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1 Introduction

Lithium-ion battery degradation: how to model it}
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Predicting lithium-ion battery degradation is worth billions to the global automotive, aviation and energy
storage industries, to improve performance and safety and reduce warranty liabilities. However, very few
published models of battery degradation explicitly consider the interactions between more than two
degradation mechanisms, and none do so within a single electrode. In this paper, the first published
attempt to directly couple more than two degradation mechanisms in the negative electrode is
reported. The results are used to map different pathways through the complicated path dependent and
non-linear degradation space. Four degradation mechanisms are coupled in PyBaMM, an open source
modelling environment uniquely developed to allow new physics to be implemented and explored
quickly and easily. Crucially it is possible to see ‘inside the model and observe the consequences of the
different patterns of degradation, such as loss of lithium inventory and loss of active material. For the
same cell, five different pathways that can result in end-of-life have already been found, depending on
how the cell is used. Such information would enable a product designer to either extend life or predict
life based upon the usage pattern. However, parameterization of the degradation models remains as a
major challenge, and requires the attention of the international battery community.

degradation, Han et al.®> and Tomaszewska et al.® focus on
the effect of cycling conditions, and Edge et al.” focus on the

Lithium-ion batteries (LiBs) have already transformed our
world by triggering a revolution in portable electronics. They
are now enabling further transformations in electric vehicles
(EVs) and stationary energy storage applications." However, in
these applications, the batteries are operated in harsher con-
ditions and required to last longer. As a result, cycle life and
safety have become the main concern, prompting a significant
increase in research into the physics of battery degradation.
A comprehensive review of LiB degradation was published in
2005,” but the expansion in LiB applications has prompted
many more reviews in recent years, each with a different focus.
Hendricks et al® and Birkl et al*® focus on diagnosing
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interactions between different degradation mechanisms.

While experiments, both destructive and life cycle testing,
provide essential information, much can be achieved by
models, as long as they are proved to be trustworthy in their
prediction of degradation. It is important to include the inter-
actions between degradation mechanisms, as behaviour of
combined mechanisms cannot always be reproduced by com-
bining individual mechanisms. Empirical models may capture
this combined behaviour, but they can offer insights into how
to prevent degradation only when combined with physics-based
models.

In their review of interactions between degradation mechan-
isms, Edge et al.” reported that several computational studies
have attempted to analyse some of these interactions, but few
included more than two mechanisms. Lin et al® modelled
solid-electrolyte interphase (SEI) growth on the negative elec-
trode, Mn dissolution from the positive electrode, Mn deposi-
tion on the negative electrode and hydrogen gas evolution.
Jin et al.’ modelled SEI growth and mechanical loss of active
material in both electrodes. Reniers, Mulder and Howey'®
modelled SEI growth, lithium plating and mechanical loss of
active material in the negative electrode, and Mn dissolution
from the positive electrode. Li, Landers and Park modelled SEI
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growth on cracks in the negative electrode particles, alongside
the Mn dissolution equations of Lin et al. Keil and Jossen™
focused on degradation at the negative electrode, modelling
partially reversible lithium plating and SEI growth on cracks.

Crucially, none of these studies consider the direct interac-
tions between more than two mechanisms in the same elec-
trode. Instead, they focused on indirect interactions, where
each mechanism affects the underlying battery model, which,
in turn, affects the other mechanisms. Sections 2.5 and 2.6
explore this distinction in-depth.

In this work, a Doyle-Fuller-Newman (DFN) model is created
that includes strongly coupled models of degradation in the gra-
phite negative electrode and is implemented in PyBaMM.'* The
interaction between Li plating and the SEI is modelled by letting
plated Li decay into inactive “dead lithium” over time. The thicker
the SEI, the slower the rate of dead lithium formation. Electrode
crack propagation and particle fracture are unified into a single
stress-based model.”* Solvent diffusion-limited SEI growth occurs
on the crack surfaces as they propagate.™*

2 Degradation mechanisms

The degradation mechanisms specific to the graphite negative
electrode are generally better understood than those specific to
the positive electrode, making the negative electrode the main
focus of this work. As particle fracture is known to occur in both
electrodes, this one degradation mechanism is also simulated
at the positive electrode side.

2.1 SEI layer growth

The organic electrolytes used in most LiBs are unstable at
voltages below 1 V vs. Li/Li"."® Lithiated graphite has an
equilibrium potential well below this threshold, causing the
electrolyte to break down, reacting with the lithiated graphite
and forming an SEI layer on the graphite surface.

The SEI contributes to battery degradation in several ways. The
compounds in the SEI contain lithium, trapping it and preventing it
from participating in charge storage; an effect known as loss of
lithium inventory. The SEI also increases impedance in a more
direct way; while Li* ions can move through the SEI, its ionic
resistance is higher than that of the electrolyte.

The model developed by Safari et al.'® has become the basis
for most SEI models in the current literature. Safari et al. noted
that the main SEI reaction, in which Li* reacts with one of the
organic solvents, is limited by two factors. First, the solvent
molecule must diffuse through the existing SEI to reach the
graphite surface. Then, the graphite must supply an electron to
reduce the solvent molecule. Safari et al.’s model accounts for
both these limitations, but found that the diffusion-limited
regime provides the best fit to experimental data. A simplified
diffusion-limited model is therefore used in this work.

2.2 Lithium plating

Another side reaction that occurs on the negative electrode is
lithium plating, where Li" ions from the electrolyte form
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Li metal on the graphite surface, instead of intercalating into
the graphite bulk. Li plating has been reviewed in dedicated
papers’”*® and as part of a wider review of fast charging.® It
occurs under conditions that slow down the main intercalation
reaction, such as low temperatures or when the graphite sur-
face is fully lithiated, making the competing Li plating reaction
more favourable. Conditions that raise the electrolyte potential
to unusually high levels, such as fast charging or pore clogging,
also cause Li plating.

As with other electroplating reactions, there exists a reverse
process, termed Li stripping, in which the Li metal atoms are
oxidized and return to the electrolyte as Li" ions. However, the
surface of the Li metal exposed to the electrolyte reacts with it
to form SEI, so not all of the lithium can be recovered via
stripping. SEI growth atop plated Li can cause parts of the
Li metal deposit to become electrically isolated, forming ‘“dead
lithium” that cannot be recovered."*°

The first model of Li plating and stripping on graphite was
reported by Arora, Doyle and White,*® who used a Butler-
Volmer equation for plating/stripping. However, there is no
dependence on the amount of plated Li in their model, causing
it to predict negative values of the plated Li when all Li is
stripped. This means the model can only be used for charge
and not for discharge. Despite this limitation, the model
received experimental validation from Ge et al.>*

The three-way interaction between Li plating, stripping and
SEI formation has resulted in a range of models in recent years.
Yang et al.>® used a simplified version of Safari et al.’s'® model of SEI
growth and a simple Tafel equation for irreversible Li plating. Their
follow-up paper* introduced an updated Butler-Volmer equation
including dependence on the amount of plated Li, taken from work
on lithium metal batteries.”® Ren et al."® and von Liiders et al.*® used
a different approach, multiplying Arora, Doyle and White’s original
equation by a function that becomes zero when all the lithium is
stripped, preventing the plated Li from going negative. Zhao et al.*°
let a preset fraction of plated Li turn into irreversible SEI instanta-
neously upon plating. Keil and Jossen'' made this fraction time-
dependent to achieve an excellent fit to experimental data. However,
no models exist where plated Li gradually turns into SEI over time.
A first step towards such a model is proposed in this work.

2.3 Particle fracture

The volume of the electrode changes substantially during
cycling, e.g. for graphite it expands on lithiation and contracts
on delithiation. Concentration gradients inside the particles
therefore cause mechanical stress, which can cause cracks to
develop.”” Cracking occurs more severely during higher cur-
rents and for larger particle sizes.?® Towards the end of battery
life, complete fracture can occur, often close to the separator,
due to the higher local reaction current density during
cycling.”®

Electrode particle fracture causes degradation in three ways.
The cracks reveal additional surface area for SEI growth, caus-
ing further loss of lithium inventory.* The conductive additives
can also detach from the particles during delithiation,* lead-
ing to a loss in electronic conductivity. Complete fracture or
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complete detachment from the binder causes the particle to
become electrically isolated, causing loss of active material.*"*>

Different models for particle cracking have been proposed,
depending on the length scale of the problem. At cell level, a
fatigue crack model (Paris’ model) has been introduced to the
single particle model (SPM) and coupled with the SEI formation
and growth.>® At electrode level, the morphology of LiNi,Mn,,.
Co.0, positive electrodes has been studied by Xu et al.,*® using
finite element methods in 3D. At particle level, Laresgoiti
et al.*® calculated the mechanical stress inside the graphite
and SEI separately. The model presented in this work combines
these three relevant models, while keeping the computational
load manageable, as explained in Sections 3.3 and 3.4.

2.4 Other degradation mechanisms

Degradation mechanisms specific to the positive electrode are
less well understood, but are known to include irreversible
phase changes,* transition metal dissolution and formation of
a positive SEI (pSEI) layer on the cathode particles. Transition
metals, especially Mn, can also migrate to the negative elec-
trode and be deposited there in a similar process to lithium
plating.>* Unlike SEI growth or Li plating, new models are
required, such as that developed for irreversible phase changes
in NMC positive electrodes.*® Including these mechanisms
remains the topic of future work.

Another factor neglected in this work is the increasing use of
composite electrodes with more than one type of particle. In
electrodes with a bimodal size distribution, the particles can be
classified as small and large,*® which impacts mechanical
degradation. The increasing use of graphite negative electrodes
with a small fraction of SiO, particles also presents a challenge
to modelling mechanical degradation. These electrodes have
higher capacity but show strong hysteresis®’ and are highly
vulnerable to mechanical degradation due to the large volume
change of the SiO, particles on lithiation.

2.5 Indirect interactions

All mechanisms contribute to five degradation modes:” loss of
lithium inventory (LLI), loss of active material (LAM) in the
negative and positive electrodes, stoichiometric drift and impe-
dance change. SEI formation causes LLI by immobilising Li*
ions and impedance changes via film resistance and pore
clogging.'® Lithium plating causes LLI in the most literal sense
by forming dead lithium and also causes some impedance
changes via pore clogging."” Particle fracture can contribute
to all five modes: LLI by enabling additional SEI formation on

cracks,*® impedance changes including binder degradation®
and LAM in the extreme case when particles detach
completely.?**

The five degradation modes affect the degradation mechan-
isms, resulting in feedback loops, both positive and negative.”
LLI results in negative feedback. Having less cyclable lithium
inhibits lithium plating, by preventing the negative electrode
from reaching the highly lithiated state in which plating
1939 In contrast, impedance increase caused by pore
clogging is known to aggravate Li plating by reducing the

occurs.
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electrolyte potential.”” LAM also triggers a positive feedback
loop, as it enhances particle fracture: LAM decreases the inter-
face area between the active material and electrolyte, thus
increasing the interfacial current density and, in turn, leading
to larger concentration gradients and increased mechanical
stress."®

2.6 Direct interactions

It is generally acknowledged that SEI growth is self-limiting due
to the diffusion limitation of solvent molecules through the
SEL The interactions between SEI growth and other degrada-
tion mechanisms, however, are less well-researched. As men-
tioned in Section 2.2, the three-way interaction between Li
plating, Li stripping and SEI growth has resulted in a range
of models, none of which form a complete physical description.
Another major interaction is the growth of SEI on fresh surface
exposed by particle cracking, which has been shown to be faster
than SEI growth on pre-existing surface with pre-existing SEL>®

Most relevant models treat crack-assisted SEI growth and
mechanically-induced LAM as separate mechanisms, governed
by empirical equations.>*"*" In reality they cannot be indepen-
dent because they have a common origin: the mechanical stress
caused by concentration gradients.*” Crack growth and
mechanical LAM are different outcomes of the same funda-
mental physics, so ideally should be modelled in a coupled way.

A strongly coupled model of battery degradation is pre-
sented that seeks to unify the two different forms of mechanical
degradation into a single stress model, while also including the
direct interactions between SEI growth, Li plating and particle
cracking.

3 Governing equations

The Doyle-Fuller-Newman (DFN) model of LiBs is chosen for
representing the beginning of life behaviour of the battery.**
The system of coupled differential and algebraic equations is
listed in the ESI.f

3.1 SEI growth model

The solvent diffusion limited SEI growth model** is used in this
work. In this model, the diffusion of solvent molecules through
the SEI layer limits its growth. It assumes steady state, such that
the flux of the solvent molecules follows Fick’s law,

Ocsol
Nsor = _Dso T ’ 1
= —DalT) 5 (1)
Cso1 = 0 at = 0, (2)
Csol = Csol,O atl= LSEI; (3)

where ¢ is the solvent concentration, ¢y is the solvent
concentration in the electrolyte, D, (7) is the solvent diffusion
coefficient, / is one location of the SEI layer and Lggy is the
thickness (and also the location of the outer surface) of the SEI
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layer. The solution is

lesoro and N = 7Csol,ODsol(T).

SEI Lgsg;

4)

Csol =

By conservation of mass, the interfacial flux density in the SEI
layer is

Csol,ODsol ( T)

Nsgr = —Nsol = 5
SEI sol LSEI ( )
The thickness growth rate of the SEI layer is
OLsk 1. - ¢sol0Dsol (T) Vsir
= —— Ny Vg = ——2202 1 >= 6
ot B sol ¥ SEI 2LSE] ( )

Eqn (6) shows that the thickness of the SEI layer is determined
by the square root of time. The key parameter is Dg(T), which
is assumed to have an Arrhenius temperature dependence:

E;O ESO
Dsol(T) = Dsol(Tref) eXp <_R71 + RT lf), (7)

where Ty = 298.15 K (25 °C) throughout. The SEI layer is assumed
to have an Ohmic resistivity psg;, causing a voltage drop #sgs:

NSEL = PSEL LSEIJ(;—Otv (®)
where ji is the interfacial current density and is defined in Table S1
(ESI). This SEI growth model is a simplified version of the one used
by PyBaMM, which considers two SEI layers as opposed to the single
layer considered here. Details of the double-layer model are given in
the ESL}

3.2 Li plating model

The first DFN model of Li plating/stripping on graphite electro-
des was published by Arora, Doyle and White,* whose Butler—
Volmer equation had no dependence on the concentration cy;
of plated Li. Yang et al.>* used an updated equation for the
Li stripping flux Ny; that included concentration dependence:

NLi — kLi (Cii)“c.Li (C:)“a.Li
CLi O LiF’
X <Thexp (ﬁ((ps - (/)e)) (9)

- ep(-2 00~ 00)) ).

where ¢} = c.q and both ki; and ¢f; were used as fitting para-
meters. The transfer coefficients o,1; and o, ;; were set to 0.3
and 0.7 respectively, as Arora, Doyle and White*" did. O’Kane
et al.*® used a simpler expression taken from Wood et al.:**

s sonn (F ) e onp (90,

2RT 2RT
(10)
Whichever form of the Butler-Volmer equation is used, cy;(x, ¢)
is found by solving the differential equation

Oci
ot

= —a_Ny;. (11)

However, O’Kane et al. ’s model is not a complete description of
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Li plating, as it does not consider the subsequent decay of plated
Li into SEI and “dead lithium”. As previously mentioned, the
three-way interaction between plating, stripping and SEI for-
mation results in a range of models throughout the literature.
None of these models are strongly coupled and so a new model,
where plated Li decays into dead Li over time, is proposed here.
This time-limited decay adds a second term to (11):

6CL'
81‘1 = —a_Ny; — ycLi. (12)
The concentration cq; of dead lithium is given by
Jcq
o e (13)

where the decay rate y has dimensions of s™*. Assuming that a
reaction with the electrolyte solvent is required to turn plated Li
into dead Li, y is not constant; instead, it is diffusion-limited just
like the SEI formation reaction, making it dependent on the SEI
thickness Lsg;. A simple way to model this dependence is

Lsgro

(L — .
y(Lsgr) = Yo e

(14)

where Lggro is the SEI thickness at ¢ = 0 and 7y, is a fitting
parameter. Returning to the Butler-Volmer equation for Ny, (10)
is updated with variable «, 1; and o.; and the SEI overpotential

Nsgr, resulting in
Fo1iny; Foering
NLi = kLi (CLi €Xp (7;];}1[“‘) — Ce €EXP <*—;I:II37LI>>, (15)

where

N = ¢s — Pe — HsEr [16)

Eqn (12)-(16) define the complete Li plating model used in
this work.

3.3 Particle cracking model

Electrode materials experience large volume changes during
(de)lithiation, and the resulting stress can cause particle crack-
ing, which creates new surfaces and accelerates side reactions
including the SEI growth and Li plating. Several crack models
have been developed for battery degradation, which are classi-
fied as empirical models*' and physics-based models.””*>
While empirical models are only accurate up to moderate
C-rates, e.g. 1C in Ekstrom and Lindbergh,*" physical models
can be more accurate for higher C-rates. The crack model in
this work is based on the fatigue crack model in Deshpande
et al.”” and demonstrated below.

A stress model at particle level was proposed by Zhang
et al.,"® based on the equilibrium of stresses for a free standing
spherical electrode particle. The analytical solutions for the
radial stress o, tangential stress ¢, and displacement u are
shown below, respectively:

Or = %[cavg(Ri) - cﬂVg(}')}’

(17a)
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o %p"“g“l‘) + cave(r) = &/3)] (17b)
_(+v) 2(1 -2v) A
= mQrCavg(V) + WQI Cavg(Rz), (17¢)

where Q is the partial molar volume, E is the Young’s modulus,
v is the Possion’s ratio, R; is the radius of the particle and c,y,(r)
is the average Li" concentration between 0 and r:

("
Cave(r) = ﬁj érdr, (18)

0

where T = ¢ — cris the departure in lithium concentration from
the reference value c.r for the stress-free case. The magnitude
of stress is determined by the lithium concentration gradient
and particle radius, as shown in (17)-(19). Both ¢, and g, are
defined as being positive for tensile stress and negative for
compressive stress. This stress model has been incorporated
into the P2D model for battery pouch cells"® and was used to
predict the thickness evolution of the pouch cell.

Electrode particles experience a cyclic stress loading during
multiple charges and discharges, which can lead to fatigue
cracking. However, it is very challenging to track the crack
patterns experimentally. The assumptions for cracks in Desh-
pande et al.”>” are applied here: identical micro cracks on the
electrode particle surface with a length [, a width w., and a
density of the crack number per unit area p,,; cracks grow in
length during cycling but their width and density is constant.
The fatigue crack growth model follows Paris’ law*’

dler _ &(Jlbcrm)mu oy >0,

dN_Z()

(19)

where ¢, is the time for one cycle, b, is the stress intensity
factor correction, k.. and m,, are constants that are determined
from experimental data, e.g. the approach in Purewal et al.*’
The condition g, > 0 means only tensile stress contributes to
crack growth. The instantaneous rate of change of the crack
area to volume ratio can therefore be estimated by

k(b))

dacr _ A+ PeWer . dlcr
dr to dt to

Ot > 0.

_ AP Wer

For interactions between the SEI growth and particle cracking,
one solution is to apply the same SEI growth model on the
cracks. However, the SEI formation on the increasing fresh
crack surfaces must be considered, which is different from the
SEI growth on normal particle surfaces. A very thin initial SEI
layer is defined on the cracks, e.g. Lggg,cro = Lsg1,0/10 000, leading
to fast initial SEI layer growth to simulate the SEI formation
stage. The SEI layer thickness is not uniform along cracks,
because crack propagation leads to different exposure times for
different interface locations along a crack. The averaged thick-
ness of the SEI layer on cracks Lsgy ¢ is used for simplicity, with
a time evolution defined by
OLserer _ Cso,0Dsol(T)Vser | Oler Lsprero — Lserer

= 21
ot ZLSE],cr + ot lcr ( )
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The first term on the right hand side of (23) is always positive
and accounts for the diffusion-limited growth of the SEI on
existing cracks. The second term is always negative and
accounts for the particle crack propagation, which increases
the total surface area and therefore lowers the average thick-
ness of the SEI layer on cracks.

3.4 Loss of active material model

Li-ion batteries suffer from LAM as a result of cycling, either
due to electrochemical reactions between the electrodes and
the electrolyte, e.g. positive electrode dissolution,*” or due to
mechanical damage from stresses in the electrode material
leading to particle cracking and binder detachment. In the
current model, only LAM as a consequence of particle cracking
is included, as electrode dissolution is not modelled.

The key equations for LAM due to particle cracking are given
below, whilst for the detailed derivations the reader is referred
to Laresgoiti et al.’> and Reniers, Mulder and Howey."® Using
the stress model in (17)-(19), the decrease in the accessible
volume fraction of active materials ¢, is estimated by

\ . my
where f and m, are two constants normally obtained from
experiments, the hydrostatic stress o, = (o, + 20¢)/3 is a
combination of (17) and (18), o. is the critical stress and the
subscripts min and max are the minimum and the maximum
values respectively. As with particle cracking, only tensile stress
(on > 0) contributes to LAM. Between complete cycles of charge
and discharge, the particle can reach a steady state with no
stress, i.e. o min = 0 and (22) can be modified for instantaneous

reactions to
Og on\ "™
1= ﬁ(—“) on > 0.

E_ o\ O¢ (23)

4 Simulation methods
4.1 Parameters

The LG MS50T cylindrical cell was chosen for simulations
because a parameter set suitable for the DFN model is available
in Chen et al*® The model is one-dimensional across the
current collector-electrode pair-current collector direction,
but does not consider inhomogeneities across the other two
dimensions of the cell. The negative electrode consists of
graphite with 10% SiO,. by mass; the positive electrode consists
of NMC 811. The used parameter values are listed in the ESIO.

PyBaMM contains several different thermal models, any of
which can be added to the electrochemical models to create
thermally coupled battery models. However, the authors are not
aware of sufficient experimental data to parametrize these
thermal models for the LG M50 cell. Sturm et al.*® obtained
data for the entropic (reversible) heating coefficients as func-
tions of stoichiometry, but did not measure any thermal con-
ductivities or heat capacities. Due to this lack of data, no
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thermal model is included in this work and the temperature is
therefore assumed to be constant.

4.2 Standard cycling protocol

Unless otherwise stated, the following cycling protocol is used.
First, the cell is held at 4.2 V until the current falls below 50 mA
(€/100), followed by a 4 hour rest period. Next the first char-
acterization cycle is applied, consisting of a 0.5 A (C/10)
discharge to 2.5 V, then a 1.5 A (0.3C) constant current charge
to 4.2 V and finally a constant voltage charge at 4.2 V until the
current falls below 50 mA (C/100). The cell is then cycled
1000 times, starting with a 5 A (1C) discharge until 2.5 V and
followed by the same 1.5 A/4.2 V constant current/constant
voltage charge as in the characterization cycle. After 1000 cycles
are complete, a second characterization cycle is applied, iden-
tical to the first one. The cell temperature is set to 25 °C during
the 1000 degradation cycles unless otherwise stated, and is
always set to 25 °C during the characterization cycles. The
procedure described in this paragraph is from here on referred
to as “the standard cycling protocol”.

As the capacity of the simulated cell decreases with ageing,
the amount of charge passed during a cycle also decreases.
Measures of degradation, such as capacity loss, are plotted
against the total charge throughput Q., where

t
0uilt) = | It (4)
with |I(¢)| the absolute value of the applied current. Simulations
with various combinations of fully coupled degradation models
are run using the standard cycling protocol and discussed in
Section 5.

4.3 PyBaMM

PyBaMM (Python Battery Mathematical Modelling) is a multi-
physics battery modelling software package designed to con-
solidate the myriad of models in the field and enable the
international community of battery modellers to collaborate
more effectively.'”> The software has been designed to be
extendable and modular so that new models and numerical
methods can be easily added and rigorously tested. During the
creation of the model proposed here, submodels for the degra-
dation mechanisms of lithium plating, loss of active material
and particle cracking were developed and added to the code,
alongside SEI growth which was already in PyBaMM. Crucially,
coupling between these degradation mechanisms was also
implemented.

The model described in Section 3 is solved by PyBaMM using
the method of lines. First, the equations are discretized in
space, using a finite volume discretization with X grid points in
the electrodes and separator and Y grid points in the particles.
This yields a system of differential-algebraic equations, which
is then solved using the IDA solver from SUNDIALS via
CasADi.>*”!

The model for the constant current discharge and charge
phases is the standard DFN model described in the ESI,{ while
for the constant voltage phase an additional algebraic equation
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for the current is introduced so that the voltage constraint is
satisfied. Rest phases are modeled as constant current with the
current set to zero. The final state of each phase is used as the
initial state of the following phase; when switching between
constant current and constant voltage, this requires carefully
constructing the new vector of (spatially-discretized) initial
conditions, since the set of variables is different for the two
models. An alternative, and potentially faster, implementation
would be to use a differential equation for the current for the
charging phase that will ensure CCCV charging,>® but this was
not implemented in this work.

To determine when to switch between phases, PyBaMM
keeps track of the ‘events’ (such as a voltage cut-off) as the
simulation progresses. While some DAE solvers come with in-
built functionality to find events, the CasADi solver used in this
work does not. Therefore, PyBaMM uses a ‘step-and-check’
approach to find events, where in each iteration the model is
solved for a fixed time window and check whether any events
have been crossed. The size of time window requires a trade-off:
if the time window is too small, the solver will be slow as it will
require many iterations, but if the time window is too large, the
solver might step too far past an event and fail.

If the solver fails during the time window, the window is
halved before trying again. If the model is solved successfully
and no events have been crossed, the solution is accepted and
the time window moved forward.

If any events have been crossed, the times just before and
after the first event crossing are recorded. The simulation is
then run between those times with very small steps in order to
accurately identify the time at which the event was crossed,
which is crucial for keeping track of the discharged capacity as
the battery degrades. The additional fine-grain solve is
required, instead of interpolation, since the voltage is typically
very non-linear close to cut-offs.

5 Results and discussion
5.1 SEI growth

In the first parametric study, the diffusion-limited SEI model
outlined in Section 3.1 is run with different values of the solvent
diffusion coefficient Dy, and the standard cycling protocol is
applied. All degradation mechanisms other than SEI growth,
i.e. Li plating, SEI on cracks and LAM, are disabled.

The reduction in 1C discharge capacity over 1000 cycles is
shown in Fig. 1(a), and is matched by the loss of lithium
inventory plotted in Fig. 1(b). The rate of capacity fade gets
slower over time as expected for diffusion-limited SEI
growth.'®*®

For the sake of simplicity when interacting with other
degradation mechanisms, an SEI with only one layer is con-
sidered. By default, PyBaMM considers a two-layer SEI, so the
results for two layers and PyBaMM’s default value of Dy, =
2.5 x 107> m? s~ " are also plotted in Fig. 1. The effect of having
two SEI layers instead of one is small compared to that of
changing the solvent diffusivity by an order of magnitude.
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5.2 Li plating

To investigate the effect of the new time-limited dead
Li formation model proposed in Section 3.2 on capacity, both
SEI growth and Li plating are enabled, while SEI on cracks and
LAM are disabled. The standard cycling protocol is used, but
the 1000 degradation cycles are done at the lower temperature
of 5 °C, in order to increase the effect of Li plating relative to SEI
growth. Both of the characterization cycles are done at 25 °C.
The cell capacity at 5 °C over 1000 cycles is plotted in Fig. 2(a)
for a range of values of the two unknown constants k;; and the
decay rate y, for the formation of dead lithium. All capacity
curves follow the same trend, because the decay of plated
Li into dead Li is controlled by yq — Lgg;, and Lgg; evolves in
the same way regardless of plating in this model.

The effect of the magnitude of the two constants k;; and ),
can be analysed by considering the cell capacity at 25 °C
evaluated from the final characterization cycle, plotted in
Fig. 2(b). For k;; > 10~° m s~ ', the capacity fade is much more
sensitive to 7, than ky;, while for k; < 107° m s, both
constants have a large impact. This can be explained by the
fact that increasing k;; increases the rate of both plating and
stripping; additional Li plated by increasing k;; above
10~° m s~ ' is stripped before it decays into dead Li.

This journal is © the Owner Societies 2022

5.3 Cracking and SEI

The particle cracking model outlined in Section 3.3 is com-
bined with the SEI growth model outlined in Section 3.1, with
Li plating and LAM disabled. Degradation over 1000 cycles is
tracked for the standard rate of particle cracking, as in Table S5
(ESIY), as well as for three accelerated cracking rates. All other
parameters and the cycling conditions are per the default.

The capacity fade is shown in Fig. 3(a). For the lowest
cracking rate, degradation decreases with time, as expected
for diffusion-limited SEI growth. For the 10x cracking rate,
the capacity fade is quasi-linear. For the largest cracking rates, a
knee point is visible after 5000 A h and 3000 A h throughput,
for the 30x and the 50x cracking rate, respectively. For the
50x cracking rate, sudden failure occurs at 6600 A h
throughput.

The loss of lithium inventory caused by the SEI is shown in
Fig. 3(b). For low cracking rates, the LLI varies as the square
root of time, a result of the solvent diffusion limited SEI growth
model. For larger cracking rates, the LLI starts with a square
root dependence, but then accelerates as the cracks propagate.
The accelerated LLI is the cause for the knee point transition in
the capacity loss. The additional surface exposed by particle
cracking is shown in Fig. S2 (ESIt).
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Fig. 3 Standard cycling protocol with SEI and particle cracking enabled: (a) discharge capacity degradation, (b) loss of lithium inventory, (c) porosity

reduction and (d) averaged SEI layer thickness.

The reason for the sudden failure in the 50x cracking rate is that
the porosity at the negative electrode-separator interface reaches
zero, as shown in Fig. 3(c). The cell with 30x cracking rate would fail
in the same way if the simulation carried on after 1000 cycles.

The case of particle cracking uses the assumption of micro-
cracks, which is different from the ideal sphere assumption in
the case of no cracking (also the standard Newman battery
model). The averaged SEI layer thickness is presented in
Fig. 3(d). For the cases of 30x and 50x cracking rate it stops
increasing after 7500 A h and 4000 A h throughput respectively,
indicating that the cracks are growing faster than the SEI can
passivate them. This causes the runaway pore clogging shown
in Fig. 3(c), leading to sudden failure.”*>*

5.4 Loss of active material

The loss of active material (LAM) due to particle cracking in the
positive and negative electrodes is modelled as outlined in
Section 3.4. The effects of LAM on cell degradation are studied
while all other degradation mechanisms - SEI, lithium plating
and SEI on cracks - are disabled. The governing eqn (23)
indicates that the amount of LAM is dependent on the magni-
tude of the hydrostatic tensile stress; compressive stress make
no contribution. Model predictions for cell degradation are run
for five different combinations of the proportionality constant
p. The negative and positive electrodes have independent
rates, with “nxpy” denoting the negative and positive electrode
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Table 1 Cycling protocols used for the model with strong coupling
between all degradation mechanisms: SEI layer growth, Li plating, SEI on
cracks and LAM. The standard cycling protocol is denoted (i) and five
variations of it are also considered

Cycling protocol Discharge rate (C) Charge rate (C) Temperature (°C)

) 1 0.3 25
(ii 1 1.2 25
(iii) 0.5 0.3 25
(iv) 2 0.3 25
) 1 0.3 5
(vi) 1 0.3 45

f respectively. The values of x and y are proportionality con-
stants applied to the reference f§ values in Table S5 (ESIt).
The discharge capacity fade, shown in Fig. 4(a), decreases
quasi-linearly with cycle number for n1p1, n1p10 and n1p20,
and non-linearly for the other two cases. The loss of active
material in each electrode is shown in Fig. 4(b and c). For
instance, the active material fraction in the negative electrode
decreases by 30% for the case n20p1, corresponding to 25%
capacity loss. The capacity fade is stronger than linear because
of the increase of the interfacial current density, as shown in
Fig. S3 (ESIT), leading to higher stresses. For the same propor-
tionality constant 8, the LAM in the negative electrode is larger
than that in the positive electrode, as visible, for example,
between n1p20 and n20p1. This occurs for two reasons. Firstly,
the discharge rate in the standard cycling protocol is 1C,
whereas the charge rate is only 0.3C. Inspection of (17) and
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(18) shows that only the electrode from which Li" de-
intercalates experiences tensile (positive) stress, and only ten-
sile stress contributes to LAM. Secondly, the positive electrode
can be subjected to a higher tensile stress without cracking, as
its critical stress is higher than that of the negative electrode,
0.=3.75 x 108 Pavs. 6 x 10’ Pa.

5.5 All degradation mechanisms

With all degradation mechanisms - SEI layer growth, lithium
plating, SEI on cracks and LAM - enabled, model predictions
are created using the standard cycling protocol and five varia-
tions, as described in Table 1. The degradation parameters that
were varied in Sections 5.1-5.4 are assumed to have the default
values listed in Table S5 (ESIt).

The discharge capacity evolution over the 1000 cycles is
plotted in Fig. 5(a) for each of the six protocols. The largest
change in discharge capacity occurs for the discharge at 5 °C,
followed by the cell cycled at 45 °C. The cells kept at 25 °C
degrade the least.

The total LLI from the three contributing mechanisms -
surface SEI, SEI on cracks and dead lithium - is plotted in
Fig. 5(b). For every cell except the one cycled at 5 °C, the LLI
accounts for most of the loss in discharge capacity. The relative
contribution of each mechanism to LLI is depicted in Fig. S4
(ESTY).

The time evolution of the average active material volume
fraction for each of the six protocols is shown in Fig. 5(c) for the
negative electrode and in Fig. 5(d) for the positive electrode.
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Fig. 5 Variation of (a) discharge capacity, (b) loss of lithium inventory, (c) x-averaged negative active material fraction and (d) x-averaged positive active

material fraction over 1000 cycles for the six cycling protocols in Table 1.
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Fig. 6 Cell voltage V as a function of discharge capacity at four specific stages during cycling, for each of the six protocols in Table 1: during the 0.1C
discharge at 25 °C before 1000 cycles, during the first cycle, during the last cycle and during the 0.1C discharge at 25 °C after 1000 cycles.

Even for protocol (ii), in which the charge rate is faster than the
discharge rate, more active material is lost in the negative
electrode because the critical stress in the positive electrode
is much larger. By far the greatest loss of active material occurs
when the temperature is reduced to 5 °C in protocol (v). Low
temperatures reduce the solid diffusion coefficients D,

7918 | Phys. Chem. Chem. Phys., 2022, 24, 7909-7922

increasing the Li" concentration gradients within the electrode
particles and therefore increasing mechanical stress.
However, the capacity plot in Fig. 5(a) only considers dis-
charge capacity at 1C. Voltage-capacity plots for the ‘before and
after’ characterization cycles are compared with those of the
first and last standard cycles in Fig. 6. In all cases, the capacity
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Fig. 7 A summary of the interactions between degradation mechanisms that have been explored in this work. Adapted from Edge et al.”

is different for all four of these cycles. However, the difference
in capacity between the first and last 1C discharges is the same
as that between the two corresponding 0.1C discharges, so the
reduction in capacity due to degradation is not due to the
increasing current. The difference in capacity between the first
and last 0.1C characterization cycles is similar for all protocols
except for the cell cycled at 5 °C, which degraded much more
than the others. This additional degradation is accounted for
by the loss of active material as plotted in Fig. 5(c).

5.6 Degradation paths

The multitude of possible interactions between degradation
mechanisms creates a maze of possible paths for a Li-ion
battery, depicted in Fig. 9 of Edge et al.” Five of these paths
have been identified in this work and have been overlaid on the
original figure to create Fig. 7.

The slowest degradation is achieved by cycling protocols (i)-
(iv) in Table 1, characterized by moderate temperature. In this
case, the major degradation mechanism is a relatively slow SEI
growth. Cycling protocol (vi), which occurs at a higher tem-
perature, also follows this path but with a higher rate of
degradation.

Cycling protocol (v) occurs at significantly lower tempera-
tures. The dominant degradation path in this scenario is
particle cracking causing LAM through island formation and
binder delamination, resulting in higher interfacial current
densities, increasing mechanical stress and thus accelerated

This journal is © the Owner Societies 2022

LAM. The same self-reinforcing behaviour is achieved when the
LAM parameter in the model is increased.

Low temperatures also trigger faster capacity loss due to
lithium plating, which speeds up capacity fade through the
creation of dead lithium and additional SEI, the latter not
included in this model. Unlike SEI growth, dead lithium
formation is not self-inhibiting, so the resulting capacity fade
is faster compared to scenarios with only SEI growth.

Fig. 5(d) shows that decreasing the temperature or increas-
ing the charge rate increases the loss of active material in the
positive electrode. Either of these can activate the same positive
feedback loop as in the negative electrode. However, the
Young’s modulus assumed for NMC 811 in this work was set
too high for the loss of active material to make a significant
contribution to overall capacity fade.

Only one of the scenarios modelled in this work reproduces
the infamous “cliff edge” or sudden failure, and it is displayed
in Fig. 3. When the Paris’ Law cracking rate is increased, the
cracks grow at a faster rate than the SEI can passivate them,
resulting in runaway SEI growth that causes rapid pore
clogging.

As more degradation mechanisms are implemented and the
parameter space is further explored, other scenarios where
sudden failure occurs may be discovered. Importantly, even if
sudden failure is predicted for a particular parameter set, the
case is only relevant if that parameter set occurs in practice.
While the sensitivity studies in this work are an important first
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step, it is equally important to carry out experimental work to
find out what range of parameters is relevant for different cells
and operating conditions.

5.7 Recommendations for future model additions

This work represents a significant step towards developing an
all-encompassing model of degradation mechanisms in LiBs
and harnessing the opportunities provided by the PyBaMM
code. The main features recommended for future implementa-
tion are: adding thermal-electrochemical coupling, accounting
for the effects of SiOy on the solid state diffusion, lithium
plating and cell voltage hysteresis, allowing Li plating on fresh
crack surfaces, allowing plated Li to transform into SEI, includ-
ing a more comprehensive model of cathode degradation, and
loss of electrolyte through solvent evaporation or consumption.
Despite the strong dependence of lithium plating on nonlinear
diffusion,” it is not implemented here, because D.(c) is
difficult to define for negative electrodes that contain both
graphite and SiO,.*® For negative electrodes with SiO,, the
voltage hysteresis has recently been modelled®” and could be
included.

6 Conclusions

Modelling of lithium-ion batteries is essential for the develop-
ment of future electric vehicles and grid scale energy storage
systems. Many modelling efforts have included degradation
effects such as solid-electrolyte interphase growth, lithium
plating, particle cracking and loss of active material. However,
these were usually considered in isolation. There is an urgent
need to develop understanding around the coupled nature of
these degradation mechanisms and their effects.

In this work, a model is developed in the PyBaMM software
package that couples many of the relevant degradation
mechanisms. Model predictions show that diffusion-limited
SEI growth formula of Single et al.'* results in the SEI thickness
increasing with the square root of time, causing the loss of
lithium inventory to increase with the same dependency. It is
shown that increasing the solvent diffusivity by an order of
magnitude has a larger effect than including a two-layer SEL

The modified Butler-Volmer equation for Li plating/strip-
ping pioneered by Yang et al.>* is combined with a new model
for a time-limited decay of plated Li to dead Li. For values of the
Butler-Volmer rate constant larger than 10™° m s~ %, the capa-
city fade becomes much more sensitive to the rate constant for
dead Li formation than to the plating rate constant. For values
of the Butler-Volmer rate constant smaller than 10~° m s, the
capacity fade is highly sensitive to both parameters. The model
therefore requires further parameterization work in order to be
of any practical use.

When the particle cracking mechanism is included, the loss
of lithium inventory increases significantly. For larger cracking
rates, the porosity at the negative electrode-separator interface
is shown to reach zero due to runaway SEI growth on cracks,
causing sudden cell failure. This scenario demonstrates the
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increased predictive power of pseudo-2D models over single
particle models, which track an average porosity only, and
therefore would overestimate the battery’s lifespan.

The formula for the loss of active material (LAM) proposed
by Laresgoiti et al.,*> which works by calculating the mechan-
ical stress in electrode particles, results in a positive feedback
loop where degradation accelerates over time. The loss of active
material has a larger effect in the negative electrode than in the
positive electrode because the critical stress in the negative
electrode is assumed to be over six times lower. This is there-
fore another degradation mechanism for which more accurate
knowledge of key parameters is required.

When all four mechanisms are enabled, the model predicts
low temperatures to cause the most irreversible capacity fade.
While significant lithium plating occurs, the main cause of the
observed capacity fade is due to loss of active material, which is
greatly accelerated at low temperatures due to mechanical
cracking of the negative electrode. The sudden cell failure
due to pore clogging is also due to mechanical cracking.
Therefore, the model predicts that avoiding cracking is just
as important as avoiding lithium plating, if not more so.

To find realistic ranges for the missing parameters, there is
an urgent need to validate this model with experiments, pre-
ferably using degradation mode analysis.* The model predicts
the existence of five different pathways to end of life that could
occur in theory. Experimental validation will determine which
of these pathways occur, depending on the cell and
conditions used.
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