University of South Carolina

Scholar Commons

Faculty Publications Chemical Engineering, Department of

2004

Cycle Life Modeling of Lithium-lon Batteries

Gang Ning
University of South Carolina - Columbia

Branko N. Popov
University of South Carolina - Columbia, popov@engr.sc.edu

Follow this and additional works at: https://scholarcommons.sc.edu/eche_facpub

6‘ Part of the Chemical Engineering Commons

Publication Info

Journal of the Electrochemical Society, 2004, pages A1584-A1591.

© The Electrochemical Society, Inc. 2004. All rights reserved. Except as provided under U.S. copyright law,
this work may not be reproduced, resold, distributed, or modified without the express permission of The
Electrochemical Society (ECS). The archival version of this work was published in the Journal of the
Electrochemical Society.

http://www.electrochem.org/

Publisher's link: http://dx.doi.org/10.1149/1.1787631

DOI: 10.1149/1.1787631

This Article is brought to you by the Chemical Engineering, Department of at Scholar Commons. It has been
accepted for inclusion in Faculty Publications by an authorized administrator of Scholar Commons. For more
information, please contact digres@mailbox.sc.edu.


https://scholarcommons.sc.edu/
https://scholarcommons.sc.edu/eche_facpub
https://scholarcommons.sc.edu/eche
https://scholarcommons.sc.edu/eche_facpub?utm_source=scholarcommons.sc.edu%2Feche_facpub%2F163&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/240?utm_source=scholarcommons.sc.edu%2Feche_facpub%2F163&utm_medium=PDF&utm_campaign=PDFCoverPages
http://dx.doi.org.pallas2.tcl.sc.edu/10.1149/1.1787631
mailto:digres@mailbox.sc.edu

A1584 Journal of The Electrochemical Socigtys1 (10) A1584-A1591(2004
0013-4651/2004/1510)/A1584/8/$7.00 © The Electrochemical Society, Inc.
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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 disctia@®), 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 based The charge-discharge simulations were performed by using a di-
on this data are critical for the capacity fade evaluation of rect charge current of 0.334 A to a specified EOCV of 4.0 or 4.2 V.
batteries:3 Darling and Newmahmade a first attempt to model the Next, the voltage was held constant until the charge current de-
parasitic reactions in lithium-ion batteries by incorporating a solventcreased to 50 mA. Subsequently, the battery was discharged under a
oxidation into a lithium-ion battery model. Spotritrleveloped  direct current of 0.835 A to a specified DOD of 0.4 or 0.6. There was
polynomial expressions for estimation of irreversible and reversibleno rest time between charging and discharging.
capacity loss due to solid electrolyte interphd&&l) film growth For simulation of the capacity check, the battery was initially
and dissolution in lithium-ion batteries. Ramadassl® developed  discharged using a discharge current of 0.835 A to 3.0 V. Next, the
a capacity fade prediction model for Li-ion cells based on a semi-battery was charged by applying a conventional CC-CV protocol
empirical approach. Recently, Christensen and Newrsanulated (0.334 Ato 4.2 V with a 50 mA cutoff curreptThe fully charged
the influence of the anode film resistance on the charge/dischargbattery was discharged for second time to 3.0 V. The value of dis-
performance of a lithium-ion battery. In this model the loss of re- charge capacity estimated in the second discharge process was used
versible lithium ions and increase in the anode film resistance werdor capacity fade analysis. Both charge-discharge and the capacity
incorgorated into the first-principles model developed by Doyle check simulations terminate when the battery reaches a voltage
et al® Process parameters such as charge (@m, the depth of  lower than 3.0 V.
discharggDOD), end-of-charge voltag€EOCV), and the discharge As shown in Fig. 1, during discharge, the lithium ions deinterca-
rate(DR) which influence the capacity fatlerere not considered in  late from the negative electrode and intercalate into the positive
the above-mentioned models. electrode. Inside the porous electrode, the intercalation/

We developed a first-principles-based model to simulate the cadeintercalation processes take place at the electrode/electrolyte in-
pacity fade of Li-ion batteries in which incorporation of a continu- terface. A rigorous model based on porous electrode theory, concen-
ous occurrence of the solvent reduction reaction during constantrated solution theory, Ohm’s law, and intercalation/deintercalation
current and constant voltag€EC-CV) charging explains the capac- kinetics was developed previously which simulates the galvanostatic
ity fade of the battery? Initially the model estimates the capacity charge/discharge behavior of a Li-ion rechargeable battemthe
fade parameters as a function of cycle number. Next it is necessaryhodel suggested in this paper, the variation of toncentration in
to run the lithium-ion intercalation model with the updated param- the liquid phase along the current path was neglected because low-
eters to estimate the performance of the battery at a specific cycleo-medium charge/discharge currents were used in the simulations.
number. However, to run both models takes a long computationalThe variation in the solid phase potential at the anode or at the
time. Also, the model does not consider the discharge process, whicbathode is negligible because of good conductivity of the electrode
leads to inaccurate estimation of the total reaction time for the paramaterials. It was also assumed that the active electrode materials are
sitic reaction. made from uniform spherical particles with a radiusRyfand that

In this paper, a charge-discharge capacity fade model was devethe diffusion is the only mechanism of lithium transport inside the
oped based on the loss of active lithium ions due to solvent reducparticles. The direction normal to the surface of the particles was
tion reaction. The rise of the surface film resistance at the anode dugaken to be the-direction. The model equation that describes the
to the parasitic reaction occurring was also considered in the modeldiffusion of lithium in the solid phase is given by Fick’s 2nd law
The model considers process parameters such as: CR, DOD, EOCV,
and the DR. It controls the required DOD by controlling the dis- PYol DL 4 sCli
charge time and estimates the discharge voltage as a function of i _'_( 21
cycle number. To decrease the computational time, the transport of at (rp2ar;
lithium in the liquid phase was neglected. It takes only 10 h using a
computer with 2.0 GHz CPU and 512 Mb RAM to run the model The initial condition is
and to estimate the capacity fade and the charge-discharge perfor-
mance of a battery cycled up to 2000 times. chi=cl att=0, i=n, p [2]

iari), i=np (1)

Model Development The boundary conditions for constant current charge/discharge are
The simulations were carried out based on the experimental data L
obtained for a pouch lithium-ion ce(R.187 Ah, which consists of =0 t>0 G 0 i=n (3]
Li,CoO, positive electrode and mesocarbon microbé¢kiCMB) e oo P
negative electrode.

and
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Al Li,CoO, Li* Dchg MCMB Cu ac_i“ 1 o1 . ac_i“ o 13
P — L) o R =
/ Li* Chg \ at r2or ar; )’ ' P
C(%)'@ 1 Initial condition
: :C ci=cl att=0 i=n, p [14]
GO
.Og% Boundary conditions
10 Y B _ aCH

X=0 Separator X=L =0 t>0 F =0, i=np [15]
i

Li+e +6, o Li -0,

and
Figure 1. Schematic of a rechargeable Li-ion battery. cmaxp 1 a_c“ _ gui
— - I | | I
L= > — = =
rI 11 t O! Ri ari F ’ | n, p
WhereJiLi is the average local reactidimtercalation/deintercalation [16]
current density defined as
where
F=2, i=np [5] - c o — tb}
S o_ = — = —, i=
Ci cr r R’ t R i=n, p [17]

whereS; is the superficial surface area, related to the volume of the
electrode through the specific surface area by The open circuit potentidll " is a function of the lithium con-
centration in the solid phase of the particl&'(°). The UP" was

S=avi, 1=np [6] estimated by fitting the experimental low-rat€/R20 rate charge/
- . discharge voltage profile of the positive and negative electrode. The
The specific surface area, is given by experimental charge-discharge curves were obtained by charging
3e. and discharging the cathode and anode material in T-cell config-
a = ?' i=n, p [7] uration?
i

CiL"S, the dimensionless solid phase lithium concentration at the

) ) ) ) ) electrode/electrolyte interface is defined as
I; is the total intercalation/deintercalation current.

Butler-Volmer (BV) kinetics was used to describe lithium _ iLi'S
intercalation/deintercalation Cis = v i=n,p [18]
i
L _ L ofF — ofF L
Jim = Jip) ex RT | ~ ex “RT Mi/[ i=n, p[8] The carbon electrode, when polarized to low potential during

charging, reduces the electrolyte to insoluble salts, resulting in for-
.. mation of a new surface film similar to the surface film formed
'S 9V€Quring the formation periodt™2 It is generally assumed that the
by surface film formed on carbon electrode may not be able to fully
. ea o ¢ c . accommodate the volume change of graphite particles due to
Jio = k(e = CI9)(CI¥)e(Cya)™, i=n, p [9] intercalation/deintercalation of Iith?um orgduz to a?:cumulation of
) gaseous by-products. A continuous small-scale reduction can take
CiL"S is the solid phase lithium concentration at the electrode/place on the negative electrode when the solvent percolates through
electrolyte interface calculated using Eq. 1-4. The overpotential ternthe cracks of the surface film. A part of lithium is irreversibly lost

Ji% , the concentration-dependent exchange current density,

in Eq. 8 is given by due to this parasitic reaction. The following assumptions with regard
N 5 ocp P to the parasitic reactions were made in this model
M=¢ i - U = ISR, i=np [10] 1. The reduction of ethylene carbondfC) was chosen to be

the parasitic reaction occurring at the negative electrode/electrolyte

whereJ; is the total faradaic current across the SEI. Variatioshef ~ interface
(the liquid phase potentiglong the current path was neglected due
to low charge/discharge currents used to simulate the charge-

discharge cycling and was arbitrarily set to zero. Thus, Eq. 10 is ) )
simplified to 2. The EC reduction takes place on the negative electrode at an

overpotential which is more cathodic than the reversible potential of
mi=d¢r—UPP-JsSRl, i=n,p [11]  the parasitic reaction. No parasitic reaction was considered on the
surface of LiCoG, electrode at any time.
Equation 2-4 are still valid as boundary conditions for CV charging 3. The total surface film resistanc&| consists of initial film
stage. In addition, the following condition was used to solve for the resistance Rc) and the resistance of the film formed as a result of

EC+ 2¢ + 2Li* — LiCH,CH,OCO,Li | [19]

continued current decay the parasitic reaction occurring at the anode surfé&&g.(The thick-
N N ness of the film at the negative electrode increases with cycling.
b, — by = 4042 V [12]  Jnitially only Re exists
Equation 1-4 were transformed into dimensionless form R'=Rc + Rg [20]
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Table I. Electrode parameters for the cycle life modeling of a 556 )
rechargeable Li-ion battery. )
Anode Cathode 4,000 % |

Parameter Units (MCMB) (Li,Co0,) & 5
v, cm? 7.368 6.221 g >0 I
e 0.49 0.59 £
c mol/cn? 3.0555X 1072  5.1555X 1072 % 3.600 —e0334A |
De cn¥ls 3.8x 10710 1.0X 10°° £ o 066 A
a¥al 0.5/0.5 0.5/0.5 S 3400 ’ .
r cm 2.0x 107 2.0% 107 ‘ —F LA

2 a0 b : —o— 1336 A |
K _AeM g3s1x 107 6.374x 10°* I,

(mol/en?)oS '
560 . . N i A

Riln—o OF Reg, mQ 20 0 0 5000 10000 15000 20000 25000 30000 35000
ch, mol/cn? 1.0%x 108

time (s)

Figure 2. Simulation of initial voltage profilésimulation of capacity check;
4. The open circuit potentidDCP or equilibrium potential for ~ applied discharge current of 0.835.A
the EC reduction was chosen to be 0.4Wé. Li*/Li). %1314 The
electrolyte reduction reaction is irreversible.
Because the concentration variation in liquid phase was neDue to the parasitic reaction, the dimensionless lithium concentra-

glected, the current density of the parasitic reaction is given by thetion (Ck) at the beginning of the discharge-charge cycle at cycle

Tafel equation number (N + 1) at the MCMB electrode is less than that at cycle
onE ) numberN and it is given by
S

N —JEBGXP( ~RT s [21]

where the overpotentiaj of the parasitic reaction is defined as  where dimensionless loss in concentration of lithium in MCMB
electrode is expressed as
ns = bi = U - ISR, [22 Qan) is exp

CHO|N+1 = Chi)|N - @\N [26]

The total current densityd() at the negative electrode is the sum 65|N = Q—S‘Nmax [27]
of the intercalation/deintercalation current density and the parasitic enFViCy

reaction current density.

| Continuous precipitation of insoluble product
J, =39 4+ 98 = _app [23] (LICH,CH,OCG,Li ) on the surface of the negative electrode
" s Sh causes the resistance of the film to increase with the increase of the

cycle number. Thus
The electronic charges are completely consumed by the

intercalation/deintercalation of lithium ions at the,CbO, positive Rilvi1 = Ry + Ry [28]
electrode.
| where the resistance of the insoluble product at cycle number
3, = J;i _ gﬁ [24] N(R4y) is a function of film thicknessy;)
R ‘ = % [29]
For the next discharge process, the dimensionless lithium con- siN K

centration C_H) at the beginning of the discharge-charge cycle is
used as the initial condition for the diffusion equation in the solid

phase. The surface film resistand®’)( used in the BV and Tafel 1800 T T T T
equations are modified based on the loss of lithium ions due to the ., T —0— 0334A
parasitic reaction in the previous cycle. —0— 0668 A
The loss of the active lithium was estimated using the following 1400 - =LA
tion —— 1336 A
equa 1.200 l —0— 1.670 A 4
t=Tg I
L ~ 14
Qs = f ‘Jslsndt [25] e 1.000
= @
=0 E 0800
a e«
0.600 |
Table IIl. Parameters for the electrochemical parasitic reaction 0400
aa
Parameter Units Value 0.200
chacp vV 0.4 0.000
M g /mol 100 0 5000 10000 15000 20000 25000
P glen? 2.1 time (s)
J Alcm? 0.75% 1071
K S/em 05x 1077 Figure 3. Initial charge current profiles.

Downloaded 01 Aug 2011 to 129.252.86.83. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Journal of The Electrochemical Socigtys1 (10) A1584-A1591(2004 A1587

- 6.0x10
Table lIl. Influence of CR on charge-discharge performance. * ——
/X

mm Li CoO,
vzzzZZ MCMB

CcC CV Discharge CC Ccv Total
capacity capacity capacity charging charging charging
CR(A) (Ah) (Ah) (Ah) time (s) time(s) time(s)

0.334 2.123 0.075 2.188 22,905 1663 24,568
0.668 2.055 0.145 2.188 11,095 2126 13,221

5.0x10¢ |-

4.1x10™
4.0x10% |

3.0x10¢ |-

1.002 1.992 0.208 2.188 7179 2316 9495
1.336 1.930 0.27 2.188 5221 2400 7621 22x10°*
1.670 1.875 0.324 2.188 4063 2421 6484 2.0x10¢ |-

1.3x10*

1.0x10°

Volume balance of the precipitated insoluble product on the sur- 4930

face of MCMB negative electrode yields

0.0

difference in dimensionless concentration of lithium

i 0. 0.088  0.051
Bddy X M a0 hml " wew
= charge curren
at p X F &

. . ) Figure 5. |CH(r = 1) — CH(r = 0)| vs.time inside particles of LiCoO,
To estimate the capacity or the discharge performance at a specing MCMB.

fied cycle number, the diffusion equations in the solid phase were
solved first in order to determine the value of the dimensionless

;:lr(]).ncel?tratlon of I'éh'tgtmt a(;t.h(;,‘ stohhd/Be\I/ectroly;[g |n.terfa§% : Nexlt, forvas supplied by using CC-CV charging protocol. As shown in Fig.
IS valué was substituted into the équation in order to solve or3’ the model predicts a decrease in CC charging time with an in-

the potential in the solid phase of the positive and negative elec-

. . X crease of charging current.
trode. During the CV charglng process, a trial and error method was The results shown in Table Il indicate that the CV charging
used to solve the continuous decay of the current.

. 0, 1 -
The loss of active lithium ions and the rise in the surface film on supplies between 3.4 and 14.8% of the total charge capacity depend

the negative electrode were estimated using Tafel Eq. 21. The di'-ng upon the charge rates used. A charging current of 0.334 A results

; Y ; 7 . in CC capacity of almost 96.6% of the total charge capacity. Despite
mensionless lithium concentration at the beginning of the dISChargefhe observed differences in the charge characteristics when different

charge cycleCry, and the surface film resistan&® at the negative  charge rates were used to charge the battery, the initial discharge
electrode were modified at the beginning of every discharge-charggeurve as well as the discharge capacity shown in Fig. 2 remain
cycle according to Eq. 26 and 28. The diffusion equation was solveddentical.
numerically using the Crank-Nicolson metftddo ensure the local Figure 4 shows the concentration profile of lithium inside the
truncation error at any time is on the orderaf{Ar)? + (At)?) in Li,CoO, and MCMB particles 21 s after the beginning of CV charg-
the computations. The simulations were carried out on a Compagng. The model predicts a positive concentration gradient inside the
Visual Fortran platform. A band-structure subroutine developed byMCMB negative electrode. As expected, a negative concentration
us was repeatedly called to expedite the computations. The paramyradient is observed inside the positive electrode.
eters used in the simulations are presented in Tables | and II. The dependence of lithium concentration in both electrodes
as a function of applied charge current in CV charging mode is
shown in Fig. 5. The concentration gradient becomes gradually
Simulation of charge-discharge characteristied=igures 2 and 3  smaller as CV charging time increases, indicating that lithium ions
present the simulations of the cell voltage and the cell current as @ontinue to diffuse from the LCoO, positive electrode to MCMB
function of charge/discharge time, respectively. The simulationsnegative electrode until the current reaches the cutoff current of
were carried out for the initial CC-CV charging and CC discharging 50 mA. The dimensionless concentration of lithium at the MCMB/
cycle. The cell voltage shown in Fig. 2 is the difference of the solid electrolyte interface (= 1) increases while it decreases at the
phase potential ') between the positive endX(= 0) and the  Li CoO,/electrolyte interface with increasing the CV charging time.
negative endX = L) of the Li-ion battery. The charge currents in . . . . . .
Fig. 3 were varied from 0.334 to 1.670 A. The total charge capacity Simulation of cycling characteristics-Figure 6 shows cycling

Results and Discussion

§ 0.57480 T T T 0.804805 20
. 2
§ 0.57477 10.80467 = {15
‘s s
= g =
£ 057473 10.80453 .8 8 {10
o o o —
£ £ 2 2
o L 250 d Q -
g 057470 e OOO 0.80440 E ; o5 &
8 N OO a 3 E
o a® o ] " 7]
$ 057467 NS 010.80427 & 2 00
= 1 A - > 2 4
% a5 2 ” MCMB ~§ o voltage
g 0.57463 f a0 2o 202 10.80413 g 32t - current 105
g = (-~
0.57460 - ' ‘ ' 0.80400 30 L L . . L 1.0
0.0 0.2 0.4 0.6 0.8 1.0 0 15000 30000 45000 60000 75000 90000
dimensionless radius (1/R) time (s)
Figure 4. Concentration profiles of lithium inside particles of CoO, and Figure 6. Simulations of the first four charge-discharge cydleR: 0.334

MCMB (21 from the beginning of the CV charge process; CR: 0.334 A A, discharge current: 0.835 A, EOCV: 4.2 V, DOD: 0.6
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39 T T T T T T T 0.9 23 1.0
Cycle: 001 o™

38 0.8 ? .....

197 > 108

L E scle: r
3.7 o7 Cycle: 400- .....
a6l K
10.6

st N s E L G
105 -~

705
345

104 4

038 3 103
o3 o L

102 04f %{% \ 0.2

0.1 :
13 e ‘ ‘ ‘ ‘

0.0
0 5000 10000 15000 20000 25000

Cycle: 800 Cycle: 400 Cycle: 001

charge current (A)

33

of
charge capacity (Ah)

end of discharge voltage (V)

321

31r

30

29 L s . . | L L L L 1 0.0
[ 100 200 300 400 500 600 700 800 900 1000 1100

charge time (s)
cycle number

Figure 9. Charge capacity and charge current at different cycle numbers at
Figure 7. End of discharge voltage and end of discharge potential of nega-charge current of 0.334 fEOCV: 4.2 V, DOD: 0.6.
tive electrodevs. cycle number.

creases gradually according to Eq. 26. After 800 cycles, when the

simulations for the first four cycles. The simulations were performedbattery is cycled to DOD of 0.6, almost all active lithium depletes
for EOCV of 4.2 V and DOD of 0.6. Because a low current of 0.334 from the negative electrode, causing the state of ch@@ at the
A (C/5 ratg is used to charge the battery, the CC charging is pre-end of discharge to be close to 0%. As shown in Fig. 7, the potential
dominant. As a result of capacity fade, a gradual decrease is obef the negative electrode rises rapidly from a plateau which is ini-
served for the end of discharge voltage. Because the model controlgally lower than 0.2 V to a potential which is higher than 0.8 V at
the DOD by controlling the discharge time, it can be used for cycle800 cycles. The observed large increase of the potential of the nega-
life predictions when the battery is cycled to different DOD. tive electrode due to irreversible loss of the active lithium ions

Figure 7 shows the end of cell discharge voltage and the end otauses the battery to fail. As shown in Fig. 8, the capacity of the
discharge potential of the negative electrode as a function of cyclebattery after 800 cycles decreases to 1.470 Ah from an initial
number simulated for DOD of 0.4 and 0.6. When the battery is2.187 Ah.
charged to EOCV of 4.2 V and discharged to DOD of 0.4, the end of ~ The lithium-ion concentration in the negative electrode at the
discharge voltage up to 950 cycles is higher than 3.7 V, which agreeseginning of discharge simulated for DOD of 0.4 decreases at a
with the experimental results. For DOD of 0.6, the end of dischargeslower rate than the rate observed for DOD of 0.6. The simulations
voltage decreases gradually up to 800 cycles. After 800 cycles iindicated that only when the battery is cycled up to 1400 cycles with
drops rapidly for less than 150 cycles to a level which is lower thanDOD of 0.4 does it reach the same lithium depletion state observed

3.0V for 800 cycles when DOD of 0.6 was used to cycle the battery.

The end of discharge voltage corresponding to DOD of 0.4 is ) . ) )
always higher than that corresponding to DOD of 0.6 for the same Simulation of capacity check-Using Eq. 26-28, the model con-
cycle number. It is necessary for the battery to be cycled to mordinuously updates the dlmen3|onlessILh|um concentration at the be-
cycles in order for the end of discharge voltage to reach the cutoffginning of the discharge-charge cycl€) as well as the surface
voltage of 3.0 V. The output voltage of the battery is determined byfilm resistance R") values for every cycle. These parameters control
the difference between the solid phase potential of the positive andhe capacity loss and the voltage profile of the battery.
the negative electrode. Both potentials are a function of the solid Figure 8 shows simulated discharge curves after 1, 400, and 800
phase concentration of lithium inside the particles. Because of acycles. The battery was cycled with CR of 0.334 A, EOCV of 4.2 V,
continuous consumption of the active lithium ions due to the para-and DOD of 0.6. Due to the parasitic reaction, dimensionless lithium
sitic reaction, the dimensionless lithium concentration at the begin-concentration at the beginning of a discharge-charge cycle decreases
ning of the discharge-charge cycle at the negative electrode dewhile the capacity loss increases with the cycle number. The voltage

04 T T T T T T T 0.032
A
A
a
= 10030
A
E osf A -7 _
s = A ooz @
=2 “ : =
b bt A o
k) K A =
g o021 A oo =
& 8 . 3
£ E . g
s 2 A 3
2 4 = qoo @
a ] g A £
33 cycle: 800 4 cycle:400 Ccycle: 001 E ot a B ]
——— dimensionless loss of lithium
1.470 Ah 1.865 a2.187 Ah ~
. A a 3 A : . 10022
32 a : A resistance at MCMB
L @ °
a e °
3.0 s 0.0 : : - - - - - 0.020
0.0 0.5 1.0 15 20 0 100 200 300 400 500 600 700 800
discharge capacity (Ah) cycle number

Figure 8. Discharge voltage profile at different cycle numbers at discharge Figure 10. Dimensionless loss of lithium @) and total resistance at
current of 0.835 AEOCV: 4.2 V, DOD: 0.6. MCMB negative electrodeR) vs.cycle numbe(EOCV: 4.2 V, DOD: 0.6.
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0.38

»
e
%
3

1037

10.36

1.865

1034

charge current (A)

7033

discharge capacity (Ah)

1032

averpotential of side reaction at MCMB ()

0.0

L n s . . . . 031
0 2000 4000 6000 8000 10000 12000 14000 16000

400
cycle number

charge time (s)

. . ) ) Figure 13. Overpotentialvs. charge time in cycle 2 at different EOCV val-
Figure 11. Simulated discharge capacig.cycle number. ues DOD: 0.6,

plateau of simulated discharge curves continues to decrease, Whi(‘(ﬁ\/erpotential determined by Eq. 11 is more cathodic than this po-
is attributed to the continuous increase of the film resistance as gential. Our simulation results indicated that when the battery is
result of the parasitic reaction. initially charged from 100% DOD to fully charged state, the poten-
Figure 9 shows simulated charge curves for cycles 1, 400, andja| of the negative electrode varies in the range between 250 and 50
800. The current profiles for different cycles are also given for com-myv, Thus, the parasitic reaction occurs regardless of the starting
parison. As shown in Fig. 9, the CC part of charging capacity de-charging potential. The total charging time and consequently the
creases with the cycle number. Similar experimental results werqotal time for the parasitic reaction are functions of EOCV and
observed in our previous studThe variation of both the dimen-  pOD. The overpotential and the total time of the parasitic reaction
sionless loss of lithium@) and the film resistance on the surface of in the second cycle presented in Fig. 13 increases with an increase
the negative electrodeR({) vs. cycle number are shown in Fig. 10. of EOCV. The overpotential of the negative electrode increases with
The parasitic reaction causes the dimensionless lithium concentrahe increase of the EOCV and shows a maximum at the transition
tion at the beginning of discharge-charge cycle to decrease, whilgoint from CC to CV charging. The observed decrease of the over-
the film resistance increases with the increase of the cycle numbepotential in Fig. 13 results from a fast decay of the current when the
Figure 11 summarizes the discharge capacity values as a function dfattery is in CV charging mode. The voltage drop due to the surface
cycle number. The simulations were performed for EOCV of 4.2 V, film resistance described in Eq. 22 is proportional to the charging
DOD of 0.6, and CR of 0.334 A. current and to the surface film resistance at the negative electrode.
. Figure 14 shows that both the dimensionless loss of lithium and the
Influence of EOCV and DOD on cycle [#eEOCV and DOD gy rface film resistance increase with the increase of cycle number.
control the cycle life of the battery) Overcharging the lithium-ion A depth of discharg¢DOD) is defined as the level to which a
battery above 4.2 V results in a significant loss in capacity andpatery voltage is discharged and is generally calculated in reference
triggers safety concerrisFor EOCV lower than 4.2V, the cell is 5 the initial discharge capacity of the battery. For example, a 100%
partially charged. Flgure 12 sho_vvs the !nfluence of different EO_CV OD for a 2.187 Ah rechargeable lithium-ion battery means the
values on the capacity loss during cycling. The data were obtaineq,,yiery should be discharged to the point where discharge capacity is
by S|mulat|_ng the performance of the battery dlscharge_d to D_OD Olexactly 2.187 Ah. The influence of DOD on overpotential is shown
0.6. The simulated EOCVs were 4.0 and 4.2 V. The simulation re-j, rig "15_ |n this simulation the EOCV was set to be 4.2 V while the
sults indicated that the capacity fade was higher for EOCV of 4.2 V.o was set at 0.4 and 0.6. The observed fast capacity fade shown

_ The dependence of the capacity loss on EOCV and DOD arén rig. 15 when the battery is cycled to DOD of 0.6 results from
given by Eq. 21 and 25. The OCP for the parasitic reaction was set

to be 400 m\}*14 The parasitic reaction takes place only when the

0.50 T T T T 0.035
10.032
il BEOCV: 42V %7 E | il e
vos | SEOCV:40V 5 o A' sov 10027 g
el 0532 2 e {0025 &
5 £ e 0478 2 5.5 | s EUCV;;V 10.022 E
2 0450 e \\ g “Trocviaov {0020 £
_g‘ 0.331 % E o7} s %
? 0.300 ) 2
i % oos | g H0.015
0.150 0002 \ AT 10.013
§ 0005 100 200 300 C;g(: numz:(,) 600 700 800 0010
600 800
cycle number Figure 14. Dimensionless loss of Iithium@ and total resistance at
MCMB negative electrodeR'") vs. cycle number at different EOCV values
Figure 12. Influence of EOCV on discharge capac{fyOD: 0.6). (DOD: 0.6.
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Figure 17. Influence of exchange current density of the parasitic reaction

Li ;
longer parasitic reaction timgeq. 29 when compared to DOD of (Jso) on the capacity fade.

0.4. The DOD controls the kinetics of the parasitic reaction by con-
trolling the duration of the parasitic reaction as well as the overpo-

tential of the parasitic reaction shown in Fig. 16. ductivity. However, no change in capacity was observed in spite

of the differences in the current/voltage profiles in charging/

Influence of exchange current density of parasitic reacti(i@ Q discharging. Thus, the diffe_rence in the su_rfz_ace film resistance on the
and conductivity £) on capacity fade—The exchange current den- MCMB electrode due to different conductivity values is not related
sity of the parasitic reaction]t})) and the conductivity of the surface to the capacity fade with cycling. These results are in agreement
i . . . with those observed by Christensen and Newrhan.
film on the MCMB electrodek) were assumed in our simulations.

No attempt was made in this paper to estimate the accurate values Conclusion

for these two parameters. A comparison of the capacity fade of a A charge-discharge capacity fade model was developed based on
battery after 500 cycles with different valuesayp is shown in Fig. 6 |oss of active lithium ions due to solvent reduction reaction. The
17. The cycling simulation was performed by charging the battery (0ise i the surface film resistance at anode due to the precipitation of
EOCV of 4.2 V and discharging it to DOD of 0.6. The capacity fade jnso|yple product of the parasitic reaction was also considered in the
after 500 cycles increases with increase of the exchange currenhoqe| The model considers process parameters such as CR, DOD,
density for the parasitic reaction. The simulation results clearly 3nq EQCV and controls the required DOD by controlling the dis-
show that the loss of the active lithiu@; increases with the in-  charge time and estimates the discharge voltage as a function of
crease of the exchange current density of the parasitic reaction. Theycle number. The results indicated that both the dimensionless loss
surface film resistanc® on the MCMB negative electrode as a of lithium and the surface film resistance increase with the increase
function of cycle number follows a similar trend. of the overpotential and the duration of the parasitic reaction. The
Similar simulations were carried out to analyze the effect of |oss of the active lithiunQ, also increases with the increase of the
the conductivity of the newly formed surface film on charge/ exchange current density of the parasitic reaction. The total parasitic
discharge performance of the battery. The simulations were carriedeaction time increases with an increase of EOCV or DOD. The
out by charging the battery to EOCV of 4.2 V and discharging it to gverpotential of the parasitic reaction at the negative electrode in-
DOD of 0.6 for different values of conductivitgi.e., 0.5 10 ¢, creases with an increase of EOCV and shows a maximum at the
0.1x 1078, 0.5 107 S/cm. The simulation results indicated transition point from CC to CV charging.
that the voltage plateau is higher, and the total charging time as well
as the CC charging time become longer by lowering the film con- Acknowledgments
Financial support provided by the National Reconnaissance Of-
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List of Symbols
10236
a specific surface area of porous electrode?/cm®
C:_" solid phase concentration of lithium, mol/2m
C:'"S solid phase concentration of lithium at electrode/electrolyte interface, nibl/cm
C"™* solid phase concentration of lithium when the stoichiometric coefficieint
LixCoO; or y in Li,C or is equal to 1, mol/cth
D diffusion coefficient, crifs
F Faraday’s constant, 96,487 C/mol
I current, A
J; faradaic current across the electrode/electrolyte interface, A/lcm
0.0 . . . . . 031 J,L' current density for intercalation reaction, A/&m
0 2000 4000 6000 8000 10000 12000 14000 16000 J3 exchange current density for intercalation reaction, &lcm
charge tim e (s) Jt' exchange current density for parasitic reaction, Alcm
. . ) . ) . lapp applied current density, A
Figure 16. Overpotentialvs. charging time in cycle 2 under different DOD k rate constant of intercalation/deintercalation, Af¢gmol/cn?)°>

values(EOCV: 4.2 V). M molecular weight, g/mol

7034

charge current (A}

7033

7032

overpotential of side reaction on anode (V)
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volume of electrode, cfn

capacity lost due to parasitic reaction, Ah
radial coordinate, cm

universal gas constant, 8.314 J/mol

radius of particles, cm

total resistance at MCMB electrod®,

initial constant resistance at MCMB electrode,
resistance of newly formed filn)
superficial surface area, ém

time, s

temperature, 298.15 K

total parasitic reaction time, s

local equilibrium potential, V

thickness of the battery, m

stoichiometric coefficient in LICoO, or Li,Cg

Greek

a?

«° anodic and cathodic transfer coefficients of electrochemical reaction

volume fraction of a solid phase

potential of a phase, V

overpotential of electrochemical reaction, V
conductivity of the newly formed surface film, S/cm
active sites on the surface of the electrode

density of active material, g/cin

film thickness, cm

Yo @F 3 S0

Subscript or Superscripts

Z5 —=0ONPF

solid phase

liquid phase

constant

surface film on the particles
positive or negative electrode
negative electrode

cycle number

p positive electrode
S parasitic reaction
0 initial state
Li lithium in solid phase
Li* lithium in liquid phase
- dimensionless variables
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