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Lithium-air (Li-air) batteries are a promising alternative to the
currently popular Li-ion batteries due to their significantly higher the-
oretical energy densities. Recently, considerable effort has been made
in optimizing the cell performance and durability of Li-air battery
cells either by modifying cell chemistry with the help of solvents,1–5

salts6–11 and redox mediators,12–19 or by improving mechanistic and
electrochemical properties of electrodes via an appropriate choice of
support structure20 and catalyst.21,22 Given the multitude of choices
for solvent and salt combinations in the literature, Balaish et al.23

performed an extensive review of physio-chemical properties of the
state-of-art electrolytes and combinations thereof, to assess perfor-
mance of Li-air batteries. Depending upon the electrochemistry and
solubility of the discharge products, the performance of Li-air cells
can be severely affected, either due to salt deposition related elec-
trode surface passivation24–27 or pore clogging.28,29 However, it has
been demonstrated that with improved cell chemistry and electrode
materials, such problems can be mitigated.7

An efficient cell design in combination with appropriate electrolyte
choice is also an important aspect of improving cell performance.
The sensitivity of cell performance to electrolyte properties and cell
design has been extensively studied in the literature. Xu et al.30 stud-
ied the effect of salt concentrations in non-aqueous electrolytes and
compositions of solvent mixtures on a Li-air cell performance and
concluded that lithium bis(trifluoromethanesulfonylimide) (LiTFSI)
is the best-performing salt for a propylene carbonate (PC)-ethylene
carbonate (EC) solvent mixture. Zheng et al.31 proposed a dual elec-
trolyte system wherein an aqueous electrolyte was used at cathode and
an organic electrolyte was used at anode. They found that the major
performance limitation in such batteries arises due to low solubility
of O2 in aqueous electrolytes in cathode. Wang and Cho32 performed
a 2D modeling of a Li-O2 cell and demonstrated that at higher current
densities, O2 starvation occurs in large parts of cathode away from
the O2 inlet that reduces the O2 reduction reaction (ORR) rates and
adversely affects the cell performance. They highlighted the need of
geometrical optimization of cathode structure to avoid O2 starvation
related losses. Tan et al.33 proposed a cathode with stepwise porosity
gradient to enhance O2 penetration. Xia et al.34 studied the effect of
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electrolyte volume in porous cathode on the cell performance. They
found that the partially wetted cathodes have higher rate capability
and specific capacity than a flooded cathode. The enhanced cell per-
formance is due to faster penetration of O2 in the cathode pores.
Williford et al.35 proposed to enhance the cell performance by us-
ing a dual-pore electrode and a “time-release” method of activating
catalysts.

Although, Li-O2 cell seems an exciting alternative to the Li-ion
cell, it requires a dedicated supply of O2 that might enhance the
complexity and maintenance of the system, specifically in mobile
applications. Geng et al.36 reviewed the challenges of a Li-air system
by providing interesting guidelines for replacing a Li-O2 system with
a Li-air system. One of the major challenges for a Li-air system is the
lower partial pressure of O2 that might significantly reduce the cell
performance. Some efforts have been made to enhance the Li-air cell
performance by either exploring the cathode materials37 or even by
designing fuel cell inspired flow fields.38

Most of the above investigations are experimental in nature that
provide useful insights into global cell performance as a function
of various cell operating conditions. However, it is always advanta-
geous to understand the underlying physical processes responsible for
the observed effect of parameter variation on local as well as global
cell performance. Modeling and simulation studies are useful to an-
alyze local transport processes and help to pin-point bottlenecks in
achieving the theoretical Li-air cell performance.39 With the help of
modeling studies and experimentally obtained electrolyte data, a con-
siderable amount of time and resources can be saved to anticipate
the performance limiting or enhancing physio-chemical parameters
and phenomena, and material cost. Hence, in order to create a high-
performance battery, a multiscale investigation of simultaneous effects
of local electrochemistry, species transport and cell component design
has to be performed. One of the objectives of the current work is to
study capacity-limitation in Li-air cells due to “under-utilization” of
cathode pore volume because of reactant transport losses. A non-
uniform supply of active species to the electrode/catalyst surface40,41

leads to heterogeneity in electrode utilization. Such a situation arises
due to a slow, diffusion-limited reactant supply at porous electrodes,
especially during higher discharge currents. Moreover, reactant trans-
port is not only affected by cell operating conditions like pressure and
temperature, but also by the composition and concentration of elec-
trolytic salts and other additives like redox mediators. Consequently,
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in order to create an efficient and high-performance Li-air cell, a
significant focus on cell design and cell geometry is also required.

We present a modeling and simulation analysis of a Li-air but-
ton cell focusing on the effect of various electrolyte properties and
cell geometric parameters on cell performance and cathode utilization.
Electrolytes from various solvent classes are systematically compared
– namely aqueous, ionic liquids, organic carbonates, organosulfur, and
protic ethers. Here, the electrolyte comparison is limited to the cell
performance based on transport parameters of electrochemically ac-
tive species in the electrolyte. However, it has to be noted that other
challenges for the choice of a battery electrolyte exist, such as, electro-
chemical stability window, thermal stability, vapor pressure, toxicity,
side reactions with reaction intermediates, etc.42 Hence, complemen-
tary to this study, further investigations must be made on the above
physio-chemical properties for a practical choice of the electrolyte.
Further, we also analyze the influence of cathode thickness and elec-
trolyte saturation in the porous cathode on cell performance with the
help of appropriate characteristic figures. The modeled Li-air cell is
assumed to be open to the ambient atmosphere. With a 2D multi-
physics simulation of axi-symmetric cell geometry, it is demonstrated
that with appropriate and harmonized choice of electrolyte and air
transport strategy a cell performance can be tuned to the desired
performance.

Modeling and Simulation

In the present work the major focus is on mass and charge trans-
fer effects in the cathode half-cell of a Li-air button cell, as slow O2

and Li+ transport in the cathode is one of the leading cause for the
cell performance loss. Transport processes and electrochemistry in
the separator and anode are assumed fast (not rate co-limiting). The
anode acts as a line source of Li+ based on a modified Butler-Volmer
equation. The cathode electrochemistry is also represented by a modi-
fied Butler-Volmer equation. Since, O2 transport in the porous cathode
strongly depends on the choice of the electrolyte, five different types
of electrolytes are compared. Furthermore, we explore two different
electrode-electrolyte configurations, that is, flooded electrode and gas
diffusion electrode. The entire modelling approach and the governing
equations are discussed in detail in the following sections.

Simulation geometry.—Figure 1 shows the modeling domain in
which the button cell is modeled as a 2D axisymmetric geometry. The
cell’s main structural elements consist of an air inlet hole in the cell
cover at the top, a porous gas diffusion layer (GDL) that distributes
air onto the cathode surface, and the porous cathode. As this study
focuses on transport processes in the cathode only, the separator and
lithium anode are not explicitly a part of the modeling domain, but
are represented through boundary conditions. Table I lists the cell
dimensions used in the current study.

Basic model assumptions.—The present analysis is limited to a
cell discharge process where the major discharge product of the ORR,
viz., hydroxide ion (OH−) in aqueous solvent and peroxide ion (O2−

2 )
in the organic solvents, are assumed to have no influence on the
transport of the dissolved O2 and Li+ in the electrolyte. Therefore,
effects like electrode surface passivation or porosity reduction that
can significantly affect cell performance are not captured. Also, there

Figure 1. 2D axi-symmetric modeling domain that represents the button cell
geometry with air inlet hole marked by arrows.

Table I. Geometrical parameters of the 2D axi-symmetric cell
model.

Cell component Radius/mm Thickness/mm

Cell cover rcover = 25 hcover = 0.3
Inlet hole rhole = 1 hhole = 0.3

Porous GDL rGDL = 25 hGDL = 0.235
Cathode rca = 20 hca = 0.235

is lack of conclusive reaction mechanisms for the discharge products
and their solubility data for all different classes of electrolytes con-
sidered. Complementary to the present approach, we have previously
investigated detailed-chemistry 1D models that include the full multi-
step chemistry/precipitation/phase-change mechanisms for aqueous
and ether-based electrolytes.19,43,44 The investigated current/voltage
behavior thus represents an early stage of cell discharge. A low sol-
ubility of nitrogen and water vapor in the electrolytes is assumed so
that explicit transport equations are not required for them. Thus, the
species transport within the electrolyte is confined to the transport
of O2 and Li+. The gas and the electrolyte phases are considered to
be ideal, incompressible and isothermal. Consequently, the transport
parameters for a given electrolyte are taken as constant. Further, the
ionic species transport is modeled via dilute solution theory. For the
purpose of this work, the species transport parameters needed for con-
centrated solution theory for different electrolytes were not available
in the existing literature.

Transport in porous GDL.—The porous GDL contributes to the
distribution and supply of air from the inlet hole of the button cell on
to the cathode surface. Hence, it is modeled by classical gas transport
equations for a porous medium, where the mass conservation equation
can be written as,

∂
(
εGDLρair,GDL

)
∂t

+ ∇ · (
ρair,GDLuair,GDL

) = 0 [1]

where, εGDL is the porosity of the GDL and ρair,GDL is the density of
air in the GDL. Here, air is assumed to be an ideal gas consisting of
N2, O2, and water vapor, where its density is related to the pressure as,
ρair,GDL =

∑
i ci,GDL Mi∑

i ci,GDL

pair,GDL
RT . Here, ci,GDL is the molar concentration

and Mi is the molar mass of the constituent species, R is the ideal gas
constant, and T = 298.15 K is the cell temperature. The flow velocity
in the porous GDL is calculated by Darcy’s law as,

uair,GDL = − κair,GDL

μair,GDL
∇ pair,GDL [2]

where, κair,GDL is permeability and μair,GDL is viscosity of air respec-
tively. The species conservation equation in the gas phase within GDL
is written as,

∂
(
εGDLci,GDL

)
∂t

−∇ · (Deff
i ∇ci,GDL

)+∇ · (ci,GDLuair,GDL

) = 0. [3]

The effective diffusion coefficient, Deff
i is related to the species

diffusion coefficient (Di ) according to the Bruggeman correction as
Deff

i = ε1.5
GDL Di . Here, the choice of Fick’s diffusion over Maxwell-

Stefan multi-component diffusion formulation was motivated by the
work of Lindstrom et al.45 They demonstrated that for humidified
ambient air in porous media, Fick’s diffusion has comparable results
than that of Maxwell-Stefan diffusion. Further, using Fick’s diffusion
reduced the computational complexity of the governing equations,
enabling us to use finer meshing at the inlet and outlet boundaries
where high concentration gradients were expected.

At the inlet, air is assumed to have a low relative humidity of
RH = 10 % at standard temperature and pressure (STP). The inlet
partial pressure of water vapor is calculated as,

pH2O,in = RH · psat [4]
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where, the saturation pressure of water vapor (psat) in Pascal is calcu-
lated as a function of temperature (in ◦C) as,46

log10 psat = 5.9464 − 1730.63

(233.426 + T )
. [5]

The partial pressure of O2 is calculated as, pO2,in =
0.21(1 − pH2O,in

patm
) and that of nitrogen is calculated as, pN2,in =

patm − pH2O,in − pO2,in. The inlet species concentrations are then cal-
culated as,

ci,in = pi,in

RT
. [6]

Electrochemistry model.—In this work, a generic one-step ORR
is considered in cathode, which is represented by,

Li+el + 1

n
O2 + e− → Products [7]

where, n is 2 for organic solvents and 4 for aqueous solvent.44,47 The
above mentioned charge-transfer reaction is represented by a modified
Butler-Volmer equation that relates the cathodic volumetric current
density (iV

ca) to the cathode activation overpotential (ηact
ca ) as,

iV

ca = Fk0
ca AV

( cO2,el

cref

)(1−α)/n( cLi+,el

cref

)1−α

×
{

eαFηact
ca /(RT ) − e−(1−α)Fηact

ca /(RT )
}

[8]

where, k0
ca = 1×10−15 mol/(m2 · s) is the assumed rate26 of the ORR,

AV = 106 m2/m3 is the volume specific electrode area, cO2,el is the
local concentration of dissolved O2 in the electrolyte, cref = 1 M is the
reference concentration, F = 96485 C/mol is the Faraday constant,
α = 0.5 is the symmetry factor, and ηact

ca is calculated as,48,49

ηact
ca (r, z) = �φca (r, z) − �φeq

ca (r, z) [9]

where, �φca = φca − φel is the local Galvani potential difference
between the electrode (φca) and electrolyte (φel) in the cathode, and
�φ

eq
ca is the equilibrium Galvani potential difference given by the

Nernst equation,

�φeq
ca = �φ0

ca + RT

F
ln

⎛
⎝(

cO2,el

c0
O2,el

) 1
n
(

cLi+,el

c0
Li+,el

)⎞
⎠

= φ0
ca − φ0

el + RT

F
ln

⎛
⎝(

cO2,el

c0
O2,el

) 1
n
(

cLi+,el

c0
Li+,el

)⎞
⎠ [10]

where, φ0
ca is the standard cathode potential in unpolarized state, φ0

el is
the standard electrolyte potential, c0

O2,el is the initial bulk concentration
of O2 in the electrolyte at OCV, and c0

Li+,el is the initial bulk concen-
tration of Li+ in the electrolyte. The last term of Eq. 10 represents
the effect of active species concentration on the cell performance.
Any deviation of the concentrations from the standard concentration,
viz, c0

O2,el and c0
Li+,el, would reduce the cell (or half-cell) potential.

Such a reduction in cell (or half-cell) potential that can be attributed
to concentration of the active species, is defined by the last term of
Eq. 10, and also termed as concentration overpotential.

The role of anode is limited to a line source of Li+ at the
anode/separator-cathode interface. The molar flux of Li+ at the anode
is obtained from a current density that is calculated from a Butler-
Volmer equation based on the reduction reaction as,

Li+el + e− ⇀↽ Li. [11]

In the present work, we have formulated all the charge transfer
reactions in reduction direction as commonly observed in electro-
chemistry literature. Also, in the Butler-Volmer kinetics that we have
used, the current density expression is derived for a reduction reaction
that adjusts the sign of current as positive or negative depending on the
electrode overpotential during cell discharge i.e. positive for anode and

negative for cathode. Consequently, the anode charge transfer reaction
is modeled with the help of a modified Butler-Volmer equation that
relates the anodic current density (iA

an) to the activation overpotential
as,

iA
an = Fk0

an

( cLi+,el

cref

)1−α {
eαFηact

an /(RT ) − e−(1−α)Fηact
an /(RT )

}
[12]

where, k0
an = 1 × 10−3 mol/(m2 · s) is the assumed rate of Li+ reduc-

tion reaction (which is sufficiently fast not to contribute to overall cell
overpotentials), α = 0.5 is the symmetry factor, and ηact

an the anodic
activation overpotential represented as,48

ηact
an (r ) = �φan (r ) − �φeq

an (r ) [13]

where, �φan(r ) = φan − φel(r )|z=0 is the local Galvani potential
difference between the electrode (φan) and electrolyte (φel) at the
separator/anode-cathode interface. It has to be noted that a low ohmic
resistance of the electrode is assumed, hence the radial dependence
of φan is ignored. �φ

eq
an is the equilibrium Galvani potential as per the

Nernst equation,

�φeq
an (r ) = �φ0

an + RT

F
ln

(
cLi+,el (r )

c0
Li+

)

= φ0
an − φ0

el + RT

F
ln

(
cLi+,el (r )

c0
Li+

)
. [14]

Again, the last term is the concentration overpotential (here at the
anode).

We use the anode as electronic potential reference, that is, φ0
an =

φan = 0, and the unpolarized electrolyte as ionic potential reference,
that is, φ0

el = 0. Using these references, the anode activation overpo-
tential can be written as,

ηact
an (r ) =

[
− RT

F
ln

(
cLi+,el (r )

c0
Li+

)
− φel (r )

]
z=0

. [15]

Consequently, the cell overpotential is given as,

ηcell = φca − φ0
ca [16]

which is the closing equation, providing ηcell as independent variable.
Equations 9, 10, 15, 16 are a full representation of the (over)-

potential distributions in the cell. The concentrations cLi+,el(r, z) and
cO2,el(r, z) as well as the ionic potential φel(r, z) are provided by the
transport model, as given in the next section.

Transport in porous cathode.—Two cathode models are presented
in this study that represent two different configurations of porous
cathode filled with electrolyte. The first configuration consists of
the porous electrode completely flooded by the electrolyte (referred
hereby as the flooded electrode model). In the second configuration,
the electrolyte is assumed to wet completely the porous electrode
surface but does not fill the pores (referred hereby as gas diffusion
electrode (GDE) model). Figure 2 shows the schematics of the two ap-
proaches used. The respective model equations for both configurations
are discussed in the sections below.

Figure 2. Schematics for the (a) flooded electrode model, (b) gas diffusion
electrode (GDE) model.
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Flooded cathode model.—In this cathode model, the electrolyte is
considered as a static, continuous medium that completely fills the
porous cathode. Consequently, our focus is limited to Li+ and O2

transport in the electrolyte. This model is based on the hypothesis
that O2 comes into contact with the electrolyte at the GDL-cathode
interface and dissolves in the electrolyte depending on the partial
pressure of oxygen in the GDL. Henry’s law50 is used to define the
GDL-cathode interfacial concentration as,

cO2,el = HO2 · pO2,GDL [17]

where, HO2 is the Henry’s constant. O2 further diffuses through the
electrolyte filled in the electrode pores to participate in the electro-
chemical reaction occurring at the electrode-electrolyte interface, the
kinetics of which is given by the Butler-Volmer equation (Eq. 8). The
resulting O2 transport equation can be written as a partial differential
equation in concentration of O2 in the electrolyte (cO2,el),

∂
(
εcacO2,el

)
∂t

− ∇ · (
Deff

O2,el∇cO2,el

) = ṡO2,el [18]

where, Deff
O2,el = ε1.5

ca DO2,el is the effective diffusion coefficient of
species in the electrolyte considering Bruggeman’s correction and
ṡO2,el = iV

ca/(nF) is the rate of consumption of O2 due to the electro-
chemical reaction (cf. Eq. 7).

Further, the ionic species flux (N i,el) in the electrolyte is considered
as a combination of two major fluxes, namely, diffusion ( jD

i,el) and
migration ( jM

i ),

N i,el = jD
i,el + jM

i,el = −Deff
i,el∇ci,el − zi Fueff

i ci,el∇φel [19]

where, Deff
i = ε1.5

ca Di is the diffusion coefficient, zi is the valence and
ueff

i is the mobility of i th species that is calculated from the Nernst-
Einstein relation as, ueff

i = Deff
i /(RT ). The ionic current density in

the electrolyte depends on the sum of the flux of all charged species
in the solvent and can be written as,

i ionic = F
∑

i

zi N i,el = −F
∑

i

zi Deff
i,el∇ci,el − F2∇φel

∑
i

z2
i ueff

i ci,el.

[20]
The lithium salt dissolved in the electrolyte is assumed to be a

symmetric binary salt that dissociates completely in the solvent. The
concentration of anion in the electrolyte is related to the concentration
of Li+ by assuming electro-neutrality (

∑
i

zi ci,el = 0). Hence, it is

sufficient to represent the species transport equation in the electrolyte
as a PDE in concentration of Li+ in the electrolyte (cLi+,el),

∂
(
εcacLi+,el

)
∂t

− ∇ · NLi+,el = ṡLi+,el [21]

where, ṡLi+,el = iV

ca/F is the rate of consumption of Li+ in the elec-
trolyte. Finally, by applying conservation of charge in the electrolyte,
the ionic current can be related to the total volumetric current density
in the electrolyte as,

∇ · i ionic = iV

ca. [22]

At the GDL-cathode interface a continuity of mass flux is applied,

n · (
ρairuair,GDL

) = n · (−Deff
O2,el∇cO2,el

)
MO2 [23]

where, n is the direction normal to the interface. At the same time,
the species flux for H2O and N2 is taken to be 0 at the GDL-cathode
interface for the gas phase transport (cf. Eq. 3).

At the cathode-separator/anode interface, the flux of Li+ is given
by the anodic current density as,

n · NLi+,el = iA
an

F
. [24]

The ionic current density at the cathode-separator/anode interface
is given by,

n · i ionic = iA
an. [25]

The initial concentration of O2 in the electrolyte is assumed to be
cO2,in = HO2 · pO2,in. and that of Li+ is assumed to be 1 M. The rest of
the boundaries are considered to be impermeable (n · Ni,el = 0) and
insulated (n · iionic = 0). The overall cell current density (in A/m2 per
button cell cathode surface area) is calculated as,

icell = ∫ iV

cadV

πr 2
ca

. [26]

Gas diffusion electrode model.—In the gas diffusion cathode
model, the cathode pores are assumed to be covered by a thin layer
electrolyte, cf. Figure 2b. The thickness of the electrolyte film (hel) is
calculated as,

hel = Volume fraction of the electrolyte

Volume specific area
= sel · εca

AV
[27]

where, sel is the volume fraction of electrolyte in the pore space, and
εca is the porosity of cathode. In the context of species transport, this
case presents a much faster, convection dominated transport of O2 into
the pores of the cathode, where O2 diffuses over the thin electrolyte
film to participate in the ORR at the electrolyte-electrode interface.
The gas flow in the porous cathode is modeled by mass conservation
and air flow velocity is given by Darcy flow as,

∂
(
εair,caρair,ca

)
∂t

+ ∇ · (
ρair,cauair,ca

) = ṡO2,ca MO2 [28]

uair,ca = − κair,ca

μair,ca
∇ pair,ca [29]

where, εair,ca = (1 − sel)εca, ρair,ca = pair,ca/(RT ) is the density of
the gas phase, pair,ca is the pressure of the gas phase, κair,ca is the
permeability of the gas phase, and μair,ca is the viscosity of the gas
phase. The gas-phase species transport is modeled by a convective-
diffusive flow at the electrode as,

∂
(
εair,caci,ca

)
∂t

− ∇ · (
Deff

i ∇ci,ca

) + ∇ · (
ci,cauair,ca

) = ṡi,ca [30]

where, ṡi,ca is species consumption term in cathode volume in which
ṡO2,ca = iV

ca/(nF) corresponds to the rate of charge transfer reaction
and ṡH2O,ca = ṡN2,ca = 0. The diffusive transport of O2 in the thin
electrolyte film balances the rate of consumption of O2 in the ORR,
which is limited by the solubility of O2 in the electrolyte corresponding
to the local partial pressure of O2 in the cathode. In order to satisfy this
condition, an additional equation based on Fick’s first law is solved
balancing the O2 consumption and O2 dissolution,

iV

ca

nF
= AV DO2,el

(
HO2 pO2,ca − cO2,el

)
hel

[31]

where, iV

ca is calculated by the modified Butler-Volmer equation (Eq.
8), cO2,el is the concentration of O2 at the electrode-electrolyte film
interface. The electrolyte phase Li+ transport is modeled by a Nernst-
Planck based equation as shown in Eqs. 19–25.

Electrolyte properties.—In order to investigate electrolyte trans-
port properties on the performance of the Li-air button cell, elec-
trolytes from five major categories of solvents were considered, viz.,
aqueous (water),51,52 ionic liquids (PYR14TFSI),53–55 propylene car-
bonate (PC),10,42,56,57 organosulfur (DMSO)4,58,59, and protic ether
(diglyme).4 Although, there is a considerable lack of data for species
transport properties for the mentioned solvents to their sensitivity on
the solute compositions, salt concentrations, and cell operating condi-
tions, this study is an effort to emphasize on the influence of physico-
chemical properties of solvents on cell performance that might be
fine-tuned to achieve the required cell performance. Table II lists the
transport properties of the electrolytes.

For diffusion-dominated transport in a flooded electrode, one of the
performance-characterizing parameters is the mass transfer-limited



Journal of The Electrochemical Society, 164 (11) E3489-E3498 (2017) E3493

Table II. Transport properties of the electrolytes at 25◦C considered in this work.

Diffusivity/10−9 m2/s
O2 Solubilitya/ Density/ Viscosity/

Solvent Salt O2 Li+ mol · m−3 103 kg · m−3 mPa · s n

Water51,52 LiOH 1.99 1.03 0.26 0.99 0.89 4
PYR14TFSI53–55 LiTFSI 1.20 0.01 2.89 1.43 60 2

PC10,42,56,57 LiPF6 0.22 0.08 3.20 1.20 2.50 2
DMSO4,58,59 LiPF6 1.67 2.66 2.09 1.10 1.99 2

Diglyme4 LiPF6 4.40 0.12 6.50 0.94 1.88 2

aSolubility data is for 101.325 kPa of O2 partial pressure.

current density, which can be expressed as,60

iP = nF Dc0

δ
[32]

where, n is the number of electrons transferred, F is the Faraday
constant, D is the diffusivity of the active species in the electrolyte,
c0 is the bulk ionic concentration of the active species in solution, and
δ ∝ √

D/ν is the thickness of the Nernst diffusion layer.61 When linear
sweep voltammetry (LSV) is used as the characterization technique,
the mass transport-limited peak current density iP for O2 as the active
species is given by the Randles-Sevcik equation61 as,

iP = 2.68 × 105n3/2√vc0
O2

√
DO2 [33]

where, c0
O2

= HO2 · pO2 is the concentration of O2 in the electrolyte
from Henry’s law. Hence, mass transport based limiting current den-
sity can be highly influenced by the supply of O2 as the active species.
Figure 3 shows the limiting current densities for various electrolytes
as a function of voltage scan rate. It can be seen that diglyme has the
best performance of all the electrolytes, as it has relatively the highest
O2 solubility and diffusivity.

However, the Randles-Sevcik equation is based on mass transport
limitation in a 1D ideal planar electrode. On the contrast, in a re-
alistic porous electrode, 2D/3D transport of gaseous and dissolved
species is coupled to spatially non-uniform local current density and
Li+ transport. Hence, the results of the Randles-Sevcik equation can
be only used as a qualitative estimate for comparison of electrolyte
performance.

Simulation methodology.—The model equations presented above
form a partial differential-algebraic equation system that allows calcu-
lating icell as function of applied cell overpotential ηcell while describ-

Figure 3. Theoretical estimates of limiting current density as a function of
voltage scan rates as given by the Randles-Sevcik equation.

ing the species distribution in the cathode volume. The cell discharge
is modeled by a linear sweep voltammetry (LSV) approach, where the
cell overpotential ηcell is varied with time as,

ηcell = −ν · t [34]

where, ν = dV
dt = 10−4 V/s, is the voltage scan rate. Such a slow

scan rate allows the cell to operate in the quasi-steady state, thus min-
imizing the contributions from non-faradaic currents like capacitive
charging of the electrode at transient potential change,61 justifying
our approach of not considering such effects in the current work. The
negative ηcell represents the overpotential during cell discharge. For
the flooded electrode model, the simulations were performed until an
overpotential of –0.5 V. It was observed that at large overpotentials
(< –0.5 V), a high current density led to large source terms in the
governing equations. Also, high concentration gradient of lithium ion
at the anode-separator/cathode boundary was observed at high cur-
rents, which led to the necessity of using fine mesh at the boundary.
These effects made the solver use finer time steps, leading to longer
convergence times. Consequently, a compromise was made in this
study to limit the simulation at –0.5V for the flooded electrode model.
However, it will be observed in the following sections that within
the scope of the present study, one can have the necessary informa-
tion for comparing the electrolyte performance and electrode thick-
ness of a Li-air cell under discharge conditions until an overpotential
of –0.5 V.

The model was implemented and simulated in COMSOL
Multiphysics62 using the PARADISO direct solver with BDF based
variable time stepping. The 2D geometry was meshed using rect-
angular elements with mesh refinement at the boundaries. A mesh
convergence study was performed to optimize the solution accuracy
and simulation time. The average time taken to perform one LSV
simulation is around 20 minutes on a Windows PC with Intel Core i7
processor with 3.6 GHz CPU frequency and 32 GB RAM.

Results and Discussion

Characterization of the cell performance.—Figure 4 shows the
effect of cell overpotential on current density for five different elec-
trolytes for a flooded electrode. A comparison with an ideal Butler-
Volmer current density (iBV) is also provided that represents a cath-
ode without any mass and charge transport losses (ηconc

ca = 0 and
ηohm

ca = 0). Such an ideal current density can be written as,

iBV = Fk0
ca

(
c0

O2

cref

)(1−α)/n(
c0

Li+

cref

)1−α

AV

×
{

eαFηact
ca /(RT ) − e−(1−α)Fηact

ca /(RT )
}

. [35]

In this idealized case, the cathode activation overpotential varies
as the applied cell overpotential (ηact

ca = ηcell). Li-air cells in which
the electrolytes have low mass and charge transport losses have
a low mass and charge transport overpotential. Theoretically, such
cells would demonstrate a current density approaching the ideal iBV.
Figure 4 shows that species transport properties in the electrolytes
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Figure 4. Comparison of cell performance for different electrolytes in a
flooded cathode. Butler-Volmer current (iBV) is provided as a reference value
of an ideal electrode without any mass transport losses.

have a significant role in the cell performance. Diglyme, which has
the highest O2 solubility and diffusivity, shows the best performance.
Water with lowest O2 solubility has the poorest performance of the
mentioned electrolytes despite the large Li+ diffusivity. Our simula-
tions are also consistent with the electrolyte performance predictions
from Randles-Sevcik equation (cf. Figure 3). Further, PC has a better
performance than water, where the former has lower O2 diffusivity
and higher solubility than the latter. This observation leads to the con-
clusion that electrolytes with high O2 solubility should be preferred
over high O2 and Li+ diffusivity, when other parameters are com-
parable. Also, as seen in Eq. 8, the local volumetric current density
is a function of the local concentration of the active species in the
electrolyte phase. Hence, solubility of active species is indeed a very
important parameter for cell performance. However, to sustain a high
local current density, the high rate of consumption of species must be
complemented by an equally fast species transport, where the role of
diffusivity becomes important. Henceforth, diglyme is chosen as the
reference solvent for comparison of cell performance w.r.t. different
cathode models and other parameters.

Figure 5. Cell performance for diglyme as electrolyte in a GDE configuration
with five different saturations sel. The gray curves show the data from flooded
configuration in Figure 4 for comparison of scale. Butler-Volmer current (iBV)
is provided as a reference value of an ideal electrode without any mass transport
losses.

Figure 5 shows the cell performance with diglyme as the solvent in
flooded and GDE configurations with different electrolyte saturations
sel. It can be observed that the performance of cells in GDE (con-
vection dominated transport) configuration is better than that in the
flooded (diffusion dominated transport) configuration. The variation
of cell performance with sel can be associated with change in pore
volume available for gas transport. A low sel provides more volume
for gas transport, enhancing O2 supply. However, low sel also leads to
a reduced supply of Li ions in the electrolyte. This adversely affects
the local volumetric current density (cf. Eq. 8). In the range of high
current densities (10–20 A/m2), one can see the cell performance re-
versal between the sel of 0.1 and 0.9. Cell with sel 0.9 performs better
in low current density region where the supply of both Li+ and O2 are
sufficient. However, in the high current density region, higher demand
of O2 leads to a better performance of cells with low sel. Consequently,
it can be seen that the optimal choice of electrolyte saturation has an
important role in cell performance.

We also performed a “one parameter at a time” sensitivity anal-
ysis of the cell performance by observing the current density for
various electrolyte transport parameters at overpotential of –0.5 V.
The base configuration for the comparison was a 0.235 μm thick
cathode flooded with diglyme. We assumed a measurement error of
+10%/–5% in the parameters viz. diffusivity of Li+ (DLi+,el), diffu-
sivity of dissolved O2 (DO2,el), and Henry’s constant for O2 (HO2 ).
We observed that in the given range of measurement error, the varia-
tion in the current density for DLi+,el is +0.14%/–0.08%, for DO2,el is
+2.93%/–1.59%, and for HO2 is +3.81%/–2.04%. As a result, the sen-
sitivity of the cell performance at the reference overpotential of –0.5 V
is observed to be not so significant compared to an assumed measure-
ment error range of the transport parameters. Further, the simulation
results are observed to be more sensitive to O2 transport parameters,
especially O2 solubility, than to Li+ transport parameters.

2D distribution of active species.—In order to understand the spa-
tial utilization of the cathode volume under cell operation, the spatial
distribution of O2 concentration and the local volumetric current den-
sity are investigated for different cathode models at an overpotential of
–0.5 V. Figure 6 shows the O2 concentration distribution in the flooded
cathode and GDE at different electrolyte saturations. It is clearly ob-
served that in the flooded cathode, there is a starvation of O2 far from
the GDL-cathode interface. This is because the diffusive transport is
not fast enough to replenish the consumption of O2 due to the ORR in
cathode volume, away from the O2 inlet. However, in the GDE a rela-
tively fast replenishment of O2 is expected due to convective air flow
in the porous channels. Figures 6b–6d show that strong O2 concen-
tration gradients are observed along the cathode radius but not along
the cathode thickness, irrespective of the electrolyte saturation. This
observation can be explained by the fact that the thickness to radius
aspect ratio of the cathode is quite high (ca. 1:100) and the air inlet
hole is very small compared to the cathode radius. High concentration
of O2 along the cathode thickness just below the air inlet suggests that
low aspect ratio or a larger inlet hole would lead to a more uniform
O2 distribution in the GDE. As observed, the role of inlet geome-
try for O2 supply is an important aspect of the performance oriented
cell design. Consequently, a future extension of the present study can
also be performed toward optimizing the air inlet flow field by draw-
ing parallels from polymer electrolyte membrane fuel cells flow field
(PEMFC) design.63 Further, due to the low pore volume available for
air transport at high electrolyte saturations, stronger O2 concentration
gradients are observed in the radial direction at sel = 0.9. Based on
these observations, two design recommendations can be made: Firstly,
a low cathode aspect ratio is recommended, and secondly, low elec-
trolyte saturation should be used that improves the O2 distribution in
the cathode.

Since, there are two chemically active species in the cathode, dis-
tribution of O2 does not give the complete idea of cathode volume
utilization. The local volumetric current density determines the lo-
cal rate of consumption of the active species and is a function of
their concentrations (cf. Eq. 8). In a cell with ideal mass and charge
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Figure 6. 2D distribution of O2 concentration in diglyme at ηcell = −0.5 V, for (a) flooded electrode, (b) GDE with sel = 0.9, (c) GDE with sel = 0.5, and (d)
GDE with sel = 0.1.

transport, the volumetric current density is expected to be uniform
throughout the cathode volume and equal to iBV. Hence, a transport
efficiency (ηtransport) can be defined as the ratio of local volumetric
current density to iBV as,

ηtransport = iV

ca

iBV
. [36]

The transport efficiency describes the role of mass (O2) and charge
(Li+) transfer losses on the distribution of volumetric current density
in the cathode. The ηtransport is expected to be high in the electrode
volume close to the reactant inlet, where the reactant concentration
is equal to the maximum bulk concentration, while is low in elec-
trode volume far away from the reactant inlet. Figure 7 shows the
2D distribution of iV

ca and ηtransport in the cathode at overpotential
of –0.5 V for flooded and GDE cathodes with different electrolyte
saturations. It can be seen that in the flooded cathode, the maxi-
mum iV

ca and ηtransport is observed close to the air inlet and becomes
very low at the anode/separator-cathode interface (source of Li+). Al-
though, high O2 diffusivity compared to Li+ diffusivity would have
suggested otherwise, a very low O2 solubility as compared to Li+

leads to faster consumption of O2 than is supplied by diffusive flux
toward the anode/separator-cathode interface. However, in GDE, the
convective supply of O2 throughout the cathode and its spontaneous
solubility in the electrolyte makes the diffusion/migration transport
of Li+ performance limiting especially at low sel. It has to be re-
membered that the effective diffusivity also reduces with reduction
in electrolyte saturation as, Deff

i,el = (selεca )1.5 Di,el. At sel = 0.9, high
iV

ca distribution is observed around the cell axis, r = 0, which is the

location of air inlet hole too. Hence, in order to have a better iV

ca dis-
tribution, a reduced aspect ratio or a bigger/additional inlet holes is
recommended. At sel = 0.5, a diagonally-symmetric iV

ca is observed
that suggests that the mass transfer losses are fairly balanced among
the O2 and Li+. For very low electrolyte saturation such as sel = 0.1,
although the O2 distribution is very good due to higher porous volume
for air transport, Li+ transport is severely reduced and is localized
to the anode-cathode interface. This leads to the observed strongly
non-uniform iV

ca limited by Li+ transport. Figure 8 shows the distribu-
tion of Li+ concentration along the cathode thickness at the cell axis.
Low electrolyte saturations lead to strong gradients in Li+ concentra-
tion where its supply is diffusion limited to only the anode-cathode
interface. This also explains the highly localized iV

ca distribution near
anode-cathode interface for low sel.

In summary, the combined structural (saturation) and two-species
transport properties can result in very different qualitative and quan-
titative distributions of reaction rate and electrode utilization. Vice
versa, it can be seen that a desirable iV

ca distribution and ηtransport of the
cathode that can be achieved by appropriately choosing sel.

Effect of electrolyte saturation and cathode thickness.—Choice
of appropriate electrolyte saturation and cathode thickness helps to
minimize the overall material content and consequently the cost of
the cell. Having discussed the effect of electrolyte saturation on the
local distribution of volumetric current density at an overpotential
of –0.5 V, a global insight into the overall volume utilization of
the cathode is needed at different current densities. At high current
densities significant mass transport losses can be expected, creating
highly localized iV

ca near to reactant inlets. In order to quantify the
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Figure 7. 2D distribution of volumetric current density for (a) flooded electrode, (b) GDE with sel = 0.9, (c) GDE with sel = 0.5, and (d) GDE with sel = 0.1.
The countour lines indicate the transport efficiency, ηtransport.

effective volume utilization of the cathode, an “active cathode
volume” parameter is introduced. Here, we define the active cathode
volume factive,90% as the percentage of cathode volume that produces
90% percent of the total current at a given overpotential. In order to
obtain the active cathode volume, the 2D volumetric current density

Figure 8. Variation of Li-ion concentration in diglyme at ηcell = −0.5 V along
the cathode thickness at cell center (r = 0) for flooded and GDE cathodes with
different electrolyte saturations sel.

data are arranged as a 1D monotonically decreasing data, followed by
numerical integration over the 1D index until the integral is 90% of
the total integral over the entire length of 1D data. The active volume
percent, factive,90%, is then the obtained volume as a percentage of the
total cathode volume,

factive,90% = V
′

Vtotal
× 100% [37]

where, V′ is the active volume producing 90% of the current produced
in the entire cathode volume. It is calculated as,∫

V′
iV

cadV = 0.9
∫

Vtotal

iV

cadV. [38]

Figure 9 shows the variation in the active cathode volume for dif-
ferent cathode models as a function of cell current densities. Here, it
can be seen that every cathode model (except GDE with sel = 0.1)
has a critical current density after which the active volume utilization
falls strongly. The existence of such a critical current density suggests
a strong mass transfer-limited supply and highly localized volumetric
distribution of reactants. At low current densities (<1 A/m2), factive,90%

converges to a value of 90%, which means a uniform volumetric distri-
bution of current density. At higher currents, there is a sharp decrease
in the active cathode volume and most of the current requirements of
the cell are provided by a limited volume, which is typically a thin
layer of the electrode. It has to be noted that in the GDE cathode
the highest active volume is observed for an electrolyte saturation of
sel = 0.3. Due to the opposite effect of sel on the mass transport of Li+

and O2, the lack of a monotonous trend for the active cathode volume
for increasing or decreasing sel can be explained.
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Figure 9. The active volume of cathode for diglyme at different cell current
densities for flooded and GDE cathodes with different electrolyte saturations
sel.

Figure 10 compares the cell current density at an overpotential of –
0.5 V for different sel and cathode thickness hca. The flooded electrode
configuration is represented by sel = 1. Thicker cathodes show better
performance due to the availability of more electrode volume for
current production. Overall, the cell performance decreases for very
low and very high sel. Also, variation in sel has a stronger effect on
cell performance for the thicker cathodes as the corresponding high
current densities lead to more pronounced mass-transfer limitations.

Figure 11 shows the variation of active cathode volume as function
of cell current density for flooded cathode and GDE with sel = 0.3.
In GDE, the active cathode volume and cell current density increases
with cathode thickness, while in flooded cathode, they decrease upon
increasing the cathode thickness. The reduction in active cathode
volume in the flooded case at thick cathodes can be attributed to
high mass transfer losses from species inlet to the overall cathode
volume. At low cell current densities (<1 A/m2), flooded cathode
with hca = 0.235 mm has equivalent active volume as the GDE at
sel = 0.3 with its double cathode thickness, hca = 0.470 mm. This
observation suggests an application oriented (low current densities)
cell design can be highly optimized to use less material, thus reducing
cell volume, mass, and cost.

Figure 10. Cell performance comparison for different cathode thickness and
electrolyte saturations for diglyme at ηcell = −0.5 V. The flooded cathode
model is represented by sel = 1.

Figure 11. Comparison of active volume of cathode for diglyme at different
cathode thickness in flooded cathode (dotted lines) and GDE with sel = 0.3
(solid lines).

It should be mentioned that a gas diffusion electrode, that is, a con-
trolled partially wetted electrode, might be challenging to produce in
reality. From the experimental work by Xia et al.,34 creating a partially
wetted electrode involves controlled evaporation of electrolyte in the
porous cathode and depends on the wettability of the electrode surface
by the electrolyte. The enhanced performance observed in a partially
wetted as compared to the flooded electrode is qualitatively justified
by this study. In an experiment performed by Xiao et al.,37 increasing
the electrolyte volume in the porous electrode made of Ketjen black,
the cell performance increased. They attributed this to the volumetric
expansion of the electrode due to electrolyte absorption that enhanced
the porosity of the electrode, increasing the electrode-electrolyte in-
terface for the ORR and thus increasing performance. However, they
also did mention that such a significant volumetric expansion of elec-
trode material was not observed for other carbon-based electrodes and
was specific to Ketjen-black. Since, no volume expansion of either the
electrolyte or the electrode is considered in the present model, such
effects have not been observed.

Conclusions

With the help of a 2D axisymmetric model, the transport-limited
performance of a Li-air button cell was investigated. Parametrically,
the main focus of this study was on the transport properties (diffusivity
and solubility) of active species (Li+, O2) in five different electrolytes,
electrolyte saturation in the porous cathode, and cathode thickness. As
result, diglyme shows the best performance with respect to achievable
current density and active electrode volume.

With the help of two distinct cathode configurations, namely,
flooded cathode and GDE, we were able to distinguish between the
two dominating transport phenomena (diffusion and convection) in
the cathode and identify their contributions to the local and global cell
performance. GDE configuration is observed to be the better choice
as it allows a faster and deeper penetration of O2 in the cathode, en-
hancing the volumetric utilization of the cathode. Also, a lower aspect
ratio of the cathode geometry is found to be better for O2 distribution
in the cathode volume. The combined structural, wetting (saturation)
and two-species transport properties were shown to result in very dif-
ferent qualitative and quantitative distributions of reaction rates and
electrode utilization.

For further analysis, two parameters for the efficacy of species
transport were proposed, firstly, the transport efficiency that gives
a local insight into the distribution of mass transfer losses across the
cathode volume, and secondly, the active electrode volume that gives a
global insight into the cathode volume utilization at different current



E3498 Journal of The Electrochemical Society, 164 (11) E3489-E3498 (2017)

densities. A parametric study of cathode thickness and electrolyte
saturation in the gas diffusion electrode demonstrates the ability of the
model to support the optimization of cell performance and electrode
utilization and allows proposing an application-guided cell design.

This work is a modeling study based on experimentally-determined
electrolyte properties taken from literature. The validation of the sim-
ulation results with experimental data needs to be subject of future
investigations.
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