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Abstract

A generalized first principles based charge—discharge model to simulate the cycle life behavior of rechargeable Li-ion batteries has bee
developed. The model is based on loss of the active lithium ions due to the electrochemical parasitic reaction and rise of the anode filn
resistance. The effect of parameters such as depth of discharge (DOD), end of charge voltage (EOCV) and overvoltage of the parasitic reactic
on the cycle life behavior has been quantitatively analyzed. The experimental results obtained at charge rate of 1 C, discharge rate of 0.5¢
EOCV of 4.0V and DOD of 0.4 were used to validate the cycle life model. Good agreement between the simulations and the experiments ha
been achieved up to 1968 cycles. Simulation of a battery subjected to multiple cycling regimes has also been demonstrated.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction fade of a battery is correlated with charge rate (CR), depth
of discharge (DOD), end of charge voltage (EOCV) and
Computer simulation provides the most efficient tool for discharge rate (DR). However, the model’s limitation to only
reducing testing time and optimizing battery systds3]. low charge/discharge rates (i.e. lower than 1 C) prevents its
Darling and Newmar4] made a first attempt to model the application to the conditions where charge/discharge rate
parasitic reaction in Li-ion batteries by assuming a solvent may be 2 C, 3 C or even higher.
oxidation reaction. Later, Spotnifz] developed polynomial This paper describes a generalized charge—discharge
expressions for the estimation of irreversible and reversible model based on loss of the active lithium ions due to elec-
capacity loss due to the growth and dissolution of SEI film in trochemical solvent reduction reaction at anode/electrolyte
Li-ion batteries. Ramadass et[#l] developed a capacity fade interface. Simultaneous transport in both solid phase and
prediction model for Li-ion cells based on a semi-empirical electrolyte phase makes this model applicable not only for
approach. Recently, Christensen and NewiiTdisimulated mild but also for harsh charge/discharge conditions. The rise
the influence of anode film resistance on charge/dischargein the anode film resistance is used to explain decrease of the
performance of a Li-ion battery. In their model, loss of discharge voltage plateau as a battery ages with cycling. The
cyclable lithiumions and increase in the anode film resistance charge—discharge cycling process is first simulated to contin-
were incorporated into the galvanostatic charge/dischargeuously update parameters such as the anode film resistance,
model previously developed by Doyle et F]. Ry, and the lithium concentration in the anode at the begin-
We recently developed a first principles based ning ofdischargecg. Next, the program outputs those values
charge—discharge model that neglects transport of lithium in to the subsequent simulation of capacity check to obtain the
electrolyte phase under low charge/discharge cufgerit0]. charge/discharge performance at a specific cycle number. All
As aresult of the simplification, the computer modeling time the simulations are carried out using Compagq Visual For-
has been efficiently shortened. With this model, the capacity tran. The model has been validated against experimental data
collected under a given condition, which has been utilized
* Corresponding author. Tel.: +1 803 777 7314; fax: +1 803 777 8265. {0 €xpedite the degradation process to evaluate cycle life of
E-mail address: popov@engr.sc.edu (B.N. Popov). a battery. It takes a PC with Pentin®.0 GHz CPU and
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512Mb RAM 15h to complete the simulation fer2000 behavior of a rechargeable Li-ion battery, CV charge step,
charge—discharge cycles. This represents a significant advanwhich has been neglected in most battery performance mod-
tage over experimental data collection, which took almost a elsis also taken into accountin addition to CC charge process.
year. Applying this model to cycle life behavior of a battery The end of discharge process in the simulations of cycling
under multiple cycling regimes is also presented. process determines the starting point of next charge process.
No rest time exists between charge and discharge processes
or between cycling process and capacity check.
2. Experimental Itis been experimentally revealed the surface film formed
during initial formation period over carbon electrode may
The experiments were performed on rechargeable Li-ion not be able to fully accommodate volume change due to
batteries with a rated capacity of 1.67 Ah. The active elec- subsequent intercalation/deintercalation of lithium or due to
trode materials are LCoO, cathode and MCMB anode. accumulation of the gaseous by-products as a battery is sub-
The electrolyte consists of 1M LiRFin a mixture of jected to cycling. A continuous small-scale reduction may
EC:PC:EMC:DEC (30:5:35:30). The cycling condition was take place on the anode when solvent percolates through the
controlled by the use of following parameters: end of cracks onthe surfacefilfd1,14—-18]As a consequence, part
charge voltage of 4.0V, depth of discharge of 0.4, constant of the cyclable lithium can be irreversibly lost to this parasitic
current—constant voltage (CC—CV) charge mode with cutoff reaction. It is assumed in our model the solvent, specifically
current of 50 mA, charge rate of 1 C and discharge rate of the ethylene carbonate (EC), undergoes two-electron reduc-
1/2C. tion at the anode/electrolyte interface during charge process,
The capacity was checked under the following conditions: thus precipitating an insoluble film (a newly formed SEI
EOCV of 4.2V, end of discharge voltage (i.e. cutoff volt- layer) over the surface of the anode particles.
age) of 3.0V, CC-CV charge protocol with cutoff current of
50 mA, discharge rate of 1/2 C and charge rate of 1/5C. EC + 2 +2Lit — LICH2CH,OCOuLi | 1)

No parasitic reaction was considered at,QoO,/
electrolyte interface at any time. Other assumptions include:
(i) only solid and liquid phases are involved, (ii) the
electrolyte can be approximated by a concentrated binary

able Li-ion battery. During discharge, lithium ions deinter- I : : : X
; : : electrolyte, (iii) intercalation/deintercalation reaction takes
calate from MCMB negative electrode and intercalate into : .
place only at the solid electrode/electrolyte interface and

Li,CoO;, positive electrode. Inside porous electrode, inter- . . Al
: s . . follows the Butler—Volmer equation, (iv) transport of ionic
calation/deintercalation processes take place at solid elec- o . A L
. S species in the electrolyte phase is by diffusion and migration,

trode/electrolyte interface. The model developed in this paper ; - : .
. . (v) transport of intercalated lithium in the solid phase
considers porous electrode theory, concentrated solutlonthe-iS by diffusion, (vi) volume change is neglected durin
ory, Ohm’s law, intercalation/deintercalation kinetics and y ' 9 9 9

. . . lithium intercalation/deintercalation, (vii) electrode porosity
transport in solid phase and electrolyte phase. To determine ; ) . X
. i . . remains constant during cycling, (viii) electrochemical sol-
influence of a specific cycling protocol on the cycle life

vent reduction takes place only at anode/electrolyte interface
and follows the Tafel equation, (ix) loss of cyclable lithium is
irreversible, (x) mass transfer of cyclable lithium and reactive
solvent (EC) through the anode SEI layer is unlimited, (xi)
active electrode materials consist of spherical particles of
a uniform size and (xii) heat generation and dissipation are
negligible.

The governing equations and boundary conditions
required in modeling the cycle life of rechargeable Li-ion
batteries have been listed Appendix A Due to the irre-
versible nature of parasitic reaction, not all cyclable lithium
intercalates back into anode material, which is responsible
for the lithium concentration in the anode at the beginning
of next discharge process being smaller at a given cycle than
in the previous cycle. The volume-averaged loss can be esti-
mated using the following equation:

I=lpara
/ Jparéls,n dr
t

3. Model development

Fig. 1presents a one-dimensional schematic of arecharge-

Al LiXCDO2 Li* DChg MCMB Cu
— 2

Li*+¢ +6, <> Li-6, S+2¢ +2Li" > P

Qs = )

Fig. 1. Schematic of a rechargeable Li-ion battery.
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Table 1

Parameters used in the cycle life model of rechargeable Li-ion batteries

Parameter Cathode ([€00,) Membrane separator (Celg&id Anode (MCMB) References
Thickness (m) 7.410°° 25x10°° 7.5x10°° Manufacture
¢s,max (mol/m®) 51555 30555 [9]

8 (mol/im?) 1000 1000 1000 [8,9]

Ds (m?/s) 1.0x 10713 3.8x 10714 [8,9]

De (M?/s) 2.5x 10710 2.5%x 10710 2.5%x10°10 [8,9]

/0 0.5 0.5 [8,9]

rs (M) 2.0x10°® 2.0x10°6 [8,9]

k (Am25/(C moP-5)) 1.0x 1076 1.0x 1076 Assumed

os (S/m) 10.0 0.0 100.0 [8,9]

Ke (S/m) 25 25 25 [8,9]

e 0.338 0.37 0.440 Manufacture
&f 0.142 0.07 Assumed

92 0.2 0.2 0.2 [8,9]

S (mP) 0.011 0.011 Manufacture

Accordingly, the lithium concentration in the anode at the R;, should be updated using E¢8) and(4). For the estima-

beginning of discharge is modified at the end of charge by tion of the charge/discharge performance at a specific cycle
number, the simulation of cycling process needs to be run

_ 9 (3) first in order to output values @f andR; to the subsequent

N Fes simulation of capacity check.

As a consequence of the continuous precipitation of the

insoluble product (LICHCH,OCO,Li | ) over anode surface,

the SEI film becomes thicker and thicker, thus leading to the 4. Results and discussion

rise in the anode film resistance.

0

0
Cs

S

N+l

4.1. Simulation of charge—discharge performance
Rf|N+l = Rf|N + Rf|paraN (4)

where the increased resistance due to accumulation of the Fi9S. 2 and Jresent simulations of cell voltage and cell
insoluble product at anode surface at cycle number current density as a function of capacity, respectively. The

Relparan- is related to the increased film thickneis at that simulations were_carried out to mimic the initial CC—CV_
specific cycle number by charge and CC discharge cycle. The cell voltage shown in

Fig. 2is defined to be the difference in the potential of the solid
Rely = 5ln ) phase ¢s) at the positive endx(=0) and at the negative end
K (x=L) of a Li-ion battery. Based on the rated capacity and the
geometric surface area of the electrode, charge/discharge rate
of 1 C corresponds to current density of 19.0 A/Despite
noticeable differences in the charge characteristics (includ-

Volume balance of the precipitated insoluble product over
the entire anode surface yields

9%t| _ _ JparalxM ©) ing voltage and current) at different charge rates, as shown
ot pxXF
The cell parameters are listed Tiables 1 and 2In the 428
simulations, Egs(10), (12), (14), (19) and (20) as shown :
in Appendix A need to be solved simultaneously for five 4.0}

dependent variables, i.€¢, ¢s, pe, Cs andCsje. The required

open circuit potential of anode and cathode is shown in o a8t

Appendix B At the end of charge process, the lithium con- 3 |

centration in the anode?, and the anode film resistance, £ 36}/
(=] L

3.4 [ —e— discharge at 0.5 C

Table 2

L . —o— charge at 025 C
Values of parameters used for the parasitic reaction charge at (.25 ¢

—o— charge at 0.50 C

Parameter Value References 3.2 A charee at 100 C
Upara(V) 0.38 Assumed a0 ) ) . , , ‘ , , . ‘
M (kﬁrlrism0|) 0.1 & Based on Eq1) 00 02 04 06 08 1.0 12 14 16 18 20 22
p (g/m?) 2.1x1 Based on Eq(1) .
Ah
Jara(A/M?) 0.80x 1077 Assumed capacity (Ah)
Kt (S/m) 3.79x 107 Assumed

Fig. 2. Simulations of initial charge—discharge voltage profiles.
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Fig. 3. Simulations of initial charge current profiles. T initial fully charged stute
—— discharge 50 s
in Figs. 2 and 3the initial discharge performance includ- T dheharee 1000
ing (voltage plateau and capacity) remains identical at the T dcharee S0 (nd ol CC dicharee
. —— charge 50 8
same discharge rate of 1/2 C. These results have shown the e

—é— charge 4150 s (end of CC charge)

importance of CV charge step and the setting cutoff current
to be 50 mAFig. 3also shows a decrease in the CC charge
capacity as charge rate increases. The percentage of capacity
gained during CV charge step increases with increase in the Fig. 4. Simulations of lithium concentration in the electrolyte phase.
charge rate as a result of the resistive characteristics of a bat-

tery. For charge rate of 1 C, roughly 10% of the capacity has
been estimated to be supplied by the CV charge mode.

—— charge 4800 s

—+— charge 5500 s (end of CV charge)

ent (absolute value of the difference of LiPfom anode to

- cathode) depends upon the charge/discharge rate applied. For
The initial state (_)f cha_lrge (SOC) of gnode or cathode at charge rate of 1 C, the concentration varies from 1155 nibl/m

fully charged state is difficult to determine precisely due to to 885 molin? (cathode to anode), while for discharge rate of

different manufacturing processes and the loss of cyclable 1/2 C, it varies from 920 mol/fito 1060 mol/nd (cathode to

Iflthlurp |.n th_e,'ml'al formauon ?3,”0?1' The estimated values anode) representing the largest concentration gradient during
rom fitting initial experimental discharge curves are charge and discharge process, respectively.

0 0
Csp Csn
=048 and =083 7) . . .
ngpymax Cg . max 4.2. Simulation of cycling performance
Fig. 4 shows how concentration profile of Ligkn the Fig. 5shows simulations of the first four charge—discharge

electrolyte phase varies with time along the current flow cycles. The simulations were performed for EOCV of 4.0V,
direction in the first discharge—charge cycle. The charge rateDOD of 0.4, CR of 1.0 C and DR of 0.5 C. Since CRof 1.0C

is 1 C and the discharge rate is 0.5 C. As CC charge processvas used, CV is primarily responsible for the capacity as
starts, the salt LiP&moves from the anode toward the cath- showninFig. 5. Itis been estimated that 70% of the capacity is
ode, thus yielding a negative concentration gradient inside supplied by CV charge in the first charge process. As a battery
cathode, membrane separator and anode. As CC charge proages, a gradual decrease of the end of discharge cell voltage
ceeds, the concentration gradient increases gradually alongorresponding to a specific DOD is observed (correspond-
the current flow path and reaches the maximum at the begin-ing to point “a” in Fig. 5). Since no parasitic reaction was
ning of CV charge (i.e. the end of CC charge). During CV assumed at cathode, the potential of cathode at the aluminum
charge, the applied current drops rapidly, thus causing thefoil/Li ,CoG; interface (i.ex = 0) always cycles within such a
LiPFg concentration gradient to decrease from the maximum range as it is required by DOD of 0.4 and EOCV of 4.0V, i.e.
to atrivial level as CV charge reaches the end. Consequently,back and forth between point “A” and “B” iRig. 6. Because
system returns to a quasi-steady-state after cyclable lithiumcapacity fade occurs in cycling process, part of the cyclable
has intercalated back into anode. This phenomenon has justithium becomes irreversibly lost due to the electrochemical
tified our estimation for the volume-averaged lo@s, by parasitic reaction, thus resulting, according to Eg83.and

the use of Eq(3). The LiPF concentration profile during  (3), in a gradual decrease of the initial lithium concentra-
discharge presents a positive gradient, which increases as distion in the anode at the beginning of discharge. As shown in
charge proceeds until discharge process reaches the end. It iBig. 6, SOC of anode at the beginning of discharge potential
also shown irFig. 4that the maximum concentration gradi- has moved from “C” to “C’ after 1000 cycles. To maintain
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Fig. 5. Simulations of charge—discharge cycling process (CR: 1 C; DR: 0.5C; EOCV: 4.0V; DOD: 0.4).

the required DOD, the SOC of anode at the end of dischargecapacity fade. Hence at a certain point during cycling, the
has to be shifted from “D” to “D’ accordingly. The end of  output voltage can be lower than the cutoff of 3.0V in order
discharge cell voltage is the difference in the solid phase to maintain the specified DOD, which marks the end of the
potential of cathode at=0 and the solid phase potential of cycle life.

anode ak =L,

4.3. The parasitic reaction at anode/electrolyte interface
Vin=1= ¢slg — ¢slp and Viy_i000= ¢slg — ¢slp’

(8) As defined by Eq(16)in Appendix A the electrochemical
parasitic reaction current density depends upon the over-
Since, according to Eq36), ¢s|p is greater thangs|p, potential. As the potential of anode and cathode varies, the

the end of discharge cell voltage decreases as cycle numbeoverpotential also varie§ig. 7 shows the overpotential as a
increases. When high values of EOCV and DOD are used function of charge time in the first charge cycle (i.e. from
to charge—discharge a batterss|p can be forced to move  DOD of 0.4 to EOCV of 4.0V using CC-CV charge).
toward SOC of 0% at a fast rate as a consequence of fastSince the open circuit potential of the parasitic reaction

SOC of Li\(fo()1 Cathode
0.4 0.50 0.55 060 065 070 075 080 085 0.90 0.95 1.00
1.4 T T T T T T T T 3
142
v anode
1.2 =O= cathode
= 1 =
2 40 {140 3
5} : z
= i 9
2 o]
= k=]
< 08 3
y &}
@ i ON
g 138 3
= 06 ] “
K =
= [ DOD: 0.4 i =
'S 04 s : =
b r cycle: 1000 | 3 2
2 | 3.6 B
& DOD: 0.4 =
02 svi]es |
cycle: 1 |
{0y C
”(] L 1 1 L 1 1 1 1 1 34
0.0 0.1 0.2 03 0.4 0.5 0.6 07 0.8 0.9

SOC of MCMB Anode

Fig. 6. Potential of individual electrode vs. SOC.
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Fig. 7. Overpotential vs. charge time in the first charge cycle.

was assumed to be 0.38V, which essentially determinesshown inFig. 8B, the lithium concentration becomes almost
the characteristics of cathodic overpotential in the Tafel homogeneous in the anode as well as in the cathode at the
equation, the parasitic reaction takes places immediatelyend of the CV charge. The potential of the anode particles
at the beginning of charge. The absolute value of the increases because of a decreaséjn, The potential of the
overpotential increases faster during most of the CC-CV
charge time and more slowly toward the end of CV charge.
The loss of cyclable lithium is calculated with E¢). It wp - lep
is estimated that 5.5% of the cyclable lithium loss occurred

during the CC charge mode, while 94.5% took place in the | \Z 8
CV charge mode. Thus, models that do not consider the
CV charge mode can inevitably introduce large errors in ®
predicting the cycle life of a battery. g L ®
The dependence of lithium concentration in the solid phase o
as a function of charge process is schematically shown in ®
Fig. 8 During the CC charge mode, the reversible lithium ©
is transported from the cathode/electrolyte interface to the <
anode/electrolyte interface. As showrfig. 8A, as aresult of cathode pasticle 9 B anode pardcle
the fast intercalation/deintercalation as well as the fast trans- a__ —
port in the electrolyte phase, the lithium concentration at the s =it} 1A een =tee| =380 mol /
cathode/electrolyte interface is lower than the bulk lithium Cp Coep Coren  Ean
concentration in the cathode. Similarly, the lithium concen-
tration at the anode/electrolyte interface is higher than the ®) e o
bulk lithium concentration in the anode. Since the local equi-
librium potential is a function of the lithium concentration at 2 "
the solid/electrolyte interfac€ge, the end of charge voltage o ®
(i.e. 4.0V) can be reached after a certain duration with CC
charge. Before that point, the potential of the anode particle @ e
decreases rapidly according to E86)in Appendix B How- @ @
ever, the potential of the electrolyte phase does notdecrease a ® @
much as the potential in the solid phase. Hence, the absolute
value of the overpotential of the parasitic reaction increases | cathode particle © ©  anode particle

according to Eq(16)as shown irig. 7. After the CC charge |
is over, the accumulated lithium at the anode/electrolyte inter-
face diffuses into the_ bulk of the anode. The lithium m_ the Fig. 8. Variation of lithium concentration in the solid phase during CC-CV
bulk Of the Cathode d|ffuses to the Cathode/electrolyte Inter- Charge att=0 andx= L at the end of: (A) constant current Charge and (B)
face and becomes free lithiumion through deintercalation. As constant voltage charge.

Ce {,| =1.0 mol / m’* I('w _C‘-""'I =1.0 mol / m’
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cathode increases as a result of the increaég/ifp, The dif- 428
ference of these two potentials is controlled by the external
circuit. The detailed discussion concerning the change inthe  4.0[%
driving force (i.e. the concentration gradient within the solid

particles) was discussed in our previous wir@]. o 38}
Only a small variation in the potential of the electrolyte 5 N
phase is observed in the CV charge mode. The current den- £ 36| e i
sity across the solid/electrolyte interfagein Eq.(16) has a g a -
negative value for charge process. Thus, whether the abso- 34| —===" e 822 simulaion
lute value of the overpotential increases or decreases mainly L e
depends on the potential of the anoge, and the ohmic B e wbd
drop across the anode surface filiR;. In our simulations, - eyele: 1968, simulation Zi e 3
the observed fast decay of the charge current from 1.67 A 300 a2 04 06 08 10 12 14 16 18 20 22
(1 C) to the cutoff current of 50 mA contributes more to the discharge capacity (Ah)

continuous increase of absolute value of the overpotential as
shown in Fig_ 7. But as the current decreases, the increase  Fig. 9. Comparisons of model predictions and experimental results.
rate also decreases.

The influence of EOCV and DOD has been analyzed in 1968 cyclesFig. 10presents the estimated lithium concentra-
our previous study10]. These two factors affect the rate of tion of the anode at the beginning of discharge and anode film

the loss of the cyclable lithium according to E(®).and(16). resistance versus cycle number. The concentration decreases

Higher values of EOCV or DOD always contribute to a faster from cycle to cycle according to E§3) and the film resis-

capacity fade. tance increases according to E4). This model predicts an
increase in the anode film resistance from 8703 Q@ m?

4.4. Comparison of simulated and experimental initially to 15.1x 10-3 @ m? after 1968 cycles.

discharge curves at different cycles
4.5. Simulations of cycle life with multiple cycling

To test the validity of the model and the proposed mech- regimes
anism of the capacity fade, the discharge voltage curves at
1, 822, 1124 and 1968 cycles were simulated based on the In real life applications, a battery might be operated
parameters listed iffables 1 and 2Some of the parame- under multiple cycling regimes according to power and volt-
ters in the tables were not be able to precisely measure. Scage requirements. As a consequence, the control parameters
they were either assumed or obtained by fitting the model used in the system, i.e. EOCV, DOD, CR and DR, may be
against the discharge curves in the early period of cycle life used in different combinations. Simulating the cycle life and
of our batteriesFig. 9 presents a comparison of the model the capacity fade of a battery subjected to multiple cycling
predictions and the experimental results. Good agreement isregimes requires the model be able to incorporate those four
observed for the voltage plateau and for the capacity. The parametersFig. 11 presents the discharge—charge cycles
relative error in the discharge capacity is less than 2.0% afterunder six consecutive cycling protocols characterized by—(1)

28.0 16.0
A S0C, &= R,

]

4 10.0

16.0F
4 6.0

anode filmresistance ( x 10-3 ohm.m2)

140F

lithium concentration of the anode
at the beginning of discharge (x 103 mol/m3)
I_\_J
-

12.0

40
1 455 822 1124 1545 1732 1968

cycle number

Fig. 10. The lithium concentration of the anode at the beginning of discharge and the anode film resistance vs. cycle number.
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Fig. 11. Simulations of the cycling process of the battery under multiple cycling regimes.

EOCV: 4.0V, DOD: 0.5, CR: 1C, DR: 0.5C; (Il) EOCV: ulation of batteries under multiple cycling regimes has also
4.1V, DOD: 0.5, CR: 1C, DR: 0.5C; (lll) EOCV: 4.2V, been demonstrated.
DOD: 0.5, CR: 1C, DR: 0.5C; (IV) EOCV: 4.2V, DOD:
0.7, CR:1C,DR: 0.5C; (V) EOCV: 4.2V, DOD: 0.7, CR:
0.5C, DR: 0.5C; (VI) EOCV: 4.2V, DOD: 0.7, CR: 0.5C, Appendix A
DR:0.25C.

To show the difference in the simulated voltage/current  The derivations of the following governing/boundary
profiles between adjacent cycles, only one parameter wasequations have been discussed in literaf8r&9].
varied. The lithium concentration of the anode at the begin-
ning of dischargecg, and the film resistance at the anode, A.;. Model equations
Rz, need to be updated at the end of each discharge—charge
cycle as discussed above. After a certain cycle number, sim-  For the spherical particles of electrode materials under
ulation of the capacity fade can be initiated to estimate the jdeally close packing condition, the specific interfacial area
charge/discharge performance and the capacity. of the porous electrode is calculated by

3 3x(1—ge—
o= s _3x(A—se—en) ©)
5. Conclusion r r
wherees, ge andeg represent the volume fraction of solid
A generalized charge—discharge cycle life model has beenactive material, electrolyte and current conductive fillers,
developed based on loss of cyclable lithium ions due to the respectively, in the electrode regions.
irreversible solvent reduction reaction. The rise in the anode  For the mass balance in the electrolyte phase,
film resistance due to the precipitation of insoluble product 9 0 1.0
of the parasitic reaction has been used_ to exp_lain the shift ofm =V. (DgﬁVce) _ eVl + f asj (10)
the voltage plateau as a battery ages with cycling. The model ot F

considers process parameters such as CR, DOD and EOCWyhere the transference numbdr, in reference to the velocity
controls the required DOD by controlling the discharge time, f solvent is assumed to be constant due to the lack of data in

and estimates the end of discharge cell voltage correspondijterature. The effective diffusion coefficient inside the porous

ing to a specific DOD shifts downwards as a battery ages. electrode DS, is evaluated by the Bruggeman relatiai,
The cycling process has been simulated to update the vari-

abIeSpS andR;, and the capacity check has been simulated to Dgﬁ = Dece? (12)
estimate the charge/discharge behavior as well as the capac- i i

ity using those two updated variables. Experimental results 707 Ohm's law in the solid phase
obtained at a cycling condition with CR of 1C, EOCV_ of ¢. (Useﬁv¢s) —asj=0 (12)
4.0V, DOD of 0.4 and DR of 0.5 C have been used to validate

the cycle life model. Good agreement between simulations where the effective conductivity of the solid phas@ff, is
and experiments up to 1968 cycles has been observed. Simrelated to the intrinsic conductivity of the active materials,
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os, through the volume fraction of the solid active material, referenced Duhammel superposition method to calculate the
s as follows: mass flux across the solid electrode/electrolyte interface from
all the previous surface concentration at each time points.

eff _ 15
Os = 0sfs (13) The approximation proves to be efficient in their galvanos-
For Ohm's law in the electrolyte phase tatic charge/discharge model. However, the cycle number in
off the cycle life model could be as high as thousands of cycles,
V- (kg Vs) so using all the previous concentration to calculate the flux at
the interface is not as efficient as suggested in Dolye et al.’s
2RTE" din
+V. ( = (+—1) <1+ (fi)> ngs) +asj =0 paper{8].
(14) The integral methoflL2] shows that a polynomial approx-

imation leads to a satisfactory accuracy in solving the heat

where the effective ionic conductivity is corrected4ff = conduction problem. The second-degree polynomial repre-
kee:5, following the Bruggeman relatidB]. The mean molar sentation was adopted in a thermal—electrochemical coupled
activity coefficient of saltf. , is assumed to be constantunder Model by Gu and Wan@l3]. The diffusion equation and
normal operating temperature and pressure.When the paraboundary conditions are thus replaced by a first-order differ-
sitic reaction takes place at the anode/electrolyte interface,ential equation and an algebraic equation that deal with the

o . to the lithium concentration of the solid phase at the elec-
J = Jint + jpara (15) trode/electrolyte interface:de).
where the local parasitic reaction current dengifa is descs)  —asjint
assumed to follow a simple Tafel relation. w - F (19)

. acF

]para— ]para eXp( RT ) (16) and

D — Jint
N = ¢s — ¢e — Upara— jRs Ts(cs/e —cs) = Fm (20)

In the absence of parasitic reaction, the wall flux across
anode/electrolyte interface or cathode/electrolyte interface is
equal to the local intercalation/deintercalation current den-

where the microscopic diffusion length that characterizes the
lithium diffusion in the spherical particlé, is given by[13]

sity. 1= (21)
5

J = Jint (17) L. e . .

) ] _ ) o As aresult of this simplification, one more dependent vari-
vvhere the |ntercalat|on/de|ntercalgtlon current dengityis able, cs, is introduced into the previous equations but the
given by the Butler-Volmer equation. dimension of the system has been decreased toxatitec-
Jint = Fk(ce)®(cs ma)*(cs/e) @ tion (cathode to anode).

F F
x| exp ®T) T exp RT " A.2. Initial and boundary conditions

N = ¢s— pe — Uret — jR;
Ri =0, for cathode

ce=c2 s = Csje = €2 (22)
Rtly41 = Rily + Rilparan, for anode (18) e= Cer s= (/e = Cs

Initial conditions are:

wherecs/e represents the lithium concentration of the solid  The boundary conditions for the concentration of the elec-
phase at the solid electrode/electrolyte interfacec@Rgxis trolyte phaseds) are:
the maximum concentration inthe solid phase (corresponding

to unit stoichiometry). dce =0 (23)
The rigorous model equation to describe the transport in o [x=0

the solid spherical particles is Fick’s second law. After the free ¢ 3¢

lithium becomes intercalated lithium on the surface of the par-  D§h— = D& —=F (24)

ticles, the intercalated lithium starts diffusing into the bulk of 0x |, 0X | rmst

the solid electrode particles. However, the consideration for 9 9

the transportin the radial direction increases the difficultiesin -~ pgf —° eff = (25)

modeling the battery system because the diffusion equation dx x=8; " ox x=03

is coupled with all the other equations by the continuous flux

condition at the solid particle/electrolyte interface. To sim- dce =0 (26)

plify the pseudo-two-dimensional system, Doyle et[8]. Ox [—p
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The boundary conditions for the potential of the solid phase 43

(¢s) are: -
_ eff 8¢S _ l(t) _ @ (CC Charg¢dlscharge)0r o QO  exprimentat C/ 20 rate
SP 0x =0 - - Sp :-3 ) — [illing
$sls0 — sl = EOCV (CV charge) @n 7
; 39
a =
_Usefgﬁ =0 (28) E 38[
" ox x=38, 5
! 2 37L
0
—ogfrflﬁ =0 (29) 36k
0K |t
? 35 L . L L
0.5 0.6 0.7 0.8 0.9 1.0
o I . SN
_Ggﬁﬁ =i(t) = —app (CC charggdischarge)or Rae
0x x=L Sn
bsl—o — ¢sl,—; = EOCV (CV charge) (30) Fig. 12. Fitting open circuit potential (OCP) of |GoO, T-cell.
X= X=
The boundary conditions for the potential of the electrolyte
phase ) are: +60863615826/625); — 173709561585 754,
et el _ (31) +370555615413253 — 60012714300@2673);
Fox |,
=0 + 74142491205544093 - 695296927721339498
—Keﬁ% = —«Sff e (32) 10 11
®Pox | s oMax | s +487165768831404)," — 247280303663 798);
-1 -1
ot be ot 96 +85951760178.607,° — 18311389879240,°
—Kam— = —Kgn— (33)
R +180387686(B23F (35)
For the anode,
Ui — 1.19970+ 118191105 — 7060719, + 221764795 — 1675132120 (36)
€N = 10+ 131757295 — 321402, — 746846315 + 15502950920 — 14213074125
¢e = 0 (arbitrary reference) (34)  where the state of charg@,/6,, is defined as
In summary, a total of five governing equations, i.e. Eqs. , _ Cs/ep and 6 — Cs/e,n (37)
(10), (12), (14), (19) and(20), need to be solved simultane- - Cs,p,max ne Cs.n.max
ously for the five dependent variables, kg, ¢s, e, cs and
csle With two independent variables, ixeand:.
1.4
Appendix B i
SE: O  expriment at C/ 20 rate
The open circuit potential/ies is a function of the 3 1ot — fiting
lithium concentration of the solid phase at the solid elec- 5
trode/electrolyte interfacesse. TheUres was estimated by fit- g 08}
ting the experimental low-rate (1/20 C rate) charge/discharge E -
voltage profile of the cathode and the anode as shown in é '
Figs. 12 and 13The experimental charge—discharge curves 2 ;4 [
were obtained by charging and discharging the cathode and 2
anode materials in a T-cell configuratifi]. 02t
For the cathode, 177, PP N ST Wi D 8 i s .
0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8
Uretp = 141922906270— 28720143(139009; soc

+ 127581023095 — 1545734174(132]93 Fig. 13. Fitting open circuit potential (OCP) of MCMB T-cell.



2022

G. Ning et al. / Electrochimica Acta 51 (2006) 2012-2022

Appendix C. Nomenclature

Cs
Csle

~ =

© X

woux X

oC

“<agN©T

specific interfacial area of porous electrodé/{mr)
lithium concentration of solid phase (moffin
lithium concentration of solid phase at
electrode/electrolyte interface (moffjn

diffusion coefficient (m/s)

Faraday's constant (96,487 C/mol)

current density (A/rf)
current (A)

current density across electrode/electrolyte

interface (A/n%)

rate constant of lithium intercalation/deintercalation

(Am?35/(C mol-9))
molecular weight (kg/mol)

volume-averaged capacity lost due to parasitic

reaction (C/rf)
radius of particles (m)

universal gas constant (8.314 J/(mol K))
film resistance at the anod® (m?)
geometric surface area of electrode?m

state of charge

time (s)

temperature (K)

local equilibrium potential (V)
battery output voltage (V)
thickness (m)

Greek letters

oot

D IDERIQ™® >

anodic/cathodic transfer coefficient of an

electrochemical reaction
thickness (m)

volume fraction of a phase
potential of a phase (V)

overpotential of an electrochemical reaction (V)
conductivity of the newly formed surface film (S/m)
active sites on the surface of electrode

density of film (kg/n¥)

Subscripts and superscripts

e
eff
f
fl

electrolyte phase
effective

film

current conductive filler

i positive or negative electrode
int intercalation/deintercalation
m membrane separator

max maximum value

N cycle number

n negative electrode

p positive electrode

para parasitic reaction

ref in reference to L%i/Li electrode
s solid phase

sle solid/electrolyte interface

0 initial state
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