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A Modeling Study of the Pore Size Evolution in Lithium-Oxygen
Battery Electrodes
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This study develops a statistics model that investigates the microstructural evolution of porous electrodes and couples the micro
structural changes with a computational fluid dynamics model to simulate the discharge performance of an 800-μm-thick electrode
at 1 A/m2. This study considers the fact that pores that are too small to hold reactants, smaller than a critical pore size, do not
contribute to the discharge of the battery. It is found that when the pore size of the electrode increases, the discharge capacity of the
electrode first increases due to the improved mass transfer and then decreases due to the decrease of the effective surface area. For
instance, when the critical pore size is set as 10 nm, the discharge capacity gradually increases from 86.6 to 214.8 mAh/gcarbon when
the mean pore size of the electrode increases from 10 to 50 nm, followed by a capacity decrease to 150.8 mAh/gcarbon when the mean
pore size further increases to 100 nm. This study also finds that alternating the discharge current between 0 (open circuit condition)
and the setting current rate can increase the discharge capacity of the lithium-oxygen battery because the oxygen concentration in
the electrode increases during the open circuit condition.
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The increasing energy demands from portable electronic devices
and the target of 300 miles driving range of electric vehicles have
placed tremendous pressure on current electrical storage systems.
Electric storage technologies with very high specific energy are re-
quired in order to meet the ever increasing energy demand without
significantly increase the weight of the energy storage system. The
lithium-oxygen battery is considered as a promising energy storage
technology for portable and transportation applications considering
its exceptionally high specific energy. Within four types of lithium-
oxygen batteries,1 the battery using organic electrolyte has attracted
the most attention.2 Although the active intermediates may react with
non-aqueous electrolytes and produce lithium carbonate, lithium hy-
droxide, and lithium alkyl carbonate,3–6 the main product is expected
to be Li2O2

2. The overall reaction happens during charge and dis-
charge of a lithium-oxygen battery using organic electrolyte is:

2Li + O2 ↔ Li2O2 (3.1 V) . [1]

The theoretical energy density of the lithium-oxygen battery is cal-
culated to be 11,680 Wh (kg lithium)−1 or 2,790 Wh (kg lithium and
oxygen)−1.7 The measured specific energy of lithium-oxygen batter-
ies reported in literature, however, is less than 10% of the theoretical
specific energy.8,9 The power, capacity and efficiency of batteries are
restricted by the cathode gas diffusion electrode (GDE), which is typ-
ically made from carbon material, considering the high energy den-
sity of lithium metal and fast reaction rate of lithium electrode.6,10–14

In particular, the low solubility and diffusivity of oxygen in non-
aqueous electrolytes limit the current density and the capacity of the
battery.9,15–19 Meanwhile, pores with different sizes in the electrode
have different impacts on the mass transfer due to the limited ion
conductivity and oxygen diffusivity of the electrolyte and the fact that
solid products produced during discharge passivate the electrode and
impede mass transfer. Experimental studies have been carried out to
investigate effects of mass transfer characteristics such as the porosity
of the electrode,20–23 solubility of oxygen in organic electrolytes,24 dif-
fusivities of oxygen and lithium ion,24 and stability of electrolytes.4,25

Since both lithium ion and O2 have to migrate to the reaction sites to
continue the reaction, micro-pores that are too small cannot facilitate
the mass transfer. Several studies have investigated the performance
of lithium-oxygen batteries with various pore size distributions.26,20,27

Tran et al.26 prepared carbon materials with mean pore size from
2.3 to 5.5 nm using commercially available high surface area activated
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carbon materials. The 200-μm thick GDE, with a weight of 10 mg,
was made from 90 wt% of carbon and 10 wt% of Teflon material.
This study hypothesized that micro-pores were blocked by the dis-
charge product, Li2O2, so that the surface area of those pores were
not available for the electrochemical reaction. The discharge capacity
was found to increase almost linearly with the increase of average
pore diameter from 2.3 to 5.5 nm. The maximum capacity of about
300 mAh/g was achieved at the average pore size of 5.5 nm when the
discharge current was 1 mA/cm2.

Younesi et al.20 made 40-μm-thick electrodes from carbon super
P carbon and Kynar2801 with different carbon contents from 0.2 to
0.8. It was found that the binder (Kynar) blocked the majority of pores
smaller than 30 nm, decreased the surface area and pore volume and
decreased the discharge capacity of the battery. The authors also con-
cluded that the discharge capacity of the battery is mainly determined
by meso-pores larger than 30 nm.

Ding et al.27 investigated the discharge capacity of lithium-oxygen
batteries using commercially available carbon materials. There is no
clear correlation between the discharge capacity and the surface area
or the porosity of the electrode, but the discharge capacity is found
to increase with an increasing pore size. The authors also synthesized
meso- and macro- porous carbons with pore size from 2.4 nm to
100 nm using phenol formaldehyde resin and silica spheres with dif-
ferent sizes. The measured discharge capacity of electrodes made from
these home-made porous carbons first increased with the increasing
pore size from 2.4 nm to 80 nm, followed by a decreased capacity
when the pore size was further increased to 100 nm. A maximum
discharge capacity of 7169 mAh/g was achieved at a pore size of
80 nm.

In the above experimental studies, the amount of electrolyte, type
of electrolyte, morphology of the electrolyte, thickness of the elec-
trode, current density etc. all affect the mass transfer in porous elec-
trode and complicate studies of pore sizes. The critical size of the
micro pores reported in literature is not consistent and the crucial
mechanism that couple the mass transfer with electrochemical reac-
tions in micro-, meso- and macro- pores in porous electrode is still
unclear.28 As a complement to experiments, modeling studies on the
transport phenomena in lithium-oxygen batteries can screen out irrel-
evant factors and study the impact of individual parameters in detail.

J. Read et al.24 pioneered the one-dimensional model of mass trans-
fer in lithium-oxygen batteries and simulated the oxygen concentra-
tion along the depth of carbon electrode at steady state. The simplified
model assumed that the porosity of the electrode did not change with
Li2O2 production and the discharge reaction was linearly proportional
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to the oxygen concentration. Model results indicated that the oxygen
concentration decreased along the depth of the electrode due to re-
actions and the concentration decreased faster at higher discharging
current rates. The increase of both oxygen solubility and diffusivity
through the electrode and electrolyte increases the oxygen concentra-
tion and decreases the discharge over-potential. The model developed
by Sandhu et al. and Albertus et al.29,30 considered the decrease of
pore radius due to the accumulation of Li2O2 solid. The decrease rate
of the pore size is proportional to the discharging current rate. Their
model results also showed that the specific capacity decreased with
both the increase of discharge current and the increase of electrode
thickness. Andrei et al.31 simulated oxygen and lithium ion concen-
trations and porosity distributions along the cathode carbon electrode
and proposed several approaches to optimize the structure of the cath-
ode electrode: increase the oxygen diffusivity and solubility; increase
the catalyst activity; use catalysts with non-uniform activity along the
electrode; and apply partially wetted cathode electrode. Sahapatsom-
but et al.32 simulated the charge and discharge of a lithium-oxygen
battery based on the concentrated binary electrolyte theory. The bat-
tery capacity was found to be affected by the solubility of oxygen,
porosity and thickness of electrode and reaction rates. In analogy to
the ice formation in proton exchange membrane fuel cells, Wang17

proposed a reaction surface coverage model to account for Li2O2 pre-
cipitation during discharge and developed a one-dimensional model
of lithium-oxygen batteries.

Xue et al.33 considered the growth of Li2O2 film during discharge
in their one-dimensional model. The model assumed that the thickness
of the Li2O2 film followed a normal distribution between 5 and 10 nm.
Once the thickness of the Li2O2 film exceeds 5 nm, the active sur-
face area will be sharply decreased due to the increase of the resis-
tance for electrons to tunnel through Li2O2 films. Xue et al.34 re-
cently included two mechanisms of oxygen reduction reactions: one
mechanism produces a Li2O2 thin film on the electrode surface and
the other generates Li2O2 particles in large open space (larger than
125 nm) of the electrode. An escape factor, which varies from 0 to
1, is introduced to quantitatively evaluate the possibility of Li2O2 es-
capes the electrode surface. Although the discharge performance is
very sensitive to this escape factor, it’s difficult to accurately estimate
the value of the escape factor. Instead, values of escape factor are
fitted with experimental data in their study and these values are found
to decrease with increasing discharge current rates.

Meanwhile, a few model studies capture the two-dimensional mass
transfer characteristics of a lithium-oxygen battery considering the
non-uniform oxidant and production distributions in the in-plane di-
rection of electrodes. Our previous studies consider the fact that mesh
and end plates next to the cathode electrode inevitably block part of
the oxygen path way and impede the mass transfer.16,35 With other
parameters remain the same, the capacity of the battery decreased by
75% when the open ratio decreased from 100% to 50%. Furthermore,
the mass transfer could be significantly enhanced by forced convec-
tion of electrolyte driven by the pressure gradient between adjacent
channels.35 The model study also indicated that electrodes with a
higher porosity on the air side yields a higher capacity, these finding
was proved by the experimental study by Tan et al.22 Wang and Cho36

recently developed a multi-dimensional model considering the oxy-
gen delivery in flow channels and found out that the electrode is not
fully utilized during discharge, particularly under high discharging
current rates.

Although some of the above mentioned model considered the
Li2O2 precipitation and electrode passivation, none of the studies con-
sidered the dynamic change of pore size in the electrode. Furthermore,
above models assumed that all pores in the electrode contribute to
the discharge. The transport mechanism in micro-, meso- and macro-
pores is still unclear and there is no accepted criterion to quantitatively
determine impacts of different pores. This study will carry out multi-
scale model simulations, which couple a novel micro-scale statistics
model and a macro-scale computational fluid dynamics (CFD) model
to investigate the evolution of pore size distribution in battery elec-
trodes and its effect on the mass transfer and battery capacity.
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Figure 1. A lithium-air battery using organic electrolytes.

Model Development

We have developed a two-dimensional, transient, non-isothermal
CFD model to simulate the heat and mass transfer characteristics in the
electrolyte and cathode air electrode of a Li-air battery using organic
electrolyte.16,35 This study applies the CFD model to simulate the
distribution of oxygen concentration, Li+ concentration, reaction rate,
and volume fraction of solid product. The novelty of this study is that
properties of the porous electrode in the CFD model is determined by a
statistics model that considers the change of the pore size distribution
and critical pore size during discharge. The coupling between the CFD
model and statistics model generates a unique multi-scale simulation
tool to investigate the transport phenomena in porous electrodes.

Computational domain.— The computational domain of the model
includes the separator and the cathode air electrode filled with the
electrolyte, as shown within the dashed line in Figure 1. The ratio of
the width of the channel to the overall width of the current collector
(including both the channel and the rib) is defined as the open ratio
of the current collector. If not otherwise specified, the open ratio of
the current collector is set as 0.5 in this study to simulate practical
applications.

Assumptions.—

1) The over-potential of the anode reaction is negligible;11

2) Electrolyte fully fills pores in the cathode electrode so that oxygen
and lithium ion transfer in liquid phase (electrolyte) only;

3) Li2O2 deposits as a smooth film on the electrode surface.37

4) The flux of Li+ at the lithium/electrolyte interface is proportional
to the current density;

5) The thermal resistance of lithium metal and end plates made
from metals are negligible due to their high thermal conductivity
(21.9–84.8 W m−1 K−1) compared with that of carbon (1.5 W
m−1 K−1).38

Governing equations.— The governing equations of heat and mass
transfer, summarized in Table I, are similar to the governing equations
in our previous studies.16,35 The continuity equation in the porous
media can be written as:

∂ (ερEL)

∂t
+ ∇ · (ερELu) = ṁLi+ + ṁO2 [2]

where ṁLi+ and ṁO2 are consumption rates of lithium ion and oxygen,
respectively. The concentration of lithium ion and dissolved oxygen
are solved by:

∂ (ερELωLi+)

∂t
= ∇ · (

ρEL Deff
Li+∇ωLi+

) − ∇ ·
(

iELt+
F

MLi+

)
+ ṁLi+

[3]
and

∂
(
ερELωO2

)
∂t

= ∇ · (
ρEL Deff

O2
∇ωO2

) + ṁO2 [4]
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Table I. Governing equations of the computational fluid dynamics model.

Equation Source term

Mass ∂(ερEL)
∂t + ∇ · (ερELu) = ṁLi+ + ṁO2 ṁEL = ṁLi+ + ṁO2

Li+ ∂(ερELωLi+)
∂t = ∇ · (ρEL Deff

Li+∇ωLi+) − ∇ · ( iELt+
F MLi+) + ṁLi+ ṁLi+ = − RORR

F MLi+

O2
∂(ερELωO2 )

∂t = ∇ · (ρEL Deff
O2

∇ωO2 ) + ṁO2 ṁO2 = − RORR
2F MO2

Energy ∂([ρC p ]eff T )
∂t = ∇ · (keff

T ∇T ) + ṁT ṁT = RORR(E0 − V )

Where Effective diffusivity: Deff
i = Di ε

1−0.77lnε;

Effective heat capacity per volume: [ρC p]eff = (1 − ε)ρEDC p,ED + εLi2O2 ρLi2O2 C p,Li2O2 + (ε − εLi2O2 )ρELC p,EL;

Effective thermal conductivity: keff
T = (1 − ε)kED + εLi2O2 kLi2O2 + (ε − εLi2O2 )kEL;

Reaction rate: RORR = ( ωLi+
ωref

Li+
)2 · (

ωO2
ωref

O2

) · kORR · AED
VED

· exp( αORR F
RT ηC);

kORR(T ) = kORR(293 K) · exp[ EORR
R ( 1

293 − 1
T )], and

kORR(293 K) =
{ i0 · Aeff

VED
· (1 − 0.9 · q

7 ) for q ≤ 7 C/m2

1.5245 i0 · Aeff
VED

· 10−0.02616q for q > 7 C/m2
.

The effective diffusivity, Deff
i , is determined by the diffusion coeffi-

cients, Di , porosity, ε, and tortuosity, τ, of the porous media:

Deff
i = Di ε

τ [5]

where the tortuosity is a function of porosity:39

τ (ε) = 1 − 0.77 ln ε [6]

The porosity of the electrode made from smaller carbon particles is
likely to be lower than the porosity of the electrode made from larger
carbon particles. In this study, the following correlation between the
mean pore size and porosity is derived from the experimental data,
Figure 2, published by Olivares-Marin et al.:23

ε = 0.0899ln (dmean) + 0.3661. [7]

The second term on the right hand side of Eq. 3 considers the
migration of Li+, where iEL is the current density and t+ is the trans-
ference number of Li+. The consumption rate in the species equations
of Li+, and O2 are:

ṁLi+ = − RORR

F
MLi+ [8]

ṁO2 = − RORR

2F
MO2 [9]

where RORR is the reaction rate of the oxygen reduction reaction
(ORR), and M is the molecular weight. The energy balance equation
is expressed as:

∂
([

ρCp

]eff
T

)
∂t

= ∇ · (
keff

T ∇T
) + ṁT [10]

y = 0.0899ln(x) + 0.3661
R² = 0.9002
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Figure 2. Experimental measurements of mean pore size vs. porosity.23

where the effective specific heat, [ρCp]eff , and the effective thermal
conductivity, keff

T , are related to the properties of the electrode, precip-
itated Li2O2, and electrolyte:[

ρCp

]eff = (1 − ε) ρEDCp,ED + εLi2O2ρLi2O2 Cp,Li2O2

+ (
ε − εLi2O2

)
ρELCp,EL [11]

keff
T = (1 − ε) kED + εLi2O2 kLi2O2 + (

ε − εLi2O2

)
kEL [12]

The local volume fraction of Li2O2, εLi2O2 , is calculated based on
the amount of accumulated Li2O2:

εLi2O2 (t) =
∫

RORR · dt

2F

MLi2O2

ρLi2O2

. [13]

The source terms used in the energy equations are related to the
electrochemical reaction:

ṁT = RORR (E0 − V ) [14]

where E0 is the thermodynamic equilibrium voltage, 3.1 V, and V is
the discharge voltage of the cell.

The local ORR rate of the Li-O2 battery is determined by concen-
trations of lithium ion and oxygen, the standard constant rate of ORR,
kORR, the surface area of the electrode, AED, per volume of electrode,
VED, and the over-potential, ηc by the following equation:

RORR =
(

ωLi+
ωref

Li+

)2

·
(

ωO2

ωref
O2

)
· kORR · AED

VED
· exp

(
αORR F

RT
ηC

)
[15]

The effective surface area and the volume of the electrode are de-
termined from the statistics model that will be described in section
Microstructural evolution of the porous electrode. The standard rate
constant, kORR, in the above reaction is a function of temperature:

kORR (T ) = kORR (293 K) · exp

[
EORR

R

(
1

293
− 1

T

)]
[16]

where EORR is the activation energy of the ORR, which has the value
of 21 kJ mol−1 as an approximation.40 In all the calculations of cur-
rent work, initial temperature is set at 293 K. The effect of the elec-
trode passivation caused by the Li2O2 precipitation during discharge
is considered by a segmental equation of the standard rate constant at
293 K:

kORR(293 K)=

⎧⎪⎨
⎪⎩

i0 · Aeff

VED
·
(

1 − 0.9 · q

7

)
for q ≤ 7 C/m2

1.5245 i0 · Aeff

VED
· 10−0.02616q for q > 7 C/m2

[17]
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where i0 is the exchange current density at 293 K,16 and q is the
quantity of discharged electricity per surface area of the electrode and
is calculated from the accumulated local reaction rate and effective
surface area of the electrode per volume Aeff/VED:

q (t) =

∫
RORR · dt

Aeff/VED
[18]

The effective surface area of electrode per volume changes with
time due to the evolution of pores and is determined by the statistics
model in the following section. The function of the standard rate con-
stant is derived based on the experimental results that the exchange
current density decreases by an order of magnitude with a very small
quantity of discharge (∼7 C/m2) on a glassy carbon electrode.41 The

above equation indicates that when the quantity of discharged elec-
tricity is less than 7 C/m2, the production of Li2O2 sediment will
gradually cover the effective surface area of the electrode and lin-
early decrease the standard rate constant. The continuous growth of
the Li2O2 film further passivates the electrode and coefficients that
indicate the decrease rate of the standard rate constant are also fitted
from the experimental results.41 Meanwhile, the growth of Li2O2 film
also affects the mass transfer in the porous electrode by decreasing
the pore size and porosity. The quantitative change of pore size and
porosity will be discussed in the following statistics model.

Microstructural evolution of the porous electrode.— The cathode
product Li2O2 is both insoluble and insulating, during discharge it pre-
cipitates in the porous electrode and causes electrode passivation. At
the macroscopic level, the solid Li2O2 decreases porosity and increases
transport resistance. These facts are considered in the electrolyte and
oxygen concentration equations through decreased effective diffusivi-
ties and permeability. At the microscopic level, the formed Li2O2 film
increases transport resistance of lithium ions, oxygen molecules, and
electrons from the electrolyte to the electrode surface and decrease
the effective surface area of the electrode (electrode passivation). In
this work, the property changes due to the deposition of solid prod-
ucts during discharge will be studied in detail by the statistics model
described below so that the effect of the electrode properties on the
battery performance could be accurately determined.
The statistics model.—Porous electrodes that are widely used in energy
conversion and storage devices are composed of micro-, meso-, and
macro- pores with a broad range of pore sizes from less than 1 nm
to more than 1 μm.23 Therefore, changes of the electrode properties
such as porosity, tortuosity, permeability, etc. will be determined as
statistical characteristics of the material by a statistics model. The
measured pore size in a porous electrode usually follows a log normal
distribution,21 therefore, this study applies data regression analysis
and fits the measured pore distribution of a typical electrode21 using
a lognormal distribution. The probability distribution function (PDF)
of pore size x in the electrode can be written as:

PDF(x) = exp

[−(ln(x) − μ)2

2σ2

] /
(
√

2π · σx) for x > 0 [19]

where the mean pore size μ and the shape factor σ are fitted from
experimental data as 93 nm and 0.5.

The statistical properties such as the average pore size, deff, the sur-
face area, AED, per volume, VED, among other parameters of the porous

electrode can be calculated from the PDF of the porous electrode:

deff =
∞∫

0

x · PDF (x) · dx [20]

Aeff

VED
= ε

∫ ∞
0 PDF (x) · πx2 · dx∫ ∞

0 PDF (x) · πx3

6 · dx
[21]

In this study, the thickness of the precipitated Li2O2 film is as-
sumed identical in all pores that is larger than the critical pore size,
dmin, within the computing element. As a result, the PDF within
each computing element changes to the following piece-wise func-
tion after a layer of Li2O2 with the thickness of δLi2O2 deposits
on the surface and decreases the diameter of a pore from x to d:

PDF(d) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

exp
[−(In(d+2δLi2O2 ))

2σ2

]
/
[√

2πσ(d + 2δLi2O2 )
]

if x > dmin + 2δLi2O2,d = x − 2δLi2O2

1
2 erf

(
μ−In(dmin)√

2σ

)
− 1

2 erf
(

μ−In(dmin+2δLi2O2 )√
2σ

)
2δLi2O2

if dmin + 2δLi2O2 > x > dmin, d = dmin

exp
[

−(In(d)−μ)2

2σ2

]
/
(√

2πσd
)

if x ≤ dmin, d = x, δLi2O2 = 0

[22]

Where the thickness of the Li2O2 film, δLi2O2 , is calculated from
the cumulative ORR rate by:

δLi2O2 =
⎛
⎝

∫
RORR · dt

2F
· MLi2O2

ρLi2O2

⎞
⎠

/ (
Aeff

VED

)
[23]

All the statistical properties of the porous electrode within the comput-
ing element will be updated with the new PDF. The Li2O2 film has low
thermal and electrical conductivities41,42 and increases the electrical
and thermal resistance between the carbon electrode and the organic
electrolyte. Since the electrical conductivity of Li2O2 (10−12 to 10−13

S/m) 41 is much lower than that of carbon (3 S/m), the ohm resistance of
the electrode is determined by the ohm resistance of Li2O2 film which
can be calculated directly from its thickness, δLi2O2 , and the electrical
conductivity of Li2O2.During the discharging of the battery, the thick-
ness of the Li2O2 film, δLi2O2 , increases in proportion to the reaction
rate, RORR, and is calculated from the difference between the effective
pore size, deff, and the initial pore size. The voltage drop, or over-
potential ηohm,Li2O2 , caused by the ohm resistance is determined by:

ηohm, Li2O2 =
(
δLi2O2/σLi2O2

) · RORR

Aeff/VED
[24]

This two-dimensional model assumes that variables along the z
direction are uniform, the discharge current density, I, is calculated
by integrating the ORR rates:

I =

∫
RORR · dxdy

δY
[25]

To the author’s knowledge, the change of electrode properties
caused by electrochemical reactions has never been studied in detail
to consider the evolution of pore size in the electrode. The statistics
model in this study will quantify the effect of the precipitation of
solid Li2O2 on the properties of the battery electrode and the resulted
electrode passivation. The electrode properties determined by the
statistics model will be input to the CFD model and governing equa-
tions in section Governing equations to calculate the heat and mass
transfer coupled with electrochemical reactions within the electrode.

Boundary conditions.— Boundaries for the computational domain
are numbered in Figure 1. The upper and lower (I) boundaries are con-
sidered to be symmetric boundaries and the corresponding boundary
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conditions are:
∂�

∂y
= 0 [26]

where � can be T, ωLi+, and ωO2 . At the lithium/separator interface
(boundary II), the flux of lithium ion is proportional to the discharge
current density:

NLi+ = ρDeff
Li+∇ωLi+ = I

F
MLi+ [27]

The electrolyte current density iEL at boundary II equals to the dis-
charge current density I, while the electrolyte current density equals
to zero at boundaries III and IV. At the electrode/rib interface (bound-
ary III), the flux of lithium ion and oxygen are 0 and the temperature
at boundary III is set as room temperature. At the electrode/channel
interface (boundary IV), the concentration of lithium ion and the oxy-
gen are set as 6.86 × 10−3 and 1.41 × 10−3 kg kg−1 respectively.
Since the thermal resistance of lithium metal and current collectors
are negligible, the temperatures at boundaries II, III, and IV are equal
to the room temperature, T∞.

The computational grids are generated based on the finite volume
method (FVM)4,3 governing equations are discretized and solved by
home-made code developed with Fortran. The grid number is 165
× 20 and the time step is 1 second, all the model results are both
grid independent and time step independent. After the results are
converged in each time step, the cell voltage is determined by the
following equation:

V = E0 − ηC − ηohm,Li2O2 − I · (δEL + 0.5δED)

σeff
ED

[28]

where the kinetic and concentration over-potential on cathode, ηC, is
obtained through iterations at a given discharge current density I. The
potential drop over the precipitated Li2O2 film, ηohm,Li2O2 , is calculated
based on the microstructural evolution of the porous electrode, Eq. 24.
It should be mentioned that the thickness of the electrode is multiplied
by a factor of 0.5 in Eq. 28 to average the length of lithium ion transfer
in electrode. The ohm over-potential in solid carbon phase of the
cathode is neglected in current work because electron conductivity in
carbon is much higher (300 S m−1) than the conductivity of lithium
ion in the electrolyte (0.5 S m−1).

Governing equations are summarized in Table I and values of pa-
rameters used in the model are all presented in Table II. Transport
properties are obtained from published data of the electrolyte of 1M
LiPF6 in propylene carbonate/dimethoxyethane (1:2 wt). In the fol-
lowing discussions, if not otherwise specified, the battery is discharged
at a constant current of 1 A m−2

, and the ambient temperature is 293 K.

Results and Discussion

Model validation.— After the grid and time-independence verifi-
cations, the model simulates a lithium-oxygen battery with a 25-μm-
thick separator and an 800-μm-thick electrode. The simulation results
of discharge capacity vs. cell voltage at various discharge current den-
sities are compared to the experiment data in Ref. 44, as shown in
Figure 3. It should be noted that simulation results in Figure 3 are
obtained by setting the open ratio as 100% in order to keep consistent
with the experimental setup. The calculated specific capacities by our
model agree well with experimental results and the following results
and discussions are based on the validated model and parameters.
Results of temperature distributions are not the primary concern of
this study because the temperature increase is calculated to be less
than 0.1 K in the current model due to the effective cooling by natural
convection and low heat generation rate. The current battery model
is built based on lab scale batteries with small sizes (in the order of
1 cm) and low discharge current density (in the order of 1 mA/cm2).
The temperature variation within the battery will be higher in larger
batteries or battery packs.

Results in Figure 3 indicate that the cell voltage decreases with
the discharge capacity due to the exacerbating electrode passivation

Table II. Parameters used in the model.

Parameter Symbol Value

Room temperature T∞ 293 K
Exchange current density i0 3.11 × 10−6 A m−216

Transfer coefficient of
cathode

αORR 0.546

Thermodynamic
equilibrium voltage

E0 3.12

Reference concentration
of O2

ωref
O2

1.23 × 10−4 kg kg−116

Reference concentration
of lithium ion

ωref
Li+ 6.86 × 10−3 kg kg−116

Density of PTFE ρPTFE 2.2 g cm−3

Density of lithium ρLi 0.534 g cm−3

Density of carbon ρC 2.26 g cm−3

Density of lithium
peroxide

ρLi2O2 2.31 g cm−3

Density of electrolyte ρEL 1.011 g cm−324

Conductivity of
electrolyte

σEL 15.9 × 10−3 S cm−124

Conductivity of electrode σED 3 S cm−147

Conductivity of Li2O2 σLi2O2 1 × 10−13 S cm−148

Specific heat of
electrolyte

Cp,EL 0.5 J g−1 K−1

Specific heat of carbon Cp,ED 0.71 J g−1 K−1

Specific heat of Li2O2 Cp, Li2O2 1.81 J g−1 K−1

Diffusivity of oxygen in
electrolyte

DO2 8.35 × 10−6cm2 s−124

Diffusivity of Li+ in
electrolyte

DLi+ 8 × 10−7 cm2 s−147

Thermal conductivity of
electrolyte

kEL 0.2 W m−1 K−1

Thermal conductivity of
electrode

kED 1.5 W m−1 K−1

Thermal conductivity of
Li2O2

kLi2O2 14.5 W m−1 K−1

Solubility of oxygen in
electrolyte

4.45 × 10−3 M24

Molecular weight of
lithium

MLi 6.94 g mol−1

Molecular weight of
lithium peroxide

MLi2O2 45.88 g mol−1

Porosity of separator εEL 0.513

Thickness of the electrode δED 800 μm44

Thickness of the separator δEL 25 μm13

Width of the battery δY 2 mm
Width of the rib δRIB 1 mm
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Figure 3. Discharge of a lithium-oxygen battery with an 800-μm-thick elec-
trode at various current densities (Experimental data: scatter plots; Model
simulations: lines with marker).
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Figure 4. Volume fractions of Li2O2 along the thickness of the electrode at
the end of the discharge. The electrode thickness is 800 μm.

and increased concentration over-potential. At the first half of the
discharge (the discharge capacity is less than 50% of the maximum
capacity), the voltage decreases relatively fast with the capacity since
the exchange current density of the electrode decreases almost linearly
by 90% due to the electrode passivation by the Li2O2 film when the
local discharge capacity is less than 7 C/cm2. At the second half
of the discharge (the discharge capacity is more than 50% of the
maximum capacity), the decrease rate of the voltage was slower until
the Li2O2 blocks the mass transfer and concentration over-potential
sharply increases and dominates the voltage loss at the end of the
discharge.

Figure 3 also compares battery performances under various dis-
charge current density rates. The discharge capacity decreases from
1589.6 to 131.5 mAh/gcarbon when the current density increases from
0.5 to 5 A/m2. The current density determines the consumption rate
of the reactants (oxygen and lithium ion) and the oxygen flux from
the channel to the gas diffusion layer is proportional to the current
density. Since the electrode is flooded with liquid electrolyte, oxygen
from the channel needs to dissolve in the electrolyte before it diffuses
to the reaction sites in the electrode. The low solubility and diffusivity
of oxygen in organic electrolytes limits the discharge current density.
Furthermore, the reaction rates are not uniform in the electrode due to
the concentration gradient of reactants and the non-uniformity is more
significant at large discharge current rates. Therefore, the concentra-
tion over-potential increases with current densities. Figure 4 compares
the volume fraction of Li2O2, which is proportional to the local dis-
charge capacity, Eq. 23, along the depth of the electrode at the end of
the discharge. At high discharge current densities, such as 5 A/m2, the
volume fraction of Li2O2 is almost 0 in the vicinity to the separator,
which indicates a low utilization of the electrode. With the decrease
of the discharge current, the volume fraction of Li2O2 increases all
over the electrode, especially in the vicinity to the separator, and leads
to a higher discharge capacity as shown in Figure 3.

In lithium-oxygen battery stacks, the current collectors and flow
channels that transfer current and deliver oxygen would inevitably
block part of the gas diffusion layer/channel interface as illustrated in
Figure 1. In the following study, the open ratio of the gas diffusion
layer is assumed to be 50% to simulate real-world applications and
the thickness of the electrode is 800 μm. It’s worth noting that, all
else being equal, the discharge capacity at 50% open ratio is only
one quarter of the discharge capacity at 100% open ratio due to the
oxygen transfer impedance caused by the current collector.16 In the
following discussions, the simulated discharge capacity of the battery
(at 50% open ratio) will be significantly lower than the experimental
data reported in literature (at 100% open ratio).

Pore size distribution.— Electrodes made from commercial and
home-made electrode materials have very wide pore size distributions,
which are determined by the size of the raw material, amount of bind-
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Figure 5. Effect of the pore size distributions and the critical pore size (dlim)
on the surface area per volume.

ing agent, and the preparation process etc. The pore size distribution
measured by experiments usually follows a log normal distribution
and the mean pore size varies from 10 to 120 nm.23 In this study, elec-
trodes with a series of pore size distributions are simulated, the mean
pore size changes from 10 to 100 nm as shown in the inserted plot in
Figure 5. The surface area per volume of these electrodes decreases
from 0.21 to 0.03 nm2/nm3 when the mean pore size increases from
10 to 100 nm considering the fact that the surface area to volume ratio
of smaller pores is higher than that of larger pores. On the other hand,
Figure 5, the critical pore size, dlim, has a more profound effect on
electrodes with smaller mean pore size because a larger fraction of
pores are smaller than the critical pore size. When the critical pore
size increases from 0 to 20 nm, the surface area per volume decreases
from 0.21 to 0.03 nm2/nm3 in electrodes with the mean pore size of
10 nm. While the surface area per volume keeps almost unchanged in
electrodes with the mean pore size of 100 nm.

Electrodes with different pore sizes show very different discharge
performance because the amount of available reaction sites and the
passivation rates of the electrode are different. Figure 6 compares the
discharge performance of electrodes with the mean pore size varying
from 10 to 100 nm. The critical pore size, dmin, is assumed to be 10
nm in all cases. The change of the discharge capacity with the mean
pore size is the balanced results between the mass transfer and the
effective surface area: the mass transfer of oxygen and lithium ion
in the electrode limits the capacity in small pores while the effective
surface area and passivation of the electrode by Li2O2 film limits
the capacity in large pores. When the mean pore size increases from
10 to to 50 nm, although the surface area per volume decreases, the
discharge capacity increases from 86.6 to 214.8 mAh/gcarbon because
large pores facilitate the oxygen and electrolyte transfer.
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Figure 6. Discharge performance of lithium-oxygen batteries with various
mean pore sizes (in nm). The critical pore size is 10 nm.
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Figure 7. The change of pore size in the electrode with discharge when the mean pore size is (a) 50 nm and (b) 100 nm respectively. The thickness of the electrode
is 800 μm and the critical pore size is 10 nm.

When the mean pore size is further increased to 100 nm, the
discharge capacity decreased to 150.8 mAh/gcarbon due to the decrease
of effective surface area. A smaller effective surface area leads to a
high activation over-potential and a faster deposition of Li2O2 film on
the electrode surface, and eventually decreases the discharge voltage
and capacity. Figure 7 shows mean pore sizes along the depth of the
electrode at various states of discharge in electrodes with the mean
pore size of 50 nm (a) and 100 nm (b). Pore sizes decrease over the
state of discharge due to the precipitation of Li2O2 film. Moreover,
pore sizes decrease faster in the vicinity of oxygen channel because
the reaction rate is higher. It can also be seen that the deposited Li2O2

film is always thinner in electrodes with a smaller mean pore size
(50 nm) than that in the electrode with a larger mean pore size (100
nm) at the same state of discharge. The thinner Li2O2 film in Figure
7a results from the higher surface area per volume (0.05 vs. 0.03
nm2/nm3 considering the critical pore size and the porosity). At the
end of the discharge, the average thickness of Li2O2 film along the
depth of electrode only grows to less than 2.4 nm in the electrode with
50 nm mean pore size, while the average Li2O2 film thickness is up to
3.2 nm in the electrode with 100 nm mean pore size. A thicker Li2O2

film leads to a more severe electrode passivation and faster voltage
decrease. Therefore, the discharge capacity of the electrodes decreases
with the increase of pore size when the mean pore size is more than
50 nm. Meanwhile, the effective surface area of the electrode also
changes with the depth of discharge due to the change of the pore
size distribution. Figure 8 shows the distributions of Aeff/VED at the
end of the discharge when the mean pore size is 50 nm and 100

nm respectively. The effective surface area per volume of electrode
changes faster in electrodes with smaller mean pore size since the
relative change of the pore size is higher. At the end of the discharge,
Figure 8, the effective surface area per volume varies from 0.036 to
0.052 nm2/nm3 in the 50-nm electrode, while the value only varies
from 0.025 to 0.029 nm2/nm3 in the 100-nm electrode.

The overall discharge capacity balances between the high surface
area (which is inversely proportional to the pore size) and high reac-
tant diffusivity (which is proportional to the pore size). The change of
discharge capacity with the pore size is consistent with experimental
data published in literature that when the pore size is small (2.3 to 5.5
nm) the discharge capacity increases with the increasing pore size,26

while the discharge capacity maximizes at a medium pore size (80
nm) when the pore size varies from 2.4 to 120 nm.27 This study also
compares the activation and ohm over-potentials in electrodes with
various pore sizes at the end of the discharge in Figure 9. The ohm
over-potential gradually increases with the increase of the mean pore
size because 1) the Li2O2 film is thicker in electrodes with smaller
effective surface areas at the same quantity of discharge (C/m2) and
2) the local current density (A/m3) is larger in electrode with smaller
effective surface areas at the same current density (A/m2). The com-
bined results lead to higher ohm over-potentials in electrodes with
larger pore sizes. Meanwhile, the activation over-potential is almost
linearly proportional to the discharge capacity. The electrode passi-
vation caused by the Li2O2 film gradually decreases the standard rate
constant, kORR, therefore, the activation loss increases with the in-
crease of the discharge capacity. The ratio of the ohm over-potential
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Figure 8. The distribution of effective area per volume of electrode, Aeff/VED (nm2/nm3), in the electrode at the end of discharge when the mean pore size is (a)
50 nm and (b) 100 nm respectively. The thickness of the electrode is 800 μm and the critical pore size is 10 nm.
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(a) (b)

Figure 9. (a) Activation and ohm over-potential of electrodes with various mean pore size and (b) activation over-potential vs. discharge capacities at the end of
the discharge. The electrode thickness is 800 μm and the discharge current is 1 A/m2.

to activation over-potential continuously increases from 6% to 42%
when the pore size increases from 10 to 100 nm, which indicates that
electrodes with larger pore sizes are more sensitive to the conductivity
of the Li2O2 film. The effect of conductivity of the Li2O2 film will be
discussed in detail in section Resistance of the Li2O2.

Critical pore size.— In reality, not all pores are useful during the
discharge and charge of the battery due to the limited mass transfer
within small pores. It is hypothesized that pores smaller than the
critical pore size, dlim, do not hold electrochemical reactions and do
not contribute to the battery capacity. To investigate the effect of
critical pore size, this study varies the critical pore size between 0
and 30 nm (since the critical pore size could be as large as 30 nm).20

By increasing the critical pore size, the effective surface area per
volume of the electrode decreases as shown in Figure 5, which results
to a faster growth of the Li2O2 film. The severe passivation of the
electrode by Li2O2 film decreases the discharge capacity at a given
current rate, as shown in Figure 10. When the mean pore size is 10
nm, the discharge capacity of the battery sharply decreases from 89.8
to 5.9 mAh/gcarbon when the critical pore size increases from 0 to
30 nm.

On the other hand, the impact of the critical pore size is very small
in electrodes with large pore sizes since only a small fraction of pores
are smaller than the critical pore size. When the critical pore size is
set as 30 nm, 99.3% of pores are smaller than the critical pore size in
electrodes with a mean pore size of 10 nm, while only 0.4% of the
pores is smaller than the critical pore size in electrodes with a mean
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Figure 10. Discharge performance of an 800-μm-thick electrode with a mean
pore size of 10 nm at the current density of 1 A/m2, while the critical pore size
varies from 0 to 30 nm.

pore size of 100 nm. As a result, the discharge capacity only slightly
decreases from 151.1 to 147.6 mAh/gcarbon in the electrode with 100
nm mean pore size when the critical pore size increases from 0 to
30 nm.

Resistance of the Li2O2.— The electrode passivation is caused
by the precipitation of Li2O2 film on the surface of the electrode
and the electric conductivity of this film is critical to determine the
activation and ohm over-potential. The model study conducted by
Radin and Siegel45 indicates that the conductivity of Li2O2 film varies
during discharge and charge because the cell potential impacts defect
concentrations. This model investigates the sensitivity of the electrical
conductivity of the Li2O2 film on the discharge capacity by changing
its electrical conductivity from 10−13 to 10−12 S/m. In electrodes with
a mean pore size of 10 nm, the deposited Li2O2 film is very thin (less
than 2 nm). Therefore, the change of electric conductivity of the Li2O2

film does not significantly change the discharge capacity or voltage
of the battery, Figure 11a. In electrodes with a mean pore size of
100 nm, however, the Li2O2 film could grow up to 12 nm. Therefore,
the discharge voltage increases with the electrical conductivity of the
Li2O2 film, Figure 11b. The discharge capacity also increases from
150.9 to 337.8 mA/gCarbon with the increase of the electric conductivity
of Li2O2 film from 10−13 to 10−12 S/m when the cut off voltage is
2.0 V.

Alternating discharge current.— As mentioned before, the mass
transfer of oxygen within the electrode limits the discharge capacity,
especially at high discharge current rates. With the initial oxygen
concentration of 1.23 × 10−4 kg/kg, or 3.886 mol/m3, it is calculated
using values of parameter in Table II that the oxygen will be depleted
within about 10 min at the current density of 1 A/m2 if there is no
oxygen transfers from the channel:

Time [second] = ωref
O2

i/ (2F · δED)
[29]

At the current rate of 1 A/m2, the calculated maximum oxygen diffu-
sion rate, 4.56 × 10−6 mol/(m2 · s), from the channel to the electrode
is less than the oxygen consumption rate, 5.18 × 10−6 mol/(m2 · s). As
a result, the oxygen concentration gradually decreases with time from
1.23 × 10−4 to less than 1.0 × 10−15 kg/kg (the gray line with square
markers in Figure 12) and the discharging voltage decreases during
the discharge. This study proposes an approach to increase the oxygen
concentration within the electrode and increase the discharge capacity
by discharging the battery under current rates alternating between 0
and the setting current.

Figure 12 compares the oxygen concentration in the vicinity of
the separator when the battery discharges at a constant current rate
of 1 A/m2 and alternating current rates between 0 and 1 A/m2 every
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Figure 11. Discharge performance of an 800-μm-thick electrode with a mean pore size of (a) 10 nm and (b) 100 nm at the current density of 1 A/m2, the critical
pore size is assume to be 10 nm. The electric conductivity of the Li2O2 film varies from 10−12 to 10−13 S/m.

6 min. When the discharge current is 0, the battery is at the open circuit
condition, no oxygen is consumed in the electrode while the oxygen
can still diffuse from the channel into the electrode driven by the
concentration gradient. Therefore, the oxygen concentration increases
(the orange curve and the embedded plot in Figure 12) at the open
circuit condition. The maximum oxygen concentration in Figure 12a
only decreases from 1.23 × 10−4 to 6.48 × 10−6 kg/kg in the electrode
with a mean pore size of 10 nm at alternating current rates. The
periodic increase of oxygen concentration, when the battery is at rest,
leads to a better utilization of the electrode. As a result, the discharge
capacity increases from 93.15 to 225.8 mAh/gcarbon in Figure 12a when

(a)

(b)

1 A/m2 2

1 A/m2 2

Figure 12. Oxygen concentration in the electrode in the vicinity of the sepa-
rator of an 800-μm-thick electrode with a mean pore size of (a) 10 nm and (b)
100 nm at a constant current density of 1 A/m2 (the gray line with markers)
and when the current density alternates between 0 and 1 A/m2 every 6 min
(the orange curve).

the alternating discharge current rates are applied to an electrode with
a mean pore size of 10 nm. Since the effective diffusivity of oxygen
is closely related to the porosity of the electrode, in electrodes with a
larger mean pore size (100 nm), the oxygen concentration increases
faster when the battery is at rest so that more oxygen is available
for the reaction at 1 A/m2. The oxygen concentration in an electrode
with a mean pore size of 100 nm (Figure 12b) only decreases from
1.23 × 10−4 to 1.92 × 10−5 kg/kg in the 100-nm electrode at the
end of the discharge. The discharge capacity increases from 151.0 to
278.9 mAh/gcarbon when discharge current rates alternate between 0
and 1 A/cm2, compared with a constant discharge current of 1 A/m2.
It can also be seen from Figure 12 that the oxygen concentration is
much higher in the electrode with alternating discharge current rates
than that with a constant discharge current. Figure 12 only compares
electrodes with the mean pore sizes of 10 nm and 100 nm. The effect of
alternating discharge current rates on the performance of electrodes
with mean pore sizes between 10 nm and 100 nm falls in between
these two cases.

In practical applications, thousands of batteries will connect in se-
ries and/or parallel to make battery modules. Batteries can be grouped
and controlled independently during discharge so that a fraction of
batteries discharge at high current rates while the remaining of bat-
teries rest under the open circuit condition to absorb oxygen from the
channel. Batteries under discharge and batteries at rest switch every
few minutes so that the whole battery module has constant discharge
current, voltage, and power. As shown in Figure 12, the specific dis-
charge capacity of each single battery doubles using this alternating
discharge method. Therefore fewer numbers of batteries are needed
to achieve the same discharge capacity, which decreases both the size
and weight of the battery module.

Conclusions

The pore size distribution in lithium-air battery electrodes changes
because the solid product, Li2O2, precipitates on the electrode sur-
face. This study develops a statistics model to consider the pore size
evolution in lithium-oxygen battery electrodes with 800 μm thickness
discharged at 1 A/m2. The statistics model is also coupled with a CFD
model to simulate the heat and mass transfer within the electrode and
calculate the discharge performance of the battery. In addition, this
study considers the fact that electrodes have various pore size distribu-
tions and micro-, meso-, and macro- pores play different roles on the
mass transfer and reactions in the electrode. The model can accurately
simulate battery performance and can differentiate electrodes with
same macroscopic properties, such as porosity, but different micro-
scopic properties such as pore size distributions. After being validated
with experimental data published in literature, the model developed
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in this study has been run at various scenarios to make the following
conclusions:

1) The optimized pore size of the electrode should balance the effec-
tive surface area and the diffusive resistance of reactants (oxygen
and lithium ion). The combined effects of the mass transfer limi-
tation and electrode passivation leads to an increase of discharge
capacity from 86.6 to 214.8 mAh/gcarbon when the mean pore size
increases from 10 to 50 nm and a decrease of discharge capacity
to 150.8 mAh/gcarbon when the mean pore size further increases
to 100 nm.

2) Increasing the critical pore size from 0 to 30 nm will signifi-
cantly decrease the discharge capacity of battery from 89.8 to 5.9
mAh/gcarbon when the mean pore size of the electrode is small
(10 nm). While the critical pore size has negligible impacts on
the discharge capacity of battery if the mean pore size of the
electrode is relatively large (100 nm).

3) The electrode passivation caused by the Li2O2 film precipitates on
the electrode is more sever in electrodes with large pores because
the Li2O2 film grows thicker during discharge. The thickness of
the Li2O2 film could grow up to 12 nm in electrodes with a mean
pore size of 100 nm, while the Li2O2 film thickness is less than 2
nm in electrodes with a mean pore size of 10 nm.

4) Electrodes with the same porosity but different pore size distribu-
tion show different performance due to the electrode passivation.
The low surface area of electrodes with larger pore sizes leads
to a more severe electrode passivation. In these electrodes, the
electric conductivity of the Li2O2 film has a significant impact on
its discharge capacity.

5) The discharge capacity of the battery increases when the bat-
tery periodically rests at the open circuit condition to facilitate
oxygen transfer into the electrode from the channel. When the
battery discharges at 1 A/m2, the capacity doubles if the battery
periodically rests at open circuit condition every 6 min.
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