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H I G H L I G H T S  

� A parameter sensitivity analysis is conducted on a non-aqueous Li–O2 battery model. 
� The cathode initial porosity is the most sensitive parameter to specific capacity. 
� The hierarchical cathode can improve battery specific capacity by up to 10.38%.  
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A B S T R A C T   

Non-aqueous Li–O2 batteries have gained more attention and are promising power sources for next-generation 
electric vehicles due to their high energy density. In the present study, a comprehensive one-dimensional 
model is developed to investigate the performance of non-aqueous Li–O2 batteries. Two different models for 
insoluble discharge product growth are compared and the tunneling-effect model is in better agreement with the 
published experimental data. In order to evaluate the effects of various parameters on battery specific capacity in 
the model, the parameter sensitivity analysis is conducted under different current densities at a cutoff voltage of 
2.4 V. The calculated average sensitivities are classified as three levels, including insensitive, sensitive, and very 
sensitive. The porosity of the cathode is found to be the most sensitive parameter to specific capacity. Based on 
this, a hierarchical porous cathode structure with gradient initial porosity distribution is proposed according to 
the distribution of cathode product and effective porosity. Our model shows that the hierarchical cathode 
structure can improve specific capacity by up to 10.38%.   

1. Introduction 

Among several different kinds of Li-Air battery (LAB) or Li–O2 bat
tery (LOB), non-aqueous LAB or LOB manifests a remarkably high spe
cific capacity and excellent cyclability and has been gaining a lot of 
attention [1–3]. Existing studies mostly focus on the following: the 
mechanisms of charging and discharging processes [4,5], the properties 
of different electrolytes [6], the growth of metal lithium dendrites [7], 
and the structure of porous cathodes prepared through various methods 
[8-10,32]. With the enhanced understanding of the reaction mecha
nisms, an increasing number of research groups are conducting the 
simulation of non-aqueous LOB or LAB [18–25,49,50]. Modeling and 
simulation mostly focus on the microstructure of porous cathodes and 
macroscopic discharge processes of the battery rather than the electro
lytes’ properties and the complex electrochemical reactions during the 

discharge process. Such discharge process can be different from the 
experimentation [11]. 

Experimental research on non-aqueous LAB is mainly divided into 
two categories, namely, discharging in the air and pure oxygen envi
ronment. The discharge process of non-aqueous LAB in the air envi
ronment is complicated due to the many different components of air, 
such as carbon dioxide and water vapor, that adds complexity to the 
electrochemical reactions [12]. However, the oxygen redox reaction, 
remains the dominate reaction of discharge in the open-air environment 
as it is in the pure oxygen environment. The chemical equations of the 
reaction are as follows [13]: 

The half-reaction at the lithium anode is 

Li e →Liþ: (1) 

The half-reaction at the porous cathode is 
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2Liþ þO2 þ 2e →Li2O2: (2) 

With the overall cell reaction being 

2LiþO2→Li2O2: (3) 

The primary discharge product is lithium peroxide, which has poor 
solubility in organic electrolytes, leading to it depositing on the porous 
cathode [14]. The morphology of discharge products is dependent on 
operation conditions, such as current densities [42], specific structure of 
the porous cathode [43], and the organic electrolytes used [44,45]. The 
most common morphologies include film, hemisphere, toroid, and 
wrinkle [15,16]. The deposited lithium peroxide becomes an issue due 
to its low conductivity. As it builds up it will cause blockages in the 
porous structure, inhibiting the diffusion of oxygen and lithium ions. 
This leads to decreased utilization of active material, increased cell 
resistance and decreased cell capacity [17]. 

Many simulation studies on non-aqueous LOBs and LABs have been 
conducted under the framework of a one-dimensional (1D) model and 
resulted in acceptable accuracy [18–25]. Esfahanian et al. have devel
oped a model considering that the oxygen crosses the separator to the 
lithium anode interface and reacts with the anode directly in LOB [24]. 
Gaya et al. have assumed that the macroporosity and mesoporosity 
domains in a compound cathode coexist by using a modified oxygen 
diffusion formula to calculate diffusion coefficient [25]. Base on the 1D 
model, researchers have analyzed the influence of individual key pa
rameters on LAB specific capacity. Sahapatsombut [23] established a 
LAB model for charge and discharge cycles, and studied discharge curves 
for different values of electrode porosity, electrode thickness and cath
ode reaction coefficient. In addition to the many simulation studies there 
are also experimental studies that have discussed the effect of cathode 
structure on the discharge process. The cathode structure includes 
different electrode types and porosity distribution [46–48]. Due to 
experimental limitations, many parameters cannot be studied by means 
of controlled variables, such as cathode material’s conductivity, oxygen 
solubility, and carbon particle radius of the cathode. So performing a 
parameter sensitivity analysis is necessary to figure out to what extent 
that these parameters effects on battery performance, which could 
benefit battery design optimization. 

In this study, we developed a comprehensive 1D electrochemical 
kinetic model for a non-aqueous LOB. In the model, two different 
methods, namely, the product morphology model and tunneling effect 
model, are implemented to evaluate the active surface area of the porous 

Fig. 1. Schematic of a non-aqueous LOB.  

Table 1 
Parameters used in the model.  

Parameter Symbol Value Unit Reference 

Thickness of porous cathode Lc  8 � 10 4 m [30] 
Thickness of separator Lsep  2.5 �

10 5 
m [31] 

Porosity of cathode ε0  0.75 – [31] 
Porosity of separator εsep  0.5 – [31] 
Specific interfacial area of 

cathode 
a0  3.67 �

107 
m2 m 3 [31] 

Liþ diffusion coefficient DLi  2.11 �
10 9 

m2 s 1 [33] 

Oxygen diffusion coefficient DO2  1 � 10 9 m2 s 1 [34] 
Conductivity of positive 

electrode 
σc  10 S m 1 [29] 

Conductivity of Liþ in 
electrolyte 

κ  0.5 S m 1 [35] 

Electrolyte concentration cLi;0  1 000 mol m 3 [30] 
Solubility factor of oxygen SO2  0.38 – [29] 
External oxygen concentration 

in air at 1 atm 
cO2 ;ext  9.46 mol m 3 [29] 

Initial oxygen concentration c0
O2  

3.5948 mol m 3 Calculated 

Solubility limit of Li2O2 

dissolved in electrolyte 
cmax;Li2O2  0.09 mol m 3 [28] 

Symmetry factor β  0.5 – [36] 
Transference number of Liþ tþ 0.2594 – [37] 
Equilibrium potential for 

oxygen reduction reaction 
Eeq  2.96 V [23] 

Exchange current density for 
anode 

i0  1 A m 2 Assumed 

Reaction rate of anodic current ka  1.11 �
10 15 

m s 1 Assumed 

Reaction rate of cathodic 
current 

kc  3.40 �
10 20 

m7 s 1 

mol 2 
Assumed 

Electrical resistivity across 
Li2O2 flim formation 

Rfilm  50 Ω m2 [38] 

Molecular weight of Li2O2 MLi2O2  45.88 �
10 3 

kg mol 1 – 

Mass density of carbon ρcarbon  2 260 kg m 3 [39] 
Mass density of Lithium 

perocide (Li2O2) 
ρLi2O2  

2 140 kg m 3 [39] 

Mass density of electrolyte 
solution (LiPF6) 

ρelectrolyte  1 200 kg m 3 [39] 

Particle radius in the cathode r0  25 �
10 9 

m [40] 

Operating temperature T 300 K –  

Fig. 2. Comparison of model prediction and experimental data [30] of 
voltage-capacity curve. 
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cathode. Parameter sensitivity analysis is conducted based on the Li–O2 
battery model. The effects of 14 parameters on battery’s specific ca
pacity are analyzed with a cutoff voltage of 2.4 V as the specific capacity 
would hardly change later. Further, according to the parameter sensi
tivity analysis results, the parameter of cathode porosity is the most 
sensitive as it has the largest impact on the uneven discharge product 
distribution in the cathode. Hence, a hierarchical porous cathode with 
variable-porosity layers is proposed and simulated to optimize the 
cathode structure. 

2. Model development 

In the present study, Fig. 1 shows a 1D electrochemical kinetic model 
for a non-aqueous LOB, and the porous carbon cathode is composed of 
idealized small spherical particles, assuming that the cathode is a ho
mogeneous porous medium, and the porosity is set to a certain value. 
The model incorporates Liþ and oxygen species transport with the 
conservation of charge. Two different insoluble discharge product 
growth models are used to take the change of air cathode porosity and 
the specific surface area into account. The first model, called the product 
morphology model, calculates the specific surface area according to the 

morphology shape of the solid peroxide Li2O2. The second model, called 
the tunneling-effect model, adopts a probability function to calculate the 
influence of electron tunneling effect on the active surface. As follows, 
2.1 covers assumptions, 2.2 is the specifics of the battery model, 2.3 is 
applied boundary conditions. 

2.1. Assumption 

The assumptions used in the model are given as follows:  

(1) The main discharge product is Li2O2, which is only formed in the 
porous cathode where it accumulates on the active surface.  

(2) The porous cathode is completely filled with electrolyte, and the 
diffusion of Liþ is simulated by the concentrated solution theory. 

(3) Oxygen is soluble in the solution phase electrolyte, and the so
lution is initially saturated with it.  

(4) Convection is negligible inside the cell. 
(5) The thermal effect is not considered, that is, the battery is oper

ated in an isothermal condition. 

2.2. Battery model 

2.2.1. Transport model of lithium ions 
During discharge, lithium ions are transported through an organic 

electrolyte to the active site of the cathode. Without convection, the 
equation for transport of Liþ contains diffusion and migration and can be 
expressed as [23] 

∂εcLi

∂t
¼  r ⋅

�

 DLi;effrcLiþ
iltþ
F

�

þ RLi; (4)  

where ε is the porosity of the cathode. DLi;eff is the effective diffusion 
coefficient of Liþ. tþ is the transference number of Liþ. F is Faraday’s 
constant, which is equal to 96485 C mol 1 il is the current density in the 
solution phase, and RLi is the source item of Liþ due to the cathode 
reaction. 

Fig. 3. Flow chart of parameter sensitivity analysis calculation.  

Table 2 
Range of the parameter sensitivity analysis.  

Parameter Symbol Initial 
value x0  

Analysis range Unit 

Reaction rate of anodic 
current 

ka  1.11 �
10 15 

1.11 � 10 16~1.11 
� 10 14 

m s 1 

Porosity of separator εsep  0.5 0.25~0.75 m 
Conductivity of 

cathode 
σc  10 5~15 S m 1 

Thickness of separator Lsep  2.5 � 10 5 1.3 � 10 5~3.7 �
10 5 

m 

Conductivity of Liþ in 
electrolyte 

κ  0.5 0.25~0.75 S m 1 

Initial Liþ

concentration 
cLi;0  1000 500~1500 mol 

m 3 

Liþ diffusion coefficient DLi  2.11 �
10 9 

1.06 � 10 9~3.17 �
10 9 

m2 s 1 

Reaction rate of 
cathodic current 

kc  3.4 �
10 20 

3.4 � 10 21~3.4 �
10 19 

S m 1 

Middle product film 
thickness 

lm  7 5~9 nm 

Particle radius in the 
cathode 

r0  25 � 10 9 20 � 10 9~30 �
10 9 

m 

Oxygen diffusion 
coefficient 

DO2  1 � 10 9 0.5 � 10 9~1.5 �
10 9 

m2 s 1 

Solubility factor of 
oxygen 

SO2  0.38 0.19~0.54 - 

Thickness of porous 
cathode 

Lc  8 � 10 4 4 � 10 4~14 �
10 4 

m 

Porosity of cathode ε0  0.75 0.73~0.77 –  
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2.2.2. Transport model of oxygen 
Oxygen comes from the external air and dissolves in the electrolyte. 

The equation for oxygen transport also contains diffusion and migration, 
expressed as 

∂εcO2

∂t
¼  r ⋅

 
 DO2 ;effrcO2

�
þ RO2 ; (5)  

where DO2 ;eff is the effective diffusion coefficient of oxygen, and RO2 is 
the source item of oxygen. 

The transport equations above contain source items, which are 
concerned with the electrochemical reaction rate. The reaction rate can 
be given by Faraday’s law. 

Ri ¼  
asi

nF
jc; (6)  

where a is the specific interfacial area of the cathode. si is the stoi
chiometric coefficient of the species i. n is the number of electrons 
transferred, and jc is the local transfer current density between the 
cathode and the electrolyte interface. 

2.2.3. Conservation of charge 
The charge conservation between the solid and the solution phase 

can be expressed as 

r ⋅ is þr⋅il ¼ 0; (7)  

r ⋅ il ¼ aj: (8)  

where il and is are the current density in the electrolyte solution and the 
solid phase, respectively. The current density in the solution phase can 
be given by Ref. [23]. 

il ¼  keffrφl  
2RTkeff

F
ðtþ  1Þ

�

1þ
∂ln f
∂cLi

�

rlncLi : (9) 

The current density in the solid phase can be given by 

is¼  σeffrφs; (10)  

Fig. 4. Parameter sensitivity analysis results: (a) parameters not sensitive to the 
model, (b) parameters sensitive to the model, (c) parameters very sensitive to 
the model. 

Table 3 
Parameter sensitivity classification.  

Number Parameter Symbol Sensitivity 
Mavg 

Catalogue 

1 Reaction rate of anodic 
current 

ka  1.33 � 10 4 Not 
sensitive 

2 Porosity of separator εsep  4.83 � 10 4 Not 
sensitive 

3 Conductivity of cathode σc  1.51 � 10 3 Not 
sensitive 

4 Thickness of separator Lsep  2.49 � 10 3 Not 
sensitive 

5 Conductivity of Liþ in 
electrolyte 

κ  3.82 � 10 3 Not 
sensitive 

6 Initial Liþ concentration cLi;0  9.60 � 10 3 Not 
sensitive 

7 Liþ diffusion coefficient DLi  1.34 � 10 2 Sensitive 
8 Reaction rate of cathodic 

current 
kc  3.51 � 10 1 Sensitive 

9 Middle product film 
thickness 

lm  4.88 � 10 1 Sensitive 

10 Particle radius in the 
cathode 

r0  5.06 � 10 1 Very 
sensitive 

11 Oxygen diffusion 
coefficient 

DO2  9.49 � 10 1 Very 
sensitive 

12 Solubility factor of oxygen SO2  9.58 � 10 1 Very 
sensitive 

13 Thickness of porous 
cathode 

Lc  9.94 � 10 1 Very 
sensitive 

14 Porosity of cathode ε0  3.54 Very 
sensitive  
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Fig. 5. Product film thickness distribution (a) and porosity distribution (b) at discharge current density of 0.2 mA cm 2.  

Fig. 6. Schematic diagrams of LOB with different porous cathode structures: (a) two-layer, (b) three-layer, and (c) gradient porosity cathodes.  
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where φi is the potential in the solution or the solid phase. keff is effective 
conductivity of the electrolyte, and σeff is the effective conductivity of 
the solid phase. 

The effective parameters Deff , keff , and σeff are evaluated with 
Bruggeman relation. 

DLi;eff ¼ ε1:5DLi ; (11)  

DO2 ;eff ¼ ε1:5DO2 ; (12)  

keff ¼ ε1:5k ; (13)  

σeff ¼ð1 εÞ1:5σ ; (14)  

where DLi and DO2 are the diffusion coefficients of Liþ and O2, respec
tively. k and σ are the conductivity of the electrolyte and the cathode, 
respectively. 

2.2.4. Electrochemical reaction kinetics 
The cathodic reaction rate depends on the concentrations of Liþ, 

oxygen, and Li2O2; therefore, the Butler–Volmer equation is applied in 
the model [27]. 

jc

nF
¼ kaðcLi2O2 ;sÞexp

�
ð1 βÞnF

RT
ηc

�

 kcðcLi;sÞ
2
ðcO2 ;sÞexp

�
 βnF

RT
ηc

�

; (15)  

ηc¼φs  φl  Δφfilm  E0 ; (16)  

Δφfilm ¼ jcRfilmεLi2O2 ; (17)  

where ka and kc are the two rate coefficients. β is the symmetry factor 
which is equal to 0.5. ηc is the overpotential at the cathode. Δφfilm is the 
voltage loss due to the resistance of the discharge product film. E0 is the 
theoretical equilibrium potential for the reaction. Rfilm is the resistance 
of the discharge product film, and εLi2O2 is the volume fraction of solid 
Li2O2. 

The anode electrochemical reaction is described by the general 
Butler–Volmer equation [27]. 

ja

nF
¼ i0

�

exp
�
ð1 βÞnF

RT
ηa

�

 exp
�
 βnF

RT
ηa

��

; (18)  

where i0 is exchange current density. ηa is the overpotential at anode, 
and the other parameters are identical with the variables described in 
the earlier equations above. 

2.2.5. Insoluble product growth model 
As describe earlier the discharge products accumulate on the active 

surface in the porous cathode. After a certain moment, such products 
cause pore clogging and active surface decreasing. 

The products growth model has been adopted to account for the ef
fect of products on battery performance. In the first model, a max con
centration of Li2O2 is defined for its low solubility in an electrolyte 
solution [28]. When the concentration of Li2O2 in the solution is lower 
than the max concentration, then the concentration increases during 
discharge: 

∂cLi2O2

∂t
¼  

ajc

2F
: (19) 

The concentration of Li2O2 in the solution is higher than the max 
concentration, whereas the porosity and specific area of cathode 
decrease during discharge: 

∂ε
∂t
¼ ajc

MLi2O2

2FρLi2O2

; (20)  

a¼ a0

�

1 
�

εLi2O2

ε0

�p�

; (21)  

where MLi2O2 and ρLi2O2 
are the relative molecular mass and the density 

of Li2O2, respectively. a0 is the initial specific area of the cathode. ε0 is 
the initial porosity, and p is a geometrical factor, indicating the 

Fig. 7. Voltage-specific capacity curves of different cathode models: (a) discharge current density of 0.05 mA cm 2 and (b) discharge current density of 0.2 mA cm 2.  

Table 4 
Specific capacity (mAh g 1) and improvement.  

Cathode type 0.05 mA cm 2 0.2 mA cm 2 

Specific 
capacity 

Improvement Specific 
capacity 

Improvement 

0.75 1458.4 – 445.1 – 
(0.74 0.76) 1528.8 4.83% 468.1 5.17% 
(0.73 077) 1591.5 9.13% 491.3 10.38% 
(0.74 0.75 

0.76) 
1520.4 4.25% 467.9 5.12% 

(0.73 0.75 
0.77) 

1581.4 8.43% 490.8 10.27% 

(0.74–0.76) 1522.6 4.40% 468.5 5.26% 
(0.73–0.77) 1589.8 9.01% 491.3 10.38%  
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morphology shape of the solid peroxide. The small values of p mean that 
the precipitate of Li2O2 is plate-like. Conversely, the large values of p 
indicate a needle-like solid on the active area. In the simulation, these 
values are set to 0.5 because it is what is usually done. 

The tunneling-effect model adopted in this study is related to the 
electron tunneling effect of the product film. According to studies from 
Stanford University [51] experimental and theoretical studies have 
shown a “sudden death” in charge transport when the film thickness 
ranges from 5 nm to 10 nm. Xue et al. [29] have assumed that electrons 
may, at most, tunnel through the Li2O2 film for 5 nm–10 nm thickness. 
Therefore, normal distribution is adopted for such assumption, which 
centers at 7 nm (lm ¼ 7 nm) with a width of 2 nm. Thus, the tunneling 
effect can be described as a probability function. 

a¼ a0

�
1 erf ðlLi2O2  lmÞ

2

�

; (22)  

where erf is the error function, and lLi2O2 is the thickness of Li2O2, which 
can be calculated from 

lLi2O2 ¼

�
εLi2O2 þ εs0

εs0

�1=3

r0  r0 ; (23)  

where εs0 is the initial volume fraction of the solid phase. r0 is the par
ticle radius in the cathode. εLi2O2 is the volume fraction of solid Li2O2, 
which can be determined from the cathode volume balance: 

εLi2O2 ¼ 1 ε εs0 ; (24)  

where ε is the volume fraction of liquid electrolyte. 

2.3. Boundary and initial conditions 

The whole LOB system contains two regions, separator and cathode, 
and three boundaries. For above governing equations, the boundary and 
initial conditions are set as follows. 

At the interface between air and cathode, a constant oxygen con
centration is specified, whereas no-flux conditions are set at other 
interfaces. 

cO2 ¼ c0
O2
¼ cO2 ;ext⋅SO2 ; (25)  

rcLi¼ 0 : (26) 

And the current density here in the solid phase is equal to the applied 

Fig. 8. Product film thickness distribution and cathode porosity distribution at the end of discharge of different cathode models: product film thickness distribution 
at discharge current density of (a) 0.05 mA cm 2 and (b) 0.2 mA cm 2; cathode porosity distribution at discharge current density of (c) 0.05 mA cm 2 and (d) 0.2 
mA cm 2. 
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discharge current density while the current density of electrolyte is 
equal to 0. 

is jx¼LcþLsep
¼ J; il jx¼LcþLsep

¼ 0 : (27) 

At the interface between separator and cathode, the current density 
in the solid phase is equal to 0. And at the interface between Li foil and 
separator the current density of electrolyte is equal to the applied 
discharge current density. 

isjx¼Lsep
¼ 0; iljx¼0 ¼ J : (28) 

The governing equations and the boundary conditions are dis
cretized using a finite element method and solved by the commercial 
software package COMSOL Multiphysics on a 32-bit Windows platform 
with 4 GB RAM and Intel Core i5 3.20 GHz quad-core processor. Table 1 
shows the battery dimensions and operating parameters. 

2.4. Model validation 

The predicted discharge voltage capacity curves of LOB with two 
different product growth models are compared with the experiment data 
from Read’s work [30], in which Super P (SP-carbon) was used as 
cathode material, as displayed in Fig. 2. 

The model parameters and the applied current density are set ac
cording to the experimental apparatus. In general, the predictions ach
ieve acceptable agreement with experimental results. Under different 
applied current densities, the two product growth models present 
different performances. The product morphology model prediction fits 
well with the experimental data under high current density larger than 
0.2 mA cm 2. Nevertheless, under the applied current density of 0.05 
mA cm 2 and 0.1 mA cm 2, the tunneling-effect model achieves an 
excellent performance. Overall, the simulation results of the tunneling- 
effect model are superior to the product morphology model. The 
following work is carried out based on the tunneling-effect model. 

3. Parameter sensitivity analysis 

If the value of different parameters in the model is changed, then the 
effect on the specific capacity of the battery at the end of discharge is 
different. Studying the influence of the parameter variation on the 
specific capacity of the battery is necessary. In this study, the sensitivity 
analysis was carried out using the method for proton-exchange mem
brane fuel cells proposed by Corrêa et al. [41]. Fig. 3 depicts the flow 
chart of the analysis for non-aqueous LOB. 

The formulae for calculating parameter sensitivity are as follows: 

Mi¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
k
Xk

n¼1

�
GiðxnÞ

Xn

�2
v
u
u
t ; (29)  

GiðxnÞ¼
giðx0Þ  giðxnÞ

giðx0Þ
; (30)  

Xn¼
x0  xn

x0
; (31)  

where x0 is the initial value of the parameter (taken from the experi
mental data). xn is the different values of the parameters in the param
eter analysis (n ¼ 1, 2, 3, 4). Xn is the change rate of the value when the 
parameter is analyzed. giðxÞ is the specific capacity of the battery when 
the parameter is x. i represents the current density. GiðxÞ is the change 
ratio of the battery-specific capacity when the model calculates the 
parameter x. k is the number of parameter values (k ¼ 8). Mi is the 
sensitivity of the parameter x when the current density is i. 

Table 2 shows the parameters for sensitivity analysis and range of 
parameter values, where x0 is the reference value. Then within the range 
of parameter values, four points different from x0 which equally spaced 

are taken into the above formula for calculation. The reaction rate of 
anodic current ka and reaction rate of cathodic current kc are calculated 
on a logarithmic basis. 

Fig. 4 is the sensitivity curve for 14 important parameters in the LOB 
model. Many experimental studies have shown that, regardless of the 
battery composition, the specific capacity is largely determined by the 
magnitude of the discharge current density [3,4,15,16] and the sensi
tivity of the same parameter will vary depending on the magnitude of 
discharge current density. Certain parameter sensitivities increase with 
the increasing current density, such as the solubility of oxygen and the 
conductivity of porous cathodes and when the current density is large 
these parameters show a strong influence on the specific capacity. 
However, other sensitivities of parameters, such as the anode reaction 
coefficient, decrease as the current density increases. This correlation 
may be related to the length of the discharge time. When the current 
density is small, the battery model discharge process takes longer, which 
leads to an increase in the influence of such parameters. 

In addition, the sensitivities of various parameters differ greatly, 
such as the porosity sensitivity of the porous cathode is greater than 2.6, 
and the maximum sensitivity of the separation membrane porosity (0.1 
mA cm 1) is less than 0.002. Furthermore, the sensitivities of mostly 
parameters fluctuate in the same order of magnitude, and their value is 
relatively stable. 

The average sensitivities of the parameters have been obtained from 
the parameter sensitivities under different current densities. According 
to the average parameter sensitivity, the parameters are classified into 
three categories: insensitive, sensitive, and very sensitive, as shown in 
Table 3. By classification, the extent to which different parameters affect 
the specific capacity can be seen. 

In the LOB model, the specific capacity is substantially affected by 
several parameters, such as the porosity of the cathode, the thickness of 
the porous cathode, the solubility factor of oxygen, oxygen diffusion, the 
particle radius in the cathode, middle product film thickness, and the 
reaction rate of the cathodic current, as shown in Table 3. The most 
sensitive parameter is the initial porosity of the cathode with the 
sensitivity of 3.54, even though a small porosity range was specified and 
limited within 0.73–0.77. This result matches up with the simulation 
study of Sahapatsombut [23], where the increase in the specific capacity 
caused by increasing cathode porosity was found to be greater than that 
by changing cathode thickness and the cathode reaction coefficient. 
Furthermore, the parameters related to oxygen transport in the elec
trolyte solution, such as oxygen solubility factor and oxygen diffusion 
coefficient, are also sensitive. This indicates that oxygen concentration 
in the electrolyte has a remarkable influence on the specific capacity of 
the battery, which agrees with the experimental finds from Read’s study 
[30]. 

4. Cathode structure optimization 

After the model validation, the other parameters related to the 
discharge products and the cathodes are analyzed along with the voltage 
specific capacity curve of the battery. These parameters are the 
discharge product film thickness and the cathode porosity. 

In the initial model, the cathode porosity was held constant 
throughout. Fig. 5 show that the effective porosity and product film’s 
thickness are not uniformly distributed in the cathode. The thickness of 
the product film near the air is relatively large, and the thickness of the 
product film near the side of the lithium anode is small. Thus, the 
effective porosity decreases as one goes toward the air. Moreover, as the 
discharge progresses, the differences between film thickness and 
porosity of the product on both sides of the cathode widen. The 
discharge product accumulates on the air inlet side, making the diffusion 
of oxygen in the cathode difficult, and the active surface inside the 
cathode cannot react with oxygen. 

In addition, the initial porosity of the cathode is the most sensitive 
parameter among all sensitivity analysis parameters which means the 
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initial porosity is a significant factor affecting the specific capacity. 
Hence, adjusting the initial porosity of the porous cathode will inevi
tably have a greater impact on the specific capacity of the battery. 

Though the above calculations and analysis, a cathode with layered 
porosity is proposed. Specifically, the cathodes are divided into several 
layers, and the cathode porosity of each layer is different. In this study, 
the porosity of the cathode near the air side is set to a large value to 
improve material transport performance and store discharge products. 
The porosity of the cathode layer near the negative side of the metal 
lithium is set to a small value to ensure cathode conductivity, active- 
specific surface area, and structural strength. For quantitative analysis, 
the average porosity of the cathode has been kept constant during the 
study. The effects of two-layer, three-layer, and gradient porosity cath
odes on battery-specific capacity and cathode structure evolution during 
discharge are studied. Fig. 6 shows the hierarchical cathodes. Ren [31] 
measured the porosity of the SP-carbon cathode porosity by a thickness 
method, which value is 0.753 � 0.022. So the range of the layered 
cathode’s porosity is determined from 0.73 to 0.77, and the porosity 
range from 0.74 to 0.76 is also set for comparison. 

The three different cathode structure models above are brought into 
the multiphysics-coupled LOB model and are then calculated. The initial 
porosity distribution of each cathode structure is divided into two types. 
The two-layer cathode porosity has two distributions of 0.73, 0.77, and 
0.74, 0.76, abbreviated as (0.73 077) and (0.74 0.76). The three-layer 
cathode is (0.73 0.75 0.77) and (0.74 0.75 0.76). The gradient 
porosity cathodes are (0.73–0.77) and (0.74–0.76). 

Through calculation, the cathode with adjusted pore distribution 
improves the specific capacity of the battery, as shown in Fig. 7. The 
voltage-specific capacity curves almost completely coincide when the 
two-layer cathode, three-layer cathode and gradient porosity cathode 
have the initial porosity distributions of (0.74 0.76), (0.74 0.75 0.76) 
and (0.74–0.76) respectively. And the situation is similar with the two- 
layer, three-layer, and gradient porosity cathodes with (0.73 0.77), 
(0.73 0.75 0.77) and (0.73–0.77) porosities, which specific capacities 
are higher than the previous cases. 

Table 4 shows that the hierarchical cathodes with the same cathode 
porosity span are similar to the increase in the specific capacity of the 
battery. The cathode with a porosity span of 0.73–0.77 has the largest 
specific capacity increase of the battery, and the maximum increase is 
10.38%. 

The model also calculates the product film thickness distribution and 
porosity distribution in the porous cathode. The hierarchical structure of 
the cathode changes the product and porosity distributions in the 
cathode during discharge, as shown in Fig. 8. The film thickness and the 
porosity of the product show a segmented distribution at the end of the 
discharge. The characteristics of the segmentation distribution when the 
discharge current density is 0.05 mA cm 2 are evident. 

The calculation has also found that the average product film thick
ness in the hierarchical cathode increases, and the average porosity 
decreases at the end of the discharge compared with the single layer 
cathode. This finding shows that numerous discharge products are 
stored in the cathode, thereby increasing the specific capacity of the 
battery. 

5. Conclusion 

This study presented a comprehensive one-dimensional model on 
LOB’s performance and compared the calculation results of two different 
insoluble discharge product growth models. The first product growth 
model, called the product morphology model, calculates the specific 
surface area according to the morphology of the solid peroxide Li2O2. 
The other model, called the tunneling-effect model, adopts a probability 
function to take into account the influence of electron tunneling effect 
on the specific surface area. The two models show acceptable agreement 
with the experimental data from literature with the tunneling effect 
model showing the best fit and was selected for the rest of the paper. 

The parameter sensitivity analysis of the model also demonstrates 
that the initial porosity of the porous cathode has the greatest influence 
on the specific capacity of the discharge process. In addition, from the 
calculation results of the LOB model with the tunneling-effect sub- 
model, the product and porosity distributions in the cathode are not 
uniform at the end of the discharge. Thus, we have proposed hierar
chical porous cathodes comprising two-layer, three-layer, and gradient 
porosity cathodes. The hierarchical cathode helps to improve the dis
tribution of discharge products in the cathode and increased the specific 
capacity by up to 10.38% with the two-layer and gradient porosity de
signs. The future work can refer to the results of the parameter sensi
tivity analysis in this paper to design LOBs with better performances 
both in experiment and simulation. 
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Nomenclature 

a specific interfacial area (m2 m 3) 
ci concentration of species i (mol m 3) 
ci;s concentration of species i at the electrode active surface (mol m 3) 
cmax;Li2O2 solubility limit of Li2O2 dissolved in electrolyte (mol m 3) 
Da Damk€ohler number 
Di diffusion coefficient of species i (m2 s 1) 
Di;eff effective diffusion coefficient of species i (m2 s 1) 
E cathode potential (V) 
E0 cathode potential at standard state (V) 
f activity coefficient of LiPF6 salt 
F Faraday’s constant (96485.34 C mol 1) 
il current density in the liquid phase (A m 2) 
is current density in the solid phase (A m 2) 
J applied current density (A m 2) 
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j interfacial transfer current density (A m 2) 
k reaction rate constant 
lLi2O2 thickness of the Li2O2 film (m) 
lm middle thickness of the Li2O2 film (m) 
Lc;Lsep thickness of the porous cathode and separator 
mi mass of species i (kg) 
MLi2O2 symbol for the chemical formula or molecular weight of Li2O2 
Mi sensitivity of the parameter x when the current density is i 
n number of electrons transferred in the electrode reaction 
Ni molar flux of species i (mol m 3 s 1) 
p surface effect factor 
r particle radius (m) 
R universal gas constant (8.3143 J mol 1 K 1) 
Ri reaction rate term that accounts for electrochemical and chemical reactions (mol m 3 s 1) 
Rfilm electrical resistivity across Li2O2 film (Ω m2) 
si stoichiometric coefficient of species i in electrode reaction 
SO2 solubility factor of O2 in non-aqueous electrolyte 
t time (s) 
tþ transference number of cation in electrolyte 
T temperature (K) 
Xn the change rate of the parameter value 
zi valence of charge number of species i  

Greek letters 
β Symmetry factor 
ε Porosity 
η surface or activated overpotential (V) 
κ conductivity of electrolyte (S m 1) 
κeff effective conductivity of electrolyte (S m 1) 
ν number of moles of ions into which a mole electrolyte dissociate 
νþ numbers of moles cations produced by the dissociation of a mole of electrolyte 
ρi density of species i (kg m 3) 
σ conductivity of electrode (S m 1) 
σeff effective conductivity of electrode (S m 1) 
φ electric potential (V) 
Δφfilm voltage drop across Li2O2 film (V) 
r differential operator  

Subscripts and Superscripts 
0 initial 
a anode 
c cathode 
l liquid phase 
s solid phase 
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