-
ther dissolution is physically impossible. This fact is

represented by the prefactor f (dy;, dy), which turns off

lithium dissolution below an artificially chosen thick-
ness dp. The obvious approach is the usage of the Heav-
iside function. Adopting this function introduces a sin-
gularity into the equation system. If the lithium thick-
ness dy; vanishes while solving the equation system, nu-
merical instabilities occur, which can prevent a further
computation. A regularization technique of singularities
in source terms is applied to prevent or at least minimize
the influence on the numerical stability. [24] A numeri-
cally stable choice was found to be:
d4

fd,do) = i+ (24)

The influence of the exact value of dy was in-
vestigated by comparing the simulation results for
four different values (0.48 nm, 0.24 nm, 0.048 nm and
0.0048 nm). The thickness of a lithium metal monolayer
would be 0.28 nm. The choice of smaller value for d
still has meaning as a numerical approximation for the
Heaviside function (jump from one to zero at the mono-
layer thickness). In Fig. [2] the cell potential during a
stripping simulation (no chemical intercalation enabled)
with applied constant current as function of time for the
four different prefactors is shown. It can bee seen, that

0.20 . .
0.4800 nm
0.19 0.2400 nm
0.0480 nm
> 0.18 0.0048 nm
-
=
= 017
g
5}
£ 0.16
o)
O
015 o
0.14
0.13 1 1 1 1
0 1 2 3 4 5
Time /s

Figure 2: The influence of the prefactor on the cell potential for a
stripping simulation for the S(1/0/0) half-cell. The location when the
simulation stopped, is marked with a colored circle. The simulation
with 0.24 nm stops just before the 5s. Smaller values increase the
numerical instability and hence the runtime of the simulation. Larger
numerical instabilities force the solver to complete more iterations to
reach a stable solution of the system.

the shape of the cell potential is not influenced by the
exact value of the prefactor. Smaller prefactors force
the solver to calculate more iteration steps, when the
lithium phase is depleting. Each iteration step also take
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more time and therefor prolonging the total simulation
time. The investigation showed, that smaller prefactor
values increased the simulation time significantly and at
the same time not yielding any additional information
from the simulations. To minimize computational cost
the value of the prefactor was therefore set to be 0.48 nm
for the stripping simulations in this paper.

3.2. Microstructures
3.2.1. Basic microstructures

The graphite microstructure in this study is generated
with the software GeoDict [25] based on literature val-
ues for the volume fractions: 0.5311 for graphite (Hi-
tachi SMG), 0.0343 for conductive agent (Timcal Su-
per C65) and 0.0346 for binder (Solvay Solef 5130).
As particle shape for graphite a prismatic/planar poly-
hedron shape was selected based on SEM images from
experimental cells [26]. The cathode microstructure is
based on experimental data for nickel manganese cobalt
oxide [27]. Binder and conductive agent were added to
the electrode structures as active material, to generate a
“correct” pore volume. The lithium metal counter elec-
trode is represented by a flat sheet.

The geometry of the full cell simulation is shown in
Fig. [Tl The microstructure of the full cell consists of
344 %x200x200 discrete volumes (voxels), which are cu-
bic and have a side length of 0.37 um. The microstruc-
ture of the half-cell consists of the anode of the full cell
and a flat lithium counter-electrode.

3.2.2. Modifications for stripping simulations

The anode structure is modified for the stripping sim-
ulations. The microstructure is partitioned into 96 vol-
umetric sectors with a size of 30x50x50 voxels: In x-
direction (See Sec. [2.1)) the microstructure is divided
into six slabs with a thickness of 30 voxels each. These
slabs are further subdivided into 16 equally sized parts,
with a size of 50x50 voxels in lateral direction.

The phase dedicated for an additional lithium phase
is added to each of these 96 sector in two different ways:
A voxel of the new phase is inserted at the interface
between the active material and the pore volume (elec-
trolyte phase) by either replacing electrolyte volume or
anode volume. Following this algorithm the total solid
phase or the total electrolyte phase is unchanged.

One plated sector together with the other 95 unplated
sectors are combined to form a modified microstruc-
ture. Therefore the 192 plated sectors result in 192
microstructures, which contain a lithium phase at dif-
ferent locations. In Fig. [3 one of the these modified
microstructures is shown, where the sector, where the
lithium phase was added on, is highlighted.
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Figure 3: The modified microstructures S(1/0/0) for the half-cell sim-
ulations: The anode consists of the lithium counter electrode (yellow)
and the cathode of the modified graphite microstructure (Red/Blue).
The sector, which has an added lithium phase (green) is highlighted
in blue.

The different microstructures are identified by the lo-
cation of the plated sector (coordinates of the lower left
corner) and the phase (Solid or Electrolyte), which was
not partially replaced by lithium. E.g. S(1/0/0) points
to the microstructure, where the sector at the separator-
anode interface in the lower left corner is modified by
replacing electrolyte voxels with lithium. The different
sectors are combinations of x € (1,31,61,91, 121, 151),
y € (0,50, 100, 150) and z € (0, 50, 100, 150).

3.3. Summary of reactions

The chemical intercalation is driven by the open
circuit potential of the anode material underneath the
plated lithium (Eq. (ZI)) and hence depends on the state
of charge of the anode. The state of charge during the
delithiation simulations is changing locally by less then
0.4% . The open circuit potential Uy of graphite at a
state of charge (SoC) of 70 % (initial value for strip-
ping simulations) is nearly constant: A variation of SoC
by +0.4 % results in a potential difference of less then
0.17mV. Therefore the current of the chemical inter-
calation can be approximated by a constant value. The
resulting constant lithium intercalation shifts the point,
where the plating plateau ends to earlier times. The
strength of the chemical intercalation then only depends
on the rate constant. Since no literature values exist for
the corresponding rate constant, a correct parametriza-
tion of this constant in cooperation with specific exper-
iments is beyond the scope of this work. For the sake
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of simplicity, the chemical intercalation reaction is ne-
glected during the current driven stripping simulations.

In Tab. 2] the equations used for the interface currents
for the different simulation setups are listed.

Table 2: List of expression used for the interface currents in the dif-
ferent simulations.

Cell Simulation Interface Equation

FC Plating Gr-El Eq. (14)

condition ~ LMO-EI Eq. (T4)

FC o Gr-El Eq. (14)
Strippin

Wpifh £  PLEI Eq. 2)

Gr-PL neglected

current  y MO-El Eq. (1)

HC e Gr-El Eq. (14)

Strlpp}llng Gr-PL neglected

wit PL-EI Eq. @)

current Li-El Eq. (T8)

FC - full-cell; HC - half-cell; Gr - Graphite; PL -
Plated lithium; Li - Lithium counter electrode; El
- Electrolyte

3.4. Plating condition

It is well known, that the onset of lithium plating de-
pends on ambient temperature and applied current. As
described in Sec. [2.2.2]lithium plating is thermodynam-
ically possible if the overpotential is less then zero. The
influences on the plating condition during full cell sim-
ulations is investigated by conducting full cell simula-
tions for various ambient temperatures and applied cur-
rents. The temperature dependence of the various mate-
rial parameters are either taken directly from literature
or assumed to follow the Arrhenius law (Eq. [25) with
an estimated activation energy.

E Activation )

T =f- - 25
FT) = fo- exp (- A 5)
For some parameters, the temperature influence may be
neglected. In Tab. ] the material parameters used for

our simulations are listed.

3.5. Influence of a microscopic resolved metallic
lithium phase

In Fig. [] experimental and simulated stripping cell
potentials are shown. The experimental data are ex-
tracted from figure 7 in [6]] and show the constant cur-
rent discharge of a cell at —20°C (low temperature -
LT) after charging at room temperature (RT)(blue) and
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after charging at —20°C (red). The comparison of the
curves in Fig. B) reveals a increased cell potential for
the discharge after LT charging. The cell potential of a
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Figure 4: a) Experimental cell potentials (data extracted from [6]) dur-
ing discharge at —20 °C after charging at room temperature (blue) and
at —20°C (red). A potential plateau during discharge after charging
at low temperatures can be seen (Figure 7 in [6])). b) Cell potential of
full cell simulation with and without a plated lithium phase on top of
the anode at the anode-separator interface.

full cell simulation with and without plated lithium at
the anode-separator-interfaces (Fig. b)) show a simi-
lar behavior as the experimental one. The differences in
plateau height and duration between experimental and
simulated are due to the lower fraction of surface cov-
ered by plated lithium and the smaller amount of plated
lithium in the simulations. The cathode material of the
experiments is NCO (LiNi, 4Co, ,0,) and for the sim-
ulation LMO, thus the level of the initial cell potentials
differ. These plateaus in the discharge cell potential are
present, if the battery contains plated lithium. The strip-
ping plateau in the simulation is purely a result of the ad-
ditional lithium phase on the anode side. To exclude ef-
fects of the cathode all further stripping simulations are
done in half-cell simulation for the anode microstruc-
ture.

To investigate, how the location of plated lithium im-
pacts the cell performance, the microstructure was parti-
tioned as described in Sec. [3.2.2] The amount of plated
lithium is initialized to a thickness of roughly 50 nm.
The total amount of plated lithium varies between the
different sectors (difference between minimal and max-
imal amount is 68 %), since the size of electrode sur-
face, which the additional phase was added on, in the
different sectors differs.

The stripping simulations are conducted for three
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different applied current densities, which are listed in
Tab. 3} In a full-cell plated lithium is stripped during
discharge, where the anode gets delithiated. In a half-
cell stripping will take place during charge or delithia-
tion of the graphite, thus the half-cell are charged.

Table 3: The three different applied current density magnitudes used
in the stripping simulations. The current density is with regard to the
area of the current collector.

Name Value C-Rate
Current I  0.0020 A/cm? 1C
Current 2 0.0010 A/cm? Cc2
Current 3 0.0005 A/cm? C/4

3.6. Parameters and simulation modes

The half-cell simulation uses the porous graphite
electrode with a flat lithium counter-electrode. The full
cell simulations use the porous graphite microstructure
as negative electrode and the porous LMO microstruc-
ture as positive electrode. The separator is represented
by an effective porous medium between the two elec-
trodes. In Fig. [I] the geometry of the full cell is shown.
The different material parameters of the various phases
are listed in Tab.[d] In all simulation we used LiPF6 in
PC/EC/DMC as electrolyte.

In Tab. [3] the initial parameters for the different sim-
ulations are listed. The full cell simulations are during
charging and the half-cell simulations are during dis-
charging.

Table 5: Initial values of the concentration and potentials for the dif-
ferent simulations.

Parameter Value Unit
Full Cell Half-cell

C(()}raphite 1.3195 18.473 kmol/m>

LMo 20.574 — kmol/m?

c%l 1.200 mol/1

(D(()‘rraphite UO,a (Cg) v

CDEMO Uoe (<) — \%

(D&ithium _ 0 M

¥R 0 0 A%

4. Results and discussion

4.1. Plating condition
We investigated for different charging protocols and
different temperature at which SOC and at which point
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355

360
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370

in the anode the plating condition was first satisfied.
For a battery with a base surface of 74um X 74 um
(200 x 200 voxels), we consistently found for all con-
ditions, that the plating condition is first reached at the
separator interface of the anode. Once the condition is
fulfilled at this interface, the plating boundary moves
front-like towards the current collector, creating a do-
main between separator and current collector with in-
creasing probability of plating, since the potential keeps
droping below zero Volt against Li/Li*. The most nega-
tive value always are reached at the graphite-separator
interface. In lateral direction no inhomogeneities in
the plating condition could be seen, which can be ex-
plained by the statistical homogeneity of the investi-
gated microstructure. If this homogeneity is violated,
plated lithium films which are not homogeneously dis-
tributed at the anode-separator interface may be ob-
served e.g. for large area cells (pouch cells). The sim-
ulation of larger pouch cells with structural inhomo-
geneities within the anode-separator plane was beyond
the scope of our paper.

For the full cell the cell potential for different am-
bient temperatures and applied currents are shown in
Fig.[5] The plateau exhibited by all simulations is cre-

4.3

4.2 ¢

4.1

40
205K - C

Cell potential / V

3.9l
205K - 1C

38 205K - 3C
205K - 10C

37t 285K - 1C
275K - 1C

3.6 : : :

0 20 40 60 80

Transferred charge / nAh

Figure 5: Cell potential of full cell simulation for different applied
currents and ambient temperatures.

ated by the structure of the open circuit UgM© of the
cathode material. The different “cut-off”’-potentials are
results from the simulations. If a solid part of the cell
reaches the maximal allowed concentration, the simu-
lation stops. Since this is heavily influenced by applied
current and the solid diffusion constant, which is a func-
tion of temperature, the final potential and transferred
charge varies between the different operation modes.
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Table 4: Material and kinetic parameters used for the simulations.

Graphite LMO Li metal LiPF6 in PC/EC/DMC
Parameter/Unit | Value  Ref Value  Ref Value Ref P/ U Value Ref
Cmax/ kmol/m’ 26.39  [28] 23.671  [29] ty] — 0.399 [30]
o /S/cm 10 28l 311 32]* 0.38 [28] ¢ fof — Eq. 6in  [30]
D /10710 em 39 [28.33] 10 [28.32] k/S/em? Eq.17in  [30]
Uy |V 0.63+... [34] 4.06 + ... [29,35] D/cm?/s Eq.14in [30]
Q0 ) Aem 0.088  [32° 08 32
X | =t 0.0364 [36]°
EP /kJ/mol 53.1 [33] 53.1 d
E;“gt/kJ/mol 68 [37] 50 [371¢ 0 f
EZ.,/kJ/mol 0 a 0 a

¢ - Conductivity to large to have effect on @, therefore assumed to be constant in T; b _Literature values vary, this

value selected; ¢ - estimated from literature for initial conditions;

4 _ no literature value, assumed since cathode

does not strongly influence plating condition; ¢ - no literature value, approximated out of LFP and NCA; / - no
temperature dependence needed, since stripping simulation only at one temperature

An increase of the applied current, leads to a higher
overall cell potential. The higher the current, the faster
the maximal concentration of the negative electrode sur-
face is reached at which locally the OCP diverges, lead-
ing to the end of the simulations. A decrease of the am-
bient temperature has a similar effect on the cell poten-
tial as an increase of the applied current. The charging
with 3C at 295K shows nearly the same cell potential
as the charging with 1C at 285 K.

For the different operating conditions, the value of
the plating condition at the graphite-separator interface
is shown in Fig.[d

0.4 T
295K - +C

03 205K - 1C
205K - 3C
295K - 10C

0.2 285K - 1C

275K - 1C

Plating condition / V

0 10 20 30 40 50 60

Transferred charge / nAh

Figure 6: The plating condition for different operating conditions at
the graphite-separator interface.
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As expected, the plating condition is most probably
fulfilled for charging at low temperatures or with high
currents. With the assumption, that plating starts, as
soon as the plating condition is fulfilled and keeps go-
ing afterward, a negative plating overpotential 77,jaing
early during charging should lead to an larger amount
of plated lithium. How plating changes the local poten-
tial inside the battery is experimentally difficult to mea-
sure. Experiments with three-electrode-setups are able
to extract the half-cell potential of the complete negative
electrode, but give no exact information for the different
parts of an electrode [38}, 39]. The simulations for var-
ious temperatures and applied currents show, that the
overpotential is negative after a short time for high cur-
rent (10C) and low temperatures (275 K). These simu-
lation results coincide with experimental observations,
that lithium is plating for low temperatures and high
currents for the simulated materials [39]. In [16] ex-
perimental and simulation studies were conducted us-
ing the porous-electrode theory. In our work the plating
condition is identified as the point where the overpoten-
tial for lithium deposition becomes negative, i.e. ther-
modynamically favourable. It is equivalent to the point
where the difference in the electrochemical potential be-
tween lithium and electrolyte (Eq. (I7)) becomes neg-
ative, whereas the criterion for plating in [[L6]is defined
by the point, where the electrical potential of the solid
anode phase reaches negative values. This is not the
same as the electrochemical potential becoming nega-
tive as in our criterion (see[I9). In addition the defini-
tion of the OCP of lithiated graphite in[[16] allows for
negative values for concentrations below the maximal
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concentration, which is actually not possible thermody-
namically. Our equilibrium OCP is strictly larger zero
for all concentrations of lithium. Nevertheless, qualita-
tively similar conclusions for the temperature and cur-
rent dependence of plating have been reached in [16].

4.2. Lithium stripping/dissolution

Due to the large amount of simulations in Fig. [7] the
cell potential during delithiation is only shown for the
sectors along the x-axis in the corner of y=0 and z=0.
Other cross section behave similarly. The cell potentials

0.20
0.19 + —
o
Increasing
> 0.18 area
= covered
-8 0.17 by plated 1
i lithium 31
R 0.16 k 61
G 91
~ 015 121
151
0.14
0.13 1 1 L L
0 1 2 3 4 5
Time / s

Figure 7: Cell potential during constant current charge with lithium
stripping for the sectors along the x-axis with y=0/z=0. The x coor-
dinates of the plated sector for the shown simulations are given in the
figure legend. The arrow indicates the direction of increasing surface
area covered by the plated lithium phase.

exhibit a plateau at the beginning of delithiation, fol-
lowed by the first slow and then faster increase in poten-
tial. The final potential value is the same for all simula-
tions. The initial plateau is due to the stripping process,
which proceeds at constant potential. When nearly all
lithium is consumed, a strong increase in the cell poten-
tial can be seen. The smaller steps in the cell potentials
close to the final plateau are a result of the tensorial dis-
cretization and would turn into a smooth transition for
surface adapted meshes. The apparent plateau at about
0.19V is the cell potential of the supporting graphite
for a state of charge of 70 % with the overpotential of a
charge at constant current. The actual change in the po-
tential during 1 s delithiation is too small to be visible.
For longer times, the cell potential will increase with the
shape of the open circuit potential Uy™*"* (See Tab. EI),
as usual.

For the simplification of the analysis, the cell poten-
tial during stripping is approximated by three consec-
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utive linear fits (See [Appendix A). The intersections

of the three lines are used for the estimation of the
potential jump between the stripping plateau and the
graphite potential, the duration of the stripping plateau
and amount of charge transferred during the plateau.
The mean of the potential jump for all 192 simulations
is AU plateay = 44.5mV with an standard deviation of
5.6mV. The stripping time iS fyyipping = 2.48 s with an
standard deviation of 0.25s.

In Fig. [§] the concentration in the electrolyte for
three different plated sectors at 0.6 s and 5 s are shown.
During the stripping of the plated lithium a concentra-

S(1/0/0) $(91/0/0) S(151/0/0)

Concentration / mol/1
» 1190 1320 ' 1.450

e a

0.6 s / 0.02 nAh

‘

Location of plated lithium closer to current collector
B g - o

5s/0.15 nAh

ETa

1.160 1215 1.270
Concentration / mol/1

Figure 8: Lithium concentration in the electrolyte for three different
plated sectors (1, 91 and 151 from Fig.m) at 0.6 s (upper row) and 5's
(lower row). During lithium stripping a maximum close to the plated
lithium is found. At the end of the simulation these maxima are less
prominent.

tion maximum around the sector is visible. The concen-
tration maxima are spatially localized. The height of the
concentration maximum depends on the pore connectiv-
ity close to the sector: a smaller pore, as seen for the
sector S/91/0/0), results in a higher concentration. After
the plated lithium is completely stripped, the concentra-
tion maxima slowly vanish due to the lithium diffusion.
The concentration profile of a plated cell will then re-
lax to the profile of a unplated cell, where the lowest
concentration is close to the anode current collector and
highest concentration close to the cathode current col-
lector. Cells with a plated sector close to the anode cur-
rent collector take more time to reach the profile of a
unplated cell.

The zoning behavior of the concentration maxima can
not be resolved in a 1D+1D-Newman-type simulation,
since the concentration in the electrolyte in the lateral
direction is not resolved.

The electrochemical potential of lithium ions in the
electrolyte also inhibit a maximum close to plated
lithium. This maximum, similar to the concentration
one, dissipates after all plated lithium is stripped.

All microstructures used for stripping simulation
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have the same thickness of lithium added. The surface
area onto which the lithium is added differs between the
modified microstructures and thus the total amount of
Lithium added. The initial level and the duration of
the potential plateau depend on the size of plated sur-
face and the lithium thickness. Hence the cell potentials
shown in Fig. [7/|show some variation in initial level and
stripping duration. In the following section the influ-
ence of the distance between plated lithium and current
collector, surface area and amount of lithium on the po-
tential plateau is investigated in more detail.

4.2.1. Influences on value and length of potential
plateau

Distance to current collector

The different modified microstructures do not have
the same value of surface area covered by the plated
lithium phase. To check how the distance between the
plated lithium and the current collector influences the
potential plateau, the simulation results are grouped by
similar surface areas. The cell potentials for microstruc-
tures with a plated surface area between 8.50 - 1076 cm?
and 8.75-107% cm? are sorted by their respective distance
to the current collector and are shown in Fig.[9] The dis-

0.20
0.19
- 0.18 ¢
~
E 0171
£ 1/150 / 150
§ 0.16 Increasing 61 /100 /0
2Pl distance 61 /100 / 50
= 121 /100 / 0
&)
0.15 151 /0 / 100
151 / 50 / 100
0.14 Y 151 / 50 / 150
0.13 1 1 1 1
0 1 2 3 4 5
Time /s

Figure 9: Cell potential of half-cell during constant current charge
with lithium stripping for microstructure with a lithium covered sur-
face of 8.50 - 107 cm? — 8.75 - 107°cm?). The coordinates of the
plated sector for the shown simulations are given in the figure legend.
The arrow indicates the direction of increasing distance to the current
collector.

tance between the plated lithium and the current collec-
tor has only a small influence on the plateau height and
an even smaller impact on the transferred charge. The
change in the plateau height for the selected simulation
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is about 5 mV for a distance of roughly 66 um. The elec-
trolyte resistance alone is not responsible for this small
distance dependence: For a constant electrolyte concen-
tration (e.g.: at the start of delithiation, when the con-
centration had no time to respond) , the electrochemical
potential in the electrolyte decreases by around 1 mV
over a distance of 70 um. The difference in cell potential
for increasing distance to the graphite current collector
is in the order for SmV.

Covered surface area

In Fig. [7] the effect of the surface area is indicated by
an arrow. The potential jump increases with the cov-
ered surface area i.e. the stripping plateau is lowered
towards the Li/Li* redox potential. The covered sur-
face area for the simulation at x=31 and x=61 as seen in
Fig. 6is 5.8 - 107 cm? and 12.7 - 1075 cm? respectively
and the initial potential level is 159 mV (potential jump
of 30mV) and 141 mV, respectively (potential jump of
49mV). The covered surfaces area is increased con-
stitutes by 112 %, which results in an lowering of the
plateau level by 63 %. A higher coverage of the sur-
face area with plated lithium lowers the initial cell po-
tential further. Should the complete area of the graphite
be covered by lithium, an effective lithium/lithium-cell
is created. The difference between the stripping plateau
and Li/Li* potential is then given by the overpotential
due to the applied current only.

The lowest surface area coverage is 5.8 - 107% cm?
and the largest is 12.7 - 107° cm?. These correspond to
a fraction of the active surface area covered by plated
lithium of 0.6 % and 1.3 %. In comparison with the dis-
tance from the current collector (see previous section),
the coverage area has a larger impact on the change in
plateau height. For the simulations shown in Fig. /| the
plateau value changes by 19 mV.

The amount of covered surface area also influences
the total charge to be transfered until the lithium is dis-
solved. As expected, an increase of the covered sur-
face area leads to an increase in transferred charge. But
this is not only a result of the different volume of metal-
lic lithium. The transferred charge will also depend on
the ratio of the intercalation exchange current amplitude
and the plating exchange current amplitude as well as on
the applied current and details of the microstructure, as
discussed in more detail in the next section.

4.2.2. Interface currents during stripping

The simulation of a 3D lithium-ion battery allows to
investigate the distribution of currents at the interfaces
during the stripping. In Fig.[T0|the stripping current and
the graphite intercalation current are shown. They are
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normalized to the applied current to allow for a direct
comparison.
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Figure 10: The distribution of the total current on the two reactions for
the three different applied currents (See Tab. E[) against the transferred
charge. Shown for lithium in sector S(91/0/0).

The first interesting observation is, that the net charge
transferred during the stripping plateau is smaller for
smaller applied currents. This surprising finding is
due to a subtle competition between local oxidation of
plated lithium and reduction of lithium ions during in-
tercalation into graphite. It turns out that especially at
low current the oxidative stripping of the lithium film
leads to an effective surplus of lithium ions in the adja-
cent electrolyte. These lithium ions can then contribute
to the intercalation current into the graphite. There-
for, the fraction of charge carried by the total inter-
face current between the graphite and the electrolyte
can either be positive, zero or negative. A positive in-
terface current is identical to stripping or deintercala-
tion, while a negative interface current is only observed
for the graphite part of the interface and is due to in-
tercalation. Hence, for the higher current (Current 1)
the lithium de-intercalates from the graphite and for the
lowest current (Current 3) lithium intercalates into the
graphite. The change in lithium concentration in the
graphite can be seen in Fig. [TT] It is clearly visible,
that for the lowest current the concentration of lithium
ions in the graphite is first increasing before net deinter-
calation sets in. Only at larger currents, deintercalation
i.e. monotonous decrease of lithium is observed for all
times.

In Fig. [12] the sign of the interface currents for the
three different applied currents in the 3D structure are
shown. Only the voxels at the surface of the graphite
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Figure 11: The average concentration in graphite for plated lithium in
the sector (91/0/0) for three different applied currents.

and plated lithium are plotted. Other phases (counter
electrode, electrolyte,...) are transparent. Areas with
lithiation or deliathiation (Eq. ([=A)), plating or stirp-
ping (Eq. (ST)) are shown color coded.

a) Current 3 b)

Current 2 c)

Current 1

4

Lithiation none Delithiation

Plating none S\rii))ing

Intercalation reaction (R1) Plating reaction (R2)

Figure 12: The sign of the interface currents for three different ap-
plied currents (See Tab. E[) in 3D representation during delithiation
at 0.02nAh . For the electrolyte-graphite interface blue indicates in-
tercalation and red delithiation and for the electrolyte-plated lithium-
interface green represents plating and pink stripping. For all three
currents, the plated lithium is stripped, while the graphite either inter-
calates or deintercalates lithium, depending on the current. Shown for
lithium in sector S(91/0/0).

The plated sector is visible as the pink sector for
all currents, which indicates, that lithium is getting
stripped. It can be clearly seen, that for the smallest cur-
rent (Fig.[T2]a) ), only the plated lithium sector dissolves
lithium into the electrolyte, while lithium is intercalated
from the electrolyte into the graphite. The interface cur-
rent for the second current (Fig. @ b) ) indicates, that
the graphite only deintercalates lithium at the separator-
electrode-interface. For the highest current (Fig. [I2] c)
) the graphite shows nearly everywhere delithiation, ex-
cept for a small portion close to the plated lithium sector
(shown in inset in lower right corner in Fig.[T2).
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Noteworthy is the small yellow area in the lower right
corner of first two plot (inset covers it in plot ¢) ) in
Fig. This area indicates a unconnected electrolyte
pore and therefore an inactive interface.

4.2.3. Estimation of amount of plated lithium

The method of differential capacity, as described in
[9], is a promising method to estimate the amount of
lithium plated inside a battery by only measuring the
discharge cell potential. The interpretation of the po-
tential drop duration as a marker for the amount of
plated lithium is supported by neutron diffraction mea-
surements [[12]. By calculating the derivative of the cell
potential with respect to the transferred current Q and
selecting the position of highest change, the amount of
lithium is estimated. Our 3D resolved simulations al-
low for a more detailed investigation of the potential and
limitations of the proposed method. In Fig.[T3]the differ-
ential capacity is shown for the simulations in Fig.[T0]at
the three different applied currents. The total amount of
charged transferred by converting the lithium layer into
lithium ions is marked as solid black line and the esti-
mated amounts are shown as dashed, dotted or colored
solid line.
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Figure 13: The differential capacity calculated for the three different
currents.

The dashed line shows the estimation done by per-
forming the differential capacity method on the simu-
lation results, the dotted line is the amount of lithium
obtained via point 2 of the line fits (See
and the solid colored line represents the position, when
the average thickness of the plated lithium in the sys-
tem is less then 0.48 nm. For a given applied current,
the estimated amounts are not the same for the different
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methods. Also a dependency on the applied current is
clearly recognizable. For a certain current it can hap-
pen that the estimated amount of a method is the same
as the exact amount of lithium, however in experiments
one can not check if that is the case. Depending on
the applied current the amount of plated lithium can be
overestimated or underestimated. I.e., with the differ-
ential capacity method only a rough approximation of
the plated lithium can be obtained. In Tab. [6] the devi-
ation of the estimated amount of lithium from the real
amount of lithium for the three different analysis meth-
ods is shown.

Table 6: Difference between correct amount of lithium and estimated.

Current Error of method in %
dvdQ Fits avg. thickness
(dashed) (dotted) (solid)
Current 1 36 26 19
Current 2 -2 -17 =27
Current 3 41 -64 -73

4.2.4. Influence of chemical intercalation

All previous discussion are done without the chem-
ical intercalation enabled. In this section we want to
discuss, how the chemical intercalation would effect the
cell potential during stripping. As described in Sec.
the chemical intercalation does only depend on the local
lithium concentration adjacent to the plated region and
can therefore be estimated by a constant intercalation
current, which is slaved by the slow change of concen-
tration. This approximately constant current will lead to
a faster stripping process and thus an earlier end of the
stripping plateau. The exact shift depends highly on the
rate constant of the chemical intercalation (S2) and the
thickness of the plated lithium. If the mass transfer due
to the chemical intercalation has the same amplitude as
the stripping reaction into the electrolyte, the duration of
the stripping plateau will be halved. In general, if both
reaction mechanisms are active, the strength of the cur-
rent dependency depends on which pathway ( (SIJ) and
(S2)) strips the most plated lithium. For the case, that
the electrochemical stripping reaction only dissolves a
very small fraction of plated lithium compared to the
chemical intercalation, the current dependency will be-
come negligible. Since we are not aware of any litera-
ture values for the chemical intercalation rate, it was not
included in our simulations. Only extensive parameter
studies and dedicated experiments can clarify, which re-
action mechanism is dominant and what the reasons are
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for this. In the scope of this work, these studies were
not possible. In a future publication, the distribution of
the plating mass flux on the different possible reaction
pathways will be investigated in more detail.

5. Conclusion

We investigated for the first time on microstructure
scale the occurrence of plating and the influence of
plated lithium on the charge - potential characteristics
depending on the position of the plated lithium in the
electrode microstructure. Full cell simulations showed
in agreement with experimental results [9, [11]] that the
plating reaction most probably is initiated at the anode-
separator-interface and that the first occurrence is earlier
for higher currents or lower ambient temperature. The
well-known plateau during discharge of a plated lithium
ion cell is also observed in our simulations and can, as
expected, be attributed to the reversible stripping of the
plated lithium. Unexpectedly, the amount of transferred
charge during stripping depends not only on the total
amount of plated lithium but also on the applied current.
This phenomena was explained by the occurrence of lo-
cal short circuit like currents, which are caused by strip-
ping induced intercalation of lithium ions in graphite
during discharge in half-cells or charge in full cells.

Experimentally, the method of differential voltamme-
try [9]] is used to estimated the amount of plated lithium
from the amount of transferred charge. Partially due
to the induction of the observed local short circuits,
the relation between charge transfer and plated lithium
is not as unique as expected. If we apply differential
voltammetry to our simulations and compare the ex-
tracted values with the lithium amount at the beginning
of the simulation, we see a discrepancy. The amount of
plated lithium can be underestimated or overestimated,
depending on the applied current.

Also the dependence of the stripping plateau on cov-
ered surface area, distance from current collector and
applied currents have been investigated. We find, that
the amount of coverage has the dominant influence on
the level of the stripping plateau. Its influence on the
stripping plateau is much more pronounced, than the
specific place of plating within the electrode. In fu-
ture investigations a detailed model for the actual plat-
ing process, which is under development, will supple-
ment our stripping simulations and will allow to study
the competition of stripping and plating during cycling.
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Appendix A. Simplified cell potential plateaus

Due to the artifacts in the cell potential for the
stripping simulations, the data is separated into three
regimes: One representing the initial potential level, one
the part of biggest change and one representing the fi-
nal potential level. Into these regions straight lines (Eq.

(A7T)) are fitted.

gt,mtg)=tg+m-t (A1)

The intersections of the three lines are used for further
analysis. Fig. [AT] shows the resulting fits for the strip-
ping simulation of sector S(1/0/0) (Blue curve in Fig.
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Figure A.1: Linear fits to the three regions of the stripping cell poten-
tial of sector S(1/0/0).
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The intersections between the three lines are marked
as “point 17 (#;,V}) and “point 2” (#,,V;). The x coordi-
nate of ’point 2” 1, is taken as the time, where we can
assume, that all lithium is stripped if we had no artifacts:
tarip = 1. The difference in the y coordinates between
the two points V, — V; is assumed to be the "height” of
the potential drop due to stripping: AUpsean = V2 — V1.
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