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Abstract

Lateral microstructure heterogeneity in anodes is known to induce nonuniform current
density, state of charge, and lithium plating. This means that such electrode heterogeneity can limit
fast charging of lithium-ion batteries. In this work, a combination of experiments and simulation
is employed to understand the effect of mm scale lateral heterogeneity on cell aging. A previously
developed model was extended to efficiently simulate SEI formation and Li plating for
independent regions of an electrode. The model consists of three parallel regions each described
under a P2D framework and with a distinct ionic resistance and possibly active material loading.
The results suggest that during fast charge when the active material is uniformly distributed across
the three regions, the region with the highest resistance reaches the end of life sooner than the other
regions. There is also positive feedback from Li metal filling the pores near the separator interface
that further accelerates lithium plating. Finally, when there is a non-uniform active material
distribution associated with the ionic resistance heterogeneity, tight competition between regions
can occur, leading to less overall lithium plating and plating that is more uniform between regions.

Introduction

Battery degradation remains a challenge toward further improvement of Li-ion batteries,
especially for electric vehicle applications that require long cycle life, high-rate charging, and
tolerance for a wide range of operating temperatures. Among the different mechanisms of cell
aging, solid electrolyte interphase (SEI) growth and lithium plating on the anode are considered

two of the main contributors to capacity fade due to loss of active lithium [1-4].

Organic electrolytes that are commonly used in Li-ion batteries are thermodynamically
unstable at the wide operating potential of the batteries. Hence, during the first few cycles, the
electrolyte undergoes a reduction reaction at the interface of the negative electrode. As a result, a
passivating layer composed of organic and inorganic decomposition products forms at the

electrode/electrolyte interface, i.e. the SEI. This layer should ideally be an insulator for electrons
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while allowing lithium ions to pass through it. As this layer grows, it becomes self-inhibiting to

further growth, making long-term operation of the battery possible [5-9].

Formation and progressive growth of the SEI layer depend on the nature of graphite,
electrolyte, additives, and operating conditions. Lower anode potentials and high temperatures can
lead to faster growth of the SEI layer [10]. An irreversible capacity loss due to SEI formation could
be on the order of 10% during the formation cycles [9]. Furthermore, when the current is flowing
there will be a voltage drop across the SEI. This ohmic loss in addition to the diffusional resistance

will increase with SEI thickness.

Lithium plating is another phenomenon that contributes to capacity fade. Lithium plating
can occur at the surface of the anode at potentials below 0 V vs. Li/Li+. Such anode polarization
to low potentials can be caused by a combination of ohmic potential drop, charge transfer
overpotential, and diffusion overpotential [2]. The lithium plating reaction can take place in
parallel to intercalation on the negative electrode during cell charging. Some portion of the plated
lithium is reversible and can be stripped in a subsequent discharge or during a rest period [11]
when the relaxation in overpotentials causes it to be thermodynamically favorable to ionize again.
Such reversible lithium is not harmful by itself to cell capacity. However, a portion of the plated
lithium will react with electrolyte and form a new SEI layer, or can eventually become

electronically isolated, in either case contributing to a loss of active lithium and thus cell capacity
[2].

Furthermore, significant lithium plating can pose safety problems. If lithium deposition
grows dendritically, it may pierce the separator and cause an internal short [12]. Moreover, the
presence of lithium metal can increase the risk of exothermic reaction with electrolyte [2].

Therefore, it is crucial to mitigate this issue.

Charging at a low temperature or high rate or attempting to exceed charging capacity can
exacerbate the rate of lithium plating. However, lithium plating is not limited to these conditions;
other factors such as the nature of the electrolyte, anode/cathode capacity ratio, and manufacturing
defects also have an impact on the lithium plating process [6, 13-15].

Another factor that can play a significant role in battery degradation is microscale

inhomogeneities [16]. For commercial Li-ion-battery electrodes, active materials, carbon particles,
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binders, and pores are not uniformly distributed throughout the volume of the film. Non-uniform
distribution of particles in addition to particle size and shape distribution leads to an
inhomogeneous microstructure at the mm length scale. This can cause conductivity and local
current density variations, leading to faster degradation, and prevent optimal utilization of the
electrodes [17-20].

Although battery models can successfully predict routine battery performance, predicting
failure and degradation during high-rate charge and discharge is still a challenge. Even highly
detailed battery models routinely assume that electrodes are macro-homogeneous and isotropic;
however, even well-made commercial electrodes are not necessarily homogeneous or isotropic.
For example, Kerwald et al. [21] reported a factor of three in local tortuosity variability, which
means the local charging and discharging rate can deviate substantially from the mean. Other work
has likewise quantified Li-ion battery electrode anisotropy and inhomogeneity based on a

combination of x-ray imaging and image-based simulations [16, 22-25].

Electrode microstructural heterogeneity, especially tortuosity variation, can specifically lead
to metallic lithium plating. The variation in local current density leads to a non-uniform state of
charge (SOC), which means parts of the electrodes get locally overcharged contributing to lithium
deposition [26].

Despite the significant contribution of microstructural heterogeneity to battery degradation,
it has not been accounted for in battery macro-homogeneous models that are widely used for
predicting battery failure and degradation [27-30]. Including such microstructural details in the
model can make it numerically very expensive to run, especially as a full 3D model. For instance,
if the heterogeneity exists on an mm length scale, then a 3D simulation of a volume large enough
to accommodate this heterogeneity would be extremely computationally demanding. Therefore, it
is advantageous to develop an approach to include electrode heterogeneity without implementing
a full 3D model.

Prior work in our group used a computationally effective tool that was a combination of a
Newman-type P2D model and an equivalent-circuit sub-model to study the effect of electrode
heterogeneity on cell performance [31]. In this model, three regions with different microstructural
properties across the electrodes were operating in parallel and only communicating electronically

through current collectors. This parallel-heterogeneity approach is reasonable as long as
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heterogeneities in the lateral direction (across the surface of the electrode film) take place on larger
distance scales than the thickness of the film, which appears to be the case based on the

experimental determination of heterogeneity [32].

Different types of electrode heterogeneities, in terms of non-uniform ionic resistance and
active material loading, were studied at different rates of discharge and charge. The result showed
heterogeneity, especially at high-rate charging, can lead to non-uniform temperature, current
density, positive and negative electrode states of charge. Such non-uniformities are known to
adversely affect cell lifetime [16, 33]. Applying this principle locally means there could be a

premature failure in some regions of the cell.

To further demonstrate the impact of electrode heterogeneity on cell degradation, in the
present work we extend the prior model to account for SEI formation and lithium plating side
reactions. Another modification to the previous model is considering thermal equilibration through
the current collector. For the modified model, the parameters were measured or estimated for an
NCA/graphite cell and validated with experiments on a commercial 18650 cell and associated coin
cell and pouch cell cycling data. Electrodes were harvested from the 18650 cell and reassembled

in pouch and coin cells.

In order to mitigate Li plating in a cell, it is necessary to understand the root causes of this
degradation mode. The purpose of this work is to demonstrate the degree that local lithium plating
observed on the surface of a cycled cell is related to the local structural heterogeneity in the
electrode. In this work, we designed a simulation to better understand the relationship between
electrode heterogeneity and Li plating. We investigated whether anode or cathode heterogeneity
influences Li plating in a cell; also, whether there is any feedback mechanism or interplay between

electrode heterogeneity and Li plating with cell cycling.

In the remainder of this paper, two sections discuss different parts of the electrochemical
P2D-based model. This is followed by an experimental section for the different electrochemical
cells that were cycled at high C-rate charging to intentionally form lithium deposits. Finally, there
is a discussion section that includes the model parameterization and validation followed by an

explanation of the observed effects of electrode heterogeneity on localized Li plating.
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Model description

In this work, we again use a parallel-region model to model heterogeneity [31]. Each of the
three P2D electrochemical models has the same physical equations but, in some instances, different
parameters to represent local variations. The base model is based on the model developed by Doyle
and Newman, which uses a porous electrode and concentrated solution theories [34, 35]. To
incorporate the Li-plating reaction, we use the model proposed by Arora [36] and for the SEI
reaction, a model proposed by Yang et al. [28] that is based on the diffusion-limited SEI model by
Safari et al. [37].

Present Li deposition models can be categorized into two groups. The first group [29, 30,
36, 38] considers Li deposition as a reversible reaction that allows for plating and stripping
reactions with generally asymmetric cathodic and anodic transfer coefficients (e.g., ac = 0.7 and
aa = 0.3). A reversible reaction means that Li deposits can dissolve during rest and discharge. The
amount of reversibility can be further tuned by adding a correction term to the Butler-Volmer
equation. A subset of this group [39, 40] recently considered lithium metal activity as a function
of Li-plating coverage on the surface of particles. Furthermore, they added chemical intercalation

as a parallel reaction to lithium stripping.

In our experience attempting to use a reversible (even if asymmetric) plating model, all the
plated lithium is stripped during subsequent cycles due to natural electrochemical driving forces.
This means that so-called dead lithium does not accumulate from cycle to cycle, and no cell
degradation is observed over long-term cycling. The only way to overcome this is to add a second
and irreversible reaction, or otherwise modify the Butler-Volmer kinetic expression for forming
lithium metal [41].

The second main group of Li deposition models neglects the stripping part of the reaction
and considers irreversible Li plating as its own reaction. For an irreversible plating reaction, one
of two approximations is used: either a cathodic Tafel expression [27, 28] or a standard Butler-
Volmer reaction [42, 43], which is made asymmetric by truncating the stripping current to zero
when the overpotential is positive. In this work, we adopt the latter form of irreversible Li plating.
For simplicity, we assume that any reversible part of the Li-plating reaction can be lumped into
the negative electrode intercalation reaction, although there is a slight difference in their reaction

potentials. Essentially, the reversible plating/stripping of lithium in a cell is for our purposes
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indistinguishable from regular graphite lithium intercalation. It is not well-known what fraction of

the Li is reversible. In a sense, we circumvent the issue by assuming that the reversible Li does not

need to be separately dealt with and only explicitly model the irreversible part.

The baseline model parameters are summarized in Table 1. Parameters are principally based

on our measurements for a commercial 18650 NCA/graphite cell. Some parameters are obtained

or estimated from the literature as referenced.

Table 1: Baseline model parameters obtained from other works [31, 38, 43] or from our experiments (*)

Symbol

Tint

t
Tref

Description

Thickness

Particle radius
Porosity

Filler fraction

Density

Specific heat

Thermal conductivity
Electronic conductivity
Solid-phase diffusivity

Maximum solid-phase
concentration

Initial electrolyte-phase
concentration

Exchange current density
for intercalation reaction

Activation energy of
intercalation reaction

Solid-phase diffusion
activation energy

Transfer coefficient for
intercalation

Faraday’s constant

Universal gas constant
Cation transference number
Reference temperature
Ambient temperature

Heat transfer coefficient

https://mc04.manuscriptcentral.com/jes-ecs

as indicated.

Unit Negative
electrode

pm 48 *

pm 10.5

- 0.34*

- 0.055 *

kg m3 2500

JkgtK? 700
Wmik! 17

Smt 46.1 *
m2 S-l 5)(]_0'14*
mol m 31370
mol m-3 1000
A m?2 1.44 *
J mol? 4.5x104
J mol? 4x104
- 0.5
C mol!
Jmolt K
K
K
W m?2K

6

Separator

25 %

0.45

1100
700
0.16

96485

8.314
0.38
297.15*
298.15

1

Positive
electrode

36 *

4.6
0.243 *
0.079 *
2500
700

21

16.2 *
3><]_O‘13*

51385

1000

157*

3.5x10%

3x10*

0.5
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1
2

2 The equations for calculating effective electrolyte diffusivity and conductivity, effective solid
5 diffusivity and conductivity, and activity coefficient are obtained from [31]. Table 2 provides
6 . .

7 parameters used in side reaction models.

8

9 Table 2: Parameters used for the Li plating and SEI reactions obtained from other works [27, 28, 43] or
10 ) -

11 from our experiments (*) as indicated.

12

13 Symbol Description Unit Value

14

15 U Equilibrium potential of Li plating \ 0

16 i(];,iref Exchange current density of Li plating (coin cell) Am? 9.6*

1; EL Activation energy of Li plating reaction J mol*? 6.8x10*

19 ap; Transfer coefficient of Li plating - 0.3,0.7

20 My, Molecular mass of lithium kg mol* 6.94x10°

;; pLi Density of lithium kg m3 534

23 Usgy Equilibrium potential of SEI formation \Y 0.4

24 k3Bl Rate constant of SEI formation ms?t 1.5x1016 *

25 ;

26 ESE! Activation energy of SEI formation J mol*? 3x10*

27 Aspy Transfer coefficient of SEI formation - 0.5

;g Osg1 Electronic conductivity of SEI film Smt 5x106

30 Mg, Molecular mass of SEI kg mol? 0.162

g; DsEl Density of SEI film kg m3 1690

33 Coc Bulk concentration of EC mol m® 4541

34 Dgc EC diffusivity m? s 2x1018

35

36

37 - - - - -

38 Table 3 lists structural parameters (tortuosity, porosity) of three characteristic electrode
39 : . . . - f .

40 regions with low, middle, and high ionic resistances. In this table,
j; ey Stands for electrolyte volume fraction inside electrodes, Ny, for MacMullin Number, and & is
43 the volume fraction of the solid additives (e.g., carbon black and binder). The medium region
44

45 parameters are the same as the base model where , € and N,, are obtained through measurements.
46 : . . . .
47 The tortuosity values for the low and high regions were chosen as +20% of the medium region
jg tortuosity. The rest of the parameters of the other regions were changed in a way that the percentage
50 of the active material remains constant in all three regions.

51

52

53

54

55

56

57

58 7

59

60 https://mc04.manuscriptcentral.com/jes-ecs
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Table 3: The anode and cathode parameters for three regions with different ionic resistances.

Parameter Low region Medium region High region

ey 0.36 0.34 0.32

& 0.035 0.055 0.075
Negative electrode

Ty 4.4 55 6.6

Ny 12.2 16.2 20.6

&p 0.263 0.243 0.223

& 0.059 0.079 0.099
Positive electrode

Tp 1.9 2.3 2.8

Ny 7.1 9.6 12.5

Governing equations and boundary conditions
The parallel P2D models each follow a fairly traditional set of equations that are included
here for completeness and also to show how SEI formation and Li plating fit into the remainder of

the model.

Material balance equations
Li-ion diffusion inside the solid active particles is described by Fick’s second law in

spherical coordinates:

aCS,i 10 (
ot r2or

0cCs
o @

where cg; is the solid phase concentration of Li in the respective positive (P) and negative (N)
active particle (i = N or P) and DJg; is the effective solid-phase diffusion coefficient, which is a
function of temperature and solid-phase concentration. Li* flux is zero at the center of the particle
and the flux at the surface of the particle (r = R) is defined based on the current density of the

electrochemical reaction
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aCSi
— L — = 2
S,l ar =0 0 ( )
_ .aCS'l' =] (3)
S, ar r=R l

Li* transport in the electrolyte phase is considered 1D only in the x-direction (normal to

the current collector). The electrolyte-phase material balance is described by

aCei d aCei . n
et et a.-(1 — 4
gl at ax (Deff,l ax ) +]la’l(1 t ) ( )

where c, ; is the electrolyte concentration distribution in the positive or negative active particle or
separator (i = P, N or S) and Dg; is the effective electrolyte-phase diffusion coefficient, which is
a function of temperature and electrolyte concentration. j; is the pore-wall flux defined in Equation
24 for the negative electrode and Equation 25 for the positive electrode. In the separator, there is
no electrochemical reaction and therefore js is zero. ¢; is electrolyte volume fraction and a; is the

specific interfacial area of the particles per unit volume of the electrode, defined as

_ 3(1 — & — gf,i)

_ ©

a;
pi

where R, ; is the radius of active particles, and &; is the volume fraction of filler (carbon and

binder). Spherical active particles with uniform size are assumed. The flux of Li*in the electrolyte

phase is set to zero at both external boundaries (current collectors).

dce. n
—Degt n 6; =0 (6)
x=0
dac
—Desep a—ex'P =0 (7)

x=Ln+Ls+Lp

Continuous flux is considered for Li*at internal boundaries (i.e., x = Ly, Ly + Lg).

Charge balance equations

Charge balance in the solid phase is expressed as

9
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0*¢si _

Oeffi ng = jia;F (8)
where o.g; is the effective electronic conductivity in the solid phase, ¢ ; is solid-phase potential,
and F is Faraday’s constant. At the anode side, the current collector is grounded while at the
cathode side, the electronic charge flux is taken to be equal to the applied current density Iy,
while there is no electronic current at the two internal boundaries with the separator:

a(psP
=0, Oefri—— =-I 9
(ps,lez 0 effi "5 fm LatLetLp app 9)
a(psi

0, fﬁ'—' =0 10

e ox x=Ly, Ly+Ls (10)
The cell voltage is set between the two current collectors:

Veen = ¢S'P|X=LN+L5+LP - 905,N|x=0 (11)

The electrolyte phase potential distribution is given by

0 0@\ 2RT dlnfy;\ 0 dlnc, ; .
_$<kefﬁ" = l) A= (1 * 0lncil-> &(ke“"' axu) =Jak (12)
e\l

where kg; is the effective ionic conductivity in the electrolyte phase, ¢, ; is electrolyte-phase
potential, R is the gas constant. The electrolyte phase current is set to be zero at the current

collectors:

a i
oy =0 (13)

0x lx=o, Ly+Ls+Lp

Energy balance equation
Energy conservation used in our model determines the temperature and follows the thermal
model described by Gu et al. [44]

aT 02T 14
piCp,i E = ﬂ“i W + ern,i + Qohm,i + Qrev,i ( )

10
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where T is the temperature and p, C,, and A are the volume-averaged density, specific heat, and

thermal conductivity respectively. The total reaction heat generation rate Q. ; is defined as
ern,i = jiaiFni (15)

The total ohmic heat generation rate Qopnm; is defined as

g\ 0pe\ 2RT; dlnf,\ dlnc,; A, ;

The total reversible heat generation rate Q. ; is defined as

aU;

Qrev,i = JiaiFT; T ooy (17)

It is not experimentally possible to separate the reversible heat generation for two electrodes, but
it is immaterial because in this model the whole system is effectively at the same temperature at a
given time. Note that Qey; and Q. ; are zero for the separator. For simplicity the boundary

conditions at the current collectors are given by Newton’s law of cooling:

AL h(T,, — Ty) 18
N ax ‘=0 - [ee] N ( )
T
—Ap 5~ = h(Tp — Tw) (19)

x=Lny+Ls+Lp

where T,, is the ambient temperature and h is a heat transfer coefficient meant to approximately
capture all the mechanisms of heat exchange between the cell and the environment. Heat flux and

temperature are continuous on the internal boundaries.

Electrochemical kinetic equations
The rate of intercalation at the surface of the particle is governed by the Butler-Volmer

equation:

. lo,int, Aa,intF 71y ; AeintF iy g
Jinti = F exp RT — €exXp _T (20)

11

https://mc04.manuscriptcentral.com/jes-ecs



oNOYTULT D WN =

Journal of The Electrochemical Society Page 12 of 38

where agine and a e are transfer coefficients for the reaction. The exchange current density,

ioint > Nas both temperature and concentration dependence as given by

max surf\ ¢ / surf\ ¢ int
i _ l.int (Cs,i — Csi ) <Cs,i > (Ce,i)a exp IEa ( 1 1)] (21)
0,inti — ‘o ref T r
Cref Cref Cref R Tref T

where i(i)f‘rtef is the exchange current density of the intercalation reaction at the reference

concentration of c.ef, ¢ is the maximum solid-phase concentration, cS“ is the solid-phase
concentration at the particle surface, and EIt is the activation energy of the intercalation reaction.

Surface overpotentials for negative and positive electrodes are given by:
Tineny = PsN — Pen — FjnRfiim = Uinen (22)
Mintp = Psp — Pep — Uint,p (23)
where Uj, is the equilibrium potential for the intercalation reaction vs. Li*/Li. The total local
current density for the negative electrode is the sum of the current density of three reactions:
intercalation reaction, SEI reaction, and lithium plating [28].
Jn = Jintn T Jser t i (24)
Note that for the positive electrode there is only an intercalation reaction
Jp = Jintp (25)

The SEI layer is formed due to the reduction of the electrolyte (ethylene carbonate, EC) according

to the following assumed reaction [28]
2C,H,CO5 + 2e~ + 2Li* —» (CH,0CO,Li)2 + C,H, (26)

The rate of SEI formation is considered to be a function of electrolyte diffusion rate and surface
kinetics according to Safari et al. [37] and Yang et al. [28]. Consistent with this prior work, the

local current density of SEI formation reaction is expressed here as a cathodic Tafel expression:

(27)

aC,SEIF 77551
RT

Jser = _kO,SEICESC exp <_

12
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where a, sg; IS the transfer coefficient for the SEI reaction, and the surface overpotential of SEI

reaction is defined as:

Nsgr = Psn — Pen — FinReim — Usgy (28)
The concentration of EC on the surface of graphite is calculated based on the mass conservation
of EC

s 0
Cec — Cic

_DEC
6Fi1m

= —Jskr (29)

Temperature dependency of the SEI reaction rate constant is considered as an Arrhenius behavior
[29]

ESEI 1 1
koser = kg,féfexpl ; (m - 7)] (30)

where E3E! is the activation energy for the SEI reaction. The rate of lithium deposition reaction is

given by a truncated (irreversible) Butler-Volmer equation as proposed in the literature [42, 43].

lo,Li o LiF 77 acLif 7
: - ——=1|, . <0
ju={TF [eXp< RT eXp RT i (31)
0, Ny 2 0
Mi= PsN — PenN — FjnRfim (32)
L (Ce,N)““'“ Ei' (1 1 (33)
lO,Ll - lO,ref Cref exp R Tref T

Although some fraction of the deposited Li is reversible, the reversible part does not contribute to
the capacity loss and would not necessarily persist from one cycle to another. Therefore, for
simplicity in this work, we assume any reversible Li-plating reaction is included in the graphite

intercalation reaction and its associated Butler-\VVolmer equation.

The presence of SEI and lithium metal are each tracked by a material balance [29]:

OCspr _ _Jsmt (34)
ot 2
13
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aCLi
at

= _ajLi (35)

where, csg; and cp; are respectively the molar concentration of SEI and Li metal per unit volume
of the electrode. SEI and Li metal create a surface film at the interphase of graphite particle, which

can be accounted for in terms of thickness:

(36)

1/coe/M ¢y My ;
P (551 SEI_I_ Li L1>

a PsEr PLi

where M and p represent the molecular weight and density, respectively. The resistance associated

with this film, Rgy, 1S given by

CserMsg;
Rfim = ———— (37)
Qa Osg1 PsEr

where agg; is the electronic conductivity of the SEI film. Electrode porosity is reduced with

increasing film thickness according to

de dSpm

de _ 38
dt Tt (38)

B is the fraction of side-reaction products (SEl+plating) that volumetrically fill the anode pores.
Two factors cause S to be less than 1. First, a portion of the side-reaction products is formed
between the anode and separator and therefore does not contribute substantially to pore filling.
Second, experimental imaging suggests that products accumulating in the pores do so as a
nanoporous solid phase. Therefore, § = 0.25 is taken to represent these observed conditions. The

overall capacity loss is calculated from both accumulated Li plating and SEI formation:

Ly ot
Qross = Faj (i tjsg)dt dx (39)
x=0Yt=0

Parallel region model and solution

A finite-element-based commercial package, COMSOL Multiphysics 5.3, was used to
solve the above model equations. The primary dependent variables are ¢, @,., cs, Co , Csgr, CLis
and T. Except c,, which is defined in 2D, the other variables are defined in 1D. The generated

mesh for the pseudo-2D particle geometry consisted of 98 quadrilateral elements and the 1D
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geometry included 60 elements. Further refinement of the mesh had no significant impact on the
results. The equations at each timestep are solved using a direct solver called MUMPS, which

utilizes LU decomposition.

As mentioned earlier, a parallel-region-model approach developed previously in our group
[31] is used to address electrode heterogeneity. In this approach, a system of three regions is
connected in parallel, each of which has a certain internal ionic resistance indicated as high,
medium, or low regions in Figure 1-a. As shown in Figure 1-b, an equivalent circuit for this system
consists of three parallel resistances, where the voltage for each region is the cell voltage and the
total cell current is the sum of the three region currents. This follows from the fact that each region
is connected to the same current collector. The portion of the current flowing in each region is
inversely proportional to its resistance and is determined by a controller function added to the

model.

(@) (b)

Anode Separator _  Cathode I
| - _’_/\/\/\_@/\/\/\_
\ High High
LS S

High ionic
resistance x.

region

Med ionic
resistance <——

region Ne

Low ionic /'_A o it
resistance ; R
NG o

region p

&Active material @ Binder @ Conductive carbon ~—Ion pathway AA A . AA A
h h

Figure 1: (a) schematic of Li-ion battery with three regions for different ionic resistances in anode. (b)
Electrical and (c) thermal equivalent circuit models. V And Q represent cell voltage and heat generation,
respectively.

As shown in Figure 1-c, a similar equivalent circuit is used for heat transport. The prior
parallel-region model assumed independent temperatures in each region, allowing one region to

be at a different temperature than the others depending on local current densities. However,
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subsequent consideration of the high thermal conductivity of the metallic current collectors
suggests that regions separated by a few mm lateral distance rapidly equilibrate thermally in this
direction through the current collectors. Hence, in the current model, thermal equilibrium is
allowed by modifying the heat balance external boundary conditions one would use for a single

region Equations 18 and 19 to become:

oT
—An aZS = h(Too — Tys) + B (T g — Ts) + B (Tygr — Ths) (40)
x=
oT
T = W(Tps =) + W (Tps = Tpg) + W (Tps ~Tpgn) (41

x=Ln+Ls+Lp

where s, s’, and s’ denote each region and its two neighboring regions in the respective positive
or negative electrode. h’' is an effective heat transfer coefficient that accounts for the large
conductivity through the current collector. As such, k' > h is a sufficient condition to equilibrate
temperature between regions while maintaining numerical stability; a physically exact value of A’
is not required in the model. Indeed, the same value of k' is used for both aluminum and copper

current collectors for simplicity.

As mentioned above, in the parallel-region model, three different regions in the electrode
are considered to represent mesoscale heterogeneity in tortuosity in a real battery electrode. Each
region has a specific tortuosity and porosity associated with it, namely a “high” region with high
tortuosity and low porosity, a “low” region with low tortuosity and high porosity, and a “medium”
region with moderate tortuosity and porosity. Tortuosity and porosity values for the medium region
are the same as the base model parameters obtained from the experimental measurement. Figure 3

lists the value of these parameters assigned for high and low regions.

A full P2D electrochemical model runs for each region separately. Thus, we assume that
the three regions communicate with each other only through the current collector, namely by
allowing electrical current and heat to distribute between regions. To ensure the equality of
potentials between regions in anode and cathode, the solid potential at the anode current collector

is grounded as mentioned in Equation 9.
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Lateral heterogeneity in electronic resistance on mm length scales is known to exist but has
a relatively small effect compared to corresponding ionic transport heterogeneity and therefore is
not considered in our model due to its negligible impact on Li plating [45]. Note that for graphite
and all practical cathode materials, average ionic conductivity is considerably less than electronic
conductivity. For instance, according to our measurements for graphite, the effective electronic
conductivity is about 380 times greater than the effective ionic conductivity (27.9 vs. 0.073 S/m)
for reference electrolyte and temperature. A consequence of this disparity is that heterogeneity in
electronic conductivity is much less likely to impact cell behavior.

In most of the cases considered in this work we further assume that active materials are
distributed uniformly across the electrode. That is, electrode heterogeneity only arises from the
non-uniform distribution of carbon, binder, and pores, which leads to non-uniformity in electrode
tortuosity. This assumption is supported by previous observations of active material, carbon, and
binder domain in SEM/FIB images of different regions in electrode [31]. According to Mistry et
al. [24], non-uniform active material loading can also exist in the lateral direction. Hence, in a
second case, we assume that active material particles are not distributed uniformly at the same

time as the non-uniform distribution of pore structure.

A focus of this effort is to examine the effects of the lateral heterogeneity in the electrode
that has been shown to exist on a scale of a few hundred micrometers and even to larger distances
[31, 32]. This scale is greater than the electrode thickness; therefore, electrodes were considered
initially homogenous in the through-plane direction. We further assume that the surface area
fraction for the three regions is equal, which is equivalent to separating a continuous probability
distribution (in this case for tortuosity) into three equal-sized bins. This is meant to generate and
illustrate heterogeneous results even if the details of the distribution are somewhat coarse-grained.
Furthermore, ionic transport in the in-plane directions between the three regions is neglected, due

to the assumed large lateral scale of the heterogeneity compared to film thickness.

Experimental method
Measurements were made from a combination of tests on 18650 cells and coin cells and
pouch cells made from electrode materials harvested from the 18650 cells. The 18650 cells were

commercially available 2-Ah graphite/LiNiCoAlO2 (NCA) cells made by Samsung. To harvest
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electrode materials, a fresh cell was discharged to 0% SOC, then the two ends of the metallic can
were carefully cut open without damaging the jellyroll or causing a short circuit. Then, the jellyroll

was removed from the can and unrolled and cut.

Coin cells and pouch cells were made using the harvested electrodes, a separator (Celgard
3501, Celgard LLC, Charlotte, NC), and an electrolyte solution of 1 M lithium
hexafluorophosphate in a 50/50 (v/v) mixture of ethylene carbonate and diethyl carbonate (Sigma
Aldrich) in an argon atmosphere glovebox (moisture content 0.9 ppm and oxygen content < 2 ppm,
VAC, Hawthorne, CA). Pouch half cells were made from the harvested electrodes paired with
lithium metal pressed onto a copper current collector. After completing formation cycles at 0.05
C-rate at 24 °C, the coin cells and pouch cells were cycled at various charging C-rates (1C, 2C,
3C, and 5C). Pouch half-cell open-circuit potentials (OCP) were measured at a C/20 rate at 24 °C
and -10 °C. The cycling tests were carried out using a Maccor 4300 battery cycler according to the
following procedure: charge at the specified constant current to a cutoff voltage followed by a
constant voltage step to 0.05C; then discharge at 1C constant current to a cutoff voltage followed
by a constant voltage step to 0.05C. The respective cutoff voltages were 4.2 V and 2.5 V for full
cells and cathode half cells, and 1.5 V and 0.05 V for graphite half cells.

Results and Discussion

The base P2D model parameterization and validation

Multiple baseline parameters were obtained by comparing model results and experiments.
Half-cell experiments were used to find the OCP and operating windows of electrodes to use in
the P2D model. The value of intercalation exchange current density and solid-phase diffusivity for
both positive and negative electrodes were adjusted to find the best match between the
experimental results and the model prediction. Figure 2 shows both simulated and experimental

results for discharge curves, which agree reasonably well.
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Figure 2: Cell potential comparison for simulation (line) and experimental data (symbol) for the 18650 cell

at different C-rates.

Two sets of experiments were conducted to obtain two possible values of rate constant

i(';iref for lithium plating. First, the 18650 cell was cycled at 0 °C to create an aggressive cycling

condition and promote the Li-plating reaction. Nevertheless, the amount of capacity loss was not

substantial and there was not a visible sign of Li plating on the surface of graphite after

disassembly. While this is admirable for purposes of a well-functioning cell, it made it difficult to

analyze the lithium metal formation. Hence, additional experiments were conducted with coin cells

cycled at 24°C, where a significant capacity loss and Li plating were observed. The summary of

fast-charge experiments is presented in Table 4.

Table 4- Summary of cell type and operating conditions for Li-plating experiments

Cell type Operating conditions Lithium plating

18650 0°C,24°C No significant plating observed
2C charge rate

Pouch/coin cell 24 °C Significant plating observed

1C, 2C, 3C charge rates

19

https://mc04.manuscriptcentral.com/jes-ecs



oNOYTULT D WN =

Journal of The Electrochemical Society

(@) 50
% ° ©  Experiment 2C
< ® ® Model2C
®
g ®e
3 18 | ®, .
8 oo 'Y
% ®ee,
5 ®ee
216 . . L
S o 5 10 15 20
by <
é e ©  Experiment 3C
s - pe
< 18 - ® Model3C
= ®e
2 *, ®
o e
m N ®
§n o e L E
5 ®ee
214 \ A
S "o 5 10 15 20

Cycle number

Figure 3: Model fit and experimental discharge capacity data for coin cell cycled at (a) 2C and (b) 3C rate
charge.

Figure 3 shows the model fit for the discharge capacity during cycling for coin cells cycled
at 2C and 3C charge rate, where the Li-plating reaction rate constant was adjusted to match the

discharge capacity.

In order to obtain the exchange current density for SEI and Li-plating reaction, we assumed
the amount of capacity loss due to Li plating was much higher than the capacity loss due to SEI.
This is a reasonable assumption since capacity loss due to SEI is more significant at higher
temperatures or longer-term cycling [27]. Moreover, SEI formation does not generally result in
rapid capacity decline. When rapid decline is observed, and post-mortem analysis reveals Li
plating, Li plating can be considered as the dominant mechanism [46]. Hence the lower value

assigned to ijoe compared to ighes . (It is important to recognize that each reaction is

concentration-, potential-, and temperature-dependent and so actual local current densities do not

depend solely on i, s values.)
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Local lithium plating
An exemplary 18650 cell and its associated coin and pouch cells were cycled to investigate

Li-plating behavior. The 18650 cell was disassembled after 50 cycles (2C-rate and 0 °C), and it

oNOYTULT D WN =

did not show any visible sign of Li plating at the surface of the anode. However, coin cells and
pouch cells cycled at different C-rates showed more severe capacity loss and had significant Li
deposition on the surface of the anodes (Figure 4-a). Photographs of the anodes of these pouch
cells accompanied by their segmented images are shown in Figure 4-b, where the white color
represents the area with obvious Li plating. Li plating on the surface of the anode is visible as a
distinct region and the area of this region increases with increasing C-rate. These pouch cells were

disassembled at the charged state where graphite has a yellow color due to formation of LiCe.

(@)

1C @2C ®3C
0.2 A

0.15 4 s

Capacity loss
a

0.1 4 .

0.05 1

@] ...
0 oo - ;

1 a 7 10 13 16
Cycle number

Figure 4: (a) Capacity loss as a fraction of the initial capacity vs. cycle number data for pouch cells
respectively cycled at 1C, 2C, and 3C charge C-rates and at 24 °C. (b) Photographs of disassembled charged
anodes (top) and corresponding segmented images (bottom) in which the white area represents regions with

obvious lithium deposition.
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As mentioned above, pouch or coin cells compared to the 18650 cell showed more capacity
loss and Li plating at a similar C-rate. This difference could have arisen from different sources.
Different electrolytes were used; possibly electrolyte in the 18650 cell included additives that
could suppress Li plating. Assembly conditions were also different; for instance, a degassing step
would be expected for the 18650 cell. Cell format could also be an effect: the metal can of the
18650 cell led to simultaneously much higher stack pressure and, compared to pouch cells, a better
seal. Stack pressure could have a beneficial effect on suppressing inactive Li metal formation as
suggested by Louli et al. work on anode-free cells [47]. Lastly, electrodes of the pouch and coin
cells were harvested from a 18650 cell so they may have some additional degradation as opposed
to the relatively pristine electrodes in the 18650 cell. For instance, despite gentle handling, the
original SEI may experience changes during the harvesting process. To counteract this, two
formation cycles were conducted on the pouch and coin cells following their assembly.

The acceleration of Li plating for our pouch and coin cells led to a larger iairef value for
these cells than for the 18650 cell. We chose to use the larger parameter for subsequent cell
simulations since it showed the Li plating earlier and so eliminated the need for cycling the model
as long to see the effects. Even for 20 cycles, the model requires substantial computational time
on a desktop computer. (Thus, the use of the larger Kinetic parameter can be considered as a type
of accelerated life testing.) Nevertheless, for modeling analysis of a well-designed cell, a

substantially smaller i(%fref value can be used than what is given in Table 2. To wit, when applying
the present model to other cells, a unique i(%fref value particular to a cell can be determined by

matching the experimental discharge capacity under cycling conditions likely to cause lithium
plating. Furthermore, improved experimental quantification of the actual amount of inactive Li

metal formed could inform the estimation of this parameter [48].
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Figure 5: SEM images of the surface of the graphite anode (pouch cells) with lithium deposition, showing
non-uniform lithium deposition on the surface of the anode.

Scanning electron microscope (SEM) images were taken from the surface of a pouch cell
anode with Li deposition (interior of the white area in Figure 4-b). As shown in Figure 5, Li-plating
heterogeneity was observed with spacing on the order of a few hundreds of micrometers.
Heterogeneous electrodes with areas of locally high ionic resistance can exacerbate the effect of
mass-transfer limitations, especially at high charge C-rates. Although the underlying cause of
localized Li plating can be more complex, we postulate that localized Li plating is accelerated
when electrode heterogeneity is accompanied by other factors that can promote Li plating such as
edge effects [49, 50], uneven pressure [51], or temperature and potential gradients across large

electrode distances.

After parameterizing our model with experimental cell data, we then used it to investigate

the effect of electrode heterogeneity on the extent of localized Li plating.

Heterogeneity modeling study

Lateral heterogeneity may exist in both cathode and anode coatings. In this study, we
consider four different cases to investigate its effect on lithium plating. For the first two cases, we
consider both anode and cathode to consist of three different resistance regions. For case one, the
three regions are aligned, meaning the high-resistance region of the anode or high MacMullin
number (Nw) is facing the high-resistance region of the cathode and so on, which represents the
most extreme case of heterogeneity in a cell. For the second case, three regions are misaligned,

meaning the high-resistance region of the anode is facing the low-resistance region of the cathode,
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and so on. For the third case the cathode is heterogeneous (consisting of three different regions);
however, the anode is made uniform meaning all three regions have identical base-level properties.
And finally, for the fourth case, a uniform cathode is coupled with a heterogeneous anode. The
purpose of the two latter cases is to investigate the separate contribution of each electrode’s
heterogeneity on Li plating when the active material content is distributed equally in all regions.
Summary of case studies is presented in Table 5. An additional case study 5 is also considered

which is discussed in next section.

Table 5- Heterogeneity in five case studies

Case studies Heterogeneity

Case 1 Heterogeneous ionic transport, anode and cathode, aligned regions
Case 2 Heterogeneous ionic transport, anode and cathode, misaligned regions
Case 3 Heterogeneous ionic transport, cathode only
Case 4 Heterogeneous ionic transport, anode only
Case 5 Heterogeneous ionic transport and active material loading, anode only
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Figure 6: Simulated plating thickness and capacity loss and for 2C charge and 1C discharge for four cases:
() both anode and cathode are heterogeneous (aligned), (b) both anode and cathode are heterogeneous
(misaligned), (c) a heterogeneous cathode is coupled with a uniform anode, (d) a heterogeneous anode is
coupled with a uniform cathode. Discrete points calculated at the end of each cycle were connected to form
smooth curves.

For the first case (Figure 6-a) in which heterogeneity existed in both electrodes (aligned),

there is a significant difference in local capacity loss between the regions. This observation

suggests that the region with high ionic resistance is more prone to Li plating. For the second case
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(Figure 6-b), the difference between regions is almost the same as in the first case, suggesting the

regions' alignment or misalignment does not affect Li plating.

The third case (Figure 6-c) where the anode was chosen to be uniform leads to a more
uniform distribution of Li plating and capacity loss in the three regions. This clearly indicates that
cathode uniformity does not have a significant effect on reducing non-uniformity in Li plating and
local capacity loss, at least for the coating porosity and thickness values used here. For the last
case (Figure 6-d) in which the cathode was chosen to be uniform, there is still a significant non-
uniformity in the capacity loss that is similar to the case where both electrodes were heterogeneous.
Moreover, this result clearly shows the significance of anode microstructure uniformity for
delaying the Li-plating onset. Or from another standpoint, to have a more accurate prediction of
Li-plating onset, it is necessary to account for the heterogeneity in the negative electrode in the

electrochemical model.

Figure 6 also shows the Li-plating thickness of the three parallel regions as a function of
anode depth, where plating is assumed to be a uniform coating on all active particles at a particular
electrode depth. Li plating is more severe as expected in the high-tortuosity region and the low
region has the lowest amount. For all regions, the highest Li-plating amount is at the separator
interface and continually decreases until it is negligible at around 80% depth of the anode.

Li-deposit growth reduces the porosity within that volume. This result suggests that even
though we assumed initial uniform tortuosity and porosity in the through-plane direction, allowing
the porosity to change over time in this direction leads to heterogeneity in the through-plane
direction besides heterogeneity in the lateral direction. Figure 7 shows SEM images of the cycled
anode at a 3C charge rate, confirming this concept. Li plating is observable in the pores at higher

amounts near the separator region of the electrode.
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Figure 7: SEM-FIB cross-sections of anode after 3C-charge cycling. Two different locations with their
magnifications are shown. The current collector is on the bottom and the separator is on top. Lithium
dendrites are clear near the separator interface. In the image on the right, Li dendrites are shown to fill
anode pores near the separator.

It should be mentioned that Li plating in a real cell can grow off the surface of the anode
into a space between the anode and separator, pushing up the separator or even penetrating through
the separator. Such plating is observed in Figure 7. However, such a mechanism is not included in
our model. Essentially there is no failure mechanism in this model that causes Li dendrites to
extend beyond the vicinity of graphite active material. The progressive heterogeneity in the

through-plane direction can cause the evolution of a feedback mechanism that is discussed later.

Figure 8 shows the voltage-capacity and temperature profiles of the three regions for an
initial 2C charge and 1C discharge cycle when only the anode is heterogeneous. The voltage
profiles of the three regions are comparable, with slight differences in state of charge at the end of
discharge, meaning that higher tortuosity results in slightly lower effective capacity. The
temperature profile of the three regions is expected to overlap due to the common temperature at
the current collectors. Temperatures at the interior of each region are allowed to differ, but as
shown in Figure 8b, do not. This confirms that thermal communication between the regions via
the common current collectors is relatively high. The largest observed temperature rise occurs
during the relatively fast constant-current charging step, indicating this is the time most susceptible
to thermally induced damage to cell materials.
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Figure 8: Simulated discharge voltages (a) and temperature profiles (b) of three regions for a 2C charge
and 1C discharge cycle. The temperatures are probed at the anode-separator interface

Feedback mechanism between heterogeneous regions

As mentioned above, the effect of a heterogeneous cathode on lithium plating is negligible,

therefore, to study the feedback mechanisms between heterogeneous regions, only the

heterogeneous anode is considered in this section.

Table 6: The anode parameters for the two cases with different active material loading.

Parameter Low region Medium region  High region
En 0.36 0.34 0.32
& 0.035 0.055 0.075
Case four
Ty 4.4 5.5 6.6
Ny 12.2 16.2 20.6
En 0.36 0.34 0.32
] & 0.055 0.055 0.055
Case five
Ty 4.4 55 6.6
Ny 12.2 16.2 20.6

As shown in Table 6, an additional case was studied and is compared to the most similar

previous case. In case four, all three regions have the same active material content while in case
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five, regions have different active material loading while the filler volume fraction between regions

is the same. The porosity and tortuosity of the regions are similar to that of the fourth case.

The three-region model was run for the fourth and fifth cases at a 2C charge 1C discharge
rate at 24 °C for 25 cycles. Capacity loss is the amount of SEI and inactive plated lithium divided
by the corresponding amount of cyclable lithium at initial cell capacity. It should be noted that in
the fifth case, the areal capacity of each region was weighted by the active material loading in that

region.
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Figure 9: Capacity loss (a) for case four where all regions have the same active material fraction, (b) case
five where regions have different active material fractions

According to Figure 9-a, the region with the highest MacMullin number always exhibits
the highest capacity loss when regions have the same active material loading (case four). This
region’s capacity loss further diverges from the other regions around cycle 15 because of the
feedback from the filling of pores near the separator. In other words, the high Nm region reaches
the end of life much sooner than the other two regions. In the fifth case, the low Nwm region has the
lowest active material loading and holds the highest capacity loss until cycle 20. However, the
high Nwm region catches up at cycle 20 and the same accelerated aging trend is observed as in case
four. Additional differences are observed between cases four and five: the capacity loss of regions
is more uniform in case five compared to case four, and while the Mid- Nwm region ages at the same

rate in both cases, the average capacity loss in case five is higher than in the case four.
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Figure 10: (a) plating thickness, and (b) anode porosity vs. anode depth for three parallel regions and
study cases four and five. Plots are at cycle 13, which is effectively the end of life for case four.

It is useful to examine conditions in the two cases as the end of life is approached. End of
life for case four is taken to be the point where porosity reaches zero in the high-Nwm region. Figure
10-a shows plating thickness across the anode at this time for both cases four and five. It is worth
noting that in case five (the solid lines), there is a crossover point, meaning the most plating at a
particular depth is not always in the same lateral region. This is the main reason for higher capacity
loss for the low-Nwm region in case five as discussed in Figure 9.

Li-deposit growth near the separator region reduces the porosity within that volume as
depicted in Figure 10-b. As with previously examined cases, a model that allows the porosity to
change over time can lead to heterogeneity in the through-plane direction besides heterogeneity in
the lateral direction. Figure 10-b shows that for case five plating penetrates to a greater depth of
anode in the low-Nwm region (about 28% of depth) while in the fourth case, all regions have almost
the same plating penetration depth (about 20% of depth). This heterogeneity in the through-plane
direction can cause the feedback mechanism in the high-Nwm region causing the accelerated

capacity decay shown in Figure 9.
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Figure 11: Current density distribution between regions (in terms of C-rate) at the anode-separator interface
during constant current charge for study cases four (dashed lines) and five (solid lines), at (a) first cycle and
(b) cycle 13. Vertical axes are at different scales.

This feedback mechanism also affects the current distribution between regions during
cycling. In the first cycle (Figure 11-a), a more uniform current distribution is observed between
regions in both cases, while in cycle 13 (Figure 11-b) the current distribution in case four becomes
less uniform. The low Nwm region gains a higher current for almost the whole-time during cycle 13
when different regions have the same active material loading (case four). The reason for this
happening can be traced to Figure 10-b where the ionic resistance of the high-Nwm region is
increased due to pore blockage near the separator interface compared to the other two regions. For
case five, the current density distribution for cycle 13 follows almost the same trend as for the first

cycle.
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Figure 12: (a) Li-plating overpotential, and (b) electrolyte potential with anode depth at the end of constant
current charge of the first cycle for three regions and cases four and five.

A closer look into the Li-plating overpotential can help us to investigate the difference in
the total capacity loss for the two case studies. The change in the slope of Li-plating overpotential
near the separator (Figure 12-a) is due to the SEI resistance which inhibits further Li plating (last
term in (32). In the absence of this term, Li-plating overpotential would follow a smooth trend as
suggested by the curve of electrolyte potential shown in Figure 12-b. As mentioned above,
although all regions have an increase in plating as one approaches the separator, there are
differences in which regions experience the highest amount of plating at a given depth.
Furthermore, the degree of heterogeneity, as indicated by the differences between plating
overpotential of the high-Nwm and low-Nw regions, is greater for case five than case four. More

specifically, the depth at which Li plating is possible is more heterogeneous for case five.
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Figure 13: (a) Li-plating overpotential, and (b) particle surface state of charge (SOC) at three different times
near the end of constant current charging (t1= 1100 s, t2= 1250 s, t3= 1400 s) as a function of anode depth
for study cases four and five.

Figure 13 focuses on the low-Nwm region to understand the difference in plating trends
observed in cases four and five. Figure 13-a illustrates that the low-Nwm region in case five always
displays lower plating overpotential than in case four i.e., it is more susceptible to lithium plating.
This stems from the higher surface concentrations of particles in case five due to lower active

material loading (Figure 13-b). This excess surface concentration makes the particles prone to Li
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plating. However, at the end of cycling, more Li plating forms in the high-Nwm region due to the

positive feedback from clogged pores as shown in Figure 9-b.

Conclusions

In order to reduce the degree of Li plating in a cell, it is necessary to understand the root
causes. This work examines the interplay of electrode heterogeneity and Li plating by utilizing a
parallel-region model that combines three Newman-type submodels and an equivalent-circuit
controller. A prior model using this same principle was extended by incorporating irreversible SEI
and Li-plating reactions. The three parallel regions represent portions of the electrode that have,
respectively, high, medium, and low ionic transport resistance. These model assumptions are valid
for lateral heterogeneity in tortuosity on length scales greater than the thickness of the electrode

film, meaning hundreds of micrometers or greater.

Our parallel-region model can be thought of as a reduced-order 3D model, in that it attempts
to describe the most salient aspects of heterogeneity in the in-plane and through-plan directions.
This allows for computions of systems and timescales that would be difficult for a fully realized
3D model. Furthermore, geometric parameterization of our model is easier than would be the case

for a model that requires a 3D structure valid from um to mm length scales.

To parameterize the model, experiments were performed for a 18650 cell and derived coin
and pouch cells, under cycling conditions that promoted Li plating. Visual confirmation of plating
was made for the pouch cells. The coin cells likewise made from the 18650 cell experienced

enhanced capacity loss that we associated with lithium plating.

Using the model, the effect of electrode heterogeneity on Li plating was investigated first
for four cases: heterogeneous anode and cathode (aligned and misaligned regions), heterogeneous
cathode coupled with a uniform anode, and a heterogeneous anode coupled with a uniform cathode.
In these cases, the active material loading was equally distributed among regions. The simulations
show that heterogeneity in the anode can result in non-uniform Li plating; however, cathode
heterogeneity did not have a significant effect. That is, a non-uniform anode leads to more Li
deposition in the higher tortuosity region, especially at higher C-rates. This difference in sensitivity
to heterogeneity is caused by the cathode having a lower average MacMullin number or tortuosity

than the anode. Furthermore, a positive feedback mechanism exists between the porosity of each
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region and the rate of side reactions. Especially at the end of life, pore-clogging near the separator

can be a reason for the accelerated capacity loss and short-circuit of the cell.

Another comparison was made between two cases where the active material is uniformly
and non-uniformly distributed in the parallel regions. Specifically, in case five, the local loading
of active material is higher where ionic resistance is higher. Otherwise, case five has the same
heterogeneity in ionic resistance as case four. Interestingly, this led to lower overall Li plating for
case five. Further, case five had lower heterogeneity in Li plating by lateral location. Thus,
heterogeneity in loading can compensate for heterogeneity in ionic resistance and lead to less

Li-plating heterogeneity compared to a case where loading is uniform.

The modeling concept developed here is useful for any situation in which parallel regions
have a dissimilar property, such as resistance, loading, temperature, or other relevant property. It
has some of the descriptive advantages of a 3D model without the computational expense. The
model could further be applied to cases beyond mm scale heterogeneity in one cell to include

multiple parallel cells experiencing aging within a battery pack.
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