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A B S T R A C T

Li-air cell operated with ionic liquid electrolytes is a very promising energy storage technology for electric
vehicle and plug-in hybrid electric vehicle due to several favorable characteristics of ionic liquids.
However, Li-air cells that employ room temperature ionic liquid (RTIL) electrolytes exhibit poor
performance due to limited oxygen solubility and low reactant species mobility. To circumvent these
aforementioned drawbacks, we investigated the electrical performance of a Li-air cell with ionic liquid
electrolytes operating at high temperature. A continuum based model is used to quantify the
performance of the Li-air cell, with an ionic liquid (MPPY-TFSI) electrolyte, as a function of operating
temperature. Simulations at the atomistic scale, such as molecular dynamics (MD) and density functional
theory (DFT) calculations are used to obtain key properties for the continuum model. These properties
include electron transfer reaction rate constant, species diffusivity and oxygen solubility. The MD
simulations indicate that oxygen solubility in ionic liquid increases with temperature, which is very
favorable for high temperature operation. The continuum based cell level simulation results show that
the battery performance can be improved significantly by increasing operating temperature. For
instance, specific capacity as high as 3000 mAh/g can be achieved at 110 �C operating temperature, which
is almost 25 times higher than its counterpart at room temperature. Simulation results also reveal that by
increasing the operating temperature, the specific capacity can be improved significantly for high load
current density, which is one of the most critical drawbacks in RTIL based Li-air battery. We also studied
the effect of cathode thickness on the performance of Li-air battery at different operating temperatures.
The transport limitation of oxygen and lithium ions can be alleviated at higher operating temperatures,
suggesting that even thicker cathode materials can be used to enhance the cell capacity at elevated
temperature.
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1. Introduction

Even though recent developments in Li-ion battery have
revolutionized the portable electronics market, it still falls short
of meeting the demands of the automobile industry for electric
vehicles and hybrid electric vehicles. For instance, the current
driving range of most Li-ion based electric vehicles is limited to
200 km, which is practically useless for any long distance trip [1].
The successful development of electric vehicles requires break-
through in battery technology that leads to very high specific
capacity as well as cell capacity at reasonable price. The Li-air
battery, which has a theoretical energy density comparable to
that of gasoline [2], has the potential to meet the demand of auto
* Corresponding author: Tel.: +1 509 335 7989; fax: +1 509 335 4662.
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industry and supply power for longer driving range. As a matter of
fact, the specific energy of lithium-air battery can be 10 times as
high as that of lithium-ion battery. This high specific energy can
be attributed to a light cathode employed in Li-air battery, where
the principal reactant (oxygen) is taken directly from atmosphere
rather than stored in heavy cathode materials, such as LiMn2O4,
LiFePO4, and LiCoO2 [3]. The superior performance of Li-air
battery has been reported in recent studies where organic solvent
was used as electrolytes [4,5]. However, the cyclic performance of
those batteries was very low since lithium carbonate is produced
from organic electrolytes during discharge [6]. Owing to the very
high chemical stability of lithium carbonate, high electric
potential is required to recover lithium ions from lithium
carbonate during charging process. This high charging potential
can oxidize the electrolyte, which results in the degradation of
electrolytes as well as formation of insulation layer on the
electrode surface [7]. Another major drawback of widely used
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organic electrolytes is flammability due to their characteristic
high vapor pressure. The flammability of these electrolytes can
lead to major safety hazard, especially in the Li-air battery due to
its open form architecture.

To overcome aforementioned drawbacks, ionic liquids have
been used as electrolytes in lithium-air batteries [8]. Ionic liquids
have low vapor pressure and they are chemically and thermally
stable solvents. However, the performance of RTIL based Li-air
battery was inferior compared to that of organic electrolytes
because of high viscosity and low diffusivity at room temperature.
Moreover, the oxygen solubility and diffusivity are much lower in
ionic liquid electrolytes compared to organic liquids, which
severely affect the electrical performance of Li-air battery [9].
Furthermore, lithium ion mobility is limited in ionic liquids
because of the formation of charged clusters between lithium ion
and ionic liquid anions [10]. However, in a recent work, Deshpande
et al. [10] have shown that diffusivities of lithium ions increase
with temperature in ionic liquid electrolytes, which can improve
the lithium ion mobility. As a matter of fact, Kuboki et al. [8] have
demonstrated the feasibility of high temperature (over 80 �C)
operation of Li-air battery using ionic liquid electrolyte. While
higher specific capacity was obtained at elevated temperature, the
battery was tested at very low current density conditions �0.1 A/
m2, which is not suitable for most applications. In this work, the
performance of Li-air batteries with ionic liquid electrolytes is
studied at high temperatures since species transport properties,
such as diffusivity and mobility, of the electrolytes could be
improved at higher operating temperatures. Here, MD and DFT
calculations are performed to calculate properties of ionic liquids
and reaction constants, and continuum level analysis is carried out
to predict the battery performance at different load current
densities. Furthermore, the effects of varying cathode thickness are
studied to demonstrate the species transport behavior in ionic
liquid electrolytes and its consequence on cell performance at
different working temperatures.
Fig. 1. Schematic illustration of Li-air battery with corresponding electrochemical react
oxidation at anode while it reduces with oxygen at cathode during discharge stage. Ox
2. Model

2.1. Model System

A typical Li-air cell consists of lithium anode, porous separator
and catalyst loaded porous carbon cathode as shown in Fig. 1. Here,
porous cathode and separator are filled with electrolyte, which
provides route for lithium ion and oxygen transportation.
Typically, solid lithium foil is used as anode material since it
can decrease the anode weight by eliminating structural materials
(e.g. graphite), and anodic reaction takes place only at the interface
between lithium foil and electrolyte. On the other hand, cathodic
reaction occurs in the entire porous cathode surface. During the
discharge state, lithium metal is oxidized and dissolved into
electrolyte continuously by releasing an electron as

Li ! Li+ + e� (1)

The electron released from lithium metal moves to cathode side
through outer loop while lithium ions pass through the electrolyte
to cathode region. The lithium ion is subsequently reduced at the
cathode side (Fig. 1) in presence of electron and oxygen derived
from atmospheric air through the gas diffusion layer (GDL) as [11]

O2 + e�! O2
� (2)

O2
� + Li+! LiO2 (3)

2LiO2! Li2O2 + O2 (4)

Thus, the overall reaction for a Li-air battery can be represented
as

2Li + O2! Li2O2 (5)

During the charge process, the anodic and cathodic reactions
are reversed. In other words, lithium peroxide is oxidized at the
ions at anode and cathode side is provided. Li ion dissolves into electrolyte due to
ygen is introduced continuously to the cell through the air-breathing cathode.
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porous cathode side to form lithium ion and oxygen. The reaction
product oxygen is released to atmospheric air, while the other
reaction product, lithium ion, returns to the anodic side through
electrolyte. The lithium ion is finally reduced to lithium in presence
of the charge current, and recovered on the lithium foil. In this
study, a mixture of lithium salt (Li-TFSI) and an ionic liquid (MPPY-
TFSI) solvent is used as model electrolyte.

2.2. Mathematical Model for Li-air Cell

2.2.1. Chemical Kinetics
In a Li-air cell, the reaction rates at the anode and cathode sides

are formulated with surface overpotential as well as concentration
of reaction species such as lithium ion (CLi

+) and oxygen (CO2)
described later. The local transfer current density at the reaction
sites can be calculated using the Butler-Volmer Equation [12].
However, in this study, the reaction rates are formulated from Tafel
equations, since the electrical performances are only considered
for discharge process [13].

Anode : ja ¼ i0exp
bnF
RT

ha

� �
ð6aÞ

Cathode : jc ¼ �FkcC
2
LiþCO2

exp � 1 � bð ÞnF
RT

hc

� �
ð6bÞ

where n, R, T, b, F, kc, and i0 are number of electrons involved in
electrode reaction, gas constant, temperature, symmetric coeffi-
cient, Faraday constant, cathode reaction constant and exchange
current density, respectively. The surface over-potential (h) is
expressed as

hi ¼ fs � fl � Ei ð7Þ
where fs, fl and E are solid and liquid phase electric potential and
open circuit potential, respectively. The subscript i becomes “c” for
cathode and “a” for anode.

2.2.2. Transport Equations
The transport equations for Li-air battery with organic liquid

electrolytes was introduced recently [14,15]. But these models
cannot be applied to the Li-air battery operated with ionic liquid
electrolytes. Unlike organic electrolytes, ionic liquid electrolytes
consist of three ionic species. For instance, the ionic electrolyte
considered in this study contains two cations (Li+, MPPY+) and one
anion (TFSI�) Thus, models commonly used for binary electrolytes
are not useful for ionic liquid based ternary systems. In a recent
study, we developed a mathematical model for ionic liquid based
ternary electrolyte system to study lithium-ion battery. Here, we
have modified those transport equations for Li-air battery [16].

In a Li-air cell, both lithium ion and oxygen can be transported
to porous separator and the cathode region through electrolyte.
Owing to the very low concentration of oxygen in the ionic liquid
electrolyte, the oxygen concentration in the porous media can be
obtained from the simple diffusion transport using Bruggeman
correlation [17] as

@ e CO2

� �
@t

¼ r � e1:5DO2rCO2

� �þ SO2 ð8Þ

where e is porosity of the material (either separator or cathode)
and DO2 is the oxygen diffusivity. It is important to note that the
applicability of the Bruggeman correlation is only valid for
isotropic porous media [18]. In other words, the simplified
Bruggeman correlation cannot capture particle polydispersity
and electrode inhomogeneity into species transport phenomena
[19].
The source (sink) term for oxygen are calculated from transfer
current density and specific reaction surface area (a) as

SO2 ¼ a jc
nF

ð9Þ

But the mass transport equation for lithium ion needs to be
derived from Maxwell-Stefan equations due to extremely high
concentration of the ions in ionic liquid electrolyte. Following our
earlier work [16], the Li ion concentration in ionic liquid electrolyte
can be obtained in the porous material as

@ eCLiþ
� �
@t

� r � e1:5 ~DLiþrCLiþ þ z~vLiþrFl eCLiþ
� �h i

¼ SLiþ ð10Þ

Here ~DLiþ and ~vLiþ are apparent diffusivity and mobility for lithium
ion in ionic liquid electrolyte, and these parameters can be
obtained as

~DLiþ ¼ 2D12D23

D12 þ D13 þ 2 D23 � D13ð Þx1
ð11Þ

~vLiþ ¼ 1 þ D23

D12

� �~DF
RT

ð12Þ

where xi is the mole fraction and Dij are Maxwell-Stefan
diffusivities. The subscripts 1, 2 and 3 represent 1: Li+, 2: MPPY+

and 3: TFSI�. Like oxygen transport equation, the source term for
the lithium ion can be estimated from

SLiþ ¼ a jc
nF

ð13Þ

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

d CLi2O2

� �
dt

¼ �a jc
nF

ð14Þ

Here the diffusion term is not considered since the Li2O2 is
generally insoluble in the electrolyte. In a lithium-air battery, 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 (e0) as

e ¼ e0 � CLi2O2
�MLi2O2

rLi2O2

ð15Þ

where MLi2O2
and rLi2O2

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

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

r � s 1 � eð Þ1:5rfs

h i
¼ ajc ð16Þ

where s is electrical conductivity, which is given as material
property. Liquid phase electric potential equation is more intricate
because of Li ion movement in concentrated solution. From charge
conservation, liquid phase electric potential equation is derived as

r � le1:5rfl

� � ¼ �a jc � r � F D13 � D23ð Þ
D13

e1:5 ~DrC1

� �
ð17Þ
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Here, ionic conductivity (l) is defined as

l ¼ CTD23z2F
D13=D23 � 1

D13
~vx1 þ

F
RT

� �
ð18Þ

where CT is total molar concentration of electrolyte.

2.3. Assumptions

In this study, following assumptions were used to simplify the
mathematical model.

� Maxwell-Stefan framework is applicable to describe mutual
diffusion phenomena in ionic liquid systems.

� Lithium salt is fully ionized in the ionic liquid solvent and there is
no neutral species in the electrolyte.

� Charge separation is impossible in electrolytic solutions, so,
electroneutrality condition is maintained in ionic liquid electro-
lyte.

� Size of dendrite is small enough compared with simulation
domain to neglect the effect of anode surface roughness.

� Temperature remains uniform throughout the cell.
� Lithium peroxide deposits homogeneously onto porous cathode
region.

2.4. Boundary Conditions

The left boundary of the computational domain, shown in Fig. 1,
is located at the interface of anode foil and the electrolyte, while
the right boundary is positioned at the edge of the porous cathode
and the gas diffusion layer (GDL). The boundary conditions for the
mass and charge conservation equations are listed in Table 1. The
mass flux of the lithium ion at the left boundary was formulated
with anode current density while zero flux was applied at the right
boundary. With regards to oxygen, constant concentration is
prescribed at the right boundary but zero flux was applied at the
left end. Here, the oxygen concentration is calculated from oxygen
solubility and oxygen partial pressure at atmospheric conditions.
For liquid phase electric potential, the electrically insulated
condition was applied at the right boundary, while load current
value was given at the left end of the domain since the current is
induced by the dissolution of lithium ions at the reaction surface.
On the other hand, for solid phase electric potential, insulation
condition was applied at the left edge of cathode material, while
load current value was given at the right side of the computational
domain.

2.5. Numerical Method for Cell Level Analysis

In this study, discretized algebraic equations were obtained to
solve nonlinear mass and charge conservation equations. For the
spatial differencing, a finite volume method with power law
Table 1
The boundary conditions, used in the mathematical model for Li-Air battery, are listed

x ¼ 0 

Lithium ion concentration (CLiþ ) �DLi;ef f
@CLiþ

@x
¼ aiload

F

Oxygen concentration (CO2
) @CO2

@x
¼ 0

Liquid phase electric potential (fl) �kef f
@fl

@x
¼ iload

Solid Phase Electric Potential (fs)
scheme was used, while a first order-accurate implicit scheme was
applied for the time differencing. Thomas algorithm was used to
solve tri-diagonal system of the equations. Here, all equations had
been solved simultaneously using sequential method with 10�5

convergence tolerance. An in-house code was developed based on
C + + and numerical calculations were performed on an Intel Xeon
2.4 GHz CPU.

3. Chemical Properties

3.1. Reaction Rate Constant

In the present study, the electron transfer reaction rate
constant for the electrochemical oxidation of lithium metal at
anode was calculated using a novel method, based on Marcus’s
theory [20]. The effect of solvent is accounted for by using the
Conductor-like Screening Model (COSMO) [21], which is an
approach to model dielectric screening in solvents. In the
framework of Marcus’s theory, the determination of the electron
transfer rate constant requires calculation of Gibbs free energies
for all the species involved in the oxidation of pure lithium metal
into positively charged lithium ions as well as the inner and outer
sphere reorganization energies for the electron transfer in the
presence of ionic liquid electrolyte, which was described
implicitly using COSMO solvation model. DFT approach was used
to calculate all free energies within the Becke, three-parameter,
Lee�Yang�Parr (B3LYP) level of theory to account for exchange
correlation effects. The details of the model were described in a
prior work of Kazemiabnavi et al. [22,23], which investigated the
effect of dielectric constant of the ionic liquid electrolyte on the
kinetics and energetics of the electron transfer reaction at the
anode-electrolyte interface. DFT based study shows that the
magnitude of the driving force for the anodic reaction increases
with increase in the static dielectric constant (e) of the electrolyte.
More importantly, it is found that the electron transfer rate
constant (ket) for the anodic reaction is directly proportional to
the static dielectric constant of the ionic liquid and it can be
presented as

logketÞ ¼ �19:265
e þ 0:5465 ð19Þ

Using the electron transfer rate constant of the electrochemical
oxidation of lithium metal at the anode, the current density, i0, can
be calculated using the equation below:

i0 ¼ ket e
A

ð20Þ

where, e is the charge of an electron and A is the active surface area
of the electrode. As shown in Fig. 2, the DFT calculation assumed
that one out of 9 lithium atoms, located on the surface of electrode,
gets oxidized and forms Li+ ion. Therefore, the active surface area
for this reaction will be the frontal area of 9 unit cells, which can be
.

x ¼ Lsp x ¼ Lsp þ Lca

@CLiþ

@x
¼ 0

CO2
¼ sO2CO2 ;atmO2;atm

@fl

@x
¼ 0

@fs

@x
¼ 0 �sef f

@fs

@x
¼ iload



Fig. 2. The configuration of the model system used in DFT calculation of the electron transfer rate constant is shown. 9 unit cells have been shown. Pink: Neutral lithium
atoms. Green: Li+ ion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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calculated using the lattice constant of lithium metal (3.507 Å):

A m2� � ¼ 3 � 3:507 � 10�10m
� 	2

¼ 1:10691 � 10�18m2

According to the abovementioned DFT calculations, the electron
transfer rate constant for the oxidation of lithium metal in
MPPY+TFSI� ionic liquid based electrolyte, with a dielectric
mab ¼ 1
6
lim
n!1

1
N
� 1
n � Dt

XNa

i¼1

ri;a t þ n � Dtð Þ � ri;a tð Þ
 �( ) XNb

j¼1

rj;b t þ n � Dtð Þ � rj;b tð Þ
 �8<
:

9=
;
E*

ð21Þ
constant of 9.1, is 0.025082 sec�1. Therefore, the exchange current
density for the oxidation of metallic lithium in MPPY+TFSI� ionic
liquid is 0.363043 mA/cm2.

3.2. Diffusivity and Solubility

We used MD simulations to evaluate Maxwell-Stephan (MS)
diffusivities of the specific chemical species in the ternary systems
consisting of MPPY+TFSI� ionic liquid (IL) doped with Li+TFSI� as
well as to calculate solubility of oxygen in the ionic liquid
electrolyte. Ab initio calculations were performed on a cation/anion
pair with the second-order Møller�Plesset (MP2) perturbation
theory using the 6–31 G (d) basis set [24,25] to obtain the partial
atomic charges. These calculations were performed using
NWChem [26]. As described in our previous work [10], the charges
were reduced to account for polarization effects. We used the
software LAMMPS [27] for all classical MD simulations. All atomic
interactions were described using the optimized potentials for
liquid simulations (OPLS) force field [28]. Our results were
validated [10] by comparing calculated properties, such as density
and diffusion coefficient for neat ionic liquid and ionic liquid doped
with Li+TFSI�, to experimental data [29]. For the doped solution (IL
with Li+TFSI�), a mixture of 0.25 mole fraction Li+TFSI� with
0.75 mole fraction MPPY+TFSI� was simulated.

3.2.1. Maxwell–Stephan Diffusivity
An NPT ensemble, where the number of particles (N), pressure

(P), and temperature (T) are fixed, was used to equilibrate the
system at atmospheric pressure and temperature of 303 K, 323 K,
343 K, 363 K and 383 K. A Nose’–Hoover barostat [30] and
thermostat [31,32] were utilized to control the temperature and
pressure. Production runs of NPT ensembles were carried out for at
least 40 ns, after equilibration runs for at least 15 ns. The equations
of motion were integrated with a time step of 1 fs for production
runs. The cutoff distances for Coulombic and van der Waals
interactions were 1.3 nm. Long range electrostatic interactions
were computed using the particle–particle–particle mesh (PPPM)
method [33]. The MS diffusivities were obtained from Onsager
coefficients (m) [34], which are calculated from MD simulations,
using the following equation:
Here, a and b are the types of ions, N is the total number of ions, ri,a
denotes the position of ith ion of type a at time t. Dt is the

simulation time-step, and n denotes the number of time-steps.
ED

denotes the ensemble average computed over n. Also, the matrix
m½ � is symmetric and mab ¼ mba. An approach described by Liu et al.
[34] was employed to calculate the MS diffusivities presented in
Table 3. Here, D1,2 is the MS diffusivity between Li+ and MPPY+, D1,3

between Li+ and TFSI�, and D2,3 between MPPY+ and TFSI�.
As expected, the MS diffusivities between the ions are greater in

magnitude at higher temperatures. Also, we observe that the MS
diffusivity between Li+- MPPY+ is the lowest. This is interpreted in
light of the positive charges on both the species and the repulsion
between Li+ and MPPY+, which results in relatively diminished
diffusion of Li+ into MPPY+. The MS diffusivities are relatively
higher for Li+- TFSI� and MPPY+- TFSI� because of the opposite
charges on the ion-pairs, which implicitly accounts for greater
Coulombic attraction between the ion-pairs, thus resulting in
increased diffusion into each other. The diffusion in Li+- TFSI� is,
however, low compared to that of MPPY+- TFSI� because of the
increased coordination between Li+ and TFSI�, which tend to form
charged clusters. The smaller Li+ is surrounded by multiple large
TFSI� ions. This reduces the mobility of the two species and hence
the MS diffusivity. Due to the similar sizes of MPPY+- TFSI�, cluster
formation is not prevalent. Also, because of their large sizes, the
surface charge densities of MPPY+ and TFSI� are low. This results in
relatively high mutual diffusion between the two species. The high
MS diffusivity in MPPY+-TFSI� can ultimately be attributed to the
strong cation-anion interaction in ionic liquids [34].

3.2.2. Oxygen Solubility
We performed MD simulations to calculate the solubility of

oxygen in MPPY+TFSI� solvents, shown in Fig. 3. We used the
software LAMMPS [27] for performing all MD simulations with the
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same OPLS (Optimized Potentials for Liquid Systems) [35] based
force field, with parameterized charges, as described earlier [10].
The configuration of the simulated domain, also described
elsewhere [36], is shown in Fig. 4. The domain consisted of two
sections of ionic liquid at the two ends (125 MPPY+ and 125 TFSI�

ions) separated from oxygen gas by a semi-permeable membrane.
The membranes comprised of single layer of molecules arranged in
a face centered cubic (FCC) configuration. The region between the
membranes was filled with oxygen molecules. The system is
periodic in all three dimensions. A Lennard-Jones potential was
utilized for modeling the membrane atoms. The size parameter of
this Lennard-Jones potential (s) was adjusted to make it semi-
permeable, such that only oxygen could penetrate through the
membrane. The system was equilibrated as a canonical ensemble
for 1,500 picoseconds at 323 K, followed by production runs
involving a microcanonical ensemble, where oxygen molecules
were allowed to diffuse through the membrane into the ionic
liquid.

For non-ideal gases, the Henry’s constant is determined from
the equation [37]:

H1;2 ¼ ’1P1

x1expfP2V21=RTg ð22Þ

Here, subscript 1 refers to the solute molecules (oxygen), and 2 to
the solvent molecules (MPPY+TFSI�). The pressure of the gas phase
P1 is estimated from the density of the gas phase ‘r’, the second
virial coefficient of oxygen, B (cm3/mol), gas constant, R (atm
cm3K�1mol�1), and the temperature T using the first order
approximation of the virial equation of state:

P1 ¼ ð1 þ BrÞrRT ð23Þ
The vapor phase fugacity coefficients ’ are obtained using the
equation:

ln’ ¼ 2rB � ln
P

rRT

� �
ð24Þ

The pressure in the solvent compartment P2 is determined from
the force exerted on the membranes by the solvent compartment,
which provides the pressure difference between the two compart-
ments. V21, the partial molar volume of oxygen dissolved at
infinite dilution, was calculated as the difference between the
volumes of two equilibrated systems with identical number of
MPPY+TFSI� ions, but with one consisting of an additional oxygen
molecule. x1 is the concentration of the solute in the solvent. The
solubility (s) of oxygen in MPPY+TFSI� can be obtained from the
Henry’s constant, H1,2, using the following equation:

s ¼ p
H1;2

ð25Þ

where p is the partial pressure of oxygen in the atmosphere.
Fig. 3. Structures of (a) N-methyl-N-propylpyrrolidinium (MPPY+) cation an
Due to the lack of experimental data for solubility of oxygen in
MPPY+TFSI�, we compared the obtained value of Henry’s constant
with the experimental results available for N-butyl-N-methyl
pyrrolidinium bis(trifluoromethylsulfonyl) imide (BMPY+TFSI�)
ionic liquid [38], which is very similar in structure to MPPY+TFSI.
The values of Henry’s constant for the two ionic liquids are
comparable within the order of magnitude. We obtained a value of
989.48 atmospheres [36] for the Henry’s constant, while the
reported value for BMPY+TFSI� was 1210 	 600 atm [38]. After
qualitatively validating the results, we calculated the solubility of
MPPY+TFSI in the temperature range of 303 K to 383 K at
increments of 20 K. The calculated Henry’s constants and
corresponding oxygen solubilities are shown in Fig. 5.

Fig. 5 demonstrates that the Henry’s constant decreases with
increasing temperature, while the solubility of oxygen increases
with temperature. Such trend in solubility, also observed for
pyrrolidinium based ionic liquids[38], is explained by the lower
average kinetic energy of oxygen molecules at low temperatures,
which decreases the probability to overcome the solvation barrier
in the ionic liquid. Thus, fewer molecules penetrate through the
membrane into the ionic liquid at lower temperatures. To further
verify this hypothesis, we evaluated the concentration of oxygen in
the ionic liquid for identical range of temperature. Fig. 6 shows that
the concentration of oxygen in the ionic liquid domain is low at
303 K and it gradually increases with increase in temperature. This
implies that the oxygen density in the region between the
membranes is higher at 303 K, and it gradually decreases with
increase in temperature. Because of this high oxygen density, the
pressure in the oxygen domain (P1) is relatively high at 303 K, and it
gradually decreases with increase in temperature. Since P1 is
directly proportional to Henry’s constant, as indicated by equation
(22), the Henry’s constant follows the same trend as P1 and
decreases with increasing temperature.

As seen in equation (24), the fugacity (’) plays a significant role
in determining the Henry’s constant. The fugacity depends on r, B,
T and pressure P. B decreases from 14.09 cm3/mol at 303 K to
2.49 cm3/mol at 383 K. The density r decreases with increase in
temperature, as explained earlier and also because x1 increases
with increase in temperature (Fig. 6). Thus the first term 2Br, in
equation (24), is lower at relatively higher temperatures. The
second term, ln(P/rRT), which is equivalent to ln(1 + Br), from
equation (23), should decrease with increasing temperatures.
However, due to the logarithmic operator, it contributes less to the
overall fugacity. Therefore, the overall value of ’ is dominated by
the first term in equation (24) and decreases with increase in
temperature. In accordance with equation (22), a decrease in the
value of ’ with temperature contributes to the decrease of the
value of Henry’s constant at higher temperatures.

Overall, the important parameters that affect the Henry’s
constant are ’1, P1 and x1. As explained above, the results indicate
d (b) bis(trifluoromethanesulfonyl) imide (TFSI�) anion are presented.



Fig. 4. Initial configuration of the simulation domain, consisting of MPPY+TFSI�, semi-permeable membranes and oxygen molecules, is shown.

Fig. 5. The variance of Henry’s constant and the solubility of oxygen ( � 10,000 mole fraction) with temperature are shown. While the Henry’s constant decreases with
temperature, as expected, the solubility shows the opposite trend.
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that ’1 and P1 decrease with increase in temperature and x1
increases with increase in temperature. Therefore, despite the
presence of the exponential temperature-term in the denominator
of equation (22), the cumulative effect of all terms lead to decrease
in Henry’s constant with increase in temperature, as seen in Fig. 5.
Conversely, this implies that the solubility of oxygen should
increase with increase in temperature, as obtained from our
simulations. The variation of x1 with temperature gives us an
Fig. 6. The mole fraction of oxygen gas in the ionic liq
overall idea about the solubility of oxygen in MPPY+TFSI� ionic
liquid. Results obtained clearly show that the solubility of oxygen
gas in MPPY+TFSI�, unlike other liquids, increases with increase in
temperature, which can potentially improve the performance of a
lithium batteries, using this ionic liquid electrolyte, at high
operating temperatures. Del Sesto et al. [39] and Maton et al.
[40] showed that imidazolium and pyrrolidinium-based ionic
liquids do not initiate thermal decomposition until temperatures
uid domain, x1, is shown at various temperatures.
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above 420 K. Moreover, the low vapor pressure of MPPY+TFSI� and
very high flash point [41], which makes it non-flammable,
eliminates battery safety issues at high operating temperatures.

4. Results and Discussion

4.1. Model Validation

In a recent experimental study, Higashi et al. [42] presented the
electrical performance of Li-air battery using ether-functionalized
ionic liquid. The ionic components in their experimental work
were Li+, PP13(N-methyl-N-propylpiperidinium) and TFSI(bis
(trifluoromethanesulfonyl) imide). Thus, their experimental work
is used to validate our model developed for the ternary electrolyte
system. Here, it is assumed that diffusivity and solubility for
lithium ion and oxygen remain the same in both P13 ((N-methyl-N-
propylpyrrolidinium)-TFSI (our case) and PP13-TFSI (experimental
work) ionic liquids since molecular structures of P13 and PP13 are
very comparable. Both ionic liquids (P13TFSI and PP13TFSI) have
identical methyl and propyl side chains, saturated cyclic moieties
and very similar molecular weights, which should lead to
comparable properties. For instance, the ionic conductivities of
P13-TFSI and PP13-TFSI are 0.14 S/m and 0.15 S/m, respectively,
while it is 0.22 S/m for P14-TFSI having methyl and butyl side
chains [43]. Nevertheless, as shown in Fig. 7 (a), the results
predicted by the numerical model are in good agreement with
experiment data. Moreover, the rate capability is investigated and
compared with their experiment results. To investigate rate
capability, the numerical analyses are carried out on various
applied current densities and the results are presented in Fig. 7 (b).
The lower specific capacity limits are obtained at higher applied
current densities. Table 2 shows quantitative comparison between
experimental and numerical results. Due to the absence of cut-off
voltage information in the experimental work, we cannot compare
the rate capability of Li-air battery, quantitatively. However, it is
noteworthy to mention that specific capacity limits decrease with
applied current density and the specific capacity reduction trend
obtained from numerical result is analogous to that obtained from
experimental one. Hence, we can conclude that the developed
numerical model is suitable for electrical performance evaluation
of Li-air batteries that employ ionic liquid electrolytes.
Fig. 7. (a) Electrical performance of a Li-air cell operated with ionic liquid electrolytes 

density of 1 A/m2. Experimental results of Higashi et al. [42] are also presented
a = 3.75 �10�7m�1. (b) Cell potential profiles are presented for various load curre
4.2. Effect of Cathode Thickness

In this section, we study the effect of cathode thickness on the
electrical performance of a Li-air cell. If there is no transport
limitation (e.g. lithium and oxygen concentration do not change),
the operating cell potential can be obtained from Tafel equations
(Eqs (6a) & (6b)) as [16]

fcell ¼ E0 � RT
F
ln

iapp
3

F � a � Lca � C2
Liþ � CO2 � kc � i20

  !
ð26Þ

where E0 is cell open circuit potential. Equation (26) is very similar
to Nernst equation, where the second term in the right hand side
introduces cell potential drop due to concentration polarization.
This equation indicates that the voltage drop can be mitigated by
increasing cathode material thickness (Lca).

Fig. 8 (a) shows numerically predicted operating cell potential
as a function of specific capacity for a load current density of 1 A/
m2. At very early discharge stage, operating cell potential increases
with cathode thickness as is expected from Equation (26) but the
cell potential decay is more severe on thicker cathode due to mass
transport limitation of reaction species such as lithium ion and
oxygen. Consequently lower specific capacity is obtained for
thicker cathodes. For 1200 mm thick cathode case, lithium ion
(Fig. 8b) and oxygen (Fig. 8c) depleted zones are found at the right
and left end, respectively when specific capacity limit reaches
40 mAh/g. However, for thinner electrodes, the lithium ion and
oxygen depletion zones are not noted at the same (40 mAh/g)
depth of discharge (Fig. 8(b & c)). Eventually the depletion zones
are observed even for thinner electrodes (400 and 800 mm) at the
end of their corresponding discharge (not shown). Our numerical
results, as shown in Fig. 8(d), suggest that high specific capacity can
be obtained with thinner cathodes due to availability of more
reaction species. For example, specific capacity limit as high as
3000 mAh/g can be obtained with a 200 mm thick cathode.
Although thinner cathodes can provide better specific capacity, the
cathode thickness should be optimized to maximize the cell
capacity. Fig. 8(d) shows that an optimum cell capacity can be
obtained for a moderate value of cathode thickness. The effect of
load current density is also an important factor that influences the
cell performance which is discussed later.
(P13TFSI with LiTFSI salt (0.25 mole fraction)) at 50 �C is shown for a load current

 for comparison and model validation. Here kc ¼ 2:1 � 10�21m7/s-mol2 and
nt conditions.



Table 2
Reduction of specific capacity at different load current density conditions for room temperature ionic liquid electrolyte.

Applied load current density Specific capacity reduction compared to the base case (Load current density of 1 A/m2)

Numerical Analysis Experiment Data

2 A/m2 68.3% 46.6%
4 A/m2 97.4% 93.5%

Table 3
Transport and dissolution properties, obtained from molecular dynamics (MD) simulations, are listed.

Parameter Temperature (�C) Unit
30 50 70 90 110

Maxwell-Stefan Diffusivities D12
a 2.6625 4.1332 4.3976 10.1566 26.9723 �10�12

(m2/sec)D13
a 4.6936 6.6999 7.5526 16.5441 44.812

D23
a 5.2847 8.6624 15.8614 21.352 27.7031

Henry’s constant
of Oxygen

1337.35 989.48 788.61 702.56 668.01 atm

Diffusivity of
Oxygen

1.213 3.416 5.412 6.732 7.526 �10�10

(m2/sec)

a 1: Li+, 2: MPPY+, 3: TFSI�.
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4.3. Effect of Operating Temperature

Previous studies indicated that solubility and diffusivity of
reaction species are the key parameters to influence the
performance of a Li-air battery. For instance, Read et al.
Fig. 8. Effect of cathode thickness on electrical performance of Li-air cell, operated with
stage, (b) Lithium ion and (c) oxygen concentration profile at the same discharge dep
1200 mm) are shown. (d) Maximum specific capacity and cell capacity for various cath
demonstrated that the battery performance can be increased by
increasing the oxygen solubility and diffusivity [44]. Also, Kuboki
et al. [8] showed that the battery specific capacity is a strong
function of electrolyte viscosity. Here, it is noteworthy that
diffusivity and solubility of species are generally strong functions
 ionic liquid at 50 �C, is presented. (a) Cell potential profile at very early discharge
th (specific capacity = 40 mAh/g) for different cathode thicknesses (400, 800 and
ode thicknesses are presented.



Fig. 9. Effects of cell operating temperature for Li-air battery using ionic liquid electrolytes (P13TFSI + LiTFSI salt (0.25 mole fraction)) is presented. (a) Electrical performance
of a Li-air cell for various operating temperature and load current conditions is shown. Lithium ion and oxygen concentration profile at (b) 30 �C and (c) 50 �C operating
temperature for the same depth of discharge (123 mAh/g). (d) Discharge cell potential profiles at different operating temperature demonstrate enhancement of maximum
specific capacity with temperature.
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of temperature. In a typical organic liquid electrolyte, species
diffusivity increases with temperature, but oxygen solubility
decreases. Therefore, at higher temperatures, the positive effect
of species transport will be negated due to lower oxygen solubility.
For that reason, high temperature operation of lithium battery
with organic liquid does not produce any significantly different
electrical performance. However, in ionic liquids, oxygen solubility
is rather enhanced at higher temperatures [9]. Solubility and
diffusivity of species obtained from atomistic simulations are
presented in Table 3. Unlike organic electrolytes, all properties
such as diffusivity and solubility modify to favorable values for
battery operation at higher temperatures. Thus, it is expected that
the performance will be improved by increasing operating
temperature for Li-air batteries operated with ionic liquid
electrolytes. It is noteworthy to mention that lithium-air batteries
can be operated close to 100 �C, since ionic liquid is virtually non-
flammable due to their characteristically low vapor pressures. As a
matter of fact, the feasibility of battery operation at higher
temperatures (e.g. 100 �C) is demonstrated experimentally by
Kuboki et al. [8]. Here our objective is to study the electrical
performance of Li-air battery at higher operating temperatures for
different load current densities.
4.3.1. Low Load Current Density
The electrical performance of a Li-air cell is presented in

Fig. 9(a) for low current density at different operating temper-
atures. For very low load condition (0.1 A/m2), the electrical
performance is not a strong function of operating temperature
since oxygen and lithium ion transports are rarely limited. These
performance results are consistent with the corresponding
experimental findings [8]. However, significant improvement in
the electrical performance can be obtained at higher operating
temperatures for a load current density of 1.0 A/m2 (Fig. 9(a)). For
this load condition, Li-air battery suffers from oxygen and lithium
ion transport limitation at room temperature. At room tempera-
ture, lithium ion and oxygen depleted zones are predicted at the
end of discharge stage (depth of discharge = 123 mAh/g) (Fig. 9(b))
while, at 50 �C, the reactants are still available at the same depth of
discharge stage (Fig. 9(c)) due to higher diffusivity and solubility of
lithium ion and oxygen, respectively. A Li-air cell operating at 50 �C
temperature will eventually face the reactant depleted regime due
to pore blocking at the end of its specific capacity limit. The
depletion of lithium ion and oxygen is delayed even further at
higher temperatures (above 50 �C operating temperature) for a
load current density of 1.0 A/m2 (Fig. 9(d)) since higher operating
temperatures result in higher solubility and diffusivity. At 110 �C



Fig. 10. Rate Capability improvement is observed with increase in operating temperature. Electrical performance of a Li-air cell during discharge is presented for an applied
load current density of (a) 2 A/m2 (b) 3 A/m2 (c) 4 A/m2. (d) Maximum specific capacity ratio with respect to maximum specific capacity at 1 A/m2 for various load current
conditions is shown.
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operating temperature, the cell specific capacity is 26 times higher
than that of room temperature operation (30 �C).

4.3.2. High Load Current Density
As discussed earlier, the cell potential drops severely with high

applied current density since the battery suffers significantly from
reactant species limitation at such operating conditions. Due to
this reason, in most Li-air cell studies, the operating current
density is kept relatively low and it is one of the main drawbacks of
Li-air battery. This poor rate capability of lithium-air cell is the
major bottleneck towards commercial dominance of this technol-
ogy [45]. However, the limitations of lithium ion and oxygen can be
alleviated by increasing operating temperature so that the problem
of poor rate capability can be ameliorated. Figs. 10(a), (b) and (c)
show cell performance profile for load current densities of 2, 3 and
4 A/m2, respectively. For 50 �C operating temperature, the cell
specific capacity decreased to 642 mAh/g from 2200 mAh/g as load
current is increased to 2 A/m2 from 1 A/m2. The specific capacity
decreases further (30 mAh/g and 16 mAh/g) for 3 A/m2 and 4 A/m2

load condition at 50 �C operating temperature. However, for all
load current densities, the specific capacity improves with the
operating temperature. Fig. 10(d) shows specific capacity ratio for
different load current conditions, where the performance results of
1 A/m2 load condition is used as the base case. At higher
temperatures, the rate capability improvement is possible, even
for severe load conditions. For instance, at 4 A/m2 load current
density, the rate capability of the Li-air cell will be 58% of that for
1 A/m2 load condition at 110 �C, while it is only 2% for a cell
operated at 70 �C. Therefore, we can circumvent poor rate
capability problems in Li-air battery to a great extent by increasing
operating temperature due to unusual favorable characteristics of
ionic liquid electrolytes at higher operating temperatures.

4.3.3. Optimization of Cathode Thickness
In a recent experimental study, Higashi et al. [42] investigated

the electrical performance of ionic liquid based Li-air cell at
reasonable (1.0 A/m2) load current condition. However, in their
work, the cell was operated with a very thin cathode (80 mm)
compared to most Li-air batteries (more than 200 mm [4,14]). The
thickness of cathode is very important in estimating the overall cell
capacity. Although transport limitation can be avoided (or delayed)
with thinner electrodes, the cell capacity also suffers in thinner
cathode cells. Our study reveals that the battery capacity could be
improved with operating temperature due to oxygen solubility and
species diffusivity enhancements. Fig. 11 shows cell capacity of a
1 �1 cm2 cell for different cathode thicknesses and operating
temperatures. These predicted cell capacity profiles indicate that
there is an optimum cell thickness for an operating temperature.
For example, at 50 �C operating condition, one can obtain 0.53 C
capacity with a 400 mm thick cathode. Any other cathode thickness



Fig. 11. Predicted cell capacities for various cathode thicknesses at different operating temperatures are presented.
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will provide decreased cell capacity at 50 �C. For thinner cathodes,
cell capacity will be lower due to less cathode volume even if one
can obtain higher specific capacity, and vice versa for thicker
cathode. The optimum cathode thickness also increases with
temperature resulting in higher cell capacity. For example, one can
obtain 2.0 C cell capacity with 2,000 mm thick cathode at 110 �C
operating temperature, which is almost 4 times higher than that at
50 �C.

5. Conclusions

In this study, a mathematical model for Li-air battery is
developed for ionic liquid based ternary electrolytes. A new species
transport equation is formulated for lithium ion in the form of
Nernst–Planck equation by introducing apparent diffusivity and
mobility. Moreover, governing equation for liquid phase electric
potential was formulated and ionic conductivity was obtained in
terms of Maxwell–Stefan diffusivity and concentration. To verify
our mathematical model for the Li-air cell, the electrical
performance calculated from the numerical simulation is com-
pared to experimental results. The specific capacity limit and
operating potential predicted from numerical model are in good
agreement with experimental values for identical operating
conditions. After adequately validating the numerical model, the
performances of Li-air cells operated with ionic liquid electrolyte
are predicted at higher operating temperatures. Here, all electro-
chemical properties for the continuum based numerical model,
such as solubility, diffusivity and reaction rate constant, are
obtained from MD simulations and DFT calculations. Atomistic
calculations reveal that transport properties, such as lithium ion
diffusivity and oxygen solubility, are affected favorably in ionic
liquid electrolytes at higher operating temperatures. This fact is in
direct contrast with that in commonly used organic electrolytes,
where the oxygen solubility decreases with temperature. Our
model predicts that higher operating temperature improves
electrical performance of ionic liquid based Li-air cell due to
these favorable properties. Also, rate capability, which is very poor
in organic electrolyte based Li-air batteries, can be improved
significantly in ionic liquid based Li-air batteries operated at
elevated temperatures. We also predicted the optimum cathode
thickness for different working temperatures of an ionic liquid
based Li-air battery. For a constant load current density, the
optimal cathode thickness increases with temperature. Consider-
ing the very low vapor pressures of ionic liquids, it is possible to
operate a Li-air cell with ionic liquid electrolyte at high
temperatures (as high as 110 �C) to achieve significantly improved
cell performances.
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