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Cycle Life Modeling of Lithium-Ion Batteries
Gang Ning* and Branko N. Popov** ,z

Department of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208, USA

A first-principles-based charge-discharge model was developed to simulate the capacity fade of Li-ion batteries. The model is
based on the loss of active lithium ions due to solvent reduction reaction and on the rise of the anode film resistance. The effect
of parameters such as exchange current density, depth of discharge~DOD!, end of charge voltage, film resistance, and the
overvoltage of parasitic reaction were studied quantitatively. The model controls the required DOD by controlling the discharge
time and estimates the end of discharge voltages as a function of cycle number.
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Accelerated cycle life testing and developing correlations b
on this data are critical for the capacity fade evaluation
batteries.1-3 Darling and Newman4 made a first attempt to model t
parasitic reactions in lithium-ion batteries by incorporating a sol
oxidation into a lithium-ion battery model. Spotnitz5 developed
polynomial expressions for estimation of irreversible and rever
capacity loss due to solid electrolyte interphace~SEI! film growth
and dissolution in lithium-ion batteries. Ramadasset al.6 developed
a capacity fade prediction model for Li-ion cells based on a s
empirical approach. Recently, Christensen and Newman7 simulated
the influence of the anode film resistance on the charge/disc
performance of a lithium-ion battery. In this model the loss of
versible lithium ions and increase in the anode film resistance
incorporated into the first-principles model developed by D
et al.8 Process parameters such as charge rate~CR!, the depth o
discharge~DOD!, end-of-charge voltage~EOCV!, and the discharg
rate~DR! which influence the capacity fade9 were not considered
the above-mentioned models.

We developed a first-principles-based model to simulate th
pacity fade of Li-ion batteries in which incorporation of a conti
ous occurrence of the solvent reduction reaction during con
current and constant voltage~CC-CV! charging explains the capa
ity fade of the battery.10 Initially the model estimates the capac
fade parameters as a function of cycle number. Next it is nece
to run the lithium-ion intercalation model with the updated par
eters to estimate the performance of the battery at a specific
number. However, to run both models takes a long computat
time. Also, the model does not consider the discharge process,
leads to inaccurate estimation of the total reaction time for the
sitic reaction.

In this paper, a charge-discharge capacity fade model was d
oped based on the loss of active lithium ions due to solvent re
tion reaction. The rise of the surface film resistance at the anod
to the parasitic reaction occurring was also considered in the m
The model considers process parameters such as: CR, DOD, E
and the DR. It controls the required DOD by controlling the
charge time and estimates the discharge voltage as a funct
cycle number. To decrease the computational time, the transp
lithium in the liquid phase was neglected. It takes only 10 h usi
computer with 2.0 GHz CPU and 512 Mb RAM to run the mo
and to estimate the capacity fade and the charge-discharge p
mance of a battery cycled up to 2000 times.

Model Development

The simulations were carried out based on the experimenta
obtained for a pouch lithium-ion cell~2.187 Ah!, which consists o
Li xCoO2 positive electrode and mesocarbon microbead~MCMB!
negative electrode.
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The charge-discharge simulations were performed by using
rect charge current of 0.334 A to a specified EOCV of 4.0 or 4
Next, the voltage was held constant until the charge curren
creased to 50 mA. Subsequently, the battery was discharged u
direct current of 0.835 A to a specified DOD of 0.4 or 0.6. There
no rest time between charging and discharging.

For simulation of the capacity check, the battery was init
discharged using a discharge current of 0.835 A to 3.0 V. Nex
battery was charged by applying a conventional CC-CV pro
~0.334 A to 4.2 V with a 50 mA cutoff current!. The fully charged
battery was discharged for second time to 3.0 V. The value o
charge capacity estimated in the second discharge process wa
for capacity fade analysis. Both charge-discharge and the ca
check simulations terminate when the battery reaches a vo
lower than 3.0 V.

As shown in Fig. 1, during discharge, the lithium ions deinte
late from the negative electrode and intercalate into the po
electrode. Inside the porous electrode, the intercala
deintercalation processes take place at the electrode/electrol
terface. A rigorous model based on porous electrode theory, co
trated solution theory, Ohm’s law, and intercalation/deintercal
kinetics was developed previously which simulates the galvano
charge/discharge behavior of a Li-ion rechargeable battery.8 In the
model suggested in this paper, the variation of Li1 concentration i
the liquid phase along the current path was neglected becaus
to-medium charge/discharge currents were used in the simula
The variation in the solid phase potential at the anode or a
cathode is negligible because of good conductivity of the elec
materials. It was also assumed that the active electrode materi
made from uniform spherical particles with a radius ofRi and tha
the diffusion is the only mechanism of lithium transport inside
particles. The direction normal to the surface of the particles
taken to be ther-direction. The model equation that describes
diffusion of lithium in the solid phase is given by Fick’s 2nd law
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The initial condition is

Ci
Li 5 Ci0
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The boundary conditions for constant current charge/discharge
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whereJi
Li is the average local reaction~intercalation/deintercalatio!

current density defined as

Ji
Li 5

I i

Si
, i 5 n, p @5#

whereSi is the superficial surface area, related to the volume o
electrode through the specific surface area by

Si 5 aiVi , i 5 n, p @6#

The specific surface area,ai is given by

ai 5
3« i

Ri
, i 5 n, p @7#

I i is the total intercalation/deintercalation current.
Butler-Volmer ~BV! kinetics was used to describe lithiu

intercalation/deintercalation

Ji
Li 5 Ji0

LiH expS a i
aF

RT
h iD 2 expS 2 a i

cF

RT
h iD J , i 5 n, p @8#

Ji0
Li , the concentration-dependent exchange current density, is

by

Ji0
Li 5 ki~ci

max 2 Ci
Li-S!a i

a
~Ci

Li-S!a i
c
~CLi1!a i

c
, i 5 n, p @9#

Ci
Li-S is the solid phase lithium concentration at the electr

electrolyte interface calculated using Eq. 1-4. The overpotential
in Eq. 8 is given by

h i 5 f i
1 2 f i

2 2 U i
OCP 2 JiSiRi

f , i 5 n, p @10#

whereJi is the total faradaic current across the SEI. Variation of2
~the liquid phase potential! along the current path was neglected
to low charge/discharge currents used to simulate the ch
discharge cycling and was arbitrarily set to zero. Thus, Eq. 1
simplified to

h i 5 f i
1 2 U i

OCP 2 JiSiRi
f , i 5 n, p @11#

Equation 2-4 are still valid as boundary conditions for CV char
stage. In addition, the following condition was used to solve for
continued current decay

fp
1 2 fn

1 5 4.0/4.2 V @12#

Equation 1-4 were transformed into dimensionless form

Figure 1. Schematic of a rechargeable Li-ion battery.
n

-

]Ci
Li

]t
5

1

r i
2

]r i

]r i
S r i

2
]Ci

Li

]r i
D , i 5 n, p @13#

Initial condition

Ci
Li 5 Ci0

Li at t̄ 5 0, i 5 n, p @14#
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The open circuit potentialU i
OCP is a function of the lithium con

centration in the solid phase of the particles (Ci
Li-S). TheU i

OCP was
estimated by fitting the experimental low-rate (C/20 rate! charge
discharge voltage profile of the positive and negative electrode
experimental charge-discharge curves were obtained by cha
and discharging the cathode and anode material in T-cell co
uration.9

Ci
Li-S, the dimensionless solid phase lithium concentration a

electrode/electrolyte interface is defined as

Ci
Li-S 5

Ci
Li-S

Ci
max

, i 5 n, p @18#

The carbon electrode, when polarized to low potential du
charging, reduces the electrolyte to insoluble salts, resulting in
mation of a new surface film similar to the surface film form
during the formation period.11-13 It is generally assumed that t
surface film formed on carbon electrode may not be able to
accommodate the volume change of graphite particles du
intercalation/deintercalation of lithium or due to accumulation
gaseous by-products. A continuous small-scale reduction can
place on the negative electrode when the solvent percolates th
the cracks of the surface film. A part of lithium is irreversibly l
due to this parasitic reaction. The following assumptions with re
to the parasitic reactions were made in this model

1. The reduction of ethylene carbonate~EC! was chosen to b
the parasitic reaction occurring at the negative electrode/elect
interface

EC 1 2e2 1 2Li1 → LiCH2CH2OCO2Li↓ @19#

2. The EC reduction takes place on the negative electrode
overpotential which is more cathodic than the reversible potent
the parasitic reaction. No parasitic reaction was considered o
surface of LixCoO2 electrode at any time.

3. The total surface film resistance (Rf) consists of initial film
resistance (RC) and the resistance of the film formed as a resu
the parasitic reaction occurring at the anode surface (RS). The thick-
ness of the film at the negative electrode increases with cy
Initially only RC exists

Rf 5 RC 1 RS @20#



r

ne-
y the

um
asitic

the

con-
e is
olid
l

o the

ing

ntra-
ycle
cle

MB

uct
ode
of the

mber

k;

Journal of The Electrochemical Society, 151 ~10! A1584-A1591~2004!A1586
4. The open circuit potential~OCP! or equilibrium potential fo
the EC reduction was chosen to be 0.4 V~vs. Li1/Li). 10,13,14The
electrolyte reduction reaction is irreversible.

Because the concentration variation in liquid phase was
glected, the current density of the parasitic reaction is given b
Tafel equation

Js
Li 5 2Js0

Li expS 2
as

cnF

RT
hsD @21#

where the overpotentialhs of the parasitic reaction is defined as

hs 5 fn
1 2 Us

OCP 2 JnSnRn
f @22#

The total current density (Jn) at the negative electrode is the s
of the intercalation/deintercalation current density and the par
reaction current density.

Jn 5 Jn
Li 1 Js

Li 5
I app

Sn
@23#

The electronic charges are completely consumed by
intercalation/deintercalation of lithium ions at the LixCoO2 positive
electrode.

Jp 5 Jp
Li 5

I app

Sp
@24#

For the next discharge process, the dimensionless lithium
centration (Ci0

Li) at the beginning of the discharge-charge cycl
used as the initial condition for the diffusion equation in the s
phase. The surface film resistance (Rf) used in the BV and Tafe
equations are modified based on the loss of lithium ions due t
parasitic reaction in the previous cycle.

The loss of the active lithium was estimated using the follow
equation

Qs 5 E
t50

t5TS

Js
LiSndt @25#

Table I. Electrode parameters for the cycle life modeling of a
rechargeable Li-ion battery.

Parameter Units
Anode

~MCMB!
Cathode

(Li xCoO2)

Vi cm3 7.368 6.221
« i 0.49 0.59
Ci

max mol/cm3 3.05553 1022 5.15553 1022

D i
e cm2/s 3.8 3 10210 1.0 3 1029

a i
a/a i

c 0.5/0.5 0.5/0.5
r i cm 2.0 3 1024 2.0 3 1024

ki
A/cm2

~mol/cm3!0.5
8.3513 1024 6.3743 1024

RfuN50 or RSEI mV 20 0

CLi1
L mol/cm3 1.0 3 1023

Table II. Parameters for the electrochemical parasitic reaction

Parameter Units Value

Us
OCP V 0.4

M g/mol 100
r g/cm3 2.1
Js

Li A/cm2 0.753 10211

k S/cm 0.5 3 1027
Due to the parasitic reaction, the dimensionless lithium conce
tion (Ci0

Li) at the beginning of the discharge-charge cycle at c
number (N 1 1) at the MCMB electrode is less than that at cy
numberN and it is given by

Cn0
Li uN11 5 Cn0

Li uN 2 QsuN @26#

where dimensionless loss in concentration of lithium in MC
electrode (QsuN) is expressed as

QsuN 5
QsuN

«nFVnCn
max

@27#

Continuous precipitation of insoluble prod
(LiCH2CH2OCO2Li↓) on the surface of the negative electr
causes the resistance of the film to increase with the increase
cycle number. Thus

RfuN11 5 RfuN 1 RsuN @28#

where the resistance of the insoluble product at cycle nu
N(RsuN) is a function of film thickness (d f)

RsuN 5
d fuN
k

@29#

Figure 2. Simulation of initial voltage profile~simulation of capacity chec
applied discharge current of 0.835 A!.

Figure 3. Initial charge current profiles.
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Volume balance of the precipitated insoluble product on the
face of MCMB negative electrode yields

]d fuN
]t

5 2
Js

Li uN 3 M

r 3 F
@30#

To estimate the capacity or the discharge performance at a
fied cycle number, the diffusion equations in the solid phase
solved first in order to determine the value of the dimension
concentration of lithium at the solid/electrolyte interfaceCi

Li-S. Next,
this value was substituted into the BV equation in order to solv
the potential in the solid phase of the positive and negative
trode. During the CV charging process, a trial and error method
used to solve the continuous decay of the current.

The loss of active lithium ions and the rise in the surface film
the negative electrode were estimated using Tafel Eq. 21. Th
mensionless lithium concentration at the beginning of the disch
charge cycleCn0

Li and the surface film resistanceRf at the negativ
electrode were modified at the beginning of every discharge-c
cycle according to Eq. 26 and 28. The diffusion equation was so
numerically using the Crank-Nicolson method15 to ensure the loca
truncation error at any time is on the order ofo((Dr )2 1 (Dt)2) in
the computations. The simulations were carried out on a Com
Visual Fortran platform. A band-structure subroutine develope
us was repeatedly called to expedite the computations. The p
eters used in the simulations are presented in Tables I and II.

Results and Discussion

Simulation of charge-discharge characteristics.—Figures 2 and
present the simulations of the cell voltage and the cell current
function of charge/discharge time, respectively. The simula
were carried out for the initial CC-CV charging and CC dischar
cycle. The cell voltage shown in Fig. 2 is the difference of the s
phase potential (f1) between the positive end (X 5 0) and the
negative end (X 5 L) of the Li-ion battery. The charge currents
Fig. 3 were varied from 0.334 to 1.670 A. The total charge cap

Figure 4. Concentration profiles of lithium inside particles of LixCoO2 and
MCMB ~21 from the beginning of the CV charge process; CR: 0.334 A!.

Table III. Influence of CR on charge-discharge performance.

CR ~A!

CC
capacity

~Ah!

CV
capacity

~Ah!

Discharge
capacity

~Ah!

CC
charging
time ~s!

CV
charging
time ~s!

Total
charging
time ~s!

0.334 2.123 0.075 2.188 22,905 1663 24,5
0.668 2.055 0.145 2.188 11,095 2126 13,2
1.002 1.992 0.208 2.188 7179 2316 94
1.336 1.930 0.27 2.188 5221 2400 76
1.670 1.875 0.324 2.188 4063 2421 64
i-

-
-

-

was supplied by using CC-CV charging protocol. As shown in
3, the model predicts a decrease in CC charging time with a
crease of charging current.

The results shown in Table III indicate that the CV charg
supplies between 3.4 and 14.8% of the total charge capacity de
ing upon the charge rates used. A charging current of 0.334 A r
in CC capacity of almost 96.6% of the total charge capacity. De
the observed differences in the charge characteristics when dif
charge rates were used to charge the battery, the initial disc
curve as well as the discharge capacity shown in Fig. 2 re
identical.

Figure 4 shows the concentration profile of lithium inside
Li xCoO2 and MCMB particles 21 s after the beginning of CV cha
ing. The model predicts a positive concentration gradient insid
MCMB negative electrode. As expected, a negative concentr
gradient is observed inside the positive electrode.

The dependence of lithium concentration in both electr
as a function of applied charge current in CV charging mod
shown in Fig. 5. The concentration gradient becomes grad
smaller as CV charging time increases, indicating that lithium
continue to diffuse from the LixCoO2 positive electrode to MCM
negative electrode until the current reaches the cutoff curre
50 mA. The dimensionless concentration of lithium at the MCM
electrolyte interface (r̄ 5 1) increases while it decreases at
Li xCoO2/electrolyte interface with increasing the CV charging ti

Simulation of cycling characteristics.—Figure 6 shows cyclin

Figure 5. uCLi( r̄ 5 1) 2 CLi( r̄ 5 0)u vs. time inside particles of LixCoO2
and MCMB.

Figure 6. Simulations of the first four charge-discharge cycles~CR: 0.334
A, discharge current: 0.835 A, EOCV: 4.2 V, DOD: 0.6!.
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simulations for the first four cycles. The simulations were perfor
for EOCV of 4.2 V and DOD of 0.6. Because a low current of 0.
A ~C/5 rate! is used to charge the battery, the CC charging is
dominant. As a result of capacity fade, a gradual decrease i
served for the end of discharge voltage. Because the model co
the DOD by controlling the discharge time, it can be used for c
life predictions when the battery is cycled to different DOD.

Figure 7 shows the end of cell discharge voltage and the e
discharge potential of the negative electrode as a function of
number simulated for DOD of 0.4 and 0.6. When the batter
charged to EOCV of 4.2 V and discharged to DOD of 0.4, the en
discharge voltage up to 950 cycles is higher than 3.7 V, which a
with the experimental results. For DOD of 0.6, the end of disch
voltage decreases gradually up to 800 cycles. After 800 cyc
drops rapidly for less than 150 cycles to a level which is lower
3.0 V.

The end of discharge voltage corresponding to DOD of 0
always higher than that corresponding to DOD of 0.6 for the s
cycle number. It is necessary for the battery to be cycled to
cycles in order for the end of discharge voltage to reach the c
voltage of 3.0 V. The output voltage of the battery is determine
the difference between the solid phase potential of the positive
the negative electrode. Both potentials are a function of the
phase concentration of lithium inside the particles. Because
continuous consumption of the active lithium ions due to the p
sitic reaction, the dimensionless lithium concentration at the b
ning of the discharge-charge cycle at the negative electrod

Figure 7. End of discharge voltage and end of discharge potential of n
tive electrodevs.cycle number.

Figure 8. Discharge voltage profile at different cycle numbers at disch
current of 0.835 A~EOCV: 4.2 V, DOD: 0.6!.
-
s

f

-

creases gradually according to Eq. 26. After 800 cycles, whe
battery is cycled to DOD of 0.6, almost all active lithium deple
from the negative electrode, causing the state of charge~SOC! at the
end of discharge to be close to 0%. As shown in Fig. 7, the pote
of the negative electrode rises rapidly from a plateau which is
tially lower than 0.2 V to a potential which is higher than 0.8 V
800 cycles. The observed large increase of the potential of the
tive electrode due to irreversible loss of the active lithium
causes the battery to fail. As shown in Fig. 8, the capacity o
battery after 800 cycles decreases to 1.470 Ah from an i
2.187 Ah.

The lithium-ion concentration in the negative electrode at
beginning of discharge simulated for DOD of 0.4 decreases
slower rate than the rate observed for DOD of 0.6. The simula
indicated that only when the battery is cycled up to 1400 cycles
DOD of 0.4 does it reach the same lithium depletion state obs
for 800 cycles when DOD of 0.6 was used to cycle the battery

Simulation of capacity check.—Using Eq. 26-28, the model co
tinuously updates the dimensionless lithium concentration at th
ginning of the discharge-charge cycle (Cn0

Li ) as well as the surfac
film resistance (Rf) values for every cycle. These parameters co
the capacity loss and the voltage profile of the battery.

Figure 8 shows simulated discharge curves after 1, 400, an
cycles. The battery was cycled with CR of 0.334 A, EOCV of 4.
and DOD of 0.6. Due to the parasitic reaction, dimensionless lit
concentration at the beginning of a discharge-charge cycle dec
while the capacity loss increases with the cycle number. The vo

Figure 9. Charge capacity and charge current at different cycle numb
charge current of 0.334 A~EOCV: 4.2 V, DOD: 0.6!.

Figure 10. Dimensionless loss of lithium (Qs) and total resistance
MCMB negative electrode (Rf) vs.cycle number~EOCV: 4.2 V, DOD: 0.6!.
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plateau of simulated discharge curves continues to decrease,
is attributed to the continuous increase of the film resistance
result of the parasitic reaction.

Figure 9 shows simulated charge curves for cycles 1, 400
800. The current profiles for different cycles are also given for c
parison. As shown in Fig. 9, the CC part of charging capacity
creases with the cycle number. Similar experimental results
observed in our previous study.16 The variation of both the dime
sionless loss of lithium (Qs) and the film resistance on the surface
the negative electrode (Rf) vs. cycle number are shown in Fig. 1
The parasitic reaction causes the dimensionless lithium conc
tion at the beginning of discharge-charge cycle to decrease,
the film resistance increases with the increase of the cycle nu
Figure 11 summarizes the discharge capacity values as a func
cycle number. The simulations were performed for EOCV of 4.
DOD of 0.6, and CR of 0.334 A.

Influence of EOCV and DOD on cycle life.—EOCV and DOD
control the cycle life of the battery.10 Overcharging the lithium-io
battery above 4.2 V results in a significant loss in capacity
triggers safety concerns.6 For EOCV lower than 4.2 V, the cell
partially charged. Figure 12 shows the influence of different EO
values on the capacity loss during cycling. The data were obt
by simulating the performance of the battery discharged to DO
0.6. The simulated EOCVs were 4.0 and 4.2 V. The simulatio
sults indicated that the capacity fade was higher for EOCV of 4

The dependence of the capacity loss on EOCV and DOD
given by Eq. 21 and 25. The OCP for the parasitic reaction wa
to be 400 mV.13-14 The parasitic reaction takes place only when

Figure 11. Simulated discharge capacityvs.cycle number.

Figure 12. Influence of EOCV on discharge capacity~DOD: 0.6!.
h

-

.
f

t

overpotential determined by Eq. 11 is more cathodic than this
tential. Our simulation results indicated that when the batte
initially charged from 100% DOD to fully charged state, the po
tial of the negative electrode varies in the range between 250 a
mV. Thus, the parasitic reaction occurs regardless of the st
charging potential. The total charging time and consequentl
total time for the parasitic reaction are functions of EOCV
DOD. The overpotential and the total time of the parasitic rea
in the second cycle presented in Fig. 13 increases with an inc
of EOCV. The overpotential of the negative electrode increases
the increase of the EOCV and shows a maximum at the tran
point from CC to CV charging. The observed decrease of the
potential in Fig. 13 results from a fast decay of the current whe
battery is in CV charging mode. The voltage drop due to the su
film resistance described in Eq. 22 is proportional to the cha
current and to the surface film resistance at the negative elec
Figure 14 shows that both the dimensionless loss of lithium an
surface film resistance increase with the increase of cycle num

A depth of discharge~DOD! is defined as the level to which
battery voltage is discharged and is generally calculated in refe
to the initial discharge capacity of the battery. For example, a 1
DOD for a 2.187 Ah rechargeable lithium-ion battery means
battery should be discharged to the point where discharge capa
exactly 2.187 Ah. The influence of DOD on overpotential is sh
in Fig. 15. In this simulation the EOCV was set to be 4.2 V while
DOD was set at 0.4 and 0.6. The observed fast capacity fade s
in Fig. 15 when the battery is cycled to DOD of 0.6 results f

Figure 13. Overpotentialvs.charge time in cycle 2 at different EOCV v
ues DOD: 0.6!.

Figure 14. Dimensionless loss of lithium (Qs) and total resistance
MCMB negative electrode (Rf) vs. cycle number at different EOCV valu
~DOD: 0.6!.
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longer parasitic reaction time~Eq. 25! when compared to DOD o
0.4. The DOD controls the kinetics of the parasitic reaction by
trolling the duration of the parasitic reaction as well as the ove
tential of the parasitic reaction shown in Fig. 16.

Influence of exchange current density of parasitic reactions0
Li)

and conductivity (k) on capacity fade.—The exchange current de
sity of the parasitic reaction (Js0

Li ) and the conductivity of the surfa
film on the MCMB electrode~k! were assumed in our simulation
No attempt was made in this paper to estimate the accurate v
for these two parameters. A comparison of the capacity fade
battery after 500 cycles with different values ofJs0

Li is shown in Fig
17. The cycling simulation was performed by charging the batte
EOCV of 4.2 V and discharging it to DOD of 0.6. The capacity f
after 500 cycles increases with increase of the exchange c
density for the parasitic reaction. The simulation results cle
show that the loss of the active lithiumQs increases with the in
crease of the exchange current density of the parasitic reaction
surface film resistanceRf on the MCMB negative electrode as
function of cycle number follows a similar trend.

Similar simulations were carried out to analyze the effec
the conductivity of the newly formed surface film on char
discharge performance of the battery. The simulations were c
out by charging the battery to EOCV of 4.2 V and discharging
DOD of 0.6 for different values of conductivity~i.e., 0.53 1028,
0.1 3 1028, 0.53 1027 S/cm!. The simulation results indicate
that the voltage plateau is higher, and the total charging time as
as the CC charging time become longer by lowering the film

Figure 15. Influence of DOD on discharge capacity~EOCV: 4.2 V!.

Figure 16. Overpotentialvs. charging time in cycle 2 under different DO
values~EOCV: 4.2 V!.
s

t

e

l

ductivity. However, no change in capacity was observed in
of the differences in the current/voltage profiles in charg
discharging. Thus, the difference in the surface film resistance o
MCMB electrode due to different conductivity values is not rela
to the capacity fade with cycling. These results are in agree
with those observed by Christensen and Newman.7

Conclusion

A charge-discharge capacity fade model was developed bas
the loss of active lithium ions due to solvent reduction reaction.
rise in the surface film resistance at anode due to the precipitat
insoluble product of the parasitic reaction was also considered
model. The model considers process parameters such as CR,
and EOCV and controls the required DOD by controlling the
charge time and estimates the discharge voltage as a funct
cycle number. The results indicated that both the dimensionles
of lithium and the surface film resistance increase with the inc
of the overpotential and the duration of the parasitic reaction.
loss of the active lithiumQs also increases with the increase of
exchange current density of the parasitic reaction. The total par
reaction time increases with an increase of EOCV or DOD.
overpotential of the parasitic reaction at the negative electrod
creases with an increase of EOCV and shows a maximum a
transition point from CC to CV charging.
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List of Symbols

a specific surface area of porous electrode, cm2/cm3

Ci
Li solid phase concentration of lithium, mol/cm3

Ci
Li-S solid phase concentration of lithium at electrode/electrolyte interface, mol/3

Ci
max solid phase concentration of lithium when the stoichiometric coefficientx in

Li xCoO2 or y in Li yC or is equal to 1, mol/cm3

D diffusion coefficient, cm2/s
F Faraday’s constant, 96,487 C/mol
I current, A

Ji faradaic current across the electrode/electrolyte interface, A/cm2

Ji
Li current density for intercalation reaction, A/cm2

Ji0
Li exchange current density for intercalation reaction, A/cm2

Js
Li exchange current density for parasitic reaction, A/cm2

I app applied current density, A
k rate constant of intercalation/deintercalation, A/cm2/(mol/cm3)0.5

M molecular weight, g/mol

Figure 17. Influence of exchange current density of the parasitic rea
(Js0

Li ) on the capacity fade.
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V volume of electrode, cm3

Qs capacity lost due to parasitic reaction, Ah
r radial coordinate, cm
R universal gas constant, 8.314 J/mol

Ri radius of particles, cm
Rf total resistance at MCMB electrode,V
RC initial constant resistance at MCMB electrode,V
RS resistance of newly formed film,V

S superficial surface area, cm2

t time, s
T temperature, 298.15 K

TS total parasitic reaction time, s
U local equilibrium potential, V
X thickness of the battery, m
x stoichiometric coefficient in LixCoO2 or LixC6

Greek

aa, ac anodic and cathodic transfer coefficients of electrochemical reaction
« volume fraction of a solid phase
f potential of a phase, V
h overpotential of electrochemical reaction, V
k conductivity of the newly formed surface film, S/cm
u active sites on the surface of the electrode
r density of active material, g/cm3

d film thickness, cm

Subscript or Superscripts

1 solid phase
2 liquid phase
C constant
f surface film on the particles
i positive or negative electrode
n negative electrode

N cycle number
p positive electrode
S parasitic reaction
0 initial state

Li lithium in solid phase
Li1 lithium in liquid phase

- dimensionless variables
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