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DFN model equations

The basic DFN model equations are listed in Table S1. The notation is the same as that used
by O’Kane et al.[I], with two changes: N now denotes side reactions in general as opposed to
Li plating specifically, and the voltage drop ngg; due to the SEI resistance has been added to
the Butler-Volmer equation.

Electrode parameters

*

The open-circuit potential curves Ui (c}) were measured by Chen et al.[2] at 25 °C and are
replotted in Fig. For both electrodes, the three-electrode cell measurements were used.
Chen et al.found that the graphite4+SiO, negative electrode showed significant hysteresis; the
discharge branch of the OCP is used in the model, as in Chen et al.’s own PyBaMM model.
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Table S1: Equations of the Doyle-Fuller-Newman (DFN) model.

Other electrode parameters were taken from Tables VII and IX of Chen et al.[2] and are
shown in Table [S2] The solid-state diffusion coefficients D, deserve special attention because
O’Kane et al.[I] identified D_ as a critical parameter for Li plating/stripping. Chen et al.|2]
made detailed measurements of Dy as functions of Lit concentration, but neither Chen et
al.nor the authors of this work were able to implement this in PyBaMM. Instead, the negative
electrode diffusivity D_ is treated as a function of temperature only.

The temperature-dependent parameters Dy (ck,T') and ki (T') are assumed to have Arrhenius
temperature dependence:

Epy  Epy
meas - 1
Do(T) = Da(Ti) oo (2~ 0% s
_ Eyt Eps
]f:t (T) = k?:t (Tmeas) exp <RTmeas RT) (S2>

where Epi and Ej4 are activation energies and Ty is the temperature at which detailed
measurements were carried out, in this case 298.15 K (25 °C).

However, Chen et al.[2] did not report temperature-dependent diffusivity data. For the nega-
tive electrode, an Arrhenius temperature dependence is assumed; the activation energy 30300
J mol™ is taken from Ecker et al.[3] and is within one significant figure of two other values
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Symbol Definition - electrode -+ electrode

A Total planar electrode area, m? 0.1027 0.1027
a Surface area to volume ratio, m™ 3.84 x 10° 3.82 x 10°
Crt Maximum Li* concentration, mol m™ 33133 63104
Co+ Initial Lit concentration, mol m™ 29866 17038
D Lit diffusion coefficient at 25 °C, m? ! 3.3 x 1071 4 x 1071
Ep+ Activation energy for Li* diffusion, J mol™* 30300[3] 25000][6]
Ers Activation energy for rate constant, J mol™ 35000 17800
ki (De)intercalation rate constant at 25 °C, m s*  2.12x 1071 1.12 x 107
Ty Electrode particle radius, m 5.86 x 1076 5.22 x 1076
0t Electrode thickness, m 8.52x 1075  7.56 x 107°
€o Electrolyte volume fraction 0.25 0.335

€a Active material volume fraction 0.75 0.665
o Electrode conductivity, S m™ 215 0.18

Table S2: Electrode parameters for the beginning of life model. All values taken from the final
model values from Tables VII and IX in Chen et al.[2] unless otherwise specified.

reported in the literature |4 [5]. The authors are unaware of any temperature-dependent diffu-
sivity data for NMC 811, but Cabaiiero et al.[6] reported an activation energy of 25000 J mol™
for the similar NCA material, so this value is taken.

Electrolyte parameters

The effective conductivity keg(ce, T') and diffusion coefficient Deg(co,T') of electrolyte occupy-
ing volume fraction € are related to the corresponding values k(c.,T) and De(c.,T) in pure
electrolyte by

Ke(Co, T) = €1k (ce, T) and  Deg(ce, T) = €-°De(ce, T). (S3)

Both k(ce,T') and De(ce, T') have an Arrhenius temperature dependence:

E. E,

K(Cey T) = K(Ce, Trneas) €XP (RTmeaS — RT) (S4)
E, E.

De(Ce, T) = De(Co, Trneas) €Xp (RTmeas — RT) , (S5)

where F is the activation energy for both k and D, Tieas is the temperature at which detailed
measurements were carried out (in this case, 298.15 K), k(ce, Timeas) 1S @ cubic polynomial [2]

K(Co, Tineas) = 1.297 x 1071%¢3 — 7.94 x 1075¢2® + 3.329 x 10 %¢, (S6)



O
G
G

1.2

&
w

>
)

IS
N

=) =
K IS
g . 5
© 0.8 3
e 2 4f
= =
8 8]
5 0.6F 539
s <
o ©
Q 3.8
004+ )
g 257
g ‘©

0.2 o
z @36t

0 L . . . 35 . L L . . L L
0 0.2 0.4 0.6 0.8 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
xin L|XC6 X in L|XN|O_8Mn0_1Coo_1O2

Figure S1: Open-circuit potential U_(c}) of the (a) graphite+SiOy negative electrode and (b)

S
NMC 811 positive electrode, as a function of normalized Li™ concentration, as measured by

Chen et al.[2] at 25 °C.

and D¢(ce, T) is a quadratic polynomial [2]
De(Coy Trneas) = 8.794 x 107 ¢2 — 3.972 x 10~ 3¢, + 4.862 x 1071, (S7)

In (S6) and , k has units of S m™, D.(c,, T') has units of m? s and ¢, has units of mol m.
The remaining parameters are taken from Table VII of Chen et al.[2] and listed in Table

Degradation parameters

The parameters concerning battery degradation were not measured by Chen et al.[2]. The
default degradation parameters in PyBaMM are taken from a range of sources and listed in
Table [S4.  Some degradation parameters were varied as part of parametric studies and are
assumed to have the values listed in Table except in the study where that parameter is
varied.

Two-layer diffusion-limited SEI growth model

In two-layer SEI models, the SEI thickness Lggr is replaced with two thicknesses Liyne and
Louter for the inner and outer layers respectively. It is assumed that the solvent can only diffuse
through the outer layer, so the boundary conditions on the solvent concentration ¢z, become

Dcso
Nsol = _DSOI(T>Wla (88)
Csol = 0 at = Linnera (89)
Csol = Cso0l,0 at [ = Loutera (Sl())
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Symbol Definition Value

Ceq Equilibrium Li* concentration in electrolyte, mol m™ 1000
E, Activation energy for electrolyte conductivity, J mol™* 171003

F Faraday’s constant, C mol™ 96485
Qnom Nominal capacity, mAh 5000

R Universal gas constant, J K™ mol! 8.314

tt Lit transference number 0.2594
Vinax Upper cutoff voltage, V 4.2
Vinin Lower cutoff voltage, V 2.5

Os Separator thickness, m 1.2 x 107°

€e Separator porosity 0.47

Table S3: Other parameters used in the model. All values taken from Chen et al.[2]

The solution is

lcsolD
= L0 S11
ol Louter ( )
) Dso T
N, = G0 DealT) (812)
Louter
SO Dso T
Ninner = _%Nsol = Cool,0 1( )7 (813>
Louter
S0 Dso T
Nouter - _%Nsol - ¢ 172 l( )7 (814)
outer
(S15)

assuming the two layers grow at the same rate. Two differential equations are required, one for
each layer:

aLinner 1 > Csol ODSOI(T>VSEI
LN Ve = O , S16
81? 4 1YSEl 4ELoutcr ( )
aLouter 1 > Csol ODsol (T> ‘_/SEI
=_1xN = ’ ) 1
ot 1 sol‘/SEI 4Louter (S 7)
In all other equations, Lggr can be substituted with Liyner + Louter- For example:
,jtot
TISE1 = pSEI(Linner + Louter)a_- (818)
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Table S4: Degradation parameters used in the model, except for those that were varied during

the parametric studies, which are given in Table

Negative electrode

Positive electrode

Symbol Definition Value Ref. Value Ref.
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Table S5: Degradation parameters varied during the parametric studies, along with their default

values.
Negative electrode Positive electrode
Symbol Definition Default value Ref. Default value Ref.
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area without cracks) during the parametric study for particle cracking.
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Figure S3: Influence of loss of active material on the magnitude of averaged interfacial current
density during battery discharge in the: (a) negative electrode and (b) positive electrode.
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(i) Standard cycling protocol at 25 °C (ii) 1.2C charge at 25 °C
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Figure S4: Loss of lithium inventory for cycling protocols (i)-(vi), with contributions from each
mechanism: surface SEI, SEI on cracks and lithium plating. The cyclable capacity is also shown
for comparison.



