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bstract

A mathematical model was developed which simulates the self-discharge capacity losses in the carbon anode for a SONY 18650 lithium-ion

attery. The model determines the capacity loss during storage on the basis of a continuous reduction of organic solvent and de-intercalation of
ithium at the carbon/electrolyte interface. The state of charge, open circuit potential, capacity loss and film resistance on the carbon electrode were
alculated as a function of storage time using different values of rate constant governing the solvent reduction reaction.

2007 Elsevier B.V. All rights reserved.
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. Introduction

There are several processes which cause the self-discharge
apacity loss of lithium-ion batteries during storage, includ-
ng internal electron leakage, dissolution of active electrode

aterials, corrosion of current collectors and parasitic chem-
cal/electrochemical reactions on the electrode surfaces. It has
een known [1–7] that the overall self-discharge of a lithium-ion
ell is mainly controlled by the parasitic reaction of electrolyte
eduction or decomposition on both graphite anode and LiCoO2
athode.

The parasitic reactions on the carbon anode have been
aken into account in the simulation model of charge–discharge
ycling of lithium-ion cells by Darling and Newman [8].
amadass et al. [9] and recently Ning and Popov [10] have
xtended the lithium intercalation model to develop a capac-
ty fade model during cycling process on the basis of the loss

f active lithium-ions due to the parasitic reactions. Besides the
act that there is considerable experimental evidence in the liter-
ture with regard to the self-discharge, there was no attempt
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tion; Storage

o simulate the self-discharge capacity loss in lithium-ion
ells.

All capacity loss of a lithium-ion cell during storage is not
otally irreversible: namely, a fraction of the capacity lost during
torage, which is called a ‘reversible capacity loss’ (Qs,rev), can
e recovered upon subsequent charging process, and the remain-
ng fraction that cannot be recovered is an ‘irreversible capacity
oss’ (Qs,irr). The underlying mechanism for the ‘reversible
apacity loss’ is briefly presented in the following section. The
apacity loss (Qs,tot) measured at the end of storage represents
he sum of Qs,rev and Qs,irr, and the stored cell should be charged
nd then discharged, in order to experimentally distinguish
etween Qs,rev and Qs,irr, as explained in the flowchart of Fig. 1.

The objective of this work is to develop a mathematical model
hich is capable of predicting the total capacity loss occur-

ing in carbon electrode for lithium-ion cells during storage. No
ttempt was made to distinguish between reversible and irre-
ersible capacity losses, since most applications (e.g. ‘back up
ower systems’ in satellites and space shuttles) may require the
tored cell to be used ‘as-is’ without re-charging process.
. Model development

The model assumes that the self-discharge reaction in the
arbon anode involves only the solvent reduction reaction on
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dx.doi.org/10.1016/j.jpowsour.2006.12.086
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Nomenclature

a specific surface area of porous electrode (m−1)
CLi lithium concentration in the carbon electrode

(mol m−3)
CLi,max maximum lithium concentration in the carbon

electrode (mol m−3)
CP product (precipitate) concentration on the elec-

trode surface (mol m−3)
CP,max maximum product (precipitate) concentration on

the electrode surface (mol m−3)
CS solvent concentration at the electrode/electrolyte

interface (mol m−3)
CS,max maximum solvent concentration at the elec-

trode/electrolyte interface (mol m−3)
F faraday constant (C mol−1)
Js current density for solvent reduction reaction

(A m−2)
Js0 exchange current density for solvent reduction

reaction (A m−2)
k0 rate constant for solvent reduction (m s−1)
MP molecular weight of newly formed surface film

(kg mol−1)
Qs,irr irreversible capacity loss (C m−2)
Qs,rev reversible capacity loss (C m−2)
Qs,tot total capacity loss (C m−2)
R gas constant (J mol−1 K−1)
Rfilm total film resistance (� m2)
Rini resistance of initial SEI film (� m2)
RP resistance of newly formed surface film (� m2)
t time (s)
T absolute temperature (K)
Ts total parasitic reaction time (s)
U local equilibrium potential (V)

Greek
α transfer coefficient for solvent reduction reaction
δfilm surface film thickness (m)
ηs overpotential for solvent reduction reaction (V)
κP conductivity of newly formed surface film

(S m−1)
ρP density of newly formed surface film (kg m−3)

Subscript or superscript
a anodic reaction
c cathodic reaction
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n negative electrode (anode)
s solvent reduction reaction

he electrode surface and the resulting loss of active (cyclable)
ithium-ions. There are no other means of the self-discharge
uch as internal electron leakage, active material dissolution or

orrosion of the current collectors.

From the experimental studies on the self-discharge of
raphite anode, Yazami and Reynier [3,11] have suggested the
metastable adsorbed complex model’ for the self-discharge
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eaction as follows: on the carbon electrode surface, the solid
hase is in contact with the liquid electrolyte present inside
he porous solid-electrolyte interphase (SEI), as illustrated
n Fig. 2. During storage of a lithium-ion cell, the elec-
rolyte percolates through the cracks of the SEI film, and
ithium-ions tend to de-intercalate slowly from the carbon
lectrode:

i∞C6 → Li1−x
∞C6 + x(e− · Liθ

+) (1)

here Li∞C6 is the fully charged carbon anode, Li1−x
∞C6

he partially discharged carbon anode and (e−·Li�+) repre-
ents a pair of electron and lithium-ion localized in the
EI film resulting from the de-intercalation reaction. Under
pen circuit conditions the lithium de-intercalation is ther-
odynamically less feasible and is driven solely by the

eactivity of lithium with the oxidizer present on the carbon
urface.

The de-intercalated lithium-ions are consumed by a continu-
us formation of metastable electron-ion-electrolyte complex
uring storage. Such a metastable complex dissociates back
o its components during the charging process of the cell
fter storage, and adsorbed lithium-ions on the graphite edge
lanes are re-intercalated into the carbon electrode. So, this
eaction is responsible for a ‘reversible capacity loss’ (Qs,rev)
uring storage which is recovered upon the charging process.
n the other hand, a part of metastable complexes would
ndergo the chemical reaction which results in the forma-
ion of insoluble salts and hence the ‘irreversible capacity
oss’ (Qs,irr).

As an example, it was assumed in this study that the ethy-
ene carbonate (EC) is reduced on the carbon anode surface to

etastable complexes via two-electron transfer during storage
12]:

EC + 2(e− · Liθ
+) → 2(CH2CH2OCO2Li•)metastable (2)

hen a part of metastable complexes are transformed into insol-
ble salts through chemical disproportionation reaction on the
arbon surface during storage:

2y(CH2CH2OCO2Li•)metastable

chemical disproportionation−→ y(CH2)2 + y(CH2OCO2Li)2 ↓ (3)

he remaining part (1 − y) of metastable complexes disso-
iate back to the original components upon the following
harging step of the cell after storage. In this work, the
odel calculates the total capacity loss (Qs,tot) measured

uring storage which is determined by reaction (2). The sol-
ent reduction reaction is feasible at all temperatures when
he anode potential is more cathodic than the reversible
otential for the EC reduction reaction (0.4 V versus Li/Li+)
12]. It should be noted that at open circuit potential, no
urrent flows through the external circuit and the oxida-

ion/reduction reactions occur simultaneously within the SEI
lm.

The following assumptions were made for formulation of the
odel: (i) the solvent reduction reaction is continuous and does
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tential for solvent reduction ηs under open circuit conditions is
Fig. 1. Flowchart explaining the stepwise procedure for the determi

ot depend on the stage transitions in the graphite electrode;
ii) the solvent reduction occurs evenly over the entire electrode
urface; (iii) the solvent is present in excess at the anode/SEI
lm interface and thus does not limit the reduction reaction rate;
iv) there is no kinetic limitation for solvent diffusion through
he cracks of the SEI film; (v) the overall self-discharge rate is
o slow that it is not limited by lithium diffusion in the carbon
lectrode.

The rate of the solvent reduction reaction Js on the carbon
lectrode surface can be expressed as

s = Js0

{
CSC2

Li

CS,maxC
2
Li,max

exp

(
−αcF

RT
ηs

)

− CP

CP,max
exp

(
αaF

RT
ηs

) }
(4)

e

η

of total, reversible and irreversible capacity losses during storage.

ccording to the assumption (v), lithium is uniformly distributed
hroughout the carbon particle: namely, the surface concentra-
ion of lithium is equal to the bulk concentration inside the carbon
lectrode. In Eq. (4), the exchange current density for solvent
eduction Js0 depends on the initial lithium concentration in the
arbon electrode:

s0 = nFk0C
2(1−αc)
Li (5)

ere, the rate constant for solvent reduction k0 is dependent
n the electrolyte composition and electrode structures in the
pecific battery as well as the storage temperature. The overpo-
xpressed as:

s = UOCP
n − UOCP

s (6)
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echanism on the carbon electrode in a lithium-ion cell.
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Table 1
Key parameters used in the simulation model [9]

Parameter Unit Value

Specific surface area of porous
electrode, a

m−1 3.0 × 106

Maximum lithium concentration
in the carbon electrode, CLi,max

mol m−3 3.056 × 104

Molecular weight of surface film,
MP

kg mol−1 7.3 × 104

Reversible potential for solvent
reduction, UOCP

s

V vs. Li/Li+ 0.4

Transfer coefficient for solvent
reduction, αc

– 0.5

Conductivity of surface film, κP S m−1 1
D

s

R

w

R

T
d

T

3

Fig. 2. Schematic diagram of the self-discharge m

he discharge curve of the carbon electrode taken from a
ONY 18650 lithium-ion cell was measured at a C/50 rate

n a three-electrode electrochemical cell with the lithium
eference and counter electrodes, and then the functional
xpression of UOCP

n was obtained by a non-linear fit-
ing of the experimental discharge curve, as given in the
ppendix.
Since the potential window of interest is far from the

eversible potential for EC reduction, it is reasonable to model
he solvent reduction reaction with Tafel kinetics [8,9] as fol-
ows:

s = Js0

{
CSC2

Li

CS,maxC
2
Li,max

exp

(
−αcF

RT
ηs

)}
(7)

ased on the assumptions (iii) and (iv), Eq. (7) reduces to

s = Js0

{(
CLi

CLi,max

)2

exp

(
−αcF

RT
ηs

)}
(8)

ince the lithium concentration depletes as fast as the solvent
educes, the following boundary condition was used for numer-
cal calculation:

1

a

dCLi

dt
= Js

nF
(9)

The loss of active lithium-ions Qs,tot per unit surface area of
arbon particle during storage was estimated using the following
quation:

s,tot =
∫ Ts

0
Js dt (10)
he total resistance of the SEI film, Rfilm, on the carbon electrode
s the sum of the time-invariant resistance Rini of the initial SEI
lm formed during the formation period and the time-dependent
esistance RP of the SEI film which is newly formed during

m
1

ensity of surface film, ρP kg m−3 2.1 × 103

torage:

film(t) = Rini + Rp(t) (11)

here

P(t) = 1

a

δfilm

κP
(12)

he thickness of the SEI film increases continuously over time
ue to the electrolyte reduction reaction:

∂δfilm

∂t
= JsMP

nρPF
(13)

he key parameters used in the model are listed in Table 1.

. Results and discussion
The model predictions were performed based on the experi-
ental data obtained for the carbon anode taken from a SONY

8650 lithium-ion cell [13,14]. The electrochemical exper-
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Fig. 3. Plots of OCP of the carbon electrode against storage time measured
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as a function of SOC for 5 years of storage. The simulation
xperimentally (symbol) and simulated theoretically (line). The simulations
ere performed with k0 = 1.5 × 10−18 and 1 × 10−17 m s−1 at 25 and 35 ◦C,

espectively.

ments were conducted in a three-electrode electrochemical
ell (T-cell) with the lithium reference and counter electrodes.
he electrolyte used was 1 M LiPF6-EC/PC (50:50 vol%). Ini-

ially, the carbon electrodes were fully lithiated at 30 mV
ersus Li/Li+, followed by 1-h rest to ensure that the potential
eaches its equilibrium value. Next, the OCPs were monitored
s a function of storage time at different temperatures of 25
nd 35 ◦C.
Fig. 3 shows the plots of the open circuit potential (OCP)
f the carbon electrode against storage time measured exper-
mentally and simulated theoretically. In the model, the rate
f solvent reduction reaction Js on the carbon electrode was

p
o
s

Fig. 4. Plots of (a) SOC and (b) OCP of the carbon electrode
er Sources 166 (2007) 266–272

ssumed to be given by the Tafel equation (Eq. (8)), and the
alue of rate constant k0 was used as an adjustable parameter.
s shown in Fig. 3, it was found that the OCP values calculated
ith k0 = 1.5 × 10−18 and 1 × 10−17 m s−1 give the best fit to the

xperimental data for 25 and 35 ◦C, respectively. In fact, such k0
alues yield the initial exchange current densities Js0|t=0 which
re in agreement with those given in literature [9]. The model
oes not fit the experimental data exactly at time t = 0. The ini-
ial condition used for the model is 100% state of charge (SOC)
or the carbon electrode. In practice, however, the carbon elec-
rode cannot be fully lithiated to its theoretical maximum value,
nd hence the experimental data at t = 0 show higher OCPs than
hose predicted by the model.

The lithium concentration in the carbon electrode was deter-
ined as a function of storage time by running the model with

arious values of k0, and the simulation results were presented
n Fig. 4(a) for a period of 1 year. The carbon electrode, before
ndergoing the self-discharge, was completely lithiated, i.e.
OC = 100%. As shown in Fig. 4(a), the self-discharge rate of

he carbon electrode is very high in the initial stage of storage
nd then levels off for longer storage time. The SOC decreases
ith storage time faster for higher k0 value, due to higher reactiv-

ty of lithium with the solvents. Under open circuit conditions,
he potential of the carbon electrode is determined solely by
he solid phase concentration of lithium. Fig. 4(b) shows the
CP values of the carbon electrode simulated as a function of

torage time for different k0 values. The OCP value increases
ore rapidly with storage time for higher k0 value due to higher

e-intercalation rate of lithium from the carbon electrode, as
escribed in Fig. 4(a).

Fig. 5 illustrates the OCP of the carbon electrode simulated
redicts a decrease of SOC from 100 to 9% and an increase
f OCP from 0.047 to 0.249 V versus Li/Li+ after 5 years of
torage.

against storage time simulated with different k0 values.
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Fig. 7. Plots of capacity loss Qs,tot and film resistance RP against storage time
simulated for different k0 values.
ig. 5. OCP of the carbon electrode simulated as a function of SOC for 5 years

f storage. The simulation was performed with k0 = 1 × 10−17 m s−1.

Fig. 6 presents the solvent reduction rate Js calculated as a
unction of storage time using different k0 values. As expected,
he higher the k0 value is, the higher is the initial Js value; how-
ver, Js decreases with storage time at a faster rate for higher k0
alue. For storage periods longer than 15 days, the Js value for
0 = 1 × 10−18 m s−1 is lower than that for k0 = 1 × 10−19 m s−1.
his is due to the fact that for higher k0 the lithium concentration

n the carbon/electrolyte interface depletes at a faster rate and
eaches very low values within a short period of storage time, as
hown in Fig. 4(a).

Fig. 7 shows the capacity loss Qs,tot and the film resis-
ance RP simulated for a period of 1 year as a function

f storage time using different k0 values. The model pre-
icts a continuous increase in the capacity loss and film
esistance with storage time. From Eqs. (10) to (13), it is

ig. 6. Plots of solvent reduction rate Js against storage time simulated using
arious k0 values.

Fig. 8. Plots of (a) capacity loss due to the self-discharge of the carbon elec-
trode and (b) overpotential for solvent reduction as a function of storage time,
simulated for different initial SOC values.
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oted that Rp is linearly proportional to Qs,tot in the carbon
lectrode.

Fig. 8(a) presents the capacity loss Qs,tot due to the self-
ischarge of the carbon electrode simulated for different initial
OCs. For the same value of k0 = 1 × 10−17 m s−1, the capacity

oss increases with increasing the initial SOC value. The results
an be explained by taking into account that the OCP of the car-
on electrode UOCP

n with higher SOC is more cathodic to the
olvent reduction potential UOCP

s than that of the electrode with
ower SOC. In other words, the overpotential for the solvent
arasitic reaction increases with an increase of the SOC of the
arbon electrode, as presented in Fig. 8(b).

. Conclusion

The mathematical model developed in this study predicts the
apacity loss of the carbon electrode during storage due to a
ontinuous reduction of organic solvent and de-intercalation
f lithium at the carbon/electrolyte interface. The SOC, OCP,
apacity loss and film resistance on the carbon electrode were
imulated as a function of storage time using different values
f rate constant for solvent reduction k0. The effect of initial
OC on the capacity loss was also studied. The simulated values
f OCP were found to be in good agreement with the exper-
mental values obtained for the carbon electrode in a SONY
8650 lithium-ion cell. In the following work, the self-discharge
odel presented in this study will be combined with the capacity

ade cycling model [10], in order to analyze the calendar life of
ithium-ion batteries during intermittent cycling process.
ppendix A

The UOCP
n expression for the carbon electrode taken from a

ONY 18650 cell is given by

[

[

er Sources 166 (2007) 266–272

OCP
n = 0.7222 + 0.1387

(
CLi

CLi,max

)
+ 0.029

(
CLi

CLi,max

)0.5

− 0.0172

(
CLi

CLi,max

)−1

+ 0.0019

(
CLi

CLi,max

)−1.5

+ 0.2802 exp

{
0.9 − 15

(
CLi

CLi,max

)}

− 0.7984 exp

{
0.4465

(
CLi

CLi,max

)
− 0.4108

}
(A.1)
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