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Modeling of volume change phenomena in a Lieair battery
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h i g h l i g h t s
� A mathematical model is developed considering the effective volume changes for a lithiumeair battery.
� Moving boundary technique is used to obtain mathematical model.
� The volume change significantly affects the electrical performance of lithiumeair cell.
� Insoluble lithium peroxide can cause electrolyte leakage, and this leakage worsens at lower current density.
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a b s t r a c t

Volume change can occur in a lithiumeair cell due to Li metal oxidation (reduction) in anode during
discharge (charge) and due to solubility of reaction product (lithium peroxide) in the electrolyte at
cathode. A mathematical model is developed to study the performance of lithiumeair batteries
considering the significant volume changes at the anode and cathode sides. Moving boundary technique
is used to obtain the governing equations for transport of lithium ions and oxygen as well as for liquid
phase potential. A numerical method is introduced to solve the moving boundary problem, and the
electrical performance of lithiumeair cell is obtained for various load conditions. Results obtained from
this model are validated with experimental results for Lithiumeair cell. Numerical results indicate that
volume changes significantly affect the functioning of lithiumeair cells. The high solubility of lithium
peroxide in the electrolyte can reduce the passivation in the cathode, but it can also reduce the effective
reaction area in the anode. However, the benefit of the former outweighs the detriment of the later
phenomenon. On the other hand, if lithium peroxide is insoluble in electrolyte, electrolyte leakage can
take place due to decrease in total available space for electrolyte.

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

Based on ever-growing societal demand for stable energy sup-
ply, recent times have witnessed an increasing emphasis on
developing energy storage devices such as fuel cells, batteries,
supercapacitors, etc. Among themyriad options, the lithium battery
is expected to play a dominant role because of its higher specific
energy and specific power. During the last decade, Li-ion batteries
have revolutionized the portable and consumer electronics market.
However, even when fully developed, the highest energy storage
achieved by a state-of-the-art Li-ion battery is too low to meet
current demands in the automotive industry [1]. Moreover, there is
an increasing demand for light weight and high capacity batteries
for power hungry consumer electronics. Lieair batteries [2,3],
which are based on Li anode and air cathode, have greater theo-
retical energy densities and have been proposed as an alternative
for electric vehicles and hybrid electric vehicles.

The theoretical specific energy of Lieair battery is as high as
gasoline, if the weight of oxygen and cathode materials is not
considered in calculation [3]. Bruce et al. [4] has reported a specific
energy of 3505 Wh kg�1 considering the weight of lithium peroxide
(Li2O2) at the end of the discharge. This specific energy is 3.25 times
smaller than the ideal case where the weight of oxygen is not
accounted for. Girishkumar et al. [3] has estimated the specific en-
ergy (gravimetric energy density) of lithiumeair battery based on
the performance of Zneair battery, and they used a factor to relate
theoretical energy density with the practical one. The factor used for
zinc-air was 0.4e0.5, but a much lower value (factor ¼ 0.145) was
used for the estimation of actual energy density for lithiumeair
battery considering the ultra-light weight of lithium [3].

Numerical modeling can assist in predicting the performance of
a lithiumeair battery considering the role of anode, cathode and
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separator. Models can also identify the potential roadblocks and
provide direction for a highly efficient battery. The physical and
mathematical models for Lieair battery are very similar to that for
Li-ion battery, except one has to consider the transport of oxygen in
lithiumeair battery. Therefore, a model for Lieair batteries can be
developed based on that of Li-ion batteries. Several models for
lithium-ion batteries have been reported in the literature [5e7].
The transport phenomena in a lithium-ion battery are presented in
the seminal work of Newman [8], where amathematical model was
developed for species transport in concentrated binary electrolytes.
In addition, important theory for transport in porous electrodes [9]
was developed which was widely used to model lithium-ion bat-
teries [5,6,10].

In recent years, couple of models was developed for Lieair
batteries. Sandhu et al. [11] have modeled the porous cathode re-
gion of a lithiumeair battery as cylindrical pores, and studied the
performance of the Lieair battery considering the blockage of pore
due to the Li2O2 deposition. On the other hand, Sahapatsombut
et al. [12] developed model equations for transport through Li2O2
layer in the porous cathode, and studied the effects of oxygen and
Li2O2 solubility in electrolytes for lithiumeair batteries. Afore-
mentioned models were introduced to address issues in cathodes
such as pore plugging, electric passivation, etc. However, these
models do not capture the important volume change phenomena
on the anode side.

Like cathode side, significant volume change can take place in the
anode side of lithium batteries [13]. The existing lithium-ion battery
anode is mainly based on lithium metal intercalated on graphite.
Although graphite provides an excellent support system for anodic
lithium, it contributes to the weight of the battery reducing the
effective specific capacity. To improve the specific capacity, lithium
metal alloy such as lithium-tin (LieSn) is suggested as anodematerial
[14]. However, LieSn alloy anode is not very useful for lithium bat-
teries due to significant volume change, which introduces large me-
chanical stress in the system [15]. Recently, Li metal foil is introduced
as anode material to reduce the battery weight furthermore. Similar
to the lithiummetal alloy anode, significant volume change occurs in
lithium metal anode due to oxidation and reduction. Visco et al. [16]
proposed a mechanical stacking method to maintain constant con-
tact between separator and metallic anode. However, there are two
issues with this stacking mechanism. First, the supporting system
used for cell stacking will add to the battery weight reducing the
effective specific capacity significantly. Second, the stacking pressure
induced mechanical stress has a higher probability of damaging the
thin lithium foil anode in lithiumeair battery; the cyclic charging and
discharging will worsen the problem causing frequent mechanical
failure [14]. Aforementioned drawbacks could be circumvented in
lithiumeair batteries byallowing the lithiumanode interface tomove
freely during charging and discharging. However, there is no math-
ematical or numerical model to predict the performance of lithiume

airbatteries,whentheanode interface is free tomovedue tooxidation
and reduction. In this study, a mathematical model is developed to
account for the movement of anode interface during charge and
discharge using moving boundary method. An in house numerical
tool is developed to study the electrochemical performance of Lieair
batteries considering volume change due to moving interface of the
anode as well as the solubility of reaction product in the cathode
during charge and discharge operations.

2. Model

2.1. Model system

A lithium air cell primarily consists of an anode, a separator and
a cathode as shown in Fig. 1. Lithium metal is generally used as
anode, while porous materials are used as separator and cathode. A
solid polymer having negligible electric conductivity is used as
separator to prevent battery from internal short. On the other hand,
carbon or catalyst loaded carbon is generally used as cathode such
that it can conduct electricity. The porous area in both separator
and cathode are filled with organic electrolyte; lithium ion and
oxygen are transported through the electrolyte.

In lithiumeair batteries, the oxygen is supplied from the at-
mospheric air. The gas diffusion layer (GDL) provides passage for
oxygen transport to the cathode reaction sites, but it prevents
electrolyte leakage from the cathode side. In this study, the
computational domain ranges from the anode interface (x ¼ �d(t))
to the end of cathode (x ¼ Lsp þ Lc). In our macroscopic model,
anode protective layer (APL) or solid electrolyte interphase (SEI)
was not considered in the computational domain because it is
ultra-thin (less than dozens of nanometer) compare to anode and
cathode regions [12,18]. However, the effect of SEI is considered in
estimating the transfer current density. We specifically studied the
performance of a single lithiumeair cell neglecting the mechanical
constraints or stack pressure due to the reasons explained before. In
other words, it is assumed that the anode reaction interface is free
to move due to Li metal oxidation (reduction) during discharge
(charge).

2.2. Chemical reaction

In this section, we review the general chemistry for a lithiume

air cell (Fig. 1) during discharge stage. Li metal gets oxidized in the
anode by losing an electron as

Li/Liþþe�: (1)

This reaction happens at the free surface, and Li ion is trans-
ferred to electrolyte through SEI. The electron, released from Li
metal, moves to cathode through the outer loop, while the lithium
ion transports to cathode via electrolyte. At cathode, oxygen from
air gets reduced in presence of lithium ions and electrons as [4]

O2 þ e�/O�
2 (2a)

O�
2 þ Liþ/LiO2 (2b)

2LiO2/Li2O2 þ O2: (2c)

The lithium peroxide (Li2O2) is generally insoluble in electrolyte
and it can adversely affect the performance of lithiumeair cell by
covering the active area of cathode materials [19]. Lithium peroxide
can undergo further reduction to form Li2O as

Li2O2 þ 2Liþ þ 2e�/2Li2O: (2d)

However, conversion from lithium peroxide to Li2O is not very
common. Thus, in this study, the overall cathode reaction is derived
from the reaction pathway shown in equation 2(aec) as

2Liþ þ O2 þ e�/Li2O2: (2e)

To model the charging process, the anodic (1) and cathodic (2e)
reactions are reversed.

2.3. Mathematical model for lithiumeair cell

In a galvanic cell such as lithiumeair cell, the reaction rates at
the anode and cathode side depend on the corresponding surface
overpotential. The local transfer current density at the reaction sites
can be calculated using the ButlereVolmer Equation as [12]



Fig. 1. Model domain for a Lieair battery indicating lithium anode, solid electrolyte interface, gap, porous separator and cathode. A gap (d(t)) is created between the separator and
lithium anode due to the movement of anode interface during discharge, which is filled with liquid electrolyte. Here x and x are the fixed and moving coordinate system. The
computational domain ranges from x ¼ �d(t) to x ¼ Lin ¼ Lc þ Lsp. During discharge, current is supplied by the battery, and the Iload is positive. On the other hand, during charge
current is applied to the battery, and the Iload is negative.
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Anode : ja ¼ i0

�
exp

�ð1� bÞnF
RT

ha

�
� exp

��bnF
RT

ha

��
(3)

Cathode : jc ¼ nF
�
kaCLi2O2

exp
�ð1� bÞnF

RT
hc

�

� kcðCLiþ Þ2CO2
exp

��bnF
RT

hc

�� (4)

where i0 is the current density coefficient and it is calculated from
experiential data. Here b is the symmetry factor, R is the gas con-
stant, T is the operating temperature, n is the number of electron
transferred, and F is the Faraday constant. CLiþ , CO2

, and CLi2O2
are

concentrations of Li ion, oxygen, and lithium peroxide, respectively;
ka and kc are reaction rate constants at the anode and cathode,
respectively. The overpotential at the anode (ha) and cathode (hc)
reaction sites can be given as:

ha ¼ fs � fl � E0a (5a)

hc ¼ fs � fl � Dffilm � E0c (5b)

whereDɸfilm is potential drop across lithium peroxide film, ɸs and ɸl
are solid and liquid phase potential, respectively, and E0a and E0c are
theoretical open circuit potential at the anode and cathode,
respectively. Thus, in order to calculate the local current density,
one has to calculate CLiþ , CO2

, CLi2O2
, ɸs, and ɸl.

In a lithiumeair cell, the Li ion concentration is usually much
higher than 1 M. Hence, the NernstePlanck equation cannot be
used to predict the lithium ion concentration in the electrolyte. In a
concentrated solution, the concentration of ionic components can
be obtained as [8]

vðεCLiþÞ
vt

¼ V$
�
Deff ; LiþVCLiþ

	
�
V

�
t0þ il
!�

zþnþF
þ SLiþ (6)

where t0þ, il
!
, zþ, and nþ are the transference number, current in

liquid phase, charge number, and reaction stoichiometric
coefficient of lithium ion, respectively, ε is the porosity in the
separator and cathode. The porosity is constant in separator, but
varies in cathode area depending on the deposition of Li2O2. Deff,Li is
the effective diffusivity of Li ion which is calculated using Burgge-
man correlation [20] as

Deff ;Liþ ¼ DLiþε
1:5 (7a)

where DLiþ is the Li ion diffusivity, and in concentrated solution it
varies with Li ion concentration and chemical activity as [8].

DLiþ ¼ ðzþ � z�ÞDþ0D�0

zþDþ0 � z�D�0

CT
C0

�
1� dðln C0Þ

dðln CLiþÞ
��

1þ dðln f�Þ
dðln CLiþÞ

�
(7b)

where f� is the chemical activity coefficient. The source (sink) term
in the lithium ion mass conservation equation can be calculated
from

SLiþ ¼ aji
zþnþF

(8)

where the subscript i is the index to identify anode or cathode and a
is the specific area. For discharge case, SLiþ will be a source term for
anode side, but it will act as a sink for cathode side. During the
charge state, SLiþ will be a sink term for anode side and it will act as
a source for cathode side since reduction reaction happens at anode
side while oxidation reaction takes place in cathode.

In a typical lithiumeair cell, the concentration of oxygen in
electrolyte is quite low (a fewmM) owing to the low solubility, and
dilute solution assumption can be used for the mass conservation
equation of oxygen. Thus, in an organic electrolyte, the concen-
tration of oxygen can be obtained as [12]

v


εCO2

�
vt

¼ V$
�
Deff ;O2

VCO2

	
þ SO2

(9)

where Deff ;O2
is the effective diffusivity of oxygen, and for porous

media it is calculated using Burggeman correlation as

Deff ;O2
¼ DO2

ε
1:5 (10)



Fig. 2. (a) Schematics of the 1D computational domain at the beginning of discharge
and at any instant of time t. Here SP stands for separator. (b) Computational grids are
stretched by movement of solid anode boundary. The boundary velocity depends on
current density.
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The last tem in equation (9) presents source/sink term, and it
can be given as

SO2
¼ ajc

zþnþF
(11)

In a lithiumeair battery, oxygen is consumed in cathode during
discharge state but regenerated during charge state.

The mass conservation equation for Li2O2 can be obtained by
balancing the transient term with the source tem as

v


CLi2O2

�
vt

¼ �ajc
nF

(12)

Here the diffusion term is not considered since the Li2O2 is
generally insoluble in an organic electrolyte. In a lithiumeair bat-
tery, Li2O2 fills the cathode void area during the discharge state.
Therefore, cathode porosity can be obtained by subtracting the
space taken by Li2O2 from initial cathode porous area (ε0) as

ε ¼ ε
0 � CLi2O2

$
MLi2O2

rLi2O2

(13)

whereMLi2O2
and rLi2O2

are molecular weight and the mass density
of Li2O2, respectively.

The electric potential in a lithiumeair cell can be divided into
two parts: solid phase potential (ɸs) and liquid phase potential (ɸl).
Solid phase potential is only present in the solid regions of cathode
materials, while the liquid phase potential is related to electrolyte,
and it exists throughout the computational domain. The former
potential can be obtained from charge conservation in the cathodic
solid as:

V$
�
seffV4s

	
¼ ajc (14)

where seff is electric conductivity of cathode material, and for
porous cathode it is calculated using Burggeman correlation.

seff ¼ sð1� εÞ1:5 (15)

Liquid phase electric potential equation is more intricate
because of Li ion movement in concentrated solution. Newman has
derived an equation for liquid phase electric potential from the
GibbseDuhem relation as [8]

V$
�
keffV4l

	
¼ V$

�
2keffRT

F

�
1� t0þ

	�
1þ dðln f�Þ

dðln CLiþ Þ
�

1
CLiþ

VCLiþ
�

� ajc
(16)

where keff is the effective ionic conductivity of Li ion in electrolyte,
and for porous media it can be expressed as

keff ¼ kε1:5 (17a)

where k is the ionic conductivity of electrolyte and it varies with Li
ion concentration as

1
k
¼ � RT

CTzþz�F2

�
1

Dþ�
þ C0
Cþ

1
D0�

t0�

�
: (17b)

here, CT is total mole concentration of solution and Dþ�, andD0� are
diffusion coefficients for interaction of cations-anions and neutral
solvent-anions, respectively.
3. Model for moving boundary

3.1. Anode interface velocity

During discharge lithium metal gets oxidized to form lithium
ions. These lithium ions dissolve in the adjacent electrolyte, which
results in a change in space between the separator and the anode
interface. Fig. 2(a) shows the interface location of Li anode at the
beginning of discharge and at an instant t indicating a change in
volume of DV ¼ d(t)A, where d(t) is the length between anode
interface and separator and A is the anode surface area. This volume
change in the anode side depends on the applied load, and it can be
given as

DV ¼ MLi
rLi

ZT
0

IloadA
nLiF

dt (18)

whereMLi, rLi, nLi are molecular weight, density, and stoichiometric
coefficient for lithium, respectively, and Iload is the applied current
density. Using equation (18), anode boundary velocity (vb) and total
displacement (dT) can be obtained as

vb ¼ MLiIload
nLirLiF

(19a)

dT ¼ dðt ¼ TÞ ¼ MLi
nLirLiF

ZT
0

ðIloadÞdt (19b)

where T is the final time.

3.2. Governing equations for moving mesh

The movement of anode interface affects the species concen-
tration profile and liquid phase electric potential. This phenomenon
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is very similar to melting of a solid. Thus, a moving boundary
technique can be used to obtain the governing equations for
pertinent variables. Here it is assumed that the electrolyte occupies
the gap between the anode interface and the separator. To obtain
governing equations for moving boundary problem, a moving co-
ordinate is introduced. The origin of the moving coordinate (x) is at
the reaction interface of the anode metal (Li) as shown in Fig. 2(a).
Thus, governing equation for moving coordinate can be obtained
using coordinate transformation technique [21]. If the origin of
fixed coordinate system (x) is located at the initial lithiumeelec-
trolyte interface position, the relation between moving and fixed
coordinate can be given as

x ¼ xþ
Zt
0

aðx; tÞdt (20a)

where a(x, t) is the velocity of the grid points in moving coordinate
system, and it can be given as

aðx; tÞ ¼ vb

�
1� xþ d

dt

�
: (20b)

Here d is the length of the electrolyte region at any instant t, and
it consists of separator (Lsp), cathode region (Lc) and space due to
boundary movement (d) as

dt ¼ dþ Lsp þ Lc (21)

Using equations (20a) and (20b), the temporal and spatial de-
rivative terms can be rewritten as

v

vt
¼ v

vt
þ vb

�
1� x� at þ d

dt

�
v

vx
(22a)

v

vx
¼
�
1� vb

dt

�
v

vx
(22b)

Thus the governing equations for Li ion and oxygen in the
moving coordinate system become

v
�
εC*

Liþ

	
vt

þvb

�
1�x�atþd

dt

� v
�
εC*

Liþ

	
vx

¼
�
1�vb

dt

�
v

vx

"
DLiþ;eff

�
1�vb

dt

�
vC*

Liþ

vx

#
þ
�
1�vb

dt

�
v

vx

 
i*l;xtþ
F

!
þS*Liþ

(23)

v
�
εC*

O2

	
vt

þ vb

�
1� x� at þ d

dt

� v
�
εC*

O2

	
vx

¼
�
1� vb

dt

�
v

vx

"
DLiþ;eff

�
1� vb

dt

�
vC*

O2

vx

#
þ S*O2

(24)

Similarly, the liquid phase electric potential in the moving
coordinate can be obtained as
�
1� vb

dt

�
v

vx

"
k

�
1� vb

dt

�
v4*

l
vx

#
¼
�
1� vb

dt

�
v

vx

8<
:2kRT

F

�
1� t0þ

	241þ
d

Here superscript * means that the value is in moving coordinate
system. The source terms in the moving boundary systems (j*c , S

*
Liþ

and S*O2
) should be obtained from variables mapping between fixed

and moving coordinate which are presented in Section 3.5. Gov-
erning equations for Li2O2 concentration and solid phase potential
are not obtained for the moving coordinate system since they will
only be solved in the cathode region from equations (12) and (14).

3.3. Electrolyte space

Initially electrolyte fills all the porous (void) space in the sepa-
rator and cathode side. During discharge, the available space for
electrolyte changes in both anode and cathode sides. As mentioned
earlier, in the anodic side, space is created for electrolyte due to the
movement of anode interface. On the other hand, in the cathode
side, the room available for electrolyte decreases due to the depo-
sition of Li2O2 in the porous area. The total available space for
electrolyte can be calculated as

VðtÞ ¼ A

2
64dðtÞ þ εspLsp þ

ZLspþLc

Lsp

εcðtÞdx

3
75 (26)

where subscripts sp and c mean separator and cathode, respec-
tively. Thus the ratio between available volume to electrolyte vol-
ume (Vel) can be defined as

r ¼ VðtÞ
Vel

: (27)

For an incompressible electrolyte, the electrolyte volume can be
given as

Vel ¼ Aeff ðtÞ

2
64dðtÞ þ εspLsp þ

ZLspþLc

Lsp

εcdx

3
75 (28)

Here it is assumed that there is no surface tension or capillary
effect between the electrolyte and the electrode materials. In other
words, the electrolyte is considered completely settled due to
gravity. Since the volume of electrolyte does not change with time,
Vel can be calculated from equation (26) at time t ¼ 0, and the
effective surface area for reaction can be given as

Aeff ðtÞ ¼

A

2
64εspLsp þ

ZLspþLc

Lsp

εcðt ¼ 0Þdx

3
75

2
64dðtÞ þ εspLsp þ

ZLspþLc

Lsp

εcðtÞdx

3
75

(29)

Above equation indicates that the effective surface area for re-
action is affected by volume change in the cathode side as well as in
the anode side. If Aeff < A, the local transfer current density will
increase at the reaction sites of anode and cathode for a particular
load affecting the cell performance.
dðln f�Þ�
ln C*

Liþ

	
3
5 1

C*
Liþ

�
1� vb

dt

�
vC*

Liþ

vx

9=
;� aj*c (25)
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3.4. Boundary conditions

The computational domain (Fig. 1) for lithium ion, oxygen and
liquid phase electric potential equations ranges from the reaction
interface of anode (x ¼ �d) to the end of cathode (x ¼ Lin). The solid
phase electric potential is only computed in the cathode region
(Lsp � x � Lin). Boundary conditions for all four governing equations
are listed in Table 1. The mass flux for Li ion is determined from the
applied current density at the moving boundary (x ¼ 0) and a no
mass flux condition is prescribed at the right boundary. On the
other hand, mass flux for oxygen is zero at the moving boundary,
but its value at the right boundary is calculated from the oxygen
available in the atmosphere. Although oxygen is continually sup-
plied from atmosphere, the mass flux at the right boundary also
depends on the solubility of oxygen in the electrolyte. For liquid
phase electric potential, the gradient of potential is calculated from
the applied current density at the moving boundary and an insu-
lating boundary condition is used at the right side.

Boundary conditions for the solid phase electric potential are
prescribed at the left and right side of the cathode. In this study,
electrical isolation condition is applied for left boundary because
the left side of cathode is in contact with separator, which has
negligible electric conductivity. On the right side, the cathode is
connected with current collector. So, the solid phase electric po-
tential gradient was calculated from the applied current density.
3.5. Grid generation

In this study, uniform grid is used to obtain discretized algebraic
equations from governing equations (12), (14), (23)e(25). Since the
anode interface moves to left (right) during discharge (charge), the
length of the computational domain changes with time. Thus, if a
fixed number of grids is used for discretization process, the length of
a grid and position of grid points change with time. Fig. 2(b) shows
the grid locations for two consecutive time steps. The new location of
themoving boundary for a particular time (lþ 1) can be calculated as

dðtlþ1Þ ¼ dðtlÞ þ
MLiI

tlþ1=2

load
nLiþrLiF

$ðtlþ1 � tlÞ (30)

where d(tl) is the location at time tl and Itlþ1=2
app is the applied current

density at l þ 1/2 time step. Thus, for moving mesh, the grid length
and grid location can be given as

Dxðtlþ1Þ ¼ Lin þ dðtlþ1Þ
N

(31a)

xjðtlþ1Þ ¼ ½Lin þ dðtlþ1Þ�$ðj� 1=2Þ
N

(31b)

where xj(tlþ1) is position of jth finite volume in moving coordinate,
N is the number of finite volumes, and Lin is the initial length filled
Table 1
Boundary conditions for governing equations (14), (23)e(25).

x ¼ 0 or x ¼ �d(t) x ¼ Lsp x ¼ Lin

Lithium ion
concentration (CLiþ )

�DLi;eff
vCLiþ
vx

¼ aIload
F

vCLiþ
vx

¼ 0

Oxygen
concentration (CO2

)

vCO2
vx

¼ 0 CO2
¼ soO2

CO2 ;atm

Liquid phase
electric potential (ɸl)

�keff
vfl
vx

¼ Iload
vfl
vx

¼ 0

Solid phase
electric potential (ɸs)

vfs
vx ¼ 0 �seff

vfs
vx

¼ Iload

soo2 : solubility of oxygen in electrolyte.
with electrolyte which includes separator and cathode region as
shown in Fig. 2(a).
3.6. Parameter mapping

As mentioned earlier, equations (23)e(25) are solved in the
moving boundary system, while the equations (12) and (14) are
solved in the fixed coordinate. Since these equations are coupled,
pertinent variables should be shared between the two coordinate
systems. Here, variables are mapped between coordinates using
piece-wise linear interpolation scheme [21] shown in Fig. 3. Fi and
Jj represent variables at ith finite volume in the fixed grid and at
the jth finite volume in the moving grid. Using linear interpolation
technique, the parameter mapping can be expressed as

Fi ¼
uWJE þ uEJW

uW þ uE
(32a)

Jj ¼
gWFE þ gEFW

gW þ gE
(32b)

where u and g are geometrical distance and subscripts W and E
mean west and east, respectively. The parameter exchange proce-
dure is executed in each iteration.
4. Results and discussion

Although the computational domain for a lithiumeair cell is two
dimensional, a one-dimensional model suffices to capture the
necessary physics [11,12,22]. Equations (23)e(25) are solved in the
moving mesh for Liþ, O2, and ɸl, while equations (12) and (14) are
solved in the fixed coordinate for Li2O2 and ɸs. Finite volume
method is used for numerical modeling of Lieair battery consid-
ering moving boundary of the anode interface. Discretized alge-
braic equations are obtained using upwind scheme for both mass
conservation and charge conservation equations [23e25]. An in
house code is developed based on the algorithm presented in Fig. 4.
Thomas algorithm is used to solve the tri-diagonal system of linear
algebraic equations. The tolerances for the mass and charge con-
servation equations are 10�5. Numerical simulations are performed
on Intel Xeon 2.2 GHz. Simulations are carried out for both
discharge and charge states.

In this study, the domain lengths for separator and cathode are
50 mm and 750 mm, respectively, while the length of the gap is a
function of time and applied current density. Initial porosity for the
separator and cathode are assumed as 0.73 [26]. A solution of
lithium hexafluorophosphate (LiPF6) in propylene carbonate/
dimethoxyethane (PC/DME) is used as a model electrolyte for this
study. The relevant electrochemical properties used in the simu-
lation are presented in Table 2. The oxygen concentration is set to
3.26 mM at the right boundary of the cathode based on the
Fig. 3. Parameter mapping between fixed and moving mesh. The parameters are
interpolated based on a piece-wise linear scheme.



Fig. 4. An algorithm for Lieair battery simulation considering the moving anode
boundary. Grid is regenerated continuously due to the movement of anode boundary.

Fig. 5. Voltageecapacity plot for a Lieair battery during discharge. The contribution of
oxygen is not considered in the specific capacity calculation. At higher current density
battery drains faster.
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solubility of oxygen in the electrolyte and the concentration of
oxygen in the atmospheric air.

4.1. Discharge phenomena

The discharge characteristics of a lithiumeair cell are shown in
Fig. 5 for various current densities. Experimental data from Read
[27] are also presented in Fig. 5 to compare with our simulation
results. The numerical results obtained from our 1D model are in
Table 2
Parameters used in simulation.

Parameter Value Ref.

Electrolyte property
Li ion diffusivity [m2 s�1] 2.11 � 10�9a [30,31]
Time transfer number 0.2594a [31]
vf/vCLi �1.03a [31]
Oxygen diffusivity [m2 s�1] 7 � 10�10a [32]
Oxygen solubility 0.38 [32]
Electric conductivity [S m�1] 1.85
Kinetic parameters
Reaction rate coefficient anodic current [m s�1] 1.11 � 10�15 [12]
Reaction rate coefficient cathodic current [m7 s�1 mol�2] 3.4 � 10�17 [12]
Exchange current density for anode [A m�2] 1 [12]
Symmetry factor 0.5 [33]
General parameters
Mass density of lithium peroxide [kg m�3] 2140 [34]
Mass density of electrolyte solution [kg m�3] 1200 [34]
Mass density of carbon [kg m�3] 2260 [34]
Particle radius in the electrode [m] 25 � 10�9 [35]
Operating temperature [K] 300
Separator porosity 0.73 [26]
Electric parameter
Electric conductivity of cathode [S m�1] 10 [33]

a Concentration dependent.
good agreement with existing literature, thus validating our nu-
merical model. Here, the specific capacity is calculated based on

SCdis ¼
Zt
0

A$Iload
ð1� ε0ÞrcaV

dt (33)

where Iload, A, V , ε0, and rca are current density during discharge,
anode surface area, bulk cathode volume, initial cathode porosity,
and initial cathode weight density, respectively. It is important to
note that in equation (33) the transient change in cathode porosity
and density are not taken into consideration. In other words, spe-
cific capacity is just a linear function of operating time. That means,
for higher current density of a load, the battery will be discharged
quickly, which is expected like any other battery.

Simulation results indicate (Fig. 5) that the cell voltage drops
with time. The potential drop is very sharp at the beginning at
which the cell voltage drops from the open circuit potential (3.1 V)
due to kinetic losses [28]. The kinetic losses worsen as the current
density of the load is increased. Fig. 5 also reveals that the potential
drops linearly after the initiation period, but it decays exponentially
near the specific capacity limit [28]. There are two possible expla-
nations for this exponential potential drop. The first one comes
from the blocking of porous region in the cathode as discharge
continues. The cathode porosity is decreased due to buildup of
Li2O2 deposit. Fig. 6(a) shows the porosity distribution with time
and location. The porosity remains constant in the gap and sepa-
rator, but changes in the cathode region because of the reduction
reaction only at the porous space within cathode. The porosity
drops at a faster pace in the right side of the cathode than any other
location in the cathode. In other words, the pore blocking problem
due to lithium peroxide deposition is more serious near oxygen
feed side in the cathode, and this problem is well documented in
experimental work [27].

The porosity distribution in the cathode region can also be
explained from the oxygen concentration (Fig. 6(b)). During the
discharge process, oxygen transport takes place from the atmo-
spheric side to the separator due to existence of a concentration
gradient. This gradient implies that the highest concentration of
oxygen occurs at the right side of the cathode, and the oxygen
concentration decreases inward. The higher availability of oxygen
in the atmospheric side will cause higher reaction rate and higher
transfer current in the atmospheric side as shown in Fig. 6(c), which
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is responsible for production of more lithium peroxide deposit in
the right side of the cathode. As the deposition of Li2O2 continues,
the flow of oxygen towards separator decreases due to physical
blocking and reduction of the effective diffusivity of oxygen in the
Fig. 6. Spatial distribution of (a) porosity, (b) oxygen concentration, and (c) transfer
current density during discharge state for current density of 1A m�2. Anode reaction
plane moves left during discharge. The transfer current is due to transport of ions.
Negative transfer current density means reduction reaction, while positive transfer
current density means oxidation reaction.
right (source) side of the cathode. For instance, the effective
diffusivity of oxygen is reduced to one third of its initial value as
cathode porosity is reduced to 0.4 from 0.73. This reduction in
porosity causes overall decrease in oxygen concentration at the left
side of the cathode as discharge continues. At one point, oxygen
gets completely depleted at the left boundary of the cathode, and
this depletion zone continues to extend towards the right side
(Fig. 6(b)). In the oxygen depleted zone, reduction reaction does not
occur and this zone is called the “dead zone”. The dead zone is also
evident from transfer current value presented in Fig. 6(c). The
transfer current approaches zero in oxygen depleted zone and,
consequently, the reaction area is decreased causing very high cell
voltage drop at the specific capacity limit.

The second reason for the cell potential drop is related to electric
passivation due to lithium peroxide formation. As the thickness of
the lithium peroxide deposit increases, the film resistance (Rfilm)
increases which will increase the Dɸfilm causing a net negative ef-
fect on the cell potential. The relative influence of electric passiv-
ation on cell potential drop is higher than that of oxygen limitation
as shown in Fig. 7. This result is in agreement with the work of
Albertus et al. [28]. Our numerical results indicate that the cell
voltage drop is linear for oxygen limited case, while it drops
exponentially when the cell’s performance is limited by the electric
passivation. Nevertheless, the oxygen limitation is still a noticeable
factor on the overall cell voltage drop as shown in the combined
plot (Fig. 7).
4.2. Charge phenomena

The charge characteristics of a lithiumeair cell are shown in
Fig. 8 for various applied current densities. Like discharge case, the
experimental results from Read [27] are also presented for
1.0 A m�2 applied current density, and a very good agreement be-
tween experiments and modeling results are obtained. During
charging of the battery, the specific capacity is calculated from

SCch ¼ SCdisðt ¼ tdÞ þ
Zt
td

A$Iload
ð1� ε0ÞrcaV

dt (34)

where td is the end of discharge time. The current density becomes
negative during charge. Thus, specific capacity decreases with
Fig. 7. Cell electric performance with and without oxygen limitation and electric
passivation. All other simulation conditions are same as Fig. 6.



Fig. 8. Voltageecapacity plot for a Lieair battery during discharge. The contribution of
oxygen is not considered in the specific capacity calculation. At higher current density
battery gets charged quickly.
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charging time. In other words, the battery will be fully charged
when the specific capacity approaches zero. It is important to note
that the effect of oxygen mass is not considered in the conventional
specific capacity presented in equation (34).

As expected, at the beginning of the charging state (t / td) the
cell voltage sharply jumps above the open circuit potential. After
that sudden change, the cell potential continue to rise at a slower
rate during the charging phase, but increases exponentially once
the battery is almost charged (SCch / 0). This exponential change
in potential is due to diminution of cathode reaction space which is
discussed later. Fig. 8 also reveals that the specific capacity de-
creases significantly for higher applied current density, indicating
shorter time for charging. Although shorter charging period is very
desirable for both auto industry and consumer electronics, the high
current density can affect the lithium anodemorphology adversely.
Cohen et al. [29] demonstrated dendrite formation at the anode
interface at higher applied current density. These dendrites might
block the electrolyte flow at the anode reaction interface. In addi-
tion, these dendrites can cause structural damage in the separator
resulting in internal short.

Fig. 9 shows the spatial distribution of various parameters
during the charging phase. In this case, cathode acts like an oxygen
source, where oxygen is produced from the oxidation of lithium
peroxide and is released to atmosphere. Thus, the concentration of
oxygen is higher at the left side of the cathode and it reaches to the
atmospheric level at the right boundary of the cathode (Fig. 9(a)
and (b)). For an ideal system, the maximum oxygen concentration
would be 10 mM if there is no oxygen solubility limitation
(Fig. 9(a)). However, in an organic electrolyte, the maximum con-
centration of solvated oxygen is generally 5 mM or less because of
solubility limitation. Thus, it is assumed that the maximum oxygen
concentration in the solvated (liquid) phase is 5 mM (Fig. 9(b)) and
the rest of oxygen is emitted to the atmosphere in the gas phase.
The total value of oxygen concentration reduces with time because
reaction region in the cathodic side decreases. However, the con-
centration of solvated oxygen remains almost constant during the
early phase of charging, and goes down close to the fully charged
state (Fig. 9(b)).

Fig. 9(c) shows the porosity distribution in the cathode side. As
time progresses, the region with lithium peroxide shrinks and re-
sults in higher porosity in cathode. At the fully charged state, the
porosity fully recovers to its initial value. The depletion of lithium
peroxide takes place quickly in the left side compared to the right
side of the cathode. This is due to the fact that at the end of the
discharge state lesser amount of lithium peroxide is available in the
left side of the cathode compared to the right side. Near the
completion of the charge state, lithium peroxide deposits are
completely depleted at the left side of the cathode. This results in
zero current density from that area due to the lack of oxidation
reaction (Fig. 9(d)) near cathode-separator interface. Thus, for a
constant applied current density, the transfer current increases at
the right side of the cathode causing very high cell voltage near the
completion of the charge state. During the charge state, the gap
between separator and anode is reduced due to recovery of lithium
at the anode, and ideally the separator will touch the metallic
anode at the end of the charge state.
4.3. Effect of volume change

In a metal anode cell, the available space for electrolyte changes
due to the movement of anode interface and changes in cathode
porosity. During the discharge state, gap between separator and
anode is increased while cathode porous area is decreased. So, the
total available space is a function of time. If the lithium peroxide is
insoluble in the electrolyte, the available space for electrolyte in the
cathode region will decrease by the amount of lithium peroxide
produced. On the other hand, if lithium peroxide is totally soluble,
the porous space in cathode is maintained and, consequently, total
available space for electrolyte would increase.

Fig. 10 shows the ratio of available volume to the initial volume
of the electrolyte for discharge. In this study, this ratio was obtained
by substituting equations (19) and (26) into (27) as

rðtÞ ¼ A
Vel

2
4 MLi
nLirLiF

Zt
0

ðIloadÞdt þ εspLsp

3
5þ A

Vel

ZLspþLc

Lsp

εcðtÞdx (35)

The calculation of the first two terms of equation (35) is straight
forward. But the third term requires special attention since the
porosity of the cathode region changes with time. One can easily
find this time dependent porosity change fromnumerical results. In
this study, we calculated the third term from an analytical model.
The porous volume of the cathode can be calculated by subtracting
the space occupied by the Li2O2 from the initial cathode porous
volume as

A
ZLspþLc

Lsp

εcðtÞdx ¼ ALcεcð0Þ � A
MLi2O2

2rLi2O2
F

Zt
0

ðIloadÞdt (36)

whereMLi2O2
and rLi2O2

are molecular weight and density of lithium
peroxide, respectively.

The aforementioned analytical model shows that the ratio de-
creases with increase in specific capacity if lithium peroxide is
insoluble, but it increases if lithium peroxide is soluble. If lithium
peroxide is soluble in electrolyte, the battery performance will be
enhanced due to elimination of electrical passivation effect [28]
discussed later. On the other hand, if the lithium peroxide is
insoluble in electrolyte, electrolyte leakage can happen due to
decrease of total available space for electrolyte. The amount of
electrolyte leakage, estimated from simulation, is presented in
Table 3. Generally, electrolyte leakage is serious when the applied
current density is low because of high specific capacity (Fig. 5),
which eventually ruins a battery.

Next, we study the performance of a lithiumeair battery
considering variable level of solubility of lithium peroxide. Fig. 11
shows the voltageecapacity curve during discharge for a current



Fig. 9. Spatial distribution of (a) total oxygen concentration, (b) solvated oxygen concentration, (c) porosity, and (d) transfer current density during charge state for current density
of 1 A m�2. Anode reaction plane moves towards right during charging, and the anode will touch the separator at the end of the charging process.
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density of 1 A m�2. The cell voltage drop due to passivation is
significant when lithium peroxide is insoluble. On the other hand,
for a completely soluble case, the performance of a lithiumeair
battery can be improved significantly due to elimination of the
passivation effect. The numerical model predicts a constant cell
potential in a totally soluble case, and this result supports the
findings of Albertus et al. [28]. However, in reality it is impossible to
maintain constant cell voltage for a very long period of time, and it
will continue to drop with time. There are two possible explana-
tions for deviation from this ideal case (constant cell potential).
First, the lithium peroxide cannot be completely dissolved in the
electrolyte. Second, there is a change in the effective reaction sur-
face area at the anode interface when lithium peroxide is partially
or totally soluble in the electrolyte. For that reason, the cell po-
tential drops with time even for completely soluble lithium
peroxide if the effective reaction area is considered in the voltagee
Fig. 10. The ratio of available volume for electrolyte to the initial electrolyte volume for
different solubility of lithium peroxide during discharge. All other simulation condi-
tions are same as Fig. 6.
capacity study. The effect of change in reaction area is even more
significant when passivation is considered (blue line). Therefore, it
can be concluded that the cell voltage cannot be maintained con-
stant due to the change in effective reaction area even if electrical
passivation is totally eliminatedwith proper design and selection of
electrolytes.

5. Conclusions

A mathematical model is developed for Lieair batteries
considering changes in volume as well as effective reaction area in
both anodic and cathodic sides. Governing equations are developed
for transport of lithium ion and oxygen as well as for liquid phase
electric potential using the moving coordinate system. These
aforementioned governing equations are solved in moving mesh,
while governing equations for lithium peroxide and solid phase
electric potential are solved only in the fixed cathode region. The
results from this model are validated with existing experimental
results.

Electrical performance of a lithiumeair battery is predicted for
various load conditions for both discharge and charge states. Dur-
ing discharge, a gap is formed between the separator and anode
which is filled with the electrolyte enabling transfer of lithium ions
from anode to cathode. Also, during discharge, lithium peroxide is
formed in the cathode porous space causing passivation of the
cathode. The cell potential changes gradually during the regular
operation range because of decrease in the active cathode area for
reduction reaction. The consequence of this is lower porosity in the
cathode, which inhibits the oxygen flow further causing dead zone
near the separator. The dead zone grows significantly at the specific
Table 3
Percentage of electrolyte leakage for an applied current density of 1 A m�2.

Specific capacity [mAh g�1] 100 200 300 650

Leakage [%] 0.40 0.70 1.09 2.15



Fig. 11. Voltageecapacity curves for different level of lithium peroxide solubility in the
electrolyte. There is a significant difference between the performance results if the
effective reaction area is taken into consideration due to the volume change.
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capacity limit and results in steep drop in cell voltage as well as
performance. On the other hand, during charge, the gap between
the anode interface and separator decreases with time due to the
recovery of metallic lithium in the anode. Like in the case of
discharge, the dead zone is first formed at the interface of separator
and the cathode because of the depletion of lithium peroxide. This
dead zone continues to move towards the atmospheric side of the
cathode.

During charging state, the oxygen concentration is highest at the
interface between separator and cathode, and it decreases towards
the atmospheric side. For the system shown in this study, the total
concentration of oxygen is higher than the maximum permissible
oxygen concentration in an organic electrolyte. The excess oxygen
has to leave the system in gas phase which might block the porous
structure due to the formation of bubbles. This bubble formation
might be prevented by developing electrolytes with higher oxygen
solubility.

This numerical study shows that the effective reaction area as
well as the volume available for electrolyte changes during
discharge and charge operation. These changes strongly depend on
the solubility of lithium peroxide in electrolyte in the cathode re-
gion. For totally soluble lithium peroxide in an electrolyte, the
available electrolyte volume increases (decreases) with time for
discharge (charge). Numerical results further reveal that the cell
voltage cannot be maintained constant because of reduction of
effective reaction area.
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