
A

s
m
w
m
©

K

1

e
b
a
p
e
t
t
o
n
i
e
c
o
T
d
t
o

0
d

Available online at www.sciencedirect.com

Journal of Power Sources 179 (2008) 785–792

Short communication

Calendar life study of Li-ion pouch cells
Part 2: Simulation

Qi Zhang, Ralph E. White ∗
Center for Electrochemical Engineering, Department of Chemical Engineering,

University of South Carolina, Swearingen Engineering Center,
301 Main Street, Columbia, SC 29208, USA

Received 23 October 2007; received in revised form 6 December 2007; accepted 7 December 2007
Available online 22 January 2008

bstract

The low rate (C/33) discharge data obtained from a calendar life study were numerically analyzed with a single particle model. The simulation
howed that the stoichiometric window for the cathode shrank with capacity fade. The change of the stoichiometric window for the anode was

ore complicated. The aged anode became less charged when the capacity fade was caused mostly by the loss of cyclable lithium ions. The anode
ould be charged to a higher stoichiometric number (or state of charge, SOC) when the capacity fade became controlled by the loss of active
aterial in the anode.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Lithium ion batteries have been widely used in consumer
lectronics and they are being actively researched for automo-
ile, satellite and many other applications. A few papers [1–3]
re found in the literature to study numerically the capacity fade
henomenon during the life testing of lithium ion batteries. Liaw
t al. [1] used a relatively simple equivalent circuit model (ECM)
o study the capacity fade in a calendar life study. They were able
o achieve high fidelity simulation results with a consistent set
f parameters. Yet the parameters of the ECM model mostly do
ot correspond directly to the physical parameters of the lithium
on batteries, which is a major drawback of the method. Stamps
t al. [2] studied the capacity fade of a lithium ion cell over 1600
ycles using a hybrid estimation algorithm combining elements
f both batch estimation and online moving horizon estimation.
he methodology offers the ability to monitor the long-term con-

itions of the battery while minimizing the noise attributable to
he cycle-to-cycle variation. The battery model was nevertheless
versimplified in their work. Ramadass et al. [3] used a semi-
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mpirical model to study the capacity fade of Sony 18650 cells.
he empirical correlations for the initial state of charge (SOC)
nd the surface film resistance of the negative electrode were
stablished by simulating the experiment data at selected cycles.
hese numerical studies were able to provide useful information
bout the capacity fade of the cells in addition to the experiment
tudies.

Recently we reported [4] our experiment results on a calen-
ar life study. The loss of active materials in the electrodes and
he loss of cyclable lithium ions were found to be the major
apacity fade mechanisms responsible for the cell capacity fade
t low C/33 rate. However, the experiment provided little infor-
ation about whether or not the two mechanisms played an

qually important role throughout cell capacity fade. In the work
eported here, the experimental data were numerically analyzed
o answer the question. Furthermore, the change of stoichiomet-
ic windows of the individual electrodes with capacity fade is
iscussed in details based on our simulation results.

. Experimental
The experiment details of the calendar life study were
evealed in a previous paper [4]. The test procedures were sum-
arized in Fig. 1. The procedures included rate capability tests,

mailto:white@engr.sc.edu
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Fig. 1. Schematic diagram of the test procedures for the calendar life s

Nomenclature

A electro-active surface area (cm2)
ce Li+ concentration in the electrolyte (mol cm−3)
cmax maximum Li+ concentration in the particles

(mol cm−3)
cs Li+ concentration in the solid particles

(mol cm−3)
c̄s volume averaged Li+ concentration inside spher-

ical particles (mol cm−3)
cse Li+ concentration at the surface of the solid par-

ticles (mol cm−3)
Ds solid phase Li+ diffusion coefficient in the parti-

cles (cm2 s−1)
Iapp applied current (A)
jint intercalation current density (A cm−2)
k kinetic rate constant (A cm−2)/(mol cm−3)1.5

n number of terms in Eq. (5)
Rs radius of the spherical particles (cm)
U open circuit potential of the electrode (V)
V volume of the electrode (cm3)
x0,i the stoichiometric number of the electrode at

charged state
xi the stoichiometric number of the electrode at dis-

charged state

Greek letters
εs volume fraction of the active material in the elec-

trode
λm positive eigen-value determined from

λm = tan (λm).
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In this work, an alternative numerical approach was applied
to investigate the roles of the two capacity fade mechanisms
Φ electrode potential (V)

torage at float charge condition (4.1 V) and capacity checks.
he experiments were conducted at five temperatures: 5, 15, 25,
5 and 45 ◦C. The capacity fade measured at the C/33 rate is pre-

ented in Fig. 2. The capacity fade at 5 and 15 ◦C is linear with
ime, while the nonlinear capacity fade at 25, 35 and 45 ◦C might
lso be viewed as two linear capacity fade regimes in sequence.
tudy (C = 1.828 A). The cells were float charged during storage.

Our half-cell study [4] showed that the used electrodes har-
ested from the aged cells had reduced capacities (discharged at
ery low rate) as compared to fresh electrodes, indicating a loss
f active materials in the electrodes with cell capacity fade. Our
onclusion [4] is that the loss of active materials in the electrodes
nd the loss of cyclable lithium ions are the two major capacity
ade mechanisms responsible for the cell capacity fade at low
/33 rate.

Nevertheless, the experiment does not supplied answers to
he question that whether or not the two mechanisms played
n equally important role throughout cell capacity fade, such
s the nonlinear capacity fade exhibited at high temperatures.
ctually it is quite difficult to answer the question experimen-

ally, because a large sample size of pouch cells and regular
estructive analysis are required for that purpose. That is, we
eed to open a few pouch cells (thus useless for further aging
est) regularly during the aging study in order to experimen-
ally measure the severeness of active material loss in individual
Fig. 2. The capacity fade of the cells in the calendar life study.
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stored at different temperatures. The parameter values are com-
pared in Fig. 4. The values of the volume fractions (εs) are close,
indicating that the fresh cells have similar amounts of active
materials in the electrodes. The SOC of the LiCoO2 electrode
Q. Zhang, R.E. White / Journal o

t different temperatures. In the following section, a so-called
ingle particle model [5,6] was introduced, and then used to
nalyze the low rate (C/33) discharge data. The results from our
imulation were discussed in details in Section 4.

. Model

The single particle model [5,6] uses the assumption that the
ehavior of the porous electrodes can be represented by spherical
articles of the active materials in the electrodes. The concentra-
ion and potential distributions in the solution phase are assumed
o be negligible, which is a reasonable assumption under low rate
ituations. The model equations for the single particle model
onsist of the solid phase diffusion equation (Fick’s diffusion
aw) in a spherical particle and the Butler Volmer equation for
ach electrode:

∂cs,i

∂t
= 1

r2

∂

∂r

(
Ds,ir

2 ∂cs,i

∂r

)

−Ds,i
∂cs,i

∂r

∣∣∣∣
r=0

= 0

−Ds,i
∂cs,i

∂r

∣∣∣∣
r=Rs,i

= jint,i

F

(1)

int,i = kic
0.5
e (cmax − cs,i

∣∣
r=Rs,i

)0.5
cs,i

∣∣0.5
r=Rs,i[

exp

(
0.5F

RT
(Φi − Ui)

)
− exp

(−0.5F

RT
(Φi − Ui)

)]

(2)

The intercalation current density jint,i is calculated based on
he equivalent electro-active surface area (Ai) of the electrode
i”:

int,i = Iapp

Ai

= Iapp(
(3/Rs,i)εs,iVi

) (3)

here Vi is the volume of the electrode calculated based on the
ength, width and thickness of the electrode. It is assumed to
e constant during the aging process. εs,i is the volume fraction
f the active material, which is defined as the ratio between the
olume of the active material over the volume of the electrode
i. The decrease of the volume fraction εs,i indicates a loss of
ctive material in the electrode, which could be caused by the
solation of active material particles from the electrode matrix
mechanical failure), etc.

The pseudo steady state method (PSS) [7,8] was used to sim-
lify the diffusion equation from a partial differential equation
PDE) with time and space dependence to a set of differential

nd algebraic equations (DAEs) with only time dependence.
he PSS equations for the diffusion in the solid particles
re

∂c̄s,i

∂t
= − 3

Rs,i

jint,i

F
(4)

F
(
a
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(cs,i
∣∣
r=Rs,i

− c̄s,i) = −jint,i

F

Rs,i

5Ds,i
+ 2Rs,i

Ds,i

jint,i

F

n∑
m=1

√
1 + λ2

m

λ3
m

(−1)msin (λm) e −λ2
mDs,it/R

2
s,i (5)

here the number of terms “n” in the summation is typically
et equal to 5; c̄s,i is the volume averaged concentration in the
pherical particle and cs,i

∣∣
r=Rs,i

is the concentration at the sur-
ace of the particle. The state of charge or the stoichiometric
umber of the electrode is defined as

i = c̄s,i

cmax,i

(6)

The λm values are determined from the eigen-value equation:

m = tan (λm) (7)

The single particle model is used to fit the low rate (C/33)
xperimental data from the rate capability tests. Four model
arameters are found to change with storage time when fitting
he C/33 rate discharge curves. The model parameters are initial
tate of charge (x0) of the anode and the cathode at the beginning
f discharge and the volume fraction (εs) of the active materials
n both electrodes. The least square regression method [9] was
sed to fit the experimental data with the single particle model.
t was assumed that the kinetic and transport limitations are not
mportant during the low rate discharge in the fitting process.

. Results and discussion

Fig. 3 compares the C/33 discharge profiles for fresh cells
ig. 3. Discharge profiles for fresh cells stored at different temperatures
C = 1.656 A). The profiles from the top to the bottom are 45–5 ◦C. The points
re experiment data and the lines are the simulated profiles.



788 Q. Zhang, R.E. White / Journal of Power Sources 179 (2008) 785–792

F
B
a

(
a
t
fi
a
a
e
t
e
fi
h
F
i
a

F
a
p

s
i
c
s
c
t

s
t
t
f
s

ig. 4. The fitting parameter values for fresh cells at different temperatures.
oth the LiCoO2 and carbon electrodes become less charged (i.e., larger x0,pos

nd smaller x0,neg) at low temperatures.

x0,pos) at the beginning of discharge decreases as the temper-
ture increases. The cathode becomes more charged at higher
emperatures. This is directly reflected in the experimental pro-
les as there are fewer ripples on the top of the discharge profiles
t low temperatures, as shown in Fig. 3. The ripples are char-
cteristic of the open circuit potential (OCP) of the LiCoO2
lectrode, as shown in Fig. 5. The presence of these characteris-
ic ripples makes it relatively easy to locate x0,pos for the LiCoO2
lectrode. By carefully observing the ripples on the low rate pro-
les, one can tell whether the LiCoO2 electrode is charged to a
igher or lower stoichiometric number (or SOC). For example,

ig. 6 shows the C/33 rate discharge profiles measured at 25 ◦C

n the rate capability tests. The experimental data show that there
re fewer ripples at the beginning of the discharge profiles after

Fig. 5. The open circuit potentials for the LiCoO2 and carbon electrode.
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F

ig. 6. The experimental discharge profiles taken in the rate capability tests
t 25 ◦C. The fact that less ripples are observed at the beginning of discharge
rofiles indicates that the LiCoO2 electrode is gradually less charged.

torage. This indicates that the aged LiCoO2 electrodes become
ncreasingly less charged after storage, even though the end of
harge voltage (EOCV) for the full cell remained the same. The
imulation also shows that the carbon electrode becomes less
harged at low temperatures (with smaller x0,neg), which causes
he cells to deliver less capacity.

Figs. 7 and 8 present comparison of the experimental and
imulated discharge profiles at C/33 rate for 5 and 15 ◦C, respec-
ively. The changes of the four fitting parameters with storage
ime are displayed in Figs. 9 and 10, respectively. The capacity
ade and the change of fitting parameters at 5 and 15 ◦C follows
imilar pattern. The aged LiCoO2 cathode becomes increas-

ngly less charged, as the stoichiometric number (x0,pos) of the
athode increases slightly with time. The anode also becomes
ess charged (with smaller x0,neg). The volume fraction of active

ig. 7. Comparison of experiment and simulated discharge profiles at 5 ◦C.
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Fig. 8. Comparison of experiment and simulated discharge profiles at 15 ◦C.

Fig. 9. Change of fitting parameter values with storage time at 5 ◦C.

Fig. 10. Change of fitting parameter values with storage time at 15 ◦C.
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ig. 11. Comparison of experiment and simulated discharge profiles at 35 ◦C.

aterial in the anode εs,neg decreases after storage at float charge
ondition. This indicates that some electro-active surface area
ecomes inaccessible after storage because of the deposition
f side reaction products and/or some carbon particles become
echanically isolated from the electrode and inactive for the

nsertion reaction. The parameter εs,pos does not change much
ith storage at these temperatures. The model parameters are

hown to change largely in a linear pattern, consistent with the
inear capacity fade of the full cells.

Figs. 11 and 12 compare the experimental and simulated dis-
harge profiles at 35 and 45 ◦C. The changes of fitting parameter
alues with storage time are shown in Figs. 13 and 14. The
olume fractions drop slightly in the first few months of stor-

ge where the capacity fade is small. Then the volume fraction
rops at a much faster pace and the capacity fade of the cells
lso accelerates. The decrease of the volume fractions of active

ig. 12. Comparison of experiment and simulated discharge profiles at 45 ◦C.
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Fig. 13. Change of fitting parameter values with storage time at 35 ◦C.

aterials is much more significant at high temperatures than that
t low temperatures. These results suggest that there could be
wo different mechanisms controlling the capacity fade at these
emperatures. The capacity fade was initially caused mostly by
he loss of lithium ions due to side reactions. Then the capacity
ade becomes controlled by the rapid loss of active material in
he electrodes. Our half-cell study [4] showed that there were
ignificant losses of active material in the used electrodes taken
rom the aged cells. We think the loss is mostly caused by the
echanical changes of the electrodes, where the solid particles

radually lose contact with the electrode during storage (at float
harge condition). The stoichiometric number for the anode in
he charged state (x0,neg) decreases when the capacity fade is
ostly caused by the loss of lithium inventory. However, when
he capacity fade is controlled by the loss of active materials,
he x0,neg starts to increase, indicating that the anode is charged

Fig. 14. Change of fitting parameter values with storage time at 45 ◦C.

w
t
e

ig. 15. Comparison of experiment and simulated discharge profiles at 25 ◦C.

o a higher SOC. A plausible explanation for the behavior of
0,neg is that the active material loss in the anode is so severe
hat it outpaces the loss of lithium inventory in the system.
hus, the remaining active carbon material in the anode needs

o be charged to a higher SOC to accommodate the lithium ions
ransferred from the cathode. The stoichiometric number of the
athode gradually increases during capacity fade, meaning the
athode becomes less charged. This result is consistent with
he experimental observation; that is, the characteristic ripples
rom the cathode gradually disappear in the discharge profiles
s storage time increases.

Comparisons of the experimental and simulated profiles at
5 ◦C are presented in Fig. 15. The changes of fitting parameters

ith storage time are shown in Fig. 16. The model parame-

ers change in similar patterns as those at higher temperatures,
xcept the stoichiometric number of the anode (x0,neg). The x0,neg

Fig. 16. Change of fitting parameter values with storage time at 25 ◦C.
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carbon). At low temperatures, the capacity fade is mostly caused
by loss of cyclable lithium ions. The carbon electrode gradually
becomes less charged, that is, the × marker moves to the left
in Fig. 20. At high temperatures (in Figs. 13 and 14), when the
ig. 17. The simulated xpos (SOC at the end of low rate discharge) for the LiCoO2

lectrodes after storage.

ecreases continuously with capacity fade at 25 ◦C. An expla-
ation for this could be that the loss of active carbon material at
5 ◦C is not severe enough to outpace the loss of lithium inven-
ory. Thus loss of active material in the anode could not trigger
he change of the parameter x0,neg at 25 ◦C as it does at higher
emperatures.

With the model parameters readily available for each dis-
harge curve, it is of interest to see what the stoichiometric
umbers (SOC) would be at the end of the low rate discharge
or the cathode and the anode.

Fig. 17 shows the simulated stoichiometric numbers for the
athodes stored at different temperatures. When cyclable lithium
ons are irreversibly lost in the charge/discharge process, there
re not enough of them available in the cell to intercalate the
athode fully back to the fresh state. The consequence of this
s that the cathode is gradually emptied, as confirmed by the
ncreasingly smaller stoichiometric numbers. The smaller the
toichiometric number (xpos in the figure), the less the LiCoO2
lectrode is intercalated. Fig. 17 also shows the temperature
ffect on the xpos. As the cells lose capacity (lithium inventory)
aster and greater at increased temperatures, the stoichiometric
umbers also decrease faster and steeper. Fig. 18 shows the sto-
chiometric numbers for the carbon electrode (xneg) at the end
f discharge after storage. The carbon electrode appears to be
ostly discharged to the same xneg all the time except at high

emperatures, where the anode becomes slightly less discharged.
Based on our simulations, it is clearly shown that the stoichio-

etric window of the LiCoO2 electrode shrinks with capacity
ade after cells are stored for some time under float charge con-
itions. That is, the fresh LiCoO2 electrode might be cycled
etween the × marker (at charged state) and the © marker (at
ischarged state) as shown in Fig. 19 when the cell is cycled
etween 3.3 and 4.1 V. After storage, the aged LiCoO2 elec-

rode could not be charged to the same stoichiometric number
× marker) even though the charge protocol remains the same,
ecause of the increased cell impedance. The aged LiCoO2 elec-
rode could not be discharged to the same SOC (© marker) with

F
i

ig. 18. The simulated xneg (SOC at the end of low rate discharge) for the carbon
lectrodes after storage.

he same discharge protocol because of the loss of lithium inven-
ory. Consequently, the stoichiometric window on the LiCoO2
lectrode shrinks with capacity fade in this calendar life study.
he simulation also shows that the downward movement of the
marker is relatively small, but the upward movement of the
marker is more obvious and is closely related to the degree

f cell capacity fade.
The change of the stoichiometric window on the carbon elec-

rode is more complicated. The fresh carbon electrode might be
ycled between the×marker (at charged state) and the©marker
at discharged state) as shown in Fig. 20. The movement of the

marker for an aged carbon electrode depends on the control-
ing capacity fade mechanisms (loss of Li+ ions or loss of active
ig. 19. The shrinkage of the stoichiometric window for the cathode with capac-
ty fade.



792 Q. Zhang, R.E. White / Journal of Pow

Fig. 20. The change of the stoichiometric window for the anode after storage
(at float charge condition). The anode becomes less charged when the capacity
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ade is caused mostly by the loss of cyclable lithium ions. The anode would be
harged to a higher SOC when the loss of active materials controls the capacity
ade and outpace the loss of lithium ions.

apacity fade is initially controlled by the loss of cyclable lithium
ons, the × marker moves to the left (the anode is less charged).

hen the loss of active materials becomes severe enough to
utpace the loss of lithium inventory and controls the capacity
ade, the anode turns to be charged to a higher SOC and the ×
arker moves to the fight in Fig. 20. The aged carbon electrodes

ppear to be discharged mostly to the same SOC (the © marker).
t high temperatures, the anode tends to become slightly less
ischarged and the © marker moves a little bit downward in
ig. 20.

. Conclusions

Our experiment results showed that the loss of active mate-
ials in the electrodes and the loss of cyclable lithium ions were

he major capacity fade mechanisms responsible for the cell
apacity fade at low C/33 rate in a calendar life study. But the
xperiment provided little information on how the two mecha-
isms evolve with cell capacity fade. In this work, we analyzed

[
[
[
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he experimental data numerically with a single particle model.
ur simulation results suggest that the cell capacity fade could
ave different controlling mechanisms at different temperatures.
he capacity fade at low temperature is mostly caused by the

oss of the lithium ion inventory, with only minor loss of active
aterials in the electrodes. At high temperatures, the cell capac-

ty fade exhibits a two regime pattern, where the loss of lithium
on inventory and the severe loss of active materials controls the
apacity fade at the respective regime.

In addition, we also investigated the changes of the stoichio-
etric windows for the cathode and the anode with cell capacity

ade. The stoichiometric window for the LiCoO2 electrode
hrinks with cell capacity fade. The change of the stoichiomet-
ic window on the anode is more complicated and depends on
he controlling capacity fade mechanisms. When the capacity
ade is caused mostly by Li+ loss, the anode becomes consis-
ently less charged. When the loss of active material in the anode
ontrols the capacity fade and outpaces the loss of lithium ion
nventory, the anode is gradually charged to a higher SOC, in
anger of becoming overcharged at high temperatures such as
5 and 45 ◦C.
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