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HIGHLIGHTS

e The degradations caused by side reactions are modeled using physical principles.
e Loss of ions and active anode materials are the factors that cause capacity fade.

e Simulated growths of SEI and deposit layers are validated by EIS and SEM analysis.
e Charging at high SOC accelerates the degradation processes.

o The effect of charging C-rates on overall degradation is not clearly distinctive.
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ABSTRACT

Experimental investigations conducted on a large format lithium ion polymer battery (LiPB) have
revealed that side reactions taking place at anode are the major factor for degradation of the battery
performance and lead to capacity and power fade. Side reactions consume ions and solvents from the
electrolyte and produce deposits that increase the thickness of the solid electrolyte interphase (SEI) layer
and form a new layer between composite anode and separator. These phenomena are described using
physical principles based on the Tafel and Nernst equations that are integrated into the developed
electrochemical-thermal model. The key parameters for the side reactions used in the model are
experimentally determined from self-discharging behavior of the battery. The integrated model is then
validated against experimental data obtained from different operating conditions. Analysis has revealed
that the capacity fade is predominantly caused by loss of ions and active materials. The results also show
that the rate of side reactions and degradations are more severe at charging process under high SOC and
high C-rate due to low overpotential of the side reactions.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

particularly on composite anode when the electrochemical poten-
tial is out of the stability window of the electrolyte. The reduction

The lithium ion battery has become one of the most widely used
energy storage devices because of its high energy and power den-
sities. The performances of lithium ion batteries can degrade over
the required lifetimes, which can be defined by calendar or cycle
life. The calendar life is affected by the self-discharging rate, while
the cycle life is affected by operating conditions. Researchers have
investigated causes for the degradations and identified side re-
actions as the major one [1—9]. The studies show that the side re-
actions are caused by reduction process of electrolyte components,
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process consumes lithium ions and the electrolyte solvents and
produces deposits. Two major side reactions taking place on the
anode side produce products as follows [7];

2Li" +2e~ + EC—CH2 == CH2 + Li,CO3 | (1)

2Li* + 2e~ 4 2EC— CH2 == CH2 + (CH,0CO,Li), | 2)

The products of the side reactions can form a very thin reaction
layer that adheres to the surface of the anode particles. This thin
layer, called solid electrolyte interphase (SEI) [8], is deliberately
created during the initial charging cycles by manufacturers to slow
down the side reactions. However, when side reactions continue
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Nomenclature

A sandwich area of the cell (cm?)

as specific surface area of electrode (cm™!)

Cs ion concentration in solid phase (mol L™1)

Ce ion concentration in electrolyte (mol L™1)

Cionloss Amount of ion loss caused by the side reactions (A h)
Gy heat capacity (J kg~' K1)

D diffusion coefficient (cm?s~!)

EOC end of charge
EOD end of discharge

Echem electrochemical energy (] cm ™)
F Faraday constant (96,487C mol 1)
he convective heat transfer coefficient (W cm 2K~ 1)
I current of the cell (A)
i current density (A cm2)
ip exchange current density of intercalation (A cm~2)
i0,side exchange current density of the side reactions (A cm2)
jgm, total reaction rate (A cm2)
j reaction rate of intercalations (A cm?)
e reaction rate of side reactions (A cm?2)
thickness of micro cell (cm)
l coordinate along the thickness of micro cell
n number of lithium ions

ocv open circuit voltage (V)

Pchem power contributing to the increase of chemical energy
(W cm3)

Q capacity of the cell (A h)

Quged capacity of an aged cell (A h)

Qfade capacity fade (A h)

Qfude,on  capacity fade due to loss of ion (A h)
Qfudeam  capacity fade due to loss of active anode material (A h)
Qrev reversible heat generation rate (W cm3)
Qirr irreversible heat generation rate (W cm3)
Qeonvec  heat convection rate (W cm3)
R resistance (Q cm?) or universal gas constant
(8.3143 J mol ' K1)
I's radius of spherical electrode particle (cm)
r coordinate along the radius of electrode particle (cm)
soc state of charge
T cell temperature (K)
Too ambient temperature (K)

Uequi equilibrium potential (V)

1% voltage (V) or volume of the composite electrode (cm?)
X stoichiometric number in anode

y stoichiometric number in cathode

initial transference number

-
+o

Greek symbols

o transfer coefficient for an electrode reaction
0 thickness (cm)
e volume fraction of a porous medium
e potential in electrolyte phase (V)
s potential in solid phase (V)
n surface overpotential of electrode reaction (V)
K ionic conductivity of electrolyte (S cm™)
Kp concentration driven diffusion conductivity (A cm™!)
v conductivity (S cm™!)
Subscripts
AM active (anode) material
anodic
c cathodic
cc current collector
cell micro cell
DL deposit layer
EIS measured by EIS
e electrolyte phase
max maximum
- negative electrode (anode)
+ positive electrode (cathode)
r radial direction in electrode particle
SEI solid-electrolyte interphase
SEM measured by SEM
S solid phase
side side reactions
T terminal
0% 0% state of charge
100% 100% state of charge
Superscripts
eff effective
Li Lithium ion

during cycling over a long time scale, the produced deposits are
accumulated in the SEI and consequently lead to growth of the SEI
[1,4,10,11].

The deposits are ionic conductors, but the ionic conductivity is
relatively small. Therefore growth of the SEI leads to increase in
ionic resistance and power fade. By contrast, these deposits are
electronic isolators [7,8,10] that can electrically isolate some carbon
particles, so that these isolated particles cannot participate in the
electrochemical reactions, which causes loss of active carbon ma-
terial and leads to capacity fade [3,4,7,12,13]. In addition, the ions
consumed by the side reactions cannot participate in the electro-
chemical reactions, which contributes to capacity fade [1,14].

Our previous work that experimentally investigated the degra-
dation processes of NMC/Carbon LiPB [9] using SEM, XRD and XPS
verified that the predominant degradation is caused by the deposits
from the side reactions at anode. This finding is based on the in-
crease in the SEI resistances measured by electrochemical imped-
ance analysis (EIS) correlating with the formation of new deposit

layers between the composite anode and separator measured by
scanning electron microscopy (SEM). No significant changes in
active materials on both electrodes were observed at cycled cells
[9]. The importance of side reactions indicated by our previous
work is consistent with experimental findings published in litera-
ture [1,3,4,7,8,10—14].

Analysis of effects of side reactions on degradation of a battery
has been performed using electrochemical-thermal model by
changing internal parameters subject to degradation processes.
Some authors extracted the values for the parameters by fitting
performance of the model to the experimental data obtained at
different number of cycles [3,5,6,9,12]. However, the results of these
semi-empirical models deviate from experimental data when
operating conditions are changed, which limits use of the model to
real applications.

Therefore, there has been several attempts to develop physics-
based degradation models based on electrochemical principles
for the side reactions [1,2,4,13,14]. Doyle et al. were the first
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research group to describe the side reactions using the Tafel
equation, but no simulation was carried out [2]. Ramadass et al.
extended Doyle's model and simulated capacity fade caused by loss
of ions [1]. Sikha proposed a similar model for the side reactions,
where the effect of deposits on the porosity is considered [4]. Ning
et al. then validated Sikha's model using experimental data, which
is obtained by cycling the cell under small current (1C) only [14].
Safari et al. has extended the model to consider the diffusion of the
electrolyte solvent in the SEI [13], but they did not provide exper-
imental data that proves the effects of such diffusion process on
degradation. Although the previous aforementioned work
attempted to physically describe the side reactions and formation
of the SEI, the formation of deposit layers or loss of electrolyte
solvents identified as two important degradation processes in the
experimental work [9,15] are not considered in their modeling ef-
forts. In addition, the exchange current density and equilibrium
potential of the side reactions used assumed values [1,2,4,13,14].

The degradation process caused by the side reactions depends
upon operating conditions, such as state of charge (SOC), C-rate and
temperature [3,9], which have not been well analyzed. Doyle
showed a dependence of degradation on SOC [1], but did not
consider the effects of C-rates nor provide any experimental vali-
dations. In fact, self-discharging caused by side reactions [16—18]
has not been analyzed using models.

Moreover, effects of side reactions on capacity fade have not yet
been clarified. Since the side reactions are irreversible processes
and consume lithium ions, some authors have claimed that ca-
pacity fade is caused by loss of ion and the amount of capacity fade
is assumed to be the same as the amount of ion loss [1,14]. Others
have attributed the capacity fade primarily to the loss of active
carbon material due to SEI isolations [4,7,9] because the product of
side reactions forms and electronically insulting SEI layer. More
authors believed that loss of ion and loss of active material are both
the two factors that lead to capacity fade [3,6,12,13,19], which were
analyzed using semi-empirical models rather than physics-based
principles.

In this work, a physics-based model for the side reactions has
been developed considering formation of deposit layers and loss of
electrolyte, and integrated into an electrochemical-thermal model
developed previously. The integrated model is validated against
experimental data obtained from a large format LiPB. Particularly,
the exchange current density and equilibrium potential of the side
reactions needed for the model are extracted from the self-
discharging characteristics of the battery. Based on estimated loss
of ion and loss of active material using the model, capacity fade is
analyzed using equilibrium potentials. Finally, the integrated model
is validated against experimental data obtained under cycling with
different operating conditions that include SOC cycling limits and
charging C-rates.

2. Model development

2.1. Electrochemical-thermal model without considering side
reactions

The commercial LiPB cells studied in this work has a pouch type
with dimensions of 164 mm x 250 mm x 5 mm. The single pouch
cell has 15.7 A h capacity and is composed of 30 cells connected in
parallel. The active material of the anode and cathode are carbon
and NMC (Li[MnNiCo]O;), respectively. The polymer separator is
made of PVdF. The electrolyte salt is LiPFg and its solvents are ethyl-
methyl carbonates (EC) and dimethyl carbonate (DMC). Both elec-
trode particles and the separator are mixed with the electrolyte.

The fresh cell is mathematically described by a one dimensional
sandwiched model, which was developed in previous work [20,21].

The model is composed of a porous composite anode mixed with
electrolyte, a separator and a porous composite cathode mixed with
electrolyte. A schematic diagram is shown in the left of Fig. 1. When
the cell is charged or discharged, electrons go through external
circuit while ions are transported in the electrode and electrolyte.
Chemical reactions take place at the surfaces of the electrode par-
ticles that contact the electrolyte and then ions diffuse into the
electrode particles. The model has three temperature-dependent
parameters including SEI resistance, diffusion coefficient of ions
in the electrode particle and exchange current density of side re-
actions, whose temperature dependencies are obtained empirically
based on experimental data. In addition, three heat source terms,
change of entropy, Joule heating and heat of mixing, are considered.
The equations summarized in Table 1.

2.2. Modeling of intercalation and side reactions

When side reactions take place at the interface between the
electrode particles and the electrolyte, the reaction rates need to be
modified by considering an extra rate induced by the side reactions.
Intercalation reactions occur on both electrodes, while the side
reactions occur only on the anode side. The total reaction rate, jﬁ’;m,,
is expressed as a sum of both reaction rates;

totar =1 + Fsige €)

where j and jé,?de denote the reaction rates caused by intercalation
and side reactions, respectively.

The intercalation process can be modeled using the Butler-
—Volmer equation;

g aghF _ _ acnF
=1 (exp( RT n) exp( RT n)) (4)

where a4 and o are the symmetric factors of anodic and cathodic
intercalation reactions, which take values of 0.5. n denotes the
number of ions transferred in intercalation reaction which is equal
to 1 for lithium ion.

To reduce computational time, Eq. (4) can be simplified to a
linear form;

i . n(l)éa + Olc)F

J =lo——p 1 " )
The activation overpotential of intercalation is
1= s — e — Ueq — Rsetltora (6)

where ¢s and ¢, are electrical potentials of the solid electrode
particle and electrolyte, respectively. Rsg; is the resistance of SEI that

Separator

Composite )
anode | )

Composite
cathode

Fig. 1. Schematic diagram of the single cell (right) and micro cell (left) (the electrolyte
is mixed with the composite electrodes and separator).
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Table 1
Ion transport, charge conservation and energy equations.

Conservation equations

Boundary conditions

Ion conservation in electrode r&l —0 —pJdy -k
r=0 r=rg
2
-0 (35 +%)
Ion conservation in electrolyte fe) =Bl =0
1=0 I=L
1-19 i
8(%2{&) — % (Dgﬁ'%(‘g) +Tva$]L1 =0
Charge conservation in electrode ol — _dl0s L s i 8 i 0
i = =0n =0p
% <U§ﬁ'%¢s> = ag!!
Charge conservation in electrolyte e =% =0
) =0 =L
o) (Kﬁjfg,d)e) +5 (Kgf»gl(ln ce)> +agli=0
Energy equation
Heat transfer (lumped model) Reversible heat generation rate
Cpm% = Qrev + Qirr + qconvec Qrev = }v]Ll 'as'T'a%OTW dav
Irreversible heat generation rate
Echem = —E€s+ ‘F'vas.p'Uequi.p‘dV — &n 'F‘fVCs.n “Uequin -dv
Pchem = é’fw Qirr = V11 = Pepem
Heat convection qconec. = he(T — Too)
is present only on the anode side. Ueq is the equilibrium potential of .
intercalation. In fact, Ueq is not just a function of stoichiometric Nside = Ps — Pe — Ueg side — Rseioral (11)

number of the electrode, but also affected by ion concentration in
electrolyte, according to the Nernst Equation;

Ueq- = U8 (x) n %ln (?—;) 7)
el
o RT C

Uegs =gy (v) + 7 (5 (8)
el

where U (x) and U (y) are the standard equilibrium potentials
when ¢, is equal to cep.

The electrochemical-thermal model developed previously used
an empirical polynomial that approximated U“?{I(x) [20,21]. Since
the approximation for Ug (x) has some errors that result in inac-
curate calculation of overpotential and side reaction rate, the
polynomial has been replaced by a set of data provided by the
manufacturer, which is plotted as the blue curve in Fig. 2 (in the
web version). On the other hand, open circuit voltage (OCV) is
measured experimentally, as plotted as green curve in Fig. 2.
ugg, . (v) can be obtained from the relationship for OCV that is equal
to the difference between the two equilibrium potentials on the
cathode and anode;

oCV = U, (y) —-Ug_ (x) 9)

The side reactions are irreversible since the rate of the reduction
process is much larger than the oxidation process. Therefore, the
side reactions are described using the Tafel equation;

i ) ¢ sideMsideF
]l§z!de = —lo side eXp( - %%ide) (10)

where Tafel kinetics of the side reactions is assumed to be ther-
modynamically inconsistent because the reaction rate jgde does not
vanish as the overpotential 7sise becomes zero. ig sige is the exchange
current density of the side reactions, whose temperature de-
pendency will be discussed later. ngge is the number of ions
involved in the side reactions which is equal to 2, as seen in Eq. (1)
and Eq. (2). The activation overpotential of the side reactions, 7sjde,

are calculated as;

where Uggside is the equilibrium potential of the side reactions;

) RT . (¢
Ueq,side = Ué)q,side + mln (é) (]2)

Fig. 2. Equilibrium potentials and OCV.

]:(511 ] =(511 e 5DL

Deposit layer
Separator

Composite

(X anode ¢

Fig. 3. Schematic diagram of a degraded cell.

Composite
cathode
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o o . . .
Unlike Ug, ; ., Ueq side 1S independent on stoichiometric numbers

and assumecT to be a constant [1,4,13,14].

2.3. Effect of side reactions on degradation processes

Five degradation processes caused by the side reactions are
modeled in this work and they are i) loss of ion, ii) growth of SEI, iii)
loss of active anode material, iv) growth of deposit layer (DL) and v)
loss of electrolyte. Three of them are graphically depicted in Fig. 3
(in the web version), where the thick blue circles, the particles
marked with red “X” and the layer with blue color indicate SEI, loss
of active material and formation of deposit layers, respectively.

The amount of ion loss, Cioniess, Can be obtained by integrating
the side reaction rate, jé}'de, over the volume of composite anode and
time;

- J [ ate

where Cionioss has a unit of A h, o, is the thickness of composite
anode, 7 is the total operating time and A is the cross section of the
cell. as is the specific area of electrode with a unit of cm~!, which
indicates the area of active electrode in a unit volume of composite
electrode.

The volume fraction of SEI, g, is the volume of SEI in a unit
volume of composite anode and expressed using the rate of side
reactions;

asdt Adl (13)

Cionloss

T

Vs [ 4
AESE] T, l = T / ]ézlde <l, t) agdt (14)
t=0

where Vg is the molar volume of SEI The coefficient 2 in the de-
nominator indicates that consumption of 2 mol of ions produces
1 mol of SEI, according to Egs. (1) and (2).

Since the rate of side reactions, ]sme, is a function of thickness |,
esgr also becomes a function of I. Given a esg, the thickness and
resistance of SEI can be calculated as follows;

Absgy (T, 1) _ Ags%fr’l) (15)
ARsy (T 1) Al 2 (16)

where «sg; is the ionic conductivity of SEI.

Loss of active materials is simply described using an empirical

equation as follows;
Aes(7,1) = —kiso* Aesgy (7, 1) (17)
where & is the volume fraction of solid active material that is also
dependent on thickness . kis, is a dimensionless coefficient which
describes how fast the active anode materials are isolated from
chemical reactions.

Since particles are glued together by binders that are mechan-
ically resistive against the growth of SEI, SEl is very thin. In contrast,
the DL is formed between the composite anode and the separator
so it is much thicker in comparison with SEI [9]. The region that is
responsible for the formation of DL can be regarded as the region of
composite anode without binder, which is 6, — Rs < | < d,,, where R
denotes the radius of anode particles that are adjacent to the
separator. Thus, the increase in the thickness of DL is expressed

with;

VDLRs

ool 7| = / 1o (on. )l (18)

When ionic current flows through the DL, extra voltage drop is
induced due to its resistance that can be simply expressed by
dividing its thickness by its ionic conductivity, kpr;

Ro, () :6%(;) (19)

As a result, the terminal voltage becomes as follows;

On

— ¢slj—o — Recl — RDL/
0

Vr = gy H(1)asat (20)

611
where / jH(1) asdl denotes the ionic current passing through the
DL. Eq. ((20) has also considered the voltage drop on Rsg; because
Rsgy affects the value of ¢s.
Loss of electrolyte solvent caused by side reactions is described
using the volume fraction of electrolyte;

ree. () -

where « is a coefficient indicating how many moles of electrolyte is
consumed when 1 mol of lithium ion is consumed, which is equal to
0.5 for the side reaction in Eq. (1) and 1 for the side reaction in Eq.
(2). Under the assumption that both side reactions have the same
reaction rate, an averaged value of 0.75 is taken.

Since the effective diffusion coefficient of electrolyte is depen-
dent on e;

D‘VE Cionloss (T)

DY = De-¢. (22)

Loss of electrolyte leads to a decrease in the diffusion rate in
electrolyte.

The amount of charge participating in the degradation processes
caused by the side reactions are the integration of jé}'de over a given
time and the measure for capacity and power fade, as seen in
(13)—(22). However, the reaction rates can have different magni-
tudes at any instant, which is analyzed later in the section 5.

3. Determination of parameters for side reactions by analysis
of self-discharge characteristics

As described in the previous section, the rate of the side re-
actions, ]Slde, determines the rates of all corresponding degradation
processes. According to Eq. (10), igsige and Uegside are the key pa-
rameters that affect jéfde and 7gige, respectively. In addition, 7sige
determines JSlde, based on Egs. (10) and (11). Both igsige and Ueg side
can be extracted from the self-discharging experimental data.

When a cell is resting under open circuit, the side reactions
consume electrons based on the Eqgs. (1) and (2). Since the elec-
trolyte and separators are nonconductive for electrons, the elec-
trons consumed by the side reactions are coming from anode
particles (LixCg). When one electron in LixCg is lost, LixCg should lose
one lithium ion as well according to the law of charge conservation:

n-LixCg —n-Liy_5/nCe + 2Li" + 2~ (23)

The consumed lithium ions are those de-intercalate from
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anodes, which implies that a small amount of the current is induced
by the main reaction between lithium ion and electrons of elec-
trodes even under open circuit. Since the composite anode has no

net current under open circuit, the total reaction rate, jgml. is equal
to zero. Then Eq. (3) yields

JH ==t (24)
ikl =0 (25)
J5

Eq. (24) shows that the rate of ion de-intercalating from anode
particles is equal to the rate of ion being consumed by the side
reactions. Therefore, the equilibrium potential of the anode in-
creases due to reduced amount of ion in anode. On the other hand,
since jﬁ" is equal to zero, the equilibrium potential of cathode re-
mains the same. Hence, the OCV decrease under resting.

The mechanism described above is one of the major causes for
self-discharge [16—18]. Although some work has reported other
causes for self-discharge, such as separator leakage and dissolution
of Mn from cathode [2], the investigated cells in this work have not
shown evidence of these phenomena, so the side reactions are
regarded as the only cause for self-discharge.

Since self-discharge is a slow process and its rate is only
determined by the side reactions rather than major intercalation,
the self-discharge characteristics are used to determine two key
parameters, exchange current density, igsidge, and equilibrium po-
tential, Uegside, Of the side reactions. The exchange current density
of the side reactions is dependent upon temperature and experi-
mentally determined by measurement of the self-discharge rate at
different temperatures, i.e. 0 °C, 25 °C and 50 °C. Conversely, the
equilibrium potential is not considered as temperature dependent
within range of the experiments and determined by taking an
average value of measured data at different temperatures.

The two values of the parameters are used to calculate the
voltage change during self-discharge using the cell model, which is
plotted with lines and compared with experimental data plotted
with symbols in Fig. 4. The experimental data was collected in every
several days for about two months. However, the computational
time has taken too long to calculate the performance during the
period, therefore only the self-discharge process for the first 50
days is calculated and shown in Fig. 4.

The values of igsige and Ueqside Obtained by fitting the self-
discharge process are summarized in Table 2.

>
e
<

--==sim0’C | | 3 e 3

sim25°C | | } LR

........ sim SOOC 3 3 3 ﬂ:

15 : : : : :

0 10 20 30 40 50

Number of Days

Fig. 4. Decrease in terminal voltages under self-discharge tests.

Table 2
Values of ig sige and Ueqsige Obtained from self-discharge characteristics.
0°C 25°C 50 °C
ioside (A cm™2) 039 x 101 228 x 10~ 6.50 x 101
Ueq,sidc (V) 0.21

In this work, self-discharge caused by side reactions is consid-
ered an irreversible process, even though part of self-discharge can
be reversible [17,18]. Since the major focus of this work is to study
degradation processes caused by the irreversible side reactions, the
mechanism of reversible self-discharge has not been considered
and consequently its rate is assumed to be zero. This assumption
results in a higher igsige than the actual value.

4. Effect of side reactions on capacity fade

The consequences of the side reactions discussed in previous
section are loss of ions, loss of active material, growth of SEI/DL, and
loss of electrolyte. The first two factors cause capacity fade, while
the last three factors lead to power fade. The power fade can be
relatively simply predicted based on increased resistances. There-
fore, only the relationship between capacity fade and the first two
phenomena is analyzed with the help of equilibrium potentials.
Equilibrium potentials for anode and cathode are functions of ion
concentrations and can be expressed with stoichiometric numbers.

End-of-charge (EOC) and end-of-discharge (EOD) are defined as
the points of the OCV that are equal to OCVpax and OCVpip, as
provided by manufacturers, respectively. Capacity of a battery can
be expressed with an amount of charges transferred from EOC to
EOD and vice versa as follows;

Q = (Yeop — YEOC) €5+ 04+ ACs max +F
= (Xgoc — XEop)€s—0-ACs max,— F (26)

For a fresh cell, xgoc, Yeoc, Xeop and yeop correspond to Xmax, Ymin,
Xmin and Ymax, Tespectively, so the capacity of a fresh cell is

Qfresh = (Ymax — Ymin)€s+01+ACs max + F
= (Xmax — Xmin)&s—0—ACs max,—F (27)

A relationship between x and y for a fresh cell can be then
derived;

785—5—Cs,max—

y=———"——— (X~ Xmin) + Ymax (28)

€540 Cs,max+

The values of Xmax, Ymin» Xmin and Ymax are provided by the
manufacturer. The equilibrium potentials of a fresh cell are plotted
versus stoichiometric number in Fig. 5 (in the web version), where
EOC and EOD are marked with black “X”. The OCV is plotted as
green curve in Fig. 5.

4.1. Effect of loss of ions on capacity fade

When ions are lost because of side reactions at anode, the actual
stoichiometric number on the anode side, x, is less than that of the
fresh cell. The resulting x is a sum of the previous x with xspif, as
expressed below;

£5—0_Cs max—

y=-—"—-—" (X + Xshift — xmin) + Ymax (29)

€51 04.Cs max+

where Xgpnife is the amount of shift in x axis, which is graphically
depicted in Fig. 6. xspif is expressed with the amount of ion loss;
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Fig. 5. Equilibrium potentials with EOC and EOD of a fresh cell.
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Fig. 6. Equilibrium potentials with EOD and EOC for an aged cell after loss of ion.

Cionloss
Xepir — -ionloss 30
St = o5 Acs ma F (30)
where Cionloss 1S calculated based on Eq. (13).
When a cell is charged to EOC, the OCVp,ax is described using two
equilibrium potentials that are a function of stoichiometric
numbers.

Ueq+ (YEoc) — Ueq— (Xgoc) = OCVmax (31)

The two variables, xgoc and ygoc are numerically solved using Eq.
(31) and Eq. (29) and plotted in Fig. 6 with symbols of “X”. The
result shows that the xgoc and ygoc calculated above are less than
Xmax and Ymin, respectively. Consequently, given the same OCVpax,
the anode electrode cannot be fully charged while cathode elec-
trode can be over-discharged.

Similarly, when a cell is discharged to EOD, the OCVyyj, can be
described as;

Ueq+ (Veop) — Ueq— (Xpop) = OCViyin (32)
where Xgop and ygop are numerically solved and plotted in Fig. 6
with symbols of “X” and they become less than Xmin and Ymax,
respectively. It shows that the cathode electrode cannot be fully
charged while anode electrode can be over-discharged at the same
OCVpin given. The analysis assumes that the amount of over-
discharge is small enough not to cause any damage at cathode or
anode active material.

By updating Xroc, Yroc, Xeop and yeop in Eq. (26), the cell capacity
considering loss of ions is calculated and plotted as blue curve in
Fig. 8 (in the web version). The capacity fade increases with an
increasing amount of loss of ions. However, the amount of ion loss
is not the same as that of capacity loss, as is frequently assumed.

4.2. Effects of loss of ion and active material (AM) on capacity fade

When a certain amount of active anode material is lost, its
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Fig. 8. Capacity fade as a function of loss of ion and active anode material.

Table 3
Test matrix considering different operating conditions.

SOC cycling Charging Discharging Temperature Number of

limits C-rates C-rate cycles
Baseline 25%—90%
Effect of SOC 15%—80% 4C
5%—70% 4C 25°C 600
Effect of N N 3C
charging C- 25%—90% 2C
rate

volume fraction, &;_, decreases and the linear equation describing
the relationship between y and x should be changed from Eq. (29)
to

(50— + A&s—)0_Csmax,—
€54 04 Csmax,+

y= (X + Xshift — xmin) + Ymax (33)

where Ag;_ is the averaged value of the change of volume fraction
obtained from Eq. (17), which is negative. After &;_ is decreased, x

changes faster with respect to y, based on Eq. (33). This mechanism
can be represented by shrinking the x axis, as shown in Fig. 7.

In addition to ¢;_, loss of active material also affects xzoc, Yeoc,
Xeop and ygop that can be recalculated using Egs. (31)—(33) and are
plotted in Fig. 7 with symbols of “X”.

By updating Xgoc, Yeoc Xeop, Yeop and es_ in Eq. (26), the cell
capacity considering both loss of ions and loss of active materials is
calculated and plotted in Fig. 8. The capacity fade increases with
increasing amounts of both loss of ions and active materials.

5. Effects of operating conditions on degradation

To analyze the effects of operating conditions on degradation
performance, the model for side reactions previously described has
been integrated into the electrochemical-thermal model of a cell
and simulations have been carried out using different operating
conditions, as shown in Table 3. The number of cycles for baseline
data was 600 at 25 °C. C-rates for both charging and discharging
were 4C. The SOC cycling limit was 25%—90%. To study the degra-
dation rate as a function of SOC, the SOC cycling limits were
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4 g e 1
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S 34r simfresh | 1 URANXN 7
=~ 32l expfresh | NTNix\ o\
sim 200 cycles
3+ % exp 200 cycles
sim 400 cycles
281 x exp400cycles [~ |
sim 600 cycles |
261 x exp 600 cycles | ”””””””””
i i i i
0 1000 2000 3000 4000
Time (s)

Fig. 9. 1C discharge curves of aged cell under baseline test conditions.
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changed from 25%—90% to 15%—80% and 5%—70%. The range of each
SOC cycling window was maintained at 65%. Also, the degradation
rate as a function of the charging C-rate was considered. Three
charging C-rates of 2C, 3C and 4C were used to study the effects on
degradation rate. The discharging C-rate, ambient temperature and
number of cycles were kept constant.

To validate the model, experiments were conducted under the
same operating conditions shown in Table 3. For each case, a new
cell was used. After every 20 cycles, a 1C current rate was applied to
measure the cell capacity. Upon completion of the cycle, the cycled
cells were set at 50% SOC and their impedances were measured
using EIS. After each cycled cell was completely discharged and
opened, samples of cells were cut off and analyzed using SEM to
investigate the morphology and deposit layers. The description of
the test equipment can be found in our previous work [9].

5.1. Degradation under the baseline condition

Discharging characteristics of the cell at 1C current rate and
every 200 cycles are plotted in Fig. 9, where voltage drops and
discharge times of the model are compared with those of experi-
ments. Since the discharge processes start from 100% of SOC with a
1C(15.7 A) rate, it has taken an hour to completely discharge a fresh
cell, whose capacity is 15.7 A h. However, when a cell is cycled, its
capacity becomes less than 15.7 A h, so the discharge time becomes
less than an hour because of capacity fade.

Therefore, as the number of cycles increases, the voltage under
1C discharge process decreases faster and the discharge time be-
comes shorter due to increased capacity fade. The voltage drop of
the model tends to follow the experimental data at the beginning
and middle of the discharge. At the end of the discharge, the
simulated discharge time matches the experimental data for the
fresh cell and cell at 600 cycles. However, there are some deviations
at 200 and 400 cycles due to inaccurate estimations of capacity fade
that might be caused by other degradation mechanisms that have
not identified in this work, such as phase change of the cathode
active material with the formation of an oxide layer, lithium plating,
and decomposition of the separator [22,23].

For analysis of capacity fade, the calculated amount of ion loss,
Gionloss, capacity fade caused by ion loss, Qfgde,ion, and loss of active
material, Qgdeam, are plotted in Fig. 10. The measured total capacity
fade is plotted for validation as well. The total amount of capacity
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Fig. 10. Analysis of capacity fade under baseline test conditions.
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fade from simulations and experiments at different cycles are
comparable. Interestingly, the amount of ion loss, Cionloss, is not the
same as that of capacity fade caused by the ion loss, Qfde,ion, as
explained in section 4.1.

As the number of cycles increases, the capacity fade caused by
loss of active material becomes slightly less than that by loss of ion.
This finding might be interpreted by the phenomena that SEI iso-
lates the anode particles that can be easily isolated at the beginning
of cycling because of relative small particle size and poor contact
with composite anode. Once these particles have been isolated,
isolation of the rest large particles becomes difficult and conse-
quently the increase of Qggeam becomes slow.

Based on the simulation results, the effects of cycling on SEI,
volume fractions of active anode material and electrolyte are
analyzed. SEI resistances as a function of anode thickness calculated
using Egs. (14)—(16) are plotted in Fig. 11. As the number of cycles
increases, the SEI resistance tends to increase and the increase is
large near the separator on the anode side because of the high ion
concentrations that cause a high rate of side reaction.

The volume fraction of the active anode material, &, and the
electrolyte, ¢, are calculated and plotted in Fig. 12. As the number of
cycles increases, ¢; becomes less, particularly near the separator
because of isolation of the active material by growing SEI layers,
which can be seen in Eq. (17). Similarly, &, becomes less because of
the side reactions that consume the electrolyte. It is assumed that
there is no gradient of &, in the direction of anode thickness, based
on Eq. (21).

5.2. Effects of SOC cycling limits on degradation

In real world operations, the SOC cycling limits vary depending
upon operating modes. Effects of different SOC limits are investi-
gated using the test conditions shown in the second and third row
of Table 3. Calculated and measured capacity over the number of
cycles under different SOC cycling limits are plotted in Fig. 13.
Generally, capacity fade of the cell cycled at 25%—90% is the largest,
followed by 15%—80% and 5%—70%. The model can predict the ca-
pacity fade well. The deviations might be caused by some other
neglected degradation mechanism as indicated in literature, such
as phase change of the cathode active material with the formation
of an oxide layer, lithium plating, and decomposition of the sepa-
rator [22,23].
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Fig. 14. 1C discharge curve at 600 cycles at different SOC cycling limits.
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Calculated and measured discharging characteristics of the fresh
and cycled cells after 600 cycles under different SOC cycling limits
are plotted in Fig. 14, where the current rate was 1C. After cycled,

gy - — et S ;
S 33 e sim 5% - 70%
> exp 5% - 70%
"""""" sim 15% - 80%
25 : i : : exp 15% - 80%
~0 200 400 600 800 sim 25% - 90% PO
exp 25% - 90%
o f
£ :
© 0
= s
8 :
E : : .
i i i i

1 | |
0 200 400 600 800 1000 1200 1400
Time(s)

Fig. 17. Terminal voltage and side reaction rates in a discharge—charge cycle at
different SOC cycling limits.
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cells become quickly discharged because of the faded capacity. The
higher the SOC limit is, the faster the cells are degraded.

The SOC limits also affect SEI resistance. The simulated and
measured SEI resistances as a function of SOC limits are plotted in
Fig. 15. The measured values of SEI are obtained from EIS analysis
and this methodology is described in Appendix I. SEI resistance
significantly increases as the SOC cycling limits move to the upper
range. The model tends to follow the experimental data with some
deviations.

Similarly, SOC cycling limits affect the formation of deposit
layers. As a result, ion conductivity decreases and internal resis-
tance increases. Calculated and measured thicknesses of the DL
using Eq. (18) and SEM are plotted in Fig. 16. The thickness increases
as SOC limits move to the upper range. The model tends to follow
the data extracted from the SEM measurements. A few examples of
SEM micrographs and measurements of DL are provided in
Appendix II.

The results of capacity fade and resistance increase as shown
above reveal that degradation is most severe in the cell operated at
high SOC cycling limits, 25%—90%, followed by 15%—80% and 5%—
70%. For more detailed analysis, the rate of side reactions jﬁ}'de, is
analyzed since it determines the rates of all degradation processes
caused by the side reactions.

The calculated and measured terminal voltages as well as
calculated jﬁde are plotted in Fig. 17 during a single dis-
charge—charge cycle under different SOC cycling limits. When the
cells are discharged, the terminal voltages decrease and the
magnitude of jé,?de decreases. When the cells are being charged with
a constant current, the terminal voltages begin to increase and the
magnitude of j’s-ifde increases significantly. Finally, when the cell is
charged with a constant voltage, the magnitude of jﬁde decreases
because of the decrease in charging current. The cell cycled under
25%—90% has the highest magnitude of jé{de, followed by 15%—80%
and 5%—70%.

The variation of jgde shown above is caused by the changes in
io,side and 7side, based on Eq. (10). On one hand.jﬁde is proportional
to ipsige, Which is a function of temperature, as summarized in
Table 2. Since all operating conditions considered in this work have
used the same ambient temperature, the temperature variations

n @ 5% - 70%
n @ 15% - 80%
n @ 25% - 90%
———— U_@5%-70%

———— U_ @15% - 80%
e U_ @25%- 90%
........ U,, @5% -70%
weeeees U @ 15% - 80%

Potentials (V)

Fig. 18. Potentials that determine side reaction overpotential in a discharge—charge
cycle under different SOC cycling limits.

during operation were small so the effects of temperature on ig sige
and jé}'de were not significant and thus not analyzed in details. On
the other hand, ji, is very sensitively affected by the change of 7side
because 7siqe is the variable in the exponential power term, as
shown in Eq. (10). In addition, as seen from Eq. (11), 1sige can be
affected by other factors, so detailed analyses are performed. By
substituting Eqs. (6), (7) and (12) with Eq. (11), a new expression for
Tside 1S Obtained;

Nside = 1M+ Uce + Ug;— <X> - Uf?q,side (34)
where

RT Ce
UCE = ﬁ In (@) (35)

Hence, 7sige includes four terms, where Ugiside is considered a
constant and the rest three terms, 7, Uz and Ug{;,(x), are analyzed
for one discharge—charge cycle, as shown in Fig. 18.

The first term is the activation overpotential of intercalation, 7.
The simulation results in Fig. 18 show that 7 is positive when the
cell is being discharged and negative when the cell is being
charged. This is true because 7 is proportional to the reaction rate of
intercalation, j*, based on Eq. (5), so 5 should have the same sign
with jH.

The second term is the potential change caused by ion con-
centration in electrolyte, Ue, which originates from the Nernst
equation, Egs. (7) and (12). U is positive when the cell is dis-
charged and negative when the cell is charged. When the cell is
discharged, ions are transported from anode to cathode through
electrolyte according to the diffusion process shown in Table 1. Ion
transport is driven by the gradient of ion concentration from high c,
region to low c region. Therefore, in the region of composite anode,
ce is larger than c.o under discharging and smaller than c.o under
charging, which explains the signs of U, shown in Fig. 18.

The third term is the equilibrium potential of intercalation at
anode, Ue@q,. As expected, Ue%, decreases with the increase of SOC,
as shown in Fig. 18.

In summary, 7si¢e becomes more negative when SOC becomes
high and when the cell is being charged rather than discharged. The
magnitude of the side reaction rate increases if 74, becomes more
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Fig. 19. Effect of charging C-rates on capacity fade.
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negative, as shown in Eq. (10). Consequently, charging a cell to
higher SOC leads to a larger rate of side reactions, which eventually
accelerates degradation.

5.3. Effects of charging C-rate on degradation

In real world operations, the C-rates at charging vary
depending upon vehicle operating conditions. Effects of charging
C-rates on capacity fade are investigated using the test conditions
shown in the fourth and fifth row of Table 3. Calculated and
measured capacity over the number of cycles under three
charging C-rates are plotted in Fig. 19. The capacity fade of the cell
cycled at 4C charging rate is the largest, followed by 3C and 2C.
However, the capacity fade under different charging rates is not
clearly distinctive. The model can predict the capacity fade well
with some deviations, which might be caused by some other
neglected degradation mechanisms as indicated in the literature
review.

Calculated and measured discharging characteristics of the fresh
and cycled cells after 600 cycles as a function of charging C-rates
are plotted in Fig. 20, where the current rate was 1C. After being
cycled, the cells become discharged quickly because of the faded
capacity. When the charging C-rate becomes larger, the capacity
fade is slightly increased.

The charging C-rates also affect SEI resistance. The simulated
and measured SEI resistances as a function of charging C-rates are
plotted in Fig. 21. SEl resistance slightly increases as the charging C-
rate increases. The simulation result tends to follow the experi-
mental data with some deviations.

Similarly, the formation of the DL is affected by charging C-rates.
Calculated and measured thicknesses of the DL using Eq. (18) and
SEM are plotted in Fig. 22. The thickness increases with the increase
of charging C-rates. The simulation results tend to follow the data
extracted from the SEM measurements.

The results of capacity fade and resistance increase as shown
above reveal that the degradation is worsening when the
charging C-rate is high. Similar to the previous section, analyses of
jﬁde and 7sige are conducted again with three different charging C-
rates.

The calculated and measured terminal voltages as well as
calculated jgde are plotted in Fig. 23 for a single discharge—charge

cycle under different charging C-rates. When charged with high C-
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Fig. 23. Terminal voltage and side reaction rates in a discharge—charge cycle at
different charging C-rates.
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rates, the magnitude of jt
neous degradation rate.

As explained previously, jg{de is predominantly affected by 7sige
that is a function of the three variables, 7, U, and U‘f{r The three
variables are calculated and plotted in Fig. 24.

As the charging C-rate increases, n has a negative value and
becomes smaller. As explained in the previous section using Eq. (5),
7 is a function of j%, so the magnitude of 7 increases as the charging
C-rate increases.

Similarly, Ug, also becomes small as charging C-rate increases.
The increased charging C-rate leads to a higher gradient of ion
concentration in the electrolyte. Consequently, c, in composite
anode becomes low and U, gets decreased with the increase of
charging C-rate.

In addition, U§’q decreases rapidly when the cell is charged with
increased C-rate because of the resulting high SOC.

The analysis of effects of C-rates on performance show that
Nside decreases and j’s-l?de becomes significantly high when the
charging C-rate is increased. However, dependence of the degra-
dation upon the C-rates was not clearly distinctive at the same
number of cycles (Figs. 19—22) because the degradation is deter-
mined by integration ofjgde over time, according to Eqs. (13), (14)
and (18). When C-rates are high, charging process takes shorter
time although the magnitude of jé}'de is large. Consequently,
contribution of charging C-rates to degradation is limited, as
predicted by the model, which agrees with the trend of experi-
mental data (Figs. 19—-22).

becomes large as does the instanta-

6. Conclusion

A variety of experimental analysis has shown that the side
reactions are the main cause for degradation process in lithium
ion batteries. The side reactions are mathematically described
using the Tafel equation and the corresponding degradation

processes are modeled based on physical principles. The model is
incorporated into the electrochemical-thermal model developed
previously, where the main reaction is modeled based on linear
kinetics simplified from the Butler—Volmer equation. The inte-
grated model is then validated against experimental data ob-
tained from large format LiPB NMC/Carbon cells. Numerical and
experimental analysis have shed light on the mechanisms of ca-
pacity and power fade as well as their dependencies on different
operating conditions.
The key findings are as follows;

Not only the loss of ion, but also the loss of active anode material

are the factors that cause capacity fade. The mechanisms are

illustrated by analysis of the two factors on EOC and EOD
determined by two equilibrium potentials and OCVs.

e The side reactions produce deposit layers and increase the
thickness of SEI layer, which leads to power fade. Simulated
growths of both layers are confirmed quantitatively character-
ized using SEM and EIS.

e The charging process causes more degradation than the dis-
charging process. The overpotential of the side reactions (7sige) is
small during charging and large during discharge. Consequently,
the rate of side reactions during charging is larger than that
during discharging.
Cycling at high SOC accelerates the degradation processes
because the equilibrium potential of anode becomes low, which
leads to low 7sqe and large rate of side reactions.
e Charging at high C-rate significantly and instantaneously in-
creases the degradation rate. However, the dependence of
degradation upon the C-rates was not clearly distinctive at the
same number of cycles, because high C-rate leads to not only
increase of side reaction rate but also reduction of charging
time.
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Future work will include

e Extend the model that considers other chemical processes for
the degradation dependent upon different temperatures and
driving profiles.

e Conduct extra self-discharge tests to study effects of the
reversible and irreversible self-discharge rates, so that ig sige can
be better estimated.

Appendix 1. Estimation of SEI resistance using impedance
measured by EIS

The impedances measured by EIS equipment are plotted as
markers in Fig. 25 and Fig. 26. The impedance of a fresh cell consists
of a complete semicircle and a linearly increasing slope weakly
superposed with another semicircle. The impedance plots of cycled
cells tend to be shifted to the right side with increased radius of the
first semicircle. An equivalent circuit model, as shown in Fig. 27, is
used to approximate the impedance behavior of a cell given by the
EIS data, where R; represents the SEI resistance that predominantly
determines the shape of the first semi-circle [24—27]. The SEI re-
sistances obtained from the equivalent circuit model are then
compared with Rsgy calculated by the degradation model, which is
shown in Figs. 15 and 21.

Appendix II. Measurement of deposit layers using SEM

The cycled cells were completely discharged and then disman-
tled for postmortem analysis. Multiple small samples were har-
vested from different locations of each cell, which is prepared in the
globe box with a high purity argon atmosphere. Separators were
removed from anode and cathode samples when conducting the
analysis. Two images for anodes from a fresh and a degraded cell
taken by SEM are shown in Fig. 28, where the anode particles of the
cycled cells are covered by white deposits. These deposits are
randomly and non-uniformly dispersed all over the carbon parti-
cles and the ratio of the coverage has not changed significantly from
a cell to others. In addition, images of cross-sections of a fresh
anode and a degraded anode taken by SEM are shown in the left
and right of Fig. 29, respectively, where a thick deposit layer is
formed at the anode of degraded cell. The thickness of deposit layer
measured from multiple samples at different locations of a cell
using SEM are listed in Table 4. The average thickness of deposit
layers is used to compare with the prediction from the degradation
model, as shown in Figs. 16 and 22.

Fig. 28. SEM of a fresh anode (left) and a degraded anode (right) after 600 cycles under 15%—80% SOC using 4C charge rate.
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Fig. 29. SEM of cross-sections of a fresh anode (left) and a degraded anode (right) after 600 cycles under 15%—80% SOC using 4C charge rate.

Table 4
Thickness of deposit layers.

Test conditions Thickest deposit Thinnest deposit Averaged thickness Standard deviation
(among 15 measurements) (among 15 measurements)
25%—90%; 4C charging 61.45 pm 50.02 um 56.73 um 471 pm
15%—80%; 4C charging 47.83 pm 22.27 pm 35.55 um 7.83 pm
5%—70%; 4C charging 39.94 um 16.13 pm 2547 um 6.09 pm
25%—90%; 3C charging 45.30 um 40.12 um 42.42 pm 2.64 uym
25%—90%; 2C charging 42.95 pm 32.79 ym 37.07 pm 5.27 pm
Appendix IIl. Model parameters
The model parameters for a fresh cell are shown in Table 5. The
parameters for modeling side reactions and degradations are
shown in Table 6.
Table 5
Model parameters for a fresh cell.
Category Parameter Negative electrode Separator Positive electrode Unit
Geometry and volume fractions Thickness, 6 50 x 10~* 254 x107% 364 x 1074 cm
Particle radius, rs 1x10* 1x104 cm
Active material volume fraction, &g 0.58 0.5
Polymer phase volume fraction, ¢, 0.048 0.5 0.11
Conductive filler volume fraction, & 0.04 0.06
Porosity, e 0.332 0.5 0.33
Li" concentrations Stoichiometry at 0% SOC: Xg%, Yox 0.126 0.936
Stoichiometry at 100% SOC: X100% Y100% 0.676 0.442
Average electrolyte concentration, c, 12 x 1073 12 x 1073 12 x 1073 mol cm 3
Exchange current density coefficient, kip 129 6.28 Acm?
Kinetic and transport properties Charge—transfer coefficient, ag, ac 0.5, 0.5 0.5, 0.5
Solid phase diffusion coefficient, D 2.0 x 10712 3.7 x 10712 cm?s~!
Solid phase conductivity, o 1 0.1 Scm™!
Electrolyte phase Li* diffusion coefficient, D, ~ 2.6 x 1076 2.6 % 10°¢ 2.6 x 107 cm?s!
Bruggeman's porosity exponent, p 1.5 15 15
Electrolyte phase ionic conductivity, « 15.8¢. exp(—13472ct4) 15.8cc exp(—13472ct4)  Scm™!
Li* transference number, t9 0.363 0.363 0.363
Table 6
Model parameters of side reactions and degradations.
Parameter Value Source
Exchange current of side reactions, ios (A cm™2) 0.39 x 107" at 0 °C Optimized by comparing simulation to the self-discharge data
228 x 107" at 25 °C
6.50 x 107" at 50 °C
Equilibrium potential of side reactions, Ueqs (V) 0.21 Optimized by comparing simulation to the self-discharge data
Cathodic symmetric factor of side reactions, acside 0.70 Optimized by comparing simulation to the degradation data under different
SOC cycling limits. The value falls in an acceptable range provided by Ref. [28]
Molar volume of SEI, Vg (cm®/mol) 2 Obtained by assuming the initial thickness of SEI is 2 nm
ionic conductivity of SEI, ksg (S cm™1) 23 x 1078 Optimized by comparing simulation to the SEI resistance obtained from EIS
isolation rate of active anode materials due to SEI, kis, 273 Optimized by comparing simulation to measured capacity fade
molar volume of DL, Vp; (cm®/mol) 7560 Optimized by comparing simulation to the thickness of DL measured by SEM
ionic conductivity of DL, kp; (S cm™1) 1.26 x 1072 Optimized by comparing simulation to the terminal voltage under cycling
molar volume of electrolyte, V. (cm?/mol) 325 Optimized by comparing simulation to the terminal voltage under cycling
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