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a b s t r a c t

Measurement of impedance is one of well-known methods to experimentally characterize electro-
chemical properties of Li-ion batteries. The measured impedance responses are generally fitted to an
equivalent circuit model that is composed of linear and nonlinear electric components that mimic be-
haviors of different layers of a battery. However, the parameters do not provide quantitative statements
on charge dynamics considering material properties. Therefore, electrochemical models are widely
employed to study the charge dynamics, but have not included high frequency responses predominantly
determined by double layers. Thus, we have developed models for the double layer and bulk that are
integrated into the electrochemical model for a pouch type Li-ion battery. The integrated model is
validated against the frequency response obtained from EIS equipment at different temperatures as well
as the time response. The results show that the proposed model is capable of representing the responses
at charging and discharging in time and frequency domain.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

1.1. EIS and electric equivalent circuit model

Electrochemical Impedance Spectroscopy (EIS) is the tech-
nique that has been widely used to study performance of bat-
teries. In 1986, Laman used the EIS to study effects of the
geometry of a cylindrical Li-ion battery on performances [1]. The
measured impedance of the terminal of the battery is approxi-
mated with that of an electric circuit with parameters derived
. Xiao), choe@auburn.edu
from electrochemical behaviors of the battery. The electric circuit
model was constructed by connecting resistors with capacitors
and shows different responses in magnitude and phase when AC
current or voltage with different frequency is applied at the
terminal. Analysis on Li-ion batteries using the EIS conducted by
Munichandraiah in 1998 revealed existence of three semicircles
in complex domain. The semicircle formed at the high frequency
range is caused by film resistance and its capacitance, and the
one at the middle frequency range is from charge-transfer
resistance and double layer (DL) capacitance, while the one at
the low frequency range is due to diffusional impedance [2].
Effects of degradation on battery performance have not consid-
ered. Capacity fade of 18650 Li-ion cells at different operating
conditions was investigated by Ning using the EIS, where an
equivalent electric model was used and the parameters were
extracted from the impedance data [3,4]. Analysis of the
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Nomenclature

A Helmholtz free energy (J cm�3)
a specific surface area for electrode (cm�1)
b ion mobility (cm2 V�1 s�1)
c concentration (mol cm�3)
D diffusion coefficient (cm2 s�1)
F Faraday's constant (96,487C mol�1)
e energy storage density (J cm�1)
i0 reference exchange current density (A cm�2)
I load current (A)
j transfer current density(A cm�3)
SOC state of charge
N ion flux (mol s�1 cm�2)
R universal gas constant (8.3143 J mol�1 K�1)
T cell temperature (K)
U standard potential affected by solid concentration (V)
x stoichiometric number in negative electrode or

coordinate
y stoichiometric number in positive electrode or

coordinate

Greek symbols
ε porosity of a porous medium
E permittivity (F cm�1)
f potential in a phase (V)
h surface overpotential (V)
s conductivity of solid active material (S cm�1)
m chemical potential (J mol�1)

Subscripts
a anode reaction
B bulk
c cathode reaction
D double layer
e electrolyte phase
E boundary between DL and bulk
eff. effective
s solid phase
S boundary between DL and electrode particle
ST stern plane
þ cathode
� anode
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parameters showed that the radius of the semicircle formed at
low frequency range gets larger when cycled because of the
increased interfacial resistance of both electrodes [5]. Another
study using symmetric coin cells showed that the increased
charge-transfer resistance is the main reason for degradation,
where the charge-transfer resistance in cathode is larger than
that in anode [6,7]. There has been another attempt to charac-
terize interfacial behaviors for use of different solvents and salts
along with different concentrations using the EIS [8]. Better
correlation between the impedance and the parameters of the
electric model was accomplished by replacing capacitors with
constant phase elements (CPE) that are made of combined re-
sistors and capacitors [9]. Other authors applied Kalman filter to
correct the errors of the model [10,11].

All of the studies using EIS are based on the equivalent circuit
model, which has several drawbacks. The electric equivalent circuit
model (EECM) are constructed using lumped parameters that do
not consider any effects of SOC or aging phenomena as well as lo-
cations, so that internal detailedmechanism associatedwith charge
dynamics is hard to understand. The impedance is generally
measured at an operating point with a perturbation of a small AC
signal. When the operating point is changed, the impedance varies
because of nonlinear behavior of the battery. Therefore, physical
battery states cannot be accurately estimated by the linear pa-
rameters of electric equivalent circuit EIS model.
1.2. Current electrochemical model

Electrochemical model proposed by Doyle [12] has widely
accepted to analyze static and dynamic behavior of ions in time
domain. In frequency domain, however, the model does not show
responses of impedance in high frequency range. The equations
used for the model are summarized in table as below. These partial
differential equations (PDEs) are discretized in two coordinates;
spherical one for the radial direction (R direction) of particles and
Cartesian one for through-the-plane direction (L direction) of the
cell. The resulting matrices are solved with an implicit method.
Details can be found in previously published papers [13,14].
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In order to obtain frequency responses, AC signals with different
frequencies are applied to the model and a pouch type lithium
polymer battery using EIS equipment. The amplitude is 1 A and
frequency ranges from 0.01 Hz to 900 Hz at 50% SOC. The results of
the frequency responses are plotted in Fig. 1, where the real and
imaginary parts of the calculated impedances in the low frequency
range match fairly well with that of experiments, but not in the
frequency that is larger than 20 Hz. The model does not respond on
the high frequency excitations and remains constant even though
the frequency increases. This discrepancy is more obvious at
Nyquist plot that the simulation result with the current model
shows a linearly increasing part, but completely misses the semi-
circle that represents high frequency responses.



Fig. 1. Frequency response of original electrochemical model.
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1.3. Review of models of double layer (DL)

The absence of the semicircle in the frequency response is
caused by the neglected effects of the DL. There have been several
attempts in the past. In 1999, Ong proposed a model for DL that
basically consists of a resistor and a capacitor and included
modified ButlereVolmer equation. The resulting electrochemical
model was validated at discharging battery with a constant cur-
rent [15]. Doyle derived an empirical equation for DL that con-
siders dependence of overpotential on charges in DL, and
incorporated into ButlereVolmer equation. The resulting model is
transformed to a frequency domain model that is only a function
of frequency [16].

Two approaches above used the electrochemical model to
represent the frequency behavior of the Li-ion batteries, but are
lacking clear correlations between the lumped parameters and
physical operating conditions and material properties. In addition,
the simulation results do not match experimental data well when
the exciting signals are offset with DC components.

The DL responsible for the high frequency part of EIS was firstly
observed in the charged mercury drop experiment [17]. Gouy
proposed a model for the DL in 1908 that was improved by
Chapman and Stern. It is called Gouy-Chapman-Stern model, for
which an analytical solution exists. However, this model assumes
no reaction and static boundary conditions. Most of the calculations
for the DL behavior published produce equivalent capacitance and
ion concentration distribution for metal/ionic liquid interface un-
der assumption that no reaction takes place [19]. Other researcher
experimentally measured properties of the DL for carbon aerogel/
NaF solution like capacitance and resistance, when changing the
average pore size, bulk concentration, and solid potential. The re-
sults were used to validate the model [20].

In fact, the potential in Gouy-Chapman-Sternmodel is described
using the PoissoneBoltzmann equation, which entropy term is
modified by Borukhov, where the contribution of unoccupied space
in DL is considered. This consideration allows for a limitation on the
maximum ion concentration in DL even if there is a high potential
difference between the solid and electrolyte. As a result, calculation
accuracy was increased at a high potential [21]. Based on the idea
above, Kilic improved the model for static [22] and dynamic
behavior [23]. Dynamics are reflected by setting the average con-
centration and the concentration difference between anion and
cation as the two state variables. However, all of these approaches
above have assumed no reactions at interface of li-ion cell porous
electrode.

The model we propose for DL is based on the Gouy-Chapman-
Stern principle and considers reactions at the interface. The static
ButlereVolmer equation appeared in the previous electrochemical
model [13] [14] is replaced by the one from the DL model. In
addition, the equation that describes ion transport in the electro-
lyte is modified to include the frequency response in the medium
range. Moreover, the transference number is no more constant but
is a function of cations and anions fluxes. With the improvements
incorporated into the electrochemical model, the model covers the
complete range of the EIS response that includes the high fre-
quency range. The new electrochemical model including the DL is
capable of representing not only the behaviors in the time but also
in the frequency domain.

2. Development of a model

Basic unit used for modeling the Li-ion battery is the micro-
cell that has a structure of a sandwich composed of five layers: a
negative current collector, anode, separator, cathode, and posi-
tive current collector, as shown in Fig. 2. The anode and cathode
are composite electrodes that are porous and made of mixed
electrolyte and particles. It is assumed that the particles have a
spherical shape and are uniformly distributed. The electrolyte
adjoining to particles is divided into two areas, bulk area and DL.
The bulk area is the one, where the concentration distribution of
the anion is equal to that of cation, so the region is electrically
neutral. Conversely, the DL located outside the electrode parti-
cles between electrodes and the bulk area is not electrically
neutral because of the abrupt change of the potential. The DL has
a thickness of 1e10 nm. The DL is depicted with cations (red
color) and anions (yellow color) (in web version), as shown in
Fig. 2. The Stern plane is the closest layer to the particle surface
and about 0.2 nm thick, where the anions can approach. It is
assumed that the width between the Stern plane and the solid
surface is equal to the sum of an anion ion and a solvent
molecule size [17].

Transport of each of ions in the DL is affected by their own local
chemical potential gradient determined by the electric static po-
tential and the ion concentration gradient. For Li-ion battery,
lithium ion is cation, while PF6� is the anion resulting from the salt,
LiPF6. The lithium ions travel through the DL and participate in



Fig. 2. Set-up for high frequency Li-ion cell modeling.
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chemical reactions at the surface of the solid particles while the
anions that do not take part in chemical reactions are blocked
outside of the Stern plane. Therefore, only cations are participating
in the current flow inside Stern layer. The cation ions enter the
electrode particles after chemical reaction and continue diffusing
until the gradient of the concentration becomes zero. In contrast,
the current in bulk and diffuse layer of electrolyte is by both anions
and cations. To study mechanism of ion transport, two different
coordinates in R and L direction for DL and bulk regions are used. L
is the coordinate for the through-the-plane that includes com-
posite anode, separator, and composite cathode, while R is the
coordinate for the radial direction that includes electrode particle
and DL. The two coordinates are orthogonal to each other. Ions flux
in L coordinate is very high compared to that in R coordinate
because the ion flux in L direction is the sum of total ion fluxes
given in R direction of a particle. However, the potential and
concentration gradient in R direction is much higher than that in L
direction because of the high potential of the DL. Therefore, it is
assumed that the effective mobility of both ions in the DL is
smaller than that in the bulk.
2.1. Ion concentration and potential distribution in electrolyte

The bulk region and DL are parts of electrolyte. Potential dis-
tribution and ion concentration in electrolyte are derived from the
principle of thermodynamics. The Helmholtz free energy is the
useful work given by a difference between the internal energy and
the entropy term. The energy tends to take the lowest level.

A ¼ U � T$S (6)

where A is the Helmholtz energy, U is the internal energy, T is
temperature and S is the entropy.

Since the electrolyte consists of dielectric solvent, cations and
anions, the internal energy can be expressed by the three terms, the
energy of static electric field, cations, and anions:

U ¼ �E
2
jVfj2 þ F$cþ$f� F$c�$f (7)

where E is the permittivity of dielectric solvent, F is the Faraday's
constant, cþ and c� are the concentration of cations and anions,
respectively, and f is the potential field.

Since the electrolyte has a constant volume, the entropy in the
volume can be expressed as a function of the concentration using
the lattice gas formulation [21]:
S ¼� R$cþ$ln cþ � R$c�$ln c� � R$
�
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NA$a3

� cþ � c�
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NA$a3
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where R is the ideal gas constant and NA is the Avogadro constant.
Anion and cation are assumed to be the same diameter, a.

The last term is the contribution of the free space that is not
occupied by either ion. When the ion concentration is as high as the
order of the theoretical maximum value NA

�1 a�3, then the free
space is low and the term becomes larger.

As a result, the Helmholtz free energy is expressed as a function
of the potential and ion concentration. In order to calculate the
minimum value of the energy, the Helmholtz energy equation is
differentiated with respect to the potential and concentration. The
first one yields the PoissoneBoltzmann equation:

vA
vf

¼ E$V2fþ F$
�
cþ � c�

�
¼ 0 (9)

The equation above is not a function of the time.
The second one delivers a relationship for a chemical potential

that determines transport of the ion species:

m± ¼ vA
vc±

¼ ±F$fþ R$T$
�
ln c± � ln

�
1

NA$a3
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��
(10)

The equation above is then used to calculate ion flux in the
charge conservation equation.
2.2. Ion transport in electrolyte bulk

The current in the bulk can be expressed using ion flux density
of cations and anions:

ie ¼ F$ðNeþ � Ne�Þ (11)

where the subscript e denotes the bulk, i is the ionic current den-
sity, F is the Faraday constant, Nþ and N� are the ion flux density of
cation and anion, respectively.

Since the charges should be conserved in the bulk region and
the bulk is electrically neutral, the cation and anion should have the
same concentration distribution. Thus, the charge conservation
equation for through-the-plane direction will be:
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vce
vt

¼ �vNeþ
vl

þ jEþ
F

vce
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F
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where ce is the concentration of cation and anion, l is the coordinate
variable for the through-the-plane direction, Neþ and Ne� are the
ion flux density of cation and anion, respectively, jþ and j� are the
generation rate of cation and anion from the DL that will be dis-
cussed in the following section of DL boundary.

According to the dilute solution transport theory [17], in-
teractions among a solvent and two ion species can be negligible,
and the ion transport is only driven by the gradient of corre-
sponding chemical potential that includes the potential and con-
centration term:

Neþ ¼ �ε
1:5
e $beþ

F
$ce$

vmeþ
vl

Ne� ¼ �ε
1:5
e $be�

F
$ce$

vme�
vl

(13)

where εe is the porosity of electrolyte, 1.5 is Bruggeman's porosity
exponent [18], beþ and be� are the mobility of cation and anion,
respectively, meþ and me� are the chemical potential of cation and
anion.

Since the ion concentration in the bulk is relatively low
compared to the theoretical maximum concentration, the last term
in equation (10) is negligible:

meþ ¼ F$fe þ R$T$ln ce
me� ¼ �F$fe þ R$T$ln ce

(14)
2.3. Ion transport in double layer (DL)

Ion transport in the DL is very similar to that in the bulk region
except the spherical coordinate and some other conditions. Sche-
matic diagram for the DL and bulk is depicted in Fig. 3. For nu-
merical calculations in the DL, the first grid is placed at the surface
of electrode particle, the second one at the Stern plane, and finally
the last grid is at the boundary between the DL and the bulk.
Beyond the boundary, it is assumed that the net charge is zero. For
SEI layer at anode, the inner boundary is the same as that of the
Fig. 3. Meshing of electrode particle and
Stern plane, while the outer boundary is placed on a grid dependent
upon the actual thickness, which ranges in several nanometers.

Since no ions are generated in the DL, so the equation for the
charge conservation becomes:

vcdþ
vt

¼ � 1

r2
$
v
�
r2$Ndþ

�
vr

vcd�
vt

¼ � 1

r2
$
v
�
r2$Nd�

�
vr

(15)

where r is the variable in the radial coordinate, and the subscript, d,
denotes the DL.

Hence, ion flux of cations and anions in the DL can be calculated
based on equation (10) for the chemical potentials as follows. Since
the anion concentration near the electrode surface is very high, the
last term of equation (10) is not negligible compared to that in the
bulk. In addition, the PoissoneBoltzmann equation should be used
for calculation of the chemical potential given in equation (9)
instead of the electrically neutral condition in bulk region.

Ndþ ¼ �bdþ
F

$cdþ$
vmdþ
vr

Nd� ¼ �bd�
F

$cd�$
vmd�
vr

(16)

2.4. Boundary conditions for DL

The DL in the spherical coordinate has two boundaries, the outer
boundary with bulk and the inner boundary with electrode parti-
cles. At the outer boundary, the coordinate of the DL is different
from that of the bulk, but the ion flux at the both sides is the same.

If the specific surface area is defined as the surface area of
boundary per unit volume, aS and aE, the interface between particle
and DL and the interface between the DL and bulk electrolyte can
be expressed as below:

aS ¼
3εS
RS

aE ¼ ðRS þ dDÞ2
R2S

$aS

(17)
double-layer considering SEI layer.



Fig. 4. Equilibrium potential and ion concentration in the DL at anode side.
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where εs is the volume fraction of electrode, RS is the average radius
of electrode particle, dD is the thickness of the DL.

Then, the ion flux at the interface between DL and bulk is as
follows:

jEþ ¼ aE$F$Ndþ;E
jE� ¼ aE$F$Nd�;E

(18)

When a chemical reaction takes place, corresponding bond
energy is needed for enabling the reaction, which is a function of
SOC. The energy needed for the reaction of a single ion is called the
reaction equilibrium potential, US,equ, that is the difference between
the chemical potentials in the solid and the electrolyte divides
Faraday constant. Thus, the chemical potential of electrolyte phase
lithium ion at the electrode surface is.

msþ ¼ F$fs þ R$T$ln cs;d
F$US;equ ¼ msþ � md;sþ
md;sþ ¼ F$

�
fs � US;equ

�þ R$T$ln cs;d
(19)

where the subscript d denotes the DL, cs,d is the lithium ion solid
phase concentration at the surface, and fs is the electric static po-
tential of solid.

According to the charge conservation, the number of electrons
participating in reactions is the same as those of ions. As electrons
are negative charges, so the current generation by electrons in the
solid equation (22) can be calculated from the lithium ion flux at
interface between the electrode and the DL.

jSþ ¼ aS$F$Ndþ;S (20)

Since the Stern plane is so close to the surface of the solid, no
anion can reside within the plane, so that there is no anion flux
from the Stern plane to the electrode surface.

Nd�;S ¼ 0 (21)

2.5. Effect of SEI on DL

SEI layer formed at anode is composed of a mixture of organic
materials such as (CH2OCO2Li)2 and inorganic materials such as
Li2Co3, LiF, and Li2O [24]. Most of the organic materials are at outer
layer of SEI/electrolyte interface while the majority of the inorganic
materials are at inner layer of anode/SEI interface [25]. The two
organic and inorganic materials have different properties. Accord-
ing to an isotope experiment [26], the inner SEI layer allows only
cation to pass through and has a small diffusion coefficient, while
the outer layer allows both cation and anion to pass through. A
model for this separated transport mechanism is proposed by S. Shi
[27], where the inner layer is described using “interstitial knock-
off” mechanism and the outer layer using ordinary porous diffu-
sion. These two layers act like the Stern and diffuse layer proposed
in this paper, but the parameters are different. Therefore, the both
SEI layers are approximated with the two layers where DL pa-
rameters including outer SEI layer thickness, permittivity, ions
mobility, and Stern layer thickness are fitted.

2.6. Electrode

The current in electrode is determined by electrons flowing in
the thickness direction, which is governed by Ohm's law.

v

vl

�
seff$

v

vl
fs

�
¼ jSþ (22)
where seff is the conductivity of electrode, and jSþ is the charge
generation term that is defined as positive when the current flows
from the electrode to DL.

The lithium ion in electrode particles is assumed only to be
transported in the radius direction driven by a concentration
gradient.

vcs
vt

¼ Ds

r2
v

vr

�
r2
vcs
vr

�
(23)

where cs is solid phase lithium ion concentration, r is the radius,
and Ds is the diffusion coefficient.
3. Numerical analysis

3.1. Double layer without electric load

When no current flows through the external circuit, the termi-
nal voltage is the same as the open circuit voltage (OCV) that ranges
from three to 4 V for Li-ion battery depending upon SOC. The OCV is



Fig. 6. Equilibrium ion distributions in DL as a function of SOC.
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generally determined by the equilibrium potentials between solids
and electrolyte, where the potential at the interface is determined
by ButlereVolmer equation and has discontinuity because of the
neglected DL. In fact, the potential should be continuous, simply
because the first term for the potential in PoissoneBoltzmann goes
to infinity when the potential changes with discontinuity. The po-
tential drops dominantly occur at the DL rather than those in
electrolyte bulk or electrodes because the total Helmholtz free
energy in the DL has the lowest value. At the equilibrium state
where no reaction takes place, the chemical potentials of the solid
and electrolyte are the same. The reaction equilibrium potential,
Us,equ, present in the chemical bond attract lithium ions from the
electrolyte toward the solid, so that the concentration at the
interface becomes low and a concentration gradient is formed
across the DL. As a result, the electrostatic potential is changed
according to equation (10) as well as the concentration of the an-
ions. Calculated potentials and concentration of ions in the DL is
plotted in Fig. 4. The potential gradient outside the Stern plane is
lower than the inside because the anions are attracted and the
gradient of potential is reduced, in contrast, no anion can reside
inside the Stern plane so the highest potential drop occurs from
electrode surface to the Stern plane. The net balance of charges
reaches its maximum at the Stern plane and becomes zero at the
bulk as well as the potential gradient.

The reaction equilibrium potential, US,equ, used for calculation is
0.91 V, as in Fig. 4(a). The difference between the solid and bulk
potential, called the double-layer equilibrium potential, UE,equ, is
0.72 V, which is a function of variables like the solid phase lithium
ion concentration, equilibrium potential, bulk concentration, and
electrolyte permittivity. The first two variables are a function of SOC
and different at anode and cathode. Particularly, the double-layer
equilibrium potential is used as the equilibrium potential in But-
lereVolmer equation. The difference between the reaction and the
double-layer equilibrium potentials at anode and cathode are
plotted in Fig. 5.

The results shows that the equilibrium potential difference at
anode side tends to follow the increase of SOC, while at cathode
side inversely proportional to SOC.

In order to analyze the effects of the SOC on the concentration in
the DL, ion distributions in the DL at the equilibrium state are
plotted in Fig. 6 as a function of SOC. The anion (PF6�) has higher
concentration than the cation (Liþ) because of the positive equi-
librium potential. In addition, the lithium ion concentration
Fig. 5. Difference between the two equilibrium potentials as a function of SOC.
becomes lower near the cathode surface, so a high chemical po-
tential gradient is needed to maintain the same rate of ion flux,
which results in a high resistance compared to that in anode.
Moreover, the ion concentration at the cathode is not affected by
SOC, while the concentration at anode surface is heavily influenced
because the equilibrium potential change at anode is more than
60% while that at cathode is only 20% when operated at different
SOC. The ion concentration at the anode between 0% SOC and 100%
SOC is six and thirty times higher than that at the cathode surface,
which might be one of causes for the lithium plating that is
particularly formed at anode sidewhen operated at high SOC range.
3.2. Double layer with constant DC current load

Calculated resistances of the DL on the anode (blue line) and
cathode (green line) as well as the total resistance as a function of
current densities are plotted in Fig. 7. The results of the calculation
show that the film resistance on the anode DL (blue line) decreases
when discharged and the current density increases, while that of
cathode DL (green line) (in web version) increases when dis-
charged. However, the total resistance is not symmetric to the di-
rection and magnitude of the current density. The total resistance
Fig. 7. Film resistance of DL as a function of constant current density.



Fig. 9. Potential response of DL on anode side.
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varies from two or three times larger than that at the lowest value,
as plotted in red color.

The resistance values shown above are different from that
calculated using ButlereVolmer equation. The resistance by the
ButlereVolmer equation is constant at small currents and increases
when charging and discharging the cell with high currents. In
addition, the minimum value was at the zero current. The analysis,
however, shows that the minimum value of the resistance consid-
ering the DL is not at zero current. The resistance in the anode DL
was at the lowest value when discharged with high currents and in
the cathode when charged with high currents. These asymmetric
resistance values are caused by the direction of the current flowing
from solid to electrolyte and the resulting positive equilibrium
potentials. The sum of the DL resistance for two electrodes has
reached its minimum value when charging the battery with
100 mA cm�2.

In fact, this current density depends on other variables like SOC,
particle sizes used for two electrodes, and volume of two elec-
trodes. The resistance as a function of current density and the SOC is
plotted in Fig. 8 under assumption that the particle sizes and vol-
umes of two electrodes are the same. The DL resistance is inde-
pendent upon SOC when discharging because the resistance is
dominantly determined by the cathode DL resistance. In addition,
the DL resistance at charging has been always less than that at
discharging when the absolute values of currents are the same. The
DL resistance at low SOC and charging is much larger than that at
high SOC.
3.3. Double layer with AC current load

Analysis of the DL at equilibrium states shows that cation con-
centration near the surface of electrodes can be one several thou-
sandth of anion concentration or even smaller dependent upon
equilibrium potential and the permittivity of dielectric solvent. On
the other hand, the cations move very fast in DL at a given ion flux
that is determined by the current density, which implies that cat-
ions in a certain control volumewill depart within a very short time
when charging or discharging currents are not zero. Therefore,
cations given in the previous time step completely departed the
control volume that will be filled up with the new cations in the
current time step. The lithium ion conservation equation (15) is
replaced by a static equation obtained from the charge conserva-
tion, which improves the numerical accuracy, even ignored dy-
namics for the cations:
Fig. 8. DL film resistance as function of SOC and current.
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The response of an AC current load with a frequency of 100 Hz
using equation (24) on the potential of the anode DL is plotted in
Fig. 9, where the effects of the cations have not considered. The
steady state of the potential has been reached after half of the first
period.

Based on the relationship between the AC currents and poten-
tials, the Nyquist plot for impedances of the anode DL is drawn in
Fig. 10. When the frequency of the current varies from 1 Hz to
10 kHz, the value of the impedance varies too and becomes a shape
of a semicircle.

3.4. Effects of SEI on DL AC impedance

As described, SEI layer causes increase of DL permittivity and
decrease of DL ions mobility. The resulting effects are plotted in
Fig. 11. When the ion mobility gets smaller or permittivity does
larger, the semi-circle gets bigger. Ions needmore activation energy
to overcome atomic force present in the SEI material and as a result
the ion mobility in SEI becomes much smaller than that in elec-
trolyte [27]. Consequently, the significantly high DL impedance is
Fig. 10. Nyquist plot of anode DL impedance.



Fig. 13. Average ion flux and transference number in bulk when discharging.
Fig. 11. Effects of SEI on DL AC impedance.
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induced by the SEI. Detailed parameters dependency on SEI for-
mation and degradation will be investigated in the future work.

3.5. Bulk

Bulk is the regionwhere the same number of cations and anions
are present at every control volume and becomes overall electri-
cally neutral. Even if both ions have the same concentration dis-
tribution in the bulk, they are not paired but move separately. Since
the cations are more generated or absorbed than anions in the DL,
more cations are crossing the boundary between the DL and the
bulk. Corresponding numbers of anions leave or enter the control
volume of bulk to keep the neutrality.

Both distributions of ion concentration and ion fluxes in the bulk
at 0.1, 4.7 and 62.7sec during discharging and at 102.3sec during
resting are calculated and plotted in Fig. 12, where the direction of
ionmovements are markedwith half arrow, which color and length
indicate the magnitude of the flux. The ion concentration (a) at
0.1sec shortly after discharging is uniformly distributed. Both ions
are moving in opposite directions, where anions move toward
anode, while cations do toward cathode, which is caused by the
electrostatic potential gradient. The magnitude of anions flux is
larger than that of cation flux at the beginning of discharge simply
because of the high ion mobility of the anion. As the anions do not
participate in any reactions taking place in both electrodes, the
Fig. 12. Ion concentration a
transported anions are accumulated more in anode and less in
cathode. Therefore, a concentration gradient is formed. This
gradient produces a diffusion force exerting on the ions, so cations
are accelerated and the flux gets increased. Conversely, anions are
decelerated and the flux becomes decreased, as shown in (b).

At 62.7sec, the concentration distribution reaches a steady state,
where the net flux of anion becomes zero, but the flux of cation
becomes the highest, as shown in (c), which implies that the ionic
current in the bulk is only determined by cation flux. At 102.3sec
during resting, where no load current is applied, a concentration
gradient is still present and drives ions until evenly distributed.
Thus, both cations and anions move in the same direction, which
fluxes have the samemagnitude. As a result, no net current flows in
the bulk, as shown in (d). In addition, the ion flux get high in
separator region but low near current collectors since the ions are
generated and accumulated in the composite electrodes.

The transference number is generally defined as a contribution
of ion species to a total current flow. Transference number for
cations and the associated ion fluxes during discharging and resting
as a function of time are plotted in Fig. 13, where a step discharge
current (the first plot with Blue line) is applied. The transference
number becomes no more constant. At the instant when the dis-
charging current is applied, the transference number increases to 1/
7 instantly because the chosenmobility of anions is six times higher
nd fluxes in the bulk.
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� Solid phase ion transport
+ Equation
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+ Boundary condition
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than that of cations. Accordingly, the anion and the cation flux
jumps to one seventh and six seventh of the total flux, respectively.
Due to the participation of the ions in current flow and resulting
effects of the concentration gradients as described above, the anion
flux gets decreased as the time passes by, while the cation flux gets
increased until the concentration gradient reaches its maximum.

When the current goes to zero, there are still ion fluxes caused
by the concentration gradient present in the bulk until having the
ions evenly distributed. At the instant when the abrupt current
change occurs, both fluxes have the same magnitude and decay
according to the decreasing concentration gradient with a time
constant determined by ions mobility. At the same time, trans-
ference number becomes infinite.
1
r
$
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����
r¼0
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����
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¼ � jSþ
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(32)

� Solid conductive
+ Equation
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+ Boundary condition
4. Integration of the model for double layer and validation

4.1. Summary of integrated model

The sub-models for the DL and bulk are integrated into the
model developed for a microcell described in previous chapters.
The model is summarized in table below.
� Double layer potential
+ Equation
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� Double layer ion transport
+ Equation
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+ Boundary condition
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� Electrolyte ion transport
+ Equation
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4.2. Impedance measurements

The battery used for the experiments is a pouch type power cell
with dimension of active materials about 20 cm � 15 cm � 0.5 cm
and made of LiMn2O4 and carbon. Its capacity is 15.7 Ah and the
operating voltage is from 2.5 V to 4.15 V. The test station was
constructed using a DC power supply and an electronic load. Lab-
VIEW embedded in a PC was used to control power supply, e-load
and heat pumps, as depicted in Fig. 14. A high resolution current
transformer and two thermocouples were employed to accurately
measure the current and the surface temperatures. Two thermo-
couples were located on the both sides of the battery center.

Before measurements of the impedances, SOC of the battery is
firstly set to be 50% and then AC sinusoidal waveforms generated by
LabVIEW codes are amplified and applied to the terminal, which
amplitude is 3 A and frequency varies from 1mHz to 1 kHz. In order
to investigate effects of temperature on impedances, the two heat
pumps are extra used to control the surface temperature of the
battery at a set value. The range of the controlled temperature is
from 0 �C to 40 �C. Under a set temperature, terminal AC current
and voltage at a given frequency are measured for several periods
and processed using Fast Fourier Transform (FFT) to obtain their
amplitude and phase. Then, the impedance of the signals at the
frequency is calculated.

The experiment results are shown in Fig. 15. Impedance is very
sensitive to the temperatures. The diameter of the semi-circle at
5 �C is 14 times larger than that at 37 �C, which correspond to
3.6 mU and 0.25 mU respectively, due to lower mobility of ions in
both electrolyte and electrode. However, the impedance becomes
resistive and independent upon temperature when the frequency
increases because of the major contribution of the resistance in
solid phase.



Fig. 14. Schematic diagram of test station.
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4.3. Extraction of four parameters

The four parameters needed for the electrochemical model are
the mobility in bulk (bB) and DL (bD), permittivity (E), and diffusion
coefficient in solid (Ds). The parameters are extracted from exper-
iment data using nonlinear least square curve fittingmethod for the
temperature range from 9 �C to 37 �C. Each of the extracted pa-
rameters has shown an exponential function with respect to tem-
perature that is the same as Arrhenius equation. The experimental
data and the fitted line are plotted in Fig. 16, where the stars and
solid lines represent parameters extracted at each temperature and
the fitted line in different temperatures compared to that in 25 �C.
The reference parameters in 25 �C are listed in appended table. The
real and imaginary parts of the impedance model are calculated
using the fitted parameters and compared with experimental data,
as shown in Fig. 17(a).

The imaginary part of the impedance has shown the highest
value when the frequency is zero (DC) and decreases until about
2 Hz. Thereafter, the part increases again until around 20 Hz, and
decreases to a minimum when the frequency continuously in-
creases. A sensitivity analysis of the parameters has revealed that
the effective radius of electrode particles, which is actually inde-
pendent upon temperature, affects the frequency where the second
peak of the imaginary part occurs. Conversely, the real part of the
impedance tends to decreasewhen the frequency increases and can
be categorized into three frequency ranges: 1) high frequency range
Fig. 15. Measured impedance as function of temperature.
from 10 to 1000 Hz, where the ions mobility in DL and permittivity
play the major role, 2) medium frequency range from 0.05 to 10 Hz,
where ions mobility in bulk is responsible for, and 3) low frequency
range less than 0.05 Hz, where ion diffusion coefficient in solid is
responsible for. The associated Nyquist plots for impedance are
shown in Fig. 17(b).

The model is capable of predicting the responses in the high
frequency range, but has discrepancies in the low frequency
impedance. In fact, the Li-ion diffusion in solid phase determines
the low frequency response. More specifically, the slopes of both
real and imaginary parts of impedance at low frequency range are
affected by only one factor, DS=R2S , where DS is the diffusion coef-
ficient in solid, and RS is the average radius of electrode particles.
Comparison shows a trend that the calculated impedance for real
and imaginary part is larger and smaller than that measured. Since
change of DS=R2S has led to a shift of both parts simultaneously,
appropriate parameters for the experiments cannot be found. Thus,
we have attempted with three different approaches to find out
reasons, reformulation of the diffusion mechanism based on
chemical potential gradient instead of concentration gradient,
Fig. 16. Extracted parameters and fitted line as function of temperature.



Fig. 17. Validation of impedance model.

Fig. 18. Comparison of discharging behaviors at 1C rate.
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effects of two dimensional geometry of the pouch cells, and finally
non-uniform particle sizes in porous electrodes. It turns out that
the non-uniform particle radius is only the one that is affecting the
differences of the two slopes. Further analysis on low frequency
model will be published in the next paper.

However, the response in time domain during 1C discharge, as
shown in Fig. 18, shows a fairly goodmatch between the simulation
and experiment results in spite of the discrepancy in low frequency
impedances.
5. Conclusion

Measurement of impedances of battery is one of well-known
methods to experimentally characterize properties of electro-
chemical devices including Li-ion batteries. The impedance re-
sponses are generally fitted to an impedance model that consists of
linear and nonlinear electric circuit components. However, it is very
hard to find comprehensive correlation between the impedance
model parameters and physical phenomena taking place inside of
the battery cell. On the other hand, the electrochemical model
being widely used for investigation of physical phenomena cannot
provide AC response, particularly in the high frequency range
resulting from the DL. Therefore, sub-models for the DL and bulk is
newly developed and integrated into the electrochemical model for
a pouch type Li-polymer battery. The integrated model is validated
against experiments in time and frequency domain. The developed
model is capable of representing the responses at charging and
discharging not only in time domain, but also in the frequency
domain. The simulation results show several interesting findings as
follows:

� The reaction equilibrium potential that represents energy of
chemical bonds is not the same as the DL equilibrium potential
used in the ButlereVolmer equation. The difference depends
upon the equilibrium potential, SOC, and load condition.

� The cation concentration near to the electrode surface is much
lower than that in the bulk, while the anion concentration is
higher than that in bulk.

� The cations concentration near to the electrode surface on
anode side at 0% and 100% SOC is six and thirty times higher
than that at the cathode surface, which might be one of the
causes that produce the lithium plating, particularly on the
anode side when the SOC is high.

� Resistance of DL at discharging is independent upon SOC
because the resistance of the DL on the cathode side is domi-
nant. The DL resistance during the charging is always smaller
than that during discharging if the magnitude of currents is the
same.

� The transference number varies as the time passes by. The
number gradually increases and finally becomes 100% within
1 min during charging or discharging, even though the elec-
trolyte is electrically neutral.

� DL is responsible for the high frequency response that forms the
low semi-circle of Nyquist plot that can be observed from EIS
measurement, while the bulk and diffusion in the electrode
determine the medium and the low frequency response
respectively, that forms the linear increasing part of the Nyquist
plot.

� Impedances of lithium ion battery is sensitive to the tempera-
ture, which is caused by dependency of ions mobility and
permittivity on temperature. The ionsmobilities are exponential
functions with respect to temperature, which agree with the
Arrhenius equation.
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Appendix. Parameters
Parameter Negative
electrode

Separator Positive
electrode

unit Ref.

Design specifications (geometry and volume fractions) Thickness, d 50*10�4 25.4*10�4 36.4*10�4 cm [14]
Particle radius, Rs 6.22*10�4 6.22*10�4 cm a
Active material volume fraction, εs 0.58 0.5 [28]
Polymer phase volume fraction, εp 0.048 0.5 0.11 [28]
Conductive filler volume fraction, εf 0.04 0.06 [28]
Porosity, εe 0.332 0.5 0.33 [28]
Cation radius, aþ 1*10�8 1*10�8 cm b
Anion radius, a� 2*10�8 2*10�8 cm b

Solid and electrolyte phase Liþ concentration Maximum solid phase concentration, cs,
max

50.6*10�3 134.4*10�3 mol cm�3 c

Stoichiometry at 0% SOC: x0%, y0% 0.126 0.936 [14]
Stoichiometry at 100% SOC: x100%, y100% 0.676 0.442 [14]
Average electrolyte concentration, ce 1.2*10�3 1.2*10�3 1.2*10�3 mol cm�3 [28]

Kinetic and transport properties @25 �C & temperature
dependency

Solid phase Li diffusion coefficient, Ds25 4.8*10�11 9.7*10�11 cm2 s�1 d
Ds ¼ Ds25$exp(0.025$DT)

Solid phase conductivity, s 1 0.1 S cm�1 [28]
Cation mobility in bulk, bB25þ 8.4*10�4 8.4*10�4 8.4*10�4 cm2 V�1 s�1 e
Anion mobility in bulk, bB25� 5.0*10�3 5.0*10�3 5.0*10�3 cm2 V�1 s�1 e
bB± ¼ bB25±$exp(0.167$DT)
Cation mobility in DL, bD25þ 1.0*10�10 1.0*10�10 cm2 V�1 s�1 a
Anion mobility in DL, bD25� 6.1*10�10 6.1*10�10 cm2 V�1 s�1 a
bD± ¼ bD25±$exp(0.094$DT)
Electrolyte permittivity, E25 1.9*10�12 1.9*10�12 F cm�1 a
E ¼ E25$exp(0.021$DT)
Bruggeman's porosity exponent, p 1.5 1.5 1.5 [18]

a. Fitted from high frequency impedance.
b. Assumed.
c. Calculated from capacity, stoichiometry numbers, and battery geometry.
d. Fitted from low frequency impedance.
e. Fitted from medium frequency impedance.
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