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The rapidly growing demand for energy storage has spurred the development of advanced Li-ion batteries.
Physical-based modeling techniques have emerged as a powerful tool to assist the development of battery
technologies because of the advantages of relating battery performances to internal physical and (electro)
chemical processes. In the present paper, a pseudo-two-dimensional (P2D) based model has been developed for
Li-ion batteries with NCA cathodes and Ce/Si blended anodes. Coupled with a solid electrolyte interface (SEI)
growth model and a loss of active materials (LAM) model, the P2D-based model has been applied to simulate the
electrochemical behavior of pristine cells and the degradation of aged cells. For pristine cells, a competing re-
action occurs between Cg¢ and Si during (dis)charge, resulting in a sequential (de)lithiation and diverse stress
behavior. For aged cells, the SEI growth mainly causes the battery capacity to fade under different cycling
conditions. LAM also plays an important role in battery capacity loss. SEI growth is sensitive to the temperature,
cycle time, cycle number, and cycle current, while LAM is significantly influenced by temperature and current.
During storage, the main factor causing battery capacity losses is the SEI growth, which is affected by the storage
time, storage state-of-charge, and temperature.

relatively low theoretical capacity (372 mAh g’1 for LiCg) [6]. Silicon
(Si) is a promising anode material due to its large theoretical capacity of
3579 mAh g’1 (corresponding to Li;sSis) and favorable (de)lithiation
potential (vs. Li*/Li) [8,9]. However, some critical disadvantages of Si

1. Introduction

In recent years, lithium-ion batteries (LIB) have become the funda-

mental components for portable electronic devices and electric vehicles
because of their advantages, such as high energy/power density, long
cycle life, and low cost [1]. Various efforts have been made with the
increasing demand for high energy/power LIB [1-3]. From the material
level, high specific energy active materials have been considered
extensively.

Layered nickel-rich material, LiNipgCoq 15Alp 0502 (NCA), is an
attractive cathode material and has multiple advantages, i.e. high
gravimetric and volumetric energy density, high power density, and
long cycle life [2,3]. The low cobalt and high nickel content also make
this cathode material environmentally friendly, inexpensive, and ther-
mally stable. Owing to these merits, NCA has been commercially
adopted for high energy/power LIB [4,5].

Graphite (Cg) is a conventional anode active material with good Li
(de)intercalation reversibility and long cycle life [6,7]. Still, it has a
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severely restrain its applications, such as the large particle volume
change and particle crack/pulverization [8-10]. Therefore, the combi-
nation of Cg and Si has been proposed as a blended anode to achieve
both a high capacity and long cycle life [11-14]. Some commercial
applications have been reported [14-18]. In the present paper, a battery
system combining an NCA cathode and a C¢/Si blended anode is selected
to investigate the aging of high-energy/power LIB.

Degradation is an unpleasant and unavoidable issue that happens in
all LIB systems and leads to battery capacity/power fade [19]. Various
degradation mechanisms have been proposed and validated [20],
including solid electrolyte interface (SEI) formation and growth, Li
plating, active particle structural disordering, loss of active materials
(LAM), etc. Among all the degradation mechanisms, SEI growth is
recognized as the dominant mechanism in most operating scenarios [21,
22]. SEI is an electronically insulating and ionically conducting

Received 9 June 2022; Received in revised form 15 August 2022; Accepted 21 August 2022

Available online 23 August 2022

0013-4686/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:p.h.l.notten@tue.nl
www.sciencedirect.com/science/journal/00134686
https://www.journals.elsevier.com/electrochimica-acta
https://doi.org/10.1016/j.electacta.2022.141077
https://doi.org/10.1016/j.electacta.2022.141077
https://doi.org/10.1016/j.electacta.2022.141077
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2022.141077&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Z. Chen et al.

Electrochimica Acta 430 (2022) 141077

am
brugg,

Cim

s
Cl .m
0
S ;m
E1 .m

C2

D,
eff

DZ,m

Dl,m

'm

Ry

Rﬁlm,m
Rm

ty

Un

Qm
Om

€m

ct

Mm

@,

Km

Om
eff

Km

Nomenclature

P2D based model

Specific interfacial area of the porous electrode, m = C, Si,
p@m™)

Bruggeman coefficient in the porous electrode and
separator membrane region, m = n, sep, p (-)

Li concentration in the solid particle, m = C, Si, p (mol m~3)
Surface Li concentration of the solid particle, m = C, Si, p
(mol m™3)

Initial Li concentration of the solid particle, m = C, Si, p
(mol m™3)

The difference of Li-concentration with the reference
concentration, i.e. C1; = C1m — c‘l)_m, m = C, Si (mol m)
Li concentration in the electrolyte' (mol m~2)

Salt diffusion coefficient in the electrolyte m?s™
Effective salt diffusion coefficient in the electrolyte at the

porous electrode and separator regions Dezf{ = Dz‘i(ei)b"‘gg‘,
m=n, sep, p (m?s™1)

Li diffusion coefficient in the solid particle, m = C, Si, p (m?
s

Faraday’s constant, 96487 (C mol™)

Current density in the solid (A m~2)

Current density in the electrolyte (A m~2)

Applied current density (A m~2)

Exchange current density of charge-transfer reactions, m =
C, Si,p(Am™?)

Reaction-rate distribution inside the porous electrode, m =
C, Si, p (mol m2s1)

Kinetic constant of the porous electrode, m = C, Si, p (m?®
mol 5 s 1)

Thickness of the cell, equal to &, + s + &, (m)

Radius vector of the active materials particle, m = C, Si, p
Q]

Gas constant, 8.314 (J mol ' K1)

Current collector ohmic resistance and other electrical
conducting resistance (Qm?)

SEI film resistance m = C, Si (Qm?)

Radius of the solid particle, m = C, Si, p (m)

Time vector (s)

Transference number of Li-ions in the electrolyte (-)
Temperature (K)

Equilibrium potential of active materials in porous
electrodes, m = C, Si, p (V)

Surface potential of active materials, m = C, Si, p (V)
Normalized position vector along the thickness direction of
the battery (-)

Anodic charge-transfer coefficient, m = C, Si, p (-)
Thickness of porous electrodes and separator, m = n, sep, p
(m)

Porosity of porous electrodes and separator, m = n, sep, p
Q]

Charge-transfer overpotential inside the porous electrode,
m=2C, Si,p (V)

Electric potential in the solid (V)

Electric potential in the electrolyte (V)

Ionic conductivity in the electrolyte, m = n, sep, p, (S mY)
Electronic conductivity in the solid, m = n, p, (S m)

Effective ionic conductivity in the electrolyte at the porous

electrode and separator region k¥ = i (em)"%", m = n,
sep, p (Sm™1)

o Effective electronic conductivity of the porous electrode
af,flf =om(l — €m), (S m)

fe Activity coefficient of electrolyte salt, (-)

En, Young’s modulus, m = C, Si (Pa)

Orm Radial stress, m = C, Si (Pa)

Com Tangential stress, m = C, Si (Pa)

Ohm Hydrostatic stress, m = C, Si (Pa)

Erm Radial strain, m = C, Si (-)

€om Tangential strain, m = C, Si (-)

U, Displacement, m = C, Si (m)

Um Poisson’s ratio, m = C, Si (-)

Qn Partial molar volume, m = C, Si (m® mol™)

Subscripts

1 Properties in the solid phase of the electrode

2 Properties in the electrolyte phase

n Negative porous electrode

sep Porous separator

p Positive porous electrode

Superscripts

s Surface

ct Charge-transfer

eff Effective properties

Aging model

AE,, Energy barrier, m = C, Si (eV)

JsELm Reaction rate of the SEI formation, m = C, Si (molm 25~ 1)

Jim Electron tunneling induced reaction rate, m = C, Si (mol
m2sh

Jitot Total reaction rate (mol m~2 s 1)

kpaMm The rate of loss of active material, m = C, Si (A~ s™1)
lin

ot m Total inner SEI layer thickness, m = C, Si (m)

lgfm Initial inner SEI layer thickness, m = C, Si (m)

lggc,m Increased inner SEI layer thickness during aging, m = C, Si
(m)

Botm Total outer SEI layer thickness, m = C, Si (m)

IsErm Total SEI thickness including inner and outer SEI layer, m
=C, Si (m)

m, Electron mass (kg)

M, Molar mass, m = SEIL Li, C (g mol™ 1)

N Loss of Li due to the SEI formation at the surface of m
particle, m = C, Si (mol m~3)

Py Electron tunneling probability (-)

Qi  Capacity loss caused by active Li immobilization in the SEI,
m = C, Si (Ah)

Quamm  Capacity loss caused by loss of active materials, m = C, Si
(Ah)

SoC State of charge, (-)

1% Volume of the porous electrode (m®)

sin Percentage of inner SEI thickness on the total SEI thickness,
m=C, Si

KSELm Conductivity of the SEI, m = C, Si (S mY)

Pm Density, m = SEI, Li, C (g mol™')

Ve Fermi velocity of electron in the bulk of active materials (m
sh

n Reduced Planck constant (1.055 x 1073* J )
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passivation film formed at the surface of anode active materials, such as
Cs, Si, and alkali metals. It grows extremely fast at the first charging
(formation) process [23,24]. Once a stable SEI has been formed, it will
protect the electrode active materials from further severe corrosion and
deterioration. The structure of SEI is complex. A compact and inorganic
inner layer is attached closely to the surface of the active material, also
called inner SEIL Inner SEI permits Li-ions transport but prohibits solvent
molecules. A porous, mostly organic layer is formed between the inner
SEI and bulk electrolyte, called the outer SEI It allows the transport of
both Li-ions and electrolyte solvent [25,26]. The thickness of the inner
SEI is in the several nanometers range, and the outer SEI is ranged from
tens to hundreds of nanometers [26]. The continuous growth of SEI
causes irreversible Lit consumption, which finally leads to battery
irreversible capacity losses.

LAM also causes irreversible battery capacity and power losses [20,
27]. LAM can be further explained due to active particle cracking, loss of
electrical contact, active site blocking, etc. During the (de)intercalation,
the Li concentration gradient is built inside active material particles
because of the transport limitations, further causing strain and stress.
This kind of stress, generated at the particle level, is called
diffusion-induced stress (DIS) [28]. DIS provides a significant driving
force for particle crack, breakage, and isolation [29,30]. DIS is influ-
enced by material properties, i.e. diffusion coefficient, mechanical
properties, volume changes, etc. In addition, other factors, such as the
formation of inactive layers at the surface of active particles [31], metal
dissolution and precipitation [32], phase change, and oxygen evolution
[33], can also incur active material losses.

Numerical modeling is a helpful tool in investigating the electro-
chemical and aging behavior of LIB. The physical-based pseudo-two-
dimensional (P2D) model, using a combination of the porous electrode

—
)
~
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theory and concentrated solution theory [34-38], provides a basic
theoretical framework for the physical and electrochemical processes
taking place inside LIB. Integrating aging models into the physical-based
P2D model is popular to simultaneously simulate the electrochemical
and aging behaviors of LIB [21,30,39-41]. The most adopted SEI growth
model uses a cathodic Butler-Volmer type equation [21], in which the
solvent concentration and the overpotential significantly influence the
formation rate. Another approach to describe the SEI growth is related to
the electron tunneling process, in which electrons crossing over the
electrically insulated inner SEI is considered the rate-determining step.
For example, Li et al. [26,42] analytically derived a closed-form
expression for SEI formation by solving the quantum-mechanical elec-
tron tunneling problem, and the capacity loss was also analytically
derived. The resulted capacity loss model was successfully applied to
predict the cycle life of different types of batteries [26, 43-45].

Different approaches have been proposed to model LAM. Since DIS
provides the driving force for particle cracking and breakage, various
criteria for LAM have been used based on DIS. Reniers et al. [27] sug-
gested using the ratio of maximum hydrostatic stress and the yield stress
as the indicator for LAM, and some related parameters needed to be fit.
Cheng et al. [46] indicated the total strain energy stored in the particles
provided the driving force for fracturing and can be obtained by inte-
grating the strain energy over the entire volume of the spherical particle
during operation. Yang et al. [39] and Liang et al. [40] used a critical
limit value of total strain energy to indicate LAM. Due to the periodical
volume changes and DIS during cycling, Jin et al. [47,48] related LAM
directly to the applied current. The rate of LAM is a function of current,
working time, temperature, the activation energy. Good fits can also be
found under various cycling conditions.

In the present paper, a high energy/power battery system with NCA
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Fig. 1. (a) Schematic illustration of a typical Li-ion battery consisting of a porous anode, a porous cathode, and a porous separator. The anode active materials are Cq
and Si particles, and the active material in the cathode is NCA particles. (b) The configuration of the P2D model based on the components of this cell.
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cathode and Cg/Si blended anode is selected as the research subject. The
corresponding P2D model with blended anode implemented was built.
The electrochemical behavior of pristine cells was simulated with this
P2D model. Subsequently, an electron-tunneling-based SEI growth
model and LAM model were integrated into the P2D model. With this
model, cycling-induced and storage-induced aging were systematically
investigated under various operating conditions.

2. Model development
2.1. Pristine cells

2.1.1. P2D model

Fig. 1a presents the schematic representation of a Li-ion cell with a
porous anode, a porous cathode, and a porous separator. The pores in all
porous structures are filled with liquid electrolyte. In this cell, the active
materials in the anode are a blend of Cg and Si. The cathode active
materials are NCA. &,, s and §, represent the thickness of the anode,
separator, and cathode, respectively. The total thickness is denoted as L.
The electrochemical reactions taking place inside this battery during

Table 1
Governing equations in a P2D model for an NCA/Cg¢-Si cell.

Electrochimica Acta 430 (2022) 141077

(dis)charging can be represented as

charge
Cs +)Li* +ye~ = Li,Cs,0<y<1, 1)
discharge -~
charge
4Si+7Li" +ze” ?g Li,Si,,0<z< 15, @)
1scharge
and
. charge | . . —
LINIO.SSCOO.IAll].()SOZdvsirchll—le().XSCOO.]Al().l]502 +mLi* + me™. 3)

Egs. (1) and (2) give the charge-transfer reactions at the anode, and
Eq. (3) shows the reaction at the cathode. y, 2z, and m represent the
normalized charge-transfer numbers at Cg, Si, and NCA. Note that a
competing charge-transfer reaction happens between Cg and Si during
(dis)charge. Fig. 1b shows the corresponding configuration of the P2D
model based on the components of this cell, including a series of solid
particles lining up in the x direction. On the anode side, Cg and Si par-
ticles are assumed to locate at the same discrete position and to contact
each other. rc, rs;, and r,, are the space vectors inside Cs, Si, and NCA

Governing equations Eq. Boundary and initial conditions
Anode region 0 < x < §,, (n=negative electrode (anode), m = C, Si)
Diffusion in particles drm 1 0 0C1m 4 C1m ac1m
m_ — Dy = iy = =0,
= e (D e, = m 5o
Clml—g = C?,m
Kinetics i0 Fnct 1— Fyct 5 _
e o) e 57
e = ®1 — ®2 — RammFim — U, 6 -
i = Flon (€75 — ¢ ) (€} ) " (€2)™ 7 :
Mass balance dcg 0 dcy . 8 dcy
En o = ok (D;ﬁ,;a + 2 Gmjm(1 — t4) Dgf{la\po =0,
dcy dacy
D%X‘x:ﬁ,‘ = D;f,f;epa\x:&.
Potential in solution . G70D2 % RT dinf.\ olncy 9 ialeg = 0, 82|y, =1
2= T F -1+ dinc,) ox
Potential in solid o= ,;ef& 10 i1lyg =L i1],es, =0,
= n
ox i1y, 5 = 05 1] =1
=0n+0sep > x=L
hh+ip =1 11 _
. 1 diy 12 -
> Amjm = Fox
Separator region §, <x <8, + s
Mass balance dcz 9 o daca 13 See Egs. (8) and (19)
S5 T ax \ U2 g
Potential in solution o o 02 2,(:{!;}27—(1 e dinf.\ dlnc, 14 ip =1
2= T Regy F N dine, ) ox
Cathode region 6, + 6y, < x < L, (p=positive electrode (cathode))
Diffusion in particles drp, 1 0 2 dcrp 15 acip acip
— = Dy ,—% — Dy ,—= =Jpy,—A, g =0
& o P, 19 gy e = I g o
Cl-P‘z:o = C(l),p
Kinetics . l,? ap Fﬂ;r (1-ap) Fﬂff 16 -
T A 7 o
=@ — &y — U} 17 -
19 = Fly (e — ¢3,)" (¢5,)' ™ (c2) 18 :
Mass balance d; 0 dcy . 19 off OCa ff OCo
B = (DZ{,E + apjp(1 — t;) D;.p&‘x:b}, top = Dg.sep&‘x:o‘,, Foip?
dacy
D%g - =0
Potential in solution ; 0D, N ZK;ﬁRT(l w1+ dinf.\ dlncy 20 i)y s, 40y = b
= —Kky —+ —-(1 — .
2 P oox F * dinc,) ox ialep =0
Potential in solid o= et 21 iy, = 0
= P o .
Gy =1
ih+ip =1 22 _
wp Lo 23 -
by =g o
Battery output voltage
Voar = @1y — P1lxg — IRy 24 .
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particles. Note that the subscript C denotes Cg for simplicity.

The P2D model is adopted to describe the various physical and
electrochemical processes occurring in NCA/Ce-Si batteries. The gov-
erning equations are summarized in Table 1, where parameter defini-
tions are listed in the nomenclature. These equations include the mass
balance in the electrolyte at the anode, separator, and cathode regions
(Egs. (8), (13), and (19)), the electric potential distribution in the solid
phase at the anode and cathode region (Eqs. (10) and (21)), the electric
potential distribution in solution phase at the anode, separator, and
cathode region (Egs. (9), (14) and (20)), the charge balance in anode and
cathode (Egs. (11), (12), (22) and (23)), the charge-transfer kinetics for
anode and cathode (Egs. (5)-(7) and (16)-(18)), and diffusion in the
spherical particles for anode and cathode (Eq. (4) and (15)). The battery
output voltage is given by Eq. (24). It is worth mentioning that kinetic
and diffusion in particles need to be considered separately for Cg and Si
(Egs. (4)-(7)) in anode. The charge balance needs to be considered for
both Cg and Si (Egs. (11) and (12)).

2.1.2. Mechanical model

Li insertion and extraction are usually accompanied by volumetric
changes in the active materials [49,50]. Li concentration gradient built
inside active particles causes the DIS inside particles, which is the
driving force for particle cracks, breakages, and isolations. From the
particle level, DIS is treated analogously to thermal stress [51]. The
mechanical stresses in a spherical coordinate can be written by Egs.
(25)-(27)

R m

2Q..E,, 1
Oran(Tm) :3(%“) &) Cnn nlrn = / CLaldrn |, (25)
m o T
OE ) Rin Tin
Ogm (rm) = ﬁ R3 /Cl mby drm += /Cl mrmdrm Cim| > (26)
" 0 1 0
ran(Fin) + 260, (Fin
O (Fm) = Orn(Tin) + 200, (rn) 27)

3 }

where o, 6gm and o, denote the radial, tangential, and hydrostatic
stress, respectively. Note that the subscript m represents C or Si. Q,, is
the partial molar volume, E, is Young’s modulus, v, is the Poisson’s
ratio, ¢; m denotes the difference of Li-concentration with the reference
concentration, i.e. Ci;m = Cim — c‘l’.m. This stress model can be combined
with the P2D model to predict the stress inhomogeneity in batteries [27,
39,52].

2.2. Aged cells

2.2.1. SEI formation

SEI formation is involved in the possible reduction of ethylene car-
bonate (EC) based electrolyte with two-electron transferred reactions at
the surface of the graphite-based anode [25,53,54], as shown in Egs.
(28) and (29)

2EC + 2Li* + 2~ —(CH,0C0,Li), (s)
+ C,Hy4(g), high EC concentration, (28)

EC + 2Li* 4 2¢”—>Li,CO;(s) + C,Hy(g), low EC concentration. (29)

Electron tunneling is considered the rate-determining step of SEI
growth. According to Ref. [26], the electron tunneling rate at the surface
of Cg and Si can be expressed as Eqs. (30) and (31).

(6+)rc, p p( 21;ztc¢—2meAEc>

JsELc =Jjuc = T 7 (30)
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, 4+ 2)p 2" \/2m.AEs,

JsELSi = Jusi = (41WS)ipSUePOCXP< ”ST ) (31
where

lizt m = lgtm + li::(‘ m? m = C Or Si N (32)

Note that jsgm (m = C or Si, mol m~2 s™!) has a position dependency
along the x-direction of the P2D model. The increased thickness of the
inner SEI (I

following equations are applied to relate lﬁg[,m

mtm) is the accumulated result of jsgm. Therefore, the
and jsgm- Considering
only part of the electron tunneling current forms the inner SEI, the
percentage is defined as 5. Therefore, the reaction rate corresponding
to inner SEI growth is 5,,JSEI m- The inner SEI thickness can be expressed
as 8Mlsg1m

dl?;xm _di e O s M

_ : 33
dt dr 2pi (33)

where M%, is the molar mass of the inner SEI and pi&; the gravimetric
density of inner SEI. Note that the reaction rate of SEI growth needs to
divide by 2 due to the two-electron transfer in Eqs. (28) and (29).

The loss of lithium caused by SEI formation can be derived as follows

dNgi ¢
ZsEC _ s 34
dr AcJSELC (34)
dNLi :
[S;I'S = dsiJsErsis (35)

where Ngi; ,, (mol m~3) denotes the loss of Li due to the SEI formation at

(6+y)
AM.,

the surface of Cg and Si. For convenience, here define B¢ = ey, |

B = (4112,”5‘1/3, Gy =Y2eAEn and H,, = onMs1Substitution of Eqs. (30)
1 Psin

and (31) into Egs. (34) and (35) yields
dNLi

S acBePoexp( — 20, Ge ), (36)
dNLi .
% = as;BSiP(,exp< Zlm, Sleﬁ) . (37)

Eq. (33) can be rewritten considered Eqs. (34) and (35)

dlx;l m dN é‘]lil m
dt am dt (38)
With the initial condition of I, (t=0) =1 and N, (t=0) =0,
the integral at both sides of Eq. (38) leads to
i Hy o
l;:rm - lé;m = a NéEI,m' (39)
Substituting Eq. (39) into Eqgs. (36) and (37) gives
dN4 He .. )
— € = acBePoexp [ -2 (a—fNSLgLC + zgc) Gc} : (40)
dNY, Hs;
;];' St LlsistP()eXp|: — 2( NSL,'EI st l0 s;) Gsi:| . 41
Solving Egs. (40) and (41) gives
N, = 2H g n [2HcGeBePoexp( — 21icGe )1+1], (42)
Nitrsi = s, Gs‘ 57 - In [ZHS.GS.Bs|PoeXp( - ZIngiG5;>t+ 1] ) (43)

Back substitution of B,,, G, and H,, into Eqgs. (42) and (43) gives
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b = - tcpal (6+ y)pve SeMisy VImAEe,, (2l /2mAEC
Mo = 5w In ‘ Poexp 141, (44)
' OS¢ Mg v2m,AEc 4Mc i 7 3
L asipse 1 (4 + 2)psive S5MEy V2mAEs; —20"\/2m,AEs;
Nors: = Sar ! ' Poexp t+1]. (45)
SEL Se M \/2m,AEs; M o 7 -

The capacity loss caused by the SEI formation at Cg and Si particle
can be calculated, according to
Isdlizl = V(Néél.c +NsLéLsa>v (46)

where V is the volume of the electrode. Another important question that
needs to be stressed is the resistance of the SEI, according to

l m

Ritnm = =, “7)
KSELm

where Isg;  is the thickness of the SEI film, including the inner (I, ,,) and

out
outer (I,

) SEL, which can be determined by Egs. (33) and (38). ksgim
represents the ionic conductivity of SEL

2.2.2. Loss of active material (LAM)

With repeated (de)lithiation, particles endure periodical volume
expansion and contraction, causing particle crack and fracture. The
maximum stress and strain energy have been implemented as an indi-
cator of LAM [27,30,39,40], and the stress and strain energy level

(@)

——CathodelLi

4.
>
)
835f
S

SoC
(c) 1.2 - . - - 0.06
o Anode/Li
1f ——Fitting by RMSE
- - Error 10.04
s 0.8
[}]
‘go 6 10.02
3
=04
10
0.2
0 -0.02

SoC

increase as the applied C-rates increase. However, all these methods
involve empirical parameters, which highly rely on parameter fitting
because of the difficulties in the experimental measurements. Due to the
multiple empirical parameters needed, parameter fitting is a highly
time-consuming process. To simplify this process, LAM is directly
related to the applied current and time [47], and only one parameter for
a single active material needs to be optimized according to

de,,

dt 48

= kLAM.m |I|7
where ¢, is the volume ratio of active material Cg or Si, I is the applied
current density, and kpaym is the rate of LAM for Cg or Si. The capacity
loss caused by LAM is related to the state-of-charge (SoC) when the
particles are subjected to losses

dQLAM.m _
dt

dey,
dt

-S0C-V-Co - (49)

Not only the capacity loss caused by LAM, but the specific area for
electrochemical reactions will also decrease according to

(b) 1.5 ; ; ; ;
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—CG/LI
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Voltage (V)

SoC
(d) . .
80
S
E ;,%60
= 0
o
=
0 :'540
©
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Fig. 2. The OCV curves of (a) cathode/Li and (b) anode/Li. The OCV curves of Ce/Li and Si/Li are also given to compare to that of anode/Li in (b). The OCV curve of
Ce/Li is approximated by measuring with a 0.01C current, and the OCV curve of Si/Li is obtained from Ref. [57]. (c) Comparison between experimental (black
symbols) and fitting (red line) OCV curves of anode/Li. (d) The capacity ratio of Ce/Si obtained from the fitting process.
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da, 3 de, (50) 3.2. Cycling measurements of cylindrical batteries

dt R, dt’

3. Experimental
3.1. Electrode pseudo-open-circuit voltage measurements

Pristine commercial 18650-type cylindrical batteries were disman-
tled in an argon-filled glove box. Pieces of the anodes and cathodes were
cut out. Before measurements, one side of the double-coated anodes and
cathodes were carefully removed with the help of acetone and a sharp
blade. Then, the remainder was cleaned with dust-free tissues immersed
in acetone. Subsequently, the electrodes were cut into discs with a
diameter of 14 mm. Anode and cathode discs were assembled separately
into 2032-type button cells with metallic Li as counter electrodes. A
2400-type Celgard separator (thickness 25 pm) and 1 M lithium hexa-
fluorophosphate (LiPF¢) electrolyte in the solvent mixture of EC:
dimethyl carbonate (DMC): diethyl carbonate (DEC) with a 1:1:1 vol-
ume ratio were used. For convenience, these button cells are denoted as
cathode/Li and anode/Li cells.

The electrochemical properties of the button cells were measured by
a Neware battery cycler in the voltage range of 0.01 — 2 V for anode/Li
and 2.8 — 4.3 V for cathode/Li at 25°C. Before each test, the cells were
equilibrated for 12 h and then activated for four cycles with a 0.2 C-rate
current (1C = 7 mA or 45.5 A/m?). Subsequently, the pseudo-open-
circuit voltage (OCV) was obtained at a 0.01 C-rate current also at 25°C.

Commercial 18650-type cylindrical batteries with a nominal capac-
ity of 3.2 Ah were used in the cycling tests. Prior to these tests, all
batteries were activated for 4 cycles in constant-current constant-
voltage (CCCV) charging mode and constant-current (CC) discharging
mode within the voltage range of 2.7 — 4.2 V. The current of 0.3C (1C =
2.5 A) was used in CC mode. The cut-off current for CV mode was 0.04C.
Subsequently, the characterization cycles were performed to obtain
equilibrium voltage (EMF) or OCV curves of batteries. For the charac-
terization cycles, batteries were charged in the CC mode at 0.3C until the
cut-off voltage of 4.2 V was reached, followed by CV charging mode
until the current dropped below 0.04C. Then the batteries were dis-
charged with different C-rates (0.04, 0.1, 0.2, 0.5, 1, and 2C) with the
cut-off voltage of 2.7 V. The EMF curves were obtained from a set of
experimentally measured discharging voltage curves by extrapolation
towards zero current [55,56].

After characterization, the cycling tests were performed with the
same charging current of 0.3C (or 1C) but different discharging C-rates
of 0.1, 0.5, 1, and 2C. During cycling, all batteries were charged in the
CCCV mode. The discharging was performed in CC mode until 2.7 V.
Relaxation of 30 min was conducted between the charging and dis-
charging steps. The characterization cycles were performed periodically
every 50 or 100 cycles during cycling. The temperatures for cycling
measurements were kept at 10, 25, and 45°C.

3.3. Storage measurements of cylindrical batteries

Calendar storage measurements were simultaneously performed
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Table 2
P2D-based model parameters, values, and units for pristine cells.
Symbol Value Unit
Positive electrode
Sp 69 ° pm
& 0.23° -
&p 0.02°¢ -
brugg, 1.55 ¢ -
5 50 © Sm!
R, 65" pm
cex 50488 ¢ mol m~®
cil’f; 0.8656’1“_;" ¢ mol m—3
D1, 41071 (10°C), 5-10 ' (25°C), 5.5-10 1 (45°C) m2s !
ky 5.107'! (10°C), 6-10 ! (25°C), 7-107'! (45°C) m?® mol %% 57!
a 0.5° -
Y Fig. 2a v
a, 3(1 — & —¢&p)/Ry m!
Negative electrode
Sn 70 ¢ pm
£ 0.25" -
. 0.02°¢ -
brugg, 1.65 ¢ -
On 1000 ¢ Sm!
Rc 11" pm
Rsi 1° pm
clnax 30667 ¢ mol m~3
cint, 0.078¢7% ¢ mol m 3
cnex 153920 ¢ mol m 3
CilniSi 0.15¢7% © mol m—3
Dic 5.107'* (10°C), 7-10* (25°C), 1.1-107'® (45°C) © m?s7!
Dy 2:107 (10°C), 3-1071* (25°C), 4-107* (45°C) © m?s7!
ke 610712 (10°C), 1-107 ! (25°C), 1.34-107 ! (45°C) © m?5 mol %% 571
ksi 2:10712 (10°C), 1-10712 (25°C), 1.1-107 12 (45°C), © m? mol 5 571
ac 0.5°¢ -
asi 0.5 ¢ -
Ve Fig. 2b v
S
Usi Fig. 2b v
ac 3ec/Re m!
asi 3esi/Rsi m™!
Qc 3.1.107¢¢ m® mol !
Ec 154 GPa
e 0.3¢ -
Qg 4.5.107°°¢ m® mol !
Eg 90 ¢ GPa
i 0.28 ¢ -
Separator
Ssep 20° pm
Esep 0.4° -
brugge, 1.5°¢ -
Electrolyte
& 1300 " mol m~®
t. 0.363 -
f« 1° - .
D, 54 _3 m°s
1074.10(744377,1“7 229 510 3¢, —-0.22%10 cz>. ;
K 107*.¢2(~10.5 + 0.668-10 3¢, + 0.494-1075(c2)* + 0.074T — 1.78-10 3¢, T — 8.86-1071%(c)*T — 6.96 + 105T2 + 2.8:10 8¢, T2). ! Sm!

Measured values.

Provided by the manufacturer.

¢ Estimated and optimized values from the model.
4 Taken from Ref. [52].

¢ Taken from Ref. [57]

f Taken from Ref. [61].

with the cylindrical batteries. Before storage, all batteries were cycled
with a 0.3C current for 50 cycles to form a stable SEI, followed by a set of
characterization cycles. Subsequently, batteries were stored at 20%,
50%, and 100% of SoC at 25°C. During storage, batteries were re-
characterized every 30 days. After re-characterizations, batteries were
recharged to the corresponding SoC to continue the storage tests. At 10
and 45°C, batteries were stored at 50% SoC.

4. Results and discussion
4.1. Modeling pristine cell

Fig. 2a-b shows the OCV curves of cathode and anode vs. metallic Li
measured in button cells. The active cathode material is NCA. The active
materials in the anode are Cg and Si. Fig. S1 shows the morphologies of
the cathode and anode by Scanning Electron Microscope (SEM)
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Fig. 4. Simulated (black line) and experimental (red dash line) voltage curves and error at various C-rates at (a) 10 and (b) 45°C.

equipped with Energy-dispersive X-ray Spectroscopy (EDX). It has been
proven that both Cg and Si exist inside the anode. The atomic ratio of Si/
C ranges from 1.41 to 2.35% based on the EDX test. A fitting process is
performed to reveal the exact mass and capacity ratios between Cg and
Si. The method of minimizing the root-mean-square error (RMSE) is
applied. In this method, the OCV curve of anode/Li works as the fitting
objective. The OCV curve of Cg/Li and Si/Li (shown in Fig. 2b) are
combined (non)linearly to satisfy the fitting objective. The cost function
of this fitting process is shown in Eq. (51)

(51)

— —

in(RMSE) — min { F (SCC(V") + S0CL (V") = 50Ch, (V')

n

— —

where SoCL (V") and SoCL,(V?) are the estimated SoC of Ce and Si under a
specific voltage V. SoC,, .. (V?) is the experimental SoC of anode/Li at
Vi. The fitting results are shown in Fig. 2c, where symbols denote the
experimental OCV of the anode, and the red line stands for the combi-
nation of the OCV of C¢ and Si electrodes. Good agreement can be found
between the fitting result and the experiment. The fitted capacity ratio
between Cg and Si is shown in Fig. 2d. This ratio is used to simulate the
electrochemical behavior and degradation of NCA/Ce-Si cells.

Fig. 3a shows the simulated current densities for the first charac-
terization cycle set at 25°C. Each cycle includes a CC charge, CV charge,
rest, CC discharge, and another rest period. The CC charge current is
kept at 0.3C, followed by the CV charge and rest. The discharge current
includes 0.04, 0.1, 0.2, 0.5, 1.0 and 2.0C. The parameter values used are
shown in Table 2. The simulated (black solid lines) and experimental
(red dash lines) voltage curves are shown in Fig. 3b. The voltage error
between simulation and experiment is shown in Fig. 3c. Good agreement
can be found between the simulation and experiment at all C-rates.

Since the anode consists of Cg and Si, Fig. 3d shows the total current

and partial currents passing through Cg and Si separately during 0.3C
charge and 0.2C discharge, which is indicated by the light blue shaded
area in Fig. 3b. At the beginning of charging, the partial current through
Si is higher than that passing Ce. After that, the partial current passing
through Ce¢ dominates until the end of the CC charge. This behavior
indicates that Si dominates in the competing lithiation reaction at the
beginning of the CC charge, while Cg takes over later on. Graphite
dominates the competing lithiation reaction during CV charge while
nearly no current passes through Si. This observation suggests that the
lithiation among Si is relatively uniform at the end of the CC charge.
However, it is nonuniform at Cg, so the CV charge offsets the nonuniform
lithiation of Ce. This behavior can be explained by the fact that the Si
already experienced a long period with a low current from the middle to
the end of charging. This period has already compensated for the
nonuniform charging among Si particles. During discharging, the partial
current dominates at Cg from the beginning to the late stage. The partial
current at Si increases from the middle to the end of discharge. This
behavior suggests that Cg dominates the competing delithiation reaction
first during discharging, followed by the Si. Similar competing partial
currents between Cg and Si have previously been reported in a composite
anode [58].

The OCV curves of Si (blue curve in Fig. 2b) and Cg (red curve) can be
used to understand this observation. The (de)lithiation plateaus of Cg are
below 0.23 V (vs. Li*/Li), accounting for 94% of the total capacity of Cg.
The (de)lithiation voltage interval of Si over 0.23 V takes up 81% of the
total capacity of Si. It can therefore be concluded that the majority of the
(de)lithiation reaction of Si occurs above 0.23 V. In contrast, the main
(de)lithiation reaction of Cg occurs below 0.23 V. For lithiation from a
fully delithiated state, the anode voltage goes down from around 3.0 V
(vs. Lit/Li). The lithiation reaction will be dominant on Si until the
voltage drops down to 0.23 V. Then, the lithiation reaction on Cg takes
over the major role until the voltage reaches the lower cutting-off
voltage. The reverse sequence occurs during delithiation. This fact has
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Fig. 5. (a) Three-dimensional (3D) representation of capacity loss at various currents as a function of cycle time and cycle number at 25°C. Two-dimensional (2D)
capacity loss as a function of (b) cycle number and (c) cycle time. Symbols represent the experiment, and lines the simulated results. (d) The decomposition of total
capacity loss into SEI-induced and LAM-induced capacity loss in the case of 0.3C charge and 0.5C discharge current.

Table 3

Values and units of constant parameters of the aging model.
Symbol Value Unit
fe 2.1.10°° gm™?
Mc 72 (Ce) * g mol !
Psi 2.33-10° " gm 2
Ms; 112.4 (Sig) © g mol !
Pl 74 ¢ gm>
M, 2.1.107 " g mol !
KSELC KSELSi (4~7.5)1077" Sm!
o 4.6107%° -
m, 9.1.10731 2 kg
n 1.055-10734 7 Js

@ Taken from Ref. [26].
b Estimated and optimized values from the model.

been experimentally validated at low C-rates [59]. At intermediate and
large C-rates, overpotentials start to play a significant role. The reaction
will dominate at Si or Cg at different voltages than at low C-rates.
However, the general (de)lithiation sequence between Si and Cg should
be the same as the low C-rates. For example, the lithiation starts on Si
from a fully delithiated state, and the delithiation starts on Cg from a
fully lithiated state.

The competing partial currents between Si and Cg in the anode also
induce a different mechanical behavior during (dis)charge. Fig. 3e and f
show the tangential stress (oy) at the surface of particles for Cg and Si.
Two typical particles at the current collector and separator interfaces are
compared. One can see that the 6, shows similar trends as the partial
currents of C¢ and Si. During charge, oy at Cg particle surface shows

10

Table 4
Optimized parameters in the aging model.
AEc [ I kLamc (A7 kLamsi (A71
(AEs) (m) (@m) S D s
(eV)
Cycle
0.3C/0.1C  2.19 2.688 2.718 1.095-10°1° 4.689-1071°
0.3C/0.5C 2.158 2.688 2.717 1.211.107%° 5.317.1071°
0.3C/1C 2.153 2.688 2.718 1.593.1071° 5.687-1071°
0.3C/2C 2.124 2.668 2.717 2.103-10°1° 6.973-1071°
1C/0.5C 2.095 2.688 2.717 2.65-1071° 8.004-1071°
0.3C/0.5C 2.252 2.688 2.717 4.21.1071° 9.517-1071°
@10°C
0.3C/0.5C 2112 2.688 2.717 6.211-1071° 1.418107°
@45°C
Storage
20% 2.35 2.803 2.832
50% 2.2 2.803 2.83
100% 2.142 2.809 2.846
50% 2.26 2.803 2.823
@10°C
50% 2.093 2.831 2.851
@45°C

Estimated and optimized values from the model.

increasing trends and reaches a maximum at the end of CC charging. Si
shows the maximum stress at the beginning of charging and decreases
until the end of charging. During discharging, the stress behavior also
shows a resemblance to partial currents. These stress behaviors are
related to the Li" concentration inside particles [51,60]. When more
reactions occur at Si, the stress will be larger due to diffusion, i.e. at the
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Fig. 6. Comparison of SEI-induced and LAM-induced capacity loss at various cycle currents as a function of (a, b) cycle time and (c, d) cycle number. The separation
of (e) SEl-induced and (f) LAM-induced capacity loss for C¢ and Si in the case of 0.3C charge and 0.5C discharge current.

beginning of charging and the end of discharging. In addition, the stress
behavior shows differences among Cs particles. Particles near the
separator interface show larger stress during (dis)charge. However, the
stress behavior of Si particles shows fewer differences across the thick-
ness, indicating the reaction among Si particles is relatively uniform.
Fig. S2 shows the tangential stress at the particle surface for Cg and Si at
various C-rates. Large C-rates cause elevated stress levels at both Cg and
Si particles.

Fig. 4 shows the simulated (black line) and experimental (red dash
line) voltage curves and the corresponding voltage error at various C-
rates at 10 (a) and 45°C (b). It can be seen that simulations fit very well
with the experiments at the reduced and elevated temperatures. At
elevated temperatures, the discharge voltage curves are higher than
those at low temperatures due to a reduced overpotential (Fig. S3).
Additionally, the accelerated diffusion at the high temperatures makes
the Li" concentration gradient lower than that at a lower temperature,
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resulting in a depressed stress (Fig. S4). The parameters achieving good
voltage fit in Figs. 3 and 4 will be used to model aging behavior in the
next sections.

4.2. Modeling cycle-induced degradation at different currents

Fig. 5a gives a three-dimensional (3D) view of battery capacity loss at
various cycling currents as a function of cycle time and cycle number.
The parameter values used are presented in Tables 2,3,4. The cycling
conditions include 0.3C charge current followed by 0.1, 0.5, 1 and 2C
discharge currents, and 1C charge current followed by 0.5C discharge
current. The symbols show the experimental discharge capacity loss,
which is extracted through a combination of interpolation and extrap-
olation on a set of discharge voltage curves [43,44,62,63]. Figs. S5 and
S6 show an example of this method, where the interpolation and
extrapolation are applied to each characterization cycle set. The
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capacity loss is extracted subsequently. The lines in Fig. 5a are the
simulated results with the SEI growth model and LAM model imple-
mented. The capacity loss and discharge voltage curves up to the first 5
characterization cycle sets are used to minimize the fit error using the
RMSE method. The applied cost function is shown in Eq. (52)

Vz sim Vz exp )
— mi . CXp .um Crate Crate
f - mln{ﬁ z : ( loss — loss 1 - § § s

Crate i=

(52)

where QF and

loss
V2 and VE™ are the experimental and simulated voltage at the
voltage vector i, and f is a weight factor regulating the fit results
favorable for the capacity loss or voltage curves. The capacity loss fit is
presented in Fig. 5a. Fig. S7 shows the experimental and simulated
voltage curves of the case of 0.3C charge and 0.5C discharge as an
example, where a reasonably good fit can be found for the selected cy-
cles in each characterization cycle set. In Fig. 5a, the capacity loss ob-
tained from the 6™ characterization set is also plotted to examine the
fitted processes, revealing a great alignment.

Fig. 5b and c give two-dimensional (2D) views of the capacity loss as
a function of cycle number and cycle time, as the projections of 3D
curves in Fig. 5a. Obviously, the capacity loss increases with both the
cycle number and time at all currents. The capacity loss behaves irreg-
ularly with currents at the same cycle number (Fig. 5b). The case of low
C-rate discharge (0.3C/0.1C) shows the largest capacity loss. In contrast,
the case of mediate C-rate discharge (0.3C/1C) shows the lowest ca-
pacity loss. The largest discharge current (0.3C/2C) shows the inter-
mediate capacity loss, and the case of 0.3C/0.5C shows the second
lowest capacity loss. In particular, the large charge current (1C/0.5C)
shows almost the same capacity loss as the case of low C-rate discharge
(0.3C/0.10).

At the same cycling time (Fig. 5c), the capacity loss shows a
dependence on the cycling current. A large discharge current incurs a
large capacity loss. On the contrary, low discharge current results in less
capacity loss. Also, the large charge current causes even more capacity
losses. These are because batteries with large cycling currents undergo
more equivalent full cycles than those with small cycling currents when
keeping the cycling time the same. Even though the capacity loss at the
same equivalent cycles shows irregularities with cycle currents in
Fig. 5b, more cycles generally cause more capacity losses. Such behavior
can always be observed with the large cycling currents when setting the
cycle time the same. From Fig. 5a-c, it can be inferred that under a
constant environmental temperature, battery capacity losses are the
result of multifactorial effects, including cycle number, cycling time, and
cycle current. In other words, the various degradation phenomena inside
the battery should be influenced by the cycle number, cycling time, cycle
current, and temperatures.

Degradation in LIB originates from many physical and (electro)
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chemical mechanisms. These mechanisms cause a loss of lithium in-
ventory (LLI) and LAM [18,20,64-70]. In the presented model, the SEI
formation is considered the main reason for LLI. Loss of Cg and Si active
materials is the reason for LAM. SEI formation and LAM models are
integrated into the P2D model as described in Section 2.2. With the
fitting process, the capacity loss induced by SEI and LAM can be
extracted separately. Fig. 5d shows an example of the capacity loss
caused by SEI and LAM in the case of 0.3C/0.5C. The extractions at other
cycling currents are shown in Fig. S8. In all these cases, the SEI-induced
capacity loss takes the major role.

In contrast, LAM takes only a small portion of the total capacity loss.
Previously, it has been demonstrated that Li loss plays a primary role in
the deterioration of cell performance rather than the LAM [22,71,72].
Some publications considered capacity loss solely caused by SEI growth
[26,73-75] or the combination of SEI growth and Li plating [21,76].
They also successfully explained the battery capacity loss for long-time
cycling. These again demonstrate the dominant effect of SEI on the total
capacity loss. LAM happens during cycling, but it does not cause sig-
nificant capacity losses.

Fig. 6a-d show the decoupled capacity loss caused by SEI and LAM as
a function of cycle time and cycle number. It can be seen that SEI growth
correlates positively with the cycling current under a specific cycling
time but does not show a dependence on cycling current at a given cycle
number. LAM reveals a positive relationship with cycling at a given
cycle time or cycle number. These observations suggest that SEI is
influenced by the cycle time, cycle number, and cycle current. LAM is
influenced mainly by the cycling current.

As reported in literature, SEI growth depends on time, currents, and
SoC [77-79] at a constant temperature. A high current causes a short
cycling time. A low cycling current obviously has a longer cycling time
and causes a more extensive SEI-induced capacity loss [77].

In addition, the SEI formed at low currents is monolithic and
amorphous. In contrast, a high current leads to a thick mosaic-structured
SEI [78]. Therefore, both the long cycle times and large cycle currents
accelerate the SEI growth. However, when a specific cycling condition is
considered, these two factors generally oppose each other with respect
to SEI growth. That is why SEI growth shows positive dependency on
cycling current under a certain cycle time but does not show obvious
dependence on cycling current under a certain cycle number in Fig. 6a
and c. Also, SEI grows faster during charge than discharge, even at the
same current [77]. This phenomenon causes a large battery capacity loss
with a high charging C-rate. The stress generated by diffusion is an
essential source of LAM. The low stress levels at low currents cause low
LAM. The high current generates high stress, causing large LAM. The
cycling time does not have a critical effect on LAM.

Fig. S9 shows the percentages of SEI and LAM in the total capacity
loss as a function of cycle numbers at various cycling currents. Table S1
shows the percentage of SEI-induced and LAM-induced capacity losses at
the selected cycles. Even though the capacity loss in Fig. 5b does not
show regularities with cycle currents, the percentages of SEI and LAM in
Fig. S9 show a proportional relationship with cycle currents. With the
lowest discharge currents, the percentage of SEI takes the largest part of
total capacity loss, and LAM accounts for the lowest portion. For
example, SEI-induced capacity losses take up 89, 86, 84, and 83% for
0.1, 0.5, 1, and 2C discharging currents at the end of the 400t cycle, and
LAM-induced capacity losses account for 11, 14, 16, and 17% of the total
capacity losses. With higher discharge currents, SEI takes a lower part,
and LAM accounts for a higher portion of the total capacity loss. Large
charge currents, on the contrary, cause a large LAM percentage and a
small SEI portion.

The anode used in batteries is composed of Cg and Si. SEI can grow
both on the surface of Cg and Si. Fig. 6e shows the separate SEI-induced
capacity loss from Cg and Si for the cycling current of 0.3C charge and
0.5C discharge. Due to the lack of details on electron tunneling on Cg and
Si, it is thought that the electron tunneling barriers for C¢ and Si are the
same, ie. AEg; = AEc. Therefore, only the surface area and the Li
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content inside the material influence the SEI formation rate, as sug-
gested by Egs. (44)-(45). Due to the larger surface areas of Cg, the ca-
pacity loss caused by SEI growth on Cg is higher than that on Si at the
beginning, as shown in Fig. 6e. In addition, the fast degradation of Si
makes the active surface area decrease faster than Cg, implying a higher
SEI growth rate on Cg during cycling in Fig. 6e. Fig. 6f shows the ca-
pacity loss caused by LAM from Cg and Si separately. It can be seen that
capacity loss caused by Si active material degradation is much larger
than that of Cg.

4.3. Modeling cycle-induced degradation at different temperatures

Fig. 7a shows the cycle-induced total capacity loss at 10, 25, and
45°C, in which 0.3C charge and 0.5C discharge currents are applied. It
can be seen that the total capacity loss increases positively with tem-
peratures. At 10°C, the battery shows less capacity loss compared to that
at 25°C, while the battery shows an enlarged capacity loss at 45°C.
Fig. 7b and c give the individual capacity loss caused by SEI growth and
LAM under three different temperatures. Table S2 shows the percentage
of SEl-induced and LAM-induced capacity losses at selected cycles.
Clearly, capacity loss caused by SEI is the dominant factor at all tem-
peratures. With the temperature increase, SEI-induced capacity loss also
increases due to a high electron tunneling rate at high temperatures
[45]. At low temperatures, the depressed diffusion coefficient leads to a
higher DIS since a larger Li concentration gradient inside particles. On
the contrary, high temperatures will cause a lower level of DIS. In
Fig. 7c, LAM at 10°C shows a higher degradation, as expected from a
higher stress level. However, at high temperatures, LAM shows an even
higher degradation, which seems to violate from the DIS level. Many
reasons could be responsible for this observation. The literature shows
that side reactions at the anode side are accelerated at high temperatures
[80]. The generated thicker SEI film has a higher possibility of isolating
active particles. The deposition of transition metal, dissolved from the
cathode and transported to the anode side, could also block the active
site for (de)lithiation [44,45,63]. This dissolution and deposition are
accelerated at high temperatures. All these reasons can cause a higher
degradation of LAM at elevated temperatures.

4.4. Modeling storage-induced degradation

Fig. 8 gives the capacity loss during calendar storage at various SoC
(a) and temperatures (b). The capacity loss caused by LAM during
cycling remains minor. During storage, active materials in batteries do
not experience repeated (de)lithiation except for the characterization
cycles, which remain a small portion of the total storage period.
Therefore, it is believed that the capacity loss is mainly caused by SEI
formation to simplify the calculation. The aging model in this part only
considers the SEI growth. In the literature, SEI growth is also considered
the main reason for battery capacity loss during storage [81,82].

The capacity loss of batteries stored at various SoC at 25°C is plotted
in Fig. 8a. Table S3 shows the percentage of capacity losses with respect
to the total capacity on selected days. The symbols in Fig. 8a represent
the capacity loss extracted from experiments, and the lines are the
simulation results. Good agreement can be found between experiment
and simulation at all storage SoC. It also can be seen that storage-
induced capacity loss is sensitive to SoC. After 300 days of storage, the
batteries lose 5, 8, and 13% of the total capacity at 20, 50, and 100% SoC
storage (Table S3). Storage with high SoC shows a large capacity loss.
Contrarily, storage with low SoC shows a lower capacity loss. At high
SoC, the lithiation states of the Cg and Si are high, and the electron
tunneling barrier energy is relatively low. Together, these two factors
cause a higher electron tunneling rate at high SoC, eventually resulting
in a high battery capacity loss.

Fig. 8b shows battery capacity loss during storage at different tem-
peratures, and the SoC is kept at 50%. Likewise, high temperature in-
duces a high capacity loss, and low temperature brings a low capacity
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loss. After 300 days of storage, the batteries show 5, 8, and 13% of the
total capacity losses at 10, 25, and 45°C storage temperatures (Table S3).
Due to SEI growth is (electro)chemical reactions, which show positive
temperature dependency. In the present paper, the electron tunneling
process is considered the rate-determining step of SEI formation. The
energy barrier is depressed at high temperatures, resulting in a higher
electron tunneling rate and SEI-induced capacity loss [45]. In addition,
SEI can grow on the surface of both Cg and Si. The larger initial surface
area of Cg also introduces more storage-induced capacity loss than Si.

In this manuscript, a full order P2D porous electrode model is com-
bined with aging models to simulate the pristine and aged NCA/Ce¢-Si
cells. First, the electrochemical behavior of pristine cells has been
studied. Then the factors causing capacity losses have been identified in
storage and cycling experiments. This model can also be applied in
control-related studies, such as SoC and state-of-health (SoH) estimation
and real-time temperature indication with the help of state observers
[83]. In addition, the reduced-order electrochemical model is also
extensively used for battery status indication and cycle-life assessment
[84]. One of the most popular reduced-order models is the single particle
model (SPM), in which a single particle is used to represent a porous
electrode in terms of electrochemical modeling [84]. Compared to the
full order P2D model, SPM can significantly reduce computation
complexity and increase calculation efficiency. Aging models can also be
coupled to the SPM model to simulate degradation.
SPM-model-equipped aging models are less complex and faster than the
full order P2D model.

Moreover, the P2D model coupled with aging models can also be
used to provide a strategy for optimal aging-aware charging, a similar
approach as applied in ECM-based models [85]. Some publications have
already implemented P2D and aging models for optimal charging with
the reduction of aging as target [86,87]. As proposed, the P2D model is
built together with the aging models, i.e. SEI growth and Li plating, to
present a model-based design method for multi-stage charging pro-
tocols. This model-based method makes a trade-off between charging
time and battery aging to achieve an extended battery lifetime. It is
expected that such an approach will help to improve the accuracy and
predictive power. However, it is computationally demanding because
many parameters must be estimated in the full-order P2D and
electron-tunneling-based SEI growth models. Proper model reduction
would be beneficial, for example, adopting suitable simplification of
equations and optimized calculations [88].

5. Conclusion

In the present paper, a P2D-based model has been developed for
cylindrical Li-ion batteries with NCA cathodes and Ce/Si blended an-
odes, in which Si contributes to around 20% of the total capacity. In-
tegrated with SEI growth and LAM models, the P2D-based model can be
applied to simulate cycle-induced and storage-induced capacity losses.
Within the framework of the P2D-based model, the electrochemical
properties of the pristine NCA/C¢-Si are investigated. During charging
from a fully delithiated state, the lithiation reaction starts from Si, fol-
lowed by Cg. In contrast, delithiation commences at Cg, followed by Si
during discharging from a fully lithiated state. According to this
behavior, different partial currents pass Si and Cg, eventually affecting
the stress in both materials. SEI growth causes a dominant capacity loss
for aged cells at various cycling currents and temperatures. LAM also
induces capacity loss but does not play a critical role. At the end of the
400t cycle, SEI-induced capacity losses take up 89, 86, 84, and 83% of
the total capacity losses for 0.1, 0.5, 1, and 2C discharging currents,
respectively. SEI growth depends on the cycle time, cycle current, cycle
number, and temperature. LAM is most influenced by the cycle current
and temperatures. SEI growth is considered the main reason for battery
capacity loss during calendar aging. It is influenced by the storage time,
storage SoC and temperatures. After 300 days of storage, the batteries
show 5, 8, and 13% of the total capacity loss at 20, 50, and 100% SoC
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storage, respectively, at 25°C. At 50% storage SoC, the batteries show 5,
8, and 13% of the total capacity loss at 10, 25, and 45°C storage tem-
perature, respectively.
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