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A B S T R A C T   

Lithium-oxygen (Li-O2) batteries are considered one of the most promising energy storage devices for the next 
generation due to their high theoretical energy density. However, its poor cycle efficiency and discharge per-
formance hinder the large-scale application. Understanding the complicative positive electrode reaction of Li-O2 
batteries can help overcome these difficulties. This work establishes a transfer-reaction model to simulate the 
multi-step reactions during the discharge of Li-O2 batteries. It is found that the internal diffusion of oxygen 
causes local deposition of Li2O2 at the interface, leading to deterioration of diffusion and the end of discharge. 
The intermediate product LiO2 accumulates uniformly through the electrode, while the generated singlet oxygen 
exhibits a characteristic of less at the interface and more inside. By using DFT to calculate the reaction rate 
constant, the model is proved to achieve the connection between macro and micro levels well. This work hopes to 
inspire future multi-scale research into Li-O2 batteries and contribute to the realization of high-performance 
metal-air battery design as soon as possible.   

1. Introduction 

With the growing demand for energy storages devices, the lithium- 
oxygen (Li-O2) batteries has become a research hotspot in recent years 
on account of their rather high theoretical energy density (~3500 Wh/ 
kg)[1,2].Although great progress has been made, many challenges such 
as poor charge and discharge ability[3], complicated multi-step[4] and 
side reactions[5] and degenerating cycle performances[6] still hinders 
the large scale commercialization of Li-O2 batteries. One of the main 
reasons for the poor discharge ability can be attributed to the formation 
of the discharge product Li2O2. Li2O2 is non-conductive and difficult to 
dissolve in the electrolyte, so it often accumulates in the pores of the 
electrode, especially in the oxygen enrichment, which directly leads to 
the increasing difficulty of electron transference and oxygen diffusion 
during the discharge process[7,8]. Thus, a detailed description of the 
battery reaction process is necessary to overcome the above challenges. 

An amount of modeling work has already been carried out to study 
the discharge behavior under various working conditions. The differ-
ence of battery component structure, especially the open ratio of the 
positive electrode, directly affects the transference of oxygen, thereby 
changing the discharge performance of the battery[9]. Considering the 
effect of the electrolytes, it is elucidated that moderate electrolyte 
concentrations and a certain component with different solvent mole-
cules have a positive contribution to the discharge capacity of the bat-
teries. Surprisingly, some side reactions when carbon dioxide[10] and 
water[11] molecules exist would alleviate the electrode surface passiv-
ation to some extent, thus leading to better discharge ability. Hetero-
geneous pore network model (PNM) has also been constructed to study 
the transport characteristics in the actual porous structure and demon-
strate the effects of the internal connection structure of the electrode 
pores[12]. 

The above work has provided great help for us to understand the 
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working principle of lithium oxygen batteries and can also serve as an 
important reference for experiments. However, many of them only 
consider a simplified reaction model with one-step reaction to generate 
Li2O2, which may not be consistent with the actual situation and 
detailed enough to offer a thorough understanding for the formation 
process of Li2O2[13,14]. Recently, investigators have found two 
different reaction paths for Li2O2 formation during the discharge pro-
cess, which is called surface pathway and solution pathway respectively. 
The surface pathway tends to form the thin film shaped Li2O2[15,16], 
while the solution pathway tends to form the toroidal Li2O2[17,18]. The 
dissolution of LiO2 plays a critical role in undergoing which pathway to 
react[15,17]. Moreover, in the solution mechanism, the 
self-disproportionation reaction of LiO2 produces singlet oxygen with 
extremely high chemical activity, which will seriously deteriorate the 
performance of Li-O2 batteries[19–21]. Therefore, it is urgent to un-
derstand the multi-step battery reactions, especially the two pathways to 
generate Li2O2, which greatly dominate the discharge process of the 
battery. At present, the impact of multi-step reactions and their impor-
tant features are seldom considered. 

This work provides a comprehensively detailed battery model by 
considering both surface and solution pathways and examining the 
concentration changes of LiO2, a critical intermediate of the reaction. 
We also study the distribution of singlet oxygen to learn how it accu-
mulates. We use the DFT theoretical calculation method to get the rate 
constant of the discharge reactions and compare the constant with the 
assumed one in the model. This work provides a new paradigm for 
studying Li-O2 batteries and other types of batteries by combining 
transfer-reaction model with DFT calculation, realizing the connection 
between two levels of methods, and offers a rigorous theoretical refer-
ence for related experiments. 

2. Method 

2.1. Reaction equation 

The dominant reactions on the anode and cathode during discharge 
in non-aqueous Li-O2 batteries can be described as follows: 

Anode Li→Li+ + e− (1)  

Cathode O2 + 2Li+ + 2e− →Li2O2 (2) 

The discharge process involves the oxidation of lithium at the anode 
and the reduction of oxygen to form Li2O2 at the cathode. The formation 
of Li2O2 during discharge is believed to occur through different path-
ways, due to the various morphologies of Li2O2 observed in experiments 
[22,23]. Specifically, LiO2 acts as an intermediate when oxygen diffuses 
to the cathode interface. 

O2 +Li+ + e− →LiO2 (3) 

Next, the LiO2 formed on the electrode will undergo two distinct 
pathways to generate Li2O2, namely the solution pathway and the sur-
face pathway. These can be described as follows[14–17,24,25]: 

LiO2→ϕLiO2(sol) +
(
1 − ϕ)LiO2(suf) (4) 

ϕis the dissolution coefficient, which represents the proportion of the 
dissolved part. 

The solution pathway commences with the dissolution of LiO2 in the 
electrolyte. Subsequently, the dissolved LiO2 undergoes complete sep-
aration into Li+ and O2

- . This separation initiates a self- 
disproportionation reaction that results in the formation of toroidal 
Li2O2 particles. 

2LiO2(sol)→Li2O2,particle +O∗
2 (5) 

It should be noted that the generated oxygen comprises two types, 
ground-state triplet oxygen and highly reactive singlet oxygen. 

O∗
2→χ1O2 +

(
1 − χ

)3O2 (6) 

Different from the solution pathway, the LiO2 absorbed on the 
electrode surface converts to film-like Li2O2 through the surface 
pathway, a single electron transfer reaction. 

LiO2(suf) +Li+ + e− →Li2O2,film (7) 

The two pathways reactions are shown in the Fig. 1a. The formation 
of Li2O2 through two distinct pathways leads to different deposition 
morphologies and ultimately affects the discharge performance of Li-O2 
batteries. The solution pathway is found to be beneficial to battery 
discharge due to the formation of toroidal particles, which can effec-
tively alleviate electrode surface passivation[13,26]. Conversely, the 
surface pathway is found to be detrimental, as it results in rapid surface 
passivation and subsequent discharge termination due to an increase in 
film-like Li2O2 thickness[14,15,17]. Electrolytes with a low Gutman 
acceptor number (AN) or donor number (DN) prefer the surface 
pathway, while the solution pathway is favored for those with high 
Gutman numbers[27,28], thus in this model, DME with 1 M LiPF6 is 
adopted to enhance solution pathway. 

2.2. Transport equation 

A two-dimensional mathematical model, as depicted in Fig. 1b, has 
been developed to investigate the mechanism of a non-aqueous Li-O2 
battery during discharge. This model incorporates the description of 
mass, current, species transport, and reaction kinetics within the elec-
trode. The computational domain comprises a thin lithium metal anode, 
a separator, and a porous carbon cathode. 

The transports of Li, O2, and LiO2 in the electrolyte are considered. 
Li2O2 deposits once it is formed due to its low solubility in the electro-
lyte, so its transfer is not considered. Material balance equations for 
species in the solution phase can be expressed as follows: 

∂(εci)

∂t
= − ∇⋅Ni + ri (8)  

where ε is the porosity of the electrode, ci is the bulk concentration of 
species i, Ni is the molar flux of species i in the porous solution averaged 
over the electrode, and ri is the volumetric generation rate of species i 
from the electrode material to electrolyte within the porous electrode. 

Neglecting the convection term, the diffusion fluxes equations for 
mass transfers of Li+, O2, and LiO2 in the cell can be defined as: 

NLi+ = − Deff
Li+∇cLi+ +

ilt+
F

NO2 = − Deff
O2
∇cO2

NLiO2 = − Deff
LiO2

∇cLiO2

(9)  

whereDeff
Li+ ,Deff

O2
andDeff

LiO2
are the effective diffusion coefficients of Li+, O2 

and LiO2 in the electrode, respectively. t+is the transference number of 
Li+, F is Faraday’s constant, andilis the current density in the electrolyte 
which can be expressed as: 

il = − κeff∇ϕl −
2RTκeff

F
(t+ − 1)

(

1+
∂ ln f

∂ ln cLi+

)

∇ ln cLi+ (10)  

whereκeff is the effective ionic conductivity,ϕlis the ionic potential, T is 
the temperature, R is the universal gas constant, and f is the activity 
coefficient of LiPF6 salt. The current density in the electrode is presented 
by Ohm’s law: 

is = − σeff∇ϕs (11)  

whereσeff is the effective electronic conductivity of the electrode andϕsis 
the electronic potential. The effective parametersDeff

Li+ ,Deff
O2

,Deff
LiO2

,κeff 
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andσeff can be corrected based on porosity effect by Bruggeman corre-
lation. 

Deff
Li+ = ε1.5DLi+

Deff
O2

= ε1.5DO2

κeff = ε1.5κ
σeff = (1 − ε)1.5σ

(12)  

whereDLi+ ,DO2 ,κandσare the diffusion coefficient of the Li+ and O2 in 
electrolyte and the conductivity of electrolyte and electron in the cath-
ode, respectively. 

2.3. Conservation equation 

The charge conservation in the porous cathode is given as follows: 

∇il +∇is = 0 (13) 

The charge transport between the solution electrolyte and solid 
electrode is linked with the electrochemical reactions at the interface: 

∇il = ajc (14)  

where a is the active specific area of the porous cathode and jc is the local 
reaction current density generated by electrochemical reaction. The 
source term ri in Eq. (8) is given by: 

ri =
∑

m
−

asi,m

nF
jc,m + rd (15)  

where si,m is the stoichiometric coefficient of species i, and n is the 
number of transferred electrons in the electrochemical reaction m. The rd 
denotes the source term from the disproportionation reaction (Eq. (5)). 

2.4. Rate expressions 

The reaction on lithium anode is described by the Bulter-Volmer 
equation as: 

ja = ia,0

{

exp
[
(1 − β)nF

RT
ηa

]

− exp
(
− βnF

RT
ηa

)}

(16)  

where ia,0 is the exchange current density,ηais overpotential for reaction 
at anode and relates withE0

a , the equilibrium voltage of reaction (Eq. 
(1)),βis the symmetry factor equal to 0.5: 

ηa = ϕs − ϕl − E0
a (17) 

For the LiO2 formed by Eq. (3), the following modified Butler-Volmer 
equation is applied because the electrochemical reaction relies on the 
concentrations of the reactants: 

jc1 = ka1 cLi+cO2 exp
(

βFηc1

RT

)

− kc1 cLiO2 exp
(

−
(1 − β)Fηc1

RT

)

(18) 

Likewise, the formation of the film-like Li2O2 through Eq. (7) can be 
described as: 

jc2 = ka2 cLi+ + cLiO2 exp
(βFηc2

RT

)

− kc2 cLi2O2 exp
(

−
(1 − β)Fηc2

RT

)

(19)  

where ka and kc in Eq. (18) and Eq. (19) denote the anodic and cathodic 
reaction kinetic constants in each electrochemical reaction, respectively. 
The overpotentials ηc1

and ηc2
are defined as: 

ηc1 = ϕs − ϕl − E0
c1
− Δϕfilm

ηc2 = ϕs − ϕl − E0
c2
− Δϕfilm

(20)  

whereE0
c1

andE0
c2

are the equilibrium voltages of Eq. (3) and (7), 
respectively.Δϕfilmis the voltage drop across the film-like Li2O2 deposi-
tion, which can be estimated as: 

Δϕfilm = jcRfilmεLi2O2(suf ) (21)  

wherejcequals the sum ofjc1 andjc2 ,Rfilmdenotes the electrical resistance 
across the film-like Li2O2, andεLi2O2(suf)is the volume fraction of the film- 
like Li2O2. It should be noted that we consider the increase in electrical 
resistance caused by surface pathway here, while solution pathway does 
not increase electrical resistance. This is consistent with previous 
experimental findings that surface reactions cause electrode surface 
polarization, which is not conducive to battery discharge, while solution 
reactions are the opposite. 

During the electrochemical reaction, the deposition of Li2O2 leads to 
a change in porosity, which results in a decrease in the surface area of 
the electrode/electrolyte interface. Thus, the effective specific surface 
area a of electrode in Eq. (14) is corrected by a geometric relation: 

a = a0

[

1 −
(

εLi2O2

ε0

)p]

(22)  

whereεLi2O2 equals the sum ofεLi2O2(suf)andεLi2O2(toro),εLi2O2(toro)is the vol-
ume fraction of the toroidal Li2O2. p is a fitting parameter indicating the 
effect of Li2O2 morphology on the specific surface area of the electrode. 

The disproportionation of LiO2 reaction is not an electron transfer 
reaction, so that the rate of the chemical reaction is determined using 
standard kinetic models: 

rd = kf c2
LiO2

− krcO2 cLi2O2 (23)  

where kf and kr are the discharge and charge rate constants of Eq. (5), 
respectively, and are described as follows[29]: 

Fig. 1. (a) The discharge reactions through two pathways. (b) Schematic computation domain of a Li-O2 battery during discharge.  
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kf = kc2

1
τ1

1
k1

exp
(

αcF
RT

ϕs

)

kr = ka2

1
τ2

1
k2

exp
(

αcF
RT

ϕs

) (24) 

Safari et al.[29] provide the rate constants k1 and k2. The charac-
teristic time constants τ1 and τ2 are associated with the desorption and 
adsorption of LiO2 between the electrode surface and electrolyte. The 
values of τ1 and τ2 vary with the solubility and dissolution rate of LiO2 in 
the electrolyte, respectively. Furthermore, the current density impacts 
the disproportionation reaction rate through an exponential term that 
involves the discharge potential. 

The changes of the volume fractions of film like and toroidal Li2O2 in 
the cathode are given as follows: 

∂εLi2O2(surf )

∂t
= ajc,2

MLi2O2

FρLi2O2

∂εLi2O2(toro)

∂t
= ard

MLi2O2

ρLi2O2

(25)  

whereMLi2O2 andρLi2O2
are the molecular weight and density of Li2O2. 

The cathode porosity ε is given by: 

ε = ε0 − εLi2O2 (26)  

2.5. Boundary conditions 

The boundaries of the computational domain of the Li-O2 cell, as 
depicted in Fig. 1b, are illustrated as follows: 

Boundary (1) represents the anode/separator interface, boundary (2) 
and (3) represents the symmetric boundaries, boundary (4) represents 
the separator/cathode interface, boundary (5) represents the cathode/ 
baffle interface, and boundary (6) represents the cathode/air interface. 

For solid-phase current, it changes with the open ratio at the cath-
ode/air interface. 

is,2346 = 0 , is,5 = iapp
/
(1 − OR) (27)  

where iapp is the applied current density, and OR denotes cathode 
opening ratio, the fraction of empty surface (boundary (6)), and when it 
comes to 100%, the cathode is fully open. 

For liquid-phase current, it is equal to the discharge current at the 
anode/separator interface, and the separator/cathode interface. 

il,14 = iapp, il,2356 = 0 (28) 

For lithium-ion transfer, it follows Faraday’s law at the anode/ 
separator interface. 

NLi+ ,1 = iapp
/

F, NLi+ ,2356 = 0 (29) 

Oxygen diffuses inward from the cathode/air interface. 

NO2 ,12345 = 0, cO2 ,6 = c0
O2

(30)  

Wherec0
O2

is the initial O2 solubility in the electrolyte. 
LiO2 only diffuses inside the cathode with a diffusion amount of 0 at 

the boundary. 

NLiO2 ,123456 = 0 (31) 

It should be noted that the dimensionless distances on the x-axis and 
y-axis represent L/(Lsep +Lpos) and H/Helectrode, respectively. 

2.6. Assumptions 

Following several reasonable assumptions have been utilized in this 
mathematical model. 

1. The Li-O2 cell operates under isothermal conditions at room 
temperature, which is 298.15 K, thus the thermal effect is disregarded 

[30]. 
2. O2 dissolves in the electrolyte at saturation concentration[24]. 
3. Convection and evaporation of the electrolyte is ignored[31,32]. 
4. The pores in the cathode are filled with liquid phase electrolyte, 

and the influence of pore connections is disregarded[30]. 
5. The Li2O2 is the main final reaction product and other side 

products are not considered[4]. 

2.7. Numerical conditions 

The mathematical equations, which are subject to the boundary 
conditions, are discretized using the finite element method and solved 
using the MUMPS method within the COMSOL 6.0a solver. To simulate 
the discharge process of the Li-O2 battery over time until the terminal 
conditions are reached, a transient calculation is employed. Refined 
grids are adopted to ensure calculating accuracy. 

2.8. Density functional theory calculation 

The density functional theory (DFT) calculation is performed on the 
Vienna ab initio simulation package (VASP)[33], adopting the gener-
alized gradient approximation (GGA) for the projector-augmented wave 
(PAW) potential for the interaction between electron and ion and the 
exchange-correlation function proposed by Perdew, Burke, and Ernzer-
hof (PBE)[34,35]. The cutoff energy during structural optimization is set 
as 500 eV, while the force and energy convergence are 0.02 eV/Å and 
10− 5 eV. A vacuum layer of 15 Å and DFT-D3 correction method[46] is 
employed to eliminate the influence of periodic structures and interac-
tion between the adsorbate and substrate, and the implicit solvent model 
[47] is used to describe the effect of the electrolyte. In this work, the 
static dielectric constant of DME is set to 7.3. A 5 × 5 × 1 
Monkhorst-Pack k-point grid is adopted to sample the Brillouin zone. 

3. Results and discussion 

3.1. Model validation 

To verify the accuracy of the model, Fig. 2 compares the differences 
between the simulated discharge voltage and specific capacity and the 
values measured experimentally[31] when OR equals 100%. The 

Fig. 2. The comparison between simulation and experiment results[31] 
(Copyright 2013, Elsevier) of discharge voltage and capacity at distinct current 
densities (0.5 A m− 2, 1.0 A m− 2, 2.0 A m− 2) when OR equals 100%. The 
simulation temperature is set at 298.15 K. 
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simulated data is found to match well with the experimental data. It can 
be observed that the voltage slowly decreases with discharge time, 
forming a relatively obvious voltage plateau. Taking a current density of 
0.5 A m− 2 as an example, the simulated voltage plateau is 2.75 V, while 
the experimental voltage plateau is 2.76 V. However, at the end of 
discharge, there will be a significant voltage polarization. The simulated 
voltage inflection point is 2.65 V, while the experimental inflection 
point is 2.68 V. When reaching the inflection point, the battery 
discharge voltage rapidly decreases and then discharge ends soon. The 
high consistency between simulated and experimental values in two 
important characteristics of battery discharge, platform voltage and 
turning point voltage[36], proves the rationality and reliability of the 
model establishment. Therefore, we continue to discuss the operating 
mechanism of Li-O2 batteries, and the influence of open-cell structure 
based on this validated model. 

3.2. Species transfer in batteries 

The transfer of oxygen in the cathode plays a dominant role in the 
battery operation, directly affecting the discharge capacity of the bat-
tery. Fig. 3a shows the concentration distribution of oxygen at different 
discharge stages of the battery with a current density of 0.5 A m− 2 when 
OR equals 100%. It can be observed that the concentration distribution 
of oxygen is relatively uniform in the initial stage of discharge. At 25% 
discharge capacity, the concentration span of oxygen through the entire 
cathode only decreases from 3.5 to 1.7 mol m− 3. Oxygen is sufficient for 

the discharge reaction, thus forming the voltage platform for discharge 
in Fig. 2. But as the discharge proceeds, the concentration gradient of 
oxygen gradually increases. At the end of the discharge (100% discharge 
capacity), oxygen is mainly concentrated at the interface between the 
cathode and air, and rapidly exhausts near the interface (dimensionless 
distance of 0.9). This phenomenon is caused by the continuous deposi-
tion of Li2O2 from the analysis in the following text. Thus, the discharge 
reaction inside the cathode cannot be maintained, leading to the 
discharge turning point in Fig. 2, where the voltage rapidly decreases 
and the discharge terminates. Fig. 3b compares the concentration dis-
tribution of oxygen at the same discharge stage under two different 
current densities. At 25% discharge capacity, the oxygen concentration 
at 0.5 A m− 2 current density decreased from 3.5 at the interface to 
1.7 mol m− 3 at the depth of the cathode, while the oxygen concentration 
at 1 A m− 2 current density decreased from 3.5 to 0.75 mol m− 3. 
Therefore, as the current density increases, the oxygen consumption 
rates inside the cathode turns larger. However, at the end of discharge, 
the oxygen concentration distribution under the two current densities is 
consistent. Therefore, the higher the current density, the earlier the 
oxygen concentration distribution reaches the state of discharge termi-
nation. The significant decrease in discharge time leads to the phe-
nomenon in Fig. 2 where the discharge capacity of the battery rapidly 
drops with the increase of current density. 

During the discharge process, the main product of the reaction, 
Li2O2, gradually deposits in the cathode pores, hindering the transfer of 
oxygen. Fig. 3c shows the deposition of Li2O2 at different discharge 

Fig. 3. (a) The concentration distribution of oxygen across the cathode at different discharge stage at the current density of 0.5 A m− 1. (b) The comparison between 
concentration distribution of oxygen at two current densities of 0.5 and 1.0 A m− 1. (c) The volume fraction of Li2O2 across the cathode at different discharge stage at 
the current density of 0.5 A m− 1. (d) The porosity across the cathode at different discharge stage at the current density of 0.5 A m− 1. The simulation temperature is 
set at 298.15 K. 
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stages. At 25% discharge capacity, Li2O2 is uniformly generated in the 
cathode, with a volume fraction of about 0.1. At 50% and 75% capacity, 
the difference of Li2O2 volume fraction through the entire cathode is also 
less than 0.1. However, at the end of discharge, the difference between 
the Li2O2 volume fraction at the interface and that at the depth of the 
cathode reaches 0.4. This phenomenon turns out that in the early stage 
of discharge, the amount of Li2O2 generated in various parts of the 
cathode is roughly the same. The uniform deposition of Li2O2 is related 
to the abundant oxygen across the cathode in initial status, which can 
effectively maintain the discharge reaction. At the end of discharge, 
Li2O2 generated at the interface dominates, while the amount of Li2O2 
generated internally is very small. This is because the deposition of Li2O2 
at the interface hinders the inward diffusion of oxygen, leading to the 
much lower rate of internal discharge reaction than that at the interface. 
Fig. 3d shows that at 100% discharge capacity, the porosity at the 
interface decreases to 0.1, and most of the pores have been occupied by 
the generated Li2O2 (the volume fraction of Li2O2 at the interface has 
reached 0.65), which makes it extremely difficult for oxygen to transfer 
in the pores, resulting in an internal oxygen consumption greater than 
the supply. The internal oxygen concentration gradually decreases, thus 
leading to a small amount of internal reaction, and the main location of 
the discharge reaction occurs at the interface. 

To conclude, the deposition of Li2O2 makes it increasingly difficult 
for oxygen to transfer inward, and the discharge reaction occurs mainly 
at the interface. Uneven reaction occurrence leads to premature decline 
in battery capacity even though the internal pores of the electrode are 
not completely occupied. 

Based on the fully open structure, the working conditions of batteries 
under different open ratios are studied. As shown in Fig. 4, the discharge 
capacity increases along with the open ratio. When the open ratio rea-
ches 75%, the discharge capacity reaches 1160 mAh g− 1, which is very 
close to the 1240 mAh g− 1 at full aperture. When the open ratio is small, 
from to 12.5–50%, the discharge specific capacity shows a good pro-
portional relationship with the open ratio, which is consistent with the 
experimental results of Jiang et al.[37]. 

Fig. 5 shows the distribution of oxygen concentration and Li2O2 
volume fraction across the cathode at a current density of 0.5 mAh g− 1 

when OR equals 25%, while Fig. 6 shows the ones when OR equals 75%. 
As shown in Fig. 5a, when the open ratio equals 25%, at 25% capacity, 
the oxygen concentration distribution is concentrated at the cathode 
opening, and there is a clear dead zone in the rib which is not in contact 

with oxygen. The oxygen concentration is at a low value (about 
0.52 mol m− 3) in the dead zone, and the discharge reaction mainly oc-
curs at the interface opening zone. Li2O2 deposits a large amount at the 
opening, which blocks the channel and exacerbate the difficulty of ox-
ygen transfer. At the same time, due to the reduction of the discharge 
area of the cathode, the local discharge reaction near the opening zone 
will increase to maintain the required current density, and the corre-
sponding oxygen consumption rate is larger, resulting in the oxygen 
concentration distribution reaching the terminal state shown in Fig. 3a 
earlier. The premature termination of the discharge leads to a significant 
decrease of the specific capacity of the battery. However, when the open 
ratio equals 75%, there is no obvious dead zone for oxygen transfer in 
the initial stage, and the deposition of Li2O2 at the interface is not 
limited to the opening, as shown in Fig. 6h. The volume fraction of Li2O2 
near the rib (boundary (5)) reaches 0.40, which is slightly smaller than 
0.55 at the opening (boundary (6)). This means that the working state of 
the battery is close to fully open cell, so the discharge capacity of the 
battery only decreases a little as shown in Fig. 4. Due to the impossibility 
of using fully open cell in practical applications[37], optimizing the 
open structure to approach fully-open performance is feasible. 

3.3. Research on multi-step reaction products 

The intermediate product of the reaction, LiO2, will participate in the 
subsequent two reaction mechanisms, namely the solution mechanism 
and the surface mechanism. However, the products of each mechanism 
are not identical, and the solution mechanism is not a charge transfer 
reaction[38], so the ratio of the two pathways directly affects the 
discharge of the battery[23,39]. The concentration changes of LiO2 
during discharge have rarely been reported. Therefore, as shown in  
Fig. 7a, we study the concentration distribution of LiO2 at different 
discharge stages. The LiO2 concentration gradient is very small through 
the entire cathode, such as at 25% discharge capacity, LiO2 concentra-
tion maintains at around 3.9 mol m− 3 both at the interface and inside 
the cathode, while at 75% discharge capacity, the LiO2 concentration 
gradient increases relatively, with a concentration of 5.8 mol m− 3 at the 
interface and 5.5 mol m− 3 inside the cathode. At the end of discharge, 
the LiO2 concentration is approximately uniform throughout the cath-
ode, around 9 mol m− 3. In fact, the concentration of LiO2 increases with 
discharge time across the electrode, and from 25% to 50% capacity, the 
increase is about 0.7 mol m− 3, but from 75% to 100% capacity, the in-
crease reaches 3.5 mol m− 3. The extent of LiO2 concentration increase 
varies at different stages. Considering that the battery is in constant 
current discharge, the discharge time experienced by both is equal. This 
difference can be attributed to that the amount of LiO2 generated 
through discharge reaction (Eq. (3)) is more than the sum of the amount 
consumed through discharge reaction (Eq. (7)) and disproportionation 
reaction (Eq.(5)), and thus LiO2 accumulates during discharge spatially. 
Moreover, the equilibrium potential of discharge reaction (Eq.(3)) (3 V) 
is higher than that of discharge reaction (Eq.(7)) (2.86 V). As the 
discharge progresses, the electrode voltage gradually decreases and the 
overpotential increases, and reaction (Eq.(3)) accelerates more than 
reaction (Eq.(7)), so the LiO2 accumulation rate becomes larger 
compared with the initial discharge stage. As shown in Fig. 3c, the 
amount of Li2O2 generated on the entire cathode is not the same, but the 
amount of LiO2 is almost uniform in space. The reason for this phe-
nomenon we deduced is that each discharge reaction involves oxygen 
participation, indicating that more discharge reactions occur at in-
terfaces with higher oxygen concentrations and less occur at internal 
electrodes with lower oxygen concentrations. Consequently, the accu-
mulation of LiO2 after experiencing discharge reactions (Eq.(3)) and (Eq. 
(7)) is roughly equivalent across the cathode, which explains why LiO2 
can accumulate spatially with a relatively small concentration gradient. 

The solution mechanism of LiO2 dissolved in electrolyte occurs and 
have been reported to generate singlet oxygen with extremely high 
chemical activity[40], which is harmful to battery operation. The 

Fig. 4. The discharge voltage and specific capacity of the battery with 100%, 
75%, 50%, 25%, 12.5% open ratio cathode at a current density of 0.5 A m− 2. 
The simulation temperature is set at 298.15 K. 
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generation ratio of singlet oxygen and triplet oxygen has been calculated 
by Li et al.[41] through DFT calculations, and the generation ratio of the 
two products is 0.237 and 0.763, respectively. Fig. 7b shows the accu-
mulation amount of oxygen generated by the reaction at different 
discharge stages. It should be noted that both the singlet oxygen and 
triplet oxygen can be consumed and accumulated in a certain proportion 
[40]. At 25% capacity, the concentration of oxygen near the boundary 
(4) is 0.22 mol m− 3, while at 75% capacity, the concentration inside 
increases to 0.42 mol m− 3. However, the amount of accumulation near 
the interface in both stages is less than 0.1 mol m− 3. The difference in 
oxygen accumulation amount between the interface and the internal 

electrode can be speculated to the fact that the oxygen consumption rate 
of the discharge reaction at the interface is larger than that inside the 
electrode. The accumulation amount of the oxygen generated increases 
spatially until discharge reaching around 95% capacity. The oxygen 
accumulation amount at 95% capacity is lower than that at 25% ca-
pacity, and at the end of discharge, the oxygen accumulated throughout 
the cathode exhausts. This phenomenon is because the external oxygen 
transfers smoothly at the initial discharge stage, and the oxygen on the 
cathode is abundant for the reactions. However, at the end of discharge, 
as shown in Fig. 3a, we have deduced that the oxygen transfer is more 
difficult and the oxygen on the cathode is deficient to react, so the 

Fig. 5. The concentration distribution of O2 across the cathode at different discharge stage, (a) 25% discharge capacity, (b) 50% discharge capacity, (c) 75% 
discharge capacity, (d) 100% discharge capacity at a current density of 0.5 A m− 2 under 25% open ratio. The volume fraction of Li2O2 across the cathode at different 
discharge stage, (e) 25% discharge capacity, (f) 50% discharge capacity, (g) 75% discharge capacity, (h) 100% discharge capacity at a current density of 0.5 A m− 2 

under 25% open ratio. The simulation temperature is set at 298.15 K. 

Fig. 6. The concentration distribution of O2 across the cathode at different discharge stage, (a) 25% discharge capacity, (b) 50% discharge capacity, (c) 75% 
discharge capacity, (d) 100% discharge capacity at a current density of 0.5 A m− 2 under 75% open ratio. The volume fraction of Li2O2 across the cathode at different 
discharge stage, (e) 25% discharge capacity, (f) 50% discharge capacity, (g) 75% discharge capacity, (h) 100% discharge capacity at a current density of 0.5 A m− 2 

under 75% open ratio. The simulation temperature is set at 298.15 K. 
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Fig. 7. (a) The concentration distribution of LiO2 across the cathode at different discharge stages. (b) The concentration distribution of O2 generated through solution 
pathway across the cathode at different discharge stages. (c) The volume fraction of Li2O2 generated through two mechanisms at the cathode/air interface at a 
current density of 0.5 A m− 2. (d) The volume fraction of Li2O2 generated through two mechanisms at the cathode/air interface at a current density of 1.0 A m− 2. The 
simulation temperature is set at 298.15 K. 

Fig. 8. The concentration distribution of LiO2 across the cathode at different discharge stage, (a) 25% discharge capacity, (b) 50% discharge capacity, (c) 75% 
discharge capacity, (d) 100% discharge capacity at a current density of 0.5 A m− 2 under 25% open ratio. The concentration distribution of LiO2 across the cathode at 
different discharge stage, (e) 25% discharge capacity, (f) 50% discharge capacity, (g) 75% discharge capacity, (h) 100% discharge capacity at a current density of 
0.5 A m− 2 under 75% open ratio. The simulation temperature is set at 298.15 K. 
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discharge reaction directly consumes the previous accumulated oxygen. 
To investigate the proportion of surface and solution mechanisms, 

the composition of Li2O2 generated at the interface under a current 
density of 0.5 A m− 2 is shown in Fig. 7c. At the terminal of discharge, the 
volume fraction of Li2O2 generated through the surface mechanism is 
0.55, accounting for 82% of the total volume fraction, while the volume 
fraction of Li2O2 generated through the solution mechanism is 0.12, 
accounting for 18% of the total. The significant difference in proportion 
between the two pathways indicates that the surface mechanism plays a 
dominant role during battery operation. When the current density in-
creases from 0.5 to 1 A m− 2, as shown in Fig. 7d, the volume fraction of 
Li2O2 generated through the solution mechanism only accounts for 8.3% 
of the total volume fraction, which is due to the increase in current 
density directly deteriorating the dissolution of LiO2 in the electrolyte, 
then inhibiting the progress of the solution mechanism. This phenom-
enon has also been observed by previous experiments[29]. 

The influence of two-dimensional porous structure on the concen-
tration distribution of LiO2 and the accumulation of generated singlet 
oxygen which is proportional to the total generated oxygen is shown in  
Fig. 8 and Fig. 9. Regardless of whether the open ratio is 75% or 25%, 
the concentration gradient of LiO2 is very small. At 100% capacity, the 
maximum concentration difference of LiO2 between the two electrode 
structures is only 0.16 (Fig. 8d) and 0.01 (Fig. 8h) mol m− 3. This is 
consistent with the previous analysis, as the difference in open ratio only 
changes oxygen transfer in different cathode locations and hardly affects 
the uniform accumulation of LiO2 across the electrode. However, the 
open ratio has a direct impact on the accumulation of singlet oxygen 
generated. With a 25% open ratio, the maximum singlet oxygen 
generated concentration at 10% capacity is 0.06 mol m− 3 (Fig. 9a), then 
gradually decreasing. With a 75% open ratio, the maximum oxygen 
concentration is 0.08 mol m− 3 (Fig. 9g), which is reached at 75% ca-
pacity and decreases afterwards(oxygen concentration at 90% capacity 
in Fig. 9h is less than that at 25% capacity in Fig. 9e). This is because the 
accumulation of singlet oxygen depends on whether oxygen at a certain 
location is sufficient for the discharge reaction, otherwise, it will directly 
consume the generated oxygen, so when the opening ratio is small, the 
generated oxygen is consumed in advance, and the amount of oxygen 
accumulation decrease earlier. 

3.4. Rate constant validation 

To connect the transfer-reaction model with the microscopic mech-
anism, we conduct DFT calculations on surface mechanism reactions 
which play a dominant role, and the Gibbs free energy changes of each 
part are shown in Fig. 10. The Gibbs free energy for each step is calcu-
lated as follows[42,43]: 

ΔG = ΔE+ΔZPE − TΔS (32) 

ΔEis the change in the electronic energy.ΔZPEis the difference in 
zero-point energies.ΔSis the change in entropy. As we conclude in the 
previous section, the generated LiO2 is roughly equivalent to the 
consumed LiO2, Eq.(3) largely determines the subsequent generation of 
Li2O2, directly affecting the discharge performance, so we take it as the 
research object. By using the Marcus theory[44], we can quantify the 

Fig. 9. The concentration distribution of singlet O2 generated across the cathode at different discharge stage, (a) 10% discharge capacity, (b) 25% discharge capacity, 
(c) 50% discharge capacity, (d) 75% discharge capacity at a current density of 0.5 A m− 2 under 25% open ratio. The concentration distribution of singlet O2 
generated across the cathode at different discharge stage, (e) 25% discharge capacity, (f) 50% discharge capacity, (g) 75% discharge capacity, (h) 90% discharge 
capacity at a current density of 0.5 A m− 2 under 75% open ratio. The simulation temperature is set at 298.15 K. 

Fig. 10. The Gibbs free energy variation diagram of the LiO2 and Li2O2 gen-
eration from surface mechanism reaction. 
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kinetic parameter of the reaction(Eq.(3)). The reaction rate constant can 
be derived from the following equation： 

r = Zexp
(

−
ΔG∗

D

kBT

)

(33)  

where Z is the frequency factor of the reaction and is estimated to be 102 

M− 1 s− 1, as Eq.(3) is a heterogeneous reaction. kB is the Boltzmann 
constant.ΔG∗

Dis determined by both the intrinsic reaction and external 
field effects and can be calculated as follows[45]: 

ΔG∗
D =

1
4λ

(
ΔG0 + λ

)
(34)  

whereΔG0is the standard free energy change of the charge transfer re-
action and λis the reorganization energy considering the solvation ef-
fects. The reorganization energy can be calculated as proposed by 
Houchins et al.[45]: 

λ =
Δ2

e

8πε0

(
1

DOD
−

1
DSD

)(
1

aD
+

1
aA

−
2
r

)

(35)  

whereΔeis the total transferred charge in the reaction, DOD is the optical 
dielectric constant and DSD is the static dielectric constant. aD and aA are 
the radius of the two spheres, the electron donor lithium atom and the 
electron acceptor oxygen molecule. r is the separation between the 
donor and acceptor and is set to be 3.5 Å[45]. 

Due to the gradual increase of overpotential in the discharge reac-
tion, the average rate constant of LiO2 generation from surface mecha-
nism in the transfer-reaction model is calculated by Eq.(18) to be 2.125 
× 10− 7 M− 1 s− 1, while the reaction rate constant calculated by the 
reorganization energy model is 2.811 × 10− 7 M− 1 s− 1. The calculation 
results of both are equal in magnitude, proving the accuracy of the 
reorganization energy model[45]. The consistency of the calculation 
results indicates that the model conforms to the reaction mechanism and 
can effectively achieve the connection between micro and macro levels. 
In addition, based on the step diagram of Gibbs free energy[48–51], our 
calculated equilibrium voltage is 2.53 V. It is worth mentioning that as 
this is an adsorption reaction, the equilibrium voltage of the reaction is 
different from that of the elemental reaction (2.86 V). 

4. Conclusion 

We construct a transfer-reaction model to describe the discharge 
process of Li-O2 batteries. We find that the transfer of oxygen de-
teriorates with the increasing resistance of internal diffusion during the 
discharge reaction, which is caused by the local generation of Li2O2 at 
the interface. Besides, the retention of oxygen at the interface also in-
tensifies the local deposition of Li2O2, leading to the end of the 
discharge. For the intermediate product of the reaction, LiO2, we find 
that it is relatively uniform in space, because the generation and con-
sumption of LiO2 in the discharge reaction are roughly equal in space. 
We investigate the singlet oxygen and triplet oxygen generated by the 
solution mechanism, and their concentration distribution through the 
electrode shows a higher concentration at the interface than inside. This 
is because the oxygen generated at the interface is quickly consumed by 
the discharge reaction, but there is a larger accumulation of oxygen 
inside due to the lower reaction rate. By establishing two-dimensional 
structures with different pore ratios, we find that a smaller open ratio 
leads to an increase in oxygen transfer resistance and the battery ad-
vances to the later stage of the discharge with a lower discharge ca-
pacity. Because the surface mechanism is the only discharge reaction, so 
the conclusion drawn from our work should be to reduce the rapid 
deposition rate of Li2O2 on the surface and inside of porous electrodes 
through other methods, prolong the time of surface mechanism occur-
rence, and thereby increase the discharge capacity of Li-O2 batteries. We 
also use the Marcus theory to calculate the rate constant of LiO2 

generation reaction and find that the result calculated by the reorgani-
zation energy model is very close to the assumed values in our simula-
tion, which proves that the transfer-reaction model achieves a good 
connection between macroscopic and microscopic levels. We hope that 
this work can contribute to designing appropriate cathode structures 
and conducting the multi-scale research on the working mechanism of 
Li-O2 batteries, hoping to enlighten subsequent research towards 
achieving highly rechargeable nonaqueous metal-air batteries earlier. 
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