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A B S T R A C T

Non-aqueous Li–O2 battery (NALiO2B) is a promising alternative to lithium-ion batteries, offering high
theoretical energy density. However, its practical applications are hampered by limited understanding of
the underlying mechanisms. In this study, a three-dimensional electrochemical lattice Boltzmann method
is proposed to simulate the physical and electrochemical processes during NALiO2B discharge at the pore
scale. The discharge performance of NALiO2B is evaluated for various electrode and electrolyte designs. It
is found that the limited O2 diffusion within homogeneous electrodes is the primary cause of the declined
reactive electrode surface area, the intensified electrochemical reaction (or overpotential), and finally the
premature battery death. This issue can be mitigated by employing the hierarchical electrode BP2 with a
bi-porous structure. The large pores in BP2 improve O2 transport to sustain the continuous electrochemical
reaction process, thus enhancing the discharge capacity of NALiO2B. To further boost the rate capability of
NALiO2B, BP2 is partially infiltrated with electrolyte to form the multiphase (MP) electrode, where air bubbles
exist and serve as O2 reservoirs. These bubbles effectively provide adequate O2 to support the extensive O2
consumption during the fast electrochemical reaction at high current densities. Consequently, NALiO2B with
MP demonstrates the satisfactory discharge capacity and rate capability. This study provides valuable insights
into the complex physics and reaction kinetics behind NALiO2B discharge, which facilitates the optimization
and development of NALiO2B.
. Introduction

The rapid development of electric vehicles (EVs) boosts the demand
or high-performance batteries beyond the lithium-ion battery (LiB) [1–
]. A promising candidate is the rechargeable Li–O2 battery (LiO2B)
hat consists of three key components: metal Li anode, separator, and
orous air cathode [4–6]. The cathode active material O2 is freely
ourced from ambient air, thereby minimizing the weight and volume
f cathode. Meanwhile, the Li anode ensures the high discharge ca-
acity and cell voltage. These two factors contribute to the extremely
igh theoretical energy density of LiO2B (∼3500 Wh∕k g), in contrast
o around 300 Wh∕k g of LiB. This makes LiO2B a promising alternative
echnology to satisfy future EVs’ soaring demand for high-power energy

storage systems [7–9].
One of the first attempts to construct an LiO2B was made by Abra-

am and Jiang in 1996, where a solid polymer electrolyte was applied
o show the battery rechargeability with good coulombic efficiency [10,
1]. Extensive research was then conducted to explore different LiO2Bs

∗ Corresponding author at: Department of Mechanical Engineering, University College London, Torrington Place, London WC1E 7JE, UK.
E-mail address: k.luo@ucl.ac.uk (K.H. Luo).

architectures with aqueous (water-based liquid), non-aqueous (apro-
tic liquid), solid-state, or hybrid (solid and liquid) electrolytes [12].
Among these battery systems, the non-aqueous LiO2B (NALiO2B) at-
tracted global research interest, driven by its promising energy density
and capacity, exceptional cycle life, and simple construction [13–15].
Generally, the electrochemical reaction of NALiO2B is described as,
2Li + O2 ↔ Li2O2

(

𝐸0 = 2.96 V). The insoluble and insulating Li2O2
on cathode surfaces, combined with the slow O2 transport within the
electrolyte, can result in sluggish reaction kinetics and concomitant
poor performance, such as high overpotential, low capacity and rate
capability, and reduced cycle life [16–18]. Therefore, to which extent
NALiO2B can deliver on its potential relies on the electrochemical
reaction behaviors.

Experiments were carried out to develop new cathode structures
aimed at improving the reaction process and thus enhancing the per-
formance of NALiO2B [19,20]. Kushima et al. observed floating Li2O2
ttps://doi.org/10.1016/j.cej.2024.157462
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Chemical Engineering Journal 501 (2024) 157462 
particles in electrolyte at low discharge potential (or high overpoten-
tial), which led to the irreversible capacity loss and cyclability decline
f NALiO2B. They suggested using electrodes with pores in different
izes to help address this issue [21]. Hierarchical electrode structures

were emphasized for their ability to reduce the surface deposition of
Li2O2, thereby improving the discharge capacity of NALiO2B [22]. Kim
et al. also verified the cathode porosity could influence O2 and Li+
ransport, Li2O2 formation and decomposition, and finally the NALiO2B
erformance, i.e., the meso-porous cathode showed a higher battery
apacity but a limited cycle life compared to the micro-porous cath-
de [23]. A meso-porous electrode, featuring small volume and large
urface area, was synthesized by Dutta et al. to direct the formation
f one-dimensional (1D) and amorphous Li2O2, resulting in a signifi-

cant improvement in round-trip efficiency of NALiO2B to 80% [24].
They demonstrated that the slow O2 transport was the key factor
destabilizing the reaction process and causing the rapid discharge
capacity decline at high current densities. This issue could be mitigated
by adjusting the electrode surface area, porosity, and thickness, as
well as the O2 concentration and diffusion coefficient [25]. Addition-
ally, experimental efforts were made to investigate working conditions
for optimizing the performance of NALiO2B. Changes in electrolyte
solutions were shown to modify the growth pathways (i.e., surface elec-
trochemistry or solution disproportionation reaction) and morphologies
(i.e., dense film or porous structure) of Li2O2, thus controlling the
discharge capacity of NALiO2B [14]. The solution and surface pathways
were then reported to dominate the discharge of NALiO2B at −20 ∼
0 ◦C and 0 ∼ 40 ◦C, respectively [26]. Mediators were introduced to
romote Li2O2 formation in solution and thereby increase NALiO2B
apacity by 80–100 times [27,28]. Electrolyte materials were adjusted
o prevent side reactions and reach a long cycle life of NALiO2B
n an air-like atmosphere [29]. An NALiO2B incorporating CO2 was

developed to reach a full discharge capacity of 6628 mAh∕g for 715
cycles [30].

Existing experimental findings have emphasized the critical role of
ptimal battery architectures and working conditions in optimizing the
lectrochemical reaction process and enhancing the performance of
ALiO2B. However, due to the expensive and time-consuming nature
f experiments, only a limited number of battery designs were explored
xperimentally. Consequently, the numerical modeling has emerged as

an efficient tool for studying the complex physical and electrochemical
processes during the discharge of NALiO2B for various conditions [1,
31]. Continuum models were built to investigate O2 and Li+ transport,
charge conservation, and electrochemical kinetics during NALiO2B
discharge in one dimension. The results showed that the reducing cath-
ode thickness improved the O2 transport for electrochemical reaction,
thus enhancing the specific capacity [32]. By considering electrode
xchange at electrode–Li2O2–electrolyte interfaces, Liu et al. explained

that the maximum NALiO2B capacity was limited by the insufficient
2 diffusion at high current densities and by the Li2O2-induced pore
lockages at low current densities [33]. Various 1D simulations were
onducted to explore effects of cathode structures. Bi-porous cathodes,
ontaining mesopores for electrochemical reaction and macropores for
2 reservoir, were shown to sustain the stable electrochemical reaction
nd improve the NALiO2B performance [34]. Cathode porosity was

proven to the key factor affecting NALiO2B capacity and a hierarchi-
cal cathodes were suggested to enhance NALiO2B capacity by up to
10.38% [35]. Proper cathode designs (e.g., partially flooded electrodes)

ere reported to shorten the O2 diffusion path, improve the reaction
rocess, and optimize the NALiO2B operation [36]. In addition to these
D studies, Wang et al. built a two-dimensional (2D) model to investi-
ate NALiO2B discharge and indicated that the decreased electrolyte
oncentration caused sharp drops in discharge capacity [37]. Zhang
t al. analyzed the macroscopic discharge behaviors of NALiO2B in two

dimensions. They found that electrodes with gradient porosity could
enhance O diffusion and battery capacity, but the excessively large
2 c

2 
gradient porosity could lead to significant overpotential and deterio-
rated battery performance [38]. In parallel, some three-dimensional
(3D) simulations of NALiO2B were carried out. Gwak and Ju proposed
 3D transient model to investigate NALiO2B discharge, which demon-
trated the optimized electrode thickness and electrolyte filling degree
ere crucial for achieving the continuous reaction process and the high
ischarge capacity [39]. Meso-scale simulations of NALiO2B discharge
evealed that, as the electrode load (or thickness) increased, the effec-
ive diffusion coefficient of O2 continuously decreased. Meanwhile, the
pecific discharge capacity initially grew significantly, then began to
ecline slightly after reaching its peak value [40]. Based on the density
unctional theory, the discharge process of NALiO2B was investigated
t microscales. Silicene cathode surfaces with attached hydrophobic
unctional groups demonstrated excellent discharge performance [41],

pillared 𝛿-MnO2 structures were found to be highly efficient reaction
catalysts for NALiO2B [42], and single-layer Tl2O was identified as a
viable catalyst for NALiO2B [43].

These numerical studies have achieved significant breakthroughs
in understanding the physical and electrochemical processes during
he discharge of NALiO2B, which contributed to the prediction and
ptimization of NALiO2B [31]. However, due to the porous cath-

ode structure, existing models were constructed at macroscopic scales.
Correspondingly, volume-averaged structures and effective parameters
were utilized, electrode, electrolyte, and Li2O2 were treated as a homo-
geneous continuum, and the pore-scale details (e.g., nonuniformity and
reaction kinetics) were neglected. The overall battery behaviors, which
are macroscopic manifestations of micro- and meso-scale phenomena
within the cell, are strongly influenced by physical and electrochemical
processes at the pore scale. Therefore, a pore-scale study of NALiO2B
discharge is urgently needed to elucidate the underlying multiphysics
and explain the macroscopic battery performance, which will offer
valuable insights to guide the battery design and optimization.

Over the past three decades, the lattice Boltzmann (LB) method has
een extensively applied as a powerful pore-scale solver to investigate
eactive fluid transport in porous structures [44,45]. Accordingly, LB

simulations have been conducted to explore the multiphysics involved
n the battery field, including the transport of species and ions, the
istribution of multiple phases, the charge conservation, and the elec-
rochemical kinetics [46–50]. LB simulations have been conducted to

provide pore-scale insights into flow battery, LiB, and fuel cells. To
our best knowledge, however, limited LB models have been specifically
eveloped for NALiO2B because of the intricate morphology of Li2O2.
ang et al. proposed an LB model to investigate the reactive transport

processes during NALiO2B discharge at the pore scale. They showed
that the discharge capacity increased with the cathode porosity but
decreased as the current density increases [51]. Although this study
offered pore-scale insights into the discharge behaviors of NALiO2B,
it still encountered several limitations as follows. First, the proposed
model considered O2 transport in a cathode fully filled by electrolyte,
thus neglecting the multiphase distribution of air and electrolyte, the
Li+ transport within the electrolyte, the O2 concentration jump across
the air–electrolyte interface, and the charge distributions. Additionally,
the overpotential and the current density generated by electrochemical
reaction are estimated using the overall charge conservation, without
accounting for local potential or O2 concentration. Second, the gen-
erated Li2O2 is simplified as a homogeneous film on cathode surface,
ignoring its intricate and heterogeneous morphologies. Third, impacts
of the insufficient O2 diffusion on electrochemical reactions are not
iscussed. Finally, effects of various electrode structures and electrolyte
illing degrees on the transport and reaction dynamics are not inves-
igated, which may impede explanation of experimental observations
ike battery performance in cathodes with partially infiltrated elec-
rolyte. To overcome these limitations and advance the capability of
B method, this work aims to develop a 3D electrochemical LB model
or studying NALiO2B discharge at the pore scale. The objective of this
esearch is to elucidate the electrolyte and air distributions, O2 and Li+
ransport, complex Li2O2 structures, electrochemical kinetics, as well as
o evaluate the battery performance under various battery designs and

urrent densities.
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Fig. 1. Schematic descriptions of (a) the NALiO2B configuration and pore-scale physical-electrochemical processes, and (b) the generation of porous electrodes.
2. Methodology

The configuration of an NALiO2B is shown in Fig. 1(a), comprising
a Li metal anode, a separator, and a porous air cathode. This work
investigates the discharge of NALiO2B in cathode without detailing
the physical and electrochemical processes in anode. On the cathode
side, the porous electrode structure provides active sites for electro-
chemical reactions, while void pores within the electrode are filled
with electrolyte or air bubbles. The physical-electrochemical processes
mainly include the transport of O2 and Li+ in the air (gas) and elec-
trolyte (liquid) phases, the electronic conduction in the electrode (solid)
phase, and the electrochemical reaction on electrode surfaces. During
discharge, O2 from ambient air dissolves into electrolyte and transports
to electrode surfaces, where it reacts with Li+ to generate Li2O2.
By ignoring intermediates, the electrochemical reaction in cathode is
described by [31],

2Li+ + O2 + 2𝑒− → Li2O2. (1)

Resolving all the above processes in a complex 3D microstructure is
computationally expensive, and simplifications are applied as follows.
(1) The computational domain is reduced to a small-size one that de-
creases the computational cost while holding the discharge properties
of NALiO2B. (2) Li O is the only discharge product and it accumulates
2 2

3 
on electrode surfaces. (3) The tunneling-limited length of electron is
10 nm for Li2O2 and the local electrode surface becomes deactivated
once the Li2O2 layer is thicker than 10 nm. (4) NALiO2B discharges in
a galvanostatic and isothermal condition and the internal convection
is negligible. (5) The discharge process of NALiO2B and the reverse
reaction in Eq. (1) are not considered. (6) The overpotential of the
anode reaction is negligible.

2.1. Electrode generation

The cathode structure effectively affects the electrochemical kinetics
and the battery performance, thus requiring careful optimizations of
its microstructure. This study generates cathode microstructures that
encompass porous electrodes, void pores, and multiphase distributions
of electrolyte and air. As depicted in Fig. 1(b), a domain of size 𝑙𝑥×𝑙𝑦×𝑙𝑧
is firstly selected from the cathode. Then, carbon fibers at a uniform
diameter 𝑑 are configured in this domain to construct homogeneous
porous electrodes (HO). Using this design, 4 electrodes HO1−4 are
produced to consider different structure porosities 𝜙 ranging from 0.6
to 0.9. On the other hand, hierarchical electrodes with a given porosity
𝜙 are designed to feature either three sub-layers or bi-scale pores.
Specifically, the three-layer (3L) electrode comprises three sub-layers at
sub-porosities 𝜙1, 𝜙2, and 𝜙3, and the bi-porous (BP) electrode features
a secondary pore (or a large-size pore) of diameter 𝑑 in the electrode
ℎ
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center. This study examines 2 electrodes 3L1−2 and 3 electrodes BP1−3.
The sub-porosities of 3L1−2 either increase or decrease along the 𝑙𝑦
direction, and the 𝑑ℎ values of BP1−3 vary from 0.08𝑙𝑥 to 0.39𝑙𝑥. In the
final design of the multiphase (MP) electrode, the electrolyte is partially
infiltrated into the electrode at a filling degree of 𝜗𝑒 and air bubbles
exist in the electrode. Further details on the generation parameters of
electrodes are provided in Fig. 1(b).

2.2. Mathematical model

Under the above premises, governing equations are built to de-
scribe the air–electrolyte distributions, transport of Li+ and O2, charged
conservation, and electrochemical reaction in cathode at the pore
scale. The distribution of electrolyte and air is modeled as multiphase
flow [44,52],

∇ ⋅ (𝜌𝒖) = 0, (2)

𝜕 (𝜌𝒖)
𝜕 𝑡 + ∇ ⋅ (𝜌𝒖𝒖) = −∇𝑝 + ∇ ⋅

[

𝜌𝜈
(

∇𝒖 + ∇𝒖𝑇 )] + 𝑭 , (3)

where 𝜌 is the fluid density, 𝑡 is the time, 𝒖 is the velocity, 𝑝 is the
pressure, 𝜈 is the kinematic viscosity, and 𝑭 is the surface tension force.

The transport of Li+ in electrolyte contains the diffusion driven by
concentration gradient and the migration caused by electrolytic current
as [35,53],
𝜕 𝑐𝑙
𝜕 𝑡 = ∇ ⋅

(

𝐷Li∇𝑐𝑙
)

− ∇ ⋅
(

𝑡+
𝐹
𝒊
)

. (4)

Here 𝑐𝑙 is the Li+ concentration, 𝐷Li is the Li+ diffusion coefficient, 𝑡+
s the transference number of Li+, 𝐹 is the Faraday constant, and 𝒊 is
he current density vector in electrolyte.

As depicted in Fig. 1(a), O2 initially diffuses through air, then it
raverses the air–electrolyte interface and experiences a concentration

drop in line with Henry’s law, and finally it proceeds to diffuse within
lectrolyte as [46],
𝜕 𝑐𝑎
𝜕 𝑡 = ∇ ⋅

(

𝐷𝑎
O2
∇𝑐𝑎

)

, (5)

𝑐𝑎,𝐼𝑎 = 𝐻 𝑐𝑒,𝐼𝑎 , (6)

𝜕 𝑐𝑒
𝜕 𝑡 = ∇ ⋅

(

𝐷𝑒
O2
∇𝑐𝑒

)

. (7)

Here 𝑐 and 𝐷O2
are concentration and diffusion coefficient of O2, with

superscripts 𝑎, 𝐼𝑎, and 𝑒 representing the air, air–electrolyte interface,
and electrolyte, respectively. 𝐻 is the Henry constant. The overall O2
concentration is 𝑐 = 𝑥𝑎𝑐𝑎 +

(

1 − 𝑥𝑎
)

𝑐𝑒, with 𝑥𝑎 being the phase fraction
of air.

The charge conservation in solid (i.e., electrode and Li2O2) and
lectrolyte phases can be expressed as [53],

∇ ⋅
(

𝑘𝑠∇𝜑𝑠
)

= 0. (8)

∇ ⋅ 𝒊 = 0, 𝒊 = 𝑘𝑒∇𝜑𝑒 + 𝑘𝑙∇ ln 𝑐𝑙 , (9)

where 𝑘 and 𝜑 denote the charge transfer coefficient and the local
potential value, respectively. Their subscripts 𝑠 and 𝑒 correspond to
the solid and electrolyte phases. 𝑘𝑙 is the coefficient related to Li+
migration.

The electrochemical reaction Eq. (1) takes place at the active
lectrolyte–solid interface 𝐼𝑠, where the current density 𝑗𝑐 is calculated
sing the Butler–Volmer equation [53],

𝑗𝑐 = 𝑛𝐹 𝑘𝑐𝑐2𝑙 𝑐 exp
(

−𝛽 𝐹 𝜂
𝑅𝑇

)

, with 𝜂 = 𝜑𝑠 − 𝜑𝑒 − 𝐸0. (10)

Here 𝑛 = 2 is the number of electrons transferred, 𝑘𝑐 is the rate
oefficient, 𝛽 = 0.5 is the symmetry factor, 𝑅 is the universal gas con-

stant, 𝑇 is the operating temperature, 𝜂 is the overpotential, and 𝐸0 is
 i

4 
the theoretical equilibrium potential for reaction. The electrochemical
reaction is then describe by boundary conditions as [54,55],

𝒏 ⋅𝐷Li∇𝑐
𝐼𝑠
𝑙 = −2 𝑗𝑐

2𝐹
, 𝒏 ⋅𝐷O2

∇𝑐𝐼𝑠 = − 𝑗𝑐
2𝐹

, (11)

𝒏 ⋅ 𝑘𝐼𝑠𝑒 ∇𝜑𝑒 = 𝑗𝑐 , 𝒏 ⋅ 𝑘𝐼𝑠𝑠 ∇𝜑𝑠 = −𝑗𝑐 , (12)

𝜕 𝑉𝑠
𝜕 𝑡 =

𝑗𝑐
2𝐹

𝑎𝑟𝑀𝑠. (13)

In these boundary conditions, 𝒏 is the interface normal pointing to the
lectrolyte, 𝑉𝑠 and 𝑀𝑠 represent the volume and molecular volume of
i2O2, respectively, and 𝑎𝑟 is the specific surface area per unit volume.

2.3. Numerical method

The LB method is applied to solve the conservation Eqs. (2)–(9) in
three dimensions. LB evolution equations are built as follows [46,56–
58],

𝑓𝑖
(

𝒙 + 𝒆𝑖𝛿𝑡, 𝑡 + 𝛿𝑡
)

− 𝑓𝑖 (𝒙, 𝑡) = − (

𝑴−1𝑺 𝑴)

𝑖𝑗

[

𝑓𝑗 (𝒙, 𝑡) − 𝑓 𝑒𝑞
𝑗 (𝒙, 𝑡)

]

+ 𝛿𝑡
(

𝑴−1 (𝑰 − 0.5𝑺)𝑴)

𝑖𝑗 𝐹𝑗 , (14)

𝑔 𝑙𝑖
(

𝒙 + 𝒆𝑖𝛿𝑡, 𝑡 + 𝛿𝑡
)

− 𝑔 𝑙𝑖 (𝒙, 𝑡) = − (

𝑴−1
𝑙 𝑺 𝑙𝑴 𝑙

)

𝑖𝑗

[

𝑔 𝑙𝑗 (𝒙, 𝑡) − 𝑔 𝑙𝑒𝑞𝑗 (𝒙, 𝑡)
]

+ 𝛿𝑡
(

𝑴−1
𝑙 𝑺 𝑙𝑴 𝑙

)

𝑖𝑗 𝐹𝑙 ,𝑗 , (15)

𝑔 𝑜𝑖
(

𝒙 + 𝒆𝑖𝛿𝑡, 𝑡 + 𝛿𝑡
)

− 𝑔 𝑜𝑖 (𝒙, 𝑡) =
−
(

𝑴−1
𝑜 𝑺𝑜𝑴𝑜

)

𝑖𝑗

[

𝑔 𝑜𝑗 (𝒙, 𝑡) − 𝑔 𝑜𝑒𝑞𝑗 (𝒙, 𝑡)
]

, (16)

ℎ𝑠𝑖
(

𝒙 + 𝒆𝑖𝛿𝑡, 𝑡 + 𝛿𝑡
)

− ℎ𝑠𝑖 (𝒙, 𝑡) =
−
(

𝑴−1
𝑠 𝑺𝑠𝑴𝑠

)

𝑖𝑗

[

ℎ𝑠𝑗 (𝒙, 𝑡) − ℎ𝑠𝑒𝑞𝑗 (𝒙, 𝑡)
]

, (17)

ℎ𝑒𝑖
(

𝒙 + 𝒆𝑖𝛿𝑡, 𝑡 + 𝛿𝑡
)

− ℎ𝑒𝑖 (𝒙, 𝑡) =
−
(

𝑴−1
𝑒 𝑺𝑒𝑴𝑒

)

𝑖𝑗

[

ℎ𝑒𝑗 (𝒙, 𝑡) − ℎ𝑒𝑒𝑞𝑗 (𝒙, 𝑡)
]

+ 𝛿𝑡
(

𝑴−1
𝑒 𝑺𝑒𝑴𝑒

)

𝑖𝑗 𝐹𝑒,𝑗 , (18)

where 𝑖 and 𝑗 are discrete directions. For particles moving with dis-
crete velocity 𝒆𝑖 at position 𝒙 and time 𝑡, 𝑓𝑖(𝒙, 𝑡), 𝑔 𝑙𝑖(𝒙, 𝑡), 𝑔 𝑜𝑖(𝒙, 𝑡),
𝑠𝑖(𝒙, 𝑡), and ℎ𝑒𝑖(𝒙, 𝑡) are distribution functions of the hydrodynamic,
i+ and O2 concentrations, and potential values in solid and electrolyte,
espectively. The superscript 𝑒𝑞 indicates their equilibrium distribution
unctions. 𝐹𝑗 , 𝐹𝑙 ,𝑗 , and 𝐹𝑒,𝑗 are distribution functions for source terms.
, 𝑺 𝑙, 𝑺𝑜, 𝑺𝑠, and 𝑺𝑒 are the diagonal relaxation matrices, whereas
, 𝑴 𝑙, 𝑴𝑜, 𝑴𝑠, and 𝑴𝑒 are transformation matrices to map distribu-

ion functions from the physical space to the moment space. At each
ime step, after the above evolutions, the macroscopic variables are
alculated as,

𝜌 =
∑

𝑖
𝑓𝑖, 𝜌𝒖 =

∑

𝑖
𝒆𝑖𝑓𝑖 +

𝛿𝑡𝑭
2

, 𝑐𝑙 =
∑

𝑖
𝑔 𝑙𝑖, 𝑐 =

∑

𝑖
𝑔 𝑜𝑖,

𝜑𝑠 =
∑

𝑖
ℎ𝑠𝑖, 𝜑𝑒 =

∑

𝑖
ℎ𝑒𝑖. (19)

To enforce boundary conditions for the electrochemical reaction at
electrolyte–solid interfaces and the O2 transport across air–electrolyte
nterfaces, LB boundary schemes are developed. More details are pro-
ided in Appendix B.

3. Results and discussion

Based on the generated 3D electrodes, pore-scale simulations are
conducted to study the discharge performance of NALiO2B. As illus-
trated in Fig. 2(a), from the domain inlet (𝑦 = 0), the incompressible air
containing O2 at an initial concentration 𝑐0 diffuses in and a fixed cur-
rent density 𝐼0 is implemented. On the opposite side (𝑦 = 𝑙𝑦), Li+ at an
nitial concentration 𝑐 diffuses to react with O and generate Li O on
1,0 2 2 2
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Table 1
Physical properties for simulations of NALiO2B discharge.

Parameters Symbol Values

Domain size 𝑙𝑥 × 𝑙𝑦 × 𝑙𝑧 0.64 μm × 1.92 μm × 0.5 μm
Grid size 𝑁𝑥 ×𝑁𝑦 ×𝑁𝑧 128 × 384 × 100, 5 nm∕grid
Carbon fibers diameter 𝑑 0.05 μm
Hole diameter 𝑑ℎ (0.05, 0.15, 0.25) μm
Ambient O2 concentration 𝑐0 9.46 mol∕m3

Initial Li+ concentration 𝑐1,0 100 mol∕m3

Henry constant 𝐻 4.5
O2 diffusion coefficient in air 𝐷𝑎

O2
1.81 × 10−5 m2∕s

O2 diffusion coefficient in
electrolyte

𝐷𝑒
O2

2.2 × 10−10 m2∕s

Li+ diffusion coefficient 𝐷Li 3.0 × 10−11 m2∕s
Faraday constant 𝐹 96 485.34 C∕mol
Theoretical equilibrium
potential

𝐸0 2.96 V
Operating temperature 𝑇 300 K
Universal gas constant 𝑅 8.314 J∕mol K
Current density 𝐼0 (2.5, 5, 7.5, 10, 15, 25) A∕m2

Charge transfer coefficient in
electrolyte

𝑘𝑒 0.552 S∕m
Charge transfer coefficient in
solid

𝑘𝑠 212 S∕m
Charge transfer coefficient by
Li+

𝑘𝑙 0.1 S∕m
Electrochemical reaction rate
coefficient

𝑘𝑐 3.63 × 10−16 m7∕mol2s

Li2O2 molecular volume 𝑀𝑠 0.021 L∕mol

electrode surfaces. The electrochemical and physical properties used in
he following simulations are summarized in Table 1 [39,53,59]. Model

validations and grid convergence tests are provided in Appendix C–
D. In this study, each simulation test continues until the cell voltage
𝐸𝑐 = 𝜑𝑠 − 𝜑𝑒 drops below the discharge cutoff voltage of 2.0 V. At this
battery death point, the depth of discharge (DoD) and the discharge
capacity (𝑄1, normalized by the electrode mass) are recorded as DoD𝑚
nd 𝑄1,𝑚, respectively.

3.1. Discharge performance of NALiO2B

The initial objective is to investigate the discharge performance of
ALiO2B with the homogeneous electrode HO1 at a current density
0 = 2.5 A∕m2. Fig. 2(b) provides microscopic evolutions of Li2O2 distri-
utions on electrode surfaces at different DoDs. At DoD = 0.08, Li2O2
articles are generated from the O2 diffusion side (𝑦 = 0), which is

driven by the electrochemical reaction (Eq. (1)) occurring on electrode
urfaces. As discharge (or reaction) continues, these Li2O2 particles

gradually grow to be interconnected and eventually form a layer of
irregular Li2O2 on the electrode. From DoD = 0.08 to 0.78, such a Li2O2
layer moves upwards and expands its coverage on electrode surfaces.
This finally results in the part of electrode surfaces near the air inlet
being completely covered by Li2O2. These Li2O2 evolution properties
generally align with previous experimental observations [24,60]. In
ddition, through the zoom-in views in Fig. 2(b), the part of electrode
urfaces near the Li+ inlet is incompletely coated with Li2O2 at the

battery death point DoD𝑚 = 0.78, hence the incomplete discharge of
NALiO2B in this case.

Quantitative detection of NALiO2B discharge performance is ob-
tained by recording the Li2O2 coverage ratio 𝜀𝑠, the discharge capacity
𝑄1, the cell voltage 𝐸𝑐 , and the depth of discharge DoD in Fig. 2(c)–(e).
Here 𝜀𝑠 is defined as 𝜀𝑠 (𝑦) = 𝐴Li2O2

(𝑦) ∕𝐴0 (𝑦), where 𝐴Li2O2
(𝑦) denotes

the electrode surfaces covered by Li2O2 in the 𝑥𝑧-plane at position 𝑦,
and 𝐴0 (𝑦) represents the initial electrode surface area within the same
plane. Correspondingly, 𝜀𝑠 = 1 indicates the fully coated electrode with
Li2O2, 𝜀𝑠 = 0 denotes a clean electrode, and 0 < 𝜀𝑠 < 1 stands for
the partially coated electrode at position 𝑦. Analyzing curves of 𝜀𝑠 in
Fig. 2(c), it is observed that as NALiO2B discharges (or DoD increases),
𝜀 gradually approaches 1, reflecting an enlarged Li O coverage ratio
𝑠 2 2 v

5 
on the electrode. At DoD𝑚 = 0.78, a part of the electrode (𝑦 < 0.45𝑙𝑦)
s entirely covered by Li2O2 with 𝜀𝑠 = 1. However, the remaining part
𝑦 > 0.45𝑙𝑦) shows 𝜀𝑠 < 1 and is incompletely coated with Li2O2. This
uggests that NALiO2B undergoes incomplete discharge and it fails to
chieve the nominal capacity at the death point DoD𝑚.

Fig. 2(d) shows that the simulated cell voltage 𝐸𝑐 remains at 2.67 V
during discharge, before sharply dropping to 2.0 V at the end of dis-
charge. As explained in experiments, this sharp voltage decline results
from the decrease in electrochemical surface area [22]. Specifically, the
eactive electrode surfaces should be partially or entirely uncovered

by Li2O2 and simultaneously should be enriched with O2 to facilitate
the electrochemical reaction. However, as Li2O2 accumulates on the
lectrode and O2 is depleted, the active electrolyte–solid interface 𝐼𝑠

diminishes. According to charge conservation, the equation 𝐼0𝐴𝑠 = 𝑗𝑐𝐴𝑟
should be satisfied, where 𝐴𝑠 is the area for imposing 𝐼0 and 𝐴𝑟 is the
rea of 𝐼𝑠. Given that 𝐼0 and 𝐴𝑠 remain nearly constant during the
ischarge of NALiO2B, the decreased 𝐴𝑟 requires a larger 𝑗𝑐 (or more in-
ense reaction) to sustain the imposed 𝐼0. According to Eq. (10), a larger
𝑐 requires a more negative 𝜂 (or a higher overpotential) at the given
2 supply. This finally causes 𝐸𝑐 = 𝐸0 + 𝜂 to quickly drop below 2.0 V.
rom Fig. 2(e), it is observed that the discharge capacity 𝑄1 increases
ith DoD and reaches a peak of 𝑄1,𝑚 = 1836.7 mAh∕g at DoD𝑚 = 0.78.
iven that DoD𝑚 < 1, NALiO2B is not fully discharged and 𝑄1,𝑚 does
ot reach the nominal value, supporting Li2O2 distributions in Fig. 2(b).

To investigate the cause for the declined reactive electrode surface
area 𝐴𝑟 and the premature death of NALiO2B, evolutions of the residual
electrode surface ratio 𝜀𝑒 (𝑦) = 1 − 𝜀𝑠 (𝑦) and the 𝑥𝑧-plane averaged O2
concentration 𝑐𝑎 (𝑦) are tracked against 𝑄1 during discharge, as shown
in Fig. 2(f). The findings reveal that at DoD𝑚 (indicated by blue lines),
the residual electrode surface area remains available (𝜀𝑒 > 0) but O2
is nearly exhausted (𝑐𝑎 ≈ 0) in the region of 𝑦 > 0.45𝑙𝑦. For illustra-
tion, distributions of the electrode surface area and O2 concentration
at DoD𝑚 are depicted in Fig. 2(g). As can be seen, although there
are sufficient electrode surfaces available for electrochemical reaction,
these surfaces are not enriched with O2, resulting in a lack of 𝐴𝑟. It
is thus confirms that the limited O2 diffusion within the electrode is
responsible for the suppressed electrochemical reaction area and the
premature battery death in this case. To optimize the discharge of
NALiO2B, the following sections will focus on rational battery designs
to enhance O2 diffusion within the electrode.

3.2. Design 1: electrode porosity

The first optimization strategy is to change the electrode porosity
. Homogeneous electrodes HO1−4, featuring porosities from 0.6 to
.9, are constructed. Additional structural parameters are provided
n Fig. 1(b). Based on these electrodes, the discharge of NALiO2B
s simulated under a current density 𝐼0 = 2.5 A∕m2. The discharge
erformance is quantitatively evaluated by monitoring the discharge
apacities 𝑄1 and 𝑄2, the cell voltage 𝐸𝑐 , and the depth of discharge
oD as shown in Fig. 3(a)–(b). It is noted that, due to variations in

porosity among electrodes HO1−4, the electrode mass 𝑚𝑒 differs and the
absolute discharge capacity is introduced as 𝑄2 = 𝑄1𝑚𝑒. The profiles in
Fig. 3(a)–(b) demonstrate that the discharge performance of NALiO2B
shows a similar trend for each tested 𝜙. Specifically, during discharge,
𝐸𝑐 remains constant at 2.67 V before sharply falling to 2 V, and both 𝑄1
nd 𝑄2 continue to rise as DoD increases. Alongside these similarities,
ith the growing 𝜙, both DoD and 𝑄1 increase significantly and the

ase of 𝜙 = 0.9 nearly reaches the nominal discharge capacity with
DoD𝑚 = 0.97. This suggests that the large 𝜙 enhances the discharge
degree of NALiO2B. However, 𝑄2 changes non-monotonically with 𝜙,
displaying a peak value at around 𝜙 = 0.8. This stems from the fact that
he growing 𝜙 brings about the diminished 𝑚𝑒 and the augmented 𝑄1.
nce the growth in 𝑄1 is unable to compensate the decline in 𝑚𝑒, the

alue of 𝑄2 = 𝑄1𝑚𝑒 starts to decrease as 𝜙 continues to increase.



T. Lei et al. Chemical Engineering Journal 501 (2024) 157462 
Fig. 2. Discharge of NALiO2B in the electrode HO1 with 𝐼0 = 2.5 A∕m2. (a) Electrode structure. (b) Li2O2 structures at DoD = 0.08, 0.25, 0.78. (c) Li2O2 coverage ratio 𝜀𝑠 along
the 𝑦 direction. The discharge capacity 𝑄1 versus (d) the cell voltage 𝐸𝑐 and (e) the depth of discharge DoD. (f) Evolutions of the residual electrode surface ratio 𝜀𝑒 and averaged
O2 concentration 𝑐𝑎 during discharge. (g) Electrode surface area and O2 concentration distributions at DoD𝑚.
To explore the mechanisms behind the enhancing effect of 𝜙 on the
NALiO2B discharge depth, Fig. 3(c)–(d) display distributions of Li2O2
and O2 at DoD𝑚 for various 𝜙 values. It is observed that, as 𝜙 increases,
the pore spaces within the electrode expand and the diffusion of O2
is strengthened. This improvement in O2 diffusion boosts the reactive
electrode surfaces for electrochemical reaction, thereby amplifying the
Li2O2 coverage on the electrode and the discharge degree of NALiO2B
(or DoD). For example, the battery is almost fully discharged in the case
of 𝜙 = 0.9 with DoD𝑚 = 0.97, whereas over half of the electrode remains
uncovered by Li2O2 and a significant under-discharged NALiO2B with
DoD𝑚 = 0.27 is observed at 𝜙 = 0.6.

The discharge performance of NALiO2B is evaluated by summa-
rizing DoD , 𝑄 , and 𝑄 across different values of 𝜙 in Fig. 3(e).
𝑚 1,𝑚 2,𝑚

6 
As previously discussed, the case of 𝜙 = 0.9 achieves a notably high
discharge depth with DoD𝑚 = 0.97 and 𝑄1,𝑚 = 2472 mAh∕g. However, in
this scenario, 𝑄2,𝑚 = 194 mAh is comparatively low. For cases of 𝜙 = 0.6
and 0.7, the discharge performance is poor across all metrics, with
DoD𝑚, 𝑄1,𝑚, and 𝑄2,𝑚 all showing suboptimal values. Conversely, in the
case of 𝜙 = 0.8, DoD𝑚 = 0.78, 𝑄1,𝑚 = 1837 mAh∕g, and 𝑄2,𝑚 = 289 mAh
are generally satisfactory. When comparing cases of 𝜙 = 0.9 and 0.8,
it is evident that the 𝜙 = 0.9 case is nearly at its nominal capacity
and has limited potential for further enhancements. In contrast, the
𝜙 = 0.8 scenario, with DoD𝑚 = 0.78, shows promise for improvements.
Therefore, the electrode structure at 𝜙 = 0.8 is considered desirable, and
additional battery optimizations are explored in the following sections.
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Fig. 3. Discharge of NALiO2B in electrodes HO1−4 with 𝐼0 = 2.5 A∕m2. (a) The cell voltage 𝐸𝑐 versus the specific discharge capacity 𝑄1 and the absolute discharge capacity 𝑄2.
(b) The depth of discharge DoD versus 𝑄1 and 𝑄2. (c) Li2O2 and (d) O2 distributions at DoD𝑚. (e) The electrode porosity 𝜙 versus DoD𝑚, 𝑄1,𝑚, and 𝑄2,𝑚.
3.3. Design 2: electrode structure

To enhance the NALiO2B discharge performance, hierarchical elec-
trode structures featuring three sub-layers 3L1−2 and bi-pores BP1−3,
have been developed. The specific parameters for these structures are
detailed in Fig. 4. The discharge of NALiO2B is simulated at 𝐼0 =
2.5 A∕m2 for each electrode structure. The discharge properties, includ-
ing discharge capacity 𝑄1, cell voltage 𝐸𝑐 , and depth of discharge DoD
are depicted in Fig. 4(a)–(b). Similar discharge characteristics are ob-
served across all electrode structures. However, compared to the homo-
geneous electrode HO1, hierarchical electrodes demonstrate the ability
to improve the discharge depth. Notably, electrodes 3L1 and BP2−3 sig-
nificantly enhance the discharge degree, achieving a DoD𝑚 of 0.97. This
is corroborated by the Li2O2 distributions at DoD𝑚 in Fig. 4(c), where
the electrode surfaces of these three structures are almost entirely
7 
covered by Li2O2. The discharge performance of NALiO2B is quan-
titatively compared across different electrode structures in Fig. 4(d).
Clearly, when combining DoD𝑚 and 𝑄1,𝑚, BP2 emerges as the most fa-
vorable electrode structure because it optimizes NALiO2B to its nominal
discharge capacity.

The electrode BP2 has been demonstrated to be capable of optimiz-
ing the battery capacity at a current density of 𝐼0 = 2.5 A∕m2. This
section further evaluates the rate capability of NALiO2B in the electrode
BP2. For this purpose, the discharge of NALiO2B in BP2 is simulated
for current densities of 𝐼0 = 2.5, 5, 7.5, 10, 15, 25 A∕m2. The obtained
discharge capacity 𝑄1, cell voltage 𝐸𝑐 , and depth of discharge DoD are
illustrated in Fig. 5(b)–(c).

The curves in Fig. 5(b) demonstrate that as 𝐼0 increases, there is a
marked decrease in 𝐸𝑐 , such as a reduction from 2.67 V at 2.5 A∕m2

to 2.18 V at 25 A∕m2. This trend aligns with previous experimental
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Fig. 4. Discharge of NALiO2B in electrodes HO1, 3L1−2, and BP1−3 with 𝐼0 = 2.5 A∕m2. The specific discharge capacity 𝑄1 versus (a) the cell voltage 𝐸𝑐 and (b) the depth of
discharge DoD. (c) Li2O2 distributions at DoD𝑚. (d) The electrode structures versus DoD𝑚 and 𝑄1,𝑚.
findings [61]. It can be explained by the charge conservation equation,
𝐼0𝐴𝑠 = 𝑗𝑐𝐴𝑟. At the start of discharge, 𝐴𝑠 and 𝐴𝑟 keep almost constant.
The ascending 𝐼0 boosts the value of 𝑗𝑐 (or electrochemical reaction)
and causes the decreasing 𝜂 and 𝐸𝑐 . Additionally, under high-𝐼0 condi-
tions, the decline in 𝐸𝑐 happens more rapidly and the premature battery
death is exacerbated. The relationship of DoD against 𝑄1 in Fig. 5(c)
further supports that the increasing 𝐼0 results in a significant reduction
in the discharge performance of NALiO2B. For instance, a DoD𝑚 of 0.97
at 2.5 A∕m2 falls to 0.36 at 25 A∕m2.

A bar graph comparing 𝑄1,𝑚 and DoD𝑚 for different current den-
sities are provided in Fig. 5(d). A clear trend of degraded discharge
performance with the growing 𝐼0 is observed, specifically a decrease of
67.2% in 𝑄1,𝑚 from 2.5 to 25 A∕m2. This reflects the challenges for
BP2 in maintaining the high discharge rates without significant per-
formance losses, hence the poor rate capability of NALiO2B with BP2.
For illustration, Fig. 5(e)–(f) depict the generated Li2O2 distributions at
DoD𝑚 across various 𝐼0. The results demonstrate the nearly complete
coverage of Li2O2 on the electrode at a low 𝐼0 of 2.5 A∕m2. The Li2O2
coverage decreases sharply as 𝐼0 increases, and only less than half of
the electrode is coated with Li2O2 at 25 A∕m2. This confirms that a large
𝐼0 hinders the complete Li2O2 coverage of the electrode and degrades
the discharge of NALiO2B.

To understand the rapid premature battery death at high 𝐼0 levels,
Fig. 5(g) tracks evolutions of the residual electrode surface ratio 𝜀𝑒
and the averaged O2 concentration 𝑐𝑎 during the discharge process
for varying 𝐼0 values. It is evident that, under high-𝐼0 conditions, the
Li2O2-uncovered electrode surfaces are adequate but the O2 availability
is restricted. This can be easily understood as a high 𝐼0 boosts the
electrochemical reaction (or 𝑗𝑐), thereby accelerating the consumption
of O2. Consequently, the limited O2 diffusion within the electrode fails
to support the intense electrochemical reaction, thus becoming the
key factor for the rapid NALiO2B death under large 𝐼 conditions. In
0
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conclusion, Fig. 5 highlights the low rate capability of NALiO2B with
BP2, calling for optimization strategies to intensify O2 diffusion within
the electrode to support the rapid electrochemical reaction and thereby
improve the rate capability of NALiO2B.

3.4. Design 3: electrolyte distributions

To enhance the rate capability of NALiO2B, electrode BP2 has been
expanded to generate a new electrode MP. As illustrated in Fig. 6(a),
the electrolyte is partially infiltrated into MP at an filling degree of
𝜗𝑒, and air bubbles within MP act as O2 reservoirs. Detailed generation
parameters for MP can be found in Fig. 1(b). The discharge of NALiO2B
in this new electrode MP is simulated across different current densities
𝐼0 = 2.5, 5, 7.5, 10, 15, 25 A∕m2, and the key discharge characteristics
are presented in Fig. 6.

Fig. 6(b)–(c) plot the discharge capacity 𝑄1 against the cell voltage
𝐸𝑐 and the depth of discharge DoD for various 𝐼0 values. Similar to
the case of BP2 in Fig. 5, as 𝐼0 increases from 2.5 to 25 A∕m2, there
is a noticeable decrease in both the cell voltage 𝐸𝑐 and the maximum
discharge degree (or DoD𝑚). As explained above, this is because a rising
𝐼0 speeds up the electrochemical rate (or O2 consumption), exacerbates
the premature battery death, and degrades the discharge capacity.
However, in contrast to BP2, the degradation impact of increasing 𝐼0
is mitigated in MP, and NALiO2B maintains a satisfactory discharge
process. For example, the value of DoD𝑚 for electrode MP remains
above 0.7 even at 25 A∕m2. Quantitative comparisons of NALiO2B
discharge performance (i.e., DoD𝑚 and 𝑄1,𝑚) between electrodes MP
and BP2 are conducted across different 𝐼0 values in Fig. 6(d)–(e).
As can be seen, the electrode MP consistently sustains the discharge
capacity and discharge depth at satisfactory levels for all tested 𝐼0
values, verifying results in Fig. 6(b)–(c). Moreover, MP outperforms
BP at every 𝐼 , with the performance gap widening significantly as
2 0
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Fig. 5. Discharge of NALiO2B in the electrode BP2 with 𝐼0 = 2.5, 5, 7.5, 10, 15, 25 A∕m2. (a) The electrode structure. The specific discharge capacity 𝑄1 versus (b) the cell
voltage 𝐸𝑐 and (c) the depth of discharge DoD. (d) Comparison of discharge performance in BP2 for different 𝐼0 levels. (e)–(f) Li2O2 distributions at DoD𝑚. (g) Evolutions of the
residual electrode surface ratio 𝜀𝑒 and averaged O2 concentration 𝑐𝑎 during discharge for different 𝐼0 levels.
𝐼0 increases. For instance, 𝑄1,𝑚 is 95.2% higher in MP than that in BP2
at 25 A∕m2, highlighting the superior capacity and rate capability of
NALiO2B with MP.

To explore the mechanisms behind the optimized performance of
NALiO2B with MP, Fig. 6(f)–(g) visualize the simulated Li2O2 and O2
distributions within electrodes MP and BP2 at DoD𝑚 and 25 A∕m2. In
the case of MP, most of electrode surfaces is covered by Li2O2 and
the electrode is enriched with O2. In contrast, the electrode BP2 is
only sparsely covered by Li2O2 and exhibits a significant lack of O2
around its surfaces. A close observation of the pore-scale O2 distribu-
tions shows that these differences between MP and BP2 arise from the
presence of air bubbles in MP. Considering that the O2 concentration
and diffusion coefficients in air are significantly higher than those in
the electrolyte, air bubbles within MP serve as effective O2 reservoirs.
These O2 reservoirs can significantly enhance O2 diffusion and increase
O availability within MP. Such improvements finally support the rapid
2
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O2 consumption during the intensified electrochemical reaction under
high-𝐼0 conditions, thereby optimizing the rate capability of NALiO2B.

Overall, these simulation results emphasize the importance of op-
timized electrode and electrolyte designs in improving NALiO2B dis-
charge performance, particularly under high current densities. The
optimized electrode structure BP2 is found to improve the diffusion of
O2 in electrode, support the continuous electrochemical reaction, and
thus boost the discharge capacity of NALiO2B at low current densities.
Under high-𝐼0 conditions however, BP2 fails to supply the rapid and
extensive O2 consumption driven by the accelerated electrochemical
reaction. Therefore, an optimized electrode MP is further proposed
that incorporates the partially infiltrated electrolyte and introduces
air bubbles to serve as O2 reservoirs. This design demonstrates the
superior capability in handling high 𝐼0 rates and enhancing the rate
capability of NALiO2B, which is attributed to the efficient O2 supply for
sustaining the intense electrochemical reaction. These pore-scale results
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Fig. 6. Discharge of NALiO2B in MP with 𝐼0 = 2.5, 5, 7.5, 10, 15, 25 A∕m2. (a) The electrode structure. The specific discharge capacity 𝑄1 versus (b) the cell voltage 𝐸𝑐 and (c)
the depth of discharge DoD. (d) Comparison of discharge performance in BP2 for different 𝐼0 levels. (e) Comparison of discharge performance between MP and BP2 for different
𝐼0 levels. (f)–(g) Comparison of Li2O2 and O2 distributions between MP and BP2 at DoD𝑚 and 25 A∕m2.
provide insights into the physical and electrochemical mechanisms
underlying NALiO2B discharge, which is critical for high-performance
battery technology.

4. Conclusions

In this work, a three-dimensional electrochemical lattice Boltzmann
model has been developed for simulating the physical and electro-
chemical processes during the discharge of NALiO2B. By conducting
pore-scale simulations, the discharge capacity and rate capability of
NALiO2B are investigated for various electrode and electrolyte designs.
During discharge of NALiO2B in a homogeneous electrode HO, the
spacial and temporal evolutions of Li2O2, O2, and reactive electrode
surface are visualized. The key discharge metrics (i.e., discharge capac-
ity, depth of discharge, and cell voltage) are also analyzed, showing
the incomplete discharge of NALiO2B in HO. This premature battery
death is mainly due to the restrictive O2 diffusion within the elec-
trode, which reduces the reactive electrode surface area and boosts the
electrochemical reaction (or overpotential).

To address this issue, hierarchical electrodes featuring 3-layer or bi-
porous designs are constructed. Simulations reveal that the bi-porous
10 
electrode BP2 with large pores can speed up O2 transport, thereby
mitigating the premature battery death and increasing the NALiO2B
discharge capacity. However, such an electrode design fails to maintain
the discharge capacity at high current densities due to the rapid elec-
trochemical reaction and extensive O2 consumption, highlighting the
poor rate capability of NALiO2B. For further optimization, a partially
infiltrated electrolyte version of BP2 (i.e., electrode MP) is developed
for high-current discharge of NALiO2B. Simulations across varying cur-
rent densities confirm that the electrode MP is capable of maintaining
the discharge degree and battery capacity at satisfactory levels. Air
bubbles within MP are found to serve as O2 reservoirs to support the
fast electrochemical reaction under high current densities, and thus
they are the primary contributor to the improved rate capability of
NALiO2B.

This work effectively investigates the physical and electrochemical
processes behind NALiO2B discharge at the pore scale. The mechanisms
causing low discharge capacity and poor rate capability of NALiO2B
have been clarified, and various electrode and electrolyte designs for
improving the discharge performance of NALiO2B have been explored.
This comprehensive study provides valuable insights to guide the de-
sign and optimization of NALiO2B. Note that this study focuses on the
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Table A.1
Table of superscripts and subscripts.

Superscripts Meaning Subscripts Meaning

𝑎 Air 𝑎 𝑥𝑦-plane average
𝑒 Electrolyte 𝑒 Electrolyte
𝑒𝑞 Equilibrium 𝑖, 𝑗, 𝚤 Discrete direction
𝐼𝑎 Air–electrolyte interface 𝑙, Li Li+
′ Post-collision 𝑚 Battery death point

𝑜, O2 O2
O𝑎

2 O2 in air
O𝑒

2 O2 in electrolyte
𝑠 Solid
0 Initial

discharge process of NALiO2B and thus the complete discharge–charge
cycles have not been explored. In future work, the proposed LB model

ill be extended to incorporate both the physical and electrochemical
processes involved in the charging of NALiO2B, enabling a comprehen-
sive analysis of battery performance over multiple cycles. Additionally,
for a more realistic evaluation of NALiO2B, our future research will
consider air composed of multiple components like CO2, O2, and H2O.
The interaction and transport of these components, along with potential
parasitic reactions and products, may significantly impact the overall
attery performance.
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Appendix A. Nomenclature

See Tables A.1–A.3.

Appendix B. Electrochemical LB model

Considering the porous electrode structure, the three-dimensional
ineteen-velocity (D3Q19) multiple-relaxation-time (MRT) lattice
oltzmann (LB) method is applied for multiphase flow to avoid the
nphysical permeability dependence on viscosity at the pore scale [52,

62]. Meanwhile, the D3Q7 MRT LB model is employed for Li+ and O
2

11 
transport and for charge transfer, which has been proven to be efficient
nd reliable for a wide range of scalar transport processes [46].

To implement the electrochemical reaction in Eq. (1) at the ac-
tive electrolyte–solid interface 𝐼𝑠, the boundary conditions outlined
in Eqs. (11)–(13) need to be addressed. First, the mass conservation
conditions in Eq. (11) are solved. Using Chapman–Enskog analysis, the
nknown distribution functions at the electrolyte grid 𝒙𝑒 next to 𝐼𝑠 are
alculated as [52],

𝑔 𝑙𝚤
(

𝒙𝑒, 𝑡 + 𝛿𝑡
)

= 𝑔 𝑙′𝑖
(

𝒙𝑒, 𝑡
)

− 2 𝑗𝑐
2𝐹

, 𝑔 𝑜𝚤
(

𝒙𝑒, 𝑡 + 𝛿𝑡
)

= 𝑔 𝑜′𝑖
(

𝒙𝑒, 𝑡
)

−
𝑗𝑐
2𝐹

.

(B.1)

Here, the superscript ′ denotes the post-collision distribution function,
𝚤 is the opposite direction of 𝑖 as 𝒆𝑖 = −𝒆𝚤, and 𝒆𝑖 points to the
olid phase zone. Then, the charge conservation conditions in Eq. (12)

are implemented. Similarly, the unknown distribution functions at the
adjacent electrolyte grid 𝒙𝑒 or solid grid 𝒙𝑠 are determined by [52],

ℎ𝑒𝚤
(

𝒙𝑒, 𝑡 + 𝛿𝑡
)

= ℎ𝑒′𝑖
(

𝒙𝑒, 𝑡
)

+𝑗𝑐 , ℎ𝑠𝑖
(

𝒙𝑠, 𝑡 + 𝛿𝑡
)

= ℎ𝑠′𝚤
(

𝒙𝑠, 𝑡
)

−𝑗𝑐 . (B.2)

The evolution of Li2O2 at the pore scale, driven by electrochemical
reaction, is monitored using Eq. (13). In LB simulations, this struc-
tural evolution is addressed by the commonly used volume of pixel
method [54,63]. Specifically, a sufficiently fine mesh is chosen to
encompass the computational domain, with each grid node positioned
at the center of a control cell sized 1 × 1 × 1 in lattice units. Each grid
s assumed to represent a single material: solid electrode, solid Li2O2,
iquid electrolyte, or air. Initially, the Li2O2 volume is set as 𝑉𝑠 = 1
or Li2O2 grids and 𝑉𝑠 = 0 for all other grids. As the discharge process
ontinues, 𝑉𝑠 is recalculated at each time step by,

𝑉𝑠
(

𝑡 + 𝛿𝑡
)

= 𝑉𝑠 (𝑡) +
𝑗𝑐
2𝐹

𝑎𝑟𝑀𝑠. (B.3)

With the accumulation of Li2O2 on electrode surfaces, 𝑉𝑠 increases over
ime. When 𝑉𝑠 doubles to 2 at a solid Li2O2 grid or reaches 1 at an

electrode grid, one of its neighboring electrolyte grids is converted into
a solid Li2O2 grid. The growth probability ratio between neighboring
and diagonal grids aligns with the weight coefficient ratio 𝑤𝑖 [54].

Attention is finally focused on addressing O2 transport across the
air–electrolyte interface 𝐼𝑎, where a significant jump in O2 concentra-
tion occurs, as described by Eq. (6) and Fig. 1(a). In the present LB
simulations, the following scheme is applied to determine the unknown
istribution functions at the electrolyte grid 𝒙𝑒 and the air grid 𝒙𝑎, both
djacent to 𝐼𝑎 [46],

𝑔 𝑜𝚤
(

𝒙𝑒, 𝑡 + 𝛿𝑡
)

= − 1
1∕𝐻 + 1

[(

− 1
𝐻

+ 1
)

𝑔 𝑜′𝑖
(

𝒙𝑒, 𝑡
)

− 2
𝐻

𝑔 𝑜′𝚤
(

𝒙𝑎, 𝑡
)

]

,

(B.4)

𝑔 𝑜𝑖
(

𝒙𝑎, 𝑡 + 𝛿𝑡
)

= − 1
1∕𝐻 + 1

[( 1
𝐻

− 1
)

𝑔 𝑜′𝚤
(

𝒙𝑎, 𝑡
)

− 2𝑔 𝑜′𝑖
(

𝒙𝑒, 𝑡
)

]

. (B.5)

Here 𝒆𝑖 points to the air phase zone and 𝒙𝑎 = 𝒙𝑒 + 𝒆𝑖𝛿𝑡.

Appendix C. Model validation

Two validation tests with widely-accepted theoretical or experimen-
tal solutions are conducted to assess the reliability of the proposed
electrochemical LB model for simulating NALiO2B discharge. The first
test examines the discharge performance of a simplified NALiO2B
featuring a flat cathode electrode, as shown in Fig. C.1(a). In this
setup, the simulation domain is 0.2 μm × 0.15 μm × 0.15 μm with a
grid resolution of 2.5 nm [51]. From the left inlet, O2 and Li+ diffuse
nto the domain and transport to the electrode surface, where 𝐼0 =
.5 mA∕m2 is applied. On the electrode surface, the electrochemical
eaction in Eq. (1) takes place and produces Li2O2. Once the layer of

Li2O2 reaches the tunneling-limited length for electrons, the electrode
becomes insulated and the discharge process comes to the death point.
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Table A.2
Table of symbols.
Symbols Meaning Symbols Meaning

𝐴Li2O2
(m2) Electrode surfaces covered by Li2O2 𝐼0 (A∕m2) External current density

𝐴0 (m2) Initial electrode surface 𝐼𝑠 Active electrolyte–solid interface
𝐴𝑠 (m2) Area for imposing 𝐼0 𝒊 (A∕m2) Current density vector in electrolyte
𝐴𝑟 (m2) Area of 𝐼𝑠 𝑗𝑐 (A∕m2) Current density at 𝐼𝑠
𝑎𝑟 (1∕m) Specific surface area per volume 𝑘 (S∕m) Charge transfer coefficient
𝑐 (mol∕L) O2 concentration 𝑘𝑐 (m7∕mol2 s) Electrochemical reaction rate
𝑐𝑙 (mol∕L) Li+ concentration 𝑙𝑥, 𝑦, 𝑧 (μm) Domain size
𝑑 (μm) Carbon fibers diameter 𝑚𝑒 (g) Electrode mass
𝑑ℎ (μm) Hole diameter 𝑴 Transformation matrix
𝐷 (m2∕s) Diffusion coefficient 𝑀𝑠 (L∕mol) Li2O2 molecular volume
𝐸𝑐 (V) Cell voltage 𝑁𝑥, 𝑦, 𝑧 Grid size
𝐸0 (V) Theoretical equilibrium potential 𝑛 Number of electrons transferred
𝒆𝑖 Discrete velocity 𝒏 Interface normal
𝑭 (N∕m3) Surface tension force 𝑝 (N∕m2) Pressure
𝐹 (C∕mol) Faraday constant 𝑄1 (mAh∕g) Discharge capacity
𝐹𝑗 Distribution functions of 𝑭 𝑄2 (mAh) Absolute discharge capacity
𝐹𝑙 ,𝑗 Distribution functions of ∇ ⋅

(

𝑡+
𝐹
𝒊
)

𝑅 (J∕mol K) Universal gas constant
𝐹𝑒,𝑗 Distribution functions of ∇2 ln 𝑐𝑙 𝑇 (K) Operating temperature
𝑓𝑖 Distribution functions of 𝜌 𝑡 (s) Time
𝑔 𝑙𝑖 Distribution functions of 𝑐𝑙 𝑡+ Transference number of Li+

𝑔 𝑜𝑖 Distribution functions of 𝑐O2
𝒖 (m∕s) Velocity

ℎ𝑠𝑖 Distribution functions of 𝜑𝑠 𝑉𝑠 Li2O2 volume per volume
ℎ𝑒𝑖 Distribution functions of 𝜑𝑒 𝒙 (m) Position
𝐻 Henry constant 𝑥𝑎 Phase fraction of air

𝛽 Symmetry factor 𝜌 (k g∕m3) Density
𝜂 (V) Overpotential 𝜗𝑒 Electrolyte filling degree
𝜈 (m2∕s) Kinematic viscosity 𝜑 (V) Local potential
𝜙 Electrode porosity 𝜀𝑠 Li2O2 coverage ratio
𝜀𝑒 Residual electrode surface ratio
Table A.3
Table of abbreviations.
Abbreviation Meaning

BP Bi-porous
DoD Depth of discharge
D3Q19 Three-dimensional nineteen-velocity
D3Q7 Three-dimensional seven-velocity
HO Homogeneous
LB Lattice Boltzmann
LiB Lithium-ion battery
LiO2B Li–O2 battery
MP Multiphase
MRT Multiple-relaxation-time
NALiO2B Non-aqueous Li–O2 battery
3L 3-layers
s

c

T

The calculated cell voltage 𝐸𝑐 plotted against the discharge capacity 𝑄1
is shown in Fig. C.1(b). As can be seen, the present LB model produces
he same discharge performance as that in [51], with the obtained
apacity of 𝑄1,𝑚 = 2604.3 mAh∕g closely aligning with the theoretical
esult of 2604.4 mAh∕g.

Subsequently, the LB model is validated by simulating the NALiO2B
discharge in an electrode with microstructure, as depicted in Fig. C.1
(c). The calculated discharge performance is compared with experi-
mental results obtained by Lu et al. [53,59], with the same simulation
arameters being applied. The comparison of 𝐸𝑐 and 𝑄1 are provided
n Fig. C.1(d), revealing a good agreement. Previous experiments mea-

sured 𝑄1 = 2690 mAh∕g and the present LB model yields 𝑄1 =
679 mAh∕g, resulting in a relative error of only 0.4%. These two
alidation cases confirm the reliability of the proposed electrochemical
B model for simulating NALiO2B discharge.

Appendix D. Grid convergence test

Grid-independence simulations of NALiO2B discharge are
onducted using three different grids: 64 × 192 × 50, 128 × 384 × 100,

and 256 × 768 × 200. As an example, simulation results for the
electrode HO1 at 𝐼0 = 2.5 A∕m2 are presented and analyzed. The
simulated Li O distributions are shown in Fig. D.1(a), revealing that
2 2

12 
all three grid resolutions display similar Li2O2 growth characteristics
on electrode surfaces. However, differences between these tests are also
evident. The finer grids (i.e., 128 × 384 × 100 and 256 × 768 × 200)
can accurately capture the delicate and sparse structures of Li2O2, while
the coarser grid (i.e., 64 × 192 × 50) is less effective in representing
uch intricate Li2O2 structures on the top side of the electrode.

Quantitative comparisons of key discharge metrics, including the
ell voltage 𝐸𝑐 , discharge capacity 𝑄1, and depth of discharge DoD are

provided in Fig. D.1(b)–(c). The profiles of these metrics exhibit similar
trends across all three grids, with results from the 128 × 384 × 100
and 256 × 768 × 200 grids closely aligning. In contrast, the coarse
grid 64 × 192 × 50 brings about the slightly lower discharge capacity
and the under-predicted performance. This can be explained by the in-
complete representation of the Li2O2 structure, as shown in Fig. D.1(a).

hese comparisons indicate that the 128 × 384 × 100 grid resolution
is sufficient for achieving grid-independent results. Thus, this grid size
is used for simulations throughout this work.

Data availability

Data will be made available on request.
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Fig. C.1. Two model validation tests. (a) and (c) Computational domain and boundary conditions. Comparison of discharge performance between numerical results and (b) the
theoretical data in [51] and (d) the experimental measurement in [53,59].

Fig. D.1. Grid convergence test. (a) Li2O2 distributions on the electrode HO1 at DoD𝑚 with three grid resolutions. The specific discharge capacity 𝑄1 versus (b) the cell voltage
𝐸𝑐 and (c) the depth of discharge DoD for three grid resolutions.
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